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26. AGE DISTRIBUTION OF VOLCANISM ALONG ASEISMIC RIDGES IN THE EASTERN INDIAN
OCEAN

Robert A. Duncan

ABSTRACT

Concordant plateau and isochron ages are obtained from 40Ar-39Ar incremental heating experiments on volcanic rocks recovered
by drilling at three Leg 121 sites along the Ninetyeast Ridge and two dredge locations on the southern scarp of the Broken Ridge,
eastern Indian Ocean. The new data confirm a northerly increase in the age of volcanism along the Ninetyeast Ridge, from 38 to 82
Ma; this lineament links current hotspot volcanism near the Kerguelen islands with the Rajmahal flood basalt eruptions at MO time
(117 ± 1 Ma). The Broken Ridge was formed over the same hotspot at 88-89 Ma, but later experienced rift-related volcanism in
Paleocene time (63 Ma). The geometry and distribution of ages along these prominent volcanic ridges and the Mascarene-
Chagos-Laccadive-Maldive ridge system in the western Indian Ocean are most compatible with plate motions over fixed hotspots
near Kerguelen and Reunion islands, respectively.

INTRODUCTION

A major thrust of the Indian Ocean drilling program was to
examine the behavior of mantle plumes, expressed by numerous
prominent volcanic ridges, plateaus, and seamount chains. In this
ocean basin, more clearly than in the slower-spreading Atlantic
or the subduction-ringed Pacific, the volcanic record of plume-
born hotspots is preserved intact, from the massive outpourings
of flood basalts marking the initiation of hotspot activity to
discrete intraplate ocean island volcanoes. The geometry and age
distribution of the volcanism along these traces allow kinematic
aspects of mantle plumes to be deciphered, while the composi-
tions of erupted basaltic material reveal the interplay of various
mantle source regions for melting. This chapter is concerned with
the time frame of volcanism for the two major elevated volcanic
structures in the eastern Indian Ocean: the Broken Ridge and the
Ninetyeast Ridge. A companion chapter reporting the age dis-
tribution of volcanism for the trail of the Reunion hotspot in the
western Indian Ocean is included in the Scientific Results of Leg
115 (Duncan and Hargraves, 1990).

The Ninetyeast Ridge, the Broken Ridge, the Kerguelen-Heard
Plateau, and the Rajmahal Traps (eastern India) are all volcanic
products of a long-lived hotspot located near the Kerguelen archi-
pelago (Luyendyck, 1977; Luyendyck and Rennick, 1977; Dun-
can, 1978; Morgan, 1981; Duncan, 1981). The rationale for
connecting these volcanic elements to a common origin involves
(1) a temporal pattern of increasing ages to the north along the
Ninetyeast Ridge (von der Borch, Sclater, et al., 1974; Davies,
Luyendyck, et al., 1974; Duncan, 1978) to the Rajmahal Traps
(Baksi, 1986), (2) constant paleolatitudes of Ninetyeast Ridge
basalts (Peirce, 1978), (3) compositional similarities among the
members (Frey et al., 1977; Whitford and Duncan, 1978; Ma-
honey et al., 1983), and (4) plausible plate tectonic histories which
could bring each volcanic structure over the Kerguelen hotspot at
appropriate times during the last 120 m.y. (Morgan, 1981). Early
Cretaceous basalts dredged (LeClaire et al., 1987) and drilled
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from the southern Kerguelen Plateau during Legs 119 and 120
(Barron, Larsen, et al., 1989; Schlich, Wise, et al., 1989) confirm
that this element of the hotspot track formed early, perhaps as a
conjugate to the Rajmahal Traps.

