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ABSTRACT

Deep Sea Drilling results in the Indian Ocean and mapping of
Mesozoic magnetic anomalies allow construction of a model for the
plate system in the early Indian Ocean.

In spite of the fact that the concept of Gondwanaland,
the late Paleozoic supercontinent of the Southern
Hemisphere, has been extant for over 50 years
(Wegener, 1929; DuToit, 1937), the details of the exact
configuration of its component continents and the
dispersal of these continents via plate motions with time,
remain largely speculative. Recent interpretations of
marine magnetic anomalies in the Indian Ocean
together with Deep Sea Drilling Project (DSDP) results
(Figure 1), put sufficient restraints on the dispersal of the
Gondwana continents that it is possible to construct a
plate model for the early formation of the Indian Ocean.
Major insights in this area have been provided by
McKenzie and Sclater (1971) and Falvey (1972a, b).
McKenzie and Sclater (1971), using Cenozoic marine
magnetic anomalies, accurately reconstructed the
relative position of the Gondwana continents3 in the
Late-Cretaceous/early-Tertiary period. Falvey (1972b)
presented some novel ideas on the configuration of the
Mesozoic plate system in the eastern part of the Indian
Ocean. Some particular questions which are left un-
answered by these studies are: (1) where was India
located in Gondwanaland, against west Australia
(yeevers et al., 1971; Crawford, 1969) or against
Antarctica (DuToit, 1937; Falvey, 1972B); (2) how did
the Gondwana continents disperse in time, to arrive at
the relative positions that McKenzie and Sclater (1971)
determined? Because the breakup and dispersal of
Gondwanaland covered a time span including a mid- to
Late-Cretaceous period of nonreversal of the earth's
magnetic field (85-111 m.y. as suggested by Larson and
Pitman, 1972), sea-floor chronology prior to the earliest
McKenzie and Sclater reconstruction (Late Cretaceous
or younger) cannot be deduced from marine magnetic
anomalies unless sea floor older than about 110 m.y. can
be found. Therefore, the early history of the Indian
Ocean can only be determined by deep drilling in sea
floor thought to be older than Late Cretaceous (i.e.

Cloniacian, anomaly 32 of Heirtzler et al., 1968). Using
DSDP data and Cretaceous and Tertiary magnetic
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anomalies mapped off west Australia, a model is
suggested which requires India to fit against Antarctica,
for Gondwanaland to disperse first in the eastern Indian
Ocean and extreme southern Atlantic, followed by
dispersal in the western Indian Ocean and equatorial
regions of the South Atlantic. This model should only be
considered an outline sketch of early dispersal.

-Ultimately, a more rigorous story should be con-
structed with determinations of poles of rotation, finite
rotations, and paleomagnetic latitudes.

Deep Sea Drilling Project holes (von der Borch,
Sclater, et al., 1972; Luyendyk, Davies, et al., 1973;
Heirtzler, Veevers, et al., 1973b) in the eastern Indian
Ocean (Wharton Basin) along with magnetic lineations
recently charted, can be interpreted to show that the sea-
floor isochrons here run east-west and that the sea floor
is oldest in the south (Sclater and Fisher, in press, and
Figure 2). The oldest known sea floor in the Indian
Ocean is Late Jurassic (Oxfordian) and is found north-
west of Australia in the North Australian Basin
(Heirtzler et al., 1973a). The sea floor here is older than
that in the southern Wharton Basin, implying that
rifting and spreading occurred here first. East-west-
trending marine magnetic anomalies have been mapped
in the northern Wharton Basin by Sclater and Fisher (in
press) and Lowrie et al., (1972), and in the North
Australian Basin by Falvey (1972b). These anomalies
are early Tertiary in the northern Wharton Basin, and
evidently Early Cretaceous in the North Australia
Basin. Earlier, Falvey (1972b) apparently misidentified
this latter set of anomalies as Cenozoic, but the drilling
results imply they are older. Attempts to model this
sequence using Larson and Pitman's (1972) Mesozoic
time scale and various combinations of spreading rates
and skewness, θ (Schouten and McCamy, 1972) have not
yet been successful, and there is some doubt as to
whether these anomalies are related to sea-floor-
spreading processes.

