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Middle–Late Ordovician sequences from the Appalachian Basin and ArbuckleMountain regions of North America
were analyzed for carbonate-associated sulfate (δ34SCAS) and pyrite (δ34Spyr) pairedwith carbonate (δ13Ccarb) and
organic matter (δ13Corg) chemostratigraphy. Two major negative drops in δ34SCAS (12‰ excursions) are recog-
nized: the older decline in δ34SCAS occurs within the Histiodella holodentata–Phragmodus polonicus Conodont
Zones and the younger drop is within the Cahabagnathus sweeti–Amorphognathus tvaerensis (Baltoniodus gerdae
subzone) Zones. These overall these negative shifts in δ34SCAS have an antithetical relationshipwith positive shifts
in δ34Spyr (~+10‰) and δ13Ccarb (~+2‰) recorded in the same successions. The older negative δ34SCAS shift is
coincident with the widely documented mid-Darriwilian δ13C excursion (MDICE), and the younger negative
δ34SCAS shift is coincident with another positive δ13Ccarb shift in the early Sandbian. Geochemical modeling of
these sulfur isotope shifts suggests that a decrease in the global rate of pyrite burial or isotope fractionation be-
tween seawater sulfate and sedimentary pyrite could account for these negative δ34SCAS trends. Additionally, a
substantial increase in the weathering flux of pyrite to the global oceans could also explain these secular sulfur
isotope trends. While increased crustal weathering is broadly consistent with a sea-level lowstand, and the sea-
water 87Sr/86Sr isotope record of change in continentalweathering in the late Darriwilian Stage of theOrdovician,
geologic and geochemical proxy evidence do not support distinct pulses of continental weathering required to
generate two separate negative shifts in δ34SCAS. These antithetical isotope trends may be best explained by
changes in themarine redox state that significantly reducedmicrobiallymediated pyrite burial and organic mat-
ter remineralization rates. Pulses of oceanic ventilationwould have expanded habitable environments formarine
organisms, and thus is broadly consistent with major increases in biodiversification during this period of the
Ordovician.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Great Ordovician Biodiversification Event (GOBE) is widely ac-
knowledged to be one of twomajor components of the profound radia-
tion of animal life in the Early Paleozoic, the other being the Cambrian
Explosion (Sepkoski et al., 1981; Droser et al., 1997; Sheehan, 2001;
Webby et al., 2004). This significant and continuous rise in the biodiver-
sity and biocomplexity of marine organisms occurred throughout the
Early and Middle Ordovician (~25–30 m.y. interval) with the largest
surges within the Early Dapingian and Mid-Darriwilian global stages
(Droser and Finnegan, 2003; Harper, 2006; Zhan and Harper, 2006;
Rasmussen et al., 2007; Servais et al., 2008, 2010). Several hypotheses
have been put forward for the GOBE. Climatic cooling throughout the
Early Ordovician has been proposed as a cause of the GOBE (Trotter
et al., 2008) where sea surface temperatures declined creating global
climatic conditions favorable for diversification of marine life. Alterna-
tively, L-chondrite asteroid breakup, tectonic events, sea-level, nutrient
availability, and global climate state changes have also been linked to
Ordovician biodiversification (Miller and Mao, 1995; Achab and Paris,
2007; Schmitz et al., 2008; Cardenas and Harries, 2010). Furthermore
these environmental and biological changes have also been linked to a
possible mantle superplume event (Barnes, 2004). With these diverse
ranges of causal mechanisms proposed for the GOBE, it remains chal-
lenging to single out any one environmental factor to completely ex-
plain this diachronous and multifaceted evolutionary event.

Geochemical records, primarily δ34S and δ13C, of Late Neoproterozoic
(Ediacaran Period) sedimentary sequences have revealed ocean–
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Fig. 1.Middle Ordovicianpaleogeographicmap (modified fromRon Blakey: http://jan.ucc.
nau.edu/~rcb7/globaltext.html) with locations of the study areas (triangles) near Clear
Spring, Maryland and Arbuckle Mountains, Oklahoma shown. A previously studied
Darriwilian section (circle) from Western Newfoundland is also shown (Thompson and
Kah, 2012).
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atmosphere oxygenation events that are linked to critical appearance
and diversification events of marine life (Fike et al., 2006; Canfield
et al., 2007; Halverson and Hurtgen, 2007). However, it appears that
these pulses of oxygen may have had only regional–local scale influ-
ences on marine environments as other isotopic studies suggest that
widespread deep-ocean anoxia and sulfidic (euxinic) conditions
persisted from the Ediacaran throughout much of the Cambrian
(Hough et al., 2006; Canfield et al., 2008; Hurtgen et al., 2009; Ries
et al., 2009; Li et al., 2010; Sperling et al., 2015). Late Cambrian studies
focused the widely documented Steptoean Positive Carbon Isotope
Excursion or SPICE — a +4–6‰ shift in δ13Ccarb representing a global
perturbation of the carbon cycle (Saltzman et al., 2000, 2004) — have
documented large, synchronous positive shifts in both carbonate-
associated sulfate and pyrite (δ34SCAS and δ34Spyr). This pattern suggests
widespread euxinic conditions in the oceans during the SPICE (Hurtgen
et al., 2009; Gill et al., 2011a, 2011b). A companion study focused on ox-
ygen production associated with the organic carbon and pyrite burial
event during the SPICE and suggested that atmospheric O2 increased
~10–18% in the wake of the SPICE (Saltzman et al., 2011). Further,
Saltzman et al. (2011) linked this oxygenation event to a time of major
plankton diversification (Servais et al., 2008) initiating a critical step in
the Paleozoic food web necessary for the GOBE. However, as with the
Neoproterozoic oxygenation events, it is possible that much of this oxy-
gen produced by the SPICE was consumed by oxidation of reduced spe-
cies in oceans or on land since evidence for anoxia appears to persist into
the Ordovician (Pruss et al., 2010; Thompson and Kah, 2012; Saltzman
et al., 2015). Here we present a carbon and sulfur isotope study of the
Middle–Late Ordovician to investigate the potential links between
ocean and atmosphere redox and the GOBE.

Sulfur, a major chemical element required by organisms on Earth, is
dynamically cycled between organic substrates and abiotic reservoirs
through reduction/oxidation reactions that proceed both abiotically
and by biological catalysis. The long-term carbon and sulfur cycles are
coupled through oxidation of biomass produced largely from oxygenic
photosynthesizers during the anaerobic process of microbial sulfate
reduction (MSR) (e.g., Berner, 2004 and references therein). Marine
sulfate levels are intrinsically linked to atmospheric O2 levels because
the predominant flux of sulfate to the oceans is through oxidative
weathering on land of pyrite and other sulfide minerals. Microbial sul-
fate reducers produce hydrogen sulfide (H2S) during their metabolism
and, in the presence of dissolved Fe2+, sulfide minerals like pyrite
(FeS2) are rapidly (hours to 10 s of years, depending upon Fe-bearing
minerals present) precipitated (e.g., Canfield et al., 1992). In modern
ocean settings MSR primarily occurs in the sediments, however when
it occurs in thewater column biological stress often is observed because
H2S is toxic to most aerobic organisms (Garrels and Lerman, 1981;
Murray, 1995; Lenton and Watson, 2000). Coupled sulfur and carbon
isotopic analyses provide the possibility to document past fluctuations
in the carbon and sulfur cycles and in turn give us unique insights into
oceanic–atmospheric redox evolution.

