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Abstract The redox state of Earth's surface is controlled on geological timescales by the ﬂow of electrons
through the sedimentary rock cycle, mediated largely by the weathering and burial of C‐S‐Fe phases. These
processes buffer atmospheric pO2. At the same time, CO2 inﬂuxes and carbonate burial control seawater
acid‐base chemistry and climate over long timescales via the carbonate‐silicate cycle. However, these two
systems are mechanistically linked and impact each other via charge balance in the hydrosphere. Here,
we use a low‐order Earth system model to interrogate a subset of these connections, with a focus on changes
that occur during perturbations to electron ﬂow through the sedimentary rock cycle. We show that the net
oxidation or reduction of the Earth's surface can play an important role in controlling acid‐base
processes in the oceans and thus climate, and suggest that these links should be more fully integrated into
interpretive frameworks aimed at understanding Earth system evolution throughout Precambrian and
Phanerozoic time.

1. Introduction
The stability of Earth's long‐term carbon cycle and climate system are conventionally viewed to be maintained by the crustal “Urey cycle,” which involves the exchange of carbon between the solid and ﬂuid
Earth reservoirs through volcanism, metamorphism, chemical alteration of Earth's crust, and the burial of
authigenic carbon‐bearing phases in marine sediments (Ebelmen, 1845; Urey, 1952). In particular, the
response of silicate mineral weathering in the upper crust to both surface temperature and runoff (e.g.,
Caldeira & Kasting, 1992; Krissanson‐Totton & Catling, 2017; Ridgwell & Zeebe, 2005; Tajika & Matsui,
1992; Walker et al., 1981; Zeebe & Caldeira, 2008) provides a negative feedback that regulates Earth's
long‐term atmospheric CO2 level as a function of volcanic and metamorphic outgassing from the solid
Earth. This planetary titration of volatile acids by weathering of the Earth's crust—followed by removal of
carbonate and other salts in marine sediments—plays a crucial role in regulating Earth's atmosphere, climate, and seawater chemistry on geological timescales (Archer et al., 1997; Berner et al., 1983).
In a similar fashion, the oxygen (O2) abundance in Earth's atmosphere and the overall redox state of the
ocean‐atmosphere system are largely controlled by the ﬂow of electrons through the crust and between
the exogenic system (crust‐ocean‐atmosphere) and Earth's interior (Berner & Canﬁeld, 1989; Garrels &
Perry, 1974; Hayes & Waldbauer, 2006; Holland, 2009; Kump & Garrels, 1986). The consumption rates of
O2 by alteration of continental and oceanic crust are also dependent on ocean‐atmosphere O2 levels (Bach
& Edwards, 2003; Chang & Berner, 1999; Williamson & Rimstidt, 1994), though in ways that are not well
understood quantitatively. Nevertheless, the transfer of C, S, and Fe between oxidized and reduced reservoirs in the crust and marine sediments plays a crucial role in controlling Earth's atmospheric O2 level
and the redox state of the ocean‐atmosphere system.
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Though implicit in many previous studies of Earth's coupled C‐S‐O2‐Fe cycles (e.g., Lasaga et al., 1985), there
has been a recently burgeoning interest in the modes of coupling between the classical carbonate‐silicate‐
CO2 system and the sedimentary redox cycle—the set of processes controlling the net transfer of electrons
between C, S, and Fe species in the crust‐ocean‐atmosphere system (Bachan & Kump, 2015; Higgins et al.,
2009; Tziperman et al., 2011). These recent discussions have primarily focused on the role of electron transfer within the oceans rather than on net electron ﬂow within the crust and between the crust and ocean, and
there has been limited (though proﬁtable) exploration of the potentially important links between the rock
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cycle of crustal sulﬁde minerals and nonsteady‐state atmospheric CO2 levels (e.g., Calmels et al., 2007;
Torres et al., 2014). Earlier large‐scale biogeochemical models implicitly link planetary redox and the carbonate‐silicate system but either impose steady‐state mass balance in all cycles simultaneously (e.g., Berner,
2006) or do not explicitly solve for the chemistry of the marine carbonate system (Bergman et al., 2004).
Here, we attempt to provide a step toward more explicitly bridging these approaches via implementation
of a low‐order Earth system model designed speciﬁcally to test and explore the corollary processes that regulate redox balance and acid‐base equilibrium in the ocean‐atmosphere‐crust system.

