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The emplacement of large igneous provinces (LIPs) has been linked to catastrophic mass
extinctions in Earth’s history, but some LIPs are only associated with less severe oceanic
anoxic events, and others have negligible environmental effects. Although it is widely
accepted that massive magma outpouring can affect the environment through volatile
degassing, it remains debated what controls the severity of environmental crises. Here,
we demonstrate that the second-most-voluminous Phanerozoic LIP, the Kerguelen LIP,
may have contributed to the early Aptian oceanic anoxic event 1a, a global event previ-
ously believed to have been caused by the Ontong Java LIP. Geochronological data show
that the earliest eruptions of the Kerguelen LIP preceded the onset of oceanic anoxic
event la by at least ~5 million years. Analyses of CO, abundances in melt inclusions
combined with Monte Catlo simulations reveal that the volume and degassing rate of
CO, emissions from the Kerguelen LIP are an order of magnitude lower compared to
LIPs that caused severe mass extinctions. We propose that the severity of volcanism-
related environmental and biotic perturbations is positively correlated with the volume
and rate of CO, emissions. Our results highlight the significant importance of reducing
and slowing down CO, emission in preventing future disastrous environmental
consequences.

large igneous province | CO, emission | “°Ar/*°Ar geochronology | Kerguelen Plateau |
oceanic anoxic event

Large igneous provinces (LIPs) are gigantic magmatic events that have often been
linked to drastic and sudden environmental and biotic perturbations (1, 2). High-
precision geochronology data have revealed concurrences between LIPs and cata-
strophic mass extinctions [e.g., Central Atlantic magmatic province (CAMP) and the
end-Triassic mass extinction (3)] and between LIPs and less severe oceanic anoxic
events [OAEs; e.g., Karoo—Ferrar LIPs and the Toarcian OAE (4, 5)]. However, there
are also some LIPs that are seemingly not associated with any biotic or environmental
perturbations [e.g., Parani—Etendeka (6) and Tarim LIP (7); Fig. 1A]. It is still unclear
why the emplacement of LIPs resulted in such diverse environmental responses (8).
Possible explanations may include differences in pre-eruption atmospheric CO, levels
(9); the volume, tempo, rate, and composition of volcanic volatiles released by LIPs
(10-15); and factors affecting volcanogenic carbon sinks (9, 16, 17). Many of the inter-
pretations on the causal links between LIPs and the severity of environmental and
biotic crises were based on coupled volatile—geochronological studies of LIPs associated
with disastrous environmental perturbations [e.g., CAMP, Siberian Traps, or Emeishan
(18-20)], but this combined approach has not yet been applied to LIPs for which envi-
ronmental consequences are not obvious or are less extreme, such as OAEs.

The early Aptian OAE 1a, together with the Toarcian and Cenomanian—Turonian
OAEs (21), is one of three confirmed OAE:s that are global in scale, all of which are char-
acterized by worldwide deposition of organic-rich black shales and large carbon-isotope
anomalies in marine and terrestrial organic matter and carbonate (22, 23). The OAEs
represent periods of large expanses of the world’s oceans that were depleted of dissolved
oxygen and may have been associated with the extinctions of marine organisms (24).
The start of OAE 1a has recently been constrained to 120.4 + 0.4 million years ago
(Ma) (calculated from refs. 25 and 26; Materials and Methods; uncertainty for ages
herein are quoted at 26). The supposed synchronicity and volcanic signatures in sedi-
mentary rocks have led many to believe that OAE 1a was caused by CO, degassing
from the Ontong Java LIP (27-31), which is believed to have initiated at ~127.2 +
2.2 Ma (recalculated from ref. 32; cf. ref. 33). However, the age constraints for the
Ontong Java LIP were based on “°Ar/*’Ar dating of groundmass, instead of mineral
separates, the former being problematic due to the presence of cryptic hydrothermal
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Massive volcanic eruptions termed
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Fig. 1. Paleogeographic position and bathymetric map of the Southern
Kerguelen Plateau (SKP). (A) Global plate reconstruction at 120 Ma, based
on the model of ref. 91, and distribution of major LIPs. Note that the Dec-
can Traps did not appear until ~66 Ma. (B) Bathymetric map of the South-
ern Kerguelen Plateau, annotated with “°Ar/*°Ar ages in this study (in red)
and from refs. 40 and 42 (in brown).

alteration, which would make the ages erroneously young (e.g.,
refs. 34-36). The lack of high-precision and reliable isotopic
ages for the Ontong Java LIP prevents establishing a causal
relationship to OAE la. The High Arctic LIP has also been
proposed as a trigger for OAE 1a (37). However, recent mer-
cury studies indicate an absence of intense magmatism for the
High Arctic LIP at the time of OAE 1a (38).

The second-most-voluminous LIP of the Phanerozoic, the
Kerguelen LIP, with a total volume of ~17.4 X 10° km? (39),
has not been regarded as a trigger for OAE 1la, but is believed
to only be the cause of subtle environmental perturbation in
the late Aptian immediately after OAE 1a (27). These interpre-
tations were based on an “°Ar/*’Ar plateau age of 119.0 +
2.1 Ma (40) from the Southern Kerguelen Plateau (Fig. 1B),
which was the oldest isotopic age available for the Kerguelen
LIP at the time. Refined 4°K decay constants (41) shifts this
age to 121.0 + 2.1 Ma (S Appendix). Recently, a different site
from the Southern Kerguelen Plateau yielded an “Ar/*’Ar
plateau age of 122.2 + 2.0 Ma (Fig. 1B and ref. 42). Although
both of these ages are not precise enough to resolve the tempo-
ral relationship between the Kerguelen LIP and OAE 1a, they
raise the possibility that our current understanding about
the chronology of the Southern Kerguelen Plateau may not
be accurate and that the Kerguelen LIP may be linked to
OAE la.

20of 10 https://doi.org/10.1073/pnas.2202039119

Results

The “°Ar/3°Ar A4ges of the Southern Kerguelen Plateau. We
obtained eight “’Ar/*’Ar plateau ages of plagioclase separates
from basalts (Materials and Methods and SI Appendix, Fig. S1 and
Table S1) from Ocean Drilling Project Sites 749, 750, and 1136
on the Southern Kerguelen Plateau (Fig. 1B), where robust geo-
chronology data are scarce (SI Appendix, Figs. S1-S5 and Tables
S2 and S3).

Site 749 yielded two “°Ar/*’Ar plateau ages of 123.5 + 3.1 Ma
and 124.3 + 2.8 Ma (Fig. 2 and S/ Appendix, Fig. S2 and Table
S2). They overlap with each other and with the age of 122.2 +
2.0 Ma reported by ref. 42 at 26 (SI Appendix, Fig. S3). The age
of 124.3 + 2.8 Ma (749C-16R-7, 37-47) is older than the age of
OAE 1la at 120.4 &+ 0.4 Ma (87 Appendix, Fig. S4), suggesting
that volcanism at Site 749 initiated before OAE 1a.

