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For most of Earth’s history, the ocean’s interior was pervasively
anoxic and showed occasional shifts in ocean redox chemistry be-
tween iron-buffered and sulfide-buffered states. These redox tran-
sitions are most often explained by large changes in external inputs,
such as a strongly altered delivery of iron and sulfate to the ocean,
or major shifts in marine productivity. Here, we propose that redox
shifts can also arise from small perturbations that are amplified by
nonlinear positive feedbacks within the internal iron and sulfur cy-
cling of the ocean. Combining observational evidence with biogeo-
chemical modeling, we show that both sedimentary and aquatic
systems display intrinsic iron-sulfur bistability, which is tightly
linked to the formation of reduced iron-sulfide minerals. The possi-
bility of tipping points in the redox state of sediments and oceans,
which allow large and nonreversible geochemical shifts to arise
from relatively small changes in organic carbon input, has important
implications for the interpretation of the geological rock record and
the causes and consequences of major evolutionary transitions in
the history of Earth’s biosphere.
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he modern oceans are pervasively oxygenated, with anoxia

being restricted to oxygen minimum zones and a few poorly
ventilated basins such as the Black Sea (1). In contrast, during
the Precambrian and early Phanerozoic Eon, the ocean interior
is thought to have been pervasively anoxic (Fig. 1). Recon-
struction of the redox evolution of the deep ocean is challenging
prior to the Cretaceous due to a lack of rock records that can be
unambiguously attributed to deposition in deep-sea environ-
ments. Still, redox reconstructions of intermediate water depths
are available from a number of localities in the Precambrian and
early Phanerozoic Eon, and these data suggest that oceanic
basins—or at least subbasins—have alternated spatially and
temporally between predominant iron-rich (ferruginous) and
sulfide-rich (euxinic) conditions (2-9) (Fig. 1B). Recent evidence
also suggests that periodic basin-scale transitions between fer-
ruginous and euxinic conditions occurred during the “oceanic
anoxic events” during the predominantly oxygenated Mesozoic
(10, 11) (Fig. 1B). These two contrasting redox states imply a
very different chemical environment for marine life, as any shift
between them also entails a critical change in the concentrations
of limiting elements (such as phosphorus, iron, and molybde-
num) that sustain marine productivity and energy flow through
the ocean biosphere (12-15).

Transitions between ferruginous and euxinic states on a
basin-to-global scale require a switch in the dominant redox
chemistry. One mechanism to achieve this is via a shift in the
relative rates at which iron and sulfate are delivered to the
ocean, with higher iron inputs favoring the prevalence of ferru-
ginous conditions (16, 17). As a result, observed shifts in the
redox state of the ocean interior are interpreted as reflecting
major state changes in the Earth system, such as an increase in
atmospheric oxygen (16), periods with strongly elevated volca-
nism (2), sea-level changes that modify the extent of the global
depositional shelf area (9), or intervals of enhanced Fe or S
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weathering due to continental breakup (3, 18). An alternative
mechanism is that changes in nutrient supply and nutrient
availability in the ocean can increase the export of organic matter
from the surface to the subsurface ocean. More organic carbon
export then leads to increased microbial respiration, stimulating
the production of sulfide via sulfate reduction and essentially
titrating ferrous iron from the water column as pyrite (18). As a
result, switches between ferruginous and euxinic states have been
linked to the relative supply or production of ferrous iron and
free sulfide, causing transitions at the Fe:S ratio of 1:2, the
stoichiometric ratio of pyrite (17, 19).

Here, we present a theoretical analysis of redox shifts in anoxic
biogeochemical systems of both the ocean interior and marine
sediments. Both these systems display aqueous chemistries that
can switch between ferrous-iron-dominated and free-
sulfide-dominated states. In this analysis, we focus on the
question of whether large shifts in the redox state also necessarily
require large perturbations to boundary conditions.