2. Conceptual Framework
The oxidative weathering of crustal sulﬁde minerals results in the production of proton (H+) equivalents:
þ
2FeS2 þ 7:5O2 þ 4H2 O→Fe2 O3 þ 4SO2−
4 þ 8H

(1)

These H+ equivalents can be buffered by dissolution of carbonate rocks and/or silicate minerals, or they can
accumulate in solution and drive the pH of surface waters to lower values—in effect representing a net ﬂux
of H+ equivalents from the crust to the ocean‐atmosphere system. In the case of buffering by crustal carbonate phases, the process liberates inorganic carbon and calcium from the crust and generates a ﬂux
of alkalinity:
CaCO3 þ Hþ →Ca2þ þ HCO−
3

(2)

Ultimately, the calcium, inorganic carbon, and alkalinity released by this process are balanced by the consumption of dissolved inorganic carbon and alkalinity during the formation and burial of carbonate mineral
phases in marine sediments (e.g., Berner et al., 1983):
Ca2þ þ 2HCO−
3 →CaCO3 þ CO2 þ H2 O

(3)

Because each mole of CO2 released during CaCO3 formation and burial is not initially derived from the
atmosphere (as is the case during crustal carbonate weathering driven by carbonic acid formation in rainwater), this represents a net source of CO2 to the ocean‐atmosphere system. However, this CO2 can be
balanced, along with the SO42− released during the initial sulﬁde oxidation step above, by photosynthetic
carbon ﬁxation in the surface ocean (equation (4)) coupled with microbial sulfate reduction (equation (5))
and the formation and burial of pyrite sulfur in marine sediments (equation (6)):
CO2 þ H2 O→CH2 O þ O2

(4)

−
2CH2 O þ SO2−
4 →H2 S þ 2HCO3

(5)

8H2 S þ 2Fe2 O3 þ O2 → 4FeS2 þ 8H2 O

(6)

Examining the stoichiometry of the above reactions, it becomes clear that on arbitrarily long timescales
these coupled processes will have no net effect on the ocean‐atmosphere carbon balance. However, because
the CO2 released by the process is buffered by the seawater SO42− reservoir these processes can lead to transient net ﬂuxes of CO2 to the ocean‐atmosphere system (Calmels et al., 2007; Ross et al., 2018) that can persist on geological timescales and may in turn have long‐term impacts on global climate (Torres et al., 2014).
Alternatively, the H+ equivalents generated by equation (1) can be buffered by the dissolution of crustal silicates (for simplicity shown here as wollastonite):
CaSiO3 þ 2Hþ →Ca2þ þ H4 SiO4

(7)

The calcium liberated by this process will ultimately be balanced by formation and burial of CaCO3 in marine sediments. As above, this process releases CO2 that is balanced together with the SO42− released in equation (1) by photosynthetic carbon ﬁxation and the operation of the crustal pyrite subcycle. In contrast to the
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situation that arises via crustal carbonate weathering, these coupled processes actually represent an overall
sink for ocean‐atmosphere carbon on arbitrarily long timescales via the net reaction:
CaSiO3 þ 2CO2 þ H2 O→CaCO3 þ H4 SiO4

(8)