Samples from Site 750 yielded a miniplateau age of 123.0 +
3.5 Ma and a plateau age of 128.0 + 4.9 Ma (Fig. 2 and S/
Appendix, Fig. S2 and Table S2), the latter indicating active
volcanism at Site 750 prior to OAE 1a (S Appendix, Fig. S4).

For Site 1136, we obtained four plateau ages of 121.2 + 2.1 Ma,
125.5 + 2.1 Ma, 124.3 + 2.6 Ma, and 126.9 + 2.0 Ma (Fig. 2
and SI Appendix, Fig. S2 and Table S2). These ages suggest that the
Southern Kerguelen Plateau volcanism began erupting no later than
~124.9 Ma (ie., the lower limit of 126.9 + 2.0 Ma yielded by
sample 1136A-19R-1, 139-149; ST Appendi, Fig, S4), ~5 million
years prior to OAE la.

CO, Emission of the Southern Kerguelen Plateau. We studied
the volcanic degassing of the Kerguelen LIP based on volatiles
encapsulated in plagioclase-hosted melt inclusions (Fig. 3).
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Fig. 2. The “°Ar/>%Ar ages for the Kerguelen LIP and age of OAE 1a. The lit-
erature ages of the Kerguelen LIP are from refs. 39, 40, and 42. The
“OAr/*°Ar ages have been filtered for robustness (S/ Appendix). The onset
age of OAE 1a is calculated from refs. 25 and 26 (Materials and Methods).
Boxes with dashed white lines indicate “°Ar/>*°Ar miniplateau ages (with 50
to 70% 3°Ar released). Width of boxes indicates 26 uncertainties. ODP,
Ocean Drilling Project.
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Fig. 3. Representative images of plagioclase-hosted melt inclusions and gas inclusions and micro-Raman spectrum of a CO,-bearing bubble in a melt inclu-
sion. (A) Plane-polarized light images of bubbles (red arrows) in plagioclase-hosted melt inclusions (MI). (B) Plane-polarized light images of gas inclusions
(red arrows) in plagioclase. (C) Backscattered-electron images showing exposed bubbles (Bbls) in plagioclase-hosted melt inclusions. (D) HRXCT 3D image of
bubble-bearing melt inclusions. (E) Micro-Raman spectrum of a CO,-bearing bubble in a melt inclusion. The presence of CO, is indicated by the Fermi diad

and hot bands. A.u., arbitrary units.

Melt inclusions that were originally in equilibrium with the
host magma are a record of pre-eruptive volatile concentrations.
We used Raman spectroscopy to study the compositions of the
bubbles in the melt inclusions (Materials and Methods) and
detected only CO,, while other volcanic gases, such as CO,
CHy, and H,S, were not detected (SI Appendix, Fig. S6). The
densities of CO, in the bubbles were calculated by using Fermi
diad splitting (Fig. 3E) and a calibrated CO, densimeter (S/
Appendix, Fig. S7), which ranged from 0.01 to 0.09 g-cm > (S7
Appendix, Table S4). The volume percent (vol.%) of the bub-
ble(s) in a melt inclusion was determined through High-
Resolution X-Ray Computed Tomography (HRXCT) (Fig.
3D, SI Appendix, Fig. S8, and Materials and Methods). The
abundance of CO, in the melt inclusions, which is representa-
tive of the Kerguelen magma, was calculated through Monte
Carlo simulations using the parameters and their distributions
in SI Appendix, Table S5 (Materials and Methods) and resulted
in 0.15_+0%187 wt.% (uncertainty for CO, abundances, volumes,
and rates herein is quoted at 10).

A Monte Carlo simulation approach was also used to calculate
the total amount of CO, in the pre-120-Ma portion of the South-
ern Kerguelen Plateau magma (SI Appendix, Fig. S5 and Table
S5), which resulted in a total amount of 0.291’09‘1364 x 10° Gt CO,
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(Table 1 and Materials and Methods). Assuming a CO, degassing
efficiency of 80 to 100% (refs. 12 and 43 and Materials and
Methods), a total amount of 0.26:)9'1341 x 10° Gt CO, (Table 1
and SI Appendix, Fig. S9) was degassed from the Southern

Kerguelen Plateau.

Monte Carlo Simulation of CO, Emissions of Extinction-Causing
LIPs. Published estimations of CO, emissions of LIPs that are asso-
ciated with mass extinctions are commonly reported at the maxi-
mum and/or minimum values without associated uncertainties
(e.g., refs. 18-20). To allow for a direct comparison with our esti-
mation of CO, emission of the Southern Kerguelen Plateau, we
used a Monte Carlo simulation method and literature measure-
ments/modelings to calculate the CO, emissions and associated
uncertainties of these LIPs (Materials and Methods and SI
Appendix, Tables S6-S9). Our results show that the volume of
CO, emitted from the Southern Kerguelen Plateau (0.26f0(?'1341 X
10° Go) is an order of magnitude smaller than the amounts of
CO, derived from magmatic source and contact metamorphism of

sediments associated with the Siberian Traps (2.08_+00_'3440 x 10° Gg

recalculated from refs. 19 and 44), CAMP (1 .64_+()()"3482 % 10° Gt or

1.05j‘0%345 X 10° Gt; recalculated from refs. 18 and 45, with the
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Table 1. Summary of CO, emission volumes and rates of major LIPs computed using Monte Carlo simulations

Total CO, Average CO, Amount of Magmatic Sedimentary
emission emission CO, in magma CO, degassed rock-derived CO,
(x 10° Gt) rate (Gty ') (x 10° Gt) (x 10° Gt) (x 10° Gt)
Southern Kerguelen Plateau 0.26793) 0.004705% 02970 0.26702) —
Siberian Traps 2.08700 0.23:0% 1.34°033 1.301053% 0.77:9%
Emeishan LIP 1.30 to 1.88 0137052 0.56 to 0.74 0.557008 0.75 to 1.33
Deccan Traps 0.13to 0.35 0.01 to 0.04 0.15 to 0.40 0.13to 0.35 —
CAMP 1.641052" 0.25:0%* 0.97: 05" 0.87/ 05" 0.75795%
1059%T 016R 0319 02835

Uncertainties are quoted at 16. Some values for the Emeishan LIP and Deccan Traps are reported at the 16 to 84 percentiles due to their flat-topped distributions.

*Calculated using the Raman CO; densimeter of ref. 65.
TCalculated using the CO, densimeter of this study.

differences in estimates based on different Raman CO, densime-
ters), and the Emeishan LIP ([1.30 to 1.88] X 10° Gt [16 to 84
percentiles]; recalculated from refs. 20 and 46) and is the same
order of magnitude with that of the Deccan Traps ([0.13 to 0.35)]
x 10° Gt [16 to 84 percentiles]; recalculated from ref. 47; Table 1
and SI Appendix, Fig. S9).

