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Abstract

The chemical weathering of sulfide-bearing rocks can result in the dissolution of carbon-
ate rocks leading to degassing of CO, to the atmosphere. While this process has been
argued to be a significant geologic source of CO,, it also perturbs the geological cycles
of oxygen and sulfur, triggering a cascade of geochemical feedbacks. Using a numerical
model of geochemical cycles and climate, we found that due to feedbacks on atmospheric
oxygen associated with the organic carbon cycle, an increase of sulfide weathering leads
to a limited source of CO, followed by a longer sink of CO,. This result is due to the
stoichiometry of sulfide weathering where more O, is consumed than CO, is released.

If sulfide weathering increases progressively on a geological timescale, the duration of the
carbon source is extended, but its magnitude is negligible before it becomes a carbon sink.

Plain Language Summary

Earth’s climate has changed through time from being warmer than today for mil-
lions of years to being colder than today for millions of years. Climate on Earth over these
long time periods is set by the balance of carbon dioxide coming into the ocean and at-
mosphere and carbon dioxide going out. Knowing how big different sources of carbon
dioxide to Earth’s surface is important for understanding what has caused Earth’s cli-
mate to change through time. While carbon dioxide coming out of volcanoes is usually
thought to be the most important source, there are other sources. One such source is
when the common mineral pyrite (sometimes known as “fools gold”) gets exposed in moun-
tains and rusts through exposure to oxygen. This process results in acid which dissolves
other rocks that can release carbon. However, when pyrite rusts it consumes oxygen. At
lower oxygen levels, organic carbon that is made through photosynthesis is more likely
to be preserved and buried in sediments. As a result, the overall effect of pyrite weath-
ering on carbon dioxide levels is limited and can actually cause them to go down by a
small amount.

1 Introduction

On million-year timescales, the sources and sinks of CO, on Earth’s surface need
to be balanced (Berner & Caldeira, 1997). Volcanism and metamorphic outgassing are
typically considered the main sources of CO, to the long-term carbon cycle. However,
recent attention has been drawn to the CO, source associated with sulfuric acid produced
by sulfide mineral weathering (e.g., pyrite) dissolving carbonate rocks (Spence & Telmer,
2005; Torres et al., 2014, 2017; Emberson et al., 2018; Shukla et al., 2018; Kolling et al.,
2019; Blattmann et al., 2019). The sulfide oxidation flux has been re-estimated at higher
values than previously thought (Calmels et al., 2007; Burke et al., 2018), and is corre-
lated to erosion rate (Calmels et al., 2007; Torres et al., 2016, 2017; Hilton & West, 2020;
Bufe et al., 2021). This process could be important in the evolution of Earth’s climate
and is relevant in association with orogenies that uplift sulfide-bearing sedimentary litholo-
gies. Torres et al. (2014) proposed that sulfide oxidation coupled to terrestrial carbon-
ate dissolution could be a sustained carbon source, owing to the relatively long residence
time of sulfate in the ocean (10-15 Myr). The authors argued that this process could be
a missing source of CO, in the Cenozoic Era, accompanied by a decrease of atmospheric
oxygen (as sulfide oxidation is a sink of O,).

A modification of the sulfide oxidation flux would also modify the interrelated geo-
chemical cycles of carbon, oxygen, and sulfur. The overall response of atmosphere-ocean
geochemistry to a perturbation of sulfide oxidation therefore depends on the strength
and timing of the different feedbacks in these geochemical cycles.

The existence of a negative feedback stabilizing atmospheric CO4 has been acknowl-
edged for several decades, the so-called “weathering thermostat” of the climatic feedback
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on silicate weathering being presented as the best candidate (Walker et al., 1981; Berner
et al., 1983). Because of the short residence time of carbon in the ocean atmosphere sys-
tem (100 kyr), this feedback must operate within a few hundred thousand years (Berner
& Caldeira, 1997). Despite large-scale orogenic activity over the Cenozoic, oxygen lev-

els are estimated to be relatively stable, between 20 % and 24 % of atmosphere volume
(Mills et al., 2016). The estimated range of variation since the Carboniferous is 15 — 35 %
(Berner et al., 2003). This stability suggests the presence of a substantial negative feed-
back operating on atmospheric oxygen levels. Organic carbon burial in marine sediments
is thought to prevent oxygen levels from getting too low, either through a reduction of
O,-dependent carbon oxidation during early diagenesis (Betts & Holland, 1991) or through
enhanced productivity due to reduced phosphorus burial under anoxic conditions (Van Cap-
pellen & Ingall, 1996). Land vegetation processes, including terrestrial wildfires, provide
additional negative feedbacks (Lenton & Watson, 2000). The feedbacks on oceanic sul-
fate concentrations are not straight-forward. The formation of massive sulfate evapor-
ites (e.g., gypsum, anhydrite) are more sensitive to the particular paleogeographic con-
figurations that lead to restricted basins in arid environments than on sulfate concen-
trations. Nevertheless, precipitation of sulfide minerals through sulfate reduction likely
depends on sulfate concentration (Canfield & Farquhar, 2009) and this may hold true

for the precipitation disseminated sulfate minerals as well. These processes would pro-
vide negative feedback that prevents unbounded drift. Hence, geochemical cycle mod-

els, such as COPSE (Lenton et al., 2018), generally assume those fluxes to be propor-
tional to sulfate concentration.

Given the existence of these feedbacks, one cannot straightforwardly determine how
CO, and climate would evolve in the million years following a perturbation of sulfide weath-
ering. The present study addresses this question with a modeling approach. Using the
coupled geochemical cycles/climate model GEOCLIM (Goddéris & Joachimski, 2004;
Donnadieu et al., 2006; Goddéris & Donnadieu, 2019), we explore the sensitivity of tran-
sient climate evolution to an increase of sulfide weathering on million year timescales.

Sulfide oxidative weathering can be described by the generalized equation:

1 1 1
§FQSQ + §502 + ZHQO e §FQ(OH)3 + HQSO4 (1)

The released sulfuric acid typically dissolves surrounding carbonate minerals:
H,S0, + CaCO; — Ca**t +50,%" + CO, + H,0 (2)

If not, it may alter the riverine or oceanic water alkalinity balance and carbonate pre-
cipitation, leading to the same budget. Alternatively, sulfuric acid might dissolve sili-
cate minerals, the budget would then be different:

H,S0, + CaSi0; — Ca?t 4 80,*™ + Si0, + H,0 (3)

Eventually, the cycle is closed by sulfate reduction and sulfide precipitation in ma-
rine sediment that can be described by the generalized equation:

1 1 1
SO* + 5Fe(OH); +2CH,0 + 20, — SFeS, + 2HCO,™ + ZHQO (4)

Followed by carbonate precipitation:
Ca,™ +2HCO,~ — CaCO; + CO, + H,0 (5)

These last two processes balance the alkalinity and sulfur budgets, but not the carbon
and oxygen ones. The burial of organic carbon produced by the biosphere finally close
the budgets (expressed here with a stoichiometry comparable to previous equations):

200, + 2H,0 — 2CH,0 + 20, (6)



110 2 Materials and Methods
111 2.1 Model

112 We used the global spatially-resolved geochemical cycle model COMBINE that is
13 a component of the GEOCLIM Earth system model (Goddéris & Joachimski, 2004; Don-
114 nadieu et al., 2006; Goddéris & Donnadieu, 2019). The model code is available on Zen-
15 odo (https://doi.org/10.5281/zenodo.5246622). GEOCLIM simulates the cycles of

116 geochemical species (including carbon, oxygen, alkalinity and phosphorus) in ocean-atmosphere
17 reservoirs that are discretized in 10 “boxes” (9 oceanic, 1 atmospheric), and is coupled

118 to climate model results that are used to compute continental fluxes at the resolution

119 of the climate model. GEOCLIM is designed for multi-million year simulations while be-

120 ing fully dynamic (i.e., no steady-state assumption is made regarding the chemical species)

121 and parameterizes fast processes, like ocean mixing and water column sedimentation. The

122 coupled modeling of continental processes, climate, and ocean biogeochemistry enables

123 the model to address the impact of increased sulfide weathering on the carbon cycle.

