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Bioturbation enhances mixing between the seafloor and overlying ocean due
to changes the redox state of the sediment and influences the biogeochemical
cycling of redox-sensitive elements such as sulfur. Before the widespread
appearance of burrowing fauna over the Proterozoic-Phanerozoic transition,
marine sediments were largely undisturbed and transport of material across the
sediment-water interface was diffusion-dominated. Through both a
microcosm experiment and numerical model, we show that the effect of
bioturbation on marine sediments is to enhance the drawdown of sulfate
from the water column into the sediment and thus “open-up” the sedimentary
system. The key finding is that bioturbation increases the difference between
the isotopic signature of seawater sulfate and pore water sulfide, the latter of
which is preserved in sedimentary sulfide minerals. Our study empirically
demonstrates a long-held assumption and helps identify the isotopic impact
of bioturbation in the geological record and its environmental effects in
modern marine systems.

KEYWORDS

bioturbation, sulfur isotopes, Proterozoic-Phanerozoic transition, numerical
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1 Introduction

Throughout Earth history, the evolution and radiation of living organisms has
shaped global ocean chemistry (e.g. Ridgwell and Zeebe, 2005; Butterfield, 2011; Lyons
et al, 2014). The appearance of burrowing animals over the Ediacaran-Cambrian
transition is recognized as the start of sedimentary bioturbation (Bottjer et al., 2000;
Bottjer, 2010; Tarhan et al., 2020), which would have had a major effect on seafloor and
ocean biogeochemistry (Canfield and Farquhar, 2009; Boyle et al., 2014; Schiffbauer et al.,
2016; van de Velde et al., 2018). Bioturbation refers to a wide range of physical and
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chemical processes that occur when organisms burrow through
sediments, flushing their burrows with overlying seawater and
mixing sediment particles (Meysman et al., 2006; Kristensen
et al., 2012). Two end-member processes of bioturbation are
bioirrigation, which refers to the solute transport that occurs
when organisms flush their burrows with seawater, and
biomixing, which refers to the particle mixing which occurs as
organisms create their burrows and defecate (Kristensen et al.,
2012). Bioturbation causes an increased movement of particles
and solutes from the typically-oxic upper sediment layers to the
typically-anoxic lower sediment layers, and vice versa. This
impacts redox-sensitive elements such as iron and sulfur
(Thamdrup et al., 1994; van de Velde and Meysman, 2016).
Recent studies have shown that taken separately, the effects of
bioirrigation and biomixing are more complex than what the net
effect that we measure shows (van de Velde and Meysman,
2016). For example, van de Velde and Meysman (2016) show
using a model that bioirrigation and biomixing have very
distinct, and even opposing, effects on iron and sulfur cycling
in sediments. Biomixing enhances the transport of solid
precipitates between the oxic and anoxic zones in sediments,
thereby oxidizing reduced species (such as iron sulfides) and
reducing oxidized species (such as iron oxy-hydroxides). On the
other hand, bioirrigation removes reduced solutes such as sulfide
and ferrous iron from the sediment pore water, where they are
oxidized in the water column and not returned to the sediment
(van de Velde and Meysman, 2016). In this sense, biomixing
enhances the recycling of iron and sulfur in the sediment
whereas bioirrigation decreases recycling. There is a marked
increase in the difference between the sulfur isotopic
composition of sulfate and sulfide minerals recorded with the
onset of bioturbation in the geological record (Canfield and
Farquhar, 2009), suggesting that bioturbation may have
influenced the sedimentary sulfur cycle. Here we use
microcosms and a numerical model to demonstrate
empirically that bioturbation increases the difference in the
sulfur isotopic composition between pore fluid sulfate and
sulfide, providing a strong correlation for the coincidence of
the onset of bioturbation and the increase in the difference
between the sulfur isotopic composition of sulfate and
sulfide minerals.

