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3.16.1 INTRODUCTION

Although the existence of large continentalflood
basalt provinces has been known for some
considerable time, e.g., Holmes (1918), the
recognition that similar flood basalt provinces
also exist below the oceans is relatively recent. In
the early 1970s increasing amounts of evidence
from seismic reflection and refraction studies
revealed that the crust in several large portions of
the ocean floor is significantly thicker than
“normal” oceanic crust, which is 6–7 km thick.
One of the first areas of such over-thickened crust
to be identified was the Caribbean plate (Edgar
et al., 1971) which Donnelly (1973) proposed to be
an “oceanic flood basalt province”. The term
oceanic plateau was coined by Kroenke (1974),
and was prompted by the discovery of a large area
of thickened crust (.30 km) in the western Pacific
known as the Ontong Java plateau (OJP). As our

knowledge of the ocean basins has improved over
the last 25 years, many more oceanic plateaus
have been identified (Figure 1). Coffin and
Eldholm (1992) introduced the term “large igneous
provinces” (LIPs) as a generic term encompassing
oceanic plateaus, continental flood basalt
provinces, and those provinces which form at
the continent–ocean boundary (volcanic rifted
margins).
LIPs are generally believed to be formed by

decompressionmelting of upwelling hotter mantle,
known as mantle plumes. Although ideas about
hotpots and mantle plumes have been around for
almost 40 years (Wilson, 1963), it is only in the
past 15 years that LIPs have become the focus of
major research. One of the main reasons for the
increased research activity into LIPs is the
realization that significant proportions of these
LIPs erupted over a relatively short time, often
less than 2–3 Myr (see review in Coffin, 1994).
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This has important implications for mantle pro-
cesses and source regions (Hart et al., 1992; Stein
and Hofmann, 1994), as well as environmental
effects on the global biosphere (e.g., Caldeira and
Rampino, 1990; Courtillot et al., 1996; Kerr,
1998). Oceanic plateaus can also become accreted
to continental margins, and it has been proposed
that these plateaus have been significant contri-
butors to the growth of continental crust (e.g.,
Abbott, 1996; Albarede, 1998).
The most recent major phase of oceanic

plateau formation was in the Cretaceous when
the Ontong Java, Manihiki, Hess Rise, and the
Caribbean–Colombian plateaus formed in the

Pacific, while in the Indian Ocean the Kerguelen
plateau was developing. The areas, volume
maximum thicknesses and ages of the larger of
these plateaus are given in Table 1. The Ontong
Java is the largest of the Cretaceous plateaus.
It covers an area of 1.9 £ 106 km2, and has an
estimated total volume of 4.4 £ 107 km3

(Eldholm and Coffin, 2000). Although early
seismic refraction data suggested that the OJP
was as thick as 43 km (Furomoto et al., 1976), a
more recent synthesis based on existing seismic
and new gravity data (Gladczenko et al., 1997)
has indicated the average thickness to
be ,32 km.

Figure 1 Map showing all major oceanic plateaus, and other large igneous provinces discussed in the text
(after Saunders et al., 1992).

Table 1 Ages and dimensions of Jurassic–Cretaceous oceanic plateaus.

Oceanic plateau Mean age
(Ma)

Area
(106 km2)

Thickness range
(km)

Volume
(106 km3)

Hikurangi early-mid Cretaceous 0.7 10–15 2.7
Shatsky Rise 147 0.2 10–28 2.5
Magellan Rise 145 0.5 10 1.8
Manihiki 123 0.8 .20 8.8
Ontong Java 121(90) 1.9 15–32 44.4
Hess Rise 99 0.8 .15 9.1
Caribbean 88 1.1 8–20 4.4
South Kerguelen 110 1.0 ,22 6.0
Central Kerguelen/Broken Ridge 86 1.0 19–21 9.1
Sierra Leone Rise ,73 0.9 .10 2.5
Maud Rise ,.73 0.2 .10 1.2

After Eldholm and Coffin (2000).
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3.16.2 FORMATION OF OCEANIC PLATEAUS

The production of large volumes (.106 km3)
of melt in a period as short as 2–3Myr implies
magma production rates up to 25% higher than
those observed at present-day midocean ridges
(Eldholm and Coffin, 2000), and is generally
believed to necessitate a high flux of hotter-than-
ambient asthenospheric mantle below these
provinces (e.g., McKenzie and Bickle, 1988).
Numerical and physical models show that this
hotter mantle commonly takes the form of a
mantle plume which ascends by thermal buoy-
ancy through the overlying mantle (Loper, 1983;
McKenzie and Bickle, 1988; Campbell et al.,
1989; Farnetani and Richards, 1995). Physical
constraints demand that mantle plumes must
ascend from a boundary layer within the Earth,
either the core–mantle boundary (D00) or the
670 km discontinuity. Large ascending mantle
plumes are, on average, 200 8C hotter than the
ambient upper mantle (McKenzie and Bickle,
1988) and undergo decompression melting as
they approach the base of the lithosphere.
Physical modeling experiments by Griffiths and
Campbell (1990) have shown that mantle plumes
are likely to ascend through the mantle from their
source boundary layer in the form of a large
semi-spherical “head” fed from the source region
by a narrower plume tail (Figure 2). Alterna-
tively, numerical modeling by Farnetani and
Richards (1995) suggested that plume heads
starting in the mantle only rise about three
plume head diameters before spreading out. In
either case, as the plume approaches the base of
the lithosphere, it spreads out over a broadly
circular area (which can be as much as 1000 km
in diameter) and undergoes adiabatic decompres-
sion, producing melt over most of the
area covered by the flattened-out plume head
(Campbell and Griffiths, 1990). The amount of
melt produced is critically dependent on the
thickness of the preexisting lithosphere, since the
base of the rigid, nonconvecting lithosphere will
act as a “lid” on the upwelling plume mantle and
on the extent of decompression melting. Thus, a
mantle plume ascending below thick continental
lithosphere (.50 km) will produce a smaller
thickness of melt than a plume which ascends
beneath oceanic lithosphere (#7 km) (Figure 3).
Another significant factor in determining the
amount of melt generated by a mantle plume is
the temperature of the plume: generally the
higher the temperature, the more melt will be
produced (Figure 3).
The initial 40Ar/39Ar step-heating ages for LIPs

support models of rapid formation and eruption,
often in less than 2–3 Myr (Richards et al., 1989).
As more age data have become available, a wider
age-range has emerged for some LIPs (e.g., the

Caribbean plateau, 95–86 Ma: Kerr et al., 1997a;
Sinton et al., 1998; Hauff et al., 2000b). Never-
theless, it still appears that substantial proportions
of these provinces were formed over geologically

Figure 2 Cartoon to illustrate how mantle plumes are
believed to (a) rise through the asthenosphere from either
the 670 km discontinuity or D00 and (b) flatten along the
base of the lithosphere and undergo decompression
melting to produce a LIP (after Saunders et al., 1992).

Figure 3 Schematic diagram showing how original
lithospheric thickness and mantle potential temperature
affect the amount of melt produced (melt thickness) and
how these factors relate to continental flood basalts
(CFB), volcanic rifted margins (VRM), off– ridge and
ridge–centered oceanic plateaus (OP), and midocean

ridges (MOR).
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short time periods (e.g., the Ontong Java plateau
formed on two occasions: 122^3 and 90^4 Ma;
Neal et al., 1997).
Theoretically, oceanic plateaus can form any-

where in the ocean basins; however, most oceanic
plateaus appear to have formed at or near
midocean ridges (e.g., Kerguelen, Manihiki and
Ontong Java), i.e., regions that are conducive to
voluminous decompression melting (Eldholm and
Coffin, 2000). At first glance, it appears somewhat
coincidental that plumes of deep mantle origin
reach the base of the lithosphere at a midocean
ridge. However, as pointed out by Saunders et al.
(1996), a likely explanation for this observation
is that mantle plumes can “capture” oceanic
spreading centers (cf. present-day Iceland).