Until now the volcanic history of the Broken Ridge has been
conjectural, constrained principally to be older than the Santonian
(>87 Ma) basal sediments recovered at Deep Sea Drilling Project
Site 255 (Davies, Luyendyck, et al., 1974). However, a prolonged
history of rifting from the Kerguelen-Heard Plateau followed by
initially slow seafloor spreading between the Australian and Ant-
arctic plates (Mutter and Cande, 1983) could have produced
volcanic activity ranging from >87 to 45 Ma along the southern
margin of the Broken Ridge. Dredged basalts (Robert Conrad site
survey cruise RC2708) from this escarpment now provide a direct
means for establishing the age of the volcanic foundation of the
Broken Ridge.

While the general northerly increase in ages along the Nine-
tyeast Ridge has been appreciated for some time, this lineament
is over 5000 km long and the three latest sites drilled during Leg
121 add considerable detail to the history of plate motions with
respect to the Kerguelen hotspot. In particular, the issue of hotspot
fixity can now be addressed with considerable precision by com-
paring hotspot tracks in the Atlantic and Indian Ocean basins for
the period 0-120 Ma. More regionally, increased definition of
Cenozoic plate motions will be used to define the collisional
history of the Himalayan orogeny and the sedimentary and tec-
tonic development of the surrounding basins (Klootwijk et al., this
volume).

SAMPLE DESCRIPTIONS

Broken Ridge

The Broken Ridge is a fragment of a large volcanic plateau
rifted from the northeastern edge of the Kerguelen Plateau in
mid-Eocene time (Royer et al., this volume). The ridge has an
asymmetric profile, sloping gently to the north but having a steep
southern escarpment formed by normal faulting. Surveys for the
final selection of drilling sites for Leg 121 were conducted during
Robert Conrad cruise RC2708 in August 1986. During this cruise
basaltic rocks were dredged from two locations along the southern
scarp of the Broken Ridge (Fig. 1). Samples were initially exam-
ined in hand specimen by F. Frey (M.I.T.) to distinguish litholo-
gies and thin sections made of representative pieces. The most
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Figure 1. Bathymetric features of the eastern Indian Ocean, including locations of Leg 121 drilling sites
along the Ninetyeast Ridge, and dredges from the Broken Ridge (solid squares).

promising samples were then selected by W. B. Jones (M.I.T.) and
forwarded to Oregon State University, where a final screening of
thin sections led to suitable samples for radiometric analyses.

Relatively fresh basalts were found in the volcanic material
from each of the three dredges. Sample 8E1 is a fine-grained,
aphyric basalt, with microlites of Plagioclase in a partially crys-

tallized groundmass. Rare vesicles are partly filled with clays and
there is patchy replacement of the groundmass with clays. Sample
9-1 is an aphyric, fine-grained basalt with moderate alteration of
groundmass to brown-green clays and zeolites. Sample 10-1 is a
fine-grained, well-crystallized, compact basalt with occasional
phenocrysts of fresh Plagioclase. Clinopyroxene in the ground-
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mass is variably altered to brown clays (-10% of rock). Sample
10-2 is a medium-grained basalt with occasional vesicles filled
with clays; brown-green clays have replaced ~15% of the ground-
mass. Sample 10D3 is a well-crystallized, medium-grained basalt
with glomerocrysts of Plagioclase (2 mm) and smaller clinopyrox-
ene and olivine phenocrysts. Alteration is restricted to iddingsite
partially replacing olivine.

Ninetyeast Ridge
Samples were selected for age determinations from cored

basalts at each of the three Leg 121 drill sites on the Ninetyeast
Ridge (Fig. 1). Two specimens from each site were chosen from
the freshest available material, as judged from examination of thin
sections, and from the widest range in composition, as determined
from shipboard chemical analyses (Peirce, Weissel, et al., 1989).
Details of site stratigraphy are also presented in Peirce, Weissel,
et al. (1989).