To date geochemical investigations of strata spanning this major
Ordovician biotic transition have primarily focused on the carbon
cycle (δ13C records; Buggisch et al., 2003; Saltzman, 2005; Munnecke
et al., 2011; Edwards and Saltzman, 2014, 2016), with only two studies
focused on the sulfur cycle (combined δ34SCAS and δ13Ccarb records;
Thompson and Kah, 2012; Marenco et al., 2013). Presented here
carbonate-associated sulfate and pyrite (δ34SCAS and δ34Spyr) records
along side of carbonate and organic carbon records (δ13Ccarb and
δ13Corg) from two Middle to Late Ordovician (Late Dapingian to Early
Sandbian Stage) sequences from widely separated basins in North
America (Fig. 1). The sulfur and carbon isotopic data, Δ34S trends (δ-
34SCAS–δ34Spyr) are evaluated alongside previously published data
(Thompson and Kah, 2012) and examined with box model simulations
to explore global rates of pyrite burial/weathering, chemocline migra-
tion within the sediments, and the redox state of the global oceans in
the Middle–Late Ordovician. Our results reveal potential connections
of the progressive ventilation ofmarine environments to thewidely rec-
ognized major pulses of biodiversity during the GOBE.

2. Geologic setting

2.1. Depositional environments, facies, and sequence stratigraphy

Middle Ordovician carbonates from the Central Appalachians were
deposited on a shallow marine platform on the southern margin of
the paleocontinent of Laurentia, and contain a well-documented hiatus
known as the Knox Unconformity (e.g., Mussman and Read, 1986). This
disconformity commonly marks the transition from passive margin
shelf deposits to active margin deposition in a foreland basin associated
with the Taconic orogeny and the duration of time it represents varies
across the Appalachians (Repetski and Harris, 1986; Leslie et al., 2011;
Read and Repetski, 2012). Our study includes a stratigraphic section
well exposed along Interstate-70 near Clear Spring, Maryland where
this major hiatus is not recognized (Brezinski et al., 1999). Here a prac-
tically complete Dapingian to Early Sandbian sequence includes the
upper Rockdale Run Formation, Pinesburg Station Dolomite, St. Paul
Group (RowPark andNewMarket Formations), and Chambersburg For-
mation (Brezinski, 1996; Brezinski et al., 2012).

The Rockdale Run Formation at the base of the sequence at Clear
Spring is predominantly a lime mudstone, and with the overlying
thin-medium bedded dolostones of the Pinesburg Station Dolomite,
represent restricted tidal flat environments (Brezinski et al., 2012).
The overlying Row Park Formation contains predominantly fenes-
tral lime mudstones and minor mud-cracked wackestone/dolostones.
These with stromatolitic limestone beds at the base of New Market
Formation are interpreted to represent peritidal to subtidal car-
bonate platform environments (Mitchell, 1985). The increasing abun-
dance of fossiliferous wackestone and packstone beds in overlying
upper New Market and Chambersburg Formations reflect a relative
sea-level rise/deepening of the basin and a transition tomore openma-
rine conditions.

The Arbuckle Mountains region of Oklahoma exposes a thick and
mostly complete succession (~700 m) of Middle to Upper Ordovician
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shallow marine sedimentary strata (Ham, 1969). The Simpson
Group (Joins, Oil Creek, McLish, Tulip Creek, and Bromide Formations)
is a mixed siliciclastic and carbonate sequence deposited in a carbon-
ate ramp setting alongside the Southern Oklahoma Embayment
(e.g., Hoffman et al., 1974). Our study focuses on outcrop exposures of
Darriwilian to Sandbian Oil Creek, McLish, Tulip Creek, and Bromide
Formations along Interstate-35 in South–Central Oklahoma (Bauer,
1987; Edwards and Saltzman, 2016).

In the I-35 exposures, the basal quartz arenite and sandy carbonate
unit of the Oil Creek Formation are overlain by a thick package of inter-
bedded shales and lime mudstones/wackestone representing a large
transgressive–regressive cycle (Lewis, 1982). The overlying McLish
Formation records another rise in sea-level, with a basal transgressive
shoreface sandstone unit (calcite cemented quartz arenite) overlain by
nearshore–distal marine ramp carbonates and shales. The shallow
water carbonates of the upper McLish Formation represent a relative
shallowing of the basin/sea-level fall (Bauer, 1990). Succeeding this
in the basal Tulip Creek Formation, a thick transgressive sandstone
unit is overlain by a sequence of shallow marine shelf packstone/
grainstones. Above this the relatively thick sandstone and mudstone
facies of the lower Bromide Formation interpreted to be of lower
shoreface depositional environment and are subsequently overlain
by open marine carbonates and shales that represent further deep-
ening of the basin/sea-level rise (Bauer, 1990). The uppermost lime
mudstones and wackestones of the Bromide Formation (Pooleville
Member) represent a restricted lagoon, environment and relative fall
in sea-level.
2.2. Stratigraphic correlation

Biostratigraphic correlation of Ordovician shallow marine se-
quences is primarily done using conodonts, as they are abundant in
both carbonate platform and continental shelf/slope settings (Cooper
and Sadler, 2012). The Clear Spring and the composite Arbuckle
Mountains sections have been the subject of detailed conodont biostrat-
igraphic studies, yielding 10–11 conodont zones and placing these
strata within the Dapingian through Sandbian global stages of the
Ordovician (Boger, 1976; Bauer, 1987, 1990, 2010; Brezinski et al.,
1999; Leslie et al., 2013; Saltzman et al., 2014). In these two study
areas the following Middle–Upper Ordovician North American
Midcontinent conodont zones can be recognized (in ascending order),
the Neomultioistodus compressus–Tricladiodus clypeus, Histiodella
altifrons, Histiodella sinuosa, Histiodella holodentata, Phragmodus
polonicus, Cahabagnathus friendsvillensis, Cahabagnathus sweeti,
Plectodina aculeata, Erismodus quadridactylus, and Belodina compressa
Zones (Webby et al., 2004; Cooper and Sadler, 2012). Several North
Atlantic conodont zones can also be recognized (in ascending order),
the Pygodus serra, Pygodus anserinus, and Baltoniodus variabilis and
Baltoniodus gerdae subzones of the Amorphognathus tvaernsis Zone.

Additionally, Sr Isotope Stratigraphy (SIS) was recently used as an
additional means of correlation in both of these sequences (Saltzman
et al., 2014; Edwards et al., 2015). SIS can be used as a means of global
correlation when 87Sr/86Sr secular curves are calibrated against biostra-
tigraphy and geochronology (e.g., Ingram et al., 1994; Jones et al., 1994;
Jones and Jenkyns, 2001; McArthur et al., 2001). The Ordovician sea-
water 87Sr/86Sr curve has been well documented with 87Sr/86Sr values
~0.7090 in the Tremadocian falling to ~0.7078 in the Katian (Denison
et al., 1998; Qing et al., 1998), and the highest 87Sr/86Sr rates of change
(5.0 × 10−5 to 10.0 × 10−5/m.y.) within the Darriwilian through
Sandbian stages (Shields et al., 2003; Young et al., 2009). When rates
of 87Sr/86Sr change are high (N5.0× 10−5/m.y.) SIS resolution can bebe-
yond 0.1 m.y. (McArthur et al., 2012). A recent calibration of the
Ordovician seawater 87Sr/86Sr curve with conodont biostratigraphy
and geochronology found a maximum resolution of SIS at ~0.5 to
1.0 m.y. in the Darriwilian and Sandbian (Saltzman et al., 2014).
3. Methods

3.1. Sample preparation and extraction

Following field collections of carbonate samples, a water-based
diamond-blade saw was used to remove weathered surfaces and sec-
ondary veins. A fraction of the sampleswas further slabbed andpolished
to produce thin-section billets for carbon isotope analyses. Thin-section
billets and the remaining sample fractions were thoroughly cleaned by
ultrasonic bath containing ultrapure (deionized, 18 MΩ) water to
remove surficial contaminants. Least altered components (following
petrographic examination) were then preferentially micro-drilled
(~1 mg for δ13Ccarb and ~1 g for δ13Corg) from thin-section billets. Sam-
ple powders were prepared for δ13Corg analysis, by acidifying ~1 g with
6 N HCl to remove carbonate minerals. Insoluble residues were then re-
peatedly rinsed in ultrapure water, centrifuged, and dried overnight at
80 °C. The dried residues were homogenized, weighed, and loaded
into tin cups for δ13Corg analysis.

