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a b s t r a c t
The Global boundary Stratotype Section and Point (GSSP) of the Cambrian Series 3 (formerly the Middle
Cambrian) Drumian Stage is deﬁned by the ﬁrst appearance datum (FAD) of the agnostoid trilobite
Ptychagnostus atavus in the deep-water Wheeler Formation of the Drum Mountains in Utah, USA. In the Great
Basin (USA), China and Scandinavia the FAD of P. atavus is associated with transgression and with a negative
carbon isotope excursion named the Drumian Carbon isotope Excursion (DICE). However, the relationship
between the FAD of P. atavus, sea-level changes, and the DICE is tentative, mainly due to the paucity of
biostratigraphic data in shallow-water sections that limit correlation between deep- and shallow-water
chemostratigraphic sections. An integrated sequence and chemostratigraphic study across a platform-tobasin transect in western Utah and southern Nevada indicates that the DICE is stratigraphically located above
the FAD of P. atavus, associated with retrogradation of the shallow-water carbonate platform and with
stratigraphic condensation in the basin. The results suggest that in future global correlations, the DICE should
be restricted to the negative carbon isotope anomaly slightly post-dating the Drumian GSSP.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The Global boundary Stratotype Section and Point (GSSP) of the
Cambrian Series 3 Drumian Stage (ca. 506.5–503 Ma) is deﬁned by the
ﬁrst appearance datum (FAD) of the cosmopolitan agnostoid trilobite
Ptychagnostus atavus (Babcock et al., 2004; Zhu et al., 2006; Babcock et
al., 2007). This guide fossil is commonly found in slope to basinal
successions where it is associated with other cosmopolitan agnostoids
and open-shelf polymerid trilobites (Robison, 1982; Rowell et al.,
1982; Sundberg, 1991; Peng and Robison, 2000; Ahlberg et al., 2009).
The association of basin-dwelling agnostoid species with shelf- and
basin-dwelling polymerid species is important because it provides for
both regional and global correlation (Babcock et al., 2004, 2007).
However, correlation of P. atavus to shallow-water facies has been
hampered in many locations by poor biostratigraphic control in
shallow-water sections. Consequently, integration of techniques such
as sequence stratigraphy and carbon isotope chemostratigraphy with
the known biostratigraphy greatly increases our ability to carry out
high-resolution correlation regionally and globally. Enormous effort
has been invested in Cambrian chronostratigraphic studies from
different continents (e.g., Brasier and Sukhov, 1998; Montañez et al.,
2000; Buggisch et al., 2003; Babcock et al., 2004; Zhu et al., 2004,2006;
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Babcock et al., 2007; Gomez et al., 2007; Álvaro et al., 2008;
Kouchinsky et al., 2008; Ahlberg et al., 2009) and preliminary
sequence stratigraphic studies (Montañez and Osleger, 1993; Osleger
and Montañez, 1996; Babcock et al., 2004; Peng et al., 2004; Howley et
al., 2006; Babcock et al., 2007; Brett et al., 2009). In summary of
existing data, it has been suggested that the Drumian GSSP is
associated with the base of a transgressive event and a negative
carbon isotope excursion named the Drumian Carbon isotope
Excursion (DICE in Fig. 1A; Babcock et al., 2004; Zhu et al., 2006;
Babcock et al., 2007), but the exact relationship between these events
remains elusive.
The transgressive event associated with the FAD of P. atavus was
inferred by Babcock et al. (2004, 2007) primarily from variations in
the amount and characteristics of shale and carbonate strata in the
basal Wheeler Formation across the Drumian GSSP in the Drum
Mountains of western Utah. These ﬁne-grained deposits most likely
represent deposition below storm wave base on the lower slope
(Rees, 1986; Babcock et al., 2004,2007; Brett et al., 2009). This
information was supplemented by stratigraphic observations from
elsewhere, most notably South China. In the Great Basin, the interplay
of tectonic subsidence with low-amplitude sea-level ﬂuctuations
during greenhouse climate conditions has obscured the sea-level
change signal in the stratigraphic record of the Wheeler Formation.
Correlation to shallow-water facies is crucial for deciphering the
most accurate sea-level record. In addition to questions surrounding
the sequence stratigraphic interpretation of the GSSP, published
chemostratigraphic data across this interval are primarily derived
from shallow-water carbonate-rich successions and their precise
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Fig. 1. (A) Generalized global standard chronostratigraphic scale and carbon isotope record that deﬁnes the Drumian Carbon isotope Excursion (DICE). Modiﬁed from Zhu et al.
(2006); (B) Composite carbon isotope record potentially covering the DICE in the Great Basin (Montañez et al., 2000). The FAD of P. atavus nearly coincides with the base of the
Bolaspidella Zone (Babcock et al., 2004, 2007), it seems that the DICE has to be correlated with one of the excursions below the Bolaspidella and Ehmaniella boundary. It is also
uncertain whether the DICE is associated with a sequence boundary (sea-level change); (C) mid-Cambrian carbon isotope record from the Wangcun section in South China (Zhu et
al., 2004). The major negative δ13C excursion is below the ﬁrst recognized appearance of P. atavus in this section.