Paleoredox reconstructions often adopt an implicitly linear
perspective in their interpretation of the rock record, whereby
small changes in external inputs will only cause small shifts, while
large shifts in redox chemistry—such as switches between fer-
ruginous and euxinic deep waters—necessitate major changes in
external inputs. Here, in contrast, we demonstrate not only that
natural anoxic systems may be subject to critical thresholds—so-
called “tipping points”—but that alternative stable states exist
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Fig. 1. The evolving redox chemistry of the oceans against the backdrop of
atmospheric oxygenation. (A) The estimates of the partial pressure of at-
mospheric oxygen (pO,) relative to the PAL (43). The upward arrows during
the Archaean denote possible transient episodes of ocean-atmosphere ox-
ygenation just prior to the “Great Oxidation Event” (GOE). (B) The first-order
features of evolving redox in surface, middepth, and deep ocean. The pat-
tern of surface ocean oxygenation displayed is based on isotopic data (44,
45) and equilibration with atmospheric pO, Note, however, that surface
ocean oxygenation was likely spatially variable (46). The records for inter-
mediate (middepth) settings are after ref. 7, supplemented with observa-
tions from refs. 2, 4-6, 8, 10. The insets in B schematically depict reported
oscillations between ferruginous and sulfidic conditions during the late Ar-
chean (47) (Left) and during the Cretaceous Thermal Maximum (11) (Right).
The redox conditions in the deep ocean are tentative. Although a “back-
ground” state of ferruginous conditions for the deep ocean is consistent
with available data from the sedimentary record, existing empirical con-
straints are not of sufficiently high fidelity to rule out pervasively euxinic
deposition in the deep ocean for certain periods during the Precambrian.
The question mark denotes the uncertain (potentially oxic) deep ocean re-
dox state during the Lomagundi interval.

with a hysteresis barrier to reversibility. Our analysis reveals that
the redox chemistry of anoxic systems shows nonlinear dynamics,
characterized by both strong resilience (large changes in the
supply of iron oxides or organic carbon must not necessarily
induce a shift in redox chemistry) as well as dramatic shifts near
the tipping points. As a result, large and abrupt redox changes
may occur in response to small and gradual changes in external
forcing, without any significant change in Fe or S input fluxes.
The existence of redox tipping points in the ocean interior could
have important implications for the interpretation of Earth’s
evolution.

Results and Discussion

In this study, we systematically examine a series of models that
describe the iron and sulfur cycling in different marine envi-
ronments (both sediments and water column). Drawing upon
recent geochemical observations, we first describe that iron and
sulfur cycling in modern salt marsh sediments displays a built-in
redox dichotomy, where both an iron-rich and sulfide-rich state
can occur under identical boundary conditions. Subsequently, we
demonstrate that such bistable redox states are not limited to salt
marsh sediments but are an inherent feature of models that
describe a wider range of natural anoxic sediments. In the third
step, we demonstrate that a similar bistability is also present in a
model for large-scale ocean redox chemistry. Via these models,
we hence progressively link small-scale observations made in salt
marsh sediments, through a more generalized marine sediment
system, to the ocean interior. In the final step, we uncover the
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common underlying cause of the bistability, demonstrating that
the bistability is uniquely linked to a restricted set of core reactions
that feature in all models examined, of which the precipitation of
reduced iron monosulfide (FeS) minerals is the key process re-
sponsible for bistability. As FeS formation is common to many
anoxic systems, our analysis hence demonstrates how redox bist-
ability emerges as an inherent property of the anoxic marine en-
vironment, both in modern times and in the geological past.

Redox Bistability in Salt Marsh Sediments. We start with an analysis
of the sediment geochemistry of salt marsh sediments. Recently, it
has been observed that stagnant ponds in salt marshes along the
Norfolk coast (East Anglia, UK) segregate into two end members
that exhibit highly different sediment geochemistry, with pore
waters either rich in dissolved ferrous iron or rich in dissolved
sulfide (20-22). In the sulfide-rich pond sediment, >70% of the
reactive solid-phase iron is reduced and bound to sulfide, while
ferrous iron is undetectable in the pore water and dissolved sulfide
accumulates to 10 mM (Fig. 2 4, C, E, and G). In contrast, in the
iron-rich pond sediment, >60% of the solid-phase iron is present
in oxidized form and ferrous iron accumulates up to 0.5 mM, with
no accumulation of dissolved sulfide (Fig. 2 B, D, F, and H) (22).
Importantly, these two different redox states can be found in
neighboring ponds only a few meters apart (SI Appendix, Materials
and Methods, section 1 and Fig. S1), and this behavior is seen in
different salt marsh systems along the ~200-km-long coastline of
East Anglia (20, 21). It has been suggested that local differences in
iron supply and organic matter input may drive the redox di-
chotomy (20-22), although it is unclear how the boundary con-
ditions could vary dramatically and systematically over the small
distances (<10 m) between ponds. Here, we propose that intrinsic
bistability in the coupled cycles of iron and sulfur gives rise to the
observed redox dichotomy in the salt marsh pond sediments.

