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ABSTRACT

We use an updated model for global relative plate motions during the past 130 m.y. together
with a compilation of bathymetry and recently published radiometric dates of major hotspot
tracks to derive a plate-motion model relative to major hotspots in the Atlantic and Indian
oceans. Interactive computer graphics were used to find the best fit of dated hotspot tracks on
the Australian, Indian, African, and North and South American plates relative to present-day
hotspots assumed fixed in the mantle. One set of rotation parameters can be found that satisfies
all data constraints back to chron 34 (84 Ma) and supports little motion between the major
hotspots in this hemisphere. For times between 130 and 84 Ma, the plate model is based solely
on the trails of the Tristan da Cunha and Great Meteor hotspots. This approach results in a
location of the Kerguelen hotspot distinct from and south of the Rajmahal Traps for this time
interval. Between 115 and 105 Ma, our model locates the hotspot underneath the southern
Kerguelen Plateau, which is compatible with an age estimate of this part of the plateau of 115-95
Ma. Our model suggests that the 85°E ridge between lat 10°N and the Afanasiy Nikitin
seamounts may have been formed by a hotspot now located underneath the eastern Conrad
rise.
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INTRODUCTION

During the past 20 years, our knowledge of
Cretaceous through Cenozoic relative mo-
tion between major tectonic plates has in-
creased substantially despite controversy in-
volving absolute plate motions relative to the
spin axis. A widely used method of recon-
structing plates relative to a fixed meso-
sphere utilizes linear chains of volcanoes
that display age progression and are thought
to have been caused by focused spots of
melting in the upper mantle assumed to be
fixed relative to each other over geologically
long periods of time (fixed-hotspot hypoth-
esis) (Morgan, 1971).

Our model of relative plate motions can be
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Figure 1. Major hotspot tracks in Atlantic and Indian oceans. Large shaded circles are locations of present-day hotspots. Modeled paths of plates relative
to hotspots are computed in 5 m.y. intervals for following plates, hotspots, hotspot tracks, and times: Australian plate, Tasmantid hotspot, Tasmantid
Seamounts, 0-25 Ma; Indian plate, Kerguelen hotspot, Ninetyeast Ridge, 35~100 Ma; unnamed hotspot on Conrad rise, 85°E ridge, 70—100 Ma; Réunion,
Chagos-Laccadive Plateau-Deccan Traps, 40-70 Ma; African plate, Tristan, Walvis Ridge, 0-130 Ma; seamount 18, Great Meteor group, 0—60 Ma;
Réunion, Mascarene Plateau, 0-55 Ma; North American plate, seamount 18, Corner Seamounts—New England Seamounts—younger White Mountains,
60-130 Ma, South American plate, Tristan, Rio Grande Rise~Parana flood basalts, 70—130 Ma; Antarctic plate, Kerguelen hotspot, north Kerguelen
Plateau, 0~105 Ma; south Kerguelen Plateau, 105115 Ma; unnamed seamount on Conrad rise, 0-70 Ma. WM = younger White Mountains, DT = Deccan
Traps, RT = Rajmahal Traps, PB = Paranad flood basalts, EB = Etendeka flood basalts, BB = Bunbury basalts. Triangles with numbers indicate
radiometric ages of hotspot tracks (see text for references for dates).
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used to show that published rotation poles
for the African plate relative to a hotspot
reference frame (O’Connor and Duncan,
1990; Duncan and Richards, 1991) result in
unacceptable misfits with hotspot tracks on
other plates, notably for the Ninetyeast
Ridge (Royer et al., 1991) and the New En-
gland Seamounts. In this paper we investi-
gate whether a set of rotation parameters can
in fact describe past motions of plates around
the Atlantic and Indian oceans relative to
their underlying hotspots and satisfy the con-
straints imposed by the geometry and age
progression of major hotspot tracks in this
area. We combine a well-constrained rela-
tive plate-motion model with compilations of
bathymetric and recently published age data
from major hotspot tracks and use an inter-
active computer graphics technique to find
the best fit of several major hotspot tracks on
different plates relative to the present-day
hotspots.