124 This study combines recent improvements of the GEOCLIM model and implements

125 a simplified sulfur cycle. A more complete description of the model and the calibration

126 procedure can be found in the Supporting Information (Text S1, S2 and S3).

127 GEOCLIM’s continental weathering module computes physical erosion, silicate, car-
128 bonate, petrogenic organic carbon and phosphorus weathering, and terrestrial organic

120 carbon export. Surface bedrock is divided into six lithological classes, following Park et
130 al. (2020), utilizing the data compilation of Hartmann and Moosdorf (2012). The ero-

131 sion and silicate weathering components are similar to Park et al. (2020), but solve the

132 equations dynamically instead of assuming a steady-state regolith. Terrestrial biospheric
133 organic carbon export is an addition with respect to published versions of GEOCLIM

134 and uses the formulation of Galy et al. (2015). Regarding petrogenic organic carbon and
135 sulfide weathering, following recent studies that indicate a near linear relationship be-

136 tween those two fluxes and erosion rates (Calmels et al., 2007; Hilton et al., 2014), we

137 considered them to be proportional to the modeled erosion rate, with prescribed organic
138 matter content and C:S ratio. As a simplification, we assumed that sulfuric acid released
139 by sulfide oxidation dissolves carbonate and silicate rocks, in addition to chemical weath-
140 ering driven by carbonic acid, with the same carbonate/silicate flux ratio as for “carbonic”
11 weathering.

142 The climate simulations used by the weathering module are the same as in Park

143 et al. (2020). The GFDL CM2.0 General Circulation Model (Geophysical Fluid Dynam-
144 ics Laboratory Coupled Model version 2.0, Delworth et al., 2006) was run, at 1, 2 and

145 4 times pre-industrial CO, with other boundary conditions set to be constant at pre-industrial
146 values.

17 For the purpose of this study, a simplified sulfur cycle has been implemented in GEO-
148 CLIM. We assume that the only processes modifying the sulfur budget are the continen-

149 tal sulfide oxidation, and the reduction of sulfate in marine sediments. All other fluxes

150 (sulfur degassing, evaporite dissolution and precipitation) are set at steady-state values.

151 This simplification of the pathways is implemented given the difficulties in accurately

152 representing evaporite precipitation with no explicit evaporitic basins.

153 The preservation of deposited organic carbon in marine sediments is mostly con-

154 trolled by the local sedimentation rate. Organic carbon burial efficiency is modulated

155 by O, and SO427 concentrations, providing a negative feedback for those element cy-

156 cles (Betts & Holland, 1991; Hartnett et al., 1998; Canfield & Farquhar, 2009). These

157 processes are simulated using an early diagenesis module (Simon et al., 2007). It con-

158 sists of a steady-state reactive-transport model calculating at each time step of GEO-

150 CLIM the amount of organic matter escaping oxidation such that it is buried in the sed-

160 iment. Organic matter moves downward, at the sedimentation rate, through a biotur-
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bated layer (starting at the surface of sediment), where it is oxidized by O, and through
a “sulfate reduction layer”, where it is oxidized by SO, . H,S generated by this pro-
cess reacts with iron to form sulfide minerals (Equation 4). Oxidation rate is considered
to be proportional to the concentration of organic matter in the sediment times the con-
centration of the oxidant (O, or SO,*") in the local GEOCLIM ocean box. Hence, the
oxidation flux F,;;q in a given layer is:

F;
Fogia = —— 7
T T+ w/kh[X] @
With Fj, the incoming flux of C at the top of the layer, w the sedimentation rate,
h the layer thickness, [X] the concentration of the oxidant (O, or SO,*), and k the rate
constant.

The GEOCLIM model was calibrated to reproduce pre-industrial conditions us-
ing modern fields of slope and lithology and climate fields from climate model runs at
1xCO,, under the assumption of steady-state. While this assumption is questionable
for long residence time species (S and O) it should be considered as a neutral hypoth-
esis, given the difficulties to estimate the current imbalance of the geochemical cycles (e.g.,
Burke et al., 2018). Starting the numerical experiments at steady-state is preferable as
otherwise the assumed non-steady-state trajectory will be superimposed on responses
to an imposed increase in sulfide weathering.

2.2 Design of Perturbations

The perturbations we applied to the pre-industrial steady-state consist of increas-
ing by 50% the sulfide weathering flux, either instantaneously at ¢t = 0 (abrupt pertur-
bation) or progressively over 40 Myr (progressive perturbation). This perturbation is scaled
to the “background” sulfide weathering, which means it evolves with climate evolution
(with erosion being parameterized to be dependent on runoff rates in addition to slope).
In other words, this perturbation is equivalent to increasing by 50% the amount of sul-
fides in surface rock exposures, without changing its organic carbon content. Two end-
members concerning the fate of the additional sulfuric acid are presented here: additional
dissolution of carbonate and additional dissolution of silicate, referred as “carbonate”
and “silicate” sulfuric weathering perturbations. More scenarios are discussed in the Sup-
porting Information (Text S5 and Figures S4-S8).

2.3 Oxygen feedback sensitivity experiments

We conducted additional experiments where we varied the strength of the oxygen
feedback. In GEOCLIM, two simulated processes are responsible of this feedback: the
O,4-dependent oxidation of organic matter in marine sediment and the burial of phos-
phorus with organic matter. The C:P burial ratio depends on the degree of anoxicity (Van Cap-
pellen & Ingall, 1994):

(C : P)oa:ic : (C : P)anoxic

C:P urial —
(C+ Plouriar (1= DOA) - (C : P)anosic + DOA-(C : P)omic

(8)

In other words, the amount of P buried for a given amount of buried C varies lin-
early with the degree of anoxicity (DOA) between the two end-members.

The DOA represents the fraction of the basin that is anoxic. It varies from 1 (fully
anoxic basin) to 0 (fully oxic basin). It only depends on local oxygen concentration, us-
ing the relation of Van Cappellen and Ingall (1994, polynomial fit of Figure 4A of their
contribution). Roughly speaking, it linearly decreases from 1 for [O5] = 0 mol/m? to 0
for [Oy] = 0.4 mol/m? (see Figure S1).



205 Less oxygen in seawater leads to less burial of phosphorus, leading to higher pri-

206 mary productivity via P upwelling, and more organic C burial.

207 This case is the reference oxygen feedback scenario (“ref”). To vary the strength
208 of the oxygen feedback, we added or removed O, dependencies to several processes. We
200 made the hydrothermal phosphorus sink (Wheat et al., 1996)—independent of oxygen

210 in “reference” case—dependent to [O,] (case “feedback+1"), or dependent to [O,]? (case
21 “feedback+2"). We further made terrestrial biospheric organic carbon export dependent

212 to (po,) % (case “feedback+3”) or to (po,)~" (case “feedback+4”). To reduce the oxy-
213 gen feedback strength, we imposed a constant DOA (case “feedback-1"), independent

214 of oxygen concentration. We further reduced the O, dependence in Equation 7 to [0,]%?
215 (case “feedback-2"). Finally, we removed the O, dependence in Equation 7, leaving no
216 oxygen feedback in the model (case “no feedback”). These modifications serve as a way
217 to modulate the overall oxygen feedback strength given that it has considerable uncer-
218 tainty.

