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Abstract

Most mass extinctions during the last 500 m.y. cioi@ with eruptions of large igneous
provinces (LIP): the Cretaceous-Tertiary extinctiwas synchronous with the Deccan
flood volcanism, Permian-Triassic extinction withet eruption of the enormous
Siberian Traps, and End-Guadalupian extinction with Emeishan volcanic province.
The causal link remains disputed, however, and mhais apparently had no
significant impact on the biosphere. Here we shuoat & key control on the destructive
consequences of LIP emplacement is the type ofreedary rock in basins beneath the
flood basalts. Contact metamorphism around intnssia dolomite, evaporite, coal or
organic-rich shale generates large quantities eémgnouse and toxic gases (COH,,
SQO,) which subsequently vent to the atmosphere andecglobal warming and mass
extinctions. The release of sediment-derived gdwes a far greater impact on the
environment than the emission of magmatic gases.

Keywords: large igneous province, mass extinctiawgntact metamorphism,
sedimentary wall-rock, Emeishan

Introduction

During a mass extinction, taxa from a broad ramigleabitats and from throughout
the world disappear within a geologically briefantal (~1Ma) (Hallam and Wignall,
1997). Vogt (1972) noted that the end-Cretaceoussnetinction was synchronous
with eruption of the Deccan Traps flood basalts @odrtillot and Renne (2003) have
catalogued many other coincidences between masgtoxt and flood volcanism. In
early papers the extinctions were attributed te@aing (Vogt 1972), global warming
(Jenkyns 1999) or global cooling (Budyko and Piviva, 1967; Axelrod, 1981) caused
by the emission of volcanic gases. A problem wiiik tnterpretation is the absence of a
good correlation between the volume of eruptedlbasd the impact on the biosphere,
as shown in Fig. 1. The eruption of the Siberiad Bmeishan basalts coincide with
major extinction but the Karoo basalts, for exampkn be linked only to a period of
global warming (McElwain et al., 1999). Nor does thatitude at the time of eruption,
which influences the efficiency of atmospheric wlsition of emitted gases and
aerosols, correlate with the intensity of the emwmental crisis.

Here we develop the ideas of Svensen et al. (200@7) and Retallack and Jahren
(2008) and propose that the intensity of globaheale changes may be related to the
type of rocks invaded by subvolcanic intrusive ctexrps, rather than to the volume or
nature of the degassing lava. We present new daa ¢ontact aureoles surrounding
intrusions of the Emeishan province in China, avijree that coincides with the major
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end-Guadalupian environmental crisis, and we lihk tnvironmental change to
massive release of GOfrom the dolomites and organic-rich carbonatesthod
underlying sedimentary basin. We contrast thisregtwith the more benign effects of
other LIPs which were emplaced upon older basaltystalline basement or
sedimentary rocks low in carbon and sulfur.

How do LIPs change the climate and cause mass extinctions?

Major volcanic eruptions impact the environmentmany ways: ash and sulphuric
acid aerosols lead to cooling, greenhouse gase<C®, CH, cause global warming;
SO, causes acid rain; F and other halogens poisonsptard animals (see Thordarson
et al., 1996; Wignall, 2001 for a review). In allet LIPs shown in Figure 1, the
dominant magma is tholeiitic basalt which contagiatively low contents of magmatic
gases. Caldeira and Rampino (1990) estimatedhbaireruptive C@concentration of
the Deccan magmas (~0.2 wt%) was sufficient to €audy modest global warming;
Self et al. (2006) confirmed that the mass of voilc& O, was small compared with the
CO, already present in the atmosphere and they swegghéisat climate perturbations
were related to the emission of volcanic,SO

Many LIPs also contain minor alkalic magmas, \itdaich magmas that may have
released larger quantities of volcanic gases, batet is little evidence that those
provinces with higher-than-normal alkali magma eoms (e.g. Ethiopia) had a
disproportionate environmental impact (CourtilloidaRenne, 2003). For reasons such
as these we explore the hypothesis that the kilrhanism that drives global warming
and mass extinctions is to be found in the sediargntorizons beneath the flood
basalts.