The distribution of isochrons in Figure 2 indicates
that eastern India was most likely against Antarctica in
Gondwanaland as suggested earlier by DuToit (1937),
McElhinney (1970), Falvey (1972b), and Smith and
Hallam (1970), and that the dispersal plate system was
initiated first off northwest Australia, followed by
spreading between India and Antarctica. Figure 3a
shows an east-west-trending ridge off northern Australia
and India (?) in the Late Jurassic. This ridge may have
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Figure 1. Base chart of the Indian Ocean Basin showing magnetic anomalies, fracture zones, and sea-floor features, all from McKenzie and Sclater (1971). Tracks
and sites of the DSDP, Legs 22 through 28, are also shown.
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Figure 2. Proposed age provinces in the eastern Indian Ocean based on marine magnetic anomaly data and DSDP sites from
Legs 22, 26, 27.

connected east through to ancient Pacific ridge systems
(Ben-Avraham and Uyeda, 1973). A Neocomian trans-
gression off northwest Australia suggest that a land
mass existed here prior to the Late-Jurassic/Early-
Cretaceous spreading (Falvey, 1972a, b). Various
authors have suggested that parts of southeast Asia
belonged to Gondwanaland and have since rifted away
(Ridd, 1971; Audley-Charles et al., 1972). These argu-
ments are beyond the scope of this paper and are
definitely data-limited, but paleomagnetic data (Haile
and McElhinney, 1972) and the geologic ages in
Indonesia (Katili, 1971) suggest that the only likely
candidates are Borneo and Celebes. In the earliest
Cretaceous this Jurassic ridge became connected to a
nascent spreading center to the south between India and
Antarctica (Figure 3b) by a ridge-ridge transform fault
— the Darling Fault Zone of west Australia (Geological
Society of Australia^ Tectonic map of Australia, 1971).
This reconstruction predicts continental conditions and
sedimentation in extreme western Australia until the
Early Cretaceous, a condition which is required by
geologic data from this region (Veevers, 1971). A larger
than usual India is shown in this reconstruction, the

northeastern boundary being defined by north-trending
structures (Falvey, 1972b; Dickinson, 1971) and
seismicity (Barazangi and Dorman, 1969) in western
Burma.

The configuration of the Gondwana continents
shown in Figure 4a is not greatly different from that sug-
gested by DuToit (1937), and McElhinney (1970),
among others, and seems to satisfy much equivocal geo-
logic data and more stringent paleomagnetic results.
Three megaplates are shown in the figure; an
Australia/Antarctic/South America plate, an
Africa/Madagascar/Indian plate, and an oceanic plate
north of India and Australia (Tethys or Kula plate?;
Grow and Atwater, 1970). A spreading ridge between
India and Antarctica is connected to a ridge between
Africa and South America by a right lateral, ridge-ridge
transform fault. This fault is the ancient trace, or the
precursor to, the present Southwest Branch (SWB) of
the Indian Ocean Ridge. The age of DSDP Sites 257 and
259 in the southeast Wharton Basin and extrapolation
of South Atlantic Ocean spreading rates to the Atlantic
margins (Le Pichon, 1968; Dietz and Holden, 1970; Le
Pichon and Hayes, 1971; Mascle and Phillips, 1972),
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Figure 3. (a) Late Jurassic plate boundaries in the eastern
Indian Ocean showing an east-west ridge system separat-
ing an ancient landmass from northern Gondwanaland.
Mercator projection, (b) The plate system in the Early
Cretaceous showing the separation of Indian from Ant-
arctica and Australia. Arrows indicate plate motions re-
lative to Antarctica.

indicate that this phase of spreading (Figure 4a) or
Gondwanaland dispersal, began in the Early Cretaceous
(Valanginian according to Larson and Ladd, in press).
Africa/Madagascar/India moved away from the rest of
Gondwanaland in concert and simultaneously open the
extreme South Atlantic and southeastern Indian Ocean.
No significant amount of sea floor was created off
southeast Africa at this time. The relative motion pole
between the Africa et al. and South America et al. plates
could have been in the equatorial Atlantic regions. This
would restrict and limit marine opening to the southern-
most South Atlantic allowing land connections to
persist in the northern regions of the South Atlantic.
This idea will satisfy many paleontologists who would
like Africa and South America to remain in contact until
about 90 m.y. B.P. (Reyment and Tait, 1972). These
plates and plate motions may have persisted for 20 to 30
m.y. until the Early to mid-Cretaceous when Africa
rifted from Antarctica and Madagascar&India (Figure
4b).