It has been previously suggested that bioturbation influences
the sedimentary sulfur cycle (Canfield and Farquhar, 2009;
Tarhan et al., 2015; Saitoh et al, 2017). In sedimentary
environments, microbial sulfate reduction (MSR) is a key
microbial metabolism, through which dissolved sulfate is
reduced to dissolved sulfide. The lighter isotope (**S) of sulfur
is consumed more quickly by sulfate reducing microorganisms,
resulting in the product sulfide being enriched in the light
isotope of sulfur while the remaining sulfate becomes enriched
in the heavier isotopes of sulfur (38, 318, etc.). The preferential
partitioning of the light sulfur isotope during MSR into the
reduced sulfur fraction is shown to be between 0 and 72%o. The
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magnitude of this sulfur isotope fractionation is controlled by
physiological factors (Goldhaber and Kaplan, 1980; Wortmann
et al., 2001; Brunner and Bernasconi, 2005; Sim et al., 2011;
Leavitt et al., 2013; Wing and Halevy, 2014; Bradley et al., 2016)
but also local (physico-environmental) factors that influence the
reversibility of MSR (Reese, 1973; Brunner and Bernasconi,
2005; Wing and Halevy, 2014). At the sediment level, the
measured difference in the sulfur isotope composition between
seawater sulfate and porewater sulfide (A34SSO4JW_H257PW), and
further in sedimentary minerals, is also controlled by the
concentration of seawater sulfate, the availability of reactive
iron, and the degree of connectivity, or ‘openness’, of the
sediment with the overlying water which will influence the
isotopic mass balance among sulfur species (Habicht et al,
2002; Canfield and Farquhar, 2009; Gomes and Hurtgen, 2015;
Sim, 2019). The burrowing activity of benthic fauna enhances
the connection of seawater with the sediment, resulting in
increased supply of sulfate to the sediment as well as the
oxidation of reduced sulfur compounds originating from MSR
(Thamdrup et al., 1994; Canfield and Farquhar, 2009; van de
Velde and Meysman, 2016; Blonder et al., 2017). In marine
sediments, sulfide oxidation does not impart a significant sulfur
isotope fractionation (Zerkle et al., 2009), but can increase the
apparent isotope fractionation (A**S) between sulfate and sulfide
by reoxidizing sulfide to intermediate sulfur compounds such as
elemental sulfur, which promotes the subsequent
disproportionation of these sulfur intermediates. This results
in the formation of more **S-depleted sulfide and **S-enriched
sulfate, which can increase A**S to values larger than those
produced by MSR alone (Canfield and Thamdrup, 1994; Pellerin
et al, 2015). Thus, bioturbation may enhance sedimentary
dissolved sulfide oxidation and thereby increase
A*8504_sw-H2s_pu-

Over Earth history, the difference between the sulfur isotopic
composition of sulfate and sulfide minerals in the rock record
increased due to a chain of events including higher atmospheric
oxygen concentrations (Great Oxidation Event) and a
subsequent increase in seawater sulfate concentrations
(Cameron, 1982; Canfield et al., 2000). The difference between
the sulfur isotopic composition of sulfate minerals and sulfide
minerals in the rock record also increased in a marked way near
the Precambrian-Cambrian boundary. Specific mechanisms for
this increase in A34SSO4_SW—HZS_pw are still debated, though it is
suspected that the increasing oxygenation of Earth’s surface
reservoirs in the Neoproterozoic may have played a role
(Canfield and Teske, 1996; Fike et al., 2006; Krause et al.,
2018). Although there is an increase in A34SSO4JW,H257PW
during the Shuram CIE (Fike et al., 2006), and geological
evidence points towards increasing marine sulfate
concentrations around this time (Cui et al., 2022), the Shuram
CIE was a transient event that occurred tens of millions of years
before the Ediacaran-Cambrian boundary (Rooney et al., 2020).
Fike et al. (2006) interpret the increase as being due to successive
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oxygenation events, the last stage of which ended before the
Ediacaran-Cambrian boundary. Therefore, any mechanism
causing an increase in the apparent isotope fractionation of
sulfur during the transient Shuram CIE of the Ediacaran is not
necessarily the same mechanism that caused an increase in the
apparent isotope fractionation of sulfur across the Ediacaran-
Cambrian boundary. Because bioturbation can oxidize sediment
porewaters and transport reduced sulfur compounds to oxidized
surface sediments (Berner and Westrich, 1985; van de Velde and
Meysman, 2016), the onset of bioturbation has been invoked as a
mechanism to increase the oxidative cycling of elements such as
sulfur (MclIlroy and Logan, 1999). Importantly, bioturbation had
alarge impact on the seafloor during the Precambrian-Cambrian
transition (Boyle et al., 2018; Hantsoo et al., 2018; van de Velde
et al., 2018; Cribb et al., 2019). Previous studies have studied the
effect of bioturbation on the evolution of the sulfur cycle
throughout Earth history (Canfield and Farquhar, 2009;
Tarhan et al., 2015; Saitoh et al., 2017; Hantsoo et al., 2018).
Yet to date, a combined experimental and modelling approach to
explore the effect of bioturbation on A34SSO4_SW-HZS_pW is lacking.
We therefore performed a bioturbation microcosm experiment
and applied two different numerical models to demonstrate how
bioturbation affects A34SSO475W—H2$7pw- Both experimental and
theoretical results demonstrate that bioturbation increases
A34SSO4JW,H257PW by enhancing mixing between porewater
sulfate and overlying sulfate, changing the flux balance relative
to MSR.