A case study: sediment degassing during the emplacement of
the Emeishan LIP

The current, post-erosional exposure the Emeigh@nn SW China is relatively
small but the volcanic province may initially hasevered >0.5 Mkrh(Courtillot and
Renne 2003). Its emplacement coincides with (1)agomsea-level fall (Hallam and
Wignall, 1999), (2) a negativEC excursion (Retallack et al., 2006) and (3) thgoma
end-Guadalupian biological crisis when ~35% ofyalhera became extinct (Bowring et
al., 1998, Zhou et al., 2002). Magmas of the EnaishIP intruded Proterozoic to
Silurian dolostones, marls and shales of the Siciaasin.

Ganino et al. (2008) showed that the ~2000-m tRiakzhihua gabbroic sill, one of
many in the Emeishan province, developed a 300ick-ttontact aureole as it intruded
Proterozoic dolomites. The dominant rock type ie #Hureole is marble containing
about 30% brucite, the hydration product of peselalhe latter mineral formed during
prograde metamorphism of dolomite, a process tletlsy abundant CO The trace
element composition of a brucite marble immediatajacent to the intrusive contact
shows evidence of partial melting of carbonatestthéa from the contact,
metamorphism of impure limestones formed calcaiéis. Both processes released
additional CQ. Several hundred kilometres to the north-weshefEmeishan basalts,
shales and limestones of the Sichuan Basin cog&smand petroleum deposits (Wei et
al., 2008) and the metamorphism of hydrocarbonsantact aureoles may have
released C®and CH. In the following section we quantify the amoumts CO,
released from magmatic and sedimentary sources.
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Quantification of gas release during emplacement of the
Panzhihua intrusion

Following Self et al.’s (2006) estimation of g@lease from Deccan volcanism,
we estimate that ~2 Gt of magmatic £@ 0.55 Gt C) was released from the 180°km
of magma in the Panzhihua intrusion.

Three main reactions took place during the metahism of Panzhihua wall rocks,
depending on the temperature. We first focus on ititermediate-temperature
periclase-forming reaction dolomite = periclasealcite + CQ. From the reaction we
calculate that 240 g of CQre released per kilogram of dolomite. From theettisions
of the lower contact aureole (19 km long, 300 menéghd an assumed 3 km in depth),
we calculate its mass as ~ 47 Gt (density = 27061Rgto give a total of 11.2 Gt of
CO, (or 3.1 Gt C). An equivalent mass of £@robably was released by periclase
formation in an upper contact aureole, which ispreserved due to faulting.

We can use the presence of periclase, which forah&®0°C in samples collected
300 m from the intrusive contact, to define the gerature profile in the aureole (Fig.
2). We modelled the development of the aureole raggy that basaltic magma
continuously flowed through the sill to maintaiteanperature of 1200°C at the contact.
In a simple conductive model, the profile requigs00 years to form; when fluid
advection is taken into account, the time is slioBach a temperature profile explains
the presence of melted carbonates adjacent tothesion (~1200°C) and the presence
of periclase, which forms at ~700°C at a depth B08elow the lower contact.

We now use this profile to estimate the quantitiegas released by high- and low-
temperature reactions (see supplementary materille calculation is only
approximate because we have relatively little imfation about the exact geometry and
structure of the contact aureole, but it is suéintito provide a first-order estimate.
High-temperature reactions such as the assimilaimh partial melting of dolostone
yield abundant C®but only within a few metres of the contact. Amlication of the
amount of CQthat might be released by the assimilation of wadk in mafic magmas
is provided by lacono Marziano et al. (2007) whizaiated that lavas of Mt Vesuvius
had assimilated 15-17 wt% of limestone.

Calc-silicates form from impure marble between 45d@ 500°C and these reactions
release between 220 and 290 g per kg of rock. Tsgftadation of hydrocarbons at
temperatures above 300°C would have released adaitmethane and GOThe large
range of concentration and maturation of organicbaa preclude any precise
quantification of the mass of GQeleased during low temperature degradation of
hydrocarbon, but some limits can be calculatedth& wall rocks contained a low
content of organic carbon (0.01 wt%) the input 20@ C) would be negligible but if
they contained 4 wt% organic carbon, as observesbumce rock of the Sichuan Basin
(Wei et al., 2008), then the mass of O&ould be 8.1 Gt C, similar to that released
from the periclase reaction.

