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Abstract

Links between the biogeochemical cycles of carbon and sulfur are expressed in the evolving stable isotope composition of the
ocean. Carbonate rocks record the inorganic carbon isotope composition of the oceanic reservoir through geological time, along
with the sulfate sulfur isotope composition preserved as carbonate-associated sulfate (CAS). An inverse relationship exists between
the first-order carbon and sulfur records of the Paleozoic; however, the isotope curves also reveal higher-frequency variations
superimposed on the first-order (107–108 yr) trend. Because of links between carbon and sulfur cycling, high-resolution, CAS-
based S isotope data have the potential to shed essential light on the mechanisms behind carbon isotope excursions observed in the
geologic record.

Results from the Late Cambrian SPICE event at Shingle Pass, Nevada, show parallel positive C (5‰) and S (25‰) isotope
excursions, likely recording a large-scale marine organic carbon burial event with sympathetic pyrite burial. Carbon and sulfur
records from other events throughout the Paleozoic reveal different and evolving relationships. A Silurian–Devonian boundary
section at Strait Creek, West Virginia, reveals a positive C excursion of 6‰ but with an enigmatic, apparently negative S excursion
(15‰) antithetic to the C shift. By contrast, a Kinderhookian–Osagean (Early Mississippian) section in the Confusion Range, Utah,
shows invariant S isotope ratios across a C isotope excursion of 6‰. The coupling of the high-resolution C–S isotope records may
have weakened in the mid-to-late Paleozoic with decreasing sensitivity of the seawater S isotope reservoir to flux changes as the
marine sulfate concentrations increased through the Paleozoic. The progressively decreasing isotopic variability of CAS across
three positive carbon excursions suggests that the Paleozoic was transitional between a Proterozoic ocean with rapid isotopic
variability and thus low sulfate concentration and the comparatively more stable isotopic properties of a relatively more sulfate-rich
Mesozoic and Cenozoic ocean. Furthermore, the emergence of the terrestrial ecosystems during the late middle and late Paleozoic
yielded new loci of organic burial that also likely played a central role in the decoupling carbon and sulfur isotope records. Organic
carbon burial in these sulfate-limited environments occurred in the absence of significant pyrite burial.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The biogeochemical cycles of carbon and sulfur are
intimately linked through biotic and abiotic processes
occurring at or near the earth's surface (Berner, 1989).
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Relationships between the carbon and sulfur cycles are
expressed in the evolving stable isotopic properties of
the global oceanic reservoir. Perturbations in these cy-
cles, such as enhanced organic matter and pyrite burial
or accelerated weathering, can be tracked by the isotope
composition of the ocean, with sensitivity dictated by
the balance between the relative sizes of the reservoirs
and fluxes. For example, when the mass of the seawater
reservoir is low as compared to fluxes entering or leav-
ing the ocean, the reservoir is more susceptible to iso-
topic change (Bartley and Kah, 2004; Kah et al., 2004).
Over geologic timescales, the carbon isotope composi-
tion of the ocean can be recorded in carbonate minerals
found in limestones and dolostones, and the sulfur iso-
tope composition is preserved within evaporative gyp-
sum and anhydrite deposits (Holser and Kaplan, 1966;
Claypool et al., 1980; Strauss, 1997; Saltzman et al.,
1998; Veizer et al., 1999; Brand, 2004). Additional
proxies for the sulfur isotope composition of seawater,
such as carbonate-associated sulfate (CAS) and barite,
Fig. 1. Carbon and sulfur isotope curves for the Phanerozoic. Modified
greatly enhance the resolution and continuity of the
sulfur database.

Throughout the Phanerozoic there is a general first-
order inverse relationship between the carbon and sulfur
isotope records (Fig. 1; Veizer et al., 1980). This rela-
tionship has been linked to the mass-balance between
the oxidized and reduced reservoirs of the two elements
(Veizer et al., 1980; Garrels and Lerman, 1981) through
the following equation:

4FeS2 þ 8CaCO3 þ 7MgCO3 þ 7SiO2

þ 31H2O↔8CaSO42H2O þ 2Fe2O3

þ 15CH2O þ 7MgSiO3 ð1Þ

This equation provides the theoretical framework for
box models that predict changes in atmospheric pO2

through the Phanerozoic based on carbon and sulfur
isotope trends across this interval (Kump and Garrels,
1986; Berner, 1987, 2001).
from Veizer et al. (1999) and Kampschulte and Strauss (2004).
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Closer inspection of the isotope curves reveals short-
term variability in both the carbon and sulfur isotope data
superimposed on the overall first-order trends. Shorter-
term variation in the carbon isotope composition of the
ocean on the order of 106 years has been demonstrated in
many earlier studies (e.g., Saltzman et al., 1998; Kump
et al., 1999; Saltzman et al., 2000; Saltzman, 2002a,
2002b). However, only recently has variation on the
same time scales been documented for sulfur isotopes
(Paytan et al., 1998; Ohkouchi et al., 1999; Paytan et al.,
2004; Newton et al., 2004; Riccardi et al., 2006),
including patterns seen in detailed data sets for the
Proterozoic (Hurtgen et al., 2002; Kah et al., 2004;
Gellatly and Lyons, 2005; Fike et al., 2006).

This study is part of a continuing investigation exam-
ining parallel carbon and sulfur isotope records across
previously documented, 106-year perturbations in the
carbon cycle expressed as positive carbon isotope excur-
sions during the Paleozoic. Our preliminary results show
that sulfur data do track changes in the carbon cycle but
with patterns of isotopic variability that change through
time. These different responses in the sulfur isotope
record shed light on the mechanisms behind each carbon
isotope excursion. More specifically, CAS data appear to
decrease in variability across progressively younger car-
bon isotope excursions in the Paleozoic, suggesting an
increase in the oceanic sulfur reservoir spanning the
Paleozoic and/or fundamental shifts in the locus of or-
ganic carbon burial. Such trends have important impli-
cations for the evolution of oxygen in the atmosphere:
the redox history of the earth's oceans: and evolution in
the earth's biosphere, including the increasing role of
terrestrial carbon burial.

1.1. Biogeochemistry of sulfur cycle and its links to the
carbon cycle

The major input of sulfur to the ocean reservoir is
sulfate from runoff derived from the weathering of
sulfides and sulfate minerals on the continents. The
isotopic composition of this runoff reflects the com-
bined isotopic properties of the weathered constituents,
with an average modern value lying between 0–10‰
(Holser et al., 1988) relative to the +20‰ sulfur isotope
composition of present-day seawater. Other important
inputs to the ocean reservoir include magmatic sulfur
derived either from mid-ocean ridges or volcanism on
land, which also have an isotope composition of 0–
10‰. Since these higher temperature inputs are thought
to be quantitatively minor as compared to continental
runoff during the Phanerozoic, they have largely been
ignored in numerical models applied to the ocean reser-
voir during this time period (Kump, 1989; Petsch and
Berner, 1998; Berner, 2001; compare Carpenter and
Lohmann, 1997; Carpenter and Lohmann, 1999).

