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ABSTRACT

The temporal link between mass extinctions and large igneous provinces is well
known. Here, we examine this link by focusing on the potential climatic effects of
large igneous province eruptions during several extinction crises that show the best
correlation with mass volcanism: the Frasnian-Famennian (Late Devonian), Capi-
tanian (Middle Permian), end-Permian, end-Triassic, and Toarcian (Early Jurassic)
extinctions. It is clear that there is no direct correlation between total volume of lava
and extinction magnitude because there is always sufficient recovery time between
individual eruptions to negate any cumulative effect of successive flood basalt erup-
tions. Instead, the environmental and climatic damage must be attributed to single-
pulse gas effusions. It is notable that the best-constrained examples of death-by-
volcanism record the main extinction pulse at the onset of (often explosive) volcanism
(e.g., the Capitanian, end-Permian, and end-Triassic examples), suggesting that the
rapid injection of vast quantities of volcanic gas (CO, and SO,) is the trigger for a
truly major biotic catastrophe. Warming and marine anoxia feature in many extinc-
tion scenarios, indicating that the ability of a large igneous province to induce these
proximal Killers (from CO, emissions and thermogenic greenhouse gases) is the single
most important factor governing its lethality. Intriguingly, many voluminous large
igneous province eruptions, especially those of the Cretaceous oceanic plateaus, are
not associated with significant extinction losses. This suggests that the link between
the two phenomena may be controlled by a range of factors, including continental
configuration, the latitude, volume, rate, and duration of eruption, its style and set-
ting (continental vs. oceanic), the preexisting climate state, and the resilience of the
extant biota to change.
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INTRODUCTION

The possibility that volcanism is capable of driving mass
extinctions has long been posited (e.g., Kennett and Watkins,
1970; Vogt, 1972), and large igneous provinces—the most
voluminous manifestation of volcanism on Earth—have been
the most frequently preferred culprits. Improvements of radio-
isotopic dating in the past two decades have considerably
strengthened this notion because four of the “Big 57 extinction
events of the Phanerozoic, as well as every minor crisis since
the Permian, are shown to coincide with large igneous province
eruptions (Fig. 1; Courtillot, 1999; Wignall, 2001). Only the
first of the “Big 5,” the end-Ordovician crisis, remains uncorre-
lated to a large igneous province culprit, although one has been
mooted for this interval (Courtillot and Olson, 2007; Lefebvre
et al., 2010).

The volcanism-extinction link is now well documented (e.g.,
Rampino and Stothers, 1988; Wignall, 2001, 2007; Courtillot and
Renne, 2003; Kravchinsky, 2012), but temporal coincidence does
not prove a causal link, although the frequency of the association
is sufficiently high to imply this. Perhaps the strongest criticism
comes from the observation that many large igneous province
eruptions, especially those of the oceanic plateaus of the Creta-
ceous, are not associated with significant extinction losses (Figs.
1 and 2). Were post-Jurassic biotas more resistant to the deleteri-

ous effects of massive volcanism, or was the lack of lethality a
consequence of other factors?

The current challenge for earth scientists is to better under-
stand the variable environmental effects of large igneous province
eruptions and identify the causal mechanism(s) whereby they
sometimes cause catastrophic extinctions. This paper reviews our
knowledge of the potential climatic effects of volcanism for sev-
eral crises that show the best correlation with mass volcanism:
the Frasnian-Famennian Viluy Traps; the Capitanian Emeishan
flood basalts; the end-Permian Siberian Traps; the end-Triassic
Central Atlantic magmatic province; and the Toarcian Karoo and
Ferrar Traps. The celebrated extinction at the end of the Creta-
ceous is associated with both the mighty Deccan Traps and the
Chicxulub impact crater, making for a rather special and conten-
tious case study. This event is treated in detail elsewhere in this
volume and is not expanded on here.

At this stage, it is pertinent to define what is meant by both
“large igneous province” and “mass extinction.” The former term
was introduced by Coffin and Eldholm (1991), but we follow the
succinct revised definition of large igneous provinces of Bryan
and Ernst (2008). The latter authors define large igneous prov-
inces as magmatic provinces with >0.1 x 10° km? extent, volumes
>0.1 x 10° km?, and a maximum eruption duration of <50 m.y.
They are characterized by igneous pulse(s) of short duration
(~1-5m.y.), during which a large proportion (>75%) of the total
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Figure 1. Generic extinction magnitude through the past 400 m.y. (based on Sepkoski, 1996, 2002) vs. the age and estimated original volume
of large igneous provinces (volume estimates based on Courtillot and Renne, 2003; Kravchinsky, 2012). PDD—Pripyat-Dnieper-Donets rift;
CAMP—Central Atlantic magmatic province; OJP 1/0JP 2—Ontong Java Plateau phases 1 and 2; NAIP—North Atlantic igneous province;
CR—Columbia River Basalt Group. Continental flood basalt—volcanic rifted margin provinces (after Bryan and Ernst, 2008) are shown as
black bars, while oceanic plateaus are shown as gray bars. Note the apparent correlation between mass extinction events (peaks in generic
extinction) and large igneous province emplacement, but no major extinctions associated with the three volumetrically largest episodes of vol-
canism in the Cretaceous. This figure does not show the possible range of ages for the Viluy Traps (ca. 377-364 Ma). Figure is adapted from
Bond et al. (2010a). D—Devonian; C—Carboniferous; P—Permian; Tr—Triassic; J—Jurassic; K—Cretaceous; T—Tertiary.
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Figure 2. Map of major large igneous provinces mentioned in the text (adapted from Coffin and Eldholm, 1994; Bryan
and Ernst, 2008; Marzoli et al., 2011). The Ferrar Traps, located in Antarctica, are not shown on this map. Postulated area
of the Viluy Traps is very uncertain. The apparently vast distribution of the Siberian Traps reflects the suggested west-
ward extension of volcanics beneath Jurassic and Cretaceous basin fill, based on Early Triassic basalts found in boreholes
(Westphal et al., 1998; Reichow et al., 2005; Saunders et al., 2005).

igneous volume is emplaced (Bryan and Ernst, 2008). The major-
ity of large igneous provinces fall into two subdivisions, conti-
nental flood basalt provinces and oceanic plateaus, with a few
being a combination of continental flood basalts and volcanic
rifted margins. A mass extinction records a globally widespread
and rapid loss of species from numerous environments, and the
“Big 5” extinctions of the Phanerozoic are those in which >50%
of species disappeared from the fossil record (sensu Raup and
Sepkoski, 1982; Sepkoski, 1996). The Capitanian event should
probably also be included in a revised “Big 6.” It has been pro-
posed that the Frasnian-Famennian and end-Triassic “mass
extinctions” be demoted to “mass depletions,” since those events

were likely a diversity decrease due to failure to originate, rather
than elevated species loss (e.g., Bambach et al., 2004). Indeed,
different treatments of taxonomic databases have rendered some
interesting results (Table 1). Nevertheless, for now, the Frasnian-
Famennian and end-Triassic events maintain their place at the top
table of mass extinctions.

EFFECTS OF VOLCANISM ON CLIMATE

Is it realistic to suggest that large igneous province volca-
nism can affect global climate to the extent that extinction is inev-
itable, even in regions distant from the site of eruptions? Here,

TABLE 1.TAXONOMIC-SEVERITY RANKING OF THE 11 LARGEST PHANEROZOIC CRISES SINCE THE ORDOVICIAN*

Rank Event %' Event %> Event %° Ecological severity ranking?
1 End-Permian -58 End-Permian -57 End-Permian -83 End-Permian

2 End-Ordovician —49 End-Ordovician —43 End-Triassic —-73 End-Cretaceous

3 Capitanian —47 Capitanian -36 End-Ordovician -52 End-Triassic

4 End-Triassic -40 End-Cretaceous -34 End-Devonian -50 Frasnian-Famennian

5 End-Cretaceous -39 End-Triassic -33 End-Cret., Late Dev. (=) -40 Capitanian

6 Frasnian-Famennian -35 Frasnian-Famennian -22 N.A. N.A. Serpukhovian

7 Givetian -30 Serpukhovian -13 Serpukhovian -39 End-Devonian, End-Ordovician (=)
8 End-Devonian -28 Givetian -10 Givetian -36 N.A.

9 Eifelian -24 End-Devonian, Ludford. (=) -7 Eifelian -32 Givetian

10 Serpuk., Ludford. (=) -23 N.A. N.A. Capitanian -25 Eifelian, Ludfordian (=)

11 N.A. N.A. Eifelian -6 Ludfordian -9 N.A.

Abbreviations: N.A.—not applicable; Serpuk.—Serpukhovian; Ludford.—Ludfordian; Dev.—Devonian; Cret.—Cretaceous.
*Ranked by the percentage marine genera extinction magnitude in the analyses of 'Sepkoski (1996), 2Bambach et al. (2004), and *McGhee et

al. (2013).

TEcological severity ranking (McGhee et al., 2013) is a measure of the “ecological impact” of a crisis (see McGhee et al., 2004). The Ludfordian,
Eifelian, Givetian, and Serpukhovian are relatively minor intra-Silurian, Devonian, and Carboniferous bioevents.
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we review the major climate-changing products of volcanism
and provide a brief overview of recent developments in modeling
work that provide clues to the “missing link” between large igne-
ous province eruptions and mass extinctions.

Products of Volcanism

Volcanic eruptions inject gases and ash into the troposphere
and stratosphere, where their residence time, behavior, and dis-
persal vary greatly. Apart from water vapor (H,O), carbon diox-
ide (CO,) and sulfur dioxide (SO,) are volumetrically the most
important volcanic gases. Both are greenhouse gases, but their
warming effects operate over very different time scales: Only
CO, causes significant warming over geological time. While
SO, causes localized short-term warming over periods of days to
weeks, its major effect is that of cooling because it forms sunlight-
blocking aerosols. Chlorine and fluorine are other important
products of volcanism, contributing to ozone depletion and acid
rain (e.g., Sigurdsson, 1990; Thordarson and Self, 1993, 2003).

Sulfur Dioxide

Basaltic lavas, such as those associated with large igneous
provinces, are especially rich in sulfur dioxide (Palais and Sig-
urdsson, 1989; Sigurdsson, 1990), and its atmospheric conver-
sion to aerosols is one of the key drivers of cooling during erup-
tions (e.g., Robock, 2000). This effect can last for 2-3 yr after an
eruption, but rarely longer, because rain out occurs quite rapidly.
For SO, to be effective in causing cooling, it must be injected
into the stratosphere, where it is rapidly dispersed around the
hemisphere (crossing the equator is a slower process). This has
been observed for a number of modest (by large igneous prov-
ince standards) volcanic eruptions over the past few centuries
that have caused significant global cooling (Briffa et al., 1998; de
Silva and Zielinski, 1998). A recent example is provided by the
Mount Pinatubo eruption of 1991, which injected 20 megatons
(Mt) of SO, more than 30 km into the stratosphere. The result
was a global temperatures decrease approaching 0.5 °C for 3 yr
(although this cooling was probably exacerbated by the contem-
poraneous Mount Hudson eruption in Chile).

One of the largest historical eruptions occurred in 1783—
1784 from the Laki fissure in Iceland when an ~15 km? volume
of basaltic magma was extruded, releasing ~122 Mt of SO,,
15 Mt of HF, and 7 Mt of HCI (Thordarson and Self, 1993,
2003). Laki’s eruption columns extended vertically up to 13 km,
injecting sulfate aerosols into the upper troposphere and lower
stratosphere, where they reacted with atmospheric moisture to
produce ~200 Mt of H,SO,. This aerosol-rich fog hung over the
Northern Hemisphere for 5 mo (Thordarson and Self, 2003),
leading to short-term cooling (Williams-Jones and Rymer,
2000), and harmful acid rain in both Europe and North Amer-
ica. Additionally, HCl and HF emissions damaged terrestrial
life in Iceland and mainland Europe, as a low-level fluorine-
rich haze stunted plant growth and acidified soils (Frogner Koc-
kum et al., 2006).

The temporal link between the Laki eruptions and cooling
is apparently compelling; Iceland was 5 °C colder than normal
(Wood, 1992), and the eastern United States recorded its cold-
est ever winter in 1783-1784, with average temperatures 4.8 °C
below the 225 yr average (Scarth, 2001). However, the causal
link between the two has been questioned by D’Arrigo et al.
(2011), who argued that the 1783—1784 winter saw a combined
negative phase of the North Atlantic Oscillation and an El Nifio—
Southern Oscillation warm event (a pattern repeated during the
unusually harsh Northern Hemisphere winter of 2009-2010).
Thus, Laki may not have been the sole contributor to cooling
during 1783-1784. Another link between volcanism and cooling
was seen during one of the largest episodes of volcanic strato-
spheric H,SO, loading of the past 500 yr from Huaynaputina, in
Peru, which erupted in 1600 coincident with the coldest global
average temperatures of the time (de Silva and Zielinski, 1998).

With a volume of 15 km?, Laki was tiny in comparison to
the scale of eruptions encountered during large igneous prov-
ince emplacement. However, it is unclear if the cooling effects
of larger eruptions can be simply scaled up from the known
effects of observed historical eruptions. Sulfate aerosol forma-
tion during large eruptions may be limited by the amount of
water vapor in the atmosphere, with the result that not all of
the injected SO, is converted into aerosols immediately (Pinto
et al., 1989). Larger eruptions could in theory cause more pro-
longed cooling than small eruptions, but the cooling effect need
not necessarily be any more intense because of the limiting role
of water vapor availability.

The past few years have seen major advances in the use of
global aerosol microphysics models, partially stemming from the
geoengineering debate on injecting SO, into the stratosphere to
mitigate global warming (e.g., English et al., 2012). These mod-
els have supported the assertion that there is an upper limit to the
radiative forcing that can be obtained with sulfate aerosols due
to the particle size distribution and growth effect (Heckendorn
et al., 2009; Timmreck et al., 2009, 2010; Niemeier et al., 2011;
Hommel and Graf, 2011; English et al., 2012). For a given sul-
fate load, the scattering of shortwave radiation is modulated by
particle size, and as aerosol particle size increases, scattering of
radiation decreases (Rasch et al., 2008; Timmreck et al., 2009).

There is a positive correlation between mass of sulfur
released during historic volcanic eruptions and Northern Hemi-
sphere temperature decline (Fig. 3; Devine et al., 1984; Sigurds-
son, 1990), but it does not appear to be a linear one (Blake, 2003).
Thus, eruptions between A.D. 1400 and 1994 with <2 km® magma
volume generated insignificant cooling, while those with >4 km?
volumes induced cooling of 0.35 °C on average (Blake, 2003).
Indeed, by far the largest eruption of the late Quaternary, at Toba,
Sumatra (73,000 yr ago), injected ~4400 Mt of sulfate aerosols
into the stratosphere (Rampino and Self, 1992; Zielinski et al.,
1996), but contemporaneous cooling is not clearly evident from
the 8'30 record (Rampino and Self, 1992). Even the time of year
that eruption occurs may affect the impact of aerosols. Frolicher
et al. (2013) postulated that the El Nifio-Southern Oscillation
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controls atmospheric response to volcanic gases, implying that
past continental configuration and ocean circulation may have
been a factor in the response of climate to large igneous province
volcanism.

Schmidt et al. (2010, 2012a, 2012b) modeled the importance
of aerosol-induced indirect radiative forcing of climate from
Laki-style eruptions. While direct radiative forcing derives from
the scattering of incoming solar radiation in the stratosphere,
indirect forcing is caused by the effect of aerosols on the radiative
properties of clouds in the troposphere, usually restricted to the
region of volcanism. Schmidt et al.’s simulations showed that tro-
pospheric volcanic aerosols are an important contributor to cloud
condensation nuclei, and that the additional indirect climate forc-
ing caused by increased cloud formation can be substantial (the
cloud albedo effect). Intriguingly, Schmidt et al. (2012a) found
that the global annual mean cloud albedo effect was about twice
as strong under pre-industrial conditions (-1.06 W m) as under
present-day conditions (-0.56 Wm?), suggesting that there may
be an upper limit to aerosol-induced indirect radiative forcing.
Nevertheless, it is possible that indirect radiative forcing was an
additional contributor to volcanic darkness and cooling in past
episodes of large igneous province volcanism and/or extinction,
albeit localized to the eruption site.

The preceding section concentrated on relatively small,
recent injections of SO, into the atmosphere. Modeling work has
emphasized the complexity of the behavior of SO, in the atmo-
sphere, and we should take great care in extrapolating these mod-
els to large-scale large igneous province volcanism. While it is
apparent that the relationship between the size of the gas flux and
cooling or radiative forcing is not linear, it is possible that vol-
canism on a large igneous province scale would induce changes
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Figure 3. Correlation between volcanic sulfur yield to the atmosphere
and the observed Northern Hemisphere temperature decrease for sev-
eral historical eruptions. Sulfur yield is based on petrologic estimate
(Devine et al., 1984; Palais and Sigurdsson, 1989). Figure is after Sig-
urdsson (1990).

to Earth’s climate that are far greater than anything associated
with historical eruptions. Thus, Self et al. (2005) proposed that
each huge eruption (10>-10* km?) associated with continental
flood basalt volcanism could last for a decade or more and could
inject ~1 Gt of SO, per year. Potentially, decadal-length fluxes of
gas could cause longer-term cooling, especially if the recurrence
interval between flows was brief (<100 yr).

Carbon Dioxide

Carbon dioxide is the other principal volcanogenic gas,
alongside SO,, and its greenhouse effects are another potential
consequence of large igneous province eruptions, especially
given its longer atmospheric residence time. However, the key
debate is whether volcanic CO, degassing is sufficiently volumi-
nous to have significant effects.

The estimated annual volcanic CO, flux of 130440 Mt
(Gerlach, 2011) is injected into an atmosphere of 3000 Gt of
CO,. This is two orders of magnitude smaller than the current
anthropogenic CO, flux (Sabine et al., 2004). In comparison,
Self et al. (2005) calculated that a single large igneous province
eruption with a volume of 1000 km? (with a top-end estimate of
0.5 wt% CO, in the magma and 100% degassing) would inject
around 13 Gt of CO, into the atmosphere, i.e., less than 1/200th
the mass of the atmospheric reservoir. In isolation, a single erup-
tion is unlikely to cause a climatically significant increase in
atmospheric CO,. However, the atmospheric lifetime of CO, is at
least several hundred years, far longer than that of SO,, and about
a fifth of CO, remains in the atmosphere for several thousands of
years (Archer, 2005). The cumulative effects of repeated, closely
spaced flood basalt eruptions could potentially promote global
warming. The total CO, release from a large igneous province
such as the Siberian Traps has been estimated at 30,000 Gt CO,,
ie., 10 times the mass in today’s atmosphere (Courtillot and
Renne, 2003), based on an original volume of ~3 x 10° km? for
the Siberian Traps.

Underlying the discussions of large igneous province CO,
release is the assumption that plumes of undepleted mantle are
the source of large igneous province magma and their volatiles.
However, recent modeling work and study of mantle inclusions
in the Siberian Traps led Sobolev et al. (2011) to suggest that
recycled ocean crust may form a substantial proportion (15%) of
plumes. The consequences for volatile release are considerable
because this material would yield substantial volumes during
partial melting. Driven off ahead of the ascending magma, the
initial volatile release is therefore calculated to release 170,000
Gt of CO, and about a tenth this amount of HCI (Sobolev et al.,
2011). If this gas was released in a few, closely spaced blasts, the
environmental effects would be devastating.

Another potentially important effect of CO, release is
increased acidity of the oceans. Huybers and Langmuir (2009)
modeled the effect of increased atmospheric CO, on carbonate sat-
uration and showed that a rapid injection of ~3000 Gt of CO, into
the ocean, accompanied by a 4 °C ocean warming and 100 ppm
increase in atmospheric CO2 concentration, would cause the
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carbonate saturation horizon to shoal by ~1 km (Fig. 4). If cor-
rect, Huybers and Langmuir’s (2009) modeling implies that the
largest subaerial large igneous province eruptions were able to
generate significant ocean acidification, as has been proposed
for the end-Permian mass extinction (Payne et al., 2007). How-
ever, these effects would only be severe in cooler, higher-latitude
oceans and in deeper waters.

Other Gases and Ash

Water vapor (H,O) is volumetrically the largest volcanic gas,
and its immediate effect is to act as a positive radiative forcing
agent in the stratosphere that may in part counteract the cool-
ing effects of sulfate aerosols. Joshi and Shine (2003) applied
a general circulation model to the Pinatubo eruption scenario
and calculated a global average radiative forcing due to H,O of
+0.1 W m=. Radiative forcing due to Pinatubo’s volcanic aero-
sols peaked at —3.5 W m (Myhre et al., 2001), and so it seems
probable that the effect of water vapor is to partly counteract the
effect of aerosols.

Hydrogen chloride and hydrogen fluoride (HCI and HF),
volcanic ash in the form of silicate particulate matter, and meth-
ane (CH,) are other important products of volcanism. Some of
these have been documented as causing environmental harm
during recent eruptions, leading to their effects being invoked
in mass extinction scenarios (without much acclaim). In par-
ticular, HCI causes damage downwind from volcanoes because
HCl and H,0 condense readily on ash particles and fall as acidic
rain. This mechanism affected crops and livestock in Iceland and
mainland Europe during the 1783-1784 Laki eruptions, which
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Figure 4. Modeled change in the carbonate saturation horizon between
the last glacial and present interglacial for various volcanic inputs of
CO, into the ocean-atmosphere system. One scenario considers only
changes in CO, and temperature (dotted line), and the other also in-
cludes organic storage of carbon on the continents (solid line). Figure
is after Huybers and Langmuir (2009). Negative values on the y axis
will not affect the carbonate saturation horizon.

released 7 Mt of HCI (Thordarson and Self, 1993, 2003). How-
ever, this rainfall also ensures the swift removal of volcanic HCI
from the atmosphere, and it is unlikely that HCI could cause
long-term damage on a global scale. HCI also destroys ozone
as reactive chlorine atoms are released through interaction with
sulfate aerosols, but due to the rapid scrubbing of HCI from the
troposphere by rain, there is limited opportunity for stratospheric
ozone destruction.

Hydrogen fluoride also promotes acid rain downwind of the
eruption site, but its primary deleterious effect is that of poison-
ing. The gas combines with fine ash particles, poisoning animal
and plant life wherever it falls in volume. The 15 Mt HF released
during the Laki eruptions caused widespread crop failure as well
as bone damage and excess mortality in livestock and humans.
Like HCI, though, HF is rapidly removed from the atmosphere,
and it is unlikely to be of great relevance in global mass extinc-
tion scenarios.

