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High-resolution shipboard geophysical investigations along the Indian Ocean ridge system are sparse
especially over the Carlsberg and Central Indian ridges. In the present study, the shipboard gravity and
multibeam bathymetry data acquired over a 750 km long section of the Central Indian Ridge between 3°S
and 11°S have been analysed to understand the crustal structure and the ridge segmentation pattern. The
mantle Bouguer anomalies (MBA) and the residual mantle Bouguer anomalies (RMBA) computed in the
study area have shown significant variations along the ridge segments that are separated by transform
and non-transform discontinuities. The MBA lows observed over the linear ridge segments bounded by
well-defined transform faults are attributed to the thickening of the crust at the middle portions of the
ridge segments. The estimates of crustal thickness from the RMBA shows an average of 5.2 km thick
crust in the axial part of the ridge segments. The MBA and relative RMBA highs along the two non-
transform discontinuities suggests a thinner crust of up to 4.0 km. The most significant MBA and RMBA
highs were observed over the Vema transform fault suggesting thin crust of 4 km in the deepest part of
the transform fault where bathymetry is more than 6000 m. The identified megamullion structures have
relative MBA highs suggesting thinner crust. Besides MBA lows along the ridge axis, significant off-axis
MBA lows have been noticed, suggesting off-axis mantle upwelling zones indicative of thickening of the
crust. The rift valley morphology varies from the typical V-shaped valley to the shallow valley floor with
undulations on the inner valley floor. Segments with shallow rift valley floor have depicted well-defined
circular MBA lows with persistent RMBA low, suggesting modulation of the valley floor morphology
due to the variations in crustal thickness and the mantle temperature. These are supported by thicker
crust and weaker lithospheric mantle.

1. Introduction in the mantle. Gravity studies carried out over

the segments of the Mid-Atlantic Ridge (MAR)

It has been well documented from the studies have introduced the concept of mantle Bouguer

carried out over the slow-spreading ridges that
gravity data can provide insights into the ridge seg-
mentation, transform characteristics, crustal defor-
mation, magma supply, and the dynamic processes

anomaly (MBA) that provided insights into the
mantle dynamics (Kuo and Forsyth 1988) and led
to the identification of mantle upwelling zones char-
acterised by bull’s-eye MBA lows (Lin et al. 1990).
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Since then, many studies conducted over the slow-
spreading ridges (Blackman and Forsyth 1991;
Grindlay et al. 1991, 1992; Rommevaux et al. 1994;
Sempere et al. 1993, 1995; Pariso et al. 1995; Lin
and Morgan 1992; Tolstoy et al. 1993; Escartin and
Lin 1995; Maia and Gente 1998; Gregg et al. 2007;
Wang et al. 2011) have enhanced our understand-
ing of the deep crustal processes at the mid-ocean
ridges, mostly over the MAR.

High-resolution mapping efforts over the
mid-ocean ridges, world-over, have revealed the
fine-scale topographic fabric of the ridge crest
region leading to the existence of new families of
ridge axis discontinuities (MacDonald et al. 1991;
Shaw 1992). These studies have shown that ridge
axis discontinuities primarily divide the ridge into
smaller segments with varied topographic expres-
sions as a consequence of crustal accretion result-
ing from discrete spreading cells (MacDonald and
Fox 1990; Shaw 1992; Sinton and Detrick 1992).
Extensive investigations that are carried out over
East Pacific Rise (EPR) and over the segments
of MAR have provided insights into the segmen-
tation pattern and accretionary processes of the
fast and slow-spreading ridge systems (Macdonald
et al. 1991; Scheirer and Macdonald 1993; Sempere
et al. 1990, 1993; Smith and Cann 1993; Gente et al.
1995; Goslin and Triatnord Scientific party 1999).
Recent investigations over the ultra-slow South
West Indian Ridge (Sauter et al. 2001; Dick et al.
2003) and the Arctic Ridges (Cochran et al. 2003;
Michael et al. 2003) have further enhanced our
understanding of the architecture and accretionary
processes of the slow-spreading mid-ocean ridges.

