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ABSTRACT
Carbonate-associated sulfate (CAS) has the potential to generate high-resolution records of
seawater sulfate (δ34SSW) that improve upon existing evaporite-based records. With improved
resolution, however, significant isotopic offsets have become apparent between the evaporite
and CAS proxies. Here we present high-resolution δ34S measurements of both these proxies
from the Ara Group, Sultanate of Oman, a series of six carbonate-evaporite sequences deposited ca. 547–540 Ma. The δ34SCAS from Ara carbonates show little scatter and provide our
estimate of δ34SSW. Repeated enrichments (as much as 4‰ relative to δ34SCAS) were observed
in floor and roof anhydrite units (δ34SEVAP) bounding the Ara carbonates. These enrichments
cannot be explained by secular variation or from isotopic fractionation during evaporite deposition and require the existence of an additional 34S-depleted sink, which we attribute to H2S
production via ongoing bacterial sulfate reduction during evaporite deposition. To preserve
this isotope signature, the resulting sulfide must be sequestered as pyrite. The magnitude of
the resulting δ34SEVAP offset (relative to CAS) is a function of local pyrite burial (fpyr). In periods
of low pyrite burial, it is possible for δ34SEVAP to be depleted relative to δ34SSW, whereas during
episodes of substantial pyrite burial (fpyr > 0.05), δ34SEVAP can be strongly enriched relative to
δ34SSW. Our data suggest that local fpyr of ~0.13 is consistent with the observed δ34SEVAP enrichments found in the Ara Group anhydrites. Such elevated pyrite burial in evaporitic settings
requires a substantial iron source, supporting possible ferruginous ocean conditions across the
Ediacaran-Cambrian boundary. Isotopic offsets between paired δ34SCAS-δ34Sanhydrite data may
thus serve as an independent proxy for marine redox through time, in addition to quantifying
the importance of microbial activity in a setting where direct evidence (e.g., total organic carbon or biomarkers) may be scarce and physical processes are thought to dominate.
INTRODUCTION
The global sulfur cycle is one of the principal biogeochemical means to regulate Earth’s
surface redox over geologic time (Garrels and
Lerman, 1981). Measurement of the sulfur isotopic composition of seawater sulfate [δ34SSW =
(34S/32S)SW /(34S/32S)STD – 1 × 103, relative to the
international Vienna Canyon Diablo Troilite
standard] is one of the most useful tools for
reconstructing ancient sulfur cycling. Studies
have traditionally relied on sparsely distributed
marine sulfate evaporites, which are believed
to reasonably approximate δ34SSW (Claypool
et al., 1980). Additional proxies, such as carbonate-associated sulfate (CAS) (Burdett et
al., 1989), have the potential to provide a more
complete δ34SSW record over Earth history (Fike
et al., 2006; Kampschulte and Strauss, 2004).
Although first-order trends in CAS and evaporite δ34S are similar, significant offsets (>10‰)
are observed between these proxies for δ34SSW
throughout Phanerozoic strata (Kampschulte
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and Strauss, 2004). Although some of these
differences may be attributed to secular δ34SSO
4
variability between noncontemporaneous strata,
this is unlikely to account for all of these offsets.
In particular, in strata containing interbedded
carbonate and evaporites (thereby eliminating
errors due to correlation and secular variability),
δ34SEVAP can be offset from δ34SCAS by as much as
5‰ (Kah et al., 2004).
It is the aim of this paper to investigate isotopic offsets between CAS (δ34SCAS) and anhydrite (δ34SEVAP) preserved in Ara Group strata
from the Sultanate of Oman. The rapid deposition of carbonate-evaporite sequences precludes
substantial secular variation in δ34SSW. As such,
offsets between δ34SCAS and δ34SEVAP can be used
to probe local (e.g., basinal) paleoenvironmental
conditions and marine chemistry at the time of
their deposition.
GEOLOGICAL SETTING
The Ara Group is a series of six carbonateevaporite cycles (Schröder et al., 2003) deposited between ca. 547 and 540 Ma (Bowring et
al., 2007) in the South Oman Salt Basin, Sultanate of Oman (Fig. 1). The Ara Group encompasses the late Ediacaran–early Paleozoic δ34SSW