Early attempts to understand the climatic effects of vol-
canism by Humphreys (1940) assumed that volcanic ash was
responsible for major cooling by backscattering incident solar
radiation, an effect that we now know actually derives from sul-
fate aerosols. In fact, ash particles have only a very minor, local-
ized effect on climate (lasting days), because they remain in the
atmosphere for such a brief duration. Even the 1991 Pinatubo
eruption, which saw a huge umbrella plume extending 35 km
vertically, deposited almost all of its 5.2 km? ash over the South
China Sea in just a few days (Wiesner et al., 2004). Clearly,
with such short atmospheric residence times, ash is not a great
threat to global biodiversity. Ash layers are, however, extremely
useful to paleontologists, stratigraphers, and geochronologists,
because they can provide a datable record of volcanism (the
“smoking gun”) in stratigraphic sequences distant from the
eruption site that contain the record of mass extinctions (e.g.,
Wignall et al., 2009b).

Thermogenic Greenhouse Gases

In recent years, an additional source of large igneous
province-related gas flux has been identified. In order to
explain the abrupt warming associated with the Paleocene-
Eocene thermal maximum, Svensen et al. (2004) suggested
that baking of organic-rich sediments by high-level intrusives
could generate great volumes of greenhouse gases, perhaps
thousands of gigatons of CH, (rapidly oxidized to CO, in the
atmosphere). Such thermogenic gases will have the light iso-
topic signature of their source sedimentary organic matter and
so can account for the negative §'*C excursions often encoun-
tered during large igneous province eruption intervals. Tan-
gible evidence for gas release comes in the form of thousands
of hydrothermal vent complexes (small diatremes) developed
above igneous intrusions of large igneous provinces (Svensen
et al., 2004, 2007). If such structures were simultaneously
active, then it is possible their gas effusion rates were consid-
erable. Svensen’s hypothesis has gained considerable favor
as a cause of the rapid global warming often observed during
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extinction crises (Heydari et al., 2008; Retallack and Jahren,
2008; Ganino and Arndt, 2009).

What Makes a Large Igneous Province a Global Killer?

One of the great enigmas of the geological record is the great
variability of the consequential effects of large igneous province
eruptions (Wignall, 2001). Prior to the Cretaceous, most large
igneous province eruptions can be convincingly linked with
biotic crises, but the effects of younger provinces seem much
more variable. Understanding the cause of this variability may
lie in factors like continental configuration, latitude of eruption,
scale and duration of eruptions, their style and setting (continen-
tal vs. oceanic), and the pre-eruption climate state.

Volume, Rate, and Style of Eruption

Large igneous provinces are mostly constructed of individ-
ual sheet flows, primarily of tholeiitic basalt, that range in vol-
ume from several hundred to several thousand cubic kilometers.
Other volumetrically important extrusive components of conti-
nental flood basalt provinces are mafic volcaniclastic deposits
(e.g., Ukstins Peate and Bryan, 2008) and typically late-stage
silicic ignimbrites (Bryan, 2007). Estimating the original vol-
ume of large igneous provinces is notoriously difficult, but the
best-known continental flood basalt provinces emplaced between
0.2 x 10° km?* (Columbia River flood basalts) and >3 x 10°® km?
of lava (e.g., Siberian and Deccan Traps). There is no direct cor-
relation between total volume of lava and extinction magnitude
(Wignall, 2001; Courtillot and Renne, 2003; Fig. 1). This conclu-
sion is not surprising, given the observations that there is likely
always sufficient recovery time between individual eruptions to
negate any cumulative effect of successive flood basalt eruptions.
Instead, the environmental and climatic damage must be attrib-
uted to single-pulse gas effusions. Radioisotopic dating has con-
strained the total duration of many continental flood basalt prov-
ince eruptions to 1-2 m.y. (Courtillot and Renne, 2003; Bryan et
al., 2010; Kravchinsky, 2012), but the magnitude and recurrence
time of individual eruptions are poorly understood.

The relatively small Columbia River flood basalts represent
the most recently emplaced large igneous province, and its erup-
tive history is amongst the best known. It consists of stacked,
pahoehoe lava flow fields ranging from 1 to 2000 km* in volume
(Tolan et al., 1989) that were the products of individual, poten-
tially sustained, eruptions (Self et al., 1997). Each flow consists
of multiple, sheet-like lobes that are 20-30 m thick (Bryan et al.,
2010). Each flow field is thought to have originated from erup-
tions lasting perhaps years or decades and with eruption rates of
4000 m3s7! (Self et al., 1996, 1997, 1998). The stratigraphy of the
province is well constrained and has shown that, although basal-
tic eruptions range in age from 17 Ma to 6 Ma, >90% of the total
volume was erupted between 16.6 Ma and 15.3 Ma (Tolan et al.,
1989; Camp et al., 2003; Hooper et al., 2007). Peak magmatism
occurred during the initial eruptions and lasted for a much shorter
duration than 1.3 m.y., possibly just tens of thousands of years

(Bryan et al., 2002; Bryan and Ernst, 2008). A similar eruptive
history has been proposed for some of the larger continental flood
basalt provinces such as the Central Atlantic magmatic province
(Knight et al., 2004) and the Deccan Traps (Chenet et al., 2007),
which were probably emplaced during a series of very short-
lived (hundreds of years or less) eruptions. If peak magmatism
occupies only a short time interval, then it follows that gas fluxes
peaked during the onset of eruptions—an observation that has
additional pertinence when examining the relationship between
large igneous province timing and extinction (see following).

Role of Eruption Site

Tropical eruptions generate heating in the tropical strato-
sphere that creates anomalous temperature and density gradients
between the equator and the poles, causing a strengthening of
zonal winds and a stronger stratospheric polar vortex (Driscoll
et al., 2012). This strengthened vortex is associated with posi-
tive North Atlantic Oscillation and Arctic Oscillation, which
generate high pressure at midlatitudes and low pressure at the
poles (Black, 2002; Kolstad and Charlton-Perez, 2011). This
mechanism ensures that aerosols from tropical eruptions, such
as Pinatubo, quickly spread over the entire globe. In contrast,
aerosols derived from high-latitude eruptions remain in the hemi-
sphere in which they were injected, unable to escape the polar
vortex (Oman et al., 2005). Although this modeling is based on
historical-scale eruptions with a modern continental configura-
tion, it suggests that eruption site is a key factor in the ability
of aerosols to affect global climate and that only tropical large
igneous province eruption could cause global mass extinctions
through the cooling/darkness effect of sulfate aerosols. The tro-
posphere is thinner at higher latitudes, and polar volcanic erup-
tions are more likely to inject aerosols into the stratosphere.

Of the five extinction-associated large igneous provinces
discussed in this paper, the Emeishan Traps (paleolatitude of
10°S—10°N) and Central Atlantic magmatic province (paleolati-
tude of ~20°S-20°N) straddled the equator. The Karoo and Fer-
rar Traps (45°S) erupted in southern midlatitudes, while the Viluy
Traps (~50°N-60°N) and Siberian Traps (>60°N) were emplaced
in northern Boreal latitudes. So, clearly, eruption site alone is not
crucial for a large igneous province—extinction link.

FRASNIAN-FAMENNIAN (LATE DEVONIAN)
MASS EXTINCTION

Extinction Record

The Frasnian-Famennian mass extinction (at the stage
boundary, dated to 372.2 Ma according to Gradstein et al., 2012)
has long been considered one of the “Big 5” extinction events
(Table 1). Many marine groups suffered marked extinctions, and
spectacularly large Devonian reef ecosystems never fully recov-
ered (Kiessling et al., 2000; Copper, 2002). The close temporal
association between the Frasnian marine extinctions and the
development of two discrete, geographically widespread anoxic
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“Kellwasser events” supports an anoxia-extinction causal link
in offshore level-bottom communities (Buggisch, 1972; House,
1985; Buggisch, 1991; Bond et al., 2004). The same cause has
recently been implicated in the demise of shallow-water reefs
(Bond et al., 2013). Both anoxic events correspond to pulses of
sea-level rise that together form transgressive-regressive (T-R)
cycle IId of the Late Devonian eustatic curve (Johnson et al.,
1985; Bond and Wignall, 2008). A significant warming, derived
from oxygen isotope data from conodont apatite (Joachimski et
al., 2009), saw low-latitude sea-surface temperatures rise from
23 °C in the Middle Devonian to 30-32 °C by the end-Frasnian.
This apparently simple climatic history is complicated by two
Kellwasser-related cooling phases (Joachimski and Buggisch,
2002; Balter et al., 2008), perhaps induced by atmospheric CO,
drawdown during black shale deposition, and it has been sug-
gested that the biotic crisis has its origins in a “destabilised green-
house” (Racki, 1998, p. 192). Could eustatic sea-level rise, cli-
mate changes including ~9 °C global warming, and widespread
marine anoxia have their origins in contemporaneous large igne-
ous province volcanism?

Late Devonian Volcanics

The Viluy Traps, which cover most of the northeast mar-
gin of the Siberian Platform, have been known for four decades
(Masaitis et al., 1975; Gaiduk, 1988), but only relatively recently
has their age become well constrained (Kravchinsky et al., 2002;
Kiselev et al., 2006, 2007; Kuzmin et al., 2010; Kravchinsky,
2012). The lavas partially fill the Viluy rift, a graben 800 km
long by 450 km wide (Kiselev et al., 2006), that is the western
branch of a Devonian triple-junction rift (Kuzmin et al., 2010).
Volcanism began in the Frasnian and continued into the Missis-
sippian, emplacing a volcanic pile up to 7 km thick (Kuzmin et
al., 2010). Most of the lava has been eroded or lies buried beneath
the younger Siberian Traps to the west, making volume estimates
difficult, but values of ~1 x 10° km* have been suggested (Cour-
tillot et al., 2010; Kuzmin et al., 2010). Until recently, radio-
isotopic dates from the volcanics were rather sparse and gave a
broad range of ages suggesting that magmatism lasted from 380
to 340 Ma (K-Ar ages in Shpount and Oleinikov, 1987; Ar-Ar
ages in Kiselev et al., 2006). Courtillot et al. (2010) constrained
the major pulse of Viluy volcanism between 370 and 360 Ma
(K/Ar and Ar-Ar ages), concluding that the **Ar/*’Ar plateau ages
of 370.0 = 0.7 Ma (conventional calibration) or 373.4 = 0.7 Ma
(recalculated per Renne et al., 2010, 2011) are the most reliable
ages for Viluy Traps volcanism. In accord with paleomagmatic
data, the entire large igneous province could have been emplaced
around 370 Ma, very close to the Frasnian-Famennian boundary
(Kravchinsky et al., 2002). The latest time scale (Gradstein et al.,
2012) places this stage boundary at 372.2 Ma (based on a cubic
spine fit on 17 selected radioisotopic dates from the Devonian
and lowermost Carboniferous), actually much closer to Cour-
tillot et al.’s (2010) age determination for Viluy volcanism than
previously thought. (In 2010, the Frasnian-Famennian bound-

ary was placed at 376 Ma.) The most recently obtained K-Ar
and Ar-Ar dates indicate multiphase emplacement of the Viluy
Traps between 376.7 + 1.7 Ma and 364.4 + 1.7 Ma (Ricci et al.,
2013), clearly strengthening its temporal link with the Frasnian-
Famennian extinction (and also implying a causal link with the
lesser crisis at the Devonian-Carboniferous boundary).

Other large traps are well known from the Late Devonian.
The 2000 km Pripyat-Dnieper-Donets rift system, in the south-
west of the Russian Platform, is estimated to have hosted a mini-
mum of 1.5 x 10° km? of magma, making the Pripyat-Dnieper-
Donets large igneous province potentially even larger than the
Viluy Traps (Kravchinsky, 2012). Conversely, Courtillot and
Renne (2003) dismissed the Pripyat-Dnieper-Donets system
as both volumetrically minor, with <10,000 km® magma, and
too young (367-364 Ma; Famennian Stage, based on forward
modeling rather than radioisotopic dating; Kusznir et al., 1996;
Wilson and Lyashkevich, 1996) to be implicated in the Frasnian-
Famennian extinction. Extensive, but volumetrically relatively
minor, alkaline magmatism on the Kola Peninsula in Russia has
been dated to 380-375 Ma (Wu et al., 2013), i.e., slightly older
than the Frasnian-Famennian boundary.

The Late Devonian was clearly a time of voluminous trap
magmatism on the Russian and Siberian Platforms that could
feasibly have injected enough CO, into the atmosphere to gen-
erate the estimated late Frasnian 49 °C sea-surface temperature
shift (Joachimski et al., 2009), which in turn may have led to the
development of widespread marine anoxia and mass extinction
(Racki, 1998; Bond et al., 2004; Bond and Wignall, 2008). Ongo-
ing improvements in radioisotopic dating of the Viluy Traps and
Pripyat-Dnieper-Donets, as well as the marine extinction level
and key developments in terrestrial ecosystems, are continuously
improving the temporal link between Late Devonian volcanism
and extinction(s).

CAPITANIAN (MIDDLE PERMIAN)
MASS EXTINCTION

Extinction Record

The volumetrically relatively small Emeishan flood basalts
and Capitanian (Capitanian Stage of the Guadalupian Series)
mass extinction provide the clearest temporal link between these
two phenomena, because the record of both coexists in the same
sections in southwest China. It was in that region that a Capita-
nian mass extinction was first discovered in the record of fusu-
linacean foraminifera (Jin et al., 1994; Stanley and Yang, 1994),
and it was subsequently ranked the third most severe biodiver-
sity crisis of the Phanerozoic (Sepkoski, 1996; Bambach et al.,
2004). These early studies were based on literature reviews that
used a coarse temporal resolution of the available data with age
ranges only resolved at the stage level. Consequently, the extinc-
tion was attributed to the end of the Guadalupian. Recent stud-
ies of fossil range truncations of diverse shallow-marine taxa in
conodont-dated sections have shown that extinction occurred
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earlier (in the Jinogondolella altudaensis—J. prexuanhanensis
conodont zones) in South China, making this a mid-Capitanian
crisis (Fig. 5; Shen and Shi, 2009; Wignall et al., 2009a, 2009b;
Bond et al., 2010a, 2010b).

The southwest China sections are probably unique, globally,
in that they preserve not only the record of a mass extinction, but
also of the smoking gun in the form of the Emeishan large igneous
province. Thus, the provinces of Guizhou, Yunnan, and Sichuan
preserve the remnants of an extensive Middle Permian carbon-
ate platform composed of the 700-m-thick Maokou Formation
(Yang et al., 1999, 2004; Wang and Sugiyama, 2000; Lai et al.,
2008; Wignall et al., 2009a, 2009b; Bond et al., 2010a, 2010b).
In western Guizhou and Yunnan, volcanics of the Emeishan large
igneous province interdigitate with and overlie the Maokou For-
mation, enabling the fossil record both before and during the
eruptions to be examined. This reveals that the mass extinction
occurred at the onset of explosive Emeishan volcanism, and it
coincides with the beginning of a major (~6%0) 6"°C_,  excur-
sion (Fig. 5; Wignall et al., 2009a; Bond et al., 2010b). The Capi-
tanian extinction record is best known from South China, but the
event was clearly of global scale. Middle to Late Permian forami-

niferal ranges and geographic distributions show provincialism
throughout the Middle Permian, and all realms suffered severe
losses (Bond and Wignall, 2009).

The plant fossil record in South China reveals a signifi-
cant 24% species loss, suggesting that the Capitanian crisis also
occurred on land. An intra-Capitanian extinction of 56% of plant
species in the North China block sequences may also have coin-
cided with these losses (Fig. 5; Bond et al., 2010a). Dating of
these terrestrial sequences is notoriously difficult, but correla-
tion using the paleomagnetic record (for examples, see Jin et al.,
1998; Ali et al., 2002, 2005) provides two alternatives: Either
turnover amongst plant species was contemporaneous with the
marine extinction, or plant losses postdate the marine extinction
and occurred during the waning phase of Emeishan volcanism.
The Middle Permian also saw a major tetrapod crisis with the
loss of the dominant dinocephalians (Lucas, 1998, 2009). Cur-
rent understanding of the dinocephalian losses suggests that this
event occurred during the preceding stage (the Wordian), but
future improvements in both sampling and dating of this tetrapod
crisis may reveal a synchronicity of plant, animal, and marine
invertebrate extinctions.
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Figure 5. Summary of key Middle Permian events from China with carbon isotope curve (based on Wang et al., 2004;
Wignall et al., 2009a; Bond et al., 2010b). Note the intra-Capitanian extinction level, contrasting assignments to an “end-
Guadalupian” event in the literature. The International Union of Geological Sciences (IUGS) paleomagnetostratigraphic
“bar code,” in which periods of normal and reversed polarity are shown as black and white intervals, respectively, is cur-
rently the most reliable method of correlating between marine and terrestrial sequences. Placement of the Illawara rever-
sal is after Isozaki (2009). LIP—Iarge igneous province; pdb—Peedee belemnite. Abbreviations for conodont zones are
as follows: J.—Jinogondolella; C.—Clarkina; prexuan./xuan.—prexuanhanensis/xuanhanensis; hong.—hongshuensis;
post.—postbitteri. Figure is modified from Bond et al. (2010a).
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Capitanian Volcanics

The Emeishan Basalt Formation is widely distributed in the
provinces of Sichuan, Yunnan, and Guizhou in southwest China,
and it represents one of the most recently identified large igne-
ous provinces (Chung and Jahn, 1995, who ascribed a Permian-
Triassic boundary age; Chung et al., 1998). In comparison to
other large igneous provinces, the Emeishan traps are relatively
small: Estimates of their areal extent range from 0.25-0.3 x
10° km? (Ali et al., 2005) to ~0.5 x 10° km? (Zhou et al., 2002).
The thicknesses of the basalt piles range from several hundred
meters in western Guizhou (Liu and Xu, 1994) to 5 km in its
westernmost outcrops in northern Yunnan (Sun et al., 2010). Most
estimates place the original volume at ~0.5 x 10° km* (Ali et al.,
2005), but some have quoted a volume >1 x 10° km? (Courtillot
and Renne, 2003). Extensive erosion and deformation ensure that
estimations of their original volume are difficult.

The Emeishan Basalt was erupted onto the Maokou Forma-
tion platform carbonates, and there has been intensive debate as
to the nature of this contact. He et al. (2003, 2004) favored an
emplacement model that features mantle plume updoming prior
to eruption, and thus they suggested a karstic surface with up
to 200 m of relief developing prior to infill by lava flows. This
observation and model have been challenged by several authors
who contend that the initial eruptions occurred into a shallow sea
(Ukstins Peate and Bryan, 2008; Ali et al., 2010; Sun et al., 2010).
In some parts of the province, volcanism was preceded by a phase
of partial platform carbonate collapse at the start of the Jinogon-
dolella altudaensis zone (Sun et al., 2010). The age of onset of
volcanism is thus tightly constrained to the mid-Capitanian J.
altudaensis—J. xuanhanensis zonal interval. In contrast, radioiso-
topic age dating suffers from large errors. The compilation of Liu
and Zhu (2009) shows the oldest and youngest U-Pb dates from
Emeishan samples spanning 267-251 Ma, which was recently
more tightly constrained to 260-257 Ma (Shellnutt et al., 2012),
consistent with a Capitanian to Wuchiapingian age (see Grad-
stein et al., 2012).

Elsewhere, the Panjal Volcanics of northwest India include
basaltic lavas and lesser volumes of rhyodacitic tuffs emplaced
between supposedly Lower and Middle Permian marginal
marine strata and Late Permian pelagic strata (Nakazawa et
al., 1975), and thus they might be considered contemporaneous
with the Capitanian extinction level. Recently, however, Shell-
nutt et al. (2011) reported a zircon U-Pb laser-ablation induc-
tively coupled plasma—mass spectrometry (ICP-MS) date from
rhyolite in the lower-middle part of the volcanic sequence that
yielded a mean **U/***Pb age of 289 + 3 Ma. This suggests that
the Panjal Traps are considerably older than previously inter-
preted and are therefore unrelated to either the Capitanian or
end-Permian extinctions.

The clear temporal link between Capitanian marine extinc-
tions and shallow-water, explosive Emeishan volcanism implies
that these eruptions triggered the crisis. The extinction appears to
have been particularly selective toward shallow-water photosyn-

thetic taxa (e.g., calcareous algae) or those that likely harbored
photosymbionts (e.g., fusulinacean foraminifera, alatoconchiid
bivalves), suggesting a role for volcanically induced darkness in
the extinction scenario. Many of the extinction victims had poor
physiological buffering (e.g., calcareous sponges and corals),
implying a possibility of acidification-driven extinction (McGhee
et al., 2013) and by implication significant fluxes of CO, to the
atmosphere. However, Ganino and Arndt’s (2009) suggestion that
the Emeishan province released thermogenic CO, into the atmo-
sphere does not explain the observed negative isotope excursion,
because the basalts intruded into platform carbonates would have
supplied isotopically heavy carbon.

In the best-dated Chinese sections, the main carbon isotope
excursion is found to slightly postdate the extinction, which
occurs at the end of an interval of exceptionally heavy 8"°C val-
ues that has been called the “Kamura event” (Isozaki, 2007a,
2007b), a supposedly long-lasting major global cooling episode.
The small mismatch between the extinction level and the main
carbon isotope excursion perhaps accords with an extinction
scenario involving abrupt cooling and death-by-photosynthetic
shutdown at the onset of volcanism, although there is little direct
evidence for cooling. It is perhaps significant that Emeishan
volcanism occurred at the equator, and thus had the potential to
inject SO, into the stratosphere in both the Northern and South-
ern Hemispheres, causing short-term cooling prior to longer-term
warming from volcanic CO, emissions.

END-PERMIAN MASS EXTINCTION
Extinction Record

The end-Permian mass extinction needs little introduction.
With >90% marine species loss (e.g., Erwin, 1994) and wide-
spread devastation on land (e.g., Retallack, 1995; Smith and
Ward, 2001), it was the greatest crisis in Earth’s history. With
its temporal connection to the Siberian Traps (e.g., Renne et
al., 1995), the end-Permian event has become the quintessen-
tial example of volcanically induced mass extinction. Almost
all animals and plants in almost all environmental settings
were affected.

