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Widespread marine anoxic events occurred throughout the Phanerozoic, most notably 
the Mesozoic oceanic anoxic events (OAEs). They were likely the result of major climatic 
perturbations that resulted in the burial of significant quantities of organic matter-rich 
sediments. During OAEs, reduced carbon and sulfur are more efficiently sequestered, 
which, based on stoichiometric balances, should result in a net increase of oxygen 
counteracting marine deoxygenation. This relationship has been the fundamental basis 
of models for the long-term rise in oxygen across deep-time. However, the geologic 
record of OAEs indicate widespread marine anoxia persisted on million-year timescales 
while these processes occurred. Many OAEs occur contemporaneous with the 
emplacement of large igneous provinces (LIPs), which released volatile compounds that 
likely induced climatic perturbations that could, in turn, impact marine (de)oxygenation. 
These volcanic systems also released reducing compounds that may provide a mechanism 
for the temporal exacerbation of OAEs. Additionally, the climatic effects of LIPs are 
associated with enhanced chemical weathering intensities, which may have promoted 
increased oxidative weathering that also consumed oxygen. Here, forward box models 
provide first-order quantifications of the excess oxygen produced via organic carbon and 
pyrite sulfur burial along with the effects of introducing LIP-sourced reductants and 
oxidative weathering to the ocean-atmosphere system during OAEs. This study focuses 
on Oceanic Anoxic Event 2 (~94 Ma) and the Toarcian Oceanic Anoxic Event (~184 Ma) as 
the most well-studied OAEs. During both events, significant increases in oxygen are 
produced from the burial of reduced compounds, approximately 10–100% of modern 
atmospheric oxygen levels. The added LIP-reductants partially or even completely buffer 
this excess oxygen through the oxidation of reduced volatile compounds. Short-term 
increases in oxidative weathering show a similar magnitude of oxygen removal from the 
ocean-atmosphere system. This analysis highlights the importance of quantifying the 
oxygen budget during OAEs and similar events. 

1. INTRODUCTION 

Throughout Earth’s history, there have been many intervals 
of widespread marine anoxia, with the most well-studied 
having occurred during the Mesozoic. These events reflect 
major disturbances to global climate and environment that 
lasted for several hundreds of thousands of years or longer 
(Jenkyns, 2010). They indicate geologically short-term de
partures from typical steady-state oxygen content of the 
ocean-atmosphere system, which is often assumed to be 
a balancing of various known processes (Holland, 2002). 
Oceanic anoxic events (OAEs) are specifically defined as 
intervals of increased black shale deposition across mul

tiple basins indicating widespread impact of geochemical 
changes to the ocean (Schlanger & Jenkyns, 1976). There
fore, one of the defining features of these events is the 
accumulation of organic-rich sediments across large por
tions of the ocean during these intervals (Jenkyns, 2010; 
Kemp et al., 2022; Owens et al., 2018; Schlanger & Jenkyns, 
1976), as well as perturbations to various geochemical cy
cles, most notably those of carbon and sulfur, but also other 
redox-sensitive elements (Gill et al., 2011; Jenkyns, 2010; 
Owens et al., 2013, 2018; Them, Gill, Caruthers, et al., 
2017). Many of these OAEs had important effects on life at 
the time, with some coinciding with major extinction inter
vals (Bond & Grasby, 2017; Jenkyns, 2010). Thus, studying 
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these events can better relate Earth system processes to dy
namic intervals of faunal turnover. 
Constraining and quantifying the mechanisms that allow 

for these long-term intervals of enhanced organic matter 
burial and reducing marine conditions while maintaining 
near-modern atmospheric oxygen (O2) contents has been 
greatly understudied. The primary cause for these events is 
often related to warming of the atmosphere and/or ocean 
system, leading to enhanced nutrient runoff from a height
ened hydrologic cycle and weathering intensity (Gernon et 
al., 2024; Meyer & Kump, 2008). It has been proposed that 
the enhanced flux of nutrients increased the rates of ma
rine primary productivity, whereby subsequent respiration 
and remineralization of that organic matter consumed dis
solved O2 (Gernon et al., 2024; Jenkyns, 2010; Poulton et 
al., 2015). This may be compounded by reduced thermoha
line circulation and lower retention of dissolved gases in 
warmer waters (Meyer & Kump, 2008). The depletion of O2 
across these intervals causes aerobic respiration rates to 
decrease until the consumption of organic matter was less 
than the supply, at which point, sedimentary organic mat
ter burial rates increased. Additional factors, such as rem
ineralization rates of organic matter increasing with tem
perature, cause some inconsistencies that make this broad 
relationship non-linear. 

1.1. Reduced carbon and sulfur burial effects on 
oxygen 

With respect to O2 production, it has been shown through 
decades of work that the most important reduced com
pounds buried are species of carbon and sulfur (e.g., or
ganic carbon, organic sulfur, and pyrite) (Berner, 2006; 
Berner & Canfield, 1989; Garrels & Lerman, 1981). The 
production and burial of these compounds require the re
lease of O2 as the product in the reaction (table 1). Since 
some organic carbon and pyrite sulfur are buried and se
questered from the system, they become unavailable for 
O2 consumption, causing O2 content of the ocean-atmos
phere system to increase. Modeling efforts, such as GEO
CARBSULF, have quantified the burial of carbon and sulfur 
as a means to document the long-term O2 budget of the 
Earth’s surface (Berner, 1991, 2006, 2009; Berner & Can
field, 1989; Berner & Kothavala, 2001). The GEOCARBSULF 
model (Berner, 2006) and prior GEOCARB model (Berner & 
Canfield, 1989) utilize the presence of organic carbon-rich 
rocks in the sedimentary record and the burial of pyrite, 
both interpreted through isotope work, to determine the 
amount of O2 production from burial of reduced species en
tering the atmosphere through the Phanerozoic using bins 
of several million years (i.e., longer than short-term OAEs). 
These calculated O2 contents are modulated by many dif
ferent mechanisms, but are mainly calculated using global 
marine carbon and sulfur isotope compositions to estimate 
the burial of organic carbon and pyrite sulfur (Berner, 2006; 
Berner & Canfield, 1989; Berner & Kothavala, 2001). 
Similar studies have focused on the potential of carbon 

and sulfur burial to increase O2 across the Great Oxidation 
Event and Lomagundi carbon isotope excursion (CIE), the 
Neoproterozoic Oxygenation Event and Shuram CIE, and 

the Cambrian rise in O2 (Bristow & Kennedy, 2008; Eguchi 
et al., 2020; Miyazaki et al., 2018; Saltzman et al., 2011). 
Other models utilize similar concepts with other variables, 
evidence and datasets, such as the COPSE model (Bergman 
et al., 2004). These studies have suggested that the burial 
of vast quantities of reduced carbon and sulfur induced O2 
production and global oxygenation, yet Phanerozoic anoxic 
events also buried copious amounts of these compounds 
but instead are associated with deoxygenation. Thus, there 
is disconnect for these shorter timescale events. Notably, 
the burial of carbon and sulfur has also been linked to 
changes in phosphorus cycling due to this element being a 
major bioessential nutrient (Van Cappellen & Ingall, 1994), 
and such changes have been modeled to show notable fluc
tuations corresponding with important carbon cycle per
turbations that relate to these increases in O2 (Bergman 
et al., 2004; Reershemius & Planavsky, 2021; Reinhard & 
Planavsky, 2022). 
This quantitative approximation through modeling is a 

similar process to what is implemented across Mesozoic 
OAEs, where carbon and sulfur geochemistry is utilized to 
estimate the burial of their respective reduced species (Gill 
et al., 2011; Jenkyns, 2010; Kemp et al., 2022; Owens et 
al., 2013, 2018; Ruebsam & Schwark, 2024; Them et al., 
2022), yet the O2 production that such burial would cause 
are often under-discussed in favor of just quantifying this 
burial solely as an effect of widespread anoxia during such 
multi-millennial events due to proxy sensitivity (e.g., Dick
son et al., 2017; Gill et al., 2011; Owens et al., 2013, 2018; 
Them, Gill, Caruthers, et al., 2017). Therefore, the burial of 
reduced chemical species should be investigated as a neg
ative feedback mechanism that should cause O2 produc
tion during the development of an OAE. This re-oxygena
tion feedback should occur on the tens of thousands of year 
timescale such that OAEs should be self-limiting in dura
tion (Reershemius & Planavsky, 2021). 
There are a variety of other phenomena that could ex

tend the duration of OAEs, such as reactivity rates of or
ganic carbon and pyrite sulfur formation, changes to ocean 
mixing times, stratification of seawater, or localized de
velopment of anoxia, both temporally and spatially. All of 
these would increase the duration of OAEs from durations 
of typical ocean-atmosphere circulation (~1,000 to 6,000 
years), but not to the order magnitudes suggested by the 
geologic record. If other processes slow the rate of O2 re
lease from the burial of reduced species, it could limit this 
reoxygenation until after the OAE due to atmospheric oxy
gen response time being longer than the event itself. Sub
sequently, the excess O2 could result in measurable and re
solvable changes in various ocean-atmospheric processes 
and biologic impacts following the event. There is no ev
idence from the sedimentary record to support this; in
stead, evidence for concurrent increases in wildfire across 
the Toarcian OAE and Cretaceous OAE-2 suggest that O2 
may have been higher in the atmosphere during but not 
following the events (S. J. Baker et al., 2017; Boudinot & 
Sepúlveda, 2020). Additionally, other evidence suggests low 
oxygen conditions in marine bottom waters persisted long 
after these events rather than oxygenation (Ostrander et 
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Table 1. Chemical reactions related to the production or consumption of O         2  during OAEs   

General Reaction Reaction Equation* 
Stoichiometric O2 

generation 

O2 Production 

Organic carbon burial H2O + CO2 = CH2O + O2 1.00 

Pyrite sulfur burial 
2Fe2+ 4SO4

2- + 4H+ = 2FeS2 + 7O2 + 
2H2O 

3.50 

O2 
Consumption 

Hydrogen oxidation 2H2 + O2 = 2H2O -0.50 

Ammonia oxidation NH3 + 2O2 = NO3
- + H+ + H2O -2.00 

Fe2+ oxidation 4Fe2+ + O2 + 4H+ = 4Fe3+ + 2H2O -0.25 

Mn2+ oxidation 2Mn2+ + O2 + 2H2O = 2MnO2 +4H+ -0.50 

Hydrogen sulfide 
oxidation 

2H2S + 2O2 = SO4
2- + 2H+ -1.00 

Methane oxidation CH4 +2O2 = CO2 + 2H2O -2.00 

*Bolding of important compound and O2 for each reaction, with these on the product side of the equation for production 
and reactant side of the equation for consumption 

al., 2017; Them et al., 2018). Therefore, the temporal extent 
of these events and lack of oxygen accumulation post-event 
(Bond & Grasby, 2017; Jenkyns, 2010) indicates additional 
processes must have occurred to sustain deoxygenation. 

