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ABSTRACT. Geological redox proxies increasingly point towards low atmospheric
oxygen concentrations during the early Paleozoic Era, with a subsequent protracted
rise towards present-day levels. However, these proxies currently only provide qualita-
tive estimates of atmospheric O2 levels. Global biogeochemical models, in contrast,
are commonly employed to generate quantitative estimates for atmospheric O2 levels
through Earth’s history. Estimates for Paleozoic pO2 generated by GEOCARBSULF,
one of the most widely implemented carbon and sulfur cycle models, have historically
suggested high atmospheric O2 levels throughout the Paleozoic, in direct contradiction
to competing models. In this study, we evaluate whether GEOCARBSULF can predict
relatively low Paleozoic O2 levels. We first update GEOCARBSULF by adopting the
recent compilation of the �13C value of marine buried carbonate and replacing the old
formulation of the sulfur isotope fractionation factor with empirical sulfur isotope
records. Following this we construct various O2 evolution scenarios (with low O2 levels
in the early Paleozoic) and examine whether GEOCARBSULF can reproduce these
scenarios by varying the weathering/degassing fluxes of carbon and sulfur, or carbon-
ate �13C. We show that GEOCARBSULF can, in fact, maintain low-O2 (even 1–5% atm)
levels through the early Paleozoic by only varying the carbonate �13C within 2 standard
deviation (SD) bounds permitted by the geological record. In addition, it can generate a
middle–late Paleozoic rise in O2 concentration, coincident with the diversification of land
plants. However, we also argue that tracking atmospheric O2 levels with GEOCARBSULF
is highly dependent on carbonate carbon isotope evolution, and more accurate predictions
will come from an improved C isotope record.
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introduction
The protracted rise of atmospheric oxygen is one of the most obvious ways in

which life has reshaped our planet. However, almost all aspects of the history of
atmospheric oxygen have been fervently debated over the past few decades. For
instance, there is still persistent debate about the role—if any—that land plants played
in driving the rise of atmospheric oxygen over the Paleozoic (Berner, 1987; Berner and
Canfield, 1989; Berner, 2001; Bergman and others, 2004; Berner, 2006b; Lenton and
others, 2016; Wallace and others, 2017). A series of geochemical redox proxies have
been used to estimate the atmospheric O2 levels qualitatively. Statistical analysis of iron
speciation (Sperling and others, 2015) indicates widespread anoxic marine subsurface
waters in the Cambrian. Cerium anomalies in well preserved marine cements and
other marine precipitates confirmed that ocean anoxia was prevalent not only in the
Cambrian but also through the Ordovician to Early Devonian (Wallace and others,
2017). The cerium anomaly record also argues for a continuous rise of surface O2
levels through the Devonian, which has also been suggested by Mo isotope data (Dahl
and others, 2010).

Although there are consistent advances in using geochemical paleo-redox proxies
to predict O2 levels qualitatively, quantitative estimates of atmospheric oxygen for the
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Phanerozoic still come from global biogeochemical models. Over geologic time scales
(�1 million years), atmospheric O2 levels are controlled by the carbon (C) and sulfur
(S) sedimentary redox cycles (Berner, 1987). Oxidative weathering of organic carbon
and pyrite (and oxidation of reduced gases) will consume O2 while sediment burial of
organic carbon and pyrite will release O2.

The representative reactions for O2 consumption are:

O2 � CH2O ¡ CO2 � H2O (1)

15O2 � 4FeS2 � 8H2O ¡ 2Fe2O3 � 8SO4
�2 � 16H � (2)

The representative reactions for O2 release are just the reverse of the reactions
above. Based on these reactions, changes in atmospheric O2 with time can be
formulated as (Berner, 2004):

d[O2]
dt

� Fbg � Fwg � Fmg � �15
8 ��Fbp � Fwp � Fmp� (3)

Where: Fbg and Fbp are the rate of burial of organic carbon and of pyrite sulfur in
sediments; Fwg and Fwp are the rate of oxidative weathering of organic carbon and of
pyrite sulfur; and Fmg and Fmp are the rate of oxidation of reduced carbon-containing
gases and of reduced sulfur-containing gases released via diagenesis, metamorphism,
and volcanism, respectively. The embedded ratio refers to the stoichiometry of the
reaction related to pyrite formation and oxidation.

Various numeric models have been built to estimate atmospheric O2 levels over
the Phanerozoic, and these models differ in how they calculate the weathering and
burial fluxes of organic carbon and pyrite (Berner and Canfield, 1989; Berner, 2001;
Hansen and Wallmann, 2003; Bergman and others, 2004; Falkowski and others, 2005;
Berner, 2006b; Arvidson and others, 2013; Mills and others, 2014; Lenton and others,
2016; Mills and others, 2016). The two mostly commonly utilized models for the
Phanerozoic are GEOCARBSULF (Berner, 2006b; Berner, 2009) and COPSE (Berg-
man and others, 2004; Mills and others, 2014; Lenton and others, 2016). These models
produce fundamentally different predictions for atmospheric oxygen levels over the
Paleozoic. Specifically, GEOCARBSULF predicts near modern pO2 throughout the
Paleozoic (fig. 1), which implies that land plants were not essential to drive Earth to
the high oxygen state characteristic of the modern world. COPSE, on the other hand,
predicts low atmospheric oxygen throughout the early Paleozoic, and a rise towards
modern levels during the middle-late Paleozoic coincident with the evolution of land
plants (fig. 1).

These differences between models arise from the methods used to calculate O2
fluxes: in the GEOCARBSULF model, carbon and sulfur burial rates are inverted from
isotope mass balance, whereas the COPSE model calculates their burial rates based on
assumed primary productivity and nutrient recycling. Primary productivity and nutri-
ent recycling are difficult to estimate for Earth’s past, especially when considering the
Paleozoic where geologic data are sparse. In COPSE (Bergman and others, 2004), an
increase of carbon burial on land in the Carboniferous was driven by doubling the C:P
burial ratio of land organic matter to represent the effects of enhanced preservation in
swamps and mires. This model condition contributes to a mid-Paleozoic O2 rise.
Similarly, the assumption of a high C:P ratio and high land primary productivity
starting from �470 Ma leads to the rapid rise of O2 in the early Paleozoic in the more
recent version of COPSE (Lenton and others, 2016). Therefore, the COPSE model is
parameterized in such a way as to directly drive a rise in atmospheric oxygen levels with
the emergence of land plants, and thus does not provide truly independent support for
the link between land plant evolution and global oxygenation.
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Here, we revisit GEOCARBSULF to explore if this model can generate estimates
of pO2 consistent with the premise that land plants reshaped our atmosphere.
Specifically, we test whether atmospheric O2 can be maintained at relatively low
levels in the early Paleozoic, and then rise over the latter half of the Paleozoic in
GEOCARBSULF. We address this question by investigating the sources and sinks of O2,
as shown in equation (3). First, we conduct sensitivity analyses on the weathering and
degassing of the carbon and sulfur reservoirs, which directly influence the O2 sinks, but
also determine the O2 sources indirectly, through their control on the burial rate of
organic carbon and pyrite. Second, we investigate the effect on O2 levels by a single
term — the 	13C value of buried carbonate through time, which directly reflects the
burial of organic carbon and in turn regulates the rates of O2 release. In addition, we
use a more reasonable value of the initial sulfate proportion in the crust and perform
sensitivity analyses on the 	13C value of buried carbonate using this updated value.
Building from this work we argue that GEOCARBSULF can produce low Paleozoic O2
levels by only varying the 	13C values within the uncertainties of the geological record.
In other words, the variation of 	13C values of carbonate can play a big role in
controlling the model output. More accurate predictions of GEOCARBSULF will
come from an improved C isotope record.

