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Abstract

We present a preliminary tectonic chart of the
Indian Ocean based on a joint compilation of
bathymetric data, magnetic anomaly data and Geosat
altimetry data. Satellite altimeters such as Geosat
map the topography of the equipotential sea surface
or marine geoid. Our interpretation of the data
Geosat data is based on an analysis of the first
derivative of the geoid profiles (i.e. deflection of the

~ vertical profiles). Because of the high correlation
between the vertical deflection (at wavelength < 200
km) and the seafloor topography, the Geosat profiles
can be used to delineate accurately numerous tectonic
features of the ocean floor such as fracture zones,
seamounts and spreading ridges. The lineations in
the Geosat data are compared with bathymetric data
and combined with magnetic anomaly identifications
to produce a tectonic fabric chart of the Indian Ocean
floor.

Keywords: Indian Ocean, Geosat altimeter, deflec-
tion of the vertical, tectonic fabric chart.

1. Introduction

In the past few years, as a result of development
of remote sensing and data imaging techniques, better
resolution and coverage have permitted the upgrading
of the tectonic picture of the ocean floor. In the

Indian Ocean, one may examine the development of
this improved resolution by comparing the
successive tectonic charts produced by Heezen and
Tharp (1965) and Udintsev et al. (1975), and the
bathymetric charts of the GEBCO series (1975-1982)
with the recent chart of the gravity field by Haxby
(1985). Satellite altimeters (GEOS-3, SEASAT,
GEOSAT) map the topography of the equipotential
sea surface (marine geoid). Due to the uniform
coverage of the satellite ground tracks and the
excellent correlation between the short wavelengths
(20-200 km) of the geoid signal with the topographic
gradient of the ocean floor, the satellite altimeter data
bring a wealth of rigorously comparable information
bearing on the morphology of the seafloor,
especially in the remote inhospitable and hence
poorly charted southern oceans. There, in particular,
previously unrecognized tectonic elements,
specifically fracture zones and seamounts, have been
delineated or verified (e.g., Haxby, 198S; Lazarewicz
and Schwank, 1982; Sandwell, 1984; Sandwell and
McAdoo, 1988).

Recently, Gahagan et al. (1988) have used the
anomalies and lineations in plots of the deflection of
the vertical from SEASAT data to portray a
preliminary fabric chart of the ocean floor. In this
paper, we expand upon this approach by presenting
first, plots of the actual deflection of the vertical data
along tracks, second, identifying lineations in these
plots and finally, third, comparing these lineations
with bathymetric features and magnetic anomaly
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identifications in order to construct a preliminary
tectonic fabric map of the ocean floor. This work is
based primarily on the GEOSAT data which we
combine with the SEASAT data set. This analysis
reveals new features on the seafloor at the southerly
latitudes that are related to the early phase evolution
of the Indian Ocean. Recently-refined portrayals of
tectonic fabrics of the seafloor provide exceptionally
good constraints for plate tectonic reconstructions far
beyond those available to the pioneer modelers of the
evolution of the Indian Ocean (e.g., Fisher et al.,
1971; McKenzie and Sclater, 1971; Sclater and
Fisher, 1974; Norton and Sclater; 1979; Patriat,
1987). In fact, problems with previous
reconstruction models have generally arisen in areas
where either the fracture zone lineations or the
magnetic lineations were poorly established trough
lack of shipborne coverage. Hence, the joint
compilation of magnetic anomalies and fracture zone
lineations from closely-spaced altimetry traverses has
proved to be a very powerful approach as it allows us
to revise and improve our understanding of the
tectonic history of the ocean floor (e.g., Royer et al.,
1988; Royer and Sandwell, 1989; Mayes et al.,
1989).

2. A Tectonic History of the Indian Ocean

The Indian Ocean floor (Fig. 1) is characterized
by a system of three active spreading ridges that now
separates four major fragments of the former
supercontinent Gondwana: Africa, India, Australia
and Antarctica. The northern branch of this ridge

system rises in the Gulf of Aden, separating Africa -

from Arabia, and continues along the Carlsberg
Ridge and the Central Indian Ridge which separates
~ Africa from India. At25°S, 70°E, the Central Indian
Ridge intersects the two other branches, the
Southwest Indian Ridge that extends between Africa
and Antarctica towards the South Atlantic, and the
Southeast Indian Ridge that extends towards the
South Pacific between Antarctica and India, and
Antarctica and Australia. Numerous ridges and
plateaus of intermediate depth, which may be taken
to characterize the Indian Ocean, appear on either
sides of the spreading ridges. The size, number and

distribution of these elevations have raised many
questions about their nature and origin as well as
their role in the continuing development of the
Indian Ocean. From east to west, they are the South
Tasman Rise, the plateaus off western Australia
(Naturaliste, Cuvier, Wallaby, Exmouth), Broken
Ridge and the Kerguelen Plateau, Ninetyeast Ridge,
Chagos-Laccadive Ridge and the Mascarene Plateau,
the Chain and Murray Ridges, Madagascar Plateau,
Del Cano Rise, Crozet Plateau, Conrad Rise,
Gunnerus Ridge, Mozambique Ridge, Astrid Ridge,
Agulhas Plateau and finally Maud Rise (Fig. 1).

