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Tectonic Reactivation in the Indian Ocean:

Evidences from Seamount Morphology and Manganese

Nodule Characteristics
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Abstract. The Central Indian Ocean Basin (CIOB) was subjected to tectonic reacti-
vation in geological past which is unusual for a basin occurring on an apparently
single tectonic plate. ENE-WSW trending latitude parallel zone of reactivation across
the central part of the basin is reported. Distinct difference in characters of seamounts,
manganese nocules and bottom sediment are found in this deformed central part as
compared to those from northern and southern parts of this basin. Much lower ratio
of height 10 basal width (h/Wb) of seamounts; and presence of several guyots in this
central part are reported. Abundance of smaller, spheroidal, smooth textured nodules;
and absence of index radiolarian zone I fossil, coupled with sediment crosion of top
several centimeters indicate activity of west-bound Antarctic Bottom Water (ABW)
and other turbulent water masses that later passed through the reactivated central part.
The cause of this deformation is attributed to wrench-faulting as part of large scale

tectonic reactivation during late Mioccoe.
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INTRODUCTION

The Central Indian Ocean Basin
(C1OB) has experienced number of struc-
tural movements in geological past. A
large scale tectonic deformation (thursting,
subduction and subsidence of the crust)
south of Sri Lanka at the marginsof Indian
and Australian plates has been reported
(Eittreim and Ewing, 1972; Sykes, 1970:
Neprochnov et al. 1988), which is con-
sidered to have started around 7MaB.P.
(Cochran et al. 1989). In addition, recent
study (Mukhopadbyay and Khadge, 1990)
on tectono-topography of the CIOB indi-

cates presence of a number of major and

minor seamounts. Magma eruption with-
in the oceanic crust is manifested by these
seamounts and swells. All these have
made the basin (Fig. 1) unslable despite

Indian Ocean, Tectonic reactivation, Maogancse nodules.

the fact that the CIOB is located seemingly
within, hitherto considered, as belonging
to a single Indo-Australian plate.

The most important mineral resource
in the CIOB is in the form of manganese
nodules. The local facies variation in
mangancse nodule characters is believed to
bave been influenced by seamount topo-
graphy (Mukhopadhyay and Nagender-
nath, 1988 ; Pattan and Kodagali, 1988 ;
Mukhopadhyay and Banerjee, 1989).
Distribution and morphology of Manga-
nese nodules show great difference in space
in the basin (Mukhopadhyay and Banerjee,
1983; Jauhari, 1990; Banerjee and Mukho-
padbyay, 1991).

With this background, the paper
presents tectonic reactivation of the CIOB
and its contribution to the distribution,
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Figure 1. Map showing the study area, divided into three parts. Area bounded by dashed
lines is the tentative extension of tectonically deformed and depressed central part. Near N-S
trending solid lines are the fracture zones (73E FZ, Indrani FZ, Indira FZ, 86E FZ) with
magnetic. anomaly numbers. Note the widening of the depressed zone on intersection with
fracture zones. Solid dots indicate Mn nodule sampling locations, Inset at the SW corner, shows
partial'ship tracks of survey. Inset has, however, camouflaged 9 nodule sampling locations.-
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Figi:re 2. Bathymetry of the seafioor in the study area is shown in three dimension. A prominent
long depression (channel ?) travels through the arca NE-SSW. This channel marked as * C’, seperates the
seamounts of higher elevations located north and south of it.

morphology and chemistry of manganese
nodules on a regional scale. This s likely
to throw light on the relationship between
tectonics of the Indian Ocean and mineral
resources therein.

DATA

Data used for the present study were
of two types: 1) Bathymetric data colle-
cted by narrow beam echosounder, Water
depths at 269 locations were processed to
prepare regional bathymetric map (Fig. 2).

A number of seamounts of different heights
occur in CIOB. Suminit height (h), basal
width (Wb) and summit width (Ws) of
these seamounts were measured and used
to get 3-dimensional fabric (Fig. 3 and 2)
Data on distribution, coverage, morpho-
logy and chemical composition of Mn-
nodules from 70 locations from water
depth range of 3256 and 5534m. In addi-
tion, some published results (Mukhopa-
dhyay and Banerjee, 1983; Mukhopa-
dhyay and Banerjee, 1989 ; Banerjee and
Mukhopadhyay 1991) are also included.
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Figure 3. Three dimensional figures show distribution of seamounts having variable ratio of summit

height (h) to basal width (wb). Seamounts occurring on the channel floor show least h/Wb ratio.

MORPHOLOGY OF SEAFLOOR

A detailed bathymetry of the study
area indicates a large and wide depression
trending ENE-WSW, occurring roughly in
the central part (marked C, Fig. 2) of the
study area. The extension of this zone
occurring on Paleocene-Eocene oceanic
crust is variable. The width of the zone
varies from 178km along longitude
76°30°E to 755km along 82°30°E. Sea-
mounts occurring in this zone are of lesser
height and broader base in comparison to
those from north and south of this zone
(Fig. 3).- Sediments occurring in this zone

were largely eroded and at places sediment
record of more than 300ka was found
missing (Banakar er al. 1991). Large-
scale faulting, folding and crumpling are
also noticed in this zone. Small ridges
and valleys are more in this part of the
study area than north and south of it
(Fig. 1.