RELATIVE PLATE MOTIONS

We have constructed a revised model for
the early opening between Africa, India, and
Antarctica based on the alignment of the
Mozambique escarpment with the steep
transform margin of the Coats Land coast of
Dronning Maud Land, East Antarctica
(Lawver et al., 1991) and a new scenario for
the early opening between India and Ant-
arctica. We assume that India rifted from
Antarctica at the same time that it rifted from
Australia and that Australia and Antarctica
acted as a single tectonic plate. Initial rifting
between India and Australia has been dated
asroughly chron M-10to M-11 (Larsenetal.,
1979). By assuming a steady state of opening
between India and Antarctica beginning at
130 Ma, the southern Kerguelen Plateau
would have been created off margin at
118-95 Ma (Davies et al., 1989), and there is
no need to assume a more complicated
spreading history.

Our model includes intraplate motion in
the Central Indian basin in the late Tertiary
(Royer and Chang, 1991). Rotation parame-
ters for the post—chron 34 opening of the
Indian Ocean are modified from Royer and
Sandwell (1989), on the basis of additional
data from the Central Indian basin and the
Wharton Basin. Intraplate motion in Africa
and South America from 85 to 130 Ma is
included (Niirnberg and Miiller, 1991), as
well as a refined model for relative plate mo-
tions between Africa and North America,
including changes in spreading direction dur-
ing the Cretaceous Normal Magnetic Super-
chron (Miiller and Roest, 1992). South
America is reconstructed with Africa for
post—chron 34 (84 Ma) relative motions by
using rotation poles from Shaw and Cande
(1990) and for pre—chron 34 relative motions
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TABLE 1. FINITE RECONSTRUCTION POLES OF MAJOR PLATES RELATIVE TO HOTPOTS

