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Pyrite formation and burial in anoxic ocean environments helps to regulate
the acid-base balance of the oceans. Despite its potential importance, the

impact of this anoxic alkalinity production on the global carbon cycle and
Earth’s long-term climate regulation has been largely overlooked. Here,
using a coupled carbon-sulfur cycle model, we show that pyrite burial
could drive 5-46 Tmol yr* of alkalinity production—up to about six times
the modern background volcanic carbon flux—throughout the Phanerozoic
eon. During periods of widespread oceanic anoxia (known as oceanic
anoxic events), alkalinity production via pyrite burial is amplified and

so becomes animportant stabilizing mechanism for the climate system,
counterbalancing carbon emissions from contemporaneous large igneous
province volcanism. Our results indicate that the anoxia-alkalinity feedback
was engaged during several of the most severe oceanic anoxic events from
large igneous provinces during the past 300 Myr, and thus played arolein
limiting the overall impacts of these events on the biosphere and climate.
We conclude that ocean deoxygenation may provide animportant negative
feedback on ocean-atmosphere CO, partitioning, helping to buffer the
impacts of CO, emission on the Earth system.

The global carbon cycle regulates atmospheric carbon dioxide (CO,)
concentrations, exertingamajor control on Earth’s climate and surface
habitability. Atmospheric CO, concentrations are modulated by the
magnitude of different input and output fluxes of CO, to the ocean-
atmosphere system"?. On geologic timescales (greater than 100 thou-
sand years (kyr)), CO, inputs from volcanic emissions and oxidative
organic carbon weathering on land are closely balanced by removal
through the chemical weathering of carbonate and silicate rocks and
the burial of carbonate minerals® and organic carbon in marine sedi-
ments®. Balance in the carbon cycle is maintained through long-term
stabilizing feedbacks—foremost is the silicate weathering feedback,

wherein chemical weathering leads to the production of alkalinity at
rates that depend on temperature and ambient CO, (refs. 4,5). Through
interaction with the marine carbonate system, the production of alka-
linity drives the precipitation and deposition of carbonate minerals
and their removal through burial in marine sediments?, representing
one of the main long-term sinks for CO, (ref. 6). Large-scale changes
to ocean alkalinity budgets, for instance through shifts in the extent
of marine clay production, can thus strongly impact atmospheric CO,
concentrations with corresponding impacts on planetary climate’”.
Ocean alkalinity is also produced during anaerobic respiration
pathways in marine sediments. Most anaerobic alkalinity production
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comes from sulfate reduction, which together with aerobic respi-
ration, accounts for almost all organic carbon remineralization in
marine sediments globally'®", Notably, net alkalinity production from
sulfate reduction only occurs when the sulfide produced during the
process becomes buried as sedimentary pyrite'>”. Pyrite formation
canbedescribed by the following series of chemical half-reactions that
illustrate the key stoichiometric relationships but are agnostic of the
precise mechanisms of pyrite formation as these are varied, complex
and remain the subject of debate'*":

organic carbon oxidation: 15CH,0 + 30H,0 ©
1
— 15HCO3 + 75H + 60e~

sulfate reduction: 6SO;™ + 54H" + 48e~ — 6HS™ +24H,0 (2)
sulfate reduction: 2503,_ +16H +12¢~ — 28° + 8H,0 3)

iron reduction: 2Fe,0; + 2HS™ + 10H* — 4Fe** +25° + 6H,0
“)

where e” denotes electrons.
Assuming a two-step pyrite formation reaction’®, these reactions
drive downstream pyrite formation via:

ferrous sulfide formation: 4Fe’" + 4HS™ — 4FeS + 4H'  (5)
pyrite formation: 4FeS + 4s° 4FeS, (6)

Combining equations (1)-(6), we arrive at a net reaction that
describes coupled sulfate and iron reduction that produces alkalinity
and pyrite:

15CH,0 + 850>~ + 2Fe,0; + H™ — 15HCO; + 4FeS, + 8H,0 (7)

This net reaction yields two moles of alkalinity for each mole of
sulfurreduced and buried as pyrite. By contrast, in the absence of pyrite
formation the oxidation of sulfide produces acidity (H) (the back reac-
tion ofequation (2)), which occurs at highratesinthe oxygenated upper
portions of the sediment column and consumes the alkalinity produced
by sulfate reduction”. On the basis of equation (7), the ultimate forma-
tion of pyrite requires supplies of seawater sulfate and organic matter
to fuel sulfate reduction, as well as highly reactive iron to form pyrite
from the sulfide produced®. Current estimates of alkalinity produc-
tion linked to pyrite burial in marine sediments are between 2.3 and
4.3 Tmol yr, or4-7% of total global alkalinity production”. Whereas
alkalinity delivered through the weathering of silicate and carbonate
rocks is well-known as the primary sink for volcanic CO, (for example,
seeref.2),theimpact of alkalinity production through pyrite burialon
the regulation of Earth’s surface CO, concentrations and climate has
been largely overlooked'. Here we illustrate how alkalinity produced
through pyrite burial likely had an important effect on atmospheric
CO, concentrations throughout most of the Phanerozoic eon and show
that it emerges as an important stabilizing feedback during intervals
of elevated CO, emissions associated with expanded oceanic anoxia.
The changing strength of this feedback likely contributed to varying
climate sensitivities during different carbon-injection events®.