We use the term “bistability” to describe a dynamical system that
can be found in either of two stable equilibrium states for identical
boundary conditions (Fig. 34 provides the classical conceptual
representation of such a bistable system). In the case of the salt
marsh pond sediments, these two stable states represent pore wa-
ters that are either rich in ferrous iron (ferruginous) or rich in
dissolved free sulfide (euxinic). The euxinic state is characterized
by high dissolved sulfide concentrations and also a higher degree of
sulfurization (most iron minerals are in reduced form and bound to
sulfide), whereas the ferruginous state is characterized by high
concentrations of ferrous iron in the pore water and a lower degree
of sulfurization (Fig. 2). If the system starts in an intermediate
unstable state, even a small perturbation will direct it toward one of
the two stable states (Fig. 34).

To test whether the experimentally observed dichotomy in
pond sediment geochemistry (Fig. 2) is an expression of intrinsic
bistability in sedimentary Fe and S cycling, we developed a de-
tailed one-dimensional reactive transport model that describes
the salt marsh sediment geochemistry in detail, explicitly ac-
counting for different types of iron oxides and organic matter
with different reactivities and including all key reactions of the
coupled oxygen, carbon, iron, and sulfur cycles (22-24) (SI Ap-
pendix, Materials and Methods, section 2). The model was pa-
rameterized using the available data for the East Anglian salt
marsh ponds (22). We dynamically ran the sediment model to
steady state for different inputs of reactive carbon to the sedi-
ment (Fcpoo), which is the primary driver of geochemical cycling
in sediments. In these simulations, we kept the input of reactive
iron oxides to the sediment (Fr.oon) and all other model pa-
rameters constant. Note that the Fcpyo and Freoon fluxes only
include those forms of organic carbon and iron oxides that are
reactive on early diagenetic timescales (~100 y), and hence they
do not incorporate, for example, highly refractory organic carbon
or Fe from more poorly reactive iron oxides.

van de Velde et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008235117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008235117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008235117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008235117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2008235117

Downloaded by guest on January 8, 2021

Field results

Fepw (MM) Fereac (KMol g) ZHzSpw (mM) Sinorg (WMol g)
00 02 04 0 200 500 0 400 800
o 1
~ n
€
. S .
S-rich =
a -
[ 0
[a]
n
o
BO | I I | I
~ n
£
. <
Fe-rich < .,
a - .
[ .
[a] .
o Fepw Feo m Feunsulph.Fesu\ph e zstpw Savs B S° m Spyr

Fig. 2. The redox dichotomy observed in salt marsh sediments. Iron and sulfur speciation data are shown from two nearby ponds in a Norfolk (UK) salt marsh.
Panels A-G show data from the sulfidic pond, while B-H are data from the ferruginous pond. (A and B) Pore water dissolved iron (Feg,,). (C and D) Solid-phase
reactive iron (Fereac) = oxidized iron (Feo) + reduced unsulfurized iron (Feynsuipn) + reduced sulfurized iron (Fesuipn). (€ and F) Pore water free sulfide (SH,Spw =
[H,S] + [HS] + [S%7]). (G and H) Solid-phase inorganic sulfur (Sinorg) = acid-volatile sulfide (Says) + elemental sulfur (s9 + pyritic sulfur (Spyr). Data were

originally presented in ref. 22.

The model output shows bistable behavior and regime shifts
(Fig. 3 C and D). When running the model for increasing Fcpao
values, there is a tipping point past which the system suddenly
switches from an Fe-rich state to an S-rich state. When the input
of organic carbon is lowered again, the system can be brought
back to a ferruginous state, but hysteresis occurs: the forward
trajectory differs from the backward trajectory (Fig. 3 C and D).
In particular, upon decreasing Fcpoo/Freoon, the organic mat-
ter input to the system needs to be reduced considerably more
before the system shifts back to the Fe-rich state. The two tipping
points delineate the bistability zone (Fcpao/Freoon ranging
between 17.5 and 21; Fig. 3 C and D), where two steady-state
solutions are present for identical boundary conditions (Fig. 3E).
The model-simulated depth profiles associated with these two
alternative stable states are comparable to what is experimentally
observed in the salt marsh sediments (Fig. 3E).