The Central Indian Ridge (CIR) north of the
Indian Ocean triple junction is a slow-spreading
mid-ocean ridge in the Indian Ocean with full-
spreading rates of about 40 mm/yr. Basin-scale
regional marine geophysical investigations dealing
with the tectonic evolution of the Indian Ocean
(Vine and Matthews 1963; McKenzie and Sclater
1971; Schlich 1982) and the plate reconstruction
models (Royer and Sandwell 1989; DeMets et al.
1994) have provided a broad scale geometry of this
ridge.

The ridge systems in the north Indian Ocean are
less explored with respect to surveys with high-
resolution mapping tools as compared to other ridge
systems. Briais (1995) and Kamesh Raju et al.
(1997) provided initial results of detailed segment
scale investigations carried out over parts of the
CIR using the Gloria side scan and multibeam
bathymetry, respectively. Segments of the slow
spreading Carlsberg Ridge (CR) and the Central
Indian Ridge (CIR) in the Indian Ocean have
been studied in detail using the multibeam swath
bathymetry (Kamesh Raju et al. 2008, 2012). The
gravity study over the Rodriguez triple junction by
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Honsho et al. (1996) is the only detailed gravity
investigation using the shipboard gravity data over
a part of the CIR.

Mantle upwelling and crustal accretion at
slow-spreading ridges is believed to be a 3-D
process that gives rise to significant segment-
scale variations in crustal thickness with enhanced
magma supply towards segment centres and less
magma at segments ends (Kuo and Forsyth 1988;
Lin et al. 1990; Chen 1992; Lin and Morgan 1992;
Tolstoy et al. 1993; Canales et al. 2000; Hooft et al.
2000). In this paper, we present the first detailed
analysis of the shipboard gravity data of the CIR
between 3°S to 11°S, with an objective of pro-
viding insights into the crustal structure and seg-
mentation. We have also used the multibeam data
that has off-axis coverage extending up to magnetic
anomaly 3 (4 Ma).

2. Marine geophysical data

The gravity data has been acquired during the 195
and 207 cruises of RV Sagar Kanya (July 2003 and
August 2004). These are augmented with earlier
published data of SK84 and the multibeam data
of SK165 (Drolia et al. 2003; Drolia and DeMets
2005). Multibeam data from all the cruises have
been merged and re-processed. The data covers
about 750 km along the ridge with off-axis coverage
of about 56 km on either side of the spreading axis,
100% insonification of the seafloor was achieved
by three nautical mile spacing of the multibeam
bathymetry tracks (figure 1) and gravity data
was acquired along most of the multibeam tracks
(figure 1). Gravity data was acquired by using the
Bodenseewerk KSS30 sea gravity meter onboard
the RV Sagar Kanya. An Integrated Navigation
System (INS) with GPS MX4400 as the primary
control has provided the navigation.

Gravity data has been processed and free-air
gravity anomalies have been computed with the
data reduced to the Marmugao base station. GMT
(Wessel and Smith 1991) software was used for
plotting and presentation of the data.

3. Gravity anomalies

3.1 Free-air gravity anomalies

The free-air gravity mimics the seafloor topography
(figures 2 and 3). The multibeam bathymetry
clearly depicts eight major ridge segments named
I to P, the segments J, K and M are further
divided into smaller segments of J1, J2, J3; KI,
K2 and M1, M2 that are offset by non-transform
discontinuities making up to 12 segments (figure 2).
Segments I and J do not have the gravity data.
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Figure 1. The Central Indian Ridge between 3°S and 11°S is depicted along with satellite-derived gravity image (Sandwell
and Smith 1997). Thick red lines represent the ridge segments, these are named from I to O, thick black lines represent the
transform faults. J1, J2, J3; K1, K2; M1, M2 are the sub-segments of segments J, K and M, respectively. Fracture zones are
indicated with white dashed lines. Thin blue lines represent the ship-tracks along which gravity and multibeam bathymetry
data have been acquired, thin red lines indicate the tracks along which only multibeam data is available. Lines labelled as
P1 to P8 are the locations of the select profiles across the ridge segments. Inset indicates the Carlsberg and Central Indian
Ridges in the Indian Ocean, and shaded box represent the study area.