Basalts from Hole 756D are fine-grained but well-crystallized,
with occasional phenocrysts of Plagioclase set in a feldspathic
matrix of trachytic texture. Vesicles are common and are partially
lined with clays. Individual flows are separated by layers includ-
ing tephra and basaltic rubble, largely changed to red soil with
montmorillonite clay and hematite, indicating subaerial erup-
tions. The lowermost sedimentary unit is a hard, upper Eocene
limestone containing planktonic foraminifers and nannofossils.
Overlying this are soft calcareous sediments deposited in an upper
bathyal environment, suggesting rapid early subsidence of the
volcano. Sample 121-756D-7R-2, 144-149 cm, is a well-crystal-
lized, largely aphyric basalt that shows pervasive oxidation and
partial alteration of groundmass to brown clays, characteristic of
incipient subaerial laterization. Sample 121-756D-12R-2,98-102
cm, is also well-crystallized, somewhat more feldspathic, and
alteration is to patchy green clays (~15% of rock). Basalts from
Hole 757C also appear to have been erupted subaerially, as judged
from the considerable thickness of phreatically erupted ashes
overlying the vesicular flows. The upper Paleocene sediments
immediately above the basalt indicate a very shallow depositional
environment that quickly deepened to bathyal depths by early
Eocene time. The basalt flows here are thin, vesicular, and vari-
ably altered (especially around vesicles and veins). Samples 121-
757C-9R-1, 30-34 cm, and 121-757C-12R-1, 124-128 cm, both
contain fresh feldspar phenocrysts set in a fine-grained ground-
mass. Blue-green clays and zeolites have replaced this matrix in
patches. These two samples come from geochemically distinct
units.

At the northernmost site basalts from Hole 758A were recov-
ered beneath tuffaceous chalks of Campanian age. There was no
evidence that these basalts were erupted subaerially; units include
ponded sheet flows and thinner alternating sheet and pillowed

flows, characterized by sharp, glassy selvages. Interbedded ashes
indicate a nearby subaerial eruptive center. The basalts are me-
dium-grained and aphyric to sparsely Plagioclase and clinopyrox-
ene phyric. Vesicularity is variable but shipboard chemical
analyses did not reveal more that one compositional type. Samples
121-758A-62R-1, 135-138 cm, and 121-758A-69R-5, 98-102
cm, are well-crystallized but pervasively altered (as much as 50%
of the rock) along microfractures and as infilling in vesicles to
clays, zeolites, and calcite. A large fraction of the groundmass
clinopyroxene in Sample 121-758A-69R-5, 98-102 cm, has been
replaced by green clays. The basalts from this site exhibit the most
extensive low temperature seawater alteration of those examined
in this study.

ANALYTICAL METHODS
Samples selected for radiometric analyses from thin-section

examination and preliminary geochemical data were crushed to
0.5- to 1-mm chips, ultrasonically washed in distilled water, and
dried in a warm oven. Approximately 1-g splits of these prepared
chips were sealed in evacuated quartz tubes and irradiated for 8
hr in the core of the Oregon State University TRIGA reactor,
where they received a dose of ~8 × I01 7 neutron-volts. The
efficiency of conversion of 39K to 39Ar by neutron capture was
monitored with samples of hornblende standard Mmhb-1 (520
Ma; Samson and Alexander, 1987). Further details of the flux
characteristics, monitor minerals, sample loadings, and correc-
tions for interfering K- and Ca-derived Ar isotopes are given in
Dairymple et al. (1981).

Argon extractions for the incremental heating experiments
were performed in a conventional glass extraction line using
radio-frequency induction heating following bakeout at 175°C
(Dalrymple and Lanphere, 1969). Heating steps were determined
from previous experience to divide the total sample argon into six
roughly equal portions. Samples were held at each step setting
(temperature) for 30 min. The argon composition of each gas
increment was measured mass spectrometrically at Oregon State
University with an AEI MS-10S instrument.

