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Abstract

Cretaceous basalts recovered during Ocean Drilling Program Leg 183 at Site 1137 on the Kerguelen Plateau show
remarkable geochemical similarities to Cretaceous continental tholeiites located on the continental margins of eastern
India (Rajmahal Traps) and southwestern Australia (Bunbury basalt). Major and trace element and Sr^Nd^Pb
isotopic compositions of the Site 1137 basalts are consistent with assimilation of Gondwanan continental crust (from
5 to 7%) by Kerguelen plume-derived magmas. In light of the requirement for crustal contamination of the Kerguelen
Plateau basalts, we re-examine the early tectonic environment of the initial Kerguelen plume head. Although a causal
role of the Kerguelen plume in the breakup of Eastern Gondwana cannot be ascertained, we demonstrate the need for
the presence of the Kerguelen plume early during continental rifting. Activity resulting from interactions by the newly
formed Indian and Australian continental margins and the Kerguelen plume may have resulted in stranded fragments
of continental crust, isolated at shallow levels in the Indian Ocean lithosphere. ß 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Oceanic plateaus result from voluminous mag-

matic activity over a (typically) short period of
geological time (106 years) and create lithosphere
that is as much as four times the thickness of
normal oceanic lithosphere [1]. The Cretaceous
Kerguelen Plateau in the southern Indian Ocean
is the second largest oceanic plateau [1] and has
been interpreted as the surface manifestation of
Kerguelen mantle plume activity during the open-
ing of the Indian Ocean between India and Aus-
tralia^Antarctica [2,3]. Ocean Drilling Program
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(ODP) Legs 119, 120 and 183 have sampled Ker-
guelen Plateau crust. Contamination of the recov-
ered basalts by continental lithosphere was pro-
posed to explain extreme isotopic and trace
element features at Site 738 (Leg 119) on the
southernmost edge of the Kerguelen Plateau
(Fig. 1 [4]). Moreover, drilling during Leg 183
recovered rocks of unequivocal continental origin
(i.e., garnet^biotite gneiss) from £uvial units inter-
calated with basalts at Site 1137 on Elan Bank, a
western salient protruding from between the
Southern and Central Kerguelen Plateau (Fig. 1;
e.g., [5]). Basaltic lavas recovered at Site 1137
erupted during the earlier stages of Kerguelen Pla-
teau formation, at V109 Ma (Fig. 1 [6]), within

the range of volcanism on the Southern Kerguelen
Plateau (119^109 Ma [7,8]) and prior to that of
the Central Kerguelen Plateau (100^85 Ma [7,8]).
Site 1137 basalts are, therefore, critical to deciph-
ering the early magmatic history of the Kerguelen
plume system, its mantle sources and the possible
continental contaminants.

Early Cretaceous volcanism in proximity to the
Kerguelen Plateau also occurred along the paleo-
Eastern Gondwanan margins of Australia and In-
dia. The Bunbury basalt of Western Australia re-
cords two periods of geochemically distinct con-
tinental basalt outpouring at 132 Ma (Casuarina
Group [8,9]) and 123 Ma (Gosselin Group [9]).
The Rajmahal Traps of eastern India erupted at

Fig. 1. (a) Physiographic map depicting major volcanic features of the Indian Ocean and surrounding continents [56]. ODP base-
ment sites are marked by ¢lled circles and dredge locations are marked by ¢lled squares. Rectangles delineate the Elan Bank,
Kerguelen Plateau (location of Site 1137), the Bunbury basalt (southwestern Australia) and the Rajmahal Traps (eastern India).
The four main physiographic provinces of the Kerguelen Plateau are labeled: SKP (Southern Kerguelen Plateau), CKP (Central
Kerguelen Plateau), Elan Bank and the NKP (Northern Kerguelen Plateau). (b) Summary of approximate ages for basalts dis-
cussed in the text. Age data sources are as follows: Bunbury [8,9], Rajmahal [10,11], SKP Site 1136 and CKP Site 1138, NKP
and Broken Ridge [7], SKP Sites 738, 749 and 750 [8], Site 1137 [6], Kerguelen Archipelago [57^59]. (c) Site 1137 downcore hard-
rock log (mbsf is meters below sea £oor) from [17]. The depth, section number, recovery, unit number, general lithology, % vesic-
ularity, £ow type and dominant mineralogy (for phyric rocks) are depicted.
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117 Ma [10^12] and have also been divided into
two groups on the basis of geochemistry (Groups
I and II [13]). Geochemical similarities between
the Rajmahal Traps and Bunbury basalt and ba-
salts of the Kerguelen Plateau have been noted
previously [9] and the volcanism attributed to im-
pingement of the Kerguelen plume beneath the
lithosphere of Eastern Gondwana. Most workers
have inferred involvement of heat derived from
the plume, rather than substance in their petro-
genesis [9,11,14].

