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We present the results of magnetic and bathymetric
data collected on board Russian vessels during the last
decade. Our analysis shows that since late Cretaceous
the proto-Carlsberg Ridge (CR) was spreading at a faster
rate, prior to India’s collision with Eurasia. Since
Eocene, the present CR is characterized by slow spreading. Our results depict two discordant systems of linear
magnetic anomalies. One corresponds with fast spreading with respect to latitude axis of the proto-ridge and
the other with slow spreading with respect to modern
axis of the CR, suggesting that the two spreading systems are asymmetric both relative to each other and
relative to axial anomaly. We infer that during both
these periods the structure and spreading on the CR
was non-stationary.
THE Carlsberg Ridge (CR) extends from 2°S to 10°N,
forming the NW–SE trending slow accreting plate boundary between the African and Indian Plates and continues
as highly segmented Sheba Ridge in the Gulf of Aden to
Red Sea1,2 (Figure 1). In the region north of 10°N on the
CR, the Arabia–India–Somalia triple junction has been
evolving since last 16 m.y. as Ridge–Ridge–Ridge triple
junction whose one arm trending N80°E is the ultra slow
divergent boundary between Arabian and Indian Plate3.
The evolution of the northern-western Indian Ocean (NWIO)
is the last event of the break-up of Gondwana, when seafloor spreading progressively stopped in the Mascarene
Basin4. India and Seychelles started separating along the
Proto-CR5–7. The spreading rate was not constant and
the phase of ultra-slow spreading (< 8 mm/a) between
about A18 (40 Ma) and A7 (24 Ma) was detected8. CR
on the modern phase is characterized by slow spreading
and segmented by a few transforms and non-transform
discontinuities9–11. The recent results12 discussed the
presence of an axial discontinuity at 3°32′N in terms
of a propagating ridge head. The objective of the present study was to know the evolutionary history, the
nature of spreading and structure of CR since the late
Cretaceous.
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Data acquisition and processing
Detailed bathymetric and magnetic survey of CR between
9°N–58°E and 2°S–69°E (Figure 1) was carried out mainly
in the 1980s during successive Russian expeditions. The
digitization and compilation of these datasets were completed during 1990s. All magnetic anomaly and bathymetric profile data were digitized, combined, totally
reprocessed and loaded into the coherent magnetic and
bathymetric database. The close spacing (5–6 km) between
profiles allowed building accurate bathymetric and magnetic grids at a 2 min spacing for mapping in colour
shaded relief and contours maps. The corresponding gravity
dataset is obtained from the global FAA deduced from
satellite altimetry map13. This geophysical dataset allows

Figure 1. Generalized map of the northwest Indian Ocean. The
Central Indian and Madagascar basins are conjugate basins as flanks of
CIR (Central Indian Ridge) and Arabia and Somalia basins as flanks of
Carlsberg Ridge. The full dashed line encloses the area where marine
magnetic anomaly profiles were obtained. Bathymetric contours at
3000 m and were taken from ETOPO5 map23.
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studying of almost 1300 km along ridge section and more
than 10 Ma across the ridge. In addition to our dataset,
we have extracted the data from NGDC14 files to study
the early evolution of the proto-CR during the Palaeocene–Eocene period.

Results and discussion
The magnetic anomaly map of the CR and Eastern
Somali and Arabian basins (Figure 2) depicts two discordant systems of linear magnetic anomalies. One corresponds with fast spreading with respect to latitudinal axis
of the proto-ridge, and the other corresponds to slow
spreading with respect to modern axis of the CR. The main
feature of the two spreading systems is the asymmetry
relative to each other and relative to axial anomaly.
The analysis of magnetic anomaly and bathymetric
data (Figure 3) shows the clear limit between the roughness of the bathymetry and the regularity of the abyssal
hills in the Eastern Somali basin (0.5°N, 60°E) to the
NW. The position of the similar limit in the Arabian
basin was obtained by reconstruction. These linear structures observed in the magnetic field and bathymetry suggest that the spreading geometry of the Proto-CR has
changed in the form of propagating rift from Southeast to
Northwest during anomaly time 24–20.
The studied part of CR has a complex structure and is
characterized by an en-echelon system of spreading centres. The comprehensive analysis of the magnetic and
bathymetric data reveals transform/non-transform discon-

Figure 2. Colour-scale image of magnetic anomalies in the NW Indian
Ocean. Dashed lines correspond to pseudofaults of Carlsberg Proto
Ridge during westward propagating rift (see also Figure 3).
CURRENT SCIENCE, VOL. 85, NO. 3, 10 AUGUST 2003

tinuities (Figure 4). The observed variation in spreading
direction of the ridge subdivides the region in two distinct
parts on either side of 2.5°N–66°E. The northwestern part
is characterized by a general trend almost orthogonal to
the present spreading direction, while the southeastern
one has about 45° oblique trend compared to the spreading
direction. We have defined segments as well-individualized
bathymetric high and MBA (Mantle Bouger Anomaly)
low. The axis of CR is segmented into 26 accretion
segments (10–85 km length) separated by two major
100–150 km long transforms and several 2nd–4th-order
discontinuities with offsets of 30 km or no offsets. Along
the northwestern ridge section, the axis is made up of 20
segments (mean length of 50 km). Most of the discontinuities have small or zero offsets, only two of them are
transform faults. Along the southeastern section, the ridge
consists of six segments separated by larger offset (up to
100 km) discontinuities, among which some are not transform faults but oblique relays.
The bathymetric and MBA variation along axis (Figures 4
and 5) also show two different sections, the limit of which
is at (3.5°N–64°E) more than 200 km west of the ‘geometric’ limit, discussed above. The southeastern part is
characterized by along axis MBA variations of smaller