correlation with the FAD of P. atavus is questionable. The DICE is
deﬁned as being associated with the FAD of P. atavus, but in the
section containing the GSSP horizon, only one data point represents
the DICE negative δ13C shift and it occurs 10 m above the GSSP
(Babcock et al., 2007). However, in the Montañez et al. (2000)
composite δ13C curve summarized from shallow-water sections of the
Great Basin and Canadian Rockies, notable negative δ13C shifts were
located below the polymerid trilobite Bolaspidella Zone (Fig. 1B), the
base of which is thought to be nearly equivalent to the FAD of P. atavus
(Ludvigsen and Westrop, 1985; Babcock et al., 2004). In slope sections
of South China, a major negative δ13C excursion was located below the
FAD of P. atavus (Fig. 1C; Zhu et al., 2004), although a small shift in
δ13C was also documented above P. atavus. In Siberia, stratigraphic
intervals across the FAD of P. atavus are highly condensed and
negative δ13C values were found both below and above the FAD of P.
atavus (Brasier and Sukhov, 1998). In Sweden, a negative shift in
organic δ13C values occurs in a thin limestone bed within a highly
condensed interval of dark gray to black mudstone and shale near the
base of the P. atavus zone (Ahlberg et al., 2009). These inconsistencies
make the deﬁnition of the DICE uncertain and require calibration of
the relationships between the FAD of P. atavus, sea-level change, and
the DICE in the deep-water section that hosts the GSSP and its
adjacent shallow-water carbonate platform.
In this paper, we present an integrated sequence and chemostratigraphic study of the basal Drumian strata across a platform-to-basin
transect in western Utah and southern Nevada, USA, including the
Stratotype Ridge section in the Drum Mountains that deﬁnes the
Drumian GSSP (Fig. 2). The purpose of this study is to (1) document
the relationship between the FAD of P. atavus and the negative δ13C
excursion, (2) clarify the relationship between sea-level change and
the negative δ13C excursion, and (3) reﬁne the deﬁnition of the DICE
event in a sequence stratigraphic framework.

2. Geologic setting
Cambrian strata of western North America were deposited on a
passive continental margin that was developed over the rift associated
with the breakup of supercontinent Rodinia during the late Neoproterozoic (Bond and Kominz, 1984; Levy and Christie-Blick, 1991;
Burchﬁel et al., 1992; Poole et al., 1992). By Cambrian Series 3, a
northwest-facing carbonate platform covered most of present day
Utah, Nevada, and southeastern California. Fine-grained terrigenous
sediments accumulated in deep-water to the west of the carbonate
platform and in shallow water to the east (Palmer, 1971). This
stratigraphic pattern was disrupted during the Stage 5 Ehmaniella
Chron (provisional Age 5) by the development of a syndepositional,
fault-controlled basin known as the House Range Embayment
(Fig. 2A; Rees, 1986). This basin extended for more than 400 km
from the shelf edge across the margin and controlled the distribution
of depositional facies through the Early Ordovician (Rees, 1986; Miller
et al., 2003).
Syndepositional fault activity within the House Range Embayment
is inferred to have started during the latest Ehmaniella Chron (Rees,
1986). On the northern (downthrown) side of the fault, deep-water
shale and ﬁne-grained carbonates span most of Cambrian Series 3,
with the depocenter close to the present day Marjum Pass region of
the House Range in western Utah (Fig. 2). Further north, a gentle
carbonate ramp with perhaps b1° topographic gradient was developed towards the basin during the latest Ehmaniella Chron and early
Bolaspidella Zone (Fig. 2B; Rees, 1986; Elrick and Snider, 2002),
although detailed documentation of shallow ramp facies is lacking
due to the limited availability of outcrop. The Drum Mountains section
that hosts the Drumian GSSP was likely deposited along the lower
slope environment of this south-facing carbonate ramp (White, 1973;
Kepper, 1981; Grannis, 1982; Rees, 1986; Elrick and Snider, 2002;
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Fig. 2. Non-palinspastic paleogeographic reconstruction (A) and cross section (B) of the House Range Embayment during the latest Ehmaniella and Bolaspidella trilobite zones
(modiﬁed from Palmer, 1971; Elrick and Snider, 2002), with location of measured sections indicated.

Babcock et al., 2007). On the southern side of the inferred fault (a
region herein referred to as the southern platform), however,
shallow-water carbonate deposition continued through the Cambrian
Epoch 3 and the Furongian Epoch (Palmer, 1971; Kepper, 1972,1976;
Rees, 1986; Montañez and Osleger, 1993).
Stratigraphic units associated with the FAD of P. atavus in the basin
and across the transition between the Ehmaniella and Bolaspidella
biozones in the southern platform are summarized in Fig. 3. The basinal
sections contain both polymerid and agnostoid trilobites, and the FAD of
P. atavus nearly coincides with the base of the polymerid Bolaspidella
Biozone (Ludvigsen and Westrop, 1985; Babcock et al., 2004, 2007).
However, in the platform sections the boundary between the Ehmaniella
and Bolaspidella biozones can only be approximately deﬁned or inferred
due to the paucity of fossils in general and the facies-dependent
distribution of polymerid trilobites (Robison, 1976; Palmer, 1977;
Robison et al., 1977; Rowell et al., 1982; Geyer and Shergold, 2000).

