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ABSTRACT: Carbon isotope data from Upper Cambrian sections in
three Laurentian basins in northern Utah, central Iowa, and western
Newfoundland record a large positive d13C excursion (SPICE event)
of up to 1 5‰. Peak d13C ratios are well dated by trilobite collections
to the middle of the Steptoean Stage (Dunderbergia Zone) and occur
during maximum regression associated with formation of the Sauk II–
Sauk III subsequence boundary on the North American craton. Max-
imum regression was marked by an influx of quartz sand into carbon-
ate-platform settings in all three widely separated basins. In northern
Utah, this quartz sand formed a thick sequence known as the Worm
Creek Quartzite, which marks a conspicuous interruption of carbonate
deposition during the Middle to Late Cambrian in the region. In west-
ern Newfoundland, the thickness of the quartz sand unit is much re-
duced but still marks a brief shutdown of the carbonate factory that
is unique to the Cambrian shelf succession of the area. In the central
Iowa area of the cratonic interior, an upward-shallowing carbonate
succession culminates in cross-stratified trilobite grainstones at the
peak of the SPICE in Dunderbergia Zone time, and the lowest point
on the relative-sea-level curve is associated with the occurrence of
coarse quartz sand derived from the encroaching shoreface.

Although it is difficult to determine precisely the departure from
baseline d13C that marks the beginning of the SPICE excursion in the
stratigraphic successions analyzed, our results are consistent with a rise
and subsequent fall in d13C tracking a major regressive–transgressive
event recorded across northern Laurentia. The correlation of a major
d13C excursion with regression is similar to that described for the Late
Ordovician, for which the pattern has been attributed to either in-
creased carbonate relative to terrigenous weathering rates as ice sheets
covered up organic-matter-containing silicates at high latitudes or high
productivity and organic-carbon burial driven by oceanic overturn.
The lack of known Steptoean-age ice sheets that could have affected
the ratio of carbonate to silicate weathering rates suggests that organic-
carbon burial was the likely cause of the SPICE event. We suggest that
increased weathering and erosion rates during relative sea-level fall
(Sauk II–III) increased the burial fraction of organic carbon in an
expanded region of fine-grained siliciclastic deposits in shelf and upper
slope environments during the Steptoean.

INTRODUCTION

The Steptoean positive carbon isotope excursion (SPICE) is character-
ized by a positive d13C shift of ;1 4‰ measured in Upper Cambrian
carbonate rocks (Steptoean Stage) in North America and time-equivalent
strata in China, Kazakhstan, and Australia (Fig. 1; Saltzman et al. 2000).
The SPICE is recorded across . 200 m of shallow-water limestones in
sections in Nevada and likely represents a perturbation in the carbon cycle
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that lasted for several million years or less on the basis of best estimates
of Late Cambrian accumulation rates (Osleger and Read 1993) and absolute
age constraints (e.g., Davidek et al. 1998). Positive carbon isotope excur-
sions of similar magnitude and duration are known to have occurred on
average about once per each successive Paleozoic period (Late Ordovician,
Late Silurian, Frasnian–Famennian, Early Mississippian, and early Late
Permian events; Gruszczynski et al. 1989; Brenchley et al. 1994; Joach-
imski et al. 2002; Saltzman 2001, 2002). These transient d13C peaks are
traditionally interpreted to reflect increased burial of isotopically light (12C-
enriched) organic carbon, which has been linked in different paleoceano-
graphic models to increased productivity, enhanced preservation under an-
oxic conditions, or high sedimentation rates (e.g., Arthur et al. 1987; Derry
et al. 1992; Schrag et al. 2002). Adsorption of organic carbon onto clay-
mineral surfaces may also be an important variable in the burial and pres-
ervation of organic matter on geological timescales (Kennedy et al. 2002).
For d13C peaks that persist for several million years or more, the devel-
opment of anoxic conditions in regions of high rates of organic-matter
burial appears to play a key role by increasing the carbon-to-phosphorus
ratio of the buried organic matter (Van Cappellen and Ingall 1994).

An alternative model relates positive excursions in d13C to transient
increases in the weathering of isotopically heavy carbonate-platform de-
posits relative to fine-grained terrigenous rocks that contain abundant or-
ganic matter (Kump et al. 1999). This change in the weathering ratio can
occur as carbonates are preferentially exposed at low latitudes during a
glacio-eustatic fall, while at the same time expanding ice sheets may cover
organic-matter-containing terrigenous rocks in high latitudes. The d13C of
the riverine input may increase in such a scenario, although the counter-
balancing effects of, for example, exposing and eroding previously sub-
merged distal portions of siliciclastic shelves at high latitudes are difficult
to evaluate.

To the extent that marine inundation of the continents influences weath-
ering rates and the input and output ratios of oxidized and reduced carbon,
changes in sea level must have an important influence on seawater d13C.
In comparing peak d13C values with the position of sea level, two con-
trasting relationships have been documented in the literature. For example,
d13C maxima in the Late Ordovician and Cenomanian–Turonian boundary
intervals are well known to coincide with major lowstand and highstand
positions of sea level, respectively (Arthur et al. 1987; Finney et al. 1999).
Rising sea level apparently caused the Cenomanian–Turonian event through
circulation-driven increases in production and preservation of organic mat-
ter, a model also proposed for the Frasnian–Famennian boundary d13C
excursion (Joachimski and Buggisch 1993; Joachimski et al. 2002). On the
other hand, recognition of a glacio-eustatic drop during the Late Ordovician
event (Brenchley et al. 1994) may indicate that changing weathering fluxes
increased riverine d13C values (Kump et al. 1999) or led to overall higher
sedimentation rates that enhanced preservation of organic matter. Higher
weathering rates of silicate- or phosphate-rich sedimentary rocks during
regression may potentially increase nutrient delivery to shelf regions and
enhance primary production and carbon burial. Increased phosphate deliv-
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FIG. 1.—Cambrian record of the SPICE excursion and global chronostratigraphic framework (Peng et al. 2001). Carbon isotope profiles based on data in Saltzman et al.
(2000a), with paleogeographic map modified to include localities sampled in this investigation, as well as the southern Appalachian (Laurentian) locality in which the
SPICE is known (Glumac and Walker 1998).

ery from the erosion of continental rocks has also been argued for high-
stands of sea level and associated d13C peaks in the Cretaceous due to
warm, humid conditions and an accelerated water cycle (Föllmi et al. 1994).