210 To quantify the strength of the oxygen feedback for each of those different scenar-
220 ios, we computed the steady-state po, after a 50% increase in petrogenic carbon weath-
21 ering, everything else—including phosphorus weathering—unchanged. This “perturbed”

22 steady-state po, ranges from 0.44 to 0.68 PAL, the reference case being 0.56 PAL (see
223 Text S4, Table S3 and Figure S2 in Supporting Information).

224 3 Results

25 3.1 Abrupt perturbation

226 Starting from geochemical steady-state, we applied at t = 0 a step-function in-

227 crease of sulfide weathering and carbonate dissolution by released sulfuric acid.

228 The immediate response is an increase of atmospheric CO, (Figure 1a) because of

229 the direct CO, release. This excess CO, causes a rapid drop of oceanic pH (Figure 1g)

230 of 0.1, leading to a reduction of carbonate precipitation (Figure 1b) tempering the at-

231 mospheric CO, rise by storing dissolved inorganic carbon in the ocean.

23 The main negative feedback, in terms of amplitude, arises from the organic carbon
233 cycle (Figure 1c). On the timescale of 1 Myr, the rise of temperature leads to lower oxy-
23 gen solubility in seawater, and more importantly, higher phosphorus delivery through

235 weathering (see Figures S3 and S10), both increasing organic carbon burial flux by 0.42 Tmol/yr.
236 The silicate weathering flux also contributes to the CO, drawdown, but by a smaller amount
237 — 0.22 Tmol/yr in the same time interval (Figure 1b). These two fluxes stabilize pCO,

238 at ~ 380 eq ppm.

239 On longer timescales (1 to 10 Myr), the progressive decline of pO, consumed by

240 sulfide oxidation results in an increase of DOA in the ocean. Consequently, the preser-

241 vation of organic C in sediment and the C:P ratio of the buried organic matter both in-

212 crease. Higher primary productivity (given enhanced phosphorus availibility, see Figure

213 S3) and burial efficiency maintain the high organic carbon burial, consuming atmospheric
244 CO,. As a result, pCO, drops below its initial value around 14 Myr, long before the at-

245 mospheric oxygen level stabilizes (around 35 Myr, Figure 1f).

246 The sulfur cycle stays imbalanced by 0.1 Tmol/yr after 50 Myr of run (see Figures

247 1h and S5). There are several reasons for this result. First, the modeled sulfur cycle res-
28 idence time is significantly longer than the oxygen one (30 Myr vs. 5 Myr). Second, the

249 sulfur negative feedback is not linear. The main control on sulfate reduction is the amount
250 of organic carbon buried (Raiswell & Berner, 1986). Therefore, as organic carbon burial

251 increases in the first couple of million years of simulation, so does sulfate reduction (see

252 Figure S5). The ratio of organic C versus S burial fluxes into the marine sediments stays
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Figure 1. Time evolution of major ocean-atmosphere chemical species and fluxes following

an “abrupt carbonate sulfuric weathering” perturbation applied at ¢ = 0 and sustained. Fluxes
are shown as their absolute value with a positive source indicated with a (4) in the legend and a
negative sink indicated with a (~). a. atmospheric partial pressure of CO,, expressed in equiva-
lent ppmv (theoretical mixing ratio if all other gases amounts were kept unchanged). b. inorganic
carbon fluxes (left axis) and silicate weathering flux (right axis). c. organic carbon fluxes. d.

sum of carbon sources and sinks. e. atmospheric partial pressure of O,, expressed relatively to
present one (PAL). f. oxygen fluxes. g. mean ocean pH. h. mean ocean calcium (left axis) and
sulfate (right axis) concentration. “wth” is the abbreviation of “weathering”. When ambiguous,
weathering by carbonic or sulfuric acid is specified by C or S (respectively). In panels b. and h.,

the left and right y axis have the same scale.

roughly constant during the phase of increasing organic carbon burial. Yet, the achieve-
ment of steady-state of all cycles requires a different C:S burial ratio. Steady-state is reached
when organic carbon burial has increased by 16%, which buffers the oxygen perturba-
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tion, and sulfate reduction has increased by 50%, which buffers the sulfate perturbation.
Accordingly, the C:S burial ratio progressively decreases in order to reach steady-state.
To achieve this multi-cycle steady-state (including sulfur), the calculated oceanic sulfate
must rise significantly given its weak control on the C:S burial ratio. An accelerated equi-
librium simulation shows that sulfate concentration must increase up to 43.3 mol/m? to
balance the perturbation. Given that the sulfur cycle is imbalanced at 50 Myr of run,

it would take approximately another 50 Myr to achieve steady-state.

In the last 20 Myr of simulation, oxygen and sulfur cycles are nearly at steady-state,
while accommodating the long-term drift of the sulfur cycle (Figure 1). Atmospheric pO,
decreases to 0.75 PAL for organic carbon burial to balance the oxygen sink (Figure 1 e
and f). Because sulfide weathering still exceeds sulfate reduction, the resulting net O,
sink is compensated by an organic C burial flux higher than the sum of petrogenic C ox-
idation, carbonate sulfuric weathering and sulfate reduction C fluxes. These coupled pro-
cesses result in a net C sink, that is compensated by a reduced silicate weathering flux,
itself controlled by lower than pre-industrial atmospheric CO5 (239 eq ppm, correspond-
ing to a global cooling of 0.45 °C, see Figure 1 a and d). Eventually, when the sulfur cy-
cle reaches steady-state, atmospheric CO, will return to its initial value, since only a per-
turbation of the inorganic carbon cycle is able to modify the steady-state CO,.

3.2 Progressive perturbation

This abrupt perturbation experiment is helpful to understand the processes, but
a more realistic sulfide weathering perturbation would occur gradually. We conducted
a second experiment where we linearly increase the sulfide weathering (rigorously, the
amount of sulfide in exhumed rocks) over 40 million years, up to the same value of +50%.
Given that the onset of this perturbation occurs on a similar time-scale to that of the
oxygen feedback, the global warming associated with it is virtually nonexistent (+15.5 eq ppm
of CO, corresponding to 0.15 °C of warming), and the CO, drops below the initial level
at 35 Myr instead of 13.7 Myr (Figure 2a, orange curves).

3.3 Silicate dissolution

We consider here the second scenario where the additional sulfuric acid released
by the sulfide weathering perturbation dissolves “new” silicate minerals (Equation 3).
In that scenario, sulfuric acid is neutralized without additional source of carbon, so the
atmospheric CO4 continually decreases, because of the organic C dependent oxygen feed-
back, to a much lower value than in the “carbonate” scenario (110 eq ppm of CO,, 2.6 °C
of cooling, Figure 2a, blue curves). Atmospheric O, also stabilizes at lower value (0.55 PAL,
Figure 2b), because of both reduced phosphorus weathering and higher seawater oxy-
gen solubility in colder climate. Considering a progressive perturbation rather than an
abrupt one only delays the stabilization of the oxygen and carbon cycles (Figure 2 a and
b, blue curves).

3.4 Effect of oxygen feedback

Because the oxygen feedback is responsible for sulfide weathering perturbation to
switch from a net source to a net sink of C, we investigated the sensitivity of our sim-
ulations to that feedback’s strength. We repeated this experiment of “carbonate sulfide
weathering” perturbation with different oxygen feedback strengths (see Methods, and
Supporting Information, Text S4).

