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ABSTRACT

The Ediacaran–Cambrian boundary 

strata in the Great Basin of the southwestern 

United States record biological, geochemical, 

and tectonic change during the transforma-

tive interval of Earth history in which meta-

zoans diversified. Here, we integrate new 

and compiled chemostratigraphic, paleonto-

logical, sedimentological, and stratigraphic 

data sets from the Death Valley region, the 

White-Inyo Ranges, and Esmeralda County 

in Nevada and California and evaluate these 

data within a regional geologic framework. A 

large negative carbon isotope (δ13C) excur-

sion—also known as the Basal Cambrian 

 Excursion, or BACE—is regionally reproduc-

ible, despite lateral changes in sedimentary 

facies and dolomitization across ∼250 km, 

consistent with a primary marine origin for 

this perturbation. Across the southern Great 

Basin, Ediacaran body fossils are preserved 

in a variety of taphonomic modes, including 

cast and mold preservation, two-dimensional 

compressional preservation, two-dimen-

sional and three-dimensional pyritization, 

and calcification. The stratigraphic frame-

work of these occurrences is used to consider 

the relationships among taphonomic modes 

for fossil preservation and paleoenvironmen-

tal settings within this basin. In this region, 

Ediacaran-type fossils occur below the nadir 

of the BACE, while Cambrian-type trace fos-

sils occur above. Sedimentological features 

that include giant ooids, stromatolites, and 

textured organic surfaces are widespread 

and abundant within the interval that records 

biotic turnover and coincide with basaltic 

volcanism and the BACE. We hypothesize 

that the prevalence of these sedimentologi-

cal features, the BACE, and the disappear-

ance of some Ediacaran clades were caused 

by  environmental perturbation at the Edia-

caran–Cambrian boundary.

INTRODUCTION

The Great Basin of southwestern North Amer-

ica hosts iconic Neoproterozoic and Cambrian 

strata that have captured the attention, imagina-

tion, and admiration of geologists and enthusiasts 

of the natural world. The Cryogenian Kingston 

Peak Formation includes an extensive sedimen-

tological record of glaciation with some of the 

most accessible and well-exposed snowball Earth 

glacial deposits in North America (e.g., Prave, 

1999). The overlying dolostone of the basal 

Ediacaran Noonday Formation contains sedi-

mentary features such as tubestone stromatolites 

and giant wave ripples that are characteristic of 

Marinoan cap carbonates  globally (e.g., Corsetti 

and Grotzinger, 2005; Petterson et  al., 2011). 

The Ediacaran Johnnie Formation includes the 

Rainstorm Member, which is known for unusual 

sedimentological features such as aragonite fans 

(e.g., Pruss et al., 2008) and a laterally extensive 

oolite, and for its record of the Shuram carbon 

isotope (δ13C) excursion, the largest negative 

carbon isotope excursion in Earth history (e.g., 

Kaufman et  al., 2007). Overlying the Johnnie 

Formation are units recording the Ediacaran–

Cambrian transition—the Stirling Quartzite and 

Wood Canyon Formation—as well as their more 

distal equivalents exposed to the northwest in the 

White-Inyo Ranges—the Reed Dolomite and the 

Deep Spring Formation. These units host rare, but 

in some cases, well-preserved, soft-bodied Edia-

caran fossils (e.g., Horodyski, 1991; Hagadorn 

and Waggoner, 2000; Smith et al., 2016b, 2017). 

The southern Great Basin was one of the first 

regions where the first occurrence of the trace 

fossil Treptichnus pedum, the formal marker of 

the base of the Cambrian, was stratigraphically 

linked to a large negative δ13C excursion (Corsetti 

and Hagadorn, 2000), which is now a second-

ary stratigraphic marker used to identify the 

Ediacaran–Cambrian boundary in many locali-

ties globally. In addition, these units have been 

interpreted as recording the final stages of rifting 

in southwestern Laurentia before the establish-

ment of the Paleozoic passive margin (e.g., Bond 

et al., 1985). These strata are important archives 

for understanding potential links among biotic 

change, environmental perturbations, and tecto-

nism across the Ediacaran–Cambrian boundary.

Formal geologic studies on the Neoproterozoic 

and Cambrian strata began in the late nineteenth 

century (e.g., Gilbert, 1875; Turner, 1902; Spurr, 

1903; Ball, 1907). Edwin Kirk, a U.S. Geologi-

cal Survey (USGS) scientist, provided the first 

systematic and detailed study of Ediacaran and 

Cambrian strata of the region, naming many of 

the units in the Inyo Range in a USGS profes-

sional paper (Knopf, 1918). Shortly thereafter, 

Thomas Nolan mapped the Spring Mountains of 

Nevada and formalized many of the equivalent 

Ediacaran–Cambrian units of the Death Valley 

region—names that are still in use today—as part 

of his Ph.D. dissertation (Nolan, 1924, 1929). 

In the decades that followed, many important 

geological contributions, including geologic 

mapping and stratigraphic, petrographic, and 

paleontological studies, continued to increase 

understanding of the Ediacaran–Cambrian stra-

tigraphy of the southern Great Basin. Of particu-

lar note, Wheeler (1948) was the first to propose 

stratigraphic correlations of Neoproterozoic and 

Cambrian units across a large area of the Great 

Basin, and several others have since built off 

of this early regional framework. The seminal 

works by USGS scientist John (Jack) Stewart 

(e.g., Stewart, 1965, 1967, 1970, 1983; Stewart 

et al., 1968) contributed detailed sedimentologic 

observations and an exhaustive regional strati-

graphic framework for Neoproterozoic–Cam-

brian units of southwestern North America that 

continue to provide a robust foundation for the 

geologic studies of these strata.
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Since Jack Stewart published his comprehen-

sive USGS professional paper of the southern 

Great Basin (Stewart, 1970), there have been a 

number of regional studies, the development and 

application of new analytical techniques, and an 

improved understanding of the Ediacaran–Cam-

brian transition regionally and globally. Some 

of these advancements include: (1) the develop-

ment of carbon isotope chemostratigraphy (e.g., 

Shackleton and Hall, 1984; Berner, 1990; Kump 

and Arthur, 1999) and application of this tool to 

Neoproterozoic–Cambrian units in the south-

western USA (Corsetti and Kaufman, 1994; 

Prave, 1999; Abolins et al., 2000; Corsetti and 

Hagadorn, 2000); (2) new techniques for U-Pb 

radioisotopic dating (e.g., Krogh, 1973; Mattin-

son, 2005) and radioisotopic ages that led to an 

improved temporal framework for Neoprotero-

zoic and Cambrian units in southwestern North 

America and globally (e.g., Mahon et al., 2014; 

Rooney et  al., 2018; Karlstrom et  al., 2018, 

2020; Nelson et al., 2020, 2022; Hodgin et al., 

2021); and (3) fossil discoveries in the Great 

Basin that allow for improved paleontological 

integration of this region with other Ediacaran–

Cambrian sites globally (Corsetti and Hagadorn, 

2000; Hagadorn and Waggoner, 2000; Jensen 

et  al., 2002; Smith et  al., 2016b, 2017; Selly 

et al., 2020). The aim of this paper is to provide a 

comprehensive, regional perspective on the geol-

ogy of the Ediacaran–Cambrian transition in the 

Great Basin that integrates decades of observa-

tions and data with new, high-resolution carbon 

isotope and paleontological data into an updated 

stratigraphic, paleoenvironmental, and tectonic 

framework.

GEOLOGIC BACKGROUND

Neoproterozoic to early Cambrian strata in 

the Great Basin of southwestern North America 

were deposited during episodic rifting associated 

with the breakup of Rodinia prior to the devel-

opment of a passive margin along the length of 

the Cordilleran margin in the Cambrian (Stew-

art, 1970; Armin and Mayer, 1983; Bond and 

Kominz, 1984; Bond et  al., 1985; Levy and 

Christie-Blick, 1991; Fedo and Cooper, 2001). 

Ediacaran–Cambrian basin architecture in the 

Great Basin manifests as stratigraphic thick-

ening from southeast to northwest, with silic-

iclastic-dominated successions in the Death 

Valley region deposited in fluvial deltaic to 

proximal shelf environments, and thicker, more 

carbonate-dominated successions in the White-

Inyo Ranges and Esmeralda County deposited 

in shelf to outer shelf environments referred to 

here as the “Inyo facies” (Fig. 1) (Stewart, 1970; 

Nelson, 1976; Nelson, 1978; Fedo and Cooper, 

1990; Mount et  al., 1991; Corsetti and Haga-

dorn, 2000; Fedo and Cooper, 2001). As such, 

these two regions—the Death Valley region and 

the ranges to the north–northwest—use differ-

ent stratigraphic nomenclature. In addition, the 

Death Valley region hosts kilometers of early 

Ediacaran and pre-Ediacaran strata that are not 

exposed farther to the northwest.

Precise regional correlations and depositional 

basin reconstructions of Ediacaran units have 

been hindered by a lack of exposure in the tran-

sitional area between the two regions and a com-

plex deformational history, which spans from 

the late Paleozoic to the late Cenozoic. Contrac-

tional deformation in the White-Inyo Ranges 

occurred before the emplacement of mid- to 

late Mesozoic plutons as indicated by plutons 

younger than ca. 180 Ma that truncate folds and 

faults (Dunne et  al., 1978; Morgan and Law, 

1998; Coleman et al., 2003). The Last Chance 

thrust fault (Fig.  1) is particularly relevant to 

this study, as it is an east- to southeast-vergent 

structure that is thought to have juxtaposed outer 

shelf Inyo strata in the northwest against the 

inner shelf Death Valley strata in the southeast 

between the late Early Permian and middle Early 

Triassic (either the Antler or Sonoma Orogen) 

(Stewart et al., 1966; Stevens and Stone, 2005). 

All of the Inyo facies strata are thought to over-

lie this thrust fault with shortening of ∼30 km 

(Stewart et al., 1966). The areas included in this 

study were also deformed by northeast–south-

west-trending contractional Jurassic–Cretaceous 

structures that are related to the Sevier Orogeny 

(Burchfiel and Davis, 1972; DeCelles, 2004). 

Subsequent Cenozoic extension and strike-

slip deformation in the region led to tilting and 

exhumation and was also accompanied by fel-

sic and mafic igneous intrusions and volcanism 

(Wernicke et al., 1988; Snow et al., 1991; Snow 

and Wernicke, 2000; Stockli et al., 2003; Pavlis 

et  al., 2014). Despite structural complexities, 

the Death  Valley and the White-Inyo strata have 

been correlated using lithostratigraphy, sequence 

stratigraphy, chemostratigraphy, and biostratig-

raphy (Fig. 2) (Stewart, 1970; Corsetti and Haga-

dorn, 2000, 2003).

In the Death Valley region, Mesoproterozoic 

to Cryogenian sedimentary strata of the Pahrump 

Group are overlain by the Noonday Formation, 

which has been identified as a basal Ediacaran 

Marinoan cap carbonate based on lithostratig-

raphy, chemostratigraphy, and geochronology 

(Prave, 1999; Petterson et  al., 2011; Nelson 

et  al., 2020). The Johnnie Formation overlies 

the Noonday Formation, is <1500 m thick, and 

contains fluvio-deltaic siliciclastic rocks at its 

base that are overlain by marginal marine mixed 

siliciclastic and carbonate rocks (Stewart, 1970; 

Summa, 1993; Verdel et al., 2011). At the base 

of the Rainstorm Member, the youngest member 

of the Johnnie Formation, is a distinctive tan to 

orange oolitic dolostone (“the Johnnie Oolite”), 

which is overlain by mixed siliciclastic and car-

bonate rocks containing distinctive aragonite 

seafloor fans (Pruss et  al., 2008). Carbonate 

rocks of the Rainstorm Member preserve a large 

negative δ13C excursion, with values as low as 

−12‰, that has been correlated to the Shuram-

Wonoka carbon isotope excursion (e.g., Burns 

and Matter, 1993; Corsetti and Kaufman, 2003; 

Halverson et al., 2005; Verdel et al., 2011) and 

marks a perturbation to global oceans between 

574.0 ± 4.7 Ma and 567.3 ± 3.0 Ma (Rooney 

et al., 2020). No fossils have been reported from 

the Johnnie Formation.