The free-air gravity shows these segments with
distinct gravity low along the ridge axis reflecting
the rift valley and with off-axis highs and lows cor-
responding to the ridge parallel topographic highs
and lows (figure 3). There are anomalous zones

superimposed on this general pattern arising due to
the dominant subsurface density variations. Such
features are noticed at the ridge-transform discon-
tinuities and along the middle of the segment L,
where the rift valley almost disappears. The Vema
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Figure 2. Multibeam bathymetry map of a section of the Central Indian Ridge. The other notations are same as in figure 1.
Identified megamullion structures are labelled as m1, m2 and m3; r1-r4 represent identified ridge-transform intersection

highs (modified after Kamesh Raju et al. 2012).

transform marking the deepest (6350 m) region
of the survey area has a free-air low of —75 mGal
(figure 3). The absence of gravity data in the region
south-west of segment N (figure 1) has caused erro-
neous extrapolation of free-air anomalies, thereby
adversely affecting further computations. Hence, this
region has been masked and not used in interpretations.

In order to gain insights from the deeper
subsurface layers, we have computed the mantle
Bouguer anomaly (MBA) (figure 4) and the resid-
ual mantle Bouguer anomaly (RMBA) (figure 5)

from the free-air gravity anomaly by following the
procedure of Prince and Forsyth (1988) and Kuo
and Forsyth (1988) and are described in the sec-
tions below. Table 1 summarizes the values of
parameters assumed in these computations.

3.2 Mantle Bouguer anomalies

We used the spectral method of Parker (1972) to
calculate the mantle Bouguer anomaly by subtracting
the predicted attractions of the water-crust,
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Figure 3. Free-air gravity anomaly map (contour interval 10 mGal) of the surveyed region. The other notations are same

as in figure 1.

crust-mantle interfaces from the free-air anomaly
assuming a constant reference crustal thickness of
6 km. It is a reasonable global average value for
the oceanic crustal thickness (Spudich and Orcutt
1980). A Taylor’s series expansion of powers of the
Fourier transform of the topography was applied
as for Parker’s method. The non-linear nature of
the gravitational attraction due to the topographic
relief has been taken into account by considering
the first three terms of the Taylor’s series (Kuo and
Forsyth 1988). We assumed the densities of water,
crust, and mantle to be 1030 and 2700, and 3330
kg/m?, respectively (Kuo and Forsyth 1988; Wang
et al. 2011). Thus, the MBA map depicts the varia-
tions in the density of the crust or mantle and also
the departures from the assumed constant thick-
ness of the crust. The mantle Bouguer anomalies
varied from —85 to 80 mGal. The MBA lows are

observed at the middle of all six major spreading
segments (figure 4).

3.3 Residual mantle Bouguer anomaly

The RMBA was calculated by removing the effects
of lithospheric cooling with age and heat conduc-
tion across the ridge from the MBA. The thermal
structure was calculated from 0 to 100 km depth
using the age grid and a simple 1-D plate cool-
ing model (Turcotte and Schubert 2002) with tem-
peratures of T, = 0°C at the surface and T, =
1350°C at 100 km depth (table 1). The ther-
mal structure was then converted into a 3D den-
sity grid using the thermal expansion equation,
Ap = (To — T)apy, where Ty and p, are reference
temperature and density, respectively and « is the
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Figure 4. Mantle Bouguer anomaly (MBA) map (contour interval 10 mGal) of the surveyed region. Note the MBA lows
over all the segments and prominent high over the Vema transform fault. The other notations are same as in figure 1.

thermal diffusivity constant. We used Ty = 1350°C
and py = 3330kg/m? (c.f. Kuo and Forsyth 1988).