2 Materials and methods
2.1 Experimental setup

To recreate the sedimentary environments where
bioturbation-performing organisms live, we added seawater and
sulfide-rich sediment from the Blakeney salt marsh in the north
Norfolk coast, UK to 35 cm tall cylindrical plastic containers, and
added worms as our “agents of bioturbation”. The Blakeney salt
marsh sediment is characterized by high TOC content (5-10%)
and high sulfide concentrations (mM-level) and devoid of any
living fauna (Antler et al, 2019; Hutchings et al, 2019).The
organisms used were annelid polychaete worms (Nereis spp.),
collected from an iron-rich sediment from the Blakeney salt
marsh on the north Norfolk coast, UK. The paleontological
record provides justification for this choice of burrowing
organism: annelid worms were probably present as early as the
late Ediacaran (Schiffbauer et al., 2020; Yang et al., 2020), and
polychaete worms were already present in the early Cambrian
(Vinther et al,, 2011).The sediment was homogenized before
distribution to the two containers. Sediment was homogenized
in large plastic bags under a stream of nitrogen gas. After 0.3 L of
sediment was distributed to each container, the overlying water
was added carefully to avoid sediment resuspension. After all the
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suspended sediment settled (overnight), the overlying water was
bubbled continuously with an air pump. The sediment was settled
for one month before starting of the experiment. After one month
of settling, Rhizon samplers were added at a depth of 3 cm below
the sediment-water interface. To put this depth into context, the
worms were between 3-5 cm in length, and in the field they dig
down to 15 cm. They build their burrows relatively fast (within
one day) and only later ventilate their burrows. A photograph of
our experimental setup in shown in Figure 1. The two
experimental containers were arranged as follows: a control
experiment with no worms, and an experiment with two worms
added. An initial sample of the stratified, non-bioturbated
sediment and overlying water was taken before the addition of
the worms. The worms were subsequently added and the
geochemistry was monitored for two weeks. The concentrations
and sulfur isotope composition of sulfate and dissolved sulfide in
the water and sediment were measured at four different time
points alongside the control experiment without worms. Because
high-resolution sampling at more frequent time points itself could
alter the pore water, we reduced the sampling resolution to these
four time points.

2.2 Dissolved sulfate and
sulfide measurements

To measure the dissolved sulfate concentration, 1 ml of
porewater was vigorously bubbled with humidified N,/CO,
(80:20) gas mixture to remove sulfide, and was stored at 4°C
until analysis. Sulfate concentrations were measured by ion
chromatography (IC, Dionex DX-500, University of
Cambridge) with an error of 2% between duplicates. Dissolved
sulfide concentrations were measured spectrophotometrically
using the methylene blue method with an error of 2% and a
detection limit of 1 uM (Cline, 1969).

2.3 Sulfur isotope measurements

An additional aliquot of sediment porewater for sulfate and
sulfide isotope analysis was collected subsequently to the
porewater retrieved for geochemical analysis. 2 mL of
porewater was added to 400 uL of 5% zinc acetate. The sample
was then centrifuged. To measure the sulfur isotopic
composition of sulfate, the supernatant was filtered (0.22um
disk filter) to remove suspended ZnS and was separated into
vials, and a saturated barium chloride solution was added,
precipitating barite (BaSO,). The barite was cleaned using 10%
HCI, triple washed with MilliQ water, and dried. To measure the
sulfur isotopic composition of dissolved sulfide, the precipitate
was taken and cleaned three times using MilliQ water. Sulfur
isotope analysis was done at the University of Cambridge using
continuous flow gas source-isotope ratio mass spectrometry
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FIGURE 1

Photograph of experimental setup showing sulfidic sediment with oxidized worm burrows. Rhizon sampler for taking sediment pore water

samples also shown.