Canonically, the siliceous acid produced in this process does not impact long‐term acid‐base balance because
it is ultimately converted to SiO2 [but see Isson & Planavsky, 2018]. In any case, these coupled processes
result in a net transfer of ocean‐atmosphere carbon to the solid reservoir of CaCO3 in recycling sediments.
In what follows, we construct a simple biogeochemical model meant to take into account the downstream
impacts of channeling proton equivalents through either carbonate or silicate weathering, and to link
together the carbonate‐silicate cycle with the global oxygen cycle. For illustrative purposes our model represents the ﬂuxes of carbon, alkalinity, calcium, sulfate, and oxygen according to the conceptual framework
discussed above. However, we emphasize that this is an end‐member formulation—much of the crustal silicate mass cycling at Earth's surface can differ in its mineralogy from the simple scenario depicted above, and
at present it remains difﬁcult to fully represent the complexity of crustal Fe‐bearing mineral reservoirs (e.g.,
carbonate, silicate, oxide, and sulﬁde phases) in a universal fashion. Nevertheless, we consider such a framework a useful step forward in better understanding the mechanistic links between changes in Earth surface
redox and marine carbonate chemistry.

3. A Simple Model of Proton Mass Balance
Our approach takes a similar tack to previous models developed to explore the basic dynamics of coupled C‐
S‐O2 cycling (Bergman et al., 2004; Berner et al., 1983; Kump & Garrels, 1986). Brieﬂy, the model considers
the Earth's ocean‐atmosphere system as a single, well‐mixed reservoir at gas exchange equilibrium and
solves mass balance expressions for total ocean‐atmosphere carbon, seawater alkalinity, marine calcium
and sulfate, and atmospheric oxygen. Our model, therefore, does not diagnose variations in the ocean's alkalinity balance that occur more rapidly than that of typical mixing timescales for ocean basins. Solid Earth
ﬂuxes (e.g., volcanic and mid‐ocean ridge CO2 input) are imposed, while the weathering of silicate‐carbonate‐sulﬁde minerals and organic carbon in the crust are parameterized as functions of either surface temperature and runoff or atmospheric pO2 (Bergman et al., 2004; Berner et al., 1983; Kump & Garrels, 1986;
Maher & Chamberlain, 2014; West, 2012). Surface temperature is speciﬁed by a simple climate system, in
which a base temperature—governed by the assumption of a single‐layer gray atmosphere at radiative equilibrium—is modiﬁed by a radiative forcing that depends on atmospheric greenhouse gas content
(Chamberlain, 1980; Lenton, 2000; Mills et al., 2011). We follow Mills et al. (2011) in including both a primary kinetic weathering term and a maximum weathering rate, meant to represent the notion that
silicate/carbonate weathering can be “transport limited” at very high rates of weathering (e.g., Hilley
et al., 2010; West et al., 2005). Carbonate burial in marine sediments and seaﬂoor silicate weathering both
depend on the marine carbonate system and are parameterized following Tziperman et al. (2011) and Le
Hir et al. (2008), respectively. Organic carbon and pyrite sulfur burial in marine sediments are also parameterized to respond to ocean‐atmosphere O2 levels (see supporting information).
A schematic of the principal processes in our model is given in Figure 1, while a full description of the model
structure and mass balance expressions is provided in the supporting information. In addition to more
highly parameterized responses of weathering/burial of reduced carbon and sulfur to ocean‐atmosphere
O2 levels, we elaborate on previous treatments (Berner & Beerling, 2007; Kump & Arthur, 1999; Torres
et al., 2014) by explicitly specifying a more inclusive series of linkages between the Earth surface sulfur cycle
and the acid‐base balance of the ocean‐atmosphere system. This is accomplished primarily via terms in the
mass balance expressions that represent the relative partitioning of the H+ equivalents generated through
the oxidation of crustal sulﬁde minerals through either crustal carbonate dissolution, crustal silicate weathering, or an “unbuffered” ﬂux of H+ equivalents according to the reaction stoichiometries outlined above.
This allows us to assess in greater detail the role of imbalances in the sedimentary redox cycle in regulating
the marine carbonate system and atmospheric chemistry.
In what follows, we examine the results of perturbations to the model in which the weathering of reduced C
and S phases in the Earth's crust and marine sediments is rapidly increased and then allowed to evolve
REINHARD AND FISCHER
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Figure 1. Schematic of the Earth system model discussed in the text, highlighting the key interactions between redox and
acid‐base processes. The ocean‐atmosphere system is taken as a single reservoir with respect to carbon and oxygen and
interacts with the crust and marine sediments through weathering and burial of oxidized and reduced carbon/sulfur
2+
species. The model explicitly tracks oceanic reservoirs of dissolved organic carbon (DIC), alkalinity (Alk), calcium (Ca ),
2−
sulfate (SO4 ), atmospheric O2 and CO2, and crust/sediment reservoirs of pyrite/evaporite sulfur and organic/carbonate
carbon. J terms are ﬂuxes with the subscripts denoting weathering (w) and burial (b), and the superscripts reﬂecting
organic (org), silicate (sil), carbonate (carb), pyrite (pyr). See Tables S1–S4 for detailed model equations and parameter
values.

