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Abstract

Ocean island volcanoes and large igneous provinces, both of which repre-
sent mantle plume volcanism, are attractive drilling targets because of
compelling scientific issues, the layered structure of lava accumulations,
and the demonstrated capability to retrieve a high percentage of core in
many environments. Although the programs supporting on-land scientific
drilling — ICDP, and in the U.S., NSF-Continental Dynamics — are
nominally about continental drilling, the primary dichotomy is between
on-land drilling and ship-based offshore drilling (IODP). Mantle plume
volcanic rocks are accessible to on-land drilling in many oceanic settings
as well as on continents. Drilling and coring ordered, datable sequences of
lavas can address questions about the mechanisms of magma generation
and transport, the geochemical and geophysical structure of mantle plumes
and their relationship to the structure and composition of the deep mantle,
the structural evolution of large volcanoes, the subsidence history of vol-
canic piles, the flexural properties of the lithosphere, and the hydrology,
alteration history and geobiology of subsurface volcanic environments.

1 Introduction

Hotspot, or mantle plume, volcanism is one of the major processes affect-
ing the interior of the Earth. Mantle plumes may be the primary mecha-
nism of heat loss for the Earth’s core and are also one of the primary driv-
ing factors in plate movements. Plume heads are influential in forming and
modifying plate boundaries, while plume tails and their surface tracks con-
stitute major features of the Earth’s lithosphere (e.g., Richards et al. 1989;
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Duncan 1991). The influence of mantle plumes, and the large lava accu-
mulations that are associated with them, on continent formation and evolu-
tion constitutes a continuing theme of the science of continental dynamics
(e.g., Hill et al. 1992).

Non-hotspot related volcanism on the Earth is produced in conjunction
with plate tectonic processes. Examples are the new oceanic crust formed
at mid-ocean ridges, the linear volcanic chains associated with subduction
zones, and the relatively small volumes of lava associated with continental
extension (Fig.1). The magma supply for non-hotspot volcanoes is
thought to come from melting of the uppermost mantle, so the geochemis-
try and petrology of non-hotspot lavas tell us mainly about the composition
of the upper mantle and processes that occur there. One great attraction of
mantle plume volcanoes, from a petrological and geochemical standpoint,
is that the mantle plume that produces them may have originated in the
lower mantle, most models suggesting that the strongest plumes originate
from near the core-mantle boundary (Morgan 1971, Christensen 1984;
Hansen and Yuen 1988; Van Keken 1997; Jellinek and Manga 2002).
Mantle plumes are consequently messengers from the deepest levels of the
silicate part of the Earth (DePaolo and Manga 2003; Brandon et al. 1998).
Mechanisms leading to volcanism on other planets in the solar system,
such as Mars and Venus, are believed to closely resemble the processes re-
sponsible for terrestrial hotspot volcanism (Kiefer and Hager 1991).

Although the programs supporting on-land scientific drilling — ICDP,
and in the U.S., NSF’s Continental Dynamics — are nominally about con-
tinental drilling, the primary dichotomy in terms of drilling technology and
logistics is between on-land and ship-based offshore drilling (IODP).
Hence drilling in both continental large igneous provinces (LIPs) and in
oceanic hotspot islands has come under the auspices of the continental
drilling programs. The reasons for drilling oceanic islands and LIPs re-
volve around scientific issues in geochemistry, petrology, volcanology,
geodynamics, biology, and hydrology. The research questions in mantle
geochemistry, petrology and volcanology have been the primary impetus,
but unanticipated results relating to biology, hydrology and geodynamics
have come from the drilling that has been already carried out; for example,
in Hawaii (DePaolo et al. 1996, 2001b; Stolper et al. 1996).



Hotspot VVolcanoes and Large Igneous Provinces 261

Depleted

Enriched

_}7:‘!2;5 Depleted
] ///// -

Plume

Enriched  Arc

670 km

Less depleted with scattered
enriched regions

Recycled materials with additions
of 3He from core?

Fig. 1. Schematic cross section of the Earth’s mantle, core and crust showing the
spatial distribution of various mantle reservoirs with specific element and isotopic
geochemistry. Depleted and enriched designation refers to incompatible trace ele-
ments with reference to an idealized “bulk mantle” composition. Most types of
volcanism (mid-ocean ridge, island arc, continental margin arc, and continental
rift) involve melting of the uppermost upper mantle. Hot spot volcanism, espe-
cially for the larger plumes, such as Hawaii and Iceland, may be the only case
where the melting involves mantle that has recently ascended from much deeper in
the Earth. The sources of plumes are shown here as being near the core-mantle
boundary, or from a large plume head in the mid-mantle. There is current debate
about whether plumes come from the core-mantle boundary region, and if they do,
whether they come from the core-mantle boundary itself, or from just above an in-
trinsically dense layer mantling the core. There is also debate about whether the
mantle at the core-mantle boundary is a primordial layer that is billions of years
old, or composed of recycled oceanic lithosphere that has been exposed to the
ocean and atmosphere relatively recently.