Pyrite-driven alkalinity production during the
Phanerozoiceon

Pyrite burial rates throughout the Phanerozoic eon can be used to
estimate alkalinity generation through pyrite burial. Rates of pyrite
burial during the Phanerozoic eon have been estimated on the basis

of sulfur isotope mass balances*??, and in general these estimates
indicate that pyrite was the dominant removal pathway for sulfur until
about 350 million years ago (Ma), at which point sulfur buried as sulfate
in evaporite minerals became the more important sink* (Fig. 1). Cor-
respondingly, fluxes of alkalinity production can be estimated based
on the stoichiometry of equation (7) by multiplying pyrite sulfur bur-
ial fluxes by afactor of two. Whereas reconstructions based on current
knowledge of sulfurisotoperatios recorded in sulfate and pyrite remain
incomplete and continue to evolve™, classical mass balance interpreta-
tions of sulfurisotope records suggest global pyrite-associated alkalin-
ity productionup to 6.5 Tmol yr™ during the Palaeozoic era, waning to
approximately 2.0 Tmol yr by ~300 Ma and remaining approximately
stable through to modern times (Fig. 1). Notably, our reconstructed
pyrite-associated alkalinity fluxes for the last ~300 Ma converge on
independent measurements for anoxic pyrite-driven alkalinity produc-
tion in the modern ocean®, providing additional confidence in the
reconstructions of the past. At a high level, these dataillustrate that
the strength of the pyrite-driven alkalinity production fluxislinked to
the fraction of marine sulfur exported as pyrite (f,..), indicating that
intervals of elevated pyrite burial, such as during the Palaeozoic era
(Fig.1), have astronger pyrite-driven buffering capacity on the atmos-
pheric CO, concentration (pco,) and climate. Elevated pyrite burial
duringthe Palaeozoicera, furthermore, is associated with widespread
oceanic anoxia®’. Oceanic anoxia channels water column respiration
into anaerobic sulfate reduction**, which has the strong potential to
promote sedimentary pyrite burial®®. By analogy to ocean conditions
during the Palaeozoic era, therefore, elevated pyrite burial also has
strong potential for enhancing alkalinity production when anoxia is
widespread.

Intermittentintervals of greatly expanded oceanic anoxia (known
as oceanic anoxic events (OAEs)) developed beyond the Palaeozoic
era, and these OAEs are commonly associated with massive CO, emis-
sions fromvolcanism, climate catastrophe and ecological upheaval®*
(Fig. 1). Sulfate reduction associated with OAE intervals promotes
sedimentary pyrite burial, and thus should also be associated with
enhanced pyrite-driven alkalinity production fluxes®*~*'. Notably, ocean
deoxygenation and enhanced pyrite burial associated with multiple
OAEs hasbeenlinked to the drawdown of the seawater sulfate reservoir
from3-10 mM to <1 mM (refs. 32-35). Conservatively, such collapsesin
seawater sulfate concentrations are associated with—and partly driven
by—increases in global pyrite burial rates by a factor of between two
and five®>°*¥ This translates to acommensurate increase in alkalinity
fluxes driven by pyrite burial, corresponding to approximately 70-170%
of'the background volcanic carbon flux. As aresult, alkalinity produc-
tion through pyrite burial duringintervals of expanded oceanic anoxia
hasenormous potential to offset enhanced CO, from associated large
igneous province (LIP) volcanism.

The oceanic anoxia-alkalinity feedback

Tofurther evaluate theimpact of ocean deoxygenation on pyrite burial
rates and alkalinity production fluxes, we constructed a coupled carbon
and sulfur mass balance model (Fig. 2). We explored the possibleimpact
of oceanic anoxia on fluxes of pyrite-driven alkalinity production on
the carbonicacid system by forcing the model from a steady state with
an elevated volcanic CO, input. Initially, we modelled three generic
end-member volcanic degassing scenarios to test the response of our
model across arange of carbon-release events in terms of total magni-
tude and duration. We simulated three different scenarios correspond-
ing to a total of 1.7 x 10%, 4.2 x 10° and 17 x 10° TmolC (approximately
20 x10%,50 x10*°and 205 x 10° PgC) emitted across 50,500 and 1,000 kyr,
respectively (Fig.2a). These scenarios were chosen as a starting point
to broadly contrast relatively small and rapid injection events with
large and protracted events in the geologic record. Pyrite-associated
alkalinity production fluxes were examined for all degassing scenarios
acrossarangeinthefraction of seafloor anoxia, varied from 0.1t0 20%,
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Fig. 1| Sulfur mass balance estimates of pyrite-driven alkalinity fluxes through
Phanerozoic time. a, Sulfate (grey boxes, n =9,225) and pyrite (green boxes,
n=7,752) sulfurisotope ratio (6>*S) values binned in intervals of 5 million years
(Myr). The compiled 8**S data are from ref. 65. The IQR is the difference between
thefirst and third quartiles. The whiskers are only drawn to the smallest/largest
non-outlier. b, The fraction of sulfur buried as pyrite (f,,.) as a function of time.
We show different reconstructions off,,,,;.. through time based on different

sulfur isotope compilations**, including our own simple isotope mass balance
estimate shown as blue circles, with the blue dashed line representing a LOESS