The free-air, MBA and RMBA profiles across
the segments K1, K2, L, M1, M2, N, O and P are
presented along with the bathymetry (figure 6).
The wvariations of free-air, MBA, RMBA and
depth along selected profiles over different seg-
ments show (figure 6) rift valley configuration
and the systematic variation of gravity signature.
Bathymetry shows well-defined rift valley along all
the segments.

The free-air gravity reflects the major
topographic features (figure 7a, b). While the
MBA shows a distinct low over the segment K1
(figure 7c), the RMBA shows relative high at the
ridge-transform intersection (RTI) (figure 7d).
Along the segment L, the rift valley shallows to
about 2743 m and almost disappears (figure 8a) and

the free-air gravity follows the seafloor topography
(figure 8b). Segment L shows well-defined near
circular MBA low of —58 mGal (figure 8c).
Further, an off-axis low of —75 mGal is observed
towards north and east of the ridge axis (figure 8c).
This is anomalous, a similar low adjacent to
a pronounced low on the ridge axis was also
observed north of ridged MAR (figure 6, Kuo and
Forsyth 1988). The circular MBA observed over
segment L is similar to the bull’s eye MBA low
observed over MAR segments (Lin et al. 1990;
Lin and Morgan 1992; Tolstoy et al. 1993). These
were interpreted in terms of focussed magmatic
accretion resulting in significant crustal thickness
variations over the ridge segments. In the present
study, the variations of depth, free-air gravity and
MBA show shallowing of the spreading axis in
the middle of the ridge segment L with an MBA
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Figure 5. Residual mantle Bouguer anomaly (RMBA) map (contour interval 10 mGal) of the surveyed region. The other

notations are same as in figure 1.

Table 1. Constants used in computations.

Symbol Description, units Value
Pw Water density, kg m~3 1.03 x 103
Pe Crust density, kg m~3 2.70 x 103
pm Mantle density, kg m ™3 3.33 x 10°
H Plate thickness, km 100

«@ Volumetric coefficient of thermal expansion, ot 3 x 107°
Ts Temperature at the surface of the plate, °C 0

Tm Temperature at the bottom of the plate, °C 1350

£0 Reference density, kg m~3 3.33 x 103
To Reference temperature, °C 1350

low of —58 mGal (profile P3, figure 6). The MBA
low observed here indicates along axis thickness
variations in the crust. The well-developed rift
valley and the observed relative MBA high

towards SE (figure 8c) suggest depleted accretion
and crustal thinning at the transforms and at
the ridge transform intersection (RTI) high. The
increase in MBA away from the ridge axis and
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Figure 6. Profile plots along selected lines P1-P8 across the ridge segments extracted from the grid data. (a) Blue, red,
and green lines indicate free-air anomaly, mantle Bouguer anomaly and the residual mantle Bouguer anomaly profiles,
respectively. (b) Black indicate bathymetry. Note that prominent undulations observed over the rift valley along the profile

P3. See figure 1 for the location of profiles P1-P8.

at the transforms were predicted along the MAR
segments (Neumann and Forsyth 1993) using the
iso-viscous, passive, flat plate model of Phipps
Morgan and Forsyth (1988).

The section M has two short segments of M1
and M2 separated by a non-transform disconti-
nuity (figure 9a, b). Prominent megamullion structure
m2 (Kamesh Raju et al. 2012) is located to the east
of segment M1. The megamullion structure is asso-
ciated with MBA high (figure 9c¢), which extends
well into the rift valley indicating significant crustal
thinning. Segment N is a linear segment with a
shallow rift valley at the centre of the segment
(figures 10a and b). An MBA low is associated with
the centre of the segment N (figure 10c). Segment
O is a short linear segment (figure 11a, b). Off-axis
MBA lows of —70 mGal corresponding to the flank
topographic highs are observed along this segment
(figure 11c).