According to interpretations of the seafloor
magnetic anomaly pattern as identified in the Indian
Ocean, the major basins lying between the spreading
ridges, the continental margins and the submarine
ridges evolved during three main periods. From the
breakup of Gondwana in the Late Jurassic to the
midCretaceous, Africa separated from Madagascar and
Antarctica, creating respectively the western Somali
Basin (Ségoufin and Patriat, 1980; Rabinowitz et al.,
1983; Coffin and Rabinowitz, 1987; Cochran,
1988), the symmetric Mozambique Basin (Ségoufin,
1978; Simpson et al., 1979) and the basin off
Dronning Maud Land, Antarctica (Bergh, 1977,
1987). During the same time period, India and
Madagascar separated from Australia and Antarctica,
creating the Mesozoic basins along the western
margin of Australia (Markl, 1974, 1978; Larson et
al., 1979; Veevers et al.,, 1985). From the
midCretaceous to the Middle Eocene, the major
motion resulted in the rapid northward drift of India
towards Asia. Most of the floor of the Indian Ocean
was created during this phase: the basins between
Africa-Madagascar and Antarctica (Bergh and Norton,
1976; Patriat, 1979, LaBrecque and Hayes, 1979;
Sclater et al., 1981; Fisher and Sclater, 1983), the
Madagascar and the Mascarene Basins, the eastern
Somali Basin and the Arabian Sea between Africa-
Madagascar and India (McKenzie and Sclater, 1971;
Whitmarsh, 1974; Schlich, 1975, 1982), the
mirrored Central Indian Basin and Crozet Basin
between India and Antarctica (McKenzie and Sclater,
1971; Sclater and Fisher, 1974; Schlich, 1975,
1982) and the Wharton Basin between India and
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Australia (Sclater and Fisher, 1974; Liu et al.,
1983). In addition, during this period, Australia and
Antarctica commenced to separate (Cande and Mutter,
1982). The latest period in the evolution of the
Indian Ocean started with a major reorganization of
the spreading centers, consequent to the collision of
India with Asia in the Middle Eocene. Seafloor
spreading ceased in the Wharton Basin while major
changes in the direction and rate of spreading occurred
in the Central Indian Basin, the Crozet Basin, the
Madagascar Basin, the eastern Somali Basin and the
Arabian Sea. The new configuration of the spreading
ridges corresponds to the present-day ridge system.
During this phase, the Australian-Antarctic Basin
(Weissel and Hayes, 1972), the southern Central
Indian Basin (Sclater et al., 1976a) and the northern
Crozet Basin (Schlich, 1975) were created. Also, the
Mascarene Plateau and the Chagos-Laccadive Ridge
separated (Fisher et al., 1971; McKenzie and Sclater,
1971), and the Gulf of Aden opened (Laughton et al.,
1970). Because of the differential motion along the
Central Indian Ridge and the Southeast Indian Ridge,
the Southwest Indian Ridge propagated rapidly
towards the east (Tapscott et al., 1980; Sclater et al.,
1981; Patriat, 1987).

3. Analysis of the Altimetry Data:
Lineations in the Deflection of the
Vertical Charts

The SEASAT satellite, launched by NASA in
1978, used a radar altimeter to make precise
measurements (Tapley et al., 1982) of the sea-surface
or geoid height (~ 0.1 m) over most of the world's
oceans. Unfortunately, the SEASAT mission failed
after a few months, and almost no data were
recovered from the areas south of 62°S because of the
ice-coverage around Antarctica at the time that
SEASAT operated. In March 1985, the US Navy
launched the GEOSAT altimeter in order to map the
marine geoid to a high spatial resolution on a global
basis. Only the data from the Exact Repeat Mission,
started in November 1987, which duplicated the 17
days SEASAT repeat orbits, have yet been
unclassified. However, because the ground track
spacing (~ 164 km at the Equator) decreases at the

high latitudes, and because GEOSAT operated during
the Austral ice-free summer, the information from
the high southerly latitudes, between 60°S and 72°S,
is exceptionally good. In this study, we use mainly
the GEOSAT data. The accuracy is about 3 times
better than for the SEASAT (Sandwell and McAdoo,
1988) and we improve this accuracy and data recovery
along tracks by stacking 22 GEOSAT repeat cycles.
For wavelengths greater than 20 km, the RMS noise
level of the GEOSAT data is about 1 to 2 mGals.
However, in order to take advantage of the better
density of the SEASAT data north of 60°S, we
combine both SEASAT and GEOSAT data sets
when the amplitudes of the SEASAT signal were
above the noise level.