Given these results, we estimate that a totaltdeast 22 Gt of C®from the
periclase reaction, and up to ~52 Gt equivalent G€14.1 Gt C) if the wall-rock
contained large amount of organic carbon, was fdrfram the contact aureoles. These
values can be compared with the ~2 Gt,C€D.54 Gt C) released from the magma. At
the intrusion scale, the mass of sediment-derivedan is some 11 to 26 times greater
than the mass of magmatic carbon.
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Gas-release during the Emeishan LIP at the basin scale

Because of intense Himalaya-related deformatiois iifficult to estimate the total
amount of sedimentary rock of the Sichuan Basih wes affected by metamorphism.
Taking as a model the better-preserved lava piles sedimentary basins in the
Siberian and Karoo volcanic provinces (Czamanskealgt 2002; Chevallier and
Woodford, 1999), we assume that about half of thieme of the Emeishan volcanic
pile was emplaced as shallow-level intrusions. Glnirand Renne (2002) calculate
that the total volume of the erupted basalt in Emeeishan LIP was ~1 Mkiand,
following Self et al.’'s (2006) estimation for thee€can, such a volume of magma
would release 11 200 Gt of G(= 3057 Gt C). Magma in intrusions emitted an
additional 5600 Gt of C&bringing the total to 16800 Gt of GOr 4585 Gt of C.

If the Panzhihua intrusion is representative of amerage sill in the intrusive
complex below the lava pile, 11 to 26 times morgéam®rphic CQ (5600*11 = 61600
5600*26 = 145600 Gt C£)was released from contact aureoles. Thus at Restale,
the mass of sediment-derived £ about 3.6 to 8.6 times larger than the mass of
magmatic CQ.

Proxies of climate change in Emeishan-age sediments

Can CQ released during contact metamorphism of carbonaxesain the negative
carbon isotope excursion at the end-Guadalupiarchwtg recorded in both marine
carbonate and continental organic matter by Retale al. (2006)? During the end-
Guadalupian, th&"*C of marine carbonates decreased from about +3 %,-and that
of nonmarine clastic organic carbon from aboutt?230 %. (Retallack et al., 2006). If
we suppose that 17000 Gt C from the destabilisaifamolostone (wittd™*C = 0) and
22900 Gt C from the metamorphism of organic carwaith 3>C ~ -22) were added to
the ocean-atmosphere, a global negative carboonpsoéxcursion would result (see
supplementary material for details). Atmosphericboa composition would change
from 8°C = -2 before the degassing to as low as -10.9 tifeedegassing.

There are few reliable proxies for the climate gemnduring the emplacement of the
Emeishan LIP.

Sediment degassing and mass extinctions

Figure 2 is a synthesis of the total amount of tiela released during the contact
metamorphism of different types of sedimentary socKkhe inputs that must be
considered when evaluating the environment impdcLI® emplacement can be
summarized as follows:
» Basalt and granitoids do not release abundantiledat
* In most sandstones, the main volatile is water whe$ease has little effect on
global climate.
* Pure limestone contains large amounts of, ®@ the thermal decomposition of
limestone into CaO and G@akes place at high temperatures (>950°C) thataaedy
reached in contact aureoles.
* Impure limestones release large amounts ot Q@ to 29 wt%) during the
formation of calc-silicates at moderate temperatwfe~-450 to 500 °C.
 Gypsum and anhydrite in evaporites release abun8@pt(up to 47%). This
reaction normally happens at high temperaturesQ¥g0that are not observed in
contact aureoles, but the reaction proceeds ataenpe as low as 615°C for impure
anhydrite (West and Sutton, 1954).
» Contact metamorphism of salt releases halocarbons.
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» Sulfidic sediments release abundant &0ow temperature.

» Organic carbon-rich shales and carbonates releatbame and hydrocarbon
when heated at relatively low temperature (<300°C).