The megamullion structures m1l, m2, m3, and
the RTI highs at r1-r4 (figure 2) show anomalous
MBA signatures (figure 4). Megamullions m1 and
m2 have significant relative MBA highs of —5 and
—10 mGal. In contrast, m3, which is located off-
axis along the Vema transform has an MBA of

—60 mGal. The RTT high r3 shows a relative MBA
high of —10 mGal (figure 8c). The RTT highs r1 and
r2, located off-axis show subdued relatively high
MBAs (figure 7c). MBA highs at the megamullion
structures m1 and m2 (figures 7c and 9c¢) indicate
thin crust or no crust. Mantle rocks (serpentinised
peridotites and gabbros) have been dredged from
the locations of m1 and m2 (Kamesh Raju et al.
2012); whereas the megamullion observed at m3
shows an MBA low, the m3 is located off-axis of
segment O (figure 11c). Segment P is a short ridge
segment with a length of 24 km.

Another striking feature of the MBA map
(figure 4) is the prominent MBA highs observed
over the Vema transform fault offsetting the seg-
ments N and O. The Vema transform documents
the deepest zone of 6350 m observed in the study
area and has large offset of 250 km between
the bounding ridge segments (figure 12a, b). The
80 mGal MBA high observed here (figure 12c)
probably represent thin crust. The anomalous
depth observed here is probably due to stretched
and thinned crust within the Vema transform.

The MBA lows observed are subdued on the
RMBA map and at places they diminish (figure 5).
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Figure 7. Enlarged colour-coded images along with contours of the segment K. (a) Bathymetry, (b) free-air anomaly,
(c) mantle Bouguer anomaly, and (d) residual mantle Bouguer anomaly.

The MBA low observed on the segment L still
remains in the RMBA map (figure 8d) indicat-
ing that the contribution of the crustal thickness
variations is dominant on this segment. Relatively
high RMBAs are observed over the megamul-
lion structure m2 (figure 9d); whereas at other
places, it can be assumed that the computed ther-
mal structure is compensating the observed MBA
lows. In general, RMBA highs are observed at the
RTIs indicating thin crust. There are prominent
RMBA highs observed at the southern end of the

segment N and O (figures 10d and 11d), and along
the Vema transform. These highs probably represent
thin crust at these locations. The most promi-
nent RMBA high is along the Vema transform
(figure 12d), where it is 40 mGal.

3.4 Crustal thickness

We performed 3-D inversion of RMBA for the
computation of the Moho topography and crustal
thickness beneath the CIR. For 3-D inversion, we
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used Parker (1972) and Oldenburg (1974) iterative
algorithm implemented in MATLAB by Ortiz and
Agarwal (2005). This technique is based on Fast
Fourier Transform (FFT). The parameters used for
the inversion are the following: density contrast of
630 kg/m® (mantle density minus crust density)
and a mean depth for the crust-mantle boundary

of 9.5 km (3.5 km is the average water depth and
6 km is the assumed crustal thickness). During
the iterative procedure, the first term of the series
is calculated using Parker’s expression, and the
resulting topography (in wavenumber domain) is
filtered with cosine tapper. Inverse FFT has been
applied to the topography in wavenumber domain
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Figure 9. Enlarged colour-coded images along with contours of the segment M. (a) Bathymetry, (b) free-air anomaly,
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to obtain the Moho topography in the space
domain. Cosine-taper with wavelengths between 35
and 25 km, and cut-off wavelengths shorter than
25 km, is applied. This is important to prevent
amplification of shorter wavelength anomalies
during the process and to enhance the convergence