Discussion

Our geochronology data show that, for all three sites on the
Southern Kerguelen Plateau, there are one or more lava flows
that are distinctly older than OAE 1a (Fig. 2 and SI Appendix,
Fig. S4). The ages reveal that the Southern Kerguelen Plateau
volcanism may have started erupting from as early as ~128 Ma
and had been relatively continuous before, during, and even
after OAE 1a (ref. 42; Fig. 2), and there seems to be an increase
of activity around that time (S/ Appendix, Fig. S4B). Thus,
there is temporal correlation between the Kerguelen LIP and
OAE 1la. A series of geochemical changes in lower Aptian sedi-
ments, such as negative excursions in osmium (28) and stron-
tium isotopes (48, 49) and mercury (29) and trace metal
enrichments (27), all indicate that the occurrence of OAE 1a
was caused by increased magmatic activity. It is likely that the
Kerguelen LIP could have contributed to the occurrence of
OAE 1a due to their temporal correlation.

The carbon-isotope record of OAE 1a is characterized by an
abrupt negative excursion of up to —3%, in marine carbonates
and of —4 to —59,, in the organic carbon, prior to a large positive
excursion (31). The negative 8"3C excursion was believed to be
caused by the input of volcanogenic CO, that is isotopically light
into the ocean—atmosphere system (27). The melt-inclusion stud-
ies reveal that a total amount of 0.26_+091341 x 10° Gt CO, was
emitted from the Southern Kerguelen Plateau volcanism before
OAE 1a. Our calculations show that these CO, emissions could
only have led to a decrease of the §'°C value from ~2.5%, (22)
to ~1.36%,, for the early Cretaceous CO, reservoir (Materials and
Methods), but were not able to cause a negative excursion of —3
to —5%, that was observed for OAE 1la. Therefore, the CO,
emission of Southern Kerguelen Plateau magmatism alone was
insufficiently voluminous to be the trigger of OAE la.

If the theory that OAE 1a was caused by coeval magmatism
is correct, then a possible scenario is that the magmatic trigger
is the Southern Kerguelen Plateau together with the previously
believed trigger—the Ontong Java LIP (e.g., refs. 27 and 28).
Given that the Southern Kerguelen Plateau eruptions were
mostly subaerial, where volcanic gases were directly emitted
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into the atmosphere, while the bulk of the Ontong Java LIP
was emplaced in a submarine environment, as revealed by drill
holes (e.g., refs. 40 and 50), it is likely that the Ontong Java
LIP may have played a larger role in marine anoxia by directly
degassing into the ocean, whereas the Kerguelen LIP contrib-
uted more to coeval terrestrial environmental perturbations
with OAE la, as indicated by data from terrestrial records (e.g.,
ref. 23). This hypothesis and the possible role dichotomy
between the two provinces can only be investigated with both
accurate age and CO, emission estimations from the Ontong
Java LIP.

We demonstrated above that, despite the significant mag-
matic volume of the Southern Kerguelen Plateau, it did not
cause any extinction event and may even lack the ability to
cause an OAE. This is in contrast with other LIPs that also
have gigantic magma volumes, but caused disastrous environ-
mental consequences, such as the Siberian Traps, the Emeishan
LIP, CAMP, and the Deccan Traps. The difference in the envi-
ronmental response of these magmatic events could be related
to their difference in the amount of CO, emissions (Fig. 4).
The Southern Kerguelen Plateau volcanism caused an input of
~0.26 X 10° Gt CO; to the atmosphere, which is an order of
magnitude lower than that of extinction-causing LIPs, such as
the Emeishan LIP ([1.30 to 1.88] x10° Gt), the Siberian Traps
(~1.99 X 10> Gt), and CAMP (~1.64 X 10’ Gt or ~1.05 X
10’ Go). Indeed, the Siberian Traps, which have the highest
CO, emission volume, are associated with Earth’s deadliest
extinction event at the Permian—Triassic boundary that wit-
nessed the loss of up to 96% of marine invertebrate species
(e.g., ref. 51; Fig. 4). The Deccan Traps, on the other hand,
have a relatively low volume of CO, emission (Fig. 4) that is
similar to that of the Southern Kerguelen Plateau, despite its
possible link with the end-Cretaceous mass extinction. This
suggests that the Deccan Traps probably also played a moderate
role in the end-Cretaceous mass extinction and that the Chic-
xulub impact event was indeed the main trigger for such a
severe global environmental and biotic disaster (e.g., refs. 35
and 52).

The other factor that might have affected the severity of
environmental consequences of LIPs is the rate of CO, degass-
ing caused by the emplacement of LIPs. It remains challenging
to calculate the rate of CO, emission of LIPs, mainly because
of the existence of magmatic quiescent periods that may last
hundreds to thousands of years (e.g., ref. 11) and are not
resolvable by current geochronological methods. Here, we cal-
culate the average CO, emission rate using the estimated CO,
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Fig. 4. Ages and CO, emissions of LIPs and associated mass extinctions
(MEs) and OAEs. (A) The volumes (red) and average rates (blue) of CO,
emissions of LIPs. The columns for CAMP indicate the volumes and rates of
CO, emissions calculated using the CO, densimeter of this study, while the
values calculated using the CO, densimeter of ref. 65 are represented
using semitransparent bars with dashed outlines. The CO, estimations cor-
responding to OAE 1a are only from the Southern Kerguelen Plateau due
to the lack of data for the Ontong Java LIP. References for the ages of LIPs
and the calculations of CO, emission volumes and rates are detailed in
Materials and Methods. (B) The mass extinction intensity refers to the frac-
tion of genera that were present in each period of time, but were absent in
the following time interval (92). The marine invertebrate extinction rates
are from ref. 13.

emission volumes and the durations of LIPs to characterize the
overall CO, degassing intensity over the course of LIP emplace-
ments (Materials and Methods). The results reveal that the
Southern Kerguelen Plateau volcanism has the lowest average
CO, degassing rate (0.004f00'60002S Gt-yil) prior to OAE 1a, while

extinction-causing LIPs, such as the Emeishan LIP (0.13_+0%152

Gty "), the Siberian Traps (0.237)% Gty '), and CAMP
0.251%% Gey ™" or 0.16" 2 Gry ', using different Raman
CO,; densimeters) all have average CO, emission rates that are 1
to 2 orders of magnitude higher (Fig. 4 and Table 1). The Dec-
can Traps again is an exception in having a relatively low
CO, degassing rate (0.01 to 0.04 Gt~y‘7l [16 to 84 percentiles];
Fig. 4), probably indicating a more central role to the Chicxulub
impact in causing the end-Cretaceous mass extinction.