Oceanic crust, in general, subsides with
time (Parsons and Sclater, 1977). Simi-
larly, in the present case (Fig. 1), we find
Cretaceous oceanic crust at the north re-
cords a maximum subsidence (average
1120 m, range 91 to 1133 m). About 90%
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of the northern area wherefrom data was
available, crustal subsidence of more than
900m has occurred. Paleocene-Eocene
oceanic crust in the central part of the
study area shows average subsidence of
601 m (range 61-1147 m). About 62% of
the oceanic crust has subsided by more
than the average value. However, in two
locations, instead of subsidence, oceanic
crust in fact has domed up. Miocene-
Oligocene oceanic crust in the southern
part has subsided on an average by 608 m
(range 10]1-1211m). About 55% of the
sampled area has subsided by more than
600 m since its generation. At least in
two locations the crust has domed up, in
contrast to normal trend of subsidence.
Our findings (manuscript in preparation)
thus suggest that crustal cooling and sub-
sequent subsidence increases linearly with
the square root of age of the crust and its
distance from generation point.

SEAMOUNT MORPHOLOGY

The seafloor of the CIOB is perforated
by a number of volcanic seamounts. A
total of 198 of such seamounts of various
heights are traced in the study area. Major
seamounts (h> 1000 m) are distributed in
two groups—1) seamounts occurring on
Cretaceous oceanic crust at the northern
part and 2) seamounts occurring on Eo-
cene-QOligocene-Miocene oceanic crust in
the southern part. These two groups
differ markedly in morphology. The
northern seamounts are taller (average
h=1950m) and wider (average Wb=
56.77km) than their southern counterparts
(1160m, 17.89km respectively). Summit
height is strongly correlated with basal
width (r=0.715) and is 8% of its basal
width (Mukhopadhyay and Khadge,
1990).

Seamounts are circular or semicircular
in shape and mostly have pointed peaks.
Summits of at least 5 seamounts resemble

3‘

craters with the central part subsiding to
a depth of about 200-250 m. The bathy-
metric profiles across the summits of two
isolated seamounts are shown in Figure 4.
Summit depressions are more common in
the seamounts occurring on northern older
crust supporting the direct relation between
lithospheric cooling and subsidence
(Parsons and Sclater, 1977; Crough,
1983).

Variation in morphological characters
of seamounts from the deformed central
part, northern and southern parts of the
study area have been noted (Fig. I). Sea-
mounts in the central part are spaced
erratically ; their heights do not vary pro-
portionally to their basal width, and show
lower h/Wb ratio than those from the
northern and southern parts.

MANGANESE NODULE
CHARACTERISTICS

Out of the 70 locations wherefrom
nodules were sampled, 29 fal) in the central
part, 10 in the north and the rest 31 occur
south of this part. Nodules are not uni-
formly distributed throughout the study
area ; and have variable covefage between
20to 100% of the ocean floor. Nodule
abundance, on the contrary, varies from
traces to maximum of 18.69kg/m2. The
highest average abundance of nodule is
recorded at the central part followed by
the regions north and south of it (Table I).

Manganese nodules were characterised
according to their size, shape, sphericity
and surface texture (Table I). Nodules
were classified into two groups—(1) smal}
( <4cm diameter) and (2) large ( > 4cm dia-
meter). Increasing abundance of small
nodules towards south of the study area
was noticed. Nodules occurring on the
deformed central part are more regular in
shape and more spherical than those from
other areas. On an average, nodules
occurring in the central part show highest
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Figure 4. Bathymetric profiles across the summit of two seamounts occurring in the northern
(1) and southern (2) parts of the study area, Not: the subsided central part of the summit.

Seamounts occurring at the central part, however, do not show subsided summit.

In contrast

they probably had their base subsided due to tectonic reactivation, as indicated by least h/Wb

ratio shown in figure 3.

sphericity (55%); those from northern
region have least sphericity (42%) while
nodules from the southern part show inter-
mediate sphericity (51%). Ia all the
three regions, smaller nodules are more
spherical and regular in shape (subsphe-
roidal, ellipsoidal and oblate) than large
nodules.

In some locations nodules are either
smooth or rough textured but majority of
them show mixed assemblage, Smooth
surface nodules are least abundant in the
central part, most abundant in the south-
ern part and moderately abundant in the
northern part. Surface texture of nodules
shows interesting relation with nodule
abundance. In the northern part, loca-
tions consisting wholly of rough surface
nodules, show higher abundance than
those having nodules with smooth surface,

In the central part, however, locations
with smooth surface nodules show higher
abundance (9.37 kg/m?) as compared to
location with low abundance (6.34 kg/m2}
of rough nodules. In the sounthern part,
locations with rough surface nodules show
marginally low abundance (5.64 kg/m?)
than locations comprising smooth surface
nodules 6.34 (kg/m?2).