To enhance the short wavelengths of the marine
geoid signal, it is more appropriate to use the
deflection of the vertical that is the first derivative of
the gravity along the track. Deflection of the
vertical, expressed in microradians, measures the
variation of the horizontal gravity field. One
microradian (urad) is roughly equivalent to an
horizontal variation in- gravity of one milligal
(mGal). Figures 2 and 3 display the deflection of the
vertical plotted along respectively the descending and
ascending satellite ground tracks. Vertical bars along
tracks are spaced every 4 data points (~ 14 km apart).
Amplitudes are positive to the north. The scale of
amplitude is 20 prad/degree of longitude; however
when greater than 30 prad, the amplitudes are reduced
through an Arctg function. Long wavelength (>
4000 km) and short wavelength noise (< 20 km)
have been removed, after stacking, from each pass
using the procedure described by Sandwell and
McAdoo (1988).

Figure 4A through 4J display a series of different
interpretation of the deflection of the vertical signal.

-In a tectonic fabric.chart, we are mostly interested in

the lineated features such as fracture zones, spreading
ridges, linear troughs, ridges or plateaus, and
trenches. Depending on their extension, most of
these features have a reproducible signature on a set
of parallel profiles, which make them easy to
identify. The signature of a fracture zone will vary
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according to the spreading rate and the age offset
(Fig. 4A and 4B). Depending on the direction of the
satellite and the orientation of the tectonic feature
relative to the satellite ground track, the signature of
a tectonic feature can be identical or reversed on the
ascending or descending data sets. As a rule of
thumb, topographic features oriented north-south
will have same signatures; in the case of a fracture
zone (Fig. 4C), both the ascending and descending
profiles cross the topographic (age) offset from the
same side. East-west oriented features will have
reversed signatures; in Figure 4D, ascending and
descending profiles approach the fracture zone from
opposite sides. Because the age offset reverses at the
midpoint of the transform segment of a fracture zone,
the signature of a fracture zone is symmetric relative
to the fracture zone axis and of opposite sign on
either side of this point (Fig. 4E). Finally, the
spacing of parallel fracture zones is also an important
factor; the combined effects of parallel topographic
(age) offsets may produce a large signal where the
signal produced by each individual fracture zone
cannot be identified (e.g., Prince Edward FZ area
along the Southwest Indian Ridge). The signature of
a spreading ridge axis depends on the spreading rates
as does the topography (Fig. 4F and 4G).
Seamounts have a typical signature (Fig. 4H)
recognizable at isolated, sharp and narrow positive
and negative picks of equal amplitude. Trenches
(Fig. 4I) are characterized by a succession of positive
and negative picks related to the flexure of the
lithosphere ahead of the trench and to the trench
itself. Continental rise (Fig. 4J) and linear offsets in
the oceanic basement are also clearly identifiable.
Finally, aseismic ridges and plateaus are clearly
visible, but, depending on their width and height
relative to the adjacent basins, they are difficult to
chart. The deflection of the vertical charts of the
Indian Ocean (Fig. 2 and 3) provide examples for
each type of feature. We have traced lineations in
these charts by correlating respectively peaks and
troughs (i.e., steepest horizontal gradient of the
gravity) in the deflection of the vertical plots, on
both the ascending and descending passes. Figure §
summarizes our interpretation of the lineations in the
deflection of the vertical plots. We have abbreviated

the name of this chart to deflection of the vertical
lineations. Symbols show the actual location of the
data points and lines, the lineations. We deliberately
have not represented the peaks and troughs associated
with large topographic features of the ocean floor,
outlined on Figure 5 by bathymetric contours. Such
features are better represented by direct contouring of
the gravity field (e.g., Haxby, 1985).

4. Tectonic Fabric Chart of the Indian
Ocean

The deflection of the vertical plots amplify the
short wavelength of the geoid. Lineations in these
charts are in general related to high amplitude short
wavelength topographic features such as transform
faults, fracture zones, seamounts and other discrete
entities on the seafloor. By combining the
lineations of the deflection of the vertical charts with
transform faults and fracture zones known from
topographic and magnetic surveys, it is possible to
create an improved tectonic chart of the sea floor.
Because of the greater coverage of the satellite data
and the ability of the presentation to amplify and
extend lineated features both above and below
sediment, the resultant signal presents a fabric chart
of the igneous basement of the seafloor. We have
abbreviated the name of these combined charts to
"tectonic fabric charts".