The remaining sample fractions (~50–100 g) were then powdered/
homogenized using a SPEX 8510 Shatterbox in alumina ceramic con-
tainers for CAS and pyrite sulfur analyses. CAS extractions were carried
out on each sample using approximately 60 g of powdered rock, using a
protocol modified after Burdett et al. (1989), Gill et al. (2007), and Jones
and Fike (2013). Sample powders were first soaked in a 10% NaCl solu-
tion under constant agitation for 24 h, and subsequently rinsed and ag-
itated in ultrapure water three times to remove any water-soluble
sulfate (each water rinse was ~24 h). We then treated samples in a 4%
NaOCl solution for 48 h to remove any metastable sulfides and organi-
cally bound sulfur. Samples were then subjected to three more ultra-
pure water rinses (described above) before being acidified using 6 N
HCl for 3 h to dissolve CaCO3 and liberate sulfate from the carbonate
matrix. The acidified solution was then separated from the insoluble
sample residues via centrifugation and the residues were set aside for
pyrite sulfur extraction. Acidified solutions were brought to pH ~ 3 and
a saturated solution of BaCl2 was added to precipitate dissolved CAS as
BaSO4. The BaSO4 was rinsed and centrifugedmultiple times with ultra-
purewater to remove chlorine, and then dried overnight at 80 °C prior to
isotopic analysis. Pyrite sulfur was extracted from the remaining acid-
insoluble residues using modified protocols described by Canfield et al.
(1986), Bruchert and Pratt (1996), and Lefticariu et al. (2006). Briefly,
insoluble residues were reacted with a mixture of ~40 ml of 12 N HCl
and ~40 ml of 1.0 M chromium chloride (CrCl2·6H2O) in a N2-purged
extraction flask. Flowing N2 carried evolved H2S, from FeS2 decomposi-
tion, through a buffer solution (0.1 M citrate solution adjusted to
pH 4) into a 0.1 M AgNO3 solution where it was precipitated as Ag2S.
The Ag2S precipitate is then filtered, rinsed, and dried onto a baked
0.22 μm quartz-fiber filter that is saved for isotopic analyses.

3.2. Isotopic analysis

Homogenized BaSO4 and Ag2S powders were loaded into tin
capsules with excess V2O5 and analyzed for their δ34S content by SO2-
method using a Costech Elemental Analyzer coupled to a Thermo
Finnigan Delta V isotope ratiomass spectrometer via a Conflo IV split in-
terface. Calibration of our samples via SO2-method was done based on
laboratory standards calibrated relative to the IAEA S-1 standard (δ34S,
−0.30‰) and NBS-127 (δ34S, +20.3‰). Analytical reproducibility
was better than ±0.2‰ for standards and duplicate samples all of
which were analyzed in the Stable Isotope Research Facility (SIRF) at
Indiana University.

Sample powders for δ13Ccarb analyseswerefirstweighed and roasted
in a vacuum oven at 100 °C for 8 h to remove water and volatile organic
compounds. Then, 100–300 μg of carbonates were reacted at 72 °C with
3–5 drops of anhydrous phosphoric acid for at least 2 h. Stable isotope
values were obtained using a Thermo Finnigan Gas Bench II carbonate
preparation device directly coupled to an inlet of a Thermo Finnigan
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Delta Plus XP isotope ratio mass spectrometer at the SIRF at Indiana
University. Isotope ratios were corrected for acid fractionation and 17O
contribution and reported in delta notation relative to the V-PDB (‰
Vienna Peedee Belemnite) standard. Precision and calibration of data
are monitored through routine analysis of the IAEA NBS-19 standard.
Standard deviations for δ13C and δ18O are 0.05‰ and 0.10‰, respective-
ly (one sigma).

Stable δ13Corg values were obtained using a Costech Elemental Ana-
lyzer coupled to a Thermo Finnigan Delta Plus XP through an open-split
Conflo III in the SIRF at Indiana University. Samples are dropped under
helium into an oxidation furnace packed with chromium(VI) oxide
and silvered cobaltic/cobaltous oxide (to remove any halogens) at
1000 °C. The gas is then passed through a reduction furnace packed
with elemental copper at 680 °C to reduce all nitrogen bearing com-
pounds to gaseous nitrogen. The resulting gases are then passed
through a water trap to eliminate moisture. Carbon isotope ratios are
corrected for 17O contribution and reported in delta notation relative
VPDB. Precision and calibration of data are monitored through routine
analyses of in-house standards that are calibrated against IAEA stan-
dards. Standard deviations for δ13C are ±0.06‰ (one sigma), and
±0.7% for %C (one sigma). Weight percent of total organic carbon
(TOC) in samples is determined by comparison of voltages for the ion
beam intensities of masses 44, 45, and 46 CO2

+ between our samples
and knownwt.% carbon of the gravimetric standard acetanilide, the un-
certainty is better than ±5% (e.g., Young et al., 2008).

4. Results

4.1. Clear Spring, Maryland

Outcrops of the upper Beekmantown Group, St. Paul Group, and
lower Chambersburg Formation were sampled continuously at expo-
sures along the westbound lane of I-70 near the town of Clear Spring.
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Fig. 2.Middle–Late Ordovician stable isotopic data (δ34SCAS and δ34Spyr pairedwith δ13Ccarb and δ
point smoothed averages are also plotted for both sulfur isotopic panels. Conodont biozones pl
et al., 2013).
show a significant fluctuation (~7‰ variability) with average values
~+28 to +32‰ with paired δ34Spyr values increasing roughly from
+5‰ to +12‰ (Fig. 2). In the upper Pinesburg Station Dolomite
through lower Row Park Formation δ34SCAS values sharply decline
fromvalues at+35‰ to+23‰, while δ34Spyr values show amodest de-
cline from +15‰ to +10‰. δ34SCAS values from the upper Row Park
and lower NewMarket show a slow steady rise to +29‰, while paired
δ34Spyr values initially rise to as high as+19‰, but dramatically drop to
~+4‰ near the Row Park/New Market boundary. The δ34SCAS values
show a steady drop in the upper New Market and lowermost
Chambersburg Formations to+16‰, and then remain relatively invari-
ant (+18 to+20‰) throughout the rest of the Chambersburg. The
δ34Spyr values through this interval initially increase to +14‰ but
then become highly variable throughout the Chambersburg Formation
(ranging from +2 to +17‰).

The corresponding δ13Ccarb values from the Rockdale Run and lower
Pinesburg Station Dolomite fluctuate between −2.0 and −4.0‰ and
δ13Corg values are invariant near −30.5‰ in these formations. Within
the same interval as the first large drop in δ34SCAS (described above)
δ13Ccarb values show a steady increase to ~+1.0‰ displaying the rising
limb of the Middle Darriwilian carbon isotope excursion (MDICE; Leslie
et al., 2011), and δ13Corg shows a corresponding rise to ~−28.3‰ (see
also Edwards and Saltzman, 2016). The δ13Ccarb and δ13Corg values
through the upper Row Park and lower New Market strata decline to
−3.0‰ and−30.1‰, respectively. The δ13Ccarb values through the over-
lyingNewMarket andChambersburg Formations showa slow steady in-
crease to +1.0‰, with δ13Corg values initially increasing to −26.7‰ in
the lower New Market Formation, but then upper New Market through
Chambersburg Formations values decline to −28.7 to−29.3‰.