1.2. Mechanisms to reduce excess oxygen 

The emplacement of large igneous provinces (LIPs) often 
coincide with OAEs and provide causal mechanisms for 
these global-scale marine deoxygenation intervals (Bond & 
Grasby, 2017; Green et al., 2022; Jiang et al., 2023; Kas
bohm et al., 2021). LIPs supply a significant flux of mantle-
derived carbon, primarily CO2 (Bond & Grasby, 2017; 
Burgess et al., 2015; Fendley et al., 2024; Kasbohm et al., 
2021), to the atmosphere, causing the climatic shifts likely 
needed to induce these events. This is often compounded 
by thermogenic carbon released from contact metamor
phism of sedimentary rocks by the igneous intrusions 
(Chang et al., 2022; Flögel et al., 2011; Heimdal et al., 
2021; Them, Gill, Caruthers, et al., 2017) or other feedbacks 
(e.g., wildfires, methane release from clathrate or wetlands) 
that also introduce carbon into the atmosphere from other 
sources (S. J. Baker et al., 2017; Boudinot & Sepúlveda, 
2020; Huang et al., 2024; Them, Gill, Caruthers, et al., 
2017). Additionally, other LIP-sourced materials, such as 
SO2, aerosols, and particulates, may also induce major cli
matic changes, though these primarily induce short-term 
cooling (Bond & Grasby, 2017; Kasbohm et al., 2021). 
This volatile-induced climate change has been a primary 

focus for research on the OAE-LIP relationship, but these 
volcanic provinces also likely introduced a variety of other 
reduced materials, such as iron (Fe2+), manganese (Mn2+), 
hydrogen sulfide (H2S), hydrogen (H2), methane (CH4), and 
ammonia (NH3) to the exogenic Earth during their em
placement (Edmonds et al., 2022; Sinton & Duncan, 1997). 
Such reducing species would react with available O2, 
thereby removing it from the ocean-atmosphere system 
(table 1). There is additional evidence reducing volcanic 
emissions help counterbalance global redox changes from 
the formation of organic matter to some degree in the mod
ern (Holland, 2002). However, limits on our knowledge of 

the size and timing of eruptive activity as well as volatile 
composition, make it difficult to quantify the flux of reduc
tants that LIPs could have been introduced to the system. 
While size and timing of LIPs remain major focus of 

study, (Jiang et al., 2023; Kasbohm et al., 2021), their 
volatile chemistry remains comparatively understudied 
(Capriolo et al., 2021). Though not perfectly comparable to 
the subaerial LIPs that are the focus of this study, volatile 
flux estimates from modern hydrothermal systems at 
seafloor spreading centers were utilized here to approxi
mate those from LIPs (Kasbohm et al., 2021; Mason et al., 
2021). Other modern systems, namely mantle-plume-de
rived systems, suggested to be the most appropriate mod
ern analog to LIPs, were also explored as LIP volatile 
analogs (Ilyinskaya et al., 2021; Jones et al., 2016; Mason 
et al., 2021; Self et al., 2008). However, differences in their 
volume and the areal extent of emissions compared to LIPs 
(most of these measurements are limited to singular vents), 
lack of data for some reduced compounds, and resulting 
flux estimations that ranged several orders of magnitude 
meant flux estimates from these systems were not utilized 
in this study (supplemental discussion). Further, work on 
emission from mantle-plume-derived systems (Campbell, 
2005), suggest they are more similar to mid-oceanic ridge 
systems in terms of the redox potential of their emissions 
when compared to less reduced volcanic arcs systems (Hol
land, 2002). Overall, this indicates the assumption to utilize 
modern hydrothermal fluxes as analogs for LIP emissions is 
a reasonable approach. 
That being said, there are certainly differences between 

mid-ocean ridge and subaerial LIPs systems (e.g., the infil
tration of fluids into continental versus marine rocks and 
sediments) that may induce additional chemical changes 
that we do not account for here (Burgess et al., 2017; Green 
et al., 2022). However, even with the potential large un
certainties in estimating LIP reductant loads, the timing of 
the main phase(s) of LIP activity is often still well-corre
lated to time-equivalent OAEs, and many of their emplace
ments last as long as, if not longer than, their associated 
OAE (Bond & Grasby, 2017; Jiang et al., 2023; Kasbohm et 
al., 2021). Therefore, the LIPs likely still released significant 
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amounts of reduced compounds over the duration of these 
OAEs and must be considered when quantifying their global 
redox budgets. 
An additional source of O2 consumption is from oxida

tive weathering and is considered in both the GEOCARB 
and GEOCARBSULF models (Berner, 2001, 2006; Berner & 
Canfield, 1989; Berner & Kothavala, 2001). There is evi
dence for increased chemical weathering across many OAEs 
and is likely related to higher global temperatures and an 
enhanced hydrologic cycle (Frijia & Parente, 2008; Kemp 
et al., 2020; McArthur et al., 2000; Percival et al., 2016; 
Pogge von Strandmann et al., 2013; Them, Gill, Selby, et 
al., 2017). Though chemical silicate weathering intensities 
do not directly relate to oxidative weathering, enhance
ment in silicate weathering is likely to correspond to in
creased oxidative weathering nonlinearly due to increases 
in physical weathering and enhanced hydrologic cycle ef
fectively exposing fresh material to the oxygenated atmos
phere (Berner, 2006; Berner & Kothavala, 2001; Daines et 
al., 2017; Gabet & Mudd, 2009). However, this nonlinear as
pect is further compounded by the difference in oxidative 
weathering rate of reduced species, where sulfide minerals 
(e.g., pyrite) tend to oxidize more rapidly than organic mat
ter during oxidative weathering (Littke et al., 1991; Petsch 
et al., 2000). In addition, there is a greater likelihood that 
younger, more liable reduced compounds are more rapidly 
oxidized, compared to longer-buried, more recalcitrant 
ones (Berner, 2006). This indicates that the age of exposed 
material is relevant but has limited applicability on the 
temporal scales that are the focus of this study (maximum 
of 10 million years) compared to long-term O2 budget stud
ies that involve more tectonic processes, which have bins 
around 10 million years (Berner, 2006, 2009). Thus, the re
lationship between silicate weathering intensity and oxida
tive weathering intensity is hard to quantify due to nonlin
ear interactions. However, a simplified relationship coupled 
with large and varied sensitivity tests in the model can give 
rough ranges for the effect of oxidative weathering on ex
cess O2 contents similar to approximations provided by the 
GEOCARBSULF model (Berner & Kothavala, 2001). 
To analyze the net change in O2 and potential chemical 

relationship between LIPs, oxidative weathering, and the 
redox evolution across OAEs, we focused on two of the 
most heavily studied OAEs, Oceanic Anoxic Event 2 (OAE-2, 
~94 Ma) in the Cretaceous (Cenomanian-Turonian stage 
transition) and the Toarcian Oceanic Anoxic Event (T-OAE, 
~184 Ma) in the Early Jurassic (post-Pliensbachian-Toarcian 
boundary). Both events have been primarily defined in re
cent work by their major associated CIEs as a chemostrati
graphic markers (fig. 1A–B) and intervals of the widespread 
deposition of organic-rich sediments (Beerling & Brentnall, 
2007; Bond & Grasby, 2017; Boulila et al., 2014; Dickson et 
al., 2017; Erbacher et al., 2005; Gill et al., 2011; Jenkyns, 
1988; Y.-X. Li et al., 2017; Owens et al., 2013; Them, Gill, 
Caruthers, et al., 2017), but also supplementarily dated 
with biostratigraphic markers (Boulila et al., 2014; Corbett 
et al., 2014; Elder, 1989; Morten & Twitchett, 2009). Mass 
balance and forward box models were used to determine 
the O2 produced via organic carbon and pyrite sulfur burial 

compared to its consumption from the reductants released 
from the respective LIPs and oxidative weathering. Both 
O2 consumption mechanisms, LIP reductants and oxidative 
weathering, were considered in isolation to determine their 
net effect on oceanic O2. Previous models of carbonate car
bon isotopic variation across OAE-2 (Owens et al., 2013) 
and estimates of total organic carbon burial for the T-OAE 
(Them et al., 2022) along with carbonate-associated sulfate 
(CAS) sulfur isotopes for both events (Gill et al., 2011; 
Owens et al., 2013) were used to determine the organic car
bon and pyrite sulfur buried, respectively (fig. 1C–D). The 
combination of O2 production and O2 consumption models 
presented here are a broad attempt to better constrain the 
O2 budgets during OAEs beyond previous work with its lim
itations and assumptions discussed below. 

1.3. Oceanic Anoxic Event 2 

The record of the OAE-2 has been identified as the appear
ance of organic-rich sediments in various Upper Cretaceous 
sedimentary successions globally (Boudinot & Sepúlveda, 
2020; Eldrett et al., 2015; Erbacher et al., 2005; Jenkyns, 
2010; Meyers et al., 2012; Owens et al., 2018; Raven et 
al., 2019). This event also has a distinct positive CIE and 
positive sulfur isotope excursion associated with it (Dick
son et al., 2017; Eldrett et al., 2015; Erbacher et al., 2005; 
Owens et al., 2013). These two features most likely indicate 
the enhanced burial of organic carbon and pyrite sulfur, re
spectively, on a globally relevant scale (Owens et al., 2013; 
Raven et al., 2019). The positive CIE is often used to define 
the duration event itself, and the interval containing it 
is associated with indicators of relatively warmer global 
temperatures (Bond & Grasby, 2017; Erbacher et al., 2005; 
Owens et al., 2013, 2018), increased silicate weathering 
(Frijia & Parente, 2008; Pogge von Strandmann et al., 2013; 
Poulton et al., 2015), enhanced nutrient runoff from the 
continents (Y.-X. Li et al., 2022; Poulton et al., 2015), ex
pansion of seafloor anoxia (Clarkson et al., 2018; S. Li et 
al., 2023; Montoya-Pino et al., 2010; Ostrander et al., 2017), 
and elevated rates of extinction, albeit only marginally 
greater than background rates (Bond & Grasby, 2017; Coc
cioni & Galeotti, 2003; Elder, 1989). The wealth of available 
geochemical information has been the subject of numerous 
investigations, especially the carbon and sulfur cycles 
across the event, making it an ideal interval of study to de
termine the potential increases in O2 production due to the 
burial of reduced species. 
One of the difficult challenges for understanding the dri

vers of OAE-2 is the number and variety of LIPs that have 
been invoked with this event. This is primarily due to poor 
age constraints for the associated LIPs. The Ontong Java 
LIP, Kerguelen LIP, Madagascar LIP, Caribbean Plateau LIP, 
and High Arctic LIP (HALIP) have all been suggested to 
coincide with OAE-2 (Jiang et al., 2023; Kasbohm et al., 
2021; Maher, 2001; Sinton & Duncan, 1997). Nevertheless, 
many studies suggest that the Caribbean Plateau LIP (97 
to 80 Ma), located in the modern-day Caribbean Sea, is the 
primary driver due to the radiometric dates of this sub
marine LIP closely aligning with the timing of OAE-2 and 
its large spatial extent (Jiang et al., 2023; Kasbohm et al., 
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Figure 1. Idealized carbon isotopes and previously modeled carbon and sulfur isotopes of OAE-2 (A, C) and the T-                
OAE (B, D). (A) Idealized carbonate carbon isotopes of OAE-2           (Dickson et al.  ,  2017; Erbacher et al.   ,  2005), divided   
up into pre-CIE (K1), syn-positive CIE (K2), and post-CIE (K3). (B) Idealized carbonate carbon isotopes of the T-                 
OAE  (Them et al.  ,  2022), divided up into Pliensbachian (J1), pre-CIE (J2), syn-negative CIE (J3), post-CIE (J4), and               
return to baseline (J5). (C) Modeled carbon and sulfur isotopic excursions of OAE-2 from previous work                 (Owens et   
al.,  2013,  2018). (D) Modeled sulfur isotopic excursion from previous work on the T-OAE             (Gill et al.  ,  2011)  and  
new modeled carbon isotopic excursion based on carbon burial data implied by Mo/TOC for the T-OAE                 (Them et   
al.,  2022), excluding sources of     13C-depleted carbon that would induce the observed negative CIE. Grey boxes            
represent approximate timing of main phase LIP activity for the respective OAE. Cenom. = Cenomanian, Pliens. =                  
Pliensbachian.  