3.16.3 PRESERVATION OF OCEANIC
PLATEAUS

The oldest in situ oceanic crust is Jurassic in age
(Pringle, 1992), because within 200 Myr of its
formation at a midocean ridge, the oceanic crust
was recycled back into the asthenosphere.
Althoughmany of the Cretaceous and late Jurassic
oceanic plateaus still form part of the ocean
basins, the preservation potential of oceanic
plateaus older than Jurassic is low. Fortunately,
however, oceanic plateaus aremuchmore buoyant
than oceanic crust of “normal” thickness formed
at a midocean ridge (e.g., Cloos, 1993). This
excess buoyancy is primarily due to the greater
crustal thickness of oceanic plateaus if the
plateaus are relatively young; residual heat from
their formation can also contribute to their buoy-
ancy. Recent measurements of upper mantle shear
wave splitting and shear wave velocity structure
(Klosko et al., 2001) reveal that the Ontong Java
plateau is underlain by a 300 km thick, long-lived,
rheologically strong and chemically depleted root.
Klosko et al. (2001) propose that this root
represents the residue from mantle melting and
that its consequent lower density contributes
significantly to the buoyancy of both the Ontong
Java and other oceanic plateaus. The net result of
this excess buoyancy is that oceanic plateaus, in
contrast to normal oceanic crust, are much less
easily subducted (Ben-Avraham et al., 1981;
Cloos, 1993; Kimura and Ludden, 1995). Instead
of being completely recycled back into themantle,
their upper layers can be “peeled off” (Kimura and
Ludden, 1995) and accreted on to the margin of
the subduction zone. This plateau accretion can
occur either at an Andean-type continental
margin, or an island arc.
Although many of the in situ Cretaceous

oceanic plateaus have been drilled by the Deep
Sea Drilling (DSDP) and OceanDrilling Programs
(ODP), the insight that these drill holes can
provide is relatively limited compared to the

accreted oceanic plateau sections. For example,
the Ontong Java plateau collided with the
westward-dipping Solomon Islands subduction
zone at 10–20 Ma, resulting in a reversal in the
polarity of subduction from west to east, and
the uplift and exposure of the deeper sections of
the plateau on the Solomon Islands (Neal et al.,
1997; Petterson et al., 1999). A second example is
the Caribbean–Colombian oceanic plateau, which
formed in the Pacific at ,90 Ma (Sinton et al.,
1998; Hauff et al., 2000a). Within 10 Myr the
eastward-moving Farallon plate had brought the
southern portion of the plateau into collision with
continental northwestern South America, resulting
in the accretion of slices of the plateau on to the
continental margin (Kerr et al., 1997b). This
accretion was accompanied by back-stepping of
the subduction zone west of the accreted plateau
slices. Shortly after its formation the northern
portion of the plateau began to move into the
proto-Caribbean seaway between North and South
America (Burke, 1988; Kerr et al., 1999; White
et al., 1999). In doing so the plateau encoun-
tered the eastward-dipping “Great Arc of the
Caribbean”. Unable to subduct, the thick plateau
clogged the subduction zone, resulting in a
reversal in the polarity of subduction from east
to west. This reversal in subduction polarity in
conjunction with a back-stepping of subduction
behind the advancing plateau (Burke, 1988),
effectively isolated the Caribbean as a separate
plate. Over the past ,80 Ma the northern portion
of the Caribbean plateau has moved into the gap
between North and South America and has been
uplifted and subaerially exposed around its
margins (Figure 4), thus making it available for
detailed study. It is in ways such as these that
remnants of these thick, buoyant oceanic plateaus
can be preserved and incorporated into the
continental crust. The identification of these
older preserved plateaus within the geological
record will be explored in a later section.

3.16.4 GEOCHEMISTRY OF CRETACEOUS
OCEANIC PLATEAUS

3.16.4.1 General Chemical Characteristics

Table 2 shows representative analyses of in situ
and accreted portions of Cretaceous oceanic
plateaus. Cretaceous oceanic plateaus are predo-
minantly basaltic (,10 wt.% MgO) in compo-
sition (Figure 5), although more-MgO-rich lava
flows are found in the Caribbean–Colombian
oceanic plateau (CCOP). Typically, oceanic pla-
teaus possess generally low levels of compatible
elements (i.e., Ni ,300 ppm and Cr ,1,000 ppm;
see Figure 6). In terms of incompatible trace
elements themajority of oceanic plateau lavas and
intrusive sheets possess relatively flat rare earth

Oceanic Plateaus540



primitive mantle-normalized patterns with abun-
dances varying between 5 and 10 times primitive
mantle values (Figure 7).
The radiogenic isotope compositions of oceanic

plateaus have been well characterized: initial 1Nd
values for oceanic plateaus generally range from
þ6.0 to þ9.0, whereas initial 87Sr/86Sr ratios fall
mostly between 0.703 and 0.704 (Figure 8), i.e.,
the 87Sr/86Sr and 1.Nd values are generally less
depleted in terms of their radiogenic isotopes than
“normal” (N)-MORB as typified by MORB from
the East Pacific Rise (Figure 8(a)). Elevated initial
87Sr/86Sr ratios (.0.7040) are most likely due to
secondary alteration by hydrothermal fluids. It is
noteworthy that the high-MgO rocks generally
possess more extreme (1Nd)i values than the
basalts (Figure 8(a)). Figure 8(b), a plot of
207Pb/204Pb against 206Pb/204Pb, reveals that
most oceanic plateau rocks range between 18.5
and 19.5 206Pb/204Pb and between 15.525 and
15.625 207Pb/204Pb. An interesting feature of
Figure 8(b) is that many of the basalts lie on a
trend between the proposedmantle components of
HIMU and DMM (Zindler and Hart, 1986) while
the high-MgO lavas form a trend between DMM
and the enriched mantle component EM2. Zindler
and Hart (1986) proposed four mantle com-
ponents: depleted MORB mantle (DMM), two

types of enriched mantle EM1 and EM2, and
HIMU, so-called because it has a high 238U/204Pb
ratio, or m value.
In recent years our knowledge of the radiogenic

isotope systematics of oceanic plateaus has been
augmented by the analysis of Hf and Os isotopes.
Although data for the Kerguelen and Ontong Java
plateaus are still relatively sparse, more data exist
for the CCOP. Initial 1Hf values for the CCOP
and OJP range from 10 to 18 (Figure 9(a)). The
CCOP samples form a trend between MORB
source mantle and the HIMU component, while
the OJP samples possess lower initial 1Nd values
at equivalent 1Hf than the CCOP and appear to
form a trend towards EM2. The much lower 1Hf
and 1Nd for the Kerguelen plateau (Figure 9(a))
will be discussed in Section 3.16.5.2. Initial gOs
for high-MgO rocks from the CCOP range from 0
to þ18, whereas the basalts range from27 to þ10
(Figure 9(b)). How representative these ranges are
for gOs, requires the acquisition of more data
from other oceanic plateaus.

3.16.4.2 Mantle Plume Source Regions of
Oceanic Plateaus

Since the pioneering study of Hoffman and
White, it has become widely accepted that one of

Figure 4 Map to show the main accreted outcrops of the Caribbean–Colombian oceanic plateau along with the
locations of DSDP/ODP drill holes which penetrated the thickened crust of the Caribbean plate.

Geochemistry of Cretaceous Oceanic Plateaus 541
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the principal contributors to the source regions of
deep mantle plumes are subducted oceanic slabs
and their sediments which descended through the
asthenospheric mantle and ponded at either the
670 km discontinuity or the core–mantle bound-
ary (D00). Zindler and Hart (1986) identified three
main mantle plume components: HIMU (pro-
posed as being derived from subducted oceanic
crust); and two enriched components, EM1 and
EM2. In addition, the upper asthenosphere was
proposed as consisting of depleted MORB
mantle (DMM).
More recently, it has been shown that depleted

signatures found in some LIPs represent a
component which, rather than being due to
entrainment of depleted upper mantle material
(DMM), is derived from depth, and so is an
integral part the plume itself (Kerr et al., 1995a,b;
Fitton et al., 1997; Kempton et al., 2000).
Kerr et al. (1995a,b) and Walker et al. (1999)
proposed that this depleted plume component
was ultimately derived from subducted oceanic
lithosphere, unlike HIMU, which has its source in
more-enriched upper oceanic crust.
Evidence for recycled oceanic crust and litho-

sphere in the mantle plume source regions of
oceanic plateaus has been presented by several
authors (e.g., Walker et al., 1999; Hauff et al.,
2000a), and mixing trends between a depleted
component and HIMU are clearly seen on most of
the radiogenic isotope plots (Figures 8 and 9).