An important characteristic of ocean islands and LIPs makes them at-
tractive for drilling: the volcanic accumulations are made of sub-
horizontally stacked lava and pyroclastic sequences, some as much as 5 to
10 km in thickness, all arranged in chronological order. Drilling intersects
the primary structure at a high angle and hence a maximum amount of in-
formation can be gained through drilling. Experience from the Hawaii Sci-
entific Drilling Project (HSDP) shows that subaerial lava sequences can
generally be cored efficiently, with penetration rates of 25 to 40 m/day.
Submarine hyaloclastite is also easy drilling. Submarine lavas are more
difficult to drill because the fractured pillows result in slow penetration
rates (5-15 m/day) and hole stability problems. HSDP has also shown that
it is possible to choose drill sites where few intrusive rocks are encoun-
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tered, long stratigraphically-continuous sequences can be cored, and both
the lavas and pyroclastic rocks are unaltered by post-eruption processes.
The clearest justification for drilling volcanic sequences exists for young
lavas from active or recently active volcanoes where the magmatism can
be studied in the geodynamic context in which it was generated. Young
volcanic sequences are also least subject to dissection by erosion, and thus
only drilling can access the deeper levels of the lava piles. A major chal-
lenge for studying young basalt lavas is obtaining precise ages for the
lavas (geochronology), but in higher-K lavas this may be less of a problem
(e.g., Sharp et al. 1996, 2005).

2 Hotspots: Mantle Chemistry to Lithosphere Dynamics

2.1 Mantle Geochemistry

Models for the structure of the mantle continue to evolve but are not easily
testable (Fig. 1; cf. Zindler and Hart 1986; Hofmann and White 1982;
Hofmann 2003). Particular interest is now focused on the core-mantle
boundary region and the lowermost mantle. If mantle plumes sample this
area, then detailed studies of plume-related volcanic rocks are one of the
few ways to characterize the geochemistry of the deepest mantle. The man-
tle plume model for hotspot volcanoes has recently come under attack
(Foulger et al. 2002), but is still the best explanation for quasi-stationary
intense volcanism far from plate boundaries (Davaille 2003; DePaolo and
Manga 2003), large volumes of oceanic plateaus and large igneous prov-
inces (Richards et al. 1989), and the different geochemical characteristics
of OIBs and MORBs (e.g., Hofmann 2003). The objective for the future is
to better characterize the internal geochemical and petrological structure of
plumes to get more information about the deepest parts of the mantle
(Bryce et al. 2005). Systematic drilling on ocean island hot spots and in
LIPs may be the only way to get the necessary information.

Large igneous provinces are thought to result when a new plume, origi-
nally generated at the core-mantle boundary, arrives under the lithosphere
and begins to melt (Griffiths and Campbell 1990). The explanation for the
large amount of lava (ca. 10° km®) erupted in a short time (about 10° yr) is
that a large volume of anomalously hot mantle enters the depth range
where melting can occur (from about 80 to 180 km) in a short time. An es-
sential result of the numerical models of mantle plumes (Farnetani et al.
2002) is that the part of the plume that melts to produce lava comes almost
exclusively from the very bottom of the mantle — within 25 to 50 km of
the basal compositional boundary — which can be either the surface of the
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outer core or the top of a dense silicate layer mantling the core. The vol-
canic rocks produced therefore represent the only sampling that is possible
of this critical boundary layer in the Earth. Answers to questions such as
the degree to which the core and mantle are in chemical communication
(Jeanloz 1993; Brandon et al. 1998), whether the base of the mantle is a
graveyard for subducted slabs (Hofmann and White 1982), and even ques-
tions such as when the core formed and the age of the Earth relative to me-
teorites (see Boyet and Carlson 2005) may be locked in the lavas of hot-
spots and LIPs.

A more detailed schematic of plume melting and magma transport under
Hawaii and other long-lived oceanic hotspots associated with plume “tails”
is shown diagrammatically in Fig. 2. Much like in the models of Farnetani
et al. (2002), the only part of the plume that melts is the hot central core,
and this plume material must come from a thermal boundary layer at or
near the base of the mantle. Hawaiian volcanoes, however, because they sit
on a moving oceanic plate, systematically sample across the melting area
of the plume as they grow. In the 1 to 1.5 million years it takes them to
grow, a volcano drifts about 100 to 150 km across the plume and hence
samples first one side, then the middle, and then the other side of the melt-
ing region. This “scan” of the plume top provides information on the de-
tailed structure of the lowermost 25-50 km of the mantle, all laid out in se-
guence in the lavas of individual volcanoes, and accessible only by
drilling.

