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GEOCHEMISTRY

Volcanic CO, degassing postdates thermogenic carbon
emission during the end-Permian mass extinction

Yuyang Wu'-2t, ¥ing'Cui?*t, Daoliang Chu'*, Haijun Song’, Jinnan Tong", Jacopo Dal Corso’,
Andy Ridgwell®

Massive carbon dioxide (CO,) emissions are widely assumed to be the driver of the end-Permian mass extinction
(EPME). However, the rate of and total CO, released, and whether the source changes with time, remain poorly
understood, leaving a key question surrounding the trigger for the EPME unanswered. Here, we assimilate re-
constructions of atmospheric Pco, and carbonate §'3C in an Earth system model to unravel the history of carbon
emissions and sources across the EPME. We infer a transition from a CO, source with a thermogenic carbon iso-
topic signature associated with a slower emission rate to a heavier, more mantle-dominated volcanic source with
an increased rate of emissions. This implies that the CO, degassing style changed as the Siberian Traps emplace-
ment evolved, which is consistent with geochemical proxy records. Carbon cycle feedbacks from terrestrial eco-
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system disturbances may have further amplified the warming and the severity of marine extinctions.

INTRODUCTION

The end-Permian mass extinction [EPME, ~252 million years (Ma)]
is characterized by the occurrence of extreme global warming of 7°
to >10°C (I1-6) and was accompanied by a marked perturbation of
the global carbon cycle, as indicated by a negative carbon isotope
excursion (CIE) (7, 8) as well as proxy evidence for elevated atmo-
spheric Pco, (partial pressure of CO,) (9-11) and reduced ocean pH
(12, 13). The trigger for the event and source of the *C-depleted
carbon, at least of the initial CO, release to the atmosphere, is gen-
erally ascribed to the Siberian Traps Large Igneous Province (LIP),
with possible contributions from felsic volcanism along the circum-
Pangea subduction zone (14-16). However, in previous studies re-
constructing CO, emission rates, the carbon isotopic values of the
carbon source (§'3Cqouree) Were assumed to be constant across the
event (17, 18) or just two potential isotopically distinct end-member
inputs were considered with a rapid switch between them (12, 13).
For instance, using a carbon cycle box model to match observed
8'3C and surface ocean pH (8''B) trends, Jurikova et al. (13) in-
ferred an initially slow release of '*C-enriched mantle CO,
(—6%o) that predated the rapid release of '*C-depleted carbon emis-
sion (—18%o). In contrast, Clarkson ef al. (12) came to an opposite
model-based conclusion, with a slow emission of CO, (8§'*Couree <
—12.5%o) followed by faster rate of emissions (2.4 Pg C year™! over
10,000 years) with a §'*Cqoyrce value near 0%o. To address this un-
certainty, we simultaneously invert (assimilate) in an Earth system
model stacked carbon isotopes from marine carbonates and pub-
lished Pco, records to elucidate how the source of emitted CO,
varied across the EPME. In diagnosing continuously evolving emis-
sions and carbon sources across the EPME, we can also help con-
strain the role of carbon-climate feedbacks, which likely varied in
strength with time (19).
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RESULTS AND DISCUSSION

Degassing style change based on §'*C-Pco, “double
inversion”

Previous carbon cycle modeling studies on the EPME mostly
adopted a forward box modeling approach (12, 13, 20-24). The
few published inverse modeling studies, in which continuously
varying carbon emissions were diagnosed, were based on a
carbon isotope assimilation approach, targeting 8'°C signal of
marine dissolved inorganic carbon (DIC) inferred from a single
site of either marine carbonates (17) or marine algae biomarker
based on short-chain n-alkanes (18). However, this approach is
only capable of generating a nonunique carbon emission solution
that is dependent on the assumed §'3C,yy e, Which is further con-
sidered to be invariant, precluding understanding of whether and
how the 8"C,oy e values evolve with changes in degassing styles
of the volcanism. In contrast, simultaneously assimilating paired
8'3C and Pco, (or ocean pH) records in a model provides two in-
dependent constraints, which allows for the computation (inver-
sion) of a time-varying 8"*Cqoyrc. reflecting the CO, degassing
style. To date, such double-inversion experiments have only been
applied to unravel carbon emission history during the Paleocene-
Eocene Thermal Maximum (25) and Cretaceous oceanic anoxic
event la (26).

