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% Check for updates Large igneous provinces erupt highly reactive, predominantly basaltic

lavas onto Earth’s surface, which should boost the weathering flux
leading to long-term CO, drawdown and cooling following cessation

of volcanism. However, throughout Earth’s geological history, the
aftermaths of multiple Phanerozoic large igneous provinces are marked
by unexpectedly protracted climatic warming and delayed biotic
recovery lasting millions of years beyond the most voluminous phases of
extrusive volcanism. Here we conduct geodynamic modelling of mantle
melting and thermomechanical modelling of magma transport to show
thatrheologic feedbacksin the crust can throttle eruption rates despite
continued melt generation and CO, supply. Our results demonstrate how

the mantle-derived flux of CO, to the atmosphere during large igneous
provinces can decouple from rates of surface volcanism, representing
animportant flux driving long-term climate. Climate-biogeochemical
modelling spanning intervals with temporally calibrated palaeoclimate
data further shows how accounting for this non-eruptive cryptic CO,
can help reconcile the life cycle of large igneous provinces with climate
disruption and recovery during the Permian-Triassic, Mid-Miocene
and other critical moments in Earth’s climate history. These findings
underscore the key role that outgassing from intrusive magmas plays in
modulating our planet’s surface environment.

Largeigneous provinces (LIPs) have been linked with major disruptions
of Earth systems, including four of the five major mass extinctions of
the Phanerozoic'. LIP volcanism and metamorphic degassing driven
by shallow intrusions* are often considered as a driver of transient
spikes in atmospheric CO, such as the Palaecocene-Eocene Thermal
Maximum (PETM)’ and the end-Permian mass extinction®’. However,
the manner in which waning LIP activity has shaped climate recovery
from such catastrophic disruptions has received less attention.

LIPs with high-resolutiongeochronology and palaeoclimate proxy
records—tracking the tempo of volcanism and environmental changes,
respectively—include the Columbia River Basalts (CRB), North Atlantic
Igneous Province (NAIP), Deccan Traps and Siberian Traps. For each
of these LIPs, we identify a pattern of protracted warming spanning
several Myr after voluminous flood basalt eruptions (Fig.1). For exam-
ple, following the end-Permian mass extinction 252 million years ago
(Ma), hothouse conditions, elevated CO, and continued carbon cycle
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Fig.1|Records of Cenozoic LIP volcanism, climate and atmospheric CO,.
Delayed recovery from greenhouse climates (LMWE, Latest Maastrichtian
Warming Event; PETM, Palaeocene-Eocene Thermal Maximum; MCO, Miocene
Climatic Optimum; shown as shaded bands) associated with Cenozoic LIPs lasts
well beyond the end of LIP main phase volcanism'>**~*° (top panel). Cenozoic

surface temperature variations are from the CENOGRID compilation of marine
oxygen isotope records?, with CO, from boronisotopes? and the CenCO2PIP
multi-proxy intercomparison project® (blue shading is 95% confidence interval).
pCO,, atmospheric CO, partial pressure.

perturbations persisted for -5 Myr (refs. 8-10), -3 Myr beyond the age of
theyoungest known Siberian Traps volcanic rocks". Most recently, the
warmest temperatures of the Mid-Miocene Climatic Optimum (MMCO)
from16-14 million years ago postdated the main phase of CRB volcan-
ism by 1-2 Myr (ref. 12) (Fig. 1). These observations have motivated a
hypothesis that the silicate weathering feedback—thought to be the
fundamental thermostat regulating our planet’s climate>—breaks
down oris weakened during these events'>"*. However, the contribution
of intrusive LIP carbon emissions, independent of surface lava extru-
sion, to variationsin atmospheric CO,and global surface temperatures
onlong (10° year) timescales has not been studied in detail. Here we test
the hypothesis that observed delaysinrecovery reflect prolonged CO,
degassing from lithospheric LIP magma plumbing systems, without
necessarily altering the silicate weathering thermostat. Specifically,
we propose that cryptic CO, release from intrusive magmas—also
known as diffuse or non-eruptive outgassing—continues from deeper
portions of LIP magmatic systems long after surface volcanism wanes
(Fig.2) and that for some—but not necessarily all-LIPs, these emissions
prolong climatic warming.

High-precision geochronology now constrains the ‘main phase’
of volcanism and shallow intrusive activity in many continental LIPs to
<1 Myr (ref. 15). However, main phase extrusive rocks and upper crus-
tal sills represent a minor fraction of the total volume of mantle melt
expected from geodynamic modelling, seismic surveys and petrologic
estimates of the intrusive to extrusive (/:E) ratio''®, This disparity is
expected: for continental LIPs, the crust acts as a time-evolving ther-
momechanical filter for the ascent and eruption of mantle-derived

melts™®?°, Seismic data support the presence of large volumes of LIP
intrusions at Moho to middle crustal depths'®”, perhaps associated
with neutral buoyancy™™,