Chron Age Lat Long Angle Age Lat Long Angle
Ma) (°N) (°E) (®) pos. = counterclockwise Ma) (°N) (°E) ©
North America South America
5 104 43.6 120.7 139 5 10.4 594 458 1.80
6 20.5 350 1122 3.38 [ 20.5 658 -198 32
13 355 440 109.1 6.48 13 35.5 72.1 4.0 6.37
18 427 477 1102 8.44 18 42.7 742 129 8.36
21 50.3 46.8 1127 11.27 21 50.3 76.0 50.6 10.28
25 58.6 462 1158 14.51 25 58.6 74.1 68.0 12.74
31 68.5 460 1195 18.65 31 68.5 73.2 87.5 15.90
33y 736 493 1196 21.11 33y 73.6 726 93.0 18.31
330 80.2 534 1170 24.58 330 80.2 723 93.7 21.90
34 840 545 1112 25.81 34 84.0 71.6 824 287
90.0 574 1044 28.21 90.0 ni 68.1 4.0
100.0 62.9 89.4 31.74 100.0 22 453 26.77
1100 66.1 710 37.27 110.0 71.8 249 30.38
M-0 118.7 66.5 639 41.54 M-0 118.7 68.4 9.2 33.26
M-10 130.0 65.9 56.9 45.42 M-10 130.0 67.1 104 464
Africa India
5 104 593  -316 -1.89 5 104 36.1 219 -5.81
6 20.5 509 445 -4.36 6 20.5 40.6 43 -107
13 355 403 430 -791 13 35.5 309 174 -1933
18 427 377 412 -9.65 18 42.7 313 169  -23.00
21 503 328 408 -1209 21 50.3 279 111 -29.06
25 586 30.1 417  -13.89 25 58.6 b2 %) 62 -3729
31 68.5 264 409 -1623 31 68.5 19.1 34 5337
33y 736 23 -3%6 -17.80 33y 73.6 18.7 25 5812
330 80.2 180 -389  -19.98 330 80.2 18.1 18 6300
34 84.0 190 409 -2153 4 840 17.1 23 6548
90.0 194 419 -2331 90.0 16.3 50 6729
100.0 189 414 -2535 100.0 145 103 7031
110.0 177 -39.5 -26.71 110.0 13.7 101 -71.68
M-0 118.7 187 397 2137 M-0 1187 142 103 -7209
M-10 1300 167 -37.5  -28.52 M-10 1300 133 155 -7534
Northwest Africa Central Indian Basin
100.0 188 405 -2572 5 104 23.7 40.6 -1.27
110.0 175 -382 -27.34 6 20.5 271 314 1323
M-0 118.7 185 -380 -2821 13 355 27 301 -2247
M-10 130.7 162 401 -27.52 18 427 240 278  -26.00
21 50.3 221 204 3164
Madagascar 25 58.6 20.0 137 -3946
31 68.5 15.2 84 -5529
M-0 118.7 188  -384  -26.67 33y 736 14.9 70 -5995
M-10 130.0 162 257 -2396 330 80.2 144 59 6475
34 84.0 136 62 6728
Australia Antarctica
N 104 237 40.6 -7.27 5 104 649 1020 -1.56
6 20.5 271 314 -1323 6 205 853 373 -2.87
13 355 2.7 30.1 -2247 13 35.5 72.6 57 -391
18 427 240 278 -26.00 18 427 756 05 407
21 503 233 259 2767 21 503 mny  -176 -5.22
25 58.6 230 262 2786 25 8.6 38 397 628
31 68.5 18.3 26.8 -28.72 31 68.5 67.6 -236 -749
33y 736 18.0 267 -29.61 33y 736 649 170 -1.79
330 80.2 18.3 26.7  -30.16 330 80.2 65.7 -16.1 -8.04
4 84.0 18.7 274 2949 34 840 724 325 821
90.0 224 313 2840 90.0 821 -1327 9.79
100.0 28.6 407  -2741 100.0 633 1739  -1340
110.0 46 526  -2750 1100 494 1647 -17.76
M-0 118.7 40.8 657  -2885 M-0 118.7 420 1622 2345
M-10 130.0 48.9 75.5  -32.30 M-10 130.0 424 1623  -3042

by using rotation parameters from Niirnberg
and Miiller (1991).

HOTSPOT TRACKS

We constructed our model of absolute
plate motions (Fig. 1, Table 1) by using ra-
diometric ages from the Walvis Ridge-Rio
Grande Rise (O’Connor and Duncan, 1990),
Corner Seamounts (~76-72 to 81-86 Ma
from backtracking seamounts that had
formed at sea level; Tucholke and Smoot,
1990), New England Seamounts (Duncan,
1984), White Mountains (Gilbert and Foland,
1986; Foland and Faul, 1977), Mascarene
Plateau (Duncan and Hargraves, 1990), Cha-
gos-Laccadive Plateau and Ninetyeast Ridge
(Duncan, 1978, 1991), Tasmantid Seamounts
(McDougall and Duncan, 1988), Parand and
Etendeka flood basalts (McDougall and
Duncan, 1988), Monteregian Hills (Gilbert

and Foland, 1986), and Deccan Traps (Baksi
et al., 1987) (see Fig. 1 for geographic loca-
tions and age dates).

PRESENT LOCATIONS OF HOTSPOTS

The present locations of hotspots used in
this study are based either on the occurrence
of present-day volcanism or inferred indi-
rectly, where no unambiguous information
for present-day volcanism is available. Hot-
spot locations based on present-day volcan-
ism are Tristan Da Cunha (37°S, 12°W), La
Réunion (21°W, 55.5°E), and the Tasmantid
hotspot (40.4°S, 150.5°E).