Removal of sulfur from the ocean occurs through two
major pathways: precipitation of sulfate minerals during
evaporite deposition and the burial of pyrite. Precipita-
tion of sulfate minerals during evaporation of seawater
has only a small associated fractionation of 0–3‰, and
therefore evaporite deposition does not impart a sub-
stantial isotope effect on the ocean reservoir (Ault and
Kulp, 1959; Thode et al., 1961, Holser and Kaplan,
1966; Raab and Spiro, 1991).

Pyrite burial is the major sink of sulfur in the modern
ocean and occurs in anoxic sediments in association with
bacterial sulfate reduction (BSR). Pyrite forms through
reactions between the hydrogen sulfide formed during
BSR and detrital iron-bearing minerals (Berner, 1970;
Berner, 1984). BSR imparts a strong fractionation be-
tween the sulfate and pyrite reservoirs by preferentially
utilizing the lighter isotope, 32S, leaving the residual
sulfate reservoir enriched in the heavier 34S. The H2S
deriving from BSR can be up to 40–45‰ depleted in 34S
relative to the parent sulfate (Harrison and Thode, 1957;
Kemp and Thode, 1968; Habicht and Canfield, 1997;
Canfield, 2001; Detmers et al., 2001). However, frac-
tionations of up to 70‰ between sulfate and pyrite in
modern and ancient environments have been explained
by redox recycling and associated disproportionation
reactions (Canfield and Thamdrup, 1994; Habicht and
Canfield, 1996, 1997, 2001; compare Brunner and Ber-
nasconi, 2005).

Despite the preferential reduction of 32S, bacterio-
genic pyrite can display broad isotope ranges, including
very positive and negative δ34S values, which track the
sulfate reservoir properties, the redox conditions, the
pathways of oxidation and disproportionation, and the
initial kinetic controls (e.g., rates of BSR) (Detmers et al.,
2001; Canfield, 2001; Habicht and Canfield, 2001).

The sulfur and carbon cycles are related through two
key processes. Continental weathering links these cycles
since it is not only a major source of sulfur to the ocean
reservoir, but also one for carbon through the weather-
ing of carbonates and organic matter. The coupled burial
of pyrite and organic matter in marine sediments also
links the sulfur and carbon cycles. There is a positive
correlation between organic matter and pyrite burial in
modern and ancient “normal” marine sediments, which
accumulate beneath oxic bottom waters (Berner and
Raiswell, 1983). This relationship seems counterintui-
tive because organic matter is oxidized during bacterial
sulfate reduction. However, in normal marine systems
organic carbon is often the limiting species for BSR and
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thus diagenetic pyrite formation. Therefore, increased
organic matter burial can enhance sulfate reduction and
pyrite burial, although iron availability also plays a role,
even under oxic depositional conditions (Berner and
Raiswell, 1983; Canfield et al., 1992).

The relationship between carbon and sulfur burial can
be fundamentally different in euxinic and terrestrial
environments, where Fe and sulfate limitations, respec-
tively, often prevail. In terrestrial systems sulfate is often
limiting, leading to low rates of BSR and thus pyrite
burial. In euxinic environments (those containing hy-
drogen sulfide in the water column), iron is often the
limiting reactant in pyrite formation. The relative extent
and magnitude of carbon burial in these different surficial
environments (terrestrial, normal marine, and euxinic)
can impact the carbon and sulfur isotope chemistry of the
ocean over geologic time.

Variability in the sulfur isotope composition of
oceanic sulfate can be used to track the balance between
evaporite deposition, pyrite burial, and pyrite and eva-
porite weathering (Berner and Raiswell, 1983). Very
positive values of δ34S in the ocean reservoir reflect
enhanced burial of pyrite, whereas δ34S values close to
the range of riverine input of 0–10‰ reflect pyrite wea-
thering with or without evaporite deposition. Because the
sulfur isotope composition of seawater is a fingerprint of
pyrite burial and weathering, comparisons of coeval
carbon and sulfur isotope records can illuminate the
mechanisms behind carbon isotope excursions present
throughout geologic time.

1.2. Isotope proxies for carbon and sulfur

The inorganic carbon isotope (δ13Ccarb) composition
of the ocean can be preserved in marine carbonates in
the geologic record (Saltzman et al., 1998; Veizer et al.,
1999; Brand, 2004). Fortunately, carbonate rocks are
abundant, allowing for relatively continuous and high-
resolution data for much of the Phanerozoic. Biogenic
calcite from pristine brachiopods is thought to be the
most reliable recorder of seawater stable isotope com-
positions (carbon, oxygen, strontium, and sulfur) (Popp
et al., 1986; Veizer et al., 1986; Carpenter and Lohmann,
1995; Veizer et al., 1999; Mii et al., 1999; Kampschulte
et al., 2001; Brand, 2004; Kampschulte and Strauss,
2004; compare Parkinson et al., 2005), but distributions
of brachiopods are rarely continuous enough to produce
complete, high-resolution, meter-scale, chemostratigra-
phic profiles over broad stratigraphic thicknesses. Given
these gaps, micritic constituents are an attractive alter-
native (Kaufman et al., 1991; Saltzman et al., 1998;
Kump et al., 1999; Saltzman et al., 2000), particularly
during the Precambrian when skeletal remains are
absent. Secondary alteration is always a concern, but
small-scale heterogeneities may be averaged in whole-
rock samples during early, low temperature diagenesis
(Saltzman et al., 1998). Also, the carbon isotope pro-
perties of carbonates are buffered to rock values during
diagenesis because of the low concentrations of carbon
in diagenetic fluids as compared to the volume of rock
(Banner and Hanson, 1990; Frank and Lohmann, 1996;
Carpenter and Lohmann, 1997).

The sulfur isotope record of ancient seawater is less
established. Past work has emphasized gypsum and
anhydrite (Holser and Kaplan, 1966; Claypool et al.,
1980; Strauss, 1997; Kah et al., 2001); however, evap-
orite deposition was episodic and highly localized
through geologic time, and gypsum and anhydrite have
a relative poor preservation potential. Evaporites are also
difficult to date due to a lack of biostratigraphically
useful fossils and material suitable for isotopic dating
and must rely on strata located adjacent to these deposits.
These factors have contributed to a fragmented, lower
resolution sulfur isotope record for the Phanerozoic and
particularly the Precambrian.