After corrections for background, mass fractionation, and iso-
topic interferences, the 40Ar-39Ar incremental heating data were
reduced as both age spectra and 36Ar/40Ar vs. 39Ar/40Ar iso-
chrons; the results appear in Table 1 and Figures 2-10. For these
analyses the system background was 5 × 10~16 moles 36Ar. Indi-
vidual step 40Ar/36Ar and 40Ar/39Ar compositions can be seen in
the isochron plots; typical analytical uncertainties on the isotopic
ratios were 0.5%-l%. Large amounts of radiogenic 40Ar were
measured for all samples except those from Site 758, where low
K-contents and more extensive alteration (clays and zeolites)
probably contributed to near-atmospheric 40Ar/36Ar values (and,
consequently, large calculated age uncertainties). Complete incre-

Table 1. Ar- Ar plateau and isochron ages from the Ninetyeast and Broken Ridges, eastern Indian Ocean.

Sample
number

RC2708, DR-8Elb
RC2708, DR-9-1
RC2708, DR-10-1
RC2708, DR-10-2
RC2708, DR-10D3
121-756D-7R-2, 144-149
121-756D-12R-2, 98-102
121-757C-9R-1, 30-34
121-757C-12R-1, 124-128
121-758A-62R-1, 135-138
121-758A-69R-5, 98-102

Plateau age ± lσ (Ma)

(wt by 1/σ2)

89.2 ± 0.4

(wt by % 3 9 Ar)

88.0 ± 4.9
(none developed)

88.1 ± 0.8
62.1 ± 0.3
83.2 ± 1.9
42.0 ± 0.6
44.5 ± 0.7

88.3 ± 1.2
62.0 ± 0.5
83.5 ± 5.5
41.6 ± 1.3
43.8 ± 1.5

(none developed)
55.6 ± 0.4
80.7 ± 3.5
83.1 ± 3.9

Notes: Corrected for 3 7 Ar decay, half-life =

55.5 ± 0.7
84.3 ± 12.5
81.4 ± 7.6

= 35.1 days, λe =

39Ar
(% of total)

57.5

53.5
65.0
42.1
65.8

100.0

57.3
59.4
86.8

0.581 × 10"

Integrated age
(Ma)

76.4
56.0
74.7
58.3
59.7
32.4
43.8
59.1
57.8
76.3
73.1

•Sr"1; λß =

Isochron age
± lσ (Ma)

87.1 ± 1.1

88.4 ± 1.3
62.7 ± 0.9
83.0 ± 3.1
43.3 ± 1.5
42.1 ± 0.7

57.9 ± 1.6
71.3 ± 7.6
83.4 ± 2.4

4.962 × 10~10yr

N

4

5
4
4
5
5

3
6
5

- 1

SUMS
(N-2)

1.0

1.1
1.7
1.1
1.8
0.1

1.5
10.7
0.2

40 A r /36 A r

intercept

292.2 ± 3 . 4

285.4 ± 3.3
283.5 ± 7.4
284.8 ± 5.1
292.7 ± 2.3
299.9 ± 3 . 4

268.2 ± 15.8
295.8 ± 0.3
295.5 ± 0.3
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mental heating data as well as additional plateau and isochron
diagrams can be obtained from the author on request. Apparent
Ca/K ratios were calculated for each step argon composition using
the relationship Ca/K = 1.852 3 7Ar/3 9Ar mol/mol (Fleck et al.,
1977; Walker and McDougall, 1982).

Step argon compositions were integrated for plateau ages if
they formed a well-defined, high-temperature sequence of con-
tiguous heating increments, representing more than 50% of the
total 39Ar, whose calculated ages were statistically indistinguish-
able (at the lσ level). Step ages were combined to calculate
plateau ages in two ways (Table 1). The first method followed
Dairymple et al. (1988) in weighting each step age by the inverse
of its variance to arrive at a weighted mean. This calculated mean
more closely reflects, then, the more precisely determined step
ages (generally those with larger amounts of radiogenic 4 0Ar).
The second method weights each step by the proportion of the
total gas (%39Ar) represented by that step, without allowing for
differences in analytical errors. This approach is more conserva-
tive in that the calculated standard errors are larger than for the
first method but otherwise there are no significant differences
between the two sets of estimates.