In the carbonate sulfuric weathering abrupt perturbation experiment, despite a rel-
atively large scatter of pO, level at “steady-state” (0.6-0.83 PAL, Figure 2e), the CO,
peak and its timing is a robust feature, with maximum pCO, of 365-400 eq ppm, reached
at 1-1.6 Myr (Figure 2¢). Only if all oxygen feedbacks are removed can the sulfide per-
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Figure 2. Time evolution of atmospheric CO; (a., c. and d.) and O, (b. and e.) for different

simulation setups. a. and b. “carbonate” or “silicate sulfuric weathering” perturbation, abrupt
or progressive over 40 Myr, c., d. and e. “carbonate sulfuric weathering” perturbation, abrupt

(c. and e.) or progressive (d. and e.) with different strengths of O, feedback. The same color
codes are applied in a. and b., and in c., d. and e. The units of pCO, and pO, are the same as in

Figure 1.

turbation generate a sustained source of carbon, maintaining high CO, level for tens of
million years. However, in that theoretical experiment, CO, eventually declines near 17 Myr
because the epicontinental waters below the photic zone becomes fully anoxic (O, con-
centration lower than 8 mmol/m?) and organic particles are no longer efficiently rem-
ineralized in the water column, which increases the organic carbon burial flux. At 28 Myr,
oxygen mass-balance can no longer be satisfied because the organic carbon oxidation dur-
ing early diagenesis (made independent of O, concentration in this scenario) exceeds the
amount of oxygen available in the basin.

All other sensitivity experiments show a drop of CO, below pre-industrial level,
occurring between 8 Myr and 16 Myr, except for the “feedback-2” case where the CO,
decrease is much slower than the others.

In the case of a progressive perturbation, the CO, peak remains negligible (Fig-
ure 2d) while a similar persistent lower CO, is achieved after the sulfide weathering ceases
to increase, with the exception of the “feedback-2” and “no feedback” cases.
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4 Discussion and Conclusion
4.1 Robustness of oxygen feedback modeling

The strength and timing of the oxygen feedback is the key element controlling the
CO, evolution in our experiments. Several mechanisms have been suggested to explain
the negative feedback needed for the oxygen cycle, and their representation in GEOCLIM
relies on empirical parameterizations.

Based on observed correlations between organic C content in marine sediment, sed-
imentation rate, and dissolved O, concentration, Betts and Holland (1991) found that
the feedback provided by O,-dependent organic C preservation in sediment would alone
yield an atmospheric pO, of 0.1 atm (i.e., 0.48 PAL) for a 50% increase in oxidative weath-
ering, in their “maximum slope” (i.e., maximum feedback strength) case. This value is
close to our “feedback-1” scenario (0.51 PAL, see Table S3), where O,-dependent organic
C preservation is the only feedback.

Other ocean-based feedbacks involved the removal of oceanic phosphorus with or-
ganic matter, adsorbed on iron hydroxides and calcium-bound, all providing a negative
feedback; denitrification, on the other hand, provides a positive feedback (Lenton & Wat-
son, 2000). In GEOCLIM (“reference” scenario), these feedbacks are parameterized with
the degree of anoxicity, without explicit representation of iron speciation, nor organic
matter and Ca binding. The nitrogen cycle and potential nitrogen-limitation on primary
productivity is also ignored. Considering only the oceanic P-based feedbacks, Van Cap-
pellen and Ingall (1996) found that pO, would drop down to 0.59 PAL after a 50% in-
crease of oxidative weathering through uplift (the additional P delivered by enhanced
continental weathering caused by uplift being delayed in their model). This pO, decrease
is smaller than in our “reference” scenario.

Lenton and Watson (2000) argued that considering all these feedbacks together is
needed to be consistent with the evidence of geologic oxygen stability. They also discussed
land-based oxygen feedbacks, though more to explain the upper bound of oxygen vari-
ations. Land-based feedbacks are absent in the GEOCLIM “reference” scenario, we added
a pO, dependence of terrestrial biospheric organic C export in scenarios “feedback+3”
and “feedback+4".

Given that the oxygen feedback in GEOCLIM “reference” is weaker than the lit-
erature estimates, the “high CO,” scenarios (feedback-2 and feedback-1) are unlikely,
and the ones with lower CO, than “reference” are more probable.

4.2 Simplification of sulfur cycle

Sulfide burial is interpreted to be dependent on sulfate concentration (Canfield &
Farquhar, 2009). However, how oceanic sulfate concentration controls sulfide burial is
poorly known making it difficult to confidently parameterize. The much longer time re-
quired for sulfate reduction to balance sulfide weathering, compared to oxygen stabiliza-
tion time, is another key element of the CO4 evolution in our experiments, because of
the stoichiometry of —15/8 O, for +1 CO, (Equation 1 and 2). Two arguments support
this long sulfur balancing time: the long residence time of the “reduced” sulfur sub-cycle
(30 Myr) compared to oxygen (5.1 Myr), and the consistent C:S ratio observed in sed-
iments (Berner & Raiswell, 1983; Kurtz et al., 2003) suggesting a weak control of sul-
fate concentration on this ratio; a ratio that needs to be modified in order for sulfur cy-
cle to be balanced in our experiments.

It may be argued that the actual sulfur residence time is shorter because of the “evap-
oritic” sub-cycle, whose fluxes should respond to sulfate perturbations, and could po-
tentially affect long-term climate (Shields & Mills, 2021). Considering an evaporitic sul-
fate weathering flux of 1.5 Tmol/yr (Burke et al., 2018) would reduce the residence time
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of sulfur to 14 Myr. However, increasing evaporitic sulfate precipitation in response to
sulfate and calcium concentration rise would not change the O,:CO, stoichiometry, and
the main effect is to further delay the rise of oceanic sulfate concentration needed for bal-
ancing the “reduced” sulfur sub-cycle. This would act in favor of an even more pronounced
and longer CO, sink resulting from an increase in sulfide weathering.

4.3 Sulfide weathering and petrogenic organic carbon weathering

Investigating the effect of an increase of sulfide weathering alone is a rather the-
oretical study. In Earth history, sulfide weathering is likely to have varied concomitantly
with petrogenic organic carbon weathering, as sulfides are dominantly found in organic-
rich sedimentary rocks. Both of their weathering rates have been shown to increase quasi-
linearly with erosion rate (Calmels et al., 2007; Hilton et al., 2014). Decoupling of pet-
rogenic organic carbon and sulfide weathering fluxes is still possible, by exhuming rocks
with a lower C:S ratio than Earth surface average. Additionally, uplift and erosion in-
fluence on carbon fluxes is not restricted to sulfide and organic carbon weathering given
concurrent changes in silicate weathering (Hilton & West, 2020), and uplift also affects
ocean-atmosphere circulation, indirectly modifying weathering rates (Maffre, Ladant, Don-
nadieu, et al., 2018; Maffre, Ladant, Moquet, et al., 2018).

Nevertheless, a proportional increase of sulfide and petrogenic organic carbon weath-
ering (presented in Supporting Information, Text S5 and Figure S9) have a different im-
pact. With an unchanged C:S ratio of global weathering fluxes, the rise of organic car-
bon burial and associate sulfate reduction fluxes caused by oxygen decline balances both
oxygen and sulfur cycle in roughly the same time. This switches the ratio of —15/8 O,
for +1 CO, toward a —2:+2 ratio. Hence, CO, only undergoes a relaxation towards its
pre-perturbation value instead of dropping below that value.

4.4 Consequences for paleoclimatic evolution

Sulfide oxidation linked to carbonate weathering is a source of CO,, but it is also
a sink of O,, resulting in additional organic carbon burial and removal of CO,. Because
of its larger effect on oxygen, an increase of sulfide weathering alone is, on the long term,
a sink of CO,. Its source effect is either limited in time for a rapid perturbation, or lim-
ited in amplitude for a progressive perturbation. This sink would be further enhanced
if evaporite sulfate precipitation delays the rise of oceanic SO 4277 or if part of the ad-
ditional sulfuric acid dissolves “new” silicates (i.e., silicates that would not have been
dissolved by carbonic acid otherwise). The magnitude of such potential additional sil-
icate weathering, however, is largely unknown. It is relevant for actively erosive environ-
ments, where “carbonic” silicate weathering is limited by kinetics rather than by the amount
of exposed minerals, and therefore, less likely to be reduced by mineral consumption by
enhanced “sulfuric” weathering.