1.3. Carbonate-associated sulfate as a proxy for sea-
water sulfate

Proxies for the sulfur isotope composition of sea-
water other than gypsum and anhydrite have proven
value for refined isotopic characterizations of the an-
cient ocean. Methodologies now widely used emphasize
marine barites, trace sulfate in phosphates, and trace
sulfate in carbonates (Cecile et al., 1983; Burdett et al.,
1989; Paytan et al., 1998; Hurtgen et al., 2002; Paytan
et al., 2004; Shields et al., 2004; Gellatly and Lyons,
2005; Goldberg et al., 2005). Each approach has its
strengths and weaknesses, but none has the potential to
provide the spatial and temporal coverage afforded by
CAS.

Carbonate-associated sulfate occurs as a trace con-
stituent within carbonate minerals, substituting for the
CO3

−2 group (Takano, 1985; Pingitore et al., 1995).
Modern biogenic carbonates typically contain CAS
concentrations of 1000–10,000 ppm, and ancient lime-
stones and dolomites generally show concentrations
ranging from 0 to 1000 ppm (Staudt and Schoonen,
1995; Kampschulte et al., 2001; Kampschulte and
Strauss, 2004; Lyons et al., 2004a). The sulfur isotope
composition of CAS (δ34SCAS) in modern biogenic
carbonates and bulk micrite typically matches that of
contemporaneous seawater within 1‰ (Burdett et al.,
1989; Strauss, 1999; Kampschulte et al., 2001;
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Kampschulte and Strauss, 2004; Lyons et al., 2004a),
and δ34SCAS records are in good agreement with coeval
evaporite deposits spanning the geologic record (Burdett
et al., 1989; Strauss, 1999; Kampschulte et al., 2001;
Kah et al., 2004; Kampschulte and Strauss, 2004).

Although CAS was first analyzed for its sulfur iso-
tope composition by Ueda et al. (1987), it was not until
the pioneering study by Burdett et al. (1989) that CAS
(in Neogene calcareous microfossils) was used to gene-
rate a seawater sulfur isotope curve. To date, the CAS
proxy has been applied most extensively in studies of
the Precambrian (Ueda et al., 1991; Hurtgen et al., 2002;
Kah et al., 2004; Hurtgen et al., 2005; Gellatly and
Lyons, 2005; Goldberg et al., 2005; Fike et al., 2006),
yielding high-resolution sulfur isotope curves across
intervals generally lacking gypsum and anhydrite. Only
a few high-resolution CAS studies have focused on
Phanerozoic strata. Importantly, Kampschulte et al.
(2001) and Kampschulte and Strauss (2004) used CAS
to validate and refine the Phanerozoic marine sulfur
curve of Claypool et al. (1980) by filling in gaps within
the evaporite record. High-resolution records are
available for key intervals in the Phanerozoic including
the Permian–Triassic and Cenomanian–Turonian
boundaries (Ohkouchi et al., 1999; Newton et al.,
2004; Riccardi et al., 2006).

2. Locations and samples

To investigate the behavior of marine sulfur isotope
record and possible linkages between the carbon and
sulfur isotope systems we have looked at time intervals
that contain three well-studied, globally expressed car-
bon isotope excursions. For comparison, our study also
includes an interval lacking pronounced carbon isotope
variability. Our sampling emphasizes previously de-
scribed Paleozoic sections (Silberling et al., 1997;
Saltzman et al., 1998, 2000; Overstreet et al., 2003).
All of the sections, with the exception of Shingle Pass
location, lack previous carbon isotope analysis. No
previous sulfur isotope data were available. In most
instances, the δ13Ccarb and δ34SCAS data were generated
from the same sample.

2.1. Late Cambrian

The Upper Cambrian section exposed at Shingle Pass,
Eagan Range, Nevada, spans more than 300 m and
contains, in ascending order, the Emigrant Springs
Limestone, Johns Walsh Limestone, Corset Shale, and
Whipple Cave Formation. The Johns Wash Limestone
consists of heterogeneous carbonate facies that include
peloidal grainstones, ooid grainstones, wackestones, flat-
pebble conglomerates, and thrombolitic boundstones.
This unit lies entirely within the Steptoean Stage (see
Saltzman et al., 1998 for a detailed description of the
sedimentology). Previous work on this section docu-
mented the existence of the globally correlated Steptoean
Positive Carbon Isotope Excursion, or SPICE event,
which is bounded by two major trilobite extinctions
(Glumac and Walker, 1998; Saltzman et al., 1998; Saltz-
man et al., 2000; Cowan et al., 2005).

2.2. Early Ordovician

Samples were collected from the Lower Ordovician
Gasconade Formation located outside Jerome, Missouri.
Overstreet et al. (2003) described this section as part of a
more general investigation of cyclic carbonate facies in
the Lower Ordovician. However, no previously pub-
lished work explored the carbon isotope stratigraphy.
The Gasconade Formation at this location consists of
variable but cyclic dolomitized carbonate facies, in-
cluding peloidal grainstones, ooid grainstones, micrite
mudstones, interbedded chert nodules, chert beds, and
stromatolites. The Gasconade Formation was selected
because the Early Ordovician Ibexian Stage is devoid of
any known large carbon isotope excursions (Buggisch
et al., 2003). A lack of perturbation in the carbon cycle,
as expressed in relative carbon isotope stability, allowed
us to evaluate background CAS behavior in the absence
of pronounced carbon isotope variability. As such,
dramatic fluctuations in δ34SCAS could reflect diagen-
esis or some primary control unrelated to carbon isotope
behavior.

2.3. Silurian–Devonian boundary

The section located at Strait Creek, West Virginia,
exposes rocks of the Helderberg Group and consists, in
ascending order, of the Upper Keyser, New Creek, and
Corriganville limestones, which span the Silurian–
Devonian boundary. The Upper Keyser Limestone is
35 m thick at this location and consists mainly of
wackestone and packstone. The Upper Keyser grades
into the overlying crinoidal packstone to grainstone of
the New Creek Limestone, which spans the middle 11 m
of the section. The Corriganville Limestone is finer-
grained and comprises the upper 5 m of the measured
section. The Helderberg Group exposed at nearby
Smoke Hole, West Virginia, contains a positive inor-
ganic carbon excursion of ∼5‰, which, like the SPICE
event, has been globally correlated (Hladikova et al.,
1997; Saltzman, 2002b; Buggisch and Mann, 2004).
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2.4. Early Mississippian

The Lower Mississippian was sampled in the Confu-
sion Range, Utah. This approximately 80 meter section
spans the Kinderhookian–Osagean stage boundary. The
stratigraphy of this section, which consists entirely of
the Joana Limestone, was documented in detail by Sil-
berling et al. (1997). The lithology of the Joana at this
location is dominated by wackestones and crinoidal
grainstones and packstones (Silberling et al., 1997). The
Joana Limestone is overlain by the shaly and dolomitic
Needles Siltstone. The Kinderhookian–Osagean stage
boundary has a well-documented carbon excursion,
which correlates globally among carbonates in Belgium,
the Ural Mountains, midcontinent North America, and
other localities in Nevada (Bruckschen and Veizer,
1997; Bruckschen et al., 1999; Mii et al., 1999; Saltz-
man, 2002a; Saltzman et al., 2004).