» Coal releases abundant €iDignited.

Figure 1 shows that there is no clear link betweanme of the LIP and magnitude of
mass extinction. Degassing of magmatic volatilesefore cannot be the sole cause of
the environmental changes and mass extinctiongasdelease from sediments may be
implicated in various ways:

1. The Ontong-Java oceanic plateau, the largest magmatvince, formed in a
submarine volcanic setting and is not associatatl wilarge mass extinction. The
dominant wall rock is basalt which yields no togicgreenhouse gases (dehydration of
altered basalt has little climatic impact). Eruptiato water may have restricted release
of gas into the atmosphere.

2. Emplacement of the Deccan traps coincides withKi#iemass extinction (e.g.
Courtillot and Renne, 2002). Here the substratesistsrof minor clastic sediments and
crystalline basement, which do not yield additiomalatiles, and a combination of
Chixculub meteorite impact (e.g., Alvarez et al8@Pand the release of magmatic
gases (Chenet et al., 2008) may account for therka3s extinction.

3. Eruption of the Siberian traps, the largest comiakeflood basalt province,
coincided with the largest known mass extinctione Tolume of basalt cannot explain
the intensity of the crisis by itself. Intrusionsneath the Siberian traps invaded marls,
limestones, sandstones, coal and most significamtaporites (Czamanske et al.,
2002). The sulphur isotope signature of sulfidesgrovides evidence that sulfur from
evaporites was assimilated into magma (Ripley et 2003). Part of the sulfur
contained in the magma was probably released as db@ng the eruption, and
additional SQ, CQO,, the breakdown products of hydrocarbons, woulé)jeelled from
the contact aureoles (Retallack and Jahren, 20BB)bal dispersion of SOfrom
Siberian traps volcanism was aided by the highuldéi of these eruptions (e.qg.,
Saunders, 2005).

4. The Emeishan plateau erupted at equatorial latitudehere the consequences
were different. The dispersion of G@& largely independent of latitude because of the
high exchange rate between the stratosphere andfiwsphere. We suggest therefore
that the coincidence between the Emeishan volcaaisinthe end-Guadalupian crisis
can be explained by the voluminous release of, @Gm the heating of dolomite
augmented by C£ SO, and CH from evaporites and shales.

In those provinces where the environmental impaa$ winor, the wall rocks were
sandstone, organic-poor shales or granitic basenS¥einsen et al. (2007) estimated
that up to 27400 Gt may have formed during contaetamorphism of shales and
sandstones of the Karoo basin, enough to explaift#rly Jurassic global warming but
not sufficient to cause a mass extinction. Likewifee Central Atlantic Magmatic
Province coincides with the Triassic-Jurassic nmegsiction but the influence of this
very large province may have been mitigated bydahgely crystalline nature of its wall
rocks

Conclusion

Sedimentary rocks are huge reservoirs of volathes are readily released by contact
metamorphism. The degassing associated with comatamorphism is much more
voluminous than the degassing of the magma it%&H. have identified two major
mechanisms responsible for large gas emissions raads extinctions: (1) the
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destabilization of dolomite, which caused massi@ €&lease during the emplacement
of Emeishan and other LIPs, (2) the thermal decamipa of anhydrite, salt,
limestone, hydrocarbons and coal in other provinedsch provided a toxic cocktail
that caused other mass extinctions. Other provinege emplaced in sterile magmatic
or sedimentary rocks and had little to no environtakeimpact.
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Figure captions

Fig 1. Volume of erupted basalt from Courtillot andRenne (2003) vs percentage of
generic extinctions (from Rhodes and Muller 2005) for major LIPs. Two main
populations of LIPs are evident, one for which theassociated rate of extinction is
close to the background rate (Columbia River to Ormdng Java) and another for
which the rate is far higher. Those in the latter goup intrude sedimentary rocks
that released abundant greenhouse or toxic gases.

