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Abstract

Large excursions in d13C and d34S are found in sedimentary rocks from the Ediacaran Period that may provide detailed
mechanistic information about oxidation of Earth’s surface. However, poor stratigraphic resolution and diagenetic concerns
have thus far limited the interpretation of these records. Here, we present a high-resolution record of carbon and sulfur
isotopes from the Khufai Formation, leading up to and including the onset of the Shuram carbon isotope excursion. We doc-
ument large coherent excursions in the sulfur isotope composition and concentration of carbonate-associated sulfate (CAS)
that occur both independently and synchronously with the carbon isotope excursion. Isotopic changes appear decoupled from
major stratigraphic surfaces and facies changes, suggesting regional or global processes rather than local controls. Our data
suggest that very low marine sulfate concentrations are maintained at least through the middle-Khufai Formation and require
that the burial fraction of pyrite and the fractionation factor between sulfate and pyrite necessarily change through deposi-
tion. Reconciliation of simultaneous, up-section increases in marine sulfate concentration and d34SCAS requires the introduc-
tion of strongly 34S-enriched sulfate, possibly from weathering of Cryogenian and earlier Ediacaran 34S-enriched pyrite. Our
analysis of the onset of the Shuram carbon isotope excursion, observed in stratigraphic and lithologic context, is not consis-
tent with diagenetic or authigenic formation mechanisms. Instead, we observe a contemporaneous negative excursion in
sulfate d34S suggesting linked primary perturbations to the carbon and sulfur isotope systems. This work further constrains
the size, isotopic composition, and potential input fluxes of the Ediacaran marine sulfate reservoir, placing mechanistic
constraints on possible drivers of extreme isotopic perturbations during this critical period in Earth history.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Neoproterozoic Era was a time of intense environ-
mental and biological variability that included at least
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two significant glaciations (Wright et al., 1990; Hoffman
et al., 1998; Macdonald et al., 2010; Halverson and
Shields-Zhou, 2011), significant changes in deep ocean
chemistry (Claypool et al., 1980; Strauss, 1993, 1997; Fike
et al., 2006; Canfield et al., 2007, 2008; Lyons et al., 2012,
2014), and a number of evolutionary radiations and extinc-
tions (Amthor et al., 2003; Narbonne, 2005; Love et al.,
2009). The Ediacaran Period is particularly important in
that it witnesses the demise of global glaciation, the onset
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of early animal evolution, and likely at least episodic
oxygenation of the deep ocean (Hurtgen et al., 2004;
Xiao, 2004; Fike et al., 2006; Canfield et al., 2007; Scott
et al., 2008; Shen et al., 2008b; Maloof et al., 2010; Erwin
et al., 2011; Sahoo et al., 2012; Lenton et al., 2014).
Evidence for these geochemical changes comes from pertur-
bations to isotopic systems (C, S, etc.) and changes in
inorganic geochemical proxies (REE, iron speciation) mea-
sured from sedimentary deposits (Kaufman et al., 1997;
Hurtgen et al., 2002; Bartley and Kah, 2004; Halverson
and Hurtgen, 2007; Schröder and Grotzinger, 2007; Fike
and Grotzinger, 2008; Canfield et al., 2008; McFadden
et al., 2008; Halverson et al., 2010; Johnston et al., 2012).

One such Ediacaran isotopic perturbation is the Shuram
Excursion, the largest negative carbon isotope excursion in
Earth history in terms of both magnitude and duration
(Grotzinger et al., 2011, and references therein). This excur-
sion is observed globally in multiple ocean basins, including
Oman, South China, Death Valley/northern Mexico, Aus-
tralia, and Namibia (Burns and Matter, 1993; Narbonne
et al., 1994; Calver, 2000; Corsetti and Kaufman, 2003;
Zhu et al., 2007; Melezhik et al., 2009; Le Guerroue
et al., 2006a,b; Le Guerroue, 2010; Kaufman et al., 2007;
McFadden et al., 2008; Prave et al., 2009; Verdel et al.,
2011). The excursion is defined by a dramatic drop in
d13Ccarb from high values (�6‰) characteristic of the
Ediacaran to as low as �12‰. A protracted recovery per-
iod, which could be as long as 50 Ma (million years), covers
a range of sedimentary environments (Le Guerroue et al.,
2006b). While a number of diagenetic mechanisms have
been suggested (Knauth and Kennedy, 2009; Derry, 2010;
Schrag et al., 2013), none can account for the global occur-
rence of strikingly similar excursions across diverse sedi-
mentary environments (Grotzinger et al., 2011). Primary
(non-diagenetic) mechanisms to explain the Shuram Excur-
sion are varied and controversial but broadly center on a
large scale oxidation event (Rothman et al., 2003; Fike
et al., 2006; Kaufman et al., 2007; McFadden et al., 2008;
Grotzinger et al., 2011) and recently a bolide hypothesis
(Young, 2013). Globally, the Shuram Excursion is found
in a transgressive package (Le Guerroue et al., 2006a,b;
Bergmann et al., 2011), or highly condensed section
(McFadden et al., 2008), which limits stratigraphic resolu-
tion; in some cases the initial d13C decline is missed entirely
(Loyd et al., 2012a,b). The Khufai Formation, the focus of
this study, provides a record up to and including the excur-
sion onset, alleviating some of these concerns.

The carbon and sulfur cycles are mechanistically linked,
often co-recording perturbations to the Earth system,
although with different timescales and sensitivities (e.g.,
Garrels and Lerman, 1981). It is perhaps reasonable then
that the Ediacaran sulfur isotope record is volatile, record-
ing large excursions in both sulfate and sulfides (Fike et al.,
2006; Halverson and Hurtgen, 2007; Fike and Grotzinger,
2008). Fike et al. (2006) present carbon and sulfur isotope
data from the duration of the Shuram Excursion and
observe relative consistency in d34SCAS at �25‰ during
the excursion but very large variations beforehand, includ-
ing at the excursion onset (Fike et al., 2006). However,
the limited resolution of these data and lack of paired
sedimentological observations precluded further interpreta-
tion of this tantalizing dataset. Loyd et al. (2012a,b)
observe a pronounced decline in d34SCAS and increase in
CAS concentration ([CAS]) coincident with the d13C
decline in Mexico, but their interpretations were challenged
by the lack carbonate facies lower in the unit. The veracity
of d34SCAS excursions and timing of the increase in [CAS]
relative to the global isotopic signal remain open questions.

The Khufai Formation, Sultanate of Oman, records the
onset of the Shuram Excursion as well as the pre-excursion
conditions in a �300 m-thick package of carbonate rocks,
representing semi-continuous deposition (Osburn et al.,
2014). This section is the most expanded and continuous
known record of carbonate sedimentation recording the ini-
tial isotopic decline and, as such, represents an ideal target
for detailed observation of the environmental conditions
prior to and during the initial excursion. Here, we present
a high-resolution paired carbon and sulfur isotope record
of the Khufai Formation demonstrating large excursions
in sulfur isotope ratios both preceding and coincident with
the well-documented carbon isotope excursion.

2. BACKGROUND: S-ISOTOPE AND

CONCENTRATION PROXIES

The record of sulfur isotopes through time is derived
from measurements of marine evaporites and trace sulfate
incorporated into the matrix of carbonate minerals
(carbonate-associated sulfate; CAS) (Claypool et al., 1980;
Burdett et al., 1989; Strauss, 1993, 1997; Kampschulte
and Strauss, 2004) and barite analysis in younger samples
(Paytan et al., 1998, 2004). Development of the CAS
method has expanded the available record of Precambrian
sulfur isotope data considerably and in many cases reveals
large magnitude isotopic excursions and examples of rapid
isotopic variability (Hurtgen et al., 2004; Kah et al., 2004;
Gellatly and Lyons, 2005). While subject to diagenetic
processes, this technique has been shown to faithfully
record isotopic compositions from the modern ocean
(Kampschulte and Strauss, 2004) and broadly agrees with
evaporite records where both are available (Strauss, 1997;
Kah et al., 2004). In addition, recrystallization from arago-
nite to calcite can preserve sulfur isotope ratios while
decreasing residual CAS concentration (Gill et al., 2008).
Evaporite and CAS records consistently suggest that the
latest Precambrian was a time of highly variable but gener-
ally increasing d34SCAS preceding the extreme excursions
observed near the Precambrian–Cambrian boundary (Fike
et al., 2006; Fike and Grotzinger, 2008, 2010; Halverson
et al., 2010). These rapid and high magnitude changes in
d34SCAS have been interpreted to suggest low marine sulfate
concentrations, while the increasing d34SCAS values may
indicate increased ocean oxidation (Fike et al., 2006; Fike
and Grotzinger, 2008; Halverson et al., 2010).