(locally estimated scatterplot smoothing) fit. The grey bars represent the
maximum and minimum values based on the value of the oceanic input flux
(Finpu) (Source DataFig.1). ¢, Smoothed (spline) alkalinity fluxes based on pyrite
burial rates. The shading represents the minimum and maximum values based on
Finpue- The grey shading represents the range of the modern alkalinity flux based
on pyrite burial”. The green dashed lines denote OAEs due to LIP volcanism in
the past 300 Myr: Permian-Triassic mass extinction (P-T), end-Triassic mass
extinction (ET), Toarcian Oceanic Anoxic Event (TOAE), oceanic anoxic event 1a
(OAE1a) and the Palaeocene-Eocene Thermal Maximum (PETM).

asconstrained by the likely expanse of oceanic anoxia during multiple
Phanerozoic OAEs* (Fig. 2) (Supplementary Table 2). The impacts of
oceanic anoxiaand the alkalinity production fluxes from pyrite burial
arereported as the difference (A) between model runs with and without
the pyrite-associated alkalinity feedback.

The expansion of oceanic anoxia leads to enhanced pyrite burial
and corresponding alkalinity fluxes which, in turn, offset enhanced
Pco, from volcanism and effectively buffer oceanic pH. Our model
confirms the sulfur isotope-based mass balance calculations (Fig. 1),
with pyrite-burial-driven alkalinity fluxes of up to 4 Tmol yr when
oceanic anoxia is modern-like (0.1-0.5%)*’. Notably, however, in con-
trast to the simple sulfurisotope mass balance calculations (Fig.1), our
more detailed biogeochemical model predicts appreciable increases
in pyrite burial and corresponding alkalinity production during rela-
tively short geologic intervals when volcanic CO, input is strong,
driving widespread anoxia and anoxia-alkalinity fluxes >20 times
modern pyrite-associated alkalinity production fluxes™ (Fig. 2).

Enhanced alkalinity production through ocean deoxygenation and
pyriteburial thus provides a negative feedback on pc,-drivenclimate
warming, and can strongly impact the carbonic acid system, especially
when both the volcanic CO, input and the spatial extent of anoxia
areappreciable.

The strength of the anoxia-alkalinity feedback on pco, and pH
scales with the extent of oceanic anoxia under both short and pro-
tracted volcanic degassing scenarios (Fig. 2). Under the low-emissions
scenario (1.7 x 10 TmolC emitted over 50 kyr) with10% seafloor anoxia,
mean Apyrite burial, Apco, and ApH reach values of 11.2 Tmol yr™,
1,900 ppm and 0.5 pH units, respectively (Fig. 2). Under the
high-emissions scenario (17 x 10° TmolC emitted over 1,000 kyr) with
10% seafloor anoxia, Apyrite burial, Apco, and ApH reach values of
22 Tmol yr™,15,000 ppm, and 0.8 pH units, respectively (Fig. 2). Mecha-
nistically, larger volcanic CO, fluxes resultin greater weathering-driven
nutrient fluxes to the ocean, increasing marine productivity (see Meth-
ods). Increased marine productivity, in turn, drives elevated water
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Fig.2|Sensitivity of the coupled carbon and sulfur mass balance model.

a, Volcanic carbon-release scenarios used to drive the model. b-d, The change
(A) in pyrite burial rate (b), atmospheric CO, (c) and ocean pH (d) as a function
of oceanic anoxia for the volcanic degassing scenarios in a. The change data are

calculated as the difference between model runs with and without the
anoxia-alkalinity feedback, with the shading representing +50% uncertainty
onthedegassing curvesina.

column oxygen demand and corresponding ocean deoxygenation.
Under expanded anoxia, enhanced sulfate reduction and pyrite burial
leads to the generation of alkalinity. Whereas these generic scenarios
provide crucial sensitivity tests of our model, the spatial extent of
oceanicanoxiainaddition to the total magnitude and rate of volcanic
CO,release varied greatly between specific oceanic anoxic events from
largeigneous provinces (LIP-OAEs) during the Phanerozoic eon'’, which
we explore in more detail below.