The contact between the Johnnie Formation 

and the overlying Stirling Quartzite has been 

interpreted as an erosional unconformity with 

evidence of valley incision (e.g., Stewart, 1970; 

Christie-Blick and Levy, 1989; Summa, 1993; 

Clapham and Corsetti, 2005). This incision has 

been variably related to syn-depositional faulting 

and to eustatic sea-level fluctuations (Summa, 

1993; Levy et  al., 1994; Abolins et  al., 2000; 

Clapham and Corsetti, 2005; Witkosky and 

Wernicke, 2018). Recently published radioiso-

topic ages constraining the Gaskiers glaciation 

(Pu et al., 2016) and the Shuram carbon isotope 

excursion (Rooney et  al., 2020) suggest that 

the basal Stirling incision is too young to be 

driven by eustatic sea-level changes related to 

the Gaskiers, as it overlies the Shuram-correla-

tive Rainstorm Member. The Stirling Quartzite 

(Nolan, 1929) is composed primarily of quartz 

arenite, which ranges from sandstone to pebble 

conglomerate, but also contains lesser siltstone 

and carbonate, particularly in more northern and 

western sections (Stewart, 1970). This unit has 

been informally subdivided into five regional 

members labeled A through E (Fig. 2; Stewart, 

1966; Wertz, 1982). The lower and upper parts 

of the Stirling Quartzite (members A–B and E, 

respectively) are light-colored quartz sandstone 

and conglomerate. Member C is the recessive 

middle part of the formation and composed 

predominantly of gray to purple micaceous silt-

stone. Member D is most well-developed in the 

northwestern sections, where it is composed of 

predominately sucrosic and recrystallized car-

bonate grainstone (Fig. 2). Overall, the Stirling 

Quartzite has been interpreted to reflect change 

from a high-energy depositional environment to 

a lower energy one, then back to a high-energy 

environment in the upper part of the unit, all 

within distal braid plain to shallow marine dep-

ositional settings (Wertz, 1982; Fedo and Coo-

per, 2001).

In the White-Inyo Ranges (eastern Califor-

nia) and Esmeralda County (Nevada), the old-

est exposed rocks are sedimentary strata of the 
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Ediacaran Wyman Formation, which are esti-

mated to be >1500 m thick (Nelson, 1962). 

The thickest continuous sections in Esmer-

alda County are ∼400 m (Stewart, 1970). The 

Wyman Formation is composed dominantly of 

fine-grained siliciclastic strata with interbeds of 

limestone to sandy limestone (<15 m thick), 

which are commonly oolitic and locally dolo-

mitized. Overlying the Wyman Formation is the 

Reed Dolomite. In the White-Inyo Ranges, an 

erosional unconformity has been locally docu-

mented at this contact (Nelson, 1962; Lorentz, 

2007); however, at localities in Esmeralda 

County, the contact has been interpreted as gra-

dational (Albers and Stewart, 1972). The Reed 

Dolomite is ∼500 m thick, predominantly 

composed of massive dolostone, and locally 

contains beds of stromatolites, ooids, pisoids, 

and oncoids (Fig. 2; Stewart, 1970). The Hines 

Tongue is a laterally variable wedge of silici-

clastic strata that occurs within the Reed Dolo-

mite and ranges from 0 m to 240 m in thickness 

between the lower and upper carbonate mem-

bers (Nelson, 1962). The upper member of the 

Reed Dolomite contains the late Ediacaran fos-

sil Cloudina (Fig. 2; Taylor, 1966; Gevirtzman 

and Mount, 1986; Grant, 1990).

Figure 1. (A) Locality map 

shows study area in eastern 

California and western Nevada. 

(B) Map shows the distribution 

of Mesoproterozoic basement, 

pre-Ediacaran sedimentary 

units, Ediacaran to early Cam-

brian units (focus of this study), 

and early Paleozoic units across 

California and Nevada. Geo-

logic map is adapted from 

Ludington et  al. (2007), Re-

nik and Christie-Blick (2013), 

and Giallorenzo et  al. (2018). 

Last Chance thrust fault is 

adapted from Stewart et  al. 

(1966) and Stevens and Stone 

(2005). Abbreviations for mea-

sured sections: BC—Boundary 

Canyon; CR—Clayton Ridge; 

EC—north of Echo Canyon; 

HR—Hines Ridge; JM—Ju-

niper Mountain; MD—Mt. 

Dunfee; MGM—Molly Gib-

son Mine; SH—Silurian Hills; 

SN—Southern Nopahs; MM—

Montgomery Mountains; SM—

Spring Mountains; SSH—Salt 

Spring Hills; TC—Titanothere 

Canyon; WWC—Whippoor-

will Canyon. CA—California; 

NV—Nevada.

B A
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Detailed sedimentological, stratigraphic, 

and biostratigraphic descriptions of the strata 

containing the Ediacaran–Cambrian bound-

ary in both regions, as well as correlations 

between the regions, are described in the sec-

tions that follow.

METHODS

Fieldwork on Ediacaran through Cambrian 

units in California and Nevada was conducted 

during multiple field seasons between 2014 and 

2019. Twenty-four localities were visited as part 

of this study. At 14 of these sites, sections were 

measured, and the results presented here focus on 

stratigraphic data from the lower member of the 

Wood Canyon Formation in the broader Death 

Valley region and the upper Reed Dolomite and 

the Deep Spring Formation in the White-Inyo 

Ranges and Esmeralda County. At some of the 

localities, the strata were measured as composite 

sections in the field to avoid measuring across 

faults. Chemostratigraphic and paleontological 

samples were collected while stratigraphic sec-

tions were logged. The transgressive-regressive 

sequence approach is the sequence stratigraphic 

approach applied to these sections (Johnson 

and Murphy, 1984; Catuneanu, 2019). Descrip-

tions and detailed information for each locality 

visited, including sites where stratigraphic sec-

tions were not measured, can be found in the 

 Supplemental Material1.

Carbonate samples were collected at 

0.2–2.0 m resolution where exposed. Samples 

were cut and micro-drilled at Harvard Univer-

sity and Johns Hopkins University. Samples 

were micro-drilled along individual laminations, 

where visible, to obtain 5–20 mg of carbonate 

powder; veins, fractures, and siliciclastic-rich 

laminae were avoided. In total, carbon (δ13C) 

and oxygen (δ18O) isotopic measurements were 

obtained on 1292 carbonate samples, and these 

are collated with previously published data from 

Smith et al. (2016b, 2017). Between 2014 and 

2016, δ13C and δ18O of the carbonates were 

analyzed at the Harvard University Laboratory 

for  Geochemical Oceanography, and between 

2017 and 2018, they were analyzed in the Stable 

Isotope Geochemistry Lab at Washington Uni-

versity, St. Louis, Missouri, USA. Samples col-

lected in 2019 were analyzed in the Johns Hop-

kins Stable Isotope Lab.

At Harvard, carbonate δ13C and δ18O data 

were acquired simultaneously on a VG Optima 

dual inlet mass spectrometer. Carbonate samples 

were reacted with orthophosphoric acid using a 

VG Isocarb preparation 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 CO2 was collected 

cryogenically and analyzed using an in-house 

reference gas. Reaction times for dolomite 

samples were increased to ∼7 min to minimize 

potential memory effects resulting from partially 

unreacted samples in the common acid-bath sys-

tem. Memory effect is estimated at 0.1 per mil 

(‰) based on the variability of standards run 

after dolomite samples.

1Supplemental Material. Carbon and oxygen 
isotopic data and descriptions of and GPS coordinates 
for key localities. Please visit https://doi .org /10 .1130 
/GSAB .S.20387352 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

Figure 2. Generalized stratigraphy, proposed correlations, and Ediacaran–Cambrian biostratigraphy for the Death Valley Region and the 

White-Inyo/Esmeralda County Region are shown. Red stars indicate the stratigraphic locations of soft-bodied Ediacaran fossils. Mb—

member; ZQ—Zabriskie Quartzite; Camp.—Campito Formation; E–C—Ediacaran–Cambrian; SSF—small shelly fossils; WC—Wood 

Canyon Formation.
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In the Stable Isotope Geochemistry Lab at 

Washington University, carbonate samples for 

isotopic analyses were prepared by dissolving 

∼100 μg in 100% phosphoric acid (H3PO4) for 

at least 4 h at 70 °C. Sample vials were subse-

quently flushed with He, and the evolved CO2 

was measured on a Thermo Finnigan Gasbench 

II coupled to a Delta V Advantage isotope ratio 

mass spectrometer (IRMS). Carbon and oxygen 

isotopes are expressed in standard δ notation 

(δ13C, δ18O) in ‰ as a deviation from the Vienna 

Pee Dee Belemnite (VPDB) standard by calibra-

tion against NBS 19, NBS 20, and two in-house 

standards. From standard and replicate measure-

ments, the 1σ error on δ13C is <0.15‰ and on 

δ18O is <0.2‰.

In the Johns Hopkins IRMS Laboratory, sam-

ples were analyzed for carbon and oxygen isoto-

pic compositions using a GasBench II peripheral 

device coupled to a Thermo-Finnigan MAT253 

IRMS in continuous-flow mode. Approximately 

0.3 mg of carbonate powder reacted with 100% 

phosphoric acid in helium-purged vials at 30 °C 

overnight. Evolved CO2 gas was then analyzed 

against tank CO2 gas, and isotopic results were 

normalized to VPDB per mil (‰) scale using 

working, in-house carbonate standards (ICM, 

Carrara Marble, and IVA Analysentechnik, 

calcium carbonate) that are calibrated against 

international standards NBS-18 and IAEA-603. 

A standard deviation of 1σ of δ13C and δ18O 

values for in-house standards was <0.02‰ and 

<0.14‰, respectively.

Carbon and oxygen chemostratigraphic data 

from the Mt. Dunfee and the north of Echo 

Canyon sections were published in Smith et al. 

(2016b) and Smith et  al. (2017), respectively, 

and the data can be found in the supplemental 

materials of these publications. All other che-

mostratigraphic data included here can be found 

in the Supplemental Material (see footnote 1).

STRATIGRAPHY OF THE EDIACARAN–

CAMBRIAN TRANSITION IN THE 

SOUTHWESTERN USA

Age Control on Ediacaran–Cambrian 

Boundary Strata in the Southern Great 

Basin

No magmatic radioisotopic ages currently 

exist for Ediacaran to early Cambrian strata in 

California or Nevada. There are U-Pb detrital zir-

con maximum depositional ages of 527 ± 12 Ma 

from the Campito Formation in California 

(Chapman et al., 2015) and 507.68 ± 0.36 Ma 

from the Tapeats Sandstone at Frenchman 

Mountain in Nevada (Karlstrom et  al., 2020). 