To elucidate how §'*C,yyrcc may have evolved through time
across the EPME, we use a stacked marine carbonate §'*C
(8" Cearp) record together with a previously published, near-contin-
uous Pco, record (9), with both placed on a well-constrained geo-
chronology based on conodont biostratigraphy (27, 28) and
radiometric dating (29). High-resolution biostratigraphy based on
seven conodont biozones (Fig. 1), high-precision 2°°Pb/?**U
dating (29), and similar CIE profiles in both marine and terrestrial
8'3C records (9) allow for the alignment between the global 8'*C;,
and Pco, with quantifiable uncertainty that ranges from 31 to 37
thousand years (ka) (see age alignment sensitivity analyses in the
Supplementary Materials). We use these as inputs to the cGENIE
Earth system model configured in a data inversion mode [e.g.,
(25) and see Materials and Methods for detailed model descrip-
tions] and use 8''B-based pH proxy data subsequently as a test of
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Fig. 1. Two data assimilation constraints used in the double-inversion experiments using cGENIE Earth system model. (A) Stacked carbonate §'*C,,, and con-
tinuous Pco, records (on a log scale) estimated from Cs land plant §'3C in southwestern China during the EPME (9). (B) Stacked carbonate §'3C across the study interval.
For two data assimilation constraints, the LOESS fit curve of §'3C,, and the 16th percentiles, median, and 84th percentiles of the continuous Pco, records from (9)
representing three kinds of CO, scenarios are applied in the double-inversion experiments. The conodont zones (27, 28) and radiometric ages (29) are from the GSSP
Meishan section. ET, Early Triassic; C. ¢, Clarkina changxingensis; C. y, Clarkina yini; C. m, Clarkina meishanensis; H. ¢, Hindeodus changxingensis; C. t, Clarkina taylorae; H. p,

Hindeodus parvus; 1., Isarcicella.

the derived scenarios. Our chosen records of §'°C_,,, and Pco, have
several advantages for constraining the carbon emission history
during the EPME: (i) The use of a §'*C, stack rather than a
single 8'°C profile of marine carbonate or algae biomarker (18)
helps exclude minor fluctuations caused by local effects and/or
sparse sampling in a single record; (ii) the high-resolution Pco,
record estimated by carbon isotope fractionation of C; land plants
from southwestern China is near continuous and has already been
aligned with the §'*C_,y, forcing (9); and (iii) the near-continuous
Pco, record has a higher temporal resolution than the available pH
datasets (12, 13) or phytane-based Pco, estimates (11, 30), enabling
the potential to offer previously unidentified insight into the evolv-
ing carbon emissions across the EPME.

In our model simulations, we assimilate data spanning the end-
Permian CIE across the first pulse of marine extinction (i.e.,
251.941 + 0.037 Ma). The CIE is defined by a rapid decline in
83Cearp from 3.3%0 at 251.994 Ma to a nadir of —0.1%o0 at
251.902 Ma (Fig. 1) and has a duration of ~92 ka based on
206pp/238U dating (29) and conodont biostratigraphy (27, 28) (see
data file S2 for age correlation and conodont biozones); hence,
this interval of simulation is focused on in our analysis. We
explore uncertainty in the reconstructed atmospheric CO, curve,
as well as CIE magnitude and duration, through an ensemble of
23 different model experiments (detailed model experiments are de-
scribed in Materials and Methods and tables S1 and S2) but focus on
the results of a single model experiment taking the median Pco,
estimate from Wu et al. (9) as input. This median CO, scenario is
characterized by a peak value of ~2500 parts per million by volume
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(ppmv) (experiment 2 in table S1), consistent with independent
proxy estimates based on stomata index, paleosol carbonates, and
phytanes that also show similar peak values of ~2100 to ~2600
ppmv across the EPME (10, 11, 31).