Figure 1. Map of Oman showing locations
of wells from South Oman Salt Basin that
provided subsurface samples. Well key: 1—
BBN-2; 2—BBN-1; 3—MNH-1; 4—BRB-4;
5—BHR-1; 6—DRR-1; 7—NAQ-1; 8—RBB-3;
9—SAR-2; 10—ZAL-1; 11—ZAL-2; 12—ZAL3; 13—GFR-4; 14—GFR-5; 15—QSB-1.

maximum (Claypool et al., 1980) and contains
34
S-enriched anhydrite (Schröder et al., 2004)
and CAS (Fike and Grotzinger, 2008).
Each Ara cycle can be divided into three
phases: (1) deposition of a floor anhydrite during a period of freshening; (2) an open marine
phase of carbonate platform development; and
(3) deposition of a roof anhydrite, and ultimately halite, during a period of increasing
basin restriction. The maximum flooding surface (MFS) is commonly located close to the
anhydrite-carbonate transition (Schröder et al.,
2003). This contact likely represents a dissolution surface (Fig. DR1 in the GSA Data Repository1) that formed as open marine waters entered
the restricted basin. Depletions in δ13C and δ34S
(CAS and anhydrite) are commonly observed at
the MFS and likely reflect the oxidation during
basin flooding of organic matter and sulfides,
including H2S, metastable FeS, and/or pyrite
1
GSA Data Repository item 2010094, methods
and Figures DR1 and DR2, is available online at
www.geosociety.org/pubs/ft2010.htm, or on request
from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Generally, δ34SEVAP follows the secular trend
seen in δ34SCAS. However, whereas δ34SCAS typically shows very little scatter (~1‰) within each
carbonate unit, δ34SEVAP is more variable and
typically enriched by as much as 4‰ relative
to δ34SCAS (Fig. 2). This periodic enrichment in
δ34SEVAP with respect to δ34SCAS suggests a relationship between this isotopic offset and changing basin restriction.

Figure 2. Composite stratigraphy of Ara
Group units A2–A6. U/Pb ages are from
Bowring et al. (2007). Samples from different
wells are normalized to constant thickness
for each carbonate and/or anhydrite unit for
plotting purposes. Note enrichment in δ34SEVAP
(evaporite; gray) relative to δ34SCAS (carbonate-associated sulfate; black). Depleted values at basal anhydrite-carbonate context are
attributed to oxidation at maximum flooding
surface. For data, see Table DR1 (see footnote 1).

(Figs. 2 and 3). The contacts between carbonate and overlying roof anhydrite are conformable (Amthor et al., 2002) and represent a shallowing-upward sequence where the uppermost
meters of carbonate, deposited at or above wave
base, are stromatolitic and interbedded with
lenses of anhydrite (Schröder et al., 2003). Ara
carbonates are preserved predominantly as dolomite (Schröder et al., 2003), and the anhydrites
bounding the base and top of the Ara carbonates most likely were deposited as gypsum and
underwent recrystallization to anhydrite during
burial; however, this transformation is unlikely
to have altered the original δ34S composition
(Worden et al., 1997). Fluid inclusion analysis
(Brennan et al., 2004; Schröder et al., 2003)
indicates that the evaporitic fluid was derived
from seawater, precluding significant alteration
by brines of nonmarine origin.
Ara Group strata are known definitively only
from the subsurface. Anhydrite and carbonate
samples analyzed in this study were collected
from drill core and cuttings from multiple wells
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Figure 3. Variability in δ34S over single carbonate-evaporite cycle (A4 cycle from well
BRB-4 is shown). Carbonate facies were
discussed in detail in Schröder et al. (2003)
and are highlighted here to show facies independence of δ34SCAS. Higher order changes
in δ34SEVAP (evaporite) in roof anhydrite (RA)
are interpreted to reflect pulses of restriction
and freshening. Depleted δ34S values (CAS,
carbonate-associated sulfate, and anhydrite)
found at contact between floor anhydrite (FA)
and base of carbonate layer (maximum flooding surface) are attributed to oxidation associated with basin flooding. Mdst—mudstone;
Pkst—packstone; Grst—grainstone.