2021). HALIP (93 to 89 Ma), a partially subaerial LIP lo
cated primarily in the Arctic Ocean and on several sur
rounding landmasses, also has a coeval date with OAE-2 
(Jiang et al., 2023; Maher, 2001). Its major eruptive interval 
approximately spans 2 million years (Myr), and HALIP cur
rently covers an area of approximately 200,000 km2 (Kas
bohm et al., 2021; Maher, 2001). Better spatial constraints 
and radiometric dating of this LIP (Jiang et al., 2023; Maher, 
2001), as well as evidence of weathering of atmospheri
cally exposed basaltic material (Pogge von Strandmann et 
al., 2013; Sullivan et al., 2020), make HALIP potentially a 
more suitable target for this study’s models. Additionally, 
other continental LIPs are better associated with known 
global environmental perturbations throughout Earth His
tory while few marine LIPs are (Green et al., 2022). This 
suggests that HALIP may have also been a greater contrib
utor to this event. 
Due to the limited dates on the LIP material, various sce

narios of LIP activity were considered, including one based 
on the marine osmium records (Sullivan et al., 2020). This 
latter option includes three phases of volcanism that may 
have occurred during the early stages of OAE-2 (Y.-X. Li et 
al., 2022; Sullivan et al., 2020). Still, there is a lack of direct 
correlation between this proxy evidence of LIP activity and 
precise radiometric dating of HALIP volcanic deposits. The 
osmium isotope record also suggests significantly shorter 
volcanic activity than most estimates for the duration of 
HALIP and/or the other LIPs that have been associated 
with OAE-2 (Jiang et al., 2023; Kasbohm et al., 2021), and 
is therefore likely a conservative estimate for LIP activity. 

Given this uncertainty, various other modeling scenarios 
for LIP eruptions were included in our scenarios for OAE-2. 
Various proxies have been applied to the record of OAE-2 

to constrain chemical silicate weathering rates and intensi
ties. Osmium, lithium, and strontium isotopes proxies have 
all been applied to this OAE to approximate changes in sil
icate weathering and indicate a major increase in chemical 
weathering during the event (Frijia & Parente, 2008; Pogge 
von Strandmann et al., 2013; Poulton et al., 2015; Sulli
van et al., 2020). The increases in silicate weathering have 
been linked to increased temperatures and hydrologic cy
cle activity (Gernon et al., 2024; Pogge von Strandmann et 
al., 2013; Poulton et al., 2015). Therefore, the estimated, 
model-derived 2 to 3 times increase in silicate weathering 
intensities across 200 thousand years (kyr) during OAE-2, 
which can provide an overall weathering rate increase for 
this interval, was utilized and likely had an impact on the 
oxidative weathering that could be incorporated into the 
model (Pogge von Strandmann et al., 2013). 

1.4. Toarcian Oceanic Anoxic Event 

The Early Jurassic T-OAE has also been identified from 
widespread organic matter-rich deposition at localities 
around the world (Cohen et al., 2004; Jenkyns, 1988, 2010; 
Kemp et al., 2022; Pálfy & Smith, 2000; Ruebsam et al., 
2022; Ruebsam & Schwark, 2024; Them, Gill, Caruthers, et 
al., 2017). There is a noted CIE associated with this event, 
but it is a major negative excursion (~4–6‰) that likely 
represents greater input of isotopically light carbon to the 
ocean-atmosphere system (Beerling & Brentnall, 2007; 
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Bond & Grasby, 2017; Fendley et al., 2024; Gambacorta 
et al., 2024; Heimdal et al., 2021; Hesselbo et al., 2007; 
Jenkyns, 2010; Kemp et al., 2020; Ruebsam & Schwark, 
2024; Them, Gill, Caruthers, et al., 2017). However, this 
negative CIE does not imply a lack of enhanced organic 
carbon burial during this event as evidenced by the occur
rence of Toarcian organic-rich strata (Gambacorta et al., 
2024; Kemp et al., 2022; Ruebsam et al., 2022; Ruebsam 
& Schwark, 2024). Further, a longer-term (3–4 Myr) posi
tive CIE (~1–2‰) is found around the T-OAE, that is inter
rupted by the short-lived prominent negative CIE (Jenkyns, 
2010; Them, Gill, Caruthers, et al., 2017) that has been in
terpreted to indicate enhanced carbon burial surrounding 
the T-OAE (Gambacorta et al., 2024; Jenkyns, 2010; Rueb
sam & Schwark, 2024; Them et al., 2022; Them, Gill, 
Caruthers, et al., 2017). It, therefore, has been suggested 
that the positive carbon isotopic shift was transiently over
whelmed by the input of light carbon to induce a negative 
CIE (S. J. Baker et al., 2017; Ruebsam & Schwark, 2024; 
Them, Gill, Caruthers, et al., 2017). 
Estimating organic carbon burial rates from this carbon 

isotope record is made complicated by the combined signals 
of the long-term positive and short-term negative CIEs. 
There has been much work focused on constraining the po
tential sources of 13C-depleted carbon to the Earth system 
to account for this major negative CIE (S. J. Baker et al., 
2017; Beerling & Brentnall, 2007; Huang et al., 2024; Kemp 
et al., 2020; Them, Gill, Caruthers, et al., 2017), but less 
emphasis on determining carbon burial and the budgets of 
the ocean-atmosphere O2. Other methods have to be em
ployed to estimate organic carbon burial across the T-OAE 
either through globally mapping organic carbon contents of 
lithologies across this interval (Kemp et al., 2022; Ruebsam 
& Schwark, 2024) or comparing organic carbon content to 
other chemical proxies not affected by this pool of isotopi
cally light carbon (Them et al., 2022). This latter method 
was employed due to the limited global mapping available 
(only around the Tethys) to provide sufficient model para
meters (Kemp et al., 2022; Them et al., 2022). 
Beyond this complication regarding the carbon isotope 

records, the T-OAE has many other well-constrained pa
rameters that are useful for this study. There is a well-
documented CAS sulfur isotope excursion that effectively 
estimates global pyrite burial (Gill et al., 2011). This inter
val, like OAE-2, is associated with rising global tempera
tures (Nordt et al., 2022), increased silicate weathering in
tensity (McArthur et al., 2000; Percival et al., 2015; Them, 
Gill, Selby, et al., 2017), enhanced nutrient runoff from the 
continents (Beerling & Brentnall, 2007; Kemp et al., 2020; 
Them, Gill, Selby, et al., 2017), expansion of seafloor anoxia 
(Gill et al., 2011; Them et al., 2018), and greatly elevated 
rates of extinction (Morten & Twitchett, 2009; Wignall et 
al., 2006, 2010), all of which are generally greater than 
equivalent changes for OAE-2. 
What is well-constrained for the T-OAE is its strong tem

poral coincidence with the Karoo-Ferrar (K-F) LIP (185 to 
181 Ma) (Burgess et al., 2015; Greber et al., 2020; Jiang et 
al., 2023; Kasbohm et al., 2021). This is one of the largest 
continental LIPs of the Phanerozoic (Jiang et al., 2023; Kas

bohm et al., 2021), with a total surface area of 920,000 
km2, separated into the Karoo province of Southern Africa 
and Ferrar province of Antarctica (Burgess et al., 2015; 
Kasbohm et al., 2021). Volcanic activity primarily spanned 
4.5 Myr, though the major phases occurred over a smaller 
300-kyr interval (Burgess et al., 2015; Greber et al., 2020). 
In regard to weathering proxy records, there are less 

Toarcian records compared to OAE-2 and the primary proxy 
that has been applied in this regard is sedimentary osmium 
isotopes (Cohen et al., 2004; Kemp et al., 2020; Percival et 
al., 2016; Them, Gill, Selby, et al., 2017). There are poten
tially longer-term changes in weathering flux indicated in 
seawater strontium isotope record (McArthur et al., 2000), 
though these data do not aid with quantifying this flux dur
ing the shorter interval of the T-OAE due to strontium’s 
longer residence time in the ocean. The osmium isotope 
data suggest a short-term (100 to 200 kyr) increase in sil
icate weathering intensity, 3 to 6 times greater than the 
modern intensities (Kemp et al., 2020), which again can be 
converted to average rate increase based on the known in
tensity and duration. 

2. METHODS 

2.1. Calculations for LIP reductant composition 

To determine LIP reductant composition, data from modern 
hydrothermal activity of mid-oceanic ridges was utilized 
as an approximation. These were calculated by compiling 
the concentration of volatiles (in μmol/kg) from various hy
drothermal systems (supplemental table 1). The volatiles 
that were included were Fe2+, Mn2+, H2S, H2, CH4, and NH3 
(Charlou et al., 2000; Evans et al., 1988; Ishibashi et al., 
2015; James et al., 2014; Ji et al., 2017; McDermott et al., 
2018; Reeves et al., 2011; Seyfried et al., 2015; Von Damm, 
1990) as previously utilized by earlier attempts to quantify 
O2 reduction during OAEs (Sinton & Duncan, 1997). Due to 
the high variability in measured concentrations and vari
ous compounds having only limited data, the median con
centrations were utilized for each compound. These were 
each then multiplied by the total global annual flux of hy
drothermal material, an average of 7.2 × 1012 kg/yr (Nielsen 
et al., 2006), to result in a global flux for each compound 
(in mol/yr). Last, this was divided by the total global surface 
area of hydrothermal activity, 1.2 × 1012 km2 (E. T. Baker 
& German, 2004; Nielsen et al., 2006; Von Damm, 1990), 
to reach a reasonable approximation for the flux of each of 
these reductants per unit area. A similar methodology was 
attempted using island plume activity, mainly from Hawaii, 
but limitations in data and calculations proved this to be 
less useful (supplemental table 2). Due to the uncertain
ties of the comparability of LIP volatile fluxes to those of 
seafloor hydrothermal systems, this variable is modulated 
between half to double modern hydrothermal rates. 