Regardless of the model assumptions, we find that carbon emis-
sions during the CIE are characterized by a change of degassing style
that, while continually varying, can be divided into two distinct
phases (i.e., phase 1 and phase 2) with characteristic §'*Coyree
values and rates (Fig. 2, figs. S1 and S3, table S1, and data file S1).
In our standard median CO, scenario experiment, the §'Cgqyyce
value characterizing emissions during phase 1 (from 251.994 to
251.942 Ma) is lower (average ~ —16%o; peak ~ —30%o) than that
for phase 2 (from 251.942 to 251.902 Ma; average ~ —9%o; peak ~
—14%o0). Associated with this, the diagnosed carbon emission rate
during phase 1 (~0.2 Pg C year™") is ~3.5 times slower than that
during phase 2 (~0.7 Pg C year™'). As a result, the corresponding
cumulative carbon emissions associated with the two phases are
5000 and 21,000 Pg C, respectively. This diagnosed degassing
style change suggests a transition of CO, source during the emplace-
ment of Siberian Traps volcanism in which sill intrusions into
organic-rich sediments dominated phase 1, followed by an interval
of more mantle CO, dominated outgassing (phase 2). In our diag-
nosed scenario, thermogenic carbon [—25 to —40%o; (32)] would
have been mixed and diluted with volcanic CO, (ca. —6%o) and re-
leased relatively slowly over ~50 ka, driving the initial 1.7%o nega-
tive CIE and increasing Pco, from ~450 to ~750 ppmv during phase
1. Extrusive magmatism then gradually comes to dominate phase 2,
with emission rates increasing and the degassed CO, converging
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Fig. 2. The modeled time-varying carbon emissions and model-data comparisons of changes in SST and pH. (A) Modeled time-varying §'3C,,,ce Of three standard
experiments (experiments 1 to 3 in table S1) during the CIE divided into phase 1 (dominated by thermogenic carbon emissions) and phase 2 with mantle CO,-dominated
carbon emissions. Two 2°°Pb/238U ages of 251.907 + 0.067 Ma characterized by sill intrusion and 251.901 + 0.061 Ma marked by extrusive pyroclastic rocks are shown here
(38). (B) Diagnosed rates of two-phase carbon emissions (1 Pg = 10'> g) compared with previously published modeling results (13, 17, 18). (C) Modeled cumulative
amount of carbon emissions during the CIE compared with published model estimates (73, 17, 18). (D) Modeled changes in tropical (10°S to 10°N) SST (median
value and lower and upper estimates are from three standard runs: experiments 1 to 3 in table S1) and comparison to low-latitude proxy SST change calculated
based on conodont §'80 from South China (7-3), Iran (36), and Armenia (4). (E) Modeled surface oceanic pH change (median value and lower and upper estimates
are from three standard runs: experiments 1 to 3 in table S1) and comparison to proxy pH records based on boron isotopes of brachiopod from northern Italy and
South China (73), and boron isotopes of marine carbonates from United Arab Emirates (72).

toward a more volcanic end-member (—6%o). This second phase
change in degassing style drove a further ~1.6%o0 decrease in
8"3Cearp» but with atmospheric Pco, now rising much more
sharply (from 750 to ~2500 ppmv). However, it should be noted
that thermogenic releases did not necessarily cease during phase
2, because the average §'*Cq,uree value is —9%o for phase 2 (e.g.,
minimum 8"3Cyoyrce value is —14%o in median Pco, scenario),
which is better interpreted as a mixed volcanic and thermogenic
carbon source rather than a sole volcanic CO, end-member.