Fig. 4(a)

EARLY CRETACEOUS

Figure 4. (a) Initial dispersal phase of Gondwanaland in the
Early Cretaceous showing a three-plate system and simul-
taneous opening of the eastern Indian Ocean and south-
ernmost South Atlantic. Arrows show relative motion
across plate boundaries; large arrows indicate motion re-
lative to Antarctica. Lambert equal-area projection. Out-
lines of continents are coastlines, (b) Plate system and
Gondwana dispersal in the mid-Cretaceous, (c) Plate
system and Gondwana dispersal in the Late Cretaceous
and Paleocene.
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Figure 4c. (Continued).

In Figure 4b Africa is separating from Antarctica by
spreading on a Cretaceous analog of the SWB. The
transform fault in Figure 4a has been uplifted and
changed to a spreading mode. This ridge is connected
via the Davie Ridge (right-lateral transform) in the
Mozambique Channel to a spreading center in the
Somali Basin. Madagascar is shown separating from
Somali, Kenya, and Tanzania as has been indicated by
Heirtzler and Burroughs (1971), among others. South
America also may have begun moving north at this time
(all motions are relative to a fixed Antarctica). Four
plates are now shown in Figure 4b: South America,
Africa, Madagascar/India, and Australia/Antarctica.
The separation of Africa from Madagascar/India has
defined a new relative rotation pole between Africa and
South America, located further to the north than the
previous phase of spreading. This shift in pole location
causes the northern portions of the South Atlantic to
open later, which is required by biostratigraphic data
(Reyment and Tait, 1972). The age of this phase (Figure
4b) of Gondwana dispersal is believed to be mid-
Cretaceous. Deep Sea Drilling Project Sites 250 and 249
(Simpson, Schlich, et al., 1972) indicate a mid-
Cretaceous or older age for the sea floor immediately off
southeast Africa. Cores from the Agulhas Plateau off
South Africa also indicate at least a mid-Cretaceous
(Cenomanian) age (Saito in Ewing et al., 1969 p. 239).
Site 249 dates the Mozambique ridge (Heezen and
Tharp, 1965) which evidently is an Aptian or older
fracture zone indicating the past relative motion

between Africa and Antarctica. The trend of this feature
would be essentially parallel to the spreading direction
indicated in Figure 4b. Unfortunately, Site 248 (Figure
1) is only 72 ±7 m.y. old, based on K-Ar dating of the
basalt recovered here (Simpson, Schlich, et al., in press).
For this reconstruction, this site would be expected to be
mid-Cretaceous or older.

The separation of Africa from Madagascar/India is
indicated as mid-Cretaceous or older by Site 241
(Fisher, Bunce, et al. 1972) off Somali. Marine Jurassic
sediments are found on the Somali coast (Furon, 1963),
but dating this transgression does not necessarily indi-
cate continent dispersal, or creation of oceanic crust. A
magnetic smooth zone is strikingly developed over the
Somali Basin and parts of southeast Africa (Poehls et
al., 1973; Burroughs and Bunce, 1973). If this smooth
zone is due to the Cretaceous period of nonreversal,
then this evidence supports the idea of rifting of Africa
from Madagascar/India and from Antarctica in a time
span including 111-85 m.y. B.P. The ancient spreading
ridge proposed for the Somali Basin may be buried
beneath the thick sediment pile here. No evidence of its
existence or absence is currently known. Finally, the
northward and slightly westward movement of South
America relative to Antarctica may have served to open
the Weddell and Scotia seas and to initiate subduction
along the northwest front of the Antarctic Peninsula.
Based on the proposed upper limit of the Cretaceous
uniform polarity interval (Larson and Pitman, 1972),
the plate system in Figure 4b (or an approximation
thereof) persisted until the Late Cretaceous (ca. 85 m.y.
B.P.). In the north, off Somali, the Chain Ridge and
possibly Owen Fracture Zone mark the east boundary
of this spreading phase (Figure 4b) because Chain Ridge
bounds the magnetic smooth zone (Burroughs and
Bunce, 1973) and Turonian or older (89.6 m.y. B.P.)
gabbros were dredged from its flanks (Bunce et al.,
1967).