An example of the information that can be extracted from the systematic
sampling associated with a continuous lava sequence is shown in Fig. 3.
The *He/*He ratio of the HSDP lavas increases systematically down core,
and the ratios also become more variable (Kurz et al. 2004). The deeper
lavas are also older, so the data succession down core is also an age pro-
gression, and, according to the model of Fig. 2, a “scan” over the plume.
The results suggest that the central part of the plume has high *He/*He,
whereas the periphery of the plume has lower *He/*He similar to mid-
ocean ridge lavas. The high ®He signal is interpreted to be associated with
the base of the mantle. This characteristic is compatible with the basal
layer of the mantle being primordial material but is not easily reconciled
with the basal layer being recycled subducted oceanic crust. The narrow-
ness of the *He signal suggests that it is confined to the central part of the
melting region, which in turn is confined to the central part of the plume
(Bryce et al. 2005). The *He-rich material must therefore come from within
perhaps 10 km of the base of the mantle, which suggests that perhaps the
®He is coming from the core. Figure 3b shows that the high-*He lavas also
have high ®Pb, and together these characteristics are similar to lavas from
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the young submarine volcano Loihi, which must now be close to where
magma derived from the core of the plume is reaching the surface.

Model for magma production by the Hawaiian plume
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Fig. 2. A simplified model for magma production in the Hawaiian plume showing
how a lava sequence can be related to the thermal and chemical structure of a
plume. The Hawaiian volcanoes drift slowly over the melt-producing region of the
plume during their 1 to 1.5 million-year active lifetimes. The magma supplied to
an individual volcano probably comes from only a fraction of the area of the melt-
producing region, so the volcano’s “sampling area” sweeps over the plume as the
volcano grows. The melt, as it percolates upward within the melting volume of the
plume, also samples vertical heterogeneity in the plume. Ordered sequences of
lavas, such as those recovered by the Hawaii Scientific Drilling Project, represent
a systematic sampling of the vertical and radial structure of the plume. For Ha-
waii, the part of the plume that is hot enough to melt is only the central core due to
the thick lithosphere. In other hot spots, where the lithosphere is thinner, a larger
fraction of the plume melts. Similar models may apply to flood basalts, and analy-
ses of the lavas recovered from coring are a unique and systematic record of the
melting processes and magma source structure.
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Fig. 3. a. Helium isotopic ratios measured in HSDP lavas versus age (Kurz et al.
2003). Age in this case comes from the model of DePaolo and Stolper (1996).
There is a very large change in the helium isotopic character of the lavas through
the HSDP section. The high *He/*He ratios are associated with the Earth’s deep
mantle and may come from the core-mantle boundary region. One model here
shows what would be expected for a radially-zoned plume; the other shows what
an asymmetric plume might look like. b. Helium isotope ratios plotted against
208pp, showing that samples from the deepest levels of the HSDP2 core approach
the isotopic compositions of lavas from Loihi (Eisele et al. 2003).
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The Hawaii example is one of the simplest in terms of geodynamics.
Models for many other hotspots (e.g., Galapagos, Azores, Tahiti) need to
be more complex because the movement of the lithosphere relative to the
plume has changed with time. Iceland is yet another example, where the
plume comes up at a ridge so that much more of the plume melts and
hence the lavas provide information on a thicker vertical section of the
base of the mantle (Ito et al. 2003). Kerguelen is yet a different case, be-
cause initially the plume activity was associated with continental breakup
and a ridge environment, and then it evolved into an intraplate environ-
ment, moving farther and farther from a ridge with time (e.g., Frey et al.
2000; Weis et al. 2002; Weis and Frey 2002).

2.2 Volcanology

The internal structure of large oceanic volcanoes is still a matter of consid-
erable debate because little direct information is available. It is inferred
that the volcanoes start out as steep-sided cones of pillow basalt on the
ocean floor. Once they breach the ocean surface, they should evolve to a
3-layer structure, including subaerial lavas on top, a large apron of vol-
caniclastic material, and the pillow-lava seamount at the center. The thick-
ness of each layer depends on seafloor depth and subsidence during vol-
cano growth, and the presence or absence of volcanic rift zones. The
proportion of intrusive rocks making up the interior of large volcanoes is
also unknown but subject to much speculation (Walker 1990). The HSDP
data confirm the 3-layer model (although less hyaloclastite was found than
expected; Figs. 4 and 5), but indicate that some estimates of the amount of
intrusive rock are far too high.

The growth rate of hot spot volcanoes is also important information.
Geodynamic models that give the temperature and upward velocity as a
function of position in the plume, combined with petrological models for
mantle melting, yield estimates for the amount of magma produced in the
plume per unit time. Magma production should be at maximum above the
axis of the plume and drop off systematically with radial distance away
from the plume axis (Watson and McKenzie 1988; Ribe and Christensen
1999; DePaolo and Stolper 1996). The overall eruption rate of the volca-
noes is related to this magma production rate, but it is not certain what
fraction of the produced magma is actually erupted and/or intruded into the
volcanic edifice. The Ar-Ar dates obtained on the HSDP core (Fig. 6a)
provide the first detailed picture of the growth history of a large oceanic
volcano over an extended time interval. The measured ages can be ac-
counted for roughly with a simple model for the magma production in the
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plume (DePaolo and Stolper 1996; Figure 6b), but these measures are far
greater than had been estimated based on dating of surface outcrops and
dredged submarine lavas (Moore and Clague 1992).