Sensitivity tests using different Pco, forcings, CIE magnitudes,
CIE durations, and alignment scenarios of maximum Pco, versus
minimum 8'C,,,, further support the source of CO, transition
from a relatively small amount of thermogenic CO, to large quan-
tities of primarily volcanic CO, (Fig. 24, figs. S1 to S3, and tables S1
and S2). For example, sensitivity tests of Pco, forcing show that the
"high” CO, scenario is associated with higher peak §'*Cy, . values
of —19 and —10%o during the two phases, whereas the “low” CO,
scenario is linked to lower peak 8'*Cyyyrce values of —69 and —18%o
during the two phases (Fig. 2A and table S1). In addition, a larger
CIE magnitude, shorter CIE duration, and accounting for temporal
uncertainty associated with the timing of the CO, maximum versus
the 8"*C,,rp, minimum suggest that §"*Cqoyree could be even lower
during phase 1 (<—30%o), but the two-phase emission patterns
remain robust (see the Supplementary Materials for sensitivity
analyses).

Previously proposed carbon sources include biogenic methane
[8"*Cyource & —60%s0; (20)], thermogenic methane (and/or CO,)
from thermal metamorphism or rapid oxidation of organic-rich
rock [8Cgource ® —25 to —45%0; (23)], and volcanic CO,

Wu et al., Sci. Adv. 9, eabg4082 (2023) 15 February 2023

[83Cource ® —6%o0; (24)] or a combination of various sources
le.g., (12, 13, 18)]. Our modeled average §'°Cqoyce value of
—13%0 (=19 to —9%o) across the two phases falls within the
range of values previously reported based on calcium isotope
box model [8"*Cqyyree = —15%0; (33)], biogeochemical box model
[63Ceource = —6 and —18%o; (13)], and &'3C inversions
[8"3Coource = —15%o0; (18)] (see table S3 for the detailed summary).
These estimates imply a combination of volcanic CO, with thermo-
genic CO, and/or organic matter oxidation, but allowing for a small
contribution from much more '*C-depleted sources such as biogen-
ic methane. For instance, in our median Pco, scenario, the average
813 Cqource Value is —13%o, which implies ~20% contribution of ther-
mogenic CO, (—25%o), ~75% contribution of volcanic CO, (—6%o)
and ~5% biogenic methane (-60%o). It is also possible that terres-
trial and/or marine organic carbon cycle feedbacks provide a form
of 1*C-depleted end-member (34).

Evidence for changes in degassing style

The occurrence of thermogenic carbon emissions before the major
release of volcanic CO, during the EPME is consistent with rising
sea surface temperatures (SSTs) (Figs. 2, D and E, and 3 and data file
S1 and S2). The reconstructed SSTs from the Global Boundary Stra-
totype Section and Point (GSSP) Meishan section using conodont
oxygen isotopes in low latitudes show two episodes of warming,
with a temperature rise of 3° and 6°C, respectively (1, 3), and cor-
responding to the two CO, emission phases (conodont Clarkina
yini zone in phase 1 and from Clarkina meishanensis to Hindeodus
parvus zone in phase 2). This SST change pattern is also recorded in
the Daijiagou and Liangfengya sections in South China (35) and is
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Fig. 3. Spatial pattern of modeled global SST and pH changes during the EPME. (A and C) SST and pH changes associated with mainly thermogenic CO, during phase
1(251.942 Ma versus 252.02 Ma). This shows an average SST increase of 1°to 2°C and a pH decrease of 0.1- to 0.2-unit during phase 1. (B and D) SST and pH changes linked
to volcanic CO,-dominated emissions during phase 2 (251.902 Ma versus 251.942 Ma). A 4° to 7°C increase in SST and a 0.3- to 0.5-unit decrease in pH are shown. These
model results are from the preferred experiment with median CO, scenario (experiment 2 in table S1). The absolute values of proxy-based estimates of SST and pH across
the study interval are listed in table S4. The numbers in the map indicate locations of these proxy data: 1, South China; 2, Armenia; 3, Iran; 4, Italy; 5, United Arab Emirates.