a brief introduction to geocarbsulf
GEOCARBSULF was constructed based upon a series of seminal studies on global

carbon and sulfur cycling. Numerical models for reconstructing the mass of oxidized
and reduced carbon and sulfur through the Phanerozoic build heavily upon the work
of Garrels and Lerman (1981, 1984), which outlined the central tenets in global
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Fig. 1. O2 evolution patterns through the Paleozoic. The red curve represents the O2 prediction from
the GEOCARBSULF model (Royer and others, 2014). The purple curve represents the O2 prediction from
the baseline COPSE model (Bergman and others, 2004). The blue line shows the approximate maximum
atmospheric O2 level based on water column redox data (Canfield, 1998; Sperling and others, 2015). The
green line is the approximate O2 maximum, based on burning experiments and wildfire feedbacks (Watson
and others, 1978; Belcher and McElwain, 2008; Glasspool and others, 2015), but geochemical mass balance
studies suggest pO2 levels as high as 35% may be permissible (Wildman and others, 2004). The brown shaded
area represents the hypothesized trend of atmospheric O2 evolution based on Mo isotopes (Dahl and others,
2010) and cerium anomaly records (Wallace and others, 2017).
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isotope mass balance modeling. Berner (1987) made a major modification when he
put forward the idea of “rapid recycling” to provide strong negative feedback on O2
fluctuations and predicted atmospheric O2 evolution through the Phanerozoic. In
rapid recycling, the mass of each sedimentary reservoir is divided into young (rapidly
weathering) and old (slowly weathering) components. All newly buried carbon and
sulfur go to the young reservoirs. In this way, whenever a substantial amount of organic
carbon or pyrite is quickly buried (leading to rapid O2 release), there is subsequent
enhancing of the weathering rate of the young organic carbon and pyrite reservoirs
(leading to rapid O2 consumption), which will mitigate the fluctuation of O2 levels. To
provide a stronger negative feedback, Berner and others (2000) and Berner (2001)
incorporated O2-dependent carbon and sulfur isotope fractionation into the model. In
2006, Berner combined GEOCARB III (a classic model to reconstruct the CO2 levels in the
past, largely developed by Berner) and the O2 model into a single model called
GEOCARBSULF, which could simultaneously calculate the evolution of CO2 and O2
through the Phanerozoic (Berner, 2006b). In the following years, GEOCARBSULF was
continuously updated and refined (for example, with the inclusion of the weathering of
volcanic rocks and reconsideration of the fractionation of carbon isotopes) (Berner,
2006a; Berner, 2009) and the most recent version is described by Royer and others (2014).

An overview of the geochemical cycles of carbon, sulfur and oxygen in GEOCARBSULF
is presented in figure 2. The full equations and parameters of GEOCARBSULF are
described in detail in the Appendix. Below we list the key equations (with parameters
defined in fig. 2 and the Appendix) in GEOCARBSULF that are used to calculate the
fluxes related to O2 evolution.

Fwgy � fA � fR � kwgy � Gy(t) (4)

Fwga � fR � Fwga_0 (5)

Fwcy � fA � fD � fL � fE � fBb_ca � kwcy � Cy(t) (6)

Fwca � fA � fD � fL � fE � fBb_ca � Fwca_0 (7)

Fwpy � fA � fR � kwpy � Py(t) (8)

Fwpa � fR � Fwpa_0 (9)

Fwsy � fA � fD � kwsy � Sy(t) (10)

Fwsa � fA � fD � Fwsa_0 (11)

Fmg � fSR � Fmg_0 (12)

Fmc � fSR � fC � Fmc_0 (13)

Fmp � fSR � Fmp_0 (14)

Fms � fSR � Fms_0 (15)

Fbg �
1


13C
� �(	13C � dlcy) � Fwcy � (	13C � dlca) � Fwca � (	13C � dlgy)

� Fwgy � (	13C � dlga) � Fwga � (	13C � dlca) � Fmc � (	13C � dlga) � Fmg]

(16)
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Fig. 2. Long-term carbon, sulfur, and oxygen cycles in GEOCARBSULF. Carbon cycle consists of fluxes
between carbon in the surficial system including atmosphere, ocean, biosphere and soil (C), young organic
carbon (Gy), old organic carbon (Ga), young carbonate (Cy) and old carbonate (Ca). Specifically, these
fluxes are organic carbon burial (Fbg), oxidative weathering of young organic carbon (Fwgy) and old organic
carbon (Fwga), degassing of organic carbon from volcanism, metamorphism and diagenesis (Fmg), organic
carbon transfer from young to old reservoirs (Fyog), carbonate burial (Fbc), weathering of young carbonate
(Fwcy) and old carbonate (Fwca), degassing of carbonate from volcanism, metamorphism and diagenesis
(Fmc), and carbonate transfer from young to old reservoirs (Fyoc). Sulfur cycle consists of fluxes between
sulfur in the surficial system including atmosphere, ocean, biosphere and soil (S), young pyrite sulfur (Py),
old pyrite sulfur (Pa), young gypsum sulfur (Sy) and old gypsum sulfur (Sa). Specifically, these fluxes include
pyrite burial (Fbp), oxidative weathering of young pyrite (Fwpy) and old pyrite (Fwpa), degassing of pyrite
from volcanism, metamorphism and diagenesis (Fmp), pyrite transfer from young to old reservoirs (Fyop),
gypsum burial (Fbs), weathering of young gypsum (Fwsy) and old gypsum (Fwsa), degassing of gypsum from
volcanism, metamorphism and diagenesis (Fms), and gypsum transfer from young to old reservoirs (Fyos). As
shown in equation (18), the sources of atmospheric O2 are Fbg and Fbp (represented by the blue arrows).
The sinks are Fwgy, Fwga, Fmg, Fwpy, Fwpa and Fmp (represented by the red arrows).
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Fbp �
1