4.2. Arbuckle Mountains, Oklahoma

Outcrop exposures along I-35 were sampled continuously, with the
uppermost Joins and Oil Creek Formations sampled from previously
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well-described exposures in the southern flank of the Arbuckle
Anticline (north of Ardmore, OK) and the overlying McLish, Tulip
Creek, and Bromide Formations sampled from the northern flank of
the Arbuckle Anticline (Bauer, 1990; 2010). The few samples taken
from the lower and middle Oil Creek Formation for δ34SCAS analysis
are fairly consistent with values near+30‰ (Fig. 3). The corresponding
δ13Ccarb and δ13Corg values in the lower Oil Creek initially show sig-
nificant variability between −2.0 to −4.0‰ and −31.5 to −29.0‰,
but in the Middle Oil Creek Formation δ13Ccarb and δ13Corg values be-
come less variant, near −2.0‰ and −30.0‰, respectively (Edwards
and Saltzman, 2016). The upper Oil Creek Formation was not
sampled due to poor exposure, along with the basal quartz arenite of
the McLish Formation since it is not suitable lithofacies for δ34S and
δ13C analyses. Sandy carbonates of the lower McLish (Facies 2A; Bauer,
1990) record δ34SCAS values of +20‰, with values increasing to
+29‰ in the upper McLish (i.e., Facies 6A), although values show
variability (3 to 7‰ fluctuations). Paired δ34Spyr values are also variable
through this interval showing no distinctive trend, values from −5
to−19‰ (average ~−12‰). Corresponding δ13Ccarb and δ13Corg values
increase from −3.0 to +0.75‰ and −30.0 to −27.5‰, respectively.
The upper McLish and lower Tulip Creek formations record δ34SCAS
values declining from +29 to +18‰, while δ34Spyr values increase
from−7 to+12‰. The δ13Ccarb values are slightly variable (1‰ fluctu-
ations), but decline through this interval from +0.63 to −3.0‰, with
few measurements of δ13Corg yielding values from −28.3 to −25.4‰.
The overlying Bromide Formation records δ34SCAS values that range
from +24 to +35‰, with δ34Spyr values initially being light, −5 to
−12‰ but then increasing to +5 to +16‰. Corresponding δ13Ccarb

values show a relatively steady rise from −1.94 to +0.30‰ from the
lower to upper Bromide Formation, with δ13Corg values ranging from
−30.9 to−28.5‰.
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Oklahoma. Three-point smoothed averages are also plotted for all sulfur and carbon isotopic
(Bauer, 1987, 1990, 2010). Please note that the exact stratigraphic position of onset of the MDI
and a thick sandstone unit present in the lower McLish Formation. Also shown on this diagram
5. Discussion

The large negative shift in δ34SCAS from mid-Darriwilian strata at
Clear Spring and Arbuckle Mountains sections are of similar magni-
tude (~12‰) to the drop observed in Western Newfoundland (Fig. 4;
Thompson and Kah, 2012). This large drop in δ34SCAS values is coinci-
dent with the rising limb and peak δ13Ccarb values of the MDICE
(Schmitz et al., 2010; Leslie et al., 2011; Albanesi et al., 2013). Another
younger large negative drop in δ34SCAS values (~12‰magnitude) is re-
corded in Late Darriwilian–Earliest Sandbian strata in both of our study
sections and corresponds to positively trending δ13Ccarb values. Al-
though absolute values differ slightly from these sections (Appendix
Tables 1 and2),whichmay reflect some spatial heterogeneity in the sul-
fate reservoir, the large-scale trends are consistent with a global change
in δ34SCAS values through the Darriwilian. Previous biostratigraphic
investigations place the older negative shift broadly within the
H. holodentata through P. polonicus Conodont Zones and younger drop
broadly within C. sweeti through lower A. tvaerensis Conodont Zones
(Boger, 1976; Stouge, 1984; Bauer, 1990, 2010; Brezinski et al., 1999;
Albanesi et al., 2013; Leslie et al., 2013). Furthermore, recent SIS inves-
tigations of our study sections which were calibrated to the Geologic
Time Scale 2012 (Cooper and Sadler, 2012) constrain the duration of
each of these negative shifts in δ34SCAS to ~3 m.y. (Saltzman et al.,
2014; Edwards et al., 2015).

Here we first evaluate factors that may affect the preservation of
primary stable isotope signals (i.e., diagenetic alteration, contamina-
tion). Having established that our records predominately reflect prima-
ry marine chemistry, we go on to interpret the broad-scale trends in
δ34SCAS and δ13C values and explore possible changes to the environ-
ment that could produce these changes in the global sulfur cycle. Geo-
chemical box model simulations are then used to place constraints
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are the sedimentary lithofacies (1A–9B) defined by Bauer (1990).
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(e.g., pyrite burial/weathering rates, chemocline migration, sulfate res-
ervoir size) on observed sulfur dynamics during the Darriwilian–Early
Sandbian.

5.1. Primary nature geochemical signals

Carbonate rocks undergo burial processes that can potentially affect
their geochemical and textural properties. Therefore it is critical to
assess ewhether the δ34S and δ13C trends are representative of primary
seawater signatures. Linear relationships, from cross-plots of seawater
proxy geochemical data, are often used to indicate the degree to
which carbonate rocks have experienced diagenetic alteration (Given
and Lohmann, 1986; Banner and Hanson, 1990; Kaufman et al., 1991).
Clear covariation between δ13Ccarb and δ18Ocarb often indicates influence
by meteoric waters, however a cross-plot of our δ13Ccarb and δ18Ocarb

data (Fig. 5B) indicates no significant correlation (R2 b 0.1). Diagenetic
alteration of primary δ13Corg valuesmay also occur due to thermal alter-
ation or oxidative loss of certain organic compounds. We observe no
systematic relationship (R2 b 0.1) between δ13Corg and wt.% TOC (see
Fig. 5A) that might be expected if differential alteration of organic
carbon occurred in horizons that are lean versus relatively rich in organ-
ic matter. Thus, the lack of significant correlation between our geo-
chemical data and diagenetic proxies suggests preservation of primary
marine δ13C signatures. While much is known about the diagenetic ef-
fects on δ13C and δ18O values inmarine carbonates, fewer investigations
have focused onmeteoric influences on δ34S. The recent studies of Pleis-
tocene limestones in Florida (Gill et al., 2008) and Late Devonian car-
bonates of Nevada (Sim et al., 2015) show that meteoric diagenesis
significantly lowers CAS concentrations but have little to no effect on
δ34SCAS values recordedwithin the strata. The absence of correlation be-
tween δ18Ocarb and [CAS] or δ18Ocarb and δ34SCAS of our studied sections
(Fig. 5C and D) suggests that primary marine δ34SCAS values have not
been significantly reset during diagenesis.

It is also important to address concerns regarding incorporation of
contaminant sulfate into the CAS fraction. Oxidation of sedimentary
pyrite during later stages of diagenesis or chemical extraction of
CAS can lower δ34SCAS values artificially, and linear correlations between
δ34SCAS values and both [Spyr] and δ34Spyr values could indicate a mixed
signature of this contaminant sulfate and primary CAS (Marenco et al.,
2008a). However, in cross-plots of our studied sections neither [Spyr]
or δ34Spyr are significantly correlated with δ34SCAS values (R2 ≤ 0.2)
and there is no linear correlation between [CAS] and [Spyr] (R2 b 0.1,
not plotted), all signifying no obvious influence from pyrite oxidation.
Secondary atmospheric sulfate contamination was also minimized in
the CAS extraction by employing multiple 24 h water rinsing/leaching
steps (Wotte et al., 2012; Peng et al., 2014).