Recent wide-angle seismic pro¢ling has shown
that the crustal structure of Elan Bank has geo-
physical characteristics similar to continental
crust [15,16]. Although it is currently submerged,
basement Units 1^4, 7, 8 and 10 are subaerially
erupted basalt £ows with brecciated upper mar-
gins and Units 5, 6 and 9 are £uvial volcaniclas-
tic deposits (Fig. 1 [17]). A surprising result at
Site 1137 was the recovery of a volcaniclastic
polymict conglomerate containing pebble-sized
clasts of variable lithologies, including some of
continental derivation [5,18,19]. In this paper, we
expand upon an initial study of the basalts [20]
with a much more detailed sampling and thor-
ough geochemical investigation to characterize
and quantify the mantle sources and continental
contaminants in early Kerguelen Plateau basalts.
In light of a comparison with basalts of the pa-
leo-Eastern Gondwanan margins, we re-examine
existing models for the timing and emplacement
mechanism of the Kerguelen plume, which range
from post-continental breakup and rapid initial
eruption rates (e.g., [5,21]) to pre-continental
breakup and long-term incubation of the Ker-
guelen plume beneath Gondwanan lithosphere
(e.g., [22,23]). Our results support the presence
of the Kerguelen plume coincident with early
separation of eastern Gondwana and suggest
that the Kerguelen plume may have played an
active role in the isolation of continental material
at shallow levels within the incipient Indian
Ocean crust.

2. Analytical techniques

The freshest core samples were selected from

each basalt £ow unit. To remove sur¢cial contam-
ination by the drill bit and saws, the exterior of
each sample was sanded with silicon carbide pa-
per and rinsed using an ultrasonic bath of ultra-
pure water. Chips from each coarse-crushed sam-
ple were hand-picked under a binocular
microscope to remove visibly altered pieces; re-
maining chips were powdered in an agate swing
mill. Rock powders were analyzed by X-ray £uo-
rescence (XRF) methods (University of Massa-
chusetts) and instrumental neutron activation
analysis (INAA; Massachusetts Institute of Tech-
nology) for major and trace elements (Table 1).
All XRF data reported for major elements are
averages of duplicate analyses. Details of accuracy
and precision for both methods are reported by
[24].

Representative samples from each £ow unit
were analyzed for radiogenic (Sr, Nd and Pb) iso-
topic compositions (Table 2). To remove the ef-
fects of post-magmatic alteration, between 250
and 300 mg of rock powder was placed in a Tef-
lon vial and leached with 6 N HCl following
‘cold’ leaching methods [25,26]. On average, sam-
ples were leached eight times (until the leachate
was clear) and lost V30 wt%. The reproducibility
of the leaching and the e¡ectiveness at removing
secondary alteration minerals can be assessed by
our duplicate analysis of 31R-1-5^10 (Table 2).
Chemical procedures for dissolution follow [27]
and [26]. All radiogenic isotopic compositions
were determined with a VG Elemental Sector 54
multicollector thermal ionization mass spectrom-
eter at the Universite¤ Libre de Bruxelles. Sr and
Nd isotopic compositions were measured on sin-
gle Ta and triple Re^Ta ¢laments, respectively, in
dynamic mode. Sr isotopic ratios were normalized
to 86Sr/88Sr = 0.1184 and Nd isotopic data were
normalized using 146Nd/144Nd = 0.7219. The aver-
age 87Sr/86Sr value for the NBS 987 Sr standard
was 0.710279 þ 7 (2c) on the basis of 65 analyses.
The average Nd standard (Rennes [28]) 143Nd/
144Nd value was 0.511964 þ 11 (2c) for 75 runs.
Pb isotopic ratios were measured on single Re
¢laments using the H3PO4^silica gel technique.
All Pb isotopic ratios were corrected by 1.2x
per atomic mass unit to account for mass frac-
tionation on the ¢lament, based on 80 analyses
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of NBS 981 Pb standard run at a temperature
between 1090‡C and 1200‡C. Samples were run
with close control of the temperature between
1080‡C and 1170‡C.