(GS-IRMS) (Thermo, Delta V Plus) equipped with an element
analyzer (EA). Measurements of §°*S were corrected to NBS 127,
TAEA-SO-6, IAEA-SO-5, and TAEA-S-3 (21.1%, -34.1%, 0.5%,
and -32.4%, respectively) and are reported with respect to
Vienna Canyon Diablo Troilite (VCDT).

2.4 Model of bioturbation experiments

The experiments were interpreted with a two-box model that
allowed us to determine the parameters which changed between
the experiments with and without bioturbation, where the two
boxes are the sediment and the overlying water. The model
focuses on the sedimentary sulfur cycle and looks specifically at
how the concentrations of sulfate and sulfide and their sulfur
isotopic composition change over time in the porewater and
overlying water once bioturbation begins. The model assumes
that there is no MSR or dissolved sulfide in the overlying water,
and that the fluxes into and out of the sediment are equal
because the flux due to bioturbation is larger than any diffusive
fluxes. Bioturbation is incorporated into the model by increasing
the flux of the components into and out of the sediment. In the
overlying water, the change in the sulfate concentration over
time is equal to the amount of sulfate entering the overlying
water from the sediment minus the amount of sulfate from the
water column entering the sediment:

dso, |
dt

- 8Oy, (1)

= '¢in : SO40W (t) + ¢out

(1)

where, ¢;, and ¢, are the fluxes of dissolved sulfate and sulfide
from the water to the sediment, and from the sediment to the
water, respectively, and SOy, and SOy, are the dissolved
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sulfate concentration in the overlying water and sediment
porewater as a function of time, respectively. The sulfate
concentration in the sediment porewater over time is given by:

dso,
dt
-804, (t) — SRR + Ox

= '¢out . SO4PW (t) + ¢in

)

where SRR is the microbial sulfate reduction rate, and Ox is the
rate of sedimentary sulfide (i.e. pyrite) oxidation defined by:
8

Ox = ¢, O, '_'f(O-l)

G A3)

where O, is the concentration of oxygen in seawater (which we
assume to be 0.2 mM), 8/15 (15 oxygen atoms are used for the
production of 8 sulfate molecules) is a stoichiometric coefficient
for pyrite oxidation, and fo.1) is a fraction from zero to one
which represents the fraction of pyrite oxidized. The rate of
pyrite oxidation is also a function of the flux of seawater into the
sediment (¢;, ) because seawater carries oxygen into the
sediment, and hence there will be more or less oxygen
delivered to the sediment as the flux increases or decreases.
Next, we modelled dissolved sulfide (H,S) concentrations in a
bioturbated system. In this model, we assumed that any
dissolved sulfide entering the overlying water from the
sediment will not influence the mass balance of sulfate in the
ocean. This assumption is reasonable because the amount of
sulfate in the overlying water is large relative to the amount of
sulfide recycled from the sediment. Therefore, the only reduced
sulfur component to model is the dissolved sulfide concentration
in the sediment over time, which is equal to the amount of
sulfide produced during MSR minus the amount of sulfide
escaping from the sediment and entering the overlying water.
Pyrite and iron-monosulfide production in the sediment is small
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and is neglected in the mass balance (Rickard, 2012). We further
assume that the term for the flux of dissolved sulfide out of the
sediment includes sulfide oxidation, and therefore we do not
include a term for sulfide oxidation:

dH,S
dt

= _¢out : HZS(t) + SRR (4)

After formulating equations for the sulfate and sulfide
concentrations, we derived differential equations for the sulfur
isotope compositions of sulfate in the overlying water, sediment
porewater, and dissolved sulfide. To model the sulfur isotopic
composition over time during bioturbation we developed
equations based on the mixing of two reservoirs with different
8%*Ss04, For the mixing of two reservoirs, the general equation is:

R;-8X; = R, -8X, + R, - 86X, (5)

where R is the flux of dissolved sulfate or sulfide into or out of
the respective box, and 8X is the sulfur isotope composition of
sulfate or sulfide. For the sulfur isotope composition of sulfate in
the overlying water, the differential equation is:

dsOy,, - 850,

it = Gout - S04y, (1) - 8*S504y,, - Pin

: SO40W (t) : 8348804()W (6)

Expanding the left side of equation 9 using the chain rule
and isolating the differential leaves the final equation:

d8so,,,
dt

Dout - SO4,,
SO,

< (88504, - 885045,

sw

%

For the sulfur isotope composition of the sulfate in the
sediment porewater, the basic equation is the same as for sulfate
in the overlying water, except there is an added term for MSR.
Because MSR is associated with an isotope fractionation (e), a
term considering the rate of MSR and isotope fractionation was
derived:

