Geochimica et Cosmochimica Acta 374 (2024) 51-71

FI. SEVIER

Geochimica et Cosmochimica Acta

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/gca

Trends in estuarine pyrite formation point to an alternative model for

Paleozoic pyrite burial

t.)

Check for
updates

Kalev Hantsoo Maya Gomes °, Dana Brenner “, Jeffrey Cornwell b Cindy M. Palinkas b

Sairah Malkin "

& Department of Earth and Planetary Sciences, Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218, USA
Y Horn Point Laboratory, University of Maryland Center for Environmental Science, 2020 Horns Point Rd., Cambridge, MD 21613, USA

ARTICLE INFO

Associate editor: Elizabeth D. Swanner

Keywords:
Pyrite

Early Paleozoic
Oxygen
Bioturbation
Chesapeake Bay

ABSTRACT

The early Paleozoic Era (~540-420 Ma) was an interval of profound biogeochemical changes including
increasing oxygen (O) and the onset of bioturbation (sediment mixing by animals). It is hypothesized that
incipient bioturbation caused a monotonic decrease in sedimentary burial of pyrite (FeSy), which would have
slowed atmospheric O3 accumulation. However, pyrite accumulation can exhibit complex responses to dynamic,
low-O2 environmental conditions. To assess pyrite burial in a potential modern analogue to early Paleozoic
environments, we collected sediment cores from the Chesapeake Bay, an estuary with multiple gradients in
sulfate concentration, hypoxia intensity, organic carbon flux and lability, and bioturbation. Results indicate that
pyrite accumulation is maximized not under strong sulfate depletion in highly reducing sediments, but rather in
sediments that occupy the mid-range of sulfate-chloride ratios. This probably occurs through efficient replen-
ishment of pore water sulfate and/or through the generation of sulfur redox intermediates, which promote pyrite
formation via the polysulfide reaction pathway. In light of these results and in contrast to earlier models, we
hypothesize that mild early Paleozoic bioturbation temporarily increased pyrite burial efficiency by stimulating
higher sulfate reduction rates and increasing sedimentary sulfide retention. Compiled sulfur and carbon data
from a geochemical database indicate that median sulfur-carbon ratios of fine-grained marine siliciclastic rocks
increased from the Ediacaran through the Ordovician, then decreased and became much less variable from the
Silurian onward. Thus, the Cambrian and Ordovician Periods may constitute a distinct interval of the

Proterozoic-Phanerozoic transition in which bioturbation temporarily accelerated Oz buildup. This transition
probably ended in the Silurian, when pOa rose to sufficient levels to homogenize sedimentary carbon-sulfur

cycling.

1. Introduction

The timing of Earth system oxygenation and its links to biological
evolution are central questions in geobiology (Cole et al., 2020; Sperling
et al., 2022). Oxygen (Og) accumulation at Earth’s surface has primarily
resulted from the reduction of carbon dioxide (CO2) via oxygenic photo-
synthesis and the reduction of sulfate (SO?() via microbial sulfate reduc-
tion, followed by reduced carbon and sulfur burial (Holland, 1962;
Holland, 1973). Net oxidation of the ocean-atmosphere system occurs if
the reduced products of these reactions—organic carbon and sulfide,
respectively—are separated from the oxidized products by burial in sedi-
ment; otherwise, the reverse reactions will consume the oxidized species
(Garrels and Perry, 1974). Sedimentary pyrite (FeSy) is the largest stable
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reservoir of sulfide in crustal sediments (Rickard and Luther, 2007),
although organosulfur compounds can also become a significant compo-
nent of reduced sulfur in association with sulfur redox intermediates
(Riedinger et al., 2017), or in localities with very high organic carbon
content (Zaback et al., 1993). Given that the reduction of sulfate followed
by sedimentary pyrite burial has been one of the two major sources of
ocean-atmosphere oxygenation over Earth’s history (Berner, 1982), in-
creases in the global rate of pyrite precipitation and burial in Earth’s past
would have quickened the pace of O buildup.

The availability of organic carbon, sulfate, and reactive iron have
commonly been cited as the primary controls on the rate of sedimentary
pyrite accumulation (Berner, 1984). Pyrite burial in many modern local-
ities is roughly proportional to burial fluxes of total organic carbon (TOC),
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with a TOC/pyrite-S ratio of 2.8 + 0.8 attributed to ‘normal marine’ sed-
iments, i.e. sediments that are deposited under oxygenated marine waters
with normal ocean salinity of ~35 (Berner, 1982; Berner and Raiswell,
1983). This relationship exists primarily because organic carbon deposition
rates broadly fuel and quantitatively scale with sediment microbial sulfate
reduction rates, although it is not only the amount of TOC but also TOC
reactivity that plays a role in determining sulfate reduction rates (Meister
et al.,, 2013). Up to 90 % of the sulfide produced by microbial sulfate
reduction is reoxidized (Jorgensen, 1982), and the amount of sulfide buried
as pyrite is influenced by the favorability of three pyrite-forming reactions.
Pyrite typically forms by the reaction of iron monosulfide (FeS) with either
hydrogen sulfide (HS) or polysulfide (S, where 2 < n < 8) (Luther, 1991;
Rickard and Luther, 1997; Butler et al., 2004); alternatively, pyrite can
form via the reaction of ferric hydroxide surface species with dissolved
sulfide to yield Fe(I)OH3, which then reacts with sulfide or polysulfide
radicals to form pyrite (Wan et al., 2017). This latter reaction is called the
ferric hydroxide surface (FHS) pathway and is most favorable under high
ratios of Fe(IIl)-oxide minerals to dissolved sulfide (Wan et al., 2017).
Polysulfides are a pool of reduced sulfur that forms through the reaction
of dissolved bisulfide (HS™) with elemental sulfur (Sg) and exists in equi-
librium with these species (Teder, 1971; Steudel, 2003). Higher pH in
anoxic pore water will favor the generation of HS™ and polysulfides, while
lower pH will favor the generation of HyS and Sg (Kamyshny et al., 2003,
2004). The two FeS-derived pyrite formation pathways follow the form.

@
(2)

with Eq. (1) referred to as the polysulfide pathway (where n commonly
ranges from 4 to 6 under relevant environmental conditions; Kamyshny
et al., 2004) and Eq. (2) referred to as the HyS pathway. In Eq. (1), n
refers to the number of sulfur atoms in a polysulfide molecule.

Although pyrite formation is associated with reducing environments,
Egs. (1) and (2) demonstrate that pyrite sulfur (with an oxidation state of
—1) is more oxidized than FeS sulfur (with an oxidation state of —2). The
oxidative power in Eq. (1) derives from the internal sulfur atoms in poly-
sulfide, which have formal oxidation states of 0. Meanwhile, in Eq. (2), HaS
completes FeS-pyrite oxidation by reducing its hydrogen to molecular
hydrogen (Hy) (Rickard, 2012). The FHS pathway involves net oxidation of
sulfide via the surfaces of ferric hydroxide minerals, generating sulfide or
polysulfide radicals with a —1 oxidation state which can then participate in
pyrite nucleation (Wan et al., 2017).

It was previously thought that partially oxidized sulfur compounds
might be a necessary component of pyrite precipitation (Berner, 1970;
Berner, 1974), but the demonstration of the HyS pathway at ambient
temperatures (Drobner et al., 1990; Rickard, 1997; Schoonen, 2004) indi-
cated that pyrite precipitation can occur via a simpler set of reactions, since
the presence of H;S requires only sulfate reduction rather than an oxidative
sulfur cycle. Because polysulfide is a mixed-valence sulfur species that re-
quires relatively alkaline conditions and H,S is a reduced species that exists
under relatively acidic conditions, it is generally assumed that the HyS
pathway predominates in strongly reducing and acidic environments while
the polysulfide pathway predominates under slightly more oxidized and
alkaline conditions (Rickard and Luther, 2007). The FHS pathway has been
proposed as a significant reaction in sediments with high fractions of
reactive iron and low amounts of sulfide, e.g., in low-salinity systems with
high terrigenous sediment loads (Wan et al., 2017).

The relative rates of the HyS and polysulfide reaction pathways are
difficult to constrain, but sulfur cycling microorganisms—including sulfate
reducing, sulfide oxidizing, and sulfur disproportionating microbes—are
critical to both reactions. Although abiotic laboratory experiments have
generated reaction rate constants that indicate that the HyS pathway is
substantially faster than the polysulfide pathway (Butler et al., 2004), ex-
periments that include microbial activity suggest roughly equal fluxes of
pyrite formation via these two pathways in natural settings (Canfield et al.,
1998). The rate limiting step of Egs. (1) and (2) is pyrite nucleation, which
requires supersaturated conditions and can be strongly influenced by

$2~ | FeS — SZ + FeS,

H,S + FeS — Hj + FeS,
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microbial activity (Schoonen and Barnes, 1991; Canfield et al., 1998;
Rickard and Luther, 2007; Rickard, 2012). The most obvious influence of
microbial sulfur metabolisms on pyrite formation is their generation of HyS
and sulfur redox intermediates; however, microbial biomass itself can also
aid in the precipitation of pyrite and FeS (Donald and Southam, 1999;
Wacey et al., 2015; Picard et al., 2018; Duverger et al., 2020), and mi-
crobial interactions can promote pyrite formation (Thiel et al., 2019).

A further complication in deciphering the rate of Eq. (1) is that poly-
sulfide is a highly reactive compound that is sensitive to electron activity
(Eh) and proton activity (pH) (Kleinjan et al., 2005a). Furthermore, the
generation of polysulfide to fuel Eq. (1) likely depends on the surface areas
of Sg and FeS, which are also difficult to measure (Rickard, 1975). The
solubility of Sg also influences pore water polysulfide concentration, but
the rate of reaction of Sg with the dissolved sulfide-polysulfide pool can
vary by ~6 orders of magnitude depending on whether Sg is in dissolved,
colloidal, or crystalline form (Fossing and Jgrgensen, 1990; Kamyshny and
Ferdelman, 2010; Avetisyan et al., 2019). Sulfur-cycling metabolisms can
influence this aspect of pyrite precipitation because sulfide oxidizing mi-
crobes such as Beggiatoa can generate large amounts of colloidal, water-
soluble Sg globules by encasing them in hydrophilic proteins (Kleinjan
et al., 2005b; Maki, 2013). This hydrophilicity can increase the rate of the
reaction of Sg with HS™ to form polysulfide. Thus, although the rates of Egs.
(1) and (2) are difficult to constrain in natural environments, it is apparent
that microbial oxidative sulfur cycling plays an important role in deter-
mining rates of pyrite formation because of its strong influence on the
concentrations of HsS, Sg, and S2 in sediments.

The response of pyrite precipitation rates to changing sediment and
water column conditions is important to our understanding of the early
Paleozoic Era, which spans the beginning of the Cambrian Period through
the end of the Silurian Period (~540-420 Ma; Tarhan et al., 2021). The
redox proxy record of this interval of Earth history is somewhat ambiguous
but generally points to lower atmospheric oxygen concentrations than
those of the modern Earth system (Tostevin and Mills, 2020; Wei et al.,
2021), a conclusion that is supported by recent generations of Earth system
box models (Krause et al., 2018; Lenton et al., 2018). The pace of
oxygenation in the early Paleozoic is important for contextualizing the
remarkable evolutionary changes that occurred in this interval, including
the spread of biomineralization (Wood and Zhuravlev, 2012), the
restructuring of trophic networks (Dunne et al., 2008), the diversification
of animal body plans (Knoll and Carroll, 1999), and the onset of penetrative
bioturbation (Bottjer et al., 2000; Carbone and Narbonne, 2014).

Bioturbation, the physical mixing and fluid exchange of shallow sedi-
ments caused by animals (Kristensen et al., 2012), has increasingly influ-
enced biogeochemical cycling across the Phanerozoic Eon. In the modern
Earth system, bioturbation has a pronounced effect on sedimentary
biogeochemistry (Meysman et al., 2006; Deng et al., 2020; van de Velde
etal., 2020). Its advent in the Paleozoic Era has been implicated in changes
to the cycling of phosphorus (Boyle et al., 2014; Tarhan et al., 2021), iron
(van de Velde et al., 2023), and sulfur (Canfield and Farquhar, 2009). The
rate at which early bioturbation intensified is a critical factor in under-
standing its effect on the biogeochemical evolution of Paleozoic Earth.
Sediment fabric analysis indicates that the sedimentary mixed layer
deepened only gradually from the Cambrian onward, reaching ~1.5 cm by
the Silurian and ~3 cm by the Devonian—well short of the modern global
mixed layer depth of ~10 cm (Tarhan et al., 2015; Boudreau, 1998). It is
possible that the initial deepening of the sedimentary mixed layer could
have had a disproportionately large effect on sediment biogeochemistry,
but the likelihood of a nonlinear response to early penetrative bioturbation
has been questioned (Cribb et al., 2023). On the other hand, sedimentary
oxidative sulfur cycling can undergo complex responses to bioturbation,
such as ecological turnover between sulfide oxidizing communities of
Beggiatoa and cable bacteria (Malkin et al., 2022).