3. Results

3.1. Major element oxide geochemistry

The ma¢c volcanic lavas at Site 1137 range
from evolved basalts to basaltic andesites
(Mg# = 0.44^0.58; Table 1) and most are tho-
leiitic to transitional (alkali index (AI) =31.9 to

1.1; where negative values are tholeiitic and pos-
itive values indicate alkalic compositions [29]).
Downcore plots of MgO and TiO2 wt% and AI
show no trends, with the exception of Unit 10, the
lowermost basalt unit, which has slightly lower
MgO with higher TiO2 wt% (Fig. 2).

3.2. Alteration

Basalts recovered at Site 1137 show a general
positive correlation between weight loss on igni-
tion and total alkali content (wt% Na2O+K2O;
not shown). Because of post-magmatic alteration,
the more mobile incompatible elements including

Fig. 2. Geochemical variations downcore of MgO and TiO2 wt%, alkali index, (La/Yb)PM, (La/Nb)PM and (Th/Ta)PM (subscript
‘PM’ indicates normalization to primitive mantle values [30]) for Site 1137 basalts. The basalts are divided into an upper group
(Units 1^4, ¢lled diamonds) and a lower group (Units 7, 8 and 10, open diamonds). The alkali index [29] indicates the relative
displacement of a sample from the tholeiitic^alkalic series dividing line; with tholeiitic series rocks having a negative displacement
(and a negative alkali index) and alkalic series rocks having a positive displacement (the equation is given as
AI = (Na2O+K2O)3(0.37USiO2314.43)).
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Rb, K and Ba do not correlate well with immobile
incompatible elements although immobile, incom-
patible elements (e.g., Zr and Nb) correlate well
with each other (Table 1). For this reason, only
data on immobile trace elements and isotope data
on leached samples are discussed as being relevant
to petrogenetic interpretations.

3.3. Trace element geochemistry

Downcore plots of primitive mantle-normalized
incompatible trace element ratios (designated by
the subscript ‘PM’ [30]) demonstrate limited, yet
important variations between the upper basalt
group, Units 1^4, and the lower basalt group,
Units 7, 8 and 10 (Fig. 2). The variation of (La/
Yb)PM is fairly limited, from 5.5 to 8. All basalts
are enriched in incompatible elements overall
when compared to values for the primitive mantle
[30]. (La/Nb)PM is greater than unity for all sam-
ples, but highest for the lower basalt Units 7 and
8; (Th/Ta)PM values show an even stronger dis-
tinction between the upper basalt group, which
has values between 1 and 1.5, and the lower basalt
group, which has signi¢cantly higher values, up to
2.5. In Units 3 and 4, (Th/Ta)PM values are the
closest to unity, due mainly to the fact that Th is
less enriched in these two units (20^30Uprimitive
mantle) than in Units 1 and 2 (25^35U primitive
mantle) and the lowermost Units 7, 8 and 10 (30^
45U primitive mantle).

3.4. Sr, Nd and Pb isotopic compositions

Sr, Nd and Pb isotopes demonstrate systematic
trends downcore (Table 2). Initial 87Sr/86Sr, at 109
Ma [6], shows limited variation in Units 1^4
((87Sr/86Sr)T = 0.70477^0.70497). These values are
distinctly lower than those of the lower basaltic
lava £ows, Units 7, 8 and 10 ((87Sr/86Sr)T =
0.70549^0.70595). ONd(T) (calculated from
CHUR values of Goldstein et al. [31]) mirrors
these downcore trends, where the highest values
are found in the upper basaltic £ows (ONd(T) =31
to 0) and the lower values are found in the lower
basaltic £ows (ONd(T) =32.8 to 31). Unit 8 has
the highest (87Sr/86Sr)T and the lowest ONd(T) of
all basalt £ows. There is no signi¢cant downcore