34S
� �(	34S � dlsy) � Fwsy � (	34S � dlsa) � Fwsa � (	34S � dlpy) � Fwpy

� (	34S � dlpa) � Fwpa � (	34S � dlsa) � Fms � (	34S � dlpa) � Fmp] (17)

d[O2]
dt

� Fbg � Fwgy � Fwga � Fmg � �15
8 ��Fbp � Fwpy � Fwpa � Fmp) (18)

Using the “rapid recycling” concept, the weatherable crust is divided into young
reservoirs (Gy, Cy, Py, Sy) and old reservoirs (Ga, Ca, Pa, Sa). The isotope mass balance
technique is given in equations (16) and (17). In addition to the terms defined above
(and in the caption of fig. 2), fA is land area at time (t) relative to the present a day; fD is
global river runoff at time (t) relative to the present-day in the absence of changing
CO2 and solar luminosity; fL is land area covered by carbonates at time (t) relative to
the present-day; fR is effect of relief on chemical weathering at time (t) relative to the
present-day; fSR is seafloor creation rate at time (t) relative to the present-day; fE is
effect of plants on weathering rate at time (t) relative to the present-day; fBb_ca is the
combined effect of changes to temperature and CO2 on carbonate weathering; kwgy is
rate of mass dependence for young organic carbon weathering; kwcy is rate of mass
dependence for young carbonate weathering; kwpy is rate of mass dependence for
young pyrite sulfur weathering; kwsy is rate of mass dependence for young sulfate sulfur
weathering; Fwga_0 is the carbon flux from weathering of old sedimentary organic
matter at present-day; Fwca_0 is the carbon flux from weathering of old carbonates at
present-day; Fwpa_0 is the sulfur flux from weathering of old pyrite at present-day;
Fwsa_0 is the sulfur flux from weathering of old sulfate at present-day; Fmg_0 is the
carbon degassing flux of organic carbon at present-day; Fmc_0 is the carbon degassing
flux of carbonates at present-day; Fmp_0 is the sulfur degassing flux of pyrite at
present-day; Fms_0 is the sulfur degassing flux of sulfate at present-day; 
13C is the
carbon isotope fractionation between carbonate and organic carbon; 	13C is the
isotope value of carbonate carbon; dlgy, dlga, dlcy and dlca are the 	13C values of
young organic carbon, old organic carbon, young carbonate carbon and old carbonate
carbon respectively; 
34S is the sulfur isotope fractionation between gypsum and
pyrite; 	34S is the isotope values of gypsum sulfur; dlpy, dlpa, dlsy and dlsa are the 	34S
values of young pyrite sulfur, old pyrite sulfur, young gypsum sulfur and old gypsum
sulfur respectively.

modification to geocarbsulf
We modified the GEOCARBSULF version presented by Royer and others (2014),

which is largely identical to the initial versions of GEOCARBSULF (Berner, 2006b;
Berner, 2009). In GEOCARBSULF, carbon and sulfur isotope fractionation (
13C and

34S) is dependent on O2 levels, which can provide a negative feedback to any
fluctuations of O2 and thus helps the model to avoid unrealistic atmospheric O2 levels
throughout the Phanerozoic. Their relationship can be formulated as follows:


13C � 
13C_0 � [J � (RO2 � 1)] (19)


34S � 
34S_0 � RO2
n (20)

Where 
13C_0 represents the carbon isotopic fractionation between carbonate
and organic matter at present-day; J is an adjustable curve fit parameter; RO2 is the
mass of oxygen in the atmosphere in the past relative to the present-day; 
34S_0
represents the sulfur isotopic fractionation between gypsum and pyrite at present-day;
n is an adjustable fit parameter. Unlike the relationship between O2 and the carbon
isotope fractionation factor (
13C), which is based on lab experiments (Berner and
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others, 2000; Beerling and others, 2002), the O2 dependency of 
34S is not well
constrained (Canfield, 2001; Johnston, 2011; Sim and others, 2011) and the relation-
ship used in GEOCARBSULF is likely overly simplified.

To quantify 
34S through time, Wu and others (2010) adopted two methods: an
arithmetic difference method (
34S � 	34Ssw – 	34Spy) which is totally based on
geological empirical records, and an independent method that calls upon 
33S and
sulfur cycle models. These two methods yield similar results (particularly before the
Permian) and prove the robustness of using the empirical records to determine 
34S.
Although those geological records can only represent a small fraction of what was
deposited, they do construct the current best available 
34S curve. Therefore, in our
revised model calculations, we used an empirically based record of 
34S (and assign
4‰ as the 2SD), which eliminates the strong O2 feedback in the sulfur cycle. We also
updated GEOCARBSULF by replacing the old 	13C curve with the new 10 million years
average curve (Veizer and others, 1999; Grossman and others, 2008; Saltzman and
Thomas, 2012). Similar to Royer and others (2014), we used a Monte Carlo approach
(10000 resampling) to quantify the errors of the model outputs. During each resa-
mple, GEOCARBSULF can fail at a specific time step for several reasons: 1) Any carbon
or sulfur flux goes negative; 2) Calculated CO2 is less than 150 ppm or bigger than
50000 ppm; 3) Calculated CO2 or O2 at 0 Ma deviates from their measured values (CO2
is not in the 200–300 ppm range and O2 is not in the 19–23% range) (Royer and
others, 2014). Following the above two updates, we ran GEOCARBSULF with a starting
atmospheric O2 level of 1 percent and 5 percent respectively at 570 Ma. We also ran
GEOCARBSULF with the updated 	13C curve but kept the old 
34S formulation.
Compared with the model run using the old 
34S formulation (fig. 3A), using the
updated 
34S did not help to lower O2 levels in the early Paleozoic (fig. 3B), but it did
serve to remove an unrealistic negative feedback from the model.