2.2. Forward Box Models for O2 production 

Forward geochemical box models were utilized for determi
nation of net O2. These models assumed steady state of the 
O2 budget prior to the event. Thus, the results from most 
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of the following equations and models are represented as 
changes from this steady state scenario rather than the ac
tual abundances that may have existed in the ocean-at
mosphere system, but these were also calculated through 
subtracting from the initial steady state values. For the pro
duction of O2 from organic carbon and pyrite sulfur bur
ial, box models of the carbon and sulfur cycles for OAE-2 
(Owens et al., 2013) and the sulfur cycle for the T-OAE (Gill 
et al., 2011) were recreated (fig. 1). These used a time-de
pendent equation for the isotopic composition of the ma
rine carbonate and sulfate reservoirs to reconstruct the ma
rine isotope curves of these proxies. The following equation 
is for the time-dependent changes in marine carbonate car
bon isotopes (a similar framework was applied to the sulfur 
cycle): 

where δcarb is the isotopic composition of the recorded val
ues in carbonate (for the sulfur cycle this would be δsulf); 
δsea is the isotopic composition of the ocean at the time 
and is equivalent to δcarb or δsulf; Fin are the input fluxes to 
the ocean of the respective isotopic system being modeled 
in moles per year with an isotopic composition of δin; Fout 
are the output fluxes from the ocean of the respective iso
topic system being modeled in moles per year with a offset 
from seawater isotopic values of Δout, and M0 is the initial 
amount of the respective element in the ocean reservoir in 
moles. For the carbon cycle, the only input is weathering, 
with the outputs being carbonate formation and organic 
carbon burial. See the later discussion for lack of including 
inputs of volcanogenic and thermogenic carbon. For sulfur, 
the inputs were weathering and hydrothermal fluxes and 
the outputs of sulfate and pyrite burial. For specific details 
on the initial parameters utilized and sensitivity tests to 
approximate isotopic curves found in the geologic record, 
see previous cited studies (Gill et al., 2011; Owens et al., 
2013). For the purposes of this project, only the carbon bur
ial rates and pyrite sulfur burial rates for the sensitivity 
tests thought to be most representative were utilized in our 
study for O2 production during OAEs. 
The organic carbon burial rates for the T-OAE utilized 

other studies based on molybdenum (Mo) to total organic 
carbon (TOC) ratios (Them et al., 2022) and a smaller es
timate based primarily on an accounting of preserved or
ganic-matter deposits formed during the event (Kemp et al., 
2022). This new model attempts to recreate the T-OAE pos
itive CIE based on organic carbon burial and not the ma
jor negative CIE likely caused by the large input of 13C-de
pleted carbon from volcanism and other sources (Ruebsam 
& Schwark, 2024; Them, Gill, Caruthers, et al., 2017) using 
equation (1), as illustrated in figure 1B. Due to poorer con
straints on organic carbon burial with the method utilized, 
the full range of estimated burial values from Them et al. 
(2022) and Kemp et al. (2022) were utilized for the model 
across the time interval studied instead of a single reason
able estimate for carbon burial rate as for OAE-2. 
Stoichiometric calculations (table 1) were used to deter

mine the amount of O2 produced due to the burial of or

ganic carbon and pyrite (table 2). This utilized the equa
tion: 

where OP is excess O2 produced in moles; Forg is organic 
carbon burial in moles per year; Forg(0) is initial organic 
carbon burial rate; Fpy is pyrite burial in moles per year; and 
Fpy(0) is initial pyrite burial rate. The initial values, repre
sentative of baseline conditions prior to each event, were 
removed so that only excess O2 production could be calcu
lated rather than total O2 production. 

2.3. Forward Box Models for O2 consumption 

Additions to the forward geochemical box models were 
used to approximate the reducing components of the re
lated LIPs, using the HALIP for OAE-2 (Kasbohm et al., 
2021; Maher, 2001; Sinton & Duncan, 1997) and K-F LIP for 
the T-OAE (Burgess et al., 2015; Greber et al., 2020; Kas
bohm et al., 2021). As there are relatively few estimates 
of the overall reductant load from these LIPs (Kasbohm et 
al., 2021; Sinton & Duncan, 1997), the reductant output of 
modern mid-oceanic ridge hydrothermal vent activity per 
surface area was utilized (supplemental table 1). Most re
cent estimates for duration and geographic extent of the 
LIPs were utilized for the modeled excursion of reductant 
material (Burgess et al., 2015; Kasbohm et al., 2021; Maher, 
2001; Sinton & Duncan, 1997). These model parameters are 
in table 2. Variations on the extent of reductant output, 
aerial extent, duration, possible pulses of volcanism, 
weathering rates, and relation between silicate and oxida
tive weathering were modeled (table 3). Again, stoichio
metric conversions were used to determine the amount of 
O2 consumed due to the release of these reduced com
pounds (table 1). This results in the equation: 

where OCLIP is excess O2 consumed by LIP reductants, ALIP 
is the unitless scaling factor of LIP activity compared to 
modern hydrothermal activity (with 1 equivalent to modern 
hydrothermal reductant load per unit area per time), SLIP is 
the surface area of active LIP in km2, and Fx represents the 
fluxes of various compounds derived from volcanic and hy
drothermal activity in moles per km2 per year. For the sur
face area of the LIPs, HALIP was assumed to be 200,000 km2 

for OAE-2 (Kasbohm et al., 2021; Maher, 2001) and the K-F 
LIP was modulated between 350,000 km2 and 920,000 km2 

based on the specifically active province and the timing of 
active phases (Burgess et al., 2015; Greber et al., 2020; Jiang 
et al., 2023; Kasbohm et al., 2021). If the values of fluxes for 
modern hydrothermal activity (supplemental table 1) are 
included directly into equation (3), it can be simplified to 
create: 

As thermogenic CH4 has often been invoked as a major 
contributor to the climatic shifts at these times and is re
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Table 2. Initial model parameters for OAE-2 and T-OAE O       2  production and consumption    

Initial Parameters 
Variable (if 
available) 

Values for OAE-2 Values for T-OAE 

Marine Carbon Reservoir MC0 3.3 × 1018 mol 6.6 × 1018 mol 

Carbon Weathering Flux FCin(w) 25.015 × 1018 mol/Myr 50.000 × 1018 mol/Myr 

Organic Carbon Burial Forg 5.014 × 1018 mol/Myr 1.460 × 1018 mol/Myr 

Marine Sulfur Reservoir MS 3.16 × 1018 mol 5.0 × 1018 mol 

Sulfur Weathering Flux FCin(w) 0.980 × 1018 mol/Myr 1.500 × 1018 mol/Myr 

Sulfate Burial Flux Fpy 0.830 × 1018 mol/Myr 0.380 × 1018 mol/Myr 

Carbon to Oxygen Production Rate From table 1 1 1 

Sulfur to Oxygen Production Rate From table 1 3.5 3.5 

LIP Reductants Oxygen Consumption 
Rate 

ΣFred 
6.24 × 1012 mol/
km2/Myr 

6.24 × 1012 mol/
km2/Myr 

Silicate Weathering Rate Rcw 1 1 

Weathering Relation r 1.5 1.5 

Initial Oxidative Weathering Fowc + Fows 6.88 × 1018 mol/Myr 6.88 × 1018 mol/Myr 

Table 3. Modeled Variables for OAE-2 and T-OAE       

Variable Range of Values Notes 

OAE-2 

LIP activity 0–2 1 is modern hydrothermal activity (M.H.) 

Number of eruptive phases 0–4 

Duration of eruptive phases 0.1–2 Myr Some dependence on number of phases 

Amount of CH4 emission 1.13–3×1011 mol/Myr/km2 

Silicate weathering rate 1–3 1 is modern rate 

Weathering relation 0.67–2 1.5 as used for GEOCARB 

T-OAE 

Organic matter burial background rate 0.39–3.24×1018 mol/yr From 0 to 1.39 Ma and 5.20 to 10 Ma 

Organic matter burial Early Toarcian 0.39–9.97×1018 mol/yr From 1.39 to 2.39 Ma 

Organic matter burial during negative CIE 1.83–22.40×1018 mol/yr From 2.39 to 2.89 Ma 

Organic matter burial post-negative CIE 0.39–12.82×1018 mol/yr From 2.89 to 5.20 Ma 

LIP activity 0-2 1 is modern hydrothermal activity (M.H.) 

Amount of CH4 emission 1.13–1.56×1011 mol/Myr/km2 

Silicate weathering rate 1–6 1 is modern rate 

Silicate Weathering Duration 0.1–0.2 Myr 

Weathering Duration 0.67–2 1.5 as used for GEOCARB 

lated during the emplacement of LIPs (S. J. Baker et al., 
2017; Chang et al., 2022; Fendley et al., 2024; Heimdal et 
al., 2021), this parameter was varied for these events, in
creasing up to 3.00 × 105 mol/yr/km2 to account for poten
tially greater variability, and this change will slightly affect 
the flux term in equation (4). 
To estimate oxidative weathering rates, the relationship 

from GEOCARB and GEOCARBSULF was utilized (Berner & 
Kothavala, 2001). It quantifies the relationship between sil
icate weathering rates and erosion rates as: 

where Rw is the weathering rate (specifically, silicate 
weathering), k is a constant, and Re is the erosion rate 
(Berner & Kothavala, 2001). Assuming changes in erosional 

rates are directly related to oxidative weathering rates and 
that removing the k constant will not change the propor
tional difference between oxidative weathering and erosion 
when the modern rates of both are known, a new equation 
was created: 

where Fow is the effective oxidative weathering rate, Fowc 
and Fows are the modern oxidative weathering rates of car
bon and sulfur, respectively, Rcw is the effective chemical 
silicate weathering rate compared to modern (assuming 
current relative weathering rate is 1), and r is the weath
ering relationship between silicate weathering and oxida
tive weathering. The r variable is initially set to 1.5 as 
prescribed by the GEOCARB and GEOCARBSULF models 
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(Berner, 2006; Berner & Kothavala, 2001) since this rela
tionship is inverted from equation (5) and is changed to a 
variable in order to explore this poorly constrained rela
tionship. This variable is intended to cover the variety of 
potential uncertainties when comparing oxidative weather
ing to silicate weathering, including differences in weath
ering intensity of different compounds of different ages as 
well as other factors that lead to non-linear interactions be
tween the two weathering types. 
Since the modern oxidative weathering rates of organic 

carbon and pyrite sulfur have been estimated, 2.33 × 1012 

and 0.83 × 1012 mol/yr, respectively (Burke et al., 2018; 
Daines et al., 2017), these can be substituted into the equa
tion when combined with the oxygen consumption stoi
chiometry of organic carbon and pyrite sulfur (table 1). 
When introduced to the oxygen budget, the equation is: 

where OCweath is excess O2 consumed by oxidative weath
ering and the initial value is subtracted to determine only 
excess oxygen consumption from oxidative weathering. 
Both the LIP reductant and oxidative weathering were 

separately modeled and then combined to show changes in 
O2 over time (figs. 2–6). This involved combining the out
puts of equations (2) with equation (3) and/or (7), creating: 

where ON is net O2. OC was set to either OCLIP (eq 3) or 
OCweath (eq 7). Some scenarios were run with these to
gether as a combined O2 consumption (OC = OCLIP + 
OCweath). Net O2 contents of all runs are displayed in sup
plemental tables 4 and 5. These values were further com
pared to determine the degree of O2 removal as a percent
age of the produced O2: 

and these results are presented (supplemental discussion 
and supplemental figs. 2–6). 
Each model run was conducted over a 10-million-year 

span to include the buildup and decline of the CIE, LIP ac
tivity, weathering rates, and all other pertinent phenom
ena related to these events. Iterations in inputs occurred 
every 5,000 years, with outputs every 1,000 years. Starting 
parameters (table 2) were incorporated across all iterations, 
while various other parameters were tested (table 3) in ac
cordance with the specifics dependent on the OAE’s avail
able data and assumptions (supplemental tables 4–5). 

3. RESULTS 

A limited number of scenarios of O2 production were mod
eled that focused on the sources of O2 reduction (supple
mental table 3). To this end, a variety of sensitivity tests 
were conducted that account for different scenarios that re
duced the excess O2 for both OAEs. Simplified results can be 
found in table 3, and a full list of each test done and perti
nent results for the OAE-2 and T-OAE models can be found 
in supplemental tables 4 and 5, respectively. 