3.16.4.3 Caribbean–Colombian Oceanic Plateau
(,90 Ma)

The Caribbean–Colombian Oceanic Plateau
(CCOP) is exposed around the margins of the
Caribbean and along the northwestern continental
margin of South America (Figure 4). The
thickened nature of the bulk of the Caribbean
plate (8–20 km; Edgar et al., 1971; Mauffret and
Leroy, 1997) testifies to its origin as an oceanic
plateau. The plateau has been drilled by DSDP
Leg 15 and ODP Leg 165 (Figure 4; Bence et al.,
1975; Sinton et al., 2000). The accreted plateau
material in Colombia, Ecuador, Costa Rica and
Hispaniola consists of fault-bounded slices of
basaltic, and occasionally picritic lavas and sills
with relatively few intercalated sediments and ash
layers (Kerr et al., 1997a). Although they preserve
layered and isotropic gabbros and ultramafic
rocks, unlike accreted ophiolites generated at
spreading centers, these accreted sequences of
oceanic plateau do not possess sheeted dyke
complexes (Kerr et al., 1998).
Several other exposures are worthy of special

mention: firstly, the 5 km thick section on the
island of Curaçao, 70 km north of the coast of
Venezuela (Figure 4). The sequence consists ofT
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pillowed picrites (MgO .12 wt.%) low in the
succession that gradually give way to more
basaltic pillow lavas nearer the top. These pillow
lavas are intercalated with hyaloclastite horizons
and intrusive sheets (Klaver, 1987; Kerr et al.,
1996b). The second noteworthy locality is the
island of Gorgona, 50 km off the western coast
of Colombia (Figure 4). This small island
(2.5 £ 8 km) is the site of the youngest komatiites
(MgO-rich lava flows: .15 wt.%), which possess
platy and blade-shaped olivines, giving the rocks
a characteristic “spinifex” texture (Echeverrı́a,
1980; Kerr et al., 1996a). Komatiites are
relatively common in the pre-Cambrian, how-
ever, the only known Phanerozoic komatiites
occur as part of the CCOP on Gorgona Island.
The formation of these Cretaceous komatiites in
the CCOP has led to the suggestion that pre-
Cambrian komatiites formed in ancient oceanic
plateaus (Storey et al., 1991).
The lavas of the CCOP are classified as

tholeiitic. The most magnesian lavas found in
the province contain up to 28 wt.% MgO
(Figure 5). However, as shown by Kerr et al.

(1996b), it is likely that these lavas contain
substantial accumulated olivine, and so the
whole rock compositions of these high-MgO
rocks cannot represent those of parental mantle
melts. Estimates of the MgO content of the
parental melts for various parts of the province
vary from 18 wt.% MgO to about 12 wt.% MgO
(Kerr et al., 1996a,b; Revillon et al., 1999).
Although picritic lavas are more common than in
other Cretaceous oceanic plateaus, basalts are by
far the most common rock type preserved in the
CCOP. The vast majority of samples contain
between 6 and 10 wt.% MgO (Figure 5). Al2O3

contents broadly increase with decreasing MgO,
reflecting the importance of the addition and
removal of olivine during the petrogenetic history
of the CCOP lavas. CaO increases with decreasing
MgO until MgO reaches 8–10 wt.% beyond
which the CCOP lavas display a scattered but
discernible downward trend. Fe2O3(t) and TiO2

display broadly horizontal trends until about
8–10 wt.% MgO, below which both increase
markedly. These trends can be modeled by the
initial fractional crystallization or accumulation of

Figure 5 Plots of major elements (wt.%) against wt.% MgO for lavas from throughout the CCOP. All lavas with
.18 wt.% MgO contain accumulated olivine. Data sources: Colombia—Kerr et al. (1997a), Gorgona—Echeverrı́a
(1980), Kerr et al. (1996a), Arndt et al. (1997), Costa Rica—Hauff et al. (2000b), Curaçao—Kerr et al. (1996b).
Circled fields are from the Ontong Java plateau (Mahoney et al., 1993a,b).Where the A and CG types differ markedly
in composition they are plotted as separate fields, otherwise the OJP is plotted as a single field. OJP Site 1185

unpublished data were kindly provided by Godfrey Fitton.
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Figure 6 Plots of trace elements (ppm) and ratios of trace elements against wt.% MgO for lavas from the CCOP.
The OJP is plotted as a single field except where the A and CG types differ markedly in composition.Data sources are

as for Figure 5.
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olivine (plus minor Cr-spinel) followed by the
commencement of crystallization of plagioclase
and clinopyroxene between 8 wt.% MgO and
10 wt.% MgO (Kerr et al., 1996b).
Trace element data (Figure 6) also support the

proposed fractional crystallization model: Ni and
Cr contents fall with decreasing MgO contents,
and Sr, although commonly disturbed by sub-
solidus alteration processes, is generally reduced
below 10 wt.% MgO. Despite some scatter, the
content of incompatible trace elements, e.g., Nb
and Zr, generally increases with decreasing MgO
contents (Figure 6). Ratios of highly incompatible
trace elements are not normally affected by
moderate degrees of fractional crystallization or
mantle melting, and they therefore have the
potential to reveal heterogeneities in the mantle
source region of the plateau. These ratios are
plotted against MgO in Figure 6(g)– (h). One of
the most interesting aspects of the trace element
data for the CCOP is that the basaltic lavas possess
a narrower range of incompatible trace element
ratios than the picrites. For instance, well over
80% of the basaltic samples (,12 wt.% MgO)
from the CCOP possess La/Y ratios between 0.05
and 0.2 and Zr/Nb ratios between 7 and 20
(Figure 6(g)–(h)). In contrast, the picritic and
komatiitic lavas possess much more variable
ratios of incompatible trace elements, with La/Y
ranging from 0.05 to 0.45 and Zr/Nb from 5 to 85.
This is also shown on primitivemantle normalized
multielement plots, where it can be seen that the
CCOP basalts possess broadly flat patterns
whereas the high-MgO picrites and komatiites
are generally much more variable, with some

being more depleted, and some more enriched
than the basalts, particularly for the most highly
incompatible trace elements such as Th, Nb, La,
Ce & Nd (Figure 7).
The heterogeneity of the high-MgO rocks is

also reflected in the radiogenic isotope ratios,
particularly 1Nd (Figures 8 and 9). Virtually all
the analyzed basalts from the CCOP possess initial
1Nd ranging from þ6 to þ9, whereas the high
MgO lavas generally fall outside this range (1Nd
.þ9 and ,þ6; Figure 8). Elevated initial
87Sr/86Sr ratios found in several parts of the
province have been attributed either to contami-
nation with altered oceanic crust (Curaçao: Kerr
et al., 1996b) or to secondary alteration (Gorgona:
Revillon et al., 1999).
The wide range of isotopic data for the CCOP

reveals that the enriched and depleted lavas are
not simply formed by variable melting of a
homogeneous source region, but rather reflect
melting of long-term depleted and enriched
components from a markedly heterogeneous
plume source region. (Kerr et al., 1996a, 2002;
Arndt et al., 1997; Hauff et al., 2000a; Thompson
et al., 2004).
The greater heterogeneity of the high MgO

rocks in comparison to the basalts, has been
interpreted to reflect the formation of these lower
MgO magmas through mixing and fractional
crystallisation of the high-MgO magmas in large
magma chambers. The heterogeneous high-MgO
rocks thus represent magmas that passed relatively
quickly through the lithosphere without being
trapped in magma chambers (Kerr et al., 1998).
The extent of partial melting required to produce

Figure 7 Primitive mantle normalized multi-element plot showing the average composition of high-MgO lavas
(komatiites and picrites) and basalts from various parts of the CCOP, plotted along with average N-MORB values
(dashed line) and a compositional field for the OJP. Data sources are as for Figure 5. Primitive mantle normalizing

values and N-MORB from Sun and McDonough (1989).
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the parental magmas of the CCOP has been
calculated to be of the order of 20% (Kerr et al.,
1997a).