The lineations in the deflection of the vertical
charts (Fig. 5) are documented to varying degree
depending on the characteristics of seafloor spreading
in the oceanic basins: spreading rate, paleo-direction
of spreading relative to the satellite ground tracks and
the age offsets across the fracture zones. The
interpretation of the deflection of the vertical charts
brings new information mainly on the southerly
latitudes around Antarctica regarding the early phase
of seafloor spreading between Africa and Antarctica
during the Late Jurassic up to the Late Cretaceous,
and between Antarctica and Australia during the
Middle Eocene. In addition, due to the uniform
coverage of the satellite profiles, the fracture zones
are generally better sampled and their pattern better
defined on the deflection of the vertical charts than on
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tectonic charts based on shipborne data. This is for
instance the case along the Central Indian Ridge, or
between Broken Ridge and the Kerguelen Plateau, or
between Tasmania and Antarctica. Except for this
latter area, most of the fracture zones in the Indian
Ocean are oblique or perpendicular to the ascending
satellite tracks and parallel or sub-parallel to the
descending tracks. Therefore, they are more visible
on the ascending passes (Fig. 3) than on the
descending passes (Fig. 2), while the opposite occurs
for the Indian Ocean spreading ridges. However, in
some areas such as the Australian-Antarctic
Discordance where the fracture zones are oriented
north-south and the ridge axes east-west, both data
sets are complementary.

In regard to the evolution of the Indian Ocean, the
best documented period corresponds to the latest and
most recent phase of seafloor spreading that started

after the general reorganization of the plate-

boundaries in the Middle Eocene. Along the Sheba,
Carlsberg and Central Indian Ridges, the fracture
zones strike N50°E to N60°E. From the northwest
to the southeast, the main fracture zones are the
Alula-Fartak FZ (13°N, 51°E) at the mouth of the
Gulf of Aden, the Owen FZ (12°N, 56°E) separating
the Sheba Ridge from the Carlsberg Ridge, the
fracture zone at 3°N, the Mahabiss FZ (3°S), the
Sealark FZ (4°S), the Vitiaz FZ (8°S), the Vema FZ
(11°S), the Argo FZ (14°S), the Marie Celeste FZ
(17°S) .and the Egeria FZ (20°S) which lies east of
the Rodrigues Ridge. Except for the Alula-Fartak
FZ and the fracture zone at 3°N, all the ridge offsets
are right-lateral. The largest transform offsets are
located along the Alula-Fartak FZ (200 km), the
Owen FZ (300 km), the Vema FZ (200 km) and the
- Marie Celeste FZ (220 km). Along the Southwest
Indian Ridge, the orientation of the fracture zones
varies progressively from N45°E in the vicinity of
the Bouvet Triple Junction (55°S, 1°'W) to north-
south, west of the Indian Ocean triple junction
(25°S, 70°E). From west to east, they are Bouvet
FZ (2°E), Moshesh FZ (5°E), Islas Orcadas FZ (6°E),
Shaka FZ associated with the Shaka Ridge (8°E),
Dingaan FZ (12°E), Mandela FZ (15°E), Du Toit FZ
(26°E), the Andrew Bain FZ complex (28°E), Prince

Edward FZ (35°E), Discovery Il FZ (43°E), Indomed
FZ (46°E), Gallieni FZ (52°E), the Atlantis II FZ
(58°E) and the Melville FZ (61°E). The ridge offsets
are left-lateral and generally important (100 to 200
km) for all these fracture zones; the major offset (800
km) along the Southwest Indian Ridge axis occurs
between Bain FZ and Prince Edward FZ (28°E to
35°E). Finally, along the Southeast Indian Ridge,
the fracture zone trends, oriented N45°E in the
vicinity of the Indian Ocean triple junction, shift
progressively to N15°E-N10°E between Australia and
Antarctica, and reach N15°W in the vicinity of the
Macquarie triple junction (61°S, 162°E). The major
offsets are located along the Amsterdam and St Paul
FZ (78°E) and along the George V, Tasman and
Balleny FZ. The fracture zone pattern between
Australia and Antarctica, particularly the prominent
fracture zones south of Tasmania that can be traced
all the way south into the Antarctic margin, tightly
constrain the reconstructions in the Australian-
Antarctic Basin since the Middle Eocene (Anomaly
20). Prior to that time and since the initiation of
spreading in the Late Cretaceous, seafloor spreading
was extremely slow (0.5 cm/a; Cande and Mutter,

. 1982) and the magnetic lineations are continuous and

parallel to the Australian and Antarctic margins.