The peak of the SPICE d13C event in parts of Laurentia (Glumac and
Walker 1998; Saltzman et al. 1998) appears to coincide with a sea-level
lowstand known as the Sauk II–III boundary (Palmer 1981). The Sauk II–
III sequence boundary has been recognized at a number of sites across
Laurentia by use of both faunal and lithic criteria that provide evidence for
a period of erosion or nondeposition within the long-term Sauk sequence
of Sloss (1963). Osleger and Read (1993) considered the Sauk II–III bound-
ary to be the only unequivocal Type 1 sequence boundary in the Upper
Cambrian. However, because the precise position of this sequence bound-
ary in thick and conformable, mixed carbonate–siliciclastic successions is
not always clear, a causal connection with the SPICE event remains un-
certain. For example, Steptoean sections in Utah and Nevada that record
the SPICE show striking local variations in the nature and thickness of
carbonate facies associations, which complicate the interpretation of rela-
tive sea-level trends in relation to d13C trends (Saltzman et al. 1998). In
the section at Thorn Hill in eastern Tennessee examined by Glumac and
Walker (1998), the influx of quartz sand into tidal-flat carbonates contain-
ing multiple cycle-capping exposure surfaces marks the Sauk II–III bound-
ary as a zone (correlative conformity interval) within which the d13C peak
occurs.

The purpose of this paper is to further evaluate the evidence for the
temporal correspondence of a major regressive event (Sauk II–III bound-
ary) with the SPICE by focusing on new data from three widely separated
Laurentian basins in Utah, Iowa, and Newfoundland. Faunal control is good
to excellent in all three of the sampled sections, with all of the major
Steptoean trilobite zones recognized, and in all three basins we have found

a striking coincidence between the position of the Sauk II–III boundary
and the peak of the SPICE event. With no evidence for major ice sheets
that changed the weathering ratio of carbonate to organic-matter-bearing
shales, it seems likely that a net increase in organic-carbon burial in ex-
panded areas of fine-grained siliciclastic deposits in submerged outer shelf
environments caused the SPICE.

GEOLOGIC BACKGROUND

Laurentian Paleogeography

During the Late Cambrian, Laurentia was in an equatorial position with
the Cordilleran and Appalachian passive margins oriented in east–west di-
rections at positions ;158 N and S in latitude, respectively (Fig. 2). The
thick (# 2 km), wedge-shaped passive-margin prisms were characterized
by broad regions of dominantly shoal-water carbonate facies (middle car-
bonate belt) that passed oceanward into a deeper-water siliciclastic facies
association (outer detrital belt) and landward into siliciclastic deposits of
the cratonic interior (inner detrital belt). With global sea level near a Phan-
erozoic maximum as a result of both the greenhouse climate (Berner 1990)
and the effects of continental breakup on ocean-ridge volumes (Bond et al.
1984), the paleo-shoreface was located far inland in the area of present-
day Wisconsin, and marine waters inundated previously exposed cratonic
embayments. The three studied sections (Fig. 2) represent the Cordilleran
(Utah) and Appalachian (Newfoundland) passive margins and the interven-
ing interior craton of the Upper Mississippi Valley (Iowa), thus providing
a cross section of depositional environments spanning a line ;5000 km in
length across the Laurentian craton.
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FIG. 2.—Facies map of Laurentia showing localities investigated in this study and
their position with respect to Cambrian facies belts (Lochman-Balk 1970; Palmer
1971). UT 5 Smithfield Canyon, Utah; IA 5 Rhinehart core, Iowa; MN 5 Min-
nesota outcrop belt (see Runkel et al. 1998); NF 5 Felix Cove, Newfoundland.

FIG. 3.—Upper Cambrian stratigraphic
framework for Laurentia with trilobite zones
modified from Palmer (1965), and stages and
biomeres taken from Palmer (1998). Sauk
sequence subdivisions is after Palmer (1981).
Cosmopolitan trilobites Glyptagnostus reticulatus
and Irvingella are used for correlation between
Laurentia and other continents. Duration of the
SPICE excursion (Saltzman et al. 1998) is
obtained by interpolation between two U–Pb
zircon ages (Perkins and Walshe 1993; Davidek
et al. 1998).

Laurentian Biostratigraphy and the Sauk II–III Sequence Boundary

The Steptoean Stage (equivalent to the Pterocephaliid biomere of Palmer
1998) consists of five trilobite zones that were defined in the shelf and
slope sequences of the central Great Basin (Palmer 1965), but outside of
this region a tripartite scheme that includes the Aphelaspis, Dunderbergia,
and Elvinia zones has been used (Fig. 3). Steptoean successions in several
cratonal settings do not contain fossils representative of the Dunderbergia
Zone, which is presumed to be missing at a hiatal surface formed as a
result of the Sauk II–III regression (Fig. 3; Palmer 1981). The existence of
a significant sedimentary hiatus during the Steptoean is further substanti-
ated by carbon isotope stratigraphy, which shows that the SPICE excursion
is missing in northwestern Wyoming (Saltzman et al. 1998) and northern
Vermont (Glumac and Spivak-Birndorf 2002). Although little direct evi-
dence for subaerial exposure and erosion exists at the Sauk II–III sequence
boundary in the Upper Mississippi Valley, Runkel et al. (1998) used out-
crop and subsurface biostratigraphically constrained facies relationships
across six adjacent Midwestern states to estimate that the shoreline re-
gressed about 300 km from western Wisconsin to central Iowa by late

Dunderbergia Zone time. This corresponds to a mid-Steptoean sea-level
fall of at most a few tens of meters, on the basis of an inferred shelf gradient
of approximately 0.1 m/km (Runkel et al. 1998).