3.16.4.4 Ontong Java Plateau (,122 and
,90 Ma)

The Ontong Java plateau (OJP) in the western
Pacific (Figure 1) has been tectonically uplifted
and exposed along its south eastern margin, at the
Solomon Islands arc, mostly on the Islands of
Maliata and Santa Isabel. In contrast to the CCOP,
which has numerous exposed sections, these are
currently the only known subaerial exposures of
the OJP. The rest of our knowledge of the OJP
comes from a series of drill holes: DSDP Site 289
and ODP Sites 803 and 807 (Mahoney et al.,

1993a). Additional data are also now becoming
available from ODP Leg 192 which recently
penetrated the OJP at four sites (Mahoney et al.,
2001).
On Maliata the stratigraphic thickness of the

accreted plateau reaches 3–4 km, and the succes-
sion is dominated by pillowed andmassive basaltic
flows (Petterson et al., 1997; Babbs, 1997). Like
the CCOP, dykes are volumetrically minor. The
DSDP/ODP drill holes have penetrated into the
plateau to a depth of 216 m (Site 1185B;Mahoney
et al., 2001). The sampled sections consist
predominantly of pillowed and massive basalts
with occasional thin interlava sediments (Neal
et al., 1997; Mahoney et al., 2001)
In general, the OJP lavas are more homo-

geneous than those of the CCOP (Figures 5, 6
and 8). All the lavas from the province analyzed

Figure 9 Plots of (a) initial 1Hf against initial 1Nd
and (b) initial gOs against initial 1Nd for Cretaceous
oceanic plateaus. Data sources: Atlantic and Indian
MORB—Salters (1996), Pacific—Nowell et al. (1998),
Kerguelen plateau—Salters and Hart (1991), CCOP and
Gorgona—Walker et al. (1999), Thompson et al.

(2004), OJP—Babbs (1997).

Figure 8 Plot of (a) initial 1Nd against 87Sr/86Sr for
high-MgO lavas and basalts from the CCOP and (b)
207Pb/204Pb against 206Pb/204Pb. Shown on both dia-
grams are fields for the OJP- A and CG types (Mahoney
et al., 1993a,b) and East Pacific Rise (EPR) MORB
(Mahoney et al., 1995). Other data sources are as for
Figure 5. Mantle end-member compositions are from

Zindler and Hart (1986).
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thus far are basaltic in composition, with most of
the samples possessing 6–8 wt.%MgO (Figures 5
and 6). Although the lavas of the OJP possess a
restricted compositional range, they nonetheless
fall into two compositionally distinct groups.
These groups were first noted in the lavas from
ODP Site 807, where Mahoney et al. (1993b)
divided the lavas into different units (A and C-G).
Unit A (A-Type) is chemically distinct from Units
C-G (C-G-Type) and possesses higher levels of
both incompatible elements (e.g., TiO2; Sr, Zr Nb
and the LREE; Figures 5–7) and ratios of highly
incompatible to moderately incompatible trace
elements (e.g., La/Y). The A-Type basalts also
have lower initial 1Nd values and higher initial
87Sr/86Sr ratios than the C-G-Type (Figure 8(a)).
However, the total range of 1Nd (þ6.5 –þ4.9)
and 87Sr/86Sr (0.7034–0.7041) is relatively small
in comparison with those in the CCOP
(Figure 8(a)). The same is true for incompatible
trace element ratios, with the OJP basalts only
varying between 0.12 and 0.22 for La/Y and
between 15.5–19.7 for Zr/Nb (Figure 6). How-
ever, recent analyses from ODP Leg 192 (Sites
1185 and 1187; on the eastern edge of the plateau)
have revealed the occurrence of more-MgO-rich
lavas (up to 11 wt.%) with higher Ni and Cr
contents (Mahoney et al., 2001; G. Fitton unpub-
lished data; Figures 5 and 6). In addition to their
higher MgO, preliminary geochemical data
reveals that these basalts possess lower levels of
incompatible elements (e.g., TiO2: 0.72–0.77 and
Zr: 36–43), than the A and C-G Types (Figures 5
and 6).
Neal et al. (1997) have concluded on the basis

of geochemical modeling that the major and trace
element compositions of the A- and C-G-type
lavas of the OJP are consistent with 20–30%
partial melting of a peridotite source. The more
enriched nature of the A-Type lavas implies
derivation form a slightly more enriched source
region, possibly in conjunction with smaller
degrees of melting. Mahoney et al. (2001) have
proposed that the more MgO-rich, incompatible
element-poor lavas discovered during Leg 192
represent more extensive melting of the plume
source region. However, an alternative expla-
nation is that these lavas were derived from amore
depleted mantle source region, and radiogenic
isotope data are required in order to resolve this
issue. None of the compositions sampled thus far
are magnesian enough to represent possible
parental melts, and so are believed to have
undergone 30–45% fractional crystallization,
involving olivine, plagioclase and clinopyroxene
(Neal et al., 1997).
Although the deeper crustal and lithospheric

levels of the OJP are not exposed, seismic velocity
data has been used to model the crustal structure
(Farnetani et al., 1996; Gladczenko et al., 1997).

These authors have proposed that the magma
chambers that fed the plateau are represented in
the midcrust by olivine gabbros. These models
also suggest that high compressional P-wave
velocities of .7.1 km s21 deep within the OJP
are due to the presence of olivine and pyroxene
cumulates produced by the fractionation of
primary picritic melts. Alternatively, the high
P-wave velocities could be due to the presence of
garnet granulite deep in the plateau, which
Gladczenko et al. (1997) suggested may have
formed by deformation and hydrothermal
alteration of lower crustal cumulates.

3.16.5 THE INFLUENCE OF CONTINENTAL
CRUST ON OCEANIC PLATEAUS

Initially it may seem odd that the composition
of oceanic plateaus should be influenced by
continental crust, and certainly for the CCOP
and the OJP, which apparently formed well away
from continental margins, there is no evidence of
the involvement of continental crust in their
petrogenesis. However, LIPs can also form at
the continent–ocean boundary as well as erupting
onto either oceanic or continental lithosphere, and
the formation of a LIP in such a tectonic setting is
often related to continental break-up. The role
played by mantle plumes in continental break-up
(causal or consequential) remains controversial
(White and McKenzie, 1989; Hill, 1991; Coffin
and Eldholm, 1992; Saunders et al., 1992; Barton
and White, 1995). However, whether mantle
plumes are the reason for or a result of continental
break-up, the associated erupted lavas and
intruded sills form thick magmatic sequences on
the margins of the rifted continents: the so-called
seaward-dipping reflector sequences (SDRS).
These LIPs may also erupt on the adjacent
continents to form continental flood basalt pro-
vinces. Furthermore, continuing plume-related
magmatism combined with further separation of
the continents ultimately results in the formation
of oceanic plateaus. Two examples of provinces
such as these are explored below: the North
Atlantic Igneous Province (NAIP) and the
Kerguelen plateau.

3.16.5.1 The North Atlantic Igneous Province
(,60 Ma to Present Day)

The opening of the North Atlantic ,60 Ma is
closely associated with magmatism from the
“head” phase of the Icelandic plume. (For a
comprehensive review of the NAIP see Saunders
et al., 1997). Much of the initial volcanism
(Phase 1: 62–58 Ma; Saunders et al., 1997) was
confined to the continental margins, i.e., the on-
land sequences in western Britain, the Faroe
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Islands and east and west Greenland, as well
as the seaward-dipping reflector sequences of
the southeast Greenland margin and the Hatton
Bank (Figure 10). Most of these lavas are conta-
minated with Archean-age continental crust and
thus possess low 1Nd and high Ba/Nb (Figure 11),
along with low 206Pb/204Pb. As the North Atlantic
continued to open, a second intense burst of mag-
matism occurred (beginning at 56 Ma; Phase 2,
Saunders et al., 1997). The lavas from this
magmatism are preserved in the upper portions
of the SDRS, off the coast of southeast Greenland
and Western Europe and have been drilled by
ODP Legs 104, 152 and 163 (Viereck et al.,
1988; Fitton et al., 2000). In contrast to the
Phase 1 lavas, these lavas show few signs of
contamination by continental crust (low Ba/Nb;
1Nd. 6; (Figure 11) 206Pb/204Pb .17), indicat-
ing that by this time the NAIP was an entirely
oceanic LIP. The Icelandic plume has been
producing melt over most of the past 60 Myr,
as evidenced by 55–15 Ma volcanism along the
Greenland–Iceland ridge and the Faroes–Iceland
ridge, and the 15 Ma–present volcanism on
Iceland.