The spacing between satellite profiles is generally
too large (160-80 km) to allow an accurate mapping
of the mid-oceanic ridge axes. Though in several
areas, the deflection of the vertical data show an
excellent correlation with the location of the ridge
axes deduced from bathymetric and magnetic data.
The Sheba Ridge is characterized by a slow spreading
rate (1 cm/a, Laughton et al., 1970) and an axial
valley that deepens towards the east. The ridge axis
produces a clear signature on the deflection of the
vertical signal, as illustrated on Figure 4G, that
defines two continuous ridge segments separated by
the Alula-Fartak FZ. The Carlsberg Ridge has
similar characteristics as the Sheba Ridge with
spreading rate ranging from 1.2 to 1.3 cm/a (Le
Pichon and Heirtzler, 1968; McKenzie and Sclater,
1971) and shows a linear and nearly continuous ridge
axis from the Owen FZ to the Equator. The Central
Indian Ridge, which runs between the Mascarene
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Plateau and the Chagos-Laccadive Ridge, is
extremely segmented by closely spaced fracture
zones. The first ridge segments clearly identifiable
out of the geoid signal caused by the fracture zones
are located southeast of the Rodrigues Ridge. The
spreading rates for this mid-oceanic ridge range from
north to south between 1.8 and 2.4 cm/a (Fisher et
al., 1971; Patriat, 1987). The Southwest Indian
Ridge has a very slow spreading rate (less than 1
cm/a; Schlich and Patriat, 1971a; Sclater et al.,
1976b; Sclater et al., 1981; Patriat, 1987) and is
expressed by a deep and pronounced inner valley.
Several extensive ridge segments are well delineated
by the deflection of the vertical data between the
Mandela and Du Toit FZ which is the longest
segment, east of the Prince Edward FZ, between the
Discovery II, Indomed, and Gallieni FZ, and between
the Melville FZ and the Indian Ocean triple junction.
The Southeast Indian Ridge is the most active of the
three Indian mid-oceanic ridges with medium
spreading rates increasing from west to east from 3.0

to 3.5 cm/a (Schlich and Patriat, 1971b; Weissel and.

Hayes, 1972; Schlich, 1975; Patriat, 1987).
Between the Indian Ocean triple junction and the
Amsterdam and St Paul FZ, the ridge axis is
segmented by several fracture zones and is generally
well expressed by an axial valley, while east of the
St Paul FZ the ridge segments are long and
continuous and expressed by a central rise, typical for
medium or fast spreading ridges (Weissel and Hayes,
1972; Royer and Schlich, 1988). The area of the
Australian-Antarctic Discordance presents an
anomalous topography and fracture zone pattern
(Vogt et al., 1983). The deflection of the vertical
- signal along the Southeast Indian Ridge varies from
that of Figure 4F and 4G. The trenches along the
Java and Sumatra Islands and south of New Zealand
are the second type of present-day plate boundaries
that clearly show on the deflection of the vertical
data.

The altimetry data add little information on the
fabric of the oceanic basins related to the second
phase of opening of the Indian Ocean, from the mid-
Cretaceous to the Middle Eocene. Only the Murray
Ridge and the Chain Ridge, on either sides of the

Owen Fracture Zone, document in the Arabian Sea
and eastern Somali Basin the drift of India away from
the Seychelles and East Africa. The structural
directions in the Central Indian Basin and the
Wharton Basin (McKenzie and Sclater, 1971; Sclater
and Fisher, 1974), which record the fast northward
drift of India relative to Antarctica and Australia, do
not show well on the deflection of the vertical data.
Their north-south orientation is too close from those
of the satellite profiles. In the Wharton Basin, in
addition to the Investigator FZ and the eastern scarp
of the Ninetyeast Ridge, a cross grain is apparent,
while intraplate deformation within the Central
Indian Basin cause east-west undulation of the
lithosphere that obliterate and obscure the tectonic
fabrics (e.g., Weissel et al., 1980; Geller et al.,
1983; Haxby, 1985; McAdoo and Sandwell, 1985).
However, in the conjugate basins, the Madagascar
and Crozet Basins, the fracture zone pattern is well
recognizable. The most important feature is the
Kerguelen Fracture Zone that offset the magnetic
lineations 32, 33 and 34 (Schlich, 1982; Patriat,
1987) by more than 800 km. With the GEOSAT
data, it becomes clear that this feature .does not
extend further south than 62°S, and therefore post-
dates the plate boundary reorganization in the mid-
Cretaceous. In the Mascarene Basin, part of the
extinct spreading system is visible. This system

-initiated at the time of the break-up between India

and Madagascar in the mid-Cretaceous and died in the
Paleocene/Early Eocene (chron 31 to 27; Schlich,
1982) when the spreading ridge jumped to the north
to form the Carlsberg Ridge and subsequently
separated India from the Seychelles and the northern
Mascarene Plateau. Remnant of the fossil spreading
axis can be identified southwest of La Réunion Island
(La Réunion Trench), north of the Mauritius Trench
extension that forms the limit of the extinct

- spreading system with the Madagascar Basin. The

fossil spreading ridge is offset 400 km to the north
by the Mahanoro FZ and Wilshaw Ridge complex.
Further north, the fracture zone pattern becomes
unclear. Finally, the most interesting information
related to mid-Cretaceous/Middle Eocene time span
concerns the relative motion of Africa and Antarctica.
A clear set of parallel fracture zones can be defined
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between the Agulhas Plateau and the Maud Rise and
Astrid Ridge, off Antarctica. At 48°S on the
northern flank, and at 58°S, on the southern flank,
there is a clear disruption of the fracture zone pattern
which is shifted, by 50 to 100 km, to the east or to
the west, respectively. This demonstrates the change
of motion that occurred in the Paleocene (anomaly
31 to 24; Larson et al. 1985; Patriat et al., 1985;
Royer et al., 1988). This change of motion is
particularly well recorded by the large offset northeast
of Astrid Ridge (~40 Ma age offset). Such a change
of motion will also match perfectly the extremities
of the fracture zones lying immediately west of the
Madagascar Plateau (northern flank) and Conrad Rise
(southern flank). The Prince Edward FZ is therefore
a recent feature (Middle Eocene, chron 20) and is not
the continuation of the fracture zone running from
Astrid Ridge.