For Kerguelen, as a contrasting example, an overall 5 degree dip from
west to east allows for sampling different lava compositions, from
tholeiitic to alkaline as age decreases over many millions of years (Nico-
laysen et al. 2000). The age and composition progression corresponds with
changes in the type of magma source, which is analogous to Hawaii, but
on a much longer time scale. The early stages of the building of the island
on the Northern Kerguelen Plateau indicate influence from a depleted mid-
ocean ridge-type reservoir, with the source of magmatism being along the
southeast Indian Ridge (SEIR) (Weis and Frey 2002). Comparison of vari-
ous oceanic settings with different compositions will lead to a better un-
derstanding of oceanic volcano structure.

2.3 Hydrology, Microbiology, and Alteration

The subsurface hydrology of oceanic islands is largely unknown, even
though there have been simple, general models for a long time. One unex-
pected feature of the HSDP drill site is the low temperatures that extend to
great depth (Fig. 7). The temperature profile requires that cold seawater
(and/or deeply penetrating groundwater) be circulating through the vol-
canic pile, even at depths grater than 3 km (Thomas et al. 1996; Kontny et
al. 2003). A unique feature of core from oceanic islands is that it allows for
understanding both alteration of basalt glass and the activity of micro-
organisms as they develop progressively with time and temperature
(Walton et al. 2004). Most other situations require study of samples with
unknown temperature history, or do not preserve the stages of progressive
alteration and infection that can be observed, for example, in the HSDP
core. The alteration process may be significant in understanding the reac-
tions and compositional exchange between seawater and basalt glass at
low temperatures, providing an analogue system for the early history of
fluids that circulate through mid-ocean hydrothermal systems and that lead
to significant ore deposit formation. Evidence of traces of microbiota may
help document the extent, abundance, and level of organic activity in the
subsurface (Fig. 8).
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Fig. 4. Examples of rock cored by the HSDP. The upper picture is a portion of a
fresh aa flow interior. In the center is “hyaloclastite” or volcanic sediment, and
lower is pillow basalt. At all levels of the HSDP core, fresh volcanic rocks were
recovered.
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Fig. 5. Age versus depth for Mauna Kea lavas from the HSDP core. The age in-
formation is critical for reconstructing the position of Mauna Kea in the past rela-
tive to the hot spot, and allows the geochemical data to be related to three-
dimensional structure in the plume. The data are also important because they show
for the first time how long the volcanoes take to grow. Simple models for the vol-
cano growth from plume magmatism (DePaolo and Stolper 1996) reproduce the
observations only moderately well. The constant accumulation rate from 600 to
320 ka is not predicted, although the age data have sufficient uncertainty to allow
for the predicted decreasing accumulation rate with time. Previous models pub-
lished prior to drilling (e.g., Moore and Clague 1992) had suggested that Mauna
Kea was only about half the age that it is.
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Fig. 6. Temperature versus depth in the HSDP well measured about 1 month after
cessation of drilling in 1999. A geothermal gradient of 15°C per kilometer might
be expected for a lithosphere of about 90 km thickness with a basal temperature of
1350°C. The observed temperatures are much lower, although a gradient close to
the expected is present below about 2000 m depth. The anomalously low tempera-
tures are believed to be due to rapid circulation of cold seawater through the basalt
pile. Radiocarbon ages of saline water pumped from the well at about 800 m depth
confirm the relatively rapid flow of a seawater-like fluid through the volcanic
rocks (Thomas et al. 1996). In the upper 300 m of the well, the cooling is due to
freshwater aquifers. The discovery by HSDP of significant fresh groundwater re-
sources within the volcano is of considerable interest for water resources on all of
the Hawaiian Islands.

2.4 Magmatic Processes

Ocean island volcanism constitutes a fertile test bed for models of the gen-
eration and transport of magma from the mantle. Even for the simplest
models of axisymmetric plumes, there is considerable uncertainty about
the depth and extent of melting, the role of water and mineralogical het-
erogeneity, the percolation of magma through the melting zone, and the
transport of the magma to the volcano's shallow plumbing system. The
growth rate of volcanoes gives information on the temperatures, upwelling
velocities, and melt generation rates in the mantle (Ribe and Christensen
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1999). The petrological and geochemical characteristics of the lavas tell us
about depth of melting, extent of melting, residual minerals in the melting
region, and crystallization processes in the magma en route to the surface.
Isotopic characteristics help to constrain the source characteristics of the
mantle plume, the contributions of various components, and the size and
composition of heterogeneities.

