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6 

Temporal correlations between continental flood basalt eruptions and mass extinctions 7 

have long been recognized 1. Massive carbon degassing of Large Igneous Provinces can 8 

cause catastrophic global climatic and biotic perturbations 1–3.  However, recent high-9 

precision geochronology from the Deccan Traps 4,5 and the Columbia River Basalt Group 6 10 

challenges this causal link by showing that the major phase of flood basalts eruptions 11 

happened after the onset of global warming 7–9 by several hundred thousand years.  Here, 12 

we argue that major eruptions of continental flood basalts may require densification of the 13 

crust by intrusion of larger volumes of magma than are extruded.  Simple models show 14 

that magma crystallization and release of CO2 from such intrusions could produce global 15 

warming before the main phase of flood basalt eruptions on the observed timescale. Our 16 

model, consistent with geological, geophysical, geochemical and paleoclimate data, suggests 17 

that the evolving crustal density has a first-order control on timing of the major phase of 18 

continental flood basalt volcanism. Degassing of CO2 from LIP-related intrusions 19 

significantly affects Earth's climate and habitability.  20 



Introduction 21 

	 By	far	Earth’s	largest	volcanic	eruptions	occur	during	the	formation	of	continental	22 

flood	basalts	that	define	the	surface	extent	of	Large	Igneous	Provinces	(LIPs).	Major	LIPs	23 

typically	extrude	more	than	106	km3	of	magma	within	1	million	years	2.	Estimates of carbon 24 

dioxide (CO2) concentrations in primitive LIP magma vary from 0.1 to ~2 weight percent 10, so 25 

that extrusions of a LIP could release as much as 6 x1016 Kg of CO2. Such fluxes are enough to 26 

significantly warm Earth’s climate 7. The emplacement of LIPs are widely recognized to be 27 

coeval with climate changes and mass extinctions events 1. These temporal correlations support 28 

the idea that flood basalt eruptions releasing massive amounts of greenhouse gases may cause 29 

climatic excursions and biotic crises.   30 

 Recent studies indicate that for at least two LIPs global warming began several hundred 31 

thousand years before the onset of the bulk of volcanism. For the Deccan traps, one of the largest 32 

LIPs, new data suggests that 73% of the flood basalts 4,5,11 were emplaced ~360 kyr after the 33 

onset of an average 2 oC global warming and before the Cretaceous-Paleogene (K/Pg) boundary 7 34 

(Fig. 1a).  For the Columbia River Basalt Group (CRBG), volcanic CO2 release is a possible 35 

cause of the global warming and ice sheet melting during the Miocene Climate Optimum (MCO; 36 

17-14.7 Ma) 12. However, recent basalt chronology data 6 indicates that 95% of the CRBG was 37 

erupted after 16.7 Ma, ~300 kyr after the onset of MCO 8,9 (Fig. 1b). The new data for both the 38 

Deccan Traps and the CRBG undermines the hypothetical causal link between LIP volcanism 39 

and global warming.   40 



 41 

Fig 1.  Global temperature variations within 1000 kyr of the approximate onset of the main volcanic phases of 42 

the Deccan Traps 4,5 and Columbia River Basalt Group 6 LIPs.  Black lines result from low-pass filtering of the 43 

blue dots 𝛿"#𝑂 data and estimated temperature variations with time 7–9. The age of onset and ending of the main 44 

Deccan volcanic phase for two basalt dating methods are indicated by the pairs of vertical dashed lines.  Vertical 45 

arrows indicate that the onset of global warming for each case precedes the main volcanic phase by ~ 300 kyr. 46 

Details of the age models and temperature estimates are described in the supplement. 47 

Volcanoes are pathways for magma to reach Earth’s surface, but for many volcanoes 48 

more magma is intruded than is erupted 13–15. For continental LIPs, geophysical data indicates 49 

that from 3 to 16 times more magma is intruded as is extruded 2,16,17.  For example, below the 50 
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Deccan Traps and the CRBG higher-than-normal seismic velocities may indicate voluminous 51 

mafic crustal intrusions 18–20.  Geochemical studies of the CRBG also indicate up to 85% of total 52 

magma volume was emplaced within the crust 21. 53 

Crystallization releases nearly all carbon dioxide dissolved in basaltic magma 22,23. Gas 54 

released from solidifying intruded magma should traverse the overlying crust through fractures, 55 

faults and hydrothermal vents 24, as inferred for Yellowstone 25 or the East African Rift 26. Thus, 56 

the intrusion and solidification of millions of cubic kilometers of basaltic LIP magma would 57 

release far more CO2 than released by extrusion.  If the intrusion precedes extrusion it would 58 

explain the pattern of global warming preceding LIP surface flows.  59 

Geochemical studies indicate that mantle-derived magma resides for thousands of years 60 

in transcrustal magmatic systems before it extrudes 27. For extrusion, the pressure in such magma 61 

reservoirs must be greater than the hydrostatic pressure at the base of a column of magma from 62 

the surface to the reservoirs.  The long-term average pressure in a magma reservoir should equal 63 

the lithostatic pressure (the average density of the overlying crust times the acceleration of 64 

gravity and the depth below the surface).  Magma reservoirs can be ‘overpressured’ relative to 65 

lithostatic pressure, but it is difficult to maintain overpressure if magma reservoirs are large 66 

and/or are surrounded by low viscosity crust 28,29.  For many LIPs crustal intrusions are thought 67 

to be very large, with lateral dimensions up to ~103 kilometers 17,20,30 so that overpressures 68 

should be negligible. Thus, large flood basalt extrusions may only happen when the average 69 

overburden density is greater than the magma density.  70 

Particularly clear evidence for the importance of crustal density in controlling eruptions 71 

comes from plate spreading centers. Constraints on the depth of axial magma chambers (AMCs) 72 

and the crustal density structure at oceanic spreading centers are superior to those for continental 73 



magma bodies due to the greater resolving power of marine seismic methods.  AMCs are fairly 74 

small (~1 km wide) and are seen to lie at or below the depth where the average overburden 75 

density equals magma density, a depth that is termed the ‘level of eruptibility’ 31,32.   76 

Continental crustal density generally increases with depth and so the average density of 77 

overburden also increases with depth. Figure 2a shows the average seismic compressional wave 78 

velocities in continental crust with depth based on global seismic experiments 33. Assuming a 79 

standard relation between seismic velocity and density for crustal rocks at different depths 33, we 80 

infer the average crustal density structure based on the seismic velocities.  Upper continental 81 

crust is composed of felsic rocks rich in low density minerals like quartz and feldspar while the 82 

lowermost crust is less felsic and so denser.  Assuming a typical basaltic magma density of 2800 83 

kg m-3 and a crustal density structure shown in Fig. 2a there should be enough pressure for 84 

eruptions only if the magma is sourced from reservoirs like sills that are deeper than the level of 85 

eruptibility at 27 km (Fig. 2b red). For sills at shallower depths (Fig. 2b blue) the magma should 86 

not reach the surface even with an open conduit to the surface. 87 



                               88 

Fig. 2 | Illustrations of relations between seismic velocities, densities and pressures in typical continental crust 89 