Finally, new evidence about the early phase of
opening of the Indian Ocean, from the Late Jurassic
to the mid-Cretaceous, are found in the western part
of the Enderby Basin. East of the fracture zone near
Astrid Ridge, several parallel fracture zones are
delineated in the deflection of the vertical charts. It
shows that the direction of motion between Africa
and Antarctica remained the same for 34 Ma, from
chron MO (118 Ma) identified east of the Astrid
Ridge (Bergh, 1977, 1987) to chron 34 (84 Ma)
located west of Conrad Rise (Bergh and Norton,
1976; Patriat et al., 1985). To the north, except for
the Davie Ridge that records the relative motion
between Africa and Madagascar, no fracture zone
shows on the deflection of the vertical data: neither
in the Mozambique Basin (Ségoufin, 1978; Simpson
et al., 1979), nor in the western Somali Basin
(Ségoufin and Patriat, 1981; Rabinowitz et al.,
1983) or off the east African margin (Bunce and
Molnar, 1977; Cochran, 1988). This due to their
north south orientation and to the very important
thickness of sediments in these old basins. Along
the western Australian margins, only the large offset
Investigator FZ, the scarps of the Wallaby and
Cuvier Plateaus, and the Naturaliste FZ that abuts
the Naturaliste Plateau are visible. The possible
curvature of the Investigator FZ into the Wallaby and

Cuvier Plateau would be a direct evidence of the mid-
Cretaceous oceanwide change in the plate motions.

Some linear and continuous features, not related
to directions of relative motion, produce a typical
signature on the horizontal gravity field. Among the
most spectacular are the conjugate escarpments of
Broken Ridge and the Kerguelen Plateau. These
lines correspond to an offset of the basement along
the Kerguelen Plateau (Coffin et al., 1986) and to a
deep linear trough along Broken Ridge (Fisher et al.,
1982). According to Mammerickx and Sandwell
(1986), these topographic features are related to the
demise of seafloor spreading in the Wharton Basin
(Liu et al., 1983; Geller et al., 1983) and the
initiation of spreading between the two plateaus
(Mutter and Cande, 1983) at chron 18-19 (~45 Ma).
The match of these two curves provides a tight
constraint upon the relative position of the
Kerguelen Plateau and Broken Ridge prior to their
break-up. The continent/ocean boundary mapped
along the southern margin of Australia from
magnetic and seismic evidence (Talwani et al., 1979;
Konig, 1980; Veevers, 1986) has a distinct and
characteristic deflection of the vertical signature. We
have used this criteria to identify the conjugate
boundary along the Antarctic margin where the data
are very limited. The deflection of the vertical
signature also clearly outlines the limit of the
continental shelf break (steepest gradient of the
horizontal gravity field). Generally, this structural
limit is well mapped from bathymetric data;
however, around Antarctica where the data are sparse
and scattered because of the remoteness and the ice-
coverage, the altimery data now permit to delineate
accurately the limit of the continental plateau.
Another clearly visible feature is the change of .
topographic grain between the crust created along the
Southwest Indian Ridge (at a slow spreading rate) and
the crust created along the Southeast Indian Ridge
and the Central Indian Ridge (at medium spreading
rates). Actually, the age of this limit decreases
towards the east, demonstrating the eastward
propagation of the Southwest Indian Ridge (Patriat,
1979; Tapscott et al., 1980; Sclater et al., 1981).
Patriat (1987) mapped independently these two limits
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as the traces of the Indian Ocean triple junction
respectively on the African and Antarctic plates.

5. Conclusion: a revised tectonic
summary diagram for the Indian Ocean

Comparison of bathymetric data, deflection of the
vertical lineations, and magnetic anomaly data
permits the construction of a revised tectonic fabric
chart for the Indian Ocean (Fig. 6). This chart is of
significant value especially in the far southern ocean
where new fracture zones have been identified and
previously charted fracture zones extended. However,
it is still only preliminary in nature as we have
neither integrated the deflection of the vertical data
with the actual topographic data to produce improved
topographic charts (e.g., Driscoll et al., unpublished
manuscript, 1986) or repicked any magnetic
anomalies. In addition, the geoid or gravity field of
the oceans (Haxby, 1985) contains very valuable
information on the origin and structure of broad basic
features of the ocean floor. This present study is the
first step of an international attempt to integrate all
the above information, to provide some useful
preliminary constraints for studies of the Indian
Ocean tectonic history, and to show what can be
accomplished by such integrated approach.