more apparent than in Iran (36, 37) and Armenia (4) (average suggesting that the warming in phase 2 is associated with much in-
ASST = 1.2°C during phase 1 and average ASST = 7.6°C during creased emissions due to the evolving degassing styles associated
phase 2 based on compiled temperature proxy records shown in  with the Siberian Traps LIP. Our simulated decline in mean
table S4 and Fig. 4). Our preferred model scenario shows similar ~ surface ocean pH also matches the proxy pH records estimated
degree of warming with 1° to 2°C and 4° to 7°C temperature in-  from boron isotopes of brachiopod shells from southern Alps and
crease during the two phases, respectively (Figs. 2D and 3), South China that show a 0.2- and 0.6-unit pH decrease during the
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Fig. 4. Magnitudes of §'3C_,,;, excursion and proxy estimates of SST changes during the EPME. (A) CIE magnitudes of §'3C.,,;, during phase 1 are similar to those
during phase 2. (B) SST changes estimated based on conodont oxygen isotopes during phase 1 are substantially smaller than those during phase 2. Details of the seven
sections shown here are listed in table S4 (Meishan, Liangfengya, and Daijiagou sections are from South China; Chanakhchi section is from Armenia; and Kuh-e-Ali Bashi,
Zal, and Abadeh sections are from Iran).
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two phases (13), although the decline of pH estimated from carbon-
ate 8''B occurred at the earliest Triassic (12), which slightly post-
dates the decrease in brachiopod 8'!'B (13) as well as in our
model. Overall, proxy evidence supports the modeling results that
the primary SST and pH change occurred during phase 2 with a
smaller change during phase 1. Despite the fact that the CIE mag-
nitudes are similar during the two phases (Fig. 4A and table S4), the
primary SST increase did not occur until phase 2 (Fig. 2 and 4B),
which is accounted for in our model as a change in degassing style
change from small and slow thermogenic carbon emissions during
phase 1, driving a small increase in SST and a large decrease in
8"3C.arp> followed by rapid volcanic CO, emissions coincident
with the main global warming during phase 2. That >°°Pb/?*8U
dates indicate a sequence of intrusive (251.907 + 0.067 Ma) then
extrusive (251.901 + 0.061 Ma) magmatism (38) occurring during
the study interval further supports our modeled degassing style
change. Our modeling results are hence consistent with previous
suggestions that volcanic CO, may have been the trigger for the en-
vironmental changes that occurred during the main extinction
phase of the EPME (18).

Carbon cycle feedbacks from terrestrial ecosystem disturbances,
not accounted for explicitly here, may have additionally contributed
to the warming and the severity of marine extinctions. High-reso-
lution radiometric dating and chemostratigraphy from terrestrial
basins of different latitudes suggest that terrestrial ecological dis-
turbance may have started before the main marine extinction by
about 60 to 370 ka (39—42). Several plant species appear to have dis-
appeared earlier than marine extinction, for example, records of Gi-
gantopteris flora from tropical southwestern China, Glossopteris
flora in southern high-latitude Sydney Basin, and conifer flora in
mid-latitude north China were gone before the main marine extinc-
tion phase [(39, 43, 44); figs. S5 and S6]. The collapse of terrestrial
ecosystem likely facilitated the oxidation of soil organic carbon and
released additional '*C-depleted carbon that contributed to the low
8'3C value of our diagnosed carbon release during phase 1 (34).
Furthermore, the cessation of terrestrial carbon burial that resulted
from the destruction of terrestrial ecosystem (45) may have further
amplified the warming and the severity of marine extinctions
during phase 2.