Ocean-deoxygenation-produced alkalinity
stabilizes climate

Many of the most severe OAEs are coeval with LIP events and volcanic CO,
injection over the last 300 Myr of the Phanerozoic eon (Fig. 3a)**°*,
Indeed, volcanism and associated climate warming is commonly cited
asthe ultimate driver of ocean deoxygenation, ecological upheaval and
biological crises during OAEs**"**. We propose here that enhanced alka-
linity production under expanded oceanic anoxia during OAEs acted
as the key stabilizing feedback on climate during LIP CO, injection.
We attempt to broadly constrain the strength of the anoxia-alkalinity
feedback during multiple Phanerozoic LIP-OAEs (Fig. 3) by combining

published estimates for the spatial extent of oceanic anoxia'** and
volcanic CO, release”**** (Supplementary Table 2). On the basis of
existing environmental reconstructions for five well-studied LIP-OAEs
inthe past 300 Myr, thereis astrong positive correlation between the
amount volcanic carbon degassing and the spatial extent of oceanic
anoxia' (Fig. 3e). Acknowledging large uncertainties in the rate and
timing of volcanic outgassing and evolution of oceanic redox condi-
tions during these events, our models show that the anoxia-alkalinity
feedback was particularly important during intervals associated with
large volcanic CO, release and expansive oceanic anoxia (Fig. 3).

Our results indicate that alkalinity production in anoxic ocean
regions may have played arole in limiting the overall impacts of LIP
eruptions on the biosphere and climate system. For example, during
the end-Triassic (ET), one of the five most severe biological crises of
the Phanerozoic eon—volcanism from the emplacement of the Central
Atlantic Magmatic Province (CAMP) LIP—initiated a biogeochemical
cascade that included the deoxygenation of vast regions of
global ocean that persisted for hundreds of thousands of years***.
Duringthe ET, our model predicts that anoxia-driven alkalinity produc-
tion could have drawn peak atmospheric pco, down by between
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Fig. 3| The strength of the anoxia-alkalinity feedback during LIP-OAEs in the
past300 Myr.a, LIP carbon release***? and the severity of oceanic anoxia for
different OAEs through time'** (Supplementary Table 2). Modelled total carbon-
release values (bars, left axis) correspond to estimates in Source Data Fig. 2.

The green circles denote the average extent of anoxia (f;,.; green circles, right
axis), with the blue error bars representing the difference between the maximum
and mean value (Source Data Fig. 2). The LIP-OAEs considered are as follows:

the Siberian Traps eruption and the Permian-Triassic mass extinction (P-T);

the Central Atlantic Magmatic Province (CAMP) eruption and the end-Triassic
mass extinction (ET); the Karoo eruption and the Toarcian Oceanic Anoxic Event
(TOAE); the Ontong Java Plateau eruption and Oceanic Anoxic Event 1a (OAE1a);
and the North Atlantic Igneous Province (NAIP) eruption and the Palaeocene-
Eocene Thermal Maximum (PETM). b,c, The modelled change in atmospheric

anoxia

CO, (b) and ocean pH (c) for each LIP-OAE. Error bars extend to 1SD of model
results based on model runs using both the upper and lower or maximum and
minimum possible (a) volcanic carbon-emission rates for each event, with the
circles representing the average value. d, Extinction intensity*® (left axis) and
rates” (right axis) through time. e-h, Different LIP-OAE characteristics versus
the extent of OAE anoxia (f;.,i.; Percentage of total modern seafloor area) for
volcanic carbon degassing (e), change in atmospheric CO, (f), change in ocean
pH (g) and extinction intensity (h). Inall panels, model results for the lower
degassing estimate from a are displayed. Error bars are the same asina-c.Ineach
panel alinear regression fit through the data is shown (dashed line), with the R?
value displayed, and where the shading represents the 95% confidence interval.
fand g represent outputs from the model. R, coefficient of multiple correlation.

490 and 1,755 ppm and buffered ocean pH by between 1.01 and
1.09 units, depending on the volcanic carbon-delivery rates and the
spatial extent of seafloor anoxia (Fig. 3). Notably, the pyrite burial rates
predicted by our model are broadly consistent withindependent proxy
evidence and numerical models that suggest greatly enhanced pyrite
burial fluxes under widespread anoxia during this time®. Although
absolute pco, estimates for the ET event vary between proxies, stable
carbon isotopes in pedogenic carbonates suggest a maximum pco,
increase 0f 2,200 +1,000 ppm (ref. 48).

Conservatively, comparing our minimum model-based estimates
for Apco, with the reconstructed change based on proxy evidence
suggests that the anoxia-alkalinity feedback could have limited pco,
increase by atleast15-22% relative to the hypothetical scenario without
the feedback, indicating that pyrite burial and anoxia-associated alka-

