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Despite marine geochemical records indicating widespread oxygenation of the biosphere in the terminal
Neoproterozoic Era, Late Cambrian records point to the persistence of deep-water anoxia and potential for
development of euxinic conditions. The Late Cambrian SPICE (Steptoean Positive Carbon-Isotope Excursion)
event, however, is a globally recognized chemostratigraphic marker that likely represents significant organic
carbon burial and subsequent liberation of oxygen to the biosphere. Here, we present high-resolution carbon
and sulfur isotope profiles from Early to Middle Ordovician carbonate rocks from the Argentine Precordillera
and Western Newfoundland to constrain oceanic redox conditions in the post-SPICE world. Marine C-isotope
profiles record relatively stable behavior (excursions b3‰) that is characteristic of greenhouse climates. Ma-
rine S-isotope profiles record short-term (b106 yr), rhythmic variation superimposed over a longer term
(~107 yr) signal. Substantial isotopic heterogeneity between average S-isotope values of different sections
(15–25‰) suggests the Ordovician marine sulfate reservoir was not well mixed, indicating a low marine sul-
fate concentration (likely b2 mM or less than 10%modern). Short-term variation (7‰ excursions over 1 Myr)
is consistent with a small sulfate reservoir size and is best explained by the rhythmic oxidation of a deep-
water reactive HS− reservoir. Greenhouse intervals, such as that represented by the Ordovician ocean, are
often associated with deep-water anoxia, and the presence of a persistent, deep water HS− reservoir that
is fed through bacterial sulfate reduction (BSR) is not unexpected. A broadly sympathetic relationship be-
tween carbon and sulfur isotope systems over long time scales (~107 yr) suggests that the extent of deep-
ocean euxinia was moderated by changes in organic productivity, which fueled BSR and production of re-
duced sulfide species. By contrast, short-term (b106 yr) sulfur isotope variation appears to be decoupled
from the marine carbon-isotope signal. We suggest that this apparent decoupling reflects a combination of
elevated pCO2 during greenhouse times—which acts to dampen C-isotope response—and relatively small-
scale fluctuations in organic productivity that affected the position of the marine oxycline and the balance
of HS− production and reoxidation.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Investigation of isotopic compositions recorded in sedimentary
successions suggest that, despite evidence for increased ocean–atmo-
sphere oxygenation in the terminal Neoproterozoic Era (Logan et al.,
1995; Fike et al., 2006; Halverson and Hurtgen, 2007; Ries et al.,
2009), widespread, deep-ocean anoxia persisted (Canfield et al.,
2008), and low-oxygen, low-sulfate conditions resulted in variable
euxinia across the global ocean (Wille et al., 2008; Li et al., 2010). Fur-
thermore, evaluation of marine C- and S-isotope records from Late
Cambrian successions suggests that oceanic euxinia persisted
through, and may have even increased within, the Cambrian period
(Hough et al., 2006; Hurtgen et al., 2009; Gill et al., 2011).
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Recent works by Hurtgen et al. (2009) and Gill et al. (2011) are
particularly interesting in that they examine relationships between
linked C- and S-isotope records preceding and during the time of
the globally recognized SPICE event (Steptoean Positive Carbon-Iso-
tope Excursion; Saltzman et al., 1998, 2000, 2004). The SPICE event
represents a globally correlative, 4–6‰ increase in marine δ13C and
comprises one of the most well-documented carbon-isotope excur-
sions in the Early Paleozoic. Paired C- and S-isotope analyses record
both large and rapid variation in δ13C and δ34S during this interval
and a generally sympathetic correlation between δ13C and δ34S trends
(Hurtgen et al., 2009; Gill et al., 2011). In these models, expanded an-
oxia, potentially driven by elevated organic productivity (Saltzman
et al., 2004; Saltzman, 2005), promotes an increase in bacterial sulfate
reduction (BSR) in the water column and a subsequent increase in py-
rite burial (Hurtgen et al., 2009; Gill et al., 2011). In both these stud-
ies, an increase in pyrite burial relative to organic carbon burial (i.e., a
decrease in ΔS) is also observed through this interval, which results in
C/S ratios that are substantially lower than that observed in modern
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Fig. 1. Paleozoic marine C-isotope curve (modified from Saltzman, 2005). Intervals of
carbon-isotope stability (grey boxes) are defined by restricted variability in marine
δ13C, occur during well-established “greenhouse” climates, and are interpreted to re-
flect nitrogen limitation of primary productivity in oceans that have sluggish circula-
tion and are stratified with respect to oxygen. Intervals of isotopic volatility (white
boxes) are defined by volatility in the marine δ13C record and are interpreted to reflect
intervals of more vigorous oceanic circulation, oceanic ventilation, and reduction of ni-
trogen limitation. The Late Cambrian SPICE event (Steptoean Positive Isotope Carbon
Excursion) is a globally recognized 4–6‰ C-isotope excursion (Saltzman et al., 1998;
2000) that directly precedes the Early to Middle Ordovician greenhouse interval.
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marine environments (2.8 by weight %; Berner and Raiswell, 1983).
Decreased C/S ratio, combinedwith a decrease in Mo enrichment dur-
ing the SPICE event (Gill et al., 2011), is consistent with a transient in-
crease in euxinia in the Late Cambrian Ocean.

Evidence for increased euxinia during the SPICE event is interest-
ing because it highlights the question as to whether high-magnitude
positive C-isotope excursions, such as the SPICE event, may have
had lasting effects on the composition of the marine biosphere. For in-
stance, excess carbon burial associated with the SPICE event has been
estimated at ~1019 g C (Saltzman et al., 1998). Carbon burial, howev-
er, can be linked plausibly to either an increase or a decrease in ma-
rine oxygenation. If the SPICE event was driven primarily by organic
carbon burial resulting from increased productivity by oxygenic pho-
toautotrophs in a well-ventilated water column, long-term effects
might include an increase in organic carbon burial and biospheric ox-
ygenation (Garrels and Perry, 1974; Kump and Garrels, 1986; Berner,
1987; Berner and Canfield, 1989; Canfield, 2005). By contrast, if pro-
ductivity was associated with ocean stratification and effective
decoupling of the ocean–atmosphere system (equivalent to well-
documented OAEs in the Paleozoic; Meyer and Kump, 2008), long-
term effects might include an increase in the global extent of anoxia,
an expansion of oceanic euxinia, and depletion of bioessential trace
metals (Anbar and Knoll, 2002; Saltzman, 2005). Because both ocean-
ic oxygenation and differential availability of food sources—driven by
enhanced euxinia and the effects of nutrient-limitation on the biolog-
ical pump (Butterfield, 2009)—have been linked to trends in animal
diversification (Munnecke and Servais, 2007; Martin et al., 2008;
Dahl et al., 2010), it is critical to understand what effect the SPICE
event may have had on the evolution of post-SPICE environments,
such as those that span the Great Ordovician Biodiversification
Event (GOBE; Webby et al., 2004; Harper, 2006; Servais et al., 2009).

The C-isotope record, unfortunately, provides only limited insight
into the oxygenation state of marine environments in the Early Paleo-
zoic. The Paleozoic C-isotope record is characterized by extended in-
tervals of relative isotopic stability (excursions b3‰) that alternate
with shorter intervals of isotopic volatility (excursions to 6‰;
Fig. 1). These alternating signals have been associated with changes
in oceanic circulation and nutrient availability (Saltzman, 2005). In
this model, enhanced circulation and oceanic ventilation increase
both nitrogen and phosphorus delivery to the surface oceans, result-
ing in enhanced photosynthetic productivity, organic carbon burial,
and development of large, positive δ13C excursions. By contrast, re-
stricted circulation—prevalent during greenhouse times—promotes
development of a strong oxycline and nitrogen limitation through an-
oxic denitrification, ultimately producing a negative feedback be-
tween productivity and nitrogen availability and limiting the
magnitude of C-isotope excursions (Saltzman, 2005).

In an alternative scenario, limited C-isotope variability that char-
acterizes the majority of the Paleozoic can also be explained by a
combination of high pCO2 (Berner and Kothavala, 2001; Berner,
2006) and elevated marine dissolved inorganic carbon (DIC)
(Bartley and Kah, 2004; Ridgwell and Zeebe, 2004). Because a large
oceanic DIC reservoir is resistant to short-term changes in the magni-
tude and isotopic composition of carbon fluxes into and out from the
oceanic system, elevated pCO2 conditions make perturbation of the C-
isotope record difficult (Kump and Arthur, 1999). In the Early Paleo-
zoic, diversification of skeletonized benthic marine invertebrates
would effectively couple marine carbonate and organic carbon burial
across the continental shelves and further reduce the potential for
isotopic variability (Bartley and Kah, 2004). Under these conditions,
the primary source for C-isotope variability becomes the production
of organic carbon by non-calcifying pelagic organisms (Ridgwell,
2003; Bartley and Kah, 2004). In this scenario, intervals of greater
C-isotope variability may represent a combination of lower pCO2

and enhanced extinction of skeletonizing platform organisms, which
would effectively decouple marine carbonate and organic carbon
burial, and result in increased organic carbon burial and an increased
sensitivity of the marine carbon-isotope record (Bartley and Kah,
2004).

Because the C-isotope record can provide only limited insight into
oceanic oxygenation in the Early Paleozoic, here we focus on a combi-
nation of C- and S-isotope records. Because the biogeochemical cycles
of carbon and sulfur are intimately linked, with their behavior largely
dependent upon the ambient state of biospheric oxygenation, com-
bined C–S analysis can provide unique insight into oceanic oxygena-
tion. Under relatively oxidizing conditions, organic productivity will
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be limited by availability of phosphorous (Lenton and Watson, 2000)
and inhibition of organic recycling via BSR will result in higher rates
of organic carbon burial and a greater oxygen release, ultimately driv-
ing enhanced oxidative weathering and delivery of sulfate to the ma-
rine system (Kump and Garrels, 1986; Berner, 1987; Berner and
Canfield, 1989; Canfield, 2005). Under anoxic conditions, organic pro-
ductivity will be limited by nitrogen availability (Lenton and Watson,
2000), and organic input will enhance BSR, resulting in either in-
creased pyrite burial—provided sufficient availability of Fe—or expan-
sion of oceanic euxinic conditions that may ultimately lead to a
drawdown of oceanic sulfate concentration (Garrels and Perry,
1974; Veizer et al., 1980; Garrels and Lerman, 1981). Furthermore,
generally low-sulfate concentrations inferred for the lower Paleozoic
oceans (Horita et al., 2002; Brennan et al., 2004; Hough et al., 2006;
Hurtgen et al., 2009; Gill et al., 2011; Thompson et al., in revision)
should result in a greater sensitivity of the marine S-isotope record
to biogeochemical change, and thus provide a substantially more de-
tailed view of marine geochemical processes.

Here we present high-resolution, C- and S-isotope profiles of Lat-
est Cambrian through Middle Ordovician strata from the Argentine
Precordillera (La Silla and San Juan formations) and Western New-
foundland. Deposition of these units initiated shortly after the end
of the globally recognized SPICE C-isotope event, and represents a
more than 20 Myr interval marked by relatively invariant C-isotope
composition. These strata thus provide an opportunity to test con-
trasting hypotheses regarding oceanic behavior in the aftermath of
the SPICE event and ocean anoxia during global greenhouse condi-
tions of the Ordovician period.
2. Geologic setting and biostratigraphy

2.1. Ordovician paleogeography

Cambrian and Ordovician-aged marine carbonate and siliciclastic
rocks crop out over large sections of the Argentine Precordillera
(Baldis et al., 1984; Ramos et al., 1986) and Western Newfoundland
(Williams and Stevens, 1974; James et al., 1989). Both localities record
intertidal to subtidal carbonate platform deposition in the Iapetus
ocean, thereby avoiding potential for decoupling of geochemistry be-
tween epeiric and marine water masses (Holmden et al., 1998;
Panchuk et al., 2006; Newton et al., 2011). Although the paleogeo-
graphic position of these terranes is not well constrained, biostrati-
graphic and paleomagnetic records place Western Newfoundland at
equatorial latitudes (Ross and Ingham, 1970; Hall and Evans, 1988;
L
S

B
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*
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Fig. 2. Paleogeographic reconstruction of the Early Ordovician world (modified from Scotese
tropical latitudes throughout Early and Middle Ordovician times, the Argentine Precordillera
in the Middle Ordovician. SA=South America, L=Laurentia, B=Baltica, S=Siberia, AF=A
Neuman and Harper, 1992; Cocks and McKerrow, 1993; Harper et
al., 1996) and the Argentine Precordillera atmoderately high southern
latitudes (Herrera and Benedetto, 1991; Niocaill et al., 1997) (Fig. 2).
The proximity of the Precordilleran terrane to the Gondwanan margin
is typically inferred from an increase in endemic and Baltic fauna in
the Early Ordovician (Astini et al., 1995; Harper et al., 1996), as well
as a faunal similarity to the Gondwanan Famatina Province (Vaccari,
1995; Vaccari and Waisfeld, 1994; Benedetto, 1994; Albanesi and
Vaccari, 1994). By the Middle Ordovician period, abundant bentonite
deposits associated with Famatina arc volcanism confirm proximity
to the Gondwanan margin (Astini et al., 1995). Finally, although
there are relatively few absolute chronostratigraphic constraints for
these successions (cf. Fanning et al., 2004), abundant biostratigraphic
work has provided a necessary time-correlation of these geographi-
cally widespread successions (Herrera and Benedetto, 1991; Lehnert
and Keller, 1994; Astini et al., 1995; Albanesi and Ortega, 2002).
2.2. Argentine Precordillera

Lower Paleozoic strata of the Argentine Precordillera comprise
>2500m of siliciclastic, carbonate, evaporite-bearing sedimentary
rocks, aswell as associatedmafic rocks, that record rifting of the Precor-
dilleran microcontinent from the southeast margin of Laurentia in the
Cambrian period (Thomas and Astini, 1996, 1999), its subsequent drift
across the Iapetus Ocean, and eventual docking with Gondwana in the
Middle to Late Ordovician epoch (Ramos, 1988a; Benedetto et al.,
1999). Initiation of Precordilleran docking with Gondwana is marked
by the formation of the Famatina Arc, which is the source of widespread
bentonites in Middle Ordovician strata of the Argentine Precordillera
(Huff et al., 1998). K-bentonites with ages of 469.5±3.2 Ma, 470.1±
3.3 Ma (U–Pbzircon; Fanning et al., 2004), and 464±2 Ma (U–Pbzircon;
Huff et al., 1997) suggest initiation of the pre-docking stage of the Pre-
cordillera in the Dapingian–Early Darriwilian age.