The present-day location of the hotspot
that formed the New England Seamounts is
most likely at seamount 18 (Tucholke and
Smoot, 1990), south of the Great Meteor Ta-
blemount. Seamount 18 (30°N, 28.5°W) ap-
pears to be the youngest seamount in the
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Great Meteor group, because it displays a
peaked top, whereas the seamounts north of
it show flat tops, documenting erosion at sea
level (Tucholke and Smoot, 1990). The present
location of the Kerguelen hotspot is inferred
to be underneath the western Kerguelen Pla-
teau, following Duncan and Richards (1991)
and Curray and Munasinghe (1991).

RECONSTRUCTION METHOD

Geometrically, it is relatively simple to re-
construct the motion of a single plate relative
to its underlying hotspots. However, in or-
der to use hotspot tracks from the North
American, South American, African, and
Indian-Australian plates in concert, the rel-
ative plate motions must be determined for
each reconstruction time. The geometry of
all hotspot track segments of a particular age
on different plates can be considered simul-
taneously in order to derive a best-fit rotation
relative to present-day hotspots if the hot-
spots are regarded as fixed in the mantle.
Such a model of absolute plate motions is
better constrained than one that uses hotspot
tracks on only one plate for deriving rotation
parameters (e.g., the African plate), which
are then used to calculate the absolute mo-
tions of other plates, as O’Connor and Dun-
can (1990) and Duncan and Richards (1991)
did.

MODEL RESULTS

Modeled hotspot tracks computed in §
m.y. intervals are plotted in Figure 1. They
document a good agreement between the
model results and the geometry and ages of
the major hotspot tracks in the Atlantic and
Indian oceans, at least back to chron 34 (84
Ma), and indicate little motion of these hot-
spots relative to each other. Reconstructions
for times older than chron 34 involve larger
uncertainties of relative plate motions during
the Cretaceous Normal Magnetic Super-
chron and the M-anomaly sequence, espe-
cially in the Indian Ocean, and consequently
sparser age control of the hotspot tracks.

The pre—chron 34 reconstructions relative
to the hotspots are based on the Walvis
Ridge-Rio Grande Rise-Parand flood basalts
hotspot trail and the New England Sea-
mounts—White Mountains-Monteregian Hills
hotspot trail. The genetic relations between
the oceanic tracks and continental flood ba-
salts of similar age in the Indian Ocean are
not well determined and are controversial
(cf. Curray and Munasinghe, 1991) (Ninety-
east Ridge and possibly 85°E ridge).

Our model suggests that the present-day
Kerguelen hotspot formed the Ninetyeast
Ridge after 100 Ma, but prior to that time the
hotspot was on the Antarctic plate and
formed the south Kerguelen Plateau
(Fig. 2D). The Kerguelen hotspot was never
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coincident with the Rajmahal Traps, and the
south Kerguelen Plateau appears to have
formed after India rifted from Antarctica;
otherwise it would be contiguous with the
Antarctic continental margin. This solution
is compatible with the mapped geometry of
the Ninetyeast Ridge and would predict a
location of the Kerguelen hotspot under-
neath the southern Kerguelen Plateau, at the
time of its formation, 118-95 Ma (Davies et
al., 1989) (Fig. 2D). This solution would also
predict that there is no northward extension
of the Ninetyeast Ridge north of 18°N, since
that is the northernmost location on the In-
dian plate where the hotspot was located
before it was transferred to the Antarctic
plate at ~100 Ma. Our model predicts that
the Kerguelen hotspot, at 118 Ma, was lo-
cated ~1000 km south of the Rajmahal
Traps, which are dated as 108—128 Ma (Baksi
et al., 1987). This prediction indicates that
the Rajmahal Traps may not have been di-
rectly produced by the Kerguelen hotspot.
The hotspot was at least as far away from the
Bunbury basalts in southwestern Australia
when they were created (age: 105-136 Ma;
Playford et al., 1976). However, if the initial
Kerguelen mantle plume affected a 2000-km-
diameter area of rifted, thinned continental
and oceanic crust, then, following White and
McKenzie’s (1989) model, both the Raj-
mahal Traps and the Bunbury basalts may

have been generated as a result of enhanced
decompression melting caused by elevated
temperatures along the incipient continental
margins.