The key tenet of our new method (sensitivity tests) is that we are able to input the
desired model output (that is, O2 evolution) and observe the underlying parameter
changes required for the model to generate such an output. This is a modification of
the traditional use of GEOCARBSULF where one predicts O2 evolution from carbon
and sulfur fluxes and isotope records. One set of underlying parameters that can be
explored using this new method is the weathering and degassing fluxes of carbonates,
organic carbon, sulfate and pyrite, which can affect the O2 sink, as well as the O2 source
via isotope mass balance (equations 16 and 17). There are large uncertainties for these
parameters in the current version of GEOCARBSULF. For example, the total land area
that experienced extensive weathering, and the global runoff through time, are not
well constrained (Royer and others, 2014). In addition, the oxygen dependency of the
weathering rate of organic carbon and pyrite is debated (for example, Lasaga and
Ohmoto, 2002; Bolton and others, 2006). The volcanic degassing rate, directly linked
to degassing fluxes of carbon and sulfur, is likewise under continuous revision (for
example, Berner, 2004; Van Der Meer and others, 2014; McKenzie and others, 2016).
Another underlying parameter that has large uncertainties is the 	13C of marine
dissolved inorganic carbon (DIC), which is derived from buried carbonate and
influences the calculated organic carbon burial rate — a key O2 source. The record of
burial carbonate 	13C before the Mid-Jurassic is predominantly from measurements of
platform carbonates, which exhibit greater spatial heterogeneity in 	13C values than
the Mid-Jurassic to Cenozoic measurements of pelagic carbonates (Panchuk and
others, 2006; Saltzman and Thomas, 2012). Lastly, the initial reservoir sizes of sulfate
and pyrite in the crust, which will shape Paleozoic redox conditions, are poorly
constrained.

Here, we use the new method to test whether GEOCARBSULF can maintain a low
atmospheric O2 level in the early Paleozoic given available empirical constraints. To do
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this, we first constructed four example pO2 evolution scenarios through the Paleozoic
(fig. 4), which are based on paleo-proxy records and previous model studies (fig. 1)
and these will be used as an input to our new methods in the following sections. We
used scenarios that cover a wide spectrum of delayed O2 evolution patterns and thus
can be used to test the potential for predicting these oxygenation histories using
GEOCARBSULF.

sensitivity tests of the weathering and degassing fluxes of carbon and
sulfur on o2 levels

We applied our new method to investigate the sensitivity of O2 levels to the
weathering and degassing fluxes of different rock reservoirs, namely carbonate weath-
ering (Fwcy and Fwca), organic carbon weathering (Fwgy and Fwga), carbonate degassing
(Fmc), organic carbon degassing (Fmg), sulfate weathering (Fwsy and Fwsa), sulfate

Fig. 3. Predicted O2 evolution from the GEOCARBSULF model with an initial O2 level of 1% and 5%.
(A) 
34S is derived from the old formulation (O2 dependency) in GEOCARBSULF. (B) 
34S is derived from
the geological records (Wu and others, 2010). The green line represents the predicted average O2 level
staring from 1% at 570 Ma and the red line represents the predicted average O2 level staring from 5% at 570
Ma. The shaded area represents the average value 
 1SD.
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degassing (Fms), pyrite weathering (Fwpy and Fwpa), and pyrite degassing (Fmp). We
used a general-purpose optimization routine (L-BFGS-B in R language) to solve all the
weathering and degassing fluxes of carbon and sulfur. Specifically, we multiply these fluxes
each by a scaling factor, aiming to evaluate the relative importance of these fluxes in
controlling pO2. The modified equations are as follows (_S means scaling):

Fwgy_S � Swg � fA � fR � kwgy � Gy(t) (21)

Fwga_S � Swg � fR � Fwga_0 (22)

Fwcy_S � Swc � fA � fD � fL � fE � fBb_ca � kwcy � Cy(t) (23)

Fwca_S � Swc � fA � fD � fL � fE � fBb_ca � Fwca_0 (24)

Fwpy_S � Swp � fA � fR � kwpy � Py(t) (25)

Fwpa_S � Swp � fR � Fwpa_0 (26)

Fwsy_S � Sws � fA � fD � kwsy � Sy(t) (27)

Fwsa_S � Sws � fA � fD � Fwsa_0 (28)

Fmg_S � Smg � fSR � Fmg_0 (29)

Fmc_S � Smc � fSR � fC � Fmc_0 (30)

Fmp_S � Smp � fSR � Fmp_0 (31)

Fms_S � Sms � fSR � Fms_0 (32)

Fig. 4. Atmospheric O2 evolution scenarios through the Paleozoic constructed in this study. Scenario 1
and 2 try to simulate the O2 level predicted by the cerium anomaly (Wallace and others, 2017). They keep O2
at a low level (1% and 5% respectively) from the Early Cambrian to the Late Silurian and then force O2 to
rise to �30% by the Late Carboniferous. Scenario 3 is atmospheric O2 evolution after the baseline COPSE
model (Bergman and others, 2004). Scenario 4 is a combination of atmospheric O2 prediction after the
baseline COPSE model and the updated COPSE model which integrates early plant colonization, biotic
effects on silicate weathering and 25% increase in P weathering (Lenton and others, 2016).
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Fbg_S �
1


13C
� �(	13C � dlcy) � Fwcy_S � (	13C � dlca) � Fwca_S � (	13C � dlgy)

� Fwgy_S � (	13C � dlga) � Fwga_S � (	13C � dlca) � Fmc_S

� (	13C � dlga) � Fmg_S� (33)

Fbp_S �
1


34S
� �(	34S � dlsy) � Fwsy_S � (	34S � dlsa) � Fwsa_S � (	34S � dlpy)

� Fwpy_S � (	34S � dlpa) � Fwpa_S � (	34S � dlsa) � Fms_S

� (	34S � dlpa) � Fmp_S� (34)

d[O2]
dt

� Fbg_S � Fwgy_S � Fwga_S � Fmg_S � �15
8 ��Fbp_S � Fwpy_S � Fwpa_S � Fmp_S�

(35)

The method searches for the optimized value for each scaling factor (as close as
possible to 1, meaning the new flux is as close as possible to the original flux) needed
to match a predicted O2 at each time step. Using equation (21) to (35), we solve Fms_S
in terms of Fwgy_S, Fwga_S, Fwcy_S, Fwca_S, Fwpy_S, Fwpa_S, Fwsy_S, Fwsa_S, Fmg_S, Fmc_S,
Fmp_S and d[O2]/dt. Afterwards, to achieve the optimization goal, we use L-BFGS-B to
minimize the following expression:

�Fwgy_S � Fwga_S � Fwgy � Fwga

Fwgy � Fwga
� � �Fwcy_S � Fwca_S � Fwcy � Fwca

Fwcy�Fwca
�

� �Fwpy_S � Fwpa_S � Fwpy � Fwpa

Fwpy � Fwpa
� � �Fwsy_S � Fwsa_S � Fwsy � Fwsa

Fwsy � Fwsa
�

� �Fmg_S � Fmg

Fmg
� � �Fmc_S � Fmc

Fmc
� � �Fmp_S � Fmp

Fmp
� � �Fms_S � Fms

Fms
� (36)