3. Methods

Following collection of 25 to 100 g carbonate sam-
ples, the materials were cut on a water-cooled saw to
remove weathered surfaces and secondary veins. A
portion of the cut rock was set aside for analysis of
carbon isotopes for all samples other than those from the
Upper Cambrian Shingle Pass section. We microdrilled
Fig. 2. δ13C and δ34S curves CAS sulfur and carbo
freshly cut outcrop material for carbon isotope analysis
using a dental drill and emphasizing the finest-grained,
most micritic portions in an effort to avoid secondary
phases such as course spar and late diagenetic veins; the
validity of this approach is documented in Kaufman et al.
(1991), Saltzman et al. (1998), and Kump et al. (1999).

The drilled powders were roasted at 380 °C for one
hour to remove volatile phases prior to analysis. The
carbonate powders were then analyzed at the University
of Michigan stable isotope lab where they were reacted
with 100% phosphoric acid at 75 °C in an online car-
bonate preparation device (Carbo-Kiel single-sample
acid bath) connected to a Finnigan Mat 251 isotope ratio
mass spectrometer. The drilled powders from the Gasco-
nade Formation were analyzed at the University of Mis-
souri stable isotope lab using a Finnigan-Mat Delta Plus
gas source mass spectrometer with online Kiel III device
for automated C and O isotope analysis. In all cases,
carbon isotope compositions are expressed in standard
delta notation as per mil (‰) deviations from Vienna Pee
Dee Belemnite (V-PDB), with an analytical error of
0.04‰ for the Straight Creek and Confusion Range
samples and 0.02‰ for the Gasconade Formation.

We crushed the remaining samples in a shatter box to
fine powders suitable for CAS analysis. Approximately
25 to 100 g (∼60 g on average) of the fine powder from
each sample were then treated with two deionized water
nate carbon, Shingle Pass Section, Nevada.
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rinses lasting 24 hours each. These water rinses removed
any soluble sulfates that may have been present in the
rocks. After each rinse, the overlying water was care-
fully decanted. We then treated the samples in a 4%
hypochlorite solution for 48 hours to remove any
metastable sulfides and organically bound sulfur. Two
Table 1
Stable isotope data for CAS sulfur and carbonate carbon, Shingle Pass, Nev

Interval δ34S δ13C Interval δ34S
(m) (‰, VCDT) (‰, VPDB) (m) (‰, VCDT

1.4 0.82 119
2.8 0.57 123.2
4.2 0.49 126 36.9
5.6 0.24 130.2 36.5
19.6 35.6 0.32 134.4
28 0.44 137.2
30.8 0.3 138.6
35 0.66 142.8
39.2 0.02 144.2
40.6 34.5 0.45 145.6
42 0.18 147
43.4 0.1 148.4
44.8 −0.41 149.8
58.8 0.69 151.2
68.6 0.34 155.1
70 0.42 155.4
78.4 0.47 156.8
79.8 0.5 159.6
84 0.37 161
86.1 0.28 162.4
86.8 0.08 163.8
93.8 0.11 166.6
95.2 0.77 169.4
98 0.31 172.2
98.4 0.47 173.6
99.4 0.27 176.4
100.5 0.41 177.8
100.8 0.53 180.6 39.7
101 0.2 183.4
103 0.73 186.2
103.7 0.46 189
104.2 0.26 191.8
104.7 0.49 193.2 37.3
105 0.25 208.6
105.1 0.53 212.8
105.4 0.37 214.2
106 0.51 229.6
106.4 0.42 238
107 0.98 245
107.4 0.97 252 45.7
107.5 1.05 263.2
109 0.61 273
110 1.57 274.4
112.9 0.67 277.2
113.4 35.1 0.86 278.9
114.8 0.95 279
116.2 1.13 280
117.6 1.05 281.4
more deionized water rinses followed before the samples
were dissolved using 4 N HCl. The resulting sample was
centrifuged and then vacuum filtered (45 μm) to remove
the insoluble portion of the sample.

Approximately 100 mL of a saturated BaCl2 solution
(250 g/L) was added to the remaining solution to
ada

δ13C Interval δ34S δ13C
) (‰, VPDB) (m) (‰, VCDT) (‰, VPDB

1.28 282.8 3.99
1.11 285.6 26.7 4.3
1.13 286.3 4.52
1.41 287 3.95
1.42 287.7 4.34
1.55 288.4 4.1
1.52 289.8 3.17
1.59 294
1.98 295.1 4.65
1.71 295.4 4.54
2.18 296.2 4.42
2.12 296.8 4.16
1.86 298.2 3.61
1.19 299 3.85
1.92 299.6 4.09
1.93 301 3.97
1.64 302.4 3.33
2.76 304.5 33.3 2.96
2.33 304.9 3.27
2.15 306.6 3.11
2.33 308 3.7
2.33 313.6 3.06
2.38 315 2.64
2.25 316.4 32.6 2.6
2.79 320.6 29.1 2.37
2.59 322.3 3.59
2.8 322.98 32.0
3.13 323 2.4
3.18 324.8 1.66
4.19 341.6 1.11
3.11 348.6 0.68
3.23 350 26.8
2.91 355.6 0.67
3.5 364.7 0.71
3.73 376.6 21.2 0.72
4.02
4.17
3.84
4
4.65
4.23
4.04
4.35
4.43
4.02
4.2
4.19
3.86
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precipitate sulfate as BaSO4. We let the samples sit for
at least three days to ensure complete precipitation. The
BaSO4 was separated from the remaining solution via
filtration and allowed dry. The BaSO4 powders were
then homogenized and loaded into silver capsules with
excess V2O5 and analyzed for their 34S/32S isotope
ratios at the University of Indiana-Bloomington using
a Finnigan MAT 252 gas source mass spectrometer
fitted with an elemental analyzer for online sample
combustion and analysis. All sulfur isotope composi-
tions are expressed in standard delta notation as per mil
(‰) deviations from Vienna Canyon Diablo Troilite
(V-CDT) with analytical errors of less than 0.2‰.