METHODS AND RESULTS

Homogeneous micrites were the preferred component in the drilling of
polished slabs for geochemical analysis, although many of the samples (;1
mg of powder) isolated had a coarser-grained component that was recrys-
tallized to various degrees. This reflects the wide range of carbonate li-
thologies that were sampled to generate high-resolution curves, including
oolitic packstones, skeletal wackestones, thrombolitic boundstones, and
flat-pebble conglomerates. The reliability of this sampling strategy is based
on the good reproducibility of d13C trends generated with micrites for the
same time periods, using independent biostratigraphic correlation, and from
different depositional environments on separate cratons (e.g., Ripperdan et
al. 1992; Saltzman et al. 1998; Saltzman et al. 2000; Kump et al. 1999;
Joachimski et al. 2002). In addition, the methods employed here are sup-
ported by the similarity of features between micrite-based and brachiopod-
based curves (which are often considered the most reliable in d13C stratig-
raphy) for periods such as the Silurian (e.g., Azmy et al. 1998; Saltzman
2001), and the Mississippian (Mii et al. 1999; Saltzman 2002). The results
of quantitative modeling studies further show that d13C values are likely
to be rock-buffered over a wide range of diagenetic settings commonly
encountered in ancient carbonate successions, whereas d18O is easily reset
(Lohmann 1988; Banner and Hanson 1990; Gao and Land 1991).

Despite the potential for recovery of primary values, diagenetic alteration
of d13C is always a concern in the interpretation of matrix micrite data,
particularly where shallowing-upward carbonate cycles capped by subaerial
exposure surfaces are present and incorporation of soil-derived CO2 is like-
ly (e.g., Algeo et al. 1992; Railsback et al. 2003). In addition, it is important
to target carbonates formed in relatively open-marine environments repre-
senting maximal exchange rates with the open ocean rather than the interior
carbonate platforms, in which d13C may vary in proportion to the local
residence time of seawater and the rate of organic-matter remineralization
(Holmden et al. 1998; Immenhauser et al. 2002).

To minimize the degree of overprinting of the global seawater d13C
record, the sections sampled in this study represent dominantly subtidal,
open-ramp successions that lack obvious or frequent exposure features.
This selectivity was not possible in every instance, and thus we have in
part relied on the extent to which the sections display relatively steady
d13C trends that can be correlated between widely separated sections. Car-
bonate powders in this study were roasted under vacuum at 3808 C for one
hour to remove volatile contaminants and reacted with 100% phosphoric
acid at 758 C in an online carbonate preparation line (Carbo-Kiel; single-
sample acid bath) connected to a Finnigan Mat 252 or 251 mass spectrom-
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FIG. 4.—Carbon isotope stratigraphy and trilobite collections at Smithfield Canyon section, northern Utah. See lithologic legend in Figure 7. The Worm Creek Quartzite
is sandwiched by subtidal carbonate shelf strata with subordinate quartz sandstone beds. The Sauk II–III sequence boundary falls within the shaded box (see text). All
isotope measurements in the Worm Creek interval represent micritic patches within sandy carbonates. Inset showing the progradation of the Worm Creek Quartzite is based
on a measured section ;100 km to the north in the Fish Creek Basin of southeastern Idaho (near Grace) with additional control points taken from Haynie (1957), Armstrong
(1969), and Wakeley (1975). Crepicephalus Zone biostratigraphic control point in northern extent of Worm Creek Quartzite (shown in inset) is based on an unpublished
collection made by A.R. Palmer (ICS-1470).

eter. The analytical precision based on duplicate analyses and on multiple
analyses of NBS19 was # 0.04‰.

Sequence Stratigraphy, Biostratigraphy, and d13C Trends

Smithfield Canyon Section, Northern Utah.—A well-exposed Marju-
man–Steptoean succession examined in the Bear River Range of northern
Utah represents carbonate platform deposition seaward of the tectonic hinge
zone but proximal to a source of terrigenous, inner-detrital-belt sediments
(Palmer 1971). The source of siliciclastic material is inferred to be from
the northwest in central Idaho, a feature known as the Lemhi Arch, on the
basis of thickness and age trends in sandstone units (Palmer 1971). In
addition to sampling at Smithfield Canyon for d13C stratigraphy, we con-
ducted a detailed decimeter-scale facies analysis and collected trilobites
from fourteen horizons (Fig. 4), because no previous study of this locality
has been published. New trilobite collections reveal faunas diagnostic of
the Crepicephalus (late Marjuman), Aphelaspis, Dunderbergia, and Elvinia
zones and allow dating of important lithofacies changes.

The uppermost part of the Crepicephalus Zone at Smithfield Canyon is
a digitate biostrome complex composed of two stacked microbialite hori-
zons each 3 m thick. The top 60 cm of the biostrome complex, which
contains the Marjuman–Steptoean boundary (Fig. 4), is made up of beds
of ribbon limestone and microbialite that are cut by numerous, sharp, planar
truncation surfaces. Abundant vertical spar-filled tubes (?borings) 2–3 mm
in diameter penetrate 1–5 cm into the beds. Early to middle Aphelaspis
Zone strata that lie directly above the biostrome complex are dominated
by silty to sandy ribbon limestones and edgewise flat-pebble conglomerates.
The lowest coarse terrigenous clastics in the Smithfield Canyon section
occur in this interval as thin to medium interbeds of quartzose calcarenite
and calcareous fine- to medium-grained sandstone displaying transitional
hummocky to swaly cross-stratification. These sandy strata underlie a 30-
m-thick carbonate succession with an age spanning the upper Aphelaspis
and lower Dunderbergia zones and consisting predominantly of ribbon rock
(cf. Cowan and James 1993) with intercalations of calcisiltite to fine pe-
loidal calcarenite locally displaying hummocky cross-stratification and
wave-ripple cross-lamination. These packages are interpreted as shelf de-
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posits formed below fair-weather wave base during storms. Also commonly
interbedded with ribbon rock are lenses and beds of ooid calcarenite with
undulatory, wedge-shaped sets of hummocky to planar-tabular cross-strat-
ification that represent relatively brief episodes of impingement of the fair-
weather wave base on the shelf. Lithofacies appear to be arranged in coars-
ening-upward packages 0.1–5 m thick.