SRR - (d8'Sg0, , -¢€) (8)

Therefore, for mixing two reservoirs the general equation for
the sulfur isotope composition of porewater sulfate is:

dSO,, -850y,

@ = 9+ S04, (1) + 8”501, - Pous

-S0,,, (1) - 8*Ss04,, - SRR (88504, -€) 9)

Expanding the left side of this equation using the chain rule
and isolating the differential leaves us with the final equation for
the sulfur isotope composition of sulfate in the sediment. Here
there is also a term (-10- Ox) added which represents the
oxidation of sedimentary sulfide with an average isotopic
composition of -10%o. Although pyrite §**S values are highly
variable in both modern and ancient sediments, we used a pyrite
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8%*S value of -10%o which is generally taken to be the higher
estimated average §°*S of pyrite in modern marine sediments
(Strauss, 1997):

d8SO4,, G S04y, - (8'Ss040y, - 8™'Ss04p,) - SRR+ (8S04,, - €) +(-10- Ox)
o S04y,

(10)

Next, we modeled the sulfur isotope composition of
dissolved sulfide over time. We start with the general
differential equation that considers the production of sulfide
during MSR, accompanied by a sulfur isotope fractionation, and
the removal of sulfide from the sediment to the overlying water:

dH,S - 8**Sy5
dt
-H,S + SRR

= Pou - 'S
(11)

Expanding the left side of equation 11 using the chain rule
and isolating the differential leaves the final equation for the
sulfur isotope composition of dissolved sulfide with time:

dd™Sy s
dt

_ SRR (88504, - €) - Pou - 8Sp,s - H,S

H,S

sed

(12)

These systems of differential equations were solved
numerically. To do so, we used the following approximation:

dy
dt

_AY Y, oY, 03
At ty - tog

where Y represents any of the components we modelled. We set
At = 1 minute. To solve all six of the differential equations
(equations 1, 2,4, 7, 10, and 12), Y,, was added to the right side of
each of the above equations. An initial value for each component
is taken from the bioturbation experiment at t=0 days (see Table
S1). Afterwards, each new value for the component for a given
time point was calculated iteratively in a computer program,
using the values for all the components in the equation that were
determined in the previous calculation.

2.5 Bioturbation model at steady-state

To better simulate the effect of bioturbation on the global
ocean on geological time scales, we derived a two-box model that
evaluates the model in section 2.4 at steady-state. The goal was to
describe how sediments respond to bioturbation over time scales
much longer than the experiment. The equations are solved
without a time dependence. Instead, the dependence of
A34SSO4_SW-HZS_pw on the advective flux caused by bioturbation
is tested for three scenarios: (1) no dissolved sulfide oxidation, (2)
dissolved sulfide oxidation, and (3) sulfur disproportionation. For
these models, we use an MSR rate of 1 mol cm™ da‘y’1 and assume
that the sulfide oxidation and sulfur disproportion rates are half
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the rate of MSR. We vary the MSR rate from 0-10 mol cm ™ day ™"
and the sulfide oxidation and sulfur disproportion rates from 0-
1 mol cm™ day™". These ranges were chosen to evaluate how the
model behaves at extreme end-member rates. See Supplementary
Information for the full derivation of the model and the
final equations.