We assign a lower bound of 0 to the seven scaling factors (carbonate weathering,
organic carbon weathering, carbonate degassing, organic carbon degassing, sulfate
weathering, pyrite weathering and pyrite degassing) and assign no bound to the
scaling factor of sulfate degassing (since this scaling factor is solved from the other
seven scaling factors). The model runs from 570 to 300 Ma but fails at various
time steps for different scenarios. In addition, some scaling factors are required to
fluctuate significantly within a geologically short time interval, which is physically
implausible. For example, for the carbonate weathering scaling factor (fig. 5B),
extremely large fluctuations (a drop from 1 to 0 in 20 million years during the
Ordovician for Scenario 3 and 4) are required.

sensitivity tests of carbonate 	13c on o2 levels
We argue that the most poorly constrained, yet impactful, parameter for

GEOCARBSULF is the carbonate 	13C input to the model as it tightly controls the
burial rate of organic carbon. Due to the complexity surrounding the empirical
carbonate 	13C records, the 	13C of buried carbonate in the Paleozoic used in
GEOCARBSULF may not be the true average 	13C of the ocean (for example,
Saltzman and Thomas, 2012). And as demonstrated in Royer and others (2014) and
Mills and others (2016), the atmospheric O2 predicted by isotope mass balance is
highly sensitive to assumed carbonate 	13C. Assuming all the weathering and degassing
fluxes of carbon and sulfur are the same as in the original GEOCARBSULF (that is, all
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scaling factors are 1), it is straightforward to apply the new method to solve for
carbonate 	13C, for different O2 scenarios. Since we only have 1 unknown parameter
(carbonate 	13C), we directly solve for this parameter and its solution is as follows:

	13C

�
Fbg � 
13C � Fwcy � dlcy � Fwca � dlca � Fwgy � dlgy � Fwga � dlga � Fmc � dlca � Fmg � dlga

Fwcy � Fwca � Fwgy � Fwga � Fmc � Fmg

(37)

As shown in figure 6, the carbonate 	13C required to fit each O2 scenario is
consistently within the range of 	13C records through the Paleozoic, and is almost
always within 2SD of the long term running average. The overall evolving trends of the
required 	13C across all scenarios and the 	13C record are similar, and the CO2
predicted is similar to that from the original GEOCARBSULF model (fig. 7). In all
scenarios, the organic carbon burial rate increased through the Devonian (fig. 8A) and
the pyrite burial rate decreased through the Paleozoic (fig. 8B).

Instead of calculating 
13C based on its relationship with O2 levels, we can also
derive 
13C through time from the geologic records (fig. 9A, Hayes and others, 1999),
as we did for 
34S. We note that the compilation of Hayes and others (1999) may not
represent the true global average 
13C because the 	13C of organic carbon used to
calculate 
13C is based solely on marine organic matter. Despite this, the required

Fig. 5. The scaling factors for various weathering fluxes required to reproduce different O2 scenarios.
(A) Scaling factor for the organic carbon weathering rate. (B) Scaling factor for the carbonate weathering
rate. (C) Scaling factor for the pyrite weathering rate. (D) Scaling factor for the sulfate weathering rate. The
shaded pink area represents the average value 
 2SD for Scenario 2. The error range for other scenarios is
similar to that of Scenario 2. Different scenarios are described in figure 4.
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carbonate 	13C values still fall into the range of the 	13C record after this update
(fig. 9B).

Besides carbonate 	13C, the initial sulfate proportion within the upper continental
crust (50% of the total sulfur) at 570 Ma assumed in the original GEOCARBSULF is
considered unlikely based on several recent fpy estimates (for example, Canfield and
Farquhar, 2009; Halevy and others, 2012) which argue for limited sulfate burial in the
Precambrian and Early Cambrian. Therefore, as an initial attempt, we reduced the
initial sulfate proportion in the crust from 50 percent to 20 percent, which is in
qualitative agreement with the work of Canfield and Farquhar (2009). To maintain a
realistic 	34S value of the sulfate reservoirs after this proportion change, the 	34S values
of initial young and old pyrite in the original GEOCARBSULF are also adjusted (from
-10‰ to 0‰). This change is not unreasonable, as the 	34S of buried sedimentary
pyrite was 5.7 permil at 570 Ma and was even higher than 5.7 permil in the Precam-
brian (Wu and others, 2010). Therefore, assigning 0 permil to the initial sedimentary
pyrite is conservative. After these modifications, the required carbonate 	13C is more
enriched at each time step (fig. 10 vs fig. 6) but still fits reasonably well with the isotope
records. The CO2 predictions are again similar to the original GEOARBSULF (fig. 11).

discussion
Our sensitivity tests demonstrate that it is impossible to maintain a low atmo-

spheric O2 in the early Paleozoic followed by an O2 rise to � 30 percent by the Late
Carboniferous through varying only the weathering and degassing fluxes of different

Fig. 6. Carbonate 	13C required to reproduce the four oxygen scenarios through the Paleozoic, and
how they correlate with the geologic record. The gray dots are the carbonate 	13C values compiled from
Saltzman and Thomas (2012). The green dots are the 	13C values of brachiopod shells from Veizer (1999).
The orange dots are the 	13C values of brachiopod shells compiled by Grossman and others (2008). The
black line represents the moving average (10 Myrs) of all the carbonate 	13C records. The brown area
represents the average value 
 2SD. The shaded pink area represents the average value 
 2SD for Scenario
2. The error range for other scenarios is similar to that of Scenario 2. Different scenarios are described in
figure 4.
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rock reservoirs in GEOCARBSULF. Even over the short time interval where the model
ran successfully and maintained consistent O2 levels, some weathering and degassing
rate variations were extreme, indicating inefficiency of these parameters in controlling
atmospheric O2. While these results confirm that inorganic weathering and degassing
fluxes can alter the predictions drawn from carbon isotope mass balance (Shields and
Mills, 2017), they also suggest that the dominant influence on O2 variability over most
of the Phanerozoic was not the weathering rates of organic carbon and pyrite but their
burial rates (Berner, 2006b).