(a,b) and the crust under part of the Deccan LIP (c,d).   a, shows average continental P-wave velocity (dashed) 90 

from ref 33 with density assuming a linear relation between velocity and density. Solid lines show densities assumed 91 

in the model.  Magma density is from ref. 34. b, black line shows lithostatic pressure for the density structure given 92 

by solid line in a.  Red line shows static pressure in a column of magma just reaching the surface while blue shows 93 

the same for a column of magma with lithostatic pressure at 15 km depth. c, P-wave velocity and density profiles 94 

beneath Deccan Traps are converted from refs. 18,19 using a Vs to Vp relationship (ref. 35). d, Purple line shows 95 

lithostatic pressure for the purple density from c.  Blue line shows that for densified crust a sill as shallow as 15 km 96 

depth can supply eruptions. Schematic pressure is shown so the difference between lithostatic pressure and magma 97 

pressure is visible.   98 
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Seismic velocities and densities beneath several LIPs are significantly higher than for 99 

typical continental crust. Figure 2c shows estimated compressional wave velocities based on a 100 

profile of crustal shear velocities beneath Deccan Traps 18,19,35.  Applying a standard velocity to 101 

density conversion33, we find that the densities of the upper crust are markedly greater than that 102 

of average crust (Fig. 2c).  Such an upper crustal density structure means that magma from sills 103 

as shallow as ~10 km should be able to erupt.  The denser crust of LIPs is likely due to basaltic 104 

crustal intrusions 18,19 . 105 

We suggest that crustal densification due to voluminous magma intrusion and 106 

solidification is necessary to allow extrusion of continental flood basalts. The massive magma 107 

flux for a LIP is thought to originate in active upwellings of hotter-than-normal mantle 36.  Partial 108 

melting occurs as mantle rises and pressure decreases.  The short duration of LIP magmatic 109 

events indicates that the plume-induced melt flux increases and then decreases on a time scale 110 

shorter than a few million years.  The heat from the magma enables an intruded sill to heat up the 111 

overlying crust and allows rapid decrease in the intrusion depth during the phase of flux increase. 112 

As the melt flux wanes the crust above a sill should cool and the sill intrusion depth deepens.  113 

Through this shallowing and deepening cycle, dense solidified mafic intrusions are emplaced 114 

into the crust, shifting the level of eruptibility.  115 

Precise controls on sill opening depths are controversial, but temperature structure is 116 

almost certain to be a critical factor. Temperature affects the strength of rocks that must be 117 

deformed to allow opening.  Temperature structure also controls the rate of cooling of magma in 118 

sills.  Both effects mean that the hotter the crust, the shallower the minimum depth of sill 119 

opening.  Analytic relations between the heat released from intrusion and the steady-state 120 

temperature structure of the crust, described in the Methods, show that reasonable magma flux 121 



variations can produce the kinds of changes in sill depth required to cause extrusion late in the 122 

emplacement of a LIP.   123 

Because crustal thermal structure does not respond instantaneously to changes in 124 

magmatic heat input, we need a time-dependent model that includes diffusion and advection of 125 

heat as well as reasonable assumptions about controls on sill depth.  The key question to test is 126 

whether a model can produce a major phase of extrusion starting a few hundred thousand years 127 

after the onset of detectable global warming that is caused by the CO2 degassed from the 128 

preceding crustal magma intrusions.    129 

Here we discuss a numerical model that builds on a recent ‘multi-sill’ approach 37. The 130 

model assumes that Moho level magma reservoirs 28 feed crustal sill intrusions. A new feature of 131 

our model is that it explicitly determines the depth of each sill intrusion based on how earlier 132 

sills change the thermal and compositional structure of the crust. The onset of a shift of LIP 133 

magma emplacement from mostly intrusion to mostly large volume eruptions is assumed to be 134 

established when two necessary conditions are met: first, the overburden of an active sill is on 135 

average denser than melt; second, the upward migrating magma from the Moho-level reservoir 136 

and the active sill is not intruded laterally before reaching the surface. The model also assumes 137 

that the magma flux follows a Gaussian function in time and that magma solidifies shortly after 138 

emplacement. This solidification releases most CO2 dissolved in the magma into the atmosphere.  139 

A standard Long-term Ocean-atmosphere-Sediment CArbon cycle Reservoir Model (LOSCAR) 140 

38 is used to compute the effect of this CO2 flux on global temperatures (see Methods for details).  141 

Results 142 

The crustal magma sill intrusion system develops in four stages as illustrated in Fig. 3. At 143 

stage one, the first sills are intruded into the mid-crust, warming the country rock and densifying 144 



the intruded region. As the melt supply increases, sills intrude at progressively shallower depths. 145 

The average density of the overburden of the intruding sills remains less than the magma density, 146 

so there are no major eruptions. Meanwhile, CO2 exsolves from the cooling and solidifying melt 147 

and is added to the atmosphere.  148 

Between stages one and two, a series of sills are emplaced upwards between ‘sill 1’ and 149 

‘sill 2’ as melt flux increases. Significant heat is added to the crust at regions with sill intrusions. 150 

Again, there is no eruption at this time as the average density of the overburden is still less than 151 

that of magma.  At stage three, as a series of sills are intruded into the mid-to-upper crust, 152 

hydrothermal circulation that transports heat to the surface increases its vigor due to the higher 153 

thermal gradient and permeability resulting from fractures induced by sill intrusions. However, 154 

the magma flux begins to decrease. Sill intrusions cannot exist shallower than the depth where 155 

heat lost to the surface is sustained by heat input from sill intrusions. Still no eruptions occur 156 

because the density of magma is still greater than the depth-averaged density of crust above the 157 

intruding sill. 158 

  After several hundred thousand years of intrusion, the magma supply wanes while 159 

hydrothermal circulation is still vigorous. The intruded upper crust cools, solidifies and becomes 160 

denser and stronger. The resistance to sill intrusion increases at shallow depths. At this point 161 

(stage four), sills intrude deeper into the hotter and weaker crust (Fig.3 ‘sill 4’). The average 162 

overburden density is now higher than that of fluid magma. With the densified and stronger crust 163 

preventing lateral intrusions above the active sill, magma from the intruding sill can directly 164 

erupt to the surface. 165 



 166 

Fig. 3 | One dimensional thermo-mechanical model results showing the changes in crustal temperatures and 167 

densities due to evolving sill intrusions.  𝑍&' is intrusion depth, 𝐹) is magma flux, 𝜌+,---- is average density of the 168 

overburden and 𝜌) is magma density.  The numbers 1 to 4 correspond to the stages of the system developments 169 

described in the text. 170 



The time lag between the onset of predicted warming and the main extrusive phase 171 

depends on several model parameters, including: the magma flux through time; the radius of 172 

magma sills; the initial thermal, compositional and density structures of the crust and the 173 

efficiency of hydrothermal heat transport in the shallow crust.  Without assuming vigorous 174 

effective hydrothermal cooling of the shallow crust, the modeled time lag between intrusive and 175 

extrusive onsets is longer than observed. Figure 4abc show results from one model run that 176 

predicts a global warming signal similar to that seen for the Deccan Traps. The coupled 177 

LOSCAR model indicates that the intrusive CO2 initiates a ~2 degrees global warming ~300 kyr 178 

before the major phase of LIP volcanism. By lowering the maximum intrusion flux from 15 to 10 179 

cm/yr, increasing the upper crustal thermal gradient by 5 K/km and increasing the rate of 180 

advective cooling by 20%, Figure 4def show results that fit the CRBG and MCO case.  181 
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Fig. 4 | Time series of modeled global temperature variations and onsets of main-phase eruptions of Deccan 183 

Traps (abc) and CRBG (def). a,d sill intrusion depth and the timing of transition from mostly intrusion to major 184 

phase of extrusion, predicted by the thermo-mechanical model described in the Methods, given the indicated melt 185 

flux with time. CRBG case (d) has a lower peak flux of 10 cm/yr b,e, global averaged atmospheric CO2 186 

concentration with time predicted by the LOSCAR climate model. c,f global temperature change predicted by the 187 

LOSCAR model on top of climate data (Fig.1) and with the modeled timing of onsets of main-phase eruptions. 188 