variation in 206Pb/204Pb, but the highest values
occur in Unit 4 (206Pb/204Pb = 18.07) and the low-
est values in Unit 8 (206Pb/204Pb = 17.96). For
207Pb/204Pb, the highest overall values are in the
lowermost units; the highest values of 208Pb/204Pb
are in Unit 8 (208Pb/204Pb = 39.14) and the lowest
in Unit 1 (208Pb/204Pb = 38.55).

The substantial range of (87Sr/86Sr)T and ONd(T)
in the Bunbury and Rajmahal basalt samples
[9,11] encompasses that of the Site 1137 basalts
(Fig. 3). Rajmahal Group II basalts show two
subgroups, Group IIa and IIb; distinctly more
radiogenic (87Sr/86Sr)T and less radiogenic ONd(T)
are found in Group IIb. The small range in (87Sr/
86Sr)T and ONd(T) of the Rajmahal Group IIa
lavas is enveloped by the Site 1137 basalts. The
Bunbury basalt of Western Australia also has two
groups that match well with the two major Raj-
mahal groups [9]. The Bunbury Casuarina group
shows minimal evidence for contamination by
continental crust (similar to Rajmahal Group I),
whereas the Bunbury Gosselin group have Sr and
Nd isotopic compositions near the extreme end of
the Rajmahal Group IIb [9]. Some basalts from
Site 749 on the SKP have Sr and Nd isotopic
compositions similar to those of Rajmahal Group
I and Bunbury Casuarina basalts.

Isotope plots of 207Pb/204Pb and 208Pb/204Pb vs.
206Pb/204Pb reveal very steep (nearly vertical)
trends for Bunbury, Rajmahal, Site 749 and Site
1137 basalts with a 206Pb/204Pb value of V18
(Fig. 3). Site 749, Rajmahal Group I and Bunbury
Casuarina basalts have the lowest 207Pb/204Pb and
208Pb/204Pb values. Rajmahal Group IIa and Site
1137 upper group have values beginning within
this range and extending slightly higher. Bunbury
Gosselin group, Rajmahal Group IIb and Site
1137 lower group have the highest 207Pb/204Pb
and 208Pb/204Pb values (although most Gosselin
samples have low 208Pb/204Pb). Site 738 basalts
have distinctly lower 206Pb/204Pb, higher 207Pb/
204Pb and similar 208Pb/204Pb values. The trend
observed for other basalts erupted early on the
Kerguelen Plateau (Sites 747 and 750) is very dif-
ferent from that of the above mentioned basalts,
forming a shallow slope toward much lower
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb values
([32]; Fig. 3).
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4. Discussion

4.1. Comparison of the petrogenesis of Site 1137
basalts with Cretaceous basalts of Australia
and India

Geochemical similarities exist between Creta-
ceous continental tholeiitic basalts from the east-
ern Indian and southwestern Australian margins
and basalts from the Kerguelen Plateau (e.g.,

[4,9,11,13]). The basalts at Site 1137 and Site
749 display striking similarities to the Bunbury
basalt and the Rajmahal Traps, speci¢cally in
Pb^Pb isotope plots (Fig. 3). The Rajmahal Traps
and Bunbury basalt have been interpreted as
being variably contaminated by continental litho-
sphere [4,13], continental crust [11,14] or conti-
nental upper crust [9] and this variation forms
the basis of their division into separate groups
[9]. The Site 1137 basalts also show two distinct
groups (upper and lower groups), both with geo-
chemical characteristics more in common with the
Bunbury Gosselin and Rajmahal Group II than
with Bunbury Casuarina or Rajmahal Group I.
All Bunbury Gosselin, Rajmahal Group II and
Site 1137 basalts have elevated (La/Nb)PM, (La/
Ta)PM, (La/Th)PM, 87Sr/86Sr and 207Pb/204Pb.
These geochemical characteristics in Bunbury
and Rajmahal basalts have been interpreted as
representing contamination by continental materi-
al, most likely continental crust [9,11]. We suggest
that assimilation of variable amounts of continen-
tal lithosphere also explains these geochemical
characteristics of the Site 1137 basalts.