Here we argue that thermally controlled rheologic transitions in
the crust can in some cases create a stabilizing feedback that inhibits
magma ascent, shutting off extrusive volcanism. Such a thermome-
chanical throttle on magma ascent provides amechanismto decouple
CO, release from volcanic eruption rates, assuming fluids rich in CO,
fromdeep intrusive magmas can transit the crust even when magmas
are not erupting. Consequently, cryptic CO, release may continue for
the duration of mantle melting as vapour-saturated intrusions cool,
crystallize and exsolve CO,. Analogous cryptic CO, outgassing has
beeninferred for the present-day East African Rift?>?', demonstrating
the potential occurrence of this process and the likelihood that the
majority (or atleast substantial proportions) of CO,inevendeep intru-
sive magmas exsolves and reaches the atmosphere. Here we consider
the hypothesis that this mechanism explains protracted high CO,and
warm climate during the early Triassicand MMCO but also during other
eventssuch asthe Early Eocene Climatic Optimum (EECO; ~-53-49 Ma,
here linked with the waning phases of NAIP) that have not traditionally
been connected with LIPs because they postdate the most voluminous
surface volcanism.

Protracted warmth at odds with the tempo

of volcanism

Totest this hypothesis, we examine high-resolution climate and atmos-
pheric CO, records??° where they exist, spanning events including
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Fig.2| Cryptic degassing provides a missing carbon flux needed to reconcile
model predictions with climate records. a-d, Comparison of observed climate
histories?>*** with SCION model predictions for Columbia River Basalts (a),
North Atlantic Igneous Province (b), Deccan Traps (c) and Siberian Traps (d). Co-
eruptive degassing scenarios account for erupted lavas, co-eruptive CO, release
fromintrusions and metamorphic CO, estimates for the Siberian Traps and NAIP
(dark shading reflects a range in assumed magmatic CO, and arange inintrusive
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to extrusive ratios from 1:1to 10:1; Methods). Combinations of volcanic, intrusive
and metamorphic carbon synchronized with eruptive tempo are insufficient to
explain the observed protracted warming. Light shaded envelope represents the
range of climate responses for the range of cryptic degassing expected based

on mantle plume melting models (Methods and Supplementary Fig. 2). PA,
Paleocene; K, Cretaceous; P, Permian.

the CRB, NAIP and Deccan and Siberian Traps (Figs.1and 2). We iden-
tify a dual tempo of climate response to LIP CO, outgassing cover-
ing the periods recorded by these datasets comprising both brief,
rapid warming (spanning 10*-10° years) and several-million-year-long
more stable warm intervals (Fig. 1). Rapid warming episodes include
the PETM, the -66.3 Ma Late Maastrichtian Warming Event and the
end-Permian mass extinction. Sulfate aerosols may drive cooling on
10'-10%*year timescales”, but this is unlikely to be resolved in palaeo-
climate records®. Broad periods of warm climate and high CO, include
the early Triassic, the MMCO, subtle warmingin the earliest Palaeocene
and the EECO.

Brief, geologically rapid warming has been widely attributed
to a combination of volcanism, shallow intrusive activity and ther-
mal metamorphism®>”*, In contrast, the protracted warm periods
captured by these records have typically not been linked with LIPs
because the warming lags volcanism?’. Proposed explanations
for these warmhouse and hothouse intervals include variations in
mid-ocean ridge CO, outgassing® and elevated sediment subduction
during closure of Tethys®'. However, the net effects of mid-ocean
ridge outgassing on atmospheric pCO, are unclear’>**, and Tethyan
subduction CO, fluxes are insufficient to explain Eocene warmth**.
To test whether CO, release from a combination of extrusive and
metamorphic sources can adequately explain the full temperature
histories including broad multi-million-year warming intervals, we
reconstruct outgassing for the Siberian Traps, Deccan Traps, NAIP
and CRB based on eruption histories (Supplementary Table1). Each
of these outgassing scenarios incorporates uncertainties in initial

magma CO, concentrations. In the case of the Siberian Traps and
NAIP, we further include scenarios that account for outgassing from
metamorphism of hydrocarbons and sedimentary rocks in the Tun-
guska and North Atlantic basins, respectively>®,

Climate-biogeochemical modelling with the SCION model
(Methods), which includes CO, drawdown enhanced by newly
emplaced basalts, demonstrates that volcanic outgassing histories
alone cannot explain observations based on climate proxy records
(Fig.2).Scenarios that combine intrusive, volcanic and metamorphic
CO, release canreconcile LIP emissions with the magnitude of warm-
ing during some brief warming episodes associated with the onset
and main phase of volcanism****. However, the observed tempo of
climate recovery following CRB, Deccan Traps and Siberian Traps
volcanism is still much slower than predicted by climate-biogeo-
chemical modelling even when scenarios accounting for metamor-
phic degassing and intrusive contributions are added to eruptive
CO, budgets (Fig. 2)—if we assume that intrusive degassing occurs
at the same time as surface eruptions. Maintaining the observed
long-term surface warming therefore requires either a transient
breakdown in the fundamental silicate weathering feedback, car-
bon release beyond the youngest dated rocks in the main volcanic
sequences or other currently unknown processes. Such shifts in
the weathering feedback have been proposed for the early Triassic
in particular®**®, possibly driven by carbon cycle restructuring dur-
ing the end-Permian mass extinction. However, extended warming
also follows LIPs that are not related to mass extinctions, such as
the NAIP and CRB.
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Fig.3| Geodynamic and thermomechanical calculations guide expectations
for the evolution of LIPs. a, Mantle melting is predicted to last 5 Myr or more.