We also test the hypothesis that the 85°E
ridge may have been produced by the Crozet
hotspot, as suggested by Curray and Muna-
singhe (1991). By using our model, we find
that the southern part of the 85°E ridge can
be well matched by assuming a present-day
location of a hotspot under the eastern part
of the Conrad rise, at 53.4°S, 48.4°E, east of
Lena Tablemount. The calculated path
(Fig. 1) follows the observed two bends in
the 85°E ridge but can only be tracked to
~10°N, east of Sri Lanka at 115 Ma. Prior to
115 Ma, this hotspot would have been under
the Antarctic continent (Fig. 2D). This
model also explains the observed apparent
discontinuity of the hotspot track left by the
Conrad rise hotspot between the southern
end of the 85°E ridge at ~8°S and the con-
tinuation of the track northeast of the Conrad
rise on the Antarctic plate (Fig. 1). A major
ridge jump northward between chrons 31
(68.5 Ma, Fig. 2B) and 25 (58.6 Ma, Fig. 2A)
transferred the hotspot from the Indian to the
Antarctic plate so that no trace of the hotspot
is left on the Indian plate south of the ob-
served termination of the 85°F ridge.

The model also implies that the 85°E ridge
hotspot track was formed near the midocean
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Figure 2. Reconstructions of plates relative to major Atlantic and Indian ocean hotspots using
rotation poles listed in Table 1. Solid circles are present locations of hotspots. Black areas are flood
basalts. Also shown are boundaries between oceanic and continental crust, paleo—mid-ocean
ridges, and 2000 and 4000 m bathymetric contours of reconstructed hotspot tracks.
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ridge (Fig. 2) on very young ocean crust.
This location was predicted by Liu et al.
(1982) on the basis of the negative gravity
field over the 85°E ridge, indicating that it
was formed on young lithosphere ~5-15
m.y. old and buried by sediments later, when
it was ~40-80 m.y. old. Evidence for a
present-day mantle plume under the Conrad
rise is found in its high geoid/topography ra-
tio of ~2.7 m/km and relatively low plateau
height of ~2.6 km, classifying it as a thermal
swell (Marks and Sandwell, 1991). However,
the isostatic compensation of the Marion Du-
fresne, Lena, and Ob seamounts indicates
that large parts of the Conrad rise were
formed in the Late Cretaceous on relatively
young sea floor (Diament and Goslin, 1986).
Our results also show that if the major
hotspot tracks in the Atlantic and Indian
oceans are used in concert for constructing
a plate-motion model with respect to the
hotspots, seamount 18 in the Great Meteor
group results in a track that matches the New
England Seamounts, White Mountains, and
Monteregian Hills. O’Connor and Duncan
(1990) had concluded, using their absolute
rotation parameters for Africa, that a
present-day location of a hotspot in the Great
Meteor group does not result in a trail that
matches the New England Seamounts.

CONCLUSIONS

Using an updated model of relative plate
motions, as well as the bathymetric expres-
sion and published radiometric ages of the
hotspot tracks left by Tristan da Cunha, sea-
mount 18 in the Great Meteor group,
Réunion, Kerguelen, and the Tasmantid
hotspot, we show that both data sets can be
combined to construct an internally consist-
ent plate-motion model that does not indi-
cate major motion between hotspots within
the past 84 m.y. The older part of our model,
back to 130 Ma, is subject to larger uncer-
tainties, because both the relative plate mo-
tions and the ages of hotspot trails are less
well known. The tracks left by the Great
Meteor and Tristan da Cunha hotspots be-
tween 84 and 130 Ma result in a model that
places the Kerguelen hotspot south of the
Rajmahal Traps, underneath the southern
Kerguelen Plateau between 100 and 115 Ma.
The results of our model also suggest that the
85°E ridge south of 10°N may have been
caused by a hotspot that was transferred
from the Indian to the Antarctic plate by a
major ridge jump between chrons 31 (68.5
Ma) and 25 (58.6 Ma) and is now located
underneath the eastern Conrad rise.