Cumulative carbon emissions across the EPME

Our best estimate for the total carbon release associated with the
CIE is 26,000 (15,500 to 55,700) Pg C (Fig. 2C and table S1). This
is larger than previous work based on carbon isotope mass balance
calculation alone [3900 to 12,000 Pg C, (9)], box models (3200 to
21,600 Pg C; table S3) (12, 13, 20, 23, 24, 33), or single constraint
(8'3C) model inversion [7000 to 22,400 Pg C, (17); 36,200 Pg C,
(18)]. This is despite the fact that the CIE magnitude used in this
study (3.3%o0) is generally smaller than those used in previous
work, such as the ~5%o CIE magnitude recorded by marine algae
(18). Differences in the carbon isotope record used in the previous
studies cannot then explain the larger cumulative CO, release that
we diagnose. One factor is that the higher average 8'°Cqpuree value
(—13%o0) deduced in our data assimilation requires more carbon to
drive a given magnitude of CIE than those used in some prior work,
in which 8§'3Cgyyce is assumed to be lower to reconcile the modeled
8"3Cearp, with proxy 8°C,p, [e.g. —25%o in Payne and Kump (23)].
Furthermore, processes that remove CO, from the ocean-atmo-
sphere system, for example, temperature-dependent silicate
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weathering (46, 47), are not necessarily included in all of the previ-
ous studies [e.g., (33)]. As a modeling study by Gutjahr et al. (25)
showed, CO, consumption by silicate weathering does not come to
dominate the carbon budget over the main CIE, and accounting for
silicate weathering would result in a slightly larger CO, release, but
that the age model, CIE magnitude, and assumed source are more
important. For example, we reconstructed a somewhat longer CIE
duration in our study (~90 ka) as compared, for example, to Cui
et al. (18) (~40 ka), which leads to the larger cumulative CO, emis-
sion inferred here. The longer CIE duration is a result of stacking
marine carbonate §'*C from 69 global sites based on conodont bio-
stratigraphy and 2°°Pb/?*®U dating rather than astrochronology
from a single site (18). A shorter CIE duration [e.g., ~40 ka as in
(18)] would have led to a smaller total amount of CO, (12,000 to
41,200 Pg C with a median of 23,900 Pg C; sensitivity experiments
4 to 6 in table S1). That said, our estimated 26,000 (15,500 to 55,700)
Pg C release is likely still an underestimate for the event as a whole
because we consider only the CIE with a ~90-ka duration equivalent
to the early phase of the intrusive magmatism, one of the three dis-
tinct emplacement phases of Siberian Traps LIP, across the full CIE
across the Permian-Triassic transition (15). If the full CIE duration
of ~500 ka (29) were considered, then more *C-depleted CO, from
contact metamorphism in the earliest Triassic is necessary (15).
This is supported by a recent study by Jurikova et al. (13) who es-
timated cumulative carbon emission up to 105,600 Pg C based on a
biogeochemical box model with a total emission duration of ~1 Ma.

The considerable prevailing uncertainties in the details of the
time scale of the end-Permian CIE directly translate into uncertain-
ties in diagnosed carbon emission rates. For instance, a shorter CIE
duration would require a higher emission rate (fig. S2 and table S1)
and make the end-Permian event more severe in terms of global
carbon cycle perturbations. From our data assimilation, the
carbon emission rate across the EPME (Fig. 2B) is on the same
order of magnitude as that from the Paleocene-Eocene Thermal
Maximum (PETM) [0.58 Pg C year™' in (25), 1.7 Pg C year™! in
(48), and 0.6 to 1.1 Pg C year™! in (49)]. Notably, however, the
largest mass extinction in the Phanerozoic occurred at the end-
Permian (50), whereas the PETM was only accompanied by a
minor extinction among benthic foraminifera (5I1). One explana-
tion for this disparity is that the longer emission duration at the
EPME likely produced a greater cumulative amount of carbon
and caused a higher temperature rise and extinction rate (52, 53)
as compared to a cumulative release of 10,200 to 12,200 Pg C
during the PETM (25, 48, 49). Another important factor is an in-
crease in the strength of stabilizing feedbacks within the climate
system by the time of the PETM (54), as evidenced by decreased
extinction rates and smaller amplitude of carbon cycle perturba-
tions through the Phanerozoic (55-58). Deep-sea carbonate pro-
duction through the diversification of planktonic foraminifera
and coccolithophorid algae since the Late Triassic would have
greatly increased the buffering capability against changes in the car-
bonate chemistry and stabilized the Earth’s biogeochemical cycle
and climate (59-61). However, the carbon emissions that we diag-
nose associated with the EPME do have in common with estimates
for the PETM [e.g., (25)] that they occur at a rate an order of mag-
nitude slower than those associated with modern fossil fuel con-
sumption [~10 Pg C year™' (62)]. Hence, it is likely that the
anthropogenic carbon emission rate is unprecedented not only in
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the past 66 Ma years (49) but also in the past 252 Ma years [and
perhaps even 542 Ma years (63, 64)].