b, Arheological transition in the crust on timescales of -10° years throttles
ascent of magmas from deeper storage regions. ¢, SCION sensitivity tests for

the end-Permian with median Siberian Traps co-eruptive outgassing and cryptic
degassing ranging from 10" to 3 x 10" mol CO, yr'for 2, 4, 6 or 8 Myr, showing
that maintaining a given level of warming requires aminimum CO, flux; if cryptic
degassing satisfies this flux, the duration of warming depends on the duration

of cryptic degassing and cumulative emissions. d, The combined influence of
prolonged mantle melting and declining surface volcanism decouples CO, flux
from volcanic output, with high cryptic CO, fluxes during early and waning
phases of LIP emplacement. During early emplacement, magmas solidify in the
cold lithosphere, exsolving gas. During late emplacement, the rheologic shift
showninbinhibits eruptions, but cryptic degassing continues from magmas
solidifying in the lower crust and mantle lithosphere.

Waning surface eruptions despite long-lived
mantle melting
To test whether carbon release beyond the youngest preserved/dated
LIP rocksis plausible, we have modelled the time evolution of both melt
generation and crustal transit of magmas relevant for continental LIPs.
Our geodynamic simulations of LIP melt generation by mantle plume
head decompression melting (Methods) demonstrate that voluminous
(10°-10” km?; Fig. 3a and Supplementary Fig. 1) LIP melting should last
~5Myr or more duringinitial plume impingement'®***°, This long dura-
tion of melt production contrasts with <1 Myr main phase volcanic activ-
ity for many LIPs*. Peak melt production rates for the highest excess
temperature scenario are 20-30 km® yr, around one order of magni-
tude larger than time-averaged main phase LIP eruption rates*’ and
two orders of magnitude larger than melt supply estimates at Hawaii.
Thermomechanical modelling of crustal evolution associated with
magma ascent and storage (Methods) demonstrates how feedbacks
in material properties create a crustal rheological throttle capable
of decoupling eruptions from mantle supply. During main phase vol-
canism, magmas heat the crust during transit and can induce viscous
relaxation over the depth-range where intrusions occur on ~-10>-year
timescales (Fig. 3b), enabling stresses to dissipate more rapidly than
they build up. This inhibits magma reservoir failure and magma
ascent*”’, A transition to dominantly ductile (versus elastic) crus-
tal rheology then curtails eruptions at the surface despite abundant
plume-fed melt present at depth, instead promoting crustal magma
storage. Our modelling shows that this transition occurs on timescales
comparable to the main phase of flood basalt volcanism in the CRB,

Deccan Traps and Siberian Traps (Fig. 3b). The progression and effi-
cacy of crustal throttling depend on storage depth, crustal rheology,
background tectonic motions and magma influx, with the interplay
between these factors plausibly reflected in the variable durationand
tempo of main phase volcanism for different LIPs.

Considered together, protracted timescales of mantle melting
and rheological decoupling of surface volcanic fluxes from the sup-
ply of volatile-rich magma to the lithosphere support the hypothesis
that crystallization of deep, vapour-saturated LIP magmatic systems
can drive cryptic CO, degassing even if there is no surface volcanic
expression (Fig. 3¢). Volumetrically subordinate alkaline and silicic
volcanism characterize the waning stage of many continental LIPs,
providing further evidence for long-lived supply of magma and heat
tothelithosphere.

The transfer of exsolved CO, from deep intrusive bodies to the
atmosphere depends on crustal permeability. Hydrofracturing associ-
ated with dike and sill emplacement during the main phase of LIP vol-
canism s expected to create extensive damage zones consistent with
relatively high deep permeability (10"-10™"° m?) observed inmodern
active magmatic settings****. The flux of CO, and other exsolved vola-
tiles fromintrusionsin the shallow, brittle crustis thus expected to be
efficient. However, direct measurements of permeability are limited
to the uppermost few km of the crust, and much remains unknown
about transfer of fluids from the ductile lower crust*. Beneath the
brittle-ductile transition, ductile deformation will act to heal damage
and reduce permeability. Work on metamorphic systems suggests
expulsion of CO, from the lower crust is still possible in response to
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build-up of pore pressure but may come in pulses known as porosity
waves*® rather than a steady trickle. Studying present-day patterns
and fluxes of cryptic degassing is challenging given their wide spatial
scale, however, degassing scenarios based on measurements in the
East African Rift suggest potential CO, release from lower crustal or
even mantle lithospheric depths via fault systems?°?.