3.16.5.2 The Kerguelen Igneous Province
(,133 Ma to Present Day)

The initial volcanism of the Kerguelen plume
is closely associated with the break-up of
Gondwana in the early–mid-Cretaceous, i.e.,
the separation of India, Australia and Antarctica
(Morgan, 1981; Royer and Coffin, 1992). Like
the NAIP, much initial volcanism is found on
the margins of the rifted continents (Figure 12):
the Rajmahal basalts in northeastern India (Kent
et al., 1997) and the Bunbury basalts in western
Australia (Frey et al., 1996). Not surprisingly,
these basalts are extensively contaminated by
continental lithosphere and yield an initial
87Sr/86Sr ratio of .0.7042 and 1Nd,4.0
(Figure 13).
The geographical components of the plateau

(Figure 12) and the geochronology are briefly
outlined below; however, a more detailed review
can be found in Frey et al. (2000); Coffin et al.
(2002). The first massive pulse of Kerguelen
plume magmatism created the Southern
Kerguelen plateau (118–110 Ma; Figure 12).
Later melting of the plume was responsible for

Figure 10 Map showing the locations of the principal on-land exposures of the North Atlantic Igneous Province and
the seaward-dipping reflector sequences.
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the formation of the Elan Bank (108–107 Ma),
the Central Kerguelen Plateau (101–100 Ma),
Broken Ridge (95–94 Ma), the Ninetyeast Ridge
(82–37 Ma), and the Northern Kerguelen plateau
(35–34 Ma) (Figure 12). Volcanism continues to
the present-day and has produced the Kerguelen
Archipelago and Heard and MacDonald Islands.
The lavas from the Southern Kerguelen plateau

and Broken Ridge have initial 87Sr/86Sr ratios and
1Nd values (Figure 11) which range from 0.7037
to 0.7102 and þ4.0 to 29.4, respectively (Salters
et al., 1992; Mahoney et al., 1995). Some of this
variation can be interpreted as mixing between
Southeast Indian Ridge MORB and the Kerguelen
plume (Weis and Frey, 1996). However, elevated
La/Nb ratios (Figures 13 and 14(a)) and the
extreme isotopic compositions of basalts drilled at
ODP Site 738 and dredge samples from the eastern
Broken Ridge (87Sr/86Sr 0.710; 1Nd 29.0;
Figures 8 and 13) cannot be explained by such
mixing processes. It has been proposed that these
signatures are due to contamination by continental
lithosphere (Storey et al., 1989; Mahoney et al.,
1995; Hassler and Shimizu, 1998). Operto and
Charvis, 1996 have imaged a seismically reflec-
tive transition zone beneath the crust/mantle
interface of the Southern Kerguelen plateau,
interpreted as fragments of continental crust.
This crust appears to have isotopic similarities to
Archean crust found on themargins of Gondwana,
which raises the possibility that fragments of such
crust have become incorporated into the Indian
Ocean basin during continental break-up.
Recently, during drilling at Site 1137 on the
Elan Bank (part of the Kerguelen plateau;
Figure 12) clasts of garnet-biotite gneiss
have been discovered in a fluvial conglomerate

intercalated with basalt flows (Frey et al., 2000).
This discovery has confirmed the presence of pre-
Cambrian crustal rocks within the Kerguelen
plateau (Nicolaysen et al., 2001), thus supporting
the lithospheric contamination model for the
high La/Nb, low 1Nd basalts of the Kerguelen
plateau.

3.16.6 IDENTIFICATION OF OCEANIC
PLATEAUS IN THE GEOLOGICAL
RECORD

The rationale for this section is summed up by
this question: If the CCOP or OJP were accreted
on to a continental margin and preserved in the
geologic record for 1 billion years, what features
could we use to identify them as oceanic plateaus?
This section will review diagnostic geochemical
and geological characteristics of oceanic plateaus,
and then will show, illustrated by examples, how
these criteria can be used to identify plateau
sequences in the geological record. Table 3
provides a summary of the diagnostic features of
Cretaceous oceanic plateaus and mafic sequences

Figure 11 Plot of Ba/Nb vs. initial 1Nd lavas from the
NAIP. Shown on the diagram are lavas from Skye
(Thompson et al., 1982; Dickin et al., 1987), Mull (Kerr
et al., 1995), Iceland (Hémond et al., 1993) and both
pre- and post- continental break-up lavas from ODP

Leg 152 (Fitton et al., 1998a).

Figure 12 Map showing the main components of
the Kerguelen plateau (KP) discussed in the text (after

Frey et al., 1996).
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within the continental crust, which have been
interpreted as oceanic plateaus.Details of accreted
oceanic plateaus thus far identified in the
geological record are summarized in Table 4.

3.16.6.1 Diagnostic Features of Oceanic Plateaus

Both chemical and geological features can be
useful in the identification of oceanic plateaus.
Condie (1999) and Kerr et al. (2000) have
discussed the diagnostic features of oceanic
plateaus in detail, and only a brief account will
be given here. Table 3 summarizes the character-
istics which are useful in distinguishing igneous
rocks formed in an oceanic plateau from those
which originated in other tectonic settings.
Igneous rocks produced in an island arc, or a

continental subduction zone setting, are relatively
easily distinguished from oceanic plateau
sequences (Table 3), because arcs generally
possess more evolved lavas, with ubiquitous
high (La/Nb)pmn ratios (Figure 14(b)), and only
very rarely contain high-MgO lavas. Additionally,

oceanic plateaus do not possess the abundant
volcanic ash layers present in volcanic arc
sequences. However, as Figure 14 shows, a low
(La/Nb)pmn ratio is not an entirely robust signature
of an oceanic plateau sequence, since samples of
the Kerguelen oceanic plateau often possess high
(La/Nb)n values, due to magma interaction with
fragments of continental lithosphere beneath the
plateau. This example highlights the importance
of not relying solely on chemical discriminants of
tectonic environment, without also considering
the geological evidence. In the case of Kerguelen,
the lack of volcaniclastic horizons helps confirm
its oceanic plateau affinity. As discussed by Kerr
et al. (2000),many of the geological discriminants
between oceanic plateaus and midocean ridges
may be ambiguous (Table 3). Geochemical
characteristics must, therefore, be used to dis-
tinguish lavas from these two tectonic settings.
Most Cretaceous oceanic plateau lavas possess
relatively flat normalized REE patterns (Figure 7),
whereas most midocean ridge basalts possess light
REE-depleted patterns reflecting a more depleted

Figure 13 Plots to show the geochemical variation of lavas from the early Cretaceous lavas derived from the
Kerguelen plume. (a) Initial 87Sr/86Sr vs. initial 1Nd and (b) primitive mantle normalized multi-element plots
showing averaged data for ODP drill sites. A compositional field for the OJP (Mahoney et al., 1993a,b) is shown on
both diagrams. Data sources: Rajmahal—Kent et al. (1997); Bunbury—Frey et al. (1996); ODP sites—Salters et al.

(1992); Mahoney et al. (1995).
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mantle source region. Furthermore, high-MgO
lavas can be found in oceanic plateaus, but are
largely absent from oceanic crust generated at
midocean ridges.
Incompatible trace elements are only of limited

use in distinguishing between volcanic succes-
sions formed in back-arc basins and those formed
in oceanic plateaus (Table 3). However, the lower
mantle temperature below a back-arc basin
(Tp ,1,280 8C) compared to a mantle plume
(Tp .1,400 8C) results in the eruption of few
high-MgO lavas. An additional consequence of
this lower mantle temperature is that back-arc
basin lavas generally possess lower Ni and Cr
contents for a given Mg number than oceanic
plateau lavas (Figure 14(b)). Furthermore,
because of their proximity to active subduction
sites, back-arc basin sequences are also more
likely to contain abundant volcaniclastic horizons
than oceanic plateaus.
Continental flood basalts are not easy to

preserve for long periods of time in the geological

record simply because they are easily eroded
away, unless they are buried by sediments. Quite
often the only remaining indications of a con-
tinental flood basalt province are the dykes and
vents through which the lavas erupted. The
200 Ma Central Atlantic Magmatic Province,
which formed during the break-up of South
America, Africa, and North America has been
identified largely on the basis of its remnant dyke
swarms (e.g., Marzoli et al., 1999).