MATERIALS AND METHODS

Earth system modeling

We use the “cGENIE" Earth system model of intermediate complex-
ity, comprising a three-dimensional (3D) dynamic ocean circula-
tion model with a 2D energy and moisture balance model of the
atmosphere and a dynamic thermodynamic sea-ice model (65), a
representation of the biogeochemical cycling of elements and iso-
topes (e.g. carbon, phosphorus, sulfur, and oxygen) in the ocean
(46), plus marine sediments (66) and terrestrial weathering (47)
to close the geological cycle of carbon. Two different kinds of inver-
sion experiment can be used to solve for the geological carbon emis-
sions with the cGENIE model. The first method inverts a §'*C
record to calculate the time-varying rate of carbon emissions (I8,
67, 68) but requires the assumed carbon isotopes of added carbon
source (8"Cqource) (as in most carbon cycle box models). The
second method, called a double-inversion experiment, requires
paired 8'3C of atmospheric CO, (or surface DIC §'*C) and Pco,
(or ocean pH), which are used to solve for both time-varying
8"3Cqource and rate of carbon emissions (25, 26). The later approach
was adopted in the present study to achieve unique solution of
513Csource~

c¢GENIE was configured on a 36 x 36 grid with 16 vertical levels
in the ocean and adopted Late Permian boundary conditions of pa-
leobathymetry and continental configuration, wind stress, and wind
speed from (69). These boundary conditions are the same as in
another recent modeling work (table S5) (18). The §'°C value of
Late Permian atmospheric CO, (8'*Ccoy,) is set as —5.6%.o following
(9). Late Permian Pco, is set as ~425 ppmv based on reconstructions
from stomatal proxies using fossil conifers from the Dalong Forma-
tion in South China (70), because these stomatal estimates have
good age control (Clarkina changxingensis conodont zone) and re-
liable taxonomy and calculation method; thus, they are considered
reliable. A smaller albedo is set in the model (0 te permian = 0-2)
compared to the present value (apyesent = 0.3), because climate sim-
ulations show that a single continent configuration such as the
supercontinent Pangea has smaller planetary albedo than two
smaller continents (71).

Methodologically, cGENIE was first spun up for 20 ka in a
“closed system” under which there is no gain or loss of tracers
from weathering or sedimentation. The steady-state climate and
ocean circulation were characterized with sea-ice free poles, consis-
tent with geological data showing no evidence of ice presence in the
polar regions during the Late Permian (3, 72). During a second
spin-up of 400 ka, the model was run as an “open system” such
that volcanic outgassing, weathering, and carbonate burial in
marine sediments could reach equilibrium (with neritic CaCO; pre-
cipitation rates adjusted to balance weathering).