By removing the extreme negative feedback from the sulfur system and changing
the input carbonate 	13C within the geological data range, we can maintain a low O2
level in GEOCARBSULF before the Devonian (or before the Silurian in the case of
Scenario 4 — see fig. 4). This model output is in great contrast with that of Royer and
others (2014), which could not produce low O2 levels in the early Paleozoic. Compared
with figure 3B, which also could not maintain a low O2 level even after updating the
	13C and 
34S, our model outputs indicate that uncertainity over the variations in
marine 	13C is the biggest hurdle in predicting O2. Our method also argues for a
relatively constant organic carbon burial rate through the Ordovician and Silurian,
and a continuous increase of the organic carbon burial rate through the Devonian (fig.
8A), which correlates with the diversification of vascular plants. Our predicted 	13C is
generally less variable than the observed record through this time (figs. 6 and 10).
However, the empirical 	13C of old platform carbonates, similar to modern shallow
water carbonates, were likely influenced by many factors such as: diagenetic processes,
mineralogical variability, vital effects caused by calcifying organisms, local water mass
restriction, and carbon cycle perturbations (Mii and others, 1999; Veizer and others,
1999; Panchuk and others, 2006; Brand and others, 2009; Saltzman and Thomas,
2012). For example, the 	13C of brachiopods exhibit substantial regional heterogene-
ity, with high values in the Russian Platform, low values in western North America, and
intermediate values in the midcontinent (Grossman and others, 2008). Given this
variability, the exact global curve of the carbonate 	13C through the Paleozoic is poorly

Fig. 7. Atmospheric CO2 predicted in the sensitivity tests of carbonate 	13C for different scenarios,
compared with the CO2 predicted from the original GEOCARBSULF (Royer and others, 2014). Different
scenarios are described in figure 4.
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known. Our modeling approach serves as an indirect way to inspect the global average
carbonate 	13C and bears significance for promoting further research on this issue.

There are uncertainties in many of the parameters in GEOCARBSULF and it is
possible that some key processes are entirely absent from the model (Royer and others,
2014). Also, as a critical O2 source, we note that the organic carbon burial rate
calculated using the isotope mass balance method needs to be further examined and
compared with geological records. But we have shown here that high atmospheric
oxygen in the Paleozoic is not a reliable output from GEOCARBSULF, and low levels of

Fig. 8. Organic carbon and pyrite sulfur burial rates predicted in the sensitivity tests of carbonate 	13C
for different scenarios. (A) Organic carbon (C) burial rate. (B) Pyrite sulfur (S) burial rate. Notice that the
pyrite burial rates for different scenarios are the same. Different scenarios are described in figure 4.
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atmospheric oxygen are equally or even more reasonable. Specifically, low atmo-
spheric oxygen levels are also likely when there is a low initial sulfate proportion in the
crust (for example, 20%). Therefore, although it is difficult with the current carbon
isotope record to accurately predict atmospheric oxygen levels, GEOCARBSULF
modeling can be consistent with the idea that the Paleozoic was a time of low
atmospheric oxygen, and that land plants drove a step change in surface oxygen levels.

Fig. 9. 
13C from geological records and the carbonate 	13C values required to reproduce the four
oxygen scenarios using this 
13C formulation. (A) 
13C derived from Hayes and others (1999) through
the Paleozoic. (B) The carbonate 	13C required to reproduce the four oxygen scenarios using the 
13C
derived from Hayes and others (1999). The symbols are described in figure 6. Different scenarios are
described in figure 4.
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A renewed effort to track carbon isotope gradients (following on from Holmden and
others, 1998) and careful screening of samples for diagenetic alteration are essential to
build a better global 	13C trend in the Paleozoic, which may then contribute to a
tighter constraint on the O2 evolution predicted by GEOCARBSULF.

Fig. 10. The carbonate 	13C required to reproduce the four oxygen scenarios through the Paleozoic,
assuming 20% initial sulfate in the crust, and how they correlate with the geologic record. The symbols are
described in figure 6. Different scenarios are described in figure 4.

Fig. 11. Atmospheric CO2 predicted in the sensitivity tests of carbonate 	13C for different scenarios
assuming 20% initial sulfate in the crust, compared with the CO2 predicted from the original GEOCARBSULF
(Royer and others, 2014). Different scenarios are described in figure 4.
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conclusions

We show that by altering the carbonate 	13C within permissible bounds, as well as
revising the sulfate/sulfide ratio of the upper crust at the Precambrian-Cambrian
boundary, GEOCARBSULF can be consistent with the idea that the early Paleozoic was
a time of low atmospheric oxygen, and that land plants drove a step change in surface
oxygen levels. However, given the complexity of the carbonate 	13C record, we also
argue that uncertainties still exist in the prediction of atmospheric O2 levels using
GEOCARBSULF and more accurate predictions will come from an improved C isotope
record.
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APPENDIX
MODEL BASED PALEOZOIC ATMOSPHERIC OXYGEN ESTIMATES: A REVISIT TO GEOCARBSULF

FULL MODEL DESCRIPTION

The original R code for GEOCARBSULF (Royer and others, 2014) can be found at
https://figshare.com/articles/code_to_run_GEOCARBSULF_model/902207. The codes of sensitivity tests
with GEOCARBSULF are hosted in https://github.com/wadesnoopy/MODEL-BASED-PALEOZOIC-
ATMOSPHERIC-OXYGEN-ESTIMATES. The full model parameters and equations are as follows. More
information (for example, 2SD for all parameters and the value of the time-dependent parameters) can be
found in tables A7 and A8 in the Supplementary data file: http://earth.geology.yale.edu/%7eajs/
SupplementaryData/2018/Zhang.
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TABLE A1

Present day parameters

Parameter Algebraic 
Representation

Value Source

Atmosphere and ocean O2 O_0 3.8×1019 mol Royer and others (2014)
Sulfur flux from weathering of old 
pyrite

Fwpa_0 2.5×1017 mol Royer and others (2014)

Sulfur flux from weathering of old 
gypsum

Fwsa_0 5×1017 mol/m.y Royer and others (2014)

Carbon flux from weathering of old 
organic matter

Fwga_0 5×1017 mol/m.y Royer and others (2014)

Carbon flux from weathering of old 
carbonate

Fwca_0 2×1018 mol/m.y Royer and others (2014)

Carbon degassing flux from 
volcanism, metamorphism, and 
diagenesis of organic carbon

Fmg_0 1.25×1018 mol/m.y Berner (2004)

Carbon degassing flux from 
volcanism, metamorphism, and 
diagenesis of carbonate

Fmc_0 6.67×1018 mol/m.y Berner (2004)

Sulfur degassing flux from 
volcanism, metamorphism, and 
diagenesis of pyrite

Fmp_0 2.5×1017 mol/m.y Royer and others (2014)

Sulfur degassing flux from 
volcanism, metamorphism, and 
diagenesis of gypsum

Fms_0 5×1017 mol/m.y Royer and others (2014)

Silicate weathering Fwsi_0 6.67×1018 mol/m.y Berner (1991)
Fraction of total Ca and Mg silicate 
weathering derived from volcanic 
rocks

Xvolc_0 0.35 Berner (2006a, 2008)