Fig 2. Theoretical thermal profile in a Panzhihua-ike contact aureole. The
horizontal bars indicate the maximum distance intothe aureole where the
metamorphic reactions take place. The black portiorof each bar represents the
proportion of gas released by the reaction.
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Supplementary material 1: Degassing during contact metamorphism as
an explanation of the negative carbon isotope excursion associated with
the emplacement of the Emeishan LIP

Our measurements of tB&’C of dolostones from the Sinian formation rangenfre4.7
to -1.1, values which are consistent with Jacolessh Kaufman’s (1998) estimate of
5"*C in Neoproterozoic seawater (+4 to —4 %o, with nafshe data between +2 and -2
%o). If we assume that (1) end-Guadalupian seaveatetained ~40000 Gt C witht>C

= +5 %o (Berner, 2005), (2) end-Guadalupian atmosphmntained ~2850 Gt C
(Rothman 2002) witl"*C = -2 %o (7 %o more negative than seawater (Moralet
1996)), then the avera@é®C of the ocean-atmosphere system was +4.5.

After the addition of 16800 Gt of magmatic £@580 Gt C with3**C = -6),
62500 Gt of C® from destabilized Sinian dolostone (17000 Gt Chwit’C = 0) and
potentially 84000 Gt C©from the metamorphism of organic carbon (=229000Gt
with 33C ~ -22), the bulk composition of the ocean-atmeselsystem is changed to
betweend’C = +2.6 %o (if no organic contribution) and -3.9 2900 Gt C from the
metamorphism of organic carbon was added WifT ~ -22). If we then assume that
ocean-atmosphere equilibrium is rapid (flux ~90yGis current estimation) and the
difference between the carbon isotope compositibiosean and atmosphere is fixed at
the timescales we consid&{Caim = 8-*Cocean— 7 %o), as supposed by Mora (1996) and
Beerling et al. (2002), then the effect of emplaeetrof the Emeishan LIP in the Sinian
Basin is a negative carbon excursion for the o@aresphere system from an average
of 3C = -2 before the degassing to an averaggf = -4.4 to -10.9 after degassing.
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Supplementary material 2: An overview of reactions in a metamorphic
aureole in a sedimentary basin

The amount of gas released during metamorphismndispan the type of sediment and
its chemical composition, and on the condition3 (Kfluid) of metamorphism.

At the highest temperatures, calcite melts incoegtly to CaO and C£ Solid or
liquid calcite is assimilated into the magma whiereacts to Ca which is absorbed
in the magma or overlying rocks and £@hich degasses.

Thermal decomposition of pure anhydrite (CagS0CaO + S@ + %2 @) begins at
1100°C and reacts readily only at temperaturesrard400 °C. Impure anhydrite
containing clay, graphite or carbon monoxide reatt¢emperatures well below
1000°C (2CaS@+ C = 2Ca0 + C+ 2SQ and CaS@+ CO = CaO + Co+
SQO,). Kuusik et al. (1985) report thermal decompositiaf anhydrite in CO/N
mixtures at 900 °C. Impurities such as Sl@wer the decomposition temperatures
by up to 100 °C. West and Sutton (1954) report ogamsition of anhydrite with
20% added carbon at 615°C in a nitrogen atmosphere.

Thermal decomposition of pure limestone (CaGaCaO + CQ) strongly depends
on the water content. In the absence of water, rdposition starts only at high
temperature, around 1200°C; when aqueous fluidrésgmt, the temperature is
lower (~700°C).

Dolomite reacts to calcite, periclase and ,JCaMg(CQ), = CaCQ + MgO +
CQO,) at 700°C. In the presence of aqueous fluid thgptrature decreases to below
~450°C

Calc-silicates containing forsterite and diopsidenf from impure limestones and
marls. These reactions release considerablge &@ proceed at relatively low
temperatures, between 450 and 500°C.

Organic matter in carbonates or shales releases @d/or CQ. Cracking of
hydrocarbons starts at ~100°C and reaches a maxenommd 550 °C.

Other gases are released from specific sedimergsty@alts break down to
halogens; pyrite in sulfide-rich shales oxidiseb@aks down to Fe-oxide releasing
sulfur oxides; coal burns to release LO

The reactions within an aureole thus release @&sai greenhouse or toxic gases,
including CQ, SO, CH,, and halogens, as summarized in Figure 2.
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