ENRICHMENT OF δ34SEVAP
The deposition of each Ara unit (floor anhydrite–carbonate–roof anhydrite) is believed
to have taken ~1 m.y. (Bowring et al., 2007);
deposition of the floor and roof anhydrites is
likely to have taken significantly less time. As
such, minimal secular variability in δ34SSW could
have occurred during the deposition of each Ara
anhydrite unit (Kah et al., 2004). Further, any
such (global) variability is unlikely to oscillate
with the same frequency as local (basinal) lithologic changes (e.g., anhydrite-carbonate). Thus,
the observed enrichment in δ34SAN bounding
each of the Ara carbonate units must result from
a local effect rather than reflect changing δ34SSW.
During abiotic evaporite precipitation, the initial anhydrite and/or gypsum formed is enriched
by 1.6‰ relative to seawater sulfate (Raab and
Spiro, 1991). The enrichment of 34S in the mineral phase causes the residual sulfate reservoir
to be correspondingly 34S depleted. As such,
the brine (and thus, coeval evaporites) becomes
progressively depleted as evaporation continues
(Fig. 4A), according to the standard distillation
relationship (Canfield, 2001):

(
across the Ara basin (Fig. 1). Additional δ34SCAS
data, previously reported from five wells (Fike
and Grotzinger, 2008), are also shown. For a
description of extraction and analytical methods, see the Data Repository.
RESULTS
High-resolution measurements of δ34SEVAP
were obtained throughout the floor and roof
anhydrites that bound Ara platform carbonates
(Figs. 2 and 3). Note that the lowermost cycle
A1 is excluded from discussion here, as it does
not have a well-developed anhydrite-carbonateanhydrite package. δ34SCAS showed little variation throughout the A2–A6 units documented
here, except for an ~1‰ decrease over the A4
(Fig. 2). This pattern is also observed in nonevaporite carbonates from the Eastern Flank of
the South Oman Salt Basin (Fike and Grotzinger, 2008). δ34SCAS is known to record δ34SSW
in open marine conditions (Lyons et al., 2004)
and the δ34SCAS trend in Ara strata has been interpreted to represent (global) secular change (Fike
and Grotzinger, 2008).
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where F is the fraction of initial sulfate left in
the reservoir and α = 1.0016 is the fractionation
between coeval gypsum and aqueous sulfate
(Raab and Spiro, 1991). The evolution of δ34S
as a function of F necessitates the distinction
between bulk and instantaneous δ34S values.
Quantitative removal of sulfate from the brine
during evaporite deposition results in average δ34SEVAP = δ34SSW (e.g., by integrating the
gypsum line in Fig. 4A). However, instantaneous δ34S values for gypsum range from being
enriched with respect to seawater by 1.6‰ to
being significantly depleted with respect to seawater as evaporation continues (Fig. 4A). Evaporite deposition at low F may explain reports
of evaporites depleted in δ34S relative to coeval
CAS (Kah et al., 2004). An ~1.6‰ enrichment in δ34SEVAP relative to δ34SSW (at F ~ 1) is
the maximum enrichment that can be attributed
to abiotic sulfate (gypsum) precipitation. Substantially larger enrichments (to 4‰ relative to
CAS), however, are observed in Ara anhydrites.
These enrichments must reflect an additional
34
S-depleted sink during evaporite deposition.
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Figure 4. δ34S evolution as function of F, fraction of sulfate left in reservoir. Initial sulfate
reservoir composition is 40‰. A: Aqueous (aq.) sulfate and coeval gypsum (αgyp
= 1.0016) decrease in δ34S as evaporite precipitation progresses. B: Addition of 34Sdepleted pyrite sink (αpyr = 0.97) offsets 34Senriched gypsum sink when pyrite burial, fpyr
= 0.05. C: For values of fpyr < 0.05, aqueous
and evaporite δ34SSO4 decrease with sulfate
removal, whereas for fpyr > 0.05, δ34SSO4 increases with sulfate removal. This latter
case (fpyr > 0.05) can explain enriched anhydrites of Ara Group.