3 Results and discussion

3.1 Experimental results and model
of experiment

We start our discussion with the bioturbation-free sediments
of our control experiment. Typically, in bioturbation-free
sediments rich in organic matter, the sulfate consumption by
MSR is greater than diffusion can supply from the overlying water.
The result is an enrichment in the heavy isotope of sulfur in the
remaining porewater sulfate pool (Goldhaber and Kaplan, 1980).
The control experiment without bioturbation agrees with this
prediction, where the 8**S of porewater sulfate at the beginning of
the experiment is 37%o higher than that of seawater sulfate and
41%o higher than that of dissolved sulfide in the porewater
(Figure 2B). Additionally, at the beginning of the experiment,
the concentration of porewater sulfate is 22 mM lower than the
concentration of sulfate in the overlying water and 18 mM lower
than the concentration of porewater dissolved sulfide (Figure 2A).
The fact that the porewater sulfate concentration is 18 mM lower
than the concentration of porewater dissolved sulfide is indicative
of active MSR and limited resupply of sulfate to the sediment from
the overlying water. Throughout the duration of the experiment,
the concentration and &*S of porewater sulfate and sulfide
remained approximately constant (Figures 2A, B), indicating
that the system is in steady state. In this case, sulfate may be
resupplied to the sediment through a diffusive flux, yet this can be
balanced by MSR which keeps the initial concentrations and §*S
values constant over time. A two-box model we used to estimate
the flux exchange between the overlying water and sediment in
our experiments considers the flux of sulfate and sulfide across the
sediment-water interface, the MSR rate, and amount of sulfide
oxidation. The purpose of the model is to assess the role of
bioturbation in changing the exchange fluxes between the water
column and the sediment. Therefore, the specific dynamics of
diffusion are not considered in our model, but its overall impact in
limiting the exchanges between the two boxes is evident in the
A34SSO475W—H257PW results (Figure 3). The model results show that
the flux of sulfate and sulfide across the sediment-water interface
in the control is 7x10° mM cm™> day ™ (Table 1).

In the treatment experiment with bioturbation, the sulfate
concentration in the sediment porewater increases from ~6 to 22
mM over the course of the experiment and the porewater sulfide
concentration decreases from ~23 to 5 mM (Figure 2C).
Additionally, there is a decrease of about 33%o in the §**S of
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porewater sulfate over time, as well as a decrease of about 27%o
in the 8>S of porewater sulfide (Figure 2D). This decrease in the
8*S of porewater sulfate and sulfide over time with bioturbation
also leads to a marked increase in A**Sso4_qw-t2s_pw (Figure 3).
The model results show that the flux of sulfate and sulfide across
the sediment-water interface is 0.24 mM cm™ day™', which is
nearly two orders of magnitude higher than in the control
(Table 1). The result that the flux of sulfate and sulfide across
the sediment-water interface is higher in the treatment
experiment with bioturbation than in the control can explain
the experimental results presented above. Because the flux of
sulfate in and out of the sediment is higher with bioturbation,
porewater sulfate concentrations can increase due to the
combined effect of sulfide reoxidation from the oxygenated
overlying water, and the delivery of sulfate from the overlying
water to the sediment. The decrease in sulfide concentrations in
the experiment can also be explained by an increased flux of
sulfate and sulfide across the sediment-water interface, as
bioturbation can flush sulfide out of the sediment and bring
oxygen into the sediment, which re-oxidizes sulfide back to
sulfate. An increased flux due to bioturbation given by our model
also explains the decrease in &°*S of porewater sulfate despite
ongoing MSR. The increased flux would deliver isotopically light
sulfate from the overlying water (~20%o) to the sediment,
decreasing 8°*S of porewater sulfate. This decrease in 8*S of
porewater sulfate to values close to that of the overlying water
then allows for lower 8°*S of sulfide than without bioturbation
(Figures 1B, D), which ultimately drives an increase in
A34SSO4_SW-HZS_pw (Figure 3).

As opposed to the control experiment where concentrations
and &°*S values of sulfate and sulfide in the porewater change
minimally with time (Figures 2A, B), the treatment experiment
with bioturbation shows drastic changes in these parameters
from the beginning to the end of the experiment (Figures 2C, D).
The potential reasons for these differences can be explained by
our model, where the model results show that the flux of sulfate
and sulfide across the sediment-water interface is almost two
orders of magnitude lower in the control (7x10” mM cm™
day'l) than in the experiment with bioturbation (0.24 mM cm >
day'l) (Table 1). This higher flux physically removes sulfide from
the sediment and delivers oxygen and isotopically-light sulfate to
the sediment. The result is that A34SSO4_SW-HZS_pw in the
treatment with bioturbation is ~25%o higher than in the
control. The enhanced supply of sulfate to the sediment
enables A34SSO475W-H237PW to express a closer value to the
empirical maximum sulfur isotopic fractionation (e=72%o) of
MSR (e.g., Wortmann et al., 2001). The experiments in this study
are the first empirical evidence to demonstrate this effect of
bioturbation (Figure 3). During the Precambrian-Cambrian
transition, an enhanced supply of sulfate to sediments due to
mixing and bioirrigation changed the seafloor system from semi-
closed, where transport was diffusion-dominated (Bailey et al.,
2006; Meysman et al., 2006) to open, where dissolved sulfide
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Model output (lines) and experiment results (symbols) for the concentrations of sulfate in the overlying water (SO4,0W), sulfate in the pore water (SO4,
PW), dissolved sulfide in the pore water (H2S), and the sulfur isotope composition of these species. Plots show results for the control experiment (no
bioturbation, A, B), and for the experiment with bioturbation (C, B). Note that the pore water initial values start from the same value in both experiments,
and that the signals in both concentrations and isotope values are significant relative to normal variability in natural systems.

could become more **S-depleted relative to coeval sulfate. While
iron sulfide formation can continue below the bioturbation zone,
maximum pyrite formation occurs in and just below the
bioturbated zone, while below it, the decreasing reactivity of
iron oxides results in less accumulation (Fisher, 1986;
Ferreira, 2010).