Studies of Hawaii, Iceland, and other hotspot lavas continue to yield
new insights into magma generation processes and their relation to geody-
namic models, mantle composition and heterogeneity (e.g., Hauri 1996;
Norman and Garcia 1999; Stolper et al. 2005; Kincaid and Hall 2005). The
extended, ordered sequences of lavas that can be obtained by drilling are a
unique resource for estimating the length and time scales of magmatic
processes and source characteristics (DePaolo 1996; Eisele et al. 2003;
Blichert-Toft et al. 2003; Haskins and Garcia 2004).

2.5 Lithosphere Dynamics

Although lithosphere flexure has been studied for decades, there is still a
far from complete understanding of the effective thickness and rheology of
oceanic lithosphere (Watts 2001). Flexure models are critical for under-
standing the subsurface volumes of oceanic volcanoes (Moore 1987), and
hence the relationship between volcano volume and magma production in
the mantle plume. Unique information on subsidence and flexure can be
obtained while recovering lava samples for petrological analysis. In Ha-
waliian volcanoes, for example, the subaerial-submarine transition is typi-
cally within 1.5 km of the surface (e.g., Fig. 4), and thus is accessible by
drilling through the subaerial lavas — the part of the lava section that can
be cored most efficiently. The depth to the subaerial-submarine transition,
combined with geochronological study of the lavas (Fig. 9), provides firm
data for evaluation of lithosphere flexure models (Sharp et al. 1996; De-
Paolo et al. 2001a). In Kerguelen, most of the lavas have been erupted
subaerially, and only for the oldest ones in the NKP, 34 Ma old, is there
evidence for submarine eruption (Weis and Frey 2002). Drilling on the
Kerguelen Archipelago itself would allow for a comparison with Hawaii
and for a better understanding of what controls the submarine-subaerial
transition and the depth of eruption.
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Fig. 7. Alteration features and mineralogy of glass-bearing HSDP samples from
2884 meters below sea level (upper) and 1338 meters below sea level (Walton and
Schiffman 2004). A systematic change in mineralogy is found with depth and
temperature. Some of the features are thought to be due to micro-organisms living
at depths up to about 1500 meters.

3 Large Igneous Provinces in Earth History

Episodic events punctuate Earth history, and large-volume mafic magma-
tism resulting from processes other than ‘normal’ seafloor spreading and
subduction constitute a major class of episodic phenomena (e.g., Coffin
and Eldholm 2000; Stein and Hofmann 1994). Such magmatism results in
the formation of large igneous provinces (LIPs), which comprise continen-
tal flood basalts, volcanic rifted margins, oceanic plateaus, ocean basin
flood basalts, submarine ridges, ocean islands, and seamount chains (e.g.,
Mahoney and Coffin 1997). LIPs have the potential to provide important
insights into mantle dynamics as well as to have caused significant envi-
ronmental changes. First-order, frontier problems in LIP research address-
able by drilling include:

Do plume heads cause continental breakup (Courtillot et al. 1999)? The
majority of Earth’s divergent continental margins are characterized by
thick sequences of mafic volcanic rock that in some instances correlate
temporally with adjacent continental flood basalts (Fig. 10). Although
there is a distinct correlation, it is not yet understood how anomalously
warm and/or upwelling mantle can thermo-mechanically erode the litho-
sphere and create weak zones susceptible to rifting. An alternative view is
that plate divergence is responsible for instigating decompression melting
of the mantle, although this should not necessarily produce the large vol-
ume of erupted magma observed in many LIPs. Understanding the precise
temporal and spatial relationships between tectonics and magmatism via
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complementary geological (including key drilling), geophysical, and mod-
eling investigations will contribute to addressing this issue.
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Fig. 8. Estimated contours of depth to the old ocean floor under Hawaii based on
lithosphere loading and flexure models (Watts and TenBrink 1988). At the HSDP
site there is a precise datum indicating that there has been 1080 m of subsidence
since 400,000 years ago. Shown on the figure is the calculated position of the
HSDP site for the past 1.2 million years. This track suggests that there should have
been about 700 m of subsidence over the past 400,000 years at the HSDP site if
the flexure model is correct. The difference is likely to be due to additional defor-
mation that occurs under the volcanoes. More data of this sort, which can only be
obtained by drilling, could provide unique constraints on flexure models.