3.1. OAE-2 model results 

For OAE-2 (supplemental table 4), the total O2 production 
from burial of reduced species remained the same across 
all runs. The net change in O2 over time was calculated us
ing information derived from the carbon and sulfur isotopic 
curves for OAE-2 (Owens et al., 2013). This interval is sub
divided (fig. 1) into pre-CIE (K1, 1.00 Myr), syn-positive CIE 
(K2, 0.95 Myr), and post-CIE (K3, 8.05 Myr). There is an in
crease in excess O2 produced during K2, releasing 3.73 × 
1018 moles of O2 across ~0.8 Myr (table 4, figs. 2,3), with 
similar amounts produced from both reduced carbon (2.04 × 
1018 moles of O2) and sulfur (1.69 × 1018 moles of O2) bur
ial (supplemental table 3). 
Various models for the reductant emission loads from 

HALIP during OAE-2 were analyzed to determine the O2 
production, consumption, and net change (fig. 2, supple
mental table 4). These covered a range of sizes, durations, 
and eruptive styles of the LIP (Kasbohm et al., 2021; Maher, 
2001; Sinton & Duncan, 1997). Both continuous and pulsed 
intervals of volcanic activity were modeled (fig. 2A–D). Al
ternatively, osmium concentration and isotope indicators 
of volcanic activity around OAE-2 (Y.-X. Li et al., 2022; Sul
livan et al., 2020) may represent pulses of LIP activity and 
this was also modeled (fig. 2E). A range of reducing ma
terial fluxes was considered for the LIP reductants com
pared to modern mid-oceanic ridge hydrothermal output 
(supplemental table 1). The abundance of thermogenic CH4 
was also modulated to determine the degree of impact this 
might have on the O2 budget (fig. 2F), with minor effect 
(<0.25 × 1018 moles of O2). Overall, the resulting models 
covered a broad range of net O2 change across OAE-2, from 
-1.55 × 1018 moles of O2 (net consumption) to 3.22 × 1018 

moles of O2 produced (table 4, fig. 2, supplemental table 4). 
Another set of models was created to determine the ef

fect of oxidative weathering on the O2 consumption of 
OAE-2 (fig. 3, supplemental table 4). These primarily cover 
different rates of weathering, incorporating the silicate 
weathering rates and intensities of previous studies (Pogge 
von Strandmann et al., 2013) over 200 kyr (fig. 3A). Another 
series of sensitivity tests evaluated the effective exponent 
to describe the relationship between silicate weathering 
and oxidative weathering, deviating from the value utilized 
by Berner and Kothavala (2001) in the GEOCARB models 
from an exponential value of 1.5 (fig. 3B). Overall, the re
sulting models covered a similar range to the LIP reduc
tants, from -3.47 × 1018 moles of O2 (net consumption) to 
2.57 × 1018 moles of O2 produced (table 4, fig. 3, supple
mental table 4). 

3.2. T-OAE model results 

A carbon model using a recently determined range of or
ganic carbon burial for the T-OAE (Them et al., 2022) was 
created to determine the degree of O2 production. The in
terval surrounding the T-OAE can be subdivided into sep
arate time bins based on the carbon isotope curve, specif
ically the negative CIE, with labels J1 through J5 (fig. 1) 
utilized for all other figures and modeling. These bins di
vide the interval into late Pliensbachian (J1, 1.39 Myr), 
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Figure 2. Net O 2  production based on buried organic carbon and pyrite sulfur compared to LIP reductant input               
for OAE-2 across various sensitivity tests. (A) Modeled continuous volcanism across 2 Myr starting at the onset of                   
OAE-2 (K2) modulating the total reductant output. (B) Modeled impact of two pulses of volcanism, each lasting                  
500 kyr. (C) Modeled impact of two pulses of volcanism, each lasting 700 kyr. (D) Modeled impact of four pulses                     
of volcanism, each lasting 200 kyr. (E) Modeled impact of three pulses of volcanism based on the timing of                    
osmium excursions   (Y.-X. Li et al.   ,  2022; Sullivan et al.   ,  2020). (F) Modeled impact of increased CH      4  release based   
on thermogenic carbon estimates     (Chang et al.  ,  2022)  compared to the continuous run with 1.0× LIP activity (A),           
though the difference between this run and the 0.5× additional CH          4  makes them indistinguishable in figure. The       
0.0× LIP model runs show the total O       2  produced via burial of reduced carbon and sulfur without additional           
reductants from LIP activity.     

Toarcian pre-CIE (J2, 1.00 Myr), syn-negative CIE (J3, 0.50 
Myr), post-CIE (J4, 2.31 Myr), and return to baseline (J5, 
4.80 Myr). Utilizing recently published data of Mo/TOC to 
recreate organic carbon burial (27.4 × 1018 to 48.4 × 1018 

moles of carbon buried) over the span of ~1.3 Myr (Them 
et al., 2022), a positive CIE is modeled with an excursion 
size of 11.4‰ to 21.8‰, averaging 13.6‰ (fig. 1D). All of 
these model runs produce a small positive CIE during J2, 
which increases the isotopic composition by about 0.9‰ to 
4.3‰, followed by a major increase to the isotopic max

imum during J3, then greatly decreasing to just slightly 
heavier values (1.7‰ to 2.2‰) than pre-event baseline in 
J4. At this point, a new positive isotopic plateau is main
tained across J4 before returning to the original baseline of 
0‰ at J5. Even if isotopically depleted carbon in volcanic 
CO2 (~-5‰) from K-F LIP is included in the model (Jones 
et al., 2016), the effect of this light volcanic carbon is so 
minute (<0.03‰) that it can only slightly negate the posi
tive CIE produced (supplemental table 5). Thus, the carbon 
isotopic effect of LIP emissions is ignored for the purposes 
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Figure 3. Net O 2  production based on buried organic carbon and pyrite sulfur compared to oxidative weathering              
for OAE-2 across various sensitivity tests. (A) Modeled increases in weathering            (Pogge von Strandmann et al.    ,  
2013)  at the onset of OAE-2 (K2). (B) Modeled impact of changing the ratio utilized for                r  (see Methods) from a     
baseline of 1.5 with the average weathering rate of 2.5×           (Berner & Kothavala  ,  2001). The 0.0× weathering model      
runs show the total O    2  produced via burial of reduced carbon and sulfur without additional oxidative weathering.             

of these newly derived excursions. An alternative model 
based on Kemp et al. (2022) was also utilized to estimate to
tal organic carbon burial. These data only focus on the in
terval of the negative CIE, and therefore all changes were 
relegated to J3. This calculation provided much smaller es
timates for organic carbon burial, which results in a much 
smaller positive CIE at this time (0.7‰). 
We utilized the methods established for OAE-2 model 

(described above) with the constraints for the T-OAE (sup
plemental table 5) to create a model that estimated O2 
change over time using previous models for degree of pyrite 
sulfur burial for the T-OAE with a conservative, parsimo
nious estimate of 5 × 1017 moles (Gill et al., 2011). This 
resulted in a total of 1.58 × 1018 moles of O2 production 
over 0.5 Myr (supplemental table 3). Conversely, the new T-
OAE carbon model based on Them et al. (2022) suggests a 
very large range of O2 production due to the wide range of 
quantities for possible organic carbon burial, with all mod
els indicating a much greater O2 production via organic car
bon burial (20.64 × 1018 to 36.31 × 1018 moles O2 produced) 
than that determined for pyrite burial (supplemental table 
3). Over the course of the increased organic carbon burial 
interval, lasting ~3.3 Myr, between 22.2 × 1018 and 37.9 × 
1018 moles of O2, averaging 27.8 × 1018 moles of O2, can 
be produced from the combined reduced sulfur and carbon 
burial (fig. 4–6). The model results using Kemp et al. (2022) 
provide a smaller production of O2 than even OAE-2, total
ing 2.30 × 1018 moles of O2 (fig. 4D). 
The various model estimates for the T-OAE organic car

bon and pyrite sulfur burial were combined with modeled 
LIP activity based on previously published literature 
(Burgess et al., 2015; Greber et al., 2020; Kasbohm et al., 
2021) to determine O2 production and consumption and 
subsequently the overall net change. The LIP activity was 
varied (supplemental table 5) to account for potential vari
ability in the reductant flux (supplemental table 1). An ad
ditional model utilizing the minimum organic carbon bur
ial estimates (Them et al., 2022) was used to modulate the 

effect of CH4 inclusion on the oxidative budget of LIPs (fig. 
4E), with minor effect (<0.11 × 1018 moles of O2). Other 
tests for CH4 were employed on the different carbon bur
ial scenarios (supplemental table 5). The resulting models 
cover a broader range of net O2 change across the T-OAE 
as compared to OAE-2, from -21.46 × 1018 moles of O2 (net 
consumption) to 31.95 × 1018 moles of O2 produced (table 
4). 
Another set of models were created to determine the ef

fect of oxidative weathering on the O2 budget of the T-OAE 
(fig. 5, supplemental table 5). These all use the minimum 
organic carbon burial flux of Them et al. (2022) as a base
line for comparison. These primarily cover different rates, 
intensities, and durations of weathering, incorporating the 
silicate weathering rates of previous studies (Them, Gill, 
Selby, et al., 2017) to estimate oxidative weathering (fig. 
5A–C). Another series of sensitivity tests evaluated the ef
fective exponent to describe the relationship between sil
icate weathering and oxidative weathering, deviating from 
the value utilized by Berner and Kothavala (2001) in the 
GEOCARB models from an exponential value of 1.5 (fig. 
5D). Overall, the resulting models covered a smaller range 
than the LIP reductants, from 3.44 × 1018 to 19.35 × 1018 

moles of net O2 produced (table 4, fig. 5, supplemental 
table 5), partially due to limiting the modeling to a singular 
carbon burial scenario. 

3.3. Combined Results 

A final model set was employed for both OAEs combining 
the LIP reductant and oxidative weathering to determine 
the total degree of O2 consumption that might be estimated 
from these processes. For OAE-2 various tests were em
ployed to estimate the different LIP activity styles but uti
lized the average of oxidative weathering scenarios (supple
mental table 4). This results in a complete utilization of O2 
across all scenarios, with net O2 between -1.38 and -3.12 × 
1018 moles of O2 (table 4, fig. 6A, supplemental table 4). 
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Figure 4. Net O 2  production based on buried organic carbon and pyrite sulfur compared to LIP reductant input               
for the T-OAE across various sensitivity tests for LIP activity. All panels use different amounts of organic carbon                   
burial based on previous studies but the same pyrite sulfur burial rates             (Gill et al.  ,  2011). (A) Modeled O   2  
produced and consumed under minimum carbon burial rates from Them et al.             (2022). (B) Modeled O   2  produced  
and consumed under average carbon burial rates from Them et al.            (2022). (C) Modeled O   2  produced and   
consumed under maximum carbon burial rates from Them et al.           (2022). (D) Modeled O   2  produced and consumed    
using Kemp et al.     (2022)  estimates of global carbon burial. (E) Modeled O       2  produced and consumed under     
minimum carbon burial rates from Them et al.         (2022), modulating CH  4  content while LIP activity is set to 1.0×         
(Heimdal et al.  ,  2021), though the additional CH    4  is indistinguishable in figure compared to 1.0× LIP activity. The           
0.0× LIP model runs show the total O       2  produced via burial of reduced carbon and sulfur without additional           
reductants from LIP activity. min = minimum estimated organic carbon burial, avg = average estimated organic                 
carbon burial, max = maximum estimated organic carbon burial.          