Discussion 189 

Our model suggests that intrusion-induced densification of the continental crust may be 190 

necessary for large-scale flood basalt eruptions. Massive CO2 degassing from the solidifying 191 

intrusions can cause global warming. This provides an explanation for the decoupled climate 192 

signal and flood basalt flux. It could also help explain why the main phase of several mass 193 

extinctions predates the onset of their related LIP eruptions 39.  194 

Several observations support our model.  A key assumption that CO2 exsolves at depth as 195 

magma crystalizes is supported by recent melt inclusion studies of LIP lavas which indicates 196 

mid-to-lower crustal exsolution of abundant CO2 23,40. Another requirement of the model is that 197 

magma sill intrusions should migrate upwards and downwards within several hundred thousand 198 

years to densify the crust and induce the state shift 41 of magma emplacements.  That even 199 

modest sized mantle plumes can produce shallow magma emplacement is evidenced by seismic 200 

data indicating a large volume of partially molten crust less than 10 km below Yellowstone, 201 

where high heat flux, up to 2000 mWm-2, is also reported 25.   202 

Petrological and geochemical constraints, though not formally considered in the model, 203 

appear broadly consistent with our results. Analysis of the lavas of the Deccan Traps, the CRBG 204 

and some other LIPs reveal common trends of decreasing crustal contamination with time 11,21,41–
205 

45. We speculate that the earlier lavas were sourced from crustal sills where mantle melt mixed 206 



with continental crust, showing higher degrees of crustal contamination.  In contrast, the main 207 

phase of volcanism was largely sourced directly from the deeper mantle melt reservoir, from 208 

which the magma traversed the densified and strengthened crust relatively rapidly without much 209 

interaction and hence having a stronger mantle signature 11,45.  210 

Many previous studies assume the main climatic effect of LIPs results from the carbon 211 

dioxide liberated by surface lava flows.  Because the volume of CO2 released directly from such 212 

flood basalts may be less than is needed to produce observed increases in global temperatures, 213 

several groups invoke sources of extra carbon including ‘cryptic’ degassing 46 either by sill 214 

intrusion heating of carbon-rich sedimentary strata 24 or by a carbon-rich plume melting and 215 

releasing CO2 deep in the mantle 47.  However, besides requiring high carbon concentrations, 216 

these models either have not quantified the climatic response of the CO2 release or do not explain 217 

the time lag between the global warming and the major eruption phase. As noted earlier, the 218 

volume of magma intruded deep in the crust during LIP formation may be an order of magnitude 219 

greater than that reaching the surface.  Thus, the CO2 released from those deep intrusions may be 220 

the main driver of the observed global warming and associated extinction events.   221 

Magmatic processes are undeniably far more complex than the crude models considered 222 

here. The detailed processes of cooling, solidification and CO2 degassing from large-scale crustal 223 

magma intrusions and mechanism for controlling eruption tempo of a LIP are beyond the scope 224 

of this study. We do not intend to fit the climate and extrusive data with our simple model. We 225 

merely try to provide a simple, physically-based model to show that reasonable changes in the 226 

thermal and density structures of the crust during massive magmatic events could lead to most 227 

intrusion happening before the major phase of continental flood basalt extrusions.  Our results 228 



support the idea that CO2 from LIP intrusives is one of the main drivers of the rapid climate 229 

changes causing mass extinctions. 230 

  231 
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Methods 346 

To consider the timing between flood-basalt volcanism and global climate response due 347 

to emplacement of a Large Igneous Province (LIP), we develop two versions of a thermo-348 

mechanical sill intrusion model. For a given variable magma flux with initial crustal thermal, 349 

density and compositional structures, these models estimate temporal changes of the density and 350 

thermal structure of continental crust.  These changes govern the predicted onset of the major 351 

phase of flood basalt volcanism.  The model CO2 degassing flux is then used as an input variable 352 

to the Long-term Ocean-atmosphere-Sediment CArbon cycle Reservoir Model (LOSCAR) 38,48 353 

for its climatic response.  354 

As described in the main text, a key assumption of the model is that the initiation of the 355 

major phase of flood basalt volcanism is declared when two conditions are met: first, the 356 

overburden of an active sill is on average denser than melt; second, the upward migrating magma 357 

from the shallowest active sill is not intruded laterally before reaching the surface. The first 358 

condition is determined by the crustal density structure and the depth of the intruding sill and the 359 

second condition is controlled by the thermo-mechanical state of the crust.   360 

A sill intrusion of basaltic magma into continental crust affects both the thermo-361 

mechanical state and density structure of the crust, which further affects where the following sill 362 

intrusions are most likely to happen and whether the two necessary conditions are met for large-363 

scale flood basalt eruptions to occur. Here we first give details of a simplified analytic model and 364 

then a more complex multi-sill model that treat such intrusion-related crustal changes.  The 365 

purpose of these models is to assess whether a model with reasonable assumptions and parameter 366 

values can produce significant magma intrusion followed by flood basalt eruption several 367 

hundred thousand years later.  A key output is the predicted time lag between the onset of 368 



significant global warming signal related to CO2 release from solidifying magma intrusion and 369 

the onset of major phase of flood basalt extrusion.  Before describing the simplified analytic 370 

model and the more complex multi-sill model we describe the assumptions and parameter values 371 

common to both approaches. 372 

 373 

Common Model Features 374 

One-dimensional Thermal Model 375 

We treat crustal magma emplacement as numerous discrete basaltic sill intrusions similar 376 

to previous models 37,49. We assume that each magma sill is emplaced instantly at its liquidus 377 

temperature and only account for the vertical transfer of heat, mass and stress. The assumption of 378 

instant emplacement is reasonable because thermal diffusion is much slower than the 379 

propagation of a sill intrusion. Only considering the changes in vertical 𝑧-axis direction is 380 

justifiable when a sill has a lateral dimension much larger than its thickness and depth so that the 381 

lateral heat transport is negligible.  This wide but thin geometry of sills also allows us to neglect 382 

flexural response due to the loads of intrusions, which is small when compared to vertical 383 

movement of isostatic adjustment. The initial crustal thickness is taken to be close to the global 384 

average of 40 km 33.  The surface is always kept at 0 ℃.  Convection of water through pore 385 

spaces in the shallow crust is considered to enhance heat transfer and we follow other workers 386 

(refs. 50,51) who approximate this effect by taking the effective conductivity of the crust to be 387 

multiplied by a factor 𝑁𝑢 (after the Nusselt number for steady-state convection).   388 

  The evolution of temperatures with depth and time t are described by the one-389 

dimensional heat equation: 390 

𝜕𝑇(𝑧, 𝑡)
𝜕𝑡 = 𝑁𝑢(𝑧, 𝑡)𝜅 𝜕

:𝑇
𝜕𝑧: − 𝑣(𝑡)

𝜕𝑇
𝜕𝑧 +

𝐻)
𝜌(𝑧)𝐶@ 	 (1) 391 



where 𝑇(𝑧, 𝑡) is temperature as a function of depth 𝑧 (positive downward) and time 𝑡, 𝑁𝑢(𝑧, 𝑡) is 392 

a dimensionless pre-factor describing enhanced heat transfer efficiency as a function of depth 𝑧 393 

and time 𝑡, thermal diffusivity 𝜅 = 10DE	[𝑚: 𝑠⁄ ]	, 𝑣(𝑡) is the downward advection velocity of 394 

crust beneath the intruding sill and is equal to the sill thickening rate 𝐹)(𝑡) which is also the 395 

magma supply flux per unit area. 𝐻) with a unit of [𝑊 𝑚L⁄ ]	is the heat liberation or storage rate 396 

which accounts for heat liberated on cooling and solidification of basaltic melt and heat stored on 397 

melting of solid basalt. 𝜌(𝑧) is density and 𝐶@ = 1400	[𝐽/(𝑘𝑔 ∙ 𝐾)] is specific heat. The magma 398 

in sills is assumed to solidify shortly after emplacement as the time scale for thermal diffusion of 399 

a hundred-meters-thick sill is two orders of magnitude shorter than the observed time lag 400 

between onsets of warming and eruption. Here, for simplicity, we ignore the crustal radiogenic 401 

heat production.  402 

Assumed Magma Flux 403 

The flux of magma added to the crust is taken to vary in time according to a Gaussian 404 

function with a constant tail: 405 

𝐹)(t) = UF)W exp	(− (𝑡 − 𝑡W): 2𝑐:⁄ ), t < 𝑡"
F)" , t ≥ 𝑡" (2) 406 

where F)W 		is the maximum flux at time 𝑡W and F)"  is the constant flux after time 𝑡" when t > 𝑡W 407 

and F)W exp(− (𝑡" − 𝑡W): 2𝑐:⁄ ) = F)" , 𝑐 controls the width in time of the Gaussian function. 408 