Extraterrestrial impacts and flood volcanism — can bolide impacts in-
stigate massive mantle melting? Bolides have impacted Earth throughout
its history, and earth scientists have focused much attention on the global
environmental consequences of extraterrestrial impacts. The effects of im-
pacts on the solid earth, however, have been relatively neglected. Recent
studies have suggested that the Siberian flood basalts (Jones et al. 2002)
and Ontong Java Plateau (Ingle and Coffin 2004) may have formed as a re-
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sult decompression melting of the mantle induced by bolide impacts. Scru-
tiny of LIP rocks and contemporary sedimentary sections recovered by
drilling, together with complementary modeling studies, may help to an-
swer this fundamental question.
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Fig. 9. Global distribution of large igneous provinces (Mahoney and Coffin 1997).
Systematic core drilling in most of these provinces could yield important insights
into the magma generation process and the nature of the mantle plumes responsi-
ble for the volcanism.

Can flood volcanism trigger significant environmental change? Two
major mass extinctions of Phanerozoic time, the end-Permian and end-
Cretaceous, correlate temporally with emplacement of the Siberian (e.g.,
Campbell et al. 1992) and Deccan (e.g., Officer and Drake 1985) flood ba-
salts, respectively. Courtillot and Renne (2003) provide evidence for a cor-
relation between the ages of LIPs (CFBs and OPs) and those of mass ex-
tinctions and oceanic anoxia events (Fig. 11). Major oceanic anoxic events
1A and 2 correlate temporally with formation of the Ontong Java Plateau
(e.g., Larson and Erba 1999) and the Caribbean flood basalts (e.g., Kuroda
et al., in prep.), respectively. The Paleocene-Eocene thermal maximum
correlates temporally with the peak of Tertiary North Atlantic volcanism
(e.g., Eldholm and Thomas 1993; Svensen et al. 2004). Such tantalizing
correlations suggest causal relationships; however, copious analyses of
drilled basalts and syn-sedimentary sections, as well as much-improved
models of environmental change induced by solid earth processes, are re-
quired to understand these relationships (Wignall 2001; Courtillot and
Renne 2003).
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Fig. 10. Correlation between the ages of flood basalt provinces and mass extinc-
tions (all in Ma). The possible causal relationship is still a matter of debate. The
figure is taken from Courtillot and Renne (2003).

Many LIPs span the continent-ocean transition (Fig. 10), and coopera-
tive International Continental Drilling Program (ICDP)/Integrated Ocean
Drilling Program (IODP) studies will be necessary to advance our under-
standing of the solid earth and possibly extraterrestrial processes responsi-
ble for LIPs and of how intense basaltic volcanism interacts with the at-
mosphere, hydrosphere, and biosphere.

4 Possible Future Targets for Drilling

4.1 Further Drilling on Oceanic Islands

Although drilling in Hawaii has been successful, it has also raised a num-
ber of new questions that could be addressed with targeted drilling else-
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where in Hawaii, and as well as on other oceanic islands. For Hawaii there
is evidence that the southwest side of the plume differs from the northeast
side (e.g., Abouchami et al. 2005), and there is also evidence that the
plume geochemistry changes with time (e.g., Bryce et al. 2005). The
Mauna Kea volcano drilled by HSDP shows relatively regular and system-
atic changes in lava geochemistry with time, but there are larger and less
systematic changes that are evident in the available samples from Mauna
Loa and Hualalai. Even very shallow drilling in the Koolau volcano has
produced unexpected results (Haskins and Garcia 2004). Drilling into the
largest volcano in the chain — Haleakala — which also sits at a pro-
nounced change in trend of the island chain, is likely to yield important in-
formation about the symmetry and long-term evolution of the Hawaiian
plume.

Fig. 11. Geoid map of the continental United States and parts of Canada and
Mexico showing the pronounced anomaly centered on the Yellowstone—Snake
River Plain area. The Yellowstone region is one of very few examples of an ac-
tive plume rising under continental lithosphere. Continental drilling results would
be enhanced by geophysical imaging of the upper mantle that will be done as part
of EarthScope.

Other oceanic volcanoes with different geodynamic contexts would also
constitute attractive drilling targets. At present, some of the ocean islands
with especially anomalous geochemical characteristics, such as Tristan da
Cunha, Reunion, St. Helena, and Samoa, are treated as being equivalent in
importance to Hawaii and Iceland (e.g., Zindler and Hart 1986; Hart et al.
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2000). Drilling into these islands would be worthwhile to determine if the
anomalous geochemistry persists in lavas from deeper in the volcanic
piles. It would also be of interest to evaluate the subsidence histories of
volcanoes built on oceanic crust of different ages, as well as their hydrol-
ogy, magmatic processes and biogeochemistry.

Successful drilling on many oceanic islands may not be as easy as in
Hawaii. As an example, the rotary drilling done on Reunion in 1985 (Ran-
con et al. 1989) was able to recover cuttings of only 1 km of stacked lava
even though a 3 km hole was drilled. At about 1 km depth the hole entered
a region of mostly intrusive rock, which persisted to the bottom of the
hole. This experience apparently results from the drilling having been done
near the volcano summit, although it was unavoidable due to the subsi-
dence of the island (and the original objective of the drilling; which was
geothermal exploration). Under the summit region there is a much higher
likelihood of encountering intrusive rocks as well as hydrothermal altera-
tion. For comparison, the Grand Brule drill hole on Piton de la Fournaise
was located about 10 km from the summit caldera and encountered mostly
intrusives at 1000 m depth whereas the HSDP drill hole was located about
40 km from the summit of Mauna Kea and encountered no significant in-
trusive bodies down to a depth of 3335 m.