Stratigraphically above this ;30-m-thick, clean subtidal carbonate suc-
cession (Nounan Formation; Fig. 4), siliciclastic sand is present over a 5-
m interval approaching the contact with the Worm Creek Quartzite Member
of the St. Charles Formation (Fig. 4). The Worm Creek Quartzite lies a
few meters above the lowest collected Dunderbergia trilobites and is by
far the thickest and most prominent siliciclastic unit in the Middle to Upper
Cambrian succession in the region (Williams and Maxey 1941; Williams
1948; Rigo 1968; Trimble and Carr 1976; Oriel and Platt 1980). The lower
contact of the Worm Creek is gradational from relatively sand-free ribbon
rock to sandy grainstone to carbonate-cemented sandstone to relatively pure
quartz sandstone (Fig. 4). A corresponding change in sedimentary struc-
tures shows a transition from small-scale hummocky cross-strata to amal-
gamated hummocky cross-strata to trough cross-strata. The lower one-half
of the Worm Creek Quartzite coarsens upward, culminating in a medium-
to coarse-grained sandstone with trough cross-strata and wedge to tabular
sets of tangential and planar cross-stratification representing an upper-shore-
face setting. Skolithos burrows and sharply defined truncation surfaces with
centimeter-scale relief and medium- to coarse-grained sandstone intraclasts
are common throughout this interval, which we interpret to reflect the Sauk
II–III sequence boundary zone. The upper half of the Worm Creek mirrors
the lower half, with medium- to coarse-grained cross-stratified sandstone
passing transitionally upward to finer-grained and progressively more car-
bonate-rich beds with hummocky cross-strata. An Elvinia Zone fauna oc-
curs a few meters above the top of the Worm Creek in a succession of
ribbon rock cycles (Fig. 4) and brackets the quartzite biostratigraphically
to the mid-Steptoean Sauk II–III interval as recognized elsewhere in Lau-
rentia.

Carbon isotope trends show the SPICE excursion through 80 m of sec-
tion included within the upper Nounan and lower St. Charles formations
(Fig. 4). The beginning of the SPICE is difficult to define precisely in this
section (compare with Montañez et al. 2000), but a shift from baseline
values to a consistently positive trend appears to occur a few meters above
the base of the Steptoean, corresponding to the lowest stratigraphic occur-
rence of beds of quartzose sandstone (Fig. 4). Peak d13C values near 1
4.7‰ are observed over a broad interval, which includes both the carbon-
ates of the upper Nounan and the Worm Creek. The d13C peak is similar
in magnitude to that observed elsewhere in Laurentia, indicating nearly
complete preservation of the SPICE (Saltzman et al. 2000). Values begin
to decrease towards a baseline near 0‰ just above the sandstone intraclast
bed in the middle of the Worm Creek.

Central Iowa Subsurface Section.—The Upper Cambrian succession
examined in the Rhinehart A-1 corehole in central Iowa represents depo-
sition on a slowly subsiding shelf (the Hollandale ‘‘Embayment’’) in the
cratonic interior (Runkel et al. 1998). The Steptoean is ;20% as thick here
as the Smithfield Canyon section and nearly 10% as thick as sections in
eastern Nevada (Saltzman et al. 1998). The Rhinehart core was studied
previously as part of a detailed biostratigraphic and sedimentologic analysis
of the Upper Mississippi Valley region by Runkel et al. (1998). Late Mar-
juman facies in central Iowa consist mainly of carbonate mudstones and
wackestones with minor shale intervals and abundant glauconite (Fig. 5),
reflecting slow accumulation in an offshore setting below fair-weather wave
base. An upward-coarsening sequence that begins a few centimeters above
the basal Aphelaspis Zone extinction horizon in the Rhinehart core coin-
cides with a regional-scale basinward shift in siliciclastic-dominated facies
belts recorded farther inboard on the craton (Fig. 5; Runkel et al. 1998).
This overall Steptoean shallowing culminates in 2.5 m of sandy, cross-
stratified trilobite grainstones near the top of the Dunderbergia Zone. The

Sauk II–III boundary was placed by Runkel et al. (1998) within this grain-
stone unit because the medium- to coarse-grained, rounded quartz sand was
presumed to have been derived from the encroaching cratonal shoreline
and because it separates Aphelaspis- and Dunderbergia-age regressively
stacked facies below from Elvinia-age transgressively stacked facies above.
Above the Sauk II–III boundary, mud-rich facies are dominant in the El-
vinia Zone in the Rhinehart core, recording water depths that appear similar
to those in the underlying Marjuman Stage.

The d13C stratigraphy of the Rhinehart core (Fig. 5) delineates a re-
markably well-preserved SPICE excursion despite the highly condensed
nature of the Steptoean sequence. As in the Smithfield Canyon section,
d13C rises from 0 to 1 1‰ in the interval immediately preceding the mass-
extinction horizon at the base of Steptoean Stage, beginning a sharp in-
crease in d13C in the lower part of the Aphelaspis Zone that reaches a peak
(1 3.8‰) within the cross-stratified grainstones of the Dunderbergia Zone.
A nearly symmetrical return to pre-excursion values close to 0‰ occurs in
the lower part of the Elvinia Zone (Fig. 5).