F)W exp(− (𝑡 − 𝑡W): 2𝑐:⁄ ) represents the crustal magma intrusion flux being generated by a 409 

mantle plume head and F)"  represents a plume tail induced magma flux.  In our one-dimensional 410 

treatment the flux has units of volume flux/area ([m/s]).  411 

Assuming a radius R of the circular disk-like sill intrusions, the volume flux of magma 412 

intrusion is then easily calculated as 𝑉)(𝑡) = 𝐹)(t)𝜋𝑅:. 𝑅 is assumed to be 1000 times of the 413 



thickness of the sills emplaced during one modeled intrusion episode. Studies on concentrations 414 

of Ba and Nb in picrites suggest a 0.1~2 weight percent (wt%) of CO2 concentration in the 415 

original mantle derived magma 52,53 and we here assume this concentration to be 1.5 wt% for the 416 

multi-sill model and 1.2 wt% for the analytic model, with degassing efficiencies of 55% for 417 

intrusion and 70% for extrusion 10,54, depending on the timing of declaration of main phase of 418 

flood basalt eruptions, the model results in a time series of CO2 outgassing flux (Fig. 4b). The 419 

modeled CO2 outgassing flux is then used as an input into a multi-box long-term carbon cycle 420 

and climatic response model described below. 421 

The initial density structure of continental crust 𝜌c(𝑧, 𝑡 = 0) is simplified according to ref. 422 

33 with a linear fit that increases from 2650	𝑘𝑔/𝑚L at the surface to 3100	𝑘𝑔/𝑚L at the Moho at 423 

𝐿h = 40	km (Fig. 2b). The crustal density structure 𝜌c(𝑧, 𝑡) changes with intrusions of fluid 424 

magma of 2800	𝑘𝑔/𝑚L which increases to a depth dependent density 𝜌j(𝑧) = 2900 +425 

200 × ( mno) 𝑘𝑔/𝑚L for solidified basalt (Fig. 3).  426 

LOSCAR climate model 427 

 We use the Long-term Ocean-Sediment CArbon Reservoir model (LOSCAR), v 2.0.4.3 428 

38,48 to simulate the global temperature response to the CO2 outgassing during LIP emplacement. 429 

Our model setup and parameters follows that of refs. 7,55 for the Deccan Traps case and ref 46 for 430 

the CRBG-MCO case.  Specifically, we set [Mg2+] = 42 (46 for CRBG-MCO) mmol/kg and 431 

[Ca2+] = 21 (14.8 for CRBG-MCO) mmol/kg as equilibrium constants for carbonate chemistry 432 

calculations for K/Pg seawater. Sediment depth resolution was divided with the standard 500 m 433 

interval rather than the previously used more finely subdivided 100 m depth intervals because 434 

both show similar results but the models with a finer resolution take more than twenty times 435 

longer. The exponential constant (𝑛j&) used in the silicate weathering feedback equation was 0.6 436 



(0.2 for CRBG-MCO) following refs. 7,46,55. A pre-event baseline pCO2 of 600 (280 for CRBG-437 

MCO) ppm was used after refs. 7,55 by restarting the model with pre-calculated steady state model 438 

parameters. The calculated global temperature response due to CO2 outgassing from the LIP 439 

emplacement is presented in Fig. 4ef of the main text. Note that exact curve fitting of the global 440 

temperature could be possible but is not the point of this study, rather, we here try to demonstrate 441 

quantitatively with reasonable and well-studied controlling parameters that our coupled sill 442 

intrusion and LOSCAR models are capable of predicting similar patterns of climate and LIP 443 

behaviors when compared to the observations. 444 

Analytic sill intrusion model 445 

 To demonstrate the plausibility of our conceptual model for significant intrusion before 446 

continental flood basalt extrusion we first consider a simplified analytic version based on a 447 

balance of thermal energy.  The temperature structure of the crust above intruding sills is 448 

assumed to reach steady state (𝜕𝑇(𝑧, 𝑡)/𝜕𝑡 = 0) immediately with the changes of magma supply 449 

flux. This is purely for the sake of analytic simplification and induces inaccuracy in time for 450 

temperature changes, which is treated more realistically in the multi-sill model described later. 451 

For this approach the domain of interest is between the surface and the top of an intruding sill so 452 

we neglect effects of downward crustal advection beneath the intruding sill (𝑣 = 0). Over this 453 

domain, we only consider the liberation of heat (𝐻) (𝜌(𝑧)𝐶@)⁄ ) from the sill as a bottom heat 454 

flux boundary condition and temperature correlates linearly with depth. The thermal equation 1 455 

is then simplified to: 456 

𝑁𝑢(𝑧, 𝑡)𝜅 𝜕
:𝑇
𝜕𝑧: = 	0 (3) 457 

Integrating equation 3 with respect to depth z and assuming that at the bottom boundary the heat 458 

flux (𝑄j&rr) is sourced from the cooled and solidified sill with a constant 𝑁𝑢 yields: 459 



𝑁𝑢 × 𝑘 𝜕𝑇𝜕𝑧 = 	𝑄j&rr (4) 460 

Where 𝑘 = 𝜅𝜌s𝐶@ = 3.3	[W 𝑚𝐾⁄ ]	is the constant thermal conductivity of crustal rocks. The heat 461 

flux coming from the sill is taken to be: 462 

𝑄j&rr = 𝐹)(𝑡) × 𝜌sv𝐿 + (𝑇r − 𝑇j)𝐶@w (5) 463 

where 𝜌s = 2800[𝑘𝑔/𝑚L] is the density of the fluid magma and 𝐿 = 4 × 10x	[𝐽 𝑘𝑔⁄ ] is the 464 

latent heat of solidification, 𝑇j = 1000	℃ is the magma solidus and 𝑇r = 1200	℃ is the magma 465 

liquidus.  Applying a top boundary condition of 𝑇(0, 𝑡) = 0	℃ and a moving bottom boundary 466 

condition of 𝑇(𝑍&', 𝑡) = 𝑇j where 𝑍&' is the evolving sill intrusion depth, we have a thermal 467 

gradient of 𝜕𝑇 𝜕𝑧⁄ = (𝑇j − 𝑇(0, 𝑡))	/𝑍&', which is plugged into equation 4 and 5 to determine 468 

the intrusion depth as: 469 

𝑍&' =	 𝑁𝑢 × 𝑘 × 𝑇j
𝐹)𝜌sv𝐿 + (𝑇r − 𝑇j)𝐶@w (6) 470 

For the example used here we assume the plume head is controlled by 𝐹)W =471 

15	cm/yr, 	𝑡W = 170 kyrs and 𝑐 = 210~2 𝜋⁄  kyrs followed by a plume tail of constant F)" =472 

6		cm/yr thickening rate.  Extended Data Fig. 1a shows this example flux-time curve and 473 

Extended Data Fig. 1b shows the resulting variation of the intrusion depth given by equation 6.   474 