in the iterative inversion. The crustal thickness is
obtained by subtracting the bathymetry from the
computed Moho topography (Alvey et al. 2008).
The resultant crustal thickness map (figure 13)
depicts variations of crustal thickness along the
ridge segments. We have extracted the along axis
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crustal thickness variations from the computed
crustal thickness grid (figure 14). The segments
K1 and K2 separated by non-transform disconti-
nuity (NTD) have thicknesses of 5.1 and 5.8 km,
respectively, with a thinning of the crust beneath
the NTD to 4.0 km. Among the segments, a thick
crust was observed beneath the segment L, the cen-
tre of segment L has a thickness of 7.8 km with
the ends showing 1-2 km thinning resulting in a
6 km thick crust at the northern end and 5.8 km
at the southern end. The segments M1 and M2
have crustal thicknesses of 5.1 and 5.3 km with

a thinning at the NTD to 4.8 km. The middle of
segment N shows a thicker crust compared to the
ends. The crust at the middle of segment N is
5.6 km thick, while the thickness at the north-
ern end is 4.2 km and at the southern end is 5.0
km. Short segments O and P have 5.0 and 4.2 km
thick crust, respectively. The average along the axis
crustal thickness is 5.2 km, which is comparable
with the along axis crustal thickness derived for the
MAR (Lin et al. 1990). The longer linear segments
L and N show thickening of the crust towards the
middle of the segment. Thinning of the crust is seen
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Figure 11. Enlarged colour-coded images along with contours of the segment O. (a) Bathymetry, (b) free-air anomaly,
(c) mantle Bouguer anomaly, and (d) residual mantle Bouguer anomaly.

beneath the NTDs and the transform faults. The the transform fault between L and M1. A thinner
transform fault between K2 and L shows a thin crust of about 3 km is observed over the transform
crust of about 4 km and it is about 3 km along fault between segments M2 and N. The Vema
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transform fault has a thin crust of about 4-5 km.
The thickening of the crust away from the spread-
ing axis is observed. The maximum thickness of
crust, of 9-10 km, is observed on the flanks of seg-
ment L and adjacent to the Vema transform over
the cold wall of the Vema transform fault.

3.5 Along axis variations

The along-axis profiles of bathymetry, free-air
gravity, MBA and RMBA clearly brings out the
segment boundaries and demarcate the transform
faults (TFs) and non-transform discontinuities
(NTDs) (figure 14). Segments K1, K2 and M1, M2 are

offset by prominent non-transform discontinuities.
The along axis depth of the rift valley shows an
inverse relationship with the MBA and RMBA as
predicted. Segment L has the shallowest rift val-
ley floor at 2743 m and the segment K2 has the
deepest rift valley floor at 4680 m.

The segment L is conspicuous in its character
compared to other segments. The rift valley almost
disappears at the centre of this segment and is asso-
ciated with prominent MBA low (figure 6). The
maximum average measured full-spreading rate
of 38 mm/yr was observed over the segment L
(Kamesh Raju et al. 2012).

The average spreading rate of each segment
suggests asymmetric spreading in terms of spreading
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Figure 13. Crustal thickness computed from the residual mantle Bouguer anomaly; contour interval is 1 km.

rate derived from magnetic model studies and
the average full-spreading rates varied from 26 to
38 mm/yr (Kamesh Raju et al. 2012). The deepest
portion of the transform valley reaches a depth of
6350 m at the Vema transform.

3.6 Segments with non-transform discontinuity
and linear segments

Segments K and M (figures 7 and 9) are charac-
terised by prominent non-transform discontinuities
with offsets of 17 and 7.5 km, respectively. The seg-
ments L, N and O (figures 8, 10, and 11) represent
linear segments bounded by transform faults. The
segment K1 has a narrow rift valley of about 8 km
wide and a well-defined MBA low of 50 mGal. The
segment K2, adjacent to it, has a wider rift valley
of about 16 km and does not possess an MBA low.
There is a prominent MBA high associated with

the megamullion structure m1, adjacent to segment
K2 at the RTI. These highs are also reflected in
the RMBA signature (figure 7d). In comparison,
segments M1 and M2 (figure 9a) have a narrow
rift valley of about 8 km and are marked by MBA
lows. However, the MBA low corresponding to seg-
ment M1 is masked by the MBA highs associated
with the megamullion structure m2 (figure 9¢). It
is interesting to note the ridge perpendicular lin-
eation of MBA highs over the megamullion struc-
ture m2 (figure 9¢). The RMBA map also shows
prominent highs corresponding to the megamullion
structure (figure 9d).