Carbon isotopic fractionation 
between shallow-marine carbonate 
and organic carbon

Δ13C_0 27 Berner (2006b)

Sulfur isotopic fractionation 
between shallow-marine gypsum 
sulfur and pyrite sulfur

Δ34S_0 35 Berner (2006b)

Ca and Mg flux between basalt and 
seawater

Fob_0 4×1018 mol/m.y Berner (2008)
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TABLE A2

Starting reservoir sizes and isotope ratios (570 Ma)

Parameter Algebraic 
Representation

Value Source

Young organic carbon Gy_570 250×1018 mol Berner (2006b)
Young carbonate Cy_570 1000×1018 mol Berner (2006b)
Young pyrite sulfur Py_570 20×1018 mol Berner (2006b)
Young gypsum sulfur Sy_570 150×1018 mol Berner (2006b)
δ13C of young organic carbon dlgy_570 -23.5 Berner (2006b)
δ13C of old organic carbon dlga_570 -23.5 Berner (2006b)
δ13C of young carbonate 
carbon

dlcy_570 3 Berner (2006b)

δ34S of young pyrite sulfur dlpy_570 -10 Berner (2006b)
δ34S of old pyrite sulfur dlpa_570 -10 Berner (2006b)
δ34S of young gypsum sulfur dlsy_570 35 Berner (2006b)
87Sr/86Sr of young carbonates 
undergoing weathering

Rcy_570 0.7095 Royer and others (2014)

87Sr/86Sr of old carbonates 
undergoing weathering

Rca_570 0.709 Royer and others (2014)

87Sr/86Sr of non-volcanic 
silicates

Rg_570 0.722 Berner (2008)
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TABLE A3

Constant Parameters

Parameter Algebraic 
Representation

Value Source

Normalized activation energy for 
silicates

ACTsi 0.09 K-1 Berner (2004)

Normalized activation energy for 
carbonates

ACTca 0.087 K-1 Berner (2004)

Rate of chemical weathering in 
volcanic silicate rocks relative to 
non-volcanic silicate rocks

VNV 5 Berner (2006a, 2008)

Coefficient relating physical erosion 
to the mean 87Sr/86Sr of non-volcanic 
silicate rocks

NV 0.0075 Berner (2008)

Exponent relating physical erosion to 
the mean 87Sr/86Sr of non-volcanic 
silicate rocks

exp_NV 0.67 Berner (2008)

Rate of chemical weathering in a 
minimally-vegetated world relative 
to present-day 

LIFE 0.25 Berner (2004)

Rate of chemical weathering by 
gymnosperms relative to 
angiosperms

GYM 0.875 Berner and Kothavala 
(2001)

Exponent reflecting the fraction of 
vegetation whose growth is 
stimulated by elevated CO2

FERT 0.4 Berner and Kothavala 
(2001)

Exponent used to describe the effect 
of climate on silicate or carbonate 
weathering in the absence of vascular 
plants at time (t) relative to the 
present-day

exp_fnBb 0.5 Berner (1994, 2004)

Climate sensitivity deltaT2X 3 Park and Royer 
(2011); Rohling and 

others (2012)
Factor by which deltaT2X changes 
during times with large continental 
ice sheets

GLAC 2 Park and Royer 
(2011); Rohling and 

others (2012)
Coefficient used to calculate 
CAPd13C

J 4‰ Berner (2006b)

Exponent used to calculate CAPd34S n 1 Berner (2006b)
Effect on temperature from the 
linear increase in solar luminosity 
over time

Ws 7.4 k/570 m.y. Berner (2004)

Exponent that scales the dilution of 
dissolved HCO3

- with runoff
exp_fD 0.65 Berner (1994, 2004)

Mass of carbon in ocean COC 2×1018 mol Royer and others 
(2014)

Mass of old organic carbon Ga 1000×1018 mol Berner (2006b)
Mass of old carbonate carbon Ca 4000×1018 mol Berner (2006b)
Mass of old pyrite sulfur Pa 280×1018 mol Berner (2006b)
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TABLE A3

(continued)

Parameter Algebraic 
Representation

Value Source

Mass of old gypsum sulfur Sa 150×1018

mol
Berner (2006b)

Mass of carbon in oceans + 
"interacting rocks"

CT 4252×1018

mol
Royer and others 

(2014)
δ13C of CT dlct -3.5‰ Royer and others 

(2014)
Mass of sulfur in oceans + 
"interacting rocks"

ST 600×1018

mol
Royer and others 

(2014)
δ34S of CT dlst 4‰ Royer and others 

(2014)
Rate constant expressing mass 
dependence for young pyrite 
sulfur

kwpy 0.01/m.y. Berner (2006b)

Rate constant expressing mass 
dependence for young gypsum 
sulfur

kwsy 0.01/m.y. Berner (2006b)

Rate constant expressing mass 
dependence for young organic 
carbon weathering

kwgy 0.018/m.y. Berner (2006b)

Rate constant expressing mass 
dependence for young carbonate 
weathering

kwcy 0.018/m.y. Berner (2006b)

87Sr/86Sr of volcanic rocks Rv 0.704 Berner (2008)
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TABLE A4

Time dependent parameters

Parameter Algebraic 
Representation

Source Notes

Strontium isotopic 
composition of shallow-
marine carbonate [(87Sr/86Sr-
0.7)*10^4]

Sr Berner (1994; 2004) See table A8

Carbon isotopic composition
of shallow marine carbonate

δ13C Berner (2004; 2006b; 2009) See table A8

Sulfur isotopic composition of 
shallow-marine carbonate

δ34S Wu and others (2010) See table A8

Effect of relief on chemical 
weathering at time (t) relative 
to the present-day

fR Berner (2004) See table A8

Land area covered by 
carbonates at time (t) relative 
to the present-day

fL Berner (2004); Bluth and 
Kump (1991)

See table A8

Land area at time (t) relative 
to the present-day

fA Berner (2004); Otto-Bliesner 
(1995); Goddéris and others 

(2012)

See table A8

Global river runoff at time (t) 
relative to the present-day in 
the absence of changes in 
solar luminosity and CO2

fD Berner (2004); Otto-Bliesner 
(1995); Goddéris and others 
(2012)

See table A8

Fraction of land area 
undergoing chemical 
weathering

fAw_fA Goddéris and others (2012) See table A8

Coefficient of continental 
runoff versus temperature 
change

RT Goddéris and others (2012) See table A8

Change in land mean surface 
temperature that is 
undergoing chemical 
weathering  at time (t)
relative to the present-day in 
the absence of changes in 
solar luminosity and CO2

GEOG Berner (2004); Otto-Bliesner 
(1995); Goddéris and others 

(2012)