Interpreting marine sulfate concentration through time
is considerably more complex. Very generally, the limited
occurrence of sulfate evaporites and low [CAS] in Precam-
brian strata suggest significantly lower sulfate concentra-
tions than modern seawater (Strauss, 1997; Kah et al.,
2004). Additional constraints are derived from the rate of
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sulfur isotope change over particular stratigraphic intervals
(e.g., Kah et al., 2004). Both CAS concentrations and
dd34S/dt-derived estimates in Precambrian rocks, including
post-Marinoan strata, suggest a predominance of very low
(<1 mM) sulfate concentrations (Hoffman et al., 1998;
Hurtgen et al., 2002; Amthor et al., 2003; Narbonne,
2005; Kaufman et al., 2007; Macdonald et al., 2010; Loyd
et al., 2012a,b; Wu et al., 2015). However, estimates based
on evaporite deposits in Oman that span the Precambrian-
Cambrian boundary suggest roughly modern values
(16–25 mM) (Brennan et al., 2004; Fike and Grotzinger,
2008). These upper bounds require dramatic increases in
marine sulfate concentration, at least locally, prior to the
Cambrian boundary, as has been suggested previously
(Halverson and Hurtgen, 2007; Wu et al., 2015) and is
supported in greater detail and complexity by this study.
Fig. 1. Geographic and stratigraphic information for the Khufai Forma
Huqf with expanded panels illustrating study sites (stars). (B) Stratigra
stratigraphic surfaces. (C) Stratigraphic summary of sections from the H
3. GEOLOGICAL SETTING

The Huqf Supergroup spans latest Cryogenian through
earliest Cambrian time, cropping out in the Oman Moun-
tains and the Huqf and Mirbat areas (Wright et al., 1990;
Allen, 2007), and is accessed in the subsurface via hydrocar-
bon exploration wells (Forbes et al., 2010). In ascending
order, the Huqf Supergroup is composed of the Hadash,
Masirah Bay, Khufai, Shuram, and Buah formations
capped with the Ara Group (Wright et al., 1990). The lower
formations of the Huqf Supergroup consist of two
siliciclastic-to-carbonate grand cycles, with the Khufai
Formation defining the carbonate phase of the first cycle
bounded above and below by marine siltstone and shales.

The Khufai Formation was sampled in the Oman
Mountains and the Huqf area of the central coast
tion. (A) Map showing the locations of the Oman Mountains and
phic summary of Oman Mountain sections with major sequence
uqf with stratigraphic surfaces.
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(Fig. 1). Stratigraphic sections from the Oman Mountains
preserve deep-water facies, including turbiditic wackestones
and packstones, deep-water microbialites, and siliciclastic
siltstone (Fig. 1b). In contrast, the stratigraphy of the Huqf
area records a prograding carbonate platform with environ-
ments ranging from outer-ramp to supratidal (Osburn
et al., 2014 and references therein). Depositional facies
include a diversity of grainstone types, microbialites, and
lagoonal deposits (Fig. 1c). Stratigraphic sections in the
Huqf area are thick, ranging from 310 to 340 m compared
to 50 to 185 m in the mountains. The sediments from the
Huqf area are also better preserved than those of the Oman
Mountains owing to shallower burial and minimal tectonic
deformation (Osburn et al., 2014). A full stratigraphic char-
acterization of the Khufai Formation is presented in
Osburn et al. (2014).

4. MATERIALS AND METHODS

4.1. Sample collection and correlation

Samples were collected in 2009, 2010, 2011, and 2012 in
concert with stratigraphic and sedimentologic field analysis.
Samples for sulfur and carbonate isotope analysis were
taken at �2 and 1 m intervals, respectively. Additional
material was collected for slab and petrographic analysis
of facies, described previously (Osburn et al., 2014).
Section names, locations, stratigraphic thicknesses, and
the isotopic analyses preformed are listed in Table A1.

In order to compare chemostratigraphic data, a normal-
ized vertical scale (Zn

*) was created from sequence strati-
graphic boundaries defined for the Huqf and Oman
Mountain areas. For the Huqf sections, the base and top
of carbonate deposition were set to 0 and 320 m, respec-
tively, and sixteen intermediate stratigraphic surfaces were
used as tie points between sections. Zn

* values for each sec-
tion were calculated relative to the type section (MD5).
These surfaces are sequence stratigraphic boundaries, and
thus timelines, allowing for observation of contemporane-
ous chemical events. This exercise was repeated for Oman
mountain sections using 0 and 120 m as upper and lower
boundaries and six intervening calibration surfaces. For
details on this approach see Osburn et al. (2014).

4.2. CAS extraction

Samples for sulfate extraction were first cleaned and
trimmed to remove outer surfaces and visible secondary
carbonate phases, such as cement filled veins, before
crushing and powdering. All equipment was rinsed with
MilliQ water and acetone before use and between samples.
Approximately 60 g splits of powdered samples were
weighed into 1 L Erlenmeyer flasks capped with glass watch
glasses for CAS purification and extraction. CAS extraction
followed a protocol modified from Burdett et al. (1989) and
similar to Gill et al. (2011). Samples were rinsed as follows:
10% NaCl, MilliQ, 3% bleach, and MilliQ (2�), each occur-
ring at least overnight, followed by removal of the overlying
solution by decanting. After the final MilliQ rinse, samples
were dissolved in 4 M HCl and filtered immediately on
0.4 lm nitrocellulose membrane filters (Millipore) to
remove the insoluble fraction. The filtrate was adjusted to
a known volume, and a 5 ml aliquot was removed for
elemental analysis. The remaining sample was returned to
a clean flask, and saturated BaCl2 solution was added to
precipitate dissolved sulfate as barite. The barites were
filtered again onto 0.4 lm nitrocellulose membranes, dried,
scraped, and stored until isotopic analysis.

4.3. Isotopic analyses

Carbon and oxygen isotope analyses were performed
using standard isotope ratio mass spectrometry techniques
coupled to either a ThermoScientific Keil IV or Gas Bench
II sample preparation device. Hand samples were prepared
by cutting to expose fresh surfaces and micro-drilled to pro-
duce �0.5 mg of powder. Areas with evidence for recrystal-
lization and clear secondary phases were avoided. Carbon
and oxygen isotope analyses were performed at five labs
over four years: Washington University in St. Louis;
University of Missouri; University of Michigan Stable
Isotope Laboratory; University of California, Riverside;
and the California Institute of Technology. Replicate
samples were compared among the labs to maintain
internal consistency. The standard deviation of replicate
analyses of samples and standards averaged 0.036‰ for
carbon and 0.045‰ for oxygen isotopes, although accuracy
and precision on standards is generally reported at 0.1‰.
All analyses are reported relative to Vienna Pee Dee
Belemnite (VPDB).

Sulfur isotope analyses were performed at the University
of California, Riverside, by EA-IRMS. Barite precipitates
were homogenized and weighed into tin capsules with an
excess of V2O5 for combustion via elemental analyzer.
The resultant SO2 was analyzed online for 34S/32S using a
Thermo Delta V gas sourced IRMS. Sulfur isotope compo-
sition is reported in permil relative to Vienna Canyon Dia-
blo Troilite (V-CDT) using the standard delta notation.
Instrumental error on standards (NBS 127, IAEA SO-5,
IAEA SO-6) and replicate samples was 0.2‰.

4.4. CAS concentration

The concentration of CAS in each sample was measured
from aliquots of known volume taken immediately post dis-
solution. Samples were analyzed at the Biogeochemistry
Laboratory at the University of California, Riverside, using
an Agilent 7500ce quadrupole ICP-MS with Xe as the col-
lision cell gas. Sulfate was measured as total S with error on
replicates better than 5%. CAS concentration was corrected
for the insoluble content of each sample.