dynamically. We then explore the dynamics of shorter, transient perturbations to crustal weathering rates.
Finally, we evaluate the potential effects of electron ﬂow through the Earth's crust/sediment system on
adjustment to changes in the rates of solid Earth degassing. These perturbations can be considered
physically as secular or transient shifts in global erosion rate, the weatherability of exposed
crust/sediments sourcing reduced carbon and sulfur, and long‐term changes in rates of volcanism and
outgassing. We stress that our aim here is to generally explore the links between the ﬂow of redox and
acid‐base equivalents through the crust‐ocean‐atmosphere system rather than precisely quantify the
effects of any particular perturbation scenario, and our focus is on the potential impacts of redox
imbalance within the rock cycle in controlling acid‐base chemistry rather than the construction of a more
comprehensive model of seawater charge balance (e.g., Halevy & Bachan, 2017). However, in describing
the general model results we brieﬂy discuss some of these mechanics in the context of Neoproterozoic
“Snowball Earth” glaciations—known intervals of acid‐base perturbation (Higgins & Schrag, 2003;
Hoffman et al., 1998) that could owe some of their behavior to changes in redox processes also observed
at that time.

4. Model Analyses: Basic Response and Sensitivity
All simulations are initialized as hypothetical “late Proterozoic” steady states (see supporting information),
which differ somewhat in their stable carbon and alkalinity ﬂuxes depending on the mode in which proton
equivalents are channeled through the crust associated with oxidative weathering. However, the accuracy of
these states is secondary to our purposes here. Spinup to steady state conditions is described in the supporting information. A given steady state is then tracked in a time‐dependent fashion through a series of perturbations in which dimensionless weathering area factors (fiA) are initially increased and the weathering
responses are then allowed to evolve dynamically in accordance with the feedback parameterizations
described in the supporting information. The following perturbations are explored here: (1) an initial doubling of pyrite sulfur weathering (increase in fpyA by a factor of 2), (2) an initial doubling of both pyrite sulfur
and organic carbon weathering (increase in both fpyA and forgA by a factor of 2), and (3) an initial 50%
increase in all crustal weathering rates (increase in fpyA, forgA, fsilA, and fevA by a factor of 0.5). The ﬁrst
two of these are loosely motivated by several key observations from the sedimentary record of
REINHARD AND FISCHER
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Neoproterozoic glacial intervals: the accumulation and diagenetic stabilization of synglacial iron formation
lithologies with unusually large detrital contributions and a dominantly ferric (hematite) mineralogy (Klein,
2005) with little evidence of organic diagenesis—observations standing in stark contrast to Archean and
Paleoproterotoic iron formation (Fischer & Knoll, 2009), and large 17O mass anomalies (Bao et al., 2008) that
require an atypical lack of sulfur cycling in Earth surface environments to be preserved. Both of these sets of
observations imply major changes in the redox balance between oxidative weathering and reduced C/S burial in favor of net O2 consumption. The last is meant to represent a generalized period of elevated overall surface erosion/weathering rates, as is likely to have occurred many times throughout Earth's geologic history.
Indeed, petrogenic organic carbon oxidation appears to be enhanced in some rapidly eroding regions of
Earth's surface (Horan et al., 2017), suggesting that in some regions weathering rates of all the dominant
crustal phases considered in our model will rise and fall in parallel.
All perturbations are imposed as a logistic function, with an adjustment timescale of 500 kyr. These perturbation modes are designed to gradually isolate the effects of the reduced carbon/sulfur subcycles (2) and the
pyrite sulfur subcycle (1) from the conventional carbonate/silicate cycle (3). Mechanistically, they could
represent sustained uplift and chemical erosion of a maﬁc igneous terrane or large ore deposit (1), the exhumation and weathering of a large package of sedimentary rocks (2; deposited, e.g., in a long‐lived epieric seaway), or a major change in overall continental denudation (3). More broadly, it is possible to imagine large