Isochron ages have been determined from 3 6Ar/4 0Ar vs.
39Ar/40Ar correlation diagrams. Unlike the age spectrum (plateau)
plots that assume an initial 4 0Ar/3 6Ar composition equal to atmos-
phere, the correlation diagrams allow determination of the sample
age and initial 4 0Ar/3 6Ar composition independently (see McDou-
gall and Harrison, 1988, for a complete discussion). In such
diagrams only those steps that plot collinearly are used in isochron
calculations. For most samples (see discussion below for excep-
tions) the 40Ar/36Ar intercept is near atmospheric composition,
which justifies the assumption in calculating plateau ages. The
goodness-of-fit parameter SUMS (York, 1969) has a ^-distribu-
tion with (N-2) degrees of freedom, N being the number of steps
included in the isochron regression. For reference, a value of
SUMS/(N-2) = 2.6 for a regression fit with N = 5 would indicate
that an isochron relationship for the step argon compositions
could not be dismissed at the 95% confidence limit. Experiments
that yield such an acceptable measure of goodness-of-fit, near
atmospheric 4 0Ar/3 6Ar intercept, and relatively concordant iso-
chron and plateau ages are likely to have identified reliable
crystallization ages (Lanphere and Dalrymple, 1978).

DISCUSSION OF AGE DETERMINATIONS

All of the samples from the Broken and Ninetyeast ridges
produced disturbed 4 0Ar-3 9Ar age spectra characteristic of fine-
gained basalts that have suffered variable alteration at low tem-
perature, which is attributed to nonconcordant loss of radiogenic
4 0Ar (during alteration) and 3 9Ar (during neutron irradiation)
from alteration minerals. One sample (121-757C-9R-1, 30-34
cm) showed reactor-induced 3 9Ar recoil (Turner and Cadogan,
1974; Huneke and Smith, 1976), which redistributed 3 9Ar to
produce erroneously young ages for (K-rich) high temperature
steps and erroneously old ages for (K-poor) low temperature steps
in this fine-grained sample. For most samples the middle-to-high
temperature portions of the gas released, however, displayed
concordant (although somewhat irregular) plateaus. Integrated
ages, calculated by recombining the argon compositions of all
steps (Table 1), are generally younger than the plateau and iso-
chron ages, indicating that radiogenic 4 0Ar has been lost from the
groundmass during clay formation. At least two samples from
each locality have been analyzed so that results can be compared
for consistency.

Walker and McDougall (1982) have shown the utility in cal-
culating Ca/K ratios from the 37Ar/39Ar compositions of individ-
ual gas increments to indicate the minerals responsible for release

of argon from the whole rock samples within given temperature
intervals. Mineral data for partially altered basalts show a range
in Ca/K: clinopyroxenes (500-2000), Plagioclase feldspar (20-
500), glass (5-20), and clays (0.1-5). Plots of Ca/K against %3 9Ar
for these experiments (Figs. 2-10) show Ca/K increasing with
temperature, from values less than 1 to over 300. Argon compo-
sitions from low temperature steps yield Ca/K = 1 - 5 , indicative
of clay alteration phases (smectite, celadonite). Middle tempera-
ture steps show Ca/K = 10-60 (glass and feldspar), while at high
temperatures (Ca/K = 100-300) gas was released primarily from
feldspar; there appears to be little 3 9Ar contribution from pyrox-
enes, owing to the low K-content of that mineral. The gas incre-
ments which define the plateau ages, then, were released strictly
from the igneous phases within the samples and so constitute
crystallization ages.

Four samples from the two dredging locations on Broken
Ridge and five samples from the three drilling sites on the Nine-
tyeast Ridge produced acceptable crystallization ages. For these
experiments plateau ages and isochron ages are concordant. The
plateau ages (weighted by 1/σ2^ are generally more precisely de-
termined and, when the best-fit 4 0Ar/3 6Ar intercepts are near
atmospheric composition, we can be assured that these are valid
crystallization ages.