We conduct an ensemble of mantle geodynamic simulations that
encompass uncertainties in key parameters including mantle poten-
tial temperature and CO, concentrations in peridotitic and eclogitic
mantle (Methods) to calculate envelopes for CO, available for cryp-
tic degassing. Assuming a mantle plume comprising 5-25% eclogite
and theremainder peridotite with 900-1,800 and 137-400 ppm CO,,
respectively (Methods), these simulations predict mobilization of
~102-10" mol CO, yr from the mantle for several million years beyond
the timeline of main phase volcanism (Supplementary Fig. 1). These
geodynamically modelled mantle CO, extraction rates are in good
first-order agreement with the continued degassing required to explain
observed warming during the MMCO, EECO and Palaeocene (Fig. 2)
based on climate-biogeochemical simulations with SCION (Methods).
Inthe case of the early Triassic, cryptic degassing extends warming, but
observed warming lasts even beyond the cryptic degassing scenario
shown here. Sensitivity tests with SCION for the end-Permian (Fig. 3¢c)
show that once a critical CO, flux for a given warming threshold is
satisfied, the timescales of protracted warming directly scale with
those of cryptic degassing, implying especially prolonged Siberian
Traps cryptic degassing could explain early Triassic climate. We also
note the FOAM palaeoclimate models embedded in SCION display
low climate sensitivity, where a doubling of CO, leads to only -3 °C
of warming, compared with estimates of 3.5-5.5 °C/doubling of CO,
from palaeoclimate observations and other models, which may lead
to underestimation of the magnitude of warming®’.

Overall, the additional CO, emissions required to explain pro-
tracted warmingare surprisingly subtle. Model scenariosincorporating
anadditional ~10”mol CO, yr from cryptic degassing for the duration
of warming provide a much better match to climate records from the
MMCO, EECO and Palaeocene than scenarios where the tempo of car-
bonreleaseissolely defined by the tempo of volcanism. Sustaining the
early Triassic hothouse requires an order of magnitude more cryptic
degassing, ~10"mol CO, yr! (Fig. 3c). Such fluxes represent only ~10%
and ~-100% increases, respectively, compared with estimated modern
global volcanic carbon emissions*s,

Reconciling magmatic degassing and climate on
10°%-10’ year timescales
Crypticdegassing fromthe lower crustal and mantle roots of LIP magma
plumbing systems decoupled from surface volcanism, as proposed
here, can explain multiple enigmatic features of Phanerozoic climate
records. Climate-biogeochemical modelling underscores that volcan-
ism alone is insufficient to drive observed carbon cycle disruptions.
Evolving crustal rheology that decouples CO, flux from eruption rates
can explain: (1) the relationship between geodynamically predicted
5-10-million-year timescales of mantle melting and observed <1 Myr
main phase durations of volcanism in continental LIPs and (2) dual
timescales of climate disruption including rapid pulses of warming
and broad, long-term greenhouse intervals that lag the main phase of
many LIPs. Development of more detailed climate records spanning
intervals such as the Triassic-Jurassic and Pliensbachian-Toarcian
could distinguish whether delayed recovery after climate-disrupting
LIPs occurs selectively or is a ubiquitous feature of such events.
Through LIP life cycles we expect the highest proportions of cryp-
tic degassing during twointervals: the 100s of kyr before and 1-10 Myr
after the main phase of volcanism (Fig. 3d). Before the main phase of
volcanism, the crustis cold and relatively low density, leading a higher
proportion of magmas to solidify and exsolve volatiles in the middle to
lower crust, according to prior modelling*. During the main phase, we

expecthighmagma supply toinhibit crystallization-driven exsolution
at depth, though ascending magmas and intrusions emplaced in the
upper crust may still degas. Finally, we argue that this main phase then
leads to a rheological transition in the crust, which curtails surface
eruptions despite ongoing melt generation at depth. This leads to
awaning interval dominated by cryptic degassing that can span the
duration of mantle melting (1-10 Myr). In all cases, broad warming
intervals that we attribute to cryptic degassing seem to lag the main
phase of volcanism by 1-2 Myr, consistent with cooling timescales for
5-10-km thick melt-rich bodies at Moho depths (Methods). Further
work is needed to understand the evolving transcrustal transport
of magma and fluids through the LIP life cycle?®, which will refine the
relationship between mantle melting, cryptic outgassing and observed
climate. More broadly, the time evolution of cryptic degassing and thus
climate recovery following the LIP main phase is likely to depend on
inherited and time-evolving crustal properties, mantle melting history
and tectonic forcing, pointing to asuite of factorsinfluencing recovery
trajectories observed after Phanerozoic LIPs. For example, futureinves-
tigation could probe the role of rifting in sustaining particularly pro-
tracted Eocene warming after NAIP. Dynamics of recovery also depend
on weathering of LIP basalt, which is expected to vary substantially
across LIPs based on emplacement area and geographic position. This
factor hasasecond-orderimpactinour climate-biogeochemical model
for the Siberian Traps, Deccan, NAIP and CRB (Supplementary Fig.4),
but provisional model runs for the more poorly time-constrained
Ethiopian LIP show that basalt weathering may balance total degassing
inthis case (Supplementary Fig. 3), muting the overall climate signal.
For oceanic LIPs, which in some cases show geochronologic evidence
for longer durations of volcanism*, the potential for decoupling of
surface volcanism from magma supply and cryptic degassing remains
to be evaluated.