6

Fig. 3. (a) ONd(T) vs. (87Sr/86Sr)T for Indian Ocean, Kergue-
len Plateau and Eastern Gondwanan continental basalts. In-
dian MORB data are from [62], Ninetyeast Ridge (NER)
data are from [26], Site 738 data are from [4] and values for
the Kerguelen plume (labeled ‘plume’) are from [41]. Bun-
bury and Rajmahal continental tholeiite data from [9,11], re-
spectively and Kerguelen Plateau data from [32]. The thick
gray line represents mixing between a garnet biotite gneiss
also recovered in the Site 1137 drill core [19] and the least
contaminated basalts from Site 1137. The inset shows the en-
tire mixing line between the Site 1137 basalts and the
gneisses (black cross), small white circles are marked with an
estimated percentages of assimilation (italicized numbers).
208Pb/204Pb vs. 206Pb/204Pb (b) and 207Pb/204Pb vs. 206Pb/204Pb
(c) for Indian Ocean, Kerguelen and Eastern Gondwanan
continental basalts. 2c error bars are shown for each ¢gure.
The average W (20) and U (4.2) have been calculated for ba-
salts considered to be representative of the Kerguelen plume
[41]; the thickness of the Pb evolution line represents the in-
herent uncertainties associated with this calculation. Small
white circles are shown for each 50 Myr interval, beginning
at the plume ¢eld with 0 Myr. Data sources and symbols are
the same as in panel a.
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4.2. Evidence for assimilation of continental
lithosphere

4.2.1. Identi¢cation of the continental contaminant
The general characteristics of incompatible

trace elements and trends in the isotope diagrams
presented above are mostly likely created by the
assimilation of continental lithospheric material
during ascent of basalt magmas. Distinguishing
between the assimilation of subcontinental mantle
lithosphere (SCML) and the assimilation of con-
tinental crust is a subject of much debate (e.g.,
[33^35]). McDonough [36] argued that most sam-
ples (peridotite xenoliths) from the SCML are not
depleted in Nb or Ta; additionally, the SCML
also has much lower concentrations of Sr and
Nd relative to a plume-derived basalt (e.g., [37]).
Thus, contamination by SCML appears unlikely
to produce the geochemical characteristics ob-
served in the Site 1137 lower basalt group. Fur-
thermore, as samples of unequivocal continental
crust crop out within the Site 1137 core [5], these
crust samples are the most conspicuous contami-
nant for the Site 1137 basalts. The garnet^biotite
gneiss has very high abundances of La, Th, Pb
and Nd, very high 87Sr/86Sr values and very low
concentrations of Nb and Ta [19], comparable to
the geochemical characteristics of continental
crust [38,39].

Increasing SiO2 wt% (or decreasing MgO wt%)
in combination with increasing radiogenic isotope
ratios characteristically enriched in the continen-
tal crust (e.g., 87Sr/86Sr, 207Pb/204Pb or 208Pb/
204Pb) is indicative of assimilation of continental
crust by basaltic magmas (e.g., [40]). Although
these trends are recognized in the Rajmahal Traps
lavas, Site 1137 upper and lower basalt groups
span a similar range in SiO2 wt% and are only
distinguished by the more radiogenic 87Sr/86Sr of
the lower basalt group (Fig. 4). We interpret this
to indicate that the Site 1137 basalts did not as-
similate enough continental crust to have a¡ected
their major element concentrations and that the
lower basalt group is more contaminated than the
upper basalt group.