Thus, age models for the Ediacaran–Cambrian 

strata in the Death Valley, White-Inyo Ranges, 

and Esmeralda County primarily have been 

developed using biostratigraphy (Hagadorn and 

Bottjer, 1997; Hagadorn and Waggoner, 2000), 

chemostratigraphy (Corsetti and Hagadorn, 

2000; Corsetti and Kaufman, 2003), and correla-

tions to other radioisotopically constrained sec-

tions. The youngest reported zircon grains from 

the La Ciénega Formation, in Sonora, Mexico, 

have yielded a weighted mean 206Pb/238U date 

of 539.40 ± 0.23 Ma using chemical abrasion 

isotope dilution-thermal ionization mass spec-

trometry (CA-ID-TIMS), which is suggested 

to be a near-depositional age (Hodgin et  al., 

2021). This date is from a bed ∼20 m above 

carbonate strata recording the nadir of a large 

negative carbon isotope (δ13C) excursion that has 

been correlated to a negative δ13C excursion of 

similar magnitude in the lower member of the 

Wood Canyon Formation and the Dunfee Mem-

ber of the Deep Spring Formation, and globally 

to the basal Cambrian carbon isotope excursion 

(BACE) (Loyd et al., 2012).

Ediacaran–Cambrian Boundary Strata in 

the Death Valley Region

In the Death Valley region, the Ediacaran–

Cambrian transition is recorded in the lower 

member of the Wood Canyon Formation 

(Fig. 2). All of the sections included in this study 

are north of Baker, California, and thus consid-

ered “off craton” settings, with the northeast–

southwest-trending craton margin hinge zone 

interpreted to be ∼50 km to the SE of Baker 

(Hogan et al., 2011). In the more distal off craton 

settings, the lower member of the Wood Canyon 

Formation contains three parasequences, each 

of which is capped by a tan dolostone marker 

bed (Fig. 3A; Stewart, 1970; Diehl, 1974; Fedo 

and Prave, 1991). In most sections, the dolo-

stone marker beds are coarsely recrystallized, 

but there are some localities in which original 

sedimentological features are discernible. In at 

least two localities (Titanothere Canyon and the 

Montgomery Mountains), ooids and/or pisoids 

(>2 mm) are present in all three of the dolos-

tone marker beds and mainly preserved as ooid 

ghosts (Fig. 4D). Pisoids or “giant ooids” were 

only found in the lowest marker bed. North of 

Echo Canyon, small, <6 cm tall stromatolites 

occur in the lowest marker bed (Fig. 4C). Apart 

from the thin intervals of dolostone, the remain-

der of the unit is composed of micaceous silt-

stone to medium-grained sandstone with minor 

shale and coarse-grained, quartz-rich sandstone 

channels. Microbially mediated sedimentary 

structures in siltstone and sandstone are com-

monly present on bedding plane exposures of 

fine-grained siliciclastic facies (Fig. 4B; Haga-

dorn and Bottjer, 1999); with the exception of 

the newly reported stromatolites from the sec-

tion north of Echo Canyon, no stromatolites or 

other microbial structures have been reported 

from carbonate beds in the lower member of the 

Wood Canyon Formation. The depositional envi-

ronment of this member has been interpreted as 

the distal edge of a braid-delta, in which marine 

facies interfinger with fluvial sands (Fedo and 

Cooper, 2001). The base of the overlying middle 

member of the Wood Canyon Formation, a unit 

of coarse sandstone to conglomerate that records 

a fluvially dominated braidplain environment, is 

interpreted as an angular unconformity based on 

regional truncation of the lower member (Diehl, 

1979; Fedo and Prave, 1991).

A number of biostratigraphically significant 

fossils occur in the Ediacaran strata of the Death 

Valley region. The calcified Ediacaran fossil 

Cloudina was reported from carbonate beds in 

the informal member D of the Stirling Quartzite 

in the Funeral Mountains (Langille, 1974)—

although these are figured in low-resolution and 

remain to be reidentified. In the overlying lower 

member of the Wood Canyon Formation, Edia-

caran body fossils below the lowest dolostone 

marker bed were reported from the Montgomery 

Mountains, including casts and molds and two-

dimensional forms of tubular fossils including 

Gaojiashania, problematic discoidal fossils, 

and additional tubular body fossils preserved as 

two- and three-dimensional iron oxides, includ-

ing Conotubus, Corumbella, and Gaojiashania 

(Hagadorn and Waggoner, 2000; Smith et  al., 

2017). In a subsequent taxonomic study of the 

tubular fossils from this interval, specimens 

originally interpreted as Conotubus were reas-

signed to two distinct taxa of cloudinids: Saa-

rina hagadorni and Costatubus bibendi (Selly 

et al., 2020). Tomographic analyses of some of 

these iron oxide-replaced cloudinomorph fossils 

showed internal tubular structures, which were 

interpreted as formerly pyritized soft tissue that 

may have been bilaterian digestive tracts (Schiff-

bauer et al., 2020).

Fossils assigned to Ernietta and Swartpuntia, 

belonging to one of the classic morphoclades of 

Ediacaran Biota, erniettomorphs, were reported 

from the lower member of the Wood Can-

yon Formation in the Montgomery Mountains 

(Horodyski, 1991; Hagadorn and Waggoner, 

2000; Smith et  al., 2017; Runnegar, 2021). 

Additionally, one fragment of a frond-like, 

soft-bodied fossil was reported from the upper 

member of the Wood Canyon Formation in the 

Kelso Mountains, California, and was tentatively 

assigned to the Ediacaran erniettomorph Swart-

puntia (Hagadorn et al., 2000).

In the Death Valley region, the first recognized 

occurrence of the basal Cambrian index trace 

fossil Treptichnus pedum (T. pedum) is located 
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just above the second dolostone marker of the 

lower member of the Wood Canyon  Formation 

(Corsetti and Hagadorn, 2000). Because the 

basal Cambrian Global Boundary Stratotype 

Section and Point (GSSP) in Newfoundland 

was intended to coincide with the FAD of T. 

pedum (Narbonne et al., 1987), the Ediacaran–

Cambrian boundary in the Death Valley region 

was placed at this stratigraphic horizon. The 

underlying dolostone bed contains the nadir of 

a negative δ13C excursion correlated to the Basal 

Cambrian Excursion (BACE) (Corsetti and 

Hagadorn, 2000).

In addition to the trace fossil T. pedum, Ruso-

phycus was also found between the second and 

third dolomite marker beds of the lower member 

(Jensen et al., 2002). Palaeophycus and Planolites 

were reported from the first parasequence, below 

the lowermost dolomite marker bed, and Hel-

minthoidichnites was reported from the second 

parasequence (Waggoner and Hagadorn, 2002). 

Other biostratigraphically significant ichnofos-

sils including Monomorphichnus,  Rusophycus, 

Palaeophycus, Didymaulichnus miettensis, and 

“Taphrhelminthopsis” circularis were reported 

from the uppermost parasequence—above the 

top dolomite marker bed—of the lower member 

Wood Canyon Formation (Corsetti and Haga-

dorn, 2000; Jensen et al., 2002). Reported bilobed 

arthropod trace fossils demarcate the Rusophycus 

avalonesis ichnofossil zone within the upper por-

tion of the lower member of the Wood Canyon 

Formation. The reports of Ediacaran body fossils 

and euarthropod trace fossils within ∼200 m of 

each other highlights the condensed nature of the 

lower member Wood Canyon Formation (Jensen 

et al., 2002).

Ediacaran–Cambrian Boundary Strata 

in the White-Inyo Ranges and Esmeralda 

County

In the White-Inyo Ranges and Esmeralda 

County, strata recording the terminal Ediacaran 

and Ediacaran–Cambrian boundary occur in the 

upper Reed Dolomite and Deep Spring Forma-

tion (Figs. 3B and 3C). In the White Mountains, 

the contact between the Reed Dolomite and the 

Deep Spring Formation is a sharp transition 

from recrystallized, massive dolostone to dis-

tinctly bedded dolostone, limestone, and fine-

grained siliciclastic strata of the Deep Spring 

Formation (Albers and Stewart, 1972). These 

units were first defined in the White Mountains 

(named by Knopf, 1918), and thus the contact 

is easily identifiable here. In the Last Chance 

Range (Fig. 1) and Esmeralda County, however, 

this contact is more difficult to identify due to 

interbedded, fine-grained siliciclastic strata in 

the upper Reed Dolomite and variable dolomiti-

zation across this transition. Smith et al. (2016b) 

suggested that the base of the Deep Spring For-

mation should be marked by a regional expo-

sure surface that is well exposed at Mt. Dunfee 

in Esmeralda County and that the interbedded 

limestone and dolostone beds beneath this sur-

face be referred to as the “Reed-Deep Spring 

Transitional Beds.” However, in most sec-

tions studied, the exposure surface is not easy 

A B

C

Figure 3. Field photographs show late Ediacaran–Cambrian transition strata in the southern Great Basin. (A) Section of the upper Stirling 

Quartzite through the lower part of the middle member (mb) of the Wood Canyon Formation (WCF) in Montgomery Mountains. DMB—

Dolomite marker bed. (B) A fault block of the Dunfee (lower) Member of the Deep Spring Formation at Mt. Dunfee, Nevada, with a sepa-

rate fault block of the Esmeralda Member behind it. Section numbers E1421 and E1425 refer to sections published in Smith et al. (2016b). 

The red star marks the Dunfee Member fossil horizon. (C) Photo of the Esmeralda (middle) Member of the Deep Spring Formation at Mt. 

Dunfee, Nevada. The yellow star marks the pyritized cloudinid horizon from Smith et al. (2016b) and Selly et al. (2020). Lettered microbial 

horizons correspond to those in Rowland et al. (2008).
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to identify, and the middle of the upper Reed 

Dolomite has distinct, heterolithic bedded facies 

that are likely correlative to the Hines Tongue 

in the White-Inyo Ranges. In structurally com-

plex areas, interbedded limestone, dolostone, 

and fine-grained siliciclastic strata of the Reed 

Dolomite can easily be  mistaken for the Dunfee 

Member of the Deep Spring Formation. Finally, 

not only are thick limestone beds present within 

the Reed Dolomite in some sections (i.e., Mt. 

Dunfee and  Jupiter Mountain), but there is also 

increased dolomitization within the Deep Spring 

Formation in the more distal sections (i.e., Clay-

ton Ridge), which further complicates confident 

lithostratigraphic identification of these units.

The top of the Reed Dolomite is a regional 

maximum regressive surface marked by local-

ized paleokarst, and the base of the overlying 

Deep Spring Formation is claystone, mudstone, 

siltstone, and micaceous sandstone contain-

ing mud cracks, muds chips, trace fossils, and 

body fossils and deposited within a transgressive 

sequence. The Dunfee (lower) Member of the 

Deep Spring Formation is a 100–200-m-thick 

heterolithic unit that is composed primarily of 

gray to pale orange dolomitic limestone and 

limestone with minor dolostone, green to gray 

siltstone, calcareous sandstone, and quartzite 

(Albers and Stewart, 1972). The middle to upper 

part of the unit is predominantly cross-stratified 

limestone and clotted limestone beds that are 

interpreted as microbialites (Fig.  4E). Slump 

folds and load structures occur at stratigraphic 

horizons throughout the member. Pink to blue 

recrystallized dolostone of the uppermost Dun-

fee Member is sharply overlain by tan to green 

shoreface sandstone with mud cracks and abun-

dant trace fossils of the basal Esmeralda Mem-

ber. The contact is interpreted as a maximum 

regressive surface overlain by a transgressive 

sequence.

The Esmeralda (middle) Member of the Deep 

Spring Formation (Corsetti and Kaufman, 1994; 

Rowland and Corsetti, 2002; Ahn et al., 2012) is 

composed of quartzite and calcareous sandstone, 

stromatolitic and oolitic limestone, and minor 

siltstone and shale (Albers and Stewart, 1972). 