The observed redox bistability in the model can be explained
by a positive feedback between known interactions within the
sedimentary Fe and S cycles (Fig. 3B). When the Fepo/Freoon
ratio is low, the reactive iron oxide input is high enough to sup-
press sulfide accumulation by limiting sulfate reduction and the
reoxidation of sulfide via iron oxides. Under these conditions, the
sediment has only a single Fe-rich stable state, characterized by
high solid-phase iron oxide (FeOOH) concentrations and ferru-
ginous pore water conditions. If one gradually increases the input
of organic matter, the system shows resilience and remains within
the Fe-rich state. However, if one increases the input of organic
matter sufficiently, the system passes a tipping point beyond which it
suddenly shifts from an Fe-rich to a S-rich state, characterized by
low FeOOH concentrations and highly sulfidic pore waters
(Fig. 3 C-E). Near the tipping point, the increased organic matter
input increases the quantitative importance of sulfate reduction,
which generates free sulfide that removes ferrous iron via the for-
mation of solid-phase FeS. At this point, a positive feedback
emerges: as FeS precipitates, less ferrous iron gets reoxidized, and
so less FeOOH becomes available for dissimilatory iron reduction.
This condition then further stimulates sulfate reduction and sulfide
production, which further promotes FeS precipitation (Fig. 3B). The
overall result is a positive feedback, which causes the rapid transi-
tion from the Fe-rich to the S-rich state beyond the tipping point.

Because the estimated Fcpoo and Freoon values for the
Norfolk salt marshes are subject to considerable uncertainty, the
empirically estimated ratio of organic matter influx over the iron
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oxide influx (Fcazo/Freoon) lies within a broad range from 10 to
34 (SI Appendix, Materials and Methods, section 1). Still, the
median value falls within or near the model-predicted bistability
zone (Fcpoo/Freoon from 17 to 21), and, therefore, bistability
provides a plausible explanation for the observed redox dichot-
omy in the East Anglian salt marsh systems. For example, con-
sider an initial state in which all ponds start in an Fe-rich
condition with a low organic matter input. As the marsh develops
and vegetation expands with time, the flux of organic matter to
the ponds will increase, and so the Fcepoo/Freoon ratio may
approach the tipping point at the right edge of the bistability
zone. In this condition, most ponds remain Fe dominated, but
some ponds may receive a small additional input of organic
matter for a short while, upon which they pass the tipping point
and shift to an S-dominated state. Due to the hysteresis effect,
these ponds will not go back to an Fe-dominated state when the
temporary additional input of organic matter ceases but will tend
to remain in the S-dominated state. As a result, one obtains a
marsh where all ponds receive the same input of organic matter
but show a redox dichotomy; some ponds will still have the Fe-
rich state, while others have irreversibly switched to an S-rich
state (20-22). The S-rich ponds can only switch back to an Fe-
rich state when the organic matter input to the ponds decreases
enough to pass the left tipping point of the bistability zone. The
important consequence is that the observed redox dichotomy in
the salt marsh sediments may not reflect present differences in
boundary conditions but may instead be path dependent.

Generalization to Marine Sediments. The phenomenon of Fe/S
bistability is not restricted to salt marsh sediments. We demon-
strate this in a generalized reactive transport model of a marine
sediment (SI Appendix, Materials and Methods, section 3). The
model includes a set of transport and reaction processes com-
mon to models that have been previously used to describe early
diagenesis in a variety of marine sediment environments (24-28).
The model is run over a broad range of systematically varied
parameter values, and these model simulations provide insight
into the prevalence of Fe/S bistability (SI Appendix, Figs. S2 and
S3). One crucial constraint is that sediments receive a sufficient
input of organic carbon and iron oxides so that they become
anoxic, with dissimilatory iron and sulfate reduction becoming
competing mineralization pathways. Slope and deep-sea sediments
in the modern ocean are generally oxic and dominated by aerobic
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Fig. 3. (A) A conceptual illustration of bistability in iron-sulfur geochemistry. For a certain set of boundary conditions (e.g., the flux of organic matter and
iron oxides), the dominant redox state of an anoxic system can be either sulfide rich or iron rich. See the article text for details. (B) The positive feedback
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stable states.