Ultimately the Precordilleran terrane was uplifted by east-
directed faulting of the Andean thrust belt in the Cenozoic (Thomas
and Astini, 1999) and currently is exposed along the western margin
of Argentina, striking north–south along the eastern margin of the
Andean mountain range between 28°45′S and 33°15′S (Ramos,
1988b; 2004) (Fig. 3A). Strata are subdivided into eastern and west-
ern tectofacies, which record carbonate, siliciclastic, and evaporite
platform deposition on the Precordilleran platform and outer plat-
form, respectively. Outer platform deposits, in particular, are com-
posed of basinal deposits containing slump features and
conglomerates containing large olistoliths (Thomas and Astini, 2007).
Gondwana

AU

AF

and McKerrow, 1990). Whereas Western Newfoundland (WN) was positioned in sub-
(AP) drifted frommid to high southerly latitudes, ultimately to collide with Gondwana
frica, AU=Australia, G=Gondwana.



Eastern Western 

Tectofacies

South
America

A
rg

en
tin

a

      50 km 

Newfoundland

Table 
Point

Cambrian

Precambrian

Table Head and
St. George groups

Allocthonous

  20 km

Guandacol

San Juan 

R
io

 S
an

 J
ua

n
Rio

 Ja
ch

ál

31°

30°

Gulf of 
St. Lawrence

Port au Port 
Peninsula

W
hi

te
 B

ay

Legend of Symbols

Legend of Symbols

1

2

3

50°

4

1   Cerro La Silla Section

2   Cerro La Chilca Section

3   Talacasto Section

4   Pachaco Section

A B

Jachál

Fig. 3. Geologic maps of Argentinian and Newfoundland sections (modified from Williams et al., 1987 and Keller et al., 1994). A) Geographic locality of Argentinian sections. Both
the La Silla and San Juan formations were sampled at the type section, Cerro La Silla. The San Juan Formation was also sampled Cerro La Chilca, Talacasto and Pachaco. B) Geographic
locality of Western Newfoundland sections. The Aguathuna Formation and Table Head Group were both sampled at Table Point.

192 C.K. Thompson, L.C. Kah / Palaeogeography, Palaeoclimatology, Palaeoecology 313-314 (2012) 189–214
2.2.1. La Silla Formation
The La Silla Formation consists of approximately 375 m of shallow,

subtidal limestone and dolostone that represent restricted carbonate
platform deposition. The base of the La Silla Formation yields cono-
donts of the C. proavus zone, indicating a Late Furongian age (Late
Cambrian; Lehnert et al., 1997) (Fig. 4). The uppermost strata yield
conodonts of the P. proteus zone, indicating a Late Tremadocian age
(Keller et al., 1994; Lehnert, 1995; Lehnert et al., 1997). The La Silla
Formation was sampled at Cerro La Silla (30°21′10″S 68°39′09″W),
where the boundary with both the underlying La Flecha Formation
and overlying San Juan Formation is exposed. The boundary between
the La Flecha and La Silla formations is marked by a 20 cm thick, dark
grey silty dolostone and a shift from cyclic stromatolitic to thrombo-
litic, cherty dolostone of the La Flecha Formation to predominantly
non-stromatolitic calcareous facies of the La Silla Formation (Keller,
1999). At the Cerro La Silla section, the La Silla Formation is composed
of calcareous peloidal and intraclast grainstone, oolites, and fine-
grained microbial laminites, with minor dolomite and chert. The
boundary between the La Silla Formation and overlying San Juan For-
mation is conformable and marked by a major transgressive surface
and the sudden appearance of facies that contain a diverse, open ma-
rine fauna (Keller et al., 1994; Keller, 1999).

2.2.2. San Juan Formation
The San Juan Formation consists of shallow subtidal deposits that

record open ocean carbonate platform deposition. The base of the San
Juan Formation yields conodonts of the P. elongatus-deltifer zone, in-
dicating a Late Tremadocian–Early Floian age (Lindström, 1971;
Löfgren, 1978, 1996). The uppermost strata yield conodonts of the E.
suecicus zone (Lindström, 1971; Löfgren, 1978, 1996) indicating a
mid-Darriwilian age (Fig. 4). The San Juan Formation is lithologically
heterogeneous, consisting of fossiliferous mudstone and wackestone,
nodular wackestone, oncolitic packstone, and reef boundstone. The
top of the San Juan Formation is time-transgressive (Astini, 1995); it
is conformably overlain by deep-water shale of the Gualcamayo For-
mation (Fig. 5), by mixed carbonate to shale deposition of the region-
al Las Chacritas and Las Aguaditas formations (not pictured), and is, in
places, unconformably overlain by Silurian-aged strata. The San Juan
Formation was sampled at its type section, Cerro La Silla. At Cerro
La Silla, the uppermost San Juan Formation is absent, and was sam-
pled at the nearby Cerro La Chilca section (Fig. 3A). At Cerro La Chilca,
uppermost San Juan strata consist of interbedded shale and lime-
stone, yielding conodonts of the E. suecicus zone, and mark the con-
formable transition to the overlying Gualcamayo Formation.
Incomplete sections of the San Juan Formation were also sampled at
Talacasto and Pachaco (Fig. 3A). In these sections substantial faulting
and duplication prohibited measurement of their lower sections. The
San Juan Formation at both Talacasto and Pachaco are unconformably
overlain by Silurian-aged green shale (not pictured). The Cerro La
Chilca, Talacasto, and Pachaco sections also contain discrete K-
bentonites in the upper portion of exposed San Juan strata. Several
bentonites in the Talacasto have been dated using U–Pb zircon tech-
niques and give ages that range from 470.1±3.3 Ma to 469.5±
3.2 Ma (Fanning et al., 2004). Similarity in age to a porphyritic rhyo-
lite from the Famatinian magmatic arc links these bentonites to
Famatina volcanism and initial docking of the Precordillera to Gond-
wana (Fanning et al., 2004).

2.3. Western Newfoundland

Over 2500 m of Early Paleozoic strata exposed in the Humber Zone
of Western Newfoundland (Fig. 3B) record the development and de-
mise of a long-lived passive margin (Stenzel and James, 1987; James
et al., 1989). Early Cambrian rifting resulted in predominantly silici-
clastic deposition that shifted to predominantly carbonate deposition
by the Late Cambrian epoch. Strata of the Aguathuna Formation and
Table Head Group represent carbonate platform deposition during
marine transgression (James et al., 1989; Knight and Cawood, 1991)
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and rapid drowning of the carbonate platform in the early stages of
the Taconic orogeny (Stenzel et al., 1990).

2.3.1. The Aguathuna Formation
The Aguathuna Formation represents the uppermost St. George

Group and is generally reported to be approximately 70 m thick. It
is composed primarily of dolostone deposited in a shallow-water, re-
stricted setting. The base of the Aguathuna Formation yields cono-
donts considered equivalent to the P. fruticosus zone (Williams et
al., 1987) indicating a mid-Floian age (Fig. 4). The upper Aguathuna
Formation correlates with the Orthidiella brachiopod zone (Early
Dapingian; Williams et al., 1987), suggesting the Floian–Dapingian
boundary lies in the upper part of the Aguathuna Formation. For
this study, the entire Aguathuna Formation (76 m) was sampled at
Table Point (50°22′22″ N, 57°31′44″ W) (Fig. 3B). Here, the
Aguathuna Formation conformably overlies the Catoche Formation
and is unconformably overlain by the Table Point Formation. At
Table Point, the boundary between the Aguathuna Formation and
overlying Table Head Group is marked by an abrupt change from
coarsely recrystalline, buff-colored dolomite to dark grey lime mud-
stone and wackestone.

2.3.2. The Table Head Group
Table Head Group was also sampled at Table Point, where it com-

prises ~300 m of bioturbated, fossiliferous wackestone and pack-
stone. These deposits yield conodonts from the H. tableheadensis to
P. anserinus zone that span the Dapingian to late Darriwilian
(Stouge, 1982; Williams et al., 1987) (Fig. 4). At Table Point, the
Table Head Group is divided into the Table Point, Table Cove, and
Black Cove formations, which represent subtidal shelf deposition in
increasingly deepening marine environments (Jacobi, 1981; Stouge,
1982; Knight et al., 1991). The Table Point Formation represents the
lower 250 m and consists of a homogeneous succession of subtidal,
limestone, comprised of bioturbated wackestone and packstone
with intercalated lime mudstone and peloidal grainstone (Klappa et
al., 1980; this study). The Table Point Formation is conformably over-
lain by the Table Cove Formation that consists, where sampled, of in-
tercalated limestone and shale, with distinct intervals of slumping.
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Interbedded limestone and shale give way upsection to predominant-
ly black shale of the upper Table Cove and overlying Black Cove for-
mations (Stenzel et al., 1990), which were not sampled for this study.

3. Methods

3.1. Petrographic screening

Prior to isotopic and elemental analyses, samples were evaluated
using standard petrographic and cathodoluminescence (CL) tech-
niques (Hemming et al., 1989; Kaufman et al., 1991; Kah et al.,
1999; Frank et al., 2003; Bartley et al., 2007) to evaluate secondary al-
teration that may affect the interpretation of geochemical profiles.
Mirror-image slabs of samples were cut using a water-cooled rock
saw and made into thin and thick sections for petrographic and CL
analysis, respectively. Petrographic analyses were used to character-
ize carbonate fabrics and to identify primary and secondary phases.
Past studies have demonstrated that primary depositional phases,
particularly micritic and fine-grained microsparitic fabrics, that
show little evidence of secondary recrystallization, often preserve
geochemical signatures that show little evidence of overprinting by
diagenetic fluids (Kaufman et al., 1991; Frank et al., 1997; Bartley
et al., 2007). By contrast, coarsely recrystallized fabrics and secondary
phases, such as spar-filled fractures and voids, commonly preserve a
geochemical signal related to post-depositional fluid flow. Combined,
such data permit careful evaluation of the range of geochemical sig-
natures retrieved from samples and interpretation of the degree of
diagenesis that samples have undergone.

Petrographic analyses show that, on the whole, the Argentina and
Newfoundland sections are comprised primarily of variably fossilifer-
ous wackestone, packstone, and grainstone that contain abundant
micritic and fine-grained microsparitic components (Fig. 6). Petro-
graphic fabrics of the Table Head Group are lithologically homogenous
compared to the Argentina sections, which contain a variety of grain-
stone fabrics and more poorly fossiliferous mudstone facies. Petro-
graphic fabrics preserved in these successions are consistent with
deposition in predominantly peritidal (La Silla Formation) to subtidal
(San Juan Formation) marine environments, and show little evidence
of non-marine depositional or diagenetic phases. A noted exception is
represented by discrete horizons within the peritidal La Silla Forma-
tion that contain primary depositional phases consisting of coarse-
grained, equant spar (i.e., fenestrae within microbial to peloidal
strata) that are consistent with cement precipitation from meteoric
fluids during subaerial exposure. A second exception is represented by
distinct veins of coarse-grained, euhedral, fabric-obliterative dolomite
within the Aguathuna Formation. These veins commonly cross-cut
bedding and represent late-stage dolomitization under high temperature,
deep-burial conditions (Azmy et al., 2008), and indicate substantial
potential for diagenetic overprinting of geochemical signals.

In addition to standard petrographic analysis, cathodolumines-
cence petrography was used to diagnose the potential for alteration
within primary and secondary phases. Luminescence in carbonate
minerals is activated by the presence of Mn2+ in the carbonate lattice
and suppressed by the presence of Fe2+ (Hemming et al., 1989). Be-
cause both Mn2+ and Fe2+ are incorporated in carbonates either dur-
ing deposition from or dissolution and re-precipitation within
diagenetic fluids, evidence for incorporation via CL analysis provides
a quick measure of the degree of alteration (Brand and Veizer,
1980; Veizer, 1983; Banner, 1995). Caution must be taken, however,
since previous studies have shown that CL need not accurately reflect
the true extent of geochemical alteration (Rush and Chafetz, 1990;
Marshall, 1992; Savard et al., 1995), andmight also reflect primary in-
corporation of Mn or Fe from unusual marine fluids. All samples were
examined under vacuum (50–80 mTorr) using a Luminoscope catho-
doluminescence system at the University of Tennessee.

On the whole, CL analyses revealed dully luminescent, fine-
grained limestones with occasional brightly luminescent, spar-filled
fractures and voids. A noted difference between the Newfoundland
and Argentina sections is the relative luminescence of fossil frag-
ments. In the Argentina sections, fossil fragments tend to be more
variable in both their microfabric preservation and their lumines-
cence, whereas in the Newfoundland sections, fossil components
tend to have better fabric preservation but are more brightly lumines-
cent than the matrix, suggesting the potential for either a greater de-
gree of post-depositional recrystallization or primarily enhanced Mn
incorporation. Additionally, the La Silla Formation is notably more
dully luminescent than the other sections.

After petrographic evaluation, selected regions of polished thick
sections were micro-sampled using 0.5 mm dental drill bits attached
to a micro-drill press. Petrographically uniform phases were drilled to
retrieve 2–5 mg of powder to be used as splits for the C- and O-
isotope and elemental analyses. When possible, a range of fabrics
was sampled in order to compare the geochemical properties of
both primary and secondary phases.
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Fig. 6. Characteristic microfabrics of Ordovician strata, Argentina and Newfoundland. A) Peritidal facies of the La Silla Formation are dominated by peloidal and microbial intraclastic
carbonate containing abundant fenestrae filled with equant calcite cements. B) Oolitic intraclastic grainstone of the La Silla Formation. C) Erosional surface in fossiliferous wack-
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E) Coarsely crystalline, fabric destructive dolomite of the Aguathuna Formation showing fractures modified by secondary dissolution. F) Finely crystalline microspar within sparsely
fossiliferous wackestone of the Table Head Group, showing minor shelter porosity and superb preservation of fossil microstructures. Field of view is 6.9 mm in A, B, C, and F;
2.74 mm in E; and 1.37 mm in D.
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3.2. Major and trace element analyses

Micro-drilled carbonate phases were analyzed for major (Ca, Mg)
and trace (Sr, Mn, Fe) element concentrations in order to aid in eval-
uation of potential diagenetic alteration. Approximately 1 mg of
microdrilled powder was dissolved in 10 ml of trace metal grade 2%
HNO3, agitated, then left overnight to assure complete dissolution.
To remove any insoluble material that may clog intake tubing during
analysis, each sample was centrifuged for 10 min at 3000 rpm and the
top ~9 ml decanted into a clean centrifuge tube. Centrifuging was re-
peated as necessary to ensure removal of visible insoluble material.
Elemental analyses for the San Juan Formation and Table Head
Group were conducted at the University of West Georgia using a
Perkin-Elmer inductively coupled plasma optical emission spectrom-
eter (ICP-OES) fitted with a Meinhardt concentric nebulizer calibrat-
ed to a series of gravimetric standards. Elemental analyses of the La
Silla Formation were completed at the University of Tennessee
using a Perkin-Elmer Optima 2100 DV ICP-OES with a Scott spray
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chamber. All analyses were calibrated using a series of gravimetric
standards that were run before and after every six unknowns. Ana-
lyses were determined to be reproducible to within ±10% by analysis
of standards and duplicate samples.