There are several intervals of microbial carbon-

ates with morphologies that include inclined 

columnar stromatolites, broad hemispheroidal 

stromatolites, and thrombolites (Oliver, 1990; 

Oliver and Rowland, 2002). Oolite is abundant 

in the Esmeralda Member and, in some places, 

erosively cuts into underlying stromatolite beds 

(Oliver, 1990). Interbedded with some of the 

stromatolite and oolite beds are siliciclastic 

intervals of shale, siltstone, and sandstone, some 

of which preserve peritidal, wavy-bedded facies 

and storm deposits (Nelson and Smith, 2019). 

Siliciclastic intervals in the middle part of the 

Esmeralda Member of the Deep Spring Forma-

tion contain sedimentary features that are inter-

preted as microbially induced structures, includ-

ing kinneyia-type wrinkle structures (Hagadorn 

and Bottjer, 1997, 1999) and other more enig-

matic corrugated structures that are interpreted 

as microbial mat-stabilized heterolithic bedding 

(Nelson and Smith, 2019).

The Gold Point Member of the Deep Spring 

Formation sharply overlies the Dunfee Member 

and consists of gray-green siltstone to very fine 

quartz sandstone in the basal to middle part of 

the member. The upper part of the member is 

capped by a unit of recrystallized, light gray 

limestone to dolostone, which in turn is sharply 

A B C

D E F

Figure 4. Photographs of microbial textures, microbialites, and ooids in Ediacaran–Cambrian boundary units in the southwest Great Basin 

are shown. (A) Thrombolite in the Dunfee Member of the Deep Spring Formation at Mt. Dunfee, Nevada. (B) An example of a microbially 

induced sedimentary structure; these are common in the fine-grained siliciclastics of the Deep Spring and lower Wood Canyon formations. 

(C) Stromatolites in the lowest marker bed of the lower Wood Canyon Formation in section north of Echo Canyon. White arrow marks 

stromatolite. (D) A polished slab with pisoids and ooids from a dolomite marker bed in the lower member of the Wood Canyon Formation 

in Titanothere Canyon. (E) A bedding surface with corrugated structures from the Inyo Mountains that are interpreted as microbial mat-

bound ripples (reproduced from Nelson and Smith, 2019). (F) A stromatolitic reef horizon in the Esmeralda Member of the Deep Spring 

Formation at Mt. Dunfee, Nevada. These reefs are regionally consistent within the Esmeralda Member of the Deep Spring Formation, 

although with different morphologies and thicknesses among sections.
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overlain by brown to gray siltstone and sand-

stone of the Andrews Mountain Member of the 

Campito Formation. Both the tops of the Esmer-

alda and Gold Point members are interpreted to 

record subaerial exposures that are overlain by 

transgressive sequences.

The late Ediacaran fossil, Cloudina, occurs 

within the upper Reed Dolomite and the Dunfee 

Member of the Deep Spring Formation (Tay-

lor, 1966; Mount et al., 1983; Gevirtzman and 

Mount, 1986; Signor et al., 1987; Grant, 1990). 

Ediacaran body fossils including Gaojiashania, 

Conotubus, Wutubus, and other unclassified, 

smooth-walled tubular fossils occur in two strati-

graphic intervals in the Deep Spring Formation—

in siliciclastic rocks of the basal Dunfee Member 

and the lower Esmeralda Member (Smith et al., 

2016b). Similar to the cloudinomorphs from the 

Death Valley region, Conotubus fossils from 

Mt. Dunfee were reinterpreted as two separate 

cloudinid taxa: Saarina and Costatubus (Selly 

et al., 2020). Possible Pteridinium was reported 

from the Esmeralda Member of the Deep Spring 

Formation at the Molly Gibson Mine section in 

the White Mountains (Cloud and Nelson, 1966; 

Nelson and Durham, 1966). However, we could 

not confirm this report, and corrugated structures 

from this section and other correlative sections 

in the White-Inyo Ranges resembling ernietto-

morphs were instead interpreted as microbially 

mediated sedimentary structures (Nelson and 

Smith, 2019).

Simple, bed-planar trace fossils including 

Helminthoidichnites and Planolites occur in 

the Wyman Formation and the Hines Tongue 

of the Reed Dolomite (Stewart, 1970; Corsetti 

and Hagadorn, 2003). Torrowangea has also 

been reported from the Hines Tongue of the 

Reed Dolomite (Corsetti and Hagadorn, 2003). 

Relatively simple trace fossils, including 

 Helminthopsis, Helminthoidichnites, Planolites, 

Cochlichnus, Bergaueria, and small treptich-

nids, are preserved within the siliciclastic rocks 

of the basal Dunfee Member of the Deep Spring 

Formation (Gevirtzman and Mount, 1986; Tar-

han et al., 2020). The Esmeralda Member con-

tains multiple horizons of simple surface trace 

fossils, and T. pedum occurs in the upper part of 

this unit (Gevirtzman and Mount, 1986; Corsetti 

and Hagadorn, 2000; Tarhan et al., 2020). The 

lowest report of T. pedum, and thus the local 

placement of the Ediacaran–Cambrian bound-

ary, occurs above the nadir of a large negative 

δ13C excursion that has been correlated with the 

BACE within the middle to upper part of the 

Esmeralda Member (Corsetti and Kaufman, 

1994; Oliver and Rowland, 2002). The over-

lying Gold Point Member of the Deep Spring 

Formation contains the stratigraphically lowest 

arthropod trace fossils, including specimens 

classified as Rusophycus, Cruziana, and Dipli-

chnites (Cloud and Nelson, 1966; Alpert, 1976). 

In Esmeralda County, the lowest stratigraphic 

occurrence of trilobites is in the lowermost 

Gold Coin Member of the Campito Formation, 

within a few meters of the boundary with the 

underlying Andrews Mountain Member (Hol-

lingsworth, 2011). Trilobites, brachiopods, and 

hyoliths occur at several stratigraphic horizons 

in the Gold Coin and Montenegro members 

(Nelson, 1978; Signor and McMenamin, 1988; 

Hollingsworth, 2011).

Ediacaran–Cambrian Correlations in the 

Southwest Great Basin

Precise regional correlations between the 

more paleo-proximal Death Valley region and 

the paleo-distal White-Inyo Ranges and Esmer-

alda County have been hindered by the lack of 

radioisotopic ages, lack of exposure between the 

areas, and uncertainties in structural restorations. 

Nonetheless, Stewart (1970) proposed the first 

comprehensive lithostratigraphic correlation 

framework for the southern Great Basin as fol-

lows: the Deep Spring Formation is an offshore 

equivalent of the lower member of the Wood 

Canyon Formation; the Hines Tongue through 

the upper Reed Dolomite is equivalent to the 

upper siliciclastic Stirling Quartzite; and the 

lower Reed Dolomite is equivalent to the dolo-

mitic “member D” of the Stirling Quartzite. The 

underlying Wyman Formation was tentatively 

correlated with the Johnnie Formation through 

the middle Stirling Quartzite. More recently, 

using chemostratigraphy and biostratigraphy, 

others have suggested instead that the Reed 

Dolomite and Dunfee Member of the Deep 

Spring Formation correlate with the Stirling 

Quartzite and that the Wyman-Reed unconfor-

mity correlates with the upper Johnnie Forma-

tion unconformity (Corsetti and Hagadorn, 

2000). In this framework, the Hines Tongue of 

the Reed Dolomite correlates with the lower to 

middle Stirling Quartzite, and the Wyman For-

mation is correlative with the Johnnie Formation 

(Corsetti and Hagadorn, 2000).

Most of the lower member of the Wood Can-

yon Formation has been correlated to the Deep 

Spring Formation based on Ediacaran–Cam-

brian boundary lithostratigraphic, chemostrati-

graphic, and biostratigraphic correlations, with 

three dolostone marker beds of the lower mem-

ber of the Wood Canyon Formation correlated 

to the carbonate-dominated units that cap each 

of the members of the Deep Spring Formation 

(Fig. 2; Stewart, 1970; Corsetti and Kaufman, 

1994; Corsetti et al., 2000; Corsetti and Haga-

dorn, 2000; Jensen et al., 2002; Oliver and Row-

land, 2002). The maximum regressive surface 

at the base of the middle member of the Wood 

Canyon Formation has been correlated with the 

base of the Campito Formation, which is con-

sistent with the first occurrences of trilobites in 

the two regions (Stewart, 1970). This correla-

tion is also consistent with detrital zircon age 

distributions and Nd isotope chemostratigraphy 

from these units (Gehrels et al., 1995; Farmer 

and Ball, 1997; MacLean et al., 2009; Chapman 

et al., 2015).

PALEONTOLOGICAL AND 

TAPHONOMIC RESULTS

Ediacaran body fossils were found in seven 

stratigraphic sections in five different tapho-

nomic modes: calcification, two-dimensional 

pyritization (now iron oxides), three-dimen-

sional pyritization, three-dimensional cast and 

mold preservation, and two-dimensional reflec-

tive compressional preservation (Fig. 5). In some 

cases, more than one taphonomic mode exists 

within a single fossiliferous interval. Below, we 

describe the different modes of preservation and 

their paleoenvironmental contexts.

Calcified Tubular Body Fossils

Calcified tubular body fossils in carbonate 

strata have been recognized in sections in the 

White-Inyo Ranges of California and Esmeralda 

County, Nevada, and were variably identified as 

Wyattia, Nevadatubulus, Sinotubulites, Coleo-

loides, and Salanytheca (Taylor, 1966; Cloud 

and Nelson, 1966; Mount et al., 1983; Signor 

et al., 1983; Signor et al., 1987) and then later 

reinterpreted as the late Ediacaran index fossil 

Cloudina (Grant, 1990; Yang et al., 2022). These 

fossils are recrystallized, which obscures much 

of the morphological detail and makes refined 

taxonomic assessment difficult. However, these 

are likely all members of the recently defined 

tubiform morphoclade of cloudinomorphs and 

perhaps similar to other better preserved pyri-

tized tubular specimens from these units (Selly 

et  al., 2020). Here, we do not attempt further 

taxonomic refinement to avoid future confu-

sion in the literature and simply refer to them as 

calcified tubular fossils. The only locality in the 

Death Valley region in which calcified Cloudina 

fossils have been reported is in the member D 

of the Stirling Quartzite in the northern Funeral 

Range (Langille, 1974); in this study, we were 

unable to confirm this report, and no occurrences 

of Ediacaran calcified fossils were identified in 

the Death Valley region.

In the White-Inyo Ranges and Esmeralda 

County, calcified tubular fossils are reported 

from the upper part of the Reed Dolomite and 

from the Dunfee Member of the Deep Spring 
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Formation in five localities (Figs. 6–7). No cal-

cified tubular fossils have been identified in the 

stromatolite reefs of the Esmeralda Member of 

the Deep Spring Formation or anywhere strati-

graphically higher than the uppermost beds of 

the Dunfee Member, which is consistent with the 

results of other workers who have studied these 

units (e.g., Gevirtzman and Mount, 1986; Smith 

et al., 2016b).