ACKNOWLEDGMENTS

Supported by the sponsors of the Paleoceano-
graphic Mapping Project and the PLATES project
at the University of Texas Institute for Geophys-
ics. Miiller was also supported by a graduate fel-

278

lowship at the Scripps Institution of Oceanogra-
phy, and Lawver was supported by National
Science Foundation grant DPP90-19247. We
thank Joseph R. Curray, Tissa Munasinghe,
David T. Sandwell, John G. Sclater, Christopher
R. Scotese, Christopher Small, John Tarduno, and
Lisa Tauxe for stimulating discussions and
Robert A. Duncan for reviewing the manuscript.
Institute for Geophysics contribution no. 931.

REFERENCES CITED

Baksi, A.K., Barmann, T.R.,Paul, D.K., and Far-
rar, E., 1987, Widespread early Cretaceous
flood basalt volcanism in eastern India:
Geochemical data from the Rajmahal-Ben-
gal-Sylhet Traps: Chemical Geology, v. 63,
p. 133-141.

Curray, J.R., and Munasinghe, T., 1991, Origin of
the Rajmahal Traps and the 85°E Ridge: Pre-
liminary reconstructions of the trace of the
Crozet hotspot: Geology, v. 19, p. 1237-1240.

Davies, H.L., and eight others, 1989, Basalt base-
ment from the Kerguelen Plateau and the trail
of a Dupal plume: Contributions to Mineral-
ogy and Petrology, v. 103, p. 457-469.

Diament, M., and Goslin, J., 1986, Emplacement
of the Marion Dufresne, Lena and Ob sea-
mounts (south Indian Ocean) from a study of
isostasy: Tectonophysics, v. 121, p. 253-262.

Duncan, R.A., 1978, Geochronology of basalts
from the Ninetyeast Ridge and continental
dispersion in the Eastern Indian Ocean: Jour-
nal of Volcanology and Geothermal Re-
search, v. 4, p. 283-305.

Duncan, R.A., 1984, Age progressive volcanism
in the New England Seamounts and the
opening of the central Atlantic Ocean: Jour-
nal of Geophysical Research, v. 89,
p. 9980-9990.

Duncan, R.A., 1991, Age distribution of volcan-
ism along aseismic ridges in the eastern In-
dian Ocean, in Proceedings of the Ocean
Drilling Program, scientific results, Volume
121: College Station, Texas, Ocean Drilling
Program, p. 507-517.

Duncan, R.A., and Hargraves, R.B., 1990, “°Ar-
3 Ar geochronology of basement rocks from
the Mascarene Plateau, Chagos Bank and the
Maldive Ridge, in Proceedings of the Ocean
Drilling Program, scientific results, Volume
115: College Station, Texas, Ocean Drilling
Program, p. 43-51.

Duncan, R.A., and Richards, M.A., 1991, Hot-
spots, mantle plumes, flood basalts, and true
polar wander: Reviews of Geophysics, v. 29,
p. 31-50.

Foland, K.A., and Faul, H., 1977, Ages of the
White Mountain intrusives—New Hamp-
shire, Vermont and Maine, U.S.A.: Ameri-
can Journal of Science, v. 277, p. 888-904.

Gilbert, L.A., and Foland, K.A., 1986, The Mont
St. Hilaire Plutonic complex: Occurrence of
excess “°Ar and short intrusion history: Ca-
nadian Journal of Earth Sciences, v. 23,
p. 948-958.

Giret, A., and Lameyre, J., 1983, A study of Ker-
guelen plutonism: Petrology, geochronology,
and geological implications, in Oliver, R.L.,
et al., eds., Antarctic earth science: Can-
berra, Australian Academy of Science,
p. 646-651.