The relatively low volume and low rate of CO, degassing
from the Southern Kerguelen Plateau volcanism meant that
atmospheric CO; levels would not rapidly increase to levels suf-
ficient to immediately trigger severe environmental consequen-
ces. Over the course of the Southern Kerguelen Plateau
emplacement, several negative feedbacks could have mitigated a
dramatic increase in atmospheric CO,. First, a mild increase in
atmospheric CO, and temperature and increased nutrient (e.g.,
Fe, Zn, and P) input, due to ash dispersal from subaerial erup-
tions and basalt weathering, created beneficial conditions for
biological growth that, in turn, would lead to increased carbon
burial and expanded anoxia in shallow waters (13, 21). Second,
silicate and basalt weathering can act as an important mecha-
nism of CO, consumption over a multimillion-year time scale
(53). Enhanced weathering during the eruption of the Southern
Kerguelen Plateau, as evidenced by calcium and osmium iso-
topes (30, 54), and increased trace metal abundances in
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sediments (27) may have played an important role in decreasing
atmospheric CO; levels. The relatively mild environmental per-
turbations caused by the Southern Kerguelen Plateau may have
contributed to the occurrence of anoxic conditions in the ocean
and affected some species [e.g., heavily calcified nannoconids
(55)], but the majority of species survived, possibly due to
their ability to adapt to gradual environmental deterioration
(13, 55). However, for LIPs that are characterized by rapidly
erupting and intense degassing (e.g., Emeishan LIP, Siberian
Traps, and CAMP), this mechanism of CO, drawdown would
be trivial and less effective, as gradual weathering processes
could not accelerate fast enough to keep track of volcanic CO,
emissions. Biota could not tolerate the abrupt and severe envi-
ronmental changes caused by rapid and intense CO, degassing,
which ultimately led to their demise.

Our results stress the importance of reducing and slowing
down anthropogenic CO, emissions in preventing disastrous
environmental consequences. The current global anthropogenic
CO, emission rate is up to 50 Gt~y‘71 (56), which is hundreds
of times faster than the average rate of outgassing from the
Siberian Traps that caused the largest mass extinction in geo-
logical history. A caveat here is that CO, emission rates of indi-
vidual pulses of LIPs still need to be better constrained, given
that LIP emplacements probably experienced hiatuses (e.g., ref.
11). Such extremely rapid and intense anthropogenic CO,
emissions may lead to catastrophic and irreversible environmen-
tal crises on Earth in the future (e.g., ref. 57). Our study of
past volcanism and environmental perturbations indicates that,
in order to avoid severe environmental consequences, it is criti-
cal to reduce and slow down CO, emissions to allow our planet
to establish an equilibrium between CO, emissions and sinks.

Materials and Methods

samples. The basaltic samples from Ocean Drilling Program Sites 749, 750,
and 1136 were requested from the Kochi Core Center, Japan. A total of 18 thin
sections were made from these samples, and, based on thin-section examina-
tions, nine samples that had apparently unaltered plagioclase phenocrysts were
selected for “Ar/*?Ar dating (S/ Appendix, Tables 51 and S2). The three samples
selected for “*Ar"Ar dating from Site 749 are plagioclase-phyric basalt, with
~40 vol.% of plagioclase phenocrysts (SI' Appendix, Fig. S1). Samples for
“Onrfopr dating from Site 750 are from the upper (15R-5) and lower (16R-8)
stratigraphic levels of the drilling hole. The former is a pyroxene- and
plagioclase-phyric basalt, and the latter is a plagioclase-phyric basalt with
~10 vol.% of plagioclase phenocrysts (S/ Appendix, Fig. S1). Samples from Site
1136 are plagioclase-phyric basalt with ~10 to 30 vol.% of plagioclase phenoc-
rysts (S/ Appendix, Fig. S1).

Melt inclusions are present in some plagioclase samples in basalts from Sites
749 and 1136 (Fig. 3 and S/ Appendix, Table S1). Samples from Site 750 contain
very few (mostly ~5% vol.%) plagioclase phenocrysts (S/ Appendix, Fig. S1 and
Table $1), and melt inclusion was not observed. Some melt inclusions from Site
1136 contain a vapor bubble. The melt inclusions are usually ~10 to 20 um
long (Fig. 3). One plagioclase crystal from Site 749 contains gas inclusions that
are spherical and less than 10 um in size (Fig. 3B). Olivine- or pyroxene-hosted
melt inclusions were not observed for samples from the Southern Kerguelen
Plateau.

The “°Ar/>°Ar Geochronology. The “°Ar/*?Ar geochronology analyses of pla-
gioclase separates from basalts from the Southern Kerguelen Plateau were con-
ducted at the Western Australian Argon Isotope Facility in Curtin University. The
analytical procedures were the same as those of ref. 42 and are detailed in S/
Appendix. All parameters and relative abundance values are provided in Dataset
S1 and corrected for blank, mass discrimination, and radioactive decay.

Our criteria for the determination of a robust plateau age are as follows: 1)
“Ar*%Ar plateaus obtained from fresh mineral separates are preferred to those
from groundmass; 2) “°Ar/*Ar plateaus must include at least 70% of the
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released *Ar (15, 58); 3) the plateaus should be defined by at least three con-
secutive steps consistent at 95% confidence level and satisfying a probability of
fit (p) of at least 0.05; and 4) “®Ar/**Ar intercepts should, ideally, overlap with
the atmospheric *°Ar/*Ar ratio of 298.56 + 0.31 (59). If the *°Ar/**Ar composi-
tion of the trapped argon measured for a statistically reliable **Ar/**Ar-**Ar/*%Ar
isochron (p > 0.05) differs from an atmospheric value, then the measured ratio
and its uncertainties are used in the age-spectrum model age calculation, follow-
ing the approach of ref. 60. Miniplateaus are defined similarly, except that they
include between 50% and 70% of *?Ar. Miniplateau ages are considered less
robust than their plateau counterparts, and are only accepted where there is a
corroborating plateau age from a nearby sample.

The 40Ar/3Ar plateau and isochron ages are summarized in S/ Appendix,
Table S2. The *°Ar/*?Ar age spectra are shown in SI Appendix, Fig. S2, and
detailed analytical data are provided in Dataset S1.

Calculation of the Age of OAE 1a. There have been no direct isotopic age con-
straints on OAE 1a (e.g., ref. 27). The beginning of OAE 1a is 298 thousand + 15
thousand years younger than the end of magnetochron MO, based on orbital tun-
ing (26). The beginning of magnetochron MO was recently dated at 121.2 + 0.4
Ma (25), and it lasted for 490 thousand + 25 thousand years (26). Therefore, the
beginning of OAE 1a is calculated to 120.4 + 0.4 Ma.

Raman Spectroscopy and CO, Density in the Bubbles of Melt Inclusions.
Eight doubly polished thick (100-pm) sections were made from basalt samples,
in which melt inclusions were recognized in corresponding thin sections (S/
Appendix, Table S1). We used Raman microspectroscopy to detect and analyze
the compositions of the vapor bubbles in unexposed melt inclusions (Fig. 34)
and gas inclusions (Fig. 3B) hosted in plagioclase. The Raman spectra were
acquired with a Horiba LabRAM HR Evolution instrument at the Commonwealth
Scientific and Industrial Research Organization (CSIRO) laboratories in Perth
(Australia), which uses a 532-nm single-frequency 100-mW diode laser and pro-
vides 12 mW at the focus point through a 100x objective. The grating used was
1,800 grooves per mm.