Bioturbation has been shown to stimulate sulfate reduction. High sul-
fate reduction rates are frequently observed in sediments with moderate to
strong bioturbation (Goldhaber et al., 1977; Aller and Yingst, 1978;
Jorgensen and Parkes, 2010; Quintana et al., 2013; Jgrgensen, 2021).
Sulfate reduction rates have also been shown to be substantially higher in
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bioturbated sediments than in nearby or otherwise similar non-bioturbated
sediments (Hines and Jones, 1985; Bertics et al., 2010; Bertics and Ziebis,
2010; cf. Kristensen and Blackburn, 1987; Nielsen et al., 2003), including
in the Chesapeake Bay (Roden and Tuttle, 1993). This probably occurs
because bioirrigation (i.e., fluid advection) introduces fresh sulfate to the
substrate, while biodiffusion (i.e., solid particle diffusion) simultaneously
mixes labile organic matter downward as a reductant to fuel further sulfate
reduction (van de Velde and Meysman, 2016). In other words, bioturbation
can increase the supply of sulfate to sediments while also increasing mi-
crobial sulfate demand.

The effect of bioturbation on sedimentary sulfide retention, i.e. ‘net’
sulfate reduction (Moeslund et al., 1994), is more ambiguous because
bioturbation introduces dissolved oxygen and solid oxide compounds to the
substrate (Thamdrup et al., 1994). Dissolved oxygen can quickly oxidize
H,S, pyrite, and FeS (Lowson, 1982; Zhang and Millero, 1993; Jeong et al.,
2010); Fe-oxides oxidize H»S to ZVS (Poulton et al., 2004); and MnO, ox-
idizes pyrite to sulfate, FeS to ZVS, and HyS to polysulfide (Schippers and
Jorgensen, 2001; Avetisyan et al., 2021). Moderate bioturbation has min-
imal effects on the oxygen penetration depth of sediments, but it can in-
crease the thickness of the suboxic layer, typically defined as the zone in
which neither O, nor dissolved sulfide are present (Bonaglia et al., 2019;
Cribb et al., 2023). Thus, the net effect of oxidant mixing on pyrite for-
mation and retention depends on the mode and intensity of bioturbation. If
bioturbation and net mixed layer oxidation are mild, then the addition of
Fe- and Mn-oxides may promote pyrite precipitation by partially oxidizing
sulfides to sulfur redox intermediates, including polysulfides. Under more
strongly oxidizing conditions, sulfide compounds (both solid and dis-
solved) are more likely to be fully reoxidized to sulfate.

Pioneering studies of sedimentary pyrite formation in the modern
environment generally focused on ‘end-member’ settings, i.e., sediments
with well-developed mixed layers under generally oxic water (Goldhaber
et al., 1977; Jgrgensen, 1977) or non-burrowed sediments underlying
permanently sulfidic water (Lyons, 1997). However, settings with low rates
of bioturbation and fluctuating oxygen concentration may more closely
reflect the conditions that prevailed along continental shelves and slopes in
the early Paleozoic (Tarhan et al., 2015; Pruss and Gill, 2024). Emerging
models of early Paleozoic ocean redox evolution point to the establishment
of wedge-shaped, fluctuating oxygen minimum zones over mid-shelf sedi-
ments, with inner and outer shelf sediments less prone to anoxia (Guilbaud
et al., 2018). Trace fossil distributions from inner to outer shelf facies
corroborate this model (Buatois et al., 2020). Combined fossil and
geochemical data suggest that oxic-euxinic oscillations occurred on sub-
millennial timescales in a Cambrian epicontinental sea (Dahl et al.,
2019), and distinct sediment cores from the same basin (separated by
~150 km) may reflect different contemporaneous concentrations of water
column H,S between sites (Zhao et al., 2023). Localized variability in
continental shelf oxygenation is also documented into the Ordovician and
Silurian (Edwards et al., 2018; Jin et al., 2021).

Given the emerging picture of Paleozoic shallow marine redox struc-
tures, studies of present-day pyrite formation in more heterogeneous redox
regimes—particularly upwelling zones (Boning et al., 2004) and semi-
restricted hypoxic basins (Figueroa et al., 2023; Liu et al., 2021)—may
provide a better analog for geochemical conditions that prevailed in the
early Paleozoic. In this intermediate redox category, the Chesapeake Bay
presents a distinctive case of rapid redox fluctuation. Even the most
oxygen-stressed areas of the Chesapeake Bay, which feature no bio-
turbation and undergo months of anoxia/euxinia each year, are still
exposed to oxic bottom waters a majority of the time and retain median
annual benthic oxygen concentrations of at least 4 mg/L (Table 1).
Although these fluctuations are unusual for a modern shallow marine
basin, they may have been more common in the early Paleozoic, when
lower atmospheric pO; made shallow marine water columns more sus-
ceptible to spatiotemporal redox variability (Pruss and Gill, 2024).

For the purposes of understanding the pace of Paleozoic oxygenation,
controls on shallow marine pyrite burial play a larger role in determining
global pyrite burial fluxes than controls on deep marine pyrite burial. This
is because pyrite burial broadly scales with organic carbon burial, and
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about 85 % of modern marine organic carbon burial occurs in shelf and
deltaic sediments (Hedges and Keil, 1995); in the Paleozoic world, when
pelagic primary productivity was lower than today (Ridgwell and Zeebe,
2005), this fraction may have been higher. Furthermore, the majority (76
%) of global sulfate reduction occurs in shallow (<200 m) marine envi-
ronments (Canfield et al., 2005). If lower slope environments (200-1000
m) are also included, sulfate reduction in shallow settings constitutes 94 %
of global sulfate reduction (Canfield et al., 2005). In light of the complex
relationships between bioturbation, microbial oxidative sulfur cycling, and
pyrite precipitation rates, it is important to investigate trends in shallow
marine pyrite burial under dynamic, low-oxygen conditions similar to the
early Paleozoic.

2. Methods
2.1. Study site characterization

Early Paleozoic oxygen concentrations were likely 30-40 % of present
atmospheric level (PAL) until the middle to late Silurian, with thick oxygen
minimum zones predominating in marine shelf/slope environments (Tos-
tevin and Mills, 2020). Therefore, it is useful to analyze biogeochemical
cycling in modern basins that provide low-oxygen—but not fully anox-
ic—analogs to early Paleozoic environments. In particular, the sensitivity
of pyrite and its precursor compounds to spatiotemporal fluctuations in
redox conditions merits further investigation. The Chesapeake Bay, a large
estuary formed by the inundation of the lower Susquehanna River basin
after the Last Glacial Maximum (Colman et al., 1990), provides an excellent
study site for comparison to early Paleozoic biogeochemistry. Seasonal
oxygen depletion has affected the Chesapeake Bay for decades, particularly
in the relict Susquehanna River channel that runs north—south through the
center of the Bay (Newcombe and Horne, 1938; Cooper and Brush, 1991;
Kemp et al., 2005). Oxygen depletion affects the infaunal activity of bio-
turbating organisms, leading to year-round inhibition or elimination of
bioturbation in parts of the Bay, especially in and near the central channel;
other parts of the Bay are lightly burrowed for only part of the year
(Schaffner et al., 1992; Marvin-DiPasquale and Capone, 1998). The deeper
reaches of the water column in the central channel regularly become
euxinic (i.e., anoxic and bearing dissolved sulfide) during the peak of
summer hypoxia (i.e., dissolved oxygen concentrations <63 pM; Roden and
Tuttle, 1992; Findlay et al., 2015).

The extreme oxygen depletion in certain parts of the Chesapeake Bay
results from a confluence of several factors. First, the bathymetry of the Bay
inhibits vertical mixing in the central channel (Wang et al., 2016); second,
a two-layer estuarine circulation regime results in stratification of dense,
tidally pumped seawater flowing northward from the Bay’s mouth under-
neath freshwater flowing south from the Susquehanna River (Pritchard,
1952); third, anthropogenic nutrient input promotes eutrophication (Hagy
et al., 2004). These factors combine to create overlapping spatiotemporal
gradients in salinity, sedimentation rate, intensity and duration of hypoxic
episodes, bioturbation, and the amount and reactivity of organic carbon
reaching the sediments. The Chesapeake Bay thus presents a natural lab-
oratory in which to study pyrite accumulation under fluctuating redox
conditions, which may have typified shallow marine sediments in the early
Paleozoic (Tostevin and Mills, 2020).

To investigate the impact of low and variable benthic oxygen conditions
on pyrite burial, we selected nine sites (Fig. 1) that have been regularly
monitored for water column chemistry since 1984. The compiled moni-
toring data are available from the Chesapeake Bay Program Water Quality
Database (https://www.chesapeakebay.net/what/downloads/cbp-water-
quality-database-1984-present). Selected site characteristics are pre-
sented in Table 1. We note that Chesapeake Bay Program monitoring sites
in the mainstem of the Chesapeake Bay are given the prefix “CB,” but
because all of the sites in this study are in the mainstem, we have omitted
this prefix from site names. The sites were chosen to reflect a wide range in
the parameters that can affect sedimentary sulfur cycling, including sulfate
concentration (as determined by salinity), hypoxia intensity, organic car-
bon flux and lability, sedimentation rate, and bioturbation rates. Generally,
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Table 1
Site characteristics.
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Station Water Coordinates”  Mean annual Mean annual Days yr~! below Mean annual Sediment Mixed Surficial Sediment
D depth surface salinity®  bottom water 0.3mg 0, L' @ benthic [05] (mg/ Layer Depth (cm) Grain Size™*®
(m)® salinity® L@

3.1 8 39 14.97N, 4.2 11.1 5 6.0 2(1-3) Clayey silt
76 14.42W

3.2 10 39 09.779N, 6.5 13.0 17 5.3 6 (5-8) Silty clay to clayey
76 18.386W silt

3.3C 24 38 59.757N, 9.2 17.2 72 4.2 0 Silty clay
76 21.573W

3.3w 8.4 39 00.281N, 9.3 13.4 6 6.4 2.25 (1.5-3) Silty clay
76 23.380W

4.3C 22 38 33.284N, 12.2 19.2 59 4.7 0 Silty clay
76 25.774W

4.3W 8.7 38 33.437N, 12.4 13.4 12 7.7 4 (3.75-4.25) Clay to silty clay
76 29.641W

5.1C 35 38 19.122N, 13.6 20.0 44 5.1 1(0-2) Silty clay
76 17.522W

5.1W 15 38 21.050N, 13.2 14.3 3 8.1 7 (7-10) Fine sand to silty
76 20.519W clay

5.5 17 37 41.497N, 16.0 20.8 5 6.9 0.75 (0-1) Clayey silt
76 11.382W

1 Measured during core collection.

2 Data collected from Chesapeake Bay Program Water Quality Database and averaged after spline interpolation.
3 Estimated from observations of collected sediment cores and/or from previous publications; details for each core are presented in the Supplementary Information.

Potential ranges are expressed in parentheses.
4 Kerhin et al. (1988).
5 Byrne et al. (1982).

northern sites have lower water column sulfate concentration and a higher
flux of terrigenous organic carbon than southern sites (Zimmerman and
Canuel, 2001). Compared to the northern and southern Bay, the mid-Bay
region features a minimum in clastic sediment deposition and a
maximum in productivity that contributes to lower benthic oxygen con-
centrations (Officer et al., 1984; Harding et al., 1986). The central channel
sites (denoted with the suffix “C”) are much more susceptible to prolonged
O, depletion than the western shoal sites (denoted with the suffix “W”). In
this study, we measured the concentration and isotopic composition of
pyrite, pyrite-forming sulfur compounds, and organic carbon in sediment
cores from the nine sites. Our goals were to understand the processes that
influence pyrite burial under low and variable benthic oxygen concentra-
tions and to inform models of early Paleozoic oxygenation.

2.2. Core collection and initial processing

Eight of the nine analyzed cores were collected from July 22-24, 2019
on the R/V Rachel Carson; the ninth core was collected from site 4.3W on
August 11, 2021 on the same vessel. Cores were collected in 6.8 cm
diameter tubes with a gravity corer, sealed aboard ship, and sectioned
under Nj at the University of Maryland Center for Environmental Science,
Horn Point Laboratory (UMCES-HPL; Cambridge, MD) for the cores
collected July 22-24, 2019 and at Johns Hopkins University (JHU; Balti-
more, MD) for the core collected on August 11, 2021. Cores were sectioned
in an Ny-purged glovebag at a resolution of 1 cm in the top 10 cm, 2 cm
from 10-20 cm depth, and 5 cm at depths below 20 cm, except for the top 5
cm of 4.3W, which was sectioned at 0.5 cm resolution. Extruded samples
were placed in centrifuge tubes, sealed with Parafilm, and centrifuged for
25 min at 4200 RPM to remove pore water. Samples were then returned to
an Ny-purged glovebag where pore waters were removed and sediment
samples were sealed in foil barrier bags and stored at —20 °C.

2.3. Sulfur species concentrations

Sequential extractions of solvent-extractable sulfur (SES, which pri-
marily consists of elemental sulfur and other zero-valent sulfur species),
acid-volatile sulfur (AVS, which primarily consists of iron monosulfides)
and chromium-reducible sulfur (CRS, which primarily consists of pyrite)
were conducted after the methods of Liu et al. (2020). Elsewhere in this
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paper, ‘pyrite’ refers to the CRS fraction extracted after ZVS and AVS ex-
tractions, ‘FeS’ refers to the AVS fraction, and ‘ZVS’ (zero-valent sulfur)
refers to the SES pool. Two aliquots of equal volume (0.2-0.4 mL wet
volume) were extracted from each sample tube under No, with the first
aliquot placed in a 70 °C oven for 24 h and then weighed. The second
aliquot was placed in a centrifuge tube with 1.0 mL of a Ny-purged 3 % Zn
acetate / 0.1 M acetic acid solution and 5.0 mL of N»-purged 3:1 methanol:
toluene. These tubes were wrapped in Parafilm, sealed inside foil barrier
bags, and reacted on a shaker table for 18 h at 150 RPM to allow zero-valent
sulfur to dissolve into the organic solvent. After shaking, the tubes were
centrifuged at 4200 RPM for 25 min; then, under Ny, the supernatant sol-
vent and the sediment were removed from each tube into separate round-
bottom flasks.