3. Sequence stratigraphy
Through bed-by-bed sedimentological analysis, and lateral tracing
of surfaces and facies in available outcrops surrounding each measured
section, two sequence boundaries are identiﬁed within the southern
platform sections (Fig. 4A–C). These sequence boundaries are
expressed by the following features: (1) localized karstic breccias
ﬁlling in shallow paleokarstic depressions or cavities, (2) reworked
karstic breccias as lenticular intraclastic grainstone/packstone lags
along the surface, (3) intensiﬁed cm-sized dissolution cavities and
desiccation cracks below the surface and disappearance of such
features in overlying layers, and (4) abrupt change in facies and facies
stacking patterns. Between these two sequence boundaries are mostly
ﬁne-grained carbonates and calcareous siltstone with abundant
fenestrae, minor erosional surfaces and desiccation cracks indicative
of intertidal to supratidal environments. Localized discontinuities are

Fig. 3. Nomenclature of stratigraphic units and their biostratigraphic correlation. Note that the boundary between Ehmaniella and Bolaspidella biozones is poorly deﬁned due to a lack
of sufﬁcient fossils in platform sections.
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Fig. 4. Sequence stratigraphic framework across the platform-to-basin transect, with available biostratigraphic data indicated. See Fig. 2 for location of measured sections.

present within this interval, but their correlation between sections is
uncertain. In the deep-water sections (Fig. 4D and E), the expression of
sequence boundaries is subtle, and their identiﬁcation is guided by the
presence of a major hardground at the top of a deepening-upward trend,
which may record reduced sediment supply during transgression.
In the Desert Range (Fig. 4A), the lower sequence boundary is located
at the base of the Banded Mountain Member of the Bonanza King
Formation, which has been informally referred to as the lower “mixed
unit” (Osleger and Montañez, 1996; Osleger et al., 1996). This sequence
boundary is marked by (1) intensiﬁed desiccation cracks in the silty
dolomudstone, (2) local karstic breccias that range from 5 to 20 cm thick

and ﬁll in small depressions along the surface, and (3) reworked karstic
breccias as intraclasts in the overlying dolomitic siltstone and microbial
dolostone. The upper sequence boundary is characterized by a laterally
discontinuous karstic breccia, up to 2 m thick and composed of pebbleto cobble-sized angular clasts of microbial laminites and chert. This
breccia ﬁlls the underlying topographic lows (paleokarstic depressions),
along with abundant centimeter-scale dissolution cavities that disappear
above the sequence boundary. The overlying strata show an upwarddeepening trend from cross-laminated silty dolostone, to peloidal
packstone, and to parallel-laminated shale with a rare open-marine
fauna including polymerid trilobites and inarticulate brachiopods.
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Between the two sequence boundaries are shallow-water deposits
dominated by fenestral microbial dolostone with domal stromatolites
having 3–10 cm of synoptic relief. Desiccation cracks and dissolution
cavities are common, suggesting upper intertidal to supratidal environments. A few meters below the upper sequence boundary, there is
another interval that contains localized karstic breccias up to 20 cm
thick. This surface may record another paleokarst surface with
intensiﬁed subaerial exposure that is present in the Desert Range and
adjacent areas such as the Indian Ridge (Montañez and Osleger, 1993;
Osleger and Montañez, 1996; Osleger et al., 1996).
In the Panaca Hills of southern Nevada, the lower sequence
boundary is located at the contact between the Step Ridge and Condor
members of the Highland Peak Formation (Fig. 4B). The uppermost
part of the Step Ridge Member shows an increase in fenestral
microbial dolostone and dissolution cavities. Dissolution cavities and
ﬁssures are intensiﬁed at the sequence boundary and irregular
dissolution surfaces have centimeters of surﬁcial relief. Also present
along this surface are random evaporite (halite) pseudomorphs. The
upper sequence boundary in this section is close to the base of the
Meadow Valley Member (Fig. 4B) and is marked by laterally
discontinuous, ≤0.5 m thick karstic breccias that are either clastsupported or supported by reddish dolomudstone. Laterally, breccias
are replaced by intraclastic dolowackestone–dolomudstone or by
localized intraclastic grainstone that contain reworked clasts from
karstic breccias. A partially siliciﬁed oolitic grainstone caps the
paleokarst surface, followed by an overall deepening-upward trend
from microbial lime mudstone–packstone to thick, peloidal wackestone. Between the two sequence boundaries lies the Condor
Member, which is primarily composed of cross-laminated silty
dolostone or dolomitic siltstone with rare calcareous siltstone. An
exposure surface marked by desiccation cracks and thin (≤2 cm)
hematite-rich crust is present 5 m below the upper sequence
boundary, which record at least a localized stratigraphic discontinuity
in the Panaca area.
In the Wah Wah Mountains of western Utah, the lower sequence
boundary is located in the middle of the Eye of Needle Limestone
(Fig. 4C). This sequence boundary is expressed by brecciation of
dolomudstone and wackestone, pockets of breccias ﬁlling paleokarstic
dikes that penetrate downwards as deep as 10 m below the surface, and
common dissolution cavities. Localized erosional depressions with 5–
8 m relief were observed along laterally traced surfaces and are ﬁlled
with peloidal wackestone. Overlying this sequence boundary, shallowwater (intertidal–supratidal) facies composed of peloidal wackestone
and fenestral microbial dolostone constitute the upper part of the Eye of
Needle Limestone. The upper sequence boundary in this section is near
the base of the Pierson Cove Formation (Fig. 4C). Evidence for intensiﬁed
exposure and depositional base-level fall at this sequence boundary
include microkarstic features represented by thin (≤10 cm), laterally
discontinuous karstic breccias and reworked breccias in the overlying
intraclastic dolopackstone, dissolution cavities below the surface, and
desiccation cracks ﬁlled with silty dolostone and brecciated dolostone
clasts. The irregular contact between the Swasey and Eye of Needle
limestones in this section contains dissolution cavities and brecciation of
oolitic grainstone/packstone, which may also record a depositional
base-level fall of regional signiﬁcance.
In the House Range and Drum Mountains (Fig. 4D and E), the contact
between the Swasey Limestone and overlying Wheeler Formation is
marked by a major hardground that records a signiﬁcant increase in
water depth above a reworked skeletal lag deposit (Grannis, 1982; Rees,
1986). The uppermost Swasey Limestone in both locations shows an
overall deepening-upward trend from thick oolitic grainstone/packstone to thinly bedded oncolitic–bioclastic packstone/wackestone that
contains a diverse open-marine fauna (Glyphaspis fauna; Randolph,
1973; White, 1973). The thick oolitic grainstone/packstone was
deposited in an oolitic sand shoreface, whereas the oncolitic packstone
and wackestone were deposited in lower shoreface to foreshore