We detected CO, in the vapor bubbles in melt inclusions in thick sections
from three core sections in different parts of the stratigraphic column at Site
1136 (SI Appendix, Table S1), while CO, CHg, Hy, H,S, H,0, and N, were not
detected (SI Appendix, Fig. S6). The Raman spectrum of CO, is characterized by
two strong bands at 1,285 cm~" and 1,388 cm ™", which are called Fermi diad,
and two symmetrical weak bands below 1,285 em~" and above 1,388 cm~,
which are called hot bands (Fig. 3£ and ref. 61). In this study, we used the Ori-
ginLAB software (version 2019b) to determine the positions of the Fermi bands,
based on Gaussian-peak fitting of Raman spectra.

The splitting between the Fermi diad (A) is proportional to CO, density (p). At
low CO, density, there is a linear relationship between A and CO, density, and
their correlation is determined by the type of Raman instrument, gratings, laser-
excitation wavelength, and analytical protocols (62). Using the approach of ref.
62, we determined the CO, densimeter of this study by measuring the Fermi
diad of two known CO, density values in our laboratory. The two calibration points
are at 5.1 bar at 21.1°C and 32.8 bar at 21.0°C, and two density values of
0.074 g-cm > and 0.009 g-cm > are calculated by using the equation of state
(63), as described by ref. 62, which resulted in two measured Fermi diad (A) val-
ues of 102.62 cm—"and 102.80 cm ™", respectively (S/ Appendix, Fig. S7). The fit-
ted equation through these two calibration points is p = —36.093 + 0.3518 A.

The precision in A (+ 0.1 cm™") is determined by the error in the peak fit-
ting procedure and corresponds to a precision in fluid density of 0.02 g-cm 3
for inclusions of 1 um and can be better for larger inclusions (64, 65). The Fermi
band position, A, and calculated CO, densities are provided in SI Appendix,
Table S4, and detailed Raman spectrum data are available in Dataset S2. The
results show that the CO, densities in the bubbles in melt inclusions range from
0.01 to 0.09 g-cm ™3, with an average density of ~0.03 g-cm 2 (SI Appendix,
Table S4). The CO, abundances do not show systematic variations between sam-
ples of different ages from different stratigraphic levels (KG59, KG60, and KG61;
SI Appendix, Table S4 and Fig. S3C), indicating no temporal control on CO,
abundance.

In sample KG34 from Site 749, there are some bubble-bearing melt inclu-
sions, but neither CO, nor other gases was detected in the bubbles of the melt
inclusions. This, however, does not mean that there is no CO, in the bubbles, as
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whether the CO, can be detected by Raman spectroscopy is also influenced by
many other factors, such as the size of the bubble, the shape of the melt inclu-
sion, the depth of the bubble beneath the mineral surface, and the optical qual-
ity of the sample (66). On the other hand, gas inclusions containing relatively
high-density CO, (up to 0.35 g-cm™>; S/ Appendix, Table S4) and minor N, and
H,0 (S Appendiix, Fig. S6) were found in plagioclase in this sample, which may
indicate that degassed volatiles were encapsulated during the crystallization of
plagioclase.

HRXCT Image and Volume of the Bubbles in Melt Inclusion. To study the
three-dimensional (3D) distribution and volume percent of the bubble(s) in
a melt inclusion, we used the HRXCT technique to image the melt inclusions
(Fig. 3D). Microcores were drilled from the thick sections and imaged by using a
Zeiss Versa XRM 520 3D X-ray microscope installed at the Australian Resources
Research Centre (CSIRO Mineral Resources, Perth) using a voltage of 120 kV, a
power of 10 W, and a voxel size of 2 um. The melt inclusions and bubbles were
segmented from the grayscale images, and their volume and number were
calculated by using Avizo3D (Dataset S3).

Except for one melt inclusion that has high bubble-to-melt inclusion volume
(34% bubble; Dataset S3), the bubble-volume percents of other melt inclusions
lie in a small range between 5% and 20% (SI Appendix, Fig. S8). Some studies
argue that vapor bubbles that were exsolved from the melt after trapping would
have a relatively uniform bubble-to-melt inclusion ratio [e.g., 3% bubble (67)] or
ratios that do not exceed a certain value [e.g., ~6 to ~8% bubble (66)], while
melt inclusions that trap both melt and various proportions of vapor during their
formation would have a wide range of or relatively high bubble-to-melt inclusion
ratios. Although the bubble-to-melt inclusion volume ratios of our samples are
mostly higher than the values in those studies, it does not necessitate that the
bubbles in our melt inclusions are cotrapped. We suggest that all but one of the
vapor bubbles in our study were produced through volatile exsolution after trap-
ping for the following reasons: 1) The aforementioned studies all evaluated melt
inclusions in olivine, which are not directly comparable to melt inclusions in
other minerals. For example, for pyroxene, some researchers showed that it may
contain volatile exsolution bubbles that have a volume percent of 10 to 20%
(18), which is different from that of olivine, as shown in refs. 67 and 66. 2) These
studies all assume a spherical shape for bubbles in melt inclusions when esti-
mating the volume of the bubbles, which may have somewhat oversimplified
the geometry of the bubbles and led to compromised volume estimations that
are not as accurate as those obtained by HRXCT 3D imaging. 3) Given that
the gas bubbles found in some plagioclase samples have relatively high CO,
density (average = 0.3 g-cm~>; S/ Appendix, Table S4), melt inclusions that con-
tain both cotrapped volatile and exsolution volatile would likely have higher
measured CO, abundance. This is not the case for our melt inclusions since
their bubbles have relatively low CO, density (0.01 to 0.09 g-cm >, S
Appendix, Table S4).

Calculation of CO, Emission Volume of the Southern Kerguelen Plateau.
We used a Monte Carlo simulation approach to calculate the total amount of
€O, emissions from the Southem Kerguelen Plateau volcanism before OAE 1a
(i.e., pre-120 Ma; S/ Appendix, Fig. SS5). All the Monte Carlo modelings in this
study were performed by using the Excel add-in program QuantumXL by Sigma-
Zone. The following parameters and their distributions were used in the Monte
Carlo simulation (S/ Appendlix, Table S5):

1) CO; density in the bubble of melt inclusions. This is measured by Raman
spectroscopy and calculated by using the calibrated CO, densimeter. We
used QuantumXL to fit the distribution of the data, and the results showed
that a two-parameter lognormal distribution can best describe the data
(P=10.85).

Bubble volume percent in melt inclusion. This is measured by using HRXCT.
The fitting results using QuantumXL show that the measured bubble volume
percent (except the outlier 34%) can be described by a Gaussian distribution
(P=0.12).