A major reorganization of plates within the Indian
Ocean basin in the Late Cretaceous and Paleocene
changed the relative motion directions of the Gondwana
continents (Figure 4c). Falvey (1972a, b) originally sug-
gested part of this reorganization scheme for the eastern
ocean basin. In the western basin a reorganization
resulted in the rifting of India from Madagascar in the
Paleocene. The age of this rifting is indicated by DSDP
Site 239 in the Madagascar Basin (Figure 1) (Simpson,
Schlich, et al., 1972), Site 237 on the Seychelles-Saya de
Malha ridge (Fisher et al., 1972), and Sites 219 and 220
off the west coast of India (Whitmarsh et al., 1972). The
Deccan traps of Paleocene age (Wellman and
McElhinney, 1970), in northwest India, also were
produced with this rifting. Comparison of Figures 4b
and 4c shows that by the Late Cretaceous/Paleocene
rifting between Africa and Madagascar and Africa and
Antarctica had stopped. The Cretaceous analog of the
SWB had reverted to a right-lateral transform fault.
McKenzie and Sclater (1971) show the ancient SWB as a
right-lateral transform from the Paleocene to the
Oligocene. If this is so, then mid-Cretaceous fracture
zones on opposite sides of the SWB should show right-
lateral offset. Sufficient data are not available to test this
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requirement. Also, the north-south offset of the SWB,
south of the Mozambique Ridge or Fracture Zone (see
Heezen and Tharp, 1965), argues against significant
right-lateral movement unless this offset is Oligocene or
younger. The resolution of this question is presently
ambiguous.

In the northern Indian Ocean two spreading ridges
separate the Seychelles Bank from India and from
Madagascar. These ridges may or may not have existed
contemporaneously. The shape of the western limbs of
this triple junction shown in Figure 4c matches the
trends of the Seychelles-Saya de Malha and Mascarene
ridge. The trends join at an oblique angle of about 110°
to form a topographic bight, concave to the southwest
(Figure 1). The first rifting may have been between
Madagascar and Seychelles/India and the early "leaky"
phases of the rifting may have created the Seychelles-
Saya de Malha and Mascarene ridges. The trend of the
proposed ridge between the Seychelles and India is
unknown as it has been buried beneath continental
margin and Indus Cone sedirnents and/or subducted (?)
beneath Iran-Pakistan. If its trend was more north-
easterly than shown in Figure 4c, it could have formed
an angle of about 120° to the other spreading branches
at the triple junction. Based on some current hypotheses
(Dewey and Burke, 1973), this triple junction may have
resulted from crustal upwarping caused by a mantle
plume or hot spot. In this case the Deccan traps would
be expected to show theoretical "hot spot" petro-
chemical affinities. Davies (1968) has also suggested that
Seychelles rifted from India in the Paleocene. As the
India-Madagascar ridge migrated easterly relative to
Africa, it may have lined up to be more parallel to the
SWB transform and have reverted to the left-lateral
transform fault indicated by McKenzie and Sclater
(1971) for this region in the Paleocene. Possibly simul-
taneously, the Seychelles-Madagascar ridge jumped
north of the Seychelles to connect the India-Madagascar
transform with the Owen Fracture Zone (shown as the
transform off Somali in Figure 4c; see McKenzie and
Sclater, 1971). Other plate reorganizations in the
Paleocene include overprint of the previous India-
Antarctica ridge (Figure 4b) by an ancient analog of the
Southeast Branch (SEB) of the Indian Ocean Ridge.

Another tectonic event during this time period, or
possibly shortly before, was incipient rifting of Australia
from Antarctica. In Figure 4c this rifting is shown to
occur simultaneously with the formation of Broken
Ridge and Kerguelen Plateau. Results from Site 255
(Leg 26) indicate that Broken Ridge has existed since at
least the Santonian and is possibly older. Kaharoeddin
et al., (in press) also report recovery of Cenomanian
chalk ooze from the Kerguelen Plateau. Naturaliste
Plateau (Site 258) is at least Middle Albian in age, so
that if the Broken Ridge/ Kerguelen Plateau and the
Naturaliste Plateau are contemporary volcanic features,
then the incipient rift between Australia and Antarctica
may be more properly proposed for the mid-Cretaceous
(Figure 4b). Cretaceous rifting would be in agreement
with the observation of a magnetic smooth zone
(Cretaceous?) over the Australian and Antarctic con-
tinental margins (Poehls et al., 1973; Weissel and Hayes,
1971) and a marine transgression in southern Australia
(Brown et al., 1968) during this time period.