3.2 Analysis of steady-state
bioturbation model

Because the experiments only show the effect of bioturbation
on short time scales, three model scenarios for the sulfur cycle
were developed to forward the concepts demonstrated by our
experiments to the global record of the §**S in pyrite (Figures 3,
4). The scenarios take into account important parameters in the
marine sulfur cycle which also influence AS4SSO47$W—H2$7PW; rate
of MSR, sulfide oxidation, and sulfur disproportionation
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(Figures 3, 4). We assume steady-state with a global seawater
sulfate reservoir that is infinite, with sulfate constant
concentration and 8**S of 28 mM and 21%o, respectively.
These three scenarios are used to analyze how the heightened
advective flux of sulfate into the sediment by bioturbation that
was observed in our experiments influences A34SSO4,sw7HZS,pW)
and how this contributes to an ‘open’ or ‘closed’ system in the
sediment. In this case, an ‘open’ system refers to a sediment
where there is an infinite supply of sulfate from an external
source (the overlying water), whereas a ‘closed” system refers to a
sediment where the supply of sulfate is limited. In our model, the
mechanism to increase the ‘openness’ of the system is porewater
exchange due to burrowing, which in essence changes the ratio
of the MSR rate to the pore water exchange rate. When the ratio
is low the system is more open, and the advective flux of sulfate
into the sediment outpaces its consumption by MSR, allowing
A34SSO47$W*H2S?pw to reach its highest possible value. In Figure 4,
bioturbation is simulated by an advective flux of sulfate and
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Experimental data for A**Ssoa_qw-Ha2s_pw fOr the control
experiment and the experiment with bioturbation. ABASSOLSW,
H2s_pw represents the difference in §34S of sulfate in the
overlying water and dissolved sulfide in the sediment pore water.
The plot shows that in both experiments A**Ssos_sw-i2s_pw IS
increasing with time, but there is a larger increase in the
experiment with bioturbation.

sulfide in and out of the sediment. Our model assumes that these
fluxes are equal, and as a result, the model breaks down at low
fluxes since the assumption that the fluxes in and out of the
sediment are equal is only relevant at high fluxes (Figure 4). If
this advective flux is taken as a direct proxy for the amount of
bioturbation, then our model shows that increasing levels of
bioturbation increase the A34SSO4_SW-H2$_pw that can potentially
be preserved in the rock record (Figure 4). In the first scenario,
we assume there is no dissolved sulfide oxidation occurring and
we evaluate how A34SSO4_SW-HZS_pw changes with varying
advective flux and rate of MSR. For a given advective flux of
sulfate from the seawater to the sediment, the A34SSO475W_H257PW
increases as the rate of MSR decreases. However, at high
advective fluxes of sulfate due to bioturbation, the A34SSO4JW,
H2s_pw Values across all rates of MSR converge to the same value.
This shows that at low advective fluxes but high rates of MSR,
the system acts ‘closed’ as MSR is occurring fast relative to the

TABLE 1 Model parameters for control experiment and experiment
with bioturbation.

Model parameter Control Bioturbation
o (mM cm? day) 7x107 0.24
SRR (mM day™) 9x107° 9x107°
€ (%0) 50 50
Fraction of sulfide oxidized (0-1) 0.0 0.3
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resupply of sulfate. At higher advective fluxes, even with high
rates of MSR, large values of AS4SSO4_SW*HZS_pw can be obtained
because of the increased resupply of sulfate to the sediment
(Figure 5A). The ratio of the rate of MSR to the advective flux
determines how open or closed the sediment is, and therefore
how much sulfate is resupplied to the sediment (See
Supplementary Information Eq. 1). When the ratio is high, the
advective flux of sulfate into the sediment cannot resupply
sulfate quickly enough to increase A34SSO475W_H257PW. When
the ratio is low, the advective flux of sulfate into the sediment
outpaces its consumption by MSR, allowing A34SSO4JW,H257PW to
reach its highest possible value.