4. Results

4.1. Late Cambrian SPICE event

A δ13Ccarb excursion was documented previously at
Shingle Pass by Saltzman et al. (1998) and is reproduced
here for comparison to our sulfur isotope data (Fig. 2,
Table 1). Carbon isotope values of approximately 0‰ in
the Emigrant Springs Limestone gradually climb from
0‰ at the base of the John Walsh Limestone to values in
excess of +5‰ over 250 m of section. The data rapidly
decrease over the upper 100 m of the section-quickly
declining in the Corset Springs Shale and leveling off at
values around 0‰ in theWhipple Cave Formation. CAS
Fig. 3. δ13C and δ34S curves for CAS sulfur and carbonate carbon, Gasconade
records a positive sulfur isotope excursion in excess of
+25‰ over the measured section. Values in the Emi-
grant Springs Limestone start at approximately +35‰
and gradually peak at +45‰ at the top of the John
Walsh Limestone. The δ34SCAS data drop dramatically
from +45‰ to +26‰ in the Corset Shale but then rise to
values around +30–33‰ in the Whipple Cave Forma-
tion. δ34SCAS in the Whipple Cave Formation then de-
clines to +21‰ over the remainder of the measured
section. Carbon and sulfur isotopes vary sympathetical-
ly over the full extent of the analyzed section, reaching
their maximum and minimum values at the same stra-
tigraphic levels.

4.2. Early Ordovician

The δ13Ccarb and δ34SCAS records of the Early Ordo-
vician Jerome Section are essentially homogenous
(Fig. 3, Table 2). Carbon isotope values range from
−1.5 to −2‰ over the entire length of the measured
section. δ34SCAS shows some minor variability over
most of the section with a maximum variation of 9‰.
This shift occurs near the base of the section with a value
of +24‰ that drops to +19‰, then increases to +28‰,
and finally drops back to values around +24‰. There is
an overall increase in the sulfur isotope values from
+24‰ to around +26‰ over the rest of the measured
section.
Formation, Jerome, Missouri. Symbol legend is provided with Fig. 2.



Table 2
Stable isotope data for CAS sulfur and carbonate carbon, Jerome,Missouri

Interval δ34S δ13C
(m) (‰, VCDT) (‰, VPDB)

1 24.0
2 22.5
3 19.7
4 26.3
5 24.8 −1.66
6 −1.67
7 28.6 −1.85
8 −1.60
9 27.0 −2.06
10 −1.79
11 27.0 −2.02
12 −1.77
13 26.2 −1.71
14 −1.74
15 27.1 −1.95
16 −1.69
17 26.7 −2.00
18 −1.97
19 24.0 −1.78
20 22.5 −1.90
21 26.8 −2.03
22 −2.04
23 25.1 −2.13
24 27.1 −1.77
25 26.2 −1.88
26 −1.76
27 26.3 −1.70
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4.3. Silurian–Devonian boundary event

The carbon isotope record at Strait Creek is similar in
magnitude to those described for other sections of the
same age in North America and Europe by Saltzman
(2002b) and Buggisch andMann (2004) (Fig. 4, Table 3).
The excursion occurs low in the section in the Upper
Fig. 4. δ13C and δ34S curves for CAS sulfur and carbonate carbon, Helderbe
Fig. 2.
Keyser, spanning from the 10 and 30 meter marks in the
measured interval. δ13Ccarb quickly peaks at values that
vary between +4 and +6‰. The carbon isotopes then fall
to +2‰ at theUpperKeyser–NewCreek contact and then
rise again to +3.7‰ in the New Creek before decreasing
gradually to +1.5‰ in the Corriganville Limestone. The
CAS data show considerable variability over the lower
half of the section, with values ranging from +10.9 to
+26.9‰. Despite these fluctuations, the δ34SCAS values
for the lower half of the section are distinctly less than
those for the upper half. Five meters from the top of the
Upper Keyser, δ34SCAS becomes considerably less vari-
able and jumps from +20‰ to +30‰ in the New Creek
Limestone. At the top of themeasured section, the δ34SCAS
values fall to approximately +25‰ in the Corriganville
Limestone. The relationship between the carbon and
sulfur isotopes is less clearly defined in the Strait Creek
section although an antithetic relationship is present; the
lowest sulfur values correspond with the peak of the
carbon isotope excursion and increase over the falling
limb of the carbon isotope excursion.

4.4. Early Mississippian event

The magnitude of the carbon isotope excursion re-
corded at the Confusion Range in Utah is consistent
with those measured in other sections of the same age in
Nevada and Europe (Fig. 5, Table 4; Bruckschen and
Veizer, 1997; Bruckschen et al., 1999; Saltzman, 2002a,
2004). δ13Ccarb values at the base of the section in the
Joana Limestone start between 0 and +1‰ and climb to
approximately +2.5‰, where they plateau. Forty meters
into the measured section the values start to increase
rapidly and by 51 m they reach +6.1‰. δ13Ccarb then
decreases to values between 0 and +1‰ over the upper
rg Group, Strait Creek, West Virginia. Symbol legend is provided with
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30 m of the Joana Limestone, with an anomalous value
of +2‰ in the uppermost sample. δ34SCAS values, un-
like the carbon isotope data, show little variation, with
maximum variation over the entire section of about 3‰
spanning from +16.8 and +19.7‰.

5. Discussion

The biogeochemical cycles of sulfur and carbon are
coupled through a network of input and output fluxes
that are linked to the ambient environmental conditions.
Because the sulfur cycle is intimately linked to the
carbon cycle through organic matter and pyrite burial
and continental weathering, examining the two isotope
Table 3
Stable isotope data for CAS sulfur and carbonate carbon, Strait Creek,
West Virginia

Interval δ34S δ13C
(m) (‰, VCDT) (‰, VPDB)

5 22.3 3.40
7 22.4 1.40
12 18.2 4.26
14.5 21.9 4.81
15 24.7 5.62
16 16.8 5.67
16.5 25.2 5.09
17 11.0 4.44
21.5 22.5 4.73
22.5 27.0 4.32
23 23.9 5.00
23.5 24.0 5.75
25.5 23.3 5.29
26.5 20.5 4.99
27 21.2 4.92
28 19.0 3.75
30 20.8 3.95
31.5 28.0 4.23
32 27.2 4.33
32.5 29.0 3.66
33.5 26.9 3.86
35 26.1 4.03
35.5 29.4 3.54
36.5 29.4
37.5 28.7 2.35
38.5 28.1 2.06
39.5 27.0 2.06
42.5 28.0 2.90
43 27.3
45 28.5 3.76
47.5 28.5 2.73
50 29.8 2.27
51 28.5 2.14
53 27.4 1.66
54 25.7 1.46
records in parallel across each of the events in our
investigation can shed light on the potential mechanisms
driving both isotope systems.