Continental crust is typically highly depleted in
elements such as Ta and Nb [39]. Upper continen-
tal crust is enriched in La and Th while lower

continental crust is not usually enriched in Th
[38]. The Site 1137 basalts, in addition to those
of Site 749, Rajmahal and Bunbury, follow a
trend toward upper continental crust in a plot
of (Th/Ta)PM vs. (La/Ta)PM (Fig. 4). All samples
de¢ne a line that could represent mixing between

Fig. 4. (a) Variation of (87Sr/86Sr)T vs. SiO2 wt% for basalts
associated temporally and spatially with the early Kerguelen
plume. (b) (Th/Ta)PM vs. (La/Ta)PM for the same basalts as
in panel a. Arrows indicate typical vectors created by assimi-
lation of upper continental crust (UCC) and lower continen-
tal crust (LCC). (c) (87Sr/86Sr)T vs. (La/Ta)PM for the same
basalts as in panel a. The arrow points in the direction of
typical continental crust, which is generally enriched in 87Sr/
86Sr and La relative to Ta [37,38]. Bunbury Gosselin basalts
fall outside the plot perimeter toward much higher (La/
Ta)PM values. Data sources and symbols are the same as in
Fig. 3.
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mantle melts and upper continental crust, except
for a few Bunbury Casuarina samples. Addition-
ally, contamination by upper continental crust
would readily explain an increase in 87Sr/86Sr
coupled with an increase in (La/Ta)PM (Fig. 4).

4.2.2. Quanti¢cation of the continental
contaminant

For the mantle endmember of the calculation,
we use the least contaminated basalt samples from
the Site 1137 core. Unit 4 of the upper basalt
group has the lowest 207Pb/204Pb, 208Pb/204Pb,
(87Sr/86Sr)T, the highest ONd(T) and La/Nb, La/
Ta and La/Th closest to primitive mantle values.
These general characteristics suggest that contam-
ination is minimal in Unit 4 basalts and that their
composition may best approximate the Kerguelen
plume at the time of eruption of the Site 1137
basalts. The evolution of the Kerguelen plume
Pb isotopic composition is estimated based on a
W (238U/204Pb) of 20 and U (232Th/238U) of 4.2
(Fig. 3; calculated on the basis of average com-
positions considered to be representative of the
Kerguelen plume [41]). These values are similar
to those of Lassiter et al. [42], calculated on the
basis of average Kerguelen Islands data from Sun
and McDonough [30]. The Kerguelen plume
would intersect with the least contaminated ba-
salts of Site 1137 around 150 Ma; thus, it is a
reasonable assumption that these basalts record
the Kerguelen plume composition. Additionally,
the Kerguelen plume appears to be an appropriate
mantle source for the Bunbury and Rajmahal ba-
salts. However, because the Bunbury Casuarina,
Rajmahal Group I and Site 749 basalts plot below
the Pb evolution curve of the Kerguelen plume;
we thus infer an additional, depleted mantle com-
ponent in their source.

The composition of the continent-derived gneiss
clasts can be used as the potential contaminant in
the Site 1137 basalts. These gneiss clasts have an
isotopic composition similar to rocks of the East-
ern Ghats Belt, a Paleoproterozoic terrane in east-
ern India [19,43]. For both Sr and Nd isotopes,
using the equations of Vollmer [44] we obtain in-
dependently consistent results. A calculation as-
suming endmembers of the least contaminated
Site 1137 basalt and the gneiss clast requires ap-

proximately 9% of the garnet^biotite gneiss to be
assimilated by the basaltic magmas in order to
reach the composition of the most contaminated
basalts (Fig. 3). Pb isotopic systematics are more
di⁄cult to explain because the 206Pb/204Pb re-
mains fairly constant from the least contaminated
basalt to the most. Unfortunately no Pb concen-
tration data is available for the basalts, but using
various estimations for Pb concentrations in tho-
leiitic basalts (from 1 to 5 ppm), both the 207Pb/
204Pb and the 208Pb/204Pb yield consistent results
for the amount of contaminant required to ex-
plain the data (V5%), however the quantity of
contamination required is somewhat less than
that required to explain the Sr^Nd systematics.