This sill intrusion depth along with the density structure and an assumed critical overpressure for 475 

initiation of eruptions ∆𝑃c = 10 MPa 13,56,57, determines whether magma can extrude subaerially 476 

or is intruded within the crust.  We also assume that deepening of sill intrusions is taken to imply 477 

replacement of felsic continental crust with denser basaltic rocks.  This densification of the crust 478 

then affects the depth where magma in a sill can be erupted which is termed as ‘level of 479 

eruptibility’ (see main text). For extrusion to occur there has to be enough pressure in the magma 480 

sill to drive the magma to the surface. We assume that the pressure in the magma sill is just the 481 



overburden pressure: 482 

𝑃��(𝑍&', 𝑡) = � 𝜌c(𝑧, 𝑡)𝑔	𝑑𝑧
���

W
(7) 483 

where 𝜌c(𝑧, 𝑡) is the crustal density profile. We determine the magma eruptibility by whether the 484 

magma pressure head 𝑃�(𝑧, 𝑡) at the surface (𝑧 = 0) is larger than ∆𝑃c when sourced from the 485 

intruding sill at depth 𝑍&', where  486 

𝑃�(0, 𝑡) = 𝑃��(𝑍&', 𝑡) −	𝜌s𝑔	𝑍&'	 (8) 487 

and this is equivalent to whether the overburden of the intruding sill is on average denser than 488 

fluid magma to an extent that: 489 

�̅�+, > 𝜌s + ∆𝑃c/𝑔𝑍&' (9) 490 

Where �̅�+, is the average overburden density.  491 

Flood basalt eruptions then could happen in two ways.  If the initial sills are deeper than 492 

the level of eruptibility then the condition is met so extrusion could occur. This might only 493 

happen when the initial magma flux is low and the intrusion is deep. Alternatively, a sill can 494 

move up to a depth much shallower than the level of eruptibility and then move downward as 495 

mafic magma in the sill cools and crystallizes.  The sill intrusion moves downward as the flux of 496 

magma wanes and so the heat released by the magma decreases (as indicated in Extended Data 497 

Fig. 1b). We assume that as the sill moves down it leaves behind intrusions with the density of 498 

solid basalt (𝜌j(𝑧)).  Now the overburden will be a mix of initial low-density felsic crust and 499 

higher density solidified basalt.  For a linear increase of initial crustal density with depth (Fig. 2a) 500 

eruption can happen if: 501 

𝑍&' ≥ [𝜌j(𝑍&')) + 𝜌j(𝑍&') − 𝜌c(0) − 𝜌c(𝑍&'))] × 𝑍&') + 2∆𝑃c/𝑔
𝜌j(𝑍&')) + 𝜌j(𝑍&') − 2𝜌s (10) 502 



where 𝑍&') =	 ��×�×��
��� ��vn�(��D��)��w  is the minimum depth of the sill intrusions.  When this 503 

condition is met the magma pressure head at the surface is greater than ∆𝑃c, the critical pressure 504 

for initiating an eruption.  Extended Data Fig. 1c shows how magma pressure head varies in time. 505 

Once the timing of the onset of eruptions is determined, the model predicts a CO2 degassing flux 506 

given the assumed magma concentration and degassing efficiencies. Using the CO2 degassing 507 

flux as an input for the LOSCAR model we can calculate the global averaged atmospheric CO2 508 

concentration (Extended Data Fig. 1d) and temperature changes (Extended Data Fig. 1e) with 509 

time relative to the K/Pg boundary.  510 

Multi-sill intrusion model 511 

Our multi-sill intrusion model builds upon previous numerical studies on the genesis and 512 

evolution of evolved crustal magmas 37,49. By accounting for heat transfer and mass advection 513 

during repetitive sill intrusions, such models can quantify changes in melt fraction and chemical 514 

compositions of the mantle plume induced magma that intrudes into the crust and mixes with 515 

crustal melts. As we are concerned with magma eruptibility rather than the chemical evolution of 516 

the system, our approach neglects chemical reactions of the magma and country rock.  We focus 517 

on how changes in crustal temperature and composition structures control the depth of sill 518 

intrusions and the density structure of the crust. 519 

We argue in the main text that the depth of sill intrusion is important for determining 520 

whether magma is emplaced as intrusions or eruptions.  Some studies assume an initial intrusion 521 

depth and that subsequent sills are emplaced over, under or within the earlier sills 37,49. Other 522 

studies treat sill intrusion depths through time as stochastic processes 58,59.  As noted below, there 523 

is considerable evidence that the thermal structure of the crust has a large influence on the depth 524 

of sill intrusion.  It is also clear that sill intrusion alters the crustal temperature structure and so 525 



can lead to an evolution of sill intrusion depths.  Because crustal thermal structure does not 526 

respond instantaneously to changes in magmatic heat input, we derive a time dependent model 527 

that includes diffusion and advection of heat as described by equation 1. Before describing that 528 

model, we briefly review some recent studies of sill intrusion.  529 

One of the most discussed ideas about sill opening depth is that magmatic sills form at 530 

the ‘level of neutral buoyancy’ (LNB) 60. This model assumes that crustal density increases with 531 

depth and that magma pools at the LNB where the country rock density equals the magma 532 

density.  This works in analog laboratory models only if the ‘crustal’ material has negligible 533 

strength. However, many observations are at odds with the LNB concept (see 61,62 and references 534 

therein). For example, this idea was tested by Hooft and Detrick 31 at mid-ocean ridges where 535 

seismic observations are of sufficient quality to determine the density structure above the magma 536 

filled sills. They showed that the sills were located deeper than the LNB and they suggested that 537 

the strength of cold crust may be important. Some other studies imaged sill intrusions within 538 

lower density sedimentary basins which situate shallower than the LNB (e.g. 63 and references 539 

therein).  540 

Some previous workers focus on the effects of mechanical strength changes across layers 541 

which deflect a dike into sills and hence the sill intrusion depth is determined by the location of 542 

the layer boundary 61,64. A recent analogue model study summarizes that buoyancy pressure from 543 

density contrast between host rock and the injecting fluid, rigidity contrast and lateral 544 

compression are the major controls on formation of sills 65. Menand 61 reviewed existing models 545 

for sill emplacement depths as controlled by four major factors: (1) the buoyancy pressure due to 546 

the density contrast between host rock and injecting fluid, (2) the rigidity contrast between strata, 547 

(3) the rheology control between warm ductile material and cold brittle material, and (4) rotation 548 



of deviatoric stress. These four factors can be further grouped into two major effects: either from 549 

buoyancy driving pressure controlled by density structures or effective resistant strength 550 

structure controlled by rigidity, rheology or stress state. All these factors are functions of 551 

temperature which makes sill intrusion depth strongly dependent on thermal structures. 552 

Morgan and Chen 66 were the first to suggest that temperature was critical in controlling the 553 

depth of magma lenses at mid-ocean ridges. A recent three-dimensional numerical modeling 554 

study of magma intrusion into the continental crust indicates that rheology and temperature of 555 

the host rocks are the key controls of how magma is emplaced 67. Parsons et al. 68 first suggested 556 

that at large rheology contrasts where lower viscosity ductile layers are adjacent to a higher 557 

viscosity elastic layer, the least principal stress can be rotated vertically due to horizontal dike 558 

opening. This rotation of the least principal stress can arrest upward dike propagation and induce 559 

lateral sill intrusions. Similar behavior of dike arrest is described by 69 for rifts where lithosphere-560 

cutting dikes stop when the ‘driving pressure’ (magma pressure minus lithospheric stress normal 561 

to the dike wall) is too small. This idea has also been used to explain analogue model results 562 

showing that horizontal compressive stress can modify the path of fluid crack from vertical to 563 

horizontal 70.   564 

Here, we assume that sill intrusion depth evolves with the thermo-mechanical state and 565 

density structure following previous studies of effects of thermal and stress states on sill 566 

formations 66,68.  For a column of magma rising through crust with density that increases with 567 

depth, the magma overpressure (magma pressure minus lithostatic pressure defined here as 568 

driving pressure 𝑃�) will be greatest at the level of neutral buoyancy. However, if the rocks are 569 

cold and strong at this depth the magma should not be able to force a sill to open.   We estimate 570 

the resistance to sill opening as resistance pressure (𝑃�).  𝑃� depends partly on the host rock 571 



temperature in that it controls whether magma will freeze before the sill intrusions can be open. 572 