5.1. SPICE event

A relationship between the sulfur and carbon isotope
systems is apparent in the Late Cambrian Shingle Pass
section with its parallel, positive excursions in the δ34S
and δ13C records. Previously, the carbon isotope trend
was attributed to enhanced marine primary productivity
and organic matter burial, which preferentially removal
of 12C from the oceanic reservoir (Saltzman et al., 1998,
2000). In light of this previous interpretation we inter-
pret the positive δ34SCAS trend as reflecting enhanced
pyrite burial, stimulated by increased organic matter
burial during the SPICE event. The increased pyrite
burial preferentially removed 32S from the oceanic re-
servoir, resulting in the parallel, positive CAS behavior.

An interesting observation, although our data are
limited, is the possible establishment of a new baseline
in the δ34SCAS data after the event, which is shifted by
10–15‰ relative to pre-excursion values (30–35‰).
The data of Kampschulte and Strauss (2004), although
at coarser resolution, are consistent with a post-SPICE
δ34SCAS drop, but the bulk of their CAS data from
immediately after the SPICE fall around +30‰. Absent
finer sample resolution for their data, further speculation
is not warranted. Our ongoing exploration of the post-
SPICE interval is further exploring this relationship
further.

5.2. Early Ordovician record

The monotonous carbon and sulfur isotope records of
the Early Ordovician Gasconade Formation suggest that
short-term δ34SCAS variability in the Early Paleozoic is
indeed driven by perturbations in the carbon cycle. It
should be mentioned, however, that these rocks have
been heavily dolomitized. Carbonate lithologies and
vugs in the Gasconade Formation point to the possibility
of primary or very early replacement dolomite formation
within a sabkha environment, but coarse secondary do-
lomites that are likely the product late/burial dolomiti-
zation are also pervasive. Despite this, carbon isotopes
from this section match values derived from brachiopod
calcite for this same time period from a variety of North
American basins (Qing and Veizer, 1994; Veizer et al.,
1999). This consistency is to be expected, as carbon
isotopes are commonly buffered from isotopic change
due to the low amount of carbon present in secondary
fluids (Banner and Hanson, 1990; Saltzman et al., 1998;



Fig. 5. δ13C and δ34S curves for CAS sulfur and carbonate carbon, Joana Limestone, Confusion Range, Utah. Symbol legend is provided with Fig. 2.

166 B.C. Gill et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 256 (2007) 156–173
Veizer et al., 1999; Brand, 2004). It is possible that the
sulfur isotopes in the CAS have been altered or homo-
genized by later dolomitizing fluids. However, whole-
sale resetting of primary δ34SCAS seems unlikely: there
is a strong match between our δ34SCAS values and those
from Kampschulte and Strauss (2004) and the evaporite
data for the Early Ordovician complied in Strauss
(1997). Also, despite pervasive meteoric diagenesis in
the Key Largo Limestone of the Florida Keys, the
isotopic composition of CAS is buffered against isotopic
change (Lyons et al., 2004b). Such buffering may also
be true for dolomitizing fluids with low concentrations
of sulfate or with the δ34S properties of the overlying
seawater under conditions of very early dolomitization.
Our continuing work in other sections outside and
within carbon excursions will rigorously test the
integrity and local versus global relevance of the data
presented here.

5.3. Silurian–Devonian boundary event

Relationships expressed in the isotope systematics of
the Silurian–Devonian event are less straightforward than
those of the SPICE event. The CAS data do, however,
attain more-depleted δ34S values during the peak of the
positive carbon excursion; δ34SCAS values then become
more positive and uniform after the carbon excursion.
This response is opposite that of the SPICE event. One
possible mechanism for the observed carbon isotope re-
cord is theweathering hypothesis put forth byKump et al.
(1999) for the Late Ordovician positive carbon excursion.
By their scenario, a lowering of sea-level caused by
southern hemisphere glaciations exposed shallow-water
carbonate platforms to weathering. This exposure re-
sulted in an increased flux ofweathered carbonate carbon,
resulting in the positive carbon excursion.
An increased input of more 13C-enriched carbon
during a eustatic drop in sea-level could explain the
carbon excursion also seen in the Silurian–Devonian
boundary event. The mechanism for the corresponding
negative sulfur isotope shift would be enhanced pyrite
weathering from the exposed continental shelves, which
would increase the flux of δ34S-depleted sulfur to the
ocean and result in antithetic behavior between δ13Ccarb

and δ34SCAS. No evidence exists for glaciation across the
Silurian–Devonian boundary. Nevertheless, Saltzman
(2002b) cited stratigraphic data, coarsening lithologies,
and unconformities from North America basins in Okla-
homa and Nevada as evidence for a drop in sea-level
across the boundary. Buggisch and Mann (2004) noted
that the Silurian–Devonian boundary is marked by trans-
gressive sequences in Europe and Australia, which is
inconsistent with the suggested global drop in sea-level.

A second hypothesis for the carbon isotope record
across the Silurian–Devonian boundary is an organic
matter burial event (Saltzman, 2002b; Buggisch and
Mann, 2004). However, the δ34SCAS record does not
indicate parallel pyrite burial, in contrast to the SPICE
event. Buggisch and Mann (2004) argued for a combi-
nation of enhanced carbonate weathering coupled with
enhanced organic matter burial stimulated by increased
nutrient flux from weathering during the Caledonian/
Acadian orogeny. To be consistent with our isotopic
record, any enhanced pyrite burial, which may have
resulted from the increased organic matter burial, would
have been minor compared to the enhanced flux of δ34

S-depleted sulfur to the ocean. δ34S-depleted sulfate may
have been supplied from accelerated weathering during
the Caledonian/Acadian orogeny and/or from exposed,
contemporaneous shelf deposits. Additional parallel
isotope records for this time period extending further
above and below the excursion, in combination with



Table 4
Stable isotope data for CAS sulfur and carbonate carbon, Confusion
Range, Utah

Interval δ34S δ13C
(m) (‰, VCDT) (‰, VPDB)

0 0.56
1.5 1.36
3 0.97
4.5 16.9 1.82
6 17.5 1.59
7.5 2.64
9 2.45
12 2.62
15 2.51
18 2.60
21 2.87
24 2.82
27 2.41
30 2.71
33 1.59
36 19.2 3.00
39 2.86
45 16.8 5.01
48 5.46
51 6.12
54 5.67
57 5.09
60 3.40
61.5 19.6 3.52
63 2.10
64.5 1.39
66 19.7 1.77
67.5 1.60
69 1.39
70.5 0.86
72 1.14
73.5 0.74
75 0.48
76.5 1.08
78 1.36
79.5 −0.02
81 2.36
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numerical modeling, will better define the exact relation-
ship between the carbon and sulfur sources and sinks.