Percent of CO, in bubble vs. in whole melt inclusion. Previous studies have
shown that the bubble of a melt inclusion contains the majority of CO, of
the whole melt inclusion. For example, it was calculated that an average of
61% (67), ~80% (68), and 92% (64) of CO, is in the bubble for the melt
inclusions measured in these studies. In the Monte Carlo simulation,

No
—

(o8]
=

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202039119/-/DCSupplemental

we used a uniform distribution from 61 to 92% for the percent of CO, in
the bubble of a melt inclusion. In addition to the silicate phase of melt inclu-
sions, carbonate crystals on the bubble wall could also be a source of carbon
(e.g., refs. 67 and 69). However, carbonates were not observed either from
the Raman spectra or HRXCT images.

The density of the silicate phase of the melt inclusions. We used a value of
2.75 g-cm > from ref. 64.

These parameters were then used to calculate the total amount of CO, in a
melt inclusion using the equation in S/ Appendix, Table S5, which represents the
abundance of CO; in the Southem Kerguelen Plateau magma.

To calculate the total amount of CO, emitted from the Southern Kerguelen
Plateau, the following parameters were used in the Monte Carlo simulation (S/
Appendix, Table S5):

4

5) Basalt density. We used a value of 2.9 g-cm > from ref. 70.

6) Total basalt volume of the Southern Kerguelen Plateau. The areal extent of the
Southern Kerguelen Plateau is estimated to be 4.5 x 10° km?, and the vertical
dimensions were constrained by wide-angle seismic data and gravity modeling
(39). Based on the areal and vertical dimensions of the Southern Kerguelen
Plateau, the total basalt volume is calculated to be of 8.5 x 10° kms3 (39).

7) Percentage of pre-OAE basalt volume. Geochronology data show that most of

the Southern Kerguelen Plateau basalts erupted before ~120 Ma (this study

and refs. 40 and 42), while the southernmost portion erupted at ~113 Ma

(Site 738; SI Appendix, Fig. S5 and ref. 42), postdating OAE 1a. The ages of

Site 748 (~97 Ma) are much younger; however, these ages are from sani-

dine from trachybasalt or basaltic trachy-andesite, which are lithologically dif-

ferent from other sites on the Southern Kerguelen Plateau (42). These
evolved volcanic products probably represent a minor late-stage volcanic
veneer on the plateau. The boundary between the pre-120-Ma portion and
post-120-Ma portion of the Southern Kerguelen Plateau remains unclear. We

estimated that 70 to 90% of the Southern Kerguelen Plateau (the area with a

solid boundary line in S/ Appendix, Fig. S5) erupted before OAE 1a (S/

Appendix, Table S5) and used a uniform distribution for this parameter.

CO, degassing efficiency. It is generally assumed that 100% of CO, is

degassed by LIP basalts due to the low CO; solubility in basaltic melt at

atmospheric pressures (e.g., ref. 43). However, 100% degassing efficiency
may not be realistic, as erupted basaltic rocks still contain a small amount of
volatiles, according to degassing experiments (71), and 80% efficient CO,
degassing has been adopted by ref. 12. To take a wide range of scenarios

into account, we used a CO, degassing efficiency ranging from 80 to 100%

for the Southern Kerguelen Plateau volcanism in our Monte Carlo simula-

tions (S Appendiix, Table S5).

*

In the Monte Carlo simulation, we conducted 10,000 iterations, and, in each
iteration, a random value was used for the uncertain variables, based on the
defined probability distributions (S/ Appendix, Table S5). The calculated CO,

abundance in melt inclusions from the Southern Kerguelen Plateau is 0.15 g

wt.%, The Southem Kerguelen Plateau magma contained a total amount of
0.295%3* x 10° Gt CO, (uncertainties in the CO, volumes and rates herein are

quoted at 1o), and 0.2 *00121 x 10° Gt CO, (Table 1 and SI Appendix, Fig. 59)
was emitted into the atmosphere before OAE 1a.

We note that since these CO, emission estimations are based on plagioclase-
hosted melt inclusions, there is a possibility that the actual CO, emissions of the
Southern Kerguelen Plateau could be higher than our estimated values due to
the likely CO; loss in melt inclusions prior to entrapment and postentrapment
crystallization of the plagioclase. It currently remains challenging to restore the
original CO, concentrations in the melts due to a lack of understanding of how
€O, may be exchanged between the external melt and inclusions through pla-
gioclase hosts (e.g., ref. 72). Nevertheless, these caveats do not necessarily
mean that our estimations are significantly lower than the actual CO, emissions
and, thus, are inferior to results obtained from the more commonly used olivine-
or pyroxene-hosted melt inclusions (e.g., refs. 18 and 47), as it was found in
some cases that plagioclase-hosted melt inclusions have similar or even higher
C0, concentrations than olivine-hosted melt inclusions from the same suite of
samples (e.g., ref. 73). In addition, the bubbles in our plagioclase-hosted melt
inclusions have similar CO; density (Fermi diad spacing) compared with bubbles
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in other olivine- and pyroxene-hosted melt inclusions (e.g., refs. 18 and 64),
which does not support obvious CO; loss for our samples.

Calculation of Carbon-Isotope Excursion. The carbon-isotope change
caused by the volcanic degassing of the Southern Kerguelen Plateau can be esti-
mated from a simple mass balance equation (e.g., ref. 19). Based on our melt-
inclusion studies, the Southern Kerguelen Plateau magmatism emitted a total
amount of 0.26 73" x 10° Gt CO; into the atmosphere prior to OAE 1a. There
have been no available measured carbon-isotope data for the Kerguelen CO,
emissions. Considering that the Kerguelen LIP and Iceland may have shared a
similar plume-ridge interaction-formation mechanism (cf refs. 42 and 74), and
both were free of interaction with crustal organic material, we used the carbon-
isotope data of the Icelandic CO, emissions (75) in our calculation. The early Cre-
taceous CO, reservoir was estimated to be 1.52 x 10° Gt (76), and the §"C
value prior to the negative excursion of OAE 1a was ~2.5%, (22).

Using the lightest 8'*C value of —5.29%, that was measured for the Icelan-
dic CO, degassing (75), we calculated a 5"3C value of 1.36%, after the emplace-
ment of the Southem Kerguelen Plateau, which means that the CO, degassing
of the Souther Kerguelen Plateau magmatism was not able to cause the nega-
tive carbon-isotope excursion of —3 to —5%, that was observed for OAE 1a
(e.g., refs. 27 and 31). We note that this calculation of the carbon-isotope nega-
tive excursion should be viewed as maximum estimates, as the Southermn Ker-
guelen Plateau volcanism had been erupting for a few million years before OAE
1a, while the negative excursion at the base of OAE 1a occurred in a short inter-
val of tens of thousands of years (31).

Although we discussed the possibility that the actual CO, emissions of the
Kerguelen LIP could be greater than our estimations due to possible CO; loss in
our plagioclase-hosted melt inclusions, to achieve a negative carbon-isotope
excursion of —59%,, the CO, emissions that were required are at least an order
of magnitude greater than our estimated values. This does not seem realistic,
considering that our bubbles in plagioclase-hosted melt inclusions have similar
€O, density with those of olivine- and pyroxene-hosted melt inclusions (e.g.,
refs. 18 and 64), which indicates no obvious CO, loss.