Our findings suggest that sulfide weathering can not be solely interpreted as a miss-
ing source of carbon. Rather through the effects of oxygen and carbon cycle feedbacks
it can instead be a sink. While there are significant uncertainties on the strength of the
oxygen feedback, if there is a feedback on atmospheric oxygen levels through the carbon
cycle, the decrease in atmospheric oxygen levels resulting from sulfide weathering will
result in enhanced organic carbon burial that is a sink of carbon dioxide. This result high-
lights the need to consider the cascading biogeochemical effects of a process such as sul-
fide weathering. While reconstructing the forcing of long-term climate change remains
a major challenge, the subdued effect of sulfide weathering on the carbon cycle empha-
sizes the relative importance of CO, outgassing and silicate weathering.
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X-2
Text S1. Model description — continental weathering

The continental weathering module of GEOCLIM computes the following spatially-
resolved values (for the present study, the resolution is 0.5°x0.5°):

1. E: Physical erosion (m/a)

2. F,,: Silicate weathering (mol/m?/a)

3. F.,: Carbonate weathering (mol/m?/a)

4. Frp: Kerogen weathering (mol/m?/a)

5. Fyuy: Sulfide weathering (mol/m?/a)

6. F,ep: Terrestrial organic carbon export (mol/m?/a)

7. F,,: Phosphorus weathering (mol/m?/a)

The following variables set these fluxes:

e T Surface temperature, at current CO, level (K)

e ¢: Total runoff, i.e, precipitation minus evaporation, at current CO, level (m/a)

e S: Slope of the land (m/m)

e 1, (i): Area fraction of grid cell covered by the lithological class #i

Temperature and runoff are annual-mean climatological averages (e.g., average over 30
years of equilibrium climate). Slope was computed as the gradient of elevation using
the SRTM digital elevation model at 30 seconds resolution, and then averaged at 0.5°.
Lithology fractions on each 0.5° grid cell was derived from the shapefile of Hartmann and
Moosdorf (2012).

The lithological classes used are:

1. Metamorphic
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2. Mafic and ultramafic
3. Intermediate

4. Felsic

5. Siliclastic sediments

6. Carbonate
Erosion:
The equation for erosion rate is derived from the Stream Power Incision Model (Davy

& Crave, 2000) and adapted for a regular longitude-latitude grid (Maffre et al., 2018):
E = k¢S (1)

Where k. is the erodibility constant.

Silicate Weathering:

Silicate weathering is computed using the regolith model of Gabet and Mudd (2009),
with the parameterization of West (2012). We consider the “regolith” as the interface
between unweathered bedrock and earth surface, where chemical weathering reactions
occur. The regolith model describes a vertical profile of abundance of primary minerals,
starting from 1 at regolith/bedrock transition, and decaying towards the surface due to
dissolution reactions.

Regolith thickness h is computed as:

dh
= Rf(h)~ B @

Where P, is the optimal regolith production rate, computed as:
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Where R is the ideal gas constant, T, the chosen reference temperature (288.15 K), Ea4,,
the apparent activation energy at 7, for regolith production and k,, the proportionality
constant.

f(h) is the soil production function, capturing the decrease of regolith production rate

with a deeper bedrock/regolith transition. We considered an exponential form:
f(h) = el (4)

Where h, is the decay depth.
The vertical profile of primary minerals x, follows an advection-reaction equation (the
downward migration of regolith/bedrock transition is equivalent to an upward advection

of rock particles):

or. Ox,, -

oy = —PB,f(h) 5, K%z,

or or

E - - Pof(h) a + 1 (5)

The vertical coordinate z varies from 0 at regolith/bedrock transition to h at surface
(i.e., z is positive upward). 7 is the “age” of rock particles at the local depth, that is
the time elapsed since the particle have entered the regolith. K77 can be seen as the
dissolution rate constant (with an order-1 kinetics). The exponent o describes the fact
the rate constant decreases with the age of the particles. K is defined according to the
equation:

K =kq(1—e ) e 1t (11 (6)

where k,, is the runoff saturation parameter, F 4, the apparent activation energy at T, for

mineral dissolution, and k,; the dissolution constant.
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Finally, the silicate weathering rate is the dissolution rate integrated over the regolith:

h
Fy,(i) = XcaMg/ K71%xp.dz (7)
0

Where Xcamg 18 the amount of calcium and magnesium per m® of bedrock (xzp is the
fraction of primary minerals in the regolith normalized to the one of the bedrock, it does
not describe the absolute amount of cations). Silicate weathering rate is then expressed
in mol(CaMg)/m?/a.

The index (7) in equation 7 denotes that silicate weathering is computed for each silicate
lithological class (5 are considered) given that parameters are lithology-dependent (see

Table S1). The total silicate weathering rate is then:
Niitho
Fa= Y a0(i)Fali) ®)
i=1
Carbonate weathering:
The carbonate weathering formulation used in the model has been slightly modified
since Donnadieu et al. (2006). We used the formulations published in Arndt, Regnier,

Goddéris, and Donnadieu (2011).

The pCO, in the soil is computed as:

pCO2|ZZ)(iIIx (9)

PCOss0it = PCOy|atm + 1 + ¢(1-315-0.116(T—273.15))

(Gwiazda & Broecker, 1994). The maximum pCO, in soil is defined as:

pCO, "% = 1 + 0.302484¢"® (10)

soil T

(Lieth, 1984). ¢ being here in cm/a.
That pCO, in soil is then used to determine the equilibrium Ca®' concentration with

calcite and soil COq n ([Ca®t],,), and the carbonate weathering flux is computed assuming
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dissolution kinetics are never limiting:

ch = kcarb : xL@carb) - q- [Ca2+]eq (11)

With 2 (i.4) the fraction of the carbonate lithological class in the grid cell, and ke is
a calibration constant (see Table S1).

Kerogen and sulfide weathering:

Kerogen weathering was updated with respect to published versions of GEOCLIM, and
sulfide weathering is an addition of the present study.

Following (Calmels et al., 2007; Hilton et al., 2014), we assumed those fluxes to be

proportional to the erosion rate:

Niitho
ka =0.5 ZL’L(/{?) XocE (12)
k=1
Niitho
Fsulf = IL(/{;> XSE (13)
k=1

Where xoc is the fraction of petrogenic organic carbon in bedrock, and xgs is the amount of
sulfur in the form of sulfide (e.g., FeS,) in bedrock. The factor 0.5 for kerogen weathering
accounts for the fact that only 50% of the petrogenic organic matter is considered as
reactive (Hilton & West, 2020), the rest is taken to be inert and will not be oxidized at
any point.

As stated in the main text, to determine the fraction of released sulfuric acid that
dissolves carbonate mineral versus silicate mineral, we assumed that silicate:carbonate
ratio to be the same as the ratio of total silicate and carbonate weathering flux by carbonic

acid, as a neutral hypothesis. The total “carbonic weathering” fluxes are 4.7 Tmol /yr and
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12.3 Tmol/yr, for silicate and carbonate (respectively). Hence, we assumed that 36.5% of
the released sulfuric acid dissolves silicate minerals.
Terrestrial organic carbon export:
Terrestrial organic carbon export refers to the amount of organic carbon photosynthe-
sized by the biosphere (i.e., produced from atmospheric CO,) that is not respired, and is
exported to the ocean by rivers in the form of particulate organic matter.

We used the formulation of (Galy et al., 2015), that is fit on field data:
1 0.56
Foew = T 0.081 £ (14)

Where E is expressed in t/km?/a (we assumed a density of 2500 kg/m?). The factor 1/12
is for converting the flux in mol(C)/m?/a.