The sediment fraction of each sample was then subjected to sequential
AVS-CRS extractions. To extract AVS, the sediment in each round bottom
flask was reacted with 40 mL of Ny-purged 6N HCI for 2 h at 70 °C under N,
carrier gas. Produced H,S gas was bubbled through a solution of 3 % Zn
acetate/0.1 M acetic acid and trapped as zinc sulfide. Once the AVS
extraction was complete, 40 mL of 1 M CrCl,/0.5 M HCI was added to the
same flask to react with the CRS fraction at 70 °C for 2 h, with product HoS
trapped again as zinc sulfide. The produced zinc sulfides were then con-
verted to silver sulfide (Ag2S) with excess silver nitrate. The supernatant
solvent containing dissolved SES was subjected to a separate CRS extrac-
tion with 20 mL of N,-purged 6N HCl and 30 mL of 1 M CrCl, / 0.5 M HCL.
These solutions were injected into the flask simultaneously and then
reacted with the solvent for 2 h at 70 °C. All produced AgsS samples were
rinsed with 1 M NH4OH (Firsching, 1961), triple-rinsed with deionized
water, dried at 70 °C, and weighed on a microbalance to determine sulfur
species concentrations.

Based on sets of duplicate extractions, the standard error (6/ \/ 2) for
concentration of SES, AVS, and CRS was 0.01 %, 0.03 %, and 0.03 %
respectively (absolute difference), or 17 %, 11 %, and 5 % (relative dif-
ference). Absolute differences in measured abundance between SES repli-
cates were fairly consistent (typically 0.01-0.02 %) regardless of sample
yield, meaning that relative precision increased at higher SES abundances.

After the initial centrifuging of samples during core extrusion, pore
water samples for determination of H,S, sulfate, and chloride concentra-
tion were pipetted in aliquots of 1.40 mL into two microcentrifuge tubes
containing 0.10 mL of 3 % zinc acetate to form zinc sulfide and inhibit
microbial activity. These samples were stored in their tubes at 4 °C until
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Fig. 1. Map of Chesapeake Bay depicting mean benthic dissolved oxygen
concentrations from summer 2005 (Wicks et al., 2007). Locations of core sites
are denoted with white markers. Colored symbols next to site names are used in
subsequent figures to denote each site.

further analysis. One set of samples was subjected to AVS extractions as
described above under 40 mL of 6N HCI at 70 °C for 2 h. The resulting silver
sulfides were weighed on a microbalance to determine pore water HyS
concentrations.

Pore water sulfate and chloride concentrations for core 4.3W were
measured at JHU, and those of the remaining eight cores were measured at
UMCES-HPL. At JHU, pore water sulfate and chloride concentrations were
measured by ion chromatography on a Dionex ICS-2100 Ion Chromato-
graph system using a Dionex AS18 column and KOH eluent. At UMCES-
HPL, concentrations were measured on a Dionex ICS-2000 Ion Chromato-
graph system using a Dionex AS11-HC column and KOH eluent. Based on
four duplicate extractions, the standard error for pore water anion con-
centrations was 1.2 % for sulfate and 1.6 % for chloride (relative
difference).

2.4. Sulfur isotope analyses

Silver sulfide samples were weighed into tin capsules in aliquots of
200-400 pg along with 2.0-4.0 mg of vanadium pentoxide to ensure full
combustion. These capsules were combusted at 1020 °C in a Thermo Sci-
entific EA Isolink elemental analyzer, from which produced SO, was
analyzed for sulfur isotope composition on a Thermo Scientific Delta V Plus
Isotope Ratio Mass Spectrometer (IRMS) via a Conflo IV in continuous flow
mode. Sulfur isotope ratios of samples were calibrated to the international
standards IAEA-S1, IAEA-S2, and IAEA-S3, as well as an in-house AgsS
standard. All sulfur isotope ratios are reported on the Vienna Canyon
Diablo Troilite (VCDT) scale in delta notation (6348 = [(348/325)sample/
(34S/BZS)VCDT — 1] * 81000). The standard error of measurements of
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duplicate Ag»S samples (i.e., the IRMS analytical error) was 0.24 %o; the
standard error of 53*S analyses of duplicated extractions (which includes
the IRMS analytical error) was 0.42 %o, 0.38 %o, and 2.2 %o for AVS, CRS,
and SES respectively.

2.5. TOC analysis and §'°C analyses

Sequential extraction residuals were triple-rinsed, dried, homogenized,
and analyzed for 5!3C composition and TOC concentrations on a Thermo
Scientific Delta V Plus IRMS via Conflo IV in continuous flow mode coupled
to a Thermo Scientific EA Isolink elemental analyzer. The extraction pro-
cess does not affect 813C values of organic carbon (Muller et al., 2017). All
5'3C values of TOC are reported relative to the Vienna Pee Dee Belemnite
(VPDB) isotopic standard. Weight percent TOC measurements had a stan-
dard error of 0.58 % (absolute difference). Measurements of 5!3C based on
replicated AVS-CRS extractions had a standard error of 0.80 %o, which
included the IRMS standard error of 0.12 %e.

2.6. Radiotracer analyses

Sedimentation rates were calculated from 2'°Pb (half-life 22.3 years)
and '%7Cs (half-life 30.7 years). Both radioisotopes have been used in many
estuarine systems, including the Chesapeake Bay, to calculate decadal-scale
sedimentation rates (e.g., Colman et al., 2002; Rabalais et al., 2007; Russ
and Palinkas, 2020). 21°Pb is a naturally occurring radioisotope produced
by the decay of 2>®U and supplied to the water column by runoff, precip-
itation, and decay of its effective parent 226Ra. For 2'%Pb and '%7Cs analysis,
sediment aliquots were dried in an oven at 70 °C for 48 h and homogenized
in an agate mortar. 21°Pb activities were determined at UMGCES-HPL via
gamma spectroscopy of the 46.5 keV photopeak, using calibrated germa-
nium detectors, following Palinkas and Koch (2012). Total activities were
calculated after applying a self-absorption correction (Cutshall et al., 1983)
and decay-corrected to the time of core collection. Background activities
from the decay of 22°Ra were calculated from a weighted average of the
2l4pp (295.3 and 351.9 keV) and 214p; (609.4 keV) photopeaks. Excess
210ph activities were then calculated by subtracting the background ac-
tivity from the total activity. Sediment accumulation rates were calculated
with the constant flux/constant sedimentation (CFCS) model, which as-
sumes steady-state sedimentation (Appleby and Oldfield, 1978). ¥csisa
bomb-produced radionuclide and is present in sediments deposited since
the onset of atmospheric nuclear weapon testing in 1954, with peak ac-
tivities occurring in 1963 during maximum fallout. 1%’Cs activities were
calculated from the 661.6 keV photopeak of the gamma spectrum and
decay-corrected to the time of core collection.

3. Results
3.1. Sulfur species concentrations

Pyrite sulfur concentrations ranged from 0.08 % to 2.21 % across all
samples (all solid phase concentrations are reported as dry weight percent).
Three sites (3.3W, 5.1C, and 5.1W) had pyrite concentrations that stayed
nearly constant with depth, three other sites (4.3C, 4.3W, and 5.5) showed
either stepwise or gradual increases in pyrite concentration with depth, and
three northern sites (3.1, 3.2, and 3.3C) showed clear peaks in pyrite
concentration between 10 and 20 cm depth (Fig. 2). Pyrite concentrations
in all cores generally exceeded FeS and ZVS concentrations.

FeS concentrations ranged from <0.01 % to 0.87 % across all samples.
FeS concentration was higher and more variable with depth at the four
northern sites than at the five southern sites (Fig. 2). At the five southern
sites, FeS concentrations were highest near the sediment-water interface
and declined in the top 5-10 cm; the only exception was site 5.1C, at which
FeS concentrations were low (<0.10 %) but did not decline with depth. FeS
concentrations and FeS/pyrite-S ratios were highest at the four northern-
most sites, which were substantially more sulfate-depleted than the other
sites (Fig. 3).

ZVS concentrations ranged from 0.01 % to 0.77 % across all sites, with
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Fig. 2. Sedimentary depth profiles of sulfur species from collected cores. Left panels depict concentrations of solid phase sulfur species (pyrite, FeS, ZVS); center
panels depict 5>*S values of pyrite, FeS, ZVS, and H,S; and right panels depict pore water concentrations of dissolved sulfur species. Panels show 3.1 (a—c), 3.2 (d-f),
3.3C (g-i), 3.3W (j-1), 4.3C (m-0), 4.3W (p-1), 5.1C (s-u), 5.1W (v-x), and 5.5 (y-aa).
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the highest mean concentrations found at sites 3.3C and 3.3W. ZVS con-
centrations decreased downcore at sites 4.3C, 5.1W, and 5.5; attained mid-
core minima at sites 4.3W and 5.1C; and attained mid-core maxima at sites
3.1, 3.2, and 3.3W (Fig. 2). Site 3.3C featured an unusual ZVS depth profile
with very high and variable ZVS concentrations above 25 cm giving way to
low and stable concentrations below 25 cm. There were no clear trends in
mean ZVS concentration per core as a function of salinity, water depth, or
latitude.

Pore water sulfate concentrations and sulfate-to-chloride (SO4/Cl) ra-
tios generally declined with sediment depth (Fig. 2). These decreases were
monotonic or nearly monotonic in six of the nine cores; the exceptions were
the three western shoal sites (3.3W, 4.3W, and 5.1W), where initial de-
creases of [SO4] in the top 10 cm of sediment gave way to deeper [SO4]
maxima. Sulfate concentrations at the four northernmost sites declined
below 1 mM within the upper 25 cm of sediment, while concentrations at
the bottoms of the other five cores ranged between 2.3 and 13.7 mM.
Similarly, the four northern sites were the only sites at which SO4/Cl values
declined below 10 % of their starting value of 0.051 within the top 30 cm.
The shape of each core’s SO4/Cl depth profile tracked with the SO4 depth
profile of that core. Chloride is a conservative tracer that is affected by the
physical processes of diffusion, advection, and freshwater-seawater mixing,
but not by biochemical reactions. Sulfate is affected by transport and
mixing processes, but it is also subject to reactions such as sulfate reduction
and sulfide oxidation. Therefore, SO4/Cl ratios can distinguish biochemical
sources and sinks of sulfate from physical processes that can also change
sulfate concentration. Chloride normalization is a technique that has been
used in previous studies of Chesapeake sulfur cycling (Marvin-DiPasquale
et al.,, 2003) and in many other sediments that are subject to seawater-
freshwater mixing and salinity gradients (Jgrgensen, 1977; Swider and
Mackin, 1989; Antler et al., 2019).

Pore water sulfide concentrations were measured at sites 4.3C, 4.3W,
5.1C, and 5.5 (Fig. 2). At sites 4.3C, 5.1C, and 5.5, pore water sulfide
concentrations were relatively low (generally below 200 pM) in the top 2
cm but increased with depth to maximum concentrations of 3.2-4.4 mM
between 25-35 cm before declining again below those depths. In contrast,
pore water sulfide concentration at site 4.3W reached a local maximum of
354 pM in the top 5 cm (corresponding to a local minimum in [SO4]) and
remained relatively low (<600 pM) through the rest of the core. Mean pore
water sulfide concentration at site 4.3W was 414 pM—substantially lower
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Fig. 4. Weight percent pyrite sulfur as a function of (a) weight percent FeS sulfur, (b) pore water dissolved sulfide concentration, (c) weight percent zero-valent
sulfur (ZVS), and (d) weight percent total organic carbon (TOC). Colored symbols refer to mean values for each sediment core. The dashed black line in panel

(d) represents a typical marine TOC/pyrite-S ratio of 2.8.

58



K. Hantsoo et al.

A31 ¢32 %33C @33W
A43C 943w B51C K51W 055
Pore water SO4/CI
0 0.01 0.02 0.03 0.04 0.05

a
2} o l
1.5} ;

Wt. % Pyr-S

| \\ o

» [

s '
8

0.5f @g @'

330 3T a3, AN 30 6B A0 AN

Fig. 5. Weight percent pyrite sulfur versus pore water SO4/Cl ratios. (a) Gray
points refer to individual samples, colored symbols refer to core averages
(weighted by sample thicknesses), and the black line is a LOESS regression with
a span of 0.7. (b) Violin plots of the distributions of pyrite concentrations in
each core. Tops and bottoms of violin plots represent the full range of pyrite
concentrations in each core; lines inside each violin represent the upper and
lower quartiles; white points inside each violin represent the median. Violin
plots are arranged in order of their mean SO4/Cl ratios. Lines extending from
the top of each violin plot indicate that core’s mean SO4/Cl value in the shaded
area at the top of panel B, which has the same x-scale as panel A.

than the three other measured sites, whose mean concentrations were be-
tween 2.0 and 3.5 mM.