4.2 Snake River Plain

The Snake River Plain (SRP) of southern Idaho has long been associated
with the concept of a hot-spot (mantle plume) track which links volumi-
nous flood basalts of the Miocene Columbia River province to Quaternary
volcanic centers at Island Park and Yellowstone (Craig 1993). The plume
track is marked by a series of rhyolitic eruptive centers that signal the arri-
val of the hot-spot beneath a new crustal location followed by extensive
eruptions of basalts. Existing drill holes in the ESRP show that the basaltic
carapace ranges from less than 100 m to over 1000 m thick, with rhyolite
basement extending to depths in excess of 3000 m. The plume model has
been questioned by recent studies which suggest that these features may be
explained by localized asthenospheric upwelling associated with edge ef-
fects of North American plate motion and the descending Farallon slab
(e.g., Humphreys and Dueker 1994; Humphreys et al. 2000), but the plume
model still remains viable for explaining the Cenozoic evolution of west-
ern North America, especially considering the large positive geoid anom-
aly associated with the Yellowstone plateau (Fig. 12).

Core drilling in the Snake River Plain would be timely because it would
complement EarthScope-sponsored geophysical studies of continental
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lithosphere in the northwestern U.S. (USArray and the Plate Boundary Ob-
servatory). A systematic series of shallow to intermediate depth drill holes
taken along the axis of the Snake River Plain could help test models for the
origin and evolution of alleged “plume-related volcanism.” Core samples
would also allow for examination of the relationships between rhyolites
and basalts, while a series of holes would allow comparison of coeval
lavas erupted at different locations along the “plume track.” Drill holes in
the SRP could also be instrumented with continuous recording strainmeters
and seismometers as part of the PBO and would provide ground-truth ob-
servations for crustal and lithospheric studies by the USArray.

Drilling in the Snake River Plain would also be useful for evaluating
models of plume-lithosphere interaction. Physical models of plume tail
dynamics in continental domains are controversial. Sleep (1990) proposed
that topographic relief on the hotspot swell (500 m to 1000 m for Yellow-
stone) was due entirely to thermal buoyancy. This model predicts that a
mantle plume would flatten and spread when confined beneath continental
lithosphere, causing a broad circular uplift that would be deformed into a
topographic parabola by interaction with the moving lithosphere (Smith
and Braile 1994). In contrast, Saltzer and Humphreys (1997) calculate that
20% to 100% of the topographic swell could be compositionally driven, as
a result of depletion of the underlying asthenosphere. This implies that no
thermal plume is needed to support the observed topographic and geoid
swells. Drilling into the SRP basalts would provide critical petrological,
geochronological, structural and geochemical data for assessing the plume
model and the role of the lithosphere.

4.3 Kerguelen

The Kerguelen mantle plume has been active for at least 120 Myr. The
Kerguelen Archipelago is the third largest oceanic island after Hawaii and
Iceland and represents part of the Cenozoic volcanic activity of the
Kerguelen plume (e.g., Weis et al. 2002). Spreading along the Southeast
Indian Ridge (SEIR) over the past ~40 Myr has progressively increased the
distance between the SEIR axis and the Kerguelen hotspot; as the ridge
moved to the northeast relative to the hotspot, the hotspot evolved from a
ridge-centered position to an intraplate location (i.e., Iceland-like to Ha-
waii-like) (Fig. 13). Field studies of volcanic sections on the archipelago
indicate a clear geographic, temporal and compositional trend from the
NW tholeiitic-transitional series to the SE alkaline series (Fig. 14). This
trend also corresponds to variation in degree of partial melting, magma
supply and plume-ridge interaction.
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Fig. 12. a. Bathymetric map of the southwestern Indian Ocean indicating the ma-
jor tectonic features related to the Kerguelen mantle plume volcanism. b. The ver-
tical section of p-wave velocity perturbation indicates that the Kerguelen Plume
can be imaged all the way down to the core-mantle boundary (Montelli et al.
2004). The color scale for velocity perturbations extends from blue (+1.5% veloc-
ity contrast) to red (-1.5% velocity contrast).

Drilling on Kerguelen, although logistically demanding, could lead to
extensive new insight into plume processes, mantle structure and magma
dynamics. Kerguelen apparently preserves both an initial plume-head
phase as well as a subsequent long-lived plume tail phase (Fig. 13b). In
addition, the volcanic activity has occurred on sequentially older and older
oceanic crust. To fully investigate this unique locality will require both an
ICDP sponsored project to study the Archipelago, and an IODP sponsored
project to study the submarine plateau. This is a rare opportunity to com-
pare plume head and stem volcanism over a time period of 120 Myr.