Calculation of CO, Emission Volumes of Major LIPs. To assess how the vol-
ume of CO, emissions from the Southern Kerguelen Plateau volcanism are com-
pared with that of other LIPs, we used a similar Monte Carlo simulation approach
to calculate the CO, emission volumes of these LIPs. Given that CO, emission
estimation based on meltinclusion studies for some LIPs is currently lacking
(e.g., Emeishan LIP), we calculated the CO, emission of these LIPs based on cur-
rently available results obtained from other methods (see below). We note that
these estimations and comparisons can be improved by using the same
approach of CO, emission quantification where possible in the future. It should
also be noted that our exercise here is to provide state-of-the-art quantifications
of CO, emission of these LIPs. Thus, we used the parameters and their uncertain-
ties (if available) reported in the literature, rather than endeavor to improve the
quantifications by exploring the uncertainty of the used parameters ourselves.
Siberian Traps. Measurements on olivine-hosted melt inclusions from meime-
chite of the Siberian Traps yielded low CO, concentrations (<1.5 wt%), which
were not believed to be representative of the Siberian Traps magma due to
decarbonation on ascent of primitive meimechite melts (77). The CO, concentra-
tions (<0.07 wt%) in melt inclusions analyzed by ref. 78 are even much lower
than that of ref. 77. Therefore, these data are not used in the estimation of the
CO, emission of the Siberian Traps. In an alternative approach to estimate the
CO, emission, Sobolev et al. (19) proposed that CO, degassed from the Siberian
Traps was contained in the recycled oceanic crust and peridotitic components of
the plume head. The parameters and their distributions used in the Monte Carlo
simulation to calculate the CO, emission of the Siberian Traps are as follows
(S Appendix, Table S6):

1) Percentage of recycled components in the plume head. It was estimated that
the source of the Siberian Traps consisted of ~10 to 20 wt.% of recycled oce-
anic crust components and ~90 to 80 wt.% of peridotitic component (19).

2) CO, abundance in recycled and peridotitic components. The minimum and
maximum estimated CO, abundances in recycled oceanic crust are 900 parts
per million (ppm) and 1,800 ppm, respectively (19). For the peridotitic com-
ponent of the Siberian Traps, 70 ppm was used by ref. 19. In our modeling,
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we used a unform distribution from 900 ppm to 1,800 ppm for the recycled
component and a constant value of 70 ppm.

3) The plume-head volume. The volume of the Siberian mantle plume head
was estimated to be 180 million km? (79).

4) CO, extraction rate. The thermomechanical model of Sobolev et al. (2011)
(19) showed that almost all carbonatite melts from the plume traversed the
lithosphere and crust, and a significant part of the volatiles released from the
plume finally reached the surface. For these considerations, we use a CO,
extraction rate of 70 to 100% in the Monto Carlo simulations.

For the above parameters, where the uncertainties were not reported, we
treated them as constant in the Monte Carlo simulation, but note that the simu-
lation can be improved when their uncertainties become available.

Using these parameters and a Monte Carlo simulation method (S/ Appendix,
Table Sé), we computed that a total amount of 1.30,*092‘35>< 10° Gt CO, was
released (Table 1 and S/ Appendix, Fig. S9).

Another source of CO, emission caused by the Siberian Traps came from meta-
morphism of organic matter and petroleum due to heating of the Tunguska Basin
by the ascending magma. This was mainly generated in two ways (44). First,
magma-sedimentary-rock interaction formed breccia pipes, which were rooted in
the Cambrian evaporites and were estimated to have a CO, production potential of
0.23 to 0.58 Gt per pipe (44). Second, contact aureoles (density = 2.3 g-cm—3) of
the sill intrusions converted between 0.5 and 1.5 wt.% of organic matter to gas
(44). The total number of pipes was estimated to be 6,400 in the Tunguska Basin,
and the volume of aureoles was estimated to be 8 x 10° km?® (44). When using
the Monte Carlo simulation method to calculate the amount of CO, released by
the sedimentary rocks, we used a unform distribution for parameters for which
the uncertainty was given and a constant value where the uncertainty was not avail-
able (S Appendix, Table S6). This resulted in a total amount of 0.77 ;%2* x 10° Gt
sedimentary rock-released CO, (Table 1 and S/ Appendix, Fig. S9).

Combining the magmatic and sedimentary rock-derived CO, emissions, the

total CO, emission caused by the Siberian Traps was 2.0855,” x 10° Gt (Table 1
and S/ Appendix, Fig. S9).
Emeishan LIP. The amount of magmatic CO, degassed from the Emeishan LIP
has been estimated by ref. 20 using the same approach as that of ref. 19. In
their estimation, the Emeishan mantle plume head was calculated to have a vol-
ume of 1 x 108 km® and is composed of 10 to 20 wt.% recycled oceanic crust
component with 900 to 1,500 ppm CO,, and 80 to 90 wt.% peridotitic compo-
nent (20). The abundance and amount of CO, in the peridotitic component have
not been estimated by ref. 20. We used a CO, abundance of 70 ppm, according
to the estimation of ref. 19. Similar to that of the Siberian Traps, we used a uni-
form distribution for parameters where the uncertainty was available and a cons-
tant value for parameters that lacked uncertainty in the Monte Carlo simulation
(SI Appendix, Table 57), and we calculated that 0.55%° x 10° Gt CO, was
released into the atmosphere (Table 1 and S/ Appendix, Fig. S9).

The amount of contact metamorphism of sedimentary rock-derived CO, was
estimated to be ~11 to 26 times larger than that of sill intrusions, which emit-
ted ~5,600 Gt of CO, (46). Based on these parameters and their distributions in
SI Appendix, Table S7, we used a Monte Carlo simulation to compute that the
amount of sedimentary rock-derived CO, is (0.75 to 1.33) x 10° Gt (16 to 84
percentiles). Together, the emplacement of the Emeishan LIP could have
released (1.30 to 1.88) x 10° Gt (16 to 84 percentiles) CO, (Table 1 and S/
Appendix, Fig. S9).
cAMP. The CO, emission of CAMP was estimated to be up to 10 Gt by ref. 18
using Raman spectrum data of CO, in bubbles and nanoscale secondary ion
mass spectrometry (NanoSIMS) measurements of CO, in glass in pyroxene-
hosted melt inclusions from the CAMP basaltic rocks, but uncertainty was not
calculated. We use the Monte Carlo simulation method to recalculate the CO,
emission of CAMP based on the measured parameters of ref. 18:

1) CO, density in the bubbles of melt inclusions. The Raman spectrum of the
bubbles in pyroxene-hosted melt inclusions was measured by ref. 18. When
calculating the CO, density of the bubbles, the CO, densimeter of ref. 65
was used by ref. 18, while the CO, densimeter specific to their own instru-
ment was not calibrated. Here, we calculated two CO, density values, one
using the CO, densimeter of ref. 65 and one using our calibrated densime-
ter, in order for a direct comparison with that of the Kerguelen LIP, and a
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Gaussian distribution was used to describe the data as fitted using Quan-
tumXL (S/ Appendix, Table S8).