Phosphorus weathering:

We updated the treatment of phosphorus weathering with respect to previously pub-
lished versions of GEOCLIM. Phosphorus weathering is set proportional to the silicate,
carbonate and kerogen weathering fluxes, with imposed concentration of non-organic P

in source rocks, and C:P ratio in kerogen:

w A swl? ——F. T
P — r X CaMg XCaCO, (C: P)per

With yp the amount of phosphorus per m?® of bedrock (lithology-dependent), XCaco, 18
the amount of CaCO, per m? of carbonate, and (C : P)g,, the ratio in kerogens.
Part of the weathered phosphorus is exported within the terrestrial organic carbon

particles:

1
pro— L // Fodad 16
part (C : P)terr land Y ( )
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where (C : P)y is the ratio of labile organic C and P in exported riverine particles.
We assumed a ratio of 205 (on a molar basis), in order to get a realistic partition of
phosphorus between particulate and dissolved form (Filippelli, 2002). All the remaining

non-particular phosphorus is exported in dissolved form:

FP . = // F,p.dxdy — szm (17)
l

and
Text S2. Model description — oceanic deposition fluxes and early diagenesis
module

The early diagenesis module of GEOCLIM computes the burial fluxes of the considered
elements (organic and inorganic carbon, phosphorus, sulfur...). This module is similar
from published version (Simon et al., 2007). We updated the calculation of sedimentation
rate and the sulfate reduction part.

Sedimentation rate:

Originally, the sedimentation rate was imposed in different basin types of GEOCLIM:
epicontinental surface (ES), epicontinental deep (ED), and deep open ocean (OD). In
this updated version, the total sedimentation flux is computed, as the sum of riverine
sediment delivery and oceanic particles deposited from the water column (carbonate pre-
cipitation and organic matter, these fluxes contribute to approximately 9% of the total
flux). This sedimentation flux is then distributed in the different basins to compute their
local sedimentation flux F? ; and sedimentation rate w?.

The terrestrial sediments are delivered to the epicontinental surface basin. What is
not deposited in this basin it is exported in the epicontinental deep basin, and what is

not deposited in that second basin is exported to the open ocean deep basins (they are
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actually 3 open deep basins). For each basin, the “imported” sediment flux (from previous
basin or from land) is added to the flux of particles deposited from the water column F,,.

Hence:

FES = p,., / / E dxdy + Fdfig
l

and
FES
sed T 1 +E§S/CES

F'ED — F@%’S o FSES' + FED

n e dep
sed 1 + FLED/CED
FQ) = FpP — Fof + Fg) (18)

Where py is the density of riverine sediments (set to 2500 kg/m?), Fy,, is the total (mass)
deposition flux of particles (PIC and POC) in the basin i, and C; is the sedimentation
capacity of the basin, which is the maximum sedimentation flux that a basin can have. It

is defined as:

Ci == ksed (AZS)B/Q (19)

Where Ai is the seafloor area of the basin, and k.4 a calibration constant. Because they
are 3 open deep basins, the input flux from the epicontinental deep basin is in fact split
in those 3 basins proportionally to their seafloor area.

The sedimentation rate w’ of each basin i is then defined as:

R
. 20
psedA?g ( )

Where pseq is the density of marine sediment, set to 2300 kg/m?.

Early diagenesis and burial fluxes:
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The burial fluxes in GEOCLIM are computed using an early diagenesis model, repre-
senting a bioturbated (mixed) sediment layer followed by sulfate reduction sediment layer
(vertically). This module is described in (Simon et al., 2007), Appendix A. They are
2 main differences in the present study. 1. the sedimentation rate is not imposed, but
calculated, and depends on the continental sediment delivery. 2. (Simon et al., 2007)
used an inverse approach approach to quantify sulfate reduction from isotopic records, we
used a forward modeling approach. The burial fluxes are computed as follows, for each

“bottom” basin:

C
CO — Fdep
Fsed/psed
ol _ w,C°
ws + B [0y]) hyn
Csrl _ wSle

ws + ’)/ [8042_] hsrl
Foay = (1 - zCH4) wsAsCSTl

1
Fo = Sw,A, (cmt— o (21)

where F dip is the molar deposition flux of organic carbon, A, the seafloor area, A™ and
h*"! the thickness of the mixed layer and the sulfate reduction layer (respectively). C°
is the concentration of organic carbon at the top of sediment, C™ is the concentration
at the bottom of the mixed layer, C*" is the concentration at the bottom of the sulfate
reduction layer. [O,] and [SO,>~] are the concentration of oxygen and sulfate (respectively)
in the local oceanic basin, used as proxy for concentration in sediment. § and ~ are the
reactions rate constants (i.e., the reaction rate is assumed to be proportional to the oxidant
concentration times the organic carbon concentration). zcy , Is the fraction of carbon loss

in form of methane (that is thereafter reoxidized into CO, by O,). Finally, F,, and Fj,

August 26, 2021, 11:45am



X-11
are, respectively, the local organic carbon burial flux and the sulfate reduction flux. The
coeflicient % arises from the fact that for 2 C oxidized, 1 S is reduced.

The organic phosphorus burial flux F,, is scaled to the organic carbon burial flux F,q,

but with a different C:P ratio:
Focb

Fop=—-"_ 22
v (C : P)burial ( )
that ratio (C : P)puria 18 parameterized with the degree of anoxicity DO A:
C . P oxic ® C . P anoxic
(C : P)burial = ( ) ( ) (23)

(1 =DOA)-(C: P)anowic + DOA-(C : P)ogic
In other words, the amount of P buried for a given amount of buried C varies linearly
with the DOA between the 2 end-members.

The DOA qualitatively represents the fraction of the basin that is anoxic. It varies from
1 (fully anoxic basin) to 0 (fully oxic basin). It only depends on local oxygen concentration,
using the relation of Van Cappellen and Ingall (1994, polynomial fit of Figure 4A of their
contribution). Roughly speaking, it linearly decreases from 1 for [O,] = 0 mol/m? to 0 for
[O,] = 0.4 mol/m? (see Figure S1).

The end-member burial C:P ratio are (C : P)yue = 200 and (C : P)anowic = 4000.
This provides an negative feedback for oxygen, for as oxygen level decreases, less phos-
phorus is buried with organic carbon, which makes more phosphorus available at surface
(through upwellings), which increases the primary productivity, and hence the production
of Og. This accumulation of Oy dissolved in seawater counteracts the spreading of anoxic
conditions, and consequently limits the burial of organic carbon.

The particulate organic C and P deposited but not buried are converted into dissolved

form in the local basin (and will be advected by the ocean circulation).
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Two additional sinks of phosphorus are considered: hydrothermal burial F,q , and
burial in form of phosphorite Fj,,, both of them are proportional to the dissolved phos-

phorus concentration in deep basins:
thyd = kphyd [P]diss (24)

prur = Rpbur [P]diss (25)

Particulate inorganic carbon (PIC) deposited on seafloor are entirely preserved and

buried. The early diagenesis only affects particulate organic carbon and phosphorus.
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Text S3. Calibration and Initial Steady-State

The model was calibrated to reproduce pre-industrial conditions using ERAS reanalysis
of temperature and runoff (Munoz Sabater, J., 2019) and modern fields of slope and
lithology, under the assumption of steady-state. A second calibration was conducted with
the climate fields from GFDL climate model at 1 x CO,. Only a few parameters were
adjusted for that second calibration (see Table S1). This last parameterization and pre-
industrial steady-state are the ones used for all the simulations presented in this study.

ERA5-calibration:

We used the best-fit silicate weathering parameters of Park et al. (2020, presented in
their SI), that calibrated the model with riverine data. That study used the same lithology
classification and field of lithology fraction (Hartmann & Moosdorf, 2012). It yields a total
silicate weathering flux of 4.70 Tmol(CaMg)/yr.