Broken Ridge sample RC2708 8E1 (Fig. 2) developed a con-
vincing plateau age of 88-89 Ma and concordant isochron age
(87.1 ± 1 . 1 Ma). Sample RC2708 9-1 did not develop a plateau
but showed a monotonically increasing age spectrum, reaching a
maximum step age of 78 Ma. Hence, the integrated age (56 Ma)
is a minimum age and probably well below the true crystallization
age. Samples RC2708 10-1, 10-2, and 10D3 (Figs. 3-5) produced
acceptable plateau ages (although the 10D3 plateau is based on
only two step ages comprising 42% of the total gas released). Two
separate crystallization ages appear to emerge: an older mid-Cre-
taceous age around 88 Ma (10-1), extending perhaps to 83 Ma
(10D3), which matches the age from sample 8E1, and a younger
Paleocene age (62-63 Ma) from sample 10-2 (Fig. 4). It is likely
that the older age is an original formation age for the Broken
Ridge while the younger age represents a volcanic event related
to early rifting between the Broken Ridge and Kerguelen-Heard
Plateau (Mutter and Cande, 1983). In this case, we might expect
to see some compositional differences between the two age
groups.

At the southern Ninetyeast Ridge drilling site two samples
produced acceptable plateau ages of 42-44 Ma (Figs. 6, 7). It is
possible that a significant age difference exists between the sam-
ples but this conclusion is not warranted by the age data. The best
estimate of the site age is the mean of the two plateau ages (43.2
± 0.5 Ma). This age is compatible with the age of the lowermost
overlying sediments (late Eocene) but somewhat younger than the
age predicted from modeling plate motions over fixed hotspots
(48-50 Ma, Fig. 11). The evidence that these basalts were erupted
subaerially could also indicate that they are late-stage lavas,
produced several million years after the main shield-building
phase of volcanism.

Sample 121-757C-12R-1, 124-128 cm (Fig. 8), exhibits a
Paleocene age. The isochron fit (based on only 3 points) yielded
a 4 0Ar/3 6Ar intercept below the atmospheric value (295.5). If the
isochron were forced to an intercept of 295.5, which is reasonable
given the subaerial formation, a slightly older isochron age would
obtain (59 Ma). The age spectrum plot shows a reasonable plateau,
but some suggestion of a 39Ar-recoil pattern, in which case the
plateau may be ambiguous. Given that plateau and isochron ages
are not strictly concordant, the age at this site is somewhat prob-
lematic. Unfortunately, the second sample analyzed produced a
recoil pattern and the only age estimate is the integrated age of
59.1 Ma. Considering all the age information the site age must be
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Figure 2. A. Apparent age spectrum (plateau) diagram. B. 36Ar/40Ar-39Ar/40Ar
isochron diagram. C. Apparent Ca/K release diagram for basalt sample RC2708
8E1 from the Broken Ridge. Horizontal boxes in the gas release plots indicate
the estimated analytical error (~lσ) about each calculated step age or Ca/K. A
plateau age (Table 1) has been determined from the weighted mean of contigu-
ous, concordant gas increment ages (steps 3-6). The isochron age has been
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isochron diagram. C. Apparent Ca/K release diagram for basalt sample RC2708
10-1 from the Broken Ridge. Details as in Figure 2.
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Figure 8. A. Apparent age spectrum (plateau) diagram. B. 36Ar/40Ar-39Ar/40Ar
isochron diagram. C. Apparent Ca/K release diagram for basalt Sample 121-
757C-12R-1, 124-128 cm, from the Ninetyeast Ridge. Details as in Figure 2.

close to 58 Ma. This matches the biostratigraphic age (late Paleo-
cene) and the basement age predicted from modeling (Fig. 11).