3.3. Total organic carbon concentration (weight % TOC)

Total organic carbon concentration was determined using a UIC,
Inc. carbon dioxide coulometer with a combustion apparatus at the
University of Tennessee. Five grams of whole-rock powder was acid-
ified overnight using 10% HCl to dissolve carbonate components.
Samples were then rinsed with at least 1 L of Milli-Q water until fil-
trate reached a pH >6 to ensure removal of chlorine. Insoluble resi-
dues were dried for 24–48 h at 30 °C, then hand-ground to a fine
powder. 150–200 mg was then loaded into pre-cleaned and dried
porcelain boats. Each sample was combusted between 900 and
1000 °C for 11 min to ensure complete combustion. CO2 resulting
from combustion was then measured via coulometric titration. Ana-
lytical error was determined to be b0.1% by duplicate sample and cal-
cite standard analyses.

3.4. C- and O-isotope analyses

Approximately 1.0 to 1.5 mg of powder from microdrilled carbon-
ate phases was loaded into silver caps, reacted with anhydrous phos-
phoric acid at a reaction temperature of 120 °C, and cryogenically
distilled using a Carbo-Flo automated sampler attached to a duel
inlet Finnigin MAT Delta Plus gas source isotope ratio mass spectrom-
eter at the University of Tennessee. Data are reported in delta nota-
tion as per mil (‰) deviations from Vienna Pee Dee Belemnite
(VPDB). Analyses were determined to be reproducible to within
±0.1‰ from analysis of duplicate and internal lab standards. Two in-
ternal standards were used for isotope calibration, Chihuahua calcite
(CHCC; δ13C=+1.35‰, δ18O=−6.16‰ at 25 °C) was used for ana-
lyses of the Table Head Group and San Juan Formation, and Australian
National University “M1” (ANU-M1: δ13C=−10.66‰, δ18O=
−9.23‰ at 25 °C) was used for analyses on La Silla and Aguathuna
formation samples.

3.5. Sulfur extraction and isotope analyses

δ34SSO4 profiles were constructed using carbonate-associated sul-
fate (CAS). CAS substitutes into the carbonate lattice during carbonate
precipitation and is regarded as a reliable proxy for marine sulfate
δ34S (Burdett et al., 1989; Strauss, 1999). For instance, in the modern
ocean, the isotopic composition of CAS (δ34SCAS) of brachiopod shells
(+21.2±0.8‰) has been shown to record mean ocean δ34SSO4
(+20.9±0.5‰) (Kampschulte et al., 2001). In ancient sediments,
CAS has been demonstrated to be isotopically similar to coeval evap-
orite deposits (Burdett et al., 1989; Strauss, 1997; Kah et al., 2001).
Additionally, δ34SSO4 has been shown to be resistant to diagenetic al-
teration and retain a record of primary δ34SSO4 despite large drops in
sulfate concentration during diagenetic recrystallization (Lyons,
2004; Gill et al., 2008).

CAS was extracted using acid dissolution and barite precipitation
methods modified from Burdett et al. (1989), Kah et al. (2001), and
Hurtgen et al. (2002). Approximately 200 g of bulk rock was
first etched with 10% HCl to remove surface weathering products,
then crushed and powdered. Approximately 100 g of powdered sam-
ple was soaked overnight in 250 ml of 5.65–6% laboratory grade sodi-
um hypochlorite (NaOCl), rinsed four times with Milli-Q water
(typically 1.0–1.5 L), and filtered. An initial NaOCl leach is necessary
to remove soluble iron sulfide and organically bound sulfur that
might oxidize to sulfate during acidification (Burdett et al., 1989)
and was completed although the potential for organically bound sul-
fur is low in ancient samples. Geologically ancient samples typically
have low concentration of preserved organic carbon (b0.6 wt.%;
Table 6) and the organic material is dominantly kerogen, which sug-
gests that most labile organic components containing organically
bound sulfur have long since degraded and are not likely to have con-
tributed to sulfur fractions analyzed in this study.

Approximately 50–100 g of dried and weighed samples was dis-
solved slowly with up to 600 mL of 3 N hydrochloric acid. Dissolution
was monitored to maintain a pH>3 to prevent the exchange of oxy-
gen between sulfate and water and to minimize pyrite oxidation
(Chiba and Sakai, 1985). Samples were then filtered to remove insol-
uble and undissolved residue. The filtrate was then brought to a pH of
9 using sodium hydroxide (NaOH) pellets to precipitate any dissolved
iron oxides, and filtered. Approximately 140 mL of saturated barium
chloride solution (250 g/L) was added to the filtrate to recover CAS
as barium sulfate. The reaction was allowed to continue overnight
at room temperature to ensure complete precipitation. Barium sulfate
precipitate was then filtered using 0.45-μm Millipore filters, dried at
30 °C, and weighed. Sulfate concentration was estimated from weight
measurements of barium sulfate precipitate from extraction.

For S-isotope analyses, 1.5–2.0 μg of BaSO4 was weighed into tin
cups along with excess V2O5 (~10× weight to ensure complete com-
bustion). Samples were analyzed for δ34S using a Finnigan MAT 252
gas source mass spectrometer fitted with an elemental analyzer at In-
diana University. S-isotope composition is expressed as per mil (‰)
deviation from Vienna Canyon Diablo Troilite (VCDT). Analytical pre-
cision was determined to be ±1‰ by analysis of four lab standards,
ERE Ag2S (−4.7‰), EMR Cp (+0.9‰), NBS 127 (+20.3‰), and PQB
(+39.8‰).

4. Results and interpretation

Geochemical results are presented in Tables 1–6 and presented in
Figs. 7, 8, and 9.

4.1. Geochemical signals of alteration

It is important to constrain the degree to which carbonate rocks
have been altered to establish whether geochemical trends are likely
to be representative of syndepositional oceanic values (Given and
Lohmann, 1985; Zempolich et al., 1988; Carpenter et al., 1991;
Frank and Lohmann, 1996; Kah, 2000). Primary depositional fluids,
whether at the seafloor or meteoric in origin can result in the produc-
tion of sedimentary grains and the precipitation of primary cement
phases. Primary depositional components, such as skeletal grains,
micrite, and marine cements, have the potential to retain signatures
of these depositional fluids. However, all secondary fluids—from the
seafloor, to early diagenetic influx of meteoric fluids, to deep-burial
fluids, to fluids involved in modern weathering—also have the poten-
tial to result in dissolution and recrystallization of carbonate phases.
Of these, only stabilization of carbonate phases by syndepositional
marine fluids may result in recrystallization at high water:rock ratios
that may still preserve marine geochemical signals. In all other cases,
preservation of marine signals will reflect the relative composition of
water and rock and the degree of water:rock interaction (Banner and
Hanson, 1990).

Relative to marine carbonate rocks, meteoric fluids typically have
low Sr concentration and more depleted δ18O and δ13C-isotope com-
positions. Similarly, anoxic fluids may contain substantially higher
concentrations of redox-sensitive divalent ions, such as Mn and Fe,
as well (Brand and Veizer, 1980; Banner and Hanson, 1990). Numer-
ous studies have shown that, because of the low carbon content of
most diagenetic fluids, δ18O, Sr, Mn and Fe are much more sensitive
indicators of post-depositional alteration, especially at low water to
rock ratios (Banner and Hanson, 1990). Alteration of δ13C, however,
can occur during diagenesis if fluids contain large amounts of dis-
solved inorganic carbon from the remineralization of organic carbon



Table 1
Range of isotopic compositions and elemental concentrations recorded in the La Silla Formation, Argentina.

Sample Strat. heighta

(m)
Age
(Myr)

δ13C
(‰ VPDB)

δ18O
(‰ VCDT)

δ34S Mg/Ca Mn
(ppm)

Fe Sr

LS-1 1 491.0 −1.0 −4.8 19.1 0.48 10 406 248
LS-9 9 490.7 −0.4 −9.1 16.3 0.00 0 11 111
LS-18 18 490.4 −0.4 −9.3 17.0 0.01 0 216 273
LS-30 29.5 490.0 0.5 −9.4 11.6 0.00 0 103 150
LS-39 38.5 489.8 0.3 −9.0 13.4 0.01 0 168 156
LS-48 47.5 489.5 0.7 −7.8 11.0 0.00 0 149 152
LS-58 57.7 489.1 −1.0 −8.7 16.1 0.01 0 91 136
LS-67 66.7 488.9 −0.1 −7.6 11.2 0.01 0 4 148
LS-78 78 488.5 −1.0 −9.1 13.9 0.00 0 118 158
LS-87 87 488.2 0.3 −7.8 17.3 0.01 0 127 164
LS-96 96 487.9 −0.2 −8.2 10.1 0.00 0 148 187
LS-105 105 487.6 −0.9 −7.8 18.8 0.01 0 74 186
LS-120 120 487.1 −1.7 −7.7 17.9 0.00 0 100 190
LS-131 130.5 486.8 −1.6 −7.9 18.7 0.01 0 378 315
LS-149 149.3 486.2 −0.4 −8.2 15.6 0.00 0 40 290
LS-159 158.3 485.9 −1.6 −7.7 17.4 0.00 0 0 209
LS-167 167.3 485.6 −1.1 −7.7 11.7 0.00 0 122 287
LS-176 176.3 485.3 −1.3 −7.9 19.9 0.00 0 90 246
LS-185 185.3 485.0 −1.0 −8.4 18.5 0.00 0 112 182
LS-199 199 484.6 −0.8 −7.6 13.1 0.00 0 10 204
LS-217 217 484.0 −1.1 −8.3 19.5 0.00 0 18 158
LS-227 226.8 483.7 12.2 0.00 0 30 166
LS-236 235.8 483.4 −0.8 −8.7 15.3 0.00 0 31 177
LS-246 245.6 483.1 0.3 −7.5 14.9 0.00 0 228 159
LS-255 255.4 482.8 −0.3 −8.1 17.3 0.00 0 0 183
LS-264 264.4 482.5 −1.1 −8.0 17.0 0.01 0 158 232
LS-273 273.4 482.2 −0.9 −7.6 20.1 0.00 0 132 201
LS-282 282.4 481.9 −1.4 −8.1 19.0 0.00 0 40 440
LS-291 291.4 481.6 −1.5 −8.5 13.4 0.00 0 0 177
LS-300 300.4 481.3 −1.6 −7.5 19.8 0.01 0 179 203
LS-309 309 481.0 −1.3 −8.2 18.3 0.01 0 50 209
LS-318 317.6 480.8 −0.7 −9.0 16.6 0.01 0 86 258
LS-327 326.6 480.5 −1.6 −9.0 16.6 0.00 0 21 210
LS-337 336.6 480.2 −1.6 −7.8 15.0 0.01 0 198 168
LS-346 345.5 479.9 −1.1 −8.0 15.7 0.00 0 130 139
LS-355 354.5 479.6 −0.8 −7.8 15.6 0.01 0 98 132
LS-364 363.5 479.3 −1.0 −7.2 12.3 0.00 0 128 158
LS-373 372.5 479.0 0.0 −7.8 15.3 0.00 0 107 273

a Stratigraphic height is cumulative based on measured section and carbon-isotope correlation of individual sections.
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(Brand and Veizer, 1980; Banner and Hanson, 1990; Derry, 2010). To
help constrain the degree of alteration and the potential for preserva-
tion of C- and S-isotope trends, we compared petrographic character-
istics (optical and cathodoluminescence) to geochemical (Mn, Sr,
δ13C and δ18O and δ34S) characteristics.

4.1.1. δ18O and trace element data
The majority of δ18O values of primary depositional phases fall be-

tween −9 and −5‰, with a mean value of −7‰ and standard devi-
ation of 1.2‰ (Fig. 7A). δ18O values from the La Silla and Aguathuna
Formations broadly overlap and represent the most depleted isotopic
values (−10 to −7‰), whereas the San Juan Formation preserved
the least depleted isotopic values (−7 to −5‰). δ18O values from
the Table Head Group are intermediate and fall within a relatively
narrow range (−8 to −6.5‰). Most of these values fall within the
range of data from other well-preserved, non-evaporative carbonate
units in the Paleozoic (−9 to −5‰) (Wadleigh and Veizer, 1992;
Qing and Veizer, 1994; Veizer et al., 1999). Since O-isotopes are easily
exchanged during diagenesis, δ18O values more positive than−9‰ in
depositional phases that show little petrographic evidence of recrys-
tallization are generally interpreted to represent minimal water–
rock interaction (Banner and Hanson, 1990; Wadleigh and Veizer,
1992; Qing and Veizer, 1994). Generally depleted O-isotope values
in the La Silla Formation are interpreted to reflect minimal water–
rock interaction associated within interaction with meteoric fluids,
and precipitation of early diagenetic fenestral void fills. By contrast,
extensive fabric-obliterative dolomitization and the occurrence of
the isotopically lightest δ18O values in the Aguathuna Formation are
consistent with a greater degree of diagenetic overprinting by post-
depositional fluids. These results are consistent with Azmy et al.
(2008), who correlated depleted O-isotope values in the Aguathuna
Formation to coarse-grained recrystallization fabrics to fluid inclusion
data that indicated deposition from high temperature, saline brines.

More positive O-isotopic values in the San Juan Formation suggest
this section may represent a slightly lesser degree of post-
depositional alteration or higher degrees of evaporation of primary
marine fluids, although the presence of open marine facies does not
support the latter interpretation. Another possibility is that generally
heavier values in the San Juan Formation preserve secular change in
the isotopic composition of marine δ18O, such as that inferred from
previous studies of Ordovician brachiopods, which show δ18O values
generally increasing through the Ordovician epoch (Wadleigh and
Veizer, 1992; Qing and Veizer, 1994; Veizer et al., 1999). O-isotope
values in those studies are derived from brachiopod shells that meet
stringent criteria for quality of preservation (well-preserved micro-
fabrics, high Sr and Na and low Mn and Fe concentrations; Banner
and Hanson, 1990). Additional arguments for a diagenetic control of
δ18O variation are refuted by Veizer et al. (1999) since variation is ob-
served in geologically disparate basins and because these samples
also preserve other, globally correlative isotopic trends (87Sr/86Sr,
δ13C). Mechanisms driving δ18O variation, however, are still under
debate. Sea surface temperature, extent of glacial ice and high-
temperature interaction with ocean crust have all been considered
as potential mechanisms of δ18O variation (Wadleigh and Veizer,



Table 2
Range of isotopic compositions and elemental concentrations recorded in the Cerro La Silla section of the San Juan Formation.