Larsen, R.L., Mutter, J.C., Diebold, J.B., Car-
penter, G.B., and Symonds, P., 1979, Cuvier
Basin: A product of ocean crust formation by
Early Cretaceous rifting off Western Antarc-
tica: Earth and Planetary Science Letters,
v. 45, p. 105-114.

Printed in U.S.A.

Lawver, L.A., Sandwell, D.A., Royer, J.-Y., and
Scotese, C.R., 1991, Evolution of the Ant-
arctic continental margins, in Thomson,
M.R.A,, et al., eds., Geological evolution of
Antarctica: Cambridge, England, Cambridge
University Press, p. 533-539.

Liu, C.-S., Sandwell, D.T., and Curray, J.R.,
1982, The negative gravity field over the 85°E
Ridge: Journal of Geophysical Research,
v. 87, p. 7673-7686.

Marks, K.M., and Sandwell, D.T., 1991, Analysis
of geoid height versus topography for oceanic
plateaus and swells using nonbiased linear
regression: Journal of Geophysical Research,
v. 96, p. 8045-8055.

McDougall, I., and Duncan, R.A., 1988, Age pro-
gressive volcanism in the Tasmantid Sea-
mounts: Earth and Planetary Science Let-
ters, v. 89, p. 207-220.

Morgan, W.J., 1971, Convection plumes in the
lower mantle: Nature, v. 230, p. 42-43.
Miiller, R.D., and Roest, W.R., 1992, Fracture
zones in the North Atlantic from combined
Geosat and Seasat data: Journal of Geophys-

ical Research, v. 97, p. 3337-3350.

Nirnberg, D., and Miiller, R.D., 1991, The
opening of the South Atlantic from Late Ju-
rassic to present day: Tectonophysics, v. 191,
p. 27-53.

O’Connor, J.M., and Duncan, R.A., 1990, Evo-
lution of the Walvis Ridge-Rio Grande Rise
hotspot system: Implications for African and
South American plate motions over plumes:
Journal of Geophysical Research, v. 95,
p. 17,475-17,502.

Playford, P.E., Cockbain, A.E., and Low, G.H.,
1976, Geology of the Perth Basin, Western
Australia: Geological Survey of Western
Australia Bulletin, v. 124, 311 p.

Royer, J.-Y., and Chang, T., 1991, Evidence for
relative motions between the Indian and Aus-
tralian plates during the last 20 Myr from plate
tectonic reconstructions: Implications for the
deformation of the Indo-Australian plate:
Journal of Geophysical Research, v. 96,
p. 11,779-11,802.

Royer,J.-Y.,and Sandwell, D.T., 1989, Evolution
of the eastern Indian Ocean since the Late
Cretaceous: Constraints from Geosat altim-
etry: Journal of Geophysical Research, v. 94,
p. 13,755-13,782.

Royer, J.-Y., Pierce, J.W., and Weissel, J.K.,
1991, Tectonic constraints on hotspot forma-
tion of the Ninetyeast Ridge, in Proceedings
of the Ocean Drilling Program, scientific re-
sults, Volume 121: College Station, Texas,
Ocean Drilling Program, p. 763-776.

Shaw, P., and Cande, S.C., 1990, High-resolution
inversion for South Atlantic plate kinematics
using joint altimeter and magnetic anomaly
data: Journal of Geophysical Research, v. 95,
p. 2625-2644.

Tucholke, B.E., and Smoot, N.C., 1990, Evi-
dence for age and evolution of Corner Sea-
mounts and Great Meteor Seamount chain
from multibeam bathymetry: Journal of Geo-
physical Research, v. 95, p. 17,555-17,569.

White, R., and McKenzie, D., 1989, Magmatism
at rift zones: The generation of volcanic con-
tinental margins and flood basalts: Journal of
Geophysical Research, v. 94, p. 7685-7729.

Manuscript received May 14, 1992

Revised manuscript received November 23, 1992
Manuscript accepted December 8, 1992

GEOLOGY, March 1993