respiration (29) and hence are not prone to regime shifts. In con-
trast, the Fe/S bistability may be an inherent feature of many
modern coastal and shelf sediments and generally occurs around a
value of Fepo/Freoon ~15 (SI Appendix, Fig. S3). A compilation
of the Feno/Freoon ratios for several coastal and shelf sediments
shows that these sediments indeed fall close to or within the model-
predicted bistability ranges (SI Appendix, Table S10). We find that
the width of the bistability zone becomes smaller for higher rates of
sediment mixing by marine infauna, which suggests that Fe/S bist-
ability could have been more prevalent in shallow seafloor envi-
ronments without benthic fauna, as was the case before the
Phanerozoic. Similarly, the hysteresis decreases for increasing sed-
imentation rates, as higher sedimentation will increase the burial of
FeS minerals, thereby promoting the S-rich state. A wide bistability
zone is generally present at sedimentation rates below ~0.2 cm/yr ™
(SI Appendix, Fig. S3). This transport regime applies to most of the
present-day coastal seafloor, apart from regions with high accu-
mulation like the deltaic mobile muds of the Amazon delta (30).
While coastal and shelf sediments appear susceptible to bist-
ability, the existence of hysteresis may explain why the phe-
nomenon has not previously been identified in field studies. Sites
residing within the middle of the bistability zone would tend to
be “locked” in an Fe-rich or S-rich state, and revisiting the same
site multiple times would yield the same observed state. Only
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when a sediment system is poised at the edge of the bistability
zone and external boundary conditions (like organic matter de-
livery) show suitable spatial or temporal variation will one ob-
serve both Fe-rich and S-rich states within a given area. This
particular situation is likely not often encountered in the field
but could be the case in the East Anglian salt marsh systems, as
discussed above. Another potential location is the Arvadi
Springs, where S-rich and Fe-rich sediments are found to coexist
on spatial scales of <1 m, without apparent differences in organic
matter input (31).

The bistability in Fe and S cycling has important ramifications
for studies on modern marine sediment geochemistry as well as
for the interpretation of the geologic record. Firstly, as a con-
sequence of the existence of hysteresis, the particular geo-
chemical state observed in a sediment may depend on the history
of the system. A second ramification is that one-to-one mapping
between observed concentrations in the sediment and inferred
input fluxes breaks down within the bistability interval, as a
system can be either ferruginous or euxinic for the same Fcyoo/
Freoon ratio. Therefore, in ancient deposits, one cannot make
strong inferences about the influx of organic matter solely based
on sedimentary redox proxies. Sediments with ferruginous and
euxinic pore waters may underly water columns with nearly the
same productivity.

van de Velde et al.
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Extension to Ocean Geochemical Dynamics. To explore whether the
Fe/S bistability can also be present in natural systems other than
sediments, we equipped a three-box ocean model (16, 32) with a
set of biogeochemical reactions describing the cycling of carbon,
iron, and sulfur (SI Appendix, Materials and Methods, section 4
and Fig. S4). The model was parameterized to represent the
present-day ocean in terms of large-scale circulation, particle
sinking fluxes, and export production. We dynamically ran this
ocean model to steady state for different values of ocean export
production (Jcpoo; this forms the counterpart of Fepoo in the
sediment model) and O, partial pressures in the atmosphere,
keeping the weathering fluxes of reactive iron oxides and sulfate
to the ocean constant. While the spatial scales and transport
mechanisms are very different compared to sediments, the ocean
model consistently exhibited comparable redox bistability (S
Appendix, Fig. S5). Furthermore, for increasing (and then de-
creasing) Jcmo values, the model output traces out a similar
hysteresis loop (Fig. 44). Low values of Jcyzo lead to ferrugi-
nous conditions, which can switch to euxinic conditions when
Jemo 1s increased past a tipping point. Moreover, we find that
there is a coherent scaling in the location of the bistable region
as a function of atmospheric pO, (Fig. 4). For example, for an
atmospheric O, concentration of 0.1 present atmospheric level
(PAL), the bistability zone emerges between 45 and 47% of
present-day oceanic export production, while for 0.01 PAL, the
bistability zone arises at lower productivity, between 5 and 6% of
present-day oceanic export production (Fig. 4 A and B).

Our ocean box model predicts a much narrower bistability
zone (gray zone in Fig. 44; thin black wedge in Fig. 4B) than
exhibited by a sediment system. In the sediment, the zone of
hysteresis becomes smaller when vertical transport (sedimenta-
tion) increases (SI Appendix, Fig. S3). In the oceanic water col-
umn, the residence time of sinking particles is much shorter (~10
to 100 d) compared to shelf sediments (>50 y). This strong
vertical transport partly explains why, in an oceanic setting, the
Fe/S redox bistability falls within a significantly more restricted
region of the parameter space. Importantly, the narrow bist-
ability zone implies that oceanic systems are more prone to ob-
servable redox shifts than sedimentary systems. Small changes in
oceanic export production, on the order of just a few percent,
may shift the deep ocean back and forth across the narrow
bistability zone, thus inducing repeated switches between ferru-
ginous and euxinic states.