For the sake of clarity, we did not represent in
Figure 6 all the magnetic lineations that have been
identified in the Indian Ocean; in particular for the
Cenozoic, we have selected chron 34, 33, 31, 28, 24,
20, 18, 13, 6 and 5. The wealth of data accumulated
in the Indian Ocean now. represents as many
constraints as one must reconcile in a consistent
plate kinematic model. There are still some areas
where data are lacking, for instance, south of the
Kerguelen Plateau in the Enderby Basin, in the
vicinity of the Ninetyeast Ridge, in the Bengal Fan,
in the Arabian Sea beneath the Indus Fan, in the
region bounded by Chain Ridge, the Seychelles, the
Mesozoic fracture zones in the ‘western Somali
Basin, and the adjacent Mascarene Basin. These areas
mainly concern the mid-Cretaceous times when the
plate boundaries reorganized (Cretaceous Quiet
Zone). For this reason, no satisfactory model has

yet been proposed to link consistently all the
Mesozoic basins in the Indian Ocean, the South
Atlantic and the Weddell Sea.
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Figure Captions

Chart index of geographical names of the Indian Ocean (redrawn from Laughton, 1975;
Hayes and Vogel, 1981; LaBrecque and Rabinowitz, 1981; Falconer and Tharp, 1982;
Fisher et al., 1982; Monahan et al., 1982; Schlich et al., 1987).

GEOSAT descending profiles of the deflection of the vertical plotted along the satellite
ground tracks. Positive is to the north.

GEOSAT ascending profiles of the deflection of the vertical plotted along the satellite
ground tracks. Positive is to the north.

Schematic signatures of the geoid and the deflection of the vertical (horizontal derivative
of the gravity field) across some tectonic features of the ocean floor:

A), B) Fracture zones. Since the deflection of the vertical is the horizontal derivative of
the geoid along the satellite ground track, the sign of the signal changes with the
direction of the satellite.

C), D) Deflection of the vertical plotted at right angle of the subsatellite tracks. Positive
is to the north (top of page). Descending and ascending profiles will have an identical
signature across a north-south oriented fracture zone, while they will show an opposite
signature across an east-west oriented fracture zone. -

E) Variation of the deflection of the vertical signal along a fracture zone (same
convention as for C and D). The signal reverses at the midpoint of the transform
segment of the fracture zone as does the age offset.

F), G) Deflection of the vertical signature above spreading ridge axes.

H) Seamount signatures generally show two sharp positive and negative picks of equal
amplitude.

H) Trench

J) Continental rise

Lineations in the deflection of the vertical profiles (i.e., horizontal variation of the
gravity field).

Tectonic summary chart of the Indian Ocean resulting from the combined compilation of
interpretations of magnetic anomaly data, bathymetric data and deflection of the vertical
profiles (same scale as GEBCO chart 5-00).



1 @2an314g

3061 3021 306 309 30¢€ 0
_fs.\f._-_-—--q—.__-_-_\-_—--—-\ﬁ_-—-d—dl—-.-—__ __A-—-__.__—_--‘—_é _@%f\ﬁb
R VOILOHVINY , .
3 A . WL N —
AR e " ) o8piy
) NN ~ /\\\ ~/ zl\,e//)»(/i.\a\. ./v%f (oisy, w o
,.«t/a/ NS ok NN y . ” - i o /\,\ \\3_ 3
Sy ) ~\L\i/» b, Rz Yoty § oD - onen 80
} o A \(v AS °BpIY / R o
N /,}\f\,\z e ,\. f\ffﬂw o snieuung [
SR ?m\}m\(r.al)\ RSN S Q a7
SO e . . : \ < ]
. UK M J -
. T WO\ oo~ {so09
- q/ W ﬁ 7 ujseg J|idJBjuy-UB|IBISIY / oso\ v uiseg Aqiepu3
\ B \ ! h g \w v (6] —d
H N S (2 2.
S \ // o . AN . e
- \;m H \«/ ./ . \ N 0. (2N
INAED D e ) ; 9 ~ . “ .
! \\ o% 0 %g - s “/ 7/ \00Q o
A RO ] V v,
g IAERI A . N VAL
A& 2 o e D
Ql > Y SN ~
< ; ‘Q g:a&hwmﬁr .\u)\\ _... " b = : g
. ¥ \yinos aouepiods|g~ -
v A J3018UY ~ 5 ¢Qb L seynBy
AQ uelBIISNY -~ ° Q.. . Y
! D TR % ~—7 ﬁ
. ¥ 9 '
o eag vewsey ((\ * ® Y
. P
ad -~
~918)18IN18 S
»
so¢g
viivdlisny
.Eu.,.p; M
. <
3 \ b4
PANE 2
Ll
=’ ! o) wses o
B | 3 ]
SSS g umm f
3 VOIHd4V 0
a
>
o
e
[ / Q ]
i (59495 5URYD DGO 9Ul J9UE UWNEIPRs) \ cwa_“m:‘ PaSUs 1
R SuIBqos! SIB16W 000K PUE 0002 o, ¢ \ .“
H UB3I3O uBIPU) BY) JO UeYD dMIdWAyleg b VIANI e ( |
ﬁ.LL N : 2 s PR TN PP SO T S 2 e N ' L al s