intervals of Earth's history (or on other ocean‐bearing silicate planets that have contrasting differentiation
histories) during which net electron transfer between crustal phases are largely decoupled due to changes
in the principal crustal reservoirs hosting each phase (Hurowitz et al., 2010; Kamber, 2010). Although the
approximate magnitudes of these shifts are in keeping with long‐term and transient changes inferred for
Earth's history (Ozaki et al., 2019; Them et al., 2017; Wilkinson & McElroy, 2007), our aim is to assess the
basic behavior of the model to changes in electron ﬂow through the crust and marine sediments rather than
simulate any particular event in the rock record or any speciﬁc mechanistic scenario. Perturbations and
adjustments to weathering rates are shown in Figure 2.
Shown in Figure 2 are atmospheric partial pressures of CO2 (pCO2)—a useful diagnostic for model changes
in surface temperature and carbonate burial. When proton equivalents are channeled toward the dissolution
of crustal carbonate minerals, secular increases in pyrite S weathering yield signiﬁcant increases in atmospheric pCO2. This release is largely balanced on long timescales despite permanently elevated pyrite weathering rates (Figures 2a–2c), consistent with the analysis of (Torres et al., 2014), and the conceptual
framework discussed above (Calmels et al., 2007). Notably, the adjustment timescale, maximum pCO2,
and relative steady‐state pCO2 values before and after the secular shift in pyrite weathering rates are strongly
modulated by the reservoir size of SO42− in seawater and by coupled increases in the exhumation and weathering of other crustal phases (e.g., organic C and silicate minerals). For instance, for an isolated increase in
pyrite S weathering, varying baseline SO42− concentrations between 0.2 and 20 mM results in large relative
differences in peak pCO2 and the timescale of transient CO2 release (Figure 2d). In these simulations the
dependence of the overall response on SO42− concentration is muted signiﬁcantly by coupled increases in
pyrite S and organic C weathering (Figure 2e), highlighting the importance of the globally integrated weathering ratio of reduced C and S in controlling atmospheric composition. Finally, when all crustal weathering
rates are increased in parallel, the timescales of net CO2 release is strongly contingent on the reservoir size of
seawater SO42− (Figure 2f).
Experiments in which proton equivalents are instead channeled toward the dissolution of crustal silicate
minerals show somewhat different behavior (Figures 2g–2i). First, sulﬁde‐catalyzed silicate weathering is
a net CO2 sink on arbitrarily long timescales, consistent with the common view of silicate weathering outlined above (Figure 2g). Though this CO2 removal can be counteracted by parallel increases in organic C oxidation (Figure 2h), peak CO2 is strongly attenuated relative to the case of crustal carbonate buffering
(Figure 2e) and signiﬁcant long‐term CO2 drawdown still occurs despite the coupled secular change in
reduced C/S weathering. In all cases (both “carbonate‐buffered” and “silicate‐buffered”) the shifts in atmospheric pCO2 are sufﬁciently large to strongly impact Earth's climate system.
Next, we explore the dynamics of the model during transient perturbations to the weathering of reduced carbon and sulfur in the crust, such as might occur during a Phanerozoic isotopic excursion. In this case, fpyA for
sulﬁde weathering is initially doubled and weathering rates are allowed to adjust dynamically for 2 million
REINHARD AND FISCHER
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Figure 2. Atmospheric pCO2 changes during secular perturbation to crustal weathering rates. A secular initial increase
was applied to pyrite sulfur oxidation (doubling), coupled pyrite sulfur and organic carbon oxidation (doubling), and
parallel weathering of all crustal phases represented in the model (50% increase). Panels (a)–(c) show the relative crustal
weathering ﬂuxes for pyrite (py), organic carbon (org), crustal silicates (sil), and sulfate evaporites (ev). In (d)–(f),
proton equivalents produced during crustal sulﬁde oxidation are channeled through carbonate dissolution, while in (g)–(i)
2−
they are channeled through crustal silicate dissolution. Curves are labeled according to initial seawater SO4 concen2−
tration (in mM), with dash‐dot, solid, and dashed curves denoting initial seawater SO4 concentrations of 200 μM, 2 mM,
and 20 mM, respectively.