The carbonate weathering proportionality constant k. (eq. 11) was tuned to get a
total carbonate weathering flux of 12.3 Tmol(C)/yr (Gaillardet et al., 1999).

Regarding the amount of organic carbon in rocks, we considered the value of Gehman
(1962) for carbonate, and we tuned the organic carbon amount in siliclastic sediments to
achieve a total flux of 5 Tmol(C)/yr (Lenton et al., 2018). We also assumed in eq. 12
that only half of the organic carbon is reactive for oxidation. (Hilton & West, 2020).

We considered a constant C:S ratio (7.69) to get a total sulfide weathering flux of
1.3 Tmol(S)/yr (Burke et al., 2018). This ratio is also consistent with observed ones
in modern marine sediment and quaternay shales (Berner & Raiswell, 1983; Raiswell &

Berner, 1986; Kurtz et al., 2003).

August 26, 2021, 11:45am



X-14

We used the parameterization of Galy et al. (2015) for terrestrial organic carbon export,
without any modification. It yields a total flux of 10.5 Tmol(C)/yr.

We considered the amount of phosphorus in bedrock (lithology-dependent, including
carbonate) from Hartmann, Moosdorf, Lauerwald, Hinderer, and West (2014). However,
because it generated total P weathering flux that was too high, we chose to reduce the
amount of P in siliclastic sediment (see Table S1). Regarding the amount of P in kerogen,
we considered a C:P ratio of 500. This yields a global phosphorus weathering flux of
97.4 Gmol/yr. 51.2 Gmol/yr of that flux is exported bounded to terrestrial organic carbon
particles, the remaining 46.2 Gmol/yr is exported in dissolved form.

We then imposed a CO,, degassing from solid Earth that balances the silicate weathering
Ca-Mg flux from both weathering from both atmospheric CO, (carbonic acid) and sulfide
weathering generated H,SO,, that is 5.06 Tmol/yr.

The sedimentation capacity parameter ks4 (eq. 19) was tuned to get a realistic sedi-
mentation rate contrast between the epicontinental basins and the deep open-ocean basins
(0.7 mm/yr in epicontinental surface basin, 0.3 mm/yr in epicontinental deep basin, and
4-107% — 3-1073 mm/yr in open-ocean deep basins). This is consistent with previously
published versions of GEOCLIM. See also Table S2.

The constants kpnya (eq. 24) and kppy,r (eq. 25), controlling “inorganic” phosphorus
burial, were tuned in order for the primary productivity to generate realistic oxygen
profiles, with a minimum of O, in the mid-lat thermocline basin. Indeed, an inorganic
P burial not efficient enough would generate high oceanic P concentration, leading to

high primary productivity (via P upwelling) and deep ocean anoxia. On the opposite,
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too efficient inorganic P burial would result in not enough primary productivity and
too high oxygen concentration in intermediate waters. The phosphorus burial fluxes are
13.2 Gmol /yr with organic matter, 15.0 Gmol/yr hydrothermal, and 69.2 Gmol/yr in form
of phosphorite.

Regarding the early diagenesis module, the rate constant for organic carbon oxidation in
bioturbated layer, 3, and sulfate reduction, v (eq. 21) were tuned so that the burial fluxes
balance the continental oxidative weathering fluxes for pre-industrial atmospheric O, levels
and mean oceanic SO,*>  (respectively, 21 % of atmosphere volume, and 29 mol/m? of
mean oceanic sulfate concentration).

GFDL-calibration:

When switching from ERAb climate fields to the GFDL model results, no modification
was made for silicate and carbonate weathering, though the fluxes are lower (3.80 Tmol/yr
and 7.81 Tmol/yr, respectively). However, the prescribed amount of organic carbon have
been adjusted to keep the same kerogen and sulfide weathering fluxes (see Table S2). The
phosphorus amount in siliclastic sediments was also adjusted to compensate for the lower
silicate and carbonate weathering flux and keep the same phosphorus weathering flux.
Because the global erosion flux (and then oceanic sedimentation flux) is also lower with
GFDL fields, we adjusted the early diagenesis parameters § and ~ in order to balance
oxygen and sulfur cycle at the same pre-industrial pO, and SO,*>" concentration. Finally,
the CO, degassing was reset to 4.16 Tmol/yr to balance sulfuric and carbonic silicate

weathering.

August 26, 2021, 11:45am



X-16

The values of all parameters, for both ERA5 and GFDL calibration, are shown in Tables

S1 and S2.
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Text S4. Design of oxygen feedback sensitivity experiments

We modified the strength of the GEOCLIM oxygen feedback by adding or removing O,
dependencies to some processes.

In the reference case (“reference”), two processes are responsible for the oxygen negative
feedback: the diagenetic oxidation of deposited organic carbon in the bioturbated layer
of marine sediment (eq. 21) and the C:P burial ratio that increases with anoxia (eq. 23),
leading to enhance bioproductivity, and thus organic carbon burial.

To strengthen the oxygen feedback, we added a O,-dependency to the hydrothermal P

burial, by modifying eq. 24:
thyd = k;)hyd [P]diss [OQ]diss (26)

for the “feedback+1” case.

And a stronger dependency for the “feedback+2” case:

Fyhya = pnya [Plaiss ([Oolaiss)’ (27)
kipya and k7, were adjusted so that the equilibrium pO, stays at 1 PAL.

Case “feedback+3” was built by further adding an O,-dependency to terrestrial organic

carbon export (eq. 14):

1
Foe = 750081 E*% / (pO,)*/* (28)

And a stronger dependency for “feedback+4":

1
Foer = 15 0.081 E%% /90, (29)

pO, begin expressed in PAL.
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To reduce oxygen feedback, we set the degree of anoxicity (DOA) constant at 0.495 to
remove the P-based oxygen feedback (case “feedback-17). This value allows equilibrium
pO, to stay at 1 PAL.

For the case “feedback-2", we further added a reduced O,-dependency to diagenetic

organic carbon oxidation by modifying eq. 21:

w,C°

ws 4 B (0.234[0,)"? By

cmo= (30)

The factor 0.234, with dimension mol/m3, is here to make the equilibrium pO, stay at
1 PAL.
Finally, for the “no-feedback” case, we removed that last O, dependency (still in eq.

21):
w,C°

le —
wg + £0.23406 h,,y,;

(31)

The factor 0.23406, with dimension mol/m?, was tuned to minimize the oxygen drift with
pre-industrial forcings and other geochemical species at equilibrium. Indeed, without
any process dependent on oxygen (with the exception of water column remineralization
under oxygen concentration lower than 8 mmol/m?), there is no equilibrium pO, strictly
speaking. With this parameterization, the pO, drift is about 1.6-107° PAL/Myr, which
is negligible with respect to the perturbations we applied in our experiments.

The design of those seven cases is summarized in Table S3 and Figure S2.
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Text S5. Additional experiments

Fates of sulfuric acid from sulfide oxidation:

We repeated the “abrupt” sulfide weathering perturbation experiment with different
end-member scenarios for the additional sulfuric acid released by the perturbation:

e “H,S0, release”: leaching of H,SO, in rivers (handled as negative alkalinity flux to

the ocean)

e “Silicate trade-off”: dissolution of silicate minerals compensated by an equal decrease
of silicate weathering by carbonic acid.

e “Carbonate trade-oftf”: dissolution of carbonate minerals compensated by an equal
decrease of carbonate weathering by carbonic acid.

The results of these experiments are presented in Figures S4, S5, S6, S7 and S8. The
geochemical species evolutions are almost identical to the “Carbonate” scenario (discussed
in the main text). The only differences concerned the absolute fluxes, but the net fluxes
(sources minus sinks) are virtually unchanged.