Regionally, calcified tubular fossil occur-

rences are not obviously widespread. They 

occur predominantly in carbonate grainstone 

and often as dark gray limestone lenses of shell 

debris wackestone to packstone (Fig. 6A). There 

are rare occurrences of scattered fossil debris 

within what are interpreted as small, recrystal-

lized thrombolite reefs (Fig. 4A) in the Dunfee 

Member. Additionally, rare, calcified tubular 

fossils are found within red-brown, originally 

glauconitic, peloidal packstone of the Dunfee 

Member and uppermost Reed Dolomite (Stew-

art, 1970; Gevirtzman and Mount, 1986). The 

best preservation of calcified tubular fossils in 

the region occurs near Mt. Dunfee and the area 

to the east of Mt. Dunfee, although even there, 

the fossils are coarsely recrystallized. In a few 

places around Mt. Dunfee, there are isolated 

examples of <4-cm-thick shell beds in which 

individual tubes are <4 cm in length (Fig. 6B); 

within these beds the fossils are dominantly 

intact, which suggests that these shells were not 

subject to significant transport.

Cast and Mold Preservation

Fossils preserved through cast and mold 

preservation are separated into two sub-catego-

ries: moldic preservation of erniettomorphs in 

micaceous sandstone (e.g., Smith et al., 2017; 

Runnegar, 2021) and casts and molds of tubu-

lar fossils in claystone, mudstone, siltstone, 

and micaceous sandstone (e.g., Hagadorn and 

Waggoner, 2000; Smith et  al., 2016b, 2017). 

This distinction is made because the interpreted 

preservational mechanisms differ. The three-

dimensional preservation of erniettomorph 

fossils is due to sediment infilling the organ-

ism prior to burial (e.g., Seilacher, 1992), while 

the three-dimensional casts and molds of the 

tubular fossils are due to early mineral precipi-

tants templating to labile tissue (e.g., Petrovich, 

2001; Newman et al., 2019). Three-dimensional 

moldic preservation or endorelief preserva-

tion of soft-bodied erniettomorphs is present 

in the lower part of the lower member of the 

Wood Canyon Formation, but these fossils are 

extremely rare in southwestern Laurentia, and 

there are only a few examples of well-preserved, 

undisputed erniettomorphs (Smith et al., 2017; 

Runnegar, 2021).
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Figure 5. Examples are shown of Ediacaran body fossils and modes of preservation from 

the Death Valley Region and Esmeralda County. (A–B) Cast of mold preservation of annu-

lated tubular fossils (identified as Gaojiashania [panel A] and Wutubus [panel B]) in siltstone 

and sandstone of the basal Dunfee Member of the Deep Spring Formation at Mt. Dunfee 

(reproduced from Smith et al., 2016b). (C) A tubular fossil preserved as a 2-D compression 

in siltstone. This specimen is from the same stratigraphic interval as in Figures 5A, 5B, and 

5D in the basal Dunfee Member of the Deep Spring Formation at Mt. Dunfee. (D) Smooth-

walled, tubular fossil preserved as a pyritized, 2-D compression. This specimen is from the 

same stratigraphic interval as in Figures 5A–5C (reproduced from Smith et al., 2016b). 

(E–G) Pyritized cloudinomorphs from the Esmeralda Member of the Deep Spring Forma-

tion at Dunfee show both 2-D and 3-D preservation from the same stratigraphic interval (E 

is reproduced from Smith et al., 2016b). (H) Pyritized Corumbella preserved in 3-D from 

the lower member of the Wood Canyon Formation at Montgomery Mountains (reproduced 

from Smith et al., 2017). Preservation both as 2-D compressions and 3-D preserved iron 

oxides was found at this locality. (I–J) Photograph and corresponding sketch of ernietto-

morphs and an unclassified cross-hatched fossil from the lower member of the Wood Can-

yon Formation at Montgomery Mountains (reproduced from Smith et al., 2017).
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In both the Death Valley region and Esmeralda 

County, casts and molds of tubular body fossils 

are found in fine-grained siliciclastic strata above 

maximum regressive surfaces within the basal 

transgressive sequence. These intervals demon-

strate sedimentological evidence for high rates 

of sediment accumulation, including load casts, 

convolute laminations, and mud chip rip ups. At 

Mt. Dunfee and in the Montgomery Mountains, 

some casts and molds of tubular fossils are found 

on the same bedding surfaces as mud chip rip 

ups and thus were interpreted as transported 

(Smith et  al., 2016b, 2017). These fossilifer-

ous horizons are interpreted as deposited within 

shallow marine, peritidal environments. Cast and 

mold preservation of tubular fossils is found in 

the same stratigraphic intervals containing two 

other taphonomic modes: reflective two-dimen-

sional compression and pyritization.

Reflective Two-Dimensional Compressions 

of Tubular Body Fossils

Reflective, micaceous two-dimensional com-

pressions of tubular fossils are found on siltstone 

and micaceous fine-grained sandstone at Mt. 

Dunfee and in the Montgomery Mountains in 

the basal Dunfee Member and the basal Wood 

Canyon Formation, respectively (Hagadorn and 

Waggoner, 2000; Smith et  al., 2016b, 2017). 

They are preserved on bedding surfaces of silt-

stone to fine-grained, micaceous sandstone. Like 

some of the fossils preserved as casts and molds, 

fossils preserved in this taphonomic mode are 

found on and interbedded with beds contain-

ing redeposited mud chip rip-ups. Unlike the 

three-dimensional cast and mold preservation 

of tubular body fossils found in the same strati-

graphic intervals, fossils preserved in this mode 

are only found within siltstone and fine-grained 

sandstone and never in mudstone. While these 

tubular specimens lack annulations or any inter-

nal structures, they fall within the same width 

and length ranges as the three-dimensional casts 

and molds, which suggests they are similar taxa 

preserved in a different taphonomic mode. The 

two-dimensional preservation is far less com-

mon than the three-dimensional cast and mold 

preservation, perhaps in part because these 

specimens are more difficult to find in the field.

Tubular Fossils Preserved as Iron Oxides

Organisms preserved as two- and three-

dimensional, pyritized (now iron oxide) tubes 

are found in five stratigraphic sections across 

the basin (Figs. 6–7; Smith et al., 2016b, 2017). 

Although no original pyrite has been reported 

from these specimens, the fossils are interpreted 

as being preserved through light to pervasive 
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Figure 6. Cloudinomorphs from latest Ediacaran strata in California and Nevada are 

shown. (A) Lag deposit of cloudinomorph shell hash (middle of photograph) from the up-

per Reed Dolomite at Mt. Dunfee. White spots are hammer marks on the outcrop. (B) Bed-

ding surface of Cloudina fossils from the upper Reed Dolomite at Mt. Dunfee. (C) Pyritized 

cloudinomorph Saarina hagadorni from the lower member of the Wood Canyon Forma-

tion at Montgomery Hills (reproduced from Smith et al., 2017). (D) Cloudinomorph from 

the Esmeralda Member of the Deep Spring Formation at Mt. Dunfee. Specimen was first 

identified as Conotubus (Smith et al., 2016b) but later reinterpreted as Costatubus bibendi 

(Selly et al., 2020). (E) Scanning electron microscopy (SEM) with light microscopy insets 

of Costatubus bibendi holotype (reproduced from Selly et al., 2020). (F) SEM image with 

light microscopy inset of Saarina hagadorni, another cloudinomorph, from the same strati-

graphic horizon as the specimen in Figures 6D–6E (reproduced from Selly et al., 2020).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/5-6/1393/5826224/b36401.1.pdf
by Johns Hopkins University user
on 30 June 2023



The Ediacaran–Cambrian transition in the southern Great Basin, USA

 Geological Society of America Bulletin, v. 135, no. 5/6 1403

pyritization of tubular fossils that were subse-

quently oxidized by diagenetic fluids (Smith 

et al., 2016b, 2017; Selly et al., 2020; Schiff-

bauer et al., 2020), similar to the preservation 

of tubular fossils in the Gaojiashan Laggerstätte 

(Cai and Hua, 2007; Cai et al., 2012). The most 

abundant and well-preserved examples of two- 

and three-dimensional, pyritized tubular  fossils 

are concentrated in two stratigraphic intervals: 

(1) fine-grained siliciclastic strata in the lower 

member of the Wood Canyon Formation, 

below the lowest dolostone marker bed, and 

Figure 7. Measured sections of late Ediacaran through Cambrian strata from the proximal Death Valley region to the more distal Esmer-

alda County. In the upper panel, carbonate carbon isotope chemostratigraphic data are plotted next to measured stratigraphic sections. 

Colored polygons show interpreted correlations between sections. Datum is the 0‰ δ13C crossing point above the Basal Cambrian Excur-

sion within the upper carbonate units of the lower member (Mb) Wood Canyon Formation (Fm) and the Deep Spring Formation. In the 

lower panel, Ediacaran fossil occurrences and their modes of preservation are shown. Carbon isotope data from the Mt. Dunfee and Echo 

Canyon sections were previously published in Smith et al. (2016b) and Smith et al. (2017), respectively. GP—Gold Point Member. Abbrevia-

tions for measured sections: BC—Boundary Canyon; CR—Clayton Ridge; EC—north of Echo Canyon; HR—Hines Ridge; JM—Juniper 

Mountain; MD—Mt. Dunfee; MGM—Molly Gibson Mine; SH—Silurian Hills; SN—Southern Nopahs; MM—Montgomery Mountains; 

SSH—Salt Spring Hills; TC—Titanothere Canyon; WWC—Whippoorwill Canyon.
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(2)  fine-grained siliciclastic beds in the middle 

Esmeralda Member of the Deep Spring Forma-

tion (Fig. 7; Smith et al., 2016b, 2017).

In the Montgomery Mountains in the Death 

Valley region, hundreds of iron oxide-replaced 

fossils were found in the lower member of the 

Wood Canyon Formation, below the lowest car-

bonate marker bed, in green, powdery claystone 

and mudstone, green to tan siltstone, and mica-

ceous, very fine- to medium-grained sandstone 

(Smith et al., 2017). Additional occurrences of 

iron oxide-replaced tubular fossils within this 

stratigraphic interval were found in the Spring 

Mountains and the southern Nopah Range 

(Fig. 7). At Mt. Dunfee, a few two-dimensional, 

lightly pyritized, smooth-walled tubular fossils 

were found in the Dunfee Member of the Deep 

Spring Formation (Smith et al., 2016b). These 

fossils were found in the same stratigraphic 

interval as the casts and molds and reflective 

compressions of Ediacaran tubular body fossils 

that include Gaojiashania and Wutubus (Smith 

et al., 2016b)—within a transgressive sequence 

above the exposure surface at the top of the Reed 

Dolomite.

A second stratigraphic interval in the Esmer-

alda Member of the Deep Spring Formation con-

tains hundreds of two- and three-dimensional, 

pyritized fossils that were originally called 

Conotubus (Smith et al., 2016b) and later taxo-

nomically classified as Saarina and Costatubus 

(Selly et al., 2020). These fossils are found on 

at least five bedding planes of black to tan mud-

stone and siltstone within a 3 m stratigraphic 

interval. Elainabella, a purported Ediacaran 

algal fossil (Rodriguez and Rowland, 2014), 

was found in the same stratigraphic interval at 

this site. Additional rare occurrences of pyritized 

Ediacaran tubular fossils within this stratigraphic 

interval were found in Whippoorwill Wash 

in the Inyo Range (Fig. 7). Across the region, 

this stratigraphic interval preserved microbially 

induced sedimentary structures (Nelson and 

Smith, 2019).

CHEMOSTRATIGRAPHIC RESULTS

Carbon and oxygen isotopes of carbonates 

(δ13C and δ18O) were measured in 10 composite 

Ediacaran–Cambrian sections across the Great 

Basin (Fig. 7). In all sections, there is a broad, 

negative carbon isotope excursion that is super-

imposed with smaller scale variability. These 

results demonstrate trends similar to those of 

previously published δ13C data from this region 

(Corsetti and Hagadorn, 2000, 2003; Smith 

et  al., 2016b, 2017) and demonstrate lateral 

stratigraphic reproducibility in Ediacaran–Cam-

brian carbon isotope values across the southern 

Great Basin.