Thetempo and pattern of climate recovery following mass extinc-
tion events may influence subsequent biological evolution as pro-
foundly as the extinctions themselves®°~?, For example, it has been
suggested that elevated erosion and sediment flushing in the early
Triassic—which we attribute to cryptic degassing-driven greenhouse
conditions—enhanced microbial productivity in the oceans, delay-
ing recovery of corals and filter feeders after the end-Permian mass
extinction®. Suppressed mammalian diversification rates following
the end-Cretaceous extinction also occur onthe several Myr timescales
predicted by cryptic degassing’®>. How cryptic solid Earth degassing
combineswith other factorsincluding ecosystem dynamics and weath-
ering to shape climate during recovery intervals thus illuminates the
forces shaping diversification of life through Earth history.
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Methods

Reconstruction of volcanic and metamorphic CO, emissions
histories

The total carbon outgassing flux C,,..; from LIPs is given by:

Ctotal = Cco‘eruptive + Ccryptic (l)

Where the co-eruptive outgassing flux Ceo-eryprive iS @ combination of
CO, that exsolves from erupting magmas and CO, from intrusive mag-
mas (Cingrusive co-eruptive)» d€fined by the intrusive-to-extrusive ratio, and
from sedimentary rocks (Cpetamorphic.co-eruptive) N€ated by those magmas
that is released during eruptions (rather than during non-eruptive
intervals):

Cco-eruptive = Cyolcanic + Cmetamorphic,co‘eruptive + Cintrusive,co‘eruptive (2)

We define the cryptic CO, flux as the flux of CO, gas during surface
quiescence (that is, decoupled from surface eruptions), which could
in principle combine both CO, from intrusive magmas and CO, from
metamorphism:

Ccryptic = Cmetamorphic,cryptic + Cintrusive,cryptic (3)

Here we focus primarily on CO, from intrusive magmas as more
amenable to constraints from geodynamic modelling and mantle
geochemistry.

Todemonstrate theimportance of this final term, C¢ypic, forunder-
standing long-term surface climate evolution, we reconstructed CO,
emissions histories thataccount for all other terms (Fig. 2). Specifically,
wereconstructed (1) volcanic-only CO, emissions (Cyocanic) for each LIP,
(2) volcanic plus intrusive emissions (Cyoicanic + C,.¢) With an L:E ratio
ranging from 1:1t0 10:1, roughly the range of I:E ratios for continental
LIPs'*®and (3) volcanic CO, emissions plus a pulse of combined mantle
and metamorphic carbon release (Cygicanic + Cmetamorphic) @S proposed
for the Siberian Traps and NAIP**, All CO, reconstructions are givenin
Supplementary Table 1. For each of these scenarios, we consider uncer-
tainties in initial magmatic CO,. CO, and Ba partition similarly during
mantle melting and crystallization, and therefore CO,/Ba ratios have
beenappliedinarange of tectonic settings to estimate initial magmatic
CO, prior to degassing. Following the approach of ref. 37 for the Deccan
Traps, we use Ba concentrations from the highest MgO tholeiitic lavas
from each LIP (from Baffin Island picrites for NAIP¥’; from Gudchikh-
insky picrites from the Siberian Traps®®; from Steens lavas from the
CRB*’), which are assumed to be the least affected by crustal contami-
nation or complex crystallization histories. We consider both depleted
and more enriched CO,/Baratios from plume-associated magmas (that
is, CO,/Ba=48or CO,/Ba=130) and Baconcentrations from MgO-rich
magmas from each LIP to obtain lower and upper estimates for CO,
concentrations®®®?, These estimates of CO, concentrations are com-
bined with volume estimates for each formation toyield reconstructed
volcanic CO,release (Supplementary Fig.2 and Supplementary Table 1).
For the Siberian Traps, CRB and NAIP, we do not attempt to account for
evolving CO, through the course of LIP emplacement because insuf-
ficient constraints are available to do so rigorously, though we acknowl-
edge that mantle sources and melting conditions for individual
formations are likely to have varied, resulting in variations in CO,*.
As an initial approximation, we assume such variations in initial CO,
to be encapsulated within the range of parental CO, concentrations
we consider.