See table A8

Seafloor creation rate at time 
(t) relative to the present-day

fSR Berner (2004) See table A8

Effect of carbonate content of 
subducting oceanic crust on 
CO2 degassing rate at time (t) 
relative to the present-day

fC Berner (2004) See table A8
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TABLE A6

Reservoir equations

  noitauqE riovreseR retemaraP
Atmospheric oxygen 15

8
15

8

(40)

Young organic carbon (41)

Young carbonate 
carbon

(42)

Young pyrite sulfur (43)

Young gypsum sulfur (44)

Young organic carbon 
isotope mass balance 

(45)

Old organic carbon 
isotope mass balance 

(46)

Young carbonate 
carbon isotope mass 
balance 

=  
(47)

Old carbonate carbon 
isotope mass balance 

−

(48)

Young pyrite sulfur 
isotope mass balance 

(49)

Old pyrite sulfur 
isotope mass balance 

(50)

Young gypsum sulfur 
isotope mass balance =  

(51)

Old gypsum sulfur 
isotope mass balance 

−

(52)

87Sr/86Sr of young 
carbonate undergoing 
weathering 

=  
(53)

87Sr/86Sr of old 
carbonate undergoing 
weathering 

−
(54)
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The reservoir equations are solved using a finite difference method from 570 to 0 Ma, with a time step of
10 million years. Note that there is no differential equation for the old reservoir (Ga, Ca, Pa and Sa) because
their mass is fixed through time in GEOCARBSULF. Note that there is no ordinary differential equation for
atmospheric CO2. This is because CO2 in the GEOCARBSULF is not solved explicitly using the finite
difference method. Since carbonate burial is equal to carbonate weathering plus silicate weathering on a
time scale of 10 million years, its value is obtained by solving a non-linear equation which contains RCO2 at
each time step, as follows:

Fbc � Fwcy � Fwca � fvolc � fBb_si � fAW_fA � (fA � fD)exp_fD � fR � fE � Fwsi_0 (55)

SENSITIVITY TESTS OF CARBONATE 
13C ON O2 LEVELS THROUGH THE WHOLE PHANEROZOIC

We also calculated the required 	13C over the whole Phanerozoic, again taking a range of estimates for
oxygen concentrations from 570 to 0 Ma (fig. A1). From 570 to 300 Ma, the O2 evolution follows the four
scenarios in figure 4. From 300 to 0 Ma, the O2 evolution follows three scenarios, including the O2 output
from the original GEOCARBSULF (GEOCARBSULF), O2 output from the original COPSE (COPSE) and
O2 remaining at 21% (fix21). Scenario 1-GEOCABRSULF means the original Scenario 1 followed by
GEOCARBSULF, Scenario 1-COPSE means the original Scenario 1 followed by COPSE and Scenario 1-fix21
means the original Scenario 1 followed by fix21. The same terminology applies to Scenario 2. Scenario 3
means the original Scenario 3 followed by COPSE and Scenario 4 means the original Scenario 4 followed by
COPSE. Using the same method, similarly, the required 	13C is close to the range observed in data
compilations (fig. A2).

IMPLEMENTATION OF THE INTEGRATED LAND-SURFACE OXIDATIVE WEATHERING
MODEL INTO GEOCARBSULF

At low atmospheric O2 levels (less than 18% PAL), the weathering of organic carbon is thought to be
incomplete and the weathering extent is argued to scale with O2 levels (Bolton and others, 2006). This
incomplete oxidative weathering model has been shown to accurately reconstruct modern black shale
profiles (Bolton and others, 2006). Assuming this is right, the fixed weathering rate of organic carbon (per
Myr) formulated in GEOCARBSULF may exaggerate the organic carbon weathering rate when O2 level is
low (as in the Cambrian).

To explore the influence of O2 levels on organic carbon weathering rates, which in turn affects the
model predictions of O2 levels, we integrated the land-surface oxidative weathering model (Bolton, personal
communication) into GEOCARBSULF. We assume the global erosion rate is 5cm/kyr (Lasaga and Ohmoto,
2002) and the organic carbon content at depth is 0.6 wt. %, from which the oxidation percentage of organic
carbon at the surface can be calculated (fig. A3). Afterwards, we add the percentage value (Sweather) to scale
the weathering rate of organic matter as follows:

Fwgy: carbon flux from weathering of young organic carbon

Fwgy � Sweather � fA � fR � kwgy � Gy(t) (56)

Fwga: carbon flux from weathering of old organic carbon

Fwga � Sweather � fR � Fwga_0 (57)

Following this modification, we calculated the 	13C values required to produce the example O2 curves.
GEOCARBSULF shows that incomplete organic carbon weathering had a limited effect on atmospheric
oxygen levels (fig. A4).
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Fig. A2. Carbonate 	13C required to reproduce the four oxygen scenarios through the Paleozoic, and
how they correlate with the geologic record. The red dots are the bulk carbonate 	13C values from Katz and
others (2005). The purple squares from high to low represent the pre-industrial 	13C values of DIC in the
low-latitude surface ocean of the Atlantic, the low-latitude surface ocean of the Indian Ocean, the
low-latitude surface ocean of the Pacific, the intermediate ocean of the Atlantic, the intermediate ocean of
the Indian Ocean, the intermediate ocean of Pacific, the deep ocean of the Atlantic, the deep ocean of the
Indian Ocean, the deep ocean of the Pacific, and the high-latitude surface ocean respectively calculated
using LOSCAR (Zeebe, 2012). The brown triangles represents the pre-industrial 	13C values of bicarbonate
ions in the ocean (Zeebe and Wolf-Gladrow, 2001). The other symbols are described in figure 6. Different
scenarios are described in figure 4.

Fig. A1. Atmospheric O2 evolution scenarios through the Phanerozoic. Scenario 1, 2, 3, 4 are described
in figure 4. The suffix (that is, GEOCARBSULF, COPSE, fix21) represents the O2 evolution from 300 Ma to
present reconstructed by different model approaches and assumptions. “GEOCARBSULF” means the
standard O2 curve from Royer and others (2014), “COPSE” means the baseline O2 curve from Bergman and
others (2004), and “fix21” means the O2 level dropped from 300 to 240 Ma smoothly and remained constant
at 21% afterwards until 0 Ma.
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Fig. A3. Total organic carbon (TOC) in the top layer of the rock oxidized as a function of the
atmospheric O2 level. Note that the erosion rate is 5 cm/kyr and the initial organic carbon content is 0.6 wt.
% for this curve.

Fig. A4. Outputs from the GEOCARBSULF model assuming different initial O2 levels by integrating
the land-surface oxidative weathering model.
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