The reconstruction in Figure 4c also indicates that the
northward motion of South America has slowed but evi-
dently the Davis Strait has opened. Therefore, the first
analog of the circumpolar current may not have existed
until the Late Cretaceous and Paleocene. As indicated
above, the SWB changed from a spreading ridge in the
mid to Late Cretaceous to a transform fault in the Late
Cretaceous and Paleocene. Concomitant with this
change was a subsidence of the sea floor below the
carbonate compensation depth in the Late Cretaceous
as the dying SWB ridge thermally contracted. This sub-
sidence may explain the dissolution facies, older than
Coniacian age, which is found at the base of Site 250.

To summarize then, the basic framework of the
Gondwanaland dispersal proposed here is:

1) Opening of the eastern Indian Ocean and southerly
portions of the South Atlantic simultaneously in the
Early Cretaceous.

2) Opening of the northwestern and southwestern
Indian Ocean and equatorial South Atlantic in the mid-
Cretaceous (Aptian?) to Late Cretaceous (Coniacian)
with the rifting of Africa from Antarctica and from
Madagascar/India.

3) Opening of the Central Indian Ocean with the
rifting of Madagascar from India in the Late Cretaceous
and Paleocene. McElhinney (1970) and Smith and
Hallam (1970) have also considered both the fit and
dispersal of Gondwana continents. Both show a recon-
struction as in Figure 4a, based on paleomagnetic data
and computerized matching of continental edges,
respectively. The sea-floor data discussed above mainly
lend support to the India-Antarctica fit proposed by
these authors. Other Gondwana fits have been assumed
a priori in the present discussion. It is the dispersal
scheme which is constrained to a finer degree by the sea-
floor data than the continental data used by
McElhinney (1970), and Smith and Hallam (1970).
Because the dispersal phase is related to the creation of
sea floor in the intercratonic rifts (DuToit, 1937; Smith
and Hallam, 1970) dating dispersal from continent
geology is uncertain. Volcanism, marine sedimentation,
and faunal similarities or differences can indicate con-
tinent break-up and rifting but not necessarily dispersal
(see discussion in Smith and Hallam, 1970). According-
ly, Smith and Hallam (1970) noted that the date of the
dispersal of Africa from Antarctica and from
Madagascar is unknown. Using sea-floor spreading and
paleomagnetic data, they concluded that the separation
of Africa from India, Madagascar from India, and Ant-
arctica from India was in the Tertiary and that South
America separated from Africa in the Cretaceous.

McElhinney's scheme of dispersal, based on paleo-
magnetic data, has some important differences from the
one proposed here. The first dispersal scheme is between
South America and Africa sometime between the Late
Triassic and Early Cretaceous. However, the first
opening of the Indian Ocean is in the west before the
mid-Cretaceous and after the mid-Jurassic with the
separation of Africa from the rest of the Gondwana con-
tinents. Although the paleomagnetic data permit
various interpretations, McElhinney favors the rifting of
India form Antarctica. The reason for this discrepancy
is not immediately apparent. Paleomagnetic data,
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however, do support the dispersal of Madagascar from
India in the Paleocene (McElhinney, 1970). An in-
teresting fact brought out by McElhinney's paleo-
magnetic data is that the early opening of the Indian
Ocean is mainly accomplished by southward movement
of Gondwana continents away from Africa (I would
suggest southward from India also). Reconstructions of
postulated relative motions in Figure 4 are relative to a
fixed Antarctica with paleomagnetic latitudes being
neglected in this analysis.

Future work should include resolution of this
dispersal scheme with paleomagnetic data, hopefully
preceded by additional sea-floor observations. Such
observations might include charting and study of Early
Cretaceous magnetic lineations which are predicted to
occur off East Antarctica, southwest Australia, eastern
India, and Ceylon, and the continental margins of South
Africa and Argentina. Cenozoic lineations should be
searched for over the Mascarene Basin between the
Seychelles, the Mascarene Ridge, Madagascar, and off
western India. Charting of old fracture zone trends in
portions of the sea floor shown in Figure 4b would aid
in determining relative motion directions during a
geologic period which was essentially free of magnetic
field reversals. Finally, any additional DSDP holes in
the sea floor of Figures 4b and 4c would aid the pro-
blem in an obvious manner. Sites located as close as
possible to the continental edges would be specially
worthwhile.
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