Unlike the CRB and Deccan Traps, the formation-level tempo
of lava emplacement in the Siberian Traps and NAIP is not well con-
strained. For the Siberian Traps, we therefore assume two phases of
lava emplacement separated by an extrusive hiatus, following the
chronology of ref. 64. For the NAIP, we similarly assume two phases of
lavaemplacement separated by alonger hiatus®, though the existence

of suchahiatus versus more continuous volcanic activity has recently
been called into question®. Additional geochronologic data would
further refine timelines of volcanic CO, release, in particular for the
NAIP and the Siberian Traps.

For scenariosincluding metamorphic degassing, we draw on pub-
lished estimates 0f10,200-12,200 Pg C during the PETM and two-phase
release 0f 96,000 Pg C during the end-Permian®*,

Palaeoclimate proxy records

Surface temperature variations since the latest Cretaceous (Fig. 1)
are based on the CENOGRID compilation of marine oxygen isotope
records. Surface temperatures are calculated from oxygen isotope
records using the methodology of ref. 66. Cenozoic CO, data are
drawn from compilations of seawater boron isotope records?*,
which provide a proxy for marine pH, which in turn depends on
atmospheric pCO,.

Permian-Triassic equatorial surface temperature variations
(Fig. 2d) are based on oxygen isotope measurements in conodonts
from South China. The age modelinref. 25 has beenadjusted toaccount
for the updated U-Pb zircon age of bed 27d of 251.88 Ma, consistent
withthe age modelinref.24. Supplementary Table 2 summarizes avail-
ability of palaeoclimate data and patterns of recovery for continental
LIPs of the past 260 Myr.

Crustal sequestration

Determining the proportion of exsolved CO, sequestered in the crust
through metamorphicreactionsis an active area of research. Indeed,
some evidence suggests that if carbonate-bearing crustal rocks are
present, magmatic fluids permeating through the crust can drive
decarbonation reactions, in which silica-saturated magmatic fluids
react with crustal carbonates toyield calc-silicates and CO,, potentially
adding an additional metamorphic CO, flux to the magmatic CO, flux
to the atmosphere®. In other words, it is possible reactive passage
through the crust may increase rather than decrease CO, fluxes to the
atmosphere. However, silica solubility decreases with increasing X,
in H,0-CO, fluids®, and therefore for the CO,-rich fluids considered
here, we expect thistobe a secondary effect. Overall, major questions
remain for the behaviour of volatiles as they pass through the crust.
However, available evidence suggests it is reasonable to assume the
majority of CO,reaches the atmosphere.

Mantle geodynamics modelling

We model plume ascent and melt generation using numerical geody-
namic models closely following Leitch and Davies®’, who considered
melt generation from a plume head that incorporates eclogite in addi-
tionto peridotite. The mantle is treated as an incompressible viscous
medium. We solve the equations describing conservation of mass,
momentum and energy under the Boussinesq approximationin cylin-
dricalaxisymmetric coordinates using conservative finite differences
with amarker-in-cellapproach’. The depth of the domainis 2,850 km
and the domain extends 1,000 km from the axis of symmetry. The cell
sizeis 7.5 km x 7.5 kmand we use 288 markers per cell. We use a simpli-
fied representation of mantle viscosity thatincludes temperature and
depth-dependence with the form

) w

Nmantle = 11(2) €Xp < RT,er

where E =300 k) mol™ is the activation energy, R is the universal
gas constant and T,.;=1,300 °C is the reference temperature. The
depth-dependence r7(z) assumes an upper mantle reference viscosity
of 5x 10" Pa-s and a 20-fold viscosity increase at 660 km depth.

We assume a mantle of initial uniform temperature 1,300 °C fol-
lowing prior work®’. The boundary layer from which the ascending
plume is generated contains 15% eclogitic material®>”! (uncertainty
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envelopes in Supplementary Fig. 1b,d show effects of varying this
proportion from 5to25%) and has atemperature structure described
by half-space cooling with acharacteristic thickness that varies linearly
from 150 km along the axis of symmetry to 112 km at the boundary of
the domain. The initial thermal structure of the lithosphere is pre-
scribed using a half-space cooling model defined by a characteristic
thickness of 60 or 90 km. We re-assimilate the thermal structure of
thelithosphere when melting begins to enforce the desired thickness
during LIP melting®.

Melting is computed for eclogite using laboratory-derived melt
curves’?, assuming that melt fraction varies linearly between the solidus
andliquidus® and adopting an upper mantle adiabat of 0.4 °C km™. We
compute and track melting on the Lagrangian markers/particles. The
total rate of melt generation is computed by numerical integration,
accounting for the axisymmetric geometry. In calculations of CO,
release, CO, is assumed to be perfectly incompatible during melting
and we therefore assume that when a parcel of mixed peridotite and
eclogite undergoes melting, CO, is completely extracted from both
lithologies. Following prior work, eclogitic mantle is assumed to con-
tain900-1,800 ppm CO, (ref. 71). Peridotiticupper mantle is assumed
to contain137-400 ppm CO,, based on measurements of undegassed
mid-ocean ridge melt inclusion suites’” and CO,/Ba ratios combined
with Ba concentrations in the convecting mantle’. These ranges in
mantle source CO,are used to define afirst-order uncertainty envelope
for cryptic degassing (Supplementary Fig.1).