For the T-OAE, various sensitivity tests were employed 
to examine the average LIP activity and oxidative weather
ing rate over different organic carbon burial regimes (sup

plemental table 5). This results in heavy, though not always 
complete, utilization of O2 across all scenarios, with a net 
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Figure 5. Net O 2  production based on buried organic carbon and pyrite sulfur compared to oxidative weathering              
for the T-OAE across various sensitivity tests. (A) Modeled increases in weathering             (Them,  Gill,  Selby,  et al. ,  
2017)  at the onset of the negative CIE (J3) for 100kyr. (B) Modeled increases in weathering                (Them,  Gill,  Selby,  et  
al.,  2017)  at the onset of the negative CIE (J3) for 150kyr. (C) Modeled increases in weathering                (Them,  Gill,  Selby,  
et al. ,  2017)  at the onset of the negative CIE (J3) for 200kyr. (D) Modeled impact of changing the ratio utilized for                    
r  (see Methods) from a baseline 1.5 with the average weathering rate and duration of 4.5× for 150kyr                  (Berner &   
Kothavala,  2001). The 0.0× weathering model runs show the total O         2  produced via burial of reduced carbon and        
sulfur without additional oxidative weathering.      

O2 consumption and production between -18.46 and 17.12 
× 1018 moles of O2 (table 4, fig. 6B, supplemental table 5). 

4. DISCUSSION 

4.1. Assumptions for model creation 

These models provide quantitative results, albeit with un
certainties due to ambiguity concerning the model inputs, 
that can be used as a guide for future investigations related 
to the fundamental operation of OAEs. However, several of 
these uncertainties in the presented work should be dis

cussed further, including quantifying the role of the re
ductant fluxes from LIPs and the estimation of oxidative 
weathering rates. The production of O2 due to reduced car
bon and sulfur burial requires a simple stoichiometric cal
culation, but the exact amount of organic carbon and/or 
pyrite sulfur buried requires mass balance modeling, which 
is under-constrained for some of the parameters, resulting 
in multiple solutions. Several methods have been employed 
to determine the range of potential burial fluxes of reduced 
species utilizing inorganic carbon isotopes, organic carbon 
isotopes, global mapping of organic-rich sediments and 
their geochemical compositions, and other lithologic con
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Figure 6. (A) Net O  2  production based on buried organic carbon and pyrite sulfur compared to a combination of               
baseline LIP activity models and oxidative weathering for OAE-2. (B) Net O           2  production based on the various      
buried organic carbon scenarios     (Kemp et al.  ,  2022; Them et al.   ,  2022)  and pyrite sulfur burial compared to a        
combination of baseline LIP activity models and oxidative weathering for the T-OAE.             

Table 4. Summarized results of models for OAE-2 and the T-OAE          

Model Set O2 Produced (×1018 mol) Net O2 (×1018 mol) (% removed*) 

Maximum† Median Minimum† 

OAE-2 

LIP 3.73 3.22 (14%) 1.72 (54%) -1.55 (142%) 

Weathering 3.73 2.57 (31%) 0.44 (88%) -3.47 (545%) 

Combined 3.73 -1.38 (137%) -1.93 (152%) -3.12 (184%) 

T-OAE 

LIP (Kemp carbon burial) 2.30 -3.64 (258%) -9.58 (517%) -21.46 (1033%) 

LIP (minimum carbon burial) 22.22 16.28 (27%) 10.34 (53%) -1.54 (107%) 

LIP (average carbon burial) 27.79 21.85 (21%) 15.91 (43%) 4.03 (85%) 

LIP (maximum carbon burial) 37.89 31.95 (16%) 26.01 (31%) 14.12 (63%) 

LIP (all) 25.01 31.95 (16%) 12.23 (50%) -21.46 (1033%) 

Weathering (minimum carbon burial) 22.22 20.44 (8%) 12.86 (42%) 2.49 (89%) 

Combined 25.01 (median) 17.12 (55%) 4.25 (84%) -18.46 (903%) 

*Percent of the O2 produced that is consumed under these scenarios 
†The minimum and maximum are in terms of net O2 amounts, with negative values representing O2 consumption. Thus, 
the lower the net O2 the more of an effect the process has. 
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straints (Erbacher et al., 2005; Gill et al., 2011; Kemp et al., 
2022; Owens et al., 2013, 2018; Raven et al., 2019; Rueb
sam et al., 2022; Them et al., 2022). The model presented 
here primarily incorporates isotopes from inorganic carbon 
and carbonate-associated sulfate sulfur isotope studies as 
they more quantifiably represent the burial of their respec
tive reduced compounds at a global scale (Gill et al., 2011; 
Owens et al., 2013). However, for the flux of organic carbon 
burial during the T-OAE being more complicated we have 
utilized a study that incorporates Mo/TOC values because 
of the inherent limitations when working only with the car
bon-isotope record – i.e., sources of light carbon inducing 
a negative CIE (Ruebsam & Schwark, 2024; Them et al., 
2022). Previously determined estimates for reduced species 
burial used to recreate the respective isotope excursions 
(Gill et al., 2011; Owens et al., 2013) were used as a starting 
point for the models presented here (fig. 1), with the focus 
of this work being on the negative feedbacks that consume 
O2. Organic sulfur could also represent a portion of the re
duced sulfur burial during these OAEs that would change 
the absolute degree of O2 production. However, organic sul
fur burial is a poorly constrained during most Phanerozoic 
OAE intervals, and even those that recognize the poten
tial importance organic sulfur have not quantified its global 
burial flux (Raven et al., 2019). Therefore, to simplify the 
models, all reduced sulfur is assumed to be pyrite as it is 
likely the dominant species, though additional sensitivity 
tests reveal limited effect from the replacement of pyrite 
with organic sulfur as a major sulfur species, at greatest 
~25% less O2 produced if all sulfur was buried as organic 
sulfur instead of pyrite (supplemental fig. 1). 
To remedy the issue of a negative CIE during the T-OAE 

masking the carbon isotopic signal of increases in organic 
carbon burial, a novel calculation of organic carbon bur
ial inferred from molybdenum geochemistry in organic-rich 
sediments was utilized (Them et al., 2022). Previous studies 
on this ratio were used to interpret global marine molyb
denum concentration from better established organic car
bon burial of OAE-2 (Owens et al., 2016), so the reverse 
was done for the T-OAE (Them et al., 2022). This provided 
several potential O2 production scenarios from carbon bur
ial for the T-OAE (fig. 2A) and the range of tests was done 
to account for the uncertainty in calculations using this 
methodology (Berner, 2006; Berner & Canfield, 1989; 
Owens et al., 2013, 2018). In addition, the estimated posi
tive CIE that this organic carbon burial would have created 
(excluding input of 13C-depleted carbon; fig. 1D) would be 
greater than any previously documented for the Phanero
zoic (Bond & Grasby, 2017; Cramer & Jarvis, 2020). It is 
possible that the magnitude of the carbon isotope excur
sion could be modulated by changing the isotopic fraction
ation of organic matter burial from seawater (Cui et al., 
2021). However, a constant typical value of -25‰ was em
ployed in the model for simplicity given the range of uncer
tainty (Owens et al., 2013). Since the exploration of the size 
of the positive CIE is not a primary focus of this study, this 
was not considered further. Nevertheless, emphasis should 
be put on the minimum organic carbon burial scenarios due 
to the uncertainty of these estimates. 

The minimum organic carbon burial rate creates a large 
CIE (11.4‰) that places it a slightly larger than the largest 
Phanerozoic CIEs (< ~10‰) (Cramer & Jarvis, 2020). How
ever, even this consideration means that the negative CIE 
that is recorded in the geologic record represents far greater 
input of isotopically light carbon than previous studies 
have suggested to compensate for the positive CIE that is 
produced by this buried organic carbon, as suggested by 
Them et al. (2022). If this Mo/TOC derived estimate for or
ganic carbon burial is utilized there should be a degree of 
caution since these large CIEs are greater than other known 
positive carbon excursion of the Phanerozoic (Cramer & 
Jarvis, 2020). However, this still serves as starting point to 
compare with later O2 consumption scenarios to evaluate 
the effect of the O2 consumption mechanisms in our mod
els. Therefore, while caution should be applied to this 
method for calculating global organic carbon burial, the 
broad trends in modeled T-OAE O2 budgets are still likely 
representative but potentially at a higher absolute O2 lev
els. 
Conversely, an alternative concept for estimating or

ganic carbon burial during the T-OAE utilized a global map
ping technique of organic carbon mass accumulation rate 
of various sediments, primarily from European basins, and 
comparing that to excess methane carbon input that cre
ated the negative CIE fully converting to organic carbon 
buried (Kemp et al., 2022). The modeled carbon isotope ex
cursion from this burial estimate created an ~0.7‰ positive 
CIE (supplemental table 5). However, it seems that these 
values significantly underestimate the total organic car
bon burial during the T-OAE (Cohen et al., 2004; Jenkyns, 
1988; Kemp et al., 2022; Ruebsam et al., 2022; Ruebsam 
& Schwark, 2024; Them, Gill, Caruthers, et al., 2017) and, 
therefore, are less likely to represent the amount of total O2 
production (supplemental discussion). Thus, the minimum 
carbon burial rate of Them et al. (2022) was the primary es
timate used in this study while utilizing various other val
ues in sensitivity tests (fig. 4B; supplemental table 5), espe
cially those not involving LIP activity (fig. 5). 
As mentioned above, there are a few uncertainties asso

ciated with the flux of materials from LIPs since there is 
no modern analog for these styles of eruptive events, even 
when not considering the volatiles released from the in
truded country rock. Hotspot volcanism derived from man
tle plumes may be most comparable due to having a similar 
source (Edmonds et al., 2022; Jones et al., 2016; Mason 
et al., 2021; Self et al., 2008). There are means to ap
proximate the reducing volatile emission rate of hotspot 
magmatism by comparing the ratios of chemical species in 
modern emissions and using the better constrained por
tion of the ratios, such as Cl or SO2, to determine the un
known half of the ratio, representing emitted compounds, 
and upscaling for LIP activity (Mason et al., 2021; Self et 
al., 2008). However, this method has uncertainties due to 
comparing volatiles to other volatiles, which may not be 
preserved in the geologic record. Nevertheless, estimates 
based on these were quantified (supplemental discussion, 
supplemental table 2) and found to be several orders of 
magnitude less than that from hydrothermal activity. 
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Therefore, mid-ocean ridge hydrothermal activity has been 
used as a preferred semi-analogous, first-order estimate 
for LIP reductants due to being a similarly mantle-derived 
source of material (Holland, 2002) while also having com
parable magnitudes of spatial extent to OAE-like LIPs (sup
plemental table 1) with broad sensitivity tests on the direct 
relation to cover various possibilities (fig. 2). Thermogenic 
release of host rock volatiles from magmatic infiltration 
has been suggested to have contributed to biogeochemical 
changes across several recognized intervals and may have 
contributed to the reductant release of LIPs (Beerling & 
Brentnall, 2007; Burgess et al., 2017; Green et al., 2022; 
Jiang et al., 2023). Nevertheless, previous work has not 
quantified these volatiles for LIPs beyond potential 
methane (Beerling & Brentnall, 2007), thus the simplified 
mid-ocean ridge hydrothermal compositions are utilized 
here, but thermogenic volatiles should be considered in fu
ture work. 
Another important mechanism for consumption of O2 