The occurrence of oceanic regime shifts crucially depends on
the export production at any given partial pressure of atmo-
spheric oxygen (Fig. 4B). Interestingly, recent estimates for
productivity and atmospheric oxygen during the Proterozoic (33,
34) suggest that the ocean interior could have been within or
near the bistable region for much of Proterozoic time (Fig. 4B),
which may explain the alternation between ferruginous and
euxinic states observed in the rock record. Further model anal-
ysis shows that the key parameters determining the location and
width of the bistability zone are the strength of ocean circulation
(mixing) and the rate at which particles sink in the ocean; the
bistability zone becomes larger with increasing strength of ocean
circulation and decreasing particle sinking fluxes (SI Appendir,
Fig. S5). These parameters are difficult to constrain through time
but will have varied throughout Earth’s history as a consequence
of plate tectonics and biological evolution (see, e.g., refs. 35-37).
Interestingly, at atmospheric oxygen partial pressures equivalent
to 0.1 PAL, oceanic sulfate abundance has only a negligible in-
fluence on the location and width of the bistable region. The
bistability zone appears at the same level of export production
for oceanic sulfate concentrations that range from a few micro-
molar to millimolar levels (SI Appendix, Fig. S6). This implies
that transitions from ferruginous to euxinic conditions need not
be linked solely to variations in sulfate runoff from terrestrial
weathering. However, at lower atmospheric oxygen levels, the
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Fig. 4. Bistability in the ocean interior. (A) A sensitivity analysis of a three-
box ocean model. The steady-state model results are displayed for an at-
mospheric O, concentration of 0.01 PAL and 0.1 PAL. A bistability zone (gray
zone) appears between 0.05 and 0.06 present-day level (PDL) and 0.45 and
0.47 PDL of export production, respectively. The arrows indicate the direc-
tion of the hysteresis loop. (B) The location of the bistability zone (thin black
wedge) for different pO, concentrations. The dashed vertical line on the
right indicates the pO, for which the deep ocean box becomes oxic. The
dashed diagonal line shows the minimum ratio of export production (EP)
over pO, consistent with an anoxic deep ocean as derived from a three-
dimensional ocean-based model (cGEnIE) (15). The gray symbols show the
median (circles) and 90% credible intervals (error bars) on export production
estimated from an intermediate-complexity ocean biogeochemistry model
(33). The results are shown for both low-O, (closed) and high-O, (open)
scenarios. The black symbols show the median (circles) and 90% credible
intervals (error bars) on export production based on the oxygen isotope
composition of evaporitic sulfate minerals (34), assuming 20% of the gross
primary production is exported from the photic zone (48). The results are
shown for both low-O, (closed) and high-O, (open) scenarios.

bistability zone disappears for sulfate levels of a few micromo-
lars, which could suggest that the Fe/S bistability was less im-
portant in the Archean oceans (38, 39).

Iron Sulfide Formation Drives Fe/S Bistability. Finally, to illustrate
how we can confidently make the stretch from modern obser-
vations in salt marsh sediments to potential Precambrian ocean
states and transitions, we need to expose the core mechanism
that causes redox bistability. To this end, we reduced the sedi-
ment and ocean system to its barest biogeochemical essentials
and reformulated transport as a zero dimensional (0D)
chemostat-type description, while the reaction set was progres-
sively simplified to eventually only retain those reactions that
generate the Fe/S bistability (ST Appendix, Materials and Methods,
section 5). These key interactions include the following: 1) the
oxidation of organic matter by dissimilatory iron and sulfate
reduction, 2) the reoxidation of Fe** and H,S by oxygen, and 3)
the precipitation of FeS. These reactions are common to all
ocean and sediment models examined above. After suitable
reformulation, we were able to condense the OD chemostat
model into a single ordinary differential equation that describes
the dynamic behavior of the reactive iron oxide concentration
(Creoomn), supplemented with algebraic equations for the con-
centrations of Fe?* and H.,S.

Overall, this highly simplified and abstract model enables
classical linear stability analysis (Fig. 5) and generates a very
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similar dynamical response as the more complex models ana-
lyzed above. For low Fcppo inputs, there is only one single fer-
ruginous stable state (high Creoon; low Cys_), while at higher
Fcmao inputs, there is a single euxinic state (low Cgeoomn; high
Cus-). In between, there is a bistability zone that shows hyster-
esis induced by two saddle-point bifurcations, which is the ar-
chetypal fingerprint of a dynamical system exhibiting regime
shifts (Fig. 5 4 and B). Most importantly, this abstract model
demonstrates that FeS formation is the key reaction responsible
for the positive feedback that generates the bistability (SI Ap-
pendix, Materials and Methods, section 5 and Figs. S7 and S8). In
a reaction system where FeS precipitation is hypothetically
inhibited, there is only a single, Fe-rich stable state (Fig. 5C).
However, when FeS formation is kinetically fast, as is the case in
natural environments, the reaction system exhibits two alterna-
tive stable states (Fig. 5D): the Fe-rich (Creoon ~6, Fig. 5D) and
S-rich (Cgeoon ~0, Fig. 5D) states described above. Our analysis
thus demonstrates that the Fe/S bistability is uniquely associated
with the occurrence of FeS formation, and its occurrence is not
fundamentally influenced by the inclusion of other Fe and S
reactions in the reaction set. These other Fe and S reactions do
not determine the presence of the bistability but only modulate
the shape of the stability zone. This also explains why the Fe/S
bistability is generically present in all ocean and sediment
models examined.

