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20.1 Introduction

Even relatively small volcanic eruptions can have significant impacts on global
climate. The eruption of El Chichón in 1982 involved only 0.38 km3 of magma
(Varekamp et al., 1984); the eruption of Mount Pinatubo in 1993 involved
3–5 km3 of magma (Westrich and Gerlach, 1992). Both these eruptions produced
statistically significant climate signals lasting months to years. Over Earth’s his-
tory, magmatism has occurred on vastly larger scales than those of the Pinatubo
and El Chichón eruptions. Super-eruptions often expel thousands of cubic kilo-
metres of material; large igneous provinces (LIPs) can encompass millions of cubic
kilometres of magma. The environmental impact of such extraordinarily large
volcanic events is controversial. In this work, we explore the unique aspects of
LIP eruptions (with particular attention to the Siberian Traps), and the significance
of these traits for climate and atmospheric chemistry during eruptive episodes.

As defined by Bryan and Ernst (2008), LIPs host voluminous (> 100,000 km3)
intraplate magmatism where the majority of the magmas are emplaced during short
igneous pulses. The close temporal correlation between some LIP eruptions and mass
extinction events has been taken as evidence supporting a causal relationship
(Courtillot, 1994; Rampino and Stothers, 1988; Wignall, 2001); as geochronological
data become increasingly precise, they have continued to indicate that this temporal
association may rise above the level of coincidence (Blackburn et al., 2013).

Several obstacles obscure the mechanisms that might link LIP magmatism with
the degree of global environmental change sufficient to trigger mass extinction.
First, for Mount Pinatubo-style sulfur cooling, explosive eruption is crucial. The
radiative effects of sulfur aerosols are much greater when the aerosols reach the
stratosphere via explosive plumes (Robock, 2000). Second, as the magnitude of
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sulfur release increases, aerosols form larger particles (with lower optical depth per
unit mass and more rapid settling rates), effectively limiting the magnitude of
sulfur-driven cooling (Pinto et al., 1989). Third, while they are geologically rapid,
LIP eruptions can still span a million years or more, potentially allowing the
climate system to recover from intermittent fluxes of relatively short-lived volcanic
gases such as SO2. Finally, each mass extinction is associated with a distinctive
pattern of environmental stress as recorded in the geological, geochemical and
palaeontological records (Knoll et al., 2007; Wignall, 2001); these distinctive
patterns pose informative but challenging hurdles for any overarching model.

In recent years, volcanological understanding of LIP eruptions has grown more
nuanced. Abundant volcaniclastic deposits associated with the Ferrar, Emeishan
and Siberian Traps LIPs support episodes of phreatomagmatic and/or magmatic
explosivity (Chapter 1; Black et al., 2011; White et al., 2009; Wignall et al., 2009).
As detailed by Self et al. in Chapter 11, under certain conditions plumes from LIP
eruptions may intermittently breach the tropopause. Palaeomagnetic secular
variation studies (Chapter 5; Chenet et al., 2009; Chenet et al., 2008; Pavlov
et al., 2011) and ultra-high-precision geochronology (Blackburn et al., 2013)
indicate that LIP magmatism often occurs in pulses, compressing gas emissions
into several concentrated convulsions.

Current research has focused on CO2 release (Sobolev et al., 2011), sediment
degassing (Beerling et al., 2007; Ganino and Arndt, 2009; Svensen et al., 2009),
acid rain (Campbell et al., 1992), ozone depletion (Beerling et al., 2007; Visscher
et al., 2004) and shifts in continental weathering (Dessert et al., 2003; Schaller
et al., 2012) as potential links between LIP magmatism and global environmental
change. Possible changes in ocean circulation from prolonged sulfur cooling
(Black et al., 2012; Miller et al., 2012) also warrant further investigation. In this
contribution we will employ the ~ 252 Ma Siberian Traps as a test case. Where
possible, we will evaluate these proposed climate forcing mechanisms using a
global model of atmospheric chemistry and climate (Black et al., 2014; Kiehl and
Shields, 2005), and we will compare the conditions of these simulations to those
expected for other Phanerozoic large igneous provinces.

20.2 The Siberian Traps: a case study

The Siberian Traps LIP constitutes a strong test case for the environmental effects
of LIP magmatism because of its unusual size, its continental setting and its
association with the catastrophic end-Permian mass extinction (Kamo et al.,
2003; Shen et al., 2011; Burgess et al., 2014). The total original volume of the
Siberian Traps is difficult to estimate due to erosion and uncertain intrusive
volumes, but has been estimated as > 3,000,000 km3 (Reichow et al., 2009).
Volcaniclastic rocks characterize the lowermost parts of the volcanic section in
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many regions of the Siberian Traps (Black et al., 2011; Ross et al., 2005); some
authors have estimated that they comprise as much as 25% of the total volume,
though this figure may be inflated (Ross et al., 2005). Chapter 1 in this book
discusses in more detail the evidence for and importance of explosive fragmenta-
tion during LIP eruptions. Explosive delivery of volatiles to the stratosphere would
strongly influence the potential climate effects of Siberian Traps magmatism.

Geologic and palaeontologic proxies for environmental conditions across the
Permian–Triassic boundary provide a key constraint on the role of volcanic forcing
during the end-Permian mass extinction. The pattern of extinction in the oceans –
where Erwin (1994) notes that extinction rates exceeded 90% at the species level –
suggests that organisms with less capacity to adapt to changes in partial pressure of
CO2 (pCO2) may have suffered preferentially (Knoll et al., 2007). Terrestrial
sections record changes in the diversity and health of floral populations. Plant
fossils directly reflect prevailing atmospheric conditions. While the statistical
significance of extinction rates among some plant populations during the
end-Permian has been disputed (Rees, 2002), aberrant pollen remains provide
convincing evidence for widespread atmospheric stress (Foster and Afonin,
2005; Visscher et al., 2004). Ward et al. (2000) interpret a shift in fluvial style
as evidence for catastrophic devegetation.

20.3 Gas flux from large igneous provinces

The flux of gases such as CO2, CH4, CH3Cl, HCl and SO2 governs the range and
magnitude of the climate response to volcanism. The atmospheric lifetime of CO2

is between 103 and 105 years (Archer, 2005); the lifetimes of other important
volcanic and thermogenic gases are much shorter, ranging from 10–2 to 101 years
(Seinfeld and Pandis, 1997). Because the hiatus between eruptive events may
exceed the lifetime of many of these gases, climate forcing may occur in jolts
determined by the magnitude and duration of gas emission.

Sobolev et al. summarize the lines of evidence available to substantiate
estimates of volatile release in Chapter 10. Based on melt inclusion data, Black
et al. (2012) found that magmatic degassing from the Siberian Traps may have
accounted for the atmospheric release of 6,300–7,800 Gt S, 3,400–8,700
Gt Cl and 7,100–13,600 Gt F, depending on the efficiency of degassing. Sobolev
et al. (2011) estimate that the Siberian Traps LIP could have released up to
170,000 Gt of mantle-derived CO2. During intrusion and thermal meta-
morphism, the reaction of rock salt layers with hydrocarbons could also have
generated ~ 103 Gt CH3Cl.

Estimates of sulfur degassing from the Deccan Traps (Self et al., 2008) and the
Columbia River flood basalts (Blake et al., 2010; Thordarson and Self, 1996)
prescribe volumetric fluxes comparable to that of the Siberian Traps (Black et al.,
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2012). Carbon dioxide release is poorly constrained in all cases, but depends on
country-rock lithology and the composition of the mantle melt source. Siberian
magmas transited a series of particularly volatile-rich sedimentary rocks, including
evaporites, carbonates and hydrocarbon-bearing layers (Kontorovich et al., 1997;
Meyerhoff, 1980). This geologic setting may have contributed to the overall CO2

and methane flux, and is a necessary precondition for the production of CH3Cl and
other organohalogens (Svensen et al., 2009).

To simulate the effects of both CO2 updraw and pulsed release of sulfur and
other relatively short-lived gases as estimated by Black et al. (2012), we employ a
comprehensive global model of climate and chemistry (Black et al., 2014; Kiehl
and Shields, 2005; Lamarque et al., 2012). In the next section, we describe the set-
up, physical processes, chemistry and assumptions implicit in this model.

20.4 Model and simulation descriptions

The Community Earth System Model is a comprehensive global climate model
that includes ocean, land, sea-ice and atmosphere components. It is capable of
simulating fully interactive atmospheric chemistry with the CAM-Chem module
(Lamarque et al., 2012). The chemistry scheme includes reactions between 134
species, with rate constants as in Sander et al. (2006).

Here we present results from two types of simulations: one configured to capture
climate change, and one configured to capture atmospheric chemistry. The first
configuration is that of Kiehl and Shields (2005) who ran equilibrium simulations
at 3.75� by 3.75� resolution, with online ocean circulation coupled to a land model,
a sea-ice model, and an atmosphere with 26 vertical levels. Atmospheric chemistry
is not simulated in this set-up, but the radiative effects of CO2 and other green-
house gases are allowed to percolate completely through the Earth system until a
new equilibrium state is reached.

We use ocean sea-surface temperatures from an updated Community Climate
System Model 4 version of the Kiehl and Shields (2005) equilibrium simulations
as a boundary condition for the second configuration, in which we simulate
atmospheric chemistry at 1.9� by 2.5� horizontal resolution in the atmosphere.
The primary targets of these atmospheric chemistry simulations are rainfall pH and
ozone chemistry.

For both configurations, we employ the model of palaeotopography from Kiehl
and Shields (2005) as shown in Figure 20.1. Defining a realistic palaeobathymetry
for the pre-Mesozoic is particularly challenging, and likely constitutes one of the
major uncertainties for the simulation of ocean circulation. Another set of major
uncertainties involves the composition of the Permian–Triassic atmosphere and the
magnitude of magmatic and thermogenic fluxes. In all simulations, we hold CO2
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constant at either 355 ppm or 3550 ppm, following Kiehl and Shields (2005).
Volcanic emissions of sulfur derive from Black et al. (2012), and thermogenic
emissions of CH3Cl and CH4 derive from Aarnes et al. (2011). Complete emis-
sions and boundary conditions are tabulated in Black et al. (2014).

20.5 Global warming

Studies of oxygen isotopes in conodont microfossils suggest that sea-surface tem-
peratures began to warm rapidly in the latest Permian. Joachimski et al. (2012)
report a low-latitude temperature increase ofþ8 �C spanning a short interval across
the Permian–Triassic boundary. Sun et al. (2012) consider oxygen isotopic vari-
ations from the middle Permian to the Middle Triassic, and estimate a þ15 �C
increase in low-latitude sea-surface temperatures during this time. This strong
warming has been attributed to volcanic or thermogenic release of greenhouse gases
associated with Siberian Traps magmatism, though the correspondence of carbon
and oxygen isotopic variations with pulses of magmatism has not been conclusively
demonstrated geochronologically (Joachimski et al., 2012; Sun et al., 2012).

Comparing the warming predicted from oxygen isotopic records with results
from global climate models presents an interesting opportunity (Figure 20.2).
Global climate model simulations have shown that the palaeotectonic configur-
ation in the Permian was conducive to localized warm sea-surface temperatures in
the Tethys Ocean (Kiehl and Shields, 2005). As shown in Figure 20.2, a ten-fold
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Figure 20.1 End-Permian palaeotopographic reconstruction, after Kiehl and
Shields (2005), shown here at 0.5� by 0.5� horizontal resolution.
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increase in CO2 leads to a zonally averaged low-latitude sea-surface temperature
increase that is highly consistent with the þ8˚C warming reported by Joachimski
et al. (2012).

A þ15 ˚C warming of the equatorial sea surface (Sun et al., 2012) is more
difficult to achieve, and exceeds the temperature increase associated with a ten-fold
increase in CO2 to 3550 ppm (Kiehl and Shields, 2005). Based on a survey of
climate models, an approximately 2–4 �C global temperature increase is expected
for each doubling of CO2 (Rohling et al., 2012). The magnitude of the long-term
warming reported by Sun et al. (2012) thus requires higher climate sensitivity,
extreme CO2 levels or large quantities of other greenhouse gases (such as CH4) in
addition to CO2.

20.6 Global cooling

Stratospheric volcanic emissions of short-lived sulfur gas could produce transient
aerosol-induced cold spells within a long-term greenhouse warming trend from
longer-lived CO2. The eruption of the Siberian Traps occurred at relatively high
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Figure 20.2 Zonal mean sea-surface temperatures (SSTs) as a function of CO2

levels and latitude. KS2005 denotes simulations from Kiehl and Shields (2005).
CCSM3 runs were completed with Community Climate System Model 3;
CCSM4 runs were completed with Community Climate System Model 4. Based
on oxygen isotope records from conodonts, Joachimski et al. (2012) report a
þ8 �Cwarming of low-latitude sea-surface temperatures across the Permian–Triassic
boundary; Sun et al. (2012) report a þ15 �C warming of low-latitude sea-surface
temperatures from the middle Permian up to the Middle Triassic. For reference,
both potential temperature increases are shown here, relative to a simulation
of Permian climate with 1 � present-day CO2 (355 ppm). Temperatures below
–1.8 �C (271.3 K) correspond to sea-ice.
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latitude – around 60� N (Cocks and Torsvik, 2007) – with several implications for
sulfur aerosols. The high-latitude tropopause dips to an annual mean altitude of
10 km, versus 18 km at the equator (Grise et al., 2010); as a result, high-latitude
eruption plumes are more likely to breach the tropopause (Stothers et al., 1986).
The climate effects of high-latitude eruptions are asymmetric (Oman et al., 2005),
because the patterns of stratospheric circulation largely confine aerosols from high-
latitude eruptions to the hemisphere of origin. Because of downward transport in
the polar vortex, the residence time of stratospheric sulfur injected near the poles is
significantly shorter than that of sulfur injected in the tropics (Hamill et al., 1997).

Our bulk aerosol simulations allow us to track volcanogenic sulfate in the
atmosphere, though with many of the relevant aerosol physics greatly simplified
or neglected. Because of this simplification, the radiative effects of large sulfur
emissions are vulnerable to significant overestimation. While our simulations may
overestimate the magnitude of sulfur-induced cooling, they do reveal the geo-
graphic pattern of climate change. As expected, our simulations of a Siberian Traps
pyroclastic eruption (illustrated in Figure 20.3) show a much stronger decrease in
temperature in the northern hemisphere than in the southern hemisphere. Timm-
reck et al. (2010) find that during the 74 ka Toba super-eruption, equatorial release
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Figure 20.3 Zonal mean surface temperature during a prolonged Siberian Traps
explosive eruption, with 1.46 Gt/year SO2 release (corresponding to 240 km3/year
erupted volume).This simulation uses a prescribed aerosol size distribution that is
inaccurate for sulfur release of this magnitude (Pinto et al., 1989; Timmreck et al.,
2010); the magnitude of cooling in the simulation is therefore unrealistically severe.
However, the asymmetric pattern of cooling, with larger temperature decreases in the
northern hemisphere, should still be valid.A black andwhite version of thisfigurewill
appear in some formats. For the colour version, please refer to the plate section.
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of 850 Mt S (comparable to the sulfur release during a 240 km3 Siberian Traps
pyroclastic episode) could have generated a maximum –3.5 K global temperature
decrease, with more intense cooling locally. During extended Siberian Traps
eruptive episodes, cooling in the northern hemisphere could have exceeded this
value.

Miller et al. (2012) suggest that volcanic sulfur emissions from several closely
spaced eruptions produced sea-ice/ocean feedbacks that ultimately triggered the
Little Ice Age. During a LIP eruption, sustained eruptive episodes that include
significant pyroclastic volcanism could likewise power prolonged periods of
climatic cooling (Black et al., 2012). The potential effect of such cooling on ocean
circulation is a significant outstanding question, and represents a strong motivation
for the future adaption of fully coupled Earth system models with realistic aerosol
physics to configurations appropriate for deep time.

20.7 Acid rain

Campbell et al. (1992) noted that widespread acid rain likely accompanied the
eruption of the Siberian Traps. Black et al. (2014) used a comprehensive model of
global climate and chemistry to map the distribution of that acid rain throughout
the end-Permian world (Figure 20.4).

Among volcanogenic products, CO2 and SO4 contribute most forcefully to the
large-scale acidity of rain. Large proportions of HCl and HF are likely removed
from the eruption plume proximally (Pinto et al., 1989; Tabazadeh and Turco,
1993; Textor et al., 2003). These strong acids may produce a local spike in acidity
without altering the global pH of rain. As discussed previously, temperature
proxies (Joachimski et al., 2012; Sun et al., 2012) and palaeontological analyses
(Knoll et al., 2007) are consistent with strongly increasing CO2 levels across the
Permian–Triassic boundary. Our model results show that this uptick in CO2

translates to a long-term decrease in the pH of Permian–Triassic rain. The pH
of the ocean is buffered by CaCO3, but rapidly released CO2 will equilibrate
across the ocean–atmosphere system on timescales shorter than the dissolution
of sea-floor CaCO3, prompting ocean acidification (Archer, 2005; Kump et al.,
2009).

Even very large eruptions release insufficient sulfur to significantly affect the
pH of the ocean. However, sulfuric rain can reach deeply acidic pH values during
large eruptive episodes. Black et al. (2014) report that at atmospheric CO2 levels
of 3550 ppm, Permian–Triassic rain has pH � 4. As shown in Figure 20.4a, for
a 1-year 240 km3 eruption, annually averaged rainfall pH can drop one to two
additional log units in the northern hemisphere (Black et al., 2014). For an eruption
of 2,400 km3, a further decrease to annualized levels reaching pH � 2 over a wide
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area would be expected (Figure 20.4b). Such drastically acidic rain could produce
highly stressful environmental conditions for northern hemisphere flora and fauna
(Howells, 1990). SO4 has an e-folding time in the stratosphere of around 1 year
(Barnes and Hofmann, 1997); therefore, sulfuric acid rain, which is located in the
troposphere, abates quickly after an eruption ceases.

The expected intensity of acid rain during other flood basalt eruptions depends
largely on atmospheric CO2 levels and the quantity of sulfur released to the
stratosphere. Sulfur emissions from the Deccan Traps and the Columbia
River flood basalts were volumetrically comparable to those during the Siberian
Traps (Blake et al., 2010; Self et al., 2008). During the eruption of the Central
Atlantic Magmatic Province (CAMP) at the Triassic–Jurassic boundary, CO2 levels
may have been even higher than during the Permian–Triassic (Schaller et al., 2011).
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Figure 20.4 (a) Rainfall pH during a 1-year, 240 km3 eruption. Simulation E1
from Black et al. (2014). (b) Rainfall pH during a 1-year, 2400 km3 eruption.
Simulation E5 from Black et al. (2014). (c) Ozone depletion during a 3-year, 720
km3 eruption, assuming 75% of degassed HCl reaches the stratosphere, and with
10 � pre-industrial CH3Cl emissions. Simulation E3 from Black et al. (2014).
(d) Ozone depletion after a large pipe eruption that releases accumulated CH3Cl
and CH4 from contact metamorphism (Aarnes et al., 2011). Simulation P2 from
Black et al. (2014). A black and white version of this figure will appear in some
formats. For the colour version, please refer to the plate section.
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20.8 Ozone

The stratospheric ozone layer provides a crucial shield against incoming ultraviolet
radiation. Halogen-bearing compounds facilitate the catalytic destruction of strato-
spheric ozone through cycles that resemble:

Cl þ O3 ! ClO þ O2

ClO þ O ! Cl þ O2.

Visscher et al. (2004) invoked ozone depletion as a potential causal mechanism
for an observed spike in abnormal pollen during the end-Permian. Contact
metamorphism of Siberian sedimentary rocks – including hydrocarbon reservoir
strata and evaporates – may have produced abundant CH3Cl (Aarnes et al., 2011;
Beerling et al., 2007; Svensen et al., 2009). Beerling et al. (2007) demonstrated
that atmospheric release of sufficient quantities of this thermogenic CH3Cl could
drive near-total ozone layer collapse. Volcanic HCl can also trigger ozone deple-
tion, especially when background CH3Cl emissions are elevated (Black et al.,
2014), but water and ice in eruptive plumes help to scavenge HCl and may limit its
introduction to the stratosphere (Tabazadeh and Turco, 1993; Textor et al., 2003).

Figure 20.4c and 20.4d show the distribution of ozone after several years of
volcanic HCl or thermogenic gas release. While significant uncertainty accompan-
ies estimates of metamorphic gas release during the eruption of the Siberian Traps,
the presence of major evaporite and petroleum deposits in the Tunguska Basin
differentiates the Siberian Traps from other LIP eruptions. The potential for
CH3Cl-driven ozone collapse is thus a distinctive attribute of the Siberian Traps.

20.9 Continental weathering

The eruption of the Siberian Traps and the end-Permian mass extinction both
occurred near the onset of a major increase in seawater 87Sr/86Sr (Korte et al.,
2003; Korte et al., 2004). This increase in radiogenic Sr, which spans the earliest
Triassic, has been interpreted as evidence for a global increase in continental
weathering. Warmer temperatures, elevated atmospheric CO2, decimation of ter-
restrial vegetation, and acid rain are all potential drivers of accelerated weathering.

Flood basalt deposits may also provide an important long-term sink for CO2.
During weathering, the Ca contents in the basalts become available to bond with
carbonate (Dessert et al., 2001; Dessert et al., 2003). The eruption of LIPs can
create large new expanses of basaltic surface area, and chemical weathering of this
basalt may be much more efficient than chemical weathering of granite or gneiss
(Berner, 2006; Dessert et al., 2001; Dessert et al., 2003). On the basis of pedogenic
carbonate measurements from the Newark Basin, Schaller et al. (2012) suggest that
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LIP eruptions could initiate a cycle of increasing CO2 and global warming
followed by increased weathering, declining CO2 and global cooling.

20.10 Summary

LIP eruptions are capable of perturbing Earth systems via many mechanisms that
are not relevant to smaller eruptions. The geologic record provides increasing
evidence that CO2 and other greenhouse gases released by ancient LIP eruptions
may have triggered episodes of global warming (Joachimski et al., 2012; Schaller
et al., 2011; Sun et al., 2012). Models and geochemical records also hint at the
possibility of sustained sulfur-induced cooling, acid rain, ozone depletion, and/or
shifts in silicate weathering.

The rapidly improving resolution of proxy records for palaeo-temperature,
atmospheric conditions, biodiversity and geochemical cycling will support an
improved understanding of the environmental consequences of LIPs through deep
time. Comprehensive Earth system models must continue to work to fully repro-
duce and explain this complex geologic record.
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