306

309

VOILOHVLNY

% e (Y
YA »\s\\\ ‘

S

viavdlisny

(4yuou eyl 01 sasod ‘BpRI} 0f HBUE WOy ¥ Pelyd)
sejyaid Buipuesseq

1BOJUIA 9y} JOo uopdI|jaQ - LVSO39

VIANI

S09

so€

Figure 2



. N R .
SN . N \ Y v
. NN N \ .,.,/, / N,//./ .
i RN N CANG S WA\ /,. . \
| LR R AR R LA AR R RS ,// L\

RREAA A R RIS

i N \ " - \ AN\ R tf

R \ N 1 -,h . \ //// f/,,l 'F’ N \
Y CR LAY RATRIN
3 v ' A .4 A -r

VOILOHVLINY
ALl

I\ L
2 by | RORTKL
T, Nm,m\ﬁs op “

R
AT EN /w/, 4 /f// N

.f/a /Nr/ QN N

AR
/f/. A

- A
APy
J\%’\U‘ [~ 3

e

S

X e E5

- .v \.\\.ﬁ»» ~ AP A

2 o

o0 VITvH1SNY

LR

M (4pou ay) 04 sarsod “sxoes) o BuR WOV 1e paliod)
sepaid Butpusosy
|8IIUBA 9y} Jo uofidaysg - 1VSO3D

(0 PRV R E BT Ve L e

Yyl :

¥

N
w,_w%nww‘

.z ,IA\\\& (g \“ -
s A At N

-

-4}
X (%
Brlgns o7 N
%7, 4

T rRtey

\ 3
9, \'
V

)

e \“H\“w

NS

N4
8

vOolddv

so¢




C

Fracture Zone
(fast spreading)

young old

‘----m.--n

North-South Fracture Zone

100 km

Fracture Zone
(slow spreading)

East-West Fracture Zone

Figure 4



100 km

Spreading Ridge
F (Fasl spreading)

Deflection
of the Ventical
Geoid
‘Topography
1
100 km
G S?reading Ridge
(slow spreading)
i +20 prad
rD:eﬂs/ctiqn| | (1111 E 0
the Vertical  —=———~u
° iy - 20 prad
+lm
oo e S~ ——— E 0
-1m

H Seamount

+ 90 prad
Deflecti < . g 0
of the Ventical I
- - 90 prad
+3m
Geoid E 0
-3m
Topography

I Trench
+40 urad
Deflection i ”th - 0
of the Vertical
- 40 prad
Geoid +15m
0
Topography -1Sm
Cixm
100 km
J - Continental Slope

Figure 4
(continued)



¢ 2an31yg

3061 3021 306

-____j_f________-d_____.__-Jl___q_________

VOILOHVLINY

4 s09

Z4 SePE.0 susy

Ve o)

N

\-\‘11 LTI
RN\

Qeorge V FZ

so0¢€

vilvdlisny

1 %
|nvc:tl9l‘°'l qu.(

M\w Zd4 swep N,

24 woun Ty vOolddy

z4 wieiees
24 sSIqeYEN

i 098] UoouNne 9Kdy ) UESIO UBPY|
(uepesd wruwixew) odors rwoued S, o
AsepUNOQ UBEIO-IUBUICO . 8092

$y0nau) pareauy P
swyead pojeouy "
PI31d [ed|14BA ey} o uojld3leq 8yl ul

PI3Y 1BIW3A 3y} JO UORIHNEP BY} U} H

suojieau|

Figure 5



~~
>
o
o
T T T T v , o
- e o
: @
| g i v O
z g H 99
- 8 H : § 508
1R HE B3
6332, 3 : e
|36 s 83} o
1R 8
E 15 2
ST
s - §2 9
[ | g 5 2
i «
|
b 1 =
i
[ @
- ! P
f w
>
| <
b
w
o
< N
o A
e
o
@
put
P4
<
———— w
________ o
~ (<]
B S I B N
S
> _§ R .
L = SO N i PN fyyg
Z ‘ {?‘ j] 77} c:;{; el
S N LN I
‘:ﬁﬁtfzﬁff{‘dix gjgif o L &
g‘-~.§ \:\\\\\\\\\\\\’::\? s \\y‘\ A
-~ "‘;“ - S \\\\‘\
w
o
©
e U S gy s
[ o S
' piattdezs R
w
[ < 8
. 14
@
[ w
! <
&
L ]
- . &
- ad \J \ o
o
Figure 6

(reduced copy)