years, after which fpyA is brought back to the original value (Figure 3). Trajectories in pO2‐pH space capture
the dynamic links between atmospheric oxygenation and seawater acid‐base balance in the model, with the
scale of variation controlled by seawater [SO42−]. In addition, it is clear that transient imbalances in
weathering and burial of reduced C and S in the crust and marine sediments can lead to signiﬁcant shifts
in alkalinity ﬂuxes and marine carbonate overproduction or underproduction (e.g., transient storage of
alkalinity in the oceans; Figures 3c and 3d). These are generally of a slightly greater magnitude for
simulations in which proton equivalents from sulﬁde oxidation are channeled through crustal carbonate
dissolution and also adjust more rapidly than scenarios in which these proton equivalents are buffered by
silicate minerals in the crust (Figures 3c and 3d). Importantly, these effects would be potentially
observable via both proxies for seawater carbonate chemistry (e.g., δ11B) and sequence stratigraphic
variations in carbonate accumulation rates (e.g., Sadler, 1994; Zachos et al., 2005), particularly when
marine SO42− is elevated. For instance, in the case of the Neoproterozoic Snowball Earth cap carbonates,
our results suggest that some of the acid‐base perturbation marked by boron isotope trends (Kasemann
et al., 2005) and the syncopated underproduction and overproduction of carbonate lithotypes (Hoffman
et al., 1998) could have been aided by synglacial increases in relative amounts of oxidative weathering
versus reduced C and S burial.
Lastly, we explore the behavior of our model when subjected to secular perturbations in solid Earth degassing. A series of reference simulations is run in which volcanic CO2 ﬂuxes are increased by 50% according to
a logistic function with an adjustment time of 100 kyr and are maintained at elevated values for millions of
years—for example, the emplacement of a large igneous province or increased rates of subduction and/or
interaction of magmatic arc systems with carbonates along the margin of an ocean basin (Kerrick &
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Figure 3. Phase portraits showing atmospheric pO2 and ocean pH (a, b) and seawater alkalinity ﬂux balance (c, d) for
transient perturbations to crustal weathering rates. Results are shown for simulations in which crustal sulﬁde weathering was transiently doubled according to a step function with an adjustment timescale of 1 million years. In (a) and (b),
the sense of time in these hystereses is clockwise in all cases (denoted by arrows). In (c) and (d), curves show the ratio
between alkalinity input and output ﬂuxes, showing periods of overproduction and underproduction of carbonate (with
overproduction denoted by the shaded area). In (a) and (c), proton equivalents produced during crustal sulﬁde oxidation
are channeled through carbonate dissolution, while in (b) and (d) they are channeled through crustal silicate dissolution.
2−
Dash‐dot, solid, and dashed curves denote initial seawater SO4 concentrations of 200 μM, 2 mM, and 20 mM,
respectively.