Conclusions and Perspectives

Our model analysis supports the existence of redox bistability in
marine sediments and explains the redox dichotomy observed in
modern marine aquatic sediments (20-22). At the same time, it
provides a parsimonious explanation both for shifts in the ocean
redox state that occurred from the late Archean to the early
Phanerozoic (9, 17) as well as the short-term redox oscillations
observed in the mid-Cretaceous (11). However, the dependence
of ocean redox shifts on export productivity does not obviate the
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potential impact of changes in sulfur and iron fluxes on the na-
ture of ocean anoxia. Essentially, the interplay between export
productivity and the fluxes of sulfur and iron will determine
whether a system shifts between ferruginous and euxinic states. If
the sulfate flux to the ocean is too low, sulfide production cannot
completely remove all ferrous iron from solution, and the ocean
interior will not shift to an euxinic state (19). Conversely, if the
sulfate flux is high enough to generate euxinia but productivity is
too low, the ocean will also not shift to an euxinic state.

Because nutrient availability is strongly dependent on the re-
dox state, the existence of redox bistability has potentially pro-
found implications for the causes and consequences of marine
evolutionary innovations and ecological transitions. For instance,
phosphate limitation could have been maintained in a ferrugi-
nous ocean via scavenging by iron oxides near the ocean surface
or precipitation of ferrous phosphate minerals (12, 40, 41),
keeping primary productivity low enough to stay below the bist-
ability threshold. In contrast, any transition induced to euxinic
conditions could lead to the occurrence of iron or other trace
element limitation (11, 13), eroding the stability of the euxinic
state and driving the system back to ferruginous conditions. This
could in large part explain the existence of predominantly ferru-
ginous redox conditions in the ocean interior throughout much of
the Precambrian, as implied by the rock record (7, 19). The po-
tential for such an interplay and feedback between the ocean re-
dox state, nutrient availability, and marine productivity, and,
ultimately, with the evolution of marine life, hints at a hitherto-
underappreciated complexity in the dynamics of the Earth system.
As such, our work has implications for understanding the causes of
past transitions in ocean biogeochemistry and their consequences
for the biosphere.

The fact that bistability and hysteresis emerge within a sim-
plified ocean model as well as different reactive transport models
of sediment biogeochemistry suggests that it is deeply rooted
within anoxic systems, and, hence, the phenomenon should also
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Fig. 5. A mathematical analysis of bistability based on an abstract 0D model that includes reactions common to all complex ocean and sediment models
previously examined (S/ Appendix, Materials and Methods, section 5). (A) The steady-state FEOOH concentrations (Creoon) Versus the ratio of organic matter
influx (Fcp20) and iron (oxyhydr)oxide influx (Freoon)- (B) The steady-state concentration of dissolved sulfide (Cps_) versus the ratio of organic matter influx
and iron (oxyhydr)oxide influx. (C) A phase plot showing the relation between the rate of change of oxidized iron (dCreoor/dt) and the concentration of
oxidized iron (Creoon) When FeS precipitation is negligible compared to reoxidation of ferrous iron and dissolved sulfide. The system shows a single stable
state. (D) A similar phase plot when FeS precipitation is much faster than reoxidation of ferrous iron and dissolved sulfide. The system shows two separate
stable states and one unstable state. C and D show results for Fcyoo/Freoon ratio of 4. Concentrations in C and D are in dimensionless form.
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emerge in more complex models (e.g., ref. 11). Still, one should
be aware of the limitations of the ocean and sediment models
employed here. For instance, our sediment models assume that
iron oxide minerals only consist of one or two fractions with
different reactivities toward sulfide. Accounting for more complex
iron mineralogy (e.g., by including green rust, likely an important
mineral in Precambrian environments (31)) will likely not prevent
the occurrence of bistability but could affect the location or width of
the bistability zone. Likewise, our ocean model analysis is based on
steady state, so we cannot make any inferences about the frequency
of redox shifts or whether these match periodicities observed in
Earth’s rock record. Also, the three-box ocean model employed
here does not capture any spatial variation in redox conditions, and
as a result, we cannot assess whether increasing spatial resolution
and heterogeneity of the ocean environment may lead to loss of
redox bistability. Therefore, an important next step is to investigate
the phenomenon in a dynamical and spatially resolved Earth system
model and conduct both transient and steady-state simulations. This
will allow for making explicit comparisons with the geological re-
cord and its attendant redox proxies.