The linear segments L and N show prominent
MBA lows over the portion of the ridge that is
shallow and has narrow rift valley (figures 8 and
10). Small differences in crustal thickness and man-
tle temperatures appear to be adequate to produce
a major change in lithospheric strength and axial
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morphology as observed over the Juan de Fuca and
Gorda ridges (Hooft and Detrick 1995). The varia-
tions seen in the rift valley configurations and the
associated changes in the MBA and RMBA sig-
natures observed over the segments of the present
study also support this argument. The segment O
is a short segment of 35 km having a rift valley
width of 8 km and does not display an MBA low.

4. Discussion

The magma supply is considered to strongly affect
local tectonics (Tapponnier and Francheteau 1978;
Harper 1985; Karson 1987). Mantle Bouguer
anomaly lows at the segment centres may either
reflect hot, low-density crust or mantle, thicker crust
or some combination of both (Lin et al. 1990).
Magmatic and sparsely magmatic sections have

been identified over the CIR based on rift valley
morphology and off-axis topographic fabric
(Kamesh Raju et al. 2012). It is observed that the
magmatic sections are associated with well-defined
MBA lows, while the expression is subdued over
the segments that are sparsely magmatic. The
most pronounced MBA low is observed over the
linear segment L. Here, the rift valley almost
disappears leading to a shallow valley floor with
closely spaced fault scarps (profile P3, figure 6).
Theoretical models (Shaw and Lin 1994) suggest
that decoupling of upper crust from the mantle
by weak lower crust may occur at the segment
centres. A consequence of this is a thin weak
lithosphere at segment centre and a thick, strong
lithosphere at segment ends (Escartin and Lin
1995). The thin lithosphere over the weak lower
crust favours the formation of small closely spaced
faults at the segment centres (Shaw 1992; Shaw
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and Lin 1993). These fault scarps tend to be
axis parallel (Escartin and Lin 1992) and this is
evident at the centre of the segment L supported
by the robust mantle upwelling. Whereas, the
segment ends preferentially will have low angle
faults at inside corners, where the mantle litho-
sphere is strongest and the lithospheric plates
are sufficiently decoupled across the ridge axis
offsets (Escartin and Lin 1995). The gravity sig-
natures, the rift valley morphology and the RTI
high configurations observed in the present study
support these inferences. The off-axis MBA low
observed towards the northern end of the segment
L probably represents the crustal accretion at the
transform flank due to local pooling of the melt
that probably is related to the focussed upwelling
at the segment centre. At present, we do not have
any strong indicators to know how this lateral
migration of magma from the segment centre to
the off-axis takes place. The spreading rate along
the segment L is the highest (Kamesh Raju et al.
2012) among the segments under study and the
higher spreading rate could be a consequence
of kinematics of plate separation. It has been
observed, in general, that spreading centres with
spreading rates less than 30-40 mm/yr are typ-
ically associated with 1-2 km deep, 15-30 km
wide rift valley, while ridges with full-spreading
rate faster than 60-70 mm/yr are associated
with a 2-10 km wide, 200-300 m axial highs
(MacDonald 1982). The CIR with a spreading
rate of 26-38 mm/yr (Kamesh Raju et al. 2012) is
a typical slow-spreading ridge, yet the segment L
displays subdued rift valley morphology. The rift
valley floor at segment L is only 650 m deep with
respect to the valley walls and has closely spaced
fault scarps marking minor undulations of 50 to
60 m and major undulations of 250-300 m (profile
P3, figure 6). The inner valley floor has a width of
27 km. These morphological characters are typical
of segment L, whereas the other segments have
a deep rift valley typical of slow-spreading ridges
(figure 6). This is attributed to the focused mantle
upwelling with robust magma supply resulting in a
thicker crust and hotter, weaker mantle lithosphere
along segment L. The ridge crest morphology of
segment L is distinctly different from the segment
K to the north and segment M to the south. It
has been observed that the ridge crest morphology
is particularly sensitive to the changes in ther-
mal structure and magma supply at intermediate
spreading rates (Phipps Morgan and Chen 1993).
In the case of CIR, the gravity signatures suggest
that magma supply has modulated the ridge crest
morphology along the segment L.