Caldeira, 1998; Lee et al., 2013). A second series of simulations is then run in which this increase in
volcanic CO2 input is accompanied by an increase in volcanic reductant input to 4 Tmol year−1 (O2
equivalents). In absolute ﬂux terms, this is roughly equivalent to a doubling of the modern solid
Earth volatile reductant ﬂux of ~2 Tmol year−1 O2 equivalents (Kasting & Canﬁeld, 2012). It is
important to note that we are not explicitly releasing any particular suite of volcanic gases in the
model—we simply add an input ﬂux of reducing equivalents to diagnose the effects of dynamic
ocean‐atmosphere redox on the overall system response to increased CO2 degassing. The two sets of
simulations are then differenced, and relative anomalies (e.g., Δ values) calculated based on the
“combined ﬂux” simulations minus the reference simulations. Results of these simulations are shown
in Figure 4.
It is clear that redox ﬂuxes can have a signiﬁcant impact on the Earth system response to increases in
volcanism, irrespective of the mode of proton equivalent buffering during crustal sulﬁde oxidation. In
the model results there is modulation by the reservoir size of SO42− in seawater, but this appears to
be a secondary effect. This reﬂects the overriding inﬂuence of the crust/sediment organic carbon subcycle in regulating both Earth surface redox and the climate system. For example, as volcanic reductant
input increases, atmospheric pO2 adjusts downward, and results in a decrease in CO2 release during
petrogenic organic carbon weathering and a net transfer of carbon from the atmosphere to the sedimentary organic pool (e.g., Figures 4b and 4e). The overall effect can have a nontrivial impact on CO2 and
climate (Figures 4c and 4f). However, the “CO2‐only” simulations are not entirely decoupled from the
redox system: the mobilization of Ca2+ from the crust can inﬂuence marine CaSO4 burial, with downstream impacts on [SO42−], sedimentary pyrite burial, and ocean‐atmosphere O2 levels. Thus, the results
of these simulations may underestimate the potential relative importance of “redox” and “nonredox”
processes in adjusting to changes in solid Earth degassing.
REINHARD AND FISCHER
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Figure 4. Relative changes in seawater pH (ΔpH; a, d), atmospheric pCO2 (ΔCO2; b, e), and Earth surface temperature
(ΔT; c, f) during secular perturbations to rates of volcanism. Rates of volcanism are increased at 2 Myr according to a
logistic function with an adjustment time of 100kyr, after which the model evolves freely. Values for “Δ” represent the
difference between a simulation in which volcanic CO2 inputs are increased by 50% and volcanic ﬂuxes are increased to 4
−1
Tmol year of O2 equivalents and reference simulations in which only volcanic CO2 ﬂuxes are increased. Note that
overall, atmospheric pCO2 will still rise despite a negative value for CO2. Blue curves (a–c) represent simulations in which
proton equivalents from sulﬁde oxidation are channeled through crustal carbonate dissolution, while red curves (d–f)
represent simulations in which proton equivalents are channeled through weathering of crustal silicates. Dash‐dot, solid,
2−
and dashed curves denote initial seawater SO4 concentrations of 200 μM, 2 mM, and 20 mM, respectively.