Materials and Methods

All computer code associated with the models described below is available
from https:/github.com/sevdevel/PNAS2020. All data presented in Fig. 2 is
available in the S/ Appendix.

Reactive Transport Sediments Models of Fe and S Cycling in Marine Sediments.
To test the hypothesis that the redox dichotomy found in Blakeney salt marsh
is caused by redox bistability, we developed a detailed one-dimensional
reactive transport model for marine sediments, which includes all key re-
actions of the coupled oxygen, carbon, iron, and sulfur cycles. The model is
described in detail in S/ Appendix, Materials and Methods, section 2. In short,
organic matter mineralization is modeled using a 14-component multi-G
model, following ref. 23. Each organic matter fraction (“G”) can be de-
graded by oxygen, iron oxide, or sulfate or via methanogenesis, following
the thermodynamic redox sequence. Iron oxide reduction and sulfate re-
duction are allowed to overlap, as at circumneutral pH, the thermodynamic
energy gain of both reactions is similar (42). Iron oxides are modeled as two
separated fractions with different reactivities toward sulfide. The reduction
of iron oxide produces ferrous iron, which can adsorb on solid-phase parti-
cles, react with dissolved sulfide to form iron monosulfide, and be reoxidized
with oxygen. Sulfide generated by sulfate reduction can be reoxidized after
reaction with iron oxide or oxygen, precipitate as iron monosulfide, or react
with iron monosulfide to form pyrite. When all electron acceptors are de-
pleted, organic matter is degraded via fermentation with the production of
methane. The transport is governed by molecular diffusion, sedimentation,
and biomixing.
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To assess the sensitivity of the redox bistability, we generalized and
simplified the reactive-transport model (described in detail in S/ Appendix,
Materials and Methods, section 3) to make subsequent runs more compu-
tationally efficient. This simplified model is used to illustrate the sensitivity
of key environmental parameters (biomixing intensity, iron oxide flux, and
sedimentation velocity). We omitted methanogenesis, combined all organic
matter fractions (“G's”) into one, combined both iron oxide fractions into
one, and omitted pyrite precipitation.

Three-Box Ocean Geochemistry Model. To investigate whether redox bist-
ability also shows up in ocean redox models, we developed a three-box
Harvardton-Bear-type model (see, e.g., ref. 16). The model is detailed in S/
Appendix, Materials and Methods, section 4. Briefly, we implemented the
same set of reactions as for the simplified reactive transport model of a
marine sediment but included methanogenesis, replaced iron monosulfide
precipitation with pyrite precipitation, and included gypsum formation. This
model includes a highly simplified description of ocean dynamics but should
serve as an inspiration for future studies with spatially explicit ocean models.

An Idealized 0D Chemostat Model of Sedimentary Fe and S Cycling. To find the
underlying cause of this bistability, we performed an extensive mathematical
analysis of the core reactions of the coupled C-Fe-S cycles (described in detail
in SI Appendix, Materials and Methods, section 5). To be able to conduct this
mathematical analysis, several simplifications had to made to arrive at an
idealized description of Fe and S cycling in anoxic environments. Firstly, the
model domain was defined as one-box; aerobic respiration, iron mono-
sulfide dissolution, and sulfide-mediated iron reduction were omitted. An
analysis with the simplified one-dimensional reactive transport model indi-
cated that these reactions do not significantly affect model outcomes (S/
Appendix, Fig. S2). Secondly, as we target environments that are dominated
by iron or sulfate reduction, we do not consider fully oxic or methanic en-
vironments, so we can assume that only a low level of oxygen is present that
can oxidize reduced ferrous iron and dissolved sulfide. Additionally, we as-
sume sulfate is always high enough to suppress methanogenesis. Note that
these simplifications are only made to derive a mathematical expression of
redox bistability.

Data Availability. Model source codes and simulation files have been de-
posited in GitHub (https:/github.com/sevdevel/PNAS2020).
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