5.4. Synthesis of Paleozoic carbon and sulfur isotope
records

The combined high-resolution δ34SCAS and δ13Ccarb

data reveal trends in the overall evolution of the seawater
isotopic record through the Paleozoic. Maximum ob-
served variation in the sulfur isotopes over each of the
positive carbon isotope excursions decreases progres-
sively through the Paleozoic, with a maximum of 24.5‰
for the SPICE event, 18.8‰ for the Silurian–Devonian
boundary event, and 2.9‰ for the Early Mississippian
event. The decrease in sulfur isotope variability asso-
ciated with each of the carbon isotope excursions of
consistently large magnitude and direction suggests a
change in the sensitivity of the marine sulfur reservoir to
isotopic perturbation. The isotope record of the SPICE
event reveals a Late Cambrian ocean reservoir that was
sensitive to change, with large shifts in both carbon and
sulfur isotope compositions of the ocean: 5‰ and 24‰,
respectively. This parallel sensitivity may reflect the
comparatively low concentrations of both sulfate and
DIC in the Cambrian ocean—an observation for sulfur
corroborated by fluid inclusion data from evaporites
(Brennan et al., 2004) and models exploring the carbon
isotope behavior of marine carbonates from the geologic
record (Bartley and Kah, 2004). Relative to the SPICE,
the Silurian–Devonian data show a more diminished
response in the seawater sulfur isotope composition.
Maximum sulfur variability of only 15‰ coincides with
a carbon isotope event of equal magnitude to that of the
SPICE. Finally, during the Early Mississippian carbon
event, the δ34S composition of the oceanic reservoir
shows only 3‰ total variation in response to a pertur-
bation in the carbon isotope record that is equivalent to
those of the two earlier events.

We also should point out that our δ34SCAS results are
consistent with the data reported by Kampschulte and
Strauss (2004) for CAS and evaporites from the Paleo-
zoic at widely different localities (see Fig. 1). More
specifically, our data fall within the ranges represented
in their data for each time interval, and the mean values
generally match very closely. The idea of decreasing
variability over the Paleozoic observed in our data is
also manifested in the data of Kampschulte and Strauss
(2004), corroborating that our short-term trends may be
real and not simple products of diagenesis. For example,
there is no straightforward argument for why diagenetic
effects would have decreased over the Paleozoic. Also,
large isotopic differences over small stratigraphic inter-
vals are generally cited as evidence against wholesale
diagenetic resetting. Again, this shorter-term isotopic
behavior is superimposed on the long-recognized and
modeled first-order Phanerozoic trend of Claypool et al.
(1980), which is generally attributed to an overall shift
in the masses of the oxidized and reduced reservoirs of
carbon and sulfur.

Rates of sulfur isotope change can be calculated by
dividing the observed isotopic shift by the estimated
duration of each event. Durations for these events are
well constrained through biostratigraphy and are con-
sidered to be on the order of 2–4 Myrs for the SPICE
and 2 Myrs for the Silurian Devonian and Early Mis-
sissippian Events based on biostratigraphic constraints
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(Saltzman et al., 1998, 2004; Buggisch and Mann,
2004). Due to uncertainties associated with the dating of
the events we have used a broad range of ∂ts in our
calculations, which are summarized in Table 5.

The resulting rates of isotopic variability (δ34S/∂t) for
the SPICE, Silurian–Devonian, and Early Mississippian
events are summarized in Table 5. These rates are simi-
lar to those calculated by Kah et al. (2004) from δ34SCAS
trends observed for the Mesoproterozoic and Neopro-
terozoic (0.8–10‰Myr-1) using conservative estimates
for rates of sedimentation. Our maximum rates of iso-
topic change for the SPICE and Silurian–Devonian
events actually exceed those of Kah et al. (2004). Col-
lectively, these results reveal that the rapid variability
seen in the Proterozoic sulfur isotope record extends into
the Paleozoic. Younger shifts observed in the seawater
δ34S record are also not trivial. Nevertheless, Paleozoic
variability and rates are appreciably greater than those
recorded in the barite data of Paytan et al. (1998, 2004)
from the Cretaceous, which show only 5‰ spreads over
longer durations of 5 to 10 Myrs (1–0.5‰ Myr−1).

Going a step further, the Kah et al. (2004) model and
the calculated rates of isotopic change allow us to esti-
mate the concentrations of sulfate in seawater based on
the following equation:

Mo ¼ ½FwDS�=½AdMAX=At�; ð2Þ
where Mo is the mass of sulfate in the ocean, Fw is the
flux of sulfate to the ocean per year, ΔS is the
fractionation between sulfate and sulfide, and ∂δMAX/
∂t is maximum rate of isotopic change. Further details of
Table 5
Model data

∂t (Myrs) ∂δ /∂t (‰/Myr) SO4
−2 (mM)

SPICE
0.8 30.6 2.5
1 24.5 3.1
2 12.3 6.2
4 6.1 12.4

Silurian Devonian boundary
0.8 23.5 3.2
1 18.8 4.0
2 9.4 8.1
2.5 7.52 10.1

Lower Mississippian
0.8 3.6 20.9
1 2.9 26.1
1.25 2.32 32.7
2 1.5 50.5 a

a Data not included in Fig. 6.
the model are provided in Kah et al. (2004). Among the
details discussed, Kah et al. applied a factor 10
correction to their Proterozoic δ34S/∂t estimates to
account for assumed differences between the observed
and maximum rates of isotopic variability. We have not
applied this correction, instead assuming that our
observed rates approach the maximum values. To justify
this assumption, we note similarities between our
observed rates and the maximum rates that we back-
calculate from sulfate concentrations derived from
coeval fluid inclusion data (Horita et al., 2002; Brennan
et al., 2004; Lowenstein et al., 2005).

The calculated range of seawater sulfate concentra-
tions for the SPICE, Silurian–Devonian boundary, and
Early Mississippian events are summarized in Table 5
and Fig. 6. The estimated concentrations from the SPICE
and Silurian–Devonian are similar to the range of values
of 0.8 to 10.1 mM calculated by Kah et al. (2004) for the
Proterozoic, which lends to the idea that low sulfate
concentrations of the Proterozoic ocean persisted into the
Paleozoic. Not surprisingly, our calculated concentra-
tions from the SPICE and Silurian–Devonian boundary
events are very similar to the values based on fluid
inclusions marine halite reported by Horita et al. (2002),
Brennan et al. (2004) for nearby time intervals (see
Fig. 6), thus providing an independent check on our
approach.

It should be pointed out that calculations for the Early
Mississippian event for ∂ts greater than 1.25 Myr pro-
duce estimates of sulfate concentrations that are unrea-
sonable (much greater than modern value of ∼28 mM).
This result is due to the behavior of our model at low
∂δ /∂t. However, concentrations calculated from lower
∂ts are in line with fluid inclusion data from marine
halite for the Permian, the nearest time interval to our
data (Horita et al., 2002; Lowenstein et al., 2005) and
suggest durations for the event that are shorter than
those implied tentatively.