The above estimates on the percent assimilate
are based on simple bulk mixing equations. When
we combine the e¡ects of assimilation and frac-
tional crystallization, we can more rigorously con-
strain the amount of assimilate to original mag-
ma. We use the equations of DePaolo [45] and
estimate the rate of assimilation to fractional crys-
tallization using graphical interpolations as dem-
onstrated by Aitcheson and Forrest [46]; this re-
sults in a rate of assimilation to rate of fractional
crystallization (r) of 0.1. Using this more realistic
approach than bulk mixing, the fraction of con-
taminating gneiss is calculated to be between 6.5
and 7% for the most contaminated basalts (Unit
8). This is essentially in the same range as the bulk
mixing prediction, especially if the errors associ-
ated with calculating the bulk solid/melt partition
coe⁄cients for Sr and Nd concentrations in ba-
saltic rocks are taken into account. Therefore, we
place the upper limit on the amount of crustal
contamination as V7%, based on the results cal-
culated using Sr and Nd concentrations and iso-
topes, and the lower limit at 5%, based on the
results of the Pb isotope systematics. Alterna-
tively, if a depleted mantle source is considered
(rather than an enriched, plume-like source), at-
tempts at quanti¢cation of the contaminant yield
highly inconsistent results. For example, the small
shifts in Sr isotopic composition would require
only a few percent assimilate while the huge shifts
in Nd isotopes would require vastly greater quan-
tities of contaminating material, as much as an
order of magnitude more.
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4.3. Tectonic and age constraints for the
involvement of the Kerguelen plume in the
Bunbury, Rajmahal and Kerguelen Plateau
basalts

It would be relatively straightforward to ex-
plain the common geochemical characteristics be-
tween continental basalts of the eastern Indian
and southwestern Australian margins and those
of the Kerguelen Plateau were the Kerguelen
plume implicated in the breakup of India, Austra-
lia and Antarctica (Fig. 5). If the early Cretaceous
Bunbury, Rajmahal and Site 1137 basalts were
derived from the Kerguelen plume, they represent
V23 Myr of volcanic activity. All of these basalts
post-date the oldest known magnetic anomalies in
the Indian Ocean which lie o¡ the northwest coast
of Australia [47], and this makes their geochemi-
cal similarities somewhat di⁄cult to reconcile.
Magnetic anomalies as old as M25 (V154 Ma)
occur o¡ the northwestern coast of Australia.

However, magnetic anomalies get younger to the
south along the western coast of Australia and
nearest the location of the Bunbury basalt, the
oldest anomalies are M10N (V132 Ma; magnetic
anomalies reported by Royer and Co⁄n [48] and
ages from the time scale of Gradstein et al. [49]).
This implies that the separation between northern
India and West Australia may have proceeded as
an unzipping from north to south over a time
interval spanning more than 20 Myr. Alterna-
tively, Mu«ller et al. [50] proposed that separation
proceeded by transform motion within Greater
India, the northern half moving away from Aus-
tralia before the southern half. The separation
between eastern India and East Antarctica is less
well constrained. Mu«ller et al. [50] demonstrated
that breakup must have occurred later than 120
Ma while previous reconstructions have placed it
near 130 Ma [51]. Most recently, Co⁄n et al. [8]
suggest that eastern India was fairly well sepa-
rated from both southwestern Australia and east-
ern Antarctica by about 130 Ma. To further ex-
plore the tectonic setting of the early Kerguelen
plume, we propose two possibilities :
1. Post-breakup oceanic plume. In this scenario,

the initial magmatism related to the Kerguelen
plume took place well after continental rifting,
and the initial Kerguelen Plateau was con-
structed in the Indian Ocean basin. Geochem-
ical similarities between the Casuarina group
of Bunbury, Rajmahal Group I and Site 749
and between the Gosselin group of Bunbury,
Rajmahal Group II and Site 1137 would, in
this case, be coincidental. Here, the 130^123
Ma Bunbury basalt is associated with the pro-
longed stretching phase of continental break-
up, i.e., they represent small amounts of vol-
canism typical of non-volcanic rifted margins
(e.g., [52]). The unusually limited variation in
206Pb/204Pb of the Bunbury, Rajmahal and
some Kerguelen basalts would be di⁄cult to
reconcile in this scenario, especially if the high-
er 207Pb/204Pb and 208Pb/204Pb result from con-
tamination by continental crust, which tends to
be very heterogeneous. Duncan [7] proposes
that the entire Kerguelen Plateau may have
formed around 118 Ma (adhering to the de-
compressing plume head model [53]) and that