In the Death Valley region, carbonate δ13C 

and δ18O data were produced from four mea-

sured sections of the lower member of the 

Wood Canyon Formation (Montgomery 

Mountains, north of Echo Canyon, Boundary 

Canyon, and Titanothere Canyon). In the low-

ermost dolostone marker bed, there is a general 

downward trend in δ13C from values that start 

around ∼+1‰ to values that reach ∼−6‰, 

with smaller negative excursions superimposed 

to produce a sawtooth pattern (Fig.  7). The 

middle dolostone marker bed has δ13C values 

that are all 13C-depleted, with values ranging 

from ∼−1‰ to −4.5‰. The top dolostone 

marker bed has δ13C values that are as low 

as ∼−3‰ at its base, which rise to ∼+2‰ 

before dropping to ∼0‰ (Fig. 7). The mini-

mum and maximum δ18O values are −14.3‰ 

and −5.5‰, respectively. There is no strong 

covariation between δ18O and δ13C values (R2 

for all samples = 0.015; Fig. S1; see footnote 

1), and a cross plot of δ13C and δ18O values is 

shown in Fig. S1.

In the White-Inyo Ranges and Esmeralda 

County, six composite measured sections have 

accompanying carbonate δ13C and δ18O data 

(Fig. 7). The composite section from Mt. Dun-

fee was previously published by Smith et al. 

(2016b) and is the section that was sampled at 

the highest resolution. Like the sections in the 

Death Valley region, chemostratigraphic data 

across this region are reproducible (Fig.  7). 

In all sections, strata of the upper Reed Dolo-

mite record δ13C values between ∼0‰ and 

+4‰. In the Dunfee Member of the Deep 

Spring Formation, δ13C values decrease from 

∼+3‰ to +5‰ to ∼−3‰ and remain con-

sistent throughout the upper part of the Dun-

fee Member. The lowest limestone beds of 

the Esmeralda Member have δ13C values of 

∼−6‰ to −3‰. Above this, the δ13C values 

decrease to a nadir of ∼−8‰ to −6‰. Above 

the nadir, the δ13C values increase to +1‰. In 

the upper Esmeralda Member, the δ13C values 

are ∼−3‰ to −2‰. The carbonates of the 

Gold Point Member have δ13C values that are 

−2 − 0‰ at the base, trend positive to values 

<+3‰, then decrease again to reach values 

of ∼−3‰. Despite changes in sedimentary 

facies, variations in carbonate content, and 

differences in metamorphic grade among sec-

tions, the δ13C values are reproducible across 

the White-Inyo Ranges and Esmeralda County 

(Fig.  7). In this region, co-variation of δ13C 

and δ18O values is marginally higher than in 

the Death Valley region (R2 = 0.140) but not 

significant enough to indicate that the δ13C 

values were altered by meteoric diagenesis. 

Crossplots for δ13C and δ18O values from this 

region are shown in Fig. S2 (see footnote 1).

DISCUSSION

Ediacaran Body Fossil Taphonomy in the 

Southwestern USA

The different taphonomic windows of Edia-

caran body fossil preservation and the lateral 

extent of preservation of latest Ediacaran strata 

across the southwestern U.S. allow for placement 

of Ediacaran fossils into a paleogeographic and 

sequence stratigraphic context that spans thou-

sands of square kilometers of a fluvial-deltaic 

to shallow marine latest Ediacaran continental 

margin (Fig. 7). Such a framework can be used 

to better understand the environmental setting of 

these late Ediacaran ecological communities as 

well as the processes and depositional settings 

that contributed to fossil preservation.

Calcified Tubular Fossils

Calcified tubular fossils are found in five 

localities in this study, but none of these dem-

onstrate evidence that cloudinomorphs were 

metazoan reef builders (contra Penny et  al., 

2014). The calcified fossil occurrences in this 

region instead support the model that Ediacaran 

cloudinomorph aggregates are detrital buildups 

(e.g., Mehra and Maloof, 2018). The occur-

rences of pyritized cloudinomorphs within the 

more paleo-proximal siliciclastic beds of the 

lower Wood Canyon Formation and in lenses 

within the more distal carbonate platforms sug-

gest that these organisms were living in a variety 

of shallow marine environments with multiple 

taphonomic pathways to preservation.

Ernietta Moldic Preservation

Three-dimensional moldic preservation or 

endorelief preservation of soft-bodied ernietto-

morphs is present in the lower part of the lower 

member of the Wood Canyon Formation, but 

these fossils are extremely rare in southwestern 

Laurentia, and there are only a few examples 

of well-preserved, undisputed erniettomorphs 

from one locality (Smith et al., 2017; Runnegar, 

2021). The composition of clay and quartz-rich 

sediment infill was suggested to play a critical 

role in enabling exceptional preservation (Hall 

et al., 2020). In this proposed taphonomic path-

way, clay minerals adsorbed to organic surfaces 

during microbially mediated decay and helped 

to preserve carbonaceous material at the inter-

face of the organism and the surrounding matrix. 

The quartz-rich infill of the fossils may have pre-

vented flattening of the organism, and in turn, 

helped to retain the three-dimensional struc-

ture of its millimeter-scale features (Hall et al., 

2020)—comparable to previous models for 

erniettomorph preservation (e.g., Dzik, 1999). 

Preservation requires not only rapid burial and 
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minimal transport, but also infilling of the organ-

ism with texturally mature and compositionally 

immature siliciclastic sediment. This model 

helps to explain the global restriction of erni-

ettomorph fossils to shallow marine to deltaic 

paleoenvironments and specific sedimentary 

facies (Germs, 1983; Grazhdankin, 2004; Bou-

ougri et al., 2011; Maloney et al., 2020), as well 

as the general scarcity of these fossils in late 

Ediacaran strata. Detailed paleontological stud-

ies and computational fluid dynamics modeling 

have shown that Ernietta lived at least partially 

infaunally, with a small portion of the organism 

extended above the sediment-water interface 

(Ivantsov et al., 2016; Gibson et al., 2019, 2021); 

this life mode has been suggested as another 

important factor in preservation.

Cast and Molds and Two-Dimensional 

Reflective Tubular Body Fossils

Cast and mold preservation has been described 

from many Ediacaran-aged assemblages glob-

ally (e.g., Tarhan et al., 2016; MacGabhann et al., 

2019, and references therein), and a number of 

models have been proposed to explain differ-

ent pathways for preserving three-dimensional 

casts and molds of soft tissue. The “death mask” 

model (Gehling, 1999; Liu, 2016) suggests that 

sulfate-reducing bacteria facilitated the precipi-

tation of a pyrite crust on the surface of decay-

ing Ediacaran organisms. A separate mechanism 

invokes the role of early stage precipitation of 

silica cements enhanced by the high silica satu-

ration state of Ediacaran oceans (Tarhan et al., 

2016; Slagter et al., 2021). Alternatively, taphon-

omy experiments have demonstrated the impor-

tance of clay-microbe interactions in delaying 

decay and preserving soft-bodied organisms 

in clay-rich sediments (Darroch et  al., 2012; 

Wilson and Butterfield, 2014; McMahon et al., 

2016; Gibson et al., 2018; Naimark et al., 2018; 

Newman et al., 2019).

In the southwestern U.S., late Ediacaran cast 

and mold tubular fossils are found in clay-rich, 

fine-grained siliciclastic strata that are inter-

preted to have been deposited with high sedi-

ment accumulation rates in the intertidal zone 

and within the transgressive sequence that over-

lies regional exposure surfaces (Fig. 7). All spec-

imens are preserved in endorelief, in which both 

part mold and counterpart cast are preserved, 

and some of these fossils are found in the same 

stratigraphic intervals as fossils preserved as 

two-dimensional, reflective tubular fossils and as 

pyritized fossils. Microbially induced sedimen-

tary structures were not identified on bedding 

surfaces preserving fossils, but these structures 

are generally abundant within the fossiliferous 

intervals. Combined, these observations from 

the specimens in southwestern Laurentia are 

 consistent with a taphonomic model in which the 

precipitation of early authigenic clays via clay-

microbe interactions and rapid burial played 

important roles in the preservation of these soft-

bodied Ediacaran organisms.

Pyritized Tubular Fossils

Pyritized fossils are thought to form through 

authigenic interactions during the degradation 

of organic matter from the decaying organism 

by sulfate-reducing bacteria within anoxic pore 

waters that have reduced iron as well as avail-

able sulfate (e.g., Schiffbauer et al., 2020). An 

unusual feature of the Wood Canyon pyritized 

tubular fossils is that, in some cases, the pyri-

tization process ceased prior to complete pyri-

tization—perhaps due to limitation of sulfate 

or reduced iron—resulting in preservation of 

internal soft tissue (Schiffbauer et al., 2020). The 

narrow balance between sulfate and ferrous iron 

concentrations necessary to form these fossils 

may have been sustained within a depositional 

setting that oscillated between anoxic and oxic 

bottom and/or pore waters.

All of the pyritized Ediacaran fossils from the 

southern Great Basin are found in mudstone, 

siltstone, and fine-grained micaceous sandstone 

that are interpreted to have been deposited in 

shallow paleoenvironments (<10 m of water 

depth), as evidenced by bedding surfaces above, 

below, and in correlative sections that contain 

mud cracks, interference ripples, and stromato-

lites (Fig. 7). The geochemical conditions neces-

sary to preserve pyritized, tubular body fossils—

particularly anoxic bottom and/or pore waters in 

very shallow environments—could have been 

achieved through partial restriction in lagoonal 

paleoenvironments.

To summarize, the taphonomies of late Edia-

caran fossils within the regional context of this 

sedimentary basin highlight the increased pres-

ervational potential within specific paleoenvi-

ronments and stratigraphic sequences. Within 

shallow marine environments, there is enhanced 

preservational potential for soft-bodied organ-

isms in the basal strata of transgressive 

sequences. Within these sequences, clay-rich 

sediments and high rates of sediment accumula-

tion may have served as important background 

conditions for the facilitation of mineral-microbe 

interactions and/or pore fluid conditions critical 

to these taphonomic pathways.

Carbon Isotope Chemostratigraphy across 

the Ediacaran–Cambrian Boundary of 

Southwestern Laurentia

Carbon isotope data from 10 sections across 

the Ediacaran–Cambrian Great Basin demon-

strate reproducibility of a large negative δ13C 

excursion and of smaller scale chemostrati-

graphic perturbations, such as those documented 

in the middle and upper marker beds of the 

lower member of the Wood Canyon Formation 

(Fig. 7). The δ13C chemostratigraphic profiles 

are reproducible despite changes in the carbon-

ate content of sections, variable dolomitization, 

and sedimentary facies change (Fig. 7). In the 

lower Wood Canyon Formation, all carbonate 

beds are dolostone but vary in thickness and 

sedimentology among sections. Nonetheless, 

the carbon isotope shifts are consistent among 

the four Wood Canyon Formation sections with 

δ13C data (Fig. 7).

Sections of the Deep Spring Formation vary 

in terms of facies, carbonate content, and car-

bonate mineralogy, particularly in the Dunfee 

and Esmeralda members. Although the top of 

the Dunfee Member is always dolomitized, in 

some sections (e.g., Clayton Ridge), almost the 

entire unit is dolomitized. The Esmeralda Mem-

ber varies in both carbonate content and degree 

of dolomitization, and only the more distal sec-

tions contain dolostone beds. Additionally, the 

number of stromatolite beds increases and the 

number of limestone intraclast conglomerate 

beds decreases in the more outboard sections. 