Samples from the northern site on the Ninetyeast Ridge pro-
duced large quantities of atmospheric 40Ar (probably from the
extensive clay alteration) and step ages have large analytical
uncertainties. Nevertheless, the two samples showed acceptable
plateaus and concordant isochron ages in the range 81-83 Ma
(Figs. 9, 10). The weighted mean site age is, then, 81.8 ± 2.6 Ma,
or earliest Campanian/latest Santonian, which is compatible with
basal sediments. The modeled age for this site (79 Ma, Fig. 11) is
also close to the measured age.

CONCLUSIONS
The new ages from the Ninetyeast and Broken Ridges further

support the hotspot model for generation of these volcanic struc-
tures. The age range of the Ninetyeast Ridge is ~38 Ma at its
southern end to slightly more than 82 Ma at its northern end. The
Broken Ridge formed a bit earlier (-88 Ma), in concert with the
central portion of the Kerguelen-Heard Plateau. The earliest evi-
dence of the hotspot is a flood basalt province, now dismembered
into the Rajmahal Traps (117 Ma, Baksi, 1986) and the southern
Kerguelen Plateau (exceeding Albian age, deduced from sedi-
ments drilled at Sites 748 and 750 (Schlich, Wise, et al., 1989)),
and perhaps the Naturaliste Plateau (including the Bunbury ba-
salts, southwestern Australia). Since ~38 Ma, when seafloor
spreading on the Southeast Indian Ridge separated the Ninetyeast
Ridge from the hotspot, volcanism has been restricted to a small
region of the slow-moving Antarctic plate, around the Kerguelen
archipelago.

Computer modeling of hotspot tracks is based on the hypoth-
esis that hotspots are maintained by stationary mantle plumes
(Morgan, 1981; Duncan, 1981). South Atlantic hotspot tracks are
clearly defined and new age determinations from the Walvis
Ridge (O'Connor and Duncan, 1990) have resolved the history of
African plate motion over the Tristan hotspot since 125 Ma (the
age of Parana-Etendeka flood basalt volcanism). Hence, rotation
poles for the African plate over hotspots have been fitted to the
African hotspot trails (Tristan, Bouvet, and Marion tracks) and
rotation rates adjusted to match the new ages (Table 2). Hotspot
tracks on the Indian and Antarctic plates are then predicted by
adding the appropriate relative plate motions (Molnar et al., 1987)
to the African rotations. Figure 11 illustrates such modeled tracks
superimposed on bathymetric features in the south Atlantic and
Indian oceans. The African tracks follow known volcanic line-
aments closely. The predicted path of the Reunion hotspot follows
the Mascarene Plateau (African plate) and the Chagos-Maldive-
Laccadive ridge system, connecting to the Deccan flood basalts
(Indian plate). Measured ages (Duncan and Hargraves, 1990;
Duncan and Pyle, 1988) match predicted times of hotspot volcan-
ism extremely well.

The position of the Kerguelen hotspot has been adjusted to best
fit the Ninetyeast Ridge. If the hotspot is placed directly beneath
the Kerguelen islands the resulting modeled track lies a few
degrees to the east of the Ninetyeast Ridge. A position some 300
km to the west of the archipelago is permissible based on the long
record of volcanism in the islands and slow clockwise rotation of
Antarctica (Duncan, 1981), and a cluster of seamounts with a
strong geoid anomaly at this location. The modeled track closely
follows the Ninetyeast Ridge from 40 to 80 Ma and six dated
drilling sites lie close to predicted times of volcanism (note
possible late-stage lavas at Site 756). This close correspondence
between volcanic trails and modeled tracks is strong evidence that
hotspots remain fixed for significant periods (100 m.y.) over large
regions of the globe.