5. RESULTS: FORMATION-SCALE

CHEMOSTRATIGRAPHY

5.1. Data from the Huqf sections

Isotopic data from the Huqf region show remarkable
continuity among the locations in both trend and magni-
tude (Fig. 2). d13C values among the sections for a given
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stratigraphic height often agree to within ±1‰ of the
running average, although samples from Buah Dome tend
to diverge from the others. In ascending stratigraphic order,
d13C values first increase slightly from �2 to >5‰. High
values are maintained with a very slight negative slope for
250 m before decreasing rapidly to d13C values approaching
�10‰ at the formation boundary. This decline defines the
falling limb of the Shuram Isotope Excursion and does not
recover to positive values until well into the Buah Forma-
tion (Burns and Matter, 1993; Le Guerroue et al., 2006b).

Oxygen isotope data show considerably more scatter
through the sections; however, there is still a distinct
pattern of consistency in stratigraphic trends among the
sections. Despite the scatter, the majority of d18O values
are high (�3‰ to �4‰). Samples from Buah Dome are
significantly depleted relative to the other Oman sections,
most significantly during the interval of highest d18O values
elsewhere from 75 to 275 m.

Sulfur isotope composition and [CAS] show systematic
trends in the Khufai Formation. d34SCAS values begin at
an average of 25‰ and decrease slightly over 75 m to
22‰. CAS concentration is broadly constant to slightly
declining over this interval. Directly following this decline
is a relatively rapid increase in d34SCAS and [CAS] to 30‰
and �500 ppm, respectively, followed by a gradual decline
Fig. 2. Chemostratigraphic data for Huqf samples plotted against Zn* (
N = 10 for d34S and SO4) of data from all areas are shown in solid black
indicated to the right and by dashed gray lines. The accommodation minim
color in this figure legend, the reader is referred to the web version of th
ending at Zn
* 150 m. The most dramatic signals in both

d34SCAS and [CAS] occur between 150 and 310 m, where a
strongly linear increase in d34SCAS peaks at 35‰ and coin-
cides with a dramatic, although highly variable, increase
then decline in CAS concentration. Following this rise,
the isotopic composition declines dramatically, syn-
chronous with the onset of the Shuram carbon isotope
excursion.

We will refer to the first increase–decrease in d34SCAS as
Khufai 1, the subsequent increase as Khufai 2, and the
terminal decline as the Shuram Excursion for the remainder
of this paper. The formation-scale sequence boundary
identified in Osburn et al. (2014) is plotted behind the data
in red lines for reference (Fig. 2). Notably, isotopic trends
are invariant with respect to this boundary, with the sharp
decline of the Shuram excursion beginning well after
evidence for extensive exposure.

5.2. Data from the Oman Mountains

Carbon isotope trends from the Oman Mountains are
broadly similar to those of the Huqf area (Fig. 3). They
begin by increasing slightly up section to stable and high
d13C values before decreasing near the sequence boundary.
The heaviest d13C values are higher than in the Huqf (up to
see text for details). Running averages (N = 15 for d13C and d18O,
lines. Khufai 1, 2, and the onset of the Shuram Excursion (SE) are
um is shown in the red line. (For interpretation of the references to
is article.)



Fig. 3. Chemostratigaphic data from the Oman Mountain sections plotted against normalized stratigraphic height. The Khufai–Shuram
formation boundary is shown in horizontal black lines. Heavy black lines indicate running averages of data from all areas. Data from Fike
et al. (2006) are shown in open squares for C, O, and S isotopes but were not included for [SO4] due to differing methodologies.
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3‰ increase). After the sequence boundary, d13C values
begin to decline (as in the Huqf); however, each section
follows its own trajectory, with some sections producing
remarkably depleted final excursion values. Oxygen isotope
data are depleted (��10‰) and are similar to the data
from Fike et al. (2006).

Trends in d34SCAS are also broadly similar between the
Huqf and Oman Mountains, although absolute values are
lower in the Oman Mountains. Lower sampling density
and more condensed deposition precludes comparison to
the excursions observed in the Huqf, but a general increase
from 15 to >30‰ is observed. CAS concentrations are
considerably lower in the Oman Mountains, ranging from
�100 to 500 ppm (Fig. 3). These values are consistent with
most of the Huqf data but do not capture the large increase
concurrent with isotopic enrichment.

6. EVALUATION OF TRENDS

6.1. Diagenetic effects

6.1.1. Geochemical predictions of diagenetic processes

Diagenetic processes can significantly alter the geo-
chemical signals preserved in rocks and reset primary
paleoenvironmental information in the process; however,
careful consideration of depositional and burial conditions
as well as the relationships among different isotopic and
elemental systems can help mitigate this risk. For example,
cross plots between different proxies can facilitate compar-
isons of data to expected diagenetic trends (Fig. 4). This
approach is commonly applied to the C and O isotope
systems (e.g., Knauth and Kennedy, 2009) to illustrate
the effects of meteoric and burial diagenesis. For the
d13C and d18O isotope systems, meteoric diagenesis will
drive carbonates to the lower left of Fig. 4A (blue arrow),
whereas burial diagenesis will preferentially lower d18O
(red arrow). Authigenic carbonate formation in the metha-
nogenic zone of marine sediments would be expected to
produce 13C-depletion, strong d34S enrichment, and little
change to d18O (orange arrows 4A and 4B). Also, co-
variation might be expected between d18O and [SO4], as
both are easily altered by meteoric diagenesis (Fike
et al., 2006; Halverson and Hurtgen, 2007; Marenco
et al., 2008; Gill et al., 2008). Specifically, positive correla-
tion could suggest loss of CAS during meteoric diagenesis
with an associated 16O overprint on the carbonates—
similar to Gill et al. (2008) (Fig. 4C, blue arrow). Meteoric
alteration, however, should remove but not isotopically
fractionate CAS (Gill et al., 2008)—thus limiting the
diagenetic explanation for Fig. 4D.



Fig. 4. Chemostratigraphic cross plots of selected data for both Huqf and Oman Mountains samples. Arrows indicate possible trajectories of
diagenetic processes: meteoric diagenesis (blue), burial alteration (red), and authigenic carbonate precipitation (orange). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6.1.2. Evidence of diagenesis

The Huqf and Oman Mountain sections experienced
very different depositional and burial histories with diver-
gent potential for alteration of isotopic and compositional
information. The Huqf Area is well preserved and has expe-
rienced only shallow burial and low tectonic overprints (Le
Guerroue et al., 2006a; Allen, 2007). At least two phases of
alteration occurred within this framework. The first was
pervasive early dolomitization, although excellent retention
of primary sedimentary fabrics suggests that dolomitization
took place before or during lithification. Locally, severe
recrystallization and deposition of coarse calcite spar in
the outer- and middle-ramp facies occurred later, possibly
associated with hydrothermal fluids (Osburn et al., 2014).
In contrast, deep burial and tectonic overprinting has
severely affected the integrity of isotopic signals in rocks
from the Oman Mountains. Major tectonic events include
pre-Permian burial, folding, and exhumation; deep burial
associated with Cretaceous ophiolite abduction; and Neo-
gene uplift of the Oman Mountains (Hanna and Nolan,
1989; Mann et al., 1990; Forbes et al., 2010). The resultant
fabrics of the Khufai Formation range from well preserved
to severely recrystallized, with evidence for ductile flow in
carbonates and penetrative cleavage and phyllitic mica
growth in siliciclastic sediments. Geochemical samples for
this study were taken and processed to avoid secondary
fabrics, and emphasis was placed on the Huqf samples dur-
ing interpretation due to their lower degree of alteration.

Evaluations of the cross plots show in Fig. 4 combined
with our predictions and known geological history help
identify altered samples and suggest generally excellent
preservation of Huqf samples. Fig. 4A illustrates the distri-
bution of carbon and oxygen isotope data showing that
most samples populate the area between d18O of �10‰
to 0‰ and d13C of �1‰ to +6‰. Despite careful sampling
via microdrilling, isotopic evidence for alteration can be
seen in the increased scatter and depletion of oxygen
isotope data, particularly at Buah Dome (red and orange
dots). This study area experienced a greater degree of alter-
ation than the other Huqf exposures based on more wide-
spread fabric destructive recrystallization, potentially
because of fluid flow through its porous sand-dominated
facies and its relative proximity to the Maradi Fault zone
(Hanna and Nolan, 1989) (Fig. 1). Significant divergence
from the main data cluster is seen for the Oman Mountains
samples, which show enriched d13C and depleted d18O
values, consistent with significant alteration during deep
burial. Conversely, a trend of strong d13C depletion with
minimal d18O change is defined by Huqf samples in the
stratigraphic interval marked by the onset of the Shuram
C-isotope excursion. The relationship between [CAS] and
carbonate d18O (Fig. 4C) follows two trends based on
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sample location: Oman Mountain samples display consis-
tently low sulfate concentrations with a large range in
d18O, whereas Huqf samples show a large range in sulfate
concentration but are restricted to a more narrow range
in d18O. As large ranges in [CAS] are preserved with little
change in d18O for the Huqf dataset, we suggest that the
[CAS] trends from these sections likely reflect primary
trends in seawater but not necessarily absolute concentra-
tions (compare Planavsky et al., 2012, and references
therein; Paris et al., 2014).