environments. This interpretation is consistent with the increase in
bioclasts of open-marine fauna (echinoderm ossicles, trilobite sclerites,
sponge spicules and inarticulate brachiopods) and oncoids in the
uppermost beds of the Swasey, suggesting lower energy conditions
away from the inﬂuence of the more proximal oolitic shoreface but still
susceptible to moderate energy events (Randolph, 1973; White, 1973).
The hardground at the Swasey–Wheeler contact shows truncated
bioclasts, and iron oxide and phosphate coatings. Bioclasts are
commonly abraded and cemented with ﬁbrous calcite indicating
submarine cementation. The deepening-upward trend below the
hardground in these sections (Fig. 4D and E) and the shallowingupward trends in time-equivalent strata of the southern platform
sections (Fig. 4A–C) indicate that the initiation of the House Range
Embayment may have slightly preceded the timing of erosion at the top
of the Swasey Limestone. The abrupt increase in water depth at the
Swasey–Wheeler contact is interpreted as recording a major uplift event
that exposed the southern platform (forming the lower sequence
boundary) but drowned the carbonate platform in the basin.
Overlying the hardground, the lower Wheeler Formation in the
House Range and Drum Mountains is dominated by dark gray/black
shales, calcareous shale and parallel-laminated argillaceous lime
mudstone, and rare wackestone (Fig. 4D and E). The Drum Mountains,
which are in the northern part of the present outcrop belt, contains
signiﬁcantly more carbonate beds, indicating that the source of ﬁnegrained carbonate was from the north (Fig. 2B; Rees, 1986; Elrick and
Snider, 2002; Langenburg, 2003). Paleogeographic reconstructions
indicate that Laurentia was astride the equator, and partly within the
belt of northeast trade winds (Drewry et al., 1974; Scotese and Barrett,
1990; Scotese and McKerrow, 1990; Peng and Babcock, 2008) that
would support transport of carbonate into the House Range Embayment from the northern ramp as opposed to the southern platform. In
the House Range, the section is either condensed or its thickness is
underestimated due to irrecoverable offsets caused by low-angle faults
(Hintze and Robison, 1975), or both. The Marjum Pass section, in
particular, contains faults in multiple positions (Babcock et al., 2004).
In both sections, a major hardground above the FAD of P. atavus is
expressed by strong mineralization (hematite crust and hematitereplaced pyrites) and condensation of agnostoid trilobites (Langenburg, 2003; Babcock et al., 2004, 2007). This hardground lies 31 m
above the Swasey–Wheeler contact in the House Range (Marjum Pass
section), and 72 m above the contact in the Drum Mountains
(Stratotype Ridge section). Below this hardground, a subtle ﬁningupward trend is present in both sections. This trend starts slightly
below the FAD of P. atavus and is characterized by the decrease of
siliciclastic silt in shale and carbonates and an increase in dark grey,
papery shale close to the hardground. Both sections contain bioclastrich layers (trilobite-rich in the Drum Mountains and sponge spiculerich in the House Range) associated with the hardground. The base of
this ﬁning-upward trend is interpreted as time-equivalent to the
upper sequence boundary on the southern platform, and the hardground is possibly correlative to the abrupt facies change above the
sequence boundary (Fig. 4). The ﬁning-upward trend expressed by the
decrease of coarser-grained siliciclastic components and increase of
organic carbon in the basin may be time-equivalent to the exposure
and early transgression in the southern platform, during which silt and
ﬁne-grained sand were transported to the basin. Sea-level rise on the
shelf resulted in retrogradation of the carbonate factory along the
northern ramp and sediment starvation in the basin, depositing
organic-rich shales and forming the submarine hardground.
4. Carbon isotope chemostratigraphy
4.1. Materials and methods
Samples for carbonate carbon isotope (δ13Ccarb) analysis were
collected to cover the upper Ehmaniella–lower Bolaspidella Biozone in
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a platform-to-basin transect. In platform sections, samples were
collected every 0.5 to 1.5 m, but at narrower intervals across major
facies changes. In the basinal sections, samples were collected from