The full set of pyrite concentration values compiled from all cores
showed weak correlations to concentrations of AVS (p = 0.12, r =-0.12, n
=159), ZVS (p = 0.50, r = 0.08, n = 79), and TOC (p = 0.19,r=-0.10,n =
158). Correlation of pyrite concentration with HyS concentration in the
southern cores was more significant, but negative (p = 0.01, r =-0.36,n =
50) (Fig. 4). Despite similarly weak linear correlations to [SO4] (p =0.11, r
= 0.13, n = 155) and SO4/Cl (p = 0.98, r = -0.002, n = 155), there was a
peak in pyrite concentrations in the mid-ranges of SO4 concentrations and
S04/Cl ratios (Fig. 5). In contrast, FeS concentrations were maximized
under the lowest [SO4] and SO4/Cl values. Ratios of FeS to pyrite were
higher at the northern sites (3.1, 3.2, 3.3C, and 3.3W) than at the southern
sites (4.3C, 4.3W, 5.1C, 51.W, and 5.5; Fig. 4a).

3.2. Sulfur species isotopic compositions

Pyrite 534S compositions ranged from —38.7 %o to 25.0 %o across all
cores, FeS §3*S values ranged from —24.2 %o to 26.3 %o, ZVS 534S values
ranged from —22.7 %o to 25.8 %o, and HyS 534S values ranged from —13.3 %o
to 22.7 %o. The lowest 534Spyr values in the data set came from the deeper
(>5 cm) samples in core 5.1W, which lacked sufficient FeS and ZVS for 5%4s
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Fig. 6. Pyrite sulfur 5>*S values as a function of the natural logarithm of pore
water sulfate concentration (r? = 0.52). Colors correspond to TOC concentra-
tion. The solid black line is the line of best fit, with the equation y = —8.41In
([SO4]) — 3.4. The two dashed black lines are parallel to the line of best fit and
run 20 %o above it and 16 %o below it.

measurements of those phases. Depth profiles of pyrite 5%4S values were
more variable at sites 3.1, 3.2, 3.3C, and 4.3C than at the other sites. In
particular, sites 3.1, 3.2, and 3.3C contained distinctive peaks in pyrite 5%%s
values between 10 and 30 cm depth, including one sample of ‘superheavy’
pyrite (27.5 cm depth at site 3.1) whose 534S value exceeded that of modern
seawater sulfate.

Notably, pyrite §°*S values compiled from all cores revealed a loga-
rithmic relationship with pore water SO4 concentration (Fig. 6). Compiled
pyrite 5>*S values from all cores had positive correlations with 5>*S values
of FeS (p < 0.0001, r =0.79,n = 142), ZVS (p < 0.0001,r = 0.76,n = 118),
and HyS (p < 0.0001, r = 0.64, n = 47). Pyrite 5°*S values were mostly
lower than those of pyrite’s coexisting precursor compounds: the median
offset was —6.3 %o relative to FeS, —8.8 %o relative to ZVS, and —18.7 %o
relative to HyS. The 63482\13—834Spyr and 634SH254534Spyr offsets reached
maxima in the midrange of SO4/Cl values (Fig. 7).

3.3. TOC abundance and isotopic composition

Organic carbon abundance ranged from 0.2 % to 9.1 %. TOC abundance
broadly increased downcore at sites 3.1, 3.2, 3.3C, 3.3W, 5.1C, and 5.5, but
remained steady or decreased with depth at 4.3C, 4.3W, and 5.1W
(Fig. S1). The 513C values of TOC ranged from —22.9 %o to —27.9 %o and
core-average 5'3C values broadly increased with salinity and with distance
from the Susquehanna River mouth (Table 2), in agreement with previous
studies (Zimmerman and Canuel, 2001).

3.4. Radiotracer profiles

Radiotracer profiles were obtained for cores 3.1, 3.2, 3.3C, and 5.5.
Sedimentation rates calculated from 2°Pb and '%Cs analyses are reported
in Table 2 and complete depth profile data are included in Table S1. At site
3.1, calculated sedimentation rates were 0.11 cm yr’1 (?1%pb) and 0.15 cm
yr’1 (*%7Cs). At site 3.2, sedimentation rates were 0.33-0.42 cm yr’1
(*'%Pb) and 0.43 cm yr’1 (*%7Cs). At site 3.3C, sedimentation rates were
0.04 cm yr’1 (?1%pb) and 0.43 cm yr’1 37Cs). At site 5.5, sedimentation
rates were 0.27 cm yr‘1 (21°Pb) and 0.40 cm yr‘1 (137Cs). In the Discussion,
we augment these values with sedimentation rates for other core sites
drawn from the literature (Colman et al., 2002; Cronin et al., 2003; Hantsoo
et al., 2023) as described in the Supplementary Material.

Regression fits used in the CFCS model were significant for three out of
four cores, but 21°Pb activities at site 3.2 varied throughout the core and the
CFCS model could not be applied to that depth profile. Instead, a minimum
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Fig. 7. (a) The offsets between FeS 5%4S values and pyrite 534S values in in-
dividual samples. (b) The offsets between zero-valent sulfur (ZVS) 534S values
and pyrite 534S values in individual samples. (c) The offsets between dissolved
sulfide (H,S) 5>*S values and pyrite 5>*S values in individual samples. The solid
black line in each panel is a LOESS regression with a span of 0.7.

sedimentation rate was calculated by noting the presence of excess 21°Pb at
a depth of 33 cm. Assuming that 21°Pb can be detected for 4-5 half-lives, or
~100 yr, the minimum sedimentation rate at site 3.2 should be 0.33 cm
yr’l. By the same argument, because excess 210pp was not present at 42 cm
depth, the maximum sedimentation rate at site 3.2 should be 0.42 cm yr™?.
Site 3.2 is located between sites Lee2 and Lee2.5 sampled by Russ and
Palinkas (2020). Site Lee2 also has variable 21°Pb activities; the minimum
219ph. derived sedimentation rate at that site is > 0.8 cm yr ! and the '*’Cs-
derived rate is 0.85 cm yr~ 1. At Lee2.5, both the 2!°Pb and '*"Cs rates are
0.30 cm yr’l.

Cesium-based sedimentation rates were higher than lead-based rates for
all measured cores, with the largest discrepancy at 3.3C. Measured sedi-
mentation rates generally decrease as the time span over which they are
averaged increases (Sadler, 1981). In the northern Chesapeake Bay, sedi-
mentation rate measurements typically differ between the two methods by
~20 % with a maximum difference of ~60 % (Russ and Palinkas, 2020).
The precise causes of this difference are uncertain, though it has been
hypothesized that higher cesium-derived sedimentation rates could
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potentially result from downward migration of the Cs-137 peak caused by
partial desorption of Cs-137 in some sediments (Nittrouer et al., 1984). In
the present study, rates differed by ~20-30 %, except at site 3.3C, where
the 21%Pb-based sedimentation rate (0.04 cm yr’l) was an order of
magnitude lower than the '3”Cs-based sedimentation rate (0.43 cm yr—1).
This may be an artifact of an incomplete 210pp, profile. Site 3.3C is near site
LeeS2, where the 21°Pb and '¥”Cs rates are 0.26 cm yr~! and 0.29 cm yr™?,
respectively (Russ and Palinkas, 2020), suggesting that the 2'°Pb sedi-
mentation rate for 3.3C is underestimated and that the Cs rate may be
the more accurate measurement at that site.

4. Discussion
4.1. Trends in pyrite accumulation and the role of bioturbation

We start by comparing the sedimentary sulfur geochemical trends to
S04/Cl ratios because SO4/Cl ratios are responsive to a range of factors
such as bioturbation, total organic carbon (TOC) abundance, sedimenta-
tion rate, and grain size, all of which influence the degree of sedimentary
system openness with respect to sulfate, which plays a major role in sedi-
mentary sulfur geochemistry (Jorgensen, 1979; Halevy et al., 2023). While
bioturbation is not the only process that affects SO4/Cl ratios, mean SO4/Cl
ratios in the Chesapeake Bay cores are positively correlated with mixed
layer depth (Fig. 8; Fig. S2), which is a value that can be compared with the
geological record of mixed layer depth evolution (Tarhan et al., 2015). The
exception to the SO4/Cl-mixed layer depth trend is site 3.2, which may
have been subject to physical reworking (more detailed evaluations of
mixed layer depths are presented in the Supplementary Material, including
references to Cornwell et al., 1996; Kerhin et al., 1998; Nie et al., 2001).
Along with the influence of mixed layer depth on system openness (Fig. 8),
we consider a range of biogeochemical factors including reactive iron
availability, TOC abundance, sedimentation rate, grain size, and pyrite
formation near the sulfate-methane transition zone in our analysis of pyrite
burial trends in sediments underlying oxygen-depleted waters.

Pyrite concentrations in the analyzed cores are greatest at intermediate
pore water SO4/Cl values (Fig. 5), while ratios of FeS sulfur to pyrite sulfur
are maximized under the lowest SO4/Cl ratios (Fig. 3). Even if all FeS and
ZVS were converted into pyrite, there would still be a peak in the mid-range
of SO4/Cl ratios (Fig. S3). Plotting maximum pyrite concentrations of each
core versus the mean SO4/Cl (Fig. S4) yields a very similar trend to what is
seen in Fig. 5; the only substantial difference is in core 3.3C, which has
elevated pyrite concentrations at the depth where sulfate is almost
completely consumed (8-18 cm) likely due to pyrite formation near the
sulfate-methane transition zone. Pyrite §°*S data also demonstrate that
sedimentary sulfur cycling is impacted the degree of system openness,
similar to other marine sediments (Jgrgensen, 1979; Lyons et al., 2003;
Masterson et al., 2018; Pasquier et al., 2021; Halevy et al., 2023). Pyrite
534S values are elevated at low pore water sulfate concentrations (Fig. 6)
because a low degree of system openness results in evolution of sedimen-
tary sulfide §3*S values to higher values. Pyrite is 3S-depleted at the high
end of pore water sulfate concentrations, reflecting open system conditions
that enable low °4S values to be preserved (Jorgensen, 1979).

Core averages and a LOESS regression fit to data from across all cores
indicate that pyrite concentrations peak near a SO4/Cl ratio of 0.03,
roughly intermediate between zero and the modern seawater value of
0.051 (Fig. 5). These data imply that rapid sulfate depletion in organic-rich,
non-bioturbated sediments that have low SO4/Cl ratios may limit pyrite
accumulation. On the other end, enhanced transport of oxidants into
permeable or heavily bioturbated sediments with high SO4/Cl ratios sup-
presses pyrite formation and retention. Intermediate SO4/Cl ratios are
found in sediments where mild bioturbation and/or sulfide oxidizing
bacteria that thrive in sediments with mild bioturbation (Malkin et al.,
2022) promote the transport or production of sufficient oxidants to give
rise to mixed-valence sulfur species that generate polysulfides, thus pro-
moting pyrite formation (Rickard, 1975; Hantsoo et al., 2023).

The SO4/Cl ratio reflects the balance between the sources and sinks of
pore water sulfate which are also impacted by sedimentation rate, grain
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Mean sulfur and carbon data for the collected cores, along with radiotracer-based sedimentation rates. All means are weighted by the stratigraphic thicknesses of

sediment samples.

3.1 3.2 3.3C 3.3wW 4.3C 4.3W 5.1C 5.1wW 5.5

Sedimentation rate 210p, 0.11 0.33-0.42 0.04 0.27
(cm yr’l)
137¢s 0.15 0.43 0.43 0.40
(emyr™)

Mean species concentration S04 (mM) 0.94 0.95 1.36 1.87 4.36 6.89 5.15 12.36 491
100 * SO4/Cl 1.30 0.66 0.56 1.31 1.58 2.85 1.66 4.78 1.61
Pyrite (wt. %) 0.55 0.29 0.61 0.75 1.12 1.77 1.22 0.32 0.79
FeS (wt. %) 0.20 0.28 0.24 0.53 0.07 0.05 0.05 0.01 0.08
ZVS (wt. %) 0.06 0.08 0.21 0.17 0.10 0.07 0.05 0.03 0.06
HsS (mM) 2.6 0.4 2.3 3.4
TOC (wt. %) 7.33 5.16 4.57 3.45 2.63 2.97 3.05 0.55 1.79

Mean isotopic composition Pyrite (%o VCDT) -0.4 0.0 -2.1 —-12.5 -8.0 —25.7 -3.8 —-34.9 —22.2
FeS (%o VCDT) 1.6 6.6 16.1 1.9 —4.7 -17.9 —0.4 —22.7 —8.5
ZVS (%o VCDT) —-2.3 6.7 111 -1.6 -3.0 -13.6 1.1 —20.6 —4.5
Ha,S (%0 VCDT) 129 12.7 -7.2 11.8 10.1
TOC (%o VPDB) —25.4 —26.1 —25.2 —-25.9 —25.5 —24.8 —24.2 —25.8 —24.1

size, TOC abundance, and bioturbation. These factors are expressed in the
advection-diffusion-reaction equation (Arndt et al., 2013) that is used to
model sedimentary sulfur cycling and biogeochemistry (Jorgensen, 1979;
Masterson et al., 2018). Our use of SO4/Cl ratios is conceptually similar to
the well-established use of sulfate-methane transition depths and shapes of
sulfate depth profiles to assess the strengths of different sources and sinks of
sulfate through a sediment column (Boudreau and Westrich, 1984; Bor-
owski et al., 1999; Jorgensen et al., 2024). In other words, the mean SO4
concentration of a sediment column down to an arbitrary depth is essen-
tially a function of the mixed layer depth, the shape of the concentration
curve below the mixed layer, and the depth of sulfate depletion. Because
our cores were not deep enough to consistently capture the interval of full
sulfate depletion in all cores, we instead use the mean SO4/Cl values of our
cores for the same purpose.