Bacterial sulfate reduction (BSR) and other
microbial metabolisms provide such a sink
in most modern sedimentary systems via the
biological production of 34S-depleted H2S
(Canfield, 2001). BSR activity is widespread
in modern hypersaline systems (Brandt et al.,
2001; Habicht and Canfield, 1996; Porter et al.,
2007); some of the highest sulfate reduction
rates ever recorded occurring in salt marshes
and hypersaline microbial mats (Porter et al.,
2007). The magnitude of 34S enrichment in the
brine depends on isotopic fractionation during
BSR and the fraction of sulfate that is reduced
to sulfide. Typical fractionations during BSR
are 25‰–35‰ with an experimental range of
4‰–46‰ (Canfield and Teske, 1996). Modern
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hypersaline environments are known to support abundant sulfate reduction characterized
by sizeable isotopic fractionations (Fike et al.,
2008; Habicht and Canfield, 1996; Habicht
and Canfield, 1997). Significant fractionations
during BSR are expected to continue throughout evaporite deposition as long as the sulfate
reservoir is not drawn sufficiently low (<~200
µM) by gypsum precipitation and/or BSR so as
to inhibit biological fractionation (Habicht et al.,
2002). Fluid inclusion analysis, however, indicates that sulfate remained sufficiently abundant
throughout deposition of the Ara anhydrite units
to maintain substantial fractionations during
BSR (Brennan et al., 2004).
The resulting 34S-depleted sulfide must be
sequestered as pyrite (or some other geologically stable reduced sulfur compound) to preserve the isotope enrichment of the brine. While
most modern evaporitic environments with high
rates of BSR, such as Guerrero Negro (Mexico)
and Solar Lake (Egypt), are iron limited, some
locations (e.g., Camargue, France) are iron rich
(Wieland et al., 2005), and thus have the potential for significant pyrite sequestration. Moreover, it has been proposed that ferruginous conditions were common in both deep and shallow
water environments in the Ediacaran-Cambrian
ocean (Canfield et al., 2008), most likely due to
a shortage of available oxidants. If so, ferruginous conditions could enable efficient capture
and sequestration of ambient 34S-depleted H2S
as pyrite during restriction when the Ara basin
is cut off from the open ocean. Finely disseminated pyrites occur throughout the Ara anhydrites, particularly along organic-rich lamina
(Fig. DR2), as well as in the coeval Al Shomou
silicilyte in the basin center (Amthor et al.,
2005). As such, we suggest that parallel pyrite
sequestration is the most plausible mechanism
to generate the enriched δ34SEVAP observed in
Ara Group anhydrites.
The impact of pyrite sequestration on δ34SEVAP
can be evaluated by modifying Equation 1,
replacing α with the average fractionation of
sulfur leaving the system (αavg):

(α ) = f
avg

pyr

(

) (

) (

)

× α pyrite + 1 − f pyr × α gypsum , (2)

where fpyr is the fraction of sulfur burial due to
pyrite formation and (1 – fpyr) is the fraction
due to sulfate deposition. The modern (globally
averaged) marine fpyr is ~0.3 (Canfield, 2001);
evaporite deposition is generally assumed
to occur with local fpyr ~0, due in part to the
rapid deposition of sulfate evaporites (Warren,
1989). From Equation 2, we can calculate the
value of fpyr at which the burial of 34S-depleted
pyrites balances that of 34S-enriched sulfates
(i.e., αavg = 1). For αpyrite = 0.97 (see above) and
αgypsum = 1.0016 (Raab and Spiro, 1991), fpyr =
0.05 results in a constant isotopic composition