Sample Strat. heighta

(m)
Age
(Myr)

δ13C
(‰ VPDB)

δ18O
(‰ VCDT)

δ34S Mg/Ca Mn
(ppm)

Fe Sr

SJ-0 375.2 479.0 −0.6 −8.4 15.3 0.00 8 8 200
SJ-8 382.7 478.8 −0.5 −7.2 17.1 0.00 9 42 196
SJ-15 390.2 478.6 −0.7 −6.7 18.3 0.00 12 81 277
SJ-23 397.7 478.4 −1.1 −6.9 23.5 0.01 12 76 279
SJ-31 405.8 478.1 −0.7 −5.9 19.6 0.01 14 71 251
SJ-39 413.7 477.9 −1.5 −6.6 19.0 0.01 17 123 257
SJ-46 421.2 477.7 −1.2 −6.7 21.7 0.01 13 91 303
SJ-55 429.7 477.5 −2.5 −6.7 23.3 0.01 24 203 299
SJ-62 437.2 477.2 −2.4 −6.2 14.9 0.01 21 92 271
SJ-70 444.7 477.0 −1.4 −7.0 21.2 0.01 76 718 291
SJ-77 452.2 476.8 −0.9 −6.6 25.3 0.00 107 1119 277
SJ-85 459.7 476.6 −0.9 −6.9 23.8 0.00 232 1652 281
SJ-92 467.2 476.4 −0.8 −6.7 24.5 0.01 214 1637 309
SJ-100 474.7 476.2 −0.8 −6.4 20.2 0.00 121 1455 303
SJ-107 482.2 476.0 −0.5 −6.6 23.9 0.00 184 1251 315
SJ-115 489.7 475.8 −0.7 −6.6 0.01 210 2144 312
SJ-116 491.2 475.7 −0.8 −5.9 26.5 0.01 158 1252 255
SJ-124 498.7 475.5 −1.1 −6.6 26.6 0.00 491 1025 425
SJ-131 506.2 475.3 −0.7 −6.6 25.5 0.01 182 1556 307
SJ-139 513.7 475.1 −0.3 −6.4 20.7 0.01 206 1332 291
SJ-146 521.2 474.9 −0.4 −6.1 22.0 0.01 194 1523 308
SJ-154 528.7 474.7 −0.3 −6.1 27.6 0.01 201 1207 300
SJ-162 536.2 474.4 −0.3 −5.6 23.8 0.00 340 977 233
SJ-169 543.7 474.2 0.0 −6.1 0.01 312 1477 313
SJ-176 551.2 474.0 −0.1 −5.9 21.5 0.00 294 862 262
SJ-184 558.7 473.8 −0.2 −6.0 26.7 0.01 232 943 321
SJ-191 566.2 473.6 −0.2 −5.8 25.0 0.00 186 855 280
SJ-199 573.7 473.4 −0.1 −6.1 0.00 43 229 179
SJ-206 581.2 473.2 −0.2 −6.2 22.5 0.01 167 572 285
SJ-214 588.7 473.0 0.0 −6.0 23.7 0.01 223 1201 274
SJ-221 596.2 472.7 −0.3 −6.2 26.3 0.01 148 1114 269
SJ-229 603.7 472.5 −0.9 −6.5 22.2 0.01 178 1281 261
SJ-236 611.2 472.3 −0.3 −5.9 15.5 0.00 106 217 324
SJ-246 621.4 472.0 −0.6 −5.7 20.2 0.01 81 290 347
SJ-253 628.9 471.8 −0.4 −5.9 17.1 0.01 70 274 345
SJ-261 636.4 471.6 −0.7 −5.9 24.2 0.00 255 1301 270
SJ-269 643.9 471.4 −0.5 −5.7 16.8 0.01 110 321 332
SJ-277 651.7 471.2 −0.5 −6.0 19.7 0.01 158 780 314
SJ-284 659.2 471.0 −0.6 −5.6 23.7 0.00 211 556 295
SJ-292 666.7 470.7 −0.5 −5.6 0.02 218 691 327
SJ-299 674.2 470.5 −0.6 −5.2 19.7 0.01 190 655 287
SJ-307 681.7 470.3 −0.6 −5.1 19.6 0.01 180 532 334
SJ-316 690.7 470.1 −0.7 −5.5 15.6 0.01 159 456 317
SJ-323 698.2 469.8 −0.6 −5.5 19.4 0.01 217 404 332
SJ-331 705.7 469.6 −0.7 −5.8 16.4 0.01 276 657 337
SJ-338 713.2 469.4 −0.8 −5.8 19.4 0.01 248 512 354
SJ-346 720.7 469.2 −1.0 −5.7 16.8 0.01 184 427 341
SJ-353 728.2 469.0 −1.2 −5.7 13.5 0.01 127 290 297

a Stratigraphic height is cumulative based on measured section and carbon-isotope correlation of individual sections.
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1992; Qing and Veizer, 1994; Veizer et al., 1999). Based on petro-
graphic and CL analyses, we consider δ18O values between −5.5‰
and −7.5‰ to represent the δ18O composition of marine rocks that
have undergone minimal post-depositional alteration.

Mn and Sr concentrations also provide insight into the degree
of post-depositional fluid interaction since they are exchanged readily
in the presence of secondary fluids (Banner and Hanson, 1990). Sr con-
centrations fall primarily between 200 and 1200 ppm (Fig. 6C, D),
which are typical for marine calcites that have undergone limited ex-
change with post-depositional fluids (Banner and Hanson, 1990). The
highest Sr concentrations occur in the Table Head Group and San Juan
Formation,which support O-isotope and petrographic evidence for lim-
ited exchange with post-depositional fluids. Notably, Sr concentrations
within the Aguathuna Formation fall well below 200 ppm, consistent
with petrographic evidence for post-depositional fluid interaction. Sr
concentration also fall below 200 ppm in the La Silla Formation, poten-
tially reflecting petrographically observed interaction with meteoric
fluids. Low Sr concentration in the La Silla Formation is consistent
with the interpretation of isotopically lightO-isotope values as evidence
for early interaction with meteoric fluids, although δ18O still primarily
fall within the range of accepted values for well-preserved carbonate
rocks.

Mn concentrations of all formations fall predominantly below
400 ppm, with all but five values falling below 800 ppm (four from
the Cerro La Chilca section of the San Juan Formation, one and one
from the Pachaco section) (Fig. 6D). Mn concentration below
400 ppm is consistent, as well, with an interpretation of relatively
limited water–rock interaction (Banner and Hanson, 1990). The one
value that is >800 ppm in the Pachaco section occurs at the top of
the section, where it is associated with a major subaerial exposure
surface that marks a significant depositional hiatus between the Mid-
dle Ordovician San Juan Formation and overlying Silurian strata
(Astini et al., 1995). This sample also yields anomalously low δ18O
values, supporting elevated Mn concentration as a result of alteration
along this boundary. Similarly, all Mn values that are >400 ppm in
the Cerro La Chilca section occur in the upper 55 m of the section in-
dicating the potential for stratigraphic control. In this case, however,
there is no indication of subaerial exposure. Rather, elevated Mn



Table 3
Range of isotopic compositions and elemental concentrations recorded in the Talacasto section of the San Juan Formation.

Sample Strat. heighta

(m)
Age
(Myr)

δ13C
(‰ VPDB)

δ18O
(‰ VCDT)

δ34S Mg/Ca Mn
(ppm)

Fe Sr

SJT-0 647.9 471.2 −0.7 25.1 0.01 184 798 359
SJT-7 655.1 471.0 −0.6 −6.3 25.0 0.01 141 563 283
SJT-16 663.9 470.7 −0.7 −6.3 27.1
SJT-19T 667.2 470.7 −0.7 −6.1 23.6 0.01 193 767 337
SJT-19B1 666.9 470.7 −0.4 −6.1 20.9 0.01 249 475 298
SJT-19B2 666.9 470.7 −0.5 −6.3 21.5 0.01 170 491 292
SJT-22 670.2 470.6 −0.6 −6.3 20.6 0.01 155 347 424
SJT-31 679 470.3 −0.7 −6.2 24.4 0.01 131 294 298
SJT-38 686.1 470.1 −0.8 −6.5 26.2 0.01 175 454 325
SJT-45 693.2 469.9 −0.6 −6.3 25.8 0.00 191 392 248
SJT-54 701.5 469.7 −1.0 −6.4 23.2 0.01 143 222 522
SJT-63 710.4 469.4 −1.0 −6.3 23.7 0.01 114 333 350
SJT-71 718.5 469.2 −1.1 −6.2 21.1 0.00 204 1991 206
SJT-82 729.4 468.9 −1.5 −6.3 13.9 0.01 147 427 321
SJT-89 736.6 468.7 −1.6 −6.4 27.1 0.01 107 181 326
SJT-99 747.1 468.4 −1.5 −6.7 23.5 0.00 107 244 311
SJT-106 754.4 468.2 −1.5 −6.5 21.9 0.01 117 227 334
SJT-115 762.7 467.9 −1.3 −6.8 19.0 0.00 73 286 282
SJT-121 769.2 467.8 −1.1 −6.6 19.6 0.01 94 125 295

a Stratigraphic height is cumulative based on measured section and carbon-isotope correlation of individual sections.
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concentrations coincide with marine transgression and potential in-
teraction with reduced, Mn-rich fluids. These observations suggest
potential transgression of high Mn, low O2 waters, which can facili-
tate the deposition of Mn in marine sediments (Grill, 1978; Davison,
1982) and may explain elevated Mn concentration in the upper San
Juan Formation at the Cerro La Chilca section. Extraordinarily low
Mn in the La Silla Formation (Mn concentrations b50 ppm) along
with the presence of meteoric cements suggests precipitation from
oxic, low Mn fluids. Early diagenetic interaction with oxic, meteoric
fluids may also account for some of the scatter in δ13C in the La Silla
Formation (Figs. 7A, 8), because such fluids would also be expected
to oxidize depositional organic matter and provide variable δ13C for
incorporation into early diagenetic phases. By contrast, the large
range of Mn concentrations in the Aguathuna Formation, along with
low Sr and petrographic evidence for replacive dolotimization, sug-
gest this interval has experienced substantially greater post-
Table 4
Range of isotopic compositions and elemental concentrations recorded in the Cerro La Chil

Sample Strat. heighta

(m)
Age
(Myr)

δ13C
(‰ VPDB)

δ18O
(‰ VCD

SJC-0 624.7 472.7 −0.5 −6.1
SJC-8 632.2 471.7 −0.4 −6.2
SJC-17 641.2 471.5 −0.2 −5.8
SJC-24 648.7 471.3 −0.6 −6.0
SJC-32 656.2 471.0 −0.4 −6.0
SJC-39 663.7 470.8 −0.4 −6.0
SJC-48 672.7 470.6 −0.6 −5.9
SJC-56 680.2 470.4 −0.7 −5.7
SJC-63 687.7 470.1 −0.8 −5.8
SJC-71 695.2 469.9 −0.7 −6.0
SJC-78 702.4 469.7 −0.6 −6.2
SJC-86 710.6 469.5 −0.7 −5.9
SJC-94 718.2 469.3 −1.0 −5.8
SJC-101 725.7 469.1 −1.3 −6.1
SJC-109 733.2 468.9 −1.4 −6.2
SJC-116 740.7 468.6 −1.3 −5.9
SJC-124 748.2 468.4 −1.6 −5.9
SJC-131 755.7 468.2 −1.2 −6.1
SJC-139 763.2 468.0 −1.2 −5.9
SJC-147 771.2 467.8 −0.8 −5.5
SJC-154 778.9 467.6 −0.5 −5.9
SJC-162 787 467.3 −0.4 −5.1
SJC-171 795.3 467.1 −0.3 −5.8
SJC-178 802.4 466.9 −0.6 −5.2

a Stratigraphic height is cumulative based on measured section and carbon-isotope corre
depositional alteration. Despite evidence for at least some interaction
with post-depositional fluids, there is little evidence that interaction
with post-depositional fluids proceeded to such a degree as to sub-
stantially alter C-isotope values.

4.1.2. δ34SCAS signal
Although we suggest that carbonate rocks sampled in this study

have undergone only limited water–rock interaction and therefore
are likely to preserve reliable records of marine δ13C, we also need
to consider whether δ34SCAS is likely to preserve a reliable record of
marine δ34S. A cross plot of δ34SCAS and δ18O shows no clear trends
in any of the studied sections (Fig. 7B). In particular, the Table Head
Group, which represents an interval where δ34SCAS shows dramatic
stratigraphic variability, reveals a large range in δ34SCAS over only
about a 1.5‰ range in δ18O, suggesting that variation in δ34SCAS is
not related to post-depositional alteration of the host carbonate.
ca section of the San Juan Formation.

T)
δ34S Mg/Ca Mn

(ppm)
Fe Sr

0.01 91 399 362
0.01 185 342 383
0.00 171 457 287
0.00 211 533 322
0.01 170 267 291
0.00 212 344 338
0.01 166 340 368
0.01 176 342 320
0.00 197 335 322
0.00 136 220 372
0.01 151 272 368
0.00 158 189 280
0.00 145 152 283

22.1 0.00 176 264 280
20.1 0.01 142 244 349
19.1 0.00 139 236 338
18.3 0.00 362 1177 280
15.3 0.01 764 2449 359
13.0 0.00 1535 3528 232
23.0 0.00 2102 3800 306
23.7 0.00 610 871 381
25.7 0.02 1592 4126 257
22.8 0.01 2006 3660 308
22.2 0.02 517 1174 437

lation of individual sections.



Table 5
Range of isotopic compositions and elemental concentrations recorded in the Pachaco
section of the San Juan Formation.