Despite these differences in facies, all sections 

analyzed have broadly similar δ13C profiles.

The negative δ13C excursion recorded in the 

lower member of the Wood Canyon Forma-

tion and in the Dunfee and Esmeralda mem-

bers of the Deep Spring Formation previously 

was correlated to the BACE and presumed to 

record a global negative carbon isotope excur-

sion (Corsetti and Kaufman, 1994; Corsetti and 

Hagadorn, 2000; Smith et al., 2016b). However, 

studies on other shallow-water carbonate plat-

forms have demonstrated that δ13C values of 

carbonate strata can be records of changes in 

local mineralogy and/or early diagenesis rather 

than records of secular changes in the isotopic 

composition of global seawater (e.g., Swart 

and Eberli, 2005; Swart, 2008; Higgins et al., 

2018). Even if certain carbon isotope excursions 

are regionally and globally reproducible, it has 

been demonstrated that these secular shifts in 

δ13C values can be the result of sea-level–driven 

diagenesis (e.g., Ahm et al., 2019; Jones et al., 

2020). In addition, other studies have shown that 

significant carbon isotopic shifts can correlate 

with dolomitization fronts (Bold et  al., 2020; 

Nelson et  al., 2021). Here, laterally variable 

dolomitization does not appear to have notice-

ably affected the δ13C values of these strata. 

Cross plots of δ18O versus δ13C of these carbon-

ates do not support a diagenetic origin for the 

observed secular changes related to meteoric flu-

ids (Figs. S1–S2 ; see  footnote 1). Furthermore, 

this δ13C  excursion spans a  number of regionally 
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significant sequence boundaries, which indicates 

that sea level may not have played a primary role 

in producing the carbon isotope shift. While 

the results from this study do not elucidate the 

cause(s) of the δ13C excursions present in the 

Wood Canyon and Deep Spring formations, 

they demonstrate that its driver(s) must have 

been regionally extensive, if not global. Even if 

δ13C values of these units are recording isotopic 

values of local and/or diagenetic fluids, future 

interpretations must account for the regional 

reproducibility of the signal across ∼250 km in 

California and Nevada or ∼700 km (with great 

uncertainty due to debated paleogeographic res-

torations) if correlative sections along strike in 

northern Mexico are also considered (Hodgin 

et al., 2021).

Regional Correlations and Tectonic Setting

The lithostratigraphy, biostratigraphy, and 

chemostratigraphy presented here further sup-

port previous correlations between the Death 

Valley and Inyo facies for the Ediacaran–Cam-

brian boundary units (Figs.  2, 7, and 8; e.g., 

Stewart, 1970). Correlations that rely only on 

chemostratigraphic data for the upper parts of 

the lower Wood Canyon Formation and Deep 

Spring Formation are equivocal; the upper 

dolostone marker bed of the lower Wood Canyon 

Formation could be correlated to the upper car-

bonate unit of the Esmeralda Member or the car-

bonate unit of the Gold Point Member. However, 

lithostratigraphy and previously published bio-

stratigraphic data (Jensen et al., 2002) support 

a correlation of the three dolostone marker beds 

of the lower member of the Wood Canyon For-

mation to the carbonate-dominated upper units 

of each member of the Deep Spring Formation 

(Figs. 2, 7, and 8). Correlations among the older 

Ediacaran units remain uncertain. Although the 

Wyman Formation has been correlated with 

the Johnnie Formation (Corsetti and Hagadorn, 

2000), the Shuram carbon isotope excursion has 

not been documented in the Wyman. One possi-

ble explanation for the lack of the Shuram excur-

sion is that, during this time, deposition in this 

part of the basin was dominated by fine-grained, 

siliciclastic sediment. Another possibility is that 

the Wyman Formation correlates to the upper-

most part of the Johnnie Formation, above the 

Shuram excursion.

Based on regional stratigraphic patterns, geo-

logic mapping, sedimentology, and paleoflow 

indicators of Tonian and Cryogenian units in the 

Death Valley region, it has been suggested that 

deposition of these strata occurred within semi-

restricted, tectonically active fault-bound basins 

(Miller, 1985; Smith et al., 2016a; Nelson et al., 

2020). Overlying the laterally variable Tonian 

to early Ediacaran units are more continuous 

mid(?)–late Ediacaran–Cambrian units of the 

southern Great Basin that were deposited dur-

ing more regionally consistent subsidence that 

is indicative of widespread rifting followed by 

lithospheric thermal contraction (Armin and 

Figure 8. Schematic southeast to northwest transect of basin shows proposed correlations between the Death Valley region and the White-

Inyo Ranges within a tectonic framework. The 1.08 Ga age on the Crystal Spring Formation (Fm) diabase is from Heaman and Grotzinger 

(1992). Cryogenian radioisotopic ages are from Nelson et al. (2020); the ca. 635 Ma age is based on correlation of the Noonday Formation 

to other Marinoan cap carbonate sequences (e.g., Prave et al., 1999), and the ca. 539 Ma age is based on correlation to the dated section in 

northern Mexico (Hodgin et al., 2021). Depiction of basement highs hinges upon models and reconstructions by Wright et al. (1976) and 

Stewart (1983). Note the syn-rift volcanics in the southeastern part of the basin; although no mantle-tapping plumbing system has been 

identified, regionally, the Ediacaran–Cambrian faults could have acted as conduits for volcanism. Note the vertical exaggeration. Meso—

Mesoproterozoic; To—Tonian; C—Cambrian; Basem—basement; CS—Crystal Spring Formation; BSD—Beck Spring Dolomite; HTS—

Horse Thief Spring Formation; Nd—Noonday Formation; WCF—Wood Canyon Formation; Camp—Campito Formation; DS Fm—Deep 

Spring Formation; l—lower; m—middle; u—upper; CIE—carbon isotope excursion.
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Mayer, 1983; Levy and Christie-Blick, 1991). 

These regional subsidence patterns have been 

suggested to reflect a tectonic evolution from 

pulses of failed rifting during Tonian through 

early Ediacaran to the establishment of a rifted 

continental margin by the late Ediacaran (Bond 

et al., 1985; Prave, 1999; Nelson et al., 2020).

Consistent with these subsidence models, 

mid(?)–late Ediacaran to early Cambrian, rift-

related faulting established the northwest-dip-

ping continental margin with subsequent sea-

floor spreading leading to an early Cambrian 

rift-drift transition in southwestern Laurentia. 

Due to a dearth of Ediacaran radioisotopic 

ages in the region and the resulting difficulty 

in recognizing and temporally constraining 

disconformities and unconformities in these 

strata, the stratigraphic horizons marking the 

transition from an active to a passive margin 

have been long debated, although surfaces at 

the bases of and within the Johnnie Formation, 

Stirling Quartzite, and Wood Canyon Forma-

tion all have been proposed as possible candi-

dates (Levy and Christie-Blick, 1991; Summa, 

1993; Fedo and Cooper, 2001; Clapham and 

Corsetti, 2005). All of the exposed strata in the 

White-Inyo Ranges have been interpreted to 

record deposition on a rifted continental margin 

(e.g., Stewart, 1970).

A possible location for a major late Edia-

caran to Cambrian rift shoulder is at the break 

between the Death Valley and White-Inyo 

facies belts, which follows the interpreted 

trace of the east-vergent Last Chance thrust 

fault (Figs.  1 and 8). It has been suggested 

that the Last Chance thrust is an example of 

décollement-style thrust faulting in a previ-

ously undeformed shale basin (Stevens and 

Stone, 2005). It is plausible that this shale 

basin of the Wyman Formation was deposited 

on the hanging wall of a major NW-dipping rift 

fault that formed the shelf edge of the incipient 

passive continental margin. Subsequently, the 

Permian Last Chance thrust fault(s) reactivated 

this late Ediacaran normal fault and trans-

ported the White-Inyo facies belt craton-ward 

toward the Death Valley facies belt (Fig. 8). In 

this model, the initiation of sedimentation in 

the White-Inyo Ranges and Esmeralda County 

would have coincided with active rift tectonism 

during Johnnie time (mid–late Ediacaran). 

Without subsurface data or an exposed base 

to the Wyman Formation, interpretation of the 

Last Chance thrust as a reactivated Ediacaran 

normal fault is speculative, but it explains the 

observed regional break in facies and provides 

a plausible location for a major late Ediacaran 

rift shoulder (Fig. 8).

Rift-Related Basalt Volcanism in 

Southwestern Laurentia

Ediacaran to Cambrian mafic volcanic rocks 

are documented in several sections in the 

southwestern U.S. (Fig.  9–10) (Morris et  al., 

1961; Kellogg, 1963; Stewart, 1970; Critten-

den and Wallace, 1973; Stewart, 1974) and in 

Sonora, northern Mexico (Stewart et al., 1984; 

Barrón-Díaz et  al., 2019a; Barrón-Díaz et  al., 

2019b; Hodgin et al., 2021). Ediacaran–Cam-

brian basalts in sections near Caborca in north-

ern Mexico are some of the thickest (>60 m) 

exposed regionally (Stewart et al., 1984; Barrón-

Díaz et al., 2019a). An epiclastic bed above some 

of the lowest basalt horizons that are exposed in 

the La Cienéga Formation yielded a maximum 

depositional age of 539.40 ± 0.23 Ma using 

U-Pb CA-ID-TIMS on zircon (Fig. 10; Hodgin 

et al., 2021). This provides a maximum age for 

the thicker intervals of basalt and volcaniclas-

tics that occur within the overlying Cerro Rajón 

Figure 9. Northeast to south-

west transect of Ediacaran–

Cambrian sections in Nevada 

is shown. Three of these sec-

tions have basalt flows within 

Ediacaran–Cambrian strata. 

The two asterisked sections 

are replotted from Stewart 

(1974). Fm—formation; mb— 

member; AZ—Arizona; CA—

California; NV—Nevada.
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Formation, and the chemistry of these units is 

indicative of an enriched mantle source (Barrón-

Díaz et  al., 2019b). Farther north in Nevada, 

basalt intervals occur in the latest Ediacaran–

early Cambrian Stirling Quartzite and lower and 

upper members of the Wood Canyon Formation 

(Figs. 9–10; Stewart, 1970, 1974). Farther to the 

northeast, basalt intervals also occur within the 

Prospect Mountain Formation in Nevada and 

Utah, and the Tintic Quartzite in Utah (Stewart, 

1972; Sorensen and Crittenden, 1979). The ages 

of these volcanic rocks and the units hosting 

them are not well constrained, but they are gen-

erally considered to be late Ediacaran to early 

Cambrian based on regional correlations (Stew-

art, 1972; Peterson and Clark, 1974). Given 

regional stratigraphic correlations, many of these 

basalt intervals in the southwestern United States 

are likely correlative with the basalts of the Cerro 

Rajón and La Ciénega formations in Mexico and 

genetically related to rift-related crustal thinning 

and faulting along the western and/or southern 

margins of Laurentia. The plumbing systems for 

these volcanic units have not been identified, but 

Ediacaran–Cambrian normal faults are plausible 

magmatic conduits (Fig. 8).