every available carbonate layer. In general, care was taken to avoid
fractures, dissolution cavities, and breccias, but a selected set of slabs
that contain different components (cements, intraclasts, and matrix)
were also collected for the purpose of identifying the isotope
alterations related to meteoric and burial diagenesis. Sample powders
were microdrilled from polished slabs and reacted with orthophosphoric acid for 10 min at 70 °C in a Kiel-Device automatically
connected to a Finnigan Delta Plus dual-inlet mass spectrometer.
Most analyses were conducted at the UNLV LVIS Lab (Las Vegas
Isotope Science Laboratory), but a small number of samples was
analyzed at the stable isotope lab of INSTAAR (Institute of Arctic and
Alpine Research) at the University of Colorado, Boulder. Isotopic
results are reported as δ values with reference to the Vienna Peedee
belemnite standard (VPDB). Precision monitored by NBS-19 calcite
and an internal standard is better than 0.05‰ for both C and O
isotopes.
4.2. Results
The isotope data from the ﬁve measured sections are presented in
Figs. 5–9 and in the Supplementary appendix. In the Desert Range
(Fig. 5), isotope measurements cover the lower Banded Mountain
Member of the Bonanza King Formation. Below the upper sequence
boundary, most δ13C values are between −0.5‰ and − 1‰. A
negative shift from −0.3‰ to a minimum of −3.5‰ is present
above the sequence boundary. Above an 8-m-thick shale interval, δ13C
values return to 0.5‰. No systematic δ13C variation between
lithologies is observed, but a few large slabs collected from karstic
breccias below the upper sequence boundary show up to 6‰
variations between clasts and sparry calcite cements, suggesting
signiﬁcant alteration of δ13C by meteoric diagenesis (Allan and
Matthews, 1982; Theiling et al., 2007). This intrasample variation is
consistent with the large variations in δ18O below the sequence
boundary, from which a strong covariation between δ13C and δ18O
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deﬁnes the diagenetic trend in this section. Above the upper sequence
boundary, δ13C values do not covary with δ18O.
In the Panaca Hills section (Fig. 6), δ13C values of the upper Step
Ridge Member increase upward from −1.5‰ to 0‰ and maintain at
near 0‰ through the Condor Member. A negative δ13C excursion with
a minimum of −3‰ covers a 10-m-thick interval of the lower
Meadow Valley Member above the upper sequence boundary.
Thereafter δ13C remains at values close to 0‰. No obvious lithologydependent δ13C variation has been observed, but when present,
sparry calcite cements have lower δ13C values compared to matrix.
Most oxygen isotope values from the Step Ridge and Meadow Valley
members range from −10‰ to − 12‰, whereas δ18O values from the
Condor Member are mostly between −7‰ and −9‰. A cross-plot of
δ13C and δ18O values indicate that portion of the data points fall within
the diagenetic trend deﬁned from sparry calcite cements and matrix
of the same slab, indicating partial alternation of isotope values by
meteoric and/or burial diagenesis in this section (e.g., Kaufman and
Knoll, 1995; Knauth and Kennedy, 2009).
The δ13C trend from the Wah Wah Mountains section (Fig. 7) is
similar to that from the Panaca Hills. The δ13C values show a slight
decrease from ~ −1‰ in the uppermost Swasey Limestone down to
−1.5‰ in the lower Eye of Needle Limestone and an increase to
~0.4‰ at the base of the Pierson Cove Formation. A − 3.5‰ negative
δ13C excursion is present in the lower Pierson Cove Formation (from
0.4‰ down to − 3‰), above the upper sequence boundary. Below the
sequence boundary, δ13C values show large variations in vertically
adjacent samples and between sparry calcite cements and matrix of
the same polished slabs, indicating isotope alteration during meteoric
diagenesis associated with the sequence boundary. Oxygen isotope
values in this section are mostly clustered around −12‰ in the Eye of
Needle Limestone but increase to −7‰ in the lower Pierson Cove
Formation. The negative δ13C excursion has the highest δ18O values
around −8‰ in this section, followed by scattered δ18O values above
the negative δ13C excursion. Similar to the case seen in the Panaca
Hills section, a portion of the data points fall on the diagenetic trend
deﬁned from δ13C and δ18O values of matrix and cements in large
sample slabs.