linity played a quantitatively important role in stabilizing the
climate during the event. Inaddition, thereis geological and palaeon-
tological evidence for abiocalcification crisis during the ET event*’in
both shelf*° and deep-water settings®'. However, estimates for the
absolute declinein ocean pH are lacking, making it difficult to quantify
how seawater buffering through pyrite-associated alkalinity produc-
tion may have limited ocean acidification. Nonetheless, given the
relationships between the amount of carboninjection, the magnitude
ofthe anoxia-alkalinity feedback and the severity of extinction (Fig. 3),
our results indicate that the anoxia-alkalinity feedback probably
played an important role in mitigating further biological collapse
through buffering of ocean acidity and limiting climate warming.
Despite a scaling between the magnitude of volcanic degassing
andthe extent of oceanic anoxia (Fig. 2), the anoxia-alkalinity feedback
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appears to have had a more limited relative capacity to mitigate eco-
logical upheaval during the Permian-Triassic mass extinction (P-T),
the most severe mass extinctionin Earth’s history* (Fig. 3). During the
P-T boundary event, our model predicts pyrite-driven alkalinity pro-
duction could have drawn atmospheric pco, down by between 1,500
and 2,370 ppm and buffered ocean pH by an average 1.05 + 0.32 units
(Fig. 3). Furthermore, acknowledging that the temporal fabric of vol-
canicdegassing and seawater redox evolution across the P-T boundary
(and other LIP-OAEs studied herein) was probably more complex than
represented in our model (for example, by a Gaussian distribution),
our results do show reasonable consistency with key environmental
reconstructions based on available proxy evidence, both in terms of
the relative magnitude and timing of environmental perturbations,
indicating that the anoxia-alkalinity feedback was active (Supplemen-
tary Fig.1).Indeed, despite the strong engagement of anoxia-alkalinity
feedback, geochemical proxy evidence and numerical models both
suggest dramatic and sustained changes in pco, and pH**** as well as
intemperature®>*°, which suppressed ecosystemrecovery for millions
of years following forcing. A breakdown of Earth’s critical stabilizing
feedbacks across the P-T has been explained by the extreme quantity
and rate of CO, emissions, which may have exhausted the capacity of
multiple Earth system processes, including silicate weathering, marine
clay formation®* and the anoxia-alkalinity feedbacks, to effectively
buffer the climate”’.

Nonetheless, our model results are in agreement with previ-
ous observations which suggest that, compared with very massive
carbon injections—such as the P-T event—that have the potential to
overwhelmthe total buffering capacity of the Earth’s main stabilizing
feedbacks, smaller carbon injections (for example, the Toarcian OAE
or the Palaeocene-Eocene Thermal Maximum) are associated with
relatively rapid climate recovery, more limited temperature swings
and less severe biological impacts®*® (Fig. 3). This implies a critical
threshold linked to the magnitude and rate of carbon injection that
once traversed exhausts the ability of key negative feedbacks in the
Phanerozoic carbon cycle—including the anoxia-alkalinity feedback—
to effectively stabilize climate and ocean chemistry. Links between
the extent of deoxygenation and reactive-iron-limited pyrite burial
may play akey role in controlling this threshold. However, additional
physicochemical, biological and tectonic influences®**’, such as the
intensity of reverse weathering’*, sediment diagenesis®, ocean circula-
tion®°and continental configuration®, probably also shape the strength
ofthe feedback. This hypothesis canbe further tested in Earth system,
mass balance and diagenetic models thatinclude the anoxia-alkalinity
feedbackinfuture efforts to further constrain past carbon cyclingand
climate variability.

Whereas the anoxia-alkalinity feedback increases the oceanic
CO, sink on timescales of LIP-OAE initiation and recovery, enhanced
pyrite and organic carbon burial during these events may ultimately
provide a source of CO, on much longer timescales. Enhanced pyrite
and organic carbonburial during LIP-OAEs generates a larger sedimen-
tary reservoir of reduced equivalents with potential for tectonically
drivenrecyclinginthe Earth’s crust. For example, if ultimately exposed
atthe continent surface, pyrite would drive greater acid generation as
theresult of oxidative weathering®. Dissolution of carbonate minerals
with the acid produced results in the transfer of sedimentary carbon
into the ocean-atmosphere system as CO, (ref. 63). Sulfide oxidation
and carbonate dissolution as a source of CO, have been proposed as
animportantstabilizing feedback on climate throughout the Cenozoic
era, when denudation and corresponding silicate weathering rates
were high and volcanic CO, emissions were relatively low®. As a suc-
cession of LIP-OAEs associated with enhanced pyrite burial occurred
in a relatively short time frame during the Mesozoic era (Fig. 3)**, we
hypothesize thatintegrated pyrite burial during these events may have
primed the crustal reservoir of reduced sulfur and thus possibly played
arole in subsequent Cenozoic climate regulation through sulfide

oxidation across the following 65 Myr (ref. 63). Such a mechanistic
explanationwould depend onthe complexinterplay between rates of
crustalrecycling and redistribution as well as sea-level change, among
other factors®.