3.16.6.2 Mafic Triassic Accreted Terranes in
the North American Cordillera

Significant proportions of the North American
Cordillera consist of mafic sequences of accreted
oceanic terranes (Figure 15). Some of these have
been identified as oceanic plateau material ranging
in age from Permian to Eocene (see review in
Condie, 2001). At least three of these oceanic
plateau terranes are predominantly Triassic in age
(Wrangellia, Cache Creek and Angayucham;
Pallister et al., 1989; Lassiter et al., 1995; Tardy
et al., 2001) and obviously represent amajor phase
of oceanic plateau volcanism at this time. These
plateau sequences are characterized by pillow
basalts and intrusive sheets, with occasional
intercalated tephra and hyaloclastite layers, indi-
cating formation in shallow water, or by subaerial
eruption. In the Wrangellia terrane there is
considerable evidence for rapid uplift of the sea
floor (presumably by the plume head) immediately
prior to eruption (Richards et al., 1991).
The basalts of the Cache Creek and Angayuc-

ham terranes display a restricted range in MgO
with most of the basalts ranging from 5.0 wt.% to
8.5 wt.%. These basalts possess low (La/Nb)pmn

ratios (,1.2), essentially flat REE patterns
(Pallister et al., 1989; Tardy et al., 2001) and
1Nd values that range mostly from þ9.9 to þ4.5
(Figure 16). As Figure 16 shows, all these features
are similar to the OJP. However, some of the
basalts from the Wrangellia Terrane, despite
showing a similar range in MgO content, have
(La/Nb)pmn ratios .1 and steeper REE patterns
(Figure 16) than those from Cache Creek and
Angayucham. Lassiter et al. (1995) suggested that
this is due to the magmas erupting through, and
being contaminated by preexisting island-arc
lithosphere. However, it is also possible that, as
in the case of the Kerguelen plateau, large
fragments of ancient continental lithosphere were
incorporated in the proto-Pacific Ocean, and the
lavas of the Wrangellia oceanic plateau were
contaminated by this lithosphere. The contami-
nation of themost evolvedWrangellia basalts with
either arc crust or ancient continental lithosphere is
also supported by a broadly negative correlation
between 1Nd and (La/Nb)pmn (Figure 16).

Figure 14 (a) Frequency diagram showing the range
in (La/Nb)pmn for lavas from the CCOP–OJP, the
Kerguelen plateau, EPR MORB, and arc lavas. (Arc
data from Thirlwall et al., 1996.) Other data sources as
in Figures 5, 8 and 12). (b) Plot of Ni vs. Mg–number
for the CCOP–OJP and lavas from back arc basins.
Data from Wood et al. (1980), Woodhead et al. (1998),
Leat et al. (2000). Both diagrams modified from Kerr

et al. (2000).
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3.16.6.3 Carboniferous to Cretaceous Accreted
Oceanic Plateaus in Japan

The Japanese islands are essentially composed
of a series of terranes that have been accreted to
the continental margin of the Eurasian plate
during the past 400 Myr. These terranes consist
of trench-filling terrigenous sediments with vari-
able quantities of accreted oceanic crust that are
intruded and partly overlain by the products of
subsequent subduction-related volcanism. Within
Japan the ages of the accreted complexes become
younger from north to south and from west to east
(Kimura et al., 1994). However, relatively little is
known about the trace element chemistry of these
oceanic accreted terranes.
The Chugoku and Chichibu belts in southwest

Japan contain up to 30% basaltic material (green-
stones) in thrust contact with limestones, cherts
and mudstones (Tatsumi et al., 2000). This
lithological association, combined with prelimi-
nary major element data and a small range of trace
element data, suggests that these basaltic assem-
blages are remnants of a plume-derived oceanic
plateau. Tatsumi et al. (2000) proposed that
this oceanic plateau formed in the Panthalassan
Ocean (proto-Pacific) in the Carboniferous
(350–300 Ma).
The Permian Yakuno ophiolite complex in

southern Honshu Island is a sequence of sub-
marine basalts, gabbros and ultramafic rocks
(Isozaki, 1997). The presence of pelagic sedi-
ments, the lack of a sheeted dyke complex and the
fact that the sequence is of considerable thickness,
all suggest that it is part of an oceanic plateau
(Isozaki, 1997). In contrast to the other accre-
tionary belts in Japan, the Sorachi-Anivia terrane
in Hokkaido and Sakhalin is dominated by
oceanic crust and lithosphere (Kimura et al.,
1994; Tatsumi et al., 1998). It comprises pillow
lavas and dolerite sills with intercalated pelagic
sediments containing Tithonian (150–145 Ma)
radiolaria, along with a lower unit in which
ultramafic rocks, including serpentinite, harzbur-
gite and dunite, are more common (Kimura et al.,
1994). Major element data have shown that some
picrites (.12 wt.% MgO) are found within the
succession. This, combined with high CaO/Al2O3

ratios (indicative of a high degree of mantle
melting), led Kimura et al. (1994) and Tatsumi
et al. (1998) to propose an oceanic plateau origin
for the Sorachi-Anivia terrane. This Jurassic–
early Cretaceous plateau (named the Sorachi
plateau; Kimura et al., 1994) is of the same age
as the Shatsky Rise (Figure 1, Table 1). In
combination with paleomagnetic data, this
suggests that the Sorachi plateau and the Shatsky
Rise were originally a single plateau which
formed near the Kula–Pacific–Farallon triple
junction ,150 Ma (Kimura et al., 1994).
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The Sorachi part of the plateau was carried
northwestwards on the Kula plate and collided
with Japan ,110 Ma. Limited trace element data
for the Sorachi plateau lavas support a common
plume source for these two plateaus. The data
cover the same compositional range as that of
dredged samples from the Shatsky Rise
(Figure 17). Furthermore, the data reveal that the
plume source region of the Sorachi plateau was
markedly heterogeneous and contained both
enriched and depleted components (Kimura et al.,
1994; Tatsumi et al., 1998) (Figure 17).

3.16.7 PRECAMBRIAN OCEANIC PLATEAUS

The identification of accreted pre-Cambrian
oceanic plateaus, particularly in greenstone belts,
has important implications for the generation of
continental crust (Abbott, 1996; Albarede, 1998;
Condie, 1999). Kerr et al. (2000) have presented

Figure 15 Map showing North American accreted
oceanic terranes including the oceanic plateau
sequences discussed in the text (after Tardy et al.,

2001; Condie, 2001).

Figure 16 Plots of (a) (La/Nb)pmn against initial 1Nd for Cache Creek, Wrangellia, OJP and the Kerguelen plateau
and (b) chondrite normalized (Sun and McDonough, 1989) REE plot showing averages forWrangellia, Angayucham,
Cache Creek, and the Kerguelen plateau, with the range for the OJP. Data sources are as in Figures 5 and 12;

North American data from Pallister et al. (1989); Lassiter et al. (1995); and Tardy et al. (2001).
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a summary of accreted pre-Cambrian oceanic
plateaus and the reader is referred to their paper
for more detailed information.
Some of the oldest preserved oceanic plateau

sequences are those found in ,3.5 Ga Barberton
and Pietersberg belts of the Kaapvaal Shield of
southern Africa (De Wit et al., 1987; Smith and
Erlank, 1982). These belts contain pillow basalts
and komatiites, with chemical signatures (Lahaye
et al., 1995) suggesting a likely origin as part
of an oceanic plateau. The Pilbara craton of
Australia appears to possess some of the oldest
oceanic plateau material so far identified (Green
et al., 2000) in the ,3.5 Ga Coonterunah and
Warrawoona Groups.
Greenstone belts of the Canadian Superior

province, ranging in age from 3.0 to 2.7 Ga also
contain lava groups that have been interpreted to
be remnants of accreted oceanic plateaus. These
belts include the South Rim unit of the North
Caribou belt (Hollings and Wyman, 1999), the
Vizien belt (Skulski and Percival, 1996),
the Malartic-Val d’Or (Desrochers et al., 1993),
the Tisdale Group of the Abitibi belt (Fan and
Kerrich, 1997), and the Schreiber-Hemlo and the
White River-Dayohessarah belts (Polat et al.,
1998). The evidence for an oceanic plateau origin
is based on the occurrence of pillow basalts and
komatiites without terrestrial sedimentary inter-
calations or sheeted dyke swarms, possessing low
(La/Nb)pmn and the low positive 1Nd (Figure 18)
that are characteristic of Cretaceous oceanic
plateaus. Several of these sequences within the
Superior province are in stratigraphic contact with
basalts and komatiites that possess a signature of
continental lithosphere contamination, i.e., nega-
tive 1Nd and (La/Nb)pmn.1 (Figure 18). These