Fig. 5. Integrated sequence and chemostratigraphy of the Desert Range section across the Ehmaniella and Bolaspidella transition in southern Nevada. A 3‰ negative shift in δ13C is
present above the upper sequence boundary (shaded region). The dashed line above represent an interval of no data. In the δ13C–δ18O crossplot, the diagenetic trend (arrow) is
derived from the matrix and sparry calcite cements of a large slab below the upper sequence boundary. See Fig. 4 for lithologic legend.
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Fig. 6. Integrated sequence and chemostratigraphy of the Panaca Hills section across the Ehmaniella and Bolaspidella transition in southern Nevada. A 3.6‰ negative δ13C excursion is
present above the upper sequence boundary. No obvious lithology-dependent isotope variation is observed. The diagenetic trend in the δ13C–δ18O crossplot is deﬁned by the isotope
values of sparry calcite and micritic components of polished slabs.

The δ13C values from the House Range (Fig. 8) show negative and
positive shifts across the Swasey–Wheeler transition. The paucity of
carbonate in the basal Wheeler Formation in the Marjum Pass section
prevents a detailed δ13Ccarb isotope record, but available data show an
increase of δ13C from around −1‰ in the base to 0‰ slightly below
the FAD of P. atavus. A negative δ13C shift down to − 2‰ follows
slightly the FAD of P. atavus and δ13C values return to near − 1‰
above the hardground. Oxygen isotopes are variable from −9‰ to
−14‰ across the Swasey–Wheeler transition but vary little through
the rest of the section, with values ranging between −10‰ and
−12‰. No obvious δ13C–δ18O covariation is observed in this section.
In the Drum Mountains (Fig. 9), δ13C values show a positive shift
from −1‰ to 1.3‰ across the Swasey–Wheeler transition. Below the
FAD of P. atavus (the Drumian Stage GSSP) in the lower Wheeler
Formation δ13C values are close to 0‰. A negative shift in δ13C, from
0‰ to −2.5‰, occurs approximately 7 m above the FAD of P. atavus
(GSSP), as shown in data summarized in Babcock et al. (2007). This
negative shift covers only a 2-m-thick interval and values return back
to ~ 0‰ slightly above the hardground. The δ18O values in this section
show a negative shift from about −10‰ to −14‰ at the Swasey–
Wheeler contact and remain at − 8‰ to −10‰ for the rest of the
section. Apart from the shifted values associated with the Swasey–
Wheeler contact (increased δ13C with decreased δ18O), no δ13C–δ18O
covariation was observed in the section.

the southern platform sections (Figs. 5–7) and at the Swasey–Wheeler
transition in the basinal sections (Figs. 8 and 9). Oxygen isotope
values from all sections are lower than − 8‰ and in the southern
platform sections they show some degree of covariation with δ13C.
These features indicate that absolute isotope values in the Great Basin
may have been altered by diagenesis during subaerial exposure and
burial. However, aside from the Swasey–Wheeler transition in the
basinal sections, which displays large variations in both δ13C and δ18O,
most δ13C variations in equivalent strata across the transect are within
1‰ (Fig. 10). In addition, there is no lithology-dependent δ13C
variation in these sections. Thus the laterally consistent, 2‰–3.6‰
negative δ13C excursion above the upper sequence boundary may
record a temporal change in seawater isotope composition, although
the absolute δ13C values may not represent that of the original calcite
deposited in isotopic equilibrium with primary seawater. The positive
δ13C values at the Swasey–Wheeler transition in the basinal sections
may record the isotope values of detrital carbonates shed from the
exposed carbonate platform, but more detailed work in adjacent
sections needs to be conducted to conﬁrm the laterally consistency of
this positive δ13C shift.

4.3. Data evaluation

The DICE was deﬁned as a negative δ13C excursion nearly
coinciding with the beginning of the Drumian Stage, in which the
FAD of P. atavus occurs in the lower part, associated with a eustatic
rise (Zhu et al., 2006). Although the onset of the excursion relative to

The absolute δ13C values from the ﬁve measured sections show
considerable variation, particularly below the sequence boundaries in

5. Discussion
5.1. The DICE in the Great Basin
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Fig. 7. Integrated sequence and chemostratigraphy of the Wah Wah Mountains section across the Ehmaniella and Bolaspidella transition in western Utah. A 3.5‰ negative δ13C
excursion is present above the upper sequence boundary, but note that signiﬁcant δ13C variations are present below the upper sequence boundary. The diagenetic trend in the
δ13C–δ18O crossplot is deﬁned from samples immediately below the upper sequence boundary.

Fig. 8. Carbon and oxygen isotope proﬁles and δ13C–δ18O cross-plot of the House Range section in western Utah. A negative to positive shift in δ13C is present at the Wheeler–Swasey boundary,
but its regional signiﬁcance needs further conﬁrmation in adjacent sections. A 2‰ negative shift in δ13C occurs 3 m above the FAD of P. atavus. No obvious δ13C–δ18O covariation is observed.