Fig. 4D illustrates the relationship between [CAS] and
d34S values. A positive correlation is observed that could
be due to progressive evolution of seawater or mixing
between normal Ediacaran seawater and an isotopically
enriched and concentrated end-member. Such an isotopi-
cally enriched brine could not have been produced simply
by the precipitation of gypsum due to the small positive
fractionations associated with gypsum formation (Claypool
et al., 1980) but could have been produced through bacterial
sulfate reduction during evaporite formation as described by
Fike (2007). However, evaporative brine formation should
also alter d18O, inconsistent with our previous observations.
Broadly speaking, diagenetic processes do not appear to be
the primary source of C and S isotope variability for the
Khufai Formation. Where present, strong diagenetic signals
can be identified based on fabric alteration or d18O variability
and excluded from interpretation of primary environmental
variables.

6.1.3. The potential role of diagenetic carbonate precipitation

Schrag et al. (2013) recently suggested that the Shuram
carbon isotope excursion was produced through precipita-
tion of 13C-depleted authigenic carbonate within the excur-
sion stratigraphy. Authigenic carbonate is defined in Schrag
et al. (2013) as an in situ precipitated phase, where alkalinity
production occurs through diagenetic reactions that would
supplement primary marine DIC. The main carbon isotope
decline in the Huqf occurs within a package of oolite
followed by micritic carbonates, similar to other sections
worldwide (Verdel et al., 2011; Loyd et al., 2012a,b). Our
petrographic observations reveal that ooids retain primary
radial-concentric fabrics (Osburn et al., 2014). Detailed
drilling of ooid, cement, and micritic components in these
units has shown no significant difference in carbon or
oxygen isotopes in either the Khufai (this study) or Shuram
formations (Bergmann, 2013). In addition, these high-
energy facies likely contained very little primary organic
matter due to winnowing and enhanced oxidation, leaving
little to contribute to a depleted DIC pool. Furthermore,
if our assertion is incorrect and there was sufficient organic
matter to be remineralized by bacterial sulfate reduction in
the sediments, we would expect the decline in d13C to be
associated with strong d34S enrichment linked to bacterial
sulfate reduction, exactly the opposite of the observed trend
(4B, also see below). These observations support primary
rather than secondary oolitic carbonate precipitation, thus
challenging the model of Schrag et al. for a secondary ori-
gin for the Shuram excursion.

In contrast, isotopic heterogeneity in some sections of
the Oman Mountains may result from authigenic carbonate
input—particularly within the upper and lower transitional
members where carbonates are restricted to irregular pock-
ets and nodular beds surrounded by siliciclastic siltstone. In
the lower transitional zone, large scatter with significantly
depleted d13C values are observed along with relatively
enriched d18O values, consistent with the variable inclusion
of porewater DIC during lithification. In the upper transi-
tion zone, the Wadi Mistal section departs significantly
from the others, displaying highly depleted d13C (down to
��18‰, orange arrow Fig. 4A). These extreme depletions
follow the same trend as the Shuram Excursion observed in
other sections, but the absolute values are particularly
13C-depleted. We suggest that this relationship is consis-
tent with a signature derived from a combination of 13C-
depleted marine DIC (following the trend of the Shuram
excursion) and depleted DIC derived from organic matter
remineralization during diagenesis. An individual stratum
would inherit the marine DIC value at the time of its depo-
sition then evolve to more depleted values via the addition
of authigenic cements. In this manner the declining trend of
the Shuram Excursion is preserved, albeit overprinted by
authigenic precipitates. Notably, the Wadi Mistal section
is stratigraphically condensed and organic-rich relative to
the others—ideal conditions for the deposition of authi-
genic cements (Schrag et al., 2013). The concept of isotopi-
cally light authigenic carbonate precipitation is not new,
having been noted in the carbonate concretion literature
for decades (Curtis et al., 1972; Hudson, 1978; Mozley
and Burns, 1993; Coleman, 1993); the critical point to the
Shuram Excursion is that 13C-depletion produced via this
mechanism is unlikely to affect thick packages of carbonate
and oolites and would be petrographically recognizable if it
had.

6.2. Statistical evaluation of stratigraphic trends

A brief statistical treatment of the data is presented to
evaluate the strength of stratigraphic trends and correlation
among different proxies (Table 1). The Khufai Fm. was
divided into six intervals to capture our three excursions,
and statistical analyses were applied to evaluate the
strength of isotopic trends spanning each. Analysis of
d13C with stratigraphic height supports the presence of a
subtle isotopic decline up to Zn* 300 m prior to a sharp
decline marking the onset of the Shuram Excursion from
Zn* 300 to 320 m (Table 1). Statistical analysis of sulfur iso-
tope data with stratigraphic height strongly supports our
identification of three excursions: increases in d34SCAS that
define Khufai 1 and Khufai 2, as well as a sharp d34SCAS

decrease in phase with the Shuram carbon isotope
excursion. Concurrent CAS concentration changes are also
supported by this analysis, displaying a strong increase with
stratigraphic height between 150 and 300 m with a positive
slope of 4.5 ppm/m. Additional, negatively sloping trends
in [CAS] are also present between 75–100 and 300–320 m.
Co-variation between C and S isotope systems is observed
primarily in the upper Khufai Formation. The only robust
trend in the lower Khufai formation is a strong negative
correlation between the C and O isotope data from 0 to
25 m. In the upper Khufai Formation, negative correlation



Table 1
Correlation coefficients and statistical analysis.

Bin (Zn
*) Trends in stratigraphic height Comparison between chemical systems

C S CAS C vs. O C vs. S S vs. CAS O vs. CAS

Slope r Slope r Slope r r p r p r p r p

0–25 0.064 0.455 �0.109 �0.209 �9.090 �0.388 �0.93 0.007 �0.30 0.58 0.48 0.34 0.424 0.40
25–75 0.007 0.080 0.006 0.060 0.113 0.016 0.33 0.33 �0.11 0.75 �0.13 0.69 �0.042 0.90
75–100 �0.023 �0.076 0.229 0.267 13.642 0.475 0.083 0.88 0.19 0.72 0.25 0.63 0.031 0.95
100–150 �0.013 �0.151 �0.191 �0.679 �7.070 �0.466 �0.19 0.57 0.34 0.31 0.049 0.89 �0.16 0.65
150–300 �0.010 �0.277 0.067 0.704 4.475 0.539 0.13 0.50 �0.77 <0.0001 0.78 <0.0001 0.39 0.002

300–320 �0.296 �0.721 �0.419 �0.588 �10.706 �0.261 0.80 0.006 0.73 0.018 0.36 0.31 0.25 0.50

Total �0.015 �0.60 0.025 0.52 1.4 0.45 0.42 0.0003 �0.29 0.015 0.71 <0.0001 0.20 0.10

Bold indicates statistical significance.
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between d13C and d34S is observed between 150 and 300 m,
positive correlation between d13C and d18O from 300 to
320 m, and positive correlation between d34S and [CAS]
from 150 to 300 m. In total, this statistical treatment
suggests that the trends observed for Khufai 2 are stronger
than those of Khufai 1, although both are statistically
robust.

6.3. Deconvolving facies-driven signals vs. stratigraphic

trends

Sedimentary facies may differentially reflect diagenetic
processes because of variations in permeability or deposi-
tional environment (i.e., mineralogy, grain size, organic
Fig. 5. A comparison of chemostratigraphic data binned by facies ass
Individual data points are in open circles, where solid circles indicate the m
carbon content). In addition, facies distributions often
change systematically with stratigraphic architecture. This
combination of effects complicates the distinction between
local, facies-driven isotopic signals and global trends in
ocean chemistry and thus must be addressed (Veizer
et al., 1980). We analyzed isotopic trends in the context
of both stratigraphic packages and facies groups to better
understand the relative roles of each, if any, in this dataset
(Fig. 5).