The marine crisis has generally been attributed to a single
pulse of extinction of relatively short duration (<20,000 yr) that
affected marine and terrestrial ecosystems simultaneously in the
latest Permian. Shen et al. (2011) dated the marine extinctions
to just before 252.28 Ma with precise U-Pb dating of sections
in South China. In biostratigraphic terms, this level is within
the Late Permian Neogondolella yini zone (top of bed 24e at
the Meishan global stratotype section), a level that was thought
to account for >90% species loss (Jin et al., 2000). However,
recently, more extensive collecting in numerous marine sections
throughout South China has revealed that this first extinction
pulse was followed by a 200 k.y. period of recovery and modest
diversification before a second extinction phase in the Isarcicella
staeschi conodont zone of the earliest Triassic (Song et al., 2012).
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The severity of the end-Permian extinction on land has been
questioned by Gastaldo et al. (2009) and Xiong and Wang (2011),
the latter suggesting that land plant microfossil genera actually
increased across the Permian-Triassic boundary, before suffering
a major extinction in the early Early Triassic (possibly contem-
poraneous with the second pulse of marine extinctions identified
by Song et al., 2012). Nevertheless, the majority of evidence sug-
gests that terrestrial and marine communities were devastated at
around the same time in the Permian-Triassic boundary interval
(e.g., Shen et al., 2011; Song et al., 2012). The Karoo Basin and
Greenland sections record a catastrophic event for terrestrial veg-
etation and vertebrates in high southern and northern latitudes
(Twitchett et al., 2001; Ward et al., 2005). Thus, the extinction
mechanism must include kill factors that simultaneously affect
marine and terrestrial environments globally. A major negative
carbon isotope shift, in the region of 5%c8%e, accompanies
the marine extinction (Holser et al., 1991; Holser and Magaritz,
1995; Wignall et al., 1998), pointing to rapid and large-scale
destabilization of the carbon cycle.

Contemporaneous environmental changes at the time of the
extinctions include the widespread development of anoxic condi-
tions in a broad range of water depths (Wignall et al., 2010; Bond
and Wignall, 2010), a rapid increase of sea-surface temperatures
(Joachimski et al., 2012; Sun et al., 2012), and the widespread
development of microbial carbonate deposition in equatorial
waters (Pruss et al., 2006). The demise of terrestrial plant com-
munities saw the cessation of coal deposition (Retallack et al.,
1996) and a change in fluvial environments to braided-river—
dominated settings (Ward et al., 2000).

Siberian Traps

The Siberian Traps outcrops cover 1.5 x 10° km? of the Tun-
guska Basin of northwest Siberia (Fig. 6). Magmas were erupted
through the Tunguska sedimentary sequence, consisting of thick
deposits of Cambrian evaporites (Meyerhoff, 1980) that include
a volume of ~585,000 km? of rock salt (Zharkov, 1984). Flood
basalts account for a relatively modest 3.4 x 10° km? of the out-
crop area. Their original extent was undoubtedly greater because
a major western extension of the volcanics occurs beneath the
Jurassic and Cretaceous layers of the West Siberian Basin (Figs.
1 and 6; Westphal et al., 1998; Reichow et al., 2005; Saunders et
al., 2005). Estimating the original volume of the Siberian Traps
and West Siberian rift system is problematic, but upper-end fig-
ures of 3—4 x 10° km? (Courtillot et al., 1999; Fedorenko et al.,
2000; Kuzmin et al., 2010) indicate that it is one of the largest
known continental flood basalt provinces.

Age of Trap Volcanism and Extinction

The eruption of the Siberian Traps was first put forward
as the trigger mechanism for end-Permian extinction over two
decades ago (e.g., Renne and Basu, 1991; Campbell et al.,
1992), and the temporal connection has greatly strengthened
subsequently (Renne et al., 1995; Bowring et al., 1998; Kamo

et al., 2003; Mundil et al., 2004; Shen et al., 2011). The age of
an ash layer, Bed 25, 16 cm below the conodont-defined bound-
ary at the Meishan stratotype in South China, has been variously
dated to 251.2 + 3.4 Ma (sensitive high-resolution ion micro-
probe [SHRIMP] U-Pb date from Claoué-Long et al., 1991),
24991 + 1.52 Ma (*Ar-*Ar date from Renne et al., 1995),
250.04 £ 1.13 Ma (**Ar-*Ar date of the same level at Shangsi
from Renne et al., 1995), 251.4 + 0.3 Ma (zircon U-Pb date from
Bowring et al., 1998), 252.4 + 1.8 Ma (SHRIMP U-Pb date from
Metcalfe, 1999), and 253 Ma (zircon U-Pb date from Mundil et
al., 2001). Most recently, Shen et al. (2011) dated the Bed 25 ash
as 252.28 + 0.08 Ma (U-Pb date) and an ash band from 12 cm
above the boundary as 252.10 + 0.06 Ma, and by interpolation
placed the boundary itself to 252.17 + 0.06 Ma.

Volcanism in western Siberia began with the formation of
the predominantly basaltic Tuffaceous Series (Sadovnikov and
Orlova, 1993, 1998). These underlie the flood basalts in most of
the province, and they dominate the entire succession in the south
of the region. Zircons are rare in this series, making the dating of

52°N
« Ulan-Ude

Figure 6. Map of Late Permian and Early Triassic magmatism of the
Siberian Platform and West Siberian plain. Orange—extrusive volca-
nic rock exposure; yellow—intrusive volcanic rock exposure; purple—
West Siberian Rift basalts, tuffs, and tuffites, where borehole samples
have revealed basalts of the same age and chemistry as the main Sibe-
rian Traps basalts; green—Early Triassic Taimyr Traps; blue—water
courses (names in italics). Major towns and cities are shown in regular
text. Figure is modified from Kuzmin et al. (2010).
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the onset of volcanism difficult, although the presence of con-
chostracans within intertuff sediments allows biostratigraphic
correlation (Kozur, 1998; Kozur and Weems, 2011). Thus, Kozur
and Weems (2011) suggested a middle Changhsingian to latest
Permian age for the Tuffaceous Series, with the overlying flood
basalt eruptions ensuing just below the Permian-Triassic bound-
ary. Recent radioisotopic dates from within the flood basalt stra-
tigraphy support synchronicity with the boundary in South China.
Kamo et al. (1996) obtained a U-Pb age of 251.2 + 0.3 Ma from
the lower third of the lava pile in the Noril’sk area. Reichow et al.
(2009) obtained an “°Ar-**Ar date of 250.3 + 1.1 Ma for the final
stages of extrusive volcanism at Noril’sk. Although the two tech-
niques are not directly comparable, Renne et al.’s (2010, 2011)
Ar-Ar recalibration would render Reichow et al.’s (2009) dates
~1% older and therefore close to, but slightly older than, Kamo
et al’s (1996) U-Pb dates. It seems likely that the entire Noril’sk
lava pile erupted rather rapidly (also indicated by Venkatesan et
al’s [1997] much younger, but closely spaced ages for the base
and top of the Noril’sk succession).

The Noril’sk succession is only a minor component of the
Siberian Traps, and thus dates from this region may not agree
with ages from other regions of the large igneous province.
In the Maymecha-Kotuy region, the lava flows appear to be a
chemically distinct suite of alkali-ultrabasics, which overlap in
age within errors, but are most likely older than the Noril’sk suc-
cession according to a “Ar-**Ar age of 253.0 = 2.6 Ma (Basu
et al., 1995). However, Kamo et al. (2003) obtained dates of
251.7 £ 0.4 Ma from the basal (Arydzhangsky) flow, and of
251.1 £ 0.3 Ma from the Delkansky flow, near the top of the pile.
These ages suggest that the majority of volcanism may have been
synchronous in Noril’sk and Maymecha-Kotuy, and the entire
lava pile might have erupted in substantially less than a million
years, but see also the recent compilation of Ivanov et al. (2013),
who suggested a much more prolonged duration of magmatism.
Again, further high-resolution dating is urgently required.

Style of Volcanism

The relatively high proportion of basaltic pyroclastics (>10%
of the total volcanic pile in Noril’sk, and a significant contribu-
tion in Maymecha-Kotuy and Putorana to the south) and the rela-
tively small volume of individual lava flows are unusual aspects
of the Siberian Traps. Individual flows around Noril’sk are small
compared to those of some other continental flood basalt prov-
inces, rarely exceeding a few tens of meters thickness and a few
tens of kilometers in extent (Sharma, 1997).

If the volumes of Siberian flood basalts are unusually small,
then, perhaps more significant, their volatile content may have
been unusually high. Black et al. (2012) measured S, Cl, and F
in melt inclusions from 10 Siberian Traps samples and discov-
ered anomalously high concentrations. S peaked at 0.51 wt% in
Maymechinsky lava flows, and Cl and F peaked at 0.78 wt% and
1.95 wt%, respectively, in an Ust-Ilimsk dolerite sill. Total mag-
matic degassing from the Siberian Traps alone (not including a
likely substantial input from contact metamorphism of sedimen-

tary rocks in the Tunguska Basin) is estimated as ~6300-7800 Gt
sulfur, ~3400-8700 Gt chlorine, and ~7100-13,600 Gt fluorine
(Black et al., 2012). Even these concentrations may be an under-
estimate of volatile release: Sobolev et al.’s (2011) estimates
noted previously suggest even greater volumes.

Extinction Mechanisms

As one might expect for the greatest mass extinction, wide
varieties of kill mechanisms have been put forward, including
marine anoxia, volcanic winter, hypercapnia, ocean acidification,
global warming, increased sediment flux to the oceans, ozone
destruction, extreme atmospheric oxygen depletion, and poi-
soning by toxic trace metals (Fig. 7; see reviews of Benton and
Twitchett, 2003; Racki and Wignall, 2005; Wignall, 2007). With
the exception of some claims for bolide impact (Becker et al.,
2001; Kaiho et al., 2001), all these mechanisms ultimately view
the Siberian Traps as the origin of these environmental woes.

Of the competing theories, anoxia has become a popular
kill mechanism in the marine scenario due to the abundance of
evidence for oxygen depletion in boundary sections in regions
as diverse as the Paleotethys (Wignall and Twitchett, 1996),
marginal seas (Australia; Grice et al., 2005; Bond and Wignall,
2010), Panthalassa (Isozaki, 1994, 1997), the western United
States (Wignall and Hallam, 1992; Woods and Bottjer, 2000),
and the Boreal realm (Wignall et al., 1998; Dustira et al., 2013).
The causal chain reaction has long related the warming of the
oceans to the onset of anoxia (Wignall and Twitchett, 1996),
although the role of increased nutrient supply is also important
(Fig. 7). H,S degassing from anoxic surface waters onto land
has also been proposed as a terrestrial kill mechanism (Kump
et al., 2005).

While oxygen restriction probably contributed to the first
pulse of extinction, it was not the sole killer. The open-ocean
record of radiolaria reveals that the main losses occurred before
the onset of anoxia (Wignall and Newton, 2003; Wignall et al.,
2010). The taxonomic selectivity of the first pulse of extinction,
which preferentially affected warm, shallow-water habitats and
particularly reef taxa, could accord with either a rapid phase of
warming or an ocean acidification-driven crisis (e.g., Payne et al.,
2007; Montenegro et al., 2011; Hinojosa et al., 2012; Heydari et
al., 2013). The anoxia-extinction link is much clearer for the sec-
ond pulse of extinction, in the Early Triassic, because it saw the
replacement of benthos-dominated communities with nekton-
dominated ones, the loss of all deep-water benthos, and the rela-
tive success of dysoxia-tolerant bivalves (Wignall and Hallam,
1992; Bond and Wignall, 2010; Song et al., 2012).

The Permian-Triassic boundary coincides with a well-
known negative carbon isotope excursion of ~5%e—7%o from bulk
marine carbonates (e.g., Baud et al., 1989; Holser and Magaritz,
1995; and many subsequent studies) and marine organic mate-
rial (e.g., Wignall et al., 1998; Riccardi et al., 2007; Grasby
and Beauchamp, 2008). Although apparently abrupt in con-
densed sections, the isotopic shift is seen to be gradual (lasting
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0.5 m.y.) in more expanded sections (Korte et al., 2010). This sug-
gests that short-lived events such as destabilization of methane
hydrate reservoirs or catastrophic bolide impact are unlikely to
have caused this shift. Instead, the onset and peak of the isotopic
shift are seen to coincide with the start-up and peak effusion of
the Siberian Traps (Korte et al., 2010). However, mantle-derived
CO, has a 8"C value of —5%e, which is only a little lighter than
the ocean-atmosphere system of the latest Permian. Potentially,
the carbon release from Siberian volcanism may have been sub-
stantially derived from recycled ocean crust incorporated into a
mantle plume (Sobolev et al., 2011). Analyses of olivine grains
separated from crushed lavas suggest that the §'°C values of the
C may have been substantially lighter (—12%o), and the volume of
volatiles release substantially greater than that inferred by simply
scaling up measurements from modern basaltic eruptions. If this
is the case, then the §"°C record could simply be read as a monitor
of Siberian eruptions.

The ramifications of the Sobolev et al. (2011) proposal
have yet to be incorporated into Earth system models for the
end-Permian crisis. Instead, researchers frequently propose that
the volcanic C flux was only a component of total C release. It
may have acted as a stimulus: Modest global warming may have
triggered destabilization of methane hydrates stored in perma-
frost soils and continental shelves (Racki and Wignall, 2005).
Alternatively, Retallack and Jahren (2008) suggested that the
8"C excursion could be attributed to injection of nearly 1 tril-
lion tonnes of carbon in the form of thermogenic CO, release
from coal beds beneath the Siberian Traps (Payne and Kump,
2007; Retallack and Jahren, 2008; Svensen et al., 2009). Sup-

port from such a major coal-burning episode comes from the
discovery of coal fly ash (a product of combustion) in boundary
beds of the Sverdrup Basin, Arctic Canada (Grasby et al., 2011).
Ogden and Sleep (2012) tested the coal-volcanism scenario by
modeling the effects of a massive mafic sill intruding, heating,
and mixing with thick coal seams. The hot coal-basalt mixture
is expected to extrude at numerous surface locations, combust-
ing on contact with air, and injecting vast quantities of basaltic
dust, COQ, and methane into the atmosphere. All of the carbon in
1000 km? of coal would need to be liberated in order to gener-
ate the observed isotope excursion—a scenario not beyond the
realms of possibility.

Volcanism and coal burning also contribute gases to the
atmosphere, such as ClI, F, and CH,Cl from coal combustion, that
suppress ozone formation (Black et al., 2012). The mooted pres-
ence of abundant H,S in the atmosphere (degassed from anoxic
surface waters; Kump et al., 2005; Kaiho et al., 2006) would also
destroy ozone by suppressing OH and H radicals involved in its
formation. A further effect of H,S may have been to prolong the
residence time of methane in the atmosphere and thus indirectly
reduce ozone generation rates (Lamarque et al., 2007). Ozone
destruction and the consequent increase of ultraviolet-B radiation
have become a popular terrestrial-extinction cause (e.g., Visscher
et al., 2004; Kump et al., 2005; Sephton et al., 2005; Collinson et
al., 2006; Beerling et al., 2007). This theory neatly ties Siberian
Traps volcanism and thermogenic gas as the ultimate cause of
extinctions on land and in the oceans, but modeling work has
yet to produce the required level of ozone damage. Beerling et
al’s (2007) model of the input of large volumes of CH,Cl from
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coal combustion at the eruption site indicated that the only sig-
nificant damage to the ozone layer would occur at high latitudes,
rather weakening the argument for ozone destruction as a cause
of global mass extinction.

END-TRIASSIC MASS EXTINCTION
Extinction Record

In terms of severity of ecological disturbance, the end-
Triassic crisis is behind only the end-Permian and end-Cretaceous
events (Table 1; McGhee et al., 2013). The terminal Triassic
Rhaetian Stage was notable for the extinction of reef communi-
ties that included the scleractinian corals’ most severe crisis (Flii-
gel, 2002; Fliigel and Kiessling, 2002; Martindale et al., 2012).
Bivalves and ammonoids were also prominent victims, although
their record suggests a gradual decline in the latest Triassic before
a major extinction a little below the ammonoid-defined Triassic-
Jurassic boundary (Hallam, 2002).

The plant record also records a severe crisis, although it
is unclear if it was precisely contemporaneous with the marine
extinctions. Thus, a major floral turnover locally characterizes the
(palynologically defined) Triassic-Jurassic boundary in the New-
ark Basin of the United States (Fowell and Olsen, 1993). Plant
macrofossils from East Greenland reveal even greater species
losses of 85% (McElwain et al., 1999, 2007), but, curiously, there
are no associated losses in the palynological record (Raunsgaard
Pedersen and Lund, 1980; Koppelhus, 1996). In parts of Europe,
the end-Triassic sporomorph crisis is only marked by the loss
of Ovalipollis, which was followed by diversification amongst
microfloras (Hesselbo et al., 2004). The terrestrial record there-
fore suggests that globally, plants experienced disturbance and a
major turnover, rather than catastrophic extinction losses.

The Triassic-Jurassic transition was marked by numerous
paleoenvironmental changes. Stomatal density indices in fossil
leaves suggest a fourfold increase in atmospheric CO, and global
warming of 3—4 °C (McElwain et al., 1999) or possibly as much
as 6 °C (Beerling and Berner, 2002; Huynh and Poulsen, 2005),
presumably driven by volcanic CO, release in the same manner
as the Siberian Traps—driven warming. A potential consequence
of this enormous rise in atmospheric CO, is ocean acidification:
a popular kill mechanism for the end-Triassic event that is con-
sistent with the selective loss of shelly marine forms with little
physiological buffering and especially of the corals (Hautmann,
2004; Hautmann et al., 2008a, 2008b; Greene et al., 2012; Mar-
tindale et al., 2012).

Destabilization of the carbon cycle is once again recorded by
an initial sharp but brief negative *C shift, followed by recovery
and then a more prolonged negative '*C excursion, the onset of
which marks the formal Triassic-Jurassic boundary. In total, there
is an ~6%o negative shift in the record of both organic and inor-
ganic carbon (e.g., Pdlfy et al., 2001; Hesselbo et al., 2002, 2004;
Jenkyns et al., 2002; Korte et al., 2009; Ruhl et al., 2009, 2011).
In the British Isles, the main excursion immediately postdates

the main marine extinctions and occurs at a level of intensively
deformed strata (often referred to as “seismite”). The seismite
layer has been attributed to a single earthquake of exceptional
intensity caused by a meteorite impact (Simms, 2003, 2007) or
by seismic activity associated with the onset of Central Atlantic
magmatic province volcanism (Hallam and Wignall, 2004; Wig-
nall and Bond, 2008).

Central Atlantic Magmatic Province

The rifting of Pangea and breakup of the central Atlantic
region were accompanied by extensive flood basalt volcanism
that emplaced the Central Atlantic magmatic province across
four continents (Fig. 2). The estimated original area is poorly
constrained but may have approached 10 x 10° km? although
most of the extrusives have been eroded away (McHone, 2003;
Knight et al., 2004; Nomade et al., 2007; Greene et al., 2012).
Estimates of the original volume range from ~2 x 10% km? (Hol-
brook and Kelemen, 1993; Marzoli et al., 1999) to ~4 x 10° km?
(Olsen, 1999), making the Central Atlantic magmatic province
one of the largest large igneous provinces of the Phanerozoic
(Nomade et al., 2007).

The “Ar/*’Ar dates of Central Atlantic magmatic province
basalts reveal that intrusive magmatism started around 202 Ma
and was followed soon after by extrusive activity that peaked at
199 Ma (Nomade et al., 2007). Marzoli et al. (2011) recalibrated
various Ar-Ar dates using the method described by Renne et al.
(2010, 2011) and showed peak activity around 201 Ma, an age in
accordance with recent U-Pb dates. Thus, Schoene et al.’s (2010)
U-Pb dating places the earliest extrusive activity at 201.38 Ma,
an age that provides the current definition of the Triassic-Jurassic
boundary (Gradstein et al., 2012). Blackburn et al. (2013)
applied U-Pb dating to Central Atlantic magmatic province lavas
in several different regions, establishing ages of activity from
ca. 201.5 Ma to 201.00 Ma. Early flows within Rhaetian-dated
sediments in Morocco and Canada confirm that Central Atlantic
magmatic province eruptions began in the latest Triassic (Mar-
zoli et al., 2004; Cirilli et al., 2009; Deenen et al., 2010) and were
therefore coincident with latest Triassic extinctions (Ruhl et al.,
2010, 2011; Deenen et al., 2010), or at least within one preces-
sion cycle (20 k.y.; Deenen et al., 2010). In the United States,
the oldest lavas postdate the palynological turnover (Fowell
and Olsen, 1993) by a similar duration (Blackburn et al., 2013)
and are of basal Jurassic Hettangian age. Thus, in the Newark
Basin, the lowest lava flow is 30 m above the palynologically
defined Triassic-Jurassic boundary. Some have suggested that
pre-eruptive dike emplacement affected the global carbon cycle
before the first lavas were extruded (e.g., Ruhl and Kiirschner
[2011], who discovered a small negative C excursion that slightly
preceded the “initial” excursion of Hesselbo et al. [2002]). This is
a convenient explanation for the slight diachroneity in the records
of volcanism and extinction in the northeastern United States. In
fact, the lava flows in the Newark and Hartford Basins probably
do not record the full temporal extent of eruptions because the
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oldest flows in the Culpeper Basin of Virginia are of Rhaetian age
(Kozur and Weems, 2011), just like their equivalents in Morocco
and Canada.

The main phase of Central Atlantic magmatic province vol-
canism appears to have been of short duration. This has been esti-
mated as ~1.6-2 m.y. (Marzoli et al., 1999, 2004; Nomade et al.,
2007). An even shorter duration is estimated as 580 + 100 k.y. for
the Newark Basin (Olsen et al., 1997, 2003) and 840 + 60 k.y.
for the Hartford Basin (Schaller et al., 2012), although neither
basin records the full eruption history. Knight et al. (2004) sug-
gested that the entire volume of the Central Atlantic magmatic
province lava pile in Morocco was erupted within 3-5 pulses,
each potentially as brief as 450 yr. Such claims have major impli-
cations for the rate of volatile release. McHone (2003) calculated
that total emissions of CO,, S, F, and Cl ranged from 1110 to
5190 Gt (based on whole-rock analyses). Beerling and Ber-
ner (2002) calculated that as much as 17,500 Gt of carbon was
released as CO,, with methane hydrate degassing adding a fur-
ther 12,000 Gt of carbon as CH, (based on magmatic CO, con-
tents from modern Hawaiian basalts; Berner and Beerling, 2007),
although thermogenic methane release has also been invoked
(Ganino and Arndt, 2009; van de Schootbrugge et al., 2009).
Such volumes can potentially explain the contemporaneous 8'*C
excursions (Palfy et al., 2001; Ruhl et al., 2011). However, the
rate of gas effusion is a key factor when interpreting the isotopic
excursions, and if the duration of peak eruptions was as brief as
suggested by Knight et al. (2004), with intense eruption pulses
lasting around 400 yr and most volcanism occurring in less than
20 k.y., then the Central Atlantic magmatic province represents a
potent trigger for environmental disturbances that include global
warming and ocean acidification.

EARLY JURASSIC (TOARCIAN) MASS EXTINCTION

The extinctions in the Toarcian Stage of the Early Jurassic
are well understood thanks to the excellent northwest European
record (e.g., Jenkyns, 1985, 1988; Hesselbo et al., 2000; McAr-
thur et al., 2000; van de Schootbrugge et al., 2005; Wignall et al.,
2005; Cohen et al., 2007; Sandoval et al., 2012). Estimates of
5% family-level global diversity loss indicate a relatively minor
crisis, although significant losses were experienced by shallow-
marine mollusks (Little and Benton, 1995). The extinction was
originally thought to have been localized to northwest Europe
(Hallam, 1986, 1996), but studies in South America (Aberhan and
Fiirsich, 1996), North America (Caruthers et al., 2011; Caruthers
and Smith, 2012), Tibet (Wignall et al., 2006), and Japan (Hori,
1993; Wignall et al., 2010; Grocke et al., 2011), as well as deeper-
water facies of western Tethys (Voro, 1993), have revealed the
global nature of the crisis. Elevated extinction rates through five
ammonite zones spanning the Pliensbachian-Toarcian boundary
(Little and Benton, 1995) culminated with peak losses during an
interval of widespread anoxia (the Toarcian oceanic anoxic event
[OAE)) in the Falciferum zone (Little, 1996), suggesting a role
for marine anoxia.

Palfy et al. (2002) ascribed a U-Pb age of ca. 183 Ma to
volcanic layers interbedded within strata of the contemporane-
ous North American ammonite zone—an age assignment that
confirms a close temporal link between the Toarcian extinctions
and the Karoo and Ferrar continental flood basalt province (Figs.
1 and 8). The Early Jurassic saw major basaltic volcanism that
emplaced >2.5 x 10° km? of sills, dikes, and flows in southern
Africa (Karoo Traps) and Antarctica (Ferrar Traps; Encarnacion
et al., 1996). Outcrops of the province cover an area of ~3.1 x
10° km? (Eldholm and Coffin, 2000; Courtillot and Renne, 2003).
The province is well dated (Encarnacion et al., 1996; Duncan et
al., 1997; Jones et al., 2001; Le Gall et al., 2002; Jourdan et al.,
2004, 2005, 2007a, 2007b; Riley et al., 2004, 2006), mainly from
work in southern Africa. Jourdan et al. (2007b, 2008) provided a
succinct summary of the main geochronologic findings: (1) The
entire province was active for a duration of 10-12 m.y. (184—
172 Ma), but the main volume of the basaltic sequence was
emplaced over 3-4.5 m.y. around 180 Ma (Ar-Ar dating) and
was therefore coincident with the main extinction pulse (Palfy et
al. [2002] used U-Pb dating to show that peak magmatism lasted
only 2 m.y. and was clustered around 183 Ma; note that recalibra-
tion of Jourdan et al.’s [2007b, 2008] Ar-Ar dates as per Renne et
al. [2010, 2011] renders them very close in age to those quoted by
Pélfy et al. [2002]); (2) brief (1 m.y. or less), chemically distinct
events such as the Okavango dike swarm (179.2 + 0.4 Ma), the
800-m-thick southern Botswana lava pile (178.6 + 0.5 Ma), and
the 1.9-km-thick Lesotho lava pile (181.6 + 0.7 Ma) have been
identified; (3) a huge sill complex crops out in the main Karoo
sedimentary basin, but it lacks precise dating; (4) basaltic mag-
matism was followed by late-stage silicic magmatism between
178 and 174 Ma; and (5) magmatic activity ended with the intru-
sion of the mid-ocean-ridge basalt (MORB)-like Rooi Rand
dikes at 174-172 Ma.

The Toarcian marine losses in Europe coincided with global
warming (Bailey et al., 2003; McElwain et al., 2005), black
shale deposition, and carbon cycle perturbations. An ~2%c—3.5%o
negative 0"°C marine carbonate excursion was identified from
the early Falciferum zone by Hesselbo et al. (2000), who also
reported a —7%o shift in the §"C record of marine organic matter
and wood. The negative excursion is followed immediately by a
positive °C_ = shift of equal magnitude (Jenkyns, 1988), which
is generally regarded to reflect the enhanced burial of organic
matter in anoxic seas (Wignall et al., 2005). Superimposed
on this negative-positive 8'°C isotope history, there are three
2%c—3%o0 negative shifts. The lower two of these are purported to
have lasted no more than 20 k.y. each (Fig. 8; Kemp et al., 2005).

The ultimate origin of the carbon isotope excursions may lie
in volcanogenic CO, release from the Karoo and Ferrar Traps,
but the magnitude of the excursion suggests that at least some
component came from methane hydrate dissociation as a conse-
quence of volcanically induced global warming (Hesselbo et al.,
2000, 2007; Kemp et al., 2005). With the advent of the thermo-
genic gas hypothesis (Svensen et al., 2004), the addition of meth-
ane from magmatically heated coal and organic-rich shale beds
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Figure 8. Palfy et al.’s (2002) correlation of the Toarcian marine extinction, Karoo and Ferrar flood basalt volcanism, and carbon and stron-
tium isotope stratigraphy within the ammonoid zonal framework. The histogram of number of global family extinctions by zone is based on
Little and Benton (1995). The “European Species” column shows cumulative species diversity per zone, expressed in number of species of
bivalves, ammonoids, rhynchonellid brachiopods, crinoids, foraminifera, and ostracods from Britain (Hallam, 1996). Radioisotopic ages from
the Karoo Group were recalculated by Palfy et al. (2002) from published sources. The histogram in this column represents the age spectrum of
28 “Ar/*Ar dates from Duncan et al. (1997); the vertical bar is the error bar of the Karoo U-Pb age (Encarnacién et al., 1996). Radioisotopic
ages for the Ferrar Traps are based on **Ar/*’Ar (thin lines) and U-Pb (heavy lines) and were recalculated by Pdlfy et al. (2002) from published
sources. Ages and error bars for Ferrar dates are from left to right: (i) composite of 11 “*Ar/*’Ar ages by Heimann et al. (1994); (ii) composite
of two ““Ar/*Ar ages by Foland et al. (1993); (iii) three “*Ar/*’Ar ages by Duncan et al. (1997); (iv) two U-Pb ages by Encarnacién et al.
(1996); and (v) two U-Pb ages by Minor and Mukasa (1997). The carbon isotope profile is from Kemp et al. (2005), rescaled for this figure.
The seawater *’Sr/*Sr curve is simplified from Jones et al. (1994). Figure is modified from Pélfy et al. (2002). The Pliensbachian-Toarcian
boundary is placed at 182.7 Ma in the Geologic Time Scale 2012 (Gradstein et al., 2012).

in the Karoo Basin has also been implicated in the isotope excur-  larly large shifts have been reported in the 6"*C_, record of the

arl

sion (McElwain et al., 2005; Svensen et al., 2007). This model
has been contested by Grocke et al. (2009), who noted that the
low vitrinite and liptinite contents of Karoo and other Gondwa-
nan coals are at odds with an ability to release abundant methane.
The Karoo and Ferrar Traps are marked by comparatively narrow
contact aureoles surrounding intrusions, further limiting thermo-
genic gas release, some of which might have been captured as
coalbed CH, or condensed as pyrolytic carbon (Grocke et al.,
2009). Instead, Wignall et al. (2006) noted that some of the rapid
8"3C excursions could be a local signature of recycling of isotopi-
cally light carbon from the lower water column. However, simi-

Paris Basin in France (Hermoso et al., 2009) and that of 8]3C0rg
from Haida Gwaii (Queen Charlotte Islands), Canada (Caruthers
etal., 2011), suggesting that it is a global signal.

The association of the Karoo and Ferrar Traps with ocean
anoxia and the Toarcian extinctions provides another clear case
study of the large igneous province—extinction link. In this case,
however, one of the largest continental flood basalts of the Pha-
nerozoic is associated with only a minor ecological crisis, which
returns us to the key theme of this review: Why do some large
igneous provinces apparently trigger major extinctions, while
other do not?
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The Karoo magma erupted in contrasting styles: Initial brief
and temporally distinct magmatic pulses emplaced a large pro-
portion of the total volume of the province; these were followed
by more persistent, but diffuse magmatism that lasted for sev-
eral million years and also contributed a large component of total
volume. Some of the thickest lava piles, such as that in Lesotho,
were erupted in a brief interval (<0.8 m.y.; Jourdan et al., 2007b),
but these individually contributed only a modest proportion of
the total volcanogenic volatile flux. A relatively slow rate of vola-
tile input to the atmosphere may have induced only gradual cli-
mate change, leaving enough time for the ecosystem to recover
between each individual volcanic event (Jourdan et al., 2008).
Modeling suggests that even adding thermogenic and/or methane
hydrate emissions into the equation would have a limited impact
on climate if individual pulses are spread over a protracted period
(Beerling and Brentnall, 2007).

These subdued effects of Karoo-Ferrar volcanism are
comparable to the Ontong Java and Kerguelen Plateaus erup-
tions. These two large oceanic plateaus emplaced unparalleled
volumes of lava (the former has an estimated volume of 100 x
109 km?; Gladczenko et al., 1997), and yet neither is associated
with mass extinction. Potentially, most of the CO, released by
these giant submarine eruptions would have been taken up by the
oceanic sink, limiting the effects of global warming. However, at
least some of the Ontong Java Plateau erupted close to sea level
(Mahoney et al., 2001), and so it is difficult to envisage how at
least some CO, could not have reached the atmosphere.

DISCUSSION AND CONCLUSIONS
Temporal Link
The temporal link between large igneous province eruptions

and mass extinctions is well established and has been refined in
recent years thanks to much effort and improvements in radioiso-

topic dating techniques. All but one of the “Big 5” extinctions are
associated with large igneous provinces, the exception being the
Late Ordovician crises. This suggests that the largest extinctions
require a volcanic trigger, and yet the most voluminous examples
from the Cretaceous are only associated with minor or no biotic
crises. Of the 16 large igneous province episodes summarized in
Table 2 (see also Fig. 1), only around half are temporally con-
strained to intervals of mass extinction—and that includes the
tenuous deep time examples of the Volyn and Kalkarindji flood
basalts. Previous assertions of links between the Parand and
Etendeka Traps and an end-Jurassic extinction, the North Atlan-
tic igneous province and an end-Paleocene extinction, and the
Columbia River Flood Basalts and an end—early Miocene extinc-
tion (Courtillot and Renne, 2003) do not stand up to scrutiny,
because those events were not “mass extinctions.”

Several of the post-Jurassic large igneous provinces trig-
gered similar environmental responses to those associated with
earlier large igneous province eruptions, chiefly global warm-
ing and marine anoxia (Table 2). The Deccan Traps apparently
warmed global climates prior to the terminal Cretaceous bolide
impact (see review of Keller et al., this volume). The massive
Ontong Java phase 1 volcanism straddles the Barremian-Aptian
OAE (Selli event). The Caribbean-Colombian and Madagascar
Plateaus have been implicated in the Cenomanian-Turonian OAE
(Bonarelli event) and minor extinction (although these probably
predated volcanism). The North Atlantic igneous province is
associated with extreme warming of the Paleocene-Eocene ther-
mal maximum, but contemporaneous global extinction losses
were minor. The most intriguing aspect of these large igneous
provinces is their failure to trigger more severe biotic events,
which raises several questions: Were post-Jurassic biotas more
resilient to change? Have ecosystems adapted following repeated
crises during the late Paleozoic and early Mesozoic or has
Earth become more efficient at dealing with excess CO, fluxes
and other volcanic phenomena? Or is the causal link between

TABLE 2. LARGE IGNEOUS PROVINCES AND ASSOCIATED EXTINCTION EVENTS AND ENVIRONMENTAL CHANGES

Large igneous province Age Coeval extinction Global C isotope excursion Marine Ocean
(peak activity, Ma) warming (%o) anoxia _acidification
Volyn CFB 580-545 Ediacaran? ca. 545-542 Ma
Kalkarindji CFB 510-503 Early Cambrian? ca. 510 Ma ? -4 v
Viluy Traps 380-340 (ca. 370) Frasnian-Famennian? ca. 372 Ma v +2 to +4 v
PDD Rift 367-364
Emeishan Traps 260-257 Capitanian ? -6
Siberian Traps 253-250 End-Permian v -5t0 -7 v ?
CAMP 202-199 End-Triassic v —6 (¢a™® and °19) ? ?
Karoo and Ferrar Traps 184-172 (183-180) Toarcian v -7 then +7 (°9) v
Parana and Etendeka Traps 134-132
Ontong Java Plateau (phase 1) 122 v
Rajmahal Traps/Kerguelen Plateau 119-109
Madagascar/Caribbean-Columbia/ 90-87 End-Cenomanian? ca. 94 Ma v +2 v
Ontong Java Plateau (ph. 2)
Deccan Traps 67-65 End-Cretaceous v -2
NAIP (ph. 1, ph. 2) 61, 56-54 v (PETM) -3 v
Ethiopia and Yemen Traps 31-29

Columbia River Flood Basalts 17-6 (16.6-15.3)

Note: Carbon isotope excursions are based on the §'°C record of marine carbonates, unless specified as “org”. CFB—continental flood
basalt province; PDD—Pripyat-Dnieper-Donets; CAMP—Central Atlantic magmatic province; NAIP—North Atlantic igneous province; PETM—
Paleocene-Eocene thermal maximum. v—environmental changes with strong evidence; ?—environmental changes with tentative evidence.
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volcanism and mass extinction broken, and their apparent tempo-
ral coincidence just that, a coincidence?

Key factors in large igneous province lethality may be the
style, rate, and site of eruptions, and thus their ability to rapidly
inject large fluxes of climate-changing volatiles into the strato-
sphere. The potential of thermogenic greenhouse emissions to add
to the volatile budget has come to light in the past decade, and this
represents a plausible explanation for the negative carbon isotope
shifts that accompany several extinctions. The state of climate at
the onset of volcanism, and the resilience of the extant biota may
also be important. The key challenge for earth scientists now is to
model, analyze, and understand how the products of volcanism
can cause extinction, within an ever-improving age framework.

Triggers and Killers

This review has focused on five extinction events—
including four consecutive crises in the 80 m.y. interval between
the Middle Permian and Early Jurassic—that are clearly linked
to large igneous province volcanism. The temporal relationship
between the Frasnian-Famennian biodiversity crisis and the
Viluy Traps has yet to be resolved but is becoming more con-
vincing. In contrast, the Capitanian, end-Permian, end-Triassic,
and Toarcian crises were all associated with a swathe of envi-
ronmental changes consistent with the effects of volcanism. Of
these five events, three (maybe four) are associated with marine
anoxia, four (maybe five) are associated with warming, and four
are associated with major negative carbon isotope excursions
(Table 2). Ocean acidification has been invoked in two of these
five extinctions, with the selectivity of extinctions touted as key
evidence (e.g., Payne et al., 2007; Foster, 2008; Kiessling and
Simpson, 2011), although a reliable proxy for past pH changes
has yet to be devised.

Short-term global cooling and dimming are other obvious
consequences of explosive volcanism, but the duration of such
events, measured in years, is almost impossible to resolve in the
geological record. The best evidence for cooling comes from
extinction selectivity, and none of the crises documented here
yields strong evidence for this kill mechanism, except perhaps
the Capitanian crisis. Increasingly high-resolution extinction
studies may yet reveal a role for volcanogenic cooling in the early
stages of ecosystem perturbation.

Concluding Remarks

(1) The temporal link between large igneous provinces and
mass extinction events has been recognized for nearly
three decades. Recent advances in radioisotopic dating
techniques have refined and confirmed the link for at least
half of the major extinctions of the Phanerozoic. Almost
all of Earth’s most severe biotic crises, including four of
the “Big 5” extinctions, are associated with large igne-
ous provinces, implying that large-scale volcanism is a
prerequisite for a really big extinction.

(2) Modeling, observations of recent eruptions, and detailed
volcanological, geochemical, and paleontological studies
have yielded clues to the causal mechanisms that link vol-
canism and extinctions. The relative importance of many
factors in this extinction-volcanism nexus, including the
continental configuration at the time of the eruption, the
latitude and altitude of eruption, the volume, rate, and
duration of eruption, its style, the preexisting climate
state, and the resilience of the extant biota to change,
have all to be evaluated and understood. However, the
total volume of magma is clearly not an important factor,
because some of the smallest large igneous provinces are
associated with extinctions, whereas some of the largest
are not.

(3) Of the five events examined here, four are clearly associ-
ated with global warming and other proximal killers such
as marine anoxia. Three of these extinction and warm-
ing episodes are accompanied by large negative carbon
isotope excursions, supporting a volcanogenic origin.
In all three cases, the scale of the excursion is too big
to be attributed to volcanic CO, and CH, alone (unless
large igneous province CO, emissions were considerably
lighter than mantle values). Methane hydrate release dur-
ing warming episodes, and more recently thermogenic
gas release, is commonly invoked.

(4) Volcanically induced warming is clearly a powerful
driver of marine anoxia: All post-Paleozoic oceanic
anoxic events coincide with intervals of large igneous
province formation. These warming-anoxia events are
associated with major extinctions (e.g., the end-Permian),
minor extinction events (e.g., the Toarcian, and the
Cenomanian-Turonian Bonarelli event), and very minor
extinctions (e.g., the late Paleocene, the Aptian-Albian
Selli event).

(5) Volcanic darkness and cooling have been invoked in sev-
eral extinction scenarios, in particular the Capitanian,
when shallow, warm-water, photosynthetic taxa suffered
preferential losses. Both of these climatic effects are the
anticipated result of the injection of large amounts of
SO, into the stratosphere. Perhaps significantly, of all
the large igneous provinces discussed in this paper, only
the Emeishan Traps and Central Atlantic magmatic prov-
ince were located at equatorial latitudes where they were
potentially able to inject sulfate aerosols into both hemi-
spheres and cause a global cooling event. Again, the site
of eruption is seen to be important: Modeling and obser-
vations of recent events have shown that aerosols from
mid- to high-latitude eruptions fail to cross the equator.

ACKNOWLEDGMENTS

Work on this review paper began during Bond’s Marie Curie
Intra European Fellowship at the Norwegian Polar Institute,
Troms@. The paper was completed during Bond’s Natural


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Large igneous provinces and mass extinctions: An update

Environment Research Council Advanced Research Fellowship
at the University of Hull. Funding from the Research Execu-
tive Agency (project FP7-PEOPLE-2011-IEF-300455), and
from the Natural Environment Research Council (grant NE/
JO1799X/1) is gratefully acknowledged. We thank the Uni-
versity of Hull for kindly providing financial support for the
open-access publication of this paper. Research data underpin-
ning this article derive from the recent literature in the fields
of volcanism and mass extinctions; articles are available from
the publishers and original authors. Finally, we thank Grzegorz
Racki and Andrea Marzoli for their helpful reviews of this man-
uscript. This article is published under the terms of the CC-BY
3.0 license.

REFERENCES CITED

Aberhan, M., and Firsich, F., 1996, Diversity analysis of Lower Juras-
sic bivalves of the Andean Basin and the Pliensbachian-Toarcian mass
extinction: Lethaia, v. 29, p. 181-195, doi:10.1111/j.1502-3931.1996
.tb01874.x.

Algeo, T.J., Chen Zhongqiang, Fraiser, M.L., and Twitchett, R.J., 2011,
Terrestrial-marine teleconnections in the collapse and rebuilding of Early
Triassic marine ecosystems: Palacogeography, Palaeoclimatology, Pal-
aeoecology, v. 308, p. 1-11, doi:10.1016/j.palaeo.2011.01.011.

Ali, J.R., Thompson, G.M., Song, Xieyan, and Wang, Yunliang, 2002, Emeis-
han Basalts (SW China) and the “end-Guadalupian” crisis: Magnetobio-
stratigraphic constraints: Journal of the Geological Society of London,
v. 159, p. 21-29, doi:10.1144/0016-764901086.

Ali, J.R., Thompson, G.M., Zhou, Mei-Fu, and Song, Xieyan, 2005, Emeis-
han large igneous province, SW China: Lithos, v. 79, p. 475-489,
doi:10.1016/j.1ithos.2004.09.013.

Ali, J.R., Fitton, J.G., and Herzberg, C., 2010, Emeishan large igneous prov-
ince (SW China) and the mantle plume up-doming hypothesis: Journal of
the Geological Society of London, v. 167, p. 953-959, doi:10.1144/0016
-76492009-129.

Archer, D., 2005, Fate of fossil fuel CO, in geologic time: Journal of Geo-
physical Research—Oceans (1978—2012), v. 110, C09S05, doi:10.1029/
2004JC002625.

Bailey, T.R., Rosenthal, Y., McArthur, J.M., van de Schootbrugge, B., and Thirl-
wall, MLF,, 2003, Paleoceanographic changes of the late Pliensbachian—
early Toarcian interval: A possible link to the genesis of an oceanic
anoxic event: Earth and Planetary Science Letters, v. 212, p. 307-320,
doi:10.1016/S0012-821X(03)00278-4.

Balter, V., Renaud, S., Girard, C., and Joachimski, M.M., 2008, Record of
climate-driven morphological changes in 376 Ma Devonian fossils: Geol-
ogy, v. 36, p. 907-910, doi:10.1130/G24989A.1.

Bambach, R.K., Knoll, A.H., and Wang, S.C., 2004, Origination, extinction,
and mass depletions of marine diversity: Paleobiology, v. 30, p. 522-542,
doi:10.1666/0094-8373(2004)030<0522:OEAMDO>2.0.CO;2.

Basu, A.R., Poreda, R.J., Renne, PR., Teichmann, F., Vasiliev, Y.R., Soboleyv,
N.V., and Turrin, B.D., 1995, High-He-3 plume origin and temporal-
spatial evolution of the Siberian flood basalts: Science, v. 269, p. 822—
825, doi:10.1126/science.269.5225.822.

Baud, A., Magaritz, M., and Holser, W.T., 1989, Permian-Triassic of the Tethys:
Carbon isotope studies: Geologische Rundschau, v. 78, p. 649-677,
doi:10.1007/BF01776196.

Becker, L., Poreda, R.J., Hunt, A.G., Bunch, T.E., and Rampino, M., 2001,
Impact event at the Permian-Triassic boundary: Evidence from extra-
terrestrial noble gases in fullerenes: Science, v. 291, p. 1530-1533,
doi:10.1126/science.1057243.

Beerling, D.J., and Berner, R.A., 2002, Biogeochemical constraints on the
Triassic-Jurassic boundary carbon cycle event: Global Biogeochemical
Cycles, v. 16, p. 10-1-10-13, doi:10.1029/2001GB001637.

Beerling, D.J., and Brentnall, S., 2007, Numerical evaluation of mechanisms
driving Early Jurassic changes in global carbon cycling: Geology, v. 35,
p. 247-250, doi:10.1130/G23416A.1.

Beerling, D.J., Harfoot, M., Lomax, B.H., and Pyle, J.A., 2007, The stability
of the stratospheric ozone layer during the end-Permian eruption of the
Siberian Traps: Royal Society of London Philosophical Transactions, ser.
A, v. 365, p. 1843-1866, doi:10.1098/rsta.2007.2046.

Benton, M.J., and Twitchett, R.J., 2003, How to kill (almost) all life: The end-
Permian extinction event: Trends in Ecology & Evolution, v. 18, p. 358—
365, doi:10.1016/S0169-5347(03)00093-4.

Berner, R.A., and Beerling, D.J., 2007, Volcanic degassing necessary to pro-
duce a CaCO, undersaturated ocean at the Triassic-Jurassic boundary:
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 244, p. 368-373,
doi:10.1016/j.palaeo.2006.06.039.

Black, B.A., Elkins-Tanton, L.T., Rowe, M.C., and Ukstins Peate, 1., 2012,
Magnitude and consequences of volatile release from the Siberian
Traps: Earth and Planetary Science Letters, v. 317-318, p. 363-373,
doi:10.1016/j.epsl.2011.12.001.

Black, R.X., 2002, Stratospheric forcing of surface climate in the Arctic Oscil-
lation: Journal of Climatology, v. 15, p. 268-277, doi:10.1175/1520-0442
(2002)015<0268:SFOSCI>2.0.CO;2.

Blackburn, T.J., Olsen, P.E., Bowring, S.A., McLean, N.M., Kent, D.V., Puffer,
J., McHone, G., Rasbury, E.T., and Et-Touhami, M., 2013, Zircon U-Pb
geochronology links the end-Triassic extinction with the Central Atlantic
Magmatic Province: Science, v. 340, p. 941-945.

Blake, S., 2003, Correlations between eruption magnitude, SO, yield and sur-
face cooling, in Oppenheimer, C., Pyle, D.M., and Barclziy, J., eds., Vol-
canic Degassing: Geological Society of London Special Publication 213,
p- 371-380.

Bond, D.P.G., and Wignall, P.B., 2008, The role of sea-level change and marine
anoxia in the Frasnian—Famennian (Late Devonian) mass extinction: Pal-
aeogeography, Palaeoclimatology, Palaeoecology, v. 263, p. 107-118,
doi:10.1016/j.palaco.2008.02.015.

Bond, D.P.G., and Wignall, P.B., 2009, Latitudinal selectivity of foramini-
fer extinctions during the late Guadalupian crisis: Paleobiology, v. 35,
p. 465483, doi:10.1666/0094-8373-35.4.465.

Bond, D.P.G., and Wignall, P.B., 2010, Pyrite framboid study of marine
Permian-Triassic boundary sections: A complex anoxic event and its
relationship to contemporaneous mass extinction: Geological Society of
America Bulletin, v. 122, p. 1265-1279, doi:10.1130/B30042.1.

Bond, D.P.G., Wignall, P.B., and Racki, G., 2004, Extent and duration of marine
anoxia during the Frasnian-Famennian (Late Devonian) mass extinction
in Poland, Germany, Austria, and France: Geological Magazine, v. 141,
p- 173-193, doi: 10.1017/S0016756804008866.

Bond, D.P.G., Hilton, J., Wignall, P.B., Ali, J.R., Stevens, L.G., Sun Yadong,
and Lai Xulong, 2010a, The Middle Permian (Capitanian) mass extinc-
tion on land and in the oceans: Earth-Science Reviews, v. 102, p. 100—
116, doi:10.1016/j.earscirev.2010.07.004.

Bond, D.P.G., Wignall, P.B., Wang Wei, Védrine, S., Jiang Haishui, Lai Xulong,
Sun Yadong, Newton, R.J., Cope, H., and Izon, G., 2010b, The mid-
Capitanian (Middle Permian) mass extinction and carbon isotope record
of South China: Palaeogeography, Palaeoclimatology, Palaeoecology,
v. 292, p. 282-294, doi:10.1016/j.palae0.2010.03.056.

Bond, D.P.G., Zaton, M., Wignall, PB., and Marynowski, L., 2013, Evidence for
shallow-water ‘Upper Kellwasser’ anoxia in the Frasnian-Famennian reefs of
Alberta, Canada: Lethaia, v. 46, p. 355-368, doi:10.1111/let.12014.

Bowring, S.A., Erwin, D.H., Jin Yugan, Martin, M.W., Davidek, K., and Wang
Wei, 1998, U/Pb zircon geochronology and tempo of the end-Permian
mass extinction: Science, v. 280, p. 1039-1045, doi:10.1126/science
.280.5366.1039.

Briffa, K.R., Schweingruber, F.H., Jones, P.D., Osborn, T.J., Shiyatov, S.G.,
and Vaganov, E.A., 1998, Reduced sensitivity of recent tree-growth
to temperature at high northern latitudes: Nature, v. 391, p. 678-682,
doi:10.1038/35596.

Bryan, S.E., 2007, Silicic large igneous provinces: Episodes, v. 30, p. 20-31.

Bryan, S.E., and Ernst, R.E., 2008, Revised definition of large igneous prov-
inces (LIPs): Earth-Science Reviews, v. 86, p. 175-202, doi:10.1016/j
.earscirev.2007.08.008.

Bryan, S.E., Riley, T.R., Jerram, D.A., Leat, P.T., and Stephens, C.J., 2002,
Silicic volcanism: An under-valued component of large igneous provinces
and volcanic rifted margins, in Menzies, M.A., Klemperer, S.L., Ebinger,
C.J., and Baker, J., eds., Magmatic Rifted Margins: Geological Society of
America Special Paper 362, p. 99-120.

Bryan, S.E., Ukstins Peate, 1., Peate, D.W., Self, S., Jerram, D.A., Mawby,
M.R., Marsh, J.S., and Miller, J.A., 2010, The largest volcanic eruptions


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Bond and Wignall

on Earth: Earth-Science Reviews, v. 102, p. 207-229, doi:10.1016/j
.earscirev.2010.07.001.

Buggisch, W., 1972, Zur Geologie und Geochemie der Kellwasserkalke und
ihrer begleitenden Sedimente (Unteres Oberdevon) (Geology and geo-
chemistry of the lowermost upper Devonian Kellwasser Limestone and
its associated sediments): Abhandlungen des Hessischen Landesamtes fiir
Bodenforschung, v. 62, p. 1-67.

Buggisch, W., 1991, The global Frasnian-Famennian ‘Kellwasser event’: Geol-
ogische Rundschau, v. 80, p. 49-72, doi:10.1007/BF01828767.

Camp, V.E,, Ross, M.E., and Hanson, W.E., 2003, Genesis of flood basalts and
Basin and Range volcanic rocks from Steens Mountain to the Malheur
River Gorge, Oregon: Geological Society of America Bulletin, v. 115,
p. 105-128, doi:10.1130/0016-7606(2003)115<0105:GOFBAB>2.0.CO;2.

Campbell, I.H., Czamanske, G.K., Fedorenko, V.A., Hill, R.A., and Stepanov, V.,
1992, Synchronism of the Siberian Traps and the Permian-Triassic bound-
ary: Science, v. 258, p. 1760-1763, doi:10.1126/science.258.5089.1760.

Caruthers, A.H., and Smith, P.L., 2012, Pliensbachian ammonoids from the
Talkeetna Mountains (Peninsular terrane) of southern Alaska: Revue de
Paléobiologie, volume spécial 11, p. 365-378.

Caruthers, A.H., Grocke, D.R., and Smith, PL., 2011, The significance of
an Early Jurassic (Toarcian) carbon-isotope excursion in Haida Gwaii
(Queen Charlotte Islands), British Columbia, Canada: Earth and Plan-
etary Science Letters, v. 307, p. 19-26, doi:10.1016/j.eps1.2011.04.013.

Chenet, A.L., Quidelleur, X., Fluteau, F., Courtillot, V., and Bajpai, S., 2007,
40K-40Ar dating of the Main Deccan large igneous province: Further
evidence of KTB age and short duration: Earth and Planetary Science
Letters, v. 263, p. 1-15, doi:10.1016/j.epsl.2007.07.011.

Chung Sunlin, and Jahn Borming, 1995, Plume-lithosphere interaction in gen-
eration of the Emeishan flood basalts at the Permian-Triassic boundary:
Geology, v. 23, p. 889-892, doi:10.1130/0091-7613(1995)023<0889
:PLIIGO>2.3.CO;2.

Chung Sunlin, Jahn Borming, Wu Genyao, Lo Chinghua, and Cong Bolin,
1998, The Emeishan flood basalt in SW China; a mantle plume initiation
model and its connection with continental breakup and mass extinction
at the Permian-Triassic boundary, in Flower, M.EJ., Chung Sunlin, Lo
Chinghua, and Lee Tungyi, eds., Mantle Dynamics and Plate Interactions
in East Asia: American Geophysical Union Geodynamics Monograph 27,
p. 47-58.

Cirilli, S., Marzoli, A., Tanner, L., Bertrand, H., Buratti, N., Jourdan, F., Bel-
lieni, G., Kontak, D., and Renne, P.R., 2009, Latest Triassic onset of the
Central Atlantic magmatic province (CAMP) volcanism in the Fundy
Basin (Nova Scotia): New stratigraphic constraints: Earth and Planetary
Science Letters, v. 286, p. 514-525, doi:10.1016/j.epsl.2009.07.021.

Claoué-Long, J.C., Zhang Zichao, Ma Guogan, and Du Shaohua, 1991, The age
of the Permian-Triassic boundary: Earth and Planetary Science Letters,
v. 105, p. 182-190, doi:10.1016/0012-821X(91)90129-6.

Coffin, M.F., and Eldholm, O., 1991, Large Igneous Provinces, JOI/USSAC
Workshop Report: Austin, Texas, University of Texas at Austin Institute
for Geophysics Technical Report 114, 79 p.

Coffin, M.F,, and Eldholm, O., 1994, Large igneous provinces: Crustal struc-
ture, dimensions, and external consequences: Reviews of Geophysics,
v. 32, p. 1-36, doi:10.1029/93RG02508.

Cohen, A.S., Coe, A.L., and Kemp, D.B., 2007, The late Palacocene—early
Eocene and Toarcian (Early Jurassic) carbon isotope excursions: A com-
parison of their time scales, associated environmental changes, causes
and consequences: Journal of the Geological Society of London, v. 164,
p- 1093-1108, doi:10.1144/0016-76492006-123.

Collinson, J.W., Hammer, W.R., Askin, R.A., and Elliot, D.H., 2006, Permian-
Triassic boundary in the central Transantarctic Mountains, Antarctica:
Geological Society of America Bulletin, v. 118, p. 747-763, doi:10.1130/
B25739.1.

Copper, P., 2002, Reef development at the Frasnian-Famennian mass extinction
boundary: Palacogeography, Palaeoclimatology, Palacoecology, v. 181,
p. 27-65, doi:10.1016/S0031-0182(01)00472-2.

Courtillot, V., 1999, Evolutionary Catastrophes: The Science of Mass Extinc-
tion: Cambridge, UK, Cambridge University Press, 173 p.

Courtillot, V., and Olson, P., 2007, Mantle plumes link magnetic superchrons to
Phanerozoic mass depletion events: Earth and Planetary Science Letters,
v. 260, p. 495-504, doi:10.1016/.epsl.2007.06.003.

Courtillot, V.E., and Renne, P.R., 2003, On the ages of flood basalt events:
Comptes Rendus Geoscience, v. 335, p. 113-140, doi:10.1016/S1631
-0713(03)00006-3.

Courtillot, V., Jaupart, C., Manighetti, 1., Tapponnier, P., and Besse, J., 1999,
On causal links between flood basalts and continental breakup: Earth
and Planetary Science Letters, v. 166, p. 177-195, doi:10.1016/S0012
-821X(98)00282-9.

Courtillot, V., Kravchinsky, V.A., Quidelleur, X., Renne, P.R., and Gladkochub,
D.P, 2010, Preliminary dating of the Viluy Traps (eastern Siberia): Erup-
tion at the time of Late Devonian extinction events?: Earth and Planetary
Science Letters, v. 300, p. 239-245, doi:10.1016/j.eps1.2010.09.045.

D’ Arrigo, R., Seager, R., Smerdon, J.E., Legrande, A.N., and Cook, E.R., 2011, The
anomalous winter of 1783—1784: Was the Laki eruption or an analog of the
2009-2010 winter to blame?: Geophysical Research Letters, v. 38, p. L05706.

Deenen, M.H.L., Ruhl, M., Bonis, N.R., Krijgsman, W., Kuerschner, W.M.,
Reitsma, M., and van Bergen, M.J., 2010, A new chronology for the end-
Triassic mass extinction: Earth and Planetary Science Letters, v. 291,
p. 113-125, doi:10.1016/j.epsl.2010.01.003.

de Silva, S.L., and Zielinski, G.A., 1998, Global influence of the AD
1600 eruption of Huaynaputina, Peru: Nature, v. 393, p. 455-458,
doi:10.1038/30948.

Devine, J.D., Sigurdsson, H., Davis, A.N., and Self, S., 1984, Estimates of
sulphur and chlorine yield to the atmosphere from volcanic eruptions
and potential climatic effects: Journal of Geophysical Research, v. 89,
p. 6309-6325, doi:10.1029/J1B089iB07p06309.

Driscoll, S., Bozzo, A., Gray, L.J., Robock, A., and Stenchikov, G., 2012, Cou-
pled Model Intercomparison Project 5 (CMIPS) simulations of climate
following volcanic eruptions: Journal of Geophysical Research, v. 117,
D17105, doi:10.1029/2012JD017607.

Duncan, R.A., Hooper, PR., Rehacek, J., Marsh, J.S., and Duncan, A.R.,
1997, The timing and duration of the Karoo igneous event, southern
Gondwana: Journal of Geophysical Research, v. 102, p. 18,127-18,138,
doi:10.1029/97JB00972.

Dustira, A.M., Wignall, P.B., Joachimski, M., Blomeier, D., Hartkopf-
Froder, C., and Bond, D.P.G., 2013, Gradual onset of anoxia across
the Permian-Triassic boundary in Svalbard, Norway: Palaeogeography,
Palaeoclimatology, Palaecoecology, v. 374, p. 303-313, doi:10.1016/j
.palae0.2013.02.004.

Eldholm, O., and Coffin, M.F., 2000, Large igneous provinces and plate tecton-
ics, in Richards, M.A., Gordon, R.G., and van der Hilst, R.D., eds., The
History and Dynamics of Global Plate Motions: American Geophysical
Union Geophysical Monograph 121, p. 309-326.

Encarnacién, J., Fleming, T.H., Elliot, D.H., and Eales, H., 1996, Syn-
chronous emplacement of Ferrar and Karoo dolerites and the early
breakup of Gondwana: Geology, v. 24, p. 535-538, doi:10.1130/0091-
7613(1996)024<0535:SEOFAK>2.3.CO;2.

English, J.M., Toon, O.B., and Mills, M.J., 2012, Microphysical simulations of sul-
fur burdens from stratospheric sulfur geoengineering: Atmospheric Chemistry
and Physics, v. 12, p. 4775-4793, doi:10.5194/acp-12-4775-2012.

Erwin, D.H., 1994, The Permo-Triassic extinction: Nature, v. 367, p. 231-236,
doi:10.1038/367231a0.

Fedorenko, V., Czamanske, G., Zen’ko, T., Budahn, J., and Siems, D., 2000,
Field and geochemical studies of the melilite-bearing Arydzhangsky
Suite, and an overall perspective on the Siberian alkaline-ultramafic
flood-volcanic rocks: International Geology Review, v. 42, p. 769-804,
doi:10.1080/00206810009465111.

Fliigel, E., 2002, Triassic reef patterns, in Fliigel, E., Kiessling, W., and
Golonka, J., eds., Phanerozoic Reef Patterns: Society for Sedimentary
Geology (SEPM) Special Publication 72, p. 391-463.

Fliigel, E., and Kiessling, W., 2002, Patterns of Phanerozoic reef crises, in
Fliigel, E., Kiessling, W., and Golonka, J., eds., Phanerozoic Reef Pat-
terns: Society for Sedimentary Geology (SEPM) Special Publication 72,
p. 691-733.

Foland, K.A., Fleming, T.H., Heimann, A., and Elliot, D.H., 1993, Potassium-
argon dating of fine-grained basalts with massive Ar-loss: Applica-
tion of the “*Ar/*°Ar technique to plagioclase and glass from the Kirk-
patrick Basalt, Antarctica: Chemical Geology, v. 107, p. 173-190,
doi:10.1016/0009-2541(93)90109-V.

Foster, G.L., 2008, Seawater pH, pCO2 and [COZ’B] variations in the Caribbean
Sea over the last 130 kyr: A boron isotope and B/Ca study of planktic
foraminifera: Earth and Planetary Science Letters, v. 271, p. 254-266,
doi:10.1016/.epsl.2008.04.015.

Fowell, S.J., and Olsen, P.E., 1993, Time calibration of Triassic Jurassic micro-
floral turnover, eastern North America: Tectonophysics, v. 222, p. 361—
369, doi:10.1016/0040-1951(93)90359-R.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Large igneous provinces and mass extinctions: An update

Frogner Kockum, P., Herbert, R., and Gislason, S., 2006, A diverse ecosys-
tem response to volcanic aerosols: Chemical Geology, v. 231, p. 57-66,
doi:10.1016/j.chemgeo.2005.12.008.

Frolicher, T.L., Joos, F., Raible, C.C., and Sarmiento, J.L., 2013, Atmospheric
CO2 response to volcanic eruptions: The role of ENSO, season, and vari-
ability: Global Biogeochemical Cycles, v. 27, p. 239-251, doi:10.1002/
gbc.20028.

Gaiduk, V.V., 1988, The Middle Paleozoic Vilyui Rift System: Yakutsk, YaF SO
AN SSSR, 128 p. (in Russian).

Ganino, C., and Arndt, N.T., 2009, Climate changes caused by degassing of
sediments during the emplacement of large igneous provinces: Geology,
v. 37, p. 323-326, doi:10.1130/G25325A.1.

Gastaldo, R.A., Neveling, J., Kittinger Clark, C., and Newbury, S.S., 2009, The
terrestrial Permian-Triassic boundary event bed is a nonevent: Geology,
v. 37, p. 199-202, doi:10.1130/G25255A.1.

Gerlach, T., 2011, Volcanic versus anthropogenic carbon dioxide: Eos
(Transactions, American Geophysical Union), v. 92, p. 201-202,
doi:10.1029/2011EO240001.

Gladczenko, T.P., Coffin, M.F.,, and Eldholm, O., 1997, Crustal structure of
the Ontong Java Plateau: Modeling of new gravity and existing seismic
data: Journal of Geophysical Research—Solid Earth (1978-2012), v. 102,
p. 22,711-22,729.

Gradstein, EM., Ogg, J.G., Schmitz, M., and Ogg, G., 2012, The Geologic
Time Scale 2012: Amsterdam, Elsevier, 1176 p.

Grasby, S.E., and Beauchamp, B., 2008, Intrabasin variability of the carbon-
isotope record across the Permian-Triassic transition, Sverdrup Basin,
Arctic Canada: Chemical Geology, v. 253, p. 141-150, doi:10.1016/j
.chemgeo.2008.05.005.

Grasby, S.E., Sanei, H., and Beauchamp, B., 2011, Catastrophic dispersion of
coal fly ash into oceans during the latest Permian extinction: Nature Geo-
science, v. 4, p. 104-107, doi:10.1038/ngeo1069.

Greene, S.E., Martindale, R.C., Ritterbush, K.A., Bottjer, D.J., Corsetti, EA., and
Berelson, W.M., 2012, Recognising ocean acidification in deep time: An eval-
uation of the evidence for acidification across the Triassic-Jurassic boundary:
Earth-Science Reviews, v. 113, p. 72-93, doi:10.1016/j.earscirev.2012.03.009.

Grice, K., Cao Changqun., Love, G.D., Bottcher, M.E., Twitchett, R.J., Gros-
jean, E., Summons, R.E., Turgeon, S.C., Dunning, W., and Jin Yugan,
2005, Photic zone euxinia during the Permian-Triassic superanoxic event:
Science, v. 307, p. 706-709, doi:10.1126/science.1104323.

Grocke, D.R., Rimmer, S.M., Yoksoulian, L.E., Cairncross, B., Tsikos, H., and
van Hunen, J., 2009, No evidence for thermogenic methane release in coal
from the Karoo-Ferrar large igneous province: Earth and Planetary Sci-
ence Letters, v. 277, p. 204-212, doi:10.1016/j.eps1.2008.10.022.

Grocke, D.R., Hori, R.S., Trabucho-Alexandre, J., Kemp, D.B., and Schwark,
L., 2011, An open marine record of the Toarcian oceanic anoxic event:
Solid Earth Discussions, v. 3, p. 385-410, doi:10.5194/sed-3-385-2011.

Hallam, A., 1986, The Pliensbachian and Tithonian extinction events: Nature,
v. 319, p. 765-768, doi:10.1038/319765a0.

Hallam, A., 1996, Major bio-events in the Triassic and Jurassic, in Walliser,
0O.H., ed., Global Events and Event Stratigraphy in the Phanerozoic: Ber-
lin, Springer-Verlag, p. 265-283.

Hallam, A., 2002, How catastrophic was the end-Triassic mass extinction?:
Lethaia, v. 35, p. 147-157, doi:10.1080/002411602320184006.

Hallam, A., and Wignall, P.B., 2004, Discussion on sea-level change and facies
development across potential Triassic-Jurassic boundary horizons, SW
Britain: Journal of the Geological Society of London, v. 161, p. 1053—
1056, doi:10.1144/0016-764904-069.

Hautmann, M., 2004, Effect of end-Triassic CO2 maximum on carbonate
sedimentation and marine mass extinction: Facies, v. 50, p. 257-261,
doi:10.1007/310347-004-0020-y.

Hautmann, M., Benton, M.J., and TomaSovych, A., 2008a, Catastrophic
ocean acidification at the Triassic-Jurassic boundary: Neues Jahrbuch
fiir Geologie und Palaontologie, Abhandlungen, v. 249, p. 119-127,
doi:10.1127/0077-7749/2008/0249-0119.

Hautmann, M., Stiller, F.,, Cai Huawei, and Sha Jingeng, 2008b, Extinction-
recovery pattern of bottom-level faunas across the Triassic-Jurassic
boundary in Tibet: Implications for potential killing mechanisms: Palaios,
v. 23, p. 711-718, doi:10.2110/palo.2008.p08-005r.

He Bin, Xu Yigang, Chung Sunling, Xiao Long, and Wang Yamei, 2003, Sedi-
mentary evidence for a rapid, kilometer-scale crustal doming prior to the
eruption of the Emeishan flood basalts: Earth and Planetary Science Let-
ters, v. 213, p. 391405, doi:10.1016/S0012-821X(03)00323-6.

He Bin, Wang Yamei, and Jiang, Xiaowei, 2004, Palacokarst landforms on top
of limestone of the Maokou Formation in the west of the Upper Yangtze
Platform, China, and its geological significance: Chinese Geology, v. 31,
p. 46-50.

Heckendorn, P., Weisenstein, D., Fueglistaler, S., Luo, B.P., Rozanov, E., Schra-
ner, M., Thomason, L.W., and Peter, T., 2009, The impact of geoengi-
neering aerosols on stratospheric temperature and ozone: Environmental
Research Letters, v. 4, p. 045108, doi:10.1088/1748-9326/4/4/045108.

Heimann, A., Fleming, T.H., Elliot, D.H., and Foland, K.A., 1994, A short inter-
val of Jurassic continental flood basalt volcanism in Antarctica as demon-
strated by “’Ar/*Ar geochronology: Earth and Planetary Science Letters,
v. 121, p. 1941, doi:10.1016/0012-821X(94)90029-9.

Hermoso, M., Minoletti, F., Le Callonnec, L., Jenkyns, H.C., Hesselbo, S.P.,
Rickaby, R.E.M., Renard, M., de Rafélis, M., and Emmanuel, L., 2009,
Global and local forcing of early Toarcian seawater chemistry: A compar-
ative study of different paleoceanographic settings (Paris and Lusitanian
Basins): Paleoceanography, v. 24, p. PA4208, doi: 10.1029/2009PA001764.

Hesselbo, S.P., Grocke, D.R., Jenkyns, H.C., Bjerrum, C.J., Farrimond, P.,
Morgans Bell, H.S., and Green, O.R., 2000, Massive dissociation of gas
hydrate during a Jurassic oceanic anoxic event: Nature, v. 406, p. 392—
395, doi:10.1038/35019044.

Hesselbo, S.P., Robinson, S.A., Surlyk, F., and Piasecki, S., 2002, Terres-
trial and marine extinction at the Triassic-Jurassic boundary synchro-
nized with major carbon-cycle perturbation: A link to initiation of
massive volcanism?: Geology, v. 30, p. 251-254, doi:10.1130/0091
-7613(2002)030<0251: TAMEAT>2.0.CO;2.

Hesselbo, S.P., Robinson, S.A., and Surlyk, F., 2004, Sea-level change and
facies development across potential Triassic-Jurassic boundary horizons,
south west Britain: Journal of the Geological Society of London, v. 161,
p. 365-379, doi:10.1144/0016-764903-033.

Hesselbo, S.P., Jenkyns, H.C., Duarte, L.V., and Oliveira, L.C.V., 2007, Car-
bon-isotope record of the Early Jurassic (Toarcian) oceanic anoxic event
from fossil wood and marine carbonate (Lusitanian Basin, Portugal):
Earth and Planetary Science Letters, v. 253, p. 455470, doi:10.1016/j
.epsl.2006.11.009.

Heydari, E., Arzani, N., and Hassanzadeh, J., 2008, The invisible serial killer:
Application to Permian-Triassic boundary mass extinction: Palacogeogra-
phy, Palaeoclimatology, Palaeoecology, v. 264, p. 147-162, doi:10.1016/j
.palae0.2008.04.013.

Heydari, E., Arzani, N., Safaei, M., and Hassanzadeh, J., 2013, Ocean’s
response to a changing climate: Clues from variations in carbonate
mineralogy across the Permian-Triassic boundary of the Shareza Sec-
tion, Iran: Global and Planetary Change, v. 105, p. 79-90, doi:10.1016/j
.gloplacha.2012.12.013.

Hinojosa, J.L., Brown, S.T., Chen Jun, DePaolo, D.J., Paytan, A., Shen Shu-
zhong, and Payne, J.L., 2012, Evidence for end-Permian ocean acidifica-
tion from calcium isotopes in biogenic apatite: Geology, v. 40, p. 743—
746, doi:10.1130/G33048.1.

Holbrook, W.S., and Kelemen, P.B., 1993, Large igneous province on the US
Atlantic margin and implications for magmatism during continental
breakup: Nature, v. 364, p. 433-436, doi:10.1038/364433a0.

Holser, W.T., and Magaritz, M., 1995, The Late Permian carbon isotope anom-
aly in the Bellerophon Basin, Carnic and Dolomite Alps: Jahrbuch der
Geologischen Bundesanstalt, v. 128, p. 75-82.

Holser, W.T., Schonlaub, H.P., Boeckelmann, K., Magaritz, M., and Orth, C.J.,
1991, The Permian-Triassic of the Gartnerkofel-1 core (Carnic Alps, Aus-
tria): Synthesis and conclusions: Abhandlungen der Geologischen Bunde-
sanstalt, v. 45, p. 213-235.

Hommel, R., and Graf, H.-F.,, 2011, Modelling the size distribution of geo-
engineered stratospheric aerosols: Atmospheric Science Letters, v. 12,
p. 168-175, doi:10.1002/as1.285.

Hooper, PR., Camp, V.E., Reidel, S.P., and Ross, M.E., 2007, The Columbia
River Basalts and their relationship to the Yellowstone hotspot and Basin
and Range extension, in Foulger, G.R., and Jurdy, J.M., eds., Plumes,
Plates, and Planetary Processes: Geological Society of America Special
Paper 430, p. 635-668.

Hori, S.R., 1993, Toarcian oceanic event in deep-sea sediments: Geological
Survey of Japan Bulletin, v. 44, p. 555-570.

House, M.R., 1985, Correlation of mid-Palacozoic ammonoid evolutionary
events with global sedimentary perturbations: Nature, v. 313, p. 17-22,
doi:10.1038/313017a0.

Humphreys, W.J., 1940, Physics of the Air: New York, McGraw Hill, 665 p.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Bond and Wignall

Huybers, P., and Langmuir, C., 2009, Feedback between deglaciation, volca-
nism, and atmospheric COZ: Earth and Planetary Science Letters, v. 286,
p. 479491, doi:10.1016/j.epsl.2009.07.014.

Huynh, T.T., and Poulsen, C.J., 2005, Rising atmospheric CO2 as a possible
trigger for the end-Triassic mass extinction: Palaecogeography, Palaeo-
climatology, Palacoecology, v. 217, p. 223-242, doi:10.1016/j.palaco
.2004.12.004.

Isozaki, Y., 1994, Superanoxia across the Permo-Triassic boundary: Recorded
in accreted deep-sea pelagic chert in Japan, in Embry, A.F., Beauchamp,
B., and Glass, D.J., eds., Pangea: Global Environments and Resources:
Canadian Society of Petroleum Geologists Memoir 17, p. 805-812.

Isozaki, Y., 1997, Permo-Triassic boundary superanoxia and stratified super-
ocean: Records from lost deep sea: Science, v. 276, p. 235-238,
doi:10.1126/science.276.5310.235.

Isozaki, Y., 2009, Illawarra reversal: The fingerprint of a superplume that
triggered Pangean breakup and the end-Guadalupian (Permian) mass
extinction: Gondwana Research, v. 15, p. 421-432, doi:10.1016/j
.gr.2008.12.007.

Isozaki, Y., Kawahata, H., and Ota, A., 2007a, A unique carbon isotope record
across the Guadalupian—Lopingian (Middle-Upper Permian) boundary
in mid-oceanic paleoatoll carbonates: The high-productivity “Kamura
event” and its collapse in Panthalassa: Global and Planetary Change,
v. 55, p. 21-38, doi:10.1016/j.gloplacha.2006.06.006.

Isozaki, Y., Kawahata, H., and Minoshima, K., 2007b, The Capitanian (Permian)
Kamura cooling event: The beginning of the Paleozoic-Mesozoic transi-
tion: Palacoworld, v. 16, p. 16-30, doi:10.1016/j.palwor.2007.05.011.

Ivanov, A.V., He, Huayiu, Yan, Liekun, Ryabov, V.V., Shevko, A.Y., Palesskii, S.V.,
and Nikolaeva, I.V., 2013, Siberian Traps large igneous province: Evidence for
two flood basalt pulses around the Permo-Triassic boundary and in the Middle
Triassic, and contemporaneous granitic magmatism: Earth-Science Reviews,
v. 122, p. 58-76, doi: 10.1016/j.earscirev.2013.04.001.

Jenkyns, H.C., 1985, The early Toarcian and Cenomanian-Turonian anoxic
events in Europe: Comparisons and contrasts: International Journal of
Earth Sciences, v. 74, p. 505-518.

Jenkyns, H.C., 1988, The early Toarcian (Jurassic) event: Stratigraphy, sedi-
mentary and geochemical evidence: American Journal of Science, v. 288,
p. 101-151, doi:10.2475/ajs.288.2.101.

Jenkyns, H.C., Jones, C.E., Grocke, D.R., Hesselbo, S.P., and Parkinson, D.N.,
2002, Chemostratigraphy of the Jurassic system: Applications, limitations
and implications for paleoceanography: Journal of the Geological Society
of London, v. 159, p. 351-378, doi:10.1144/0016-764901-130.

Jin Yugan, J., Yichun, Z., and Qinghua, S., 1994, Two phases of the end-
Permian mass extinction, in Embry, A.F., Beauchamp, B., and Glass, D.J.,
eds., Pangea: Global Environments and Resources: Canadian Society of
Petroleum Geologists Memoir 17, p. 813-822.

Jin Yugan, Mei Shilong, Wang Wei, Wang Xiangdong, Shen Shuzhong, Shang
Qinghua, and Chen Zhonggiang, 1998, On the Lopingian series of the
Permian System: Palacoworld, v. 9, p. 1-18.

Jin Yugan, Wang Yue, Wang Wei, Shang Qinghua, Cao Changqun, and Erwin,
D.H., 2000, Pattern of marine mass extinction near the Permian-Triassic
boundary in South China: Science, v. 289, p. 432-436, doi:10.1126/
science.289.5478.432.

Joachimski, M.M., and Buggisch, W., 2002, Conodont apatite 3'*O signa-
tures indicate climatic cooling as a trigger of the Late Devonian mass
extinction: Geology, v. 30, p. 711-714, doi:10.1130/0091-7613(2002)
030<0711:CAOSIC>2.0.CO;2.

Joachimski, M.M., Breisig, S., Buggisch, W., Talent, J.A., Mawson, R., Gereke,
M., Morrow, J.R., Day, J., and Weddige, K., 2009, Devonian climate and
reef evolution: Insights from oxygen isotopes in apatite: Earth and Plan-
etary Science Letters, v. 284, p. 599-609, doi:10.1016/j.eps1.2009.05.028.

Joachimski, M.M., Lai Xulong, Shen Shuzhong, Jiang Haishui, Luo Genming,
Chen Bo, Chen Jun, and Sun Yadong, 2012, Climate warming in the lat-
est Permian and the Permian-Triassic mass extinction: Geology, v. 40,
p. 195-198, doi:10.1130/G32707.1.

Johnson, J.G., Klapper, G., and Sandberg, C.A., 1985, Devonian eustatic fluc-
tuations in Euramerica: Geological Society of America Bulletin, v. 96,
p- 567-587, doi:10.1130/0016-7606(1985)96<567:DEFIE>2.0.CO;2.

Jones, C.E., Jenkyns, H.C., and Hesselbo, S.P., 1994, Strontium isotopes in
Early Jurassic seawater: Geochimica et Cosmochimica Acta, v. 58,
p. 1285-1301, doi:10.1016/0016-7037(94)90382-4.

Jones, D.L., Duncan, R.A., Briden, J.C., Randall, D.E., and MacNiocaill, C.,
2001, Age of the Batoka basalts, northern Zimbabwe, and the duration

of Karoo large igneous province magmatism: Geochemistry Geophysics
Geosystems, v. 2, p. 1022, doi:10.1029/2000GC0001 10.

Joshi, M.M., and Shine, K.P., 2003, A GCM study of volcanic eruptions as a cause of
increased stratospheric water vapor: Journal of Climate, v. 16, p. 3525-3534,
doi:10.1175/1520-0442(2003)016<3525:AGSOVE>2.0.CO;2.

Jourdan, F., Féraud, G., Bertrand, H., Kampunzu, A.B., Tshoso, G., Le Gall, B.,
Tiercelin, J.J., and Capiez, P., 2004, The Karoo triple junction questioned:
Evidence from 40Ar/39Ar Jurassic and Proterozoic ages and geochemis-
try of the Okavango dike swarm (Botswana): Earth and Planetary Science
Letters, v. 222, p. 989-1006, doi:10.1016/j.eps].2004.03.017.

Jourdan, F., Féraud, G., Bertrand, H., Kampunzu, A.B., Tshoso, G., Watkeys,
M.K., and Le Gall, B., 2005, The Karoo large igneous province: Brevity,
origin, and relation with mass extinction questioned by new “’Ar/*’Ar age
data: Geology, v. 33, p. 745-748, doi:10.1130/G21632.1.

Jourdan, F., Féraud, G., Bertrand, H., and Watkeys, M.K., 2007a, From flood
basalts to the inception of oceanization: Example from the “°’Ar/*Ar high-
resolution picture of the Karoo large igneous province: Geochemistry
Geophysics Geosystems, v. 8, p. Q02002, doi:10.1029/2006GC001392.

Jourdan, F., Féraud, G., Bertrand, H., Watkeys, M.K., and Renne, P.R., 2007b,
Distinct brief major events in the Karoo large igneous province clarified
by new 40Ar/39Ar ages on the Lesotho basalts: Lithos, v. 98, p. 195-209,
doi:10.1016/j.1ithos.2007.03.002.

Jourdan, F., Féraud, G., Bertrand, H., Watkeys, M.K., and Renne, PR.,
2008, The 40Ar/39Ar ages of the sill complex of the Karoo large igne-
ous province: Implications for the Pliensbachian-Toarcian climate
change: Geochemistry Geophysics Geosystems, v. 9, p. Q06009,
doi:10.1029/2008GC001994.

Kaiho, K., Kajiwara, Y., Nakano, T., Miura, Y., Kawahata, H., Tazaki, K.,
Ueshima, M., Chen Zhonggiang, and Shi Guangrui, 2001, End-Permian
catastrophe by a bolide impact: Evidence of a gigantic release of sulfur from
the mantle: Geology, v. 29, p. 815-818, doi:10.1130/0091-7613(2001)
029<0815:EPCBAB>2.0.CO:;2.

Kaiho, K., Chen Zhonggiang, Kawahata, H., Kajiwara, Y., and Sato, H.,
2006, Close-up of the end-Permian mass extinction horizon recorded in
the Meishan section, South China: Sedimentary, elemental, and biotic
characterization and a negative shift of sulfate sulfur isotope ratio: Pal-
aeogeography, Palaeoclimatology, Palaeoecology, v. 239, p. 396405,
doi:10.1016/j.palaco.2006.02.011.

Kamo, S.L., Czamanske, G.K., and Krogh, T.E., 1996, A minimum U-Pb age
for Siberian flood-basalt volcanism: Geochimica et Cosmochimica Acta,
v. 60, p. 3505-3511, doi:10.1016/0016-7037(96)00173-1.

Kamo, S.L., Czamanske, G.K., Amelin, Y., Fedorenko, V.A., Davis, D.W., and
Trofimov, V.R., 2003, Rapid eruption of Siberian flood-volcanic rocks
and evidence for coincidence with the Permian-Triassic boundary and
mass extinction at 251 Ma: Earth and Planetary Science Letters, v. 214,
p- 75-91, doi:10.1016/S0012-821X(03)00347-9.

Keller, G., 2014, this volume, Deccan volcanism, the Chicxulub impact, and
the end-Cretaceous mass extinction: Coincidence? Cause and effect?, in
Keller, G., and Kerr, A.C., eds., Volcanism, Impacts, and Mass Extinc-
tions: Causes and Effects: Geological Society of America Special Paper
505, doi:10.1130/2014.2505(03).

Kemp, D.B., Coe, A.L., Cohen, A.S., and Schwark, L., 2005, Astronomical
pacing of methane release in the Early Jurassic period: Nature, v. 437,
p- 396-399, doi:10.1038/nature04037.

Kennett, J.P., and Watkins, N.D., 1970, Geomagnetic polarity change, volca-
nic maxima and faunal extinction in the South Pacific: Nature, v. 227,
p- 930-934, doi:10.1038/227930a0.

Kiessling, W., and Simpson, C., 2011, On the potential for ocean acidifica-
tion to be a general cause of ancient reef crises: Global Change Biology,
v. 17, p. 56-67.

Kiessling, W., Fliigel, E., and Golonka, J., 2000, Fluctuations in the carbon-
ate production of Phanerozoic reefs, in Insalaco, E., Skelton, P.W., and
Palmer, T.J., eds., Carbonate Platform Systems: Components and Interac-
tions: Geological Society of London Special Publication 178, p. 191-215,
doi:10.1144/GSL.SP.2000.178.01.13.

Kiselev, A.L, Yarmolyuk, V.V., Egorov, K.N., Chernyushov, R.A., and Nikip-
horov, A.V., 2006, Middle Paleozoic basite magmatism of the north-west
part of the Viluy rift: Composition, sources, geodynamics: Petrology, v. 6,
p. 660-682.

Kiselev, A.IL, Yarmolyuk, V.V., Nikiforov, A.V., and Egorov, K.N., 2007, Com-
position and sources of Devonian volcanism in the Vilyui rift: Doklady
Earth Sciences, v. 415, p. 744-750, doi:10.1134/S1028334X07050194.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Large igneous provinces and mass extinctions: An update

Knight, K.B., Nomade, S., Renne, PR., Marzoli, A., Betrand, H., and Youbi,
N., 2004, The Central Atlantic magmatic province at the Triassic-Jurassic
boundary: Paleomagnetic and “’Ar/*’Ar evidence from Morocco for brief,
episodic volcanism: Earth and Planetary Science Letters, v. 228, p. 143—
160, doi:10.1016/j.epsl.2004.09.022.

Kolstad, E.W., and Charlton-Perez, A.J., 2011, Observed and simulated precur-
sors of stratospheric polar vortex anomalies in the Northern Hemisphere:
Climate Dynamics, v. 37, p. 1443-1456, doi:10.1007/s00382-010-0919-7.

Koppelhus, E.B., 1996, Palynology of the Lacustrine Kap Stewart Formation,
Jameson Land, East Greenland: Copenhagen, Danmarks og Groenlands
Geologiske Undersoegelse, 32 p.

Korte, C., Hesselbo, S.P., Jenkyns, H.C., Rickaby, R.E., and Spétl, C., 2009,
Palaeoenvironmental significance of carbon- and oxygen-isotope stra-
tigraphy of marine Triassic-Jurassic boundary sections in SW Brit-
ain: Journal of the Geological Society of London, v. 166, p. 431-445,
doi:10.1144/0016-76492007-177.

Korte, C., Pande, P., Kalia, P., Kozur, HW., Joachimski, M.M., and Ober-
hinsli, H., 2010, Massive volcanism at the Permian-Triassic bound-
ary and its impact on the isotopic composition of the ocean and atmo-
sphere: Journal of Asian Earth Sciences, v. 37, p. 293-311, doi:10.1016/j
.jseaes.2009.08.012.

Kozur, H.W., 1998, Some aspects of the Permian-Triassic boundary (PTB)
and of the possible causes for the biotic crisis around this boundary: Pal-
aeogeography, Palaeoclimatology, Palaeoecology, v. 143, p. 227-272,
doi:10.1016/S0031-0182(98)00113-8.

Kozur, H.W., and Weems, R.E., 2011, Detailed correlation and age of continen-
tal late Changhsingian and earliest Triassic beds: Implications for the role
of the Siberian Trap in the Permian-Triassic biotic crisis: Palacogeogra-
phy, Palaeoclimatology, Palaeoecology, v. 308, p. 22-40, doi:10.1016/j
.palaeo.2011.02.020.

Kravchinsky, V.A., 2012, Paleozoic large igneous provinces of northern Eur-
asia: Correlation with mass extinction events: Global and Planetary
Change, v. 86, p. 31-36, doi:10.1016/j.gloplacha.2012.01.007.

Kravchinsky, V.A., Konstantinov, K.M., Courtillot, V., Valet, J.-P., Savrasov,
J.I., Cherniy, S.D., Mishenin, S.G., and Parasotka, B.S., 2002, Palacomag-
netism of East Siberian traps and kimberlites: Two new poles and palaeo-
geographic reconstructions at about 360 and 250 Ma: Geophysical Jour-
nal International, v. 148, p. 1-33, doi:10.1046/j.0956-540x.2001.01548.x.

Kump, L.R., Pavlov, A., and Arthur, M.A., 2005, Massive release of hydrogen
sulfide to the surface ocean and atmosphere during intervals of oceanic
anoxia: Geology, v. 33, p. 397-400, doi:10.1130/G21295.1.

Kusznir, N.J., Kokhuto, A., and Stephenson, R.A., 1996, Synrift evolution of
the Pripyat Trough: Constraints from structural and stratigraphic mod-
eling: Tectonophysics, v. 268, p. 221-236, doi:10.1016/S0040-1951
(96)00231-4.

Kuzmin, M.I., Yarmolyuk, V.V., and Kravchinsky, V.A., 2010, Phanerozoic
hot spot traces and paleogeographic reconstructions of the Siberian
continent based on interaction with the African large low shear veloc-
ity province: Earth-Science Reviews, v. 102, p. 29-59, doi:10.1016/j
.earscirev.2010.06.004.

Lai Xulong, Wang Wei, Wignall, P.B., Bond, D.P.G., Jiang Haishui, Ali, J.R.,
John, E.H., and Sun Yadong, 2008, Palaeoenvironmental change dur-
ing the end-Guadalupian (Permian) mass extinction in Sichuan, China:
Palaeogeography, Palaeoclimatology, Palacoecology, v. 269, p. 78-93,
doi:10.1016/j.palaeo.2008.08.005.

Lamarque, J.F., Kiehl, J.T., and Orlando, J.J., 2007, Role of hydrogen sulfide
in a Permian—Triassic boundary ozone collapse: Geophysical Research
Letters, v. 34, L02801, doi:10.1029/2006GL028384.

Lefebvre, V., Servais, T., Frangois, L., and Averbuch, O., 2010, Did a Katian
large igneous province trigger the Late Ordovician glaciation? A hypothe-
sis tested with a carbon cycle model: Palaecogeography, Palacoclimatology,
Palaeoecology, v. 296, p. 310-319, doi:10.1016/j.palae0.2010.04.010.

Le Gall, B., Tshoso, G., Jourdan, F., Féraud, G., Bertrand, H., Tiercelin,
J.J., Kampunzu, A.B., Modisi, M.P., Dyment, J., and Maia, M., 2002,
“Ar/Ar geochronology and structural data from the giant Okavango
and related mafic dyke swarms, Karoo igneous province, Botswana:
Earth and Planetary Science Letters, v. 202, p. 595-606, doi:10.1016/
S0012-821X(02)00763-X.

Little, C.T.S., 1996, The Pliensbachian-Toarcian (Lower Jurassic) extinc-
tion event, in Ryder, G., Fastovsky, D.E., and Gartner, S., eds., The
Cretaceous-Tertiary Event and Other Catastrophes in Earth History: Geo-
logical Society of America Special Paper 307, p. 505-512.

Little, C.T.S., and Benton, M.J., 1995, Early Jurassic mass extinction: A
global long-term event: Geology, v. 23, p. 495-498, doi:10.1130/0091
-7613(1995)023<0495:EJIMEAG>2.3.CO;2.

Liu Baojun, and Xu, X. (chief eds.), 1994, Atlas of the Lithofacies and Paleoge-
ography of South China (Sinian-Triassic): Beijing, Science Press, 192 p.

Liu Chengying, and Zhu Rixiang, 2009, Geodynamic significances of the
Emeishan Basalts: Earth Science Frontiers, v. 16, p. 52-69, doi:10.1016/
S1872-5791(08)60082-2.

Lucas, S.G., 1998, Global Triassic tetrapod biostratigraphy and biochronology:
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 143, p. 347-384,
doi:10.1016/S0031-0182(98)00117-5.

Lucas, S.G., 2009, Timing and magnitude of tetrapod extinctions across the
Permo-Triassic boundary: Journal of Asian Earth Sciences, v. 36, p. 491—
502, doi:10.1016/j.jseaes.2008.11.016.

Mabhoney, J.J., Fitton, J.G., Wallace, P.J., Antretter, M.J., Banerjee, N.R.,
Bergen, J.A., Cairns, G., Castillo, PR., Chambers, L.M., Chazey, W.J.,
111, Coffin, M.E., Godard, M.M., Hall, S.A., Honnorez, J., Ingle, S.P.,
Kroenke, L.W., MacLeod, K.G., Naruse, H., Neal, C.R., Ogg, J.G., Riis-
ager, P., Sano, T., Sikora, P.J., van der Werff, W., White, R.V., and Zhao
Xixi, 2001, Proceedings of the Ocean Drilling Program Initial Reports
192 (online only): College Station, Texas, Ocean Drilling Program,
doi:10.2973/odp.proc.ir.192.2001.

Martindale, R.C., Berelson, W.M., Corsetti, F.A., Bottjer, D.J., and West, A.J.,
2012, Constraining carbonate chemistry at a potential ocean acidification
event (the Triassic-Jurassic boundary) using the presence of corals and
coral reefs in the fossil record: Palaecogeography, Palaeoclimatology, Pal-
aeoecology, v. 350-352, p. 114-123, doi:10.1016/j.palaeo.2012.06.020.

Marzoli, A., Renne, PR., Piccirillo, E.M., Ernesto, M., Bellieni, G., and De
Min, A., 1999, Extensive 200-million-year-old continental flood basalts
of the Central Atlantic magmatic province: Science, v. 284, p. 616-618,
doi:10.1126/science.284.5414.616.

Marzoli, A., Bertrand, H., Knight, K.B., Cirilli, S., Buratti, N., Vérati, C.,
Nomade, S., Renne, P.R., Youbi, N., Martini, R., Allenbach, K., Neu-
werth, R., Rapaille, C., Zaninetti, L., and Bellieni, G., 2004, Synchrony of
the Central Atlantic magmatic province and the Triassic-Jurassic bound-
ary climatic and biotic crisis: Geology, v. 32, p. 973-976, doi:10.1130/
G20652.1.

Marzoli, A., Jourdan, F., Puffer, J.H., Cuppone, T., Tanner, L.H., Weems, R.E.,
Bertrand, H., Cirilli, S., Bellieni, G., and De Min, A., 2011, Timing and
duration of the Central Atlantic magmatic province in the Newark and
Culpeper Basins, eastern USA: Lithos, v. 122, p. 175-188, doi:10.1016/j
lithos.2010.12.013.

Masaitis, V.L., Mikhailov, M. V., and Selivanovskaya, T.V., 1975, Volcanism
and Tectonics of the Patom-Vilyui Aulacogen: Moscow, Nedra, 182 p.

McArthur, J.M., Donovan, D.T., Thirlwall, M.F., Fouke, B.W., and Mattey, D.,
2000, Strontium isotope profile of the early Toarcian (Jurassic) oceanic
anoxic event, the duration of ammonite biozones, and belemnite palaeo-
temperatures: Earth and Planetary Science Letters, v. 179, p. 269-285,
doi:10.1016/S0012-821X(00)00111-4.

McElwain, J.C., Beerling, D.J., and Woodward, F.I., 1999, Fossil plants and
global warming at the Triassic-Jurassic boundary: Science, v. 285,
p. 1386-1390, doi:10.1126/science.285.5432.1386.

McElwain, J.C., Wade-Murphy, J., and Hesselbo, S.P., 2005, Changes in carbon
dioxide during an oceanic anoxic event linked to intrusion into Gondwana
coals: Nature, v. 435, p. 479-482, doi:10.1038/nature03618.

McElwain, J.C., Popa, M.E., Hesselbo, S.P., Haworth, M., and Surlyk, F., 2007,
Macroecological responses of terrestrial vegetation to climatic and atmo-
spheric change across the Triassic/Jurassic boundary in East Greenland:
Paleobiology, v. 33, p. 547-573, doi:10.1666/06026.1.

McGhee, G.R., Sheehan, PM., Bottjer, D.J., and Droser, M.L., 2004, Ecologi-
cal ranking of Phanerozoic biodiversity crises: Ecological and taxonomic
severities are decoupled: Palacogeography, Palaeoclimatology, Palaeo-
ecology, v. 211, p. 289-297, doi:10.1016/j.palae0.2004.05.010.

McGhee, G.R., Clapham, M.E., Sheehan, P.M., Bottjer, D.J., and Droser, M.L.,
2013, A new ecological-severity ranking of major Phanerozoic biodiver-
sity crises: Palaecogeography, Palacoclimatology, Palaeoecology, v. 370,
p- 260-270, doi:10.1016/j.palae0.2012.12.019.

McHone, J.G., 2003, Volatile emissions from Central Atlantic magmatic prov-
ince basalts: Mass assumptions and environmental consequences, in
Hames, W., Mchone, J.G., Renne, P., and Ruppel, C., eds., The Central
Atlantic Magmatic Province: Insights from Fragments of Pangea: Ameri-
can Geophysical Union Geophysical Monograph 136, p. 241-254.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Bond and Wignall

Metcalfe, I., 1999, Gondwana dispersion and Asian accretion: An overview, in
Metcalfe, 1., ed., Final Results Volume for IGCP Project 321: Rotterdam,
Netherlands, A.A. Balkema, p. 9-28.

Meyerhoff, A.A., 1980, Geology and petroleum fields in Proterozoic and Lower
Cambrian strata, Lena-Tunguska Petroleum Province, eastern Siberia,
USSR, in Halbouty, M.T., ed., Giant Oil and Gas Fields of the Decade
1968-1978: American Association of Petroleum Geologists Memoir 30,
p. 225-252.

Minor, D.R., and Mukasa, S.B., 1997, Zircon U/Pb and hornblende “Ar/*’Ar
ages for the Dufek layered mafic intrusion, Antarctica: Implications for
the age of the Ferrar large igneous province: Geochimica et Cosmochi-
mica Acta, v. 61, p. 2497-2504, doi:10.1016/S0016-7037(97)00098-7.

Montenegro, A., Spence, P., Meissner, K.J., Eby, M., Melchin, M.J., and John-
ston, S.T., 2011, Climate simulations of the Permian-Triassic boundary:
Ocean acidification and the extinction event: Paleoceanography, v. 26,
p. PA3207, doi:10.1029/2010PA002058.

Mundil, R.L., Metcalfe, I., Ludwig, K., Paull, R., Oberli, E., and Nicoll, R.,
2001, Timing of the Permian-Triassic biotic crisis: Implications from
new zircon U/Pb age data: Earth and Planetary Science Letters, v. 187,
p. 131-145, doi:10.1016/S0012-821X(01)00274-6.

Mundil, R., Ludwig, K.R., Metcalfe, I., and Renne, PR., 2004, Age and timing
of the Permian mass extinctions: U/Pb dating of closed-system zircons:
Science, v. 305, p. 1760-1763, doi:10.1126/science.1101012.

Myhre, G., Myhre, A., and Stordal, F., 2001, Historical evolution of radia-
tive forcing of climate: Atmospheric Environment, v. 35, p. 2361-2373,
doi:10.1016/S1352-2310(00)00531-8.

Nakazawa, K., Ishu, K., Kato, M., Okimura, Y., Nakamura, K., and Haralam-
bous, D., 1975, Upper Permian fossils from island of Salamis, Greece:
Memoirs of the Faculty of Science, Kyoto University, Series of Geology
and Mineralogy, v. 41, p. 21-44.

Niemeier, U., Schmidt, H., and Timmreck, C., 2011, The dependency of geo-
engineered sulfate aerosol on the emission strategy: Atmospheric Science
Letters, v. 12, p. 189-194, doi:10.1002/as1.304.

Nomade, S., Knight, K.B., Beutel, E., Renne, P.R., Verati, C., Féraud, G., Mar-
zoli, A., Youbi, N., and Bertrand, H., 2007, Chronology of the Central
Atlantic magmatic province: Implications for the Central Atlantic rift-
ing processes and the Triassic-Jurassic biotic crisis: Palaeogeography,
Palaeoclimatology, Palaecoecology, v. 244, p. 326-344, doi:10.1016/j
.palae0.2006.06.034.

Ogden, D.E., and Sleep, N.H., 2012, Explosive eruption of coal and basalt and
the end-Permian mass extinction: Proceedings of the National Academy
of Sciences of the United States of America, v. 109, p. 59-62, doi:10.1073/
pnas.1118675109.

Olsen, PE., 1999, Giant lava flows, mass extinctions, and mantle plumes: Sci-
ence, v. 284, p. 604-605, doi:10.1126/science.284.5414.604.

Olsen, PE., Kent, D.V., and Fowell, S.J., 1997, Causal? association of the
Triassic-Jurassic mass extinction and Pangean flood basalt—A matter of
timing: Eos (Transactions, American Geophysical Union), v. 78, p. F721.

Olsen, PE., Kent, D.V., Et-Touhami, M., and Puffer, J., 2003, Cyclo-, magneto-,
and bio-stratigraphic constraints on the duration of the CAMP event and
its relationship to the Triassic-Jurassic boundary, in Hames, W., Mchone,
J.G., Renne, P., and Ruppel, C., eds., The Central Atlantic Magmatic
Province: Insights from Fragments of Pangea: American Geophysical
Union Geophysical Monograph 136, p. 7-32.

Oman, L., Robock, A., Stenchikov, G., Schmidt, G.A., and Ruedy, R., 2005,
Climatic response to high-latitude volcanic eruptions: Journal of Geo-
physical Research—Atmospheres (1984-2012), v. 110, p. D13103,
doi:10.1029/2004JD005487.

Palais, J.M., and Sigurdsson, H., 1989, Petrologic evidence of volatile emis-
sions from major historic and pre-historic volcanic eruptions, in Berger,
A., Dickinson, R.E., and Kidson, J.W., eds., Understanding Climate
Change: American Geophysical Union Geophysical Monograph 52,
p- 31-53.

Pilfy, J., Demény, A., Haas, J., Hetényi, M., Orchard, M., and Veto, 1., 2001, Car-
bon isotope anomaly and other geochemical changes at the Triassic-Jurassic
boundary from a marine section in Hungary: Geology, v. 29, p. 1047-1050,
doi:10.1130/0091-7613(2001)029<1047:CIAAOG>2.0.CO;2.

Palfy, J., Smith, P.L., and Mortensen, J.K., 2002, Dating the end-Triassic and
Early Jurassic mass extinctions, correlative large igneous provinces, and
isotopic events, in Koeberl, C., and MacLeod, K.G., eds., Catastrophic
Events and Mass Extinctions: Impacts and Beyond: Geological Society of
America Special Paper 356, p. 523-532.

Payne, J.L., and Kump, L.R., 2007, Evidence for recurrent Early Triassic
massive volcanism from quantitative interpretation of carbon isotope
fluctuations: Earth and Planetary Science Letters, v. 256, p. 264-277,
doi:10.1016/j.epsl.2007.01.034.

Payne, J.L., Lehrmann, D.J., Follett, D., Seibel, M., Kump, L.R., Riccardi,
A., Altiner, D., Sano, H., and Wei Jiayong, 2007, Erosional truncation
of uppermost Permian shallow-marine carbonates and implications for
Permian-Triassic boundary events: Geological Society of America Bul-
letin, v. 119, p. 771-784, doi:10.1130/B26091.1.

Pinto, J.P., Turco, R.P., and Toon, O.B., 1989, Self-limiting physical and chemi-
cal effects in volcanic eruption clouds: Journal of Geophysical Research,
v. 94, no. D8, p. 11,165-11,174, doi:10.1029/ID094iD08p11165.

Pruss, S.B., Bottjer, D.J., Corsetti, F.A., and Baud, A., 2006, A global marine
sedimentary response to the end-Permian mass extinction: Examples from
southern Turkey and the western United States: Earth-Science Reviews,
v. 78, p. 193-206, doi:10.1016/j.earscirev.2006.05.002.

Racki, G., 1998, Frasnian-Famennian biotic crisis: Undervalued tectonic control?:
Palaeogeography Palacoclimatology Palacoecology, v. 141, p. 177-198.
Racki, G., and Wignall, P.B., 2005, Late Permian double-phased mass extinc-
tion and volcanism: An oceanographic perspective: Developments
in Palaeontology and Stratigraphy, v. 20, p. 263-297, doi:10.1016/

$0920-5446(05)80010-X.

Rampino, M.R., and Self, S., 1992, Volcanic winter and accelerated gla-
ciation following the Toba super-eruption: Nature, v. 359, p. 50-52,
doi:10.1038/359050a0.

Rampino, M.R., and Stothers, R.B., 1988, Flood basalt volcanism during the
past 250 million years: Science, v. 241, p. 663-668, doi:10.1126/science
.241.4866.663.

Rasch, PJ., Crutzen, PJ., and Coleman, D.B., 2008, Exploring the geoengineering
of climate using stratospheric sulfate aerosols: The role of particle size: Geo-
physical Research Letters, v. 35, L02809, doi:10.1029/2007GL032179.

Raunsgaard Pedersen, K., and Lund, J.J., 1980, Palynology of the plant-
bearing Rhaetian to Hettangian Kap Stewart Formation, Scoresby Sund,
East Greenland: Review of Palaeobotany and Palynology, v. 31, p. 1-69,
doi:10.1016/0034-6667(80)90022-6.

Raup, D.M., and Sepkoski, J.J., Jr., 1982, Mass extinctions in the marine
fossil record: Science, v. 215, p. 1501-1503, doi:10.1126/science
.215.4539.1501.

Reichow, M.K., Saunders, A.D., White, R.V., AI’Mukhamedov, A.I., and Med-
vedev, A.Y., 2005, Geochemistry and petrogenesis of basalts from the
West Siberian Basin: An extension of the Permo-Triassic Siberian Traps,
Russia: Lithos, v. 79, p. 425-452, doi:10.1016/j.lithos.2004.09.01 1.

Reichow, M.K., Pringle, M.S., AI’Mukhamedov, A.IL., Allen, M.B., Andreichev,
V.L., Buslov, M.M., Davies, C.E., Fedoseev, G.S., Fitton, J.G., Inger, S.,
Medvedev, A.Ya., Mitchell, C., Puchkov, V.N., Safonova, I.Yu., Scott,
R.A., and Saunders, A.D., 2009, The timing and extent of the erup-
tion of the Siberian Traps large igneous province: Implications for the
end-Permian environmental crisis: Earth and Planetary Science Letters,
v. 277, p. 9-20, doi:10.1016/j.eps1.2008.09.030.

Renne, P.R., and Basu, A.R., 1991, Rapid eruption of the Siberian Traps flood
basalts at the Permo-Triassic boundary: Science, v. 253, p. 176-179,
doi:10.1126/science.253.5016.176.

Renne, PR., Black, M.T., Zichao Zhang, Richards, M.A., and Basu, A.R.,
1995, Synchrony and causal relations between Permian-Triassic bound-
ary crises and Siberian flood volcanism: Science, v. 269, p. 1413-1416,
doi:10.1126/science.269.5229.1413.

Renne, PR., Mundil, R., Balco, G., Min, K., and Ludwig, K.R., 2010, Joint
determination of “K decay constants and “’Ar*/*K for the Fish Canyon
sanidine standard, and improved accuracy for “’Ar/*?Ar geochronol-
ogy: Geochimica et Cosmochimica Acta, v. 74, p. 5349, doi:10.1016/j
.gca.2010.06.017.

Renne, P.R., Balco, G., Ludwig, K.R., Mundil, R., and Min, K., 2011, Response
to the comment by W.H. Schwarz et al. on “Joint determination of “K
decay constants and “Ar*/*K for the Fish Canyon sanidine standard,
and improved accuracy for “*Ar/*Ar geochronology” by PR. Renne et al.
(2010): Geochimica et Cosmochimica Acta, v. 75, p. 5097, doi:10.1016/j
.gca.2011.06.021.

Retallack, G.J., 1995, Permian-Triassic life crisis on land: Science, v. 267,
p. 77-80, doi:10.1126/science.267.5194.77.

Retallack, G.J., and Jahren, A.H., 2008, Methane release from igneous intrusion
of coal during Late Permian extinction events: The Journal of Geology,
v. 116, p. 1-20, doi:10.1086/524120.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Large igneous provinces and mass extinctions: An update

Retallack, G.J., Veevers, J., and Morante, R., 1996, Global coal gap between
Permian-Triassic extinctions and Middle Triassic recovery of peat form-
ing plants: Geological Society of America Bulletin, v. 108, p. 195-207,
doi:10.1130/0016-7606(1996)108<0195:GCGBPT>2.3.CO;2.

Riccardi, A., Kump, L.R., Arthur, M.A., and D’Hondt, S., 2007, Carbon isoto-
pic evidence for chemocline upward excursions during the end-Permian
event: Palaecogeography, Palaeoclimatology, Palacoecology, v. 248,
p- 73-81, doi:10.1016/j.palaeo.2006.11.010.

Ricci, J., Quidelleur, X., Pavlov, V., Orlov, S., Shatsillo, A., and Courtillot, V.,
2013, New “°Ar/*Ar and K-Ar ages of the Viluy Traps (eastern Siberia):
Further evidence for a relationship with the Frasnian-Famennian mass
extinction: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 386,
p- 531-540, doi:10.1016/j.palaeo.2013.06.020.

Riley, T.R., Millar, L.L., Watkeys, M.K., Curtis, M.L., Leat, P.T., Klausen,
M.B., and Fanning, C.M., 2004, U-Pb zircon (SHRIMP) ages for the
Lebombo rhyolites, South Africa: Refining the duration of Karoo volca-
nism: Journal of the Geological Society of London, v. 161, p. 547-550,
doi:10.1144/0016-764903-181.

Riley, T.R., Curtis, M.L., Leat, P.T., Watkeys, M.K., Duncan, R.A., Millar, LL.,
and Owens, W.H., 2006, Overlap of Karoo and Ferrar magma types in
KwaZulu-Natal, South Africa: Journal of Petrology, v. 47, p. 541-566,
doi:10.1093/petrology/egiO85.

Robock, A., 2000, Volcanic eruptions and climate: Reviews of Geophysics,
v. 38, p. 191-219, doi:10.1029/1998RG000054.

Ruhl, M., and Kiirschner, W.M., 2011, Multiple phases of carbon cycle dis-
turbance from large igneous province formation at the Triassic-Jurassic
transition: Geology, v. 39, p. 431-434, doi:10.1130/G31680.1.

Ruhl, M., Kiirschner, W.M., and Krystyn, L., 2009, Triassic-Jurassic organic
carbon isotope stratigraphy of key sections in the western Tethys realm
(Austria): Earth and Planetary Science Letters, v. 281, p. 169-187,
doi:10.1016/.eps1.2009.02.020.

Ruhl, M., Deenen, M.H.L., Abels, H.A., Bonis, N.R., Krijgsman, W., and
Kiirschner, W.M., 2010, Astronomical constraints on the duration of
the Early Jurassic Hettangian Stage and recovery rates following the
end-Triassic mass extinction (St. Audrie’s Bay/East Quantoxhead, UK):
Earth and Planetary Science Letters, v. 295, p. 262-276, doi:10.1016/j
.epsl.2010.04.008.

Ruhl, M., Bonis, N.R., Reichart, G.J., Damsté, J.S.S., and Kiirschner, W.M.,
2011, Atmospheric carbon injection linked to end-Triassic mass extinc-
tion: Science, v. 333, p. 430-434, doi:10.1126/science.1204255.

Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wan-
ninkhof, R., Wong, C.S., Wallace, D.W.R., Tilbrook, B., Millero, F.J.,
Peng Tsunghung, Kozyr, A., Ono, T., and Rios, A.F., 2004, The oceanic
sink for anthropogenic CO2: Science, v. 305, p. 367-371, doi:10.1126/
science.1097403.

Sadovnikov, G.N., and Orlova, E.F., 1993, The lower boundary and biostratig-
raphy of the nonmarine Triassic in Siberia, in Lucas, S.G., and Morales,
M., eds., The Nonmarine Triassic: 3: Albuquerque, New Mexico, New
Mexico Museum of Natural History, p. 421-422.

Sadovnikov, G.N., and Orlova, E.F.,, 1998, Lower boundary of nonmarine
Triassic of Siberia: Hallesches Jahrbuch fiir Geowissenschaften, v. 5,
p- 156-157.

Sandoval, J., Henriques, M.H., Chandler, R.B., and Ureta, S., 2012, Latest
Toarcian—earliest Bajocian (Jurassic) Grammoceratinae (Hildocerati-
dae, Ammonitina) of the western Tethys: Their palacobiogeographic and
phylogenetic significance: Geobios, v. 45, p. 109-119, doi:10.1016/j
.geobios.2011.11.001.

Saunders, A.D., England, R.W., Reichow, M.K., and White, R.V., 2005, A
mantle plume origin for the Siberian Traps: Uplift and extension in the
West Siberian Basin, Russia: Lithos, v. 79, p. 407-424, doi:10.1016/j
1ithos.2004.09.010.

Scarth, A., 2001, Vulcan’s Fury: Man Against the Volcano: New Haven, Con-
necticut, Yale University Press, 299 p.

Schaller, M.E., Wright, J.D., Kent, D.V., and Olsen, P.E., 2012, Rapid emplace-
ment of the Central Atlantic magmatic province as a net sink for CO,;:
Earth and Planetary Science Letters, v. 323, p. 27-39, doi:10.1016/j
.epsl.2011.12.028.

Schmidt, A., Carslaw, K.S., Mann, G.W., Wilson, M., Breider, T.J., Picker-
ing, S.J., and Thordarson, T., 2010, The impact of the 1783-1784 AD
Laki eruption on global aerosol formation processes and cloud conden-
sation nuclei: Atmospheric Chemistry and Physics, v. 10, p. 6025-6041,
doi:10.5194/acp-10-6025-2010.

Schmidt, A., Carslaw, K.S., Mann, G.W., Rap, A., Pringle, K.J., Spracklen, D.V.,
Wilson, M., and Forster, PM., 2012a, Importance of tropospheric volcanic
aerosol for indirect radiative forcing of climate: Atmospheric Chemistry and
Physics, v. 12, p. 7321-7339, doi:10.5194/acp-12-7321-2012.

Schmidt, A., Thordarson, T., Oman, L.D., Robock, A., and Self, S., 2012b,
Climatic impact of the long-lasting 1783 Laki eruption: Inapplicability
of mass-independent sulfur isotopic composition measurements: Journal
of Geophysical Research—Atmospheres (1984-2012), v. 117, D23116,
doi:10.1029/2012JD018414.

Schoene, B., Guex, J., Bartolini, A., Schaltegger, U., and Blackburn, T.J., 2010,
Correlating the end-Triassic mass extinction and flood basalt volcanism
at the 100 ka level: Geology, v. 38, p. 387-390, doi:10.1130/G30683.1.

Self, S., Thordarson, T., Keszthelyi, L., Walker, G.P.L., Hon, K., Murphy, M.T.,
Long, P., and Finnemore, S., 1996, A new model for the emplacement of
Columbia River basalts as large, inflated pahoehoe lava flow fields: Geo-
physical Research Letters, v. 23, p. 2689-2692, doi:10.1029/96GL02450.

Self, S., Thordarson, T., and Keszthelyi, L., 1997, Emplacement of continental
flood basalt lava flows, in Mahoney, J.J., and Coffin, M.E, eds., Large
Igneous Provinces: Continental, Oceanic, and Planetary Flood Volcanism:
American Geophysical Union Geophysical Monograph 100, p. 381-410.

Self, S., Keszthelyi, L., and Thordarson, T., 1998, The importance of pahoe-
hoe: Annual Review of Earth and Planetary Sciences, v. 26, p. 81-110,
doi:10.1146/annurev.earth.26.1.81.

Self, S., Thordarson, T., and Widdowson, M., 2005, Gas fluxes from flood basalt
eruptions: Elements, v. 1, p. 283-287, doi:10.2113/gselements.1.5.283.

Sephton, M.A., Looy, C.V., Brinkhuis, H., Wignall, P.B., De Leeuw, J.W., and
Visscher, H., 2005, Catastrophic soil erosion during the end-Permian
biotic crisis: Geology, v. 33, p. 941-944, doi:10.1130/G21784.1.

Sepkoski, J.J., Jr., 1996, Patterns of Phanerozoic extinction: A perspective from
global databases, in Walliser, O.H., ed., Global Events and Event Stratig-
raphy in the Phanerozoic: Berlin, Springer-Verlag, p. 35-51.

Sepkoski, J.J., Jr., 2002, A compendium of fossil marine animal genera: Bul-
letins of American Paleontology, v. 363, p. 1-560.

Sharma, M., 1997, Siberian Traps, in Mahoney, J.J., and Coffin, M.F,, eds.,
Large Igneous Provinces: Continental, Oceanic, and Planetary Flood
Volcanism: American Geophysical Union Geophysical Monograph 100,
p. 273-295.

Shellnutt, J.G., Jahn Borming, and Zhou Meifu, 2011, Crustally-derived gran-
ites in the Panzhihua region, SW China: Implications for felsic magma-
tism in the Emeishan large igneous province: Lithos, v. 123, p. 145-157,
doi:10.1016/j.1ithos.2010.10.016.

Shellnutt, J.G., Denyszyn, S.W., and Mundil, R., 2012, Precise age determina-
tion of mafic and felsic intrusive rocks from the Permian Emeishan large
igneous province (SW China): Gondwana Research, v. 22, p. 118-126,
doi:10.1016/.gr.2011.10.009.

Shen Shuzhong, and Shi Guangrui, 2009, Latest Guadalupian brachiopods
from the Guadalupian/Lopingian boundary GSSP section at Penglai-
tan in Laibin, Guangxi, South China, and implications for the timing of
the pre-Lopingian crisis: Palacoworld, v. 18, p. 152-161, doi:10.1016/j
.palwor.2009.04.010.

Shen Shuzhong, Crowley, J.L., Wang Yue, Bowring, S.A., Erwin, D.H., Sadler,
PM., Cao Changqun, Rothman, D.H., Henderson, C.M., Ramezani, J.,
Zhang Hua, Shen Yanan, Wang Xiangdong, Wang Wei, Mu Lin, Li Wen-
zhong, Tang Yuegang, Liu Xiaolei, Liu Lujun, Zeng Yong, Jiang Yaofa,
and Jin Yugan, 2011, Calibrating the end-Permian mass extinction: Sci-
ence, v. 334, p. 1367-1372, doi:10.1126/science.1213454.

Shpount, B.R., and Oleinikov, B.V., 1987, A comparison of mafic dyke swarms
from the Siberian and Russian platforms, in Halls, H.C., and Fahrig W.G.,
eds., Mafic Dyke Swarms: Geological Association of Canada Special
Paper 34, p. 379-383.

Sigurdsson, H., 1990, Evidence for volcanic loading of the atmosphere and
climatic response: Palaeogeography, Palacoclimatology, Palacoecology,
v. 89, p. 277-289, doi:10.1016/0031-0182(90)90069-J.

Simms, M.J., 2003, Uniquely extensive seismite from the latest Triassic of the
United Kingdom: Evidence for bolide impact?: Geology, v. 31, p. 557—
560, doi:10.1130/0091-7613(2003)031<0557:UESFTL>2.0.CO;2.

Simms, M.J., 2007, Uniquely extensive soft-sediment deformation in the Rhae-
tian of the UK: Evidence for earthquake or impact?: Palacogeography,
Palaeoclimatology, Palaeoecology, v. 244, p. 407-423, doi:10.1016/
.palaeo.2006.06.037.

Smith, R.M., and Ward, P.D., 2001, Pattern of vertebrate extinctions across
an event bed at the Permian-Triassic boundary in the Karoo Basin


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Bond and Wignall

of South Africa: Geology, v. 29, p. 1147-1150, doi:10.1130/0091
-7613(2001)029<1147:POVEAA>2.0.CO;2.

Sobolev, S.V., Sobolev, A.V., Kuzmin, D.V., Krivolutskaya, N.A., Petrunin,
A.G., Arndt, N.T., Radko, V.A., and Vasiliev, Y.R., 2011, Linking mantle
plumes, large igneous provinces and environmental catastrophes: Nature,
v. 477, p. 312-316, doi:10.1038/nature10385.

Song Haijun, Wignall, P.B., Tong Jinnan, and Yin Hongfu, 2012, Two pulses
of extinction during the Permian-Triassic crisis: Nature Geoscience, v. 6,
p. 52-56.

Stanley, S.M., and Yang Xiangning, 1994, A double mass extinction at the
end of the Palacozoic Era: Science, v. 266, p. 1340-1344, doi:10.1126/
science.266.5189.1340.

Sun Yadong, Lai Xulong, Wignall, P.B., Widdowson, M., Ali, J.R., Jiang Hai-
shui, Wang Wei, Yan Chunbo, Bond, D.P.G., and Védrine, S., 2010, Dat-
ing the onset and nature of the Middle Permian Emeishan large igneous
province eruptions in SW China using conodont biostratigraphy and
its bearing on mantle plume uplift models: Lithos, v. 119, p. 20-33,
doi:10.1016/j.1ithos.2010.05.012.

Sun Yadong, Joachimski, M.M., Wignall, P.B., Yan Chunbo, Chen Yanlong,
Jiang Haishui, Wang Lina, and Lai Xulong, 2012, Lethally hot tempera-
tures during the Early Triassic greenhouse: Science, v. 338, p. 366370,
doi:10.1126/science.1224126.

Svensen, H., Planke, S., Malthe-Sgrenssen, A., Jamtveit, B., Myklebust, R.,
Eidem, T.R., and Rey, S.S., 2004, Release of methane from a volcanic
basin as a mechanism for initial Eocene global warming: Nature, v. 429,
p. 542-545, doi:10.1038/nature02566.

Svensen, H., Planke, S., Chevallier, L., Malthe-Sgrenssen, A., Corfu, F., and
Jamtveit, B., 2007, Hydrothermal venting of greenhouse gases trigger-
ing Early Jurassic global warming: Earth and Planetary Science Letters,
v. 256, p. 554-566, doi:10.1016/j.eps1.2007.02.013.

Svensen, H., Planke, S., Polozov, A.G., Schmidbauer, N., Corfu, F., Podlad-
chikov, Y.Y., and Jamtveit, B., 2009, Siberian gas venting and the end-
Permian environmental crisis: Earth and Planetary Science Letters,
v. 277, p. 490-500, doi:10.1016/j.eps1.2008.11.015.

Thordarson, T., and Self, S., 1993, The Laki (Skaftar Fires) and Grimsvotn
eruptions in 1783-1785: Bulletin of Volcanology, v. 55, p. 233-263,
doi:10.1007/BF00624353.

Thordarson, T., and Self, S., 2003, Atmospheric and environmental effects of
the 1783-1784 Laki eruption: A review and reassessment: Journal of
Geophysical Research—Atmospheres (1984-2012), v. 108, p. AAC 7-1—
AAC 7-29.

Timmreck, C., Lorenz, S.J., Crowley, T.J., Kinne, S., Raddatz, T.J., Thomas,
M.A., and Jungclaus, J.H., 2009, Limited temperature response to the
very large AD 1258 volcanic eruption: Geophysical Research Letters,
v. 36, L21708, doi:10.1029/2009GL040083.

Timmreck, C., Graf, H.-F., Lorenz, S.J., Niemeier, U., Zanchettin, D., Mateli,
D., Jungclaus, J.H., and Crowley, T.J., 2010, Aerosol size confines cli-
mate response to volcanic super-eruptions: Geophysical Research Letters,
v. 37, 124705, doi:10.1029/2010GL045464.

Tolan, T.L., Reidel, S.P., Beeson, M.H., Anderson, J.L., Fecht, K.R., and Swan-
son, D.A., 1989, Revisions to the estimates of the areal extent and volume
of the Columbia River Basalt Group, in Reidel, S.P., and Hooper, PR.,
eds., Volcanism and Tectonism of the Columbia River Flood Basalt Prov-
ince: Geological Society of America Special Paper 239, p. 1-20.

Twitchett, R.J., Looy, C.V., Morante, R., Visscher, H., and Wignall, P.B.,
2001, Rapid and synchronous collapse of marine and terrestrial ecosys-
tems during the end-Permian biotic crisis: Geology, v. 29, p. 351-354,
doi:10.1130/0091-7613(2001)029<0351:RASCOM>2.0.CO:;2.

Ukstins Peate, I., and Bryan, S.E., 2008, Re-evaluating plume-induced uplift
in the Emeishan large igneous province: Nature Geoscience, v. 1, p. 625—
629, doi:10.1038/ngeo281.

van de Schootbrugge, B., Bailey, T.R., Rosenthal, Y., Katz, M.E., Wright, J.D.,
Miller, K.G., Feist-Burkhardt, S., and Falkowski, P.G., 2005, Early Juras-
sic climate change and the radiation of organic-walled phytoplankton
in the Tethys Ocean: Paleobiology, v. 31, p. 73-97, doi:10.1666/0094
-8373(2005)031<0073:EJCCAT>2.0.CO;2.

van de Schootbrugge, B., Quan, T.M., Lindstrom, S., Piittmann, W., Heunisch,
C., Pross, J., Fiebig, J., Petschick, R., Rohling, H.-G., Richoz, S., Rosen-
thal, Y., and Falkowski, P.G., 2009, Floral changes across the Triassic/
Jurassic boundary linked to flood basalt volcanism: Nature Geoscience,
v. 2, p. 589-594, doi:10.1038/ngeo577.

Venkatesan, T.R., Kumar, A., Gopalau, K., and AI’Mukhamedov, A.IL., 1997,
40Ar-39Ar age of Siberian basaltic volcanism: Chemical Geology, v. 138,
p- 303-310, doi:10.1016/S0009-2541(97)00006-5.

Visscher, H., Looy, C.V., Collinson, M.E., Brinkhuis, H., Van Konijnenburg-Van
Cittert, J.H., Kiirschner, W.M., and Sephton, M.A., 2004, Environmental
mutagenesis during the end-Permian ecological crisis: Proceedings of the
National Academy of Sciences of the United States of America, v. 101,
p. 12,952-12,956, doi:10.1073/pnas.0404472101.

Vogt, PR., 1972, Evidence for global synchronism in mantle plume convec-
tion and possible significance for geology: Nature, v. 240, p. 338-342,
doi:10.1038/240338a0.

Voro, A., 1993, Jurassic brachiopods from the Bakony Mts. (Hungary): Global
and local effects on changing diversity, in Pélty, J., and Voro, A., eds.,
Mesozoic Brachiopods of Alpine Europe: Budapest, Hungarian Geologi-
cal Society, p. 179-187.

Wang Wei, Cao Changqun, and Wang Yue, 2004, The carbon isotope excur-
sion on GSSP candidate section of the Lopingian-Guadalupian boundary:
Earth and Planetary Science Letters, v. 220, p. 57-67, doi:10.1016/S0012
-821X(04)00033-0.

Wang Xiangdong, and Sugiyama, T., 2000, Diversity and extinction pat-
terns of Permian coral faunas of China: Lethaia, v. 33, p. 285-294,
doi:10.1080/002411600750053853.

Ward, P.D., Montgomery, D.R., and Smith, R., 2000, Altered river morphology
in South Africa related to the Permian-Triassic extinction: Science, v. 289,
p. 1740-1743, doi:10.1126/science.289.5485.1740.

Ward, P.D., Botha, J., Buick, R., De Kock, M.O., Erwin, D.H., Garrison, G.H.,
Kirschvink, J.L., and Smith, R., 2005, Abrupt and gradual extinction
among Late Permian land vertebrates in the Karoo Basin, South Africa:
Science, v. 307, p. 709-714, doi:10.1126/science.1107068.

Westphal, M., Gurevitch, E.L., Samsonov, B.V., Feinberg, H., and Pozzi, J.P.,
1998, Magnetostratigraphy of the Lower Triassic volcanics from deep
drill SG6 in western Siberia: Evidence for long-lasting Permo—Triassic
volcanic activity: Geophysical Journal International, v. 134, p. 254-266,
doi:10.1046/j.1365-246x.1998.00557 .x.

Wiesner, M.G., Wetzel, A., Catane, S.G., Listanco, E.L., and Mirabueno, H.T.,
2004, Grain size, areal thickness distribution and controls on sedimenta-
tion of the 1991 Mount Pinatubo tephra layer in the South China Sea: Bul-
letin of Volcanology, v. 66, p. 226242, doi:10.1007/s00445-003-0306-x.

Wignall, PB., 2001, Large igneous provinces and mass extinctions: Earth-
Science Reviews, v. 53, p. 1-33, doi:10.1016/S0012-8252(00)00037-4.

Wignall, P.B., 2007, The end-Permian mass extinction—How bad did it get?:
Geobiology, v. 5, p. 303-309, doi:10.1111/j.1472-4669.2007.00130.x.

Wignall, P.B., and Bond, D.P.G., 2008, The end-Triassic and Early Jurassic
mass extinction records in the British Isles: Proceedings of the Geologists’
Association, v. 119, p. 73-84.

Wignall, PB., and Hallam, A., 1992, Anoxia as a cause of the Permian/Tri-
assic extinction: Facies evidence from northern Italy and the western
United States: Palaeogeography, Palacoclimatology, Palacoecology, v. 93,
p- 21-46, doi:10.1016/0031-0182(92)90182-5.

Wignall, P.B., and Newton, R., 2003, Contrasting deep-water records from the
Upper Permian and Lower Triassic of South Tibet and British Columbia:
Evidence for a diachronous mass extinction: Palaios, v. 18, p. 153-167,
doi:10.1669/0883-1351(2003)18<153:CDRFTU>2.0.CO;2.

Wignall, P.B., and Twitchett, R.J., 1996, Ocean anoxia and the end-Permian
mass extinction: Science, v. 272, p. 1155-1158, doi:10.1126/science
.272.5265.1155.

Wignall, P.B., Morante, R., and Newton, R., 1998, The Permo-Triassic tran-
sition in Spitsbergen: 8"°C  chemostratigraphy, Fe and S geochemistry,
facies, fauna and trace fossils: Geological Magazine, v. 135, p. 47-62,
doi:10.1017/S0016756897008121.

Wignall, P.B., Newton, R.J., and Little, C.T.S., 2005, The timing of paleoen-
vironmental change and cause-and-effect relationships during the Early
Jurassic mass extinction in Europe: American Journal of Science, v. 305,
p. 1014-1032, doi:10.2475/ajs.305.10.1014.

Wignall, P.B., Hallam, A., Newton, R.J., Sha, Jingeng, Reeves, E., Mattioli,
E., and Crowley, S., 2006, An eastern Tethyan (Tibetan) record of the
Early Jurassic (Toarcian) mass extinction event: Geobiology, v. 4, no. 3,
p. 179-190, doi:10.1111/1.1472-4669.2006.00081.x.

Wignall, P.B., Sun Yadong, Bond, D.P.G., Izon, G., Newton, R.J., Védrine,
S., Widdowson, M., Ali, J.R., Lai Xulong, Jiang Haishui, Cope, H., and
Bottrell, S.H., 2009a, Volcanism, mass extinction and carbon isotope


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Large igneous provinces and mass extinctions: An update

fluctuations in the Middle Permian of China: Science, v. 324, p. 1179—
1182, doi:10.1126/science.1171956.

Wignall, P.B., Védrine, S., Bond, D.P.G., Wang Wei, Lai Xulong, Ali, J.R., and
Jiang Haishui, 2009b, Facies analysis and sea-level change at the Guada-
lupian-Lopingian global stratotype (Laibin, South China), and its bear-
ing on the end-Guadalupian mass extinction: Journal of the Geological
Society of London, v. 166, p. 655-666, doi:10.1144/0016-76492008-118.

Wignall, P.B., Bond, D.P.G., Kuwahara, K., Kakuwa, K., Newton, R.J., and
Poulton, S.W., 2010, An 80 million year oceanic redox history from Perm-
ian to Jurassic pelagic sediments of the Mino-Tamba terrane, SW Japan,
and the origin of four mass extinctions: Global and Planetary Change,
v. 71, p. 109-123, doi:10.1016/j.gloplacha.2010.01.022.

Williams-Jones, G., and Rymer, H., 2000, Hazards of volcanic gasses, in Sig-
urdsson, H., ed., Encyclopedia of Volcanoes: San Diego, Academic Press,
p- 997-1004.

Wilson, M., and Lyashkevich, Z.M., 1996, Magmatism and the geodynamics of
rifting of the Pripyat-Dnieper-Donets rift, East European Platform: Tecto-
nophysics, v. 268, p. 65-81, doi:10.1016/S0040-1951(96)00234-X.

Wood, C.A., 1992, Climatic effects of the 1783 Laki eruption, in Harrington,
C.R., ed., The Year Without a Summer: World Climate in 1816: Ottawa,
Canadian Museum of Nature, p. 58-77.

Woods, A.D., and Bottjer, D.J., 2000, Distribution of ammonoids in the
Lower Triassic Union Wash Formation (eastern California): Evi-
dence for paleoceanographic conditions during recovery from the end-
Permian mass extinction: Palaios, v. 15, p. 535-545, doi:10.1669/0883
-1351(2000)015<0535:DOAITL>2.0.CO:;2.

Wu Fuyuan, Arzamastsev, A.A., Mitchell, R.H., Lia Qiuli, Suna Jing, Yanga
Yueheng, and Wang Rucheng, 2013, Emplacement age and Sr-Nd iso-

topic compositions of the Afrikanda alkaline ultramafic complex, Kola
Peninsula, Russia: Chemical Geology, v. 353, p. 210-229, doi:10.1016/j
.chemgeo.2012.09.027.

Xiong Conghui, and Wang Qi, 2011, Permian-Triassic land-plant diversity in
South China: Was there a mass extinction at the Permian/Triassic bound-
ary?: Paleobiology, v. 37, p. 157-167, doi:10.1666/09029.1.

Yang Xiangning, Zhou Jianping, Liu Jiarun, and Shi Guijun, 1999, Evolution-
ary pattern of fusulinacean foraminifer in Maokouan: Middle Permian:
Science in China, ser. D, v. 42, p. 456-464.

Yang Xiangning, Liu Jiarun, and Shi Guijun, 2004, Extinction processes and
patterns of Middle Permian Fusulinaceans in southwest China: Lethaia,
v. 37, p. 139-147, doi:10.1080/00241160410005114.

Zharkov, M.A., 1984, Paleozoic Salt Bearing Formations of the World: Berlin,
Springer-Verlag, 427 p.

Zhou Meifu, Malpas, J., Song Xieyan, Robinson, P.T., Sun Min, Kennedy,
A.K., Lesher, C.M., and Keays, R.R., 2002, A temporal link between
Emeishan large igneous province (SW China) and the end-Guadalupian
mass extinction: Earth and Planetary Science Letters, v. 196, p. 113-122,
doi:10.1016/S0012-821X(01)00608-2.

Zielinski, G.A., Mayewski, P.A., Meeker, L.D., Whitlow, S., Twickler, M.S.,
and Taylor, K., 1996, Potential atmospheric impact of the Toba mega-
eruption ~71,000 years ago: Geophysical Research Letters, v. 23, p. 837—
840, doi:10.1029/96GL00706.

MANUSCRIPT ACCEPTED BY THE SOCIETY 31 JaNUARY 2014

Printed in the USA


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 29, 2015

Geological Society of America Special Papers Online First

Large igneous provinces and mass extinctions: An update

David P.G. Bond and Paul B. Wignall

Geological Society of America Special Papers, published online June 10, 2014;
doi:10.1130/2014.2505(02)

E-mail alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new articles cite
this article
Subscribe click www.gsapubs.org/subscriptions to subscribe to Geological Society of America

Special Papers

Permission request click www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA.

Copyright not claimed on content prepared wholly by U.S. government employees within scope of their
employment. Individual scientists are hereby granted permission, without fees or further requests to GSA,
to use a single figure, a single table, and/or a brief paragraph of text in subsequent works and to make
unlimited copies of items in GSA's journals for noncommercial use in classrooms to further education and
science. This file may not be posted to any Web site, but authors may post the abstracts only of their
articles on their own or their organization's Web site providing the posting includes a reference to the
article's full citation. GSA provides this and other forums for the presentation of diverse opinions and
positions by scientists worldwide, regardless of their race, citizenship, gender, religion, or political
viewpoint. Opinions presented in this publication do not reflect official positions of the Society.

Notes

© Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://www.gsapubs.org/cgi/alerts
http://www.gsapubs.org/subscriptions
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://specialpapers.gsapubs.org/