Therelationships between pyrite burial, anoxic alkalinity produc-
tion, ocean chemistry and climate during some of the most significant
environmental perturbations during the Phanerozoic eon may provide
historical context for the potential impacts of contemporary climate
warming and ocean deoxygenation. By analogy to the climaticanoma-
lies and OAEs of the past 300 Myr, if modern carbon emissions and
ocean deoxygenation drive similar Earth systemresponses, the expan-
sion of oceanic anoxia and the corresponding production of alkalinity
may once againemerge asanimportant stabilizing feedback onocean
chemistry and Earth’s climate.
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Methods

Global carbon and sulfur mass balance model
To exploretheimpact of anoxia and pyrite burial on the global carbon
cycle, we used the following simple formulations that couple sulfur
and carbon cycling in the ocean-atmosphere system. The carbon mass
balance equations account for changes in marine dissolved inorganic
carbon (DIC), total alkalinity (TA), and atmospheric CO, (pco,):

% =.Icarb,weath +.Isilic,weath —Inep — 0.5 X-Icarb,auth

(8)
-05 X-Icarb,bio _-Iaifsea

dTA
T =.,carb,weath +.,si]ic,weath +.,si]ic,mar +2 ><jpyr (9)

_./carb,auth _./carb,bio _./silic,mar,rev

dpco
dr 2 =./air,sea +-/org,weath +-Idegass -05 X./carb,weath _./silic,weath (10)
d[so;]
T =jsu|fur,weath +./sulfur,volc _-/gyp _jpyr (ll)

where equations (8)-(10) and (11) represent changes in the concentra-
tion of different carbon species and sulfate, respectively, with time ¢.
The variables / denote the fluxes of the species involved, and param-
eterization of the different sources and sinks of the different species
is detailed below. /e marrev iS the rate of reverse silicate weathering in
marine system. Jyegs; is the flux of volcanic CO, degassing. Jyitur,wealtn IS
the rate of sulfur weathering. J ur.vor is the flux of sulfur degassing.
The model pHis calculated from the DIC and TA concentrations using
a built-in function in MATLAB that calculates the different species in
the carbonic acid system (for example, pH, [CO,*]) from two known
species, in this case, DIC and TA®.

Jearbweath @Nd Jitic. wearne The fluxes of carbonate and silicate weathering
(carbweath AN Jiic weathy F€SPeEctively) were parameterized using previous
studies®®:

Pco, \"
2
./carb,weath =.Icarb,weath,mod<—> (12)
pCOz,mod
a
Pco, 2
./silic,weath =jsi|ic,weath,mod<— (13)
pCOz,mod

Here;./carb,weath,modJsilic,weath,mod and Pco,modare themodernvalues for
carbonate and silicate weathering fluxes and the atmospheric CO,
concentration, respectively. The coefficients a; and a, denote the
strength of the response of carbonate and silicate weathering to the
changein pco,, respectively, and their values were used from previous
studies®. /i mar the flux of silicate buried in marine sediment, is also
considered to follow the same parameterization as /. year» Where the
concentration of pco,inthewateris calculated using the concentrations
of DICand TA.

Jxee- Theflux of carbon burial inthe ocean (Jpp) can be parameterized as:

Jnpp = € X NPP X (fouic X area), (14)

where ¢ is the efficiency of the carbon pump, NPP is the strength of
marine net primary production and the final term denotes the area
of the ocean (area) corrected for the fraction of oxic ocean in which
oxygen production occurs (f;,;.). Similar to previous work, the value
of NPP can be related to the modern NPP (NPP,,.,) and the strength of

thesilicate weathering flux that reflects the effect of nutrient delivery
to the ocean as follows**”°:

1s)

NPP = NPP,,q X < .Isilic,weath )

.Isilic,weath,mod

This relationship is based on the assumption of the steady-state
global phosphorus mass balance. The burial efficiency of a pointintime
with different anoxic areafractions can also be calculated as:

€ =fanoxia X €anoxic +foxic X Eoxics (16)
where the parameters f,,oxia» Eanoxicr foxic AN Eqyic are the fraction of
anoxia in the ocean, the efficiency of the carbon pump under anoxic
conditions, the areal fraction of oxic conditions in the ocean and the
efficiency of the carbon pump under oxic (modern) conditions. We
used a high burial efficiency under anoxic conditions, consistent with
modelling and experimental results”’?> and the modern observations
thatindicate anincreasein the burial efficiency of carbon under anoxic
conditions. The fraction of oxic conditions is calculated as the remain-
der relative to anoxic conditions.

Jearb,auth @Nd Jearo pio- The fluxes of authigenic and biogenic carbonate

earbaueh aNd e pior r€Spectively) were parameterized as a function of
the calcium carbonate saturation state and the strength of marine net
primary production (NPP):

jcarb,auth = kCaCO; X (Q - 1),2 (17)

jcarb,bio = NPP x Xrain> (18)

where kcaco,, Q and n are the rate constant for calcium carbonate pre-
cipitation, the calcium carbonate saturation state and the reaction
order for calcium carbonate precipitation, respectively. The saturation
state was calculated using the equilibrium constant for calcium carbon-
ate precipitation and concentrations of calcium ([Ca?']) and carbonate
([CO,*]) ions®. The concentration of calcium is set to be constant at
the modern value (-10 mM) and the concentration of carbonate was
calculated from concentrations of DIC and TA using a built-in function
that calculates the different species in the carbonic acid system from
two known species.

The coefficient a,,;,, corresponds to the rain ratio, which is the
ratio of calcium carbonate to organic matter in marine particles
(CaC05:POC).

Jair sea- The exchange flux of CO, from the ocean to the atmosphere
(Juir sea) is parameterized as:

Fgas = kair_sea (Ci - (pci X kH)) ’ (19)

wherek;, .. is the transfer coefficient, C;and pC;are the concentration
of CO,inthe ocean and the atmosphere, respectively, and kis Henry’s
constant for CO,.