𝑃� depends also on the composition and temperature controlling horizontal stress (𝜎�(𝑧, 𝑡)) 573 

which acts normal to the vertical dike opening wall, because it controls where a vertical sill 574 

feeding dike is stopped due to smaller driving pressure relative to that of the horizontal 575 

compressive stress.  We assume that a sill opens where the breakout pressure (𝑃�� = 𝑃� − 𝑃�), 576 

namely the difference between the driving pressure 𝑃� and the resistance pressure 𝑃� is the 577 

largest as the maximum breakout pressure (𝑃��(𝑍&') = 𝑃��)) (Extended Data Fig. 2).  578 

The driving pressure for sill intrusion is computed by integrating density difference 579 

between the fluid magma 𝜌s and the country rock 𝜌c along a vertical melt migration conduit 580 

upward from the Moho level reservoir: 581 

𝑃�(𝑧) = � v𝜌c − 𝜌sw𝑔	𝑑𝑧
m

�����
(11) 582 

This neglects any viscous pressure changes due to flow of the low viscosity primitive magma. 583 

For the driving pressure 𝑃�, although the density difference between fluid magma and mantle 584 

country rock can be large, we assume the magma generated from the mantle plume gains 585 

negligible pressure head as it percolates through the low permeability melt channels in the upper 586 

mantle. Magma is assumed to then accumulate in the Moho-level magma reservoirs similar to 587 

that of previous studies of continental intrusions 28,29,62. 588 

The resistance pressure 𝑃� comes from two parts, namely, the thermal arrest pressure 𝑃�� 589 

and the remained (un-relaxed) dike opening induced horizontal compressive stress 𝜎�. 𝑃�� is the 590 

required magma pressure for sustaining a thin but laterally wide sill intrusion. We estimate this 591 

pressure following previous ‘thermal entry’ length calculations 71,72, which consider the pressure 592 

needed to drive magma to flow a long distance before freezing.  Here, we assume a sill of 593 



thickness 𝑤 = 1 meter and a flow distance 𝑅sm = 200 km before the magma fully freezes.  The 594 

magma propagation in such a sill is assumed to be simplified as a thin channel flow with an 595 

average velocity of: 596 

𝑢- = 𝑤:
12𝜂)

𝑑𝑃
𝑑𝑥 (12) 597 

where pressure gradient 𝑑𝑃/𝑑𝑥 = 𝑃��/𝑅sm, assuming stable source pressure of 𝑃�� 73 and 𝜂) =598 

100	𝑃𝑎 ∙ 𝑠  is the assumed viscosity for fluid magma following 74. Then the thermal arrest 599 

pressure 𝑃�� to drive a high aspect ratio thin channel sill intrusion before it freezes is: 600 

𝑃�� = 192 × 𝜅 × 𝜂) × 𝑅sm: × 𝜆:
𝑤¤ (13) 601 

where 𝜅 is the thermal diffusivity. The freezing distance 𝑅sm = 𝑢-𝑡sm is calculated assuming a 602 

freezing time  𝑡sm = 𝑤:/(16𝜅𝜆:), which is the approximate time for a thin channel fluid magma 603 

flow with thickness of 𝑤 to freeze and 𝜆 is a dimensionless parameter determined by temperature 604 

of the country rock at the sill intrusion depth 𝑇(𝑍&') 72,75 and is expressed in an implicit function 605 

only solved numerically:    606 

𝜆 = exp(−𝜆	:)
𝜋":𝑆

¦ 𝜃
𝑒𝑟𝑓𝑐(−𝜆) −

1 − 𝜃
𝑒𝑟𝑓𝑐(𝜆)« (14) 607 

Where dimensionless solidus temperature 𝜃 = [𝑇j − 𝑇(𝑍&')] [𝑇r − 𝑇(𝑍&')]⁄ , and the Stefan 608 

number 𝑆 = 𝐿/[𝐶@(𝑇r − 𝑇(𝑍&'))], where 𝑇j is the solidus temperature and 𝑇r is the liquidus 609 

temperature, here taken to be the intrusion temperature. 610 

A vertical dike is assumed to propagate quasi-periodically upward to feed sill intrusions 611 

from the magma reservoir at the base of the crust.  As the dike opens it induces an instant elastic 612 

increase in the lateral compressive stress.  If the dike freezes in cold and strong crust that 613 

behaves mainly elastically, the compressive stress increase can remain for a long period of time 614 



and this should inhibit vertical propagations of later dikes.  If the dike intrudes and freezes in 615 

hotter and lower viscosity crust, the initial increase in lateral compressive stress can be 616 

effectively relaxed between dike events.  Following the model of Parsons et al., 68 that a sill can 617 

form at brittle-ductile transitions, we calculate the second part of the model resistant pressure as 618 

the temporally variable horizontal stress 𝜎�(𝑧, 𝑡) induced by a dike opening. Assuming the crust 619 

behaves as a Maxwell viscoelastic material 73 with laboratory constrained properties 76,77 we can 620 

estimate the amount of stress relaxation between intrusion events as functions of temperature and 621 

assumed composition. When a dike propagates vertically and opens laterally with pressure 622 

distribution of magma driving pressure 𝑃�(𝑧), it induces a compressive horizontal stress 623 

𝜎�(𝑧, 𝑡 = 0) = 𝑃�(𝑧), which relaxes quickly at low viscosity regions. During the quasi-periodic 624 

intersessions of Δ𝑡 (on the order of a few thousand years depending on the magma flux) between 625 

intrusions, this initial dike induced horizontal compressive stress 𝜎�(𝑧, 𝑡 = 0) relaxed to 626 

𝜎�(𝑧, 𝑡 = Δ𝑡) following a Maxwell relaxation stress relation 73: 627 

𝜎�(𝑧, 𝑡 = Δ𝑡) = 𝜎�(𝑧, 𝑡 = 0) exp −𝐸Δ𝑡2𝜇 ° (15) 628 

where the assumed Young’s modulus 𝐸 = 30	𝐺𝑃𝑎 51, and the strain rate independent viscosity of 629 

the country rock 𝜇 is calculated according to 50 with the power n = 1: 630 

𝜇 = (3𝐴)D" × exp  𝑄
𝑛𝑅𝑇(𝑍&')° (16) 631 

where A is an empirical lab-determined viscosity pre-factor, Q is the activation energy, R = 632 

8.314 [𝐽/(𝑚𝑜𝑙 ∙ 𝐾)] is the gas constant. For upper crust, we use lab constrained equivalent 633 

Newtonian flow rule with A = 0.0052 [𝑀𝑃𝑎D"𝑠D"] (calculated from 2 3⁄ ×1.57×(1e-3)× 50W.¤") 634 

and Q = 131500 [𝐽/𝑚𝑜𝑙] 76. For the lower crust, for simplicity, A is scaled from the upper crust 635 

value to be 5 orders of magnitude smaller and hence the resulting viscosity is 5 orders of 636 



magnitude higher given the same temperature. For the 2 km of upper mantle, we apply lab-637 

constrained Newtonian rheology from ref. 77 where the equivalent A = 0.0006̇ [𝑀𝑃𝑎D"𝑠D"] 638 

(calculated from 2 3⁄ ×1e6× (1𝑒4)DL × 1000	) and Q = 339000 [𝐽/𝑚𝑜𝑙]. For solidified magma, 639 

we assume its A value to be 5 orders of magnitude larger and hence the resulting viscosity is 5 640 

orders of magnitude lower than the mantle given the same temperature. To prevent numerical 641 

localizations of sill intrusion at a specific grid, 𝑇(𝑍&') is approximated with an average 642 

temperature of the country rocks near 𝑍&' within a thermal diffusion length during one numerical 643 

time step of 1 Kyrs.  644 

The initial vertical crustal temperature profile is taken to be piece-wise linear with the 645 

initial upper crustal thermal gradient 𝑑𝑇/𝑑𝑍(0~20	𝑘𝑚) 	= 		40	[𝐾/𝑘𝑚] (45 [K/km] for CRBG-646 