One of the strongest lines of evidence for preservation of primary geo-
chemical signals is the consistency of isotopic trends observed at our two
study sections relative to previously published data (Thompson and Kah,
2012), all of which can be correlated independently using conodont bio-
stratigraphy and SIS (Fig. 6). Furthermore, the least radiogenic bulk
carbonate 87Sr/86Sr values from our Oklahoma section are very close to
conodont 87Sr/86Sr trends, which is consistent with minimal alteration
of carbonates from these sections (Edwards et al., 2015).

The Clear Spring, Maryland section is a mixed dolostone–limestone
sequence and the effects of dolomitization on CAS are a potential
concern (e.g.,Marenco et al., 2008b), however there is no covariance be-
tween lithology and [CAS] or δ34SCAS observed (see Appendix Table 1).
Previous studies of Mesoproterozoic and Neoproterozoic dolostone
sequences have also argued that dolomitization had little to no effect
on δ34SCAS values (Kah et al., 2004; Hurtgen et al., 2006; Shen et al.,
2008). Another concern is the primary nature of the pyrite analyzed
within our studied section. Although authigenic pyrite horizons associ-
ated with hardgrounds have been documented in some portions of our
studied section (e.g., Bromide Formation; Carlucci et al., 2014) we spe-
cifically did not sample these intervals for δ34S analyses. Finally, previ-
ous petrographic analyses, comparative sedimentological studies, and
lithofacies descriptions (e.g., Lewis, 1982; Mitchell, 1985; Mussman
and Read, 1986; Carlucci et al., 2014) of our stratigraphic units support
minimal alteration of the studied carbonates.
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5.2. Possible biogeochemical mechanisms for δ34S and δ13C trends

The primary source of sulfur to the global oceans is runoff from oxi-
dative weathering of sulfide minerals and dissolution of sulfate evapo-
rites on the continents (Berner, 1987; Holser et al., 1988). Oxidation of
reduced magmatic sulfur (e.g., continental-, arc-, or mid-ocean ridge
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volcanism) is another import input to the ocean reservoir, although
small compared with riverine inputs (Kump, 1989; Alt, 1995; Berner,
2001). Sulfur is primarily removed from the oceans by the deposition
of sulfate evaporites and burial ofmicrobiallymediated sedimentary py-
rite. H2S produced byMSR is isotopically depleted in 34S by up to 66‰ in
laboratory experiments (Harrison and Thode, 1958; Habicht and
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Canfield, 1996; Canfield et al., 2000; Sim et al., 2011a,b), although this
fractionation in nature can approach 70‰ in environments such as the
Black Sea (Fry et al., 1991). Due to the fact that little to no isotopic frac-
tionation (0–3‰) is associated with sulfur from volcanogenic sources
and dissolution–precipitation of evaporites they are not considered to
impact isotopic variability of the marine sulfate reservoir significantly
(Ault and Kulp, 1959; Thode et al., 1961; Raab and Spiro, 1991). Howev-
er, burial of sedimentary pyrite, riverine delivery of weathering prod-
ucts of sulfur-bearing minerals, and changes in Δ34S are considered to
be the primary drivers of isotopic change on geologic time scales
(Garrels and Lerman, 1984; Berner, 2001; Gomes and Hurtgen, 2013).

Carbon and sulfur cycles are connected through pyrite formation
and burial, which is coupled to organic matter burial (Berner and
Raiswell, 1983). These processes are linked through microbial sulfate
reduction, as the organic matter oxidized during this process is often
the limiting reactant in marine environments. The enhanced burial of
organic matter can fuel increased MSR and pyrite burial in oxygen-
poor waters, although the availability of iron can also play a key role
in marine settings (Canfield et al., 1992). In sulfide-rich and oxygen-
poor (euxinic)marine environments Fe2+ can often be the limiting spe-
cies in pyrite formation (Lyons et al., 2009). The absence of covariation
and presence of antithetical relationships between δ34SCAS and δ13Ccarb
trends in our study sections demonstrate that the perturbations of the
sulfur cycle could not involve an increase in the pyrite burial flux that
might be expected to accompany enhanced organic carbon burial: a po-
tential driver for the MDICE and Early Sandbian rise in δ13Ccarb values.
Following the reasoning above, the most plausible causal mechanisms
for observed Darriwilian–Early Sandbian sulfur and carbon isotope re-
cords must involve either increases in the rates of continental runoff,
decreases in global burial rates of pyrite, or changes in Δ34S.
5.2.1. Fluctuations in crustal weathering
Tectonic processes and changes in atmospheric O2 levels that oper-

ate on long time scales (N106 to 107 years) are thought to be the main
drivers of crustal weathering fluxes of carbon and sulfur (Garrels and
Lerman, 1984; Canfield et al., 2000; Kampschulte et al., 2001). Oxidative
weathering of sulfur-bearing minerals, carbonates, and organic-rich
sedimentary rocks provide major sources of sulfur and carbon to the
oceans. A change in global continental weathering fluxes would affect
both carbon and sulfur cycles and would shift both isotope records to-
wards their respective weathering flux values (δ13Criv = −4‰ and
δ34Sriv = +8‰) (Kump and Garrels, 1986; Kump and Arthur, 1999;
Kurtz et al., 2003). A weathering hypothesis has previously been
invoked for the latest Ordovician (Hirnantian Stage) positive δ13C
excursion whereby increased weathering of carbonates increased the
δ13C of the weathering flux and subsequently marine δ13Ccarb values
(Kump et al., 1999). Furthermore, a recent study of Hirnantian carbon-
ates produced paired δ34SCAS and δ34Spyr records that were not covari-
ant, with only δ34Spyr values being in sync with δ13Ccarb and δ13Corg

trends (Jones and Fike, 2013).
A change in the weathering flux is broadly consistent with sea

level lowstands (Sauk–Tippecanoe sequence boundary) recorded
throughout theMiddle Ordovician (Finney et al., 2007), and amajor un-
conformity (Knox Unconformity) that is widespread in eastern North
America displaying N100 m of erosional relief in places (Mussman and
Read, 1986). Biostratigraphic evidence also shows maximum sea level
lowstand (associated with high continental erosion) occurred within
the Mid-Darriwilian globally (Nielsen, 2004; Kanyigan et al., 2010;
Dwyer and Repetski, 2012). While the magnitude of sea-level drop in
the Darriwilian and Hirnantian are comparable, the magnitude of posi-
tive δ13Ccarb shifts are not (MDICE +2–3‰ versus HICE +6–7‰) indi-
cating a smaller influence of weathering on marine δ13Ccarb values.
Varying the δ34S of the weathering flux was independently rejected by
two studies examining mechanisms for Hirnantian δ34SCAS and δ34Spyr
records (Hammarlund et al., 2012; Jones and Fike, 2013) as they found
that the required magnitude of change is unreasonable and also would
result in δ34SCAS and δ34Spyr trends that parallel one another.

5.2.2. Fluctuations in pyrite burial
Pyrite burial rates are dependent upon water-column redox state,

sulfate concentrations, extent of organic matter burial, and Fe2+ avail-
ability in sedimentary depositional environments (Berner, 1985). The
coupled relationship between pyrite and organic matter burial can
change if the site of carbon burial shifts out of shallow marine shelf/
deltaic environments to settings where pyrite burial rates are lower
(Berner and Raiswell, 1983). MSR can be limited in modern ocean set-
tings by the presence of oxygen where product sulfide is oxidized
back to sulfate (Canfield, 2001) or lack of reactive organic carbon
(Leavitt et al., 2013). Additionally, the availability of Fe2+ is often a lim-
iting factor for pyrite formation in shallow water marine sediments
(e.g., Canfield et al., 1992). In terrestrial depositional environments
(soils, coal swamps, peatlands, some lakes) MSR is limited by the
often very low sulfate concentrations (e.g., Goldhaber and Kaplan,
1975; Berner, 1984).Moreover, a study of Early Cenozoicmarine carbon
and sulfur cycling linked decoupled δ34S and δ13C records (isotopically
light δ34SCAS values corresponding to heavy δ13Ccarb in Paleocene–
Eocene) to enhanced burial of organic carbon in terrestrial environ-
mentswhere sulfate was in short supply and consequently global pyrite
burial rates were low (Kurtz et al., 2003). However, a causal mechanism
involving terrestrial burial of organic carbon for our inversely related
Ordovician stable isotope trends is not likely as these records signifi-
cantly predate the earliest land plants megafossils and large accumula-
tions of terrestrial organic carbon in the Late Silurian and Devonian,
respectively (e.g., Steemans and Wellman, 2004).