4.1.1. Assessing Fe limitation in Chesapeake Bay sediments

Previously published Fe geochemistry from Chesapeake Bay indicates
that the observed relationship between SO4/Cl values and pyrite abun-
dance is unlikely to be strongly influenced by Fe limitation in the collected
cores. Pyrite formation is less likely to be Fe-limited in sediments that
contain appreciable FeS because no new Fe is needed for FeS to form pyrite
(Egs. (1) and (2)). Therefore, high concentrations of FeS at the four
northern sites (0.2-0.5 %, on average; Table 2) indicate that pyrite for-
mation is less likely to be Fe-limited in that part of the Bay. High amounts of
HCl-soluble Fe in the mid-to-northern Bay (200-400 pmol g~'; Cornwell
and Sampou, 1995) also indicate that iron is available for pyrite formation
at these sites. In contrast, an excess of aqueous sulfide could indicate that
pyrite formation is limited by Fe. Thus, the sites most likely to be Fe-limited
are those with both low FeS/pyrite ratios and abundant pore water HjS:
specifically, sites 4.3C, 4.3W, 5.1C, and 5.5. Three of these sites (4.3C,
4.3W, and 5.1C), have the highest mean pyrite concentrations of all the
studied sites.

One means of assessing Fe limitation in the sites with excess pore water
sulfide is the degree of pyritization (DOP), i.e. the fraction of reactive Fe
(pyrite Fe plus HCl-soluble Fe) that has been converted into pyrite (Rais-
well et al., 2018). Near sites 4.3C and 4.3W, the DOP of sediments post-
dating the onset of eutrophication (ca. 1800 CE) ranges between ~0.25
and 0.60, with most samples falling below 0.45 (Cooper and Brush, 1991).
In the mid-to-southern Bay (closer to sites 5.1C and 5.5), DOP values from
the top 20 cm of sediments also range between 0.25 and 0.60, while
oxalate-extractable Fe concentrations (a subset of the highly reactive Fe
pool) are in the range of 25-100 pmol g~! (Cornwell and Sampou, 1995).
This may be compared to another hypoxic basin, the Bornholm Basin of the
Baltic Sea, in which mild to moderate Fe limitation is posited for sediments
with total non-sulfur-bound reactive Fe concentrations of 7-25 pmol g~*
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(Liu et al., 2021). It should be noted, however, that a large range of DOP
values (0.45-0.8) could potentially indicate Fe limitation if water column
redox conditions are highly variable, and that Fe limitation proxies can be
difficult to interpret in systems subject to such fluctuations (Raiswell et al.,
2018). Therefore, while available DOP data do not imply that pyrite for-
mation is Fe-limited at these sites, further geochemical constraints on Fe
mineralogy may allow more conclusive characterization of Chesapeake Bay
sedimentary Fe cycling.

Additional geochemical data in mid-Bay sediments indicate the pres-
ence of highly reactive Fe at depth near sites 4.3C and 4.3W. Spectroscopic
analyses of mid-Bay sediments near these sites show that sulfide-reactive Fe
(II) and Fe(III) minerals (lepidocrocite, vivianite, nikischerite) persist in
appreciable concentrations to > 30 cm depth (Li et al., 2015), even though
these sediments contain dissolved sulfide for at least part of the year
(Fig. 2). The co-occurrence of reactive Fe with dissolved sulfide is unusual
but not without precedent; for example, sediments of the hypoxic Santa
Barbara basin retain both reactive Fe-oxides and dissolved sulfide over time
scales of ~100 yr, which may occur because high sedimentation rates (0.4
cm yr’l) shorten the duration of Fe(III) interaction with pore water sulfide
in that basin (Wang et al., 2019). Organic carbon may also preserve Fe(IIl)
minerals in sediments, as the complexation of Fe(Ill) with organic matter
slows the rate of Fe-oxide sulfidation and pyrite formation (Morse and
Wang, 1997; ThomasArrigo et al., 2020); this has been suggested as an
explanation for the persistence of Fe(IIl) to depth in sediments containing
2-5 % TOC under hypoxic water (Figueroa et al., 2023). However, these
mechanisms still do not explain the persistence of sulfide-soluble Fe(II)
minerals such as vivianite in deeper mid-Bay sediments. We suggest that
this may result from seasonal oscillations in the dissolved sulfide concen-
tration of mid-Bay pore waters, which can drop to near-zero values in
winter and spring (Roden and Tuttle, 1993; Malkin et al., 2022). This may
occur in concert with Fe-based anaerobic oxidation of methane (AOM),
which converts reactive iron oxides to Fe>* (Egger et al., 2014). In light of
the data presented by Li et al. (2015), we consider Fe limitation unlikely at
sites 4.3C and 4.3W. Mild Fe limitation remains a possibility at sites 5.1C
and 5.5 in light of uncertainties in interpreting DOP data, but we do not
expect that this would fundamentally alter our interpretation of the SO4/
Cl-pyrite trend shown in Fig. 5. Fe cycling is difficult to characterize under
the variable water column redox conditions and mixed TOC sources that
typify the Chesapeake Bay, but we find that SO4/Cl ratios can provide a
useful integrated signal of sedimentary system openness and sulfur redox
cycling.

4.1.2. Spatial trends and pathways of Chesapeake pyrite formation
In normal marine sediments, pyrite concentration typically scales with
the concentration of TOC because the degradation of organic matter
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Fig. 8. (a) Mean SO,4/Cl ratio of each core plotted against the estimated mixed
layer depth of each core, as described in the Supplementary Material. Hori-
zontal bars represent potential ranges of mixed layer depths. The unfilled
marker and dashed bar for Site 3.2 indicate that its mixed layer depth may
result from physical reworking. (b) Mean pyrite sulfur concentration of each
core plotted against the estimated sedimentation rate of each core. Sedimen-
tation rates that were not calculated in this study are described in the Sup-
plementary Material.

consumes oxygen (and other oxidants) and ultimately fuels sulfate reduc-
tion (Berner, 1984). In the Chesapeake Bay, pyrite accumulation under
intermediate SO4/Cl values is not an artifact of higher TOC concentrations
in that range. Instead, higher TOC concentrations are associated with low
S04/Cl ratios, which is consistent with the idea that elevated TOC con-
centrations promote sulfate drawdown. Despite high variability, pyrite-S/
TOC ratios decrease sharply when SO4/Cl ratios drop below ~0.02
(Fig. S5). Conversely, FeS-S/pyrite-S ratios increase sharply as sulfate
concentrations decrease below ~3 mM, particularly in the northern cores
(Fig. 3, Fig. S6). Therefore, we suggest that pyrite accumulation in the most
reducing sediments of the Chesapeake Bay is inhibited in part by a lack of
intermediate redox species of sulfur. Our data suggest that in strongly
reducing, sulfate-depleted sediments, FeS is much more likely to accumu-
late in the upper ~1 m of sediment without being converted to pyrite. If
pore waters become more acidic with depth, it is likely that some of the FeS
will later be converted to pyrite via the HoS pathway as a fraction of the
existing FeS dissolves and releases sulfide back into solution (Rickard,
2012). However, even if all of the existing FeS and ZVS in these samples
were converted into pyrite sulfur, there would still be a maximum of pyrite
concentration in the mid-range of SO4/Cl ratios (Fig. S3). This implies that
there is some other factor beyond the slow pyritization of FeS that limits the
amount of pyrite that can form in strongly reducing sediments.

Inhibited conversion of FeS to pyrite due to pore water sulfate depletion
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has previously been posited for low-salinity sediments of the northern
Chesapeake Bay (Berner et al., 1979) and for Pleistocene Black Sea sedi-
ments deposited under low salinity (Berner, 1974). High FeS-S/pyrite-S
ratios also persist under higher but more variable salinities in the eutro-
phic Peel-Harvey estuary (Western Australia), an effect likewise attributed
to slow reaction of FeS with H,S in strongly reducing pore waters (Kraal
et al., 2013; Valesini et al., 2019). In the hypoxic to euxinic Kau Bay
(Indonesia), FeS remains stable throughout the Holocene marine layer
despite near-marine salinity; lack of oxidizing power is similarly proposed
to explain this feature (Middelburg, 1991). In sediments underlying the
anoxic brine of the Orca Basin (Gulf of Mexico), spatial separation between
FeS and ZVS along with low rates of sulfate reduction are proposed as dual
causes of high FeS-S/pyrite-S ratios (Hurtgen et al., 1999). An alternate
hypothesis proposes that very high reactive iron concentrations (HCI-
extractable Fe concentrations of 300-800 pmol g~!) may slow pyrite for-
mation by drawing dissolved sulfide into FeS at the expense of the FeS-H,S
reaction (Gagnon et al., 1995). Chesapeake Bay sediments north of sites
4.3C and 4.3W generally have HCl-extractable Fe concentrations of
150-300 pmol g7}, though this value can exceed 300 pmol g~! north of site
3.2 (Cornwell and Sampou, 1995); therefore, it is possible that Fe scav-
enging of sulfide also contributes to the high FeS/pyrite ratios at the
northernmost study sites.

The data collected from the Chesapeake Bay cores can be used to esti-
mate which of the three experimentally demonstrated pyrite-forming re-
actions (HsS, polysulfide, and ferric hydroxide surface) are more or less
likely in these sediments. With regard to the ferric hydroxide surface (FHS)
pathway, sediments with high terrigenous input under low salinity are
more likely to form FHS-derived pyrite because of the high ratio of Fe(III)
minerals to H,S in terrestrial systems; therefore, it has been proposed that
the FHS pathway is unlikely in sediments with appreciable FeS accumu-
lation because the presence of FeS signals a low Fe(III):HyS ratio (Wan
et al., 2017). However, the Chesapeake Bay does not appear to fit this
model; our results show that the northern Bay, which bears the highest
terrigenous sediment load, the highest reactive Fe fraction, and the lowest
salinity, is also the area with the highest sedimentary FeS concentrations.
This leads us to conclude that the FHS reaction pathway is probably not a
significant source of pyrite in Chesapeake Bay sediments, though it may be
important in pyrite nucleation.

Across all sites and all samples, pyrite sulfur isotope systematics
broadly adhere to open/closed system dynamics: low concentrations of
pore water sulfate and high concentrations of TOC are correlated with
higher pyrite 5%*S values (Fig. 6). The influence of system openness on
pyrite S isotope trends has been well established by foundational modeling
studies (e.g., Jorgensen, 1979) as well as more recent work (e.g., Halevy
et al., 2023). However, although the aggregate of all samples fits existing
models of sedimentary sulfur geochemistry, subtleties emerge in individual
cores. For example, three of the northern cores (3.1, 3.2, and 3.3C) show
well defined peaks of pyrite §°*S values close to the depth of sulfate
depletion (Fig. 2, Fig. S7). Stratigraphic peaks in pyrite concentration at
sites 3.1, 3.2, and 3.3C occur close to the 5>%S peaks and likely result from
pyrite formation near the sulfate-methane transition (SMT) zone via the
H,S pyrite formation pathway (Fig. S8). Pyrite formation near the SMT has
been shown to result in the formation of 3#S-enriched pyrite (Liu et al.,
2021). A peak in pyrite concentrations and 5>*S values could also result
from transient increases in sediment deposition or increases in the amount
or lability of organic carbon. Assuming linear sedimentation rates of 0.13,
0.42, and 0.43 cm yr~! for 3.1, 3.2, and 3.3C respectively, the 534S peaks at
these sites occur in sediments dating to 1807 CE, 1979 CE, and 1979 CE.
This raises the possibility that a storm event within the last ~40 yr may
have caused transient changes in sedimentation rate or TOC concentrations
at sites 3.2 and 3.3C. However, we do not observe large changes in TOC
concentrations at these depths (Fig. S1) at site 3.2 or 3.3C, nor do we note
sediment characteristics that would suggest storm deposition at or above
these depths. Instead, it is likely that oxygen depletion resulting from
enhanced nutrient runoff from the Susquehanna River (Brush, 2001) led to
the development of an SMT that enhanced pyrite formation at these depths
(Thiel et al., 2019). On the other hand, site 3.1 does bear a peak in TOC



K. Hantsoo et al.

Geochimica et Cosmochimica Acta 374 (2024) 51-71

A31 €32 %33C m33W 4.3C 4.3W 5.1C 5.1W 5.5
10 al _ 10 b 10 C
= = =
o) o) o)
O 0 O 0 O 0
> | ¢ I ¢ +
X . X o .
< 410 < -10 < -10
» » |. » —=
3 3 3
s =20 - o -20 © -20
2 L 2 [N .
2 -30 & -30 [{ &-30¢f]
-40 -40 -40
0 0.5 1 0 0.5 1 0 2 4 6 8
Sedimentation Rate (cm yr™") Salinity ratio Mean wt. % TOC

(Mean Surface / Mean Benthic)

Fig. 9. (a) Mean pyrite sulfur 5>*S value of each core plotted against sedimentation rate of each core. Vertical bars represent 1st and 3rd quartiles for each core;
horizontal bars represent possible ranges of sedimentation rates. (b) Mean pyrite sulfur >*S value of each core plotted against that site’s ratio of mean annual surface
salinity to mean annual benthic salinity, as determined from monitoring data from 1984 to 2017 (Table 1). Vertical bars are as in panel a. (c) Mean pyrite sulfur 5>4S
value of each core plotted against mean TOC concentration of each core. Horizontal bars represent 1st and 3rd quartiles of TOC concentration for each core; vertical

bars are as in panel a.

concentration at the same depth as its pyrite §°*S peak, implying that
sedimentary organic carbon supply may have influenced pyrite isotopic
evolution in addition to changing water column conditions over the last
two centuries.