MCO case) and lower crustal thermal gradient 𝑑𝑇/𝑑𝑍(20~40	𝑘𝑚) 	= 		15	[𝐾/𝑘𝑚] (Fig. 3). The 647 

magma supply flux (Fig. 4a) is assumed with 𝐹)W = 15	[cm/yr]	(10	[cm/yr]	for	CRBG −648 

MCO	case), 	𝑡W = 170 [kyrs] and 𝑐 = 90~2 𝜋⁄  [kyrs],  𝐹)" = 3 [cm 𝑦𝑟]⁄ .  649 

Numerically, the heat equation 1 is discretized into a one-dimensional array of grids, and 650 

is solved by forward finite difference methods. We apply a semi-Lagrangian Crank-Nicolson 651 

algorithm 78, which is coupled with one-half backward implicit step 79 to damp the Crank-652 

Nicolson error oscillations introduced by sharp temperature corners from sill intrusions. As noted 653 

above, the average effect of hydrothermal circulation is simulated by increasing the thermal 654 

diffusivity 𝜅 by a factor of 𝑁𝑢.  The efficiency of hydrothermal circulation should scale with 655 

crustal permeability and thermal gradient. Hence it should depend on the existence of 656 

interconnected cracks as well as the crustal thermal condition. Upper crustal thermal gradient and 657 

fracture events should peak around the time when the magma flux 𝐹)(𝑡) maximizes at 𝑡W. Hence, 658 

we assume 𝑁𝑢	 = 	25 from the surface to 20 km when 𝑡 ≥ 𝑡W and 𝑁𝑢	 = 	1 otherwise (Nu = 659 



30	for CRBG-MCO case). Note that measurements from Yellowstone indicate up to 2000 mWm-660 

2  of surface heat flux 25, which is nearly 30 times of that of normal continental crust of 65 mWm-2 661 

73. 662 

We determine the magma eruptibility by whether the magma pressure head at the surface 663 

(𝑃�(0) = ∫ v𝜌c − 𝜌sw𝑔	𝑑𝑧W
��� ) is larger than  the critical pressure (∆𝑃c) for initiating an eruption 664 

when sourced from the intruding sill at depth 𝑍&': 665 

𝑃�(0) > ∆𝑃c (17) 666 

This is equivalent to considering whether the average density of the overburden of an intruding 667 

sill is larger than the density of fluid magma to an extent of equation 9. During the initial phases 668 

when the sill is deep or when the crust densifies due to sill intrusions, magma driving pressure at 669 

the surface 𝑃�(0) can be positive, which means magma from the Moho reservoir has the 670 

potential to erupt. However, we do not count major phase of flood basalts eruptibility when 671 

magma is sourced from the Moho reservoir during the early phase of an LIP emplacement 672 

because the pressure head should be consumed by lateral sill intrusions into the initial weaker 673 

and lower density crust before magma can reach the surface. We do not consider viscous 674 

resistances for sill or dike intrusions as they are negligible compared to the thermal arrest 675 

resistance from sill intrusions 74. We also neglect temporal variations in elastic overpressure from 676 

the magma reservoir which can be responsible for finer time scale hiatuses in magma eruptions 677 

28,29.  678 

 We also include in the supplementary information with eight videos of the multi-sill 679 

intrusion models (Video 1 to 4 for the Deccan case and Video 5 to 8 for the CRB case), which 680 

illustrate in detailed the changes in crustal density, temperature, pressures, viscosity and sill 681 

intrusion depths due to repetitive sill intrusions. Video 1 and 5 show the crustal densification 682 



process for comparison to the data in Fig. 2F. Video 2 and 6 present the crustal temperature and 683 

pressures evolution. Note that for the assumed rheology parameters the thermal arrest resistance 684 

pressure has the dominant effect on controlling sill intrusion depths when the sills are moving 685 

upwards into weak lower part of the upper crust, but the dike related stress change becomes 686 

important during the sill-deepening phase (starting ~175 kyr for video 2) as the sills open into 687 

stronger mafic intrusives. Video 3 and 7 show the variations in temperature and viscosity 688 

structure resulted from the assumed lab-constrained rheological parameters. Video 4 and 8 689 

include changes in sill intrusion depth, temperature, magma overpressure, magma breakout 690 

pressure and magma overpressure if sourced from the intruding sill. With our model formulation, 691 

the intruding depth is determined by considering both the density structure and the thermo-692 

mechanical conditions and hence is not always at the level of neutral buoyancy.  693 

 694 

Data availability:  For Fig. 1, global temperature change data are from ref. 7 (DOI: 695 

10.1126/science.aay5055) and Deccan Trap extrusive flux data are converted from ref. 4 (DOI: 696 

10.1126/science.aav1446). For Fig. 2, Seismic velocity data are converted from refs. 19,33.   697 

Code availability: All codes for our numerical calculations are available from X.T. upon request.  698 
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 793 

Extended Data Fig. 1 | Example of the steady-state analytic model results as functions of time relative to the 794 

Cretaceous-Paleogene (K/Pg) boundary. a, Assumed Gaussian sill opening flux in terms of magma volume flux 795 

per unit area of the sill. b, Sill intrusion depth for the melt flux of (a) and the thermal energy balance of equation (6). 796 

c, Magma pressure head at the surface sourced from the intruding sill. Magma eruption is possible when this 797 

pressure equals to the critical pressure ∆𝑃c at around K/Pg. For this case, magma flux from -400 kyrs to 0 kyrs is 798 

intruded. d, global averaged atmospheric CO2 concentration with time predicted by the LOSCAR climate model.  e, 799 

global temperature change predicted by the LOSCAR model along with the extrusive flux with time to compare with 800 

the observation in Fig. 1a.  801 
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 802 

Extended Data Fig. 2 | Schematic illustrations of how to determine the depth for a sill intrusion at maximum 803 

breakout pressure.  Magma overpressure (Pd), resistance pressure (Pr) and magma breakout pressure (PBK) 804 

for determining sill intrusion depth (Zin).  805 

 806 

Supplementary Information Video 1 and 5 | Video for modeled changes in crustal density due to evolving sill 807 

intrusions. Model time is shown at the upper left. Green line shows the extent and value of the averaged overburden 808 

density. Purple line shows the evolving crustal densities due to sill intrusions. The red dot indicates the sill intrusion 809 

depth and the magma density. The dashed grey line shows the initial crustal density profile. 810 
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 811 

 812 

Supplementary Information Video 2 and 6 | Video for modeled changes in temperature and pressures due to 813 

evolving sill intrusions. Model time is shown at the upper left. Left panel: temperature changes due to sill intrusions. 814 

The blue and red dashed lines indicate magma solidus and liquidus respectively. Right panel: changes in pressures 815 

due to sill intrusions (initial condition and legends are shown as the figure above: the dashed grey line is for the 816 

magma overpressure (driving pressure Pd). The green line is for the resistance pressure Pr. The dashed red line is for 817 

the magma breakout pressure PBK. The solid red line is for the magma overpressure if sourced from the intruding sill. 818 

Red dots indicate depth of sill intrusions).  819 

Supplementary Information Video 3 and 7 | Video for modeled changes in temperature and viscosity due to 820 

evolving sill intrusions. Model time is shown at the upper left. Left panel: temperature changes due to sill intrusions. 821 

The blue and red dashed lines indicate magma solidus and liquidus respectively. Right panel: the dashed grey line is 822 

for the initial viscosity. The solid line is for the evolving viscosity structure. Red dots indicate depth of sill intrusions. 823 

Supplementary Information Video 4 and 8 | Video for modeled changes in sill depths, temperature and 824 

magma pressures due to evolving sill intrusions. Model time is shown at the lower left. Top panel: sill intrusion 825 

depth given the melt flux with time. Lower left panel: temperature changes due to sill intrusions. The blue and red 826 

dashed lines indicate magma solidus and liquidus respectively. Lower right panel: the dashed grey line is for the 827 



magma overpressure (driving pressure Pd). The dashed red line is for the magma breakout pressure PBK. The solid 828 

red line is for the magma overpressure if sourced from the intruding sill. Red dots indicate depth of sill intrusions. 829 