Jorgweane The fluxfor the oxidative weathering of organic matter (/og yearn)

was assumed to change with the amount of organic matter buried in
the ocean:

(20)

as
_ Jnpe
-/org,weath = jorg,weath,mod >
./ NPP,mod

Where /g weathmod ANdJypp,moa denote the modern values for organic mat-
ter weathering and burial, and the coefficient a; denotes the strength
ofthe response of organic matter weathering to the change in organic
matter production by marine primary production, respectively.
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Jeyp- Similar to the previous parameterization, the flux of gypsumburial
(Joyp) was parameterized as a function of the calcium and seawater sul-
fate concentrationrelative to the modern values for the flux of gypsum
burial, calcium concentration and seawater sulfate concentration®’>;

[5O3 ]
[SO3 Imod

[Ca’']

(21)
[Caz+ ]mod

Jeyp =Jgyp.mod X

Here, Jyyp mod» [Ca*], [Ca* 104, [SO,* 1and [SO,* 1,04 denote, respec-
tively, the modern flux of gypsum burial, the calcium concentration,
modern calcium concentration, seawater sulfate concentration and
modern seawater sulfate concentration.

Joyr- Similar to previous studies, we consider the flux of pyrite burial
(/,y) tobeafunction of the modern maximum rate of microbial sulfate
reduction, seawater sulfate concentration, the fraction of ocean anoxia
and the concentration of reactive iron (that is, Fe?)?3+%%73;

[s0i”]
jpyr = area X fanoxia X SRRpax X

[Fe“] y (/ Inep )

[Fez+] + KFe NPP,mod

[soi‘] +Kso,
(22)

Here, area denotes the area of the ocean, ;... is the fraction of
ocean anoxia, SRR, is the modern maximum sulfate reduction rate
(when the rate of sulfate reduction is not limited by the amount of
sulfate), [SO,* ]is as defined above, [Fe*']is the concentration of reac-
tiveiron,and Ko, and K. are the half-saturation constants for microbial
sulfate reduction and pyrite formation, respectively. Supplementary
Table1contains the range of the values used in the model.

Model calibration. To explore the effect of anoxia and pyrite burial,
we first calibrated the model to pre-industrial conditions. Specifi-
cally, we used the range of modelling parameters and fluxes reported
for the modern Earth and solved the system of ordinary differential
equations presented in ‘Global carbon and sulfur mass balance model’
in the Methods. The resulting model concentrations and fluxes were
compared against those reported for a modern ocean-atmosphere
system for the pre-industrial period. Our results from the calibration of
the model exhibit asatisfactory consistency betweenthe reported and
modelled values of concentrations and fluxes (Supplementary Fig. 2).

Sulfur isotope mass balance estimates of pyrite-driven
alkalinity production

To estimate alkalinity fluxes from pyrite burial across the Phanero-
zoic eon (Fig. 1), we constructed a simple sulfur isotope mass balance
model. We used arecent compilation of §*S, ... (= 9,225) and 8*S , ;e
(n=7,752) datafor the Phanerozoic eon®. We binned the dataat 5 Myr
intervals (Fig. 1a). On the basis of this sulfur isotope compilation, we
calculated the proportion of sulfur buried as pyrite in marine sediments
(foyr) using the following equation:

fpyr = (aSW - ainput)/As (23)

where dsy and 0,,,,, represent the isotopic composition of seawater
sulfate and theriverineinput flux, respectively. Modern d,,,,. hasbeen
estimated atbetween 2 and 8%., and we varied this parameter between
these two end-members including a median of 5%o (refs. 22,74-76).
We computed A, the isotopic difference between sulfate and sulfide,
as the difference between the median §**S,, .. and 6*S,,,;.. in each
bin. For statistical reasons we only considered bins with at least ten
coupled &S, . and 8, measurements (n = 10). Furthermore,
we only considered f,,, values between 0 and 1 as valid. For example,
we discounted negative values for A.,yacer-pyriees Which arise when the

median 8*S,,,,. composition is isotopically heavier than the median

5*S, ke COMposition in the same bin. Notably, this is particularly
common during the Carboniferous period (-360-300 Ma) (Source
DataFig.1). Whereas amechanistic explanation for this observationis
beyond the scope of the current work, it demonstrates anincomplete
understanding of sulfur isotope systematics, which should be atarget
for future research™. The blue shading in (Fig. 1c) thus represents the
upperand lower f,,, valuesineach 5 Myr bin, based on the correspond-
ing median Oy, and Aeayacer-pyriee Values, computed over a range of 0,
Pyrite-associated alkalinity fluxes were obtained by multiplying the
pyrite sulfur burial fluxes by a factor of two (equation (7)).