The sulfur cycling of SMT and sub-SMT sediments can be complex,
particularly in very shallow SMT zones; sediments can retain sufficient
oxidizing power in the reactive iron pool and/or in elemental sulfur to
continue generating polysulfides within or below the SMT (Holmkvist
et al., 2011), and polysulfide compounds have been found in close asso-
ciation with anaerobic oxidation of methane (Milucka et al., 2012). Sites
3.2 and 3.3C retain relatively high amounts of ZVS just below the SMT, and
this ZVS has a similar isotopic composition to pyrite and FeS in the zones of
maximum pyrite concentration, suggesting a possible role for the poly-
sulfide pathway even in SMT sediments. Nevertheless, the peaks in 634Spyr
values in association with increases in pyrite concentration near the SMT
imply that the H,S pathway is more significant at the northern sites than at
the southern sites—particularly at sites 3.1, 3.2, and 3.3C—but the buildup
of FeS in northern sediments also implies that the H,S pathway might be
less efficient than the polysulfide pathway in the Chesapeake Bay.

Paired pyrite concentration and pyrite §°*S data suggest that the HyS
reaction pathway is more significant at three northern sites (3.1, 3.2, 3.3C)
that have low mean SO4/Cl ratios. At other sites with more intermediate
SO4/Cl ratios, it is likely that the polysulfide reaction pathway is more
prominent in early pyrite formation near the sediment-water interface. The
534S offset between ZVS and pyrite reaches a LOESS-fit maximum of ~11 %o
under intermediate SO4/Cl ratios, which is much smaller than the ~30 %o
offset between H,S and pyrite in the same range (Fig. 7). The large gap
between 534S values of pyrite and H,S in this interval implies either that
pyrite is not precipitating in this SO4/Cl range, or that pyrite is mostly
precipitating via the polysulfide pathway. Determining the sources of py-
rite sulfur from the §%*S values of its reactant compounds is difficult
because the more labile precursor species can evolve separately from the
accumulating product pyrite, particularly as sediment depth increases
(Raven et al., 2016). However, pyrite 5%%S values that are anomalously
lower than those of all coexisting pyrite precursor species (FeS, ZVS, and
H,S) have been noted in many modern settings, including in very shallow
sediments (Kaplan et al., 1963; Raven et al., 2016; Strauss et al., 2012;
Zopfi et al., 2008; Gomes et al., 2022; Hantsoo et al., 2023). In most of our
cores (3.3C, 3.3W, 4.3C, 4.3W, 5.1W, and 5.5), pyrite 5%*S values are lower
than those of all measured coexisting precursor compounds at nearly all
depths. It is difficult to resolve an apparent isotopic mass imbalance that
persists through nearly every sample in a sediment core, but one mecha-
nism that can partially bridge this isotopic gap is rapid internal fraction-
ation in the polysulfide pool (Amrani et al., 2006), which can cause ZVS
534S values to exceed ‘instantaneous’ product pyrite 5>#S values by up to 7
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%o (Hantsoo et al., 2023). Therefore, in spite of the limitations of tracking
labile reactants against a more stable product, it is more parsimonious from
a mass balance perspective to reconcile the trends in Fig. 7 with the pol-
ysulfide pathway than with the HyS pathway. While future geo-
microbiological studies may provide a more nuanced view of the relative
impact of the different pyrite formation pathways in Chesapeake Bay, the
sulfur isotope geochemistry of the cores (Fig. 2, Fig. 7) is consistent with
early pyrite formation near the sediment-water interface occurring pri-
marily via the polysulfide pathway, with later pyrite formation near the
SMT occurring primarily via the HyS pathway.

Sedimentation rate can strongly influence pyrite sulfur isotope trends
because more rapid sediment deposition draws a sediment column toward
closed-system conditions and thus toward higher pyrite §°*S values
(Claypool, 2004; Pasquier et al., 2017; Liu et al., 2021; Bryant et al., 2023).
In spite of this, core-average 534S values in the Chesapeake Bay do not show
a strong correlation to sedimentation rate and may actually be lower at
high sedimentation rates (Fig. 9a). Instead, Chesapeake Bay core-average
pyrite 84S values show much stronger correlations to water column
stratification and sedimentary TOC abundance (Fig. 9b-c). This probably
occurs because the Chesapeake Bay has much more variability in TOC and
water column stratification than more distal sites, where sedimentation
rate will exert proportionally more influence on pyrite 534S evolution (e.g.,
Pasquier et al., 2021; Bryant et al., 2023). Nevertheless, the northern
Chesapeake Bay sites also preserve stratigraphic swings in pyrite §3*S
values—Ilikely derived from anthropogenic changes in sedimentation rate
and water column oxygen depletion (Brush, 2001)—that are superimposed
on their higher mean ‘S profiles. Thus, while sedimentation rate is a
critical factor that governs pyrite 5°#S values on a global scale, the data
from our cores also highlight the influence that strong changes in biogeo-
chemical cycling at low and variable water column oxygen concentrations
can exert on sedimentary system openness.

4.1.3. Sulfate supply, sulfate demand, and bioturbation

Diagenetic pyrite accumulation depends on the total sedimentary sul-
fate reduction flux and on the fraction of sulfide that is retained in sedi-
ments. These two parameters can be likened to ‘gross sulfate reduction’ and
‘net sulfate reduction’ (Moeslund et al., 1994; Jgrgensen, 2021). The mi-
crobial sulfate reduction flux in turn depends on the availability of sulfate
and organic matter to sulfate reducing microorganisms. Sulfate is supplied
to pore water by molecular diffusion from the water column, biodiffusion
(i.e., diffusive particle mixing via bioturbation), bioirrigation (i.e., advec-
tive fluid flow via bioturbation), sulfide oxidation, and sulfur dispropor-
tionation; sulfate is removed from pore water by burial advection (i.e., due
to sedimentation) and sulfate reduction (Berner, 1980; Arndt et al., 2013).
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Therefore, processes that increase the supply of sulfate and TOC should
increase gross sulfate reduction rates. On the other hand, the physical
processes that add sulfate to pore waters can also add solutes (i.e., dissolved
0O5) and solids (i.e., Fe- and Mn-oxides) that partially or fully oxidize sul-
fides. This implies that greater sulfate supply from molecular diffusion and
bioturbation could increase gross sulfate reduction but decrease net sulfate
reduction. However, as explored in Section 4.1.2, partial oxidation of dis-
solved sulfide may actually increase pyrite precipitation by introducing
mixed-valence sulfur species that generate polysulfides. We propose that
bioturbation can increase shallow sedimentary pyrite precipitation when
two conditions are met: first, high microbial sulfate demand must be
matched by high sulfate supply to increase gross sulfate reduction rates;
second, the sedimentary dissolved sulfur pool must be oxidized enough to
promote conversion of FeS to pyrite via polysulfide, but not so oxidized—as
in the case of core 5.1W—that little dissolved sulfide can accumulate and
pyrite is susceptible to oxidation.

In shallow sediments, low average SO4/Cl ratios are found when the
sum of the depth-integrated sulfate sinks greatly exceeds that of the sulfate
sources, i.e. when there is a large deficit of sulfate supply relative to mi-
crobial sulfate demand. A sediment column with high sulfate demand and
low sulfate supply has some aspects in common with a closed system
sediment column. ‘Closed system’ means that the diffusional sulfate flux
into the sediment column is limited or is much smaller than the advective
burial flux as a result of high sedimentation rates (Claypool, 2004;
Jorgensen et al., 2004). The gap between sulfate demand and sulfate supply
tends to increase under high sedimentation rate (which increases the speed
with which pore waters are separated from the water column), fine grain
size (which slows the downward diffusion of water column sulfate), and
high fluxes of labile organic carbon (which can be sourced from the over-
lying water column or from the underlying methanogenic zone). For
example, a strong sulfate deficit is reflected in the rapid decline of pore
water sulfate concentration with depth at sites that have high sedimenta-
tion rates (e.g., site 3.2) and/or high TOC concentrations (e.g., sites 3.1 and
3.3C). Higher sedimentation rates are broadly correlated with lower pyrite
concentrations in the Chesapeake Bay cores (Fig. 8), which may reflect the
role of rapid sedimentation in limiting the diffusive supply of sulfate and
sequestering reduced sulfur as FeS rather than pyrite. The role of sedi-
mentation rate in pyrite burial is somewhat complex and depends on the
diagenetic time scale being considered; faster sedimentation may allocate
more labile organic matter toward sulfate reduction, thus increasing early
pyrite formation (Berner, 1984), but over longer time scales it may advect
reactive Fe species below the sulfidic zone of sediments and limit later
pyrite formation (Raiswell, 1993). In either case, rapid sedimentation tends
to shift a sediment column toward closed-system conditions with respect to
sulfate.

The data from the Chesapeake Bay indicate that non-bioturbated sedi-
ments in which sulfate is rapidly depleted may impede shallow pyrite
precipitation, while permeable or heavily bioturbated sediments contain
enough oxidants to suppress pyrite formation and retention. The result is
that pyrite accumulation is broadly maximized in the mid-range of SO4/Cl
ratios (Fig. 5), although there is a notable exception to this trend at 8-18
cm depth in core 3.3C, which appears to result from the production of HyS
derived from anaerobic oxidation of methane and other processes that
promote pyrite formation near the SMT (see discussion in section 4.1.2).
Shallow SMT depths, low average SO4/Cl ratios, and the persistence of FeS
with depth in the four northern cores all indicate that sulfate demand
greatly exceeds sulfate supply at those sites. At the other extreme, site 5.1W
has a relatively high sand fraction and low concentrations of TOC, which
inhibits sulfate reduction, promotes transport of oxidants that can oxidize
dissolved sulfide and pyrite, and yields high SO4/Cl ratios. The other four
southern sites are characterized by more intermediate SO4/Cl ratios and
lower FeS-S/pyrite-S ratios than the northern sites; these features indicate a
smaller deficit between sulfate supply and demand.

It is notable that the highest mean pyrite concentration of the nine cores
is found at site 4.3W, which has a mixed layer depth of 4 cm and a bio-
diffusion rate of 5.1 cm? yr’1 (Hantsoo et al., 2023). Sediments in the vi-
cinity of site 4.3W tend to have higher gross sulfate reduction rates than
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sediments farther north or south in the Bay, and microbial sulfate reduction
in the vicinity of that site persists at high rates to at least 10 cm depth, even
as dissolved sulfide accumulates to millimolar concentrations in the same
horizon (Marvin-DiPasquale and Capone, 1998). At 15-20 cm depth, sul-
fate concentrations near site 4.3W oscillate annually between 4 mM
(March-May) and 0 mM (August-September) while dissolved sulfide os-
cillates between 1 and 4 mM in the same interval (Marvin-DiPasquale et al.,
2003). The coexistence of multiple oxidation states of sulfur in concen-
tration ratios that fluctuate seasonally at depths well below the sediment
mixed layer may contribute to the high amounts of pyrite at this site, and to
its high pyrite/TOC ratios (Fig. 3). This may be relevant to early Paleozoic
trends in pyrite accumulation under fluctuating redox conditions (Pruss
and Gill, 2024), which we will examine in more detail in Section 4.2.

Pore water SO4/Cl ratios in shallow Chesapeake Bay sediments are
likely to vary seasonally due to differences in sulfate reduction rates (Roden
and Tuttle, 1993). We sampled in July-August to capture SO4/Cl trends
during an interval of maximum sulfate depletion; therefore, the relation-
ship between pyrite burial and SO4/Cl ratios in this data set reflects an
interval when sulfate reduction is most active. This time period also cor-
responds to the time when there is net pyrite precipitation in Chesapeake
Bay surface sediments (Hantsoo et al., 2023). Despite this seasonal vari-
ability, the correspondence between pyrite concentrations and pore water
SO4/Cl values during an interval of net pyrite precipitation implies that
sulfate supply versus demand plays a large role in determining patterns of
pyrite burial in systems with low and variable benthic oxygen
concentrations.

As noted previously, pyrite accumulation depends not only on the total
sedimentary sulfate reduction flux but also on the fraction of sulfide that is
retained in sediments. There is strong evidence that bioturbation increases
total or ‘gross’ sulfate reduction rates, yet it has been argued that incipient
bioturbation in the early Paleozoic probably decreased pyrite burial
because it drove down pore water sulfide retention rates and/or drove up
pyrite reoxidation rates (Canfield and Farquhar, 2009; van de Velde et al.,
2018). In our estimation, this model of Paleozoic pyrite burial does not take
into account the higher sulfate reduction rates that mild bioturbation can
stimulate and the role of polysulfide in pyrite precipitation. In Section 4.2,
we explore how changes in sulfate demand and in the balance between
sulfate reduction and sulfide reoxidation may have affected pyrite depo-
sition in the early Paleozoic Era.