Sample Strat. heighta Age δ13C δ18O Mg/Ca Mn Fe Sr

(m) (Myr) (‰ VPDB) (ppm)

SJP-0 437.5 477.1 −1.8 −7.0 0.00 80 611 219
SJP-8 440.6 477.0 −1.3 −7.0 0.00 136 400 225
SJP-13 442.6 477.0 −1.0 −6.8 0.02 60 902 232
SJP-21 445.9 476.9 −1.2 −7.0 0.01 127 727 225
SJP-28 448.9 476.8 −1.0 −6.9 0.00 182 1149 208
SJP-36 452.0 476.7 −0.6 −7.2 0.00 195 1783 264
SJP-44 455.3 476.6 −0.8 −7.3 0.00 205 2346 273
SJP-51 458.4 476.5 −0.7 −6.9 0.00 192 1753 247
SJP-58 461.3 476.4 −0.7 −6.9 0.01 179 1965 241
SJP-66 464.4 476.3 −0.7 −6.9 0.00 296 1820 232
SJP-66(a) 464.4 476.3 −0.6 −7.2 0.01 185 2653 242
SJP-73 467.5 476.2 −0.9 −7.0 0.01 220 2171 224
SJP-81 470.5 476.2 −0.6 −7.1 0.01 334 2712 265
SJP-89 473.7 476.1 −0.7 −7.1 0.00 263 2111 212
SJP-96 476.7 476.0 −0.8 −6.7 0.01 278 2006 253
SJP-103 479.8 475.9 −0.7 −7.2 0.00 241 2095 248
SJP-111 482.9 475.8 −0.6 −7.0 0.00 226 1909 250
SJP-119 485.9 475.7 −0.5 −6.8 0.00 416 1999 256
SJP-126 489.0 475.6 −0.4 −6.9 0.00 261 1414 209
SJP-133 492.0 475.5 −0.5 −7.0 0.00 374 1692 192
SJP-141 495.1 475.5 −0.8 −6.6 0.00 373 1750 248
SJP-149 498.2 475.4 −0.7 −6.7 0.01 442 1799 237
SJP-156 501.2 475.3 −0.1 −6.6 0.00 213 1136 209
SJP-164 504.3 475.2 −0.3 −6.4 0.00 258 1422 250
SJP-171 507.4 475.1 −0.1 −6.2 0.00 180 1184 246
SJP-179 510.4 475.0 0.0 −6.5 0.00 158 1466 323
SJP-186 513.5 474.9 −0.1 −7.0 0.00 212 1425 237
SJP-194 516.6 474.8 0.0 −6.7 0.00 180 1251 236
SJP-201 519.6 474.8 0.0 −7.0 0.01 267 1141 244
SJP-209 522.7 474.7 −0.1 −7.1 0.00 363 1727 238
SJP-216 525.8 474.6 0.1 −7.0 0.01 359 1524 221
SJP-224 528.8 474.5 0.0 −7.0 0.00 474 1299 218
SJP-231 531.9 474.4 0.1 −7.3 0.01 313 833 194
SJP-239 534.9 474.3 0.0 −7.7 0.02 252 1291 177
SJP-246 538.0 474.2 0.2 −9.6 0.00 210 967 173
SJP-254 541.1 474.1 0.1 −10.8 0.01 372 1012 172
SJP-257 542.5 474.1 −1.3 −14.3 0.00 2044 2698 243

a Stratigraphic height is cumulative based on measured section and carbon-isotope
correlation of individual sections.
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Similarly, although the La Silla and San Juan formations show a
broader range in δ18O, there is no clear correlation with δ34SCAS that
might suggest covariance resulting from post-depositional alteration.
Additionally, diagenetic fluids have substantial oxygen, whereas only
scant amounts of sulfate are expected in Early Paleozoic fluids since
oxygen levels were likely low. Because of this relative imbalance be-
tween O2 and SO4 concentration in diagenetic fluids, δ18O should
alter much more quickly than δ34SCAS (Banner and Hanson, 1990).
These interpretations are consistent with other studies (Burdett
et al., 1989; Kampschulte et al., 2001; Lyons, 2004; Gill et al., 2007),
which suggest that CAS faithfully records marine δ34S in samples of
minor to moderate diagenetic recrystallization.

4.2. Interpretation of C- and S-isotope profiles

4.2.1. Global stability of the Middle–Ordovician C-isotope record
δ13C values from all sections overlap in range (between −1.5 and

+0.5‰ with a mean of −0.8‰ and standard deviation of 0.6‰) and
show no clear covariance with δ18O or other common indicators of
diagenetic alteration. A further test of the preservation of marine
δ13C is comparison with coeval C-isotope records. C-isotope records
from the Argentine Precordillera (Fig. 8) and Western Newfoundland
(Fig. 9) reveal a clear and coherent signal with correlative excursions.
C-isotope values average −1‰ in the latest Cambrian through the
Early Ordovician epoch (Tremadoc), drop briefly to values near
−2.5‰ in the Early Floian, before returning to near zero values by
the late Floian (Fig. 10). Isotopic compositions drop again to near
−1.5‰ in the Dapingian, and then increase through the Darriwilian
age to values near 0.5‰. C-isotope data in this study are consistent
with data from published curves for Early and Middle Ordovician ma-
rine carbonate rocks worldwide (Wadleigh and Veizer, 1992; Qing
and Veizer, 1994; Ainsaar et al., 1999; Buggisch et al., 2003;
Saltzman, 2005; Saltzman and Young, 2005; Bergström et al., 2008;
Kah and Zhan, in preparation). The one exception to this coherence
is at the very top of the Pachaco section, where a single value near
−1.5‰ is substantially more depleted than the underlying C-
isotope values in the Pachaco section and values recorded in the coe-
val Cerro La Silla section. The occurrence of high Mn, low δ18O and
δ13C in this sample likely represents meteoric alteration of δ13C akin
to more recent examples for subaerial exposure and interaction
with meteoric fluids, which produce 12C-enriched limestone (e.g.,
Allan and Matthews, 1982).

C-isotope profiles from the La Silla, San Juan and Table Head for-
mations (Figs. 8, 9, and 10) record limited isotopic variation (b3‰),
in striking contrast to either the Late Cambrian (Steptoean) SPICE ex-
cursion (Ripperdan et al., 1992; Braiser, 1993; Glumac and Walker,
1998; Saltzman et al., 1998) or Late Ordovician excursions (GICE,
HICE; Kump et al., 1999; Saltzman and Young, 2005; Young et al.,
2005) (cf., Fig. 1). Limited variation in marine δ13C during global
greenhouse intervals has been attributed to N-limitation of organic
productivity (Saltzman, 2005) or the combination of high DIC values
(Berner and Petsch, 1998; Bartley and Kah, 2004) and the coupling
of organic and inorganic δ13C in widespread epeiric seas (Ridgwell,
2003; Bartley and Kah, 2004). While carbon-isotope data presented
in this study cannot uniquely distinguish these mechanisms, it is con-
sistent with relatively stable marine δ13C that characterizes Paleozoic
greenhouse conditions.

4.2.2. Spatial heterogeneity in δ34S
Comparison of δ34S values shows clear heterogeneity both be-

tween the Argentina and Newfoundland sections and locally within
the Argentine Precordillera (Figs. 8, 9, and 10). In coeval (Dapingian)
intervals of the San Juan Formation, the isotopic composition of CAS
in the Talacasto section is typically enriched in 34S, recording δ34S
values 4.5‰ heavier than the Cerro La Silla section (Fig. 10). Similarly,
δ34S values from the Table Head Group are 10‰ heavier than the
Cerro La Silla section of the San Juan Formation and 6.6‰ heavier
than the Talacasto section. Furthermore, comparison of δ34S of the
Tremadocian Gasconade Formation (Gill et al., 2007) to δ34S profiles
presented here shows that La Silla Formation δ34S is depleted by
10‰ relative to the Gasconade Formation. Combined, these data sug-
gest the potential for substantial regional heterogeneity in marine
sulfur isotope composition.

Heterogeneity in isotopic composition between the different strat-
igraphic sections could plausibly arise from non-conservative isotopic
behavior under conditions of low marine sulfate concentration or
from vertical variation in δ34S that results from chemical stratification
of the water column. Variation in δ34SSO4 with depth in the water col-
umn has been demonstrated in the modern day Black Sea
(Vinogradov and Grinenko, 1962; Sweeney and Kaplan, 1980;
Calvert et al., 1996; Lyons, 1997). In the Black Sea, the isotopic com-
position of deep-water sulfate has been shown to be 1.5–2‰ heavier
than surface water sulfate, which is attributed to intense bacterial sul-
fate reduction in deep, anoxic waters (Sweeney and Kaplan, 1980).
The 34S-depleted values CAS of the San Juan Formation relative to
deeper water deposits of the Table Head Group potentially result
from proximity of these deeper water deposits to anoxic fluids and
water-column BSR. δ34S values from the Table Head Group, however,
are more depleted in the deeper water Table Cove Formation, sug-
gesting δ34S stratification is not the primary cause of spatial heteroge-
neity, and that heterogeneity more likely derives from the simple
non-conservative behavior of δ34S in a low-sulfate ocean. Numerous



Table 6
Isotopic compositions and elemental concentrations recorded in the Western Newfoundland sections.

Samplea Strat. heightb

(m)
Age
(Myr)

δ13C
(‰ VPDB)

δ18O
(‰ VCDT)

δ34S
(wt.%)

TOC Mg/Ca Mn
(ppm)

Fe Sr

AG-0B 0 473.8 −0.7 −10.0 31.6
AG-9 9.4 473.6 −0.6 −9.4 28.7
AG-18 18.4 473.3 −1.4 −11.0
AG-26 26.4 473.1 −1.6 −8.7 30.9
AG-31 30.9 473.0 −1.4 −6.8 24.8
AG-41 41.4 472.7 −1.1 −6.7 32.9
AG-50 50.4 472.5 31.3
AG-59 59.4 472.2 −1.2 −8.1 27.4
AG-67 67.4 472.0 33.7
AG-76 76.4 471.8 −1.5 −6.2 25.0
TH-1 76.4 471.8 −1.0 −7.8 30.9 0.01 0.1 56 1088 214
TH-9 85.4 471.6 −1.5 −5.7 29.2 0.06 0.5 167 5084 78
TH-18 94.4 471.3 −3.1 −7.4 29.9 0.08 0.0 32 672 332
TH-27 103.4 471.1 −1.0 −7.4 33.0 0.10 0.0 23 108 410
TH-35 110.9 470.9 −0.9 −7.3 29.4 0.05 0.0 11 299 286
TH-43 119.9 470.6 −1.6 −7.0 24.6 0.04 0.1 86 1109 198
TH-52 128.9 470.4 −1.0 −7.4 29.8 0.06 0.0 33 397 309
TH-61 137.9 470.2 −1.3 −7.0 28.9 0.05 0.0 28 653 411
TH-70 146.9 469.9 −1.5 −7.0 25.0 0.04 0.0 22 639 369
TH-81 157.4 469.7 −1.7 −6.9 28.2 0.06 0.0 32 797 284
TH-90 166.4 469.4 −1.7 −6.9 33.6 0.06 0.0 98 394 422
TH-99 175.4 469.2 −1.9 −6.9 30.0 0.05 0.0 72 381 458
TH-108 184.8 468.9 −1.6 −6.6 38.6 0.05 0.0 27 597 486
TH-117 193.8 468.7 −0.7 −6.8 17.1 0.07 0.0 71 1625 368
TH-126 202.8 468.5 −0.9 −7.1 26.8 0.06 0.0 39 1022 469
TH-133 210 468.3 −1.1 −6.7 31.8 0.0 35 545 619
TH-142 219 468.0 −0.7 −7.1 31.6 0.06 0.0 118 425 246
TH-153 229.5 467.8 −1.4 −6.9 29.0 0.06 0.0 48 722 538
TH-162A 238.5 467.5 −1.1 −6.7 29.2 0.05 0.0 41 431 417
TH-171 247.5 467.3 −0.5 −6.8 32.9 0.05 0.0 30 391 400
TH-180 256.5 467.1 −0.4 −6.7 29.9 0.05 0.0 52 578 361
TH-189 265.4 466.8 −0.8 −7.6 0.1 40 279 311
TH-201 277.4 466.5 −0.6 −7.2 19.2 0.06 0.0 127 275 297
TH-215 292.1 466.1 −0.4 −7.6 21.8 0.06 0.0 184 503 255
TH-226 302.6 465.8 −0.4 −6.9 2.6 0.09 0.0 413 1368 377
TH-235 311.6 465.6 −0.6 −7.8 18.5
TH-244 320.6 465.4 −0.2 −6.9 12.2 0.11 0.0 279 2578 715
TH-253 329.6 465.1 0.0 −7.1 21.8 0.10 0.0 178 2217 1040
TH-262 338.6 464.9 −0.1 −7.4 13.3 0.19 0.0 301 3132 901
TH-270 346.1 464.7 0.3 −6.7 15.6 0.23 0.0 164 2232 1045
TH-278 355.1 464.5 0.3 −7.2 21.1 0.19 0.0 134 2148 1031
TH-287 364.1 464.2 0.5 −8.1 18.2 0.14 0.0 116 1528 1094
TH-295 371.6 464.0 0.6 −8.0 20.7 0.08 0.0 173 1787 1118
TH-304 380.6 463.8 0.6 −7.0 9.7 0.12 0.0 121 1889 1073

a AG=Aguathuna Formation and TH=Table Head Group.
b Stratigraphic height is cumulative based on measured section and carbon-isotope correlation of individual sections.
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studies of fluid inclusions in marine evaporites (Lowenstein et al.,
2001; Horita et al., 2002; Lowenstein et al., 2003; Brennan et al.,
2004) suggest Early Paleozoic marine sulfate concentration may
have been only 2–12 mM (or b50% of modern marine sulfate concen-
trations; 28 mM, Bottrell and Newton, 2006), and isotopic heteroge-
neity appears to be a hallmark of these low-sulfate oceans (Gill
et al., 2011).

4.2.3. Instability of the Middle Ordovician S-isotope record
Despite spatial heterogeneity, all sections show a strikingly similar

stratigraphic pattern in marine δ34S. In sharp contrast to the marine
C-isotope record, marine S-isotopes record repeated short-term oscil-
lation superimposed over more subtle, longer-term trends. The dura-
tion of δ34S excursions at these two scales of isotopic variation is
estimated using a combination of biostratigraphic constraints and
an assumption of constant sedimentation rate for each of the individ-
ual sections. Latest Cambrian (here estimated to be the upper 3 Ma of
the Furongian) through Early Ordovician (Tremadocian) strata, aver-
age S-isotope compositions show minimal long-term variation
(Fig. 10). In the Cerro La Silla section of the San Juan Formation,
δ34S values increase from approximately +16‰ to +22‰ through
the Floian stage, then decrease to approximately +18‰ through the
Dapingian stage (Fig. 10). The Cerro La Chilca section of the San
Juan formation shows the same trend, although these values are off-
set by about +2‰ (Fig. 10). The Table Head Group shows similarly el-
evated δ34S in Dapingian and Early Darriwilian stages, but then
records a dramatic mid-Darriwilian shift from an average of approxi-
mately +30‰ to an average of near +15‰ (Thompson et al., in
revision). Combined, these observations suggest broad, long-term
stability of marine sulfur isotope composition, with potential varia-
tion of 6–15‰ over time spans of 0.5 Myr.