Felix Cove Section, Western Newfoundland.—The Marjuman–Step-
toean succession in western Newfoundland is well exposed in gently dip-
ping strata in sea cliffs along the south coast of the Port au Port Peninsula.
The Cambrian–Ordovician succession here has been interpreted to represent
deposition on a paleosouth-facing continental shelf bordering the Iapetus
Ocean (James et al. 1989). The studied Marjuman–Steptoean interval,
which straddles the Felix Cove and Man O’War members of the Petit Jardin
Formation (Fig. 6), is relatively thin compared to sections in the Great
Basin and likely represents deposition landward of the tectonic hinge zone
or within the inner flexural wedge (Chow and James 1987b; James et al.
1989). As was the case with the Rhinehart core in central Iowa, a detailed,
regional sedimentologic and biostratigraphic framework is available for the
Felix Cove section (Chow and James 1987a, 1987b; Cowan and James
1992, 1993; Westrop 1992).

Upper Marjuman and lower Steptoean carbonates of the Felix Member
(Fig. 6) are composed mainly of ooid–peloid grainstones with abundant
dolomicrite as flasers, lenses, interbeds, and intraclasts (i.e., the ‘‘unwashed
oolite’’ of Cowan and James 1993). Less abundant lithofacies include mi-
crobialite mounds as decimeter- to meter-scale bioherms to laterally linked
biostromes (stromatolitic and/or thrombolitic textures), ooid grainstone, and
ribbon limestone. Medium- to coarse-grained, frosted, well-rounded quartz
sand first appears stratigraphically as scattered grains and millimeter-thick
stringers in oolite strata of uppermost Crepicephalus Zone age (Fig. 6; just
above Terranovella dorsalis and Crepicephalus iowensis in the FC1 and
FC2 collections of Westrop 1992). More prominently, however, a bed of
quartz sandstone ;1 m thick overlies a microbialite biostrome that yielded
a trilobite collection containing Dytremacephalus strictus and suggests a
maximum age for the apex of terrigenous influx of middle to late Aphe-
laspis Zone (Westrop 1992). The sandstone unit (Fig. 6) is likely an ex-
pression of the Sauk II–III regression (Chow and James 1987b; James et
al. 1989) and has been attributed to exposure of inboard platform areas and
eolian influx of sand across desiccated tidal flats (Cowan and James 1993).
Approximately 8 m above the quartz sandstone, a trilobite collection in
unwashed ooid–peloid grainstone yields an Elvinia Zone fauna (A.R. Palm-
er, Institute for Cambrian Studies collection ICS-1406), indicating that stra-
ta enclosing the Sauk II–III boundary are anomalously thin. The overlying,
deeper-water lithofacies of the Man O’War Member yield Elvinia Zone
trilobites ;10 m above the base and consist of shaly to clean ribbon lime-
stones and dolostones, with rare beds of ooid to pisoid grainstone and large
(up to ;5 m tall) microbialite biostromes and bioherms (Kennard and
James 1986). The contact between the Felix Member and the overlying
Man O’War member would thus appear to be an expression of the Elvinia
Zone drowning commonly observed throughout Laurentia (Osleger 1995).

Carbon isotope results from the Felix Cove section record the SPICE
excursion in ;20 m of the upper Felix and lower Man O’War members
(Fig. 6). Values rise from near 21‰ to 0‰ in the upper part of the
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FIG. 5.—Carbon isotope stratigraphy of the Rhinehart A-1 core drilled in Dallas County, central Iowa. Trilobite zones and measured section are after Runkel et al. (1998).
See Legend in Figure 7. Shaded box in the upper part of the Dunderbergia Zone represents sandy interval that marks maximum regression associated with the Sauk II–
Sauk III subsequence boundary. Inset showing progradational Wonewoc Sandstone straddling the Sauk II–Sauk III boundary is based on data in Runkel et al. (1998). The
Wonewoc is sandwiched by fine siliciclastic and carbonate facies deposited in offshore shelf environments.

Marjuman and reach peak d13C values of 1 2.2‰ just above the quartz
sandstone bed interpreted to mark the Sauk II–Sauk III sequence boundary
in this and previous studies. Although the SPICE is clearly present at Felix
Cove, the d13C values in the Marjuman and Steptoean are about 2‰ lower
than values recorded in Iowa, Utah, and other continents, perhaps reflecting
local modification of the global seawater d13C signal (cf. Patterson and
Walter 1994; Holmden et al. 1998).

DISCUSSION

The carbon isotope results from three Laurentian basins provide a test
of the relative synchroneity of regressive sequences that have been attri-
buted to the craton-wide Sauk II–III regression (Fig. 7), independent of
traditionally used biozones, and also have paleoceanographic implications
related to the partitioning of oxidized and reduced forms of carbon. The
discussion is therefore divided into two sections. The first part addresses
the correlation of the SPICE with a major regressive–transgressive event
recorded in strata throughout Laurentia. Secondly, we consider causal con-
nections between the two events in relation to paleogeographic constraints
on carbon burial and weathering during the Steptoean.

Sea-Level Changes during the SPICE d13C Excursion in Laurentia

The Upper Cambrian of the Upper Mississippi Valley is a key region
for documenting eustatic signals because it contains a record of shoreline

migration in a tectonically stable cratonic shelf. In the Rhinehart core, the
rising limb of the SPICE tracks a shallowing-upward carbonate sequence
that culminates in ;2.5 m of sandy, cross-stratified grainstones chosen by
Runkel et al. (1998) to mark the Sauk II–III boundary (Fig. 5). The late
Sauk II regressive event is expressed in the siliciclastic succession as pro-
gradational, offlapping parasequence sets (cf. Runkel 1994; Runkel et al.
1998; Runkel et al. 1999; Tape et al. 2003). The succession is capped by
a subtle sequence-bounding unconformity that has been tracked into the
subsurface from the Inner Detrital Belt to settings transitional with the
Middle Carbonate Belt, including our key section in central Iowa, using
numerous cores and borehole geophysical logs (Fig. 5; Runkel et al. 1998).
The maximum seaward extent of the shoreline occurred in late Dunder-
bergia to earliest Elvinia zone time, marked by the appearance of coarse
siliciclastics in otherwise carbonate-dominated sections from central Iowa
to Missouri. Subsequent transgression (Elvinia zone time) is recorded by
landward stacking of facies that culminate in the retreat of the shoreline
far landward of the presently known extent of Cambrian strata in the Upper
Mississippi Valley (Runkel et al. 1998).