4.2. An alternative model of Paleozoic pyrite burial

Earth system models have assumed that the Paleozoic evolution of
bioturbation led to less retention of sulfide in sediments, which led to less
marine pyrite burial (Canfield and Farquhar, 2009; Tarhan et al., 2015; van
de Velde et al., 2018). Based on the data collected in this study, we propose
an alternative hypothesis: early Paleozoic bioturbation temporarily
increased global pyrite burial fluxes by (a) increasing sulfide retention and
pyrite precipitation rates via partial sulfide oxidation to ZVS species, and/
or (b) increasing sulfate reduction rates by increasing the supply of sulfate
and organic matter to sediments. It is likely that this increase in pyrite
burial efficiency would not have been a permanent feature. In Section 4.2,
we use insights from the geologic record and a global biogeochemical
model to evaluate whether pyrite burial efficiency reached a maximum at
some point in the Paleozoic, after which the further addition of oxidants to
sediments—both through greater ocean-atmosphere pOy and through
intensifying rates of bioturbation—decreased sedimentary retention of
pyrite.

4.2.1. Sulfur-carbon ratios in the Paleozoic rock record

To test the hypothesis that early bioturbation could have increased
early Paleozoic pyrite burial efficiency, we compiled sulfur-organic carbon
(S/TOC) ratios from the Sedimentary Geochemistry and Paleoenviron-
ments (SGP) Phase 1 repository (Farrell et al., 2021; https://sgp-search.io/)
from the Ediacaran through the present day. The use of S/TOC ratios
normalizes sulfur burial to changes in TOC burial. While we expect that
TOC burial has been a primary driver of Phanerozoic pyrite burial, our
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Fig. 10. COPSE model results compared to proxy data. Different model runs are
described in Section 4.2 and in the Supplementary Material. Vertical dotted
lines represent the beginnings of the Paleozoic, Mesozoic, and Cenozoic Eras.
The colored band at the top of each panel indicates the Ediacaran (E), Cambrian
(C), Ordovician (0), Silurian (S), Devonian (D), Carboniferous (C), Permian (P),
Triassic (Tr), Jurassic (J), and Cretaceous (K) Periods, as well as the Cenozoic
Era (Cen). (a) COPSE model results of pyrite sulfur/organic carbon (S/TOC)
burial ratios and a histogram of S/TOC ratios in fine-grained marine siliciclastic
rocks binned by geological age (Farrell et al., 2021). Histogram positions in the
x-direction are aligned to the middle of each Period or Era. The upper and lower
edge of each box marks the upper and lower quartile, respectively, and the
circled point inside each box marks the median. (b) COPSE model outputs of
seawater sulfate concentration compared to proxy data. The grey bars represent
sulfate proxy data compiled in Lenton et al. (2018), with added data from
Blattler et al. (2020). (¢) COPSE model outputs of seawater sulfate 534S values
compared to proxy data. The thick grey line represents a LOESS regression of
the data set of Present et al. (2020) with bulk carbonate associated sulfate (CAS)
data filtered out due to concerns about the validity of those data (Present et al.,
2020). (d) COPSE model outputs of atmospheric pO, (fraction of present at-
mospheric level) compared to proxy data. The shaded areas of the plot repre-
sent probable upper and lower bounds on atmospheric pO, from Sperling et al.
(2015) and Glasspool and Gastaldo (2022).
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primary interest is in analyzing changes in pyrite burial relative to this
baseline driver. When compiling SGP data for our analyses, we selected
only fine-grained siliciclastic lithologies that were not assigned to terres-
trial environments—i.e., marine claystones, shales, mudstones, and silt-
stones. We filtered the SGP data set for samples that had measurements for
both TOC abundance (wt. %) and either S-py (wt. % pyrite sulfur) or S (wt.
% sulfur) abundance; therefore, only samples that had both TOC and S/S-
py data were included. Ratios of sulfur to TOC were binned according to the
interpreted ages of samples listed in the SGP data base, with bin boundaries
corresponding to the chronostratigraphic boundaries established by the
International Commission on Stratigraphy (Cohen et al., 2013).

Compiled lithologic data should be interpreted with caution. One
reason for this is that the SGP database is subject to certain biases in data
sampling. The SGP Phase 1 repository contains individual contributions
from submitting authors along with data from the U.S. Geological Survey
Critical Metals in Black Shales project (USGS-CMIBS) and the U.S.
Geological Survey National Geochemical Database (USGS-NGDB). As such,
the full database primarily comprises North American samples (Farrell
et al,, 2021). Also, certain data sources may overrepresent individual
geological formations that have been more extensively analyzed than
others. For example, out of ~1370 sulfur concentration measurements of
fine-grained marine siliciclastic rocks from the Ordovician Period, 517 (38
%) are sourced from USGS-CMIBS analyses of a single formation. This
means that including or omitting CMIBS data has a strong effect on median
Ordovician sulfur concentration, although the lack of paired TOC data from
that formation means that the median Ordovician S/TOC ratio is much less
affected (Fig. S9). In the Supplementary Information, we present more
detail on the SGP data filtering procedure and potential biases.

Paired TOC and sulfur data from the SGP repository (n = 13818, or
6909 ratios) indicate that the median (p;,2) S/TOC ratio of marine silici-
clastic sediments increased from the Ediacaran (pi,2 = 0.50, n = 688)
through the Cambrian (p;,2 = 0.63, n = 903) and the Ordovician (p;,2 =
0.69, n = 548; Fig. 10a). After the Ordovician, median S/TOC ratios
dropped sharply in the Silurian (p;,2 = 0.37, n = 293), Devonian (j1,2 =
0.40, n = 1813), and Carboniferous (p1,2 = 0.25, n = 1292), increased
again in the Permian (y; 2 = 0.44, n = 541), and then declined through the
rest of the Phanerozoic. The 39 % increase in median S/TOC ratio from the
Ediacaran to the Ordovician supports our hypothesis, but caution is war-
ranted in interpreting these data for two reasons. First, the absolute change
in median S/TOC from the Ediacaran through the Ordovician is small
compared to the interquartile ranges of the pre-Silurian data bins; second,
there may be biases in the SGP data set as discussed above. For example,
omitting USGS-CMIBS data from the analysis generates an earlier S/TOC
peak in the Cambrian followed by a more gradational decrease of S/TOC
into the Ordovician and Silurian (Fig. S9). Nonetheless, two prominent
features of this data set—an increase in median S/TOC ratios in the
Cambrian relative to the Ediacaran and a permanent decrease in S/TOC
variability by the Silurian-Devonian—appear to be broadly robust to
different filtering criteria. These data also corroborate previous observa-
tions of high Cambro-Ordovician S/TOC ratios relative to later Phanerozoic
sediments (Berner, 1984). We suggest that early bioturbation could have
increased the rate of sulfur burial per unit of organic carbon burial. The
amount of oxygen added by greater pyrite burial efficiency can be roughly
estimated with a simple calculation based on the stoichiometry of oxygen
release from the burial of organic carbon (1:1) versus pyrite (15:8) (Can-
field, 2005). If we compare the median Ordovician S/TOC of 0.69 to a
scenario in which Ordovician sediments retained the Ediacaran S/TOC
ratio of 0.50, the S/TOC ratio of 0.69 should release 18 % more O3 per unit
of TOC burial than the ratio of 0.50.

The permanent decrease in the variability of S/TOC ratios across the
Ordovician-Silurian boundary suggests a secular change in the carbon and
sulfur cycles that has persisted for the rest of the Phanerozoic. The
Ordovician-Silurian shift to lower and more homogenous S/TOC ratios
does not correspond to a rapid change in sediment mixed layer depth,
which increased only from 1 cm to 1.5 c¢m in this interval (Tarhan et al.,
2015). Instead, it is more probable that increases in Silurian pO5 spurred by
vascular land plants (Krause et al., 2018; Lenton et al., 2018; Tostevin and
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Mills, 2020) led to more homogeneously oxidized water column conditions
across shelf and slope environments. This redox homogenization would
have led to less variability in sedimentary biogeochemical cycling, which in
turn would have reduced global sedimentary S/TOC variability. However,
as described above, higher S/TOC ratios themselves would have contrib-
uted to oxygen buildup through the Cambrian and Ordovician. The lower
O, concentrations of the Cambro-Ordovician would have permitted more
efficient transfer of organic carbon to sediments (Hartnett et al., 1998), but
the TOC-normalized sulfur data suggest more efficient pyritization per unit
of TOC. We caution that there is not always a clear distinction between
early Paleozoic formations with bioturbated sediments and those with non-
burrowed sediments under euxinic water; for example, the Cambrian Alum
Shale contains trilobite fossils interspersed with geochemical evidence for
euxinia (Dahl et al., 2019). However, it is possible that these oscillating
conditions, apparently a distinctive feature of the early Paleozoic (Pruss
and Gill, 2024), could have spurred greater fluxes of pyrite precipitation, as
suggested for our core 4.3W. In general, the SGP data suggest that the
Cambrian and Ordovician Periods represent a distinct interval of the
Proterozoic-Phanerozoic transition in which early bioturbation increased
the efficiency of pyrite burial, but after which increasing pO; led to a ho-
mogenization of the global sedimentary carbon-sulfur cycle.

4.2.2. Modeling sulfide retention and seawater-sediment sulfate transfer

Data from the Chesapeake Bay suggest that mild oxidation could have
increased the efficiency of early Paleozoic pyrite precipitation—yet on a
global scale, oxygen accumulation eventually would have impeded pyrite
burial. To explore this feedback in more detail, we modified the pyrite
burial term in the COPSE biogeochemical model (Lenton et al., 2018) by
adding parameters from the model of Canfield and Farquhar (2009). The
two prongs of our hypothesis—increased sedimentary sulfide retention and
increased sedimentary sulfate supply—are expressed in the latter model
with the function

Fy_pyr = x-2-0C-[SO, )’ 3
where Fy.py, is the global pyrite burial flux, x is the fraction of reduced
sedimentary sulfide that is retained in sediment as pyrite, a is a constant
of proportionality, OC is the concentration of sedimentary organic car-
bon, [SO4] is seawater sulfate concentration, and y is an exponent that
modulates the sedimentary sulfate reservoir relative to the size of the
seawater sulfate reservoir. Thus, the variable x denotes sedimentary
sulfide retention in the form of pyrite and the variable y denotes the
availability of seawater sulfate to sulfate reducing microorganisms in
sediments. In effect, y converts the seawater sulfate reservoir to a depth-
integrated reservoir of the pore water sulfate that can be reduced by
sulfate reducing microorganisms. Its value reflects both the efficiency of
sulfate transfer from the seawater reservoir to the pore water reservoir
and the efficiency of pore water sulfate utilization by sulfate reducing
microorganisms, which can be affected by differences in the sedimen-
tary depth distributions of TOC and sulfate.

In previous modeling studies (Canfield and Farquhar, 2009; Tarhan
etal., 2015), the value of y has been assumed to remain constant over time.
However, as detailed in the Introduction, bioturbation tends to increase
gross rates of sedimentary sulfate reduction and the rate of sulfate transfer
from seawater to sediments—suggesting that the value of y should have
increased in the Paleozoic. At the same time, bioturbation also changes the
value of x by transferring oxidants into sediments. Under modern pO; and
modern bioturbation intensity, these oxidant fluxes are more likely to
lower the value of x and suppress pyrite preservation. However, mild
sediment mixing and increasing bottom-water oxygenation in the early
Paleozoic would have increased the value of x by trapping reactive Fe- and
Mn-oxides in shallow sediments (Aller, 1994; Middelburg and Levin, 2009;
Beam et al., 2022). These compounds can partially oxidize sulfide and FeS
to ZVS compounds (Schippers and Jorgensen, 2001; Poulton et al., 2004;
Avetisyan et al., 2021), thus retaining sulfur in the sediment in a form that
can precipitate pyrite via the polysulfide pathway. Generation of ZVS
compounds might have been promoted by sulfide oxidizing microbes such
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as Beggiatoa, which in some sediments can contribute to rapid pyrite pre-
cipitation (Hantsoo et al., 2023). Sediment incubations with polychaetes
indicate that bioturbation increases the sulfate flux into sediments and also
increases the sulfide flux out of sediments (Riemer et al., 2023), but the
higher sulfide efflux does not necessarily mean that the value of x is
decreasing. Higher sulfide fluxes out of bioturbated sediment may be
directly proportional to the increased sulfate reduction rates permitted by
bioturbation (i.e., no change in x and an increase in y). It is also plausible
that lower sulfide retention may be compensated by a higher sulfate
reduction rate (decreasing x and increasing y), or that greater sulfate
availability may act in tandem with the creation of ZVS compounds that
promote pyrite precipitation (increasing x and increasing y). Our hypoth-
esis does not specifically address the possible effects of early bioturbation
on pyrite formation associated with SMT or sub-SMT sediments. However,
unless early bioturbation simultaneously induced a proportional decrease
in SMT-associated pyrite precipitation at the same time as the hypothesized
increase in shallower pyrite precipitation—which we consider unlike-
ly—then net pyrite burial would have increased.