Despite long periods of time that show no apparent change in the
average sulfur isotope composition of the marine system, regular,
short-term oscillation of δ34SCAS appears to be characteristic of
Lower to Middle Ordovician marine strata, and shows striking simi-
larity in duration and magnitude (average 7‰ excursion over
0.9 Myr) through all of the measured sections. A Fast Fourier Trans-
form analysis of CAS S-isotope records, performed using Statistical
Analysis Software (SAS) package, revealed only a weak signal to
noise ratio, but supported a peak in spectral density of the La Silla
and San Juan formations at an approximately 33–35 m periodicity.
Greater variation in the isotopic signal in the Table Head Group
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resulting in a lower signal to noise ratio that was not able to support
periodicity of the isotopic signal. Subsampling of the Table Head sec-
tion resulted in an increase the signal to noise ratio and a similar sup-
port for a 33–35 m periodicity. Although statistical support for this
short-term isotopic signal is weak, a number of other lines of evi-
dence suggest that this pattern may, in fact, represent a true oceano-
graphic signal with a driving mechanism that occurs on at least a
basin-wide scale. First, isotopic variation, despite our relatively coarse
sampling interval, is commonly defined by multiple data points; sec-
ond, isotopic values cannot be correlated with either specific petro-
graphic fabrics or elemental concentrations, suggesting that the
observed patter is unlikely to result from diagenesis; and third,
there is no clear correlation between isotopic composition and lithol-
ogy or position within a stratigraphic cycle, indicating that isotopic
change cannot be directly attributed to depositional environment.

5. Discussion

5.1. Long-term C- and S-isotope trends

Over time scales longer than 107 yrs, carbon and sulfur isotope
data presented here show broadly sympathetic variation wherein av-
erage values of δ13C near −1‰ in Tremadocian strata show little
change in the average isotopic composition of δ34S, and a 1‰ rise in
δ13C in early to mid-Floian strata (and its subsequent decrease from
in mid-Floian to mid-Dapingian-aged strata) is reflected in a 15‰ in-
crease (and subsequent decrease) in average δ34S (Fig. 10). Sympa-
thetic variation in δ13C and δ34S has been recognized elsewhere in
the Lower Paleozoic, and has been interpreted as increased organic
carbon input to an anoxic and sulfidic deep ocean (Hurtgen et al.,
2009; Gill et al., 2011).

The Early to Middle Ordovician epochs represent a global green-
house interval (Frakes et al., 1992; Berner, 1994; Brenchley et al.,
1994) when high sea level (Hallam, 1992; Miller et al., 2005; Haq
and Schutter, 2008), extensive epeiric seas (Algeo and Seslavinsky,
1995; Pratt and Holmden, 2008), and elevated sea surface tempera-
tures (Trotter et al., 2008; Finnegan et al., 2011) may have favored
sluggish ocean circulation (Brenchley et al., 1994; Saltzman, 2005).
Development of anoxia under such conditions is attributed to a com-
bination of rapid consumption of oxygen during organic matter de-
composition, and reduced ventilation of deep-ocean environments
resulting from a combination of sluggish ocean circulation and the
decreased O2 solubility of warm waters (Sarmiento et al., 1988;
Meyer and Kump, 2008).

Decreased oceanic ventilation would have supported develop-
ment of anoxic, and potentially sulfidic deep waters. Under well-
oxygenated marine conditions, bacterial sulfate reduction (BSR) is
typically restricted to the sediment column and >90% of HS−
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produced by BSR is immediately reoxidized to sulfate or intermediate
sulfur species (Jørgensen et al., 1990), with remaining HS− available
to react with Fe2+ to form pyrite (Berner et al., 1985). Under anoxic
marine conditions, reoxidation of bacterially reduced HS− is likely
to be substantially less, and hydrogen sulfide (HS−) can build up in
the water column, resulting in euxinic conditions when Fe2+ avail-
ability is insufficient to strip the water column of bacterially produced
HS− (Rozanov et al., 1974).

Development of euxinic oceans would have led to the effective
decoupling of surface and deep waters, as has been suggested for
late Paleozoic ocean anoxic events (Meyer and Kump, 2008), and
could lead to covariant behavior of carbon and sulfur isotope records,
like what is observed during the Late Cambrian SPICE excursion (Gill
et al., 2011) via positive feedbacks between bionutrient availability
and organic matter production).Under these conditions, enhanced
delivery of organic carbon would result in increased bacterial sulfate
reduction, expansion of ocean euxinia, and release of phosphorus
from sediment under an anoxic water column.

Ordovician sulfur-isotope records show an excursion of similar
magnitude to that recorded at the time of the SPICE event (~15‰),
but occurring over an interval approximately 2× longer than the
SPICE event (~2 Myr SPICE; Saltzman et al., 2004; vs approximately
4 Myr from early to mid-Floian). If we assume, as in Gill et al.
(2011), that the increase in δ34S is driven by enhanced delivery of or-
ganic carbon to the deep ocean under low oxygen, potentially sulfidic
conditions, the longer duration of the observed sulfur-isotope shift
may reflect a longer duration of enhanced organic carbon input. Alter-
natively, it may also reflect a slower response time to enhanced or-
ganic carbon input because of a larger marine sulfate reservoir.
Variation in the isotopic composition of both carbon and sulfur
can be modeled as a function of the magnitude and isotopic compo-
sition of carbon and sulfur fluxes into and out from the marine sys-
tem (e.g., Kump and Arthur, 1999). The primary fluxes associated
with marine DIC are the input of crustal carbon from metamorphic
and volcanic outgassing and the weathering of marine carbonates
and associated organic matter (Kump and Arthur, 1999). Marine
DIC is then removed via photosynthetic organic carbon production
and burial, and through marine carbonate deposition. Similarly,
input fluxes of marine sulfate include oxidative weathering of
crustal sulfides (Berner, 1987), dissolution of evaporite minerals
(Holser et al., 1988), and the oxidation of volcanogenic sulfur spe-
cies (Bischoff and Dickson, 1975; Seyfried and Bischoff, 1979; Alt,
1995; Petsch, 1999). Sinks include burial of S-bearing phases such
as bacterially mediated sedimentary sulfides (Berner and Raiswell,
1983; Berner, 1984; Kump;, 1989), precipitation of sulfur-bearing
evaporite minerals in the shallow oceans (Holser and Kaplan,
1966; Raab and Spiro, 1991) and at mid-ocean ridge hydrothermal
circulation systems (Ault and Kulp, 1959; Thode et al., 1961;
Edmond et al., 1979), and deposition of carbonate-associated sul-
fate (Takano, 1985; Kitano et al., 1985). Because evaporite precipi-
tation and dissolution, volcanogenic sulfur fluxes, and carbonate-
associated sulfate do not show substantial isotopic fractionation,
they are not typically considered as drivers of the isotopic variation
of marine sulfate. Instead, riverine delivery of oxidatively weath-
ered sulfide and sulfate-bearing minerals, and the burial of bacteri-
ally mediated sulfide, are considered the primary drivers of isotopic
change of marine sulfate (Garrels and Lerman, 1984; Berner and
Petsch, 1998; Berner, 2001).
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In terms of isotopic composition, carbon input into the oceans is
variable, with metamorphic and volcanic outgassing typically −5%,
weathering of marine carbonates near 0‰, and weathering of organic
carbon near ranges from −22 to 30‰ (Kump and Arthur, 1999), but
ultimately approximates the crustal value of −5‰ (Garrels and
Lerman, 1984). Burial of organic matter produced via autotrophic
production, which typically imparts a fractionation of 28–30‰,
changes the C-isotope value of marine DIC and is recorded by the pre-
cipitation of carbonate rocks. Similarly, modern riverine sulfate, de-
rived from the oxidative weathering of crustal components (e.g.,
sulfide and evaporite minerals), ranges from 0 to 10‰ (Holser et al.,
1988), and bacterial sulfate reduction—with or without bacterial dis-
proportionation in the oxidative parts of the sulfur cycle—can impart
fractionations of 2 to 70‰ (Harrison and Thode, 1957; Canfield and
Thamdrup, 1994; Habicht and Canfield, 1996, 1997, 2001; Canfield,
2001; Canfield et al., 2010). These high values, however, are rare in
many natural systems, where fractionationare are commonly ob-
served to be 35–45‰. Under conditions where BSR is not limited by
sulfate availability, such fractionations are believed to reflect the inte-
gration of bacterial fractionation during progressive depletion of sul-
fate in sedimentary pore waters (Habicht et al., 2002). Change in the
isotopic composition of the marine dissolved inorganic carbon reser-
voir (δDIC) is then defined as a time-dependent relationship:

∂δDIC=∂t ¼ FW δW–δDICð Þ– FORG•ΔCð Þ½ �•1=MDIC ð1Þ

wherein FW and FORG, and δW and δORG, represent the magnitude and
isotopic composition of weathering input to the ocean and removal of
carbon as organic carbon, respectively; ΔC represents the fractionation
between oxidized and reduced carbon reservoirs; and MDIC represent
the magnitude of dissolved inorganic carbon in the marine reservoir.
Similarly, a change in the isotopic composition of the oceanic sulfate
reservoir (δSO4) can also be defined as a time-dependent relationship:

∂δSO4=∂t ¼ FW δW–δSO4ð Þ– FPY•ΔSð Þ½ �•1=MSO4 ð2Þ

wherein δSO4, δW and δPY are the isotopic composition of marine sulfate,
weathered sulfate input to the ocean and buried pyrite, respectively; FW
and FPY represent themagnitude of weathering and pyrite burial fluxes;
ΔS represents the fractionation between organic and inorganic sulfur
reservoirs; and MSO4 represent the magnitude of sulfate in the marine
reservoir. The relationships expressed in Eqs. (1) and (2) highlight the
effect of reservoir size on rapidity of isotopic variation, wherein small
reservoir size facilitates more rapid changes in δ13CDIC and δ34SSO4.
The maximum rate of marine C-isotope variability (∂δDIC/∂tMAX) can
then be estimated by allowing the weathering input to approach zero
(FW→0) and the remaining carbon to be removed via organic carbon
burial (FORG=FW), giving:

∂δDIC=∂tMAX ¼ FW•ΔC=MDIC: ð3Þ

Likewise, ∂δSO4/∂tMAX can be estimated for the marine sulfate res-
ervoir as weathering input approaches zero (FW→0) and the remain-
ing sulfate reservoir is removed via pyrite burial (FPY=FW), giving:

∂δSO4=∂tMAX ¼ FW•ΔS=MSO4: ð4Þ

At steady state, carbonate and sulfate input fluxes are equivalent
to output fluxes (FW=FDIC+FORG and FW=FSO4+FPY, respectively)
and ∂δSO4/∂t=0 (Kump and Arthur, 1999; Rothman et al., 2003).
From Eq. (1), this gives:

FORG ¼ FW• δW–δDICð Þ½ �=ΔC ð5Þ



0 10 20 30 40-3 -2 -1 0 1

E
ar

ly
 O

rd
ov

ic
ia

n
M

id
dl

e 
O

rd
ov

ic
ia

n

D
ap

in
gi

an
D

ar
ri

w
ili

an

Se
ri

es

St
ag

es
Fl

oi
an

T
re

m
ad

oc
ia

n

472

(491)

479

468

T
im

e 
Sl

ic
e

C
am

.

Tr1

Tr2

Tr3

Fl1

Fl2

Fl3

Dw2

Dw1

Dp1

Dp2

Dp3

488

464

δ13C (‰ VPDB) δ34S (‰ VCDT)

Fu
ro

ng
.

Legend
of

Symbols

San Juan Fm (La Chilca)

San Juan Fm (Talacasto)
San Juan Fm (La Silla)

La Silla Fm (La Silla)
Table Head Group 
Aguathuna Formation 

A

B

C

A

B

C

Fig. 10. Composite C- and S-isotope records from Early to Middle Ordovician strata. Sections were correlated using a combination of previously published biostratigraphic data, and
matched with carbon-isotope data produced in this study. Heterogeneity in recorded sulfur-isotope data—here apparent in the uppermost Floian and Dapingian—is interpreted to
reflect true isotopic heterogeneity in a low-sulfate marine system. Despite regional heterogeneity, all sections are marked by short-term (b106 yr) oscillation in the isotopic com-
position of marine sulfate. International stage names and time slices are from Bergström et al. (2008) andWalker and Geissman (2009). Age of the base of the section (here the base
of the La Silla Formation) is estimated based on a combination of biostratigraphic constraints, ages of stage boundaries, and an assumption of constant sedimentation rate for the
individual sections. Sections A and B mark intervals of broadly sympathetic variation between carbon and sulfur. Section C shows broadly anti-sympathetic behavior between these
isotopic systems, which is interpreted to reflect oceanic ventilation, substantial oxidation of a marine hydrogen-sulfide reservoir, and its effects on marine organic carbon produc-
tion (Thompson et al., in revision).

205C.K. Thompson, L.C. Kah / Palaeogeography, Palaeoclimatology, Palaeoecology 313-314 (2012) 189–214
for the marine carbon cycle and from Eq. (2), this gives:

FPY ¼ FW• δW–δSO4ð Þ½ �=ΔS ð6Þ

for the marine sulfur cycle. Dividing Eqs. (5) and (6) by FW gives:

f ORG ¼ δW−δDICð Þ=ΔC ð7Þ

f PY ¼ δW−δSO4ð Þ=ΔS ð8Þ

where fORG is the relative fraction of carbon that is removed from the
system as organic carbon (fORG=FORG/(FORG+FDIC)) and fPY is the rel-
ative fraction of sulfur that is removed from the system as pyrite
(fPY=FPY/(FPY+FSO4)).

Using these relationships, Gill et al. (2011) suggest that marine
sulfate concentration at the time of the SPICE event would have had
to have been b1.5 mM in order to produce a S-isotope excursion
that would recover within the 2 Myr time-frame afforded by the
SPICE isotopic records. Such low marine sulfate concentrations are
further supported by the regional variability in the degree of sulfur-
isotope change recorded during the SPICE events (Gill et al., 2011).
Hurtgen et al. (2009) suggests even lower (b1 mM) marine concen-
trations for this same time. By contrast, a 15‰ negative shift in the
marine sulfur-isotope record in the upper Table Head Group has
been used to estimate marine sulfate concentrations of approximate-
ly 2 mM in the Early to Middle Ordovician oceans (Thompson et al., in
review). This calculation suggests that marine sulfate reservoir size
potentially may have doubled in the aftermath of the SPICE event as
a result of organic carbon burial and release of oxidizing potential.
Furthermore Thompson et al. argue that a negative correlation be-
tween δ13C and δ34S records after this event represent a change in
oceanographic circulation wherein oceanic ventilation resulted in



Table 7
Values used for carbon and sulfur isotopic modeling.

Carbon Sulphur

Fw=3×1019 mol/My Fw=1.5×1018 mol/My
FORG=1×1019 mol/My FPY=0.5×1018 mol/My
δw=−4‰ δw=+7‰
ΔC=−28‰ ΔS=−30‰
δcarb=−1‰ δSO4=+15‰

Note: Values for fluxes and isotopic compositions were estimated from typical
values used for Phanerozoic studies (Kump and Arthur, 1999; Kurtz et al.,
2003; Gill et al., 2011). Values for ΔS used are less than traditional values (Kah
et al., 2004), but reflect the values recorded by data in an earlier study for the
Early Darriwilian (Thompson et al., in revision); δcarb and δSO4 were estimated
from data recorded in the current study (see Figs. 8, 9, and 10).
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both sulfide oxidation and organic matter production (Thompson
et al., in revision).