include the Balmer assemblage, Red Lake belt
(Tomlinson et al., 1998), Steep Rock-Lumby Lake
belts (Tomlinson et al., 1999), and Opapimiskan-
Markop unit, North Caribou belt (Hollings and
Wyman, 1999). These sequences have been
interpreted as having formed in tectonic settings
related to continental break-up, similar to the
North Atlantic Tertiary igneous province and parts
of the Cretaceous Kerguelen plateau.
Puchtel et al. (1998b, 1999) have proposed that

the 3.0–2.8 Ga Kostomuksha and Sumozero-
Kenozero greenstone belts of the Baltic Shield
represent remnants of oceanic plateaus. This
interpretation is based on the occurrence of
crustally uncontaminated pillow basalts
(Figure 18) and komatiites without terrestrial
sedimentary intercalations. In contrast the 2.4 Ga
Vetreny greenstone belt and the 1.98 Ga Onega
plateau, also part of the Baltic Shield, display
chemical evidence of crustal contamination
(negative 1Nd; Figure 18). These sequences
were interpreted by Puchtel et al. (1997, 1998a)
as having formed during continental break-up.
Other Proterozoic oceanic plateau terranes have

been identified in the Birimian province of
western Africa (Figure 18) (Abouchami et al.
1990; Boher et al., 1992), the Arabian-Nubian
Shield (Stein and Goldstein, 1996), and the Flin
Flon belt in Canada (Stern et al., 1995).

3.16.8 ENVIRONMENTAL IMPACT OF
OCEANIC PLATEAU FORMATION

Although the potential environmental impact of
continental flood basalt provinces has been

Figure 17 Plot of Nb/Y against Nb/Zr showing data
from dredge samples from the Shatsky Rise and the
accreted Sorachi plateau (data from Tatsumi et al.,
1998). Also shown are fields for the CCOP and OJP.

Data sources are as in Figure 5.

Figure 18 Plot of (La/Nb)pmn vs. initial 1Nd for data
fromArchean and Proterozoic accreted oceanic plateaus
and provinces proposed to have formed during con-
tinental rifting. Data sources: Abouchami et al. (1990);
Skulski and Percival (1996); Puchtel et al. (1998a);
Tomlinson et al. (1998); Hollings and Wyman (1999).
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documented by many authors (e.g., Hallam,
1987a; McLean, 1985; Renne and Basu, 1991;
Courtillot et al., 1996), the possible effects of
oceanic plateau eruptions on the atmosphere,
biosphere and hydrosphere have received com-
paratively little attention (see, for example,
Courtillot, 1994). This omission is surprising
since the inclusion of oceanic plateau events
actually strengthens the correlation between LIP
eruptions andmass extinction events (Kerr, 1997),
by providing a feasible terrestrial causal mecha-
nism for several second order extinction events
(Sepkoski, 1986).

3.16.8.1 Cenomanian–Turonian Boundary (CTB)
Extinction Event

Several of these second order extinction events
occurred in the mid-Cretaceous. One of these, the
CTB event (,93 Ma) has been linked by several
authors to the formation of oceanic plateaus
(Sinton and Duncan, 1997; Kerr, 1998). The
CTB event is characterized by the world-wide
deposition of organic-rich black shales (Jenkyns,
1980; Schlanger et al., 1987). The formation of
black shale implies a widespread reducing
environment (“anoxia”) in the oceans at this
time (Figure 19). In addition to this, the CTB
was a time of major sea level transgression
(Hallam, 1989) and is marked by a positive
carbon isotopic anomaly (d 13C excursion) of up
to þ4–5‰ (Arthur et al., 1987), indicating an
increase in organic carbon burial rate (Figure 19).
Sea water 87Sr/86Sr (Figure 19) reaches a maxi-
mum of 0.70753 in the late-Cenomanian, and
drops steadily to a value of 0.70737 in the mid-
Turonian, before starting to rise again. Average
global surface temperatures (including oceanic
temperatures) around the CTB were 6–14 8C
higher than present (Kaiho, 1994), and this is
most likely due to an increase in global atmos-
pheric CO2 content which may have been .10
times present-day levels (Figure 19) (Arthur et al.,
1987).
These phenomena were accompanied by an

extinction event that resulted in the demise of 26%
of all known genera (Sepkoski, 1986). Although
the overall extinction rate is much lower than that
at the Cretaceous–Tertiary boundary, deep water
marine invertebrates faredmuchworse in the CTB
event (Kaiho, 1994). This difference supports the
view that anomalous oceanic volcanism around
the CTB may have played a significant role in
the environmental and biotic crisis at this time
(Kerr, 1998).
Siderophile and compatible lithophile trace

elements such as Sc, Ti, V, Cr, Mn, Co, Ni, Pt,
Ir and Au are enriched in CTB black shales (Leary
and Rampino, 1990; Orth et al., 1993). Kerr
(1998) has shown that trace element abundances

and ratios found in CTB black shales are similar to
plume-derived volcanic rocks and midocean ridge
basalts. For example, in mafic volcanic rocks
Ni/Ir £ 104 values range from 70 to 190, and
in CTB sediments this ratio averages 180.
In contrast, average sedimentary rocks possess
Ni/Ir £ 104 ratios of ,100 (Orth et al., 1993).

3.16.8.2 Links between CTB Oceanic Plateau
Volcanism and Environmental
Perturbation

The most extensive plume-related volcanism
around the CTB occurred in the oceans, with

Figure 19 Graphs showing how various parameters
discussed in the text vary from 110 Ma to 80Ma. The
dotted vertical line represents the Cenomanian–

Turonian boundary (after Kerr, 1998).
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the formation of the CCOP along with portions of
the OJP and Kerguelen plateau. In addition to this
oceanic volcanism, a continental flood basalt
province related to the Marion hotspot also
erupted at this time, as Madagascar rifted from
India (Storey et al., 1995). The estimated erupted
volume of oceanic plateau lavas around this
time is ,1.0 £ 107 km3 and may be much higher
(Kerr, 1998). The potential physical and chemical
effects of oceanic plateau volcanism on the global
environment are summarized in Figure 20 and
discussed below.
An obvious physical effect of oceanic mantle

plume volcanism is to raise sea level by lava
extrusion onto the ocean floor through the buoyant
plume head uplifting the oceanic lithosphere and

displacing seawater (Courtney and White, 1986)
and by the thermal expansion of seawater due to
heating. The steady rise in global sea level
throughout the Late Albian and Cenomanian
(Figure 19) may reflect the arrival of the
Caribbean, Ontong Java and Kerguelen plume
heads below the oceanic lithosphere, prior to
extensive volcanism (Vogt, 1989; Larson, 1991).
This plume-related uplift of oceanic lithosphere
may also have caused the disruption of important
oceanic circulation systems such that cool, polar
(oxygenated) waters were not circulated to lower
latitudes, resulting in increased oceanic anoxia.
Additionally, hydrothermal fluids from oceanic
plateau volcanism could have contributed to
warmer oceans, and thus to anoxia, since oxygen