Figure 3. Shaded bathymetric map of the NW Indian Ocean with magnetic lineation. Russian dataset grided at 2 min spacing is merged with
predicted bathymetry14.
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amplitude with a mean axial MBA value being more
negative than along the northwestern part.
The ridge axis geometry, which is inherited from
the opening of the oceanic basins, appears to control the
morphology of the ridge, but do not control the deep
structure, as the MBA values suggest a more continuous
magmatic source beneath these chaotic morphology. This
difference in deep structure could be due to a combination of hot-spot influence and increasing spreading rate
southward. The analysis of axial magnetic anomalies,
spreading rate and direction confirm that the ridge segmentation is not the adaptation of inherited plate boundary geometry to changes in spreading conditions but the
effect of the accreting processes, focused magma upwelling along discrete spots of the slow spreading axis. The
segment scale morphological variations and associated
axial MBA suggest along-axis variations in the magmatic
and tectonic processes.
Full sequences of magnetic anomalies up to A5 (10 Ma)
have been identified on the CR by generating synthetics
for each profile (Figures 6 and 7). The mean half-spreading
rate increases from 1.2 cm/yr to 1.5 cm/yr from NW to
SE. The spreading rate for the west and east flanks of CR
and the spreading rate distribution for anomaly A5 along
the CR (Figure 6) have been computed using A5-CR
finite rotation pole (24.2°N, 28.3°E). The synthetic model
has been computed by Tisseau and Patriat method16, using
magnetic reversal scale of Candy and Kent16,17 taking
magnetized layer thickness of 1 km at depth increasing

Figure 5. Mantle Bouguer anomaly over the Carlsberg Ridge. Gravity
dataset is obtained from the global FAA deduced from satellite altimetry map13. Thick black line represents the axis of ridge segments.
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Figure 4. Shaded bathymetric map over Carlsberg Ridge with magnetic lineation, transform faults (grey plain line) and axis ridge segments (thick black line). Magnetic picks are plotted as points and
magnetic lineation are plotted as colour lines and numbered; dashed
light lines are traces of ridge propagation.
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Figure 6. Spreading rate distribution for anomaly A5 along Carlsberg
Ridge. 1, Spreading rate obtained for the west (a) and east (b) flanks of
CR and half-full spreading rate (c), 2, Running average; 3, Theoretical
half-full spreading rate calculated using A5-CR pole finite rotation
(24.2 N; 28.3 E); 4, Carlsberg spreading axis; 5, Magnetic pick of
anomaly 5.
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Figure 7. Possible identifications of the magnetic anomalies observed on the CR (profile VG860242, see location on Figure 6) according to either a symmetrical (a) or an asymmetrical (b and c) spreading
model. d, Sketch showing jumping spreading ridge.

with age18 and the magnetization intensity adjusted for
matching the synthetic and observed amplitudes (Figure 7).
The asymmetrical model (Figure 7 c) is the best fitting
model with ridge jump at a distance of 30.4 km on west
flank of the CR, 2.5 m.y. ago, which matches with the
observed profile VG860242 and gives high correlation
(R = 0.78).
The intra- and inter-segmental variation in spreading
rate has been studied. The distribution of average spreading rate for the last 10 Ma is not always symmetric. The
observed asymmetry is not attached to one flank or one
period but seems rather randomly distributed resulting
into the continuously changing offsets. This asymmetry is
the result of either inter-segment axis jump or intra-segment
propagation19,20.
We have used the principle of ordering (ranking)21 for
building of the lithological correlation for magnetic anomaly identification and jumping ridge-axis location. This
principle consists in affirmation that a curve joining the
correlation points is a monotone function. The correlation
points are those where the highest coefficient of correlation between an interval on one curve and all intervals
of the same length on other curve is obtained. The basic
idea of the algorithm used is the combination of the
ordering principle and similarity measure. Using this
technique of maximum cross-correlation of similar aligned
features, we have located the time and distance of the
ridge jump. The symmetrical model (Figure 8, top) shows
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Figure 8. Objective of the magnetic anomalies identification by the
correlation figures method applied to the observed and calculated profiles of Figure 5. Each solid circle with its associated number is related
to a short section of the observed profile and indicates the location
along the model where the best value of correlation is obtained.

the low correlation between anomalies 2A and 3A, whereas
the asymmetrical model with axis ridge jump provided
good correlation. The best correlation (Figure 8, bottom)
was obtained after comparison between observed profile
and more than 200 models calculated by varying various
arguments of a spreading ridge jump. Thus, we find that
the method of maximum cross-correlation of similar
aligned fragments and resulting correlation figures determine the best time and distance of the ridge jump. The
identification of magnetic anomalies allows determining
isochrones on both flanks. However, the superposition
of two conjugate isochrones is not accurate. A variable
slope of the block limits coming from the 3-D ridge
structure could explain this misfit.

Conclusion
We find that prior to the Himalayan collision, seafloor
spreading on the Carlsberg proto-ridge was extremely
active. A major reorganization of the spreading plate
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boundaries in the Indian Ocean during Eocene, as a consequence of the hard collision of India with Eurasia, led
to the slow spreading on the present CR. Our results
show that during both these periods the structure and
spreading on the CR was non-stationary.
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