Similarly decoupled marine δ34S and δ13C records have also been
documented from the Early Cretaceous representing periods of
decreased pyrite burial and possible shifting of the locus of organic
carbon burial (Paytan et al., 2004). Recently basin-wide evaporite
deposition has been invoked to explain these inversely related Early
Cretaceous δ34S and δ13C data, by dramatically lowering oceanic sul-
fate concentrations and thus reducing pyrite burial rates (Wortmann
and Chernyavsky, 2007; Wortmann and Paytan, 2012). Evaporite de-
posits are found in Ordovician sequences within the Williston Basin
(North America), Canning Basin (Australia), and the Siberian Platform
(Russia) however they all are of Late Ordovician (Katian Stage) age
(Longman et al., 1983; Williams, 1991; Kanyigan et al., 2010a; Husinec
and Bergström, 2015). Because these basin-wide evaporites are all sig-
nificantly younger than our Darriwilian–Early Sandbian δ34S and δ13C
marine records, large-scale evaporite deposition is unlikely to be linked
to a causal mechanism for these perturbations.

As mentioned above, water-column oxygenation may have also sig-
nificantly limited the burial of pyrite in the Paleozoic (e.g., Leavitt et al.,
2013), and the Darriwilian–Early Sandbian δ34SCAS records presented
could plausibly be linked to reduced rates of pyrite formation resulting
from fluctuations in the marine redox state. Oxygen levels in the atmo-
sphere–ocean system were thought to have significantly increased in
the Late Cambrian as the result of large-scale pyrite and organic carbon
burial (Saltzman et al., 2011), although recent studies suggest that
Early–Middle Ordovician deep ocean environments were still euxinic
and poorly ventilated at times (Thompson and Kah, 2012; Saltzman
et al., 2015). Darriwilian–Early Sandbian pyrite burial rates would be
mitigated by oceanic ventilation, perhaps driven in part by cooling
temperatures (Trotter et al., 2008), that partially oxidized a reactive
pool of H2S in deep ocean settings, resulting in increased delivery of
isotopically light sulfate to the global oceans and subsequently a decline
in marine δ34SSO4 values. In addition to a decrease of MSR rates, or-
ganic matter remineralization rates would have also declined leading
to an inverse relationship between burial rates of pyrite and organic
carbon, with the marine sulfate reservoir trending towards the δ34S of
the weathering flux (lighter values) while δ13Ccarb values increase
(e.g., Wortmann and Chernyavsky, 2007).
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5.2.3. Fluctuations in Δ34S
There are several factors that influence the isotopic fractionation

between sulfate and sedimentary pyrite, and thus stratigraphic trends
in Δ34S, they include: sulfate concentration, area of shallow marine en-
vironments, reservoir effect in sulfate-limited settings, sulfur dispropor-
tionation, cell-specific MSR rates, and restricted exchange of sediment
porewater fluids (Habicht and Canfield, 1996, 2001; Habicht et al.,
1998, 2002; Canfield, 2001; Lyons et al., 2004; Sim et al., 2011a,b;
Gomes and Hurtgen, 2013; Leavitt et al., 2013). Changes in marine sul-
fate content have been invoked to explain stratigraphic trends in Δ34S
over 10's of m.y. time spans (Fike et al., 2006), as sulfate concentrations
in the oceans have drastically changed over the Phanerozoic (e.g., Kah
et al., 2004; Gill et al., 2011a; Wortmann and Paytan, 2012). In order
to explain these broad Δ34S trends here sulfate concentrations would
have to contract an order of magnitude and return to its previous state
two times in the course of ~7–8m.y. This would necessitate marine sul-
fate concentrations cycling vacillating between 1–2 mM and 0.1–
0.2 mM using the most recent estimates for Early–Middle Ordovician
(Thompson and Kah, 2012; see Section 5.3. for further discussion of sul-
fate concentration).

Additionally, the implications for marine redox state (i.e., low Δ34S
values linked to reduced O2 levels in marine environments) are incon-
sistent with large pulses of biodiversity in the Middle Ordovician
(Servais et al., 2008, 2010). Sulfur isotope systematics in lacustrine
and restricted marine settings show that Δ34S values in these systems
are significantly affected by the amount of sulfate consumed during
MSR and the location of pyrite formation (Sælen et al., 1993; Gomes
and Hurtgen, 2015). In low-sulfate euxinic systems isotopic distillation
(Rayleigh fractionation) of the sulfate reservoir and sulfide product
can occur and strongly influence their δ34S values, thus Δ34S values
could reflect how restricted a local basinmay be, as amajor requirement
for this reservoir effect is closed-system sulfur cycling under stratified
water masses (Sælen et al., 1993; Gomes and Hurtgen, 2013). The over-
all shallowing-upward trends (representing transition to more restrict-
ed peritidal to subtidal carbonate environments) in the Rockdale Run
through Row Park formations and shallowing of facies from lower to
upper McLish Formation support a reservoir effect explanation for the
coincident declining Δ34S values. However, lithofacies/sequence strati-
graphic interpretations of latest Darriwilian–Early Sandbian strata
from our study sections show a rise in sea-level and return to more
open-ocean conditions (Bauer, 1990; Brezinski et al., 2012), yet Δ34S
values in Maryland show a declining trend which is not consistent
with a reservoir effect linked to changes in depositional environment.
Late Sandbian Bromide (Pooleville Member) strata show overall regres-
sive set of lithofacies and a return to restricted settings, although Δ34S
values remain high, which is also inconsistent with reservoir effect
being the predominant factor influencing these trends.

Ηigh metabolic rates of MSR produce small sulfur isotope fraction-
ations, while low rates result in large fractionations (≥ net fractionation
for sulfur disproportionation) between sulfate and sulfide (Harrison
and Thode, 1958; Kaplan and Rittenberg, 1964; Goldhaber and Kaplan,
1975; Sim et al., 2011a,b; Leavitt et al., 2013). Variations in the global
average cell-specific MSR rate have been invoked to explain declines
in Δ34S trends in the Late Devonian linked either to increased availabil-
ity of labile organic matter or change in microbial composition (John
et al., 2010). Recent experimentalwork onMSR has linked δ34S fraction-
ation rates to availability of organic matter in sedimentary environ-
ments and areal extent of shallow marine environments (Leavitt et al.,
2013). However, in the Early/Middle Paleozoic Leavitt et al. (2013)
found no correlation with available continental shelf to sulfur isotope
fractionations (Δ34S trends) suggesting that other abiotic and biotic
processes (previously discussed this section) are likely significantly
impacting our Ordovician Δ34S values.

Chemocline depth within the sediments can also significantly im-
pact Δ34S trends. If this redox boundary deepens within the sediments
then porewaters become relatively isolated from the overlying water
column. Therefore, δ34Spyr and δ34SCAS records represent distinct pools
of sulfur, porewater sulfate (sedimentary pyrite) and marine sulfate
(CAS), that evolved independently from one another (Lyons et al.,
2004). Subsequently, our Δ34S trends that track δ34SCAS values could re-
flect migration of the chemocline further into the sediments leading to
declines in pyrite burial during the transition to more oxic conditions
(e.g., Jones and Fike, 2013).