Joint perturbation of kerogen and sulfide oxidative weathering:

We considered here a proportional (abrupt) perturbation of kerogen weathering and
sulfide weathering (with additional H,SO, dissolving carbonate minerals) that have the
same initial net carbon flux. In other words, instead of increasing by 50% the sulfide
weathering flux, we increased by 10.32% the kerogen weathering and sulfide weathering
fluxes. We tested 2 cases: one where the phosphorus weathering flux follows the increase

of kerogen weathering (owing to the (C:P) ratio in kerogens), “Carb, sulf & ker — P”, and
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one where phosphorus weathering is unchanged, “Carb, sulf & ker — no P”. The results
of these experiments are presented in Figure S9.
Carbonate-sulfide perturbation with fixed temperature:

We repeated here the reference “carbonate” abrupt sulfide weathering perturbation
(+50% of sulfide weathering, dissolving carbonate minerals) while artificially keeping
constant (at pre-industrial level) either just oceanic temperature, or the entire climate
(CO,, temperature and runoff). Keeping oceanic temperature constant allows to evaluate
the effect of temperature-dependent O, solubility for the organic carbon cycle feedbacks.
Holding a constant CO, level keeps all the continental weathering fluxes at their initial
values (except for the sulfide weathering perturbation), and provides an alternative way
to determine when the sulfide perturbation transitions from a source to a sink of carbon.

The results of these experiments are presented in Figure S10.
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Table S1. Continental parameters
Parameter Eq.  units values (per lithology)
metam. felsic interm. mafic sil. sed. carb.
ke 1 m%Pa 05 3.0713-1073
T, 3,6 K 286 -
Krp 3 - 1-1072 -
Earp 3 J/mol/K 42000 -
h, 4 m 2.73 ;
o 5 - —0.4 -
ky 6 a~ 17 5-107% -
ko 6 mla 1 i,
Ea, 6 J/mol/K 42000 ;
X CaMg 7  mol/m® 2500 1521 4759 10317 2000 0
Eears 11 - - 3.589
Xoc 12 mol/m? 0 0 0 0 2562.5%, 3023.96° 500
Xs 13 mol/m? Xoc/7.68
XP 15 mol/m® 63.76 49.60 1682 121.3%, 338.0° 4 (41.97°) 38.08
Xcaco, 15 mol/m? - 25000
(C:P)ger 15 mol/mol 500
(C:P)ierr 17 mol/mol 205

“ERAb5-calibration, °GFDL-calibration, ¢(Hartmann et al., 2014) value
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X -26

Table S2. Oceanic parameters

Parameter Ptss Esed Psed

Equations 18 19 20, 21
units kg/m? a~! kg/m?
value 2500 2-107° 2300

Parameter B Pt v hg1  xcn,

Equations 21 21 21 21 21
units mol ™~ 'm?a~ m mol 'm3a~? m -
value 6.4602- 1072 0.05 1.6292-107°* 0.5 0.36

5.4245-107%" 1.38596 - 105"

Parameter  (C:P)ogic  (C: P)anowic Ephyd Eppur

Equation 23 23 24 25
units mol/mol mol/mol m3a~! m3a ™!
value 200 4000 2.166-10%2 1-10'3

“ERA5-calibration, *"GFDL-calibration
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Table S3. Oxygen feedback cases

name

no-feedback
feedback-2
feedback-1
reference
feedback+1
feedback+2
feedback+3

feedback-+4

sed org C oxid

indep. of O,
x (0,03
o [Oy]

o [Oy]

o [O,]

o [Oy]

o [Oy]

o< [Oy]

DOA  hydr P bur terr bio C exp

constant indep. of O, indep. of O,
constant indep. of O, indep. of O,
constant indep. of O, indep. of O,
f([Oy]) indep. of O, indep. of O,
F([0,)) x [O,] indep. of O,
F([O4)) o [0,) indep. of O,
F(Os]) o [O o< (po,)™™?

f([0,)) X [02]2 X (pOZ)_l

eq O, level (PAL)

(~1)
1.00
1.00
1.00
1.00
1.00
1.00

1.00

0.44

0.51

0.56

0.61

0.63

0.65

0.68

control +50% ker wth

August 26, 2021, 11:45am



1.0 - = polynomial fit
= = constant (reduced feeback)
non bottom basins
@® bottom basins

0.8 A epicontinental surf
>
=
L 0.6 1
x
o
C
('U ————————————————————————————————
Y
o
8 0.4 1
—
o
7]
gl

0.2 1

0.0 -+

1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

[02] (mol/m?3)

Figure S1. Degree of Anoxicity (DOA) as a function of oceanic O, concentration
(polynomial fit of (Van Cappellen & Ingall, 1994)). The dashed line represent the value of
constant DOA cases (“feedback-1", “feedback-2" and “no-feedback”). Symbols represent

the values of COMBINE basins in ERA5-calibration control run.
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Figure S2. Equilibrium pO, after a 50% increase in kerogen weathering (with dif-

ferent feedback strengths), everything else unchanged (including phosphorus and sulfide

weathering).
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Figure S3. Oceanic phosphorus budget following the perturbation “abrupt carbonate

sulfuric weathering” (same as presented in main text) applied at ¢ = 0.
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Figure S4. Time evolution of main ocean-atmosphere chemical species following an
abrupt perturbation: “H,SO, release”, “Silicate trade-off”, “Carbonate trade-off” and
“Carbonate” (see text S4). The “Carbonate” perturbation is the same as in the main text.
The perturbation applied at ¢ = 0 and sustained. a. atmospheric CO,, b. atmospheric
O,, c. mean ocean pH, d. mean ocean Dissolved Inorganic Carbon and alkalinity, e.
mean ocean calcium (left) and sulfate (right). The partial pressure of CO, in panel a. is
expressed in equivalent ppmv, which is its theoretical mixing ratio if all other gases were
kept at pre-industrial level. The partial pressure of O, is expressed relatively to present

atmospheric level (PAL).
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Figure S5. Time evolution of geochemical fluxes following an “abrupt carbonate sulfuric
weathering” perturbation applied at t = 0. a. inorganic C fluxes, b. organic C fluxes, c.
sum of organic and inorganic C fluxes, d. O, fluxes, e. sulfate fluxes. When ambiguous,
weathering by carbonic or sulfuric acid is specified by C or S (respectively). “carb prec*”
in panel a means “carbonate precipitation minus carbonate weathering by carbonic acid”.

The same subtraction is applied in the sum of fluxes (panel c).
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30 40

Same as Figure S5 for the abrupt perturbation “Carbonate trade-oft”
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Figure S8. Same as Figure S5 for the abrupt perturbation “H,SO, release”
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Figure S9.  Time evolution of atmospheric CO, (a.) and O, (b.), oceanic sulfate
(c.), net inorganic and organic carbon fluxes (d.) and net carbon flux (e.). 3 simulation
setups are presented: 50% increase of sulfide weathering (ref), 10.32% increase of sulfide
weathering and kerogen weathering (Carb sulf & ker — P), and same without additional P
from kerogen weathering (Carb sulf & ker — P). In each case, the perturbation is applied
at t = 0, and the additional sulfuric acid dissolves new carbonate minerals. The units of

pCO, and pO, are the same than in Figure S4.
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Figure S10. Time evolution of atmospheric CO, (a.) and O, (b.), net inorganic and
organic carbon fluxes (c.) and net carbon flux (d.). 3 simulation setups are presented:
50% increase of sulfide weathering (ref), same with constant oceanic temperature, and
same constant climate (CO,, temperature and runoff). In each case, the perturbation is
applied at t = 0, and the additional sulfuric acid dissolves new carbonate minerals. The

units of pCO, and pO, are the same than in Figure S4.
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