Chemical analyses for five elements
(Mn, Fe, Ni, Cu and Co) of the nodule
samples are presented in Table II. Nodules
from the central part show high Mn/Fe
ratio and high (Ni + Cu) % and moderate
Co%.

DISCUSSION

Tectonic framework of CIOB suggests
contro!l by tectonic elements of two gene-
tic types (Neprochnov et al. 1988). The
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first one, paralilel to longitudes, occurred
during late Cretaceous in the form of
Jarge transform faults. The second tecto-
nic element is of smaller magnitude form-
ing cracks parallel to latitudes during
post-Creataceous times. Results of second
type reactivation is manifested by intra-
plate deformation at the equatorial region
below Sri Lanka (Neprochnov et al. 1988).
This zone, traced between longitude 76°E
to 89°E, is 1600 km long and 900-1000 km
wide and trends roughly E-W. This zone
is represented by largest free-air negative
gravity anomaly, and high heat flow
(Weissel et al. 1980).

Present study shows results of further
tectonic activity of second generation in
the CIOB along the central part of the
study area. This zone extends between
latitude 9°S to 15°S area (Fig. 1). The
width of this zone is variable particularly
in places where it intersects fracture zones.
Characteristics of seamounts and ruanga-
nese nodules from this part indicate
probable influence of tectonic elements.
The presence of relatively smaller sea-
mounts, lower value of h/Wb and forma-
tions of guyots indicate subsidence of sca-
mounts (Figs. 2, 3). Itisalso seen (Tables
I and II) that the morphology and
chemistry of manganese nodules occurring
in this central pari of the study area
differs from others occurring elsewhere.

Both sets of deformations mentioned
above, are probably the result of differen-
tial stress acting on the Indian plate.
Spreading rate about Central Indian Ridge
(CIR) increased from 3-4cm/yr in the
north to 6-7cm/yr in the south. Sub-
duction rate of Indo-Australian plate
below the Eurasian plate at the north is
4-5cm/yr while its northeast subduction
rate beneath Sumatra trench was 6.5-
7.5cm/yr (Minster and Jordon, 1978).
Mid Eocene crust (magnetic anomalies
A18) generated by CIR and SEIR (South
East Indian Ridge) meet roughly at 15°S

and 73.5°E (Royer etal. 1989). Direc-
tion of successive anomalies surprisingly
becomes north afterwards. Difference in
the rate and direction of plate consump-
tion at its northern boundary through
collision and at NE boundary through
subduction are responsible for such
change 'in orientation of magnetic ano-
malies, weakening the horizontal balance
of compressional stress within the Indian
plate. Tectonophysical study on a visco-
elastic model suggests that development of
inhomogenous shear strain accompanied
by dilation and metamorphism causes
wrench faulting (Neprochnov et al. 1988).
Similar situations in the geological past
seem to present N-S compressional stress
due to collision of India with Eurasia.
Extensive N-S compressional stress
followed by relaxation in strain in a
NE-SW direction (because of high rate of
subduction at Sumatra trench) could cause
wrench faulting (Neprochnov ef al. 1983).
Qur data on seafloor bathymetry, seca-
mount morphology and manganese nodule
characteristics substantiate the proba-
bility of similar deformation at the central
part of the basin.

Manganese nodules found in the cen-
tral part are more spheroidal, smaller in
size, smooth textured and rich in Mn, Ni,
Cu in comparison with those occurring in
the southern and northern parts of the
study area (Tables 1 and II). The central
part further shows high abundance of
nodules on channe] floor. All these obser-
vations indicate influence of seamount
topography and effect of nutrient-rich,
west-bound AABW and other bottom
water masses that passed through this
channel. The facts of erosion and lateral
transport of top 37 cm of sediment from
several cores and absence of distinct
Neogene radiolarian zone I biostratigra-
phic index fossil ( Collosphaca invaginata)
from the sediment column in the central
part of the study area, suggest dynamic
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strength of bottom water mass (Banakar
et al. 1991). Highly populated organisms
in this water-mass scavenge selective
metallic elements from the water column ;
and on their death and subsequent decom-
position release these elements to the sedi-
ments. These elements are ultimately
absorbed in the manganese nodules from
sediments through suboxic diagenesis. In
effect, nodules occurring on the channe!
floor become rich in Mn, Ni and Cu.
Thus, it may be concluded that the
central part of the study area had experi-
enced tectonic reactivation in recent geo-
logical past. As a result, the seafloor was
anomalously deformed with summits of
seamounts occurring thereon subsiding;
this deformed wrench faulted zone gave
way to the westward movement of AABW
and other bottom water masses; and
this resulted in erosien of sediments corres-

ponding to top 175ka. While distribution
of nodules occurring in this central part
was controlled by tectonism, subsidence
and resultant availability of nuclei, the
enrichment of these nodules in Mn, Cu
and Ni was brought about by nutrient-rich
bottom-water mass. Further detailed
exploration of thisinteresting phenomenon
in the CIOB is required to understand the
nature of tectonic reactivation and deep-
sea nodule occurrence.
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