2) Bubble volume percent in melt inclusion. This was estimated by ref. 18 and
ranged from 10 to 20%. We used a uniform distribution for this parameter
(51 Appendix, Table S8).

3) €O, abundance in glass of the melt inclusions. This was measured by using
NanoSIMS by ref. 18, and we used a Gaussian distribution to describe the
data (S Appendix, Table S8).

4) The density of the silicate phase of the melt inclusions. The density value of
2.75 g-cm > from ref. 64 was used.

5) Basalt density. We used a value of 2.9 g-cm > from ref. 70.

6) Total basalt volume. This was estimated to be 5 x 108 km? to 6 x 10° km® by
ref. 18, and we used a uniform distribution in the Monte Carlo simulation.

Using a Monte Carlo simulation approach (S/ Appendix, Table S8) and the
parameters described above (SI Appendix, Table S8), we calculated that the vol-
canic CO, emission volume of the CAMP was 0.87,%3* x 10° Gt using the CO,
densimeter of ref. 65 or 0.29%5 x 10° Gt using the CO, densimeter of this
study.

The thermogenic CO, from sill-emplacement-induced contact metamorphism
was calculated based on the modeled cumulative CO, productions of three bore-
holes from the Amazonas and Solimoes basins in Brazil, including boreholes
ATZ (97 t-m~2), OAST (52 t:m ™), and MAST (103 tm ), and the basin area of

9 x 10° km? (45). We computed a total amount of 0.75 %2 x 10° Gt thermo-
genic CO,. The total amount of CO, emissions caused by the emplacement of
CAMP was computed to be 1.647%6> x 10° Gt or 1.055%3 x 10° Gt (Table 1
and S/ Appendix, Fig. S9), using the CO, densimeter of ref. 18 and this study,
respectively.

Karoo and Ferrar LIPs. The amount of CO, formed by contact metamorphism
of sill intrusions in the Karoo Basin was estimated to be 0.274 x 10° Gt (80);
however, there have been no estimates of the magmatic CO, emission from the
Karoo and Ferrar LIPs.

Central Kerguelen Plateau, Broken Ridge, Caribbean LIP, Ontong Java LIP,
High Arctic LIP, and Madagascar LIP. All of these LIPs could have contributed
to OAE 2 at ~94 Ma (21, 81, 82). However, the CO, emissions of these LIPs,
and which one(s) contributed to OAE 2, are yet to be determined.

Deccan Traps. The abundance of CO, in melt inclusions from the Deccan Traps
was estimated to be 0.23 to 1.2 wt.% by using Raman spectroscopic and Nano-
SIMS analyses (47). Although ref. 83 calculated a relatively lower CO, abundance
(<0.2 wt.%) in melt inclusions from the Deccan Traps, their estimation was
based on Fouriertransform infrared spectroscopic analyses of the melt phase of
unheated or heated (partially homogenized) melt inclusions, and these inclu-
sions still have shrinkage bubbles that may also contain CO,. The total magma
volume of the Deccan Traps is estimated to be 1.3 x 10° km? (84). Using a simi-
lar Monte Carlo simulation method (SI Appendix, Table S9), we computed a total
amount of (0.15 to 0.40) x 10° Gt (16 to 84 percentiles) magmatic CO,, of
which (0.13 to 0.35) x 10° Gt (16 to 84 percentiles) CO, (Table 1 and S/
Appendix, Fig. S9) was released into the atmosphere. The main volumes of Dec-
can lavas were not emplaced in a sedimentary basin, so there was unlikely to be
major CO, emission caused by contact metamorphism of sedimentary rocks.

Calculation of Average CO, Emission Rates of Major LIPs. Constraining
the CO, emission rate of LIP magmatism is challenging. This is mainly because
volcanic eruptions were not strictly continuous, and quiescent periods that last
hundreds to thousands of years existed (e.g., ref. 11), but were not resolvable by
geochronological analyses. Here, we calculate an average CO, emission rate
using the estimated CO, emission volumes and the durations of LIP emplace-
ments using a Monte Carlo simulation method to characterize the overall CO,
degassing intensity during the formation of LIPs.
Southern Kerguelen Plateau. The onset of Southern Kerguelen Plateau volcanism
to OAE 1a is constrained by the “°Ar*%Ar age of 126.9 + 2.0 Ma (KG 55 and S/
Appendix, Table S2). We did not use the seemingly older age of 128.0 + 4.9 Ma
due to the large uncertainty, which prevents providing meaningful information for
the onset age of the Southern Kerguelen Plateau volcanism. The age of OAE 1a is
calculated to be 120.4 + 0.4 Ma (see above).

Using a Monte Carlo simulation method (S/ Appendix, Table S5) and the esti-
mated CO, emission volume, we compute an average CO, emission rate of

0.005%5% Gt-y~" for the Southern Kerguelen Plateau prior to OAE 1a.
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Siberian Traps. High-precision U-Pb geochronology data indicate that two-
thirds of the total volcanic volume erupted over ~0.3 million years at ~259.9
Ma, before and coeval with the end-Permian mass extinction, with subsequent
lavas and sills emplaced in a period of ~0.5 million years (85).

We calculate an average CO, emission rate of 0.23%%5° Gt-y~" during the

emplacement of the Siberian Traps using a similar Monte Carlo simulation
approach (S/ Appendix, Table S6).
Emeishan LIP. According to the stratigraphic correlation of volcanic sequences of
the Emeishan LIP (86), the main phase of basaltic magmatism was best con-
strained by an “°Ar/*"Ar age of 260.7 + 1.2 Ma (recalculated from the age of
260.1 + 1.2 Ma in ref. 87 using the “°K decay constants of ref. 41) from the
lower stratigraphic level and a U-Pb age of 259.51 + 0.21 Ma from the upper
stratigraphic level, for a duration of ~1 million years. The main phase of the
Emeishan magmatism is synchronous with the end-Guadalupian mass extinction
at ~260 to 259 Ma (88).

An average CO, degassing rate of 0.137%E% Gtyr " is calculated for the
Emeishan LIP based on the CO, volume estimation and the geochronology data
(51 Appendix, Table S7).
cAmP. High-precision U-Pb geochronology data show that the CAMP magma-
tism was emplaced in ~0.6 million years since 201.566 + 0.031 Ma, which is

only ~20 thousand years earlier than the end-Triassic mass extinction (3).

The average CO, emission rate is computed to be 0.255%% Gty when

using the CO, densimeter of ref. 65 to calculate the CO, emission volume or
0.165%% Gt-y~" when the CO, densimeter of this study is used.
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the age data (SI Appendix, Table S9).
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