In either case, if observed long-term shifts in average marine
sulfur-isotope composition were ultimately driven by enhanced de-
livery of organic carbon to an anoxic deep ocean, then a 15‰ shift
in δ34S would have required a net organic carbon flux of
4×1018 mol (Gill et al., 2011). Such a large flux of organic carbon in
this case, however, is not reflected in the isotopic composition of ma-
rine DIC, which only sees a 1‰ increase in δ13C. We suggest that this
dramatically muted response of DIC may result from a combination of
higher sea level and associated decrease in terrigenous weathering
flux and elevated DIC, potentially moderated by an increase in cou-
pling between marine organic and inorganic carbon fluxes
(Ridgwell, 2003; Bartley and Kah, 2004) resulting from a globally sus-
tained increase in skeletal biomass during this time (GOBE; Harper,
2006; Servais et al., 2009). If the muted carbon-isotope response
resulted entirely from increased DIC, a time-dependent mass balance
requires DIC reservoir 10× larger than that assumed by Gill et al.
(2011). Although extreme pCO2 of up to 10× present atmospheric
level has been suggested for Ordovician greenhouse times (Berner
and Petsch, 1998; Berner, 2006), there is little data to support such
a dramatic change in pCO2 (and thus DIC) from Late Cambrian to Mid-
dle Ordovician times. Even at lower levels of pCO2, however, a muted
carbon-isotope response may occur if organic and inorganic carbon
production are strongly coupled via metazoan skeletonization (i.e.,
limited production of organic carbon by pelagic, non-calcifying organ-
isms (Ridgwell, 2003; Bartley and Kah, 2004). Under such conditions,
small changes in organic carbon flux and the extent of BSR may result
in changes in δ34S that are effectively uncompensated by changes in
δ13C. This apparent decoupling is readily observed in Ordovician
data from Argentina and Western Newfoundland in terms of the dra-
matic, short-term (b106 yr) oscillation in δ34S that is recorded in all
studied sections (Fig. 10).

5.2. Potential origins of short-term S-isotope variation

The most dramatic feature of the Ordovician marine sulfur-isotope
record is a short-term oscillation with an amplitude of 7‰ and wave-
length of approximately 1 Myr. This oscillation is observed in each of
the measured section and is surprising in its uniformity through
Lower and Middle Ordovician strata sampled at these two very dispa-
rate sections. We suggest that this short-term sulfur-isotope variabil-
ity—which records rates of isotopic change of approximately 14‰ per
Myr (or 7‰ per 0.5 Myr)—marks a fundamental behavior of the ma-
rine system at this time. In traditional models of marine S-isotope
variation, pyrite burial is considered to be the primary control on
δSO4 variation (Garrels and Lerman, 1984; Kump, 1989; Petsch and
Berner, 1998; Petsch, 1999; Berner, 2001). Here we evaluate the po-
tential for a variety of different drivers (change in the fractionation
between oxidized and reduced sulfur reservoirs, magnitude of pyrite
burial, and magnitude and isotopic composition of weathering flux)
to result in observed short-term S-isotope variation.

5.2.1. ΔS control
The degree of fractionation between oxidized and reduced marine

sulfur reservoirs (ΔS) can vary as a function of sulfate availability
(Habicht et al., 2002), sulfur disproportionation (Chambers and
Trudinger, 1979; Jørgensen, 1990; Canfield and Teske, 1996), and
the burial efficiency of pyrite (Hurtgen et al., 2005). The kinetic iso-
tope effect associated with bacterial sulfate reduction imparted a 2–
46‰ fractionation between sulfide and residual sulfate (Habicht and
Canfield, 1997, 2001; Canfield, 2001; Detmers et al., 2001). Fraction-
ation greater than 46‰ is commonly attributed to bacterial dispropor-
tionation, wherein intermediate sulfur species, thiosulfate (S2O3

2−) and
elemental sulfur (S0), are recycled, producing sulfide that is depleted by
7–20‰ relative to the residual intermediate sulfur species (Jørgensen,
1990; Canfield and Thamdrup, 1994; Habicht et al., 1998; Cypionka
et al., 1998; Böttcher et al., 2001). Late Cambrian to Ordovician records
of δSO4 and δ34SPY suggest ΔS values b46‰ (Hurtgen et al., 2009; Gill
et al., 2011; Thompson et al., in revision). Because bacterial communi-
ties responsible for sulfur disproportionation have been active in the
marine realm since at least the latter half of the Proterozoic (Canfield
and Teske, 1996; Johnston et al., 2005; Philippot et al., 2007), these re-
duced fractionations are generally interpreted to reflect BSR under
sulfate-limiting conditions. To evaluate whether changes in ΔS can rea-
sonably produce observed short-term variation in marine sulfate S-
isotope composition, steady-state (Eq. (8)) constraints on the magni-
tude and fPY required are first considered, then time-dependent rela-
tionships (Eqs. (2) and (4)) are used to determine the magnitude of
ΔS and changes in ΔS required to achieve the observed rate of S-
isotope change and its potential oscillation. Note that Eq. (8) is valid
for evaluating isotopic variation that occurs on all time scales longer
than the residence time ofmarine sulfate. The residence time formarine
sulfate in the modern is approximately 20 Myr (Böttcher et al., 2007),
but a much smaller sulfate reservoir in the lower Paleozoic oceans
(Horita et al., 2002; Hurtgen et al., 2009; Gill et al., 2011; Thompson et
al., in revision) would have resulted in a substantially shorter residence
time, thereby permitting these equations to be used to explore even
short-term (b106 Myr) δ34SSO4 variation. All models use values provid-
ed in Table 7.

Steady-state estimates of ΔS indicate either high fraction of pyrite
burial (fPY) or large changes in ΔS are required to achieve average ob-
served magnitude of S-isotope excursions (7‰) (Fig. 11A). At modern
fPY (0.2–0.4; Holland, 1973; Berner and Raiswell, 1983; Garrels and
Lerman, 1984; Canfield, 2005), ΔS must change by 25‰ to produce
a 7‰ shift in δSO4. Even at unreasonably high pyrite burial fractions
(fPY=0.9), ΔS would need to change by nearly 8‰ in to produce a
7‰ shift in δSO4.

Time-dependent modeling of the magnitude of ΔS required to
produce observed rates of S-isotope change (14‰/Myr) also indicate
low marine sulfate reservoir size is required to produce short-term
marine S-isotope variation. Maximum possible rates of change
(∂δSO4/∂tMAX) were estimated using Eq. (4) for a range of ΔS values.
Since sulfate reservoir size is unknown, we used Mo values that corre-
spond to a range of sulfate concentrations from 0.5 to 28 mM. Esti-
mates of ∂δSO4/∂tMAX indicate that a rate of change of 14‰/Myr
requires either large ΔS or small reservoir size, or both. At modern
sulfate reservoir size (28 mM), observed rate of S-isotope variation
can only be achieved at values of ΔS >50‰ (Table 8). At values of
ΔS closer to those commonly observed in the Cambrian and Ordovi-
cian time periods (0 to 30‰), MSO4b2 mM is required to achieve ob-
served rate of S-isotope variation. Estimates of ∂δSO4/∂t at varying ΔS
values using the time-dependent relationship in Eq. ((2) further indi-
cate the necessity of a small sulfate reservoir (b2 mM) and large
changes in ΔS (>25‰) to achieve observed oscillation of S-isotope
composition (Table 9).
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Table 9
Estimates of rate of change in sulfur-isotope composition (∂δSO4/∂t) with ΔS.

[SO4] ΔS=0‰ ΔS=10‰ ΔS=20‰ ΔS=30‰ ΔS=40‰ ΔS=50‰

0.5 −17 −3 11 25 38 52
1 −8 −1 5 12 19 26
2 −4 −1 3 6 10 13
14 −1 0 0 1 1 2
28 0 0 0 0 1 1

Note: Sulfate concentration is expressed in millimoles (mM).
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It is clear that both steady-state and time-dependent estimations
suggest low marine sulfate concentration and large fluctuations in
ΔS (approximately 25‰). Low marine sulfate concentration is consis-
tent with high-resolution Late Cambrian and Ordovician records of
δSO4 (Hurtgen et al., 2009; Gill et al., 2011; Thompson et al., in
revision) that suggest marine sulfate concentrations of b2 mM, and
marine evaporite data (Horita et al., 2002; Petrychenko et al., 2005)
that suggest marine sulfate concentrations of b10 mM. Although par-
allel records of Cambrian and Ordovician δSO4 and δPY record ΔS fluc-
tuations of great enough magnitude (>25‰) to result in observed
isotopic variation (Hurtgen et al., 2009; Gill et al., 2011; Thompson
et al., in revision), observed changes in ΔS all occur over substantially
longer time frames (2–4 Myr), suggesting this mechanism is unlikely
as a driver for short-term oscillation in the isotopic composition of
marine sulfate.

5.2.2. Pyrite burial control
For most traditional models of marine sulfur cycling, pyrite burial

is considered to be the primary control on changes in the isotopic
composition of marine sulfate (Garrels and Lerman, 1984; Kump,
1989; Petsch and Berner, 1998; Petsch, 1999; Berner, 2001) and is,
in itself, a function of water-column oxygenation, the availability of
Table 8
Estimates of maximum rate of change in sulfur-isotope composition (∂δSO4/∂t) with ΔS.

[SO4] ΔS=0‰ ΔS=10‰ ΔS=20‰ ΔS=30‰ ΔS=40‰ ΔS=50‰

0.5 0 21 41 62 82 102
1 0 10 21 31 41 51
2 0 5 10 15 21 26
14 0 1 2 2 3 4
28 0 0 1 1 2 2

Note: Sulfate concentration is expressed in millimoles (mM).
organic carbon for bacterial sulfate reduction, and the availability of
Fe2+ (Westrich, 1983; Westrich and Berner, 1984; Berner et al.,
1985). In modern, well-oxygenated marine waters, bacterial sulfate
reduction is typically restricted to within the sediment column and,
since highly reactive organic matter is also degraded by oxygen in
the water column, bacterial sulfate reduction is further limited by
the concentration and quality of organic carbon within the sediment
(Berner and Raiswell, 1983; Westrich, 1983; Westrich and Berner,
1984; Boudreau and Westrich, 1984). Under well-oxygenated condi-
tions, organic matter availability is controlled primarily by factors ex-
trinsic to the marine system, e.g., increased sedimentation rate, which
enhances deposition of highly reactive organic matter and leads to
higher rates of bacterial sulfate reduction, or increased terrigenous
weathering and delivery of nutrients to the marine system, which en-
hances organic productivity within the water column and its subse-
quent deposition. By contrast, under anoxic to euxinic oceanic
conditions—resulting from lower biospheric oxygen (Canfield et al.,
2007), decreased oxygen solubility (Meyer and Kump, 2008), or
ocean stagnation (Saltzman, 2005)—even slight changes in the extent
of marine redox can result in an intrinsic increase in nutrient delivery
to the surface oceans, which can enhance organic productivity within
the water column.

Permanent removal of marine sulfur by pyrite burial additionally
relies on the availability of reactive iron, which facilitates the removal
of biogenically-mediated hydrogen sulfide as pyrite (Berner, 1984;
Berner et al., 1985; Lyons and Berner, 1992; Hurtgen et al., 2005).
The availability of reactive iron to the marine system is controlled
by a combination of hydrothermal influx and the delivery of iron via
riverine and atmospheric deposition (Fung et al., 2000). The dynam-
ics of this system, however, are also affected by the rate at which re-
duced sulfur is reoxidized prior to its transformation to pyrite. In
well-oxygenated environments, as much as 95% of HS− is reoxidized
to sulfate and intermediate sulfide species before it can react with
iron to form pyrite (Jørgensen, 1982; Canfield and Teske, 1996).
Under anoxic to euxinic oceanic conditions, however, the degree of
HS− reoxidation was likely reduced, leading to a greater efficiency
of pyrite burial (Hurtgen et al., 2005).

A greater efficiency of pyrite burial might have the potential to
drive observed short-term variation in the isotopic composition of
marine sulfate. Steady-state estimates of fPY using Eq. (8) indicate
that at ΔS=30‰, fPY must fluctuate by approximately 20% to achieve
the observed average 7‰ shift in δ34S (Fig. 11B). At smaller values of
ΔS (e.g., 20‰ or less, which is commonly observed in low-sulfate sys-
tems), fPY increases dramatically to >40%. Although such a large in-
crease in fPY may not be unreasonable over long time scales, such
change becomes substantially more difficult when examined using a
time-dependent model.

Time-dependent estimates of S-isotope variation reinforce that
both a small reservoir size and large fluctuations in FPY are required
to achieve the observed rate of δSO4 variation (Table 10). Estimates
suggest that observed ∂δSSO4/∂t cannot be achieved with a sulfate res-
ervoir size >2 mM except at very high pyrite burial rates (>>FW),
which would result in a rapid drawdown of marine sulfate concentra-
tions. Even at sulfate concentrations much lower than the estimated
2 mM, the bi-directional change in δSO4 observed in this study



Table 10
Estimates of rate of change in sulfur-isotope composition (∂δSO4/∂t) with FPY.

[SO4] FPY=0 FPY=0.5×1018 FPY=1×1018 FPY=1.5×1018 FPY=2×1018

0.5 −16 4 25 45 66
2 −4 1 6 11 16
14 −1 0 1 2 2
28 0 0 0 1 1

Note: Sulfate concentration is expressed in millimoles (mM) and pyrite flux is
expressed in mol/Myr.
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would require changes in FPY from near zero to 0.8×1018 mol/Myr
(Table 10). Large fluctuations in pyrite burial are best explained by
the presence of a persistent HS− reservoir in an ocean that is strati-
fied with respect to oxygen. In this scenario, HS− produced by BSR
in anoxic bottom waters is removed from the overlying sulfate reser-
voir and is effectively sequestered as a distinct sulfur reservoir
(Meyer and Kump, 2008). In an iron-limited system, variability in
the isotopic composition of the marine sulfate reservoir would reflect
expansion or contraction of a deep-ocean euxinic reservoir resulting
from changes in organic carbon availability. Ultimately, such a scenar-
io in which rates of BSR are decoupled from rates of pyrite burial (i.e.,
where modeled values of FPY effectively reflect FBSR rather than pyrite
burial) could result in substantial changes in the isotopic composition
of marine sulfate even in the absence of evidence (such as changes in
ΔS) for enhanced efficiency of pyrite burial. Furthermore, although it
is difficult to separate extrinsic (e.g., climate change, weathering rate-
controlled nutrient availability) from intrinsic (anoxia-controlled nu-
trient availability) controls on CORG availability, we suggest that the
rapid (b106) time-frame of observed sulfur-isotope change is consis-
tent with changes in CORG availability resulting from intrinsic changes
in marine redox structure and nutrient availability.