There are a number of important specific questions that could be an-
swered with drilling at Kerguelen. The magmatic evolution of this prov-
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ince has extended over an extremely long time, especially in comparison to
the younger Hawaiian islands for example, and may reveal quite substan-
tial differences with other islands. One straightforward question is how
long it has taken for the archipelago flood basalt, covering 85% of the
subaerial surface, to form? If the time scale is long enough, there is a pos-
sibility that the lavas record the early stage when the Kerguelen Archipel-
ago was coincident with the SEIR at 40 Ma. In a manner vaguely similar to
individual Hawaiian volcanoes, the volcanism in Kerguelen has evolved
over a long time from mainly tholeiitic to mainly alkalic in composition
(e.g., Scoates et al. 2006). However, at present this transition is observed
from spatially diverse sections in a NW-SE trend and may be due more to
location than age. The tholeiite-alkali basalt transition in Hawaii is clearly
related to the plume structure and composition, and the difference in scale
at Kerguelen could be highly instructive.

The Kerguelen region lies within the broad expanse of southern ocean
territory that is identified with the so-called DUPAL anomaly (Zindler and
Hart 1986). This region appears to be underlain in the lower mantle with a
region of relatively low seismic velocities (Romanowicz and Gung 2002),
which in turn may be the signature of hotter or more geochemically di-
verse mantle. The Kerguelen lavas, especially because of the longevity of
the volcanism, could hold unique clues about the significance of the large
scale geochemical structure of the lower mantle, as well as about how
plume geochemistry is affected by interaction with mid-ocean ridge mantle
and about the role of recycling ancient subcontinental lithospheric mantle
or sediments in mantle heterogeneity (e.g., Escrig et al. 2004; Hanan et al.
2004).

Drilling continental flood basalt provinces on-land, such as Deccan, the
Siberian traps, Ethiopia or the Parana-Etendeka, might appear easier in
terms of logistics but, because of the interactions between the ascending
magma and the continental crust, the geochemistry of these lavas is often
complicated. Establishing the geochemical signature of the mantle source
is therefore more difficult. Nevertheless, continental flood basalt provinces
constitute potentially rich natural laboratories for the study of a major class
of basaltic volcanism, and limited drill core has already been used in some
cases for the study of these lavas (Lightfoot et al. 1993).



Hotspot Volcanoes and Large Igneous Provinces 281

Ninetyeast

Ridge ‘ 1
I BR

IS
L
TR0 AR
1140 C———

DN AR SO Aaaen

[=1
o
]
[Sovoaons]

1139 ——

ES

——
Kerguelen
Archipelago
8| 4

0 20 40 60 80 100 120
Age (Ma)

Fig. 13. a. Geological sketch map of the Kerguelen Archipelago. The overall age
and composition trend is from 30 Ma tholeiitic basalts in the NW part of the ar-
chipelago to 24 Ma alkali basalts in the SE Province. b. Age vs. eéNd plot shows
that the lavas exhibit a large range in isotopic composition, which includes sam-
pling of heterogeneous mantle as well contamination by continental basement that
underlies the lava pile and probably is residual from the breakup of Gondwana in
the early stages of the Kerguelen plume activity. Kerguelen Archipelago lavas
(<30 Ma) show more limited variations, reflecting mixing between the enriched
Kerguelen plume composition and depleted compositions (e.g., NKP, Site 1140,
Weis and Frey 2002).
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5 Summary and Conclusions

Hot spot volcanic islands and large igneous provinces are attractive targets
for continental (on-land) drilling. The volcanic formations are nearly hori-
zontally layered in most cases and drilling allows for the collection of sys-
tematic, stratigraphically controlled samples that provide unique records of
magmatic processes and mantle structure, lithosphere dynamics, and the
thermal, diagenetic, hydrological, and microbiological evolution of the
subsurface volcanic environment. Experience with drilling in Hawaii
shows that nearly complete core recovery is possible, that penetration rates
are reasonably high in many volcanic rocks, and that drilling sites can be
identified where the rocks are unaltered and where there are few intrusive
rocks. The data that can be obtained by drilling are necessary for develop-
ing and testing the next generation of models of mantle magmatism. One
of the most important considerations is that the mantle melting under hot
spots and LIPs may have come from near the base of the mantle, and there-
fore the lavas provide geochemical information about the deep Earth that
cannot be obtained from any other source. Improvements in geochronol-
ogy increasingly allow for detailed tests of the relationship between LIPs
and other global events, and provide input for new models of hotspot vol-
cano growth and lithosphere deformation. Drilling on oceanic islands also
provides unigue information on groundwater and seawater aquifers in the
basalts, temperature distributions, chemical alteration, and biological activ-
ity in the deep subsurface.
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