5.3. Controls on sulfur cycling in the Darriwilian–Early Sandbian

To further test the above scenarios for the mechanisms behind the
sulfur isotope record, we constructed a forward box model of the
Middle–Late Ordovician sulfur cycle. Here the boundary conditions for
the sulfur cycle were initially set and later perturbed during the model
runs in order to recreate the observed sulfate sulfur isotope profile.
Model solutions were deemed valid if they reproduced the sulfate
sulfur isotope record both in timing and magnitude. The following
expressions for the change in themass and isotopic composition of sul-
fate in the ocean over a given time interval were used in themodel (see
Gill et al. (2011a,b) and Kurtz et al. (2003) for additional details of this
formulation):

∂MO

∂t
¼ FW−Fpy−Fgyp

∂δO
∂t

¼ FW δW−δOð Þ−FpyΔS
MO

whereMo and δo are the amount of sulfate-S in the ocean reservoir and
its isotopic composition, respectively. Estimates for the concentration of
marine sulfate (and thus Mo) vary from less than 2 mM in the Early
Ordovician (Thompson and Kah, 2012) up to potentially 10 mM in the
Late Ordovician (Jones and Fike, 2013). Further estimates for marine
sulfate concentrations come from Horita et al. (2002) who estimated a
range of 4 to 15mM later in the Silurian. The input to the ocean, Fw, rep-
resents the combined fluxes of sulfur delivered to the ocean via
weathering of the continents and magmatic processes. These fluxes
are combined together in FW because their isotopic compositions—
defined as δw in the model—are similar. Fgyp represents the flux of sul-
fate out of the ocean as sulfate minerals. Fpy, representing the output
of sulfur from the ocean through the burial pyrite and ΔS represents
the difference in isotope composition between marine sulfate and that
pyrite. The values explored for these various parameters in the model
are shown in Table 3.

An additional aspect of our box model that is applied in some of our
modeling runs allows the removal of fluxes of sulfate from the ocean to
dynamically scale with the size of themarine sulfate reservoir; the sinks
(outside of forced perturbations involving these fluxes) are dependent
on the mass of the marine sulfate reservoir. This introduces an impor-
tant negative feedback on the output fluxes which are linked to the
size of the sulfate reservoir. In the model, the output fluxes follow a
first order rate law (Lasaga, 1980; Lasaga and Berner, 1998):

F ¼ kMO

where F refers to either of the output fluxes (Fpy or Fgyp) and k is a rate
constant that is dependent on the initial model boundary conditions.
Note that for each initial MO, new k values are calculated for the initial
steady state for each model run.

Broadly we can reproduce the two observed declines in the sulfate
sulfur isotope record during the Darriwilian–Early Sandbian with tran-
sient changes to the sulfur cycle. These transient changes were imple-
mented in the model for duration consistent with estimates of the
declines in seawater δ34SSO4 record (δ34SCAS values); roughly 3 m.y.
each with a million year relaxation interval in between them. Drivers
we explored in the model include: 1) increasing the weathering flux
of sulfate to the ocean (Fw), 2) reducing burial rate of pyrite sulfur
(Fpy), and 3) decreasing the isotopic difference between seawater
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sulfate and sedimentary pyrite (Δ34S).We consider and evaluate each of
these scenarios below.

The Darriwilian declines in δ34SSO4 record can be reproduced by two
transient increases of FW by 2 to 6 times, lasting 3 m.y. each (see model
Figs. 7 and 8 for a sensitivity test that explore increases in FW). Themag-
nitude of the change of this flux needed to recreate the observed isotope
record is directly dependent on the initial model state, particularly the
size of the sulfate reservoir. Estimates for the size of the sulfate reservoir
vary from less than 2 mM to 10 mM (Thompson and Kah, 2012; Jones
and Fike, 2013). It is important to note here that acceptable solutions
were only achieved if 1) the isotope composition of the weathering
flux (δw) was set at the low end of values (0‰ to +5‰) thought to be
representative of this flux (Table 3) and 2) the output fluxes (Fpy or
Fgyp) do not scale dynamically with the size of the sulfate reservoir
(compare Figs. 7 to 8). Model runs with higher δw need unreasonable
large increases in Fw (6 times the modern weathering flux of sulfur or
greater) to produce the observed declines in the δ34S of marine sulfate.
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Fig. 7. Simulations showing the effect of varying themagnitude of the transient increase in
sulfate weathering flux (Fw) during the Middle Ordovician. A) is modeled seawater δ34S
response to increases in Fw and B) is modeled response to global seawater sulfate reser-
voir. In these simulations the outputfluxes Fpy and Fgypdonot scalewith the size of thema-
rine sulfate reservoir. Labels denote the percent increase in Fw from the initial steady-state
rates. In these simulations, the initial marine sulfate concentration was 1.5 mM. Note that
in these simulations (Figs. 7, 8, 9), either pyrite burial (Fpy) was decreased or the Fw was
increased transiently for 3 m.y. at the 2 and 6.2 million year time points in each model
run. Note that the figured simulations are intended to demonstrate the effect of altering
some of the parameters within the model and not to display all possible or even valid
solutions.
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Fig. 8. Simulations showing the effect of varying themagnitude of the transient increase in
sulfate weathering flux (Fw) during the Middle Ordovician. A) is modeled seawater δ34S
response to increases in Fw and B) is modeled response to global seawater sulfate reser-
voir. In these simulations the output fluxes Fpy and Fgyp are allowed a scale with the size
of the marine sulfate reservoir. Labels denote the percent increase of Fw from the initial
steady-state rates. In these simulations, the initial marine sulfate concentration was
1.5 mM.
It is also noteworthy that changing the δw alone could not produce the
observed isotope records. Runs where the output fluxes scaled with
the size of the sulfate reservoir needed unrealistically large (8 times or
greater) Fw increases to reproduce the observed trends. These exercises
also produced large sulfate reservoir sizes (compare Figs. 7 to 8) that are
inconsistent with other estimates predicted for the Ordovician oceans
(Thompson and Kah, 2012; Jones and Fike, 2013). This suggests that
increases in Fw may not be a viable driver since other scenarios
(decreasing Fpy and/or decreasing ΔS) with these dynamic fluxes in-
cluded in the model produce acceptable solutions.

Additionally, any major change in the riverine flux of C and S
should be recognizable from continental weathering proxy records
(e.g., seawater 87Sr/86Sr records). A dramatic decline in Ordovician sea-
water 87Sr/86Sr values begins within the P. polonicus–P. serra Zones,
suggesting the start of major changes in long-term weathering fluxes
in the Middle Darriwilian (Young et al., 2009; Saltzman et al., 2014).
Additionally, εNd values from graptolitic shales at the base of the Taconic
foreland basin sequence indicates a change in source rock weathering
in the region beginning in the Late Darriwilian (Didymograptus
murchisoni graptolite zone; Gleason et al., 2002). Sequence stratigraphic
and sedimentologic evidence is most consistent for increased

Image of Fig. 7
Image of Fig. 8


128 S.A. Young et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 458 (2016) 118–132
continental runoff during the Middle Darriwilian (older modeled in-
crease of Fw). The latest Darriwilian–Early Sanbian strata (younger
modeled increase of Fw) show evidence of global sea level rise, while
continental weathering proxy records of seawater 87Sr/86Sr and εNd in-
dicate that enhanced erosion of young volcanic and igneous rocks asso-
ciated with the Taconic orogeny was still ongoing. Therefore, transient
increases in Fw may remain a potential causal mechanism for these sul-
fur cycle perturbations, although they are not necessarily favored as the
dominant influence on δ34S at this time due to complicated linkages to
sea level histories, weathering proxies, rationale for lowered δw values
and the failure of our model with dynamic output fluxes to reproduce
the δ34S record.