Figure 20 Flow diagram summarizing the possible physical and chemical environmental effects of the formation of
large igneous provinces around the Cenomanian–Turonian boundary (after Kerr, 1998).
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solubility is considerably reduced in warmer
seawater (Sinton and Duncan, 1997).
Positive d 13C anomalies at the CTB reflect

increased rates of organic carbon burial as a result
of high productivity and more effective preser-
vation of organic material (Arthur et al., 1987).
Such increased productivity means the supply of
deep ocean nutrients, such as phosphates, into
surface waters must also increase and this process
may have been induced by oceanic plateau
volcanism (Vogt, 1989; Sinton and Duncan,
1997).
Elevated CO2 levels at the CTB may also be

due to increased volcanic activity. Kerr (1998) has
calculated that approximately 1017 kg of CO2

would have been released as a result of oceanic
plateau volcanism around the CTB (Arthur et al.,
1987). Additionally, LIP volcanism also releases
substantial amounts of SO2, chlorine, fluorine and
H2S which, when released into seawater, would
have made the CTB oceans much more acidic
(Kerr, 1998). The lack of carbonate at the CTB
may be the result of increased dissolution by more
acidic seawater, which would also release more
CO2 to the atmosphere (Arthur et al., 1987).
These additions of CO2 to the atmosphere

would have resulted in significant global warming.
The solubility of CO2 in seawater decreases as the
temperatures rise; so the warmer the oceans get,
the less CO2 will dissolve in them. Thus, with this
positive CO2 feedback mechanism it is possible
that a “runaway greenhouse” climate may have
developed quite rapidly (Figure 20) (Kerr, 1998).
Increased weathering of continental silicates can
reduce CO2 levels. However, the rate of CO2

release at the CTB was much greater than its
uptake by slow weathering processes. Increased
atmospheric CO2 and the upwelling of nutrients
from the deep ocean could have resulted in
increased productivity in ocean surface waters
(Figure 20), leading to the widespread deposition
of black shales and thus a reduction in CO2 levels.
Increased concentration of toxic trace metals in

the oceans, liberated by hydrothermal fluids from
oceanic plateau lava piles, may well have been a
contributory factor to the demise of some marine
organisms around the CTB (Wilde et al., 1990).
The upwelling of deep ocean trace metals and

nutrients may result in the enlargement of the
trace metal-restricted habitat of deeper dwelling
organisms (Wilde et al., 1990), leading to
increased predation by deeper dwelling creatures
on those living in shallower water.
Throughout the past 250 Myr significant black

shale deposits occur during several other periods
and, like the CTB, these other black shales are
associated with, sometimes severe, environmental
disruption (Jenkyns, 1980; Hallam, 1987b; Arthur
and Sageman, 1994). It is interesting, and
probably highly significant, that these black
shale events correlate with the formation of
oceanic plateaus or plume-related volcanic rifted
margins (Table 5). The Aptian–Albian (121–
99 Ma) appears to have been a period of persistent
environmental disturbance with three distinct
oceanic anoxia events (with associated black
shales) during this period (Bralower et al.,
1993). A causal link between black shale for-
mation, environmental perturbation and oceanic
volcanism is given further credence by the fact
that a major period of oceanic plateau formation
occurred during the Aptian–Albian (121–98 Ma)
(see above).
Finally, Condie et al. (2001) have presented

evidence that the correlation between black shale
deposition, paleoclimatic disturbance and mantle
superplume events can be extended back to the
pre-Cambrian. Particularly good correlations
between environmental disturbance and mantle
plume activity occur at 1.9 Ga and 2.7 Ga

3.16.9 CONCLUDING STATEMENTS

Oceanic plateaus represent overthickened areas
of oceanic crust (10–35 km), which appear to
have formed as a result of decompression melting
of a large mantle plume head, often (although not
always) within 1–2 Ma. Geological and geochem-
ical evidence suggests that oceanic plateaus have
formed throughout a considerable period of
Earth’s history.
The thickness of the crustal sections of oceanic

plateaus implies that they are not easily subducted.
Thus, when these plateaus encounter a subduction
zone, their top-most portions tend to become

Table 5 Correlations between black shale events and oceanic plateau volcanism over the last 250 Ma.

Age Black shales Oceanic plateau or volcanic rifted margin

Aptian–Albian (121–99Ma) Extensive world-wide deposits Ontong Java & other Pacific plateaus,
Kerguelen

Tithonian (150–144 Ma) Extensive deposits in Europe
and west Asia

Sorachi plateau & Shatsky Rise

Toarcian (190–180 Ma) Extensive world-wide deposits Karoo, Ferrar & Weddell Sea
Carnian (227–220 Ma) Few deposits Wrangellia

Data sources: Hallam (1987b); Jenkyns (1980); Riley and Knight (2001); Hergt and Brauns (2001).
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accreted to a continent or an island arc. In this
way fragments of oceanic plateaus have become
incorporated into continental margins and
preserved in the geological record.
Two recent examples of such accreted oceanic

plateaus are the CCOP and the OJP. All of the
lavas sampled from the OJP and most of the lavas
from the CCOP are relatively homogeneous
basalts with initial 1Nd values between þ5 and
þ8 and broadly chondritic trace element ratios. In
contrast, high-MgO lavas found in the CCOP
reveal evidence of a more heterogeneous plume
source region, containing both enriched
(1Nd , þ5; (La/Nd)cn.1) and depleted
(1Nd , þ8; (La/Nd)cn,1) components.
The formation of LIPs during continental

break-up (e.g., the NAIP and the Kerguelen
plateau) results in the formation of seaward-
dipping reflector sequences and oceanic plateaus,
both of which show chemical evidence of
contamination by ancient continental lithosphere
(initial 1Nd , 0; (La/Nb)pmn.1).
The correlation between oceanic plateau for-

mation and marine environmental catastrophes
(characterized by mass extinction, oceanic anoxia
and black shale deposition) throughout the
Mesozoic period suggests a causal link between
oceanic plateau formation and environmental
crises.
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Hémond C., Arndt N. T., Lichtenstein U., Hofmann A. W.,
Oskarsson N., and Steinthorsson S. (1993) The hetero-
geneous Iceland plume: Nd–Sr–O isotopes and trace
element constraints. J. Geophys. Res. 98, 15833–15850.

Isozaki Y. (1997) Jurassic accretion tectonics of Japan. Island
Arc 6, 25–51.

Jenkyns H. C. (1980) Cretaceous anoxic events: from
continents to oceans. J. Geol. Soc. London 137, 171–188.

Jochum K. P., Arndt N. T., and Hofmann A. W. (1991) Nb–
Th–La in komatiites and basalts: constraints on komatiite
petrogenesis and mantle evolution. Earth Planet. Sci. Lett.
107, 272–289.

Jones G., Sano H., and Valsamijones E. (1993) Nature and
Tectonic setting of accreted basalts from the Mino terrane
central Japan. J. Geol. Soc. London 150, 1167–1181.

Kaiho K. (1994) Planktonic and benthic foraminiferal extinc-
tion events during the last 100 m.y. Palaeogeog. Palaeoclim.
Palaeoecol. 111, 45–71.

Kempton P. D., Fitton J. G., Saunders A. D., Nowell G. M.,
Taylor R. N., Hardarson B. S., and Pearson G. (2000) The
Iceland plume in space and time: a Sr–Nd–Pb–Hf study of
the North Atlantic riftedmargin. Earth Planet. Sci. Lett. 177,
255–271.

Kent R. W., Saunders A. D., Kempton P. D., and Ghose N. C.
(1997) Rajmahal basalts, eastern India: mantle sources and
melt distribution at a volcanic rifted margin. In Large

Oceanic Plateaus562



Igneous Provinces: Continental, Oceanic and Planetary
Volcanism, American Geophysical Union Monograph 100
(eds. J. J. Mahoney and M. Coffin), pp. 144–182.

Kerr A. C. (1997) Asteroid impact and mass extinction at the
K-T boundary: an extinct red herring? Geol. Today 13,
157–159.

Kerr A. C. (1998) Oceanic plateau formation: a cause of mass
extinction and black shale deposition around the Cenoma-
nian–Turonian boundary. J. Geol. Soc. London 155,
619–626.

KerrA.C., KemptonP.D., andThompsonR.N. (1995a)Crustal
assimilation during turbulent magma ascent (ATA): new
isotopic evidence from theMullTertiary lava succession,NW
Scotland. Contrib.Mineral. Petrol. 119, 142–154.

Kerr A. C., Saunders A. D., Tarney J., Berry N. H., and Hards
V. L. (1995b) Depleted mantle plume geochemical signa-
tures: no paradox for plume theories. Geology 23, 843–846.

Kerr A. C., Marriner G. F., Arndt N. T., Tarney J., Nivia A.,
Saunders A. D., and Duncan R. A. (1996a) The petrogenesis
of komatiites, picrites and basalts from the Isle of Gorgona,
Colombia: new field, petrographic and geochemical con-
straints. Lithos 37, 245–260.

Kerr A. C., Tarney J., Marriner G. F., Klaver G. T., Saunders
A. D., and Thirlwall M. F. (1996b) The geochemistry and
petrogenesis of the late-Cretaceous picrites and basalts of
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