Discussion on differences in geochronology age models for Deccan Traps 830 

 831 

Two very different approached to estimating the ages of the basalts of the Deccan traps 832 

have been reported in recent years and thy give somewhat different estimates of those ages.  Age 833 

model 1 (M1) from Schoene et al., (2019)5 used U-Pb geochronology by isotope dilution–834 

thermal ionization mass spectrometry, which provides analytical uncertainties (±2𝜎) as low as 835 

40,000 years for individual dated zircons. Schoene et al., (2019) sampled both coarse-grained 836 

basalts and sedimentary beds between basalt flows that infrequently contain zircon-bearing 837 

volcanic ashes.  Age model 2 (M2) from Sprain et al., (2019)4 used what they describe as “high-838 

resolution 40Ar/39Ar plagioclase ages from the Deccan Traps that locate the K/Pg and better refine 839 

the timing and tempo of eruptive fluxes.” 840 

Schoene et al., (2020)80 describe a detailed comparision between the two age models for 841 

Deccan Trap volcanism and show that the models give essentially consistent results.  In Figure 842 

S1, we illustrate the two model results.  That figure shows theree major differences between M1 843 

and M2 models.  Relative to M2 model M1 indicates: (1) a ~36 kyr younger, K/Pg boundary; (2) 844 

a ~58 kyr older a Bushe-Podladpur formation boundary; and (3) that the yougest sample in the 845 

Mahabaleshwar formation is ~168 kyr older.  However, these finer differences wouldn’t change 846 

the first order observation that the onset of global warming at ~66.4 Ma is about 360 kyrs prior 847 

to the onset of 73% of total volume of Deccan Traps eruptions at the Bushe-Podladpur formation 848 

boundary. 849 



 850 

Supplementary Figure S1. Comparision between age models M1 and M2 for Deccan Traps and K/Pg climate 851 

variations. Both age models of Deccan Traps use Richards et al., (2015)11 flood basalt volume model in which the 3 852 

formations (Poladpur, Ambenali and Mahabaleshwar) in the younger Wai subgroup comprise a volume of about 853 

439,000 km3, 73% of total volume (602,700 km3) of Deccan Traps. Both age models are overlapped with global 854 

climate change data from Hull et al., (2020)7, which use 66.04 Ma as K/Pg boundary from D'Hondt and Lindiger 855 

(1994)81.  ∆Temperature in Fig.1 of Hull et al., (2020) is the global temperature change relative to the temperature at 856 

K/Pg boundary. We assume a temperature of 10.1℃ at 66.040242 Ma for temperature at the K/Pg boundary 857 

provided by Table S4 of Hull et al., (2020) citing Li and Keller (1998). This allow us to calculate temperature 858 

difference to today applying equations from Table S7 of Westerhold et al., (2020).  See Hull et al., (2020) for the 859 
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data detailed description. We filter data from Table S4 of Hull et al., (2020) with a Butterworth low pass filter 860 

(scipy.signal.butter) with the order of the filter N=6 and the critical frequency parameter Wn = 0.01. The 𝛿"#𝑂 is 861 

converted from the temperature data using equations from Table S7 of Westerhold et al., (2020).  a): age model M1 862 

from Schoene et al., 2019. The black dashed-line is the model prefered K/Pg boundary at 66.016 ± 0.05 Ma with 95% 863 

credible interval indicated with the gray rectangle. The red dashed-line is the model prefered Bushe-Poladpur 864 

formation boundary at 66.088 (-0.026/+0.03) Ma with 95% credible interval indicated with the red rectangle. The 865 

blue dashed-line is the model prefered youngest dated sample in Mahabaleshwar formation at 65.590 (-0.026/+0.027) 866 

Ma with 95% credible interval indicated with the blue rectangle. b): age model M2 from Sprain et al., 2019. The 867 

black dashed-line is the model prefered K/Pg boundary at 66.052 ± 0.008 Ma. The red dashed-line is the model 868 

prefered Bushe-Poladpur formation boundary at 66.03 ± 0.04 Ma with 1-𝜎 (68%) confidence interval indicated with 869 

the red rectangle. The blue dashed-line is the model prefered youngest dated sample in Mahabaleshwar formation at 870 

65.422 ± 0.103 Ma with 1-𝜎 (68%) confidence interval indicated with the blue rectangle. 871 

 872 

The Schoene et al., (2019) M1 age model resolves a finer eruption flux that has four 873 

separate pulses including one that is 20 to 60 kyr prior to the impact (K/Pg boundary). However, 874 

according to Hull et al., (2020), when assuming an eruption flux according to the M1 flux model 875 

from Schoene et al., (2019), which is the case 3 (punctuated) of Hull et al., 2020 climate 876 

modeling, the modeled climate response is not able to reproduce the observed globally compiled 877 

climate change data. Hull et al., (2020) suggest that “if the M1 model from Schoene is correct 878 

with a large pulse of emplacement 20 to 60 kyr before the impact (K/Pg boundary), then most 879 

CO2 outgassing must have preceded lava emplacement by several hundred thousand years. This 880 

would be before the eruption of the most voluminous stages of Deccan volcanism (i.e. before the 881 

Wai group starting at Bushe-Podladpur formation boundary) ”  882 



Figures

Figure 1

Global temperature variations within 1000 kyr of the approximate onset of the main volcanic phases of
the Deccan Traps ^4,5 and Columbia River Basalt Group ^6 LIPs. Black lines result from low-pass �ltering
of the blue dots ^18 data and estimated temperature variations with time ^7–9. The age of onset and
ending of the main Deccan volcanic phase for two basalt dating methods are indicated by the pairs of
vertical dashed lines. Vertical arrows indicate that the onset of global warming for each case precedes



the main volcanic phase by ~ 300 kyr. Details of the age models and temperature estimates are described
in the supplement.

Figure 2

Illustrations of relations between seismic velocities, densities and pressures in typical continental crust
(a,b) and the crust under part of the Deccan LIP (c,d). a, shows average continental P-wave velocity
(dashed) from ref ^33 with density assuming a linear relation between velocity and density. Solid lines
show densities assumed in the model. Magma density is from ref. ^34. b, black line shows lithostatic
pressure for the density structure given by solid line in a. Red line shows static pressure in a column of
magma just reaching the surface while blue shows the same for a column of magma with lithostatic
pressure at 15 km depth. c, P-wave velocity and density pro�les beneath Deccan Traps are converted
from refs. ^18,19 using a Vs to Vp relationship (ref. ^35). d, Purple line shows lithostatic pressure for the



purple density from c. Blue line shows that for densi�ed crust a sill as shallow as 15 km depth can supply
eruptions. Schematic pressure is shown so the difference between lithostatic pressure and magma
pressure is visible.

Figure 3

One dimensional thermo-mechanical model results showing the changes in crustal temperatures and
densities due to evolving sill intrusions. in is intrusion depth, m is magma �ux, /ob is average density



of the overburden and m is magma density. The numbers 1 to 4 correspond to the stages of the system
developments described in the text.

Figure 4

Time series of modeled global temperature variations and onsets of main-phase eruptions of Deccan
Traps (abc) and CRBG (def). a,d sill intrusion depth and the timing of transition from mostly intrusion to
major phase of extrusion, predicted by the thermo-mechanical model described in the Methods, given the
indicated melt �ux with time. CRBG case (d) has a lower peak �ux of 10 cm/yr b,e, global averaged
atmospheric CO2 concentration with time predicted by the LOSCAR climate model. c,f global temperature
change predicted by the LOSCAR model on top of climate data (Fig.1) and with the modeled timing of
onsets of main-phase eruptions.
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