The Smithfield Canyon section, interpreted within the context of the
regional stratigraphy of equivalent strata in Utah and Idaho (Fig. 4), records
a history similar to that of the Upper Mississippi Valley (Fig. 5). The
increase in age and landward thickening of the lower part of the Worm
Creek Quartzite to the north into Idaho reflects the seaward progradation
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FIG. 6.—Carbon isotope stratigraphy from
Felix Cove in western Newfoundland. Trilobite
collections are from Westrop (1992) and A.R.
Palmer (unpublished). Measured section is after
Cowan and James (1993). See legend in Figure
7. Shaded box represents Sauk II–III sequence
boundary zone (see text).

of a siliciclastic shoreline in the Aphelaspis and Dunderbergia zones. The
siliciclastic source in this area appears to have been relatively mud-poor,
and incursions of quartzose sands were not accompanied by commensurate
increases in the shaliness of the fine fraction in the ribbon limestones in
this succession. At Smithfield Canyon, the lowest occurrence of terrigenous
clastics may represent an early record of this shoreline regression onto the
carbonate platform, which occurred in the early to middle Aphelaspis Zone
coincident with what we interpret to be the onset of the SPICE. Although
paleobathymetric changes in the carbonate facies that record the rising limb
of the SPICE are subtle, the incremental increase in oolite approaching the
Worm Creek Quartzite is interpreted to indicate a shallowing that kept the
subtidal carbonate facies belt in more agitated conditions. Carbon isotope
values reach ;1 4.5‰ within this regressive carbonate sequence and re-
main high well into the Worm Creek. Maximum regression at Smithfield
Canyon is marked by an influx of quartz sand (rather than by a karst surface
on top of the carbonate succession), and the medium- to coarse-grained
intraclastic sandstone interval that marks the Sauk II–III sequence boundary
(cf. Runkel et al. 1998) within the Worm Creek coincides with the decrease
from peak d13C values of the SPICE. Thus, from a regional perspective,
the rising limb of the SPICE in the Utah–Idaho area corresponds to regional
progradation of the Worm Creek shoreface, with the reversal in the isotope
values coinciding with transgression (Fig. 4). Support for a link between
relative sea level and d13C during late Marjuman and early Steptoean time
can be seen in the close correspondence between carbon isotope shifts and
shoreline movements in the cratonic interior (Fig. 8).

The record at Felix Cove in western Newfoundland is similar to Smith-
field Canyon in that carbonate facies associations and inferred changes in
water depth were subtle during the Steptoean, and it is the influx of quartz

sand in the context of the regional sequence stratigraphic framework (Chow
and James 1986b; Cowan and James 1993; cf. Osleger and Montañez 1996)
that suggests a sea-level drop during the rising limb of the SPICE (Fig. 6).
The Upper Cambrian succession on the Port au Port Peninsula is essentially
devoid of quartz sand (Fig. 6), with the exception of the prominent sandy
interval in the Felix Member (Chow and James 1987b; Cowan and James
1993). The sub-Elvinia Steptoean succession in this region has long been
recognized as anomalously thin (James et al. 1989). Because the SPICE
peak of ;1 2‰ is several per mil below that found elsewhere, the ob-
served stratigraphic thinning is consistent with erosion or nondeposition.
However, it is also possible that the local oceanographic setting in western
Newfoundland, where d13C values for the Upper Cambrian as a whole are
low compared with other regions (Saltzman et al. 2000), may have reduced
(rather than truncated) the peak of the SPICE at Felix Cove section as a
result of semi-restriction and increased input of isotopically light carbon
into the water mass.

Regression at the Sauk II–III Boundary: A Eustatic Drop?

Our combined results from three widely spaced sections in northern Lau-
rentia provide strong support for the interpretation that Sauk II–III strata
record a major, continental-scale regressive–transgressive event. Although
eustatic changes in sea level cannot be established as the driving mecha-
nism for this event with complete confidence, our data, as well as those in
equivalent sections on other continents, are compatible with such an inter-
pretation. Support for a eustatic drop at the Sauk II–III boundary may be
found in correlative intervals of seamount-margin collapse in Kazakhstan
(Cook et al. 1991), carbonate-platform exposure in Queensland, Australia
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FIG. 7.—Stratigraphic cross section showing carbonate sections analyzed and their correlation with siliciclastic paleoshoreline facies of Minnesota (Runkel et al. 1998;
Runkel et al. 2000). Position of the Sauk II–III boundary chosen on lithologic evidence. C 5 Crepicephalus Zone, A 5 Aphelapsis Zone, D 5 Dunderbergia Zone, E
5 Elvinia Zone.

(Henderson 1976), and an anomalously thin Steptoean-equivalent section
on the Shantung Peninsula of China (A.R. Palmer, unpublished data).

The duration of the sea-level changes and associated SPICE event is
constrained by two U–Pb dates—one (491 6 1 Ma; Davidek et al. 1998)
from the Peltura scarabaeoides zone in Welsh Avalonia (5 Eurekia apop-
sis zone of Laurentia) and the other (503 6 4 Ma; Perkins and Walshe
1993) from roughly the Lejopyge laevigata level in Tasmania (5 early
Cedaria zone of Laurentia; Shergold 1997). Assuming that there are ap-
proximately 15 trilobite zones between these two U–Pb ages in most parts
of the world, each zone, on average, lasted about 0.8 My. Given that the
SPICE excursion persisted for 4.5 zones (Aphelaspis through mid-Elvinia
of Palmer 1965), its duration was about 3.6 My, with the increase and
decrease in d13C lasting ;2.8 and ;0.8 My, respectively.