In the second modeled scenario, we assume that porewater
dissolved sulfide is oxidized, and we explore the A**Sgy g
Hos_pw as a function of the advective flux of sulfate into the
sediment due to bioturbation and the rate of dissolved sulfide
oxidation, with a fixed rate of MSR. Like the scenario with no
sulfide oxidation, in this scenario for a given advective flux with
varying rate of dissolved sulfide oxidation and fixed rates of
MSR, the A34SSO4_SW-H25_pW for both high and low rates of
dissolved sulfide oxidation converge, and we observe that the
overall A34SSO475W_H257PW increases for higher advective fluxes
(Figure 5B). This further demonstrates the control of the
advective flux of solutes between the seawater and sediment
due to bioturbation on shaping A34SSO4JW,H257PW. In the third
scenario, we assume that sulfur disproportionation occurs (due
to the oxidation of reduced sulfur induced by bioturbation)-and
observe the influence of increasing rates of disproportionation
on A34SSO4_SW_H25_PW. The same phenomenon occurs in this
scenario as in the second scenario. However, unlike in the
previous two scenarios, the values for AMSSOALSW_HZSJ,W do not
converge at high advective fluxes (Figure 5C). This is because
there is a sulfur isotope fractionation associated with
disproportionation, where higher rates of disproportionation
will lead to higher sulfur isotope fractionations (Canfield and
Thamdrup, 1994; Bottcher et al., 2001; Pellerin et al., 2015;
Pellerin et al., 2019). Figure 4 also shows that A34SSO4JW,H257PW
is higher in the presence of sulfur disproportionation, even when
large advective fluxes are considered. At the lowest advective
fluxes, disproportionation and dissolved sulfide oxidation also
result in higher A**Sso4 s 1125 pw (Figure 4). This shows that the
oxidative part of the sulfur cycle leads to an increase in
A34SSO4_SW-HZS_pw> which is promoted by bioturbation (Aller,
1994a; Aller, 1994b; Peterson et al., 1996). As biomixing is the
end-member process of bioturbation that enhances oxidative
sulfur cycling (van de Velde and Meysman, 2016), biomixing
best describes the process occurring in our system. Furthermore,
in all modeled scenarios, the 8**S of porewater sulfate reaches
the seawater value of 21%o, (Figures 4; S4-6), supporting the
notion that bioturbation changes the system from closed to
open, and reflects exchange with the overlying water. In general,
regardless of the rate of MSR or sulfide oxidation, a higher
advective flux of solutes between the sediment and seawater due
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FIGURE 5

Model for A34SSO£175W—H?SJ3W vs. flux at steady state for three different scenarios: no hydrogen sulfide oxidation in the sediment for different
sulfate reduction rates (A), dissolved sulfide oxidation for different oxidation rates (B), and sulfur disproportionation for different
disproportionation rates (C). All models show that A34SSO475W,H257PW is higher at greater fluxes. SRR=microbial sulfate reduction rate,
SOR=hydrogen sulfide oxidation rate, SDR=sulfur disproportionation rate.

to bioturbation changes the sedimentary system from diffusion-
dominated to advection-dominated, resulting in an increased
A*Ss04_gw-t12s_pw (Figure 4). Work on marine sediment cores
from more recent age intervals also lend credence to our
hypothesis. Chang et al. (2022) suggest that lack of
bioturbation leads to heavy pyrite formation in their cores
from the East China Sea, while another study shows that the
presence of epifaunal foraminifera increases sediment porosity,
enhancing communication between sediment pore water and
seawater and resulting in lower pyrite sulfur isotope values
during interglacial times (Pasquier et al., 2017).
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4 Conclusion

Overall, the increased delivery of sulfate to the sediment
due to bioturbation results in an increased A34Sso4,sw—st,pw-
This A34SSO4JW,H257PW, increased by bioturbation, can
be preserved in the geological record. The experiments
and model in this study show that the concurrent increase in
A*S observed at the Precambrian-Cambrian transition can be
at least partially caused by the onset of bioturbation which
turbo-charged the connection of the seafloor to the pool
of seawater sulfate. Therefore, bioturbation likely had a
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significant effect on the sulfur cycle and seafloor biogeochemistry
at its onset that left its signature in the sedimentary sulfur
isotope record.
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