5.2.3. Weathering flux control
In a final model examination, we examine the potential for

changes in the magnitude and isotopic composition of sulfate weath-
ering to result in short-term oscillation of marine sulfur-isotope com-
position. Flux of sulfate to the marine system includes the oxidative
weathering of crustal sulfide minerals, dissolution of marine evapo-
rite minerals, and the input of magmatic sulfur, with the isotopic
composition of this flux being a function of the relative contribution
of these sulfur sources (Garrels and Lerman, 1984; Carpenter and
Lohmann, 1997; Berner and Petsch, 1998; Berner, 2001). Typically,
volcanogenic sulfur input is inferred to be low relative to crustal
weathering, and is typically ignored (Kump, 1989; Petsch and
Berner, 1998; Petsch, 1999; Berner, 2001; see Carpenter and
Lohmann, 1997 who argue for the addition of a significant mantle
flux). Additionally, since there is little fractionation associated with
the precipitation of sulfate-bearing evaporites from seawater
(Holser et al., 1988; Raab and Spiro, 1991), their dissolution plays
only a minor role in determining the isotopic composition of a crustal
weathering flux, which is, instead, dominated by the oxidative weath-
ering of crustal pyrite.

Because crustal weathering, and thus the flux and isotopic compo-
sition of weathering input to the marine sulfur system, is primarily
controlled by long-term (>107 Myr) processes such as tectonics and
Table 11
Estimates of rate of change in sulfur-isotope composition (∂δSO4/∂t) with FW.

[SO4] FW=0 FW=1×1018 FW=1.5×1018 FW

0.5 41 30 25 19
1 20 15 12 10
2 10 8 6 5
14 1 1 1 1
28 1 1 0 0

Note: Sulfate concentration is expressed in millimoles (mM) and weathering flux is expres
changes in biospheric oxygen content (Berner, 1994; Canfield et al.,
2000), weathering input typically affects marine δ34S only on long
time scales (Garrels and Lerman, 1984; Veizer et al., 1999;
Kampschulte et al., 2001). To constrain the magnitude of weathering
flux change required for ∂δSO4/∂t=14‰/Myr, we used Eq. ((2) to cal-
culate ∂δSO4/∂t for a range of MSO4 and FW (Table 11). These estimates
again emphasize that observed ∂δSO4/∂t requires low marine sulfate
concentration (b2 mM) and large fluctuations in FW. Modern sulfate
reservoir size (28 mM) cannot achieve observed rates even at FW
that is 10x estimates for Phanerozoic weathering rates. Even at a ma-
rine sulfate concentration of 0.5 mM a near doubling of FW is required
to shift from δSO4 variation in the negative direction to the positive di-
rection (FW from 2.5×1018 mol/Myr to 5×1018 mol/Myr). The com-
bination of large fluxes and rapid change in the magnitude of these
fluxes suggests that FW is not a primary control on marine S-isotope
variation.

Additionally, time-dependent estimates (Eq. ((2)) of the sensitiv-
ity of marine sulfate isotopic composition to changes in the isotopic
composition of the weathering flux (δW) suggest great difficulty in
achieving observed rates of S-isotope change at modern concentra-
tions of marine sulfate (Table 12). Even at very low marine sulfate
concentrations (0.5 mM), observed oscillation of marine δSO4 would
require shifts in δW from approximately −13‰ to>3 (Table 12). Es-
timates of Early Paleozoic the isotopic composition of sulfate weath-
ering flux range from +3 to +12‰ (Hurtgen et al., 2009; Gill et al.,
2011). Although Early Paleozoic δW values are admittedly difficult to
constrain, values much below 0‰ are unlikely from a continental
source since these values represent a mixture of sulfate and sulfide
weathering (Holser et al., 1988). Under conditions of a persistent
euxinia, however, a deep water HS− reservoir could provide a poten-
tially large reservoir of highly reactive, isotopically light sulfur. Model
estimates provided here suggest that partial reoxidation of this
source (i.e., where modeled values of FW and δW effectively reflect a
combination of a traditional crustal weathering flux plus a flux of ox-
idized hydrogen sulfide, FW+FOX) could result in substantial changes
in the isotopic composition of marine sulfate.

5.3. Alternative model for short-term sulfur-isotope variation

Time-dependent analyses indicate that it is unlikely that observed,
systematic oscillations in marine δ34S result from changes in the iso-
topic fractionation between oxidized and reduced sulfur phases. We
suggest that difficulties in generating large, yet short-term, changes
in the either pyrite burial (FPY) or weathering (FW) flux can be recon-
ciled by treating the Ordovician sulfur cycle as a dual-reservoir sys-
tem, wherein marine sulfate and HS− are treated as distinct,
reactive reservoirs (Thompson et al., in revision; cf. Rothman et al.,
2003). Numerous studies suggest Early Paleozoic oceans were sus-
ceptible to deep-ocean anoxia and fluctuating euxinia (Wille et al.,
2008; Hurtgen et al., 2009; Gill et al., 2011). Here we consider that
short-term, rapid oscillation in the marine CAS record may be best
explained by the intrinsic expansion and contraction of a reactive
deep-ocean HS− reservoir responding to small-scale changes in ma-
rine redox.

If we first consider a single-reservoir model (Fig. 12A), the compo-
sition of the marine sulfate reservoir depends only on the magnitude
=2×1018 FW=3×1018 FW=4×1018 FW=5×1018

8 −3 −14
4 −1 −7
2 −1 −3
0 0 0
0 0 0

sed in mol/Myr.



Table 12
Estimates of rate of change in sulfur-isotope composition (∂δSO4/∂t) with δW.

[SO4] δW=−15‰ δW=−10‰ δW=−5‰ δW=0‰ δW=+5‰ δW=+10‰ δW=+15‰

0.5 −20 −10 0 10 20 31 41
1 −10 −5 0 5 10 15 20
2 −5 −3 0 3 5 8 10
14 −1 0 0 0 1 1 1
28 0 0 0 0 0 1 1

Note: Sulfate concentration is expressed in millimoles (mM) and weathering flux is expressed in ‰/Myr.
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and isotopic composition of input fluxes (from weathering) and out-
put fluxes (from deposition of marine evaporates, including deposi-
tion of carbonate-associated sulfate, and pyrite). Because marine
evaporite deposition has little fractionation from original marine
compositions (Holser et al., 1988; Raab and Spiro, 1991), pyrite burial
is the quantitatively critical flux. The inherent assumption in this
single-reservoir model—suitable for a well-ventilated water column
—is that all bacterially reduced HS− that is not extracted by reaction
with available iron is immediately reoxidized, through a range of in-
termediate sulfur phases, to sulfate.

By contrast, a dual-reservoir model acknowledges the potential
existence of a reactive, deep-ocean HS− reservoir in addition to the
marine sulfate reservoir. Deep-ocean euxinia is treated as a distinct
reservoir with its own input and output fluxes that can affect both
the behavior of the individual reservoirs as well as the degree of link-
age between them (Thompson et al., in revision; cf., Rothman et al.,
2003). In a dual-reservoir model (Fig. 12B) the isotopic composition
of marine sulfate is affected directly by the magnitude and isotopic
composition of traditional input and output fluxes (from weathering
and deposition of marine evaporates, including deposition of
carbonate-associated sulfate, respectively) that act over long time
scales, as well as a suite of transitory input and output fluxes (from
BSR and a combination of chemical and biological sulfide oxidation;
Kaplan and Rittenberg, 1964; Fry et al., 1988). In this scenario, the
composition of marine sulfate will be influenced directly by the mag-
nitude and isotopic composition of pyrite burial only when the tran-
sitory fluxes between the two reservoirs, bacterial sulfate reduction
(FBSR) and sulfide oxidation (FOX), are in equilibrium (Fig. 12B).
When transitory fluxes are not in equilibrium, it is critical to consider
the time scales of these fluxes with respect to the size of the individ-
ual reactive reservoirs (cf. Rothman et al., 2003). For instance, if BSR
or HS− oxidation occurs over time scales that are shorter than the
residence time of the marine HS− reservoir (τHS), but longer than
the residence time of the marine sulfate (τSO4) these processes will
preferentially affect the composition of the marine sulfate reservoir
but not that of the marine HS− reservoir.
ReReservoir 1

[SO  ]4
--

A B

Fw, δw Fw, δw

Fpy, δpyFgyp, δgyp F

Fig. 12. Conceptual diagrams of single and dual-reservoir marine sulfur models. A) In a sin
sulfate is controlled primarily by the magnitude and isotopic composition of input fluxes (
deposition of carbonate-associated sulfate, and pyrite). Because marine evaporite depositio
tatively critical flux. B) In a dual-reservoir sulfur model (cf., Rothman et al., 2003), both m
which can be affected not only by end-member input fluxes (from weathering) and outp
associated sulfate, and pyrite), but also by the magnitude and isotopic compositions of high
or microbical sulfate oxidation.
In light of this two-reservoir model, we suggest that rapid oscilla-
tion in the isotopic composition of marine sulfate may reflect transi-
tory changes in the balance of BSR and HS− oxidation in a low-
sulfate, euxinic marine system (Fig. 13). In this scenario, reduced oce-
anic ventilation (via sluggish circulation or reduced oxygen solubili-
ty) promotes deep-water anoxia and buildup of an HS− reservoir.
During intervals of increased marine anoxia (Fig. 13A), HS− produced
via BSR is effectively removed from the overlying marine sulfate res-
ervoir. The high position of the marine oxycline prevents substantial
reoxidation of HS−, which results in isotopically heavy marine sul-
fate. During times of decreased marine anoxia (Fig. 13B), partial reox-
idation of HS− in the water column and sediment releases a flux of
isotopically light marine sulfate to the marine sulfate reservoir,
resulting in a negative shift in the isotopic composition of marine
sulfate.

We envision the primary driver behind fluctuating marine redox
to be organic productivity. In this model, expansion of euxinic deep
waters occurs when productivity leads to enhanced oxygen con-
sumption and increased rates of BSR within the water column. Mod-
eled C/S ratios of 0.8–1.8 and diminished evidence for restricted ΔS
support the hypothesis of syngenetic pyrite formation within a euxi-
nic water column (Thompson et al., in revision), although, in this
case, the isotopic composition of marine pyrite is buffered by HS−

rather than by pyrite burial. We expect that such conditions are
self-limiting, in that a strong oxycline will limit foster anoxic denitri-
fication, ultimately resulting in a negative feedback between nitrogen
availability and organic productivity. As nitrogen limitation forces a
reduction in productivity, oxygen consumption will decline, resulting
in a lowering of the marine oxycline. Even potentially small changes
in nutrient availability and organic productivity, may result in cyclic
changes in oceanic redox that is reflected in an oscillation in the iso-
topic composition of marine sulfate. In fact, we would expect that this
scenario could produce multiple scales of sulfur-isotope change that
might reflect, for instance, hierarchical changes in sea level and its ef-
fect on organic productivity. Critical evaluation of short-term isotopic
change through more detailed sampling may therefore provide
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Fig. 13. Conceptual model of fluctuating oxycline in the poorly ventilated Ordovician
greenhouse ocean. A) During intervals of widespread anoxia (high marine oxycline)
low rates of HS− reoxidation results in effective removal of sulfur from the marine sul-
fate reservoir and buildup of a large HS− reservoir. B) Contraction of deep-ocean euxi-
nia and partial oxidation of the reactive HS− reservoir, results in an increased flux of
isotopically light sulfate to the marine sulfate reservoir and a concomitant decrease
in the isotopic composition of the marine sulfate reservoir.
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insight on the driving mechanism behind observed isotopic change.
Regardless of the driving mechanism, however, it is clear that the
transitory nature of observed isotopic changes requires consideration
of a dual-reservoir model for marine sulfur cycling. In this scenario,
the total flux of bacterially reduced sulfur, less the reduced sulfur re-
moved from the system as pyrite, represents the extent of euxinia and
the amount of reactive sulfur available for reoxidation. The stability of
the observed short-term oscillation of δ34S indicates that, over the
long time-frame of this study (>20 Myr), extrinsic factors, such as in-
creased crustal weathering and the affect on organic productivity on
expansion and contraction of marine euxinia, were largely decoupled
from isotopic variation driven by intrinsic changes in nutrient flux.

6. Conclusions

Marine S-isotope records from the Early to Middle Ordovician
Argentine Precordillera and Western Newfoundland show robust
short-term variation superimposed over a longer-term signal. Long-
term S-isotope variation is sympathetic to marine C-isotope variation,
indicating that organic carbon burial was a driver of C- and S-isotope
variation. Comparison to long-term C- and S-isotope variation to
trends observed in numerous localities during the Late Cambrian
SPICE event shows δ34S variation that is similar in magnitude, but
which occurs over a time interval twice as long as during the Late
Cambrian epoch. The average magnitude (15‰) and spatial heteroge-
neity (12 to 28‰) of sulfur-isotope response to the SPICE event indi-
cates low concentrations of sulfate in late Cambrian oceans We
suggest the longer duration of average variation in marine sulfur-iso-
tope composition reflects an approximate doubling of the marine
sulfate reservoir after SPICE (from approximately 1 to 2 mM). Marine
δ13C variation is notably muted in the Ordovician period relative to
SPICE (1‰ excursion versus 5‰ during SPICE). The muted response
of Ordovician marine δ13C likely reflects a combination of decreased
siliciclastic influx during a global highstand of sea level, increased
pCO2, and the buffering of the marine carbon-isotope system via
coupled organic and inorganic carbon production (Ridgwell, 2003;
Bartley and Kah, 2004).

Traditional single-reservoir modeling of the sulfur cycle is not suf-
ficient to account, however, for a persistent short-term oscillation in
the isotopic composition of marine sulfur. Short-term variation in
marine sulfate isotopic composition is indicative of expansion and
contraction of deep-ocean euxinia, and is best explained by an intrin-
sically controlled fluctuation in the marine oxycline that results in an
alternation between enhanced BSR and enhanced reoxidation of ma-
rine HS− in a poorly ventilated Ordovician greenhouse ocean.

The potential for a large, reactive HS− reservoir demands consid-
eration of the sulfur cycle as a dual-reservoir model (cf. Rothman et
al., 2003), and suggests that Precambrian and Early Paleozoic records
of S-isotope variation should be re-evaluated in terms of a dual-reser-
voir model, especially during intervals when the water column was
potentially euxinic. The results from this and other recent studies
(Thompson et al., in revision) indicate the persistence of deep-
ocean euxinia well into the Ordovician despite the potential for
large-scale organic carbon burial during the Late Cambrian SPICE
event. We suggest that the extent of oxygen liberated to the bio-
sphere during the SPICE event, although sufficient to double the size
of the marine sulfate reservoir, was insufficient fully ventilate the
deep-ocean environment, particularly during greenhouse climates.
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