We then ran a series of so-called double-inversion experiments
(25) in which cGENIE continually adjusts the rate and §'*C value of
emitted CO, into the atmosphere to simultaneously reproduce two
proxy records as a function of time (Supplementary Materials). We
use 8'3C of atmospheric CO, (8'*Cco,) and Pco, as the two data
assimilation constraints. The 8'*C¢q, forcing is based on LOESS
fit of a global §"3C,, dataset compiled from 10 globally distributed
high—temporal resolution §'*C.,, profiles based on a well-
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constrained conodont biostratigraphy (9), assuming that the frac-
tionation between the atmosphere and sedimentary carbonate is
—8.6%o (73). The CIE magnitude of the LOESS fit §'*C_,y, record
is ~3.3%o0 and is considered to be globally representative, because
this value is similar to the median CIE magnitude of 3.8%o0 based
ona 8'3C,,y, compilation from 69 sites globally (9). The Pco, profile
comes from previous published data that are calculated on the basis
of high-resolution 8'*C records of C; land plant remains from ter-
restrial sections in southwestern China (9). Experiments were run
for a total duration of 180 ka—from 252.02 to 251.84 Ma and span-
ning the CIE. In our analysis, we focus on a ~92-ka interval from
251.994 to 251.902 Ma.

A number of sensitivity analyses were also performed to explore
the effects of uncertainties in Pco,, CIE magnitudes, CIE durations,
and CO, versus 8'*C age alignment scenarios. The sensitivity tests
include three CO, scenarios (low, median, and high CO, scenarios)
that come from the 16th percentiles, median, and 84th percentiles of
the near-continuous Pco, records estimated from C; land plant
CO, proxy. Pco, increased from 426 (330 to 559) ppmv in the
latest Permian to 2507 (1314 to 7271) ppmv near the Permian-Tri-
assic boundary (8), which spans the wide range of Pco, estimates
from other proxies, such as stomata index, paleosol carbonates,
and phytane-based proxy, which vary substantially with large un-
certainties (10, 11, 30, 31, 74, 75). For example, the stomata-based
estimates are associated with relatively low CO, levels in the latest
Permian (400 to 800 ppmv) (70), whereas paleosol carbonates and
phytane proxies show higher CO, levels (400 to 1300 ppmv) (10, 11,
30). Meanwhile, the Pco, estimates in the earliest Triassic also vary
notably from ~600 to ~7000 ppmv (10, 11, 30, 31, 74, 75). To assess
the effect of uncertainties in CIE magnitude, two larger CIE mag-
nitudes were considered (4 and 5%o). In addition, we tested two al-
ternative CIE durations (46 and 9.2 ka), following recent
suggestions (76) that the CIE duration could be shorter than that
used in our study (29). Furthermore, 2°°Pb/?**U age and associated
uncertainties suggest that the dating uncertainty is between 31 and
37 ka (29). This dating uncertainty may have influenced the align-
ment between the minimum §'*C.,;, and peak Pco,. Additional
sensitivity analyses were performed to assess how changes in the
alignment of maximum Pco, and minimum 8"*C,,,;, affect the
CO, emission pattern. These sensitivity analyses were detailed in
the Supplementary Materials.

Proxy data compilation

The reconstructed SST and pH with their paired carbon isotopes are
summarized in table S4 for model-data comparison. SST deter-
mined from oxygen isotopes of conodont fossils are from three
low-latitude regions of the Paleo-Tethys including the GSSP
Meishan (I, 3), Liangfengya and Daijiagou sections of South
China (35), Kuh-e-Ali Bashi, Zal, and Abadeh sections of Iran
(36, 37), and the Chanakhchi section of Armenia (4). Conodont
oxygen isotopes from Joachimski et al. (1) are corrected by
—0.9%o to account for the different §'%0 value of NBS120c standard
(4). The equation used to calculate the SSTs is from (77), assuming
that the sea water 8'30 is —1.0%o. Surface ocean pH records deter-
mined from §''B are from Dolomites of North Italy and South
China (13) and Wadi Bih of United Arab Emirates (12). §'°C
values of marine carbonates used to calculate the CIE magnitudes
come from the following sources: Meishan (29, 78), Liangfengya
(79), Daijiagou (80), Kuh-e-Ali Bashi (36), Zal (36), Abadeh (81),
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Chanakhchi (4), Dolomites of North Italy (13), and Wadi Bih (12),
and further details can be found in data file S2.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S6

Tables S1 to S5

Legends for data S1 and S2
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