Modelling LIP-OAEs

Estimates for the duration and global extent of ocean anoxia and
for each of the LIP-OAEs studied were compiled from several key
sources*?*404277 and references therein, and are based on synthesized
multi-proxy reconstructions (Supplementary Table 2). We note that
estimates for the extent of anoxia during OAEla (peak of ~-10%) are
based on recent uranium isotope records’ that are not yet published
but are assumed to be similar to OAE2”®, Given the large uncertainties
in both f;,..«. and total carbon emissions, we emphasize that the goal
of the current study was not to reconstruct any particular LIP-OAE in
detail but to provide afirst-order framework for, and constraints on,
possible anoxia-alkalinity feedback for agiven carboninput strength
across LIP-OAE multiple events. For example, dynamicsin the severity
of anoxiathrough time, incombination with other boundary conditions
(for example, initial seawater sulfate and iron concentrations) have
not been tuned for specific LIP-OAEs. However, our results do display
general consistency with key environmental reconstructions based on
available proxy evidence in terms of the relative magnitude and timing
of environmental perturbations (Supplementary Fig.1).

To calculate the carbon burden of individual LIPS we used a similar
approachas presentedinrefs. 40,42. Briefly, we compiled estimates for
the total volume of erupted basalt for each event (V)””. We then assumed
aconstant basalt density (p) 0of 2.9 g cm™ (ref. 79). To estimate the maxi-
mum possible carbon release we assumed a melt CO, concentration
(w) of between 0.7 and 2.5 wt%, which is taken as the upper value for
most LIP magmas®’~®?, combined with 100% degassing efficiency. The
total emitted carbon (7¢) for each LIP was then calculated according
to the following equation:

Tc=wxVxp. (24)

We note that our lower estimates for total carbon degassing are of
similar magnitude to published values (Supplementary Table 2). The
larger estimates are slightly higher than published values. In this way,
the corresponding modelled anoxia-alkalinity feedback strength can
be considered to beamaximum estimate withrespect to carboninput.
Baseline model runs for each LIP event used the total carbon-release
value, and this was assumed to have been emitted across both long and
short degassing intervals (see below).

Generally, the maximum duration of LIP CO, degassing for each
eventbased onradio-isotopic dating analyses (for example, “°Ar/*Ar,
U-Pb) is greater than the duration of anoxia for the associated OAE
(Supplementary Table 2). For example, age data for P-T event suggests
that enhanced Siberian Trap volcanism could have lasted >10 Myr (refs.
40,42,83), withmost estimates spanning on the order of 10-2,000 kyr
(Supplementary Table 2). For example, geochemical proxy evidence
suggests that associated P-T oceanic anoxia lasted on the order of
~100 kyr to 1 Myr (ref. 28). Owing to these contrasting timescales and
large uncertainties, for each LIP-OAE we ran the model at both the
upper and lower volcanic CO, degassing rates: (1) the first scenario
assumed that the totalamount of carbon was released in a time frame
equivalent to the duration of the OAE (yielding maximum degassing
rates) and (2) the second scenario assumes that the total amount of
carbon was released in atime frame equivalent to the LIP duration, as
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determined by filtered robust age data*’ (yielding minimum degassing
rates). For each model scenario, enhanced LIP volcanic carbon input
followed a gaussian distribution and the anoxia-alkalinity feedback
was active for the duration of the model run. For both upper and lower
degassing scenarios, the extent of oceanic anoxia was held constant,
and the average value was used, which is generally on the lower end
(conservative) of the range of reconstructed values (Source DataFig. 2).
For example, for the P-T LIP-OAE, the strength of the anoxia-alkalin-
ity feedback at 14% oceanic anoxia (f,,.,) Was tested for both long
(1Myr) and short (100 kyr) Siberian Trap volcanic degassing scenarios
(Supplementary Fig. 3). For all modelled scenarios, the impacts of
oceanicanoxiaand pyrite-burial-based alkalinity production fluxes are
reported as the difference (A) between model runs with and without
the pyrite-burial-driven alkalinity feedback (that is, with and without
expanded oceanic anoxiarelative to modern).

LOSCAR simulations. To build confidence in our model we performed
comparative carbon cycle perturbation simulations using the estab-
lished LOSCAR (Long-term Ocean-atmosphere-Sediment CArbon
cycle Reservoir) model®®. We used the pre-industrial configuration of
LOSCAR, which has similar boundary conditions as our model (Sup-
plementary Fig. 2). We simulated the same carbon-release scenarios
for each of the five LIP-OAEs (Supplementary Fig. 3), starting from
model time zero, with the runlasting 10 Myr. LOSCAR lacks the anoxia—
alkalinity feedback, and thus peak model results (pco,, pH) were com-
pared with the baseline outputs from our model, also without the
feedback (Supplementary Fig. 4). Allmodel results show strong agree-
ment and overlap within 1SD (Source Data Supplementary Data1).

Data availability

Alldataand modelinformation are available in the article and its Sup-
plementary Information. Source data are provided with this paper.
These data are available via the OSF repository at https://doi.org/
10.17605/0OSF.I0/X5RF8 (ref. 84).

Code availability
The computer code for the current study is available via Zenodo at
https://doi.org/10.5281/zenodo.14889587 (ref. 85).
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