On time scales of several million years or less, glacio-eustasy provides
the simplest mechanism for the Sauk II–III regressive–transgressive cou-
plet. However, given the lack of evidence for high-latitude glaciation of
Baltica during the Steptoean, we must examine other causes. The appar-
ently small rate of change (a few tens of meters in a few million years) of
sea-level fall is consistent with changes in seafloor spreading rates, but
such controls typically operate over much longer time scales (Pitman 1978).
The long response times of volumetric changes in the ridge system are
related to the thermal origin of ridge elevation (with a thermal time constant
of about 65 My). For example, Dewey and Pitman (1998) calculated a 2.93
m/My rate of sea-level drop as a result of changes in the volume of the
mid-ocean ridge system averaged between 80 and 10 Ma (with a total
magnitude of the sea level fall of 205 m), and a 2.06 m/My rate of sea
level rise from 205 Ma (Hettangian) to 95 Ma (Cenomanian) (although see
Rowley 2002). Thus, although the relatively abrupt elimination of a ridge
segment could have interrupted the long-term Sauk transgression enough
to cause the Sauk II–III subsequence boundary, the generally slow tecton-

oeustatic mechanisms that alter the volume of the ocean basins (including
orogeny and crustal shortening) are unlikely candidates.

Transfer of ocean water into various land reservoirs (lakes and wetlands)
under cooler climatic conditions (Jacobs and Sahagian 1993) or the buildup
and melting of alpine glaciers could produce small, short time eustatic
fluctuations (Fischer and Hinnov 1997). However, Dewey and Pitman
(1998) calculated that increasing the volume of present-day alpine glaciers
by a factor of ten would change sea level by only 2.4 m, with a factor-of-
fifty change needed to change sea level by 12 m or more. Heating and
cooling of the oceans is another mechanism that can have a small but
measurable effect on sea level. Annual sea-level cycles with an amplitude
of ;0.1 m are produced by temperature fluctuations of 0.28C in the modern
ocean (ATOC Consortium 1998), and thus reducing the whole-ocean tem-
perature by 58C could potentially lower sea level by several meters. Al-
though such an effect may be observable on a nearly subhorizontal Cam-
brian cratonal platform, a temperature drop of this magnitude—which is
on the scale of the Eocene–Oligocene boundary (;35 to 33 Ma) cooling
step (Zachos et al. 2001)—seems unlikely inasmuch as no faunal extinc-
tions occur at the peak of the SPICE (only at the biomere boundaries above
and below). Even if several meters of sea-level fall can be attributed to
cooling induced by a reduced greenhouse effect, the remaining $ 10 m of
sea-level fall during the Sauk II–III regression must be accounted for else-
where.

Large-scale ‘‘regional’’ mechanisms for sea-level change, such as in-
plane stress, may have been important during the Steptoean, and can pro-
duce relatively rapid sea-level changes of 10–50 m (Dewey and Pitman
1998). Sabadini et al. (1990) demonstrated that rapid true-polar-wander
episodes of about 18 per million years can also produce sea-level changes
on the order of 20–50 meters over 1 million years. Such mechanisms allow
predictions about the differential response of sea level in basins that lie on
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FIG. 8.—Carbonate d13C composite from Smithfield Canyon, northern Utah (Fig. 4; late Marjuman through early Sunwaptan) and a lower to middle Marjuman section
;100 km to the north in the Fish Creek Basin of southeastern Idaho (near Grace; inset Fig. 4). Upper Mississippi Valley relative sea-level curve is from Runkel et al.
(1998).

opposite sides of the continent or globe that can potentially be tested as
the sequence stratigraphic record of the SPICE interval is more thoroughly
documented globally.

SPICE Mechanisms: Organic Matter Burial versus Weathering

The close coincidence in time between the peak of SPICE and maximum
regression may indicate a causal connection. Excursions in the d13C of
marine carbonates on time scales longer than ;105 years result from
changes in the fraction of carbon buried as organic matter or changes in
rocks containing organic carbon or carbonate carbon that are exposed to
weathering. In addition, the sensitivity of the photosynthetic carbon isotope
effect to changes in pCO2 can modify the seawater d13C signal (Kump and
Arthur 1999). The steady-state isotopic mass-balance equation traditionally
used to interpret d13C excursions is

forg 5 (dw 2 dcarb)/DB.

The fraction of carbon buried as organic matter (forg) is calculated from
the d13C of marine carbonates (dcarb) by assuming constant d13C values
for the riverine carbon flux (dw) and the isotopic difference between car-
bonates and organic matter (DB) (Kump and Arthur 1999). Using the Phan-
erozoic average values of dw 5 25‰ and constant DB 5 30‰ from
Kump and Arthur (1999), a shift from 0‰ to 1 5‰ during the SPICE
corresponds to a doubling of forg. Simulations using the one-dimensional
ocean model of Junge et al. (1975) and Broecker and Peng (1982) as de-
veloped by Kump (1991) yield similar results. We can further calculate

that over 1019 moles of excess carbon was buried (above and beyond steady
state) during the SPICE interval using 5 3 1019 moles C/My for the long-
term riverine input (Kump and Arthur 1999) and then doubling the fraction
of this total C that was buried as organic matter (forg) for 3 My (also
assuming constant DB). A 1 5‰ d13C shift could alternatively be ex-
plained by an increase in carbonate weathering by ;70% to 90% that
increased the d13C of the riverine flux (dw). However, such a change is
unlikely without significant ice-sheet buildup over silicate terranes (con-
taining organic matter) at high latitudes, and thus excess burial of organic
matter is assumed to play the major role in the SPICE.