The Paleozoic record is transitional between that of
the Proterozoic ocean, with rapid sulfur isotope varia-
bility and low oceanic sulfate concentrations, and the
more muted variability of the Mesozoic and Cenozoic.
These patterns are all superimposed on the longer-term,
first-order trend that occurs on time scales of 107 to
108 years. Proterozoic high-resolution CAS and gypsum
records suggest rapid fluctuations in the seawater sulfur
isotope composition. These fluctuations are attributed to
limited availability of sulfate in the Precambrian ocean
(Hurtgen et al., 2002; Kah et al., 2004; Gellatly and
Lyons, 2005). Such deficiencies have been linked to
comparatively low pO2 in the Proterozoic atmosphere
and correspondingly muted oxidative weathering of



Fig. 6. Ranges of concentrations of marine sulfate during the Paleozoic. Our model data are in solid black compared to fluid inclusion data from
marine halite in solid grey, dashed black, and dashed grey.
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sulfides on the continents and thus flux of sulfate to the
ocean (Kah et al., 2001, 2004; Gellatly and Lyons, 2005).
Pervasive and persistent pyrite burial beneath a broadly
oxygen-deficient Proterozoic deep ocean would also play
a role (Canfield and Teske, 1996; Arnold et al., 2004;
Hurtgen et al., 2005), and subduction of pyrite buried
in deep ocean sediments may have further limited the
accumulation of sulfate in the ocean (Canfield, 2004).

One possible explanation for the apparent change in
sulfur isotope sensitivity from the Proterozoic and early
Paleozoic to the late Paleozoic, assuming roughly simi-
lar perturbations to the flux relationships, is an increased
mass of the marine sulfate reservoir. Concentration of
sulfate in the global ocean is independently suggested to
have increased through the Paleozoic based on fluid
inclusion data from marine evaporites (Horita et al.,
2002; Lowenstein et al., 2003, 2005; Brennan et al.,
2004). Our modeling efforts (Fig. 6) also suggest an
increase in the concentration of sulfate in seawater over
the Paleozoic. This increase, which might have buffered
the sulfur isotope composition despite in flux variations,
can be attributed to at least two processes:

(1) An end of deep ocean anoxia and pyrite burial.
Deep oceanic anoxia may have persisted though
the Proterozoic (Canfield and Teske, 1996; Arnold
et al., 2004) and acted as a major sink for sulfur
through the subduction of pyrite buried in deep
ocean sediments (Canfield, 2004). The loss of this
output with eventual ventilation of the deep ocean
would have facilitated the gradual buildup of sul-
fate in the oceanic reservoir over the Paleozoic.

(2) Increased pO2 in the Earth's atmosphere over the
Paleozoic. Increased pO2 in the Earth's atmo-
sphere would have increased the rates of sulfide
(principally pyrite) weathering on the continents
and the flux of sulfate into the ocean. Concentra-
tions of O2 in the atmosphere likely increased
through the Paleozoic, reaching a peak in the
Carboniferous (Berner and Canfield, 1989; Berner
and Petsch, 1998; Berner et al., 2000; Berner,
2001), reflecting the evolution, proliferation, and
burial of land plants during the middle and late
Paleozoic (Berner and Canfield, 1989). The
marked decrease in the sulfur isotope variability
and thus our calculated increase in sulfate con-
centration in Paleozoic seawater occurs between
the Silurian–Devonian boundary and the Early
Carboniferous, the interval marked by the initial
proliferation of land plants.

A second, equally intriguing explanation for the ap-
parent progressive decoupling of the carbon and sulfur
isotope records is also linked to the rise of land plants.
The burial of carbon on land would occur independent
of significant pyrite burial because of the relatively low
concentrations of sulfate in freshwater, while still driv-
ing positive carbon excursions in the ocean through



170 B.C. Gill et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 256 (2007) 156–173
enhanced removal of 12C from the global carbon cycle.
Following land plant appearance in the middle Paleo-
zoic, burial of their detritus became a large sink for
organic carbon by the late Paleozoic (Berner and Rais-
well, 1983; Berner and Canfield, 1989). Most likely all
of the above processes had a hand in producing the high-
resolution records sulfur records we observe. A combi-
nation of these controls is a possibility that we are
exploring with numerical models.

6. Conclusions

The carbon and sulfur isotope records of the Paleo-
zoic track an evolving oceanic reservoir and atmo-
sphere. During the Phanerozoic, first-order sulfur and
carbon isotope trends occurring on long time scales
show a generally inverse relationship, reflecting the
balance in the carbon and sulfur biogeochemical cycles
that regulates oxygen content in the earth's atmosphere.
Nevertheless, shorter-term variability is superimposed
on this trend, capturing changes in source–sink relation-
ships that are modulated by the size of the sulfur and
carbon oceanic reservoirs and their evolving sensitivity
to isotopic change. Early Paleozoic carbonates show a
coupling between the carbon and sulfur isotope systems,
with both sympathetic (SPICE event) and antithetic
(Silurian–Devonian boundary) relationships between
the two isotope systems. Carbonates from the Early
Ordovician may capture the behavior of the ocean
reservoir outside the influence of major perturbations in
the carbon cycle. These δ34SCAS data suggest back-
ground invariance on at least 106-year time scales-even
early in the Paleozoic. Ongoing study of other sections
stratigraphically removed from carbon excursions will
test if the observations made from the Ordovician hold
true more generally. Later records of the middle and late
Paleozoic, although also preliminary, show a decoupling
of the carbon and sulfur isotope records, which is
manifested by a sharp decrease in δ34SCAS variability
across large carbon excursions. A progressive decou-
pling of the short-term carbon and sulfur isotope sys-
tems over the duration of the Paleozoic may record an
increasing oceanic sulfur reservoir against a backdrop of
generally low DIC in the Paleozoic ocean. Also, a new
locus of organic carbon burial, the terrestrial realm,
permitted organic carbon sequestration in the absence of
significant pyrite burial. Comparison of our sulfur data
with those of other authors shows that the Paleozoic was
a time of transition from a Proterozoic ocean with rapid
isotopic variability to one with more gradual change in
the Mesozoic and Cenozoic. Importantly, our data are
among the first to document systematic (stratigraphic),
large magnitude and comparatively rapid sulfur isotope
variability in the Paleozoic ocean—all facilitated by
high-resolution sampling in a tight stratigraphic context.
Remaining challenges include the distinction between
local and global effects and sharpened mechanistic
perspectives on carbon and sulfur cycling throughout
the Paleozoic through numerical modeling of an ex-
panded data set.
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