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ABSTRACT

Continental flood basalt provinces are the subaerial expression of large igneous
province volcanism. The emplacement of a continental flood basalt is an exceptional
volcanic event in the geological history of our planet with the potential to directly
impact Earth’s atmosphere and environment. Large igneous province volcanism
appears to have occurred episodically every 10-30 m.y. through most of Earth his-
tory. Most continental flood basalt provinces appear to have formed within 1-3 m.y.,
and within this period, one or more pulses of great magma production and lava erup-
tion took place. These pulses may have lasted from 1 m.y. to as little as a few hundred
thousand years. Within these pulses, tens to hundreds of volumetrically large erup-
tions took place, each producing 10°-10* km® of predominantly pahoehoe lava and
releasing unprecedented amounts of volcanic gases and ash into the atmosphere. The
majority of magmatic gas species released had the potential to alter climate and/or
atmospheric composition, in particular during violent explosive phases at the erup-
tive vents when volcanic gases were lofted into the stratosphere. Aside from the direct
release of magmatic gases, magma-sediment interactions featured in some continen-
tal flood basalt provinces could have released additional carbon, sulfur, and halo-
gen-bearing species into the atmosphere. Despite their potential importance, given
the different nature of the country rock associated with each continental flood basalt
province, it is difficult to make generalizations about these emissions from one prov-
ince to another. The coincidence of continental flood basalt volcanism with periods
of major biotic change is well substantiated, but the actual mechanisms by which
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the volcanic gases might have perturbed the environment to this extent are currently
not well understood, and have been little studied by means of atmospheric modeling.
We summarize current, albeit rudimentary, knowledge of continental flood basalt
eruption source and emplacement characteristics to define a set of eruption source
parameters in terms of magmatic gases that could be used as inputs for Earth sys-
tem modeling studies. We identify our limited knowledge of the number and length
of non-eruptive phases (hiatuses) during continental flood basalt volcanism as a key
unknown parameter critical for better constraining the severity and duration of any
potential environmental effects caused by continental flood basalt eruptions.

INTRODUCTION

Continental flood basalt provinces are a subset of the broader
group of large igneous provinces. The generation of a large igne-
ous province is an exceptional volcanic event in Earth history
because of the large total volume of predominantly basaltic magma
generated, and lava erupted, over brief periods of geological time
(usually less than 1-2 m.y.). Individual continental flood basalt
eruptions, of which hundreds to thousands constitute a prov-
ince, have produced lava volumes on the order of 10°~10* km?,
likely at mean eruption rates of tens up to 10? km? per year (Self
et al., 2006, 2008b; Chenet et al., 2008). By contrast, 30 yr of
almost constant volcanic activity at Kilauea volcano (Hawai'1)
from 1983 to 2013 has produced ~4 km* of basaltic lava (USGS,
2013), and the largest basaltic eruption of the past ~1000 yr
(Eldgj4, Iceland, 934 CE, probably lasting up to 6 yr) produced
an eruptive volume of ~20 km? (Thordarson et al., 2001). Thus,
volumetrically, continental flood basalt eruptions were huge
compared to basaltic volcanism on Earth today.

Through time, large igneous province volcanism has led to
the construction of extensive lava plateaus, from 1 to 3 km in
thickness at any one location on land, and considerably thicker
on the seafloor (Fig. 1). The extrusive and intrusive products of
large igneous provinces collectively cover areas in excess of hun-
dreds of thousands of square kilometers (sometimes more than
1 million km? [1 x 10° km?]), and, typically, the aggregate
extruded volcanic deposit and lava volumes are greater than
1 x 10° km®. Research between the late 1980s to the turn of the
millennium (summarized by Courtillot and Renne, 2003) showed
that during large igneous province volcanism, the climax or
peak in terms of erupted lava volume was often much less than
1 m.y. in duration (Rampino and Stothers, 1988; Courtillot, 1999;
Chenet et al., 2009).

Large igneous provinces have formed throughout much of
Earth’s history and are a manifestation of Earth’s normal, but in
this case episodic, internal processes. The processes of generation
and emplacement can be thought of as unusual transient events in
Earth’s volcanic history when compared with magma production
at mid-ocean ridges and subduction zones (for a monograph on
large igneous province characteristics, see Mahoney and Coffin,
1997). The most common hypothesis to explain the formation
of large igneous provinces invokes decompressional melting of

mantle plume heads (Campbell et al., 1990; Ernst and Buchan,
2001; Campbell, 2005). The frequency of large igneous province
events since the Archean eon (ca. 2.5 Ga) has been estimated at
one every 20 m.y. (Ernst and Buchan, 2001), but when just con-
sidering the last 270 m.y. (i.e., including the oceanic large igne-
ous province record, some of which was destroyed by subduction
earlier than 270 Ma), the frequency may have been up to one
every 10 m.y. (Coffin and Eldholm, 2001). However, Rampino
and Prokoph (2013) recently proposed an average frequency of
30-35 m.y. for the past 500 Ma.

Large igneous province volcanism has occurred in two
broad compositional varieties: basaltic, which are the most
numerous, and silicic (Bryan, 2007), which are few in number
and will not be further discussed here. In this paper, we focus
on continental flood basalt provinces, which are the subaerial
(i.e., on-land) expression of large igneous provinces. Continen-
tal flood basalt volcanism is characterized by the combination
of large erupted volumes and relatively frequent, huge basaltic
eruptions (Coffin and Eldholm, 1994; Bryan and Ernst, 2008). In
detail, some continental flood basalts, which are dominated by
vast piles of basalt lava flows (as shown on Fig. 2), have silicic
igneous rocks amongst their sequences, and vice versa for silicic
large igneous provinces.

There is a striking age correlation with mass extinc-
tion events for at least four continental flood basalt provinces
emplaced in the past 300 m.y. (for reviews, see Officer et al.,
1987; Wignall, 2001; Courtillot and Renne, 2003; Kelley, 2007).
One of the most famous examples is the mass extinction event
at the end-Cretaceous (ca. 66 Ma) and its coincidence with the
emplacement of the Deccan Traps continental flood basalt prov-
ince in India (e.g., Vogt, 1972; Courtillot, 1999; Keller et al.,
2008, 2012). Moreover, this is the only well-substantiated case
of an asteroid impact coinciding with a continental flood basalt
event and a mass extinction event (e.g., Keller, 2014, this vol-
ume). Perhaps more strikingly, when the eruptions of the Sibe-
rian Traps were first proposed as a trigger for the end-Permian
mass extinction (252 Ma), this presented a possible correlation
of the emplacement of the largest continental flood basalt prov-
ince with the greatest loss of floral and faunal diversity in Earth’s
history (Erwin, 1994; for a review, see Wignall, 2001; Reichow
et al., 2009). There has also been important recent work on the
possible association between the Central Atlantic magmatic
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Figure 1. Large igneous provinces of the world, including continental flood basalt provinces, oceanic plateaus, and silicic large igneous provinces
(LIPs; after Bryan and Ferrari, 2013). Ages are those of the main phase or pulse of volcanism, according to Bryan and Ferrari (2013). Inferred
extent of some provinces shown by dashed lines. Discussion in this paper mainly focuses on the Columbia River Basalt Group and the Deccan
Traps, as well as the Siberian Traps and the Emeishan provinces. Other LIPs not mentioned in this chapter; see Bryan and Ferrari, 2013.
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Figure 2. A stack of lava flows, typi-
cal of the “trap” or stepped topography
characteristic of flood basalt lavas, ex-
posed along the Grande Ronde River in
Washington State (USA). The >600-m-
thick pile of lavas seen here is part of the
Columbia River Basalt Group.
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province and the extinction events at the Triassic-Jurassic bound-
ary (e.g., Whiteside et al., 2007; Blackburn et al., 2013). Overall,
however, there is still debate about whether and how continen-
tal flood basalt volcanism is causally linked to periods of biotic
crisis throughout geologic time. Recent comprehensive reviews
of large igneous province volcanism can be found in Bryan and
Ferrari (2013) and Bryan et al. (2010). The topic of large igne-
ous province volcanism and mass extinctions is discussed exten-
sively in Courtillot (1999) and Wignall (2001), and the age dat-
ing of continental flood basalt provinces and mass extinctions
events has been discussed in detail elsewhere (e.g., Courtillot and
Renne, 2003), including meteorite impact events (Kelley, 2007).
In this paper, we review emplacement characteristics, time
scales, and gas release rates of continental flood basalt eruptions.
One of our aims is to compile a set of eruption source param-
eters for continental flood basalt eruptions. These eruption source
parameters could be used as inputs for atmospheric modeling
efforts to test whether, and to what degree, continental flood
basalt eruptions could have caused or triggered environmental
changes in the geological past. By necessity, we use information
from those continental flood basalt provinces for which some
geological evidence exists with regard to the size, duration, and
style of the eruptions—that is the Columbia River Basalt Group
and the Deccan Traps in particular. We focus on the gases released
directly from erupted lavas (for which more information is avail-
able in the literature and where conclusions from one continental
flood basalt province are more likely to be applicable to others),
although we also briefly review other emissions sources associ-
ated with magma—country-rock (sediment) interactions. We aim
to highlight areas of uncertainty that currently limit our abilities
to gain a better understanding of the Earth system impacts of con-
tinental flood basalt volcanism. Because continental flood basalt
provinces consist of distinct but volumetrically significant lava
flow units, it is important to consider both the emplacement char-
acteristics of the province as a whole, but also of the individual
lava flow units, as discussed in the following two sections of this
paper. In the final three sections of the paper, we discuss what we
know about volcanic gas emissions and their potential environ-
mental impacts, and we compile a set of eruption source param-
eters for typical magmatic sulfur releases from such events.

EMPLACEMENT CHARACTERISTICS OF
CONTINENTAL FLOOD BASALT PROVINCES

Emplacement characteristics are key factors for understand-
ing gas release from continental flood basalt provinces, both in
terms of magma emplacement rates (and hence gas release rates)
and also in terms of the duration of pulses of activity and the
intervening hiatuses. A feature of all large igneous provinces is
the high magma emplacement rates (e.g., Storey et al., 2007;
Svensen et al., 2012), with aggregate extruded lava volumes of
1 x 10% km? or more erupted over periods of one to a few million
years, corresponding to a time-averaged lava emplacement vol-
ume of at least 1 km*¥/yr. The Siberian Traps formed ca. 250 Ma

(e.g., Reichow et al., 2005, 2009) and they represent volumetri-
cally the largest continental flood basalt province. The Siberian
Trap province covers about 5 x 10° km? and totals about 4 x
10° km® of mainly basaltic lava and associated volcanic rocks,
which erupted over a period of ~1 m.y. (Kamo et al., 2003). This
province also has voluminous intrusive rocks (e.g., Svensen et
al., 2009), as well as lava types that are not strictly basalt (Sobo-
lev et al., 2011; for a recent review see Black et al., 2012).

Recent studies have shown that the bulk erupted lava vol-
umes from continental flood basalt provinces only give us part
of the story, because continental flood basalt volcanism is highly
pulsed (i.e., alternating phases of activity and non-activity) over
the time scale of the emplacement of the province as a whole.
Understanding the timing, duration, and intensity as well as the
length of episodes of activity and episodes of non-activity is a
key requirement for the assessment of any potential environmen-
tal effects caused by continental flood basalt volcanism. Stud-
ies using the “°’Ar/*Ar geochronological method (Courtillot and
Renne, 2003), and, to a lesser extent, uranium-lead (U-Pb) age
determinations, have shown that many continental flood basalt
provinces erupted over quite brief periods of geologic time (for
a review, see Kelley, 2007), which is especially true for the main
pulse of lava production.

The best-understood and age-dated continental flood basalt
province, the Columbia River Basalt Group (Fig. 3), consists of
a total extrusive volume of 250,000 km?, erupted between 17
and 10 Ma (Miocene), with minor volumes of lava erupted to
as young as 6 Ma. However, as shown in Figure 3, a volume of
~150,000 km? (or 72% of the total volume) was emplaced over
~400,000 yr (Barry et al., 2010, 2013) at ca. 16 Ma in the Grande
Ronde Basalt Formation (it should be remembered that this time
interval is predicated upon the errors of the “°Ar/*°Ar ages). For
another example, the Deccan Traps flood basalts were previously
believed to have erupted over a period of ~5 m.y., based on the
large range of early age determinations (see Vandamme et al.,
1991). Redating of the basalts using refined Ar/Ar techniques,
combined with paleomagnetic studies of the lavas, however, indi-
cates that much of the Deccan lavas were erupted over a period
of only ~500,000-800,000 yr (Chenet et al., 2009). The entire
duration of Deccan volcanism may have been ~3 m.y., although
this still remains to be thoroughly documented. Some continental
flood basalt provinces may show evidence of two or more peaks
in magma output; it has been suggested that the Deccan had three
pulses, with the main pulse emplacing a considerable portion of
the total volume in as little as 500,000 yr or less (Chenet et al.,
2009; Keller et al., 2008, 2012).

Constraining the temporal occurrence and exact duration of
the main activity phases for all continental flood basalt provinces
is difficult because of the precision of geochronological determi-
nations. Volumetrically larger continental flood basalt provinces,
such as the Siberian Traps, originally contained in total twenty
times as much lava as the Columbia River Basalt Group, but little
robustly supported detail is known about when the major pulses
of volcanism occurred in the Siberian Traps. The volcanism
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seems to have occurred over a 2-m.y.-long period from 252 to
250 Ma. Most of the lava ages seem to fall within a 1-m.y.-long
period (Kamo et al., 2003; Reichow et al., 2009), but large parts
of the province remain relatively unstudied.

In summary, we stress again that the acme or main pulse(s)
of volcanism in a continental flood basalt province is a very
important parameter when considering environmental effects of
flood basalt eruptions. Only two continental flood basalt prov-
inces are presently well enough studied to say where in the lava
pile, and when geochronologically, these main volumetric pulses
of lava production might have occurred: the Columbia River
Basalt Group province and the Deccan Traps province. It is not
even certain yet that the Deccan’s main volumetric pulse came
late (i.e., at the time of the extinction peak) in the eruptive history
of the province (Self et al., 2006; Chenet et al., 2007, 2009). Gen-
eralizing from these two relatively well-constrained examples,
continental flood basalt volcanism appears to last for 1-3 m.y.,
with the pulse or pulses of main lava-volume emplacement being
as brief as a few hundred thousand years. Not every continental
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Figure 3. Volume of lava plotted against time (based on latest “°Ar/*’ Ar
age dates; after Barry et al., 2013) for the Columbia River Basalt
Group, showing the large “spike” of the main pulse of volcanism, the
Grande Ronde Basalt Formation (GRB). Other formations of Colum-
bia River lavas are identified by the initials in Barry et al. (2013) and
are not mentioned in this chapter.

flood basalt province may have followed this model of formation;
therefore, caution is needed where part of a continental flood
basalt province is poorly known and/or spatially very widespread
and buried (e.g., the Siberian Traps; Reichow et al., 2005, 2009).

EMPLACEMENT CHARACTERISTICS OF
INDIVIDUAL CONTINENTAL FLOOD
BASALT ERUPTIONS

Eruption characteristics and style of individual eruptions
are further important considerations when attempting to con-
strain the flux of volcanic gases from continental flood basalt
provinces. By building up databases concerning these individual
eruptive units, we will understand more in terms of the degree
to which we can generalize from one eruption to another (both
within the same provinces and between different provinces). This
is important regarding generalizing their typical volumes, dura-
tions, and intensities, but also in order to allow us to make the
most appropriate decisions regarding the heights of injection into
the atmosphere to choose as model inputs.

During the emplacement of continental flood basalt prov-
inces, hundreds to possibly thousands of eruptions produce
immense lava flow fields, each the product of a single or cluster
of vents, or a group of vents along a fissure (i.e., a line of volca-
nic vents; Self et al., 1997, 1998). Consequently, all flood basalt
lava fields are dominated by basaltic lava flows (see Fig. 2), and,
perhaps rather surprisingly, all continental flood basalt provinces
examined in detail are dominated by compound pahoehoe lava
flow fields (e.g., White et al., 2009; Bryan et al., 2010). The term
lava flow field designates the entire lava products of one pro-
longed eruption. Overall, this is a reflection of similar eruption
conditions and magma types in most provinces. A certain amount
of volcanological knowledge exists about the subaerial volca-
nism that occurred in continental flood basalt provinces (e.g., the
Deccan province; Bondre et al., 2004), but this does not extend
to the intrusive components, except in a couple of cases, i.e., the
Karoo-Ferrar province (Svensen et al., 2012; Moulin et al., 2011;
Elliot et al., 1999) and the Siberian province (e.g., Svensen et al.,
2009; Sobolev et al., 2011).

For the purposes of estimating the gas output of a flood
basalt eruption, it is desirable to break a province down to its
individual eruptive units. Therefore, in the next two subsec-
tions, we discuss the general characteristics of individual flood
basalt lava flow fields (see also Bryan et al., 2010), and the
challenges of determining the timing and volumes produced
by a main pulse of magma effusion during emplacement of a
province. Resolving the duration of individual eruptions within
continental flood basalt provinces is an even greater challenge.
Only for the Roza flow field (1300 km? of basalt lava) of the
Columbia River Basalt Group has an independent, first-order
estimate been made based on the characteristics of the fissure-
fed pahoehoe lava flows that inflate during emplacement, which
constrains the eruptive phase to have lasted a minimum of
~15 yr (Thordarson and Self, 1998).
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In terms of understanding the impacts of continental flood
basalt province emplacement on our planet, constraining the
timing and length of hiatus periods within an eruption sequence
is as important as knowing the durations of eruptions. For the
Grande Ronde Formation of the Columbia River Basalt Group,
there were ~100 separate eruptions within ~400,000 yr or less
(Reidel and Tolan, 2013), but both of these values still have quite
a degree of uncertainty. In the Columbia River Basalt Group case,
the average hiatus was 3900 yr if we assume that each eruption
lasted 100 yr, but in reality, this average hiatus may not be typical
of the durations between eruptions.

Unfortunately, our understanding of most other continen-
tal flood basalt provinces is poorer by far than our knowledge
about the Columbia River Basalt Group (Reidel et al., 2013).
We have little to guide us when interpreting any eruption sce-
narios based on eruption frequency and hiatus length between
eruptions, due the present inability of radiometric age-dating
methods applied to basalts to be more accurate than about
+0.1 Ma at tens of millions of years, and about +0.5-1.0 Ma
at fifty to hundreds of millions of years. Some studies have
attempted to define groups of lavas erupted over shorter periods
of time; these are discussed later.

Eruption Products and Eruption Style

Flood basalt eruptions simply make pahoehoe lavas, which
are the smooth, ropey-surfaced flows that are common on all
Hawaiian volcanoes, and are Earth’s most common eruptive
product (Self et al., 1998). All continental flood basalt provinces,
from the very ancient geologic eras to the youngest on Earth (i.e.,
the Columbia River Basalt Group), consist almost entirely of
pahoehoe lavas. Vents for the lavas are rarely preserved, but the
vent system for the Roza flow field of the Columbia River Basalt
Group was discovered in 1975 and has recently been restudied
(Swanson et al., 1975; Brown et al., 2014). The proximal vent
facies show evidence of periodic explosive (fire-fountain) activ-
ity (Self et al., 2005) recurring many times during the eruption;
thus, the style of activity was somewhat like Hawaiian effusions
with accompanying fire-fountain activity, but the volumes of lava
produced were magnified many times in scale, and the resulting
flow fields are extensive and voluminous.

Flow fields are composed of thousands of lava sheet lobes
(Fig. 4). Sheet lobes, and innumerable smaller lobes, stacked and
superposed in some places and laterally arranged in others, make
up whole flood basalt provinces. Evidence of hiatuses between
the eruptions is presented by weathered surfaces on tops of lava
flow fields, such as the red boles of the Deccan Traps (Widdow-
son et al., 1997), but we must remember that flow fields, per se,
cannot be recognized in many continental flood basalt provinces,
where only subvertical sections through the lavas are exposed.
Difficulties in correlating individual lava flows between outcrops
(e.g., Jay et al., 2009) presently preclude the recognition of the
geographic extent of single flow fields in provinces such as the
Deccan Traps.

Emplacement Rates and Lava Volumes

Insights on the lava volume produced and duration of indi-
vidual eruptions can be gained by studying the physical charac-
teristics of their deposits. Flow fields are composed of many lava
flows, which never form a single stretch of lava but consist of a
succession of lobes that represent the sequential emplacement of
the lava flow (Fig. 4; see Hon et al., 1994; Self et al., 1998). These
lava lobes can occur on several scales. For instance, kilometer-
scale lobes can be found to include centimeter- to meter-scale
lava lobes in the field. One common type in flood basalt prov-
inces is sheet lobes, which are typically several kilometers in lat-
eral dimensions and tens of meters thick. The sheet lobes inflate
to a considerable thicknesses during the time that they reach their
great extent (Self et al., 1997; Vye-Brown et al., 2013). This sug-
gests a relatively gradual emplacement of the flows over a period
of time, most likely years to decades (Thordarson and Self, 1998;
Jerram and Widdowson, 2005). Yet, the average lava output rates
during an individual continental flood basalt eruption must still
have been higher than in any historic eruption except perhaps the
extremes of some Icelandic lava outpourings. For example, the
time required to emplace a 1000-2000 km? lava flow field at the
range of peak output rates of the Laki eruption (2000—4000 m?/s;
Thordarson and Self, 2003) would be ~10-20 yr. If the eruptions
were much faster (higher magma output rates), then there would
be different types of lava in the flow fields, such as ‘a‘a (lava
characterized by a rough or rubbly surface), and channeled flows
with evidence of thermal erosion at the base of flows (Keszthe-
lyi and Self, 1998; Greeley et al., 1998); if eruptions were much
slower, then there would be insufficient time to accommodate the
number of lava-producing eruptions, and hiatuses between erup-
tions, during the geochronologically constrained duration of a
main continental flood basalt pulse.

Despite the minimum volumes of individual eruptive units
being known for parts of the Columbia River Basalt Group, it
is only recently that some understanding has been gained on
the possible eruptive volume or mass of flood basalt eruptions
from other continental flood basalt provinces, mainly the Dec-
can Traps of India (e.g., Chenet et al., 2008; Self et al., 2008a).
Assumptions about typical flow thicknesses can also give us
insights into potential flow volumes. For the Deccan example,
if areas from 70,000 to 175,000 km? were covered by pahoehoe
lava flow fields during emplacement of some formations in the
Wai Subgroup (Self et al., 2006, 2008a), then adopting a range
of flow-field thicknesses from 30 to 50 m (Jay et al., 2009) indi-
cates eruptive volumes in the range 2100-8750 km®. Further, the
Mesozoic to Cenozoic continental flood basalt provinces are the
best studied and preserved, and the information is biased toward
the younger examples. Constraints on the dimensions of almost
all eruptive lava flow field units in continental flood basalt prov-
inces are hampered by the effects of burial, tectonism, and ero-
sion since emplacement.

One thing that seems to be exceptional about basaltic large
igneous provinces is that most individual eruptions in continental
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Figure 4. Cartoon showing the development of a pahoehoe basalt lava flow field over time as the lava sheet lobes grow
outward and downslope by advance. Lobes also coalesce and thicken by inflation. Vx and Vy show proportions of
lateral and vertical expansion of flow lobe. Inset shows localized separation of flow lines leading to drops in internal
pressure (P) and vesiculation at the basal crust-core boundary. Schematic plan view of growing lava flow field is given
beneath each stage. MV—megavesicles; HVS—horizontal vesicular sheets; VC—uvesicle cylinders. This scheme ap-
plies to flood basalt lava flow fields (after Thordarson and Self, 1998).

Figure 5. Schematic illustrating some
of the proposed environmental effects
and Earth system feedbacks of conti-
nental flood basalt (CFB) volcanism
(adapted from Wignall [2001, 2007],
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: . < ' ' shown here are applicable to all conti-
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means by which to quantify these linkages, but there is little scientific progress to date.

Sea-level fall ‘
: l Negative carbon

isotope excursion



http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Self et al.

flood basalt provinces yielded a huge mass or volume; with a
limit of 1 x 10" kg for a super-eruption (Self, 2006), this is equiv-
alent to ~360 km® of basaltic lava, and only a few of the smallest
of the Columbia River Basalt Group units may fall below this
class. Thus, it seems that when continental flood basalt provinces
were forming, they did so by a series of basaltic super-eruptions,
each one far exceeding the lower limit of this class (see Bryan
et al., 2010, their table 2). However, even though these were
huge eruptions volumetrically, in terms of the volcanic explosiv-
ity index (VEI; Newhall and Self, 1982), the majority of erup-
tions may have been VEI 3-4, with occasional explosive (intense
fire-fountaining) phases of VEI 5-6 magnitude, analogous to the
violent Strombolian and sub-Plinian phases of the Laki eruption
(Thordarson and Self, 1993; Woods, 1993).

GAS RELEASE FROM CONTINENTAL FLOOD
BASALT ERUPTIONS

One of the main ways in which volcanism impacts our atmo-
sphere and environment is via the release of volcanic gases. Fig-
ure 5 summarizes some of the ways in which these gases may
have affected the atmosphere and the environment in the geologi-
cal past, including feedbacks that have been proposed to lead to
sufficient ecosystem stress to cause a mass extinction.

In general, water vapor (H,0) is the most abundant volatile
species released during an eruption (contributing between 50%
and 90% by volume of the gas phase) followed by carbon dioxide
(CO,), which contributes between 1% and 40% by volume (Ger-
lach, 2004). Halogens are released in minor quantities, mainly
in the form of hydrogen chloride, hydrogen fluoride, and, with
even lower abundance, hydrogen bromide and hydrogen iodide
(Pyle and Mather, 2009). Despite their low abundance compared
with other species, halogens play an important role in volca-
nic plume chemistry (von Glasow, 2010). Halogens efficiently
destroy ozone; however, under low stratospheric chlorine load-
ings, an eruption must deliver sufficient chlorine directly into the
stratosphere for heterogeneous reactions that promote chlorine
activation on liquid sulfate aerosol to take place (Solomon et al.,
1998). Whether or not volcanic eruptions can deliver sufficient
halogens to stratospheric altitudes is, however, still a matter of
debate (e.g., Tabazadeh and Turco, 1993; Kutterolf et al., 2013).
To date, sulfur dioxide (SO,) is the sole volatile species released
during volcanic eruptions that, following conversion to sulfate
aerosol, has been shown to alter the radiative balance of the atmo-
sphere to a measurable extent (e.g., Robock, 2000). Sulfur (S)
species contribute between 2% and 35% by volume of the gas
phase, and SO, and hydrogen sulfide (H,S) are most abundant
(Gerlach, 2004; Textor et al., 2003, 2004).

Estimates of the volatile content of magmas from past erup-
tions usually come from melt (now glass) inclusions trapped
within crystals, which is feasible but challenging for continen-
tal flood basalt volcanism, because both crystals and preserved
degassed matrix glass are rare in continental flood basalt lavas,
and both crystals and glassy lava are often (but not always)

altered due to the great age of many continental flood basalt lavas
(e.g., Blake et al., 2010). In Table 1, we have compiled published
estimates of the amount of gases released by continental flood
basalt eruptions and compared these estimates to those for explo-
sive volcanism and flood basalt eruptions in historic times. Basal-
tic magmas, including those that form flood basalts, are usually
rich in dissolved sulfur (commonly with sulfur concentrations of
>1500 ppm; Wallace, 2005; Black et al., 2012; Zhang et al., 2013).
Therefore, the release of sulfur-rich gases from a large basaltic
eruption can be much greater than that from an explosive silicic
eruption of equal volume. Not all volatile emissions from conti-
nental flood basalt provinces may come from the basalts. Minor
volatile emissions may arise from silicic volcanism associated
with continental flood basalt provinces (Scaillet and Macdonald,
2006; Bryan et al., 2010; Bryan and Ferrari, 2013). Recent evi-
dence, especially from the Siberian Traps, has also highlighted the
potentially important role of gas released via interactions between
the magma and country rock (Ganino and Arndt, 2009; Svensen et
al., 2009). These will be discussed further later herein.

Although data are still sparse (Table 1), comparisons can be
made in terms of the gas release budgets from the magmas asso-
ciated with different continental flood basalt provinces. Self et
al. (2008b) measured major-element and volatile composition of
melt inclusions and groundmass glass in the quenched products
of the Deccan Trap lavas and estimated that individual decade-
long continental flood basalt eruptions could have released up
to 5000 Mt of SO,, which equates to a total SO, release of up to
6.5 x 10% Mt estimated for the Deccan Trap province as a whole.
Within the Columbia River Basalt Group, the Roza flow released
~1200 Mt of SO, per year for a decade or longer (Thordarson
and Self, 1996), and the Grande Ronde Basalts appear to have
released ~10° Mt SO, in intermittent bursts of <1000-30,000 Mt,
separated by long-lasting non-eruptive intervals represented by
thick soil horizons in the lava sequence (Blake et al., 2010). Esti-
mates of the total SO, emission from the Siberian Traps are in
the range 10-20 x 10° Mt SO, (Black et al., 2012). Typically, for
every 1 km?® of basaltic magma emplaced during a continental
flood basalt eruption, 3.5-6.5 Mt of SO, will be released (Self
et al., 2005; Blake et al., 2010). For context, studies of the Laki
lava flows and ash indicate that the magma originally contained
~1700 ppm of sulfur, and that the eruption could have released
~120 Mt of SO, from the vent and lava flows (~15 km?® in vol-
ume) over the course of 8 mo (two-thirds of which were released
during the first 2 mo of intense activity; Thordarson and Self,
1993; Thordarson et al., 1996). The 1991 Mount Pinatubo erup-
tion (Philippines) was the largest explosive volcanic eruption
since 1912 and released ~20 Mt of SO, into the stratosphere. For
context, the anthropogenic SO, flux to the atmosphere in 2005
was ~118 Mt (Smith et al., 2011).

Estimates of the halogen content of continental flood basalt
magmas are more sparse than for sulfur. In some cases, the halo-
gens appear to stay in the melt phase of the magma, suggesting
limited degassing during eruption. This is probably controlled by
details of the oxidation and degassing history as the magmas rise.
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However, estimates for the Deccan Traps and the Siberian Traps
suggest that emissions of chlorine and fluorine might be of the
same order of magnitude as those of sulfur (Table 1; Self et al.,
2008b; Black et al., 2012), or possibly higher (Sobolev et al.,
2011). Further, there has been speculation that chlorine emissions
from the Deccan Traps might account for a Cl-rich layer of sedi-
ments identified in France and Italy (Font et al., 2011). Volcanic
bromine has greater potential ozone depletion efficiency than
other volcanic halogen species; however, due to its low concen-
trations in the melt and analytical challenges, our understanding
of volcanic bromine release is in its relative infancy (Pyle and
Mather, 2009; Mather et al., 2012). A recent study by Kutterolf
et al. (2013) suggested that new techniques such as synchrotron
radiation might one day hold promise for studying bromine emis-
sions from continental flood basalt volcanism.

Direct determinations of the amounts of CO, that might be
degassed from flood basalt magmas upon eruption are not avail-
able. However, it is known that CO, is relatively insoluble in
basaltic melts and that the mantle is undersaturated with respect
to CO,. Self et al. (2006) adopted 0.5 wt% as a high, but rea-
sonable, value for pre-eruptive CO, concentration in flood basalt
magmas and considered that magma degassing is a highly effi-
cient process, with 70%—-80% of the gas released at the eruptive
vents (Thordarson et al., 2003). Self et al. (2006) estimated that
~1.4 x 10" kg, or 14 Mt of CO,, could be released for every
1 km? of basaltic lava erupted (assuming a density of 2750 kg
m~). Therefore, the total release from an erupted lava volume of
1000 km?* (the approximate volume for one eruption in the Dec-
can Traps) might be ~14 x 10° Mt of CO, (or 1.4 x 10" Mt CO,
from the emplacement of the entire Deccan Traps). Ganino and
Arndt (2009) used similar reasoning to estimate an emission of
16.8 x 10° Mt magmatic CO, for the Emeishan Province. These
are the only estimates of CO, released from a continental flood
basalt province that we are aware of to date (Table 1). While the
emission from a single Deccan eruption is a very large mass, it
should be noted that it represents less than 1/200th of the amount
of CO, present in the modern atmosphere (~3 x 10° Mt, or 3 x
10" kg). For comparison, the current anthropogenic emissions
of CO, to the atmosphere are ~35 Gt/yr (Le Quéré et al., 2013).
Thus, the annual CO, flux from a single Deccan eruption equates
to only 40% of the current anthropogenic CO, flux under the
assumption that all 14 Gt of magmatic CO, is emitted in an unre-
alistically short period of a year. If released over a more realis-
tic decade time scale, these volcanic emissions represent ~4%
of the current anthropogenic flux only. However, CO, has long
atmospheric residence times, and the weathering of huge areas of
basaltic rock could also have affected atmospheric CO, concen-
trations (Dessert et al., 2001) and/or ocean acidity, which could
be tested in the future using state-of-the-art carbon cycle models
that account for the “long tail” of CO, emissions.

As mentioned already, the volatile load carried by the basalts
mightonly account for part of the release of gases to the atmosphere
associated with continental flood basalt volcanism. Recent stud-
ies have suggested that gases released from nonmagmatic sources

may make an important additional contribution to the gas release
budget of continental flood basalt volcanism or indeed might
dominate. For example, Ganino and Arndt (2009) have correlated
the degree of environmental stress caused by continental flood
basalt volcanism with the types of sediments beneath the lavas
and estimated that emission of CO, from contact aureoles with the
sedimentary country rock could have been 4-9 times larger than
that released from the magma for the Emeishan Traps. In the case
of the Siberian Traps, it has been suggested that magma-sediment
interactions could dissociate vast quantities of hydrocarbons
and halocarbons such as methane from heating of organic-rich
shale and petroleum-bearing evaporates (basin-scale gas produc-
tion potential estimates suggest that metamorphism of organic
matter and petroleum could have generated >100,000 Gt CO,),
resulting in global warming and ozone depletion (Aarnes et al.,
2011; Svensen et al., 2009). The suggested mechanism of gas
release is through hydrothermal vent complexes, which are now
being recognized as a characteristic component of large igneous
provinces (for a review, see Svensen and Jamtveit, 2010). Iacono-
Marziano et al. (2012a, 2012b) suggested that the release of vast
amounts of reduced gases due to magma intrusion in the coalifer-
ous sediments beneath the Siberian province contributed to global
warming and to the negative carbon isotopic shift observed at
the end-Permian. Grasby et al. (2011) suggested that deposition
of coal fly-ash generated by magma-coal pyrometamorphism in
the Siberian province resulted in toxic marine conditions. Black
et al. (2013) presented modeling to suggest that the halocarbon
release from crustal reservoirs associated with Siberian Traps
volcanism (Aarnes et al., 2011) could have had significant effects
on stratospheric ozone levels. It should be noted that the tropo-
spheric lifetime of halocarbons such as CH,Cl is sufficiently long
(>1 yr) that even those released in the lower troposphere reach
the stratosphere, reducing the sensitivity of their environmental
effects to atmospheric injection.

GAS INJECTION HEIGHTS OF FLOOD
BASALT ERUPTIONS

Basaltic eruptions are commonly more effusive (i.e., lava
producing) in character, last much longer, and are much less
explosive than silicic eruptions of comparable volume. Basaltic
eruptions are also commonly considered to be much less effec-
tive in lofting gases into the stratosphere, where gas and aerosol
particle lifetimes are longer than in the troposphere. Observa-
tions and plume model simulations (Woods, 1993; see Self et al.,
2005) suggest, however, that the high eruption rates during the
CE 1783-1784 Laki eruption in Iceland produced tall fire-foun-
tains (600-1450 m), so that the convective plume rising above
the fountains could have attained altitudes of up to 15 km above
sea level (Thordarson et al., 1996; see Fig. 6), which is above
the Icelandic tropopause during the summer months. By analogy,
at the maximum eruption rates for Laki, the Roza flow eruption
of the Columbia River Basalt Group would have produced lava
fountains more than 1.5 km in height and may have created a


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Continental flood basalt eruptions: Emplacement characteristics, time scales, and volcanic gas release rates

convective column rising ~13—-15 km above the volcanic vents
(Table 1; Self et al., 2005; Brown et al., 2014).

Extensive ash deposits are associated with Icelandic basal-
tic fissure eruptions, such as Eldgjd, and the occurrences of
deposits of spatter, spatter-fed lava, and scoria mounds along
Columbia River Basalt Group eruptive fissures suggest violent
to sometimes mild fire-fountaining during flood basalt erup-
tions. In support of this, observations of a widespread sulfurous
haze over Europe in 1783 (Thordarson and Self, 2003; Witham
and Oppenheimer, 2005; Schmidt et al., 2011), as well as a sul-
furic acidity peak in Greenland ice in 1783 suggest that the Laki
eruption column reached the lower stratosphere. For the much
larger-volume lava flows typical of continental flood basalt erup-
tions, the models of convective plume height also indicate that
sulfur-rich eruption plumes could reach the lower stratosphere
by direct injection in an eruption column (Stothers et al., 1986;
Thordarson and Self, 1996), or by injection within a volcanic
plume helped by convection above a large, active lava field
(Kaminski et al., 2011), or perhaps by a lofting of gases into the
lower stratosphere in deep convective systems (e.g., Bourassa
et al., 2012). Future efforts in this area should also account for
paleo-atmospheric temperatures and composition when using
plume rise models because the tropopause height is likely to dif-

fer significantly compared to the present day in, for example, a
much warmer Late Cretaceous atmosphere.

POTENTIAL ENVIRONMENTAL EFFECTS OF
CONTINENTAL FLOOD BASALT VOLCANISM

Evidence of the environmental impacts of continental flood
basalt volcanism and the processes leading to these effects comes
mainly from three sources: (1) direct evidence from the proxy
record, (2) historical records of the effects of large-scale volcanic
activity such as the Laki flood basalt eruption in 1783 CE, and
(3) by scaling up from observations and measurements of the
environmental impacts of present-day volcanism, which not only
is on a different scale in terms of the mass eruption rate compared
with continental flood basalt volcanism but also often differs fun-
damentally in terms of eruption style. Figure 5 summarizes the
processes and feedbacks that have been proposed to have led to
severe environmental changes at the time of continental flood
basalt volcanism. The details of these processes are reviewed else-
where (e.g., Officer et al., 1987; Wignall, 2001, 2007). Proposed
cause-and-effect mechanisms include, among others, a short-
term cooling effect from sulfate aerosol lasting years to decades
and the deposition of sulfur species leading to acidification of
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Figure 6. Cartoon showing generalized eruptive style and atmospheric dispersal of gas and aerosol particles (with minor
ash) associated with basaltic fissure eruptive activity such as a flood basalt eruption, based on studies of the Roza eruption
of the Columbia River Basalt province, Washington, USA (after Thordarson et al., 2009; for a more detailed explanation,
see also Self et al., 2005). Tg is terragrams (10" g). Total amount of SO, released into the atmosphere is estimated to
have been almost 12,000 Tg, ~12 Gt (gigatons), with ~9000 Tg (9 Gt) coming from the vents with the eruption columns.
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soils (Black et al., 2013; see the recent review by Bryan and Fer-
rari, 2013). Proposed long-term effects include global warming
from the greenhouse gas forcing of volcanic CO, (released by
the eruptions) lasting tens to thousands of years (Chenet et al.,
2008; Sobolev et al., 2011; Joachimski et al., 2012), which was
originally disputed by Caldeira and Rampino (1990) and is still a
matter of debate (Self et al., 2006).

The proxy record, including the mass extinction events
themselves, clearly suggests significant environmental perturba-
tion around the time of continental flood basalt volcanism (e.g.,
Li and Keller, 1998; Courtillot and Renne, 2003; Wilf et al.,
2003; Visscher et al., 2004; Wignall, 2005; Thibault and Gardin,
2006; Wignall et al., 2009; Keller et al., 2012; Sun et al., 2012;
Joachimski et al., 2012; Bryan and Ferrari, 2013). However, one
of the challenges that remains is to find a primary marker for the
volcanism within these same archives, allowing a clear causal
relationship to the environmental perturbation to be developed,
rather than purely markers indicating environmental change.
Recent efforts in this area have included the use of osmium iso-
topes (Ravizza and Peucker-Ehrenbrink, 2003; Robinson et al.,
2009) and mercury (Sanei et al., 2012; Silva et al., 2014).

The Laki eruption might serve as a key historical analogue
in terms of eruption style, but it was much shorter-lived (8 mo)
compared with the average length of a continental flood basalt
eruption. Modeling studies have demonstrated that its gas and
aerosol clouds dispersed widely across the Northern Hemi-
sphere (Chenet et al., 2005; Stevenson et al., 2003; Highwood
and Stevenson, 2003; Oman et al., 2006a, 2006b; Schmidt et al.,
2010, 2012). Following Laki, winter temperatures in 17831784
dropped up to -0.5 °C below average in central Europe (Thordar-
son and Self, 2003; Witham and Oppenheimer, 2005; Oman et
al., 2006a; Schmidt et al., 2012). Given the difference in eruptive
volume, duration, and eruption style, scaling the effects of histor-
ical and present-day volcanic activity to continental flood basalt
scale may be highly flawed, if not impossible. Both observational
evidence and modeling of short-lived explosive eruptions have
suggested that a simple scaling between eruption magnitude and
climatic impact is unlikely to be valid (Rampino and Self, 1982;
Pinto et al., 1989; Timmreck et al., 2010; English et al., 2013).

Based on the estimated SO, flux for the Roza flow, Thordar-
son and Self (1996) were the first to estimate a likely change in
aerosol optical depth (AOD) of between 7 and 13. For context,
this is at least 2.5 times larger than current climate model esti-
mates for the 74 ka Youngest Toba Tuff eruption (peak global
mean AOD of 2.6; English et al., 2013). At the time of their study,
Thordarson and Self (1996) assumed that all the SO, released
forms sulfate aerosol particles of a certain size (i.e., the opti-
mum particle size for scattering incoming solar radiation back
to space). However, several modeling studies suggested that
when considering aerosol microphysical processes, the impact
of explosive volcanism on climate becomes self-limited with
increasing SO, release, because the coagulation of particles
causes particles to grow to large sizes, which have a lower opti-
cal depth per unit mass and fall out of the atmosphere faster than

smaller particles (Pinto et al., 1989; Timmreck et al., 2010; Eng-
lish et al., 2013). Both Stevenson et al. (2003) and Schmidt et al.
(2010) have shown that for a Laki-scale eruption, oxidants are
heavily depleted, and so sulfate aerosol yields are lower (range
71-173 Mt of sulfate aerosol) than most previous estimates that
assumed all SO, released was converted to sulfate aerosol (see
tables 1 in Oman et al., 2006a and Schmidt et al., 2010).

Given the likely nonlinearities in the Earth system response
to a continental flood basalt eruption, modeling studies are one of
the key tools to allow us to interrogate the impact of volcanism
on the environment. There have only been a handful of modeling
studies directly tailored to continental flood basalt volcanism to
date. This includes a carbon cycle modeling study, which found
a negligible effect of magmatic CO, emissions from the Deccan
Traps on Late Cretaceous temperatures (Caldeira and Rampino,
1990). Tacono-Marziano et al. (2012b) suggested that magma-
sediment interactions during the emplacement of the Siberian
Traps released vast amounts of reduced carbon monoxide and
methane (CH,), which resulted in enhanced atmospheric life-
times of these species and a greenhouse gas forcing of climate
on the order of 1.9 W/m? to 4.2 W/m? for a decade-long erup-
tion. Using a two-dimensional (2-D) chemical transport model,
Beerling et al. (2007) suggested that the release of hydrogen
chloride and methyl chloride during the Siberian Traps erup-
tions could have resulted in mutagenic effects on plants through
increased ultraviolet B (UV-B) radiation as a result of enhanced
ozone depletion. Black et al. (2013) conducted the first three-
dimensional (3-D) global climate modeling study of volcanic
sulfur and halogen species released by a single magmatic episode
of the Siberian Traps and suggested that widespread acid rain and
global ozone depletion directly contributed to the end-Permian
mass extinction. Dessert et al. (2001) showed, based on model-
ing seawater strontium isotope ratios, that the emplacement of
the Deccan Traps basalts had a significant effect on geochemical
cycling of carbon and strontium and atmospheric CO, concentra-
tions, and hence climate, although Self et al. (2006) suggested
that the model run that showed this was based on implausibly
rapid emplacement of the Deccan Traps.

The dashed lines in Figure 5 illustrate that many of the
environmental effects and Earth system feedbacks proposed for
continental flood basalt volcanism are feasible but have not yet
been quantified or are still debated, as is the case for volcanic
CO, emissions and their impact on Late Cretaceous temperatures
(e.g., Caldeira and Rampino, 1990; Chenet et al., 2008). Over-
all, there is a good to satisfactory level of scientific understand-
ing and progress made by volcanologists estimating the amount
of gases released during continental flood basalt volcanism and
paleontologists gathering proxy records that clearly imply envi-
ronmental changes. However, some key mechanistic understand-
ing that links volcanic gas release and environmental effects is
still missing. Earth system modeling may be one of the means
by which to quantify these linkages, but there is little scientific
progress to date. Eruption source parameter scenarios are key
to meaningful future modeling efforts. In the next section, we
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therefore attempt to summarize eruption source parameters based
on the currently available data discussed herein, which could be
used as inputs for Earth system modeling studies.

Work described here has also highlighted the potential
importance of magma—country-rock interactions. While Ganino
and Arndt (2009) summarized the broad characteristics of the
country rock into which the major known continental flood
basalt provinces intruded, we are not yet in a position to gen-
eralize from better-studied continental flood basalt provinces to
others, and so we do not include these emissions in the source
parameters suggested for Earth system modeling detailed in the
following section. It is clear, however, from the results of more
detailed studies of the Emeishan province (Ganino and Arndt,
2009) and Siberian Traps (e.g., Svensen et al., 2009), that addi-
tional detailed work focused on each individual continental flood
basalt province will further illuminate these processes and their
potential impacts in each case. For example, shale metamorphism
in the Karoo has been estimated to have emitted ~27,400 Gt CO,
through breccia pipes (Svensen et al., 2007). The presence of
coal deposits in the Karoo Basin (Cadle et al., 1993) also offers
the intriguing possibility of interactions with the intrusive activ-
ity in this setting, as well as the Siberian Traps, although further
investigation is needed to determine the potential size of this
effect (Grocke et al., 2009).

ERUPTION SOURCE PARAMETERS FOR
EARTH SYSTEM MODELING

The Roza lava flow field in the Columbia River Basalt Group
is the only individual continental flood basalt eruption for which
information about the eruption source parameters is reasonably
well constrained based on the geological record (see earlier). At
the minimum, information on the volcanic gas flux and the erup-
tion duration is needed as inputs for atmospheric modeling stud-
ies. For the majority of continental flood basalt provinces, these
eruption source parameters are highly uncertain; yet they are cru-
cial for the assessment of the length and severity of any potential
environmental effects and Earth system feedbacks. For instance,
if the non-eruptive phases (hiatuses) outlasted the duration of the
volcanic sulfate aerosol forcing, then the Earth system would
have had ample time to recover after an eruptive phase, which
clearly weakens the feedback chain through to mass extinctions
in Figure 5. Even hiatuses as short as 50 yr may leave ample
time for the Earth system to recover from the cooling of climate
caused by volcanic sulfur released during a decade-long conti-
nental flood basalt eruption.

Based on published data (Table 1) of the magmatic volatile
release per cubic kilometer of lava emplaced (Fig. 7A) and the
volume of lava emplaced per year (Fig. 7B), we calculate a mean
SO, release of ~670 Mt per year for flood basalt eruptions (Fig.
7C). Individual continental flood basalt eruptions could have
lasted between 10 and 50 yr (longer eruptions might be possible,
but there is no recent analogue or any evidence to make informed
estimates). Non-eruptive phases could have lasted many thou-

sands of years, but overall we have little knowledge about their
length and frequency. Red boles (soils) that are found sandwiched
between the lava flow fields of the Deccan Traps (Widdowson et
al., 1997) are thought to form on time scales of several hundreds
to thousands of years (Fig. 7D), although in parts of the Deccan
lavas, Chenet et al. (2008) made a case for soils forming in much
less than 100 yr.

Other parameters needed for a model simulation are the
injection height of the gases and the eruption style. The injec-
tion height in particular is difficult to constrain directly from the
volcanic deposits. However, based on the similarity of the volca-
nic deposits and the chemical composition of the volcanic prod-
ucts, we can infer that large-scale flood basalt eruptions in his-
toric times such as Laki provide a feasible and well-constrained
analogue of the eruption style in the Columbia River Basalt
Group and the Deccan Traps (Thordarson et al., 1996); that is
a quasi-continuous injection of volcanic gases into the upper
troposphere—lower stratosphere.

In summary, based on currently available data, eruption
scenarios can be developed with some confidence for the SO,
released from the Columbia River Basalt Group and the Dec-
can Traps lavas. By analogy, scenarios for the CO, release of the
Deccan Traps or the release of halogen species by the Siberian
Traps could follow this “template.” However, for the Siberian
Traps, detailed information on individual eruption volumes is
lacking. Based on the volcanic deposits, the eruption type and
style of the Columbia River Basalt Group and the Deccan Traps
appear to be most commonly associated with emplacement of
continental flood basalt provinces. Therefore, the suggested vol-
ume of lava emplaced per year and the gas flux per year for the
Columbia River Basalt Group and Deccan Traps (Figs. 7B and
7C) may be a reasonable starting point for atmospheric model-
ing. Other continental flood basalt provinces such as the Siberian
Traps may have exhibited large-magnitude explosive phases and
also liberated substantial amounts of halogens, both directly via
magmatic gases (Sobolev et al., 2011; Black et al., 2012, 2013)
and via magma—country-rock interactions (Svensen et al., 2009;
Iacono-Marziano et al., 2012a, 2012b; Ganino and Arndt, 2009).
Black et al. (2013) addressed these uncertainties by modeling 27
perturbation and recovery scenarios to approximate gas release
from plausible magmatic episodes, including a large pyroclastic
eruption, metamorphism of hydrocarbon-bearing evaporite salts,
and one or more explosive pipes, as well as stratospheric versus
tropospheric injection. Overall, there is no simple way to gen-
eralize these scenarios for continental flood basalt volcanism as
a whole; rather, when it comes to interactions with sedimentary
rocks in the crust, we very much need to assess continental flood
basalt provinces on a case-by-case basis.

SUMMARY

Continental flood basalt provinces are the subaerial expres-
sion of large igneous province volcanism, and their emplace-
ments are exceptional volcanic events in the geological history of
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Figure 7. Compilation of eruption source parameters for flood basalt eruptions (see also Table 1 and references listed there), which could be used
as inputs for Earth system modeling studies. (A) The amount of sulfur dioxide (SO,) released per cubic kilometer (km?*) of lava erupted based
on measurements of glass inclusions and groundmass glass in the quenched lava products. Dashed error bars indicate that a +30% uncertainty
is assumed, whereas solid error bars represent a reported analytical error. (B) The volume of lava erupted per year during an eruption based on
estimates of the volume and duration of an average flow field in each province or, in the case of 1783—-1784 CE Laki, a flood basalt eruption in
historic times. Dashed error bars indicate that these estimates are highly uncertain. For the Siberian Traps, there is no estimate of the annual lava
emplacement rate available as indicated by the question mark. For context, Kilauea volcano on Hawai'i emplaced ~0.1 km?® of lava per year aver-
aged over the years 1983-2012 (USGS, 2013). (C) Combining data from (A) and (B), we derived the annual flux of SO, to the atmosphere. For
context, the annual global mean flux of SO, from anthropogenic sources was ~118 Mt of SO, in the year 2005 (Smith et al., 2011), and continu-
ously degassing volcanoes release ~10 = 5 Mt of SO, per year (Graf et al., 1997, and references therein). Upper and lower limits shown in (C)
are derived by accounting for both the error on the SO, measurements as shown in (A) and the error on the emplacement volume of a flow field
as shown in (B). The mean is derived by averaging all flood basalt eruptions for which we have data. (D) Estimates of the duration of eruptions
and non-eruptive phases for flood basalt volcanism. The latter are highly uncertain as indicated by the dashed lines. Time scales for formation
of soils (and/or red boles) on lava flow tops, as observed in the Deccan Traps, have been estimated to be between tens and thousands of years
(Chenet et al., 2008; Widdowson et al., 1997).

our planet, forming up to 4 x 10% km? of lava flows in as little as
2 m.y. For context, this volume would cover an area the size of
the United States of America in 400 m of lava.

Continental flood basalt provinces appear to have formed
within 1-3 m.y., and within this period, one or more pulses of
great magma production and lava eruption took place, lasting

from 1 m.y. to as little as a few hundred thousand years. The fre-
quency and length of these voluminous lava-producing pulses are
ill-defined. Each of these pulses featured tens to hundreds of indi-
vidual eruptions, each producing up to possibly 10,000 km?, or
more usually 1000-5000 km?, of predominantly pahoehoe lava.
The eruption of the 14.7 Ma Roza flow field of the Columbia
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River Basalt Group (the youngest continental flood basalt prov-
ince on Earth) produced a 1300 km’® lava flow field and is the
only eruptive phase for which a duration of between 10-15 yr has
been estimated (Thordarson and Self, 1998). For other continen-
tal flood basalt provinces, we can only infer that eruptions lasted
decades to probably centuries, based on analogy to the Roza flow
and the dominance of pahoehoe lava flow fields and the similarity
of the chemical composition (i.e., tholeiitic melts) of the volcanic
products between continental flood basalt provinces.

By measuring major-element and volatile composition of
melt inclusions and groundmass glass in the quenched products
of the Deccan Trap lavas, Self et al. (2008b) estimated that a
decade-long eruption producing a 1000 km? lava flow field could
have released 5000 Mt of SO, into the atmosphere. The Roza
flow released ~12,000 Mt of SO, over the course of 10-15 yr
(Thordarson and Self, 1996). Based on published estimates of
the volcanic gas flux, it appears that for every 1 km?® of basal-
tic magma emplaced during a continental flood basalt eruption,
6 £ 1.7 Mt of SO, could be released (Fig. 7C). Compared to an
explosive silicic eruption of equal volume, the typical mass of
sulfur-rich gases released from a large basaltic eruption is there-
fore much greater.

The majority of magmatic gas species released during
continental flood basalt volcanism had the potential to alter cli-
mate and/or atmospheric composition, in particular during vio-
lent explosive phases at the eruptive vents when the gases were
lofted into the stratosphere. However, the fate of these gases is
more difficult to understand at present. For example, we have
little knowledge about the atmospheric burdens, the atmospheric
lifetimes, and the climatic impact of the magmatic sulfur- and
halogen-bearing species released during a typical continental
flood basalt eruption, but recent efforts in this direction include
the use of global climate models (Black et al., 2013). Aside from
the direct release of magmatic gases, the interaction of magma
with the sedimentary bedrock during the emplacement of some
continental flood basalt provinces could have released additional
carbon and possibly sulfur and halogen-bearing species into the
atmosphere (e.g., Svensen et al., 2009; Iacono-Marziano et al.,
2012a, 2012b; Ganino and Arndt, 2009). Given the particular
nature of these interactions in different provinces, it is difficult
to generalize from one province to another, and further work is
needed to constrain the magnitude of these emissions on a case-
by-case basis.

The general coincidence of continental flood basalt volca-
nism with times of major biotic change is well substantiated to
within the limits of radiometric age determinations; however, the
mechanisms by which continental flood basalt volcanism might
have perturbed the environment to such a great extent are not
well understood. Figure 5 not only summarizes proposed mech-
anisms by which continental flood basalt volcanism could have
triggered biotic crises, but it also gives our opinion concerning
the level of current scientific understanding and progress made
by specific scientific disciplines. Greater research efforts are to
be encouraged in terms of the processes represented throughout

Figure 5. Very little scientific progress has been made by means
of atmospheric and (paleo-)Earth system modeling, which may
help to, for instance, quantify the magnitude of the short-term
reduction of temperatures or the effects of acid rain from volca-
nic sulfur deposition (Black et al., 2013). Given the likely dif-
ferences in the Earth system response during different periods of
Earth history, this is best done for each continental flood basalt
province on a case-by-case basis. Notwithstanding the above,
our knowledge of the number and length of non-eruptive phases
(hiatuses) during continental flood basalt volcanism is far from
complete—yet it is critical for quantifying the severity and dura-
tion of any environmental effects potentially caused by conti-
nental flood basalt volcanism.

ACKNOWLEDGMENTS

We thank Scott Bryan and Thor Thordarson for providing fig-
ures. Self was funded by UK Natural Environment Research
Council (NERC) grants NER/B/S/2003/00246 and GR3/11474
for part of the work described herein, and also acknowledges
support from The Open University Research Development
Fund. Schmidt is funded by an Academic Research Fellow-
ship from the School of Earth and Environment, University of
Leeds. Mather acknowledges the Leverhulme Trust and NERC
(NE/G01700X/1) for financial support and Lawrence Percival
for very helpful discussions. We thank Gerta Keller for encour-
agement to submit this paper, and Nicholas Arndt and an anon-
ymous reviewer for their timely and helpful reviews, which
improved the manuscript.

REFERENCES CITED

Aarnes, 1., Fristad, K., Planke, S., and Svensen, H., 2011, The impact of host-
rock composition on devolatilization of sedimentary rocks during contact
metamorphism around mafic sheet intrusions: Geochemistry Geophysics
Geosystems, v. 12, p. Q10019, doi:10.1029/2011GC003636.

Andres, R.J., and Kasgnoc, A.D., 1998, A time-averaged inventory of sub-
aerial volcanic sulfur emissions: Journal of Geophysical Research—
Atmospheres, v. 103, p. 25,251-25,261, doi:10.1029/98JD02091.

Barry, T.L., Self, S., Kelley, S.P., Reidel, S., Hooper, P., and Widdowson, M.,
2010, New “*Ar/*Ar dating of the Grande Ronde lavas, Columbia River
Basalts, USA: Implications for duration of flood basalt eruption episodes:
Lithos, v. 118, p. 213-222, doi:10.1016/j.1ith0s.2010.03.014.

Barry, T.L., Kelley, S.P., Reidel, S.P., Camp, V.E., Self, S., Jarboe, N.A., Duncan,
R.A., and Renne, PR., 2013, Eruption chronology of the Columbia River
Basalt Group, in Reidel, S.P., Camp, V.C., Ross, M.E., Wolff, J.A., Martin,
B.S., Tolan, T.L., and Wells, R.E., eds., The Columbia River Basalt Province:
Geological Society of America Special Paper 497, p. 117-154.

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

Black, B.A., Elkins-Tanton, L.T., Rowe, M.C., and Peate, I.U., 2012, Magni-
tude 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, B.A., Lamarque, J.-F., Shields, C.A., Elkins-Tanton, L., and Kiehl, J.T.,
2013, Acid rain and ozone depletion from pulsed Siberian Traps magma-
tism: Geology, v. 42, p. 67-70, doi:10.1130/G34875.1.

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


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Self et al.

geochronology links the end-Triassic extinction with the Central Atlantic
magmatic province: Science, v. 340, no. 6135, p. 941-945, doi:10.1126/
science.1234204.

Blake, S., Self, S., Sharma, K., and Sephton, S., 2010, Sulfur release from the
Columbia River Basalts and other flood lava eruptions constrained by a
model of sulfide saturation: Earth and Planetary Science Letters, v. 299,
p. 328-338, doi:10.1016/j.epsl.2010.09.013.

Bondre, N.R., Duraiswami, R.A., and Dole, G., 2004, Morphology and
emplacement of flows from the Deccan volcanic province: Bulletin of
Volcanology, v. 66, p. 29—45, doi:10.1007/s00445-003-0294-x.

Bourassa, A.E., Robock, A., Randel, W.J., Deshler, T., Rieger, L.A., Lloyd,
N.D., Llewellyn, E.J., and Degenstein, D.A., 2012, Large volcanic aero-
sol load in the stratosphere linked to Asian monsoon transport: Science,
v. 337, p. 78-81, doi:10.1126/science.1219371.

Brown, R.J., Blake, S., Thordarson, T., and Self, S., 2014, Pyroclastic edifices
record vigorous lava fountains during the emplacement of a flood basalt
flow field, Roza Member, Columbia River Basalt Province, USA: Geologi-
cal Society of America Bulletin, v. 126, p. 875-891, doi:10.1130/B30857.1.

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., and Ferrari, L., 2013, Large igneous provinces and silicic large
igneous provinces: Progress in our understanding over the past 25
years: Geological Society of America Bulletin, v. 125, p. 1053-1078,
doi:10.1130/B30820.1.

Bryan, S.E., Ukstins Peate, I.A., Self, S., Peate, D., Jerram, D.A., Mawby,
M.R., Miller, J., and Marsh, J.S., 2010, The largest volcanic eruptions
on Earth: Earth-Science Reviews, v. 102, p. 207-229, doi:10.1016/j
.earscirev.2010.07.001.

Burton, M.R., Sawyer, G.M., and Granieri, D., 2013, Deep carbon emissions
from volcanoes: Reviews in Mineralogy and Geochemistry, v. 75, p. 323—
354, doi:10.2138/rmg.2013.75.11.

Cadle, A.B., Cairncross, B., Christie, A.D.M., and Roberts, D.L., 1993, The
Karoo Basin of South Africa: Type basin for the coal-bearing deposits of
southern Africa: International Journal of Coal Geology, v. 23, p. 117-157,
doi:10.1016/0166-5162(93)90046-D.

Caldeira, K., and Rampino, M.R., 1990, Carbon dioxide emissions from Dec-
can volcanism and a K/T boundary greenhouse effect: Geophysical
Research Letters, v. 17, p. 1299-1302, doi:10.1029/GL017i009p01299.

Campbell, L.H., 2005, Large igneous provinces and the mantle plume hypoth-
esis: Elements, v. 1, p. 265-269, doi:10.2113/gselements.1.5.265.

Campbell, L.H., Ross, W., and Griffiths, R.W., 1990, Implications of mantle
plume structure for the evolution of flood basalts: Earth and Planetary Sci-
ence Letters, v. 99, p. 79-93, doi:10.1016/0012-821X(90)90072-6.

Chenet, A.L., Fluteau, F., and Courtillot, V., 2005, Modelling massive sulphate
aerosol pollution, following the large 1783 Laki basaltic eruption: Earth
and Planetary Science Letters, v. 236, no. 3—4, p. 721-731, doi:10.1016/j
.epsl.2005.04.046.

Chenet, A.L., Quidelleur, X., Fluteau, F., Courtillot, V., and Bajpai, S., 2007,
K-40-Ar-40 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.

Chenet, A.L., Fluteau, F., Courtillot, V., Gerard, M., and Subbarao, K.V.,
2008, Determination of rapid Deccan eruptions across the Cretaceous-
Tertiary boundary using paleomagnetic secular variation: Results
from a 1200-m-thick section in the Mahabaleshwar escarpment:
Journal of Geophysical Research—Solid Earth, v. 113, p. B04101,
doi:10.1029/2006JB004635.

Chenet, A.L., Fluteau, F., Courtillot, V.E., Gerard, M., Quidelleur, X.,
Khadri, S.ER., Subbarao, K.V., and Thordarson, T., 2009, Determina-
tion of rapid Deccan eruptions across the Cretaceous—Tertiary bound-
ary using paleomagnetic secular variation: 2. Constraints from analysis
of eight new sections and synthesis for a 3500-m-thick composite sec-
tion: Journal of Geophysical Research—Solid Earth, v. 114, p. B06103,
doi:10.1029/2008JB005644.

Chesner, C.A., and Luhr, J.E,, 2010, A melt inclusion study of the Toba Tuffs,
Sumatra, Indonesia: Journal of Volcanology and Geothermal Research,
v. 197, p. 259-278, doi:10.1016/j.jvolgeores.2010.06.001.

Coffin, M.F,, and Eldholm, O., 1994, Large igneous provinces: Crustal struc-
ture, dimensions, and external consequences: Reviews of Geophysics,
v. 32, no. 1, p. 1-36, doi:10.1029/93RG02508.

Coffin, M.E,, and Eldholm, O., 2001, Large igneous provinces: Progenitors of
some ophiolites?, in Ernst, R.E., and Buchan, K.L., eds., Mantle Plumes:
Their Identification Through Time: Geological Society of America Spe-
cial Paper 352, p. 59-70.

Courtillot, V.E., 1999, Evolutionary Catastrophes: The Science of Mass Extinc-
tions (Translated by Joe McClinton): New York, Cambridge University
Press, 188 p.

Courtillot, V.E., and Renne, P.R., 2003, On the ages of flood basalt events:
Comptes Rendus Geoscience, v. 335, no. 1, p. 113-140, doi:10.1016/
S1631-0713(03)00006-3.

Dessert, C., Dupre, B., Francois, L.M., Schott, J., Gaillardet, J., Chakrapani,
G., and Bajpai, S., 2001, Erosion of Deccan Traps determined by river
geochemistry: Impact on the global climate and the Sr-87/Sr-86 ratio
of seawater: Earth and Planetary Science Letters, v. 188, p. 459-474,
doi:10.1016/S0012-821X(01)00317-X.

Elliot, D.H., Fleming, T.H., Kyle, PR., and Foland, K.A., 1999, Long-distance
transport of magmas in the Jurassic Ferrar large igneous province, Antarc-
tica: Earth and Planetary Science Letters, v. 167, p. 89—104, doi:10.1016/
S0012-821X(99)00023-0.

English, J.M., Toon, O.B., and Mills, M.J., 2013, Microphysical simulations
of large volcanic eruptions: Pinatubo and Toba: Journal of Geophysical
Research—Atmospheres, v. 118, p. 1880-1895.

Ernst, R.E., and Buchan, K.L., 2001, Large mafic magmatic events through
time and links to mantle-plume heads, in Ernst, R.E., and Buchan, K.L.,
eds., Mantle Plumes: Their Identification Through Time: Geological Soci-
ety of America Special Paper 352, p. 483-575.

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

Font, E., Nedelec, A., Ellwood, B.B., Mirao, J., and Silva, PE, 2011, A new
sedimentary benchmark for the Deccan Traps volcanism?: Geophysical
Research Letters, v. 38, p. L24309, doi:10.1029/2011GL049824.

Ganino, C., and Arndt, N.T., 2009, Climate changes caused by degassing of
sediments during the emplacement of large igneous provinces: Geology,
v. 37, no. 4, p. 323-326, doi: 10.1130/G25325A.1.

Gerlach, T.M., 2004, Volcanic sources of tropospheric ozone-depleting
trace gases: Geochemistry Geophysics Geosystems, v. 5, p. Q09007,
doi:10.1029/2004GC000747.

Gerlach, T.M., Westrich, H.R., and Symonds, R.B., 1996, Preeruption vapor
in magma of the climactic Mount Pinatubo eruption: Source of the giant
stratospheric sulfur dioxide cloud, in Newhall, C.G., and Punongbayan,
R.S., eds., Fire and Mud: Eruptions and Lahars of Mount Pinatubo, Phil-
ippines: Seattle, Washington, University of Washington Press, p. 415-433.

Graf, H.-F,, Feichter, J., and Langmann, B.R., 1997, Volcanic sulfur emissions:
Estimates of source strength and its contribution to the global sulfate
distribution: Journal of Geophysical Research, v. 102, p. 10,727-10,738,
doi:10.1029/96JD03265.

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, no. 2, p. 104-107, doi: 10.1038/ngeo1069.

Greeley, R., Fagents, S.A., Harris, R.S., Kadel, S.D., Williams, D.A., and
Guest, J.E., 1998, Erosion by flowing lava: Field evidence: Journal of
Geophysical Research—Solid Earth, v. 103, no. B11, p. 27,325-27,345,
doi:10.1029/97JB03543.

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.

Halmer, M.M., Schmincke, H.U., and Graf, H.F., 2002, The annual volcanic
gas input into the atmosphere, in particular into the stratosphere: A global
data set for the past 100 years: Journal of Volcanology and Geothermal
Research, v. 115, p. 511-528, doi:10.1016/S0377-0273(01)00318-3.

Hartley, M.E., Maclennan, J., Edmonds, M., and Thordarson, T., 2014, Recon-
structing the deep CO, degassing behaviour of large basaltic fissure erup-
tions: Earth and Planetary Science Letters, v. 393, p. 120-131.

Highwood, EJ., and Stevenson, D.S., 2003, Atmospheric impact of the 1783-1784
Laki Eruption: Part II. Climatic effect of sulphate aerosol: Atmospheric Chem-
istry and Physics, v. 3, p. 1177-1189, doi:10.5194/acp-3-1177-2003.

Hon, K., Kauahikaua, J., Denlinger, R., and Mackay, K., 1994, Emplacement
and inflation of pahoehoe sheet flows: Observations and measurements
of active lava flows on Kilauea volcano, Hawaii: Geological Soci-
ety of America Bulletin, v. 106, p. 351-370, doi:10.1130/0016-7606
(1994)106<0351:EAIOPS>2.3.CO;2.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Continental flood basalt eruptions: Emplacement characteristics, time scales, and volcanic gas release rates

Tacono-Marziano, G., Gaillard, F., Scaillet, B., Polozov, A.G., Marecal, V.,
Pirre, M., and Arndt, N.T., 2012a, Extremely reducing conditions reached
during basaltic intrusion in organic matter—bearing sediments: Earth
and Planetary Science Letters, v. 357-358, p. 319-326, doi:10.1016/j
.epsl.2012.09.052.

Tacono-Marziano, G., Marecal, V., Pirre, M., Gaillard, F., Arteta, J., Scaillet,
B., and Arndt, N.T., 2012b, Gas emissions due to magma—sediment inter-
actions during flood magmatism at the Siberian Traps: Gas dispersion
and environmental consequences: Earth and Planetary Science Letters,
v. 357-358, p. 308-318, doi:10.1016/j.epsl.2012.09.051.

Jay, A.E., Mac Niocaill, C., Widdowson, M., Self, S., and Turner, W., 2009,
New palacomagnetic data from the Mahabaleshwar Plateau, Deccan
Flood Basalt Province, India: Implications for the volcanostratigraphic
architecture of continental flood basalt provinces: Journal of the Geologi-
cal Society, v. 166, p. 13-24, doi:10.1144/0016-76492007-150.

Jerram, D.A., and Widdowson, M., 2005, The anatomy of continental flood
basalt provinces: Geological constraints on the processes and prod-
ucts of flood volcanism: Lithos, v. 79, p. 385-405, doi:10.1016/j
1ithos.2004.09.009.

Joachimski, M.M., Lai, X., Shen, S., Jiang, H., Luo, G., Chen, B., Chen, J., and
Sun, Y., 2012, Climate warming in the latest Permian and the Permian-Triassic
mass extinction: Geology, v. 40, no. 3, p. 195-198, doi:10.1130/G32707.1.

Kaminski, E., Chenet, A.-L., Jaupart, C., and Courtillot, V., 2011, Rise of vol-
canic plumes to the stratosphere aided by penetrative convection above
large lava flows: Earth and Planetary Science Letters, v. 301, p. 171-178,
doi:10.1016/j.epsl.2010.10.037.

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/S0012-260 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).

Keller, G., Adatte, T., Gardin, S., Bartolini, A., and Bajpai, S., 2008, Main Dec-
can volcanism phase ends near the K-T boundary: Evidence from the
Krishna-Godavari Basin, SE India: Earth and Planetary Science Letters,
v. 268, p. 293-311, doi:10.1016/j.epsl.2008.01.015.

Keller, G., Adatte, T., Bhowmick, P.K., Upadhyay, H., Dave, A., Reddy,
A.N., and Jaiprakash, B.C., 2012, Nature and timing of extinctions in
Cretaceous-Tertiary planktic foraminifera preserved in Deccan intertrap-
pean sediments of the Krishna-Godavari Basin, India: Earth and Planetary
Science Letters, v. 341-344, p. 211-221, doi:10.1016/j.epsl.2012.06.021.

Kelley, S.P., 2007, The geochronology of large igneous provinces, terrestrial
impact craters, and their relationship to mass extinctions on Earth: Jour-
nal of the Geological Society, v. 164, p. 923-936, doi:10.1144/0016
-76492007-026.

Keszthelyi, L., and Self, S., 1998, Some physical requirements for the emplace-
ment of long lava flows: Journal of Geophysical Research—Solid Earth,
v. 103, p. 27,447-27,464, doi:10.1029/98JB00606.

Krueger, A.J., Walter, L.S., Bhartia, PK., Schnetzler, C.C., Krotkov, N.A.,
Sprod, I., and Bluth, G.J.S., 1995, Volcanic sulfur dioxide measurements
from the total ozone mapping spectrometer instruments: Journal of Geo-
physical Research, v. 100, p. 14,057-14,076, doi:10.1029/95JD01222.

Kutterolf, S., Hansteen, T., Appel, K., Freundt, A., Kriiger, K., Pérez, W., and
Wehrmann, H., 2013, Combined bromine and chlorine release from large
explosive volcanic eruptions: A threat to stratospheric ozone?: Geology,
v. 41, p. 707-710, doi:10.1130/G34044.1.

Le Quéré, C., Andres, R.J., Boden, T., Conway, T., Houghton, R.A., House,
J.I., Marland, G., Peters, G.P., van der Werf, G.R., Ahlstrom, A., Andrew,
R.M., Bopp, L., Canadell, J.G., Ciais, P., Doney, S.C., Enright, C.,
Friedlingstein, P., Huntingford, C., Jain, A.K., Jourdain, C., Kato, E.,
Keeling, R.F,, Klein Goldewijk, K., Levis, S., Levy, P., Lomas, M., Poul-
ter, B., Raupach, M.R., Schwinger, J., Sitch, S., Stocker, B.D., Viovy, N.,
Zaehle, S., and Zeng, N., 2013, The global carbon budget 1959-2011:
Earth System Science Data, v. 5, no. 1, p. 165-1853.

Li, L., and Keller, G., 1998, Maastrichtian climate, productivity and faunal turn-
overs in planktic foraminifera in South Atlantic DSDP Sites 525A and 21:
Marine Micropaleontology, v. 33, no. 1-2, p. 55-86, doi:10.1016/S0377
-8398(97)00027-3.

Mabhoney, J.J., and Coffin, M.E,, eds., 1997, Large Igneous Provinces: Conti-
nental, Oceanic, and Planetary Flood Volcanism: American Geophysical
Union Geophysical Monograph Series 100, 438 p.

Marks, L., Keiding, J., Wenzel, T., Trumbull, R.B., Veksler, 1., Wiedenbeck,
M., and Markl G., 2014, F, Cl, and S concentrations in olivine-hosted
melt inclusions from mafic dikes in NW Namibia and implications for the
environmental impact of the Parana-Etendeka Large Igneous Province:
Earth and Planetary Science Letters, v. 392, p. 39-49.

Mather, T.A., Pyle, D.M., and Oppenheimer, C., 2003, Tropospheric volcanic
aerosol, in Robock, A., and Oppenheimer, C., eds., Volcanism and the
Earth’s Atmosphere: American Geophysical Union Geophysical Mono-
graph 139, p. 189-212.

Mather, T.A., Witt, M.L.I,, Pyle, D.M., Quayle, B.M., Aiuppa, A., Bagnato, E.,
Martin, R.S., Sims, K.W.W., Edmonds, M., Sutton, A.J., and Ilyinskaya,
E., 2012, Halogens and trace metal emissions from the ongoing 2008
summit eruption of Kilauea volcano: Hawai’i: Geochimica et Cosmochi-
mica Acta, v. 83, p. 292-323, doi:10.1016/j.gca.2011.11.029.

McCormick, M.P., Thomason, L.W., and Trepte, C.R., 1995, Atmospheric
effects of the Mt. Pinatubo eruption: Nature, v. 373, p. 399-404,
doi:10.1038/373399a0.

Moulin, M., Fluteau, F., Courtillot, V., Marsh, J., Delpech, G., Quidelleur, X.,
Gérard, M., and Jay, A.E., 2011, An attempt to constrain the age, dura-
tion, and eruptive history of the Karoo flood basalt: Naude’s Nek sec-
tion (South Africa): Journal of Geophysical Research, v. 116, p. B07403,
doi:10.1029/2011JB008210.

Newhall, C.G., and Self, S., 1982, The volcanic explosivity index (VEI): An
estimate of explosive magnitude for historical volcanism: Journal of Geo-
physical Research, v. 87, p. 1231-1238, doi:10.1029/JC087iC02p01231.

Officer, C.B., Hallam, A., Drake, C.L., and Devine, J.D., 1987, Late Cretaceous
and paroxysmal Cretaceous/Tertiary extinctions: Nature, v. 326, p. 143—
149, doi:10.1038/326143a0.

Oman, L., Robock, A., Stenchikov, G.L., Thordarson, T., Koch, D., Shindell,
D.T., and Gao, C., 2006a, Modeling the distribution of the volcanic aero-
sol cloud from the 1783-1784 Laki eruption: Journal of Geophysical
Research, v. 111, p. D12209, doi:10.1029/2005JD006899.

Oman, L., Robock, A., Stenchikov, G.L., and Thordarson, T., 2006b, High-
latitude eruptions cast shadow over the African monsoon and the
flow of the Nile: Geophysical Research Letters, v. 33, p. L18711,
doi:10.1029/2006GL027665.

Oppenheimer, C., 2002, Limited global change due to the largest known Qua-
ternary eruption, Toba ~74 kyr BP?: Quaternary Science Reviews, v. 21,
p- 1593-1609.

Oppenheimer, C., 2003, Climatic, environmental and human consequences
of the largest known historic eruption: Tambora volcano (Indo-
nesia) 1815: Progress in Physical Geography, v. 27, p. 230-259,
doi:10.1191/0309133303pp379ra.

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.

Pyle, D.M., and Mather, T.A., 2003, The importance of volcanic emissions in
the global atmospheric mercury cycle: Atmospheric Environment, v. 37,
p- 5115-5124, doi:10.1016/j.atmosenv.2003.07.011.

Pyle, D.M., and Mather, T.A., 2009, Halogens in igneous processes and their fluxes
to the atmosphere and oceans from volcanic activity: A review: Chemical
Geology, v. 263, p. 110-121, doi:10.1016/j.chemgeo.2008.11.013.

Rampino, M.R., and Prokoph, A., 2013, Are mantle plumes periodic?: Eos
[Transactions, American Geophysical Union], v. 94, p. 113-114,
doi:10.1002/2013E0120001.

Rampino, M.R., and Self, S., 1982, Historic eruptions of Tambora (1815),
Krakatau (1883), and Agung (1963), their stratospheric aerosols,
and climatic impact: Quaternary Research, v. 18, no. 2, p. 127-143,
doi:10.1016/0033-5894(82)90065-5.

Rampino, M.R., and Stothers, R.B., 1988, Flood basalt volcanism during the
past 250 million years: Science, v. 241, p. 663—668.

Rampino, M.R., Self, S., and Stothers, R.B., 1988, Volcanic winters: Annual
Review of Earth and Planetary Sciences, v. 16, p. 73-99, doi:10.1146/
annurev.ea.16.050188.000445.

Ravizza, G., and Peucker-Ehrenbrink, B., 2003, Chemostratigraphic evidence
of Deccan volcanism from the marine osmium isotope record: Science,
v. 302, p. 13921395, doi:10.1126/science.1089209.

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


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Self et al.

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.

Reidel, S.P., and Tolan, T.L., 2013, The Grande Ronde Basalt, Columbia River
Basalt Group, in Reidel, S.P., Camp, V.C., Ross, M.E., Wolff, J.A., Mar-
tin, B.S., Tolan, T.L., and Wells, R.E., eds., The Columbia River Basalt
Province: Geological Society of America Special Paper 497, p. 117-154.

Reidel, S.P., Camp, V.C., Ross, M.E., Wolff, J.A., Martin, B.S., Tolan, T.L., and
Wells, R.E., eds., 2013, The Columbia River Basalt Province: Geological
Society of America Special Paper 497, 440 p.

Robinson, N., Ravizza, G., Coccioni, R., Peucker-Ehrenbrink, B., and Norris,
R., 2009, A high-resolution marine '*’Os/'*Os record for the late Maas-
trichtian: Distinguishing the chemical fingerprints of Deccan volcanism
and the KP impact event: Earth and Planetary Science Letters, v. 281,
p. 159-168, doi:10.1016/j.epsl.2009.02.019.

Robock, A., 2000, Volcanic eruptions and climate: Reviews of Geophysics,
v. 38, no. 2, p. 191-219, doi:10.1029/1998RG000054.

Sanei, H., Grasby, S.E., and Beauchamp, B., 2012, Latest Permian mercury
anomalies: Geology, v. 40, no. 1, p. 63-66, doi:10.1130/G32596.1.
Scaillet, B., and Macdonald, R., 2006, Experimental and thermodynamic constraints
on the sulphur yield of peralkaline and metaluminous silicic flood eruptions:

Journal of Petrology, v. 47, p. 1413—1437, doi:10.1093/petrology/egl016.

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., Ostro, B., Carslaw, K.S., Wilson, M., Thordarson, T., Mann, G.W.,
and Simmons, A.J., 2011, Excess mortality in Europe following a future
Laki-style Icelandic eruption: Proceedings of the National Academy
of Sciences of the United States of America, v. 108, no. 38, p. 15,710—
15,715, doi:10.1073/pnas.1108569108.

Schmidt, A., Thordarson, T., Oman, L.D., Robock, A., and Self, S., 2012, Cli-
matic impact of the long-lasting 1783 Laki eruption: Inapplicability of
mass-independent sulfur isotopic composition measurements: Journal
of Geophysical Research—Atmospheres, v. 117, no. D23, p. D23116,
doi:10.1029/2012JD018414.

Self, S., 2006, The effects and consequences of very large explosive volca-
nic eruptions: Philosophical Transactions of the Royal Society, Series A,
v. 364, p. 2073-2097.

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 pahoehoe:
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.

Self, S., Widdowson, M., Thordarson, T., and Jay, A.E., 2006, Volatile fluxes
during flood basalt eruptions and potential effects on the global environ-
ment: A Deccan perspective: Earth and Planetary Science Letters, v. 248,
p. 518-532, doi:10.1016/j.epsl.2006.05.041.

Self, S., Jay, A.E., Widdowson, M., and Keszthelyi, L.P., 2008a, Correlation of
the Deccan and Rajahmundry Trap lavas: Are these the longest and largest
lava flows on Earth?: Journal of Volcanology and Geothermal Research,
v. 172, p. 3-19, doi:10.1016/j.jvolgeores.2006.11.012.

Self, S., Blake, S., Sharma, K., Widdowson, M., and Sephton, S., 2008b, Sulfur
and chlorine in Late Cretaceous Deccan magmas and eruptive gas release:
Science, v. 319, p. 1654-1657, doi:10.1126/science.1152830.

Silva, M.V.N., Sial, A.N., Barbosa, J.A., Ferreira, V.P., Neumann, V.H., and De
Lacerda, L.D., 2014, Carbon isotopes, rare-earth elements and mercury
geochemistry across the K-T transition of the Paraiba Basin, northeast-
ern Brazil, in Bojar, A.-V., Melinte-Dobrinescu, M.C., and Smit, J., eds.,
Isotopic Studies in Cretaceous Research: Geological Society of London
Special Publication 382, doi:10.1144/SP382.2.

Smith, S.J., van Aardenne, J., Klimont, Z., Andres, R.J., Volke, A., and Delgado
Arias, S., 2011, Anthropogenic sulfur dioxide emissions: 1850-2005:
Atmospheric Chemistry and Physics, v. 11, p. 1101-1116, doi:10.5194/
acp-11-1101-2011.

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, no. 7364, p. 312-316, doi:10.1038/nature 10385.

Solomon, S., Portmann, R.W., Garcia, R.R., Randel, W., Wu, F., Nagatani, R.,
Gleason, J., Thomason, L., Poole, L.R., and McCormick, M.P., 1998,
Ozone depletion at mid-latitudes: Coupling of volcanic aerosols and tem-
perature variability to anthropogenic chlorine: Geophysical Research Let-
ters, v. 25, no. 11, p. 1871-1874, doi:10.1029/98GL01293.

Stevenson, D.S., Johnson, C.E., Highwood, E.J., Gauci, V., Collins, W.J., and
Derwent, R.G., 2003, Atmospheric impact of the 1783-1784 Laki erup-
tion: Part I. Chemistry modelling: Atmospheric Chemistry and Physics,
v. 3, p. 487-507, doi:10.5194/acp-3-487-2003.

Stoiber, R.E., Williams, S.N., and Huebert, B., 1987, Annual contribution of sul-
fur dioxide to the atmosphere by volcanoes: Journal of Volcanology and
Geothermal Research, v. 33, p. 1-8, doi:10.1016/0377-0273(87)90051-5.

Storey, M., Duncan, R.A., and Tegner, C., 2007, Timing and duration of volca-
nism in the North Atlantic igneous province: Implications for geodynam-
ics and links to the Iceland hotspot: Chemical Geology, v. 241, no. 34,
p. 264-281, doi:10.1016/j.chemge0.2007.01.016.

Stothers, R.B., Wolff, J.A., Self, S., and Rampino, M.R., 1986, Basaltic fissure
eruptions, plume heights, and atmospheric aerosols: Geophysical Research
Letters, v. 13, no. 8, p. 725-728, doi:10.1029/GL013i008p00725.

Sun, Y., Joachimski, M.M., Wignall, P.B., Yan, C., Chen, Y., Jiang, H., Wang, L., and
Lai, X., 2012, Lethally hot temperatures during the Early Triassic greenhouse:
Science, v. 338, no. 6105, p. 366-370, doi:10.1126/science.1224126.

Svensen, H., and Jamtveit, B., 2010, Metamorphic fluids and global envi-
ronmental changes: Elements, v. 6, no. 3, p. 179-182, doi:10.2113/
gselements.6.3.179.

Svensen, H., Planke, S., Chevallier, L., Malthe-Sgrenssen, A., Corfu, B., 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.epsl.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, no. 3-4, p. 490-500, doi:10.1016/j.eps1.2008.11.015.

Svensen, H., Corfu, F, Polteau, S., Hammer, @., and Planke, S., 2012, Rapid
magma emplacement in the Karoo large igneous province: Earth and Plan-
etary Science Letters, v. 325-326, p. 1-9, doi:10.1016/j.epsl.2012.01.015.

Swanson, D.A., Wright, T.L., and Helz, R.T., 1975, Linear vent systems and
estimated rates of magma production and eruption for the Yakima Basalt
on the Columbia Plateau: American Journal of Science, v. 275, no. 8,
p. 877-905, doi:10.2475/ajs.275.8.877.

Tabazadeh, A., and Turco, R.P., 1993, Stratospheric chlorine injection by vol-
canic eruptions: HCI scavenging and implications for ozone: Science,
v. 260, no. 5111, p. 1082-1086, doi: 10.1126/science.260.5111.1082.

Textor, C., Graf, H.-F., Herzog, M., and Oberhuber, J.M., 2003, Injection
of gases into the stratosphere by explosive volcanic eruptions: Jour-
nal of Geophysical Research—Atmospheres, v. 108, no. D19, p. 4606,
doi:10.1029/2002JD002987.

Textor, C., Graf, HET.C., and Robock, A., 2004, Emissions from volcanoes,
in Granier, C., Artaxo, P., and Reeves, C., eds., Emissions of Chemical
Compounds and Aerosols in the Atmosphere, Volume 6: Dordrecht, Neth-
erlands, Kluwer, p. 269-303.

Thibault, N., and Gardin, S., 2006, Maastrichtian calcareous nannofossil bio-
stratigraphy and paleoecology in the equatorial Atlantic (Demerara Rise,
ODP Leg 207 Hole 1258A): Revue de Micropaleontologie, v. 49, no. 4,
p- 199-214, doi:10.1016/j.revmic.2006.08.002.

Thordarson, T., and Self, S., 1993, The Laki (Skaftar fires) and Grimsvotn erup-
tions in 1783-1785: Bulletin of Volcanology, v. 55, no. 4, p. 233-263,
doi:10.1007/BF00624353.

Thordarson, T., and Self, S., 1996, Sulfur, chlorine and fluorine degassing and
atmospheric loading by the Roza eruption, Columbia River Basalt Group,
Washington, USA: Journal of Volcanology and Geothermal Research,
v. 74, no. 1-2, p. 49-73, doi:10.1016/S0377-0273(96)00054-6.

Thordarson, T., and Self, S., 1998, The Roza Member, Columbia River Basalt
Group: A gigantic pahoehoe lava flow field formed by endogenous


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014

Continental flood basalt eruptions: Emplacement characteristics, time scales, and volcanic gas release rates

processes?: Journal of Geophysical Research—Solid Earth, v. 103,
no. B11, p. 27,411-27,445, doi:10.1029/98JB01355.

Thordarson, T., and Self, S., 2003, Atmospheric and environmental effects
of the 1783-1784 Laki eruption: A review and reassessment: Jour-
nal of Geophysical Research-Atmospheres, v. 108, no. DI, p. 4011,
doi:10.1029/2001JD002042.

Thordarson, T., Self, S., Oskarsson, N., and Hulsebosch, T., 1996, Sulfur, chlo-
rine, and fluorine degassing and atmospheric loading by the 1783-1784
AD Laki (Skaftar fires) eruption in Iceland: Bulletin of Volcanology,
v. 58, no. 2-3, p. 205-225, doi:10.1007/s004450050136.

Thordarson, T., Miller, D.J., Larsen, G., Self, S., and Sigurdsson, H., 2001, New
estimates of sulfur degassing and atmospheric mass-loading by the 934 AD
Eldgja eruption, Iceland: Journal of Volcanology and Geothermal Research,
v. 108, no. 1-4, p. 33-54, doi: 10.1016/S0377-0273(00)00277-8.

Thordarson, T., Self, S., Miller, D.J., Larsen, G., and Vilmundardottir, E.G.,
2003, Sulphur release from flood lava eruptions in the Veidivotn, Grims-
votn and Katla volcanic systems, Iceland: Volcanic Degassing, v. 6,
no. 213, p. 103-121.

Thordarson, T., Rampino, M., Keszthelyi, L.P., and Self, S., 2009, Effects of
megascale eruptions on Earth and Mars, in Chapman, M.G., and Keszy-
helyi, L.P., eds., Preservation of Random Megascale Events on Mars and
Earth: Geological Society of America Special Paper 453, p. 37-53.

Timmreck, C., Graf, H.-F.,, Lorenz, S.J., Niemeier, U., Zanchettin, D., Matei,
D., Jungclaus, J.H., and Crowley, T.J., 2010, Aerosol size confines cli-
mate response to volcanic super-eruptions: Geophysical Research Letters,
v. 37, no. 24, p. L24705, doi:10.1029/2010GL045464.

USGS, 2013, Kilauea’s East Rift Zone (Pu'u'O'6) Eruption: 1983 to Present:
http://hvo.wr.usgs.gov/kilauea/summary/ (accessed 30 September 2013).

Vandamme, D., Courtillot, V., Besse, J., and Montigny, R., 1991, Paleomag-
netism and age determinations of the Deccan Traps (India): Results of
a Nagpur-Bombay traverse and review of earlier work: Reviews of Geo-
physics, v. 29, no. 2, p. 159-190, doi:10.1029/91RG00218.

Visscher, H., Looy, C.V., Collinson, M.E., Brinkhuis, H., van Konijnenburg-van
Cittert, J.H.A., Kurschner, W.M., and Sephton, M.A., 2004, Environmen-
tal mutagenesis during the end-Permian ecological crisis: Proceedings
of the National Academy of Sciences of the United States of America,
v. 101, no. 35, p. 12,952-12,956, doi:10.1073/pnas.0404472101.

Vogt, P.R., 1972, Evidence for global synchronism in mantle plume convection,
and possible significance for geology: Nature, v. 240, no. 5380, p. 338—
342, doi:10.1038/240338a0.

von Glasow, R., 2010, Atmospheric chemistry in volcanic plumes: Proceedings
of the National Academy of Sciences of the United States of America,
v. 107, no. 15, p. 6594-6599, doi:10.1073/pnas.0913164107.

Vye-Brown, C.L., Self, S., and Barry, T.L., 2013, Architecture and emplace-
ment of flood basalt flow fields: Case studies from the Columbia River
flood basalts, USA: Bulletin of Volcanology, v. 75, p. 697, doi:10.1007/
s00445-013-0697-2.

Wallace, PJ., 2005, Volatiles in subduction zone magmas: Concentrations and
fluxes based on melt inclusion and volcanic gas data: Journal of Volcanol-
ogy and Geothermal Research, v. 140, no. 1-3, p. 217-240, doi:10.1016/j
jvolgeores.2004.07.023.

Westrich, H.R., and Gerlach, T.M., 1992, Magmatic gas source for the strato-
spheric SO2 cloud from the June 15, 1991, eruption of Mount Pina-
tubo: Geology, v. 20, no. 10, p. 867-870, doi:10.1130/0091-7613(1992)
020<0867:MGSFTS>2.3.CO:;2.

White, J.D.L., Bryan, S.B., Ross, P.-S., Self, S., and Thordarson, T., 2009,
Physical volcanology of large igneous provinces: Update and review, in
Thordarson, T., Self, S., Larsen, G., Rowland, S.K., and Hoskuldsson, A.,
eds., Advances in Volcanology (The Legacy of George Walker): Special
Publications of IAVCEI Volume 2: London, Geological Society of Lon-
don, p. 291-321.

Whiteside, J.H., Olsen, P.E., Kent, D.V., Fowell, S.J., and Et-Touhami, M.,
2007, Synchrony between the Central Atlantic magmatic province and
the Triassic-Jurassic mass-extinction event?: Palaeogeography, Palaeo-
climatology, Palaeoecology, v. 244, no. 1-4, p. 345-367, doi:10.1016/j
.palae0.2006.06.035.

Widdowson, M., Walsh, J.N., and Subbarao, K.V., 1997, The geochemistry of
Indian bole horizons: Palacoenvironmental implications of Deccan intra-
volcanic palaeosurfaces, in Widdowson, M., ed., Palaeosurfaces: Recog-
nition, Reconstruction and Palaeoenvironmental Interpretation: Geologi-
cal Society of London Special Publication 120, p. 269-281.

Wignall, PB., 2001, Large igneous provinces and mass extinctions: Earth-
Science Reviews, v. 53, p. 1-3, doi:10.1016/S0012-8252(00)00037-4.

Wignall, P.B., 2005, The link between large igneous province eruptions
and mass extinctions: Elements, v. 1, no. 5, p. 293-297, doi:10.2113/
gselements.1.5.293.

Wignall, PB., 2007, The end-Permian mass extinction—How bad did it
get?: Geobiology, v. 5, no. 4, p. 303-309, doi:10.1111/].1472-4669
.2007.00130.x.

Wignall, PB., Sun, Y., Bond, D.P.G., Izon, G., Newton, R.J., Védrine, S., Wid-
dowson, M., Ali, J.R., Lai, X., Jiang, H., Cope, H., and Bottrell, S.H.,
2009, Volcanism, mass extinction, and carbon isotope fluctuations in
the Middle Permian of China: Science, v. 324, no. 5931, p. 1179-1182,
doi:10.1126/science.1171956.

Wilf, P., Johnson, K.R., and Huber, B.T., 2003, Correlated terrestrial and
marine evidence for global climate changes before mass extinction at the
Cretaceous-Paleogene boundary: Proceedings of the National Academy
of Sciences of the United States of America, v. 100, no. 2, p. 599-604,
doi:10.1073/pnas.0234701100.

Witham, C.S., and Oppenheimer, C., 2005, Mortality in England during
the 1783-1784 Laki Craters eruption: Bulletin of Volcanology, v. 67,
p. 15-26, doi:10.1007/s00445-004-0357-7.

Woods, A.W., 1993, A model of the plumes above basaltic fissure erup-
tions: Geophysical Research Letters, v. 20, no. 12, p. 1115-1118,
doi:10.1029/93GL0O1215.

Zhang, Y., Ren, Z.-Y., and Xu, Y.-G., 2013, Sulfur in olivine-hosted melt inclu-
sions from the Emeishan picrites: Implications for S degassing and its
impact on environment: Journal of Geophysical Research—Solid Earth,
v. 118, no. 8, p. 4063—4070, doi:10.1002/jgrb.50324.

MANUSCRIPT ACCEPTED BY THE SOCIETY 31 JANUARY 2014

Printed in the USA


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on August 27, 2014


http://specialpapers.gsapubs.org/