Fig. 5. Generalized plate tectonic reconstruction prior to
complete breakup between West Australia, East Antarctica
and eastern Greater India ca. 130 Ma (after [48,60]). The
major Proterozoic mobile belts are indicated (locations from
[63]). The gneiss clasts recovered from Site 1137 used to
model the crustal contaminant in the basalt £ows may origi-
nate from the Eastern Ghats Belt [19]. Elan Bank may be a
microcontinent splintered from the eastern margin of India
through interaction of the Kerguelen plume with the newly
formed margin (e.g., [8,19,61]).
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younger volcanism (e.g., Site 1137) represents
small volume magmatism from the Kerguelen
plume tail as the Kerguelen Plateau migrated
south relative to the ¢xed hotspot. These
younger magmas could have assimilated mate-
rial from the overlying (V118 Ma) plateau
crust, but this is di⁄cult to assess geochemi-
cally.

2. Pre-breakup or breakup plume. Storey et al. [22]
proposed that the Kerguelen plume was
present prior to continental rifting and Kent
[23] advocated a long-term, incubating plume
head prior to continental breakup. If so, then
the geochemical similarities between Bunbury,
Rajmahal and Kerguelen basalts would re£ect
a common origin by partial melting of simi-
larly geochemically characterized mantle mate-
rial contaminated by similarly-aged continental
crust. However, the reportedly small volume of
the Bunbury basalt (V103 km3 [8]) is signi¢-
cantly lower than that typically associated with
plume-related continental £ood basalt volcan-
ism (V105^106 km3 [54]). Co⁄n et al. [8] sug-
gested that the initial Kerguelen plume head
might have broken into ‘droplets’ of variable
sizes within the rapidly convecting upper
mantle, resulting in spatially and temporally
displaced magmatic events of di¡ering vol-
umes, all ultimately related to the Kerguelen
plume.

The second model best explains the geochemi-
cal similarities between Bunbury, Rajmahal, Site
749 and Site 1137 basalts. The plume source
would be readily available for these di¡erent ba-
salt groups. The geochemical variations could
then be explained by crust contamination and/or
an additional depleted component (required to
explain the group including the Bunbury Casuari-
na, Rajmahal Group I and Site 749 basalts).
However, at this time, we cannot explain why
continental £ood basalt volcanism does not ap-
pear to pre-date the rifting, as is typical of areas
where plumes are present prior to the onset of
rifting (e.g., [55]). Nevertheless, it appears clear
that the Kerguelen plume did interact with the
continental margins of eastern India and western
Australia and was involved with isolating micro-
continents from their margins [8,19,50].

5. Conclusions

Geochemical similarities between select early
Cretaceous basalts of the Indian Ocean and Ker-
guelen Plateau indicate two broad groups, based
on basalt geochemistry: the ¢rst group includes
the Bunbury Casuarina group, the Rajmahal
Group I and Site 749 on the Southern Kerguelen
Plateau and the second group includes the Bun-
bury Gosselin group, the Rajmahal Group II and
Site 1137. Although these basalts are presently
located several thousand kilometers apart, when
they erupted they were separated by less than
1000 km. Both the geochemical data and plate
tectonic reconstructions are permissive of an ori-
gin for both groups from the Kerguelen plume.
However, the ¢rst group requires some input from
depleted asthenospheric mantle, while in the sec-
ond group, no depleted component is required.
Site 1137 basalts show evidence for contamination
by continental crust as has been previously sug-
gested for the Bunbury basalt and Rajmahal
Traps [9,11]. In Site 1137 basalts, assimilation of
as much as 7% of upper crustal material is re-
quired to explain the compositions of the most
contaminated basalts.

Until the timing of rifting between Australia,
India and Antarctica is better constrained, we
cannot ascertain if the Kerguelen plume played
a causal role during the early stages of continental
rifting. It remains possible that the arrival of the
Kerguelen plume in an already rifting environ-
ment was fortuitous. Increasingly, however, geo-
chemical and geophysical evidence requires the
presence of a mechanism which aided in the iso-
lation of fragments of continental crust at shallow
levels in the early Indian Ocean basin during
the early rifting stages of Eastern Gondwana.
The Kerguelen plume may have been present dur-
ing early rifting activity but not necessarily the
driving force behind the opening of the Indian
Ocean.
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