The burial of organic matter may increase and be sustained on a million-
year time scale in response to (1) a greater flux of phosphate from the
continents, or possibly upwelling from the deep ocean, or (2) an increase
in the carbon-to-phosphorus ratio of the organic matter that is buried
(Kump and Arthur 1999; Schrag et al. 2002). While it is possible that
phosphate-rich deposits of Late Proterozoic and Early Cambrian age were
preferentially exposed and eroded during the Sauk II–III regression, such
deposits are typically associated with large amounts of 12C-enriched or-
ganic matter that would lower riverine d13C. If enhanced production com-
bined with preferential regeneration of phosphorus relative to carbon in
organic matter underlying oxygen-poor waters (cf. Van Cappellen and In-
gall 1994) caused the SPICE, where did such environments exist?

In the modern ocean, the burial of organic matter occurs predominantly
in fine-grained siliciclastic sediments in deltaic, upper shelf, and slope set-
tings where high rates of sedimentation, nutrient fluxes, and suspended
loads of terrestrial organic matter are found (Berner 1982; Hedges and Keil
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1995). Berner (1982) showed that the organic carbon burial rate in these
environments today (;70–80% of total burial) is far greater than that cal-
culated for biogenous sediments underlying regions of high productivity,
shallow-water carbonate settings, or remaining pelagic sediments of low-
productivity regions. Recognition that the adsorption of carbon compounds
onto clay-mineral surfaces plays an important role in preservation of or-
ganic carbon (Kennedy et al. 2002) further underscores the potential im-
portance of fine-grained siliciclastic deposits in deltaic, upper shelf, and
slope settings as short-term sinks for buried organic matter. It is therefore
reasonable to look to these depositional environments for the excess organic
matter indicated by the SPICE, although the lack of an extensive terrestrial
biosphere (and thus negligible suspended loads of organic matter) in the
early Paleozoic may have shifted organic-carbon burial to other settings to
some degree.

Schrag et al. (2002) recently proposed that the high d13C values in the
Neoproterozoic were linked to extensive local anoxia in fine-grained sili-
ciclastic environments of high rates of organic-carbon burial in tropical
river systems. This resulted in more efficient phosphate recycling and high-
er carbon-to-phosphorus ratios of the buried organic matter. According to
this model, the ultimate driver for the positive d13C excursions in the Neo-
proterozoic was the relatively high percentage of continental area in the
tropics at this time, which produced maximal overlap of zones of high
productivity (upwelling) and regions of high riverine phosphorus and sed-
iment input. Although the time scale of the SPICE excursion may be less
than the Neoproterozoic shifts, continental positioning during the Steptoean
may have remained favorable for such a scenario. The trigger may have
been the Sauk II–III regression, which exposed fresh basement rock in the
interiors of cratons to weathering and produced an expanded area of fine-
grained siliciclastic environments. Such deposits extend regionally across
the Upper Mississippi Valley during the SPICE interval (latest Crepice-
phalus through Dunderbergia zones) and overlie sandstone- and carbonate-
dominated successions across much of the subsurface (Howe et al. 1972;
McKay 1988; Kurtz 1989; Runkel et al. 1998). Similar siliciclastic shelf
environments that may have existed in the Late Cambrian of Australia and
Antarctica (e.g., Shergold et al. 1985) and parts of the Middle East and
central Asia during the SPICE are more difficult to date because of a lack
of fossil control.

Significant amounts of organic matter could also have been buried in the
deep ocean, which may have been anoxic in the early Paleozoic (Wilde
and Berry 1984). An expanded area of deeper-water ‘‘black shale’’ envi-
ronments, analogous to those associated with Mesozoic oceanic anoxic
events (Arthur et al. 1987), could also have been facilitated by organic-
matter redeposition from shallow shelf regions during the Sauk II–III re-
gression. The vast areas of shallow-water carbonate production that re-
mained submerged during the Steptoean should also not be overlooked as
the sites of significant burial of organic matter during the SPICE if original
TOC values were as high as those documented in the fine-grained carbonate
muds deposited in intraplatform basins and canyons of the Bahamas (Crev-
ello et al. 1984). However, postdepositional effects that appear to system-
atically lower TOC values in ancient limestones relative to shales (Gehman
1962) make it difficult to document such a repository. Regardless of where
enhanced organic-carbon burial is hypothesized to have taken place, any
model for the coincidence of the SPICE and Sauk II–III regression must
also factor in the potential for changes in riverine d13C caused by the
erosion of newly exposed carbonate- or organic-rich deposits elsewhere.

CONCLUSIONS

Carbon isotope data from Upper Cambrian sections in northern Utah,
central Iowa, and western Newfoundland record the globally recognized
SPICE d13C event of up to 1 5‰. Peak d13C ratios are well correlated
by trilobite biostratigraphy to the middle of the Steptoean Stage (Dunder-
bergia Zone) and track the regression associated with the Sauk II–III

boundary. Regression is indicated by influxes of quartz sand into carbonate-
platform settings in all three widely separated basins and by shallowing of
carbonate environments in central Iowa and Utah. In the stratigraphic suc-
cessions of this and previous investigations, the position of the Sauk II–III
boundary based on lithologic indicators can be used to predict the peak
interval of the SPICE remarkably well and is consistent with synchroneity
of facies shifts across Laurentia controlled by eustasy. The observed pattern
of sea-level fall and peak d13C values may indicate that the SPICE is
similar to events recognized in the Late Ordovician (e.g., Kump et al. 1999)
and Silurian (e.g., Wenzel and Joachimski 1996; Azmy et al. 1998; Saltz-
man 2001, 2002). An increase in weathering rates during exposure and
erosion of the cratonal interiors likely increased the percentage of total
carbon buried as organic matter in fine-grained siliciclastic deposits in shelf
and upper slope environments during the Steptoean. Increased carbonate
weathering relative to terrigenous weathering was likely less of a factor
because of the lack of known ice sheets that could have covered up silicate
terranes containing organic matter at high latitudes.
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