The Kerguelen hotspot began with vast outpourings of tholei-
itic flood basalts at M0 anomaly time, or the beginning of the
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Figure 9. A. Apparent age spectrum (plateau) diagram. B. 36Ar/40Ar39Ar/40Ar
isochron diagram. C. Apparent Ca/K release diagram for basalt Sample 121-
758A-62R- 1, 135-138 cm, from the Ninetyeast Ridge. Details as in Figure 2.
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Figure 10. A. Apparent age spectrum (plateau) diagram. B. 36Ar/40Ar-
39Ar/40Ar isochron diagram. C. Apparent Ca/K release diagram for basalt
Sample 121-758A-69R-5, 98-102 cm, from the Ninetyeast Ridge. Details as
in Figure 2.
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Figure 11. Computer-modeled tracks are calculated assuming hotspots are stationary. The predicted trails (heavy lines with solid dots at 10-m.y. age increments)
are determined from African plate motion over South Atlantic hotspots (principally from dated sites on the Walvis Ridge, O'Connor and Duncan, 1990). Rotation
poles are given in Table 2. The model tracks compare well with the actual lineaments and radiometric ages (indicated in Ma) of volcanic activity along the Reunion
and Kerguelen hotspot tracks (Duncan and Hargraves, 1990; Duncan, 1978; Baksi, 1986). New ages for the Ninetyeast and Broken Ridges are shown. Hence,
Atlantic and Indian Ocean hotspots have remained fixed with respect to one another since the Early Cretaceous. Flood basalts at the northern ends of the Reunion
and Kerguelen tracks, and eastern end of the Tristan track resulted from hotspot initiation.

Cretaceous long normal polarity interval ("Quiet Zone"). These
now comprise the Rajmahal Traps in eastern Indian (117 ± 1 Ma;
Baksi, 1986) and the southern Kerguelen Plateau (Davies et al.,
1989). The Broken Ridge and conjugate central Kerguelen-Heard
Plateau formed at about 88 Ma as the early trace of this hotspot
on the Australian/Antarctic plate, during northwest-southeast
spreading between India and Australia (Royer et al., this volume).
Beginning at about Anomaly 34 time (84 Ma) the spreading ridge
geometry changed to allow rapid northward motion of India away
from Australia/Antarctica. The hotspot lay north of, but close to,
a spreading segment of this plate boundary and produced the
Ninetyeast Ridge which was bounded to the east by a lengthening
transform fault. Thus the older Broken Ridge, formed on the
Australia plate, was juxtaposed with the younger southern Nine-
tyeast Ridge, formed on the Indian plate. Early and late elements
of the hotspot have likewise been amalgamated into the Kerguelen
Plateau on the Antarctic plate.
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Table 2. Rotation poles for South Atlantic and In-
dian Ocean opening, hotspot reference frame.

Time interval
(Ma, Chron)

Latitude
(°N)

African plate over hotspots

0-11 (C5)
0-21 (C6)
0-36 (C13)
0-42 (C18)
0-58 (C26)
0-66 (C30)
0-80 (C33R)
0-100
0-118 (M0)

65.0
51.0
35.0
37.5
40.0
35.0
31.0
25.0
25.0

Indian plate over hotspotsa

0-11 (C5)
0-21 (C6)
0-36 (C13)
0-42 (C18)
0-58 (C26)
0-66 (C30)
0-80 (C33R)
0-100
0-118 (M0)

41.0
31.4
24.2
26.4
26.9
20.4
19.3
14.3
13.9

Antarctic plate over hotspotsa

0-11 (C5)
0-21 (C6)
0-36 (C13)
0-42 (C18)

61.9
74.3
72.7
85.9

Longitude
(°E)

-30.0
-45.0
-45.0
-42.5
-40.0
-40.0
-50.0
-47.0
-45.0

25.9
26.9
26.4
27.2
13.5
10.3
2.8
5.3
3.7

-115.4
-104.0
-63.5
-3 .4

Rotation
(ccw)

2.5
4.7
8.0
9.0

10.7
14.5
20.0
25.5
30.0

6.8
12.8
21.8
25.6
36.4
48.6
62.5
72.5
77.0

3.5
3.9
4.7
4.7

a Relative motion rotation poles from Molnar et al.
(1987).
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