These volcanics are at least partially correla-

tive to bimodal rift-related magmatism of the 

Wichita Province in southwestern Oklahoma 

that is constrained to 539.5–530 Ma (Thomas 

et al., 2012; Wall et al., 2021) and is thought to 

be part of a >250,000 km3 large igneous prov-

ince associated with rifting of the southern mar-

gin of Laurentia (Hanson et al., 2013; Brueseke 

et al., 2016). The Wichita volcanics also have 

been correlated to pulses of the Central Iapetan 

Magmatic Province preserved along the eastern 

margin of Laurentia (Youbi et  al., 2020; Wall 

et  al., 2021). Considering the unconformities 

that developed within the Cordilleran continen-

tal margin successions, the current exposure and 

distribution of volcanic rocks is likely limited by 

rift-related uplift and erosion. Furthermore, the 

original volume of rift-related basalt emplaced 

along the rifted margin during this interval may 

have been more voluminous in outboard regions 

(e.g., Beranek, 2017). Together, the Wichita 

large igneous province and the margin-wide 

Ediacaran–Cambrian basalts emplaced into 

organic-rich rift sequences could have served 

as a trigger for environmental and carbon-cycle 

change during this time.

Coincidence among a Carbon Isotope 

Excursion, Microbial Sedimentological 

Features, Biotic Turnover, and Volcanism in 

Western Laurentia

A coincidence of geochemical perturbations, 

large igneous provinces, unusual sedimentary 

features, and biotic turnover documented for 

many Phanerozoic geologic boundaries has been 

at the root of much speculation and debate over 

the cause(s) and effect(s) of coeval environmen-

tal change and mass extinction (e.g., Baud et al., 

2007; Kershaw et al., 2012; Bond and Wignall, 

2014). A temporal coincidence of all of these 

features also appears to occur across the Edia-

caran–Cambrian boundary, and extinction could 

be mechanistically linked to the rift-related large 

igneous province volcanism along the margins 

of Laurentia—potentially partially analogous to 

some Phanerozoic boundaries such as the Perm-

ian–Triassic and Triassic–Jurassic.

The BACE, a large negative carbon isotope 

excursion in the lower Wood Canyon Formation 

and Esmeralda Member of the Deep Spring For-

mation (Corsetti and Kaufman, 1994; Corsetti 

and Hagadorn, 2000) is regionally reproducible 

A B

Figure 10. Localities in southwestern Laurentia with Ediacaran–Cambrian mafic volcanic units are shown. (A) Locality map for sections 

in Figure 10B. Grey areas show Windermere Supergroup and correlative rocks (adapted from Lund et al., 2003, 2010). (B) Localities and 

proposed correlations of Ediacaran–Cambrian strata in southwestern Laurentia with mafic volcanic and volcaniclastic units. The only 

volcanic units with radioisotopic age constraints are in Sonora, Mexico (MEX; Hodgin et al., 2021). Basalt horizons are from Stewart et al. 

(1984), Stewart (1970, 1972, 1974), Sorensen and Crittenden (1979), and Peterson and Clark (1974). WCF—Wood Canyon Formation; 

Fm—formation; NV—Nevada; UT—Utah.
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across hundreds of kilometers, preserved across 

different shallow marine facies, different carbon-

ate mineralogies, and multiple sequence bound-

aries (Fig. 7). Apart from the report of poorly 

preserved specimens of c.f. Swartpuntia from 

Cambrian Series 2 strata of the Poleta Forma-

tion and the upper member of the Wood Canyon 

Formation (Hagadorn et al., 2000), all regional 

occurrences of what are currently considered 

Ediacaran fossils are found below the BACE, 

and all Cambrian-type trace fossils are found 

above the BACE, despite the presence of similar 

sedimentary facies and depositional environ-

ments across the excursion (Fig. 7). Combined 

with consistent bio- and chemostratigraphic data 

from Sonora, Mexico (e.g., Hodgin et al., 2021), 

these data suggest that in southwestern Lauren-

tia, the BACE coincides with biotic turnover. 

While some evidence for stratigraphic overlap 

among cloudinids and Cambrian fossil taxa has 

been documented in Siberia and Mongolia (Yang 

et al., 2016; Zhu et al., 2017), biotic turnover 

across the Ediacaran–Cambrian boundary is 

largely a globally consistent trend (e.g., Darroch 

et al., 2018).

A variety of microbial sedimentological fea-

tures also coincide with the BACE and regional 

biotic turnover (Fig.  11), including stromato-

lites within the Esmeralda Member of the Deep 

Spring Formation (Fig.  4F; Oliver and Row-

land, 2002), microbially induced sedimentary 

structures from siliciclastic strata of the Deep 

Spring and Wood Canyon formations (Figs. 4B 

and 4D; Hagadorn and Bottjer, 1997; Nelson 

and Smith, 2019), and pisoids, or giant ooids, 

from the upper Reed Dolomite and from dolo-

mite marker beds of the lower member of the 

Wood Canyon Formation (Fig. 4D). Giant ooids 

also have been reported from the upper mem-

ber of the Wood Canyon Formation (Corsetti 

et  al., 2006). Database compilations suggest 

that giant ooids formed more commonly during 

the Neoproterozoic than during any other time 

in Earth history (Sumner and Grotzinger, 1993; 

Thorie et al., 2018), and, based on experimental 

and modeling work, it has been suggested that 

giant ooids are most likely to form under condi-

tions in which seawater alkalinity is elevated and 

within seawater that is much warmer or colder 

than modern, low-latitude carbonate platforms 

(Trower et al., 2017; Trower, 2020). Although 

the giant ooids of the lower member of the Wood 

Canyon Formation are not geographically wide-

spread, their presence, combined with regionally 

widespread microbial features and a large nega-

tive carbon isotope excursion, points to unusual 

ocean chemistry and/or climate  conditions 

across the Ediacaran–Cambrian transition in 

southwestern Laurentia. A similar stratigraphic 

confluence of sedimentary features has been 

documented at other extinction boundaries, 

such as the end-Permian (e.g., Pruss and Bottjer, 

2004; Baud et  al., 2007) and the end-Triassic 

(e.g., Ibarra et al., 2016).

At several other major Phanerozoic geologic 

boundaries, age correlation between extinc-

tion events and large igneous provinces using 

radioisotopic dating has provided compelling 

evidence for mechanistic links (Wignall, 2001; 

Bond and Wignall, 2014), even when specific 

environmental and climatic changes and kill 

mechanism(s) resulting from individual large 

igneous provinces remain controversial (e.g., 

Bond and Wignall, 2014). If the Ediacaran–Cam-

brian boundary is one of the earliest extinctions 

of animal clades (Amthor et  al., 2003; Roth-

man, 2017), a possible contributing trigger of 

this biotic turnover and the coeval BACE is the 

Wichita large igneous province and correlative 

rift-related basaltic volcanism in southwestern 

Laurentia (Hodgin et al., 2021). This proposed 

hypothesis hinges upon the demonstration of 

age correlation between bimodal rift volcanism 

within the Wichita large igneous province (Wall 

et al., 2021) and age constraints on carbon cycle 

perturbation and Ediacaran extinction, which 

was previously thought to have occurred at ca. 

539 Ma (Linneman et al., 2019; Hodgin et al., 

2021), but may have occurred at ca. 538–535 Ma 

(Nelson et al., 2022). While surface exposures 

are limited, geophysical studies and drill core 

data have indicated that the total volume of the 

volcanic body was >250,000 km3 (Hanson et al., 

2013; Hanson and Eschberger, 2014), and this is 

without considering the much greater potential 

extent of correlative, rift-related volcanic rocks 

around the margins of Laurentia, as discussed 

above. Beyond simple correlation, establishing 

plausible causation for the observed extinc-

tion selectivity patterns across the Ediacaran– 

Cambrian boundary will be equally important 

(Darroch et al., 2018), as will examining other 

geochemical evidence for environmental pertur-

bation across this boundary.

One known problem with interpreting carbon 

isotope excursions that coincide with extinc-

tion horizons is that the nadirs of some of these 

excursions reach values below those of canoni-

cal mantle values of ∼−5‰ (Javoy et al., 1986; 

Deines, 2002), which requires an input from 

another source of isotopically light carbon. 

For the end-Triassic, light carbon mobilized 

in the mantle lithosphere during the emplace-

ment of the Central Atlantic Magmatic Province 

large igneous province has been hypothesized 

to explain the negative carbon isotope excur-

sion (Paris et  al., 2012). Others have invoked 

the release of light carbon during oxidation of 

organic-rich sediments and/or clathrate dis-

sociation triggered by warming to explain the 

temporal association between volcanism and 

negative carbon isotope excursions (Svensen 

et al., 2004; Gutjahr et al., 2017; Black et al., 

2018; Heimdal et al., 2020). Pulses of rift-related 

volcanism in southwestern Laurentia may have 

led to the release of light carbon through similar 

processes, contributing to cascading ecological 

and environmental changes that occurred across 

the Ediacaran–Cambrian boundary.

CONCLUSIONS

This study integrates new and previously 

published chemostratigraphic, paleontologi-

cal, sedimentological, and stratigraphic data 

from the Death Valley region, the White-Inyo 

Figure 11. Diagram shows cor-

relation of chemostratigraphy, 

biostratigraphy, sedimentologi-

cal features, and rift-related 

volcanism seen across the 

Ediacaran–Cambrian bound-

ary in southwestern Lauren-

tia. U-Pb zircon ages are from 

Hodgin et  al. (2021) and Wall 

et  al. (2021). Trace fossil first 

appearances are from Corsetti 

and Hagadorn (2000), Jensen 

et al. (2002), and Waggoner and 

Hagadorn (2002). Last regional 

occurrences of Ediacaran body 

fossils are from Smith et  al. 

(2016b, 2017). CA-ID-TIMS—

chemical abrasion–isotope di-

lution–thermal ionization mass 

spectrometry.
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Ranges, and Esmeralda County to explore con-

nections between sedimentology, changes in the 

carbon cycle, biotic turnover, and taphonomic 

windows of Ediacaran organisms. Combined 

chemostratigraphy, lithostratigraphy, and bio-

stratigraphy provide further, data-driven support 

for previous regional correlations among strata 

of the Ediacaran–Cambrian Death Valley region 

and the White-Inyo Ranges. These correlations 

suggest that the facies break between the regions 

resulted from a major late Ediacaran rift shoul-

der, with the Ediacaran Wyman Formation shale 

basin being deposited on the basinward hang-

ing wall. The Early Permian Last Chance thrust 

fault may have reactivated this Ediacaran normal 

fault, juxtaposing the facies belts with ∼30 km 

of shortening.

Ediacaran body fossils from the southern 

Great Basin and their taphonomic modes are 

placed within a stratigraphic framework, which 

shows that although their occurrences are rare, 

the potential for preservation of soft-bodied 

organisms is enhanced by the presence of clay 

minerals and within the base of the base of trans-

gressive sequences. Occurrences of different 

taphonomic modes preserving cloudinomorphs 

across this Ediacaran–Cambrian sedimentary 

basin suggest that these organisms were living 

in a range of shallow marine environments with 

several pathways to preservation.

The BACE is a regionally reproducible car-

bon isotope excursion across sequence boundar-

ies with variable sedimentary facies and variable 

dolomitization, which is consistent with primary 

derivation from changes to the isotopic composi-

tion of marine dissolved inorganic carbon and 

a perturbation in the global carbon cycle. This 

large negative carbon isotope excursion, botic 

turnover, and a variety of unusual, coincident 

sedimentological features—such as prolific 

stromatolites, microbial sedimentary structures, 

and giant ooids—coincide stratigraphically with 

the Ediacaran–Cambrian boundary in south-

western Laurentia. This stratigraphic boundary 

temporally coincides with several regionally 

widespread basaltic units and the Wichita large 

igneous province in Oklahoma, which is related 

to rift tectonism along the margins of Laurentia. 

The emplacement of volcanic magmas within 

newly formed, organic-rich sedimentary rift 

basins may have resulted in cascading envi-

ronmental and ecological changes at the Edia-

caran–Cambrian boundary, analogous to those 

at the Permian–Triassic and Triassic–Jurassic 

boundaries.
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