is oxidative weathering; however, there are many assump
tions that must be made to approximate the effect when 
there is no current proxy available to accurately quantify 
global oxidative weathering rates under an oxygen-rich at
mosphere. There are several studies that point to a rela
tionship between physical erosion intensity and oxidative 
weathering intensity (Berner & Kothavala, 2001; Daines et 
al., 2017; Gabet & Mudd, 2009; Riebe et al., 2003). These 
are mechanistically linked through the exposure of reduced 
species to oxidization by the atmosphere. However, the ox
idation rate of different species, their age, as well as the de
gree of exposure necessary to induce oxidative weathering 
adds complexity this relationship. Additionally, there are 
no global scale proxies for physical erosion rates in deep-
time to the quantifiable degrees needed for modeling exer
cises presented here (Berner & Kothavala, 2001; Pogge von 
Strandmann et al., 2023). Changes in other proxies, such 
as temperature, may provide sufficient means to estimate 
changes in weathering, though these are unlikely to be di
rectly related to the oxidative weathering changes due to 
their indirect relationships to the exposure of fresh rock 
material (Gernon et al., 2024). These also remain several 
steps removed from providing quantitative estimates of ox
idative weathering rates. 
Attempts to estimate ancient oxidative weathering for 

this study rely on the various proxies for silicate weathering 
(Misra & Froelich, 2012; Pogge von Strandmann et al., 
2023) and signals from these proxies may not follow ox
idative weathering processes (Kalderon-Asael et al., 2021; 
Lyons et al., 2014; Misra & Froelich, 2012; Reinhard et 
al., 2013). Specifically, this correlation is tenuous as there 
are various inconsistencies between silicate weathering and 
physical erosion (Daines et al., 2017; Gabet & Mudd, 2009; 
Pogge von Strandmann et al., 2023; Riebe et al., 2004) that 
would indicate changes in one may be incongruous with the 
other. However, many of the studies that have investigated 
these links focus on local weathering over shorter times
pans (< 100 yrs) rather than geologic timescale variability. 
When considering oxidative weathering on a global scale 

and over the long timescales, the GEOCARB model utilizes 

a simplification of the relationship between silicate weath
ering and physical erosion (Berner & Kothavala, 2001) that 
may provide a sufficient approximation. Nevertheless, the 
uncertain relationship between silicate and oxidative 
weathering leaves open uncertainties in how they can be 
related in terms of magnitude as well as their respective 
response time to other factors (physical erosion, climate, 
etc.). This includes lag in response time between rock ex
posure through erosion and subsequent chemical alteration 
by silicate weathering. The rate of the former is more perti
nent to oxidative weathering though not a direct correlative 
while the latter is what can be approximated through proxy 
measurements. It is possible that the temperature increase 
that leads to enhanced silicate weathering can also induce 
hydrologic changes – e.g., enhanced rainfall and riverine 
flow – that can then induce increased exposure necessary 
for oxidative weathering, that is suggested to have occurred 
during the T-OAE (Them, Gill, Selby, et al., 2017). Addi
tionally, there may be some difference in the response time 
between silicate and oxidative weathering due to differ
ences in the oxidation rates of organic carbon and pyrite 
sulfur. While generally these rates are comparable on ge
ologic time scales, processes during lithification can po
tentially change oxidation rate of rocks of different ages. 
Thus, in the presented modeling exercises various sensitiv
ity tests were performed to provide a broad range of options 
for the effect of oxidative weathering, with silicate weath
ering proxies providing the best feasible quantitative esti
mates as a baseline for oxidative weathering rates. 

4.2. Oxygen production across OAEs 

The various assumptions and uncertainties used to create 
these models do not diminish the first-order implications 
of both the excess O2 produced due to organic carbon and 
pyrite sulfur burial and/or the effect of various reducing 
mechanisms to consume excess O2. For OAE-2, we estimate 
that the total O2 produced during the entire event through 
the burial of organic carbon and pyrite is 3.73 × 1018 moles 
(figs. 2,3,6), which is ~10% of modern atmospheric O2 con
centrations (36.4 × 1018 moles). This is a singular value for 
the produced O2 across all OAE-2 models with the con
sumption of O2 providing the control on the net O2 due to 
only one set of organic carbon and pyrite sulfur burial rates 
being employed. The total O2 produced by the T-OAE mod
els is between 2.30 × 1018 and 37.89 × 1018 moles (figs. 4–6), 
with the most likely scenarios following the minimum car
bon burial option of Them et al. (2022) that produced 22.22 
× 1018 moles O2 (fig. 4B). These values produce enough 
O2 to be on the same size as modern atmospheric content 
(~60% to 100%). The production of O2 during the T-OAE 
and even OAE-2 represent major imbalances in the ocean-
atmosphere O2 budget that must therefore be accounted 
for. Thus, some mechanism or mechanisms are necessary to 
limit the excesses accumulation of O2 in order to maintain 
an OAE over their known million-year durations (Bond & 
Grasby, 2017; Jenkyns, 2010). 
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4.3. LIP impact on oxygen 

We considered multiple scenarios of LIP eruptive styles for 
OAE-2 (Y.-X. Li et al., 2022; Sullivan et al., 2020), and these 
results are shown in figure 2. The initial set (fig. 2A) in
cludes continuous eruption for the approximate duration of 
HALIP, which generally induces the largest reductant-dri
ven consumption of O2 across the OAE-2 LIP reductant sce
narios. There are also scenario sets for 2 eruptive pulses, 
for various durations, and 4 eruptive pulses to account for 
the uncertainty in the history of HALIP activity (fig. 2B–D). 
All of these scenarios induce less O2 consumption com
pared to continuous eruption scenario. The models based 
on the osmium isotope record (Y.-X. Li et al., 2022; Sulli
van et al., 2020) feature the lowest amount of O2 removal 
from LIP reductants (fig. 2E) due to reduced inferred vol
canic activity compared to the other scenarios, and these 
are likely conservative based on the uncertainties assign
ing specific pulses of volcanism to solely what the osmium 
isotope proxy records indicate. There are a few scenarios 
modeled that consume all the produced O2. This indicates 
that it is possible to completely remove all O2 produced 
from the burial of reduced species simply through LIP ac
tivity, though this is unlikely as these are the end-members 
scenarios with the highest consumption fluxes. All other 
model runs show a major increase in the amount of O2 con
sumed compared to not including LIP activity in the model. 
There is a consumption of between 0.51 and 5.28 × 1018 

moles of O2, or 14% to 142% of the produced O2, through 
the oxidation of LIP reductants across the modeled scenar
ios (fig. 2, supplemental fig. 2). Since these modeled sen
sitivity tests were not randomly selected, a true average is 
not possible to ascertain, but a median of the different sen
sitivity tests was determined to provide an approximation 
of average model output of 1.50 × 1018 moles, or 54%, of 
O2 consumption (table 4). Overall, this reveals there was 
likely overall increase in net O2 rather than a balance or 
loss across the event and therefore that there were likely 
additional processes beyond LIP activity that consumed O2. 
A smaller set of eruptive scenarios was considered for 

the T-OAE due to the relatively well-constrained history of 
volcanism (Burgess et al., 2015; Greber et al., 2020; Kas
bohm et al., 2021), only modulating the uncertainty in the 
amount of reductants released. Additional scenarios were 
also employed to account for the less-constrained range of 
carbon burial (supplemental table 5). Similar to OAE-2, all 
model runs for the T-OAE show significant O2 consump
tion by LIP-derived reductants of the O2 produced from the 
burial of reduced species. Across the model runs, between 
5.94 and 23.76 × 1018 moles of O2 were consumed, or 16% 
to 107% – up to 1033% for some of the models that uti
lize Kemp et al. (2022)’s lower estimates for carbon bur
ial – of the produced O2 (fig. 4, supplemental fig. 4). Like 
OAE-2 model results, an average cannot be completely de
termined, but the median of these runs was 50% consump
tion across all the different burial scenarios (table 4). Sim
ilar to OAE-2, most of these model runs produced excess 
O2 accumulation, but also a significant consumption of O2 
did occur. Therefore, also like the OAE-2 models, additional 
mechanisms are required to remove the excess O2 from 

the ocean-atmosphere system in order to maintain the ob
served duration of the OAE. 
Across the model of both the T-OAE and OAE-2, the ef

fect of CH4 modulation was small. This species is often in
voked as an important driver of climatic change from LIP 
activity, either as direct volcanic emission or released ther
mogenically during contact metamorphism of sedimentary 
rocks (S. J. Baker et al., 2017; Chang et al., 2022; Fendley et 
al., 2024; Heimdal et al., 2021). This is also one of the sev
eral reduced compounds utilized in the calculations (table 
1), but CH4’s importance to global environment change 
means that there are other constraints on it that could be 
incorporated. However, even with this importance, when 
greater proportions of CH4 were incorporated into the 
model, only an additional 0.28 × 1018 moles of O2 (7%) were 
consumed for OAE-2 in the highest flux scenario (fig. 2F). 
For the T-OAE, only 0.11 × 1018 moles of O2 (1%) extra 
were consumed with the greatest flux of CH4 (fig. 4E). Far 
greater quantities of CH4 would need to be introduced to 
the ocean-atmosphere system to have a more quantitively 
important impact on the O2 budget than current estimates 
for CH4 released during these events (S. J. Baker et al., 2017; 
Chang et al., 2022; Fendley et al., 2024; Heimdal et al., 
2021). 

4.4. Oxidative weathering impact on oxygen 

A variety of scenarios were employed for both OAEs to de
termine the effect of oxidative weathering on the O2 bud
get. For OAE-2, the intensity of weathering was modulated 
across 200 kyr at 2 to 3 times the modern intensity to match 
the intensity and duration of weathering across this inter
val as suggested by proxy records (Pogge von Strandmann 
et al., 2013). This assumes that the exponential relation be
tween silicate and oxidative weathering is 1.5 (Berner & 
Kothavala, 2001). This results in between 2.52 and 5.77 × 
1018 moles, or 68% to 155%, of O2 consumption (fig. 3A, 
supplemental fig. 3A), which is a similar to, though slightly 
higher than, the range from the LIP activity (median 4.06 × 
1018 moles of O2, or 106%). The range and median indicate 
that the expected oxidative weathering on its own could po
tentially provide the full consumption of excess O2 during 
OAE-2. This can be further tested by changing the relation 
between silicate and oxidative weathering from that used 
for the GEOCARBSULF models. In this regard, the exponen
tial value of r (eqs 6–7) is modulated between 0.67 and 2 
and was modeled with the average weathering intensity of 
2.5 times modern intensity (Pogge von Strandmann et al., 
2013). This causes a much larger range of effects, between 
1.16 and 7.20 × 1018 moles of O2, equivalent to 31% to 
193%, consumption (fig. 3B, supplemental fig. 3B). There
fore, this relationship can have a greater effect on the O2 
budget, but the potential range from the weathering effect 
is large due to the uncertainties with implementing this pa
rameter as noted above. Unlike the LIP activity, the major
ity of scenarios for oxidative weathering during OAE-2 can 
consume much of the produced excess O2 (assuming an r 
value of at least 1.5 is reasonable). 
The results for the T-OAE are relatively similar to those 

from the OAE-2 models. However, they cover a slightly 
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wider range of O2 consumption scenarios due to longer du
rations and increases in weathering intensity: between 100 
and 200 kyr with 3 to 6 times increased weathering intensi
ties compared to modern weathering (Them, Gill, Selby, et 
al., 2017). This leaves a larger set of O2 consumption solu
tions, between 2.87 and 18.78 × 1018 moles of O2, or 13% 
to 85% consumption (fig. 5A–C, supplemental fig. 5A–C), 
with a median of 13.44 × 1018 moles of O2 consumed, or 
40% consumption. Interestingly, unlike the OAE-2 models, 
the highest-end consumption still does not completely con
sume the O2 produced likely due to the higher O2 produced 
from organic carbon burial. Compared to the T-OAE results 
for LIP activity, the O2 consumed from oxidative weather
ing generally falls into a similar range. Again, the exponen
tial value (r in eqs 6–7) was modulated using the average 
scenario of 150 kyr at 4.5 times modern weathering inten
sity (Them, Gill, Selby, et al., 2017). This ended up rang
ing between 2.49 and 20.44 × 1018 moles of O2, 8% to 89%, 
consumption (fig. 5D, supplemental fig. 5D), once more in
dicating that the value for this factor can cause a greater 
impact than just changes in weathering rate. Furthermore, 
this mechanism has the potential to consume a large pro
portion of the excess O2 produced by the event, but uncer
tainty in its parameterization point to the need for addi
tional constraints to assess its role in the O2 budget. 