Broadly speaking, the chemostratigraphic data do not
co-vary with facies, thereby validating our assertion that
observed geochemical variability is mostly not a product
of local environmental or lithologic control. However,
several facies show distinctive trends that warrant discus-
ociations (upper panels) vs. stratigraphic package (lower panels).
ean of each bin and the shaded bar shows two standard deviations.
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sion. First, the inner-ramp subtidal facies association
displays a bimodal d13C distribution extending to excep-
tionally low values. Further inspection reveals that the
isotopically depleted facies only occurs at the very top of
the formation during the decline into the Shuram Excur-
sion. With this exception, the remainder of the facies asso-
ciation is isotopically similar to neighboring facies and the
section average. Therefore, a temporally restricted facies
yields the suggestion of environmental control when in fact
it reflects a coincidence of stratigraphy. Similarly, the onco-
lite grainstone facies shows restricted ranges for all proxies,
with unusually depleted d34S values and low [CAS]. As
noted above, this facies also occupies a relatively narrow
stratigraphic band that intersects a minimum in both sulfur
isotope and [CAS] data between Khufai 1 and Khufai 2. In
contrast, the inner ramp high energy and lagoonal facies
associations show exceptionally large ranges and high
values in [CAS]. These two associations represent very
different environmental conditions, with the high-energy
group reflecting open water deposition, and the lagoonal
facies instead reflecting restricted conditions. If [CAS]
reflected primarily local conditions, we would predict high
[CAS] in the lagoonal and supratidal facies and low
[CAS] in less restricted facies. We do see [CAS] enrichment
of lagoonal facies, consistent with these predictions;
however, the supratidal facies do not follow the predicted
trend. High-energy facies also violate our local predictions,
as very high [CAS] occurs in relatively open water environ-
ments. The lack of a coherent relationship between restric-
tion and [CAS] suggests that stratigraphic/temporal
controls, rather than local signals, control patterns in
[CAS]. More specifically, facies-independent stratigraphic
continuity suggests that the trends observed in our data
reflect at least regional seawater evolution, and perhaps
global trends, rather than local conditions.
7. DISCUSSION

Preceding the onset of the Shuram Excursion, the Khu-
fai Formation displays consistently enriched d13C, variable
d34S, and large changes in [CAS]. Here we will use mass
balance-based modeling of the sulfur cycle to identify glo-
bal environmental parameters that could have contributed
to changes in the mass and d34S of the marine sulfate reser-
voir. First, we will explore possible mechanisms to account
for trends within the sulfur system alone and then evaluate
those options in light of the carbon isotope results.

7.1. Estimating timescale

In order to discuss rates of change, it is first necessary to
establish a depositional timescale. This task is often difficult
for Precambrian sedimentary sections, and the Khufai For-
mation is no exception due to the absence of direct
geochronologic constraints (Bowring et al., 2007). The
Huqf Supergroup is bounded below by the Hadash cap car-
bonate, with an inferred age of 635 Ma (Rieu et al., 2006;
Bowring et al., 2007). There are no known dateable
volcanic materials in the intervening Masirah Bay, Khufai,
and Buah formations. The overlying Ara Group is con-
strained by an ash bed dated at 546.72 ± 0.21 in the A0 unit
(Bowring et al., 2007). These brackets provide a maximum
timescale of �90 Ma for deposition of the Nafun Group.
More specific estimates have placed the basal Shuram For-
mation at 560 Ma (Bowring et al., 2007) or linked the
sequence boundary in the upper Khufai formation to the
Gaskiers glacial at 580 Ma (Fike et al., 2006), thereby plac-
ing a maximum timeframe of Masirah Bay plus Khufai for-
mation deposition at 75–55 Ma.

Given the lack of dated horizons, we instead estimate
a depositional timescale using accumulation rates and
cyclostratigraphy. Applying the conservative accumulation
rates of 30 and 50 m/Ma for Precambrian carbonate plat-
forms presented in Kah et al. (2004) yields estimates of 6.3–
10.5 Ma for Khufai Formation deposition. Using accumula-
tion rates calculated for the Paleoproterozoic Rocknest
Formation from Grotzinger (1986) and Bowring and
Grotzinger (1992) produces estimates of 5.6–7.6 Ma. Tradi-
tional timescale estimates for 4th and 5th order depositional
sequences (Goldhammer et al., 1990) and the number of
parasequences and parasequence sets published in Osburn
et al. (2014) yield durations of 2–20 Ma. In addition, applying
the depositional timescale estimates of Sadler (1981) complied
for Phanerozoic carbonate platforms yields 3–30 Ma duration
for the Khufai Formation deposition. The level of agreement
between Phanerozoic (Goldhammer and Sadler) and Precam-
brian (Kah and Grotzinger) estimates is high given the funda-
mentally different mechanism of carbonate deposition prior to
the evolution of skeletal carbonate producers. While there are
significant differences, there is order-of-magnitude agreement
between these methods, and for the remainder of this discus-
sion we will assume a timescale of approximately 10 Ma and
weigh the veracity of this assumption using sensitivity testing
(see Supplementary Fig. A2).

7.2. Model parameters

We constructed a simple box model to represent the
mass and isotopic components of the marine sulfate system.
The governing equations used to drive these models are
fundamentally based in mass balance—with the mass of
the system representing a balance of input and output fluxes
(Kump and Arthur, 1999; Kurtz, 2003). Our model was
adapted from those of Kurtz (2003), Kah et al. (2004),
and Halverson and Hurtgen (2007) and was constructed
using the Stella� software package (ISEE Systems, 2011).
The isotopic evolution of the sulfate reservoir of mass
MO is governed by the initial isotopic value of the sulfate
reservoir (dO), isotopic value of the input fluxes (Fin:
weathering [dW, Fw], hydrothermal [dht, Fht]), and the
fractionation (D34S) associated with output fluxes (Fout:
pyrite and sulfate burial [Fpy, Fsulf]) following the equations
provided previously by Kurtz (2003):

MO ¼ Fht þ FW � Fpy � Fsulf ð1Þ
dd34S=dt ¼ ðFinðdin � dOÞ � FpyD

34SÞ=MO ð2Þ
Buried sulfate was modeled as isotopically equivalent to
seawater sulfate, despite the fractionation of up to +1.7‰
associated with evaporite formation (Claypool et al.,
1980). This offset had very little effect on our results and
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was excluded for simplicity. We applied this model in two
ways. We first used our data as model bounds to invert
for solutions of input parameters under different condi-
tions. Second, we used a forward modeling approach to
replicate the magnitude and shape of the two observed
sulfur isotope excursions under both steady state and
non-steady state conditions. Both of these approaches set
bounds on the state of the marine sulfate system at the time
of deposition.

7.3. The inverse approach

We will begin by using our data to constrain MO, D
34S,

and Fpy at different times. The rate of sulfur isotope change
for marine sulfate is inversely proportional to the mass of
the sulfate reservoir as it appears in Eq. (2). Slight rearrange-
ment yields an expression for themass of the sulfate reservoir:

MO ¼ ðFinðdin � dOÞ � FpyD
34SÞ

dd34S
dt

ð3Þ

This relationship has been commonly applied to the Pre-
cambrian ocean to estimate the size of the marine sulfate
reservoir (Hurtgen et al., 2002; Kah et al., 2004; Gellatly
and Lyons, 2005; Halverson and Hurtgen, 2007; Loyd
Fig. 6. Smoothed sulfur isotope data (A), rates of isotopic change for
calculated from reservoir size and rates of isotopic change (E). Pyrite bur
calculations for Mo = 0.288, 4, and 8 � 1018 moles in the light, medium, a
are shown in the background purple, orange, and blue shaded boxes, resp
legend, the reader is referred to the web version of this article.)
et al., 2012a,b). Previous estimates for the Neoproterozoic
ocean suggest an extremely small sulfate reservoir
(Hurtgen et al., 2002; Kaufman et al., 2007; Canfield
et al., 2010; Loyd et al., 2012a,b), with an increase in the
latest Ediacaran (Fike et al., 2006; Halverson and
Hurtgen, 2007).

Data from the Huqf were binned at 5 m intervals, and a
running average for these data was taken as a conservative
representation of isotopic change (Fig. 6A). An isotopic
rate of change was calculated for each bin and analyzed
using Eq. (3) (Fig. 6B) for Fpy from 0.7 to 1.5 mol � 1018/
Ma, D34S between 20‰ and 40‰, a Fin value of
1.5 mol � 1018/Ma, and dw of 8‰. No single pair of Fpy

and D34S produced positive values for MO for all strati-
graphic intervals. Loyd et al. (2012a,b) noted that positive
reservoir masses were only achieved for their data using
Fpy = 1, and they subsequently used this as a lower bound.
This analysis constrains both the reservoir mass and the
ranges of input parameters allowable in each stratigraphic
bin (Fig. 6C and D).

The maximum possible MO at each time step is shown in
Fig. 6E. During periods of stable isotopic values, large MO

are permitted, whereas periods of rapid change require
extremely small MO. Particularly low sulfate concentrations
are required at the end of the Khufai 1 (120–150 m) and at
each bin (B), and the maximum allowable sulfate concentration
ial flux (C) and fractionation (D) plots each show the results from
nd dark shaded tones, respectively. Khufai 1, 2, and Shuram onset
ectively. (For interpretation of the references to colour in this figure
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the onset of the Shuram Excursion (310–320 m). Ranges of
Fpy were used to calculate D34S and vice versa for
MO = 0.288, 4, and 8 � 1018 moles (or 0.2 mM, 2.8 mM,
and 5.6 mM concentrations of sulfate in seawater) and
are plotted in Fig. 6C and D. Intervals of decreasing iso-
topic values generally allow only very small ranges for both
Fpy and D34S and yield reasonable solutions only for the
smallest reservoir mass, further supporting the idea of
periodically very low sulfate concentrations throughout
the Khufai Formation. Poor age control is a concern, but
our conclusions do not change appreciably within the
range discussed above. Significantly shorter timescales
produce rapid rates of change that further restrict input
Fig. 7. Parameters for sulfur geochemical box model. (A) Smoothed sul
data from Fike et al. (2006) for comparison. (B) Input parameters for mo
ranges allowed by calculations in Section 7.3 for Mo = 0.288 mol x
concentration. A constant Fsulf = 0.45 was used in these trials. Initializat
parameters and require increasingly small sulfate reservoir
size (mostly <1 mM for excursion intervals), whereas longer
depositional timescales are more accommodating to input
parameter values and reservoir size (mostly >1 mM for
excursion intervals). See Fig. A2 for sensitivity tests
of Fig. 6 calculated at 5 Ma and 20 Ma depositional
timescales.

7.4. Forward modeling of d34S excursions

We have implemented a forward modeling approach to
evaluate causal mechanisms for the observed variations in
d34SCAS. Khufai 1 shows a pulsed increase (22–28‰
fur isotope and CAS concentration data from this study with D34S
deling with balanced input and output fluxes. Shaded bars indicate
1018. (C) Input parameters for modeling with increasing sulfate
ion conditions are equivalent to the values at time 0.
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between 75 and 85 m) followed by relaxation to the baseline
(20‰ by 145 m) over �2 Ma. Khufai 2 is larger but slower,
featuring a protracted rise in d34S from 20‰ to 35‰
between 155 and 310 m (�5 Ma). The Shuram d34S Excur-
sion features a rapid decline from the highest observed d34S
values to the lowest in �20 m of stratigraphy. The climbing
limbs of Khufai 1 and Khufai 2 are both accompanied by
an increase in [CAS]. We attempt to replicate the basic
trends and magnitudes of these excursions using modeling
scenarios with either constant or increasing sulfate reservoir
mass. The first attempt maintains balanced input and out-
put fluxes and forces the isotopic system by transiently
increasing either the ratio of pyrite-to-sulfate burial (fpy)
or the fractionation associated with pyrite formation
(D34S). The second approach allows the mass of the sulfate
reservoir to increase through imbalances in input and
output fluxes. Parameters used in both models are illus-
trated in Fig. 7B and C.

7.4.1. Balanced models

When input and output fluxes are balanced, isotopic
changes are introduced either by changing pyrite burial flux
(Fpy) relative to sulfate burial and/or fractionation (D34S)
or the isotopic composition of input fluxes. These variables
have changed throughout Earth history and are implicated
in other sulfur isotope excursions (Canfield, 2004; Fike and
Grotzinger, 2010; Wu et al., 2010; Gill et al., 2011; Owens
et al., 2013; Jones and Fike, 2013; Wu et al., 2015). Our
calculations presented above indicate that changes in both
fractionation and pyrite burial, as well as low sulfate
concentration (<2.8 mM) are required to produce the
Fig. 8. Model output for Section 7.4.1. Khufai 1 and 2 are modeled separ
set of conditions is shown for marine sulfate concentration of 0.2, 0.6, an
isotopic changes observed within the Khufai Formation.
We investigated model response to increased Fpy and
D34S for sulfate concentrations of 0.2, 0.6, and 1.2 mM with
constant input fluxes (1.3 and 0.2 � 1018 moles/Ma, using
dW and dhy of 6.5 and 3.5‰).

Fig. 8 illustrates the steady-state modeling output for
Khufai 1 and Khufai 2 with increased fractionation (top)
and pyrite burial (middle) or both (bottom). Increasing
either Fpy or D

34S (or a combination of both) can replicate
the observed magnitude of Khufai 1 (�30‰), but individ-
ual variables were insufficient to replicate the magnitude
of Khufai 2. Forcing D34S of >30‰ for a 0.2 mM ocean
or >40‰ for a 0.6 mM ocean resulted in sufficient magni-
tudes to replicate Khufai 1, as did an increase in Fpy to
1.5 � 1018 moles/Ma. Khufai 2 is most easily replicated
with D34S increasing to >40‰ (see discussion below). In
combination, increases in Fpy and D34S directly amplify
one another, and thus most combined trials were successful
below 1.2 mM sulfate. Increased reservoir mass mutes the
rate and magnitude of isotope change in all cases and also
suggests a mass <1.2 mM during Khufai 1 where modeled
recovery occurs more slowly than the observed data.

We can evaluate the robustness of this approach by
comparison to geologic evidence and to parameters calcu-
lated in Section 7.3. The difference between d34SCAS and
d34Spyr (D34S) measured for the Khufai Formation by
Fike et al. (2006) is plotted for reference on Fig. 7. These
data suggest little increase in D34S during Khufai 1 but a
protracted increase to up to �40‰ during Khufai 2. If frac-
tionation remains constant during Khufai 1, pyrite burial
fluxes approaching the magnitude of the combined input
ately and shown in the left and right hand panels, respectively. Each
d 1.2 mM illustrated in dotted, dashed, and solid lines, respectively.
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fluxes are required. While the burial flux of pyrite was likely
high at this time (Canfield, 2004; Maloof et al., 2010), we
know that sulfate was also leaving the system globally,
albeit in small amounts, as sedimentary gypsum (Osburn
et al., 2014) and as CAS. The relatively high values of
D34S observed for during Khufai 2 constrain Fpy—only
matching observed d34S values at Fpy P 1.3 � 1018 moles/
Ma. Our model results suggest that D34S increased during
deposition of the Khufai Formation but illustrate that these
changes alone are not sufficient to drive the observed d34S
signatures, especial at >1 mM sulfate.

7.4.2. Increasing [SO4]

The modeling results presented thus far are robust only
if the concentration of sulfate in the ocean remained very
low and constant. While direct interpretation of [CAS] as
reflective of the coeval marine [SO4] is uncertain, it is not
without precedent (Planavsky et al., 2013), and the
observed systematic changes in [CAS] within the Khufai
Formation lack a clear alternative explanation (i.e.,
facies-based or diagenetic control). In recent experiments,
Paris et al. (2014) find that foraminifera shells faithfully
record the SO4

2�/Ca2+ ratio of growth water and suggest
that biogenic carbonate could be used to reconstruct
[SO4

2�] through geological time. While the validity of this
approach in abiotic or microbial carbonates from the
Neoproterozoic is not clear, successful application in a
first-order sense to like carbonate components of modern
biogenic carbonates is a hopeful first step. The global
record of sulfate concentration through this time period is
ambiguous and contradictory, but we can reasonably
assume that the Ediacaran started with extremely low sul-
fate concentrations (Hurtgen et al., 2002; Halverson et al.,
2005; Halverson et al., 2010) and, in Oman, ended in a large
sulfate-rich evaporite deposit (Forbes et al., 2010), implying
higher sulfate concentrations at least locally. In addition,
elevated [CAS] are replicated in roughly correlative sections
from Death Valley, N. Mexico, and South China, support-
ing the possibility of a global signal (Hurtgen et al., 2004;
Kaufman et al., 2007; Loyd et al., 2012a,b). While our data
certainly do not demand that [SO4] increased during
deposition of the Khufai Formation, such an increase is
the most parsimonious explanation. To account for this
option, we evaluate the model response to increases in the
mass of the marine sulfate reservoir.

It is possible to change the modeled mass of the marine
sulfate reservoir by reducing the magnitude of output
relative to input fluxes—in this case, decreasing pyrite
and/or sulfate burial fluxes. Decreasing pyrite burial is
possible but would likely result in 34S-depletion of marine
sulfate, opposite of the observed trends. There is evidence
for a very slight decrease in the burial fraction of pyrite
(fpy) during this interval that is suggestive of at least local
expanded ocean oxygenation (Canfield et al., 2007;
Halverson and Hurtgen, 2007; Sahoo et al., 2012), but this
decrease is minor compared to what is required to increase
the mass of the sulfate reservoir significantly. Increasing
sulfate mineral content and [CAS] of sedimentary rocks
both globally and in the Khufai Formation during this time
interval argue against a decrease in evaporite burial (Wright
et al., 1990; Strauss, 1993; Grotzinger et al., 2011). In this
light, reduction of the output fluxes is not considered
further.

Next we evaluate the possibility of d34S change via
increasing FW during excursion intervals without compen-
sation in output fluxes (Fig. 9A–C). We applied pulsed
fluxes of constant isotopic composition, either 6.5‰ or
12‰, to the model system. Instead of yielding positive
isotope excursions at the intervals of interest, these trials
produced negative excursions (9A, blue and green curves)
because of the relatively depleted values of dW. Increasing
the bulk dW value increases the equilibrium d34S value of
the system but does not produce positive excursions, even
when combined with the changes in Fpy and D34S suggested
from the steady state modeling (9B, blue curves). These
trials demonstrate that periodically increasing the weather-
ing flux cannot account for the observed trends in d34S with
a constant dW, regardless of the value.

In order to simultaneously account for increases in sulfate
concentration and d34S, we investigated scenarios where dW
and FW increase concurrently. While this manipulation alone
produces only mild increases in d34S (Fig. 9A, orange curves),
its impact, when acting in concert with previously applied Fpy

and D34S increases, produces large changes in d34S (Fig. 9B,
orange curves). In these models, modest isotope enrichment
(12‰) at high flux (2.2� 1018 moles/Ma) or more significant
enrichment (16‰) at moderate flux (1.9� 1018 moles/Ma)
were sufficient to reproduce the trend and magnitude of
observed d34S excursions. During these trials, the size
of the marine sulfate reservoir increased from 0.2 to
2–4 � 1018 moles (0.2 to 1.4–2.8 mM) in roughly 8 Ma.

Alternatively, the observed isotope and [CAS] increases
can be reproduced by introducing an enriched input flux
(FEN) theoretically decoupled from FW. Prescribed fluxes
(FEN) range from 1 to 1.6 � 1018 moles/Ma, with isotopic
compositions (dEN) from 30‰ to 50‰, and were evaluated
alone and in combination with Fpy and D34S increases
(Fig. 9D–F). All trials that included this flux produced
positive excursions that roughly approximate the trends
seen in our data. FEN greater than or equal to FW with a
dEN value of 50‰ is sufficient to explain our data alone,
and, when applied in combination with Fpy and D34S
increases (Fig. 9E), even our smallest modeled flux
(1.0 � 1018 moles/Ma) can account for the observed trends.
We will discuss potential sources of isotopically enriched
sulfate in the following section.

7.5. Potential sources of enriched sulfate

In order to produce the observed S isotope excursions
and parallel increase in marine sulfate concentration, our
models require the addition of an enriched flux of sulfate.
As weathering is the primary input of sulfur into our model,
we will explore the possible isotopic variability of weather-
ing inputs during the Neoproterozoic. We will also address
possible inputs from other reservoirs such as restricted or
stratified basins. The feasibility of these options is contin-
gent on both the size of the possible reservoir and the plau-
sibility of introducing anomalous sulfate into the marine
system.



Fig. 9. (A–C) Model runs with excess weathering flux. (A) The resultant d34S from increasing FW alone for various states of dw. (B) The
combined effect of excess Fw with increasing fractionation and pyrite burial (trajectories shown in Fig. 7). (C) Mass of the marine sulfate
reservoir for the various input conditions of FW. (D–F) Model runs with the addition of an enriched flux of sulfate. (D) Resultant d34S for
various enriched fluxes. (E) The combined effect of an enriched flux with increasing fractionation and pyrite burial (see Fig. 7). (F) The
increase in the mass of the marine sulfate reservoir from varying inputs of FEN.

218 M.R. Osburn et al. /Geochimica et Cosmochimica Acta 170 (2015) 204–224



M.R. Osburn et al. /Geochimica et Cosmochimica Acta 170 (2015) 204–224 219
The weathering flux of sulfate reflects the mass and iso-
topic signatures of dissolving sulfate (from gypsum/anhy-
drite) and oxidizing sulfides (principally pyrite). For
modern systems, these processes release sulfate that is
isotopically enriched and depleted, respectively (Claypool
et al., 1980), although the isotopic variability and relative
masses of these fluxes are poorly constrained during the
Ediacaran. Using modern end member values, transiently
increasing the ratio of sulfate-to-sulfide weathering pro-
duces a more positive dW. Data from the Khufai are most
closely approximated using a pulse of dW of �16‰, roughly
equivalent to Phanerozoic estimates for the sulfate-derived
flux alone (Kurtz, 2003). While this level of enrichment
would be difficult to produce given modern reservoirs, Neo-
proterozoic d34S records of both sulfate and pyrite show
enormous variability and include intervals of extreme iso-
topic enrichment for both (Ries et al., 2009; Halverson
et al., 2010). Of particular interest to this discussion is the
extreme isotopic enrichment of most pyrite deposited
during the Cryogenian—ranging mostly from 10‰ to
50‰—and isotopic enrichments seen in both pyrite and
CAS preceding the Shuram Excursion during the Ediacaran
(Calver, 2000; Hurtgen et al., 2002; Kaufman et al., 2007;
Xiao et al., 2012). If the rocks analyzed thus far are reflec-
tive of those weathered to sulfate during deposition of the
Khufai Formation, a very enriched weathering flux could
be produced. In addition, Wu et al. (2015) suggested
increased inputs from evaporite weathering to account for
higher positive d34S and D33S within the overlying Ara
group of Oman. Indeed, some combination of enhanced
evaporite weathering and contributions from 34S-enriched
pyrite could account the trends observed in the Khufai
Formation.

Another option for the enriched flux lies instead with a
chemically isolated layer/basin within the ocean itself. The
concept of a stratified Ediacaran ocean has been proposed
previously (Rothman et al., 2003; Fike et al., 2006; Shen
et al., 2008a; McFadden et al., 2008; Canfield et al., 2008;
Ader et al., 2009), with support stemming from isotopic,
sedimentological, and chemical arguments. Recently, Li
et al. (2010) proposed a conceptual model wherein a sulfidic
wedge is maintained, separating ferruginous deep waters
from oxygenated surface waters. The sulfur isotope compo-
sition of the deep reservoir is presumed to have been driven
to very enriched values through Rayleigh distillation
during bacterial sulfate reduction with removal of the
resulting isotopically light sulfide via pyrite formation (e.
g., Rothman et al., 2003; Hurtgen et al., 2005; Fike et al.,
2006; Kaufman et al., 2007; Shen et al., 2008a, 2010;
McFadden et al., 2008; Grotzinger et al., 2011). However,
the sulfate concentration of such seawater is required to
be very low to maintain stratification (Shen et al., 2008a;
Young, 2013), greatly reducing the likelihood that such a
reservoir could supply significant quantities of sulfate to
the surface ocean.

The global glaciations of the Neoproterozoic are rele-
vant to this discussion of weathering fluxes and specifically
the possibility of contributions from 34S-enriched pyrite.
The Ediacaran Period began just after the Marinoan Gla-
ciation and contains the Gaskiers glacial event. Although
likely smaller than the two main glacial episodes during
the Cryogenian, the Gaskiers event was large and of at least
regional significance. Glaciations are known to effect both
ocean circulation and terrestrial weathering fluxes. If we
adopt the rapid recycling model of Berner (2006) and the crus-
tal memory effect of Reinhard et al. (2013), the youngest—
that is, rocks highest in the underlying stratigraphy will
be the most readily weathered. It follows from this relation-
ship that preferential weathering of enriched sulfides
and sulfates deposited before the Marinoan (and per-
haps the pre-Gaskiers Ediacaran) is likely. During glacial
events, erosional fluxes might be expected to be high, out-
pacing outpace burial fluxes and providing extensive sub-
strates for chemical weathering post-glaciation. The
advance and retreat of ice sheets might then produce pulsed
weathering inputs, yielding the variability required by our
models.

7.6. Constraints from the carbon isotopic record

We can further constrain the mechanisms of sulfur iso-
tope change by comparison to the carbon isotope record.
For the majority of deposition of the Khufai Formation,
d13C values of carbonate are stable and enriched, hovering
around 5‰. d13C of carbonate is basically invariant
through Khufai 1 and decreases slightly through Khufai
2. At the onset of the Shuram Excursion, however, both
d13C and d34S decrease rapidly. A mechanistic explanation
for sulfur isotope change must be consistent with the car-
bon isotopic record.

In the steady-state scenario, increases in d34S result
from increasing the fractionation associated with pyrite
formation and the pyrite burial flux. Biological changes in
D34S should have no effect on the carbon isotope budget
unless it is associated with large changes in productivity
and subsequent carbon burial (see Fike and Grotzinger,
2008). However, pyrite and organic carbon burial are often
associated because of the role of organic matter in driving
bacterial sulfate reduction and because both pyrite and
organic burial are favored by anoxic marine conditions.
Thus, increasing Fpy should be associated with a concurrent
increase in carbon burial, resulting in increases in d13Ccarb

through mass balance relationships.
The signal of d34S and d13C linked to our postulated

additional flux of sulfur varies considerably on where this
flux originates. For instance, pyrite-rich deposits are com-
monly associated with weight % quantities of organic car-
bon as seen in several Mesozoic oceanic anoxic events
(e.g., Gill et al., 2011; Owens et al., 2013) and as estimated
for analogous Paleozoic events (Gill et al., 2012). Thus,
pulsed weathering of organic carbon-rich, pyritic shales
could then produce a 13C-depleted flux of carbon and
sulfate. Similarly, a flux originating from a DOC-rich deep
ocean as postulated by Rothman et al. (2003) could be a
source of 13C-depleted carbon, although the characteristics
of sulfur generated from such and oxidation are unknown.
In contrast, weathering of an organic lean, but sulfur-
bearing pool such as weathering of evaporite deposits,
could produce sulfur isotope excursions independent of
carbon isotope excursions.
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Evaluating our excursions in this context places bounds
on possible mechanisms. The invariance of carbon isotopes
through Khufai 1 is consistent with either a change in D34S
(presumably not captured in Fike et al. (2006)) or a weath-
ering input from an organic lean, isotopically heavy sulfur
source, such as an evaporite deposit. The slight decline in
d13Ccarb during Khufai 2 is more permissive of inputs from
either heavy sedimentary sulfide weathering or the deep
ocean with oxidation of either sedimentary organic matter
or marine DOC driving the C isotope record. The dramatic
decline in both d13Ccarb and d34SCAS observed at the onset
of the Shuram excursion necessitates large contemporane-
ous fluxes of isotopically light C and S, although previous
authors have questioned the oxidant budget required to
produce such fluxes (Bristow and Kennedy, 2008).

7.7. Implications to the Shuram Excursion

This study of the Khufai Formation places mechanistic
constraints on the Shuram excursion. Here we show that
decreasing d13C values at the excursion onset are associated
with small decreases in d18O values and dramatic decreases
in d34SCAS. Osburn et al. (2014) present sequence strati-
graphic data from these same sections showing that the
excursion onset significantly postdates the accommodation
minimum and exposure surface within the upper Khufai
Formation and instead occurs during flooding of the plat-
form. These observations strongly challenge a meteoric
alteration-based explanation of the Shuram Excursion.
We do find evidence for the deposition of 13C-depleted
authigenic carbonates, but only in one unusual condensed
section marked by carbonate concretions in the Oman
Mountains. This signature is easily separated from the more
prominent and widespread primary carbon isotope decline
preserved in all other areas. Sulfur concentrations and iso-
tope values are extremely variable prior to the Shuram
Excursion, indicating a dynamic system with small reservoir
size. Khufai 1 and 2 excursions can be attributed to changes
in fractionation, pyrite burial, and the isotopic composition
of the weathering flux. In contrast, at the onset of the
Shuram Excursion sulfur isotopes drop by �15‰ over
the span of meters. This dramatic change in d34S is consis-
tent with a large pulse of light sulfur linked to the source of
light carbon that essentially overpowers the transient
steady-state signal.

8. CONCLUSIONS

The Khufai Formation was deposited during a critical
interval in Earth history and is uniquely positioned to
document the environmental conditions prior to and during
the initial Shuram isotopic excursion. We present a high-
resolution record of sulfur and carbon isotopes through this
interval, documenting a slow decline in carbon isotopes
compared to rapid and large variability in the sulfur isotope
record. CAS concentrations correspond generally to
up-section increases in d34S. Observed [CAS] scatter may
reflect some level of secondary overprinting, and the pri-
mary absolute values could be altered, but the first-order
trends are preserved. The complete decoupling from any
facies/lithologic relationships and overarching sequence
stratigraphic controls challenge simple explanations tied
to diagenesis or local environmental drivers.

Our modeling results make predictions about both the
general state of the sulfur system during the middle Edi-
acaran and changes at specific excursion intervals. Low sul-
fate concentrations (<1.2 mM) are required to permit the
high rates of isotopic change observed during the middle
Khufai Formation. This prediction is consistent with previ-
ous estimates for the size of the Ediacaran sulfate reservoir
(Hurtgen et al., 2002; Kaufman et al., 2007; Loyd et al.,
2012a,b), but our new high resolution data also suggests a
significant increase in sulfate concentration during Khufai
2. Excursions in d34S can be explained by transient increases
in either fractionation between sulfate and sulfide or the
burial flux of pyrite (Fpy), but these variables cannot
account for our evidence for increases in sulfate concentra-
tion. If these increases in [CAS] reflect primary seawater
trends, a flux of isotopically enriched sulfate is required
to produce synchronous increases in d34S and [CAS], such
as weathering of isotopically heavy pyrite or enhanced con-
tributions from evaporites.

The onset of the Shuram carbon isotope excursion is cap-
tured in detail by our dataset, displaying exceptional preser-
vation and strong relationships with the sulfur isotope
system. We observe no evidence for increased meteoric diage-
nesis at the excursion interval and minimal contributions of
authigenic carbonates. Our data support a primary origin
for the Shuram Excursion that is temporally and perhaps
mechanistically linked to 34S-depletion of sulfate. An extreme
weathering and oxidation event or massive volcanic/
hydrothermal input could potentially explain this link.
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Table A1
Section locations and data.

Section name Abbr. Lata Long Thickness (m)b C/O CASc

Oman Mountains

Wadi Sahtan 1 WS1 23.22366 57.31208 204 * *

Wadi Hajir 1 WH1 23.20498 57.5592 181 * *

Wadi Bani Awf WBA 23.24078 57.40588 30.4* *

Al Aqor Village 1 AQ1 23.07361 57.66517 76.7 *

Wadi Mistal 1 WM1 23.12724 57.75148 54 *

Huqf

Buah Dome 1 BD1 20.38214 57.68652 272 *

Buah Dome 8 BD8 20.38358 57.69339 303.5 *

Buah Dome 6 BD6 20.35387 57.68817 91* *

Buah Dome 5 BD5 20.35182 57.6862 307.8 * *

Goose Chase 1 GH1 20.33477 57.78247 14.7* *

Khufai Dome East KDE 20.23195 57.69993 319.1* * (local)
Khufai Dome South KDS 20.13538 57.6405 307.8* * *

Khufai Dome West KDW 20.11736 57.59718 131.8* * (local)
Post-Fault 1 PF1 20.13799 57.58743 28.8* *

Mukhaibah Dome 6 MD6 19.98238 57.71587 260.9* * (local)
Mukhaibah Dome East MDE 19.96842 57.71682 293.4* * (local)
Mukhaibah Dome 5 MD5 19.94093 57.70551 312.1 * *

Nafun 1 NA1 19.87315 57.69944 19.8* *

a WGS84 coordinate system.
b (*) indicates that the section is incomplete.
c Local indicates that the whole stratigraphic section was not analyzed.
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APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2015.07.039.
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