of the brine (δ34SSW) and gypsum (enriched by
1.6‰) as evaporation progresses (Fig. 4B). In
this case, there is no difference between instantaneous and average δ34S for any phase. For fpyr
< 0.05, δ34Sbrine and δ34SEVAP decrease as evaporation progresses, and bulk δ34SEVAP is enriched
by <1.6‰ with respect to δ34SCAS. However, for
fpyr > 0.05, δ34Sbrine and δ34SEVAP increase with
continued evaporation, resulting in bulk δ34SEVAP
enriched by more than 1.6‰ relative to δ34SCAS
(Fig. 4C). In addition, successive evaporites
from a single episode would have progressively
enriched δ34S values. We observe that δ34SEVAP
in roof anhydrites often increases from the
carbonate-anhydrite to the anhydrite-halite contact, although higher order pulses of freshening
or restriction can modulate this signal (Fig. 3).
Thus, observing shifts in δ34SEVAP within firstorder evaporative cycles may provide a way to
reconstruct pulses of evaporation and freshening
during periods of evaporite deposition. Future
work pairing high-resolution δ34SEVAP measurements with the incorporation of trace elements
in sulfate evaporites (Kah et al., 2001) can provide constraints on the impact of this effect.
Thus, both the magnitude of the observed
enrichment (as much as 4‰ relative to δ34SCAS)
in δ34SAN and the apparent isotope trends within
individual Ara anhydrites can be explained as
the result of significant bacterial sulfate reduction and pyrite sequestration (fpyr > 0.05) during
basin restriction. It is noteworthy that the maximum magnitude of the fractionations is nearly
the same (~4‰) in each cycle, suggesting an
upper limit to the BSR-induced enrichment
effect. Given that all evaporite samples analyzed
are bedded anhydrites deposited prior to the
onset of halite deposition, we propose that the
extent of δ34S enrichment in the Ara anhydrites
is limited by the onset of halite precipitation;
this terminates the deposition of continuously
bedded sulfates and thereby provides a lower
limit on the values of F that can be sampled
from within the bedded anhydrites. Analysis
of anhydrites within the salt has been avoided
because of the high probability of stratigraphic
displacement, due to postdepositional halite
remobilization.
If we assume that all sulfate was removed
from solution and that fractionation during BSR
did not change significantly during restriction,
we can determine the minimum fpyr necessary to
result in a 4‰ enrichment in δ34SEVAP. At fpyr =
0.067 (αavg = 0.9995), the last 1% of sulfate precipitated (i.e., F = 0.01) would have been sufficiently enriched to generate the δ34SEVAP observed
in Ara strata. However, primary fluid inclusions
within halite crystals are known to contain abundant residual sulfate (Brennan et al., 2004),
indicating that the aqueous sulfate reservoir
was not exhausted (F >> 0) when the last continuously bedded anhydrites were precipitated.
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Therefore, the above estimate of fpyr needed to
generate the Ara data is likely to be a significant
underestimate. It is possible to estimate F at the
termination of calcium sulfate deposition based
upon the marine chemistry during Ara deposition as reconstructed by Brennan et al. (2004):
Ca2+ 14 mmolal and SO42– 20.5 mmolal. Given
modern dissolved inorganic carbon (DIC) values
(~2.4 mmolal), we can approximate F as:
F ~ SO 4 ( f ) SO 4 ( i ) =
SO 4 ( i ) − ( Ca − DIC 2 )  SO 4 ( i ) ~ 0.38,

(3)

(where i is initial and f is final), assuming that
calcium removes 50% of the DIC as calcium
carbonate and that subsequently sulfate titrates
out the remaining calcium (Brennan et al.,
2004). This is only an approximation, as some
chemical constituents (e.g., DIC) in ancient
seawater remain poorly constrained and some
residual calcium may have remained in the brine
at the time our samples were deposited. For F =
0.38, a value of fpyr ~ 0.13 is needed to generate
the observed enrichments in δ34SEVAP from Ara
Group anhydrites (see the Data Repository).
This value for local fpyr (0.13) is substantially
higher than generally assumed for evaporite
basins, the mineralogy and geochemistry of
which generally are thought to be dominated by
physical rather than biological processes (Warren, 1989), but only ~15% of estimated global
averaged values (0.8) during late Ediacaran–early
Cambrian time (Fike and Grotzinger, 2008). We
attribute elevated pyrite burial, both globally and
locally in association with Ara evaporite deposition, to a general drawdown of oxidants in the
marine water column, creating possible ferruginous conditions during late Ediacaran–early
Cambrian time (Canfield et al., 2008), which
would enable the efficient removal of sulfide as
pyrite. If there is a relationship between ferruginous conditions and substantial 34S enrichments
in evaporites relative to seawater sulfate, then
paired δ34SCAS-δ34SEVAP data may provide an independent proxy for marine redox through time.
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