The second-order discontinuities or non-transform
discontinuities (NTDs) are associated with a wide
deformation zone with complex morphology and

1539

tectonics and have a limited lifespan (Grindlay et al.
1991). The NTDs tend to change their orienta-
tion with time to become more parallel to the
ridge and perpendicular to the spreading direction.
In contrast, the transform discontinuities main-
tain the initial narrow strike-slip orientation (van
Wijk and Blackman 2005). Further, it has been
observed through model studies that the regions in
line with the axes and the oblique deformed zone
will experience thinning (van Wijk and Blackman
2005). We have observed a thin crust of 4.0 and
4.8 km at the NTDs between the segments K1,
K2 and M1, M2, respectively. The NTDs observed
between segments K1 and K2 and M1 and M2
are associated with MBA highs. The MBA high
centred over the nodal basin between K1 and K2
is more pronounced. These MBA highs are also
associated with relative RMBA highs and sug-
gest crustal thinning. Taking an analogy of the
segment L, the segments with NTDs can be sug-
gested to have low magma supply, resulting in
thinner crust and colder and stronger mantle
lithosphere. The MBA and RMBA highs observed
over the NTDs at segments K and M support this
inference.

It has been observed that the RT1Ts are associated
with positive RMBAs indicating thinning of the
crust. Prominent among them are the megamullion
structures observed at m1 and m2 and the RTT high
r3 at the southern end of segment L. The mega-
mullion structures in general show elevated MBA
signatures (Blackman et al. 2009).

The transform faults, in general, have relatively
high MBA values indicating a thin crust. The
Vema transform has the highest MBA and associ-
ated RMBA highs in the middle of the transform
zone (figure 12c, d); this zone also has the deep-
est seafloor. Studies by Kuo and Forsyth (1988);
Lin et al. (1990); Lin and Morgan (1992) and
Detrick et al. (1995) have attributed positive
RMBA along the slow-slipping transform faults
to diminished crustal accretion at the ends of
the segment and consequently, the transform fault
domain. The MBA and RMBA variations observed
on the flanks of the transform are attributed to
the crustal thickness variations (Gregg et al. 2007).
The mantle lithosphere at the Vema transform
can be expected to be strong with thin crust, as
revealed by MBA and RMBA highs (figure 12¢, d).
In a similar tectonic setting, seismic experiments
(Detrick and Purdy 1980) have shown extremely
thin crust within the Kane FZ trough.

In general, the crustal thickness along the
segments varied, with thick crust near the middle of
the segments and thin crust near the segment ends
(figure 14b). Along the slow-spreading MAR, it has
been observed that the magnitude of the along-
axis variation in crustal thickness is proportional



1540

to the segment length and the size of the adjacent
ridge offset (Detrick et al. 1995). The variation in
the along axis thickness along the longer segments
L and N are more prominent than elsewhere, and
this segment scale crustal heterogeneity is similar
to that observed over MAR. It has also been shown
that the magnitude of along axis variation in MBA
is proportional to the segment length with longest
segments having largest MBA (Lin et al. 1990).

5. Conclusions

Based on morphology, the 750 km long section of
the CIR is broadly segmented into twelve ridge seg-
ments that are displaced by seven transform faults
and two non-transform discontinuities. Both the
transform faults and the non-transform discontinu-
ities are characterised by a thin crust.

All the linear segments of the CