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Abstract

Substantial progress has been made on understanding several aspects of Large Igneous Provinces
(LIPs) since their first formal categorization by Coffin & Eldholm (1994), and provides an
opportunity to add to and revise the LIP database, identify the key characteristics that distinguish
LIP events from other melting events of the upper mantle, and to reassess and revise how we
define LIP. A precise definition is important to correctly recognize those LIP events with
regional to global effects, and to aid in refining petrogenetic models of the origin of LIPs. In
addition to areal extent, volume, duration, emplacement rates (or evidence for a transient high-
emplacement rate pulse or pulses), and intraplate setting are fundamental to the definition of LIP.
We revise the definition of LIP as follows: “Large Igneous Provinces are mainly mafic
magmatic provinces (having generally subordinate silicic and ultramafic components, whereas
some are dominantly silicic) with areal extents >0.1 Mkm?, igneous volumes >0.1Mkm® and
maximum lifespans of ~50 Myrs that are emplaced in an intraplate setting and characterised by
igneous pulse(s) of short duration (~1-5 Myrs), during which a large proportion (>75%) of the
total igneous volume has been emplaced.”” In this revision, seamounts, seamount groups,
submarine ridges and anomalous seafloor crust are no longer defined as LIPs. Although these
are spatially-related features post-dating a LIP event, they are constructed by long-lived melting
anomalies in the mantle at lower emplacement rates, and contrast with the more transient, high
magma emplacement rate characteristics of the LIP event. Many LIPs emplaced in both
continental and oceanic realms, are split and rifted apart by new ridge spreading centres, which
reinforce the link with mid-ocean ridges as a post-LIP event. Three new types of igneous
provinces are now included in the LIP inventory, to accommodate the recognition of a greater
diversity of igneous compositions, and preserved expressions of LIP events since the Archean:
1) giant continental dyke swarms, sills and mafic-ultramafic intrusive provinces; 2) Silicic LIPs;

and 3) tholeiite-komatiite associations, which may be Archean examples of LIPs. Establishing
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the full extent of LIPs requires well-constrained plate reconstructions, and at present, plate

reconstructions for the Precambrian are poorly known.
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1. Introduction

The term “Large Igneous Province” (LIP) was initially proposed by Coffin & Eldholm (1994)
to represent a variety of mafic igneous provinces with areal extents >0.1 Mkm? that represented
“massive crustal emplacements of predominantly mafic (Mg- and Fe-rich) extrusive and
intrusive rock, and originated via processes other than ‘normal’ seafloor spreading.” The initial
database upon which the term LIP was defined, relied almost exclusively on the relatively well-
preserved Mesozoic and Cenozoic record that comprised continental flood basalt provinces,
volcanic passive margins, and almost all of the oceanic volcanic features such as oceanic
plateaus, submarine ridges, seamount groups and ocean basin flood basalts (Coffin & Eldholm,
1994, 2005). These types of provinces were distinguished into those that represent massive
transient basaltic volcanism occurring over 0.1-1 Myrs (e.g., continental flood basalt provinces)
and those representing persistent basaltic volcanism lasting 10-100 Myrs (e.g., seamount groups;
Coffin & Eldholm, 2001). Since this first categorization of LIPs, substantial progress has been
made in extending the LIP record back to the Paleozoic, Proterozoic and Archean (Ernst &
Buchan, 1997; 2001, 2003; Tomlinson & Condie, 2001; Arndt et al., 2001; Isley & Abbott,
2002). For many ancient LIPs, where much or all the volcanic components of the LIP have been
lost to erosion, definition has been based on the areal extent and volume of intrusive rock (e.g.,
giant continental dyke swarms, sills, layered intrusions), which is the exposed plumbing system
to the province. In addition, it has also been recognized that LIPs can include massive crustal
emplacements of predominantly silicic (>65 wt% SiO,) extrusive and intrusive rocks that have
originated via processes other than ‘normal’ seafloor spreading or subduction (Silicic LIPs of
Bryan et al., 2002). Consequently, the increasing realization that LIPs are more varied in
character, age and composition than first defined has prompted others to revise and broaden the
original definition of LIP (Sheth, 2006).



2. Necessity for a Revised Definition

Correct identification of LIP events is critical for identifying, among other aspects: 1) major or
catastrophic mantle events through Earth history (e.g., arrival of a core-mantle boundary-derived
plume, mantle overturn or delamination), 2) major episodes of new crustal addition from the
upper mantle, 3) episodes of continental breakup and supercontinent cycles, 4) those events that
will have significantly impacted on the biosphere and atmosphere leading to climate shifts and
mass extinctions, and 5) the formation of major mineral provinces (e.g., Ni-Cu-PGE deposits,
and in the Silicic LIPs, epithermal Au-Ag bonanza deposits). It is therefore important to develop
a definition and classification for LIPs that will direct us toward their origin and recognize those
with regional to global effects. A variety of models have been proposed to explain the origin of
LIPs (see summaries in Saunders, 2005; Ernst et al., 2005), including mantle plumes emanating
from the core-mantle boundary (e.g., Richards et al., 1989; Campbell & Griffiths, 1990;
Campbell, 2005; Dobretsov, 2005), impact-induced decompression melting (e.g., Jones et al.,
2002; Coffin & Ingle, 2004); lithospheric delamination (Elkins-Tanton & Hager, 2000; Elkins-
Tanton, 2005); decompression melting during rifting (White & McKenzie, 1989); Edge-driven
convection (King & Anderson, 1998); melting of fertile mantle without excess heat (Anderson,
2005); stress-induced lithospheric fracturing and drainage of a relatively slowly accumulated
sublithospheric basaltic magma reservoir (Silver et al., 2006); back-arc rifting (e.g., Rivers &
Corrigan, 2000); or overriding of a spreading ridge by a continent (Gower & Krogh, 2002).
Because the initial LIP definition has included such a wide variety of igneous provinces formed
from both transient (high-rate) and persistent (low-rate) melting anomalies in the upper mantle,
some of which may be spatially and temporally related, it has been difficult to develop a unifying

model to explain the origin of LIPs.

In the original definition of Coffin & Eldholm (1994), areal extent (of predominantly mafic
igneous rocks) was stressed as the important criteria in defining a LIP. As a consequence, this
has meant that any mafic-dominant igneous terrane of either continuous exposure or an area
defined by discontinuous exposure or occurrence (e.g., seamount groups) can potentially be
defined as a LIP (see also Sheth, 2006). There are many volcanic provinces that meet this simple
area criterion, but should not be defined as a LIP. One example that demonstrates this point is

the Tertiary intraplate basalt volcanic province of eastern Australia, which forms a broken belt
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>4400 km along the eastern highlands adjacent to the rifted margin (Johnson, 1989). Although
the province has an areal extent >0.1 Mkm?, is dominantly basaltic with intraplate compositions,
and characterised by long lava flows typical of those in continental flood basalt provinces
(Stephenson et al., 1998), the extrusive volume is only ~20,000 km® that has been emplaced over
the last 80 Myrs. Volume, duration and emplacement rates are therefore important characteristics

that need to be assigned to a revised definition of LIP.

3. Revised LIP Definition

Our understanding of LIPs has progressed significantly over the last decade that further criteria
can be added to, and improve the definition of LIP. Our contribution to a revised LIP definition
(Fig. 1) has been stimulated by the new proposed classification scheme of Sheth (2006). Like
Sheth (2006), we also consider LIP to be a broad category and must encompass a number of
igneous provinces not previously considered by Coffin & Eldholm (1994; 2005). LIPs can be
defined or characterised by several other attributes, in addition to area: 1) age (e.g.,
Archean, Proterozoic, Phanerozoic), 2) volumetric size (e.g., Bleeker & Ernst, 2006), 3)
crustal setting (continental vs oceanic); 4) tectonic setting; 5) duration or rapidity of magma
emplacement; 6)

if primarily intrusive or extrusive (Sheth, 2006); and 7) composition (e.g., Mafic and Silicic LIPs
of Bryan & Ernst, 2006).

Our revised definition emphasizes four attributes in addition to those of the Coffin & Eldholm
(1994) definition: volume, duration and pulsed character of the igneous events, and tectonic
setting. In addition, it is emphasized that substantial volumes of silicic magmatism are often an

integral part of continental LIPs, and that a few LIPs are mainly silicic (Bryan et al., 2002):

““Large Igneous Provinces are mainly mafic magmatic provinces (having generally subordinate
silicic and ultramafic components, whereas some are dominantly silicic) with areal extents >0.1
Mkm?, igneous volumes >0.1Mkm? and maximum lifespans of ~50 Myrs that are emplaced in an
intraplate setting and characterised by igneous pulse(s) of short duration (~1-5 Myrs), during

which a large proportion (>75%) of the total igneous volume has been emplaced.”

Below, we discuss the significance of each of these attributes to the definition of LIP.



3.1 Area

LIPs occupy large areas of the Earth’s surface. As an extreme case, the Ontong-Java Plateau
encompasses ~2 Mkm?, which is approximately one-third of the coterminous United States
(Coffin & Eldholm, 1994) or equivalent to the area of western Europe (Fitton et al., 2004). LIPs
were initially defined as having areal extents >0.1 Mkm?, which is the minimum areal extent for
the smallest LIP, the Columbia River flood basalt province that forms a large plateau of ~0.164
Mkm? (Coffin & Eldholm, 1994; Hooper, 1997). Studies on the areal extents of the exposed
plumbing systems and intrusive provinces to LIPs are also consistent with this (e.g., Yale &
Carpenter, 1998; Marzoli et al., 1999; Ernst et al., 2005). Major regional continental dyke
swarms for example, are >300 km in length (Ernst & Buchan 1997) and typically have areal
extents of >90,000 km?; this approaches the minimum areal extent considered for the continental
flood basalt provinces. A review of several classic Mesozoic-Cenozoic LIPs concluded that the
areal dimension of LIPs was ~1 Mkm? (see summary in Courtillot & Renne, 2003). Similarly,
many oceanic plateaus cover areas >1 Mkm? (Kerr, 2005). The Silicic LIPs have dimensions
well in excess of 0.1M km? (all are >0.5 Mkm?; Bryan et al., 2002). We therefore conclude that
in contrast to Sheth (2006), who revised downwards the minimum areal extent of LIPs to 0.05
Mkm?, the original size definition be retained such that LIPs must have areal extents of
>0.1Mkm?,

3.2 Volume

Igneous volume is a critical attribute of LIPs as they are anomalous events emplacing
tremendous volumes of magma throughout the crustal profile and at the Earth’s surface.
However, volume can be difficult to constrain where erosion has been substantial, the true
thickness of the province is unconstrained or is highly variable across its areal extent, or where
the province is defined mainly on intrusive rocks (e.g., giant continental dyke swarms and related
mafic-ultramafic intrusive provinces such as the late Mesoproterozoic Warakurna LIP; Wingate
et al., 2004).

LIPs vary in terms of the proportional volumes of volcanic and intrusive rock preserved, which

reflects the degree of exhumation and age of the LIP, and potentially, lithospheric conditions at
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the time of LIP emplacement that may have promoted eruption or magma underplating/intrusion.
The extrusive and intrusive components of a LIP are fundamentally related; for example giant
continental dyke swarms are part of the intrusive architecture of a continental flood basalt
province. For these reasons, we have not followed the approach of Sheth (2006) in subdividing

LIPs into primarily volcanic or plutonic types.

It must be emphasized that published extrusive volume estimates for LIPs often include a
subvolcanic intrusive component because dykes, sills and other subvolcanic intrusions are an
integral part of, and can occur at shallow stratigraphic levels in the province (e.g., Huab sills of
the Parana-Etendeka LIP, Duncan et al., 1989; Karoo, Marsh et al., 1997).
Distinguishing extrusive versus (subvolcanic) intrusive volumes can therefore be very
difficult. Volume estimation is most problematic for the oldest (Precambrian) and often more
deeply eroded LIPs. For the youngest provinces where erosion has been limited, the erupted

volume can relatively easily be constrained, but the intrusive component is difficult to assess.

A further complication in volume estimations of LIPs is that in addition to the volumes of
extrusive rocks and exposed subvolcanic intrusions, LIPs have a larger underplated magma
volume emplaced at mid to lower crustal depths (e.g., White et al., 1987; Mohr, 1992). This
underplated magma is commonly detected through geophysical studies as:

1) a high velocity lower crust (HVLC) often occurring along volcanic rifted margins in a zone
of stretched continental crust between the unextended craton and normal oceanic crust (e.g.,
Eldholm & Grue, 1994; Kelemen & Holbrook, 1995; Menzies et al., 2002; Trumbull et al.,
2002); and

2) abundant and extensive horizontal seismic reflectors which are interpreted as mantle-derived
basaltic sills (e.g., Klemperer, 1989; Ross & Eaton, 1997; Mandler & Clowes, 1998; Planke et
al., 1999).

The underplated igneous volume can be up to ten times larger than the associated extrusive
volume. For example, the volume of the extrusive components of the Ontong Java oceanic
plateau is estimated at 6 Mkm?, whereas the volume of the combined extrusive and intrusive
components is 44.4 Mkm?® (Courtillot & Renne, 2003). For the North Atlantic Igneous Province,

Roberts et al. (1984) estimated the total volume of Palaeocene to early Eocene basalt to be 2
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Mkm?, whereas White et al. (1987) and White & McKenzie (1989) suggested a total volume of
up to 10 Mkm?, and Eldholm & Grue (1994) estimated a total crustal volume of 6.6 Mkm?®,

Despite the complementary and larger volume of underplated basaltic magma, most volume
estimates for LIPs are for the extrusive component. Preserved thicknesses of extrusive rocks for
many Mesozoic-Cenozoic LIPs range from ~500 m to >3 km (e.g., Baker et al., 1996; Marsh et
al., 1997; Bryan et al., 2002; Jerram & Widdowson, 2005), and the thickness of any individual
section is typically $1 km. Many LIPs thus have areal extents and eruptive and/or subvolcanic
intrusive volumes well in excess of 1 Mkm? and 1 Mkm?®, respectively (Courtillot & Renne,
2003).

We therefore conclude that LIPs should have a minimum extrusive/subvolcanic intrusive volume
exceeding 0.1 Mkm?, and that detailed thickness and volume estimates should be given in
addition to areal extents of provinces. Care is required in estimating and comparing volumes for
LIPs, and clarification should be given if an estimate includes extrusive and subvolcanic (upper
crustal) intrusive volumes and/or middle and lower crustal components revealed by geophysical
methods (see also Courtillot & Renne, 2003; Bleeker & Ernst 2006).

3.3 Duration of magmatism

Although LIPs represent massive volumes of igneous rock emplaced over huge areas, given
sufficient time and space, all plate boundary processes generating magma (ie. mid-ocean ridges,
subduction zones, continental rifts) will also produce igneous rock of LIP-scale dimensions. As
pointed out by Sheth (2006), the 50,000 km-long worldwide network of mid-ocean ridges, with
an average half-spreading rate of 5 cm/yr, creates 5 Mkm? of oceanic lithosphere of ~7 km
thickness in just 1 million years. However, magma emplacement rates for LIPs have been
estimated at ~10 to >100% greater than mid-ocean ridge emplacement rates (Coffin & Eldholm,
1994). A defining characteristic of LIPs therefore, is that large volumes of magma are emplaced

over a geologically short and finite period and in a focused area.

Age resolution of LIPs is strongly dependent on the quality of the age data, sample quality and

degree of weathering/alteration, the resolution of the dating techniques, and data availability (see
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Hofmann et al., 2000; Courtillot & Renne, 2003; Heaman & LeCheminant 1993). Not all LIPs
have been studied to the same level of detail, and age data in terms of reliability, technique and
quantity are extremely variable. At most, LIPs appear to have an overall age duration of up to
~50 Myrs (Ernst & Buchan, 2001; Fig.2). The Mesozoic-Cenozoic continental flood basalt
provinces appear to have the shortest durations with volcanic activity continuing for 10-15 Myrs
(Courtillot & Renne, 2003; Jerram & Widdowson, 2005; Table 1). In many cases, thick sections
of the flood basalt volcanic pile may have been emplaced in periods #1 Myrs (e.g., Hofmann et
al., 2000; Larsen & Tegner, 2006). Layered intrusions such as the 9 km thick Bushveld complex
may also have been emplaced rapidly (~75 Kyrs, Cawthorn & Walraven, 1998). The oceanic
plateaus have been argued to have a rapid emplacement (e.g., 2-3 Myrs, Kerr, 2005) but such
short durations are really only applicable to the formation of the top few hundred metres of these
plateaus sampled at ODP drill sites. Importantly, the most recent ODP results for the Kerguelen
and Ontong Java plateaus indicate a minimum 25 Myr span of volcanic activity, but which is
likely to be pulsatory (Frey et al., 2003; Tejada et al., 1996; 2002). Consequently, those LIP

events with lifespans >15 Myrs have been multiple-pulsed events (Fig. 2B).

3.4 Pulsed nature of magmatism

In addition to constraining the duration of LIP magmatism, a telling feature of the variety of
radiometric and paleomagnetic studies over the last 15 years, particularly of the Mesozoic-
Cenozoic continental flood basalt provinces, is evidence for a transient or pulsed nature to
magmatism lasting as little as ~0.5-1 Myrs where there was repeated eruption and rapid
emplacement of large volume magma batches (e.g., Marzoli et al., 1999; Courtillot & Renne,
2003). Both the volume of magma erupted during individual eruptions and the total volume of
magma emplaced during the main eruptive pulse(s) of LIPs (>1 Mkm?®) are exceptional in Earth
history (Self et al., 2005). These features have focused many studies on: 1) the environmental
impact of LIP events on climatic deterioration, and as catalysts for faunal and floral collapse and
extinction (e.g., Wignall, 2001; 2005; Courtillot & Renne, 2003; Erba et al., 2004); and 2)
mechanisms of large volume and rapid melt generation in, and extraction from, the upper mantle
(e.g., White & McKenzie, 1989; Richards et al., 1989; Campbell & Griffiths, 1990).

Systematic dating combined with detailed stratigraphic and volcanological studies have revealed
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a far more complex igneous history for LIPs than previously considered. Eruption rates are
extremely variable over the whole duration of a LIP, and even for the shorter duration
continental flood basalt provinces. Several geochronologic studies have identified pulse(s) or
peak(s) in magmatic output where the bulk of the extruded magma volume was emplaced over
a period of ~1-5 Myrs (e.g., Saunders et al., 1997; Courtillot & Renne, 2003; Frey et al., 2003;
Jerram & Widdowson, 2005). Evidence for a single short pulse and rapid emplacement of a large
volume of magma is well-expressed in the Columbia River Flood Basalt Province, the youngest
and smallest LIP. Although basaltic eruptions occurred between 17 and 6 Ma, >90% of the total
volume (~0.234 Mkm?®) was erupted between 16.6 and 15.3 Ma (Camp et al., 2003; Hooper et
al., in press). Two distinct pulses are observable in some continental LIPs (Fig. 2B) that can
correspond to pre-rift and syn-rift magmatic events. In the North Atlantic Igneous Province, the
first pulse from 62 to 58 Ma corresponded to the emplacement of the terrestrial continental flood
basalt sequences, whereas the bulk of the volcanic sequences along the continental shelves
forming the ‘seaward-dipping reflector series’ were emplaced during a second syn-rift pulse
at

56-52 Ma (Saunders et al., 1997; Jerram & Widdowson, 2005). Zones of high-velocity lower
crustare also thought to be produced during rifting associated with continental breakup (Menzies
et al., 2002). The hiatus between pulses is variable, but can be a few to tens of million of years.
The relative extrusive volumes of pulses can be varied, and the volume of the second pulse may
exceed the first (Campbell, 1998; Courtillot et al., 1999). Nevertheless, the igneous volumes
emplaced during these pulses represents a substantial proportion (>75%) of the total LIP igneous

volume.

In detail, comparative studies have indicated that several continental flood basalt provinces were
characterised by at least three eruptive phases that vary from 0.1 to >5 Myrs: 1) an initial phase
of relatively low-volume transitional-alkaline basaltic eruptions; 2) the main phase of flood
volcanism where the bulk of the volcanic stratigraphy is emplaced rapidly by repeated large
volume eruptions of tholeiitic basalt magma and in some cases, silicic magma; and 3) a waning
and more protracted phase of volcanism where the volume of eruptions rapidly decreases and
may become more widely distributed or focused when rifting is occurring (Jerram &
Widdowson, 2005; Bryan et al., 2002). Discrete peaks in magmatic output are also being
recognized for the Kerguelen and Ontong Java plateaus from recent ODP results (e.g., Frey et

al., 2003). For the Silicic LIPs, systematic dating combined with stratigraphic studies have as
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yet not been carried out in sufficient detail in all cases to establish a well-defined pulsed
character to magmatism. However, from the available data, a pulsed character to the magmatic
activity in these provinces is indicated. In the 188-153 Ma Chon Aike province of South
America-Antarctica, U/Pb zircon and “’Ar/**Ar dating has identified three main pulses of silicic
volcanic activity each of 5-10 Myrs duration when ~0.05 to >0.1 Mkm?® of rhyolite magma was
emplaced (Pankhurst et al., 1998; 2000). For the Whitsunday Silicic LIP, although age data
indicate a main period of activity from ~120-105 Ma, pulses in volcanism occurred at ~118-113
Ma and ~110-105 Ma (Ewart et al., 1992; figure 3 of Bryan et al., 1997). In the mid-Tertiary
Sierra Madre Occidental province of Mexico, recent work has shown the bulk of the volume of
the rhyolite ignimbrites was emplaced in two pulses each of ~4 Myrs duration and the ~1-3 Myr
age ranges for many exposed ignimbrite sections >1 km thick also emphasize a rapid

emplacement (Ferrari et al., 2002; 2006).

In summary, LIPs should be finite igneous events of no longer than ~50 Myrs duration (Fig. 2A),
and characterised by a magmatic pulse or pulses of <5 Myrs duration in which a large proportion

(>75%) of the total igneous volume has been emplaced.

3.5 Intraplate setting

An integral part of the original definition of Coffin & Eldhom (1994) was that LIPs were formed
by processes not observable at modern plate boundaries (i.e. mid-ocean ridges and subduction
zones). Their current global distribution and through time, occurring on both continental and
oceanic crust, as well as being located remote or proximal to, or at present and former plate
boundaries, reinforces their independence from magma generating processes at subduction zones
and mid-ocean ridges. Many LIPs were initially emplaced into the interiors of continents,
immediately preceding continental breakup, or into areas undergoing extension, and are now
sited along rifted continental margins. In some cases, complete rifting to form a new ocean basin
did not follow a continental LIP event, with the Emeishan, Siberian Traps and Columbia River
flood basalt provinces being the most prominent and recent examples. Nevertheless, not only are
many LIPs emplaced remotely from then-active plate boundaries, importantly they are also
emplaced into stable continental regions with a long history (often 100's Myrs) of no prior

magmatism or contractional deformation (Table 1; Fig. 3). It is the abruptness and voluminous
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eruption in stable continental regions that make LIP events so distinctive and anomalous, and

underpin the intraplate character of these events.

An important indication of an intraplate setting is the petrological, geochemical and isotopic
distinctions of within-plate tholeiites of LIPs from plate margin magmatism (MORB and
subduction-related basalts). The volume and rate of magma generation in LIP events have been
related by many workers to hot mantle upwellings, and interpreting the geochemical
characteristics of LIPs have been in terms of components from the asthenospheric mantle or
plume, sub-continental lithospheric mantle and the depleted asthenospheric mantle (Carlson,
1991; Turner & Hawkesworth, 1995; Hofmann, 1997; Condie, 2003; Ewart et al., 2004a).
Crustal contamination and source heterogeneity are major causes of intra- and inter-LIP
variation, however, which in some cases can lead to apparent subduction-related signatures in
flood basalts (e.g., Carlson, 1991; Hergt et al., 1991; Cox, 1992; Ewart et al., 1998a).
Nevertheless, the least contaminated basalts and picrites in many continental LIPs have isotope
and geochemical compositions similar to oceanic island basalts (ie. the high-Ti basaltic magma

suites) that reinforce an intraplate tectonic setting to magmatism.

A few LIPs, however, have been emplaced along or near active plate boundaries. Some oceanic
LIPs were emplaced initially at incipient plate boundaries, triple junctions or at new ridges, but
are now mid-plate following ridge migrations (e.g., Shatsky Rise, Sager, 2005). Some LIPs have
been emplaced along continental margins with a history of subduction-related magmatism
and deformation immediately prior to and after the LIP event, and this is most evident for
the Cenozoic LIPs of North America (Fig. 3). The Columbia River flood basalt province and
Sierra Madre Occidental geographically overlap with subduction-related magmatism.
Given this regional setting, it has been argued that magmatism and extension associated with
the LIP event may be the result of back-arc spreading (e.g., Carlson & Hart, 1988; Smith, 1992).
Furthermore, dominantly lithospheric geochemical signatures to the flood basalts and
rhyolites make recognition of an intraplate signature difficult. However, the LIP events in
plate margin settings

are distinctive from spatially associated plate margin-related magmatism in terms of their extent
(both in terms of total area and extent in board from the plate margin), volume and rapidity of
eruption, association with extension, and composition. For the Columbia River flood basalts, the

large volumes of tholeiite magma and the geochemical similarities between the earliest flood
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basalt eruptions and oceanic island tholeiites contrast with the neighbouring subduction-related
magmatism, and have been interpreted to indicate derivation from a mantle plume (e.g., Hooper,
1997).

3.6 Composition

Almost all LIPs are compositionally and volumetrically mafic-dominant (<56 wt% SiO,), and
usually viewed as comprising relatively homogenous successions where large volume (up to
~5000 km?), phenocryst-poor tholeiitic basalt lavas are the main rock type. At the scale of
individual eruptive units, flood basalt lavas generally show remarkable chemical and
mineralogical homogeneity, even across many hundreds of kilometres (Hooper, 1997). However,
at the provincial scale, significant compositional variations exist within LIPs, and this
compositional variation occurs both spatially and temporally during a LIP event. Much of the
broader compositional variation is due to the presence of silicic and ultramafic igneous rocks,
which represent important components to most LIPs, and the ultramafic rocks have particular
economic significance for Ni-Cu-PGE mineralisation (e.g., Naldrett, 1997; Pirajno, 2000).
Small-volume undersaturated magmatism (e.g., lamprophyres, carbonatites, kimberlites) may
also occur during the earliest stages of a LIP event, but which is otherwise predominated by
transitional-alkaline and olivine-rich to picritic lavas (Jerram & Widdowson, 2005; Riley et al.
2003; Agashev et al., 2004).

Most, if not all LIPs emplaced into continental regions are compositionally bimodal with
chemical groupings at 45-56 wt% and 65-75 wt% SiO, (e.g., the 31-22 Ma Afro-Arabian, 62-53
Ma NAIP; 138-127 Ma Parana-Etendeka; 190-178 Ma Karoo; 825 Ma Gubei of South China;
2060 Ma Bushveld; 2500-2450 Ma Matachewan). Large-volume tholeiitic eruptions characterise
the main pulse(s) of a LIP event, whereas silicic, often explosive volcanism may precede, occur
throughout, or during the latter stages of the main pulse (Bryan et al., 2002). As demonstrated
by the recent ODP results from the Kerguelen oceanic plateau (Frey et al., 2003), it should also
not be assumed that silicic igneous rocks are absent from LIPs in oceanic settings. An important
point is that the eruptive stratigraphies of LIPs are incompletely preserved yet many continental
flood basalt provinces show an increasing proportion of silicic volcanism up-section (e.g.,

Ukstins Peate et al., 2005). Consequently, the proportion of silicic volcanic products may be
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underestimated (because of erosion), but also, their occurrence late in the evolution of a LIP may
be an artefact of preservation (Bryan et al., 2002). Determining the true proportion of silicic
to mafic igneous rock (and total volume) must also include the eroded portion and hidden

intrusive component that in general, remain largely unknown.

The detailed geochemical studies undertaken over the last 15 years have recognized many (in
some cases >10) different magma types in individual LIPs (e.g., Marsh et al., 2001; Saunders
etal., 1997). These studies have established: 1) the occurrence of low- and high-Ti magma types,
for both the mafic and associated silicic igneous rocks, distinguished on the basis of elevated Ti
and other incompatible elements relative to other elements (e.g., Cox et al., 1967; Marsh et al.,
2001); and 2) the generally marked provinciality in the distribution of the low- and high-Ti suites
(e.g., Parana-Etendeka, Karoo, Ferrar), but which can also be interbedded. The low-Ti character
to the tholeiitic basaltic magma types has commonly been interpreted to reflect crustal
contamination, either with the subcontinental lithospheric mantle and/or with the continental
crust (e.g., Carlson, 1991; Peate, 1997; Ewart et al., 1998a; 2004a), or mantle melting conditions
and potentially higher degrees of partial melting of the upper mantle at shallower depths (Arndt
etal., 1993; Xu et al. 2001; 2004).

In contrast, the high-Ti mafic suites often show greater geochemical and isotopic similarity to
OIB and are interpreted to comprise a significant and relatively uncontaminated asthenospheric
mantle or plume component (e.g., Arndt et al., 1993; Zhao et al., 1994; Ewart et al., 1998a;
2004a). The presence of relatively low-volume, high-Mg picritic igneous rocks are also
significant in LIPs. The refractory character of the picritic rocks indicates not only a high
potential temperature and degree of melting in the underlying mantle, but are likely parental
compositions to the large volume tholeiitic flood basalt lavas that have not undergone significant

crystallisation or crustal interaction (Holm et al., 1993).

Although high-Mg rocks (>12% MgO picrites, komatiites and meimechites; Le Bas, 2000) are
volumetrically less significant than basalts, they are important in interpreting the LIP record
because their high degree of partial melting better preserves the mantle ratios of less
incompatible elements such as Pr, Nd and Sm (e.g., Campbell, 2002). They are also important
as the hosts for Ni-Cu-PGE ore deposits (e.g., Naldrett, 1997, Pirajno, 2000; Borisenko et al.,
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2006). High-Mg rock types that are present in Phanerozoic LIPs include picrites, ferropicrites,
and rarely komatiites (Kerr et al., 1996; Gibson et al., 2000; Herzberg & O’Hara, 2002; Zhang
et al., 2005). High-Mg rock types distinguished in the Archean are Al-depleted and Al-
undepleted komatiites which reflect different depths of origin (e.g., Fan & Kerrich, 1997) and
ferro-komatiites (Gibson et al., 2000). Debate exists, however, over whether the presence of the
olivine-rich magmas and high-Mg olivine compositions do indicate higher mantle melting
temperatures and temperature differences between upwelling (plume) and ambient mantle (e.qg.,
de Wit and Ashwal, 1995; Thompson & Gibson, 2000; Green et al., 2001).

In contrast to most LIPs, the Silicic LIPs are compositionally and volumetrically dominated by
silicic (>65 wt% SiO,) igneous compositions, but often have a spectrum of extrusive and
intrusive compositions from basalt to high-silica rhyolite (e.g., Ewart et al., 1992; Bryan et
al.,

2000; Riley et al., 2001; Ferrari et al., 2006). As for other LIPs, the driving processes of large
volume melt extraction from the upper mantle and large mantle-derived thermal and material
fluxes into the crust (driving widespread partial melting) are also fundamental to the generation
of the Silicic LIPs (e.g., Pankhurst & Rapela, 1995; Riley et al., 2001; Bryan et al., 2002). The
difference between the Silicic LIPs and other continental mafic-dominated LIPs is thought to be
due to different crustal settings: the Phanerozoic Silicic LIPs are restricted to continental margins
where fertile, hydrous lower crustal materials were built up by Phanerozoic subduction, and
large-scale crustal melting has been fundamental to the generation of the huge volumes of silicic

magmas.

4. Revision to LIP types

Several different provinces were defined as LIPs by Coffin & Eldholm (1994), with the first four
representing transient types of Coffin & Eldholm (2001):

. Continental flood basalt provinces

. Volcanic passive (or rifted) margins (including seaward-dipping reflectors)
. Oceanic plateaus

. Ocean basin flood basalts

. Submarine ridges

. Seamount groups
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. Anomalous seafloor spreading crust

This initial inventory of LIP types was strongly influenced by Mesozoic to Recent examples, and
by volcanic features on the seafloor, such that the present-day distribution of LIPs has been
heavily biased towards oceanic examples (see figure 1 of Coffin & Eldholm, 1994). Excluding
the volcanic passive margins, only 14 of the 97 LIPs listed by Coffin & Eldholm (1994) are
known from the continents. Significant advances have been made to the geology of many regions
over the last ten years, allowing the recognition of many more continental LIPs extending back
in age to the Archean (see table 1 in Ernst & Buchan, 2001; Prokoph et al. 2004; Ernst et al.,
2005).

A number of the igneous province types of Coffin & Eldholm (1994) no longer fit the revised
definition of LIP: submarine ridges, seamount groups and anomalous seafloor spreading
crust. These provinces are often spatially associated, providing a spatial-temporal connection
between

a LIP and an active hotspot (e.g., Parana-Etendeka flood basalt province-Walvis Ridge-Tristan
de Cunha). Submarine ridges and seamounts are often included in LIP studies because they can
provide: 1) geochemical characteristics on the underlying asthenospheric hotspot or plume; and
2) a reference point on geochemical-isotopic variation diagrams of LIP compositions (Saunders
et al., 1997). However, these submarine volcanic structures are post-LIP features forming in
some cases 10's to100's Myrs after the main LIP pulse, but also over long intervals (10's to 100's
Myrs). In the mantle plume hypothesis, submarine ridges and seamounts thus represent the
‘trails’ and ‘“tails’ of plumes. Seamounts and seamount groups represent localised topographic
features on the seafloor, and have a very different volcanic expression to other LIPs. Seamounts
are centralised constructive (largely submarine) volcanoes, in contrast to the very extensive
plateaus of the continental flood basalt and oceanic plateau provinces that are built up by
repeated large-volume tabular and extensive basaltic lavas, sills and lesser silicic eruptive units
(e.g., Jerram, 2002; Jerram & Widdowson, 2005). Although seamount groups may be areally
extensive, the cumulative erupted volumes are significantly less than for the other LIPs, or have
been emplaced over a much longer duration (>50 Myrs). For example, the Canary Islands were
defined as a LIP by Coffin & Eldholm (1994), but have no temporal or spatial connection to a
LIP event, are the result of persistent volcanism over the last 80 Ma, producing a cumulative

volume of only ~0.12 Mkm?® at averaged emplacement rates orders of magnitude less than for
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LIPs (Coello et al., 1992; Schmincke, 1982; Geldmacher et al., 2001).

Many LIPs immediately precede continental breakup and the development of a new ocean basin
and mid-ocean ridge spreading system. Subsequent rifting by new spreading centres soon after
formation also characterises the oceanic LIPs (e.g., the reconstructed Ontong Java-Manihiki-
Hikurangi oceanic plateaus, Taylor, 2006; Kerguelen-Broken Ridge plateaus, Frey et al., 2003;
Agulhas - Maud Rise plateaus, Jokat et al., 2004). The Atlantic, Indian and Antarctic ocean ridge
spreading systems can therefore be considered as the consequence of LIP events and not the LIP
event itself (cf. Sheth, 2006).

We therefore recommend that seamounts/seamount groups, submarine ridges and anomalous
seafloor crust no longer be considered as LIPs. A revised listing of LIP types is given in Figure
1 and the global distribution of Phanerozoic LIP events since 550 Ma is shown in Figure 4. LIPs
can simply be subdivided into those occurring on the continents or in oceanic settings, and the
important outcome of our revision is the recognition of several more types of continental LIPs
than initially considered. Furthermore, although oceanic plateaus arguably represent the largest
LIPs in terms of area and volume, certainly for the Mesozoic-Cenozoic, LIP events during this
time have predominantly been a continental feature (Fig. 4), but with much of the post-LIP-
related activity occurring in the ocean basins (see figure 1 of Anderson, 2005). Other authors
have previously emphasized the peak in oceanic plateau formation during the Cretaceous (e.g.,
Larson, 1991; Kerr, 1998; 2005). It is also important to point out that the products of continental
LIPs can be deposited in oceanic settings (e.g., Ukstins Peate et al., 2003), but their primary sites
of eruption and accumulation are on the continents. In contrast, no oceanic LIP events during the

Paleozoic are currently known (Fig. 4B).

The various provinces recognized and discussed by Coffin & Eldholm (1994) are updated and
revised here (Figure 1) to include those major ancient LIPs in which the dyke swarms and mafic-
ultramafic intrusive provinces are dominant. Separate groupings are also made for greenstone
belts of tholeiitic and komatiitic rocks that may be Archean LIPs, and for the Silicic LIPs (Bryan
et al., 2002). These subgroupings of LIPs also have temporal significance, as the character of
LIPs shows some variation through time:

. Greenstone belts of the tholeiite-komatiite association in the Archean
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. Proterozoic-Paleozoic LIPs occurring as eroded flood basalts or Silicic LIPs with
exposed plumbing systems (dykes, sills, cauldrons, layered intrusions, batholiths), and
. Continental flood basalts, volcanic rifted margins, oceanic plateaus and Silicic LIPS in

the Mesozoic and Cenozoic.

The characteristics of the new province types are summarised below.

4.1 Giant continental dyke swarms, sills & mafic-ultramafic intrusive provinces

The volcanic portion of older continental LIPs is largely removed by erosion and can be
deformed during later continental collision. Therefore, in the early Mesozoic but especially in
the Paleozoic and Proterozoic record, continental LIPs are typically recognized by their exposed
plumbing system of giant dyke swarms, sill provinces, large layered intrusions, and remnants
of flood basalts (Ernst & Buchan, 1997; 2001). Like their flood basalt equivalents, this class of
LIPs has large areal extents and volumes, exhibit short duration pulses and occur in an intraplate

setting.

Giant diabase/dolerite dyke swarms having lengths >300 km (Ernst & Buchan, 1997) are a
particularly distinctive feature of ancient eroded LIPs. Dyke distribution tends to be either radial
or linear. Radiating swarms can extend more than 2000-3000 km from a focal region, but
generally only a portion of the radiating pattern (<90°) is preserved because of continental
fragmentation. Linear swarms can also extend more than 1000 km and are defined by lower dyke
intensities over broad zones (>100 km) possibly associated with portions of broader radiating
patterns, or high density dykes in narrow zones (<100 km) associated with rifts. Magnetic fabric
studies have identified transitions from vertical to horizontal flow for a few giant dyke swarms
such that the majority of magma flow along the strike length of dyke swarms >1000 km in length
appears to be horizontal (Ernst & Baragar, 1992; Raposo & Ernesto, 1995). Where dyke swarms
intersect pre-existing sedimentary basins, magma injection changes orientation, becoming sills
within and near sedimentary basins (Ernst et al., 1995). Dykes belonging to giant dyke swarms
have typical widths of 20-40 m, and maximum widths of 100-200 m. Ultramafic dykes
associated with layered intrusions may be wider and up to 1000 m (e.g., the Great Dyke of

Zimbabwe is up to 11 km at surface, but narrows at depth to about 1 km).
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An impressive dyke swarm-dominated event is the 1270 Ma Mackenzie LIP, which extends over
2.7 Mkm? of the Canadian Shield (Buchan & Ernst, 2004; Baragar et al., 1996). The mid-
Proterozoic Mackenzie magmatic event comprises three major components: the Mackenzie
dykes which form a giant radiating dyke swarm that fans over 100 degrees across the northern
margin of the Canadian shield; the Coppermine River flood basalts representing an erosional
volcanic remnant exposed ~400 km south of the focal point to the dyke swarm, and the Muskox
layered intrusion located at shallow depths beneath the southernmost exposure of the
Coppermine River basalts (Baragar et al., 1996). Widespread U-Pb dating by LeCheminant &
Heaman (1989) and Heaman & LeCheminant (1993) yielded ages of 1267-1272 Ma and
established the essential contemporaneity of the preserved intrusive system throughout its
enormous geographic extent. Likewise, the 1078-1070 Ma Warakurna LIP of central and
Western Australia, comprising layered mafic-ultramafic intrusions, mafic to felsic volcanic rocks
and dikes, and a 1000-km-long mafic sill province (Wingate et al., 2004) demonstrates the large

lateral extent and short duration of large volumes of magma intruded during LIP events.

The 2060 Ma Bushveld intrusion of South Africa is the world's largest layered igneous intrusion,
and is regarded as the intrusive equivalent of a flood basalt province, given its extensive volume
and short duration (Hatton, 1995; Eales & Cawthorn, 1996; Cawthorn & Walraven, 1998;
Kinnaird, 2005). It consists of a 9 km thick layered suite that was intruded beneath a volcanic
carapace of which a 3 km thick volcanic/pyroclastic sequence is preserved (Kruger, 2004). The
event can be extended for another 350 km to the west with the correlation of the Molopo Farms

layered intrusion of Botswana (e.g., Reichardt, 1994; Kinnaird, 2005).

4.2 Silicic LIPs

Silicic igneous rocks are an integral part of all continental LIPs from the oldest Precambrian
(e.g., Twist & French, 1983; Thorne & Trendall, 2001; Blake et al., 2004) to the youngest
Cenozoic examples, and are particularly prevalent in the Mesozoic-Cenozoic continental flood
basalt provinces and along volcanic rifted margins. In these LIPs, silicic volcanic and
volcaniclastic rocks can form substantial parts of the eruptive stratigraphy and represent a
significant contribution to the total magmatic output of a LIP (Bryan et al., 2002). It is

underappreciated that the scale of some of the individual silicic units in LIPs is vast (e.g., in the
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Parana-Etendeka, the largest units cover areas >0.1 Mkm?), being larger than the associated flood
basalt lavas, such that they are ranked as amongst the largest volume terrestrial eruptive units
so far recognized (Milner et al., 1995; Marsh et al., 2001; Ewart et al., 1998b, 2004b).

In addition to representing a significant igneous component in a dominantly mafic LIP, there are
some silicic igneous provinces that meet the criteria of a LIP, but have low proportions of basalt
expressed at the surface (Silicic LIPs). Importantly, some Silicic LIPs are spatially and
temporally-related to other LIPs. For example, the Chon Aike Silicic LIP is linked with the
Karoo-Ferrar flood basalt provinces (Pankhust et al., 1998; 2000). The Malani silicic igneous
province (India) is coeval with mafic magmatism in the Seychelles, South China, Korea
(Ogcheon), and Australia (Mundrie Well), although limited paleomagnetic data do not currently
support a single grouping of all these igneous provinces (Li et al., 2006). However, the
association of a silicic igneous province with a LIP may be obscured by continental rifting and
fragmentation, and/or by poorly constrained plate reconstructions. The Chon Aike province of
South America-Antarctica is a clear example of this where continental rifting and seafloor-
spreading have isolated the Silicic LIP from its neighbouring and coeval continental flood basalt
provinces (Karoo-Ferrar; Fig. 5A). It may be significant that the largest Silicic LIP (Whitsunday
igneous province) and the largest known oceanic plateau and LIP (Ontong-Java-Manihiki-
Hikurangi Plateau complex; Taylor, 2006) were emplaced at the same time ~120 Ma, with the

latter occurring offshore from the fragmenting continent (Fig. 5B).

The Mesozoic-Cenozoic examples of Silicic LIPs are the best preserved, and their characteristics
have been summarised in Bryan et al. (2002) and Skilling et al. (2006). Silicic LIPs have several
unifying characteristics: 1) extrusive volumes are >0.25 Mkm? (up to ~3 Mkm?); 2) the provinces
comprise >80% by volume of dacite-rhyolite, with transitional calc-alkaline I-type to A-type
signatures; 3) rhyolitic ignimbrite is the dominant volcanic lithology; 4) the duration of igneous
activity is up to 40 Myrs, but during which a large proportion of the magma volume was erupted
during shorter intervals or pulses (3-10 Myrs); and 5) crustal setting - Silicic LIPs are exclusively
continental as they are produced by large-scale crustal anatexis, and many were a pre-rift
magmatic event along volcanic rifted margins. The Whitsunday igneous province is the largest
of the world’s Silicic LIPs where the eruptive output (>2.2 Mkm?®) and preserved areal extent of
volcanism and its products (>3 Mkm?) surpasses that of many other LIPs (Bryan et al., 1997;
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2000). The Sierra Madre Occidental of Mexico is representative of the general Silicic LIP
architecture, being an extensive, relatively flat-lying ignimbrite plateau covering an enormous
area (>0.5 Mkm?) to ~1 km thickness. More ancient examples occur as continental caldera
systems and major batholiths (e.g., the 320-280 Ma Kennedy-Connors-Auburn province,
northeast Australia; Bryan et al., 2003). Silicic LIPs are expected to have similarly extensive mid
to upper crustal granitic batholith underpinnings and dyke swarms, and more mafic igneous
underplate at lower crustal depths (Ferrari et al., 2006). Large thermal and mass inputs from the
mantle on the scale of those required to produce the continental flood basalt provinces are likely
in order to produce the Silicic LIPs (Bryan et al., 2002). The initiation of crustal partial melting
and rhyolite magma generation in the Chon Aike Silicic LIP was in response to crustal heating
and magmatic underplating related to emplacement of the Karoo-Ferrar continental flood basalt
provinces (Riley et al., 2001), and is supported by the close temporal-spatial linkages between
these LIPs (Fig. 5A).

4.3 Archean greenstone belts (tholeiite-komatiite associations)

The extrapolation of the LIP record into the Archean is more speculative. Several workers have
compared Archean tholeiitic basalt sequences with modern flood basalt provinces (see summary
in Arndt, 1999), and erosional remnants of typical Archean flood basalt provinces include the
Fortescue sequence of the Pilbara craton in Australia and the Ventersdorp sequence of the
Kaapvaal craton in southern Africa (Eriksson et al., 2002). However, most Archean volcanic
rocks occur as deformed and fault-fragmented packages termed greenstone belts (de Wit &
Ashwal, 1997, 1998). One class of greenstone belts contain mafic to silicic igneous rocks with
calc-alkaline geochemical signatures and have been interpreted to be remnants of island arc and
rifted island arc terranes that developed remotely from continents. However, the other major
class of greenstone belts consists of tholeiite sequences that often contain komatiites, and these

are the best candidates for being remnants of Archean LIPs.

With respect to the classification criteria distinguished herein (area, volume, duration, and
setting), the LIP nature of tholeiite-komatiite greenstone belts remains somewhat equivocal.
Deformation and faulting generally prevents the tracing of Archean tholeiite-komatiite

greenstone belts over LIP-scale distances. An important exception occurs in the Rae craton of
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northern Canada where the ca. 2700 Ma Prince Albert, Woodburn Lake, and Mary River Groups
define a linear belt, which extends for a distance of 1500 km (>0.2 Mkm?), and may be linked
with a mantle plume and/or a late Archean breakup margin (e.g. McHattie et al., 2004). Another
example of an extensively preserved Archean LIP is the ~2.7 Ga Bulawayan Supergroup, which
contains 4-6 km thick mafic-ultramafic-silicic volcanic sequences that extend for ~0.25 Mkm?
across the Zimbabwe Craton (Prendergast, 2004). Other extensive (> 800 km strike length)
submarine volcanic sequences containing tholeiites and komatiites occur in the Yilgarn Craton
(Norseman-Wiluna Belt) and Canadian Superior Province (Abitibi Belt), and are also significant
for being the largest and most intensely mineralized Late Archaean greenstone belts (Barley et
al., 1998). Event volume is even more difficult to assess given the deformation in most
greenstone belts. The full scale of tholeiitic-komatiitic greenstone belts, and how many are of
LIP scale, is likely to only become clearer when robust late Archean reconstructions are achieved
(Bleeker, 2003).

The tholeiite-komatiite sequences in Archean greenstone belts contain a variety of volcanic
(massive to pillowed lavas, hyaloclastites) and subvolcanic intrusive (dykes, sills) facies.
Individual lavas can be traced for kilometres, whereas lava packages have been traced for up to
100 kilometres along strike (Arndt, 1999; Prendergast, 2004). Many tholeiite-komatiite lava
successions are the result of submarine eruption and emplacement, however, much of the mafic-
ultramafic and associated silicic volcanism recorded by the 2.7 Ga Fortescue Group of the
Pilbara Craton was subaerial (Arndt, 1999; Blake, 2001). The apparent lateral continuity of the
mafic-ultramafic lavas, the general lack of interbedded sedimentary rocks and the massive
character of the lava units have been collectively interpreted to indicate the rapid eruption of

large volumes of magma analogous to the Mesozoic-Cenozoic flood basalt provinces.

A characteristic of many Archean greenstone belts is multiple pulses. For example, the Abitibi
belt has pulses of tholeiitic-komatiitic magmatism at 2750-2735 Ma, 2725-2720 Ma, 2718-2710
Ma, and 2710-2703 Ma (Ayer et al., 2002). The Fortescue flood basalt of the Pilbara craton has
pulses at ca. 2770, 2720, and 2690 Ma (Thorne & Trendall, 2001; Blake et al., 2004; Pirajno,
2004). Whether these represent multiple pulses of a single LIP or the juxtaposition of
separate LIPs remains to be determined. The final parameter is intraplate setting. The
dominant view is that the tholeiite-komatiite-bearing greenstone belts are not produced by

subduction, and indeed



22

some are thought to be obducted oceanic plateaus (e.g., Kent et al., 1996; Tomlinson & Condie,
2001). However, many Archean tholeiite-komatiite examples showing geochemical evidence for
crustal contamination and contemporaneous emplacement with significant volumes of silicic
igneous rocks (e.g., Yilgarn) were emplaced onto submerged continental platforms (Arndt,
1999), submerged highly extended continental crust, or into intracontinental rift basins (e.g.,
Pilbara, Kaapvaal). These examples with continental basement and associated silicic igneous
rocks are more analogous to the Mesozoic-Cenozoic volcanic rifted margins and continental
flood basalt provinces. In addition, greenstone belts with komatiites are probably not produced
by normal spreading ridge processes because komatiites indicate source region temperatures
higher than those associated with normal spreading ridges, and the crustally contaminated
geochemical signatures indicate eruption in continental regions (Arndt, 1999). However, some
controversy exists for both these points. There is some evidence for the production of komatiites
by melting of wet mantle under subduction conditions (e.g., Parman & Grove 2005), and it is
also possible that normal ridge production can produce komatiite magmas, particularly given a
hotter Archean geotherm (de Wit & Ashwal, 1995).

5. Fragmented LIPs

An important issue in identifying LIPs and determining their original attributes (area, volume,
duration, magmatic pulses) is that many become fragmented, and that fragmentation can occur
soon after the LIP event. Continental LIPs can be fragmented in two ways: 1) by plate-breakup
processes in which components of the LIP end up on separate rifted continental blocks or
cratons, and/or 2) by deep erosion in which the continuity of the flood basalts and volcanic cover
sequences are lost, and units belonging to the exposed plumbing system of the LIP have
a scattered distribution. The propagation of mid-ocean ridge spreading centres and ridge jumps
can also fragment oceanic LIPs and separations between the various LIP fragments can be
large, as evidenced for the Ontong Java-Manihiki and Hikurangi plateau fragments (Taylor,
2006). The importance of reconstructions is underlined by this interpretation, because if
correct, it then establishes a single Ontong Java-Manihiki-Hikurangi LIP with an original
size of >80 Mkm? (Fig. 5B).

Reconstructions for the Mesozoic and Cenozoic continental LIPs can be undertaken using
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constraints from the seafloor age distributions. For example, closing of the central Atlantic ocean
allows reconstruction of the ~200 Ma CAMP LIP with components (mainly dykes and sills) in
North America, South America, Europe, and Africa (Fig. 4A). As another example, the two
pieces of the ~132 Ma LIP, the Parana of South America and the Etendeka of southwest Africa
are reconstructed by closure of the South Atlantic. In contrast, Phanerozoic reconstructions are
less robust and few constraints exist for Proterozoic reconstructions (e.g., Buchan et al., 2001).
Fortunately, progress in Precambrian reconstructions is being made using the classical
paleomagnetic method (e.g., Wingate et al., 2002), and more recently with the LIP ‘bar
code’ (Fig. 6) and ‘dyke swarm piercing point” methods (Bleeker & Ernst, 2006).

An additional problem is deciding whether coeval magmatic units that are located on different
cratons actually should be reconstructed into a single LIP or whether they represent simultaneous
but separate LIP events. In the younger record, there are many examples of such LIP clusters
(plume-clusters of Ernst & Buchan, 2002; superplume of Larson, 1991). For example, LIPs at
~130 Ma include the Parana-Etendeka of South America-Africa breakup, the Trap dykes of
southern Greenland, the Bunbury basalt of southwestern Australia, and the initial pulse of the
High Arctic Large Igneous province. A second example of a LIP cluster is the essentially coeval

65 Ma Deccan and 62 Ma North Atlantic LIPs of India and Europe-Greenland, respectively.

The second type of LIP fragmentation is where intense and/or long-lived erosion has obscured
the continuity of volcanic (x subvolcanic) rock. In these cases, paleomagnetic, geochemical and
especially geochronological techniques are required to show that widely distributed dykes, sills,
layered intrusions, batholiths and any erosional remnants of volcanic rocks were emplaced
synchronously and have geochemical similarity are therefore, likely to belong to the same LIP
event. The 1076 Ma Warakurna LIP of central and western Australia is an excellent example of
how a very large and deeply eroded LIP event has been assembled through the collation of
detailed radiometric and paleomagnetic age constraints and geochemical similarities
(Wingate

etal., 2004). Importantly, this continental LIP had not been fragmented by rifting processes, but

has been significantly eroded.

Another point regards the shortage of oceanic LIPs in the pre-200 Ma record (Fig. 4B), which

may indicate a poor preservation potential of oceanic LIPs during subduction, the difficulty of



24

recognizing partially subducted, and accreted oceanic LIPs within orogenic belts formed during
ocean closure, or that fewer past LIP events occurred in oceanic settings. Oceanic plateaus are
more buoyant than oceanic crust, and therefore are expected to be more resistant to subduction,
leading to accretion onto continental margins and preservation in the geologic record (Kerr,
2005). Collisional orogenesis and the jamming of subduction zones are predicted where large
(>10* km?) and >30 km thick oceanic plateaus arrive at subduction zones, as has been evident
with the Ontong Java Plateau colliding with the Solomon islands arc (Cloos, 1993). Remnants
of Late Paleozoic to Mesozoic accreted oceanic plateaus are now being recognised around the
north Pacific margins (e.g., Sorachi, Japan; Pifion Formation, Ecuador; Cache Creek and
Wrangellia, Canada). A related point is the apparent shortage of ancient volcanic rifted margins,
with respect to the present day where up to 90% of the global rifted margins are volcanic
(Menzies et al., 2002). These points have been considered by Coffin & Eldholm (2001) who
noted that “more ophiolite fragments may be obducted sections of volcanic passive margins and

oceanic plateaus than we now suppose”.

6. Conclusions

Earth history has been punctuated by events during which large volumes of mafic and generally
subordinate silicic and ultramafic magmas were generated and emplaced by processes distinct
from those observable at modern plate boundaries. Large Igneous Provinces (LIPs) are the
preserved expression of these anomalous magmatic events. However, few LIPs have been fully
characterized in terms of their size, the variation in melt emplacement rate throughout the LIP
event, the geochemical character and inferred distribution of mantle source areas, the plumbing
system for emplacing and distributing magma in the crust, and links with ore deposits (Ernst et
al., 2005). The revised definition emphasizes several key characteristics (volume, duration and
pulsed character of the igneous events, tectonic setting and composition) that are hallmarks of
these unusual magmatic events, and distinguish them from magma generating processes at plate
boundaries. The revised definition therefore is aimed at directing future studies towards a better
characterisation of LIPs. Although based on Earth examples, the revised definition should also
provide the framework for characterising possible planetary LIPs thought to exist on Mars,
Venus and the Moon (Head & Coffin, 1997).
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As a consequence of the revised definition, a number of oceanic volcanic features are no longer
considered as LIPs (seamount groups, submarine ridges, anomalous seafloor spreading crust),
whereas three new province types are included: dyke swarms and mafic-ultramafic intrusive
provinces that are the dominant and preserved expression of an ancient LIP event; greenstone
belts of tholeiitic and komatiitic rocks that may be Archean LIPs; and Silicic LIPs emplaced
along fertile continental margins where widespread partial melting and silicic magma eruption
driven by large mantle-derived thermal and material fluxes into the crust prevented the more

typical outpouring of large volumes of basaltic magma.

Additionally, a separate grouping (‘waiting room’) may be required for those smaller-scale
igneous provinces that could have been a LIP or part of a LIP, but currently do not meet the
revised dimension criteria due to a lack of data or size limitations as a consequence of erosion
or burial and/or continental fragmentation. New LIPs will be identified as additional age data are
obtained allowing correlation of what were previously considered unrelated igneous events in
different and widely separated tectonic terranes, as has been shown over the last decade since
the first formal inventory of LIP (e.g., the 1078-1070 Ma, Warakurna LIP; Wingate et al., 2004;
and 2215 Ma Ungava LIP of the Superior craton, Buchan et al., 1998). An accurate definition
is vital to assist with new LIP recognition, to avoid confusion over the use and meaning of the
term Large Igneous Province, and to ensure the terminology keeps pace with the rapid advances
in our understanding of LIP events. Most importantly, the revised definition is intended to
provide an improved framework for petrogenetic models on the origin of LIPs, and an ability to
better recognize those LIPs in the geologic record most likely to have had regional to global

environmental and climatic effects.
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Figures

Figure 1. Revised classification of Large Igneous Provinces, based on the initial work of Coffin
& Eldholm (1994), but incorporates recent advances in the recognition of ancient LIPs and the

Silicic LIPs. Representative examples of the various types of LIPs are also given.

Figure 2. A) Histogram showing the duration of LIP (both continental and oceanic) events. Many
LIP events have an overall time span of up to 15 Myrs during which is a shorter period or pulse
of high-intensity magmatism (see text). B) Plot illustrating three key variables of LIP events:
event age, LIP event time span, and number of pulses. Single-pulsed LIP events have overall
durations of no more than 10-15 Myrs, whereas LIP events with durations >15 Myrs
comprise multiple pulses. Single- and multiple-pulsed LIP events have occurred throughout
Earth history. Data sources for LIP events: Ernst & Buchan (2001); see also Table 1. Only
those LIP events which have sufficient and precise (e.g., U-Pb age dates for the Palaeozoic and

Precambrian LIP examples) age data to characterise the LIP event have been plotted.

Figure 3. Time-space plot for Late Paleozoic to Cenozoic continental LIPs illustrating the age
of the LIP event and the corresponding ages of the previous magmatic and tectonic events in the
LIP basement (see also Table 1). Many LIPs were emplaced across Archean cratons and
bounding mobile belts which have much younger histories of deformation and magmatism, and
is shown here. Abbreviations: CAMP, Central Atlantic Magmatic Province; CRB, Columbia
River Basalts; NAIP, Emei., Emeishan; North Atlantic Igneous Province; Mad., Madagascar; P-
E, Parana-Etendeka; SMO, Sierra Madre Occidental; ST, Siberian Traps; WA, Western

Australia; Whit., Whitsunday. Data sources are given in a data repository.

Figure 4. Revised global distribution of Large Igneous Provinces. A) LIP events from 0-275 Ma,
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updated and revised from the PLATES project database and map (Institute of Geophysics,
University of Texas, Austin). Map excludes seamount groups, submarine ridges and anomalous
seafloor spreading crust that have previously been considered LIPs by Coffin & Eldholm (1994,
2001, 2005). Interpreted remnants of oceanic plateaux accreted around the Pacific margins
(Sorachi, Japan; Pifion Formation, Ecuador; Cache Creek, Canada) are not shown because of the
lack of detailed information on their original areal extent, volume and duration. Annotated ages
denote the onset of the main phase or first pulse of magmatism to the LIP event; note that some
LIPs have precursor magmatism at lower intensity up to 10 Myrs prior. Abbreviations: CAMP,
Central Atlantic Magmatic Province; HALIP, High Arctic Large Igneous Province; NAIP, North
Atlantic Igneous Province; OJP, Ontong Java Plateau. B) LIP events from 275-550 Ma. The
inferred extent of the LIP events is shown by the dashed line. The number of well-defined LIP
events (in terms of area, volume, duration) is much diminished and no examples of accreted
oceanic LIPs have been recorded for this period, which generally corresponds to Gondwanaland
assembly. Unlike many of the Mesozoic-Cenozoic LIP events, most Palaeozoic LIP events have

not been associated with continental breakup and the opening of new ocean basins.

Figure 5. Plate reconstruction maps showing the spatial relationships between coeval Silicic LIPs
and mafic-dominated LIPs. A) Gondwanaland reconstruction at 200 Ma (Dalziel, 1992) showing
the distribution of the Karoo and Ferrar continental flood basalt provinces and the Chon Aike
Silicic LIP. Abbreviations: AP, Antarctic Peninsula; E, Ellsworth-Whitmore block; MBL, Marie
Byrd Land; NZ, New Zealand; TI, Thurston Island. B) eastern Gondwanaland reconstruction for
~120 Ma showing the LIP cluster of the Whitsunday Silicic LIP, Louisiade ?oceanic plateau and
the Ontong Java-Hikurangi-Manihiki reconstructed oceanic plateau (Taylor, 2006). Both the
Whitsunday Silicic LIP and OJHMP formed rapidly at ~120 Ma. The structure, age and
composition of the Louisiade Plateau is poorly understood, but has recently been suggested to
have an igneous basement of similar age and structure to the Ontong Java Plateau (Cowley et
al., 1998). However, plate reconstructions indicate it was adjacent to the eastern Gondwanaland
margin during the Cretaceous and became separated following seafloor spreading in the Coral
Sea Basin (Gaina et al., 1999). Regional-scale crustal lineaments, which have partitioned
deformation and influenced rifting along the eastern Gondwanaland margin are also shown.
Abbreviations: HP, Hikurangi Plateau; LHR, Lord Howe Rise; MP, Manihiki Plateau; NZ, New
Zealand; OJP, Ontong Java Plateau; PNG, Papua New Guinea; SNR, southern Norfolk Ridge.
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Reconstruction is based on Bryan et al. (1997); Gaina et al. (1998; 1999); Muller et al. (2006);
Sutherland (1999) and Mortimer (2006). The palaeogeographic position of the OJP is based on
Riisager et al. (2003).

Figure 6. Age spectrum (‘bar code’) of LIP events through time (updated from Ernst et al.,
2005). The bar code includes well-defined LIP events that meet the new criteria of area, igneous
volume and evidence for a pulsed magmatic output defined in this paper. Selected events are
labeled at the starting age of the main pulse, and for multi-pulse LIPs, the arrow is placed at the
oldest pulse. Not all LIP events are labeled for clarity. Associated supercontinents are listed
along the left side. LIP abbreviations are: BLIP, Baltic Large Igneous Province; CAMP, Central
Atlantic Magmatic Province; CSDG, Central Scandinavian Dolerite Group; HALIP, High Arctic
Large Igneous Province; NAIP, North Atlantic Igneous Province; OJMHP, Ontong Java -
Manihiki - Hikurangi Plateau; and SMO, Sierra Madre Occidental. Locations for LIP events are:
NA, North America; SA, South America; EU, Europe; AF, Africa; AS, Asia; AU, Australia; AN,

Antarctica; and PA, Pacific Ocean.

Tables

Table 1. Summary of characteristics of Latest Paleozoic to Cenozoic LIPs. Almost all the

continental LIPs have been emplaced into regions with pre-existing large cratonic sedimentary

basins. Additional data sources are given in the electronic data repository.
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Table 1. Bryan & Ernst.

LIP LIP type Age of LIP | Age of Age of previous magmatic (M) Emplacement of LIP into or across a
(Ma) magmatic or tectonic (T) event (Ma) pre-existing sedimentary and rift basin?
pulses (Ma)

Columbia River CFB 17-6 16.6-15.3 32-20 (M); 74-50 (T) Partly into continental sedimentary basins
(Pasco, John Day)

Afro-Arabia CFB/VRM 31-14 31-29, 22 630-545 (M); >540 (T) Yes, into fluvio-shallow marine intracontinental
sag basin (Marib-Shabwa)

Sierra Madre Occidental Silicic 38-20 32-28, 24-20 ~120-38 (M); ~90-60(T) No; rift basins/grabens are syn to-post-volcanic

North Atlantic CFB/VRM 62-53 62-58, 56-53 300-280 (M), 365-305 (T) Partly into relatively localised continental and
lacustrine environments and shallow marine
basins with incipient rift-related grabens
(Nuussuag, Jamesonland, Kangerlussuaq)

Deccan CFB/VRM 67-60 66-65 760-730 (M); 550-500 (T) Partly into continental fluvio-lacustrine basins
(Kutch, Cambay, Narmada, Tapi, Saurashtra)

Madagascar CFB/VRM 90-84 87-86 630-530 (M); >550 (T) Yes, into continental sedimentary basins
(Majunga, Morondava)

Caribbean-Colombian OP 95-69 92-88, 76-72 ~160-180 (M) No, emplaced on to oceanic crust

Hess Rise OP ~111-88 ? ~125-115 (M) No, emplaced on to oceanic crust and probably
near a triple junction

Ontong-Java OP $125-119, | ~122,90 ~165-145 (M) No, emplaced on to oceanic crust

~90
Nauru Basin OBFB ~130-110 ? ~157-135 (M) No, emplaced on to oceanic crust
Southwestern Australia-India- VRM/OP 130-100 ~120-110 535 (M), 615 (T) Partly into continental sedimentary basins

(Kerguelen)

(Perth, Bengal)




High Arctic CFB/GDS 130-80 ~130, ~90 370-333 (M), ~3763345 (M Partly into Sverdrup and Barents Basins and
coeval sedimentary sequences in Svalbard and
Franz Josef Land

Whitsunday Silicic/VRM ~132-95 ~118-113; 229-350 (M), 230 (T) Partly, resedimented volcaniclastics deposited

110-105 into adjacent intracontinental sag and rift basins

(Great Artesian, Otway-Gippsland-Bass basin
systems); volcanics within Maryborough Basin;
syn-volcanic rift basins on Lord Howe Rise
(Central and western Rift provinces)

Magellan Rise OP 135-100 ? ~150-133 (M) No, emplaced on to oceanic crust

Parana-Etendeka CFB/VRM 138-125 134-129, ~125 [ 550-490 (M), 550-510 (T) Yes, on to aeolian sand field of Parana-Huab-
Karoo continental basins

Shatsky Rise OP #147-124 146-144 ~150-122 (M) No, emplaced on to oceanic crust affected by
jumps of spreading ridge and triple junction

Northwestern Australia VRM/OP ~165-155 7160 ~310-295 (T) 755 (M) Partly in Mesozoic rift-related basins of the
Westralian Superbasin

Ferrar CFB/VRM 185-175 183-180 530-484 (M), 515-505 (T) Yes, deposition in a volcano-tectonic rift basin
system (Transantarctic)

Karoo CFB 190-178 183-182 530-510 (M), 560-515 (T) Yes, in a continental sedimentary basin (Karoo)

Chon Aike Silicic 188-153 188-178, 172- | 275-220 (M); ~300-270 (T) Partly, into continental sedimentary basins &

162, 157-153 grabens (San Jorge, Magallanes, Malvinas)
CAMP CFB/VRM 205-191 202-200 330-260 (M); 327-270 (T) Partly, in to continental sedimentary rift basins

(Newark, Argana, Hartford, Culpeper, Deep
River, Danville/Dan River, South Georgia,
Carson, Essaouria, Fundy, Farmville,
Gettysburg, Georges Bank, Jeanne d’Arc,
Mohican, Nantucket, Norfolk, Orpheus,
Pomperaug, Taylorsville)




Siberian Traps CFB 254-248 251-249 640-600 (M), 3784840 (M Yes, in to continental sedimentary basins (West
Siberian, Tunguska, Kuznetsk)
Emeishan CFB 261-251 259-257 825-820 (M); 1300-1000 (T) Yes, on to active shallow marine carbonate reef

platform
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Figure 1. Bryan & Ernst, ESR.
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Figure 2. Bryan & Ernst
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Figure 4A. Bryan & Ernst.
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Figure 4B. Bryan & Ernst.
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Figure 5. Bryan & Ernst.
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Figure 6. Bryan & Ernst
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