Transcrustal magma transport modelling

LIPs represent an end-member of volcanism on Earth, producing
enormous eruptive episodes with no historic analogue. As in other
settings, crustal rheology probably exerts primary control on the
depth and stability of crustal magma reservoirs. With progressive
heating, the mechanical response of crustal rocks becomes increas-
ingly ductile, eventually inhibiting the build-up of deviatoric stresses
needed to drive dike formation. We model the impact of magmatic
heat on crustal rheology to determine the transition point to domi-
nantly ductile response; we consider this to indicate a transition
to intrusion-dominated magmatism and decoupling of surface
eruptions from continued mantle melting. LIP eruptions require
massive storage zones, although whether these storage zones form
single large ‘tanks’” or a distribution of smaller, syn-eruptively
mobilized intrusions’, remains a matter of debate. Cooling and
crystallization of a single large intrusion cannot explain the pro-
tracted multi-million-year duration of cryptic degassing required
to match palaeoclimate records: cooling time is roughly equivalent
toaconduction timescale based onintrusion thickness (-~ 0.8-3 Myr
for thickness of 5-10 km and diffusivity of 10 m?s™) even when
multicomponent melt fraction-temperature parameterizations
are accounted for. This cooling timescale provides one plausible
mechanism to explain the apparent lag between abrupt co-eruptive
warming and the broad, long-term warming we attribute to cryptic
degassing, underscoring this as an avenue for future investigation
with more sophisticated models that couple mantle melting, magma
chamber dynamics and degassing.

We solve a transient 1D conduction equation, modelling magma
transportas aslowly evolving volumetric heat source spread uniformly
over aregion spanning the mid to lower crust height L. We solve

oT 0’T

PCo—- tri kﬁ +H(z0), (5)

subject to prescribed surface temperature and mantle heat flow, where
p, cpand k are bulk density, specific heat capacity and thermal conduc-
tivity of the crustal volume. Flux of mantle melts into the volume Q(¢)
is assumed to comprise of a stochastic distribution of intrusions that
release sensible and latent heat according to

H(zt) = Q(O (

1+ tanh [10— )pe(cpAT+ L) )

With V = nR%L the assumed volume where quasi-continuous intrusions
occur (radius Rand height L), AT isthe average temperature difference
between liquidus magma and crust and L; is the latent heat of fusion.
¢ is a magmatic heating efficiency factor to account for unmodelled
mechanical energy dissipation and heat transport within the volume.
We take e = 0.01 based on spatially resolved simulations of stochastic
lower crustal intrusions”’, which demonstrate low overall conversion
of thermal energy to melting during distributed intrusion episodes.
We model temperature dependent crustal rheology through an
Arrheniuslaw ng. = A exp(‘—;)with Aand Bascaling constant (includes
activation energy and gas constant, taken fromref. 78), which defines
aMaxwell relaxation time tyepax = fcrus/G, With G = 10 GPa an effective
elastic modulus of the crust. A rheologic transition to ductile
domlnated deformation’ isassumed to occur when ; T — 110, where
Tstrain = Y is the characteristic recharge timescale formdlwdualmtru-
sionswithvolume v, = 500km?. To make the regime diagramin Fig. 3b,
we run a grid of transient heating simulations that solve equation (4)
with finite differences® spanning a range of intruded volume heights
L and (constant) mantle influx rates Q, ending the simulations when
I — 1attheshallowest pointin V. This timescale is coloured in Fig. 3b.
™" nreality, the parameter space for this problemis much larger than
Land Q—ingeneral one would need both to refine the thermomechanical
model for heat and mass transfer and the rheological model of crustal
rocks. However, deviatoric stress amplitude decreases as a doubly
exponential function of time*.. This makes the order of magnitude
timescales of rheological weakening fairly robust to parameter choices.