4.5. Comparing and Contrasting OAEs 

There are several ways in which the models for these two 
events differ. The greatest distinction is the amount of O2 
produced and consumed during each event. Production and 
consumption of O2 during OAE-2 is approximately an order 
of magnitude smaller than the T-OAE across nearly all 
model runs. The difference in production of O2 can be di
rectly attributed to the larger amount of organic carbon 
burial predicted for the T-OAE (Them et al., 2022). Smaller 
quantitative estimates have been suggested (Kemp et al., 
2022) and were modeled (fig. 4A) but are likely to be under
estimating the total carbon burial (see supplemental dis
cussion). The disparity in carbon burial between the two 
events is to be expected as the estimated organic carbon 
to pyrite sulfur burial for the two events are significantly 
different, with OAE-2 having a C/S (carbon to sulfur ratio) 
value ranging between 2 and 12 (Hetzel et al., 2009), aver
aging 5.7 (Owens et al., 2013), while the T-OAE has a range 
of C/S value from 32 to 62 based on this study (supplemen
tal discussion). This could indicate that there was also a dif
ference in the degree of deoxygenation, with OAE-2’s lower 
carbon to sulfur burial ratio indicating widespread euxinic 
(anoxic with water column sulfide) conditions, while the T-
OAE’s massive disparity in carbon to sulfur burial poten
tially indicating more widespread anoxia, but less extensive 
euxinia, or potentially increased anoxia and carbon burial 
in non-marine environments (Xu et al., 2017). 
Additionally, the greater degree of O2 production for the 

T-OAE would require a large removal of O2 to counterbal
ance the redox budget and maintain widespread reducing 
marine conditions (Them et al., 2018, 2022). The larger K-
F LIP (Burgess et al., 2015; Greber et al., 2020; Kasbohm 
et al., 2021) could provide such a supply of greater reduc

ing compounds to the atmosphere and ocean (Kasbohm et 
al., 2021; Maher, 2001). The difference of magnitude in spa
tial extent between the smaller HALIP (~200,000 km2) of 
the Cretaceous (Kasbohm et al., 2021; Maher, 2001) and the 
larger K-F LIP (~2,000,000 km2) of the Jurassic (Burgess et 
al., 2015; Greber et al., 2020; Jiang et al., 2023; Kasbohm 
et al., 2021) is of approximately the same difference as the 
O2 produced for each event, assuming similar durations of 
these LIPs based on the limited and less certain age con
straints (Jiang et al., 2023; Kasbohm et al., 2021). This may 
imply a relationship between the size of the LIP, the LIP-in
duced climate perturbation, organic carbon and pyrite sul
fur burial, the amount of O2 produced, and the amount 
of O2 consumed via reductant load through volcanic activ
ity, as the difference in magnitude of all of these parame
ters had nearly equal impact for OAE-2 and T-OAE (Bond 
& Grasby, 2017; Gill et al., 2011; Jiang et al., 2023; Kas
bohm et al., 2021; Owens et al., 2013; Pogge von Strand
mann et al., 2013; Them, Gill, Selby, et al., 2017; Them et 
al., 2022). On the other hand, weathering intensities dur
ing the T-OAE are estimated to be significantly greater than 
those prescribed for OAE-2 (Pogge von Strandmann et al., 
2013; Them, Gill, Selby, et al., 2017). This difference is not 
a full order of magnitude and is why the influence of oxida
tive weathering during the T-OAE is not as impactful (~42% 
O2 consumption) when compared to OAE-2 (~88% O2 con
sumption). This points to a potentially greater significance 
of the LIP reductants in the O2 budget, at least for these 
two OAEs, though oxidative weathering and other processes 
should not be discounted. 
It should also be noted that there is an order-of-mag

nitude difference in biological extinction/turnover that oc
curred during OAE-2 and the T-OAE. OAE-2 is associated 
with several minor extinctions, coined as turnover events 
by some, that were localized and affected specific, limited 
groups of organisms (Coccioni & Galeotti, 2003; Elder, 
1989). Meanwhile, the T-OAE is associated with a major 
extinction event that affected various faunal groups glob
ally (Bond & Grasby, 2017; Caruthers et al., 2013; Morten 
& Twitchett, 2009; Wignall et al., 2006, 2010). This dif
ference in extinction rate between the two events would 
match closely to the scalar relationship between LIP size 
and changes in net O2. Therefore, these shifts in O2 budget 
could be correlative to the size of extinction and such fac
tors should also be considered when looking at other ex
tinction events. 

4.6. An additional parameter – Phosphorous cycling 

Overall, these sensitivity tests suggest OAEs are prone to 
producing large quantities of O2 through the burial of re
duced compounds that are likely counterbalanced by LIP 
activity and oxidative weathering. Both processes under 
most scenarios consume enough O2 to maintain deoxy
genation (fig. 6). However, additional processes may also 
bear on the O2 budgets of these events (supplemental dis
cussion). 
One notable factor to consider is changes in the cycling 

of phosphorus during OAEs which may also be able to ex
tend the duration of deoxygenation and further decrease 
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the excess net O2. Specifically, phosphorous absorbed onto 
the surfaces of Fe-oxide minerals is released into seawater 
when these oxides are dissolved as anoxic conditions be
come prevalent. This provides an important flux of this bi
olimiting nutrient to the water column that can stimulate 
primary productivity, which in turn may induce more O2 
production in the shorter term but lead to greater deoxy
genation and additional Fe-oxide dissolution in the longer 
term (Gernon et al., 2024; Reershemius & Planavsky, 2021; 
Van Cappellen & Ingall, 1994). This positive feedback loop 
will then follow until there are insufficient Fe-oxides to dis
solve or the extent of anoxia on the ocean floor reaches 
some maximum dictated by other processes. This feedback 
loop would work with the mechanisms proposed in this 
study to extend the duration of deoxygenation, especially 
if LIPs and/or weathering also provide additional sources 
of phosphorus. This phosphorous feedback requires large 
amounts of Fe-oxides initially present for the feedback cy
cles to persist for several hundred thousand years and 
tracking this process in the sedimentary record is difficult 
due to a lack of appropriate proxies. One source of physical 
evidence is the eventual accumulation of Mn-rich sedi
ments in the oxic shallow waters near to these anoxic re
gions, often referred to as “bathtub rings” like found in 
the Black Sea (Force & Cannon, 1988). These Mn-rich sed
iments are likely the product of Fe-Mn-oxide dissolution 
under anoxic conditions, though their accumulation and 
preservation is discontinuous and therefore do not provide 
a quantitative estimate for Fe-oxide dissolution during 
OAEs (Gambacorta et al., 2024). 
Chemical weathering may also enhance phosphorous de

livery via the weathering of basaltic rocks (Gernon et al., 
2024) linking LIP activity and oxidative weathering as a po
tential nutrient source in additional to their role as O2 sink. 
Constraining and quantifying changes to these processes in 
the geologic past beyond modeling due to the limited prox
ies for phosphorous cycling (Gernon et al., 2024). Regard
less, this work and previous studies show that the LIP-re
ductant load (Sinton & Duncan, 1997), enhanced oxidative 
weathering (Berner, 2006; Berner & Canfield, 1989; Berner 
& Kothavala, 2001), and/or phosphorous cycling (Gernon et 
al., 2024; Reershemius & Planavsky, 2021) certainly played 
a role in the O2 budgets of these events. 

5. CONCLUSIONS 

We provide a novel modeling study of the production and 
consumption of O2 across two Mesozoic oceanic anoxic 
events. The burial of organic carbon and pyrite sulfur across 
OAE-2 and the T-OAE could have produced large amounts 
O2 that approached the modern content of the atmosphere. 
For both events, input of reduced chemical species from 
LIPs could provide enough reductive flux to consume much 
of the excess produced O2. Similarly, oxidative weathering 
can also consume a major portion of the produced O2. 
There is variability across all the modeled scenarios in how 
much O2 could be consumed, with the two mechanisms 
combined typically consuming the majority of excess O2. 
This consumption of O2 can provide a mechanism to help 

explain the protracted duration of OAEs. It is possible, 
based on some of the scenarios, that these processes con
spire to result in net loss of O2 from the ocean atmosphere 
system. In that case, additional processes provide an im
portant underlying mechanism for an OAE. However, more 
accurate quantification, timing and duration is required to 
better constrain this relationship. 
The order-of-magnitude difference in O2 production and 

consumption between OAE-2 and the T-OAE matches the 
magnitude difference between the size of their respective 
LIP and the extinction rates observed with these two 
events. There are many other factors and processes, such as 
climate and marine productivity, as well as other elemental 
cycles, that were likely affected by the O2 budget of OAEs 
and exploring these are avenues of future study. 
There are other Phanerozoic C and S cycle perturbations 

based on large isotopic excursions that are not known to be 
tied to LIP emplacement (Bond & Grasby, 2017; Cramer & 
Jarvis, 2020; Jenkyns, 2010), and thus, understanding the 
O2 budgets of these events likely require invoking addi
tional mechanisms to produce and limit O2. Further, there 
are intervals of LIP activity that have no significant oceanic 
anoxia associated with them (Jiang et al., 2023; Kasbohm et 
al., 2021). This dichotomy emphasizes oxidative weather
ing and/or other processes on the global O2 budget are fac
tors that need to be considered for these events and the ef
fect of LIP source reductants should also not be overlooked. 
Sources of variability in the response of the ocean and at
mosphere during these events are likely the result of the 
particular starting state of the ocean atmospheric system: 
the spatial or temporal variability of physical processes in 
the oceans, the climate, other biogeochemical mechanisms, 
etc. (Berner & Kothavala, 2001; Gernon et al., 2024; Reer
shemius & Planavsky, 2021). However, the reductants in
troduced by LIPs and effects of oxidative weathering should 
be considered when studying these events. 
The models presented here provide a framework for un

derstanding of the processes that should be involved, but 
this work highlights where more constraint is needed to 
improve our understanding these events. Better estimates 
of LIP reductant loads, through better estimates of the el
emental budgets of LIPs or better analogs for the release 
of material across the spatial extents of igneous provinces, 
would aid in constraining their impacts on O2 budgets. 
Identification of the LIP(s) responsible for OAE-2 and time
lines for their eruptive activity would sharpen our estimates 
for O2 consumption from igneous-source reductants. Con
versely, our understanding of the O2 budget of the T-OAE 
would benefit from an improved approximation of the 
event-driven organic carbon burial. Additionally, the quan
tification of oxidative weathering needs better overall con
straints especially given our best weathering proxies relate 
to silicate weathering, which is likely not directly compara
ble. Lastly, the impact of the phosphorous and iron cycles 
and their feedbacks across OAEs need to be better tracked 
to determine their role in the O2 budget. All this future 
work would not only improve the models needed to deter
mine the redox budgets across these anoxic events, but also 
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constrain the mechanisms involved in the development and 
termination of OAEs more generally. 
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