Alternatively, we can reproduce the declines in the δ34SSO4 record by
two transient decreases of Fpy lasting 3 m.y. each (see Fig. 9 for a sensi-
tivity test that explores decreases in Fpy). Themagnitude of these reduc-
tions needs to be 20% to 80% times the pre-MDICE Fpy flux, depending on
the initial model conditions (size of Mo, value for ΔS). It should be
mentioned that needed decreases in Fpy can be lessened if we also si-
multaneous decrease the ΔS term with the decreases of the Fpy term
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Fig. 9. Simulations showing the effect of varying the magnitude of the transient decrease
in pyrite burial (Fpy) during the Middle Ordovician. A) is modeled seawater δ34S response
to increases in Fw and B) ismodeled response to global seawater sulfate reservoir. In these
simulations the output fluxes Fpy and Fgyp are allowed a scale with the size of the marine
sulfate reservoir outside the intervals of the forced decreases in Fpy. Labels denote the per-
cent decrease in Fpy from the initial steady-state rates. In these simulations, the initial ma-
rine sulfate concentration was 1.5 mM. Note the difference in scale of the sulfate
concentration from Figs. 7B and 9B.
(see more discussion of this below). Further support for the reduced
pyrite burial linked to ocean ventilation can be found when looking at
our δ34Spyr records that seem to broadly track δ13Ccarb values and not
δ34SCAS data. These pulses of oceanic ventilation would have pushed
the chemocline deeper within the sediments, resulting in restricted
porewater communication with the overlying water column leading
to the gradual enrichment δ34Spyr as sedimentary pyrite continued to
form. Interestingly, Hirnantian δ34Spyr records from Chinawere recently
interpreted to reflect similar water-column oxygenation phenomenon
(Yan et al., 2009).

Lastly we found that a transient lowering of Δ34S alone also could
produce the Darriwilian declines in the δ34S sulfate record. Sensitivity
testing of the model shows that transient decreases in ΔS to values of
25‰ or less lasting 3m.y. each could produce acceptablemodeling solu-
tions (Fig. 10). Changing rates of MSR have been recently invoked to ex-
plain a drop in Δ34S trends through the Hirnantian (latest Ordovician)
coincident with glacial maximum, whereby cooler temperatures pro-
moted decreased aerobic decomposition of organic matter that led to
increased MSR rates (Jones and Fike, 2013). However, there are no
known glacial deposits of Darriwilian–Sandbian age (e.g., Frakes et al.,
1992) and sea surface temperatures were thought to be relatively con-
sistent (Trotter et al., 2008) suggesting climate induced cell-specific
MSR rate changes are an unlikely explanation for declining Δ34S values.
Deepening of the zone of sulfate reduction within the sediments could
explain this modeling scenario, with our Δ34S record resulting from in-
creasing closed system isotope behavior of the sulfur in sedimentary
pore waters during the transition to more oxic conditions.

Although we have presented scenarios where a single driver is
responsible for generating the observed isotope record, it is important
to point out that two or more of these potential drivers can also be
changed simultaneously to produce the observed isotope record. For
example, a scenario where both Fpy and Δ34S are simultaneously de-
creased is attractive since ocean ventilationwould conceivably decrease
both the rates of pyrite burial and Δ34S for reasons articulated above.
With this inmind, and given our results fromour single drivermodeling
exercises, we advocate ocean ventilation as the primary driver of the
Darriwilian–Early Sandbian δ34S sulfate record. Additionally, although
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we recognize that changes in Fw may have contributed to some degree
to the observed sulfur isotopic trends, we consider relatively short-
term pulses of ocean oxygenation to be the most plausible scenario for
generating two distinct δ34SCAS excursions separated by ~1 m.y.

Another key aspect of our modeling results are that they give esti-
mates of the size of the Darriwilian–Sandbian marine sulfate reservoir.
Broadly, themagnitude of changes to the sulfur cycle needed to recreate
the observed δ34SCAS record are directly dependent on the initial size of
the marine sulfate reservoir (i.e., the larger the reservoir the larger the
necessary changes in Fpy, ΔS and Fw). Sensitivity testing of our model
suggests that marine sulfur reservoir at the start of the Darriwilian
was likely 5 mM or less. These concentrations are in line with estimates
for marine sulfate during the Early to Middle Ordovician (Thompson
and Kah, 2012).

From of our modeling results we can also draw conclusions about
possible changes in the size of themarine sulfate reservoir. If we invoke
either decreasing Fpy or increasing Fw in the Darriwilian–Early Sandbian
δ34SSO4 record, these changes in the sulfur cycle result in a growth of the
marine sulfate reservoir (Figs. 7 and 9). This result is broadly consistent
with the recent estimates for marine sulfate concentration over the
Ordovician (Thompson and Kah, 2012; Jones and Fike, 2013). Based
on their δ34S records, Thompson and Kah (2012) argue for low marine
sulfate concentrations (b2 mM) during the early portion of the Ordovi-
cian (Tremadocian to Darriwilian) and by the Late Ordovician, marine
sulfate concentrations are suggested to have been at least 5 mM
(Jones and Fike, 2013). Across our acceptable modeling solutions the
marine sulfate reservoir grows by 2 to 5 mM. Thus our modeling exer-
cises lend support to the notion of a small but notable growth of thema-
rine sulfate reservoir during this period of the Ordovician.

6. Implications and conclusions

Our Middle–Late Ordovician paired δ34S and δ13C data and geo-
chemical modeling study improve our understanding of the coevolu-
tion of the global sulfur and carbon cycles. The antithetically related
Darriwilian–Early Sandbian stable isotope records are similar to other
decoupled δ34S and δ13C trends observed later during the Phanerozoic
(Wortmann and Chernyavsky, 2007; Wortmann and Paytan, 2012)
and were likely the product of a reduction of the burial rates of pyrite
and organic matter remineralization and fairly low seawater sulfate
concentrations (≤10 mM; Horita et al., 2002; Lowenstein et al., 2005;
Gill et al., 2007). Furthermore, theseDarriwilian–Early Sandbian records
represent a critical transition between low marine sulfate concentra-
tions in the Early Ordovician and increased concentrations in the latest
Ordovician (Thompson andKah, 2012; Jones and Fike, 2013). These suc-
cessive drops in δ34SCASmayhave been causedbydecreases in the burial
rate of pyrite driven by water-column oxygenation associated with
long-term trends in organic carbon burial and global temperatures.
Ocean ventilation can fundamentally link our trends in Δ34S values to
a reduction of Fpy to explain our large declines in seawater δ34SSO4
records. This mechanism is consistent with a progressive cooling of
Ordovician oceans (Trotter et al., 2008) that could incorporatemore dis-
solved oxygen. Pulses of ocean ventilation provide a plausible mecha-
nism to explain the δ34S and δ13C records, and have broad-scale
implications for the marine biosphere. Increased ventilation of marine
environments would have provided more habitable settings for organ-
isms to expand into, and is largely consistent with large surges of biodi-
versity in the Middle Ordovician (e.g., Servais et al., 2008, 2010). The
capacity of the marine biosphere to mediate pyrite formation and
remineralize organicmatterwas significantly affected by these environ-
mental changes. The declines in pyrite and organic carbon burial, al-
though not concurrent (inversely related δ34S and δ13C records),
would also reduce the fluxes of O2 to the ocean–atmosphere system,
consistentwith the view that redox conditions in parts of the oceans cy-
cled from oxic to anoxic/euxinic as part of a long-term Early Paleozoic
transition.
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