Climate-biogeochemical modelling
To capture the climate and carbon cycle response to LIP CO, release,
we use the SCION (Spatial Continuous IntegratiON) model®'. SCION
combines Earth’slong-term carbon, oxygen, sulfur and nutrient cycles
with a 3D steady state climate module to evaluate the processes that
control climate and Earth surface chemistry over deep time. Because it
hasaspatially resolved climate and continental surface, it can simulate
boththe CO,degassing from LIPs and the CO,removal throughsilicate
weathering over millions of years. Inaddition to the silicate weathering
feedback, SCION also responds to warming by increasing the global
weathering-derived delivery of terrestrial and marine nutrients, ulti-
mately resulting in burial of organic carbon and further drawdown of
CO,. Extensive documentation for the model, and the code, is freely
available at https://github.com/bjwmills/SCION. The model has been
tested over the Phanerozoic and produces areasonable fit to the broad
evolution of CO,, 8C_uonae aNd 8>*Syaee Proxy data over this time,
where & indicates per mil changes in carbon and sulfur isotope ratios
relative to the Pee Dee Belemnite and Vienna-Canyon Diablo Troilite
standards, respectively. SCION has previously been applied to the CRB
degassing and weathering, where it showed that replicating the mag-
nitude of global warming would require an additional degassing flux®*.
To quantify the possible cooling effect of these LIPs on global
climate through additional silicate weathering, we altered the SCION
modeltoincorporate the contribution of LIP rocks to the silicate weath-
ering cycle®. We used a published LIP database®*, which provides a
series of polygonsrepresenting estimated LIP extent at time of eruption
and an exponential decay equation, to describe how LIP area changes
through time. We reconstructed the LIP polygons using pyGPlates to
eachtimegrid of the SCION model and thenrasterized them onto a40
by 48 grid cell, such that they form a second palaeogeographic layer
of the same dimensions as the default palaeogeographic maps. Some
manual manipulation of these reconstructed grid cells was required.
In these LIP maps, each cell was initially (that is, at LIP emplacement
time) assigned a ‘1 if it was within a LIP footprint and a ‘0’ otherwise.
To account for the gradual erosion of LIPs through time, we use the
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reconstructed LIP age (thatis LIPemplacement time — SCION time grid)
to calculate the area decay using equations (7) and (8). The result of
these equationsisafractional number (0-1) representing the remaining
LIP areapresentineach cell based on their age. Thisnumberis used to
update the LIP-map values, such that each cell records the areal con-
tent of LIP material remaining based on its age. We use the following
equations fromref. 84:

Adecay =Ae™M 7)
log(2)
A= (8)
Ti/

With Abeing the original LIP area at time of emplacement; A, the decay
constant calculated in equation (6); ¢, time since emplacement (that
is, the age of the LIP at analysis time) and Ty, the calculated half-life
(=29 Ma) from ref. 84.

The model considers all land other than LIPs to be a silicate mix-
ture, which is seven times less weatherable than LIP material, a value
which reflects the roughly sevenfold more weatherable nature of
mafic LIP rock compared with typical continental crust®. As such,
the fractional LIP coverage value is multiplied by 7 to yield a value for
weathering from each grid square. This is in line with previous work
investigating LIP weathering via the SCION model®.

For most LIPs, weathering leads to modest coolingrelative to the
null case; this cooling is typically exceeded by warming due to CO,
release. In the case of the Ethiopian Traps, excess CO, emissions and
excess weathering of flood basalts nearly balance (Supplementary
Fig.3), leaving a minimal climate signal.

Akey uncertainty in the model comparisons to datain this paper
is SCION’s relatively low climate sensitivity, which is inherited from
the FOAM (Fast Ocean Atmosphere Model) climate model used to
produce the steady state climate datasets*. More modern GCMs typi-
cally have higher climate sensitivity®” and thus the SCION model might
produce more warming for agiven CO, inputif updated with climate
fields from these models. However, this would not by itself (that is, in
the absence of factors such as cryptic degassing) cause the model to
adequately match the surface temperature datasets in Fig. 2, which
show temperature to beincreasing or stable over long periods where
simulations with only co-eruptive degassing predict temperature
would be decreasing.

SCION predictions are compared with records of 8°C_,ponae iN
Supplementary Fig. 5. This comparison is limited by uncertainties in
the §C of magmatic outgassing and weathering fluxes®®* and the
array of factorsinfluencing carbon burial and the composition of that
carbon. It is therefore not surprising that SCION predictions display
substantial misfits with carbonisotope records. For example, the early
Triassic hosts multiple global swings in §*C, which are not reproduced
inthe model’. Specifically, mismatches in the structure of marine car-
bon isotope records during recovery may result from a combination
of fluctuating carbon burial or §°C of weathered or buried carbon’,
release of isotopically light carbon from metamorphism®* or chang-
ing photosynthetic fractionation factors, making such mismatches
difficulttointerpret. Changesin carbon burial—possibly driven by fluc-
tuations in marine productivity and oxygenation—have been proposed
following the end-Permian’, the end-Cretaceous’, the PETM’and the
MMCO®, The model 8°C_,,onace Predictions are generally closer to the
geologicalrecord when cryptic degassingis considered, compared to
whenitis not, due to elevated input rates of isotopically light carbon,
suggesting that overall cryptic degassing (among a suite of other fac-
torsinfluencing marine §C) is consistent with carbonisotope records.

Data availability

Palaeoclimate data are freely available from the references cited
within the text and are also available via Zenodo at https://doi.org/
10.5281/zenodo0.13713036 (ref. 91), alongside CO, and melt generation

envelopes, co-eruptive CO, reconstructions and SCION outputs. CO,
emissions histories are also provided in Supplementary Table 1.

Code availability

The ASPECT geodynamic model canbe downloaded at https://aspect.
geodynamics.org. The SCION modelis freely available at https://github.
com/bjwmills/SCION. The one-dimensional diffusion model used to
model magmatically induced crustal rheological shifts is freely avail-
able at https://github.com/leifkarlstrom/reverse_energy_cascade.
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