To explore the effects of these changes, we added the terms x and y from
Eq. (3) to the COPSE model as boundary conditions. Because x has changed
over the Phanerozoic, we used the method of Tarhan et al. (2015) in which
a curve fit of sulfide retention (x) versus mixed layer depth (L, cm) from
modern sediments is substituted into a curve fit of mixed layer depth
evolution over Phanerozoic time (t). In other words, this method sub-
stitutes an x(L) function into an L(t) function to yield an x(t) function
(Fig. S10). We removed two x-L data points at L = 0 from the Tarhan et al.
(2015) compilation because those sites appear to be subject to strong
physical forcings such as extreme sedimentation rates and extensive
reworking by wave action (Chanton et al., 1987; Ruttenberg, 1990). We
added a new x-L data point from site 4.3W, with a range of x estimates from
Roden and Tuttle (1993) and an L estimate from Hantsoo et al. (2023).
Uncertainty in the value of x at site 4.3W is reflected in the shaded red areas
in Fig. 10, and the tests that used x-L data from site 4.3W were termed
‘Revised x(L) fit A’ (Fig. S10b). A different polynomial curve, which we
designate ‘Revised x(L) fit B,” used the x-value of 0.25 from 4.3W as well as
x-L estimates from two additional sites: 4.3C and 3.1. The estimates of x
from site 4.3C (x = 0.29) and site 3.1 (x = 0.56) are drawn from Roden and
Tuttle (1993) and Marvin-DiPasquale and Capone (1998), respectively. The
value of x at site 3.1 is probably overestimated, as the nearby site studied in
Marvin-DiPasquale and Capone (1998) had lower salinity and a higher
sedimentation rate; nonetheless, we found that adding these two data
points to the polynomial fit did not cause significant changes in the model
results (Fig. 10; Fig. S14). Finally, we ran sensitivity tests of y(t), including
the original static values of y (0.3, 0.5, and 0.75; Canfield and Farquhar,
2009) as well as initial y-values that increased or decreased to different
values over time (Figs. S11-S13). The constant-y models generally do not
perform as well in reproducing the [SO4] and §%%Sg04 records as the
varying-y models. Additionally, decreasing y or increasing it more than 10
% also leads to poor model-proxy fits (Figs. S11-S12). However, setting y
equal to 1 (thus omitting y) yields much more accurate results than the
other constant-y models (Fig. S13). The constant y = 1 model has similar
root mean square errors as the varying-y ‘Revised x(L) fit A* model for
sulfate concentration and sulfate 5°*S values, but the latter model has a
slightly better root mean square errors for S/C burial (Fig. S13). For
simplicity, all changes in y were assumed to be linear between 540 and 200
Ma; the latter date reflects the attainment of near-modern mixed layer
depths (Buatois et al., 2016). Our derivation of the x(t) and y(t) curves and
the exact modifications made to the COPSE code are described in more
detail in the Supplementary Information.

Here we focus on the results of three model scenarios, the first one with
a variable value of y and two others with static values of y. The first sce-
nario (‘Revised x(L) fit A,” the pink shaded area in Fig. 10) includes x(t)
curves derived from the low and high x-values (0.18 and 0.32) at site 4.3W,
along with a y-value that increases linearly from 0.3 at 540 Ma to 0.33 at
200 Ma. The second scenario (the red line in Fig. 10) includes the x(t) fit to
the mid-range value of x (0.25) from site 4.3W and an unvarying value of y
= 0.3. The third scenario (the blue line in Fig. 10) uses the original x(t)
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model of Tarhan et al. (2015) and the static y-value of 0.75 used in that
study. These results are plotted alongside the baseline COPSE model
(Lenton et al., 2018; the dashed black lines in Fig. 10), in which x and y are
both set to 1 by default. We report COPSE outputs for S/TOC ratios,
seawater sulfate concentrations, seawater sulfate 534 values, and pO; over
the Phanerozoic. The COPSE model adds 2 mol of O3 to the atmospheric
reservoir for each mole of pyrite sulfur that is buried, and seawater SO4
534S values in the baseline COPSE model vary as a function of the relative
rates of pyrite burial versus total sulfur burial, while the ‘instantaneous’
fractionation between seawater sulfate and buried pyrite is held constant at
35 %o. Equation (3) changes the pyrite burial flux term in COPSE, but no
other parts of the model have been changed.

How well do the models match proxy data for S/TOC ratios, seawater
sulfate concentrations, seawater sulfate 5°*S values, and pO? To answer
this question, model-proxy matches were compared statistically by means
of root mean squared error (RMSE) analyses. Compared to ‘Revised x(L) fit
A, the baseline COPSE model generates a substantially better fit for [SO4],
but a substantially worse fit for S/C and 5%*Sg04 records (Fi g.514). ‘Revised
x(L) fit A* generates a better RMSE fit for [SO4] and 6348304 records than
the other primary revised models, but a worse fit for S/C ratios (Fig. S14).
We regard ‘Revised x(L) fit A’ as the best match to the tested proxy data
because it has lower RMSE values in at least two out of three proxies when
compared to each other model run, although it does not surpass any other
model run in all three proxies. More detailed comparisons for each proxy
system are presented in the following paragraphs.

Results show that none of the COPSE model formulations increases the
S/TOC burial rate in the Cambro-Ordovician relative to the Ediacaran,
although the variable-y model performs best at damping the relative
decrease (Fig. 10a). The drop in modeled S/TOC ratios primarily results
from a large (~25 %) increase in organic carbon burial that occurs in the
Cambrian in the baseline version of COPSE and is conserved in all of the
modified versions. The models with static values of y do the best at repli-
cating S/TOC ratios for the Cambrian through the Carboniferous, but this
subset of models also features high Ediacaran S/TOC ratios that decrease
into the early Paleozoic, in contrast to the SGP data set. The models with
unchanging values of y (aside from the baseline COPSE model) produce
oceanic sulfate concentrations that are well below proxy values throughout
the Paleozoic, including concentrations below 2 mM in the Cambro-
Ordovician (Fig. 10b). Thus, the baseline COPSE model and the varying-
y model perform much better in matching the proxy [SO4] record in the
latest Ediacaran and the early Paleozoic; this is a notable advantage over
the static-y models.

Meanwhile, the seawater sulfate 534S curve is more ambiguous and
features tradeoffs in the accuracy of each model depending on which time
interval is being considered (Fig. 10c). None of the models provides strong
agreement with the §%S proxy record throughout the Ediacaran and
Paleozoic. High Ediacaran seawater sulfate 5°*S values are an unusual
feature, but mass balance predicts that they should have resulted from
higher pyrite burial fluxes and/or from greater isotopic fractionation be-
tween sulfate and sulfide (Fike et al., 2015). Biodiffusion in the late Edia-
caran was low but non-zero—possibly 10 % of early Cambrian values
(Cribb et al., 2023)—and it is unclear whether such low biodiffusion rates
could have increased pyrite burial fluxes by the mechanism described in
this study. Global changes in sulfate-sulfide isotopic fractionation are
difficult to assess in deep time (Krause et al., 2018), but high Ediacaran-
Cambrian seawater sulfate 5°*S values may have resulted from increasing
microbial oxidative sulfur cycling in sediments (Kunzmann et al., 2017).
This change in fractionation would not be captured by the baseline COPSE
model, which assumes a constant seawater-pyrite fractionation.

The variable-y model (‘Revised x(L) fit A’) creates the most realistic pO,
curve for the early Paleozoic (Fig. 10d). Evidence for fires in the rock record
point to a pO, of at least 70 % of present atmospheric level (PAL) by the
Early Devonian (Belcher and McElwain, 2008; Sperling et al., 2015), and
recent evidence of charcoal from Middle Silurian rocks may push the 70 %
PAL threshold back to ~430 Ma (Glasspool and Gastaldo, 2022). A paucity
of charcoal in Late Devonian rocks raises the possibility that pO, dipped
back below 70 % PAL in that interval (Scott and Glasspool, 2006), but it is

67

Geochimica et Cosmochimica Acta 374 (2024) 51-71

unclear whether this gap results from low oxygen or from preservational
biases (Mills et al., 2023). Thus, to conform to the charcoal record, an Earth
system biogeochemical model should exceed 70 % PAL by the Middle
Silurian; a temporary decline below 70 % in the Late Devonian may also be
acceptable, though this is less certain. Results show that the baseline
COPSE model does not exceed 70 % PAL until the Late Devonian, while the
L-x fit from Tarhan et al. (2015) and the revised L-x fit with an unchanging
y value both maintain pO, well above 90 % PAL throughout the Late
Devonian. The variable-y model generates an intermediate pO, curve that
best fits the charcoal record, exceeding 70 % PAL by the Middle Silurian
and reaching a local minimum of 70-85 % PAL in the Middle Devonian.

To summarize the model-proxy comparisons, the baseline COPSE
model and the variable-y models perform much better than the static-y
models in replicating the Paleozoic [SO4] proxy record. The variable-y
models improve upon baseline COPSE in replicating the pO, proxy re-
cord of the Silurian and Devonian. None of the models increases S/TOC
from the Ediacaran through the early Paleozoic, but the Tarhan et al.
(2015) x(L) fit best replicates SGP-derived S/TOC burial ratios for the
Cambrian, Silurian, Devonian, and Carboniferous. All of the revised models
offer modest improvements over the baseline COPSE model in replicating
the Paleozoic seawater sulfate §°*S proxy record, but they all deviate
substantially from the seawater sulfate 5°*S record in certain intervals.
From the low RMSE values generated by ‘Revised x(L) fit A,” we conclude
that a gradual increase (10 % from 540-200 Ma) in the value of the
parameter y and a transient Paleozoic increase in the value of x generate a
better fit to early Paleozoic pO, constraints than the baseline COPSE model.
This combination also provides better RMSE fits than each other model run
in at least two out of three tested proxy systems. However, there are still
important discrepancies between this model and certain proxy data-
—particularly the seawater sulfate 534S record and the S/TOC record—that
will require further work to resolve.

5. Conclusions

To better understand controls on pyrite accumulation in dynamic, low-
oxygen environments, we collected nine sediment cores from the Ches-
apeake Bay, a large estuary with strong gradients in salinity, hypoxia in-
tensity, organic matter provenance and abundance, and bioturbation. We
found that pyrite precipitation from its potential precursor FeS was
impeded in the northern Chesapeake Bay, an effect that we attribute to a
lack of sulfur redox intermediates under reducing, sulfate-limited condi-
tions. The isotopic profiles of pyrite and its precursor compounds along
S04/Cl gradients suggested a prominent role for the polysulfide reaction
pathway in shallow Chesapeake Bay sediments, but the H)S reaction
pathway appears more prominent in association with sulfate-methane
transition zones at three of the northern sites. We also found that pyrite
was most abundant in sediment cores that lay in the mid-range of pore
water SO4/Cl ratios. These findings lead us to propose that pyrite accu-
mulation is limited when microbial sulfate demand in reducing, TOC-rich
sediments—particularly ~ fine-grained and  non-burrowed  sed-
iments—cannot be matched by sulfate replenishment from the water col-
umn. In comparison, mild to moderate bioturbation may increase pyrite
burial by increasing the net flux of sulfate into the sediments, and/or by
increasing the sulfide retention of the sediment column. The former is a
well-documented effect; the latter may be accomplished by partially
oxidizing and trapping sulfide as ZVS in shallow sediments, at which point
it can precipitate pyrite via the polysulfide pathway.

Applying this line of reasoning to the early Paleozoic Era, we hypoth-
esize that pyrite burial per unit of TOC burial increased during the pro-
tracted onset of bioturbation. This increase in pyrite burial efficiency
would have been temporary because intensifying bioturbation, in concert
with rising pO., eventually would have introduced enough oxidizing power
into the sediment pile to suppress pyrite retention. In support of our hy-
pothesis, a database compilation of paired sulfur-carbon ratios of fine-
grained marine siliciclastic rocks indicates an increase in median S/TOC
ratios from the Ediacaran through the Ordovician. After this increase,
median S/TOC ratios decreased in the Silurian and have remained much
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less variable for the rest of the Phanerozoic Eon. The much lower variability
of post-Ordovician S/TOC ratios suggests that pOs rose to a sufficient level
to homogenize the linked sedimentary carbon and sulfur cycles by the
Silurian.

Finally, we modified the pyrite burial term in the COPSE biogeo-
chemical model (Lenton et al., 2018) by adding two parameters from the
box model of Canfield and Farquhar (2009). The first parameter (x) ex-
presses sedimentary sulfide retention, while the second parameter (y) ex-
presses the availability of seawater sulfate to microbial sulfate reduction in
sediments. We introduced a revised fit of sulfide retention rates versus
sediment mixed layer depths with a new data point from the Chesapeake
Bay. We also allowed the value of y to increase gradually over Phanerozoic
time as a function of increasing sediment mixed layer depth; this parameter
previously had been modeled as a static value. The revised COPSE model
that included a transient Paleozoic increase in x and a gradual but per-
manent 10 % increase in y generated an oxygen curve that matched pO,
proxy constraints more closely than the baseline COPSE model, particularly
in the Silurian and Devonian Periods.

We conclude that greater sulfate supply to sediments and greater
prevalence of sulfur redox intermediates can promote pyrite burial in
modern sediments. This implies that bioturbation in the early Paleozoic Era
could have increased the flux of pyrite burial per unit of organic carbon
burial. Although this hypothesis contrasts with previous models of Paleo-
zoic sulfur cycling, it appears consistent with compiled geochemical data
and biogeochemical model results. While further work is needed to refine
our knowledge of how mild bioturbation can affect pyrite burial and other
aspects of biogeochemical cycling, our results imply that an increase in
pyrite burial efficiency could have acted as a temporary positive feedback
on early Paleozoic ocean-atmosphere oxygenation until pO, reached suf-
ficient levels to stabilize S/TOC burial ratios in the Silurian Period.
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The Supplementary Material is a document that includes additional
figures as well as text that describes the collected sediment cores, the SGP
data set, and the COPSE model modifications in greater detail. In addition
to this document, Supplementary Files are available in an open source data
repository (see “Data Availability™). The files in the data repository include
(a) the geochemical data collected from the Chesapeake Bay sediment
cores, (b) Matlab code and associated Matlab vector arrays that can be
added to the baseline COPSE model, and (c) a filtered version of the SGP
data download and a description of the filtering process used on that data
set. Supplementary material to this article can be found online at htt
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