5. Discussion and Extensions
Transient and secular increases in the weathering of rocks rich in reduced C and S and long‐term changes in
rates of solid Earth degassing should be expected to lead to coupled changes in atmosphere and ocean redox
budgets, dissolved inorganic carbon and alkalinity throughput, and seawater acid‐base balance.
Importantly, our results illustrate that these ﬂux adjustments are strongly controlled by redox imbalances
in the organic C subcycle and that the ultimate effects can be strongly ampliﬁed or counteracted by imbalances in the pyrite S subcycle depending on the ultimate fate of the proton equivalent ﬂux generated during
pyrite weathering and the size of the marine SO42− inventory. As a result of these couplings, the effect
strength and adjustment time during perturbations to redox balance in the sedimentary rock cycle is controlled in large part by the major ion chemistry of seawater (e.g., SO42− concentration and Ca2+/SO42− ratio)
and the factors that govern the mode of proton equivalent buffering within the pyrite S subcycle—for example, lithotypes exposed for weathering at the Earth surface, meridional distribution of exposed carbonate
and/or silicate (e.g., arc) rock packages, and long‐term patterns in the secular chemical evolution of the
Earth's upper crust (e.g., Dhuime et al., 2012; Keller & Schoene, 2012). In particular, the globally integrated
weathering ratio of reduced C and S in the crust is important for regulating atmospheric chemistry and carbonate system adjustment.
The overall effects of solid Earth degassing at Earth's surface are also linked to the crust/sediment redox system. For instance, the impact of widespread and protracted arc volcanism should depend strongly on the
chemistry of the crust being processed within the arc system, and subsequent atmospheric adjustment will
depend on the dynamics of crustal weathering during arc exhumation (Lee et al., 2015). The implication is
that not all long‐term perturbations to solid Earth degassing are created equal, and the net effect of such perturbations will be shaped by the global balance of arc and hot‐spot volcanism, its links to hydrothermal gases
and ﬂuids as controlled by seawater chemistry (Kump & Seyfried, 2005), and in the case of arc systems both
the type of arc “substrate” and the latitude and local climate prevailing along the arc. For example, increased
subduction of pelagic carbonate (e.g., Caldeira, 1992; Volk, 1989) at a relatively constant global heat ﬂow will
potentially have signiﬁcantly different effects than an overall increase in heat ﬂow through the crust, particularly if this increase is offset to some degree by seawater‐basalt interaction (e.g., a change in reductant
ﬂuxes from the solid Earth, and oxidative weathering of igneous phases).
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We expect that the basic responses of the model behavior to these types of perturbations are robust.
However, a full understanding of these relationships with respect to effect strength and accuracy of the characteristic timescales will ultimately require more explicit representations of the chemical heterogeneity and
spatial distribution of Earth's regolith, spatial variation in marine carbonate burial, more mechanistic coupling to heat ﬂow and solid Earth degassing, and the targeted application of empirical tests of acid‐base ﬂuctuations predicted by inferred redox shifts (and vice‐versa). In addition, there are potentially more intimate
and detailed links between Earth surface redox and the processing of Earth's weathering surface than
explored here, such as the potential control of overall chemical erosion by O2 supply to depth in weathering
proﬁles (e.g., Brantley & Lebedeva, 2011). In turn, these relationships should depend strongly on the substrate and ﬂow conditions in a given weathering environment—features that can be difﬁcult to capture in
low‐order Earth system models.
Nevertheless, we stress that these linkages make testable predictions that should be evident in elemental,
isotopic, and sequence stratigraphic sedimentary records. Changes in the long‐term cycling of carbon and
sulfur through the ocean‐atmosphere‐crust system should be accompanied by observable changes in the
acid‐base balance of the oceans, while many changes in the marine carbonate system should leave evidence
in the record of Earth surface redox. For example, long‐term ﬂux imbalances invoked to explain large C‐ or
S‐isotope perturbations during Precambrian and Phanerozoic time could potentially be further constrained
by empirical data aimed at assessing relative carbonate production rates. These relationships also predict
that exceptional perturbations to the ocean's carbonate system, such as the late Proterozoic “Snowball
Earth” events (Higgins & Schrag, 2003), either are a direct outgrowth of or were accompanied by notable perturbations to Earth surface redox and atmospheric pO2.
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