146

R.A. Howley, G. Jiang / Palaeogeography, Palaeoclimatology, Palaeoecology 296 (2010) 138–150

Fig. 9. Carbon and oxygen isotope proﬁles and δ13C–δ18O cross-plot of the Stratotype Ridge section in the Drum Mountains, western Utah. A 2.5‰ negative shift in δ13C occurs 8 m
above the GSSP. No obvious δ13C–δ18O covariation is observed.

the FAD of P. atavus is constrained, this position is not as well
constrained from the standpoint of polymerid trilobite biostratigraphy. Also, because P. atavus ﬁrst occurs in transgressive deposits
overlying a signiﬁcant eustatic lowstand, the ﬁrst described appearance of P. atavus in all areas of the world may not be precisely the
same (Fig. 1A; Zhu et al., 2006). Integrated sequence and chemostratigraphic proﬁles across the platform to basin in western Utah and
Nevada (Fig. 10) indicate that the only candidate for the DICE in the
Great Basin is the regionally consistent δ13C excursion just above the
Drumian base. In the House Range, the onset of the negative δ13C
excursion is 3 m above the FAD of P. atavus, and in the Drum
Mountains, it is 7 m above that horizon (Fig. 10D and E). In the
southern platform sections (Fig. 10A–C), it occurs above a major
sequence boundary. Other intervals with negative δ13C values down
to − 1.5‰ to −2‰ are below the lower sequence boundary, but
stratigraphically they are far below the base of the Drumian Stage and
thus should not be candidates for the DICE. Considering that the
Stratotype Ridge section in the Drum Mountains is the type section for
the Drumian GSSP, the deﬁnition of the DICE should be reﬁned to: “the
negative δ13C excursion slightly superjacent to the FAD of P. atavus; it
is associated with transgressive deposits in shallow-water carbonate
platforms and stratigraphic condensation in deep-water environments” (Fig. 10).
The sequence and chemostratigraphic proﬁle across the platformto-basin transect (Fig. 10) also provides information on the relationship between the FAD of P. atavus, sea-level change, and the DICE.

Although it is difﬁcult to identify the water-depth change across the
Drumian boundary horizon in the deep-water sections, the ﬁningupward trend expressed by the decrease of silt-sized siliciclastic
components and increase of organic-rich shales suggests that the
stratigraphic interval below the Drumian base may be timeequivalent to the subaerial exposure and stratigraphic gap in
shallow-water platforms (the “lowstand” deposits in sequence
stratigraphic terms). Drumian sediments may ﬁrst appear as part of
the initial transgression that did not yet ﬂood the shallow-water
platforms in the Great Basin. However, the DICE follows slightly the
position of the GSSP and may have developed in the later stage of
transgression on the shallow-water platforms. Thus the DICE may
have a wider geographic distribution than the FAD of P. atavus, which
appears mostly in deep-water environments (Robison, 1982; Rowell
et al., 1982; Geyer and Shergold, 2000; Peng and Robison, 2000; Peng
et al., 2004). In this regard, the DICE is a useful for closely constraining
the position of the Drumian base across shallow-water carbonate
platforms where agnostoid trilobites are absent, even though the
precise horizon of the Drumian base may be associated with a
subaerial hiatus in some successions.
5.2. Global correlation of the DICE
Although carbon isotope chemostratigraphy spanning Cambrian
Series 3 has been conducted in many stratigraphic successions (e.g.,
Brasier and Sukhov, 1998; Montañez et al., 2000; Buggisch et al., 2003;

Fig. 10. Sequence and carbon isotope chemostratigraphic correlation across the platform-to-basin transect. The regionally consistent δ13C excursion is at least an event of regional scale in the Great Basin.
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Babcock et al., 2004; Zhu et al., 2004; Lindsay et al., 2005; Saltzman,
2005; Zhu et al., 2006; Babcock et al., 2007; Gomez et al., 2007; Álvaro
et al., 2008; Kouchinsky et al., 2008; Ahlberg et al., 2009; Peng et al.,
2009), existing data do not always illustrate a consistent expression of
the DICE, and its global correlation at a detailed level remains
questionable in some areas. This ambiguity is likely the result of the
low resolution of data from published studies; in the present study of
the Great Basin, the DICE covers a stratigraphic interval of less than
10 m (Fig. 10). This sharp excursion could easily be missed in
stratigraphic studies aimed at obtaining a long-term isotope record
for stratigraphic units that are hundreds of meters thick. In some
studies (e.g., Saltzman, 2005; Gomez et al., 2007), positive shifts in
δ13C were preferred as a global correlation tool because most
diagenetic ﬂuids would shift δ13C of carbonate rocks towards negative
values. However, most Cambrian Series 3 δ13C records do not show
real “positive” δ13C excursions. The absolute δ13C values at those
“positive” excursions are mostly from 0‰ to 1‰ (see review in Gomez
et al., 2007), which is identical to the background values of the
modern ocean seawater.
Another uncertainty in correlation, in some areas, is the biostratigraphic control on existing chemostratigraphic proﬁles. Although
biostratigraphic control based on agnostoids tends to be precise, that
based on polymerids are more variable in precision. For example, the

composite δ13C curve from the Great Basin (Montañez et al., 2000)
contains two prominent negative δ13C excursions, within the lower
part of the Ehmaniella Biozone, with a minor negative excursion that
straddles the Ehmaniella–Bolaspidella boundary (Fig. 11). Because the
boundary between the Bolaspidella and Ehmaniella biozones is often
difﬁcult to identify in platform sections within the Great Basin, it is
uncertain whether the DICE should be correlated to the negative δ13C
excursion within the Ehmaniella Biozone or the much less prominent
δ13C shift within the basal Bolaspidella Biozone. The results from this
study conﬁrm that the DICE in the Great Basin is the negative
excursion present across the Ehmaniella–Bolaspidella boundary in the
Montañez et al. (2000) curve (Fig. 11). The South China succession
(Fig. 11; Zhu et al., 2004) contains a large negative δ13C excursion
below the FAD of P. atavus and a minor negative shift just above that
horizon. Because δ13C values of the latter are positive (Fig. 11), the
correlation of the DICE to the South China δ13C proﬁle is still
questionable (Fig. 11; Zhu et al., 2004). Similarly, in time-equivalent
strata of Sweden, only a minor negative δ13Corg excursion is present
within strata overlying the FAD of P. atavus (Ahlberg et al., 2009).
Existing data raises two possibilities: (1) The DICE of the Great Basin is
correlative to the δ13C excursion below the ﬁrst known appearance
FAD of P. atavus in South China, but that horizon may differ slightly
from the ﬁrst appearance of the species in the Drum Mountains; and

Fig. 11. The DICE reﬁned in this study and its potential correlation with existing δ13C excursions from the Great Basin (Montañez et al., 2000) and South China (Zhu et al., 2004).
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(2) the DICE is correlative with the small negative shift in δ13C above
the FAD of P. atavus, but absolute δ13C values differ due to local
environmental control on isotope values.. More detailed biostratigraphic, sequence-stratigraphic, and chemostratigraphic research is
required to clarify these uncertainties.

formed by respiration and mineralization of organic matter in a
restricted basin and/or by increased fresh water input during the
initiation of the House Range Embayment.

5.3. Local vs. global origin of the DICE
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The small differences on a global scale of the DICE excursion
compared to the ﬁrst appearance of P. atavus, if conﬁrmed in future
studies, also raises the possibility of a local origin for the negative δ13C
excursion in the Great Basin (Fig. 10) and in other successions such as
South China (Fig. 11). The δ13C values of marine carbonates can
diverge from “normal” seawater values by local carbon cycling in
restricted basins and epeiric seas (Patterson and Walter, 1994;
Holmden et al., 1998; Immenhauser et al., 2003; Panchuk et al.,
2006) and by meteoric diagenesis (Allan and Matthews, 1982;
Railsback et al., 2003; Theiling et al., 2007). As discussed earlier,
signiﬁcant diagenetic modiﬁcation may have imprinted the absolute
δ13C values, particularly for stratigraphic intervals immediately below
the sequence boundaries. However, the consistent δ13C anomaly
across the platform-to-basin transect, above a sequence boundary,
favors an origin related to a change in the isotopic composition of
seawater at least at a regional scale.
If the DICE is determined to be a local seawater signature in the
Great Basin, potential mechanisms for the negative δ13C excursion
may include respiration and mineralization of organic matter and
increased fresh-water input (Patterson and Walter, 1994; Panchuk et
al., 2006). The House Range Embayment was stratiﬁed during the time
of deposition of the lower Wheeler Formation (Rees, 1986; Gaines and
Droser, 2003; Gaines et al., 2005). In a stratiﬁed basin, respiration and
mineralization of organic matter could add isotopically light carbon
into the surface water, leading to 13C depletion in carbonates
(Patterson and Walter, 1994; Panchuk et al., 2006). Respiration and
mineralization could be enhanced during seawater transgression due
to the upwelling of deep-water and the potential increase of sulfate
supply from weathering input. The DICE, as present in the Great Basin,
is closely associated with the initiation of the House Range
Embayment (Fig. 10). Uplift and exposure of the platform may have
resulted in increased fresh-water input, lowering the δ13C values in
shelf environments (Patterson and Walter, 1994; Immenhauser et al.,
2002,2003; Panchuk et al., 2006).
6. Conclusion
An integrated sequence and chemostratigraphic study of Cambrian
Series 3 strata in the Great Basin reveals a regionally consistent, 2‰–
3.6‰ negative δ13C excursion referred to as the Drumian Carbon
isotope Excursion (DICE). The DICE in the Great Basin slightly follows
the FAD of P. atavus in deep-water environments and occurs above a
major sequence boundary on the adjacent shallow-water carbonate
platform. Considering the ambiguity in expression of the DICE in the
literature and the fact that the Stratotype Ridge section in the Drum
Mountains, Utah, hosts the GSSP for the base of the Drumian Stage, we
suggest that the deﬁnition of the DICE should be reﬁned to “the
negative δ13C excursion slightly superjacent to the FAD of P. atavus; it
is associated with retrogradation of shallow-water carbonate platforms and stratigraphic condensation in deep-water environments”.
Although regionally consistent in the Great Basin, the DICE is difﬁcult
to ﬁrmly correlate on the basis of published δ13C curves from some
sections on other continents. This is possibly due to the relatively low
resolution of published chemostratigraphic data and the lack of
reliable biostratigraphic control in some successions. The integrated
sequence and chemostratigraphic study from the Great Basin thus
provides a guide for future studies in other successions. Alternatively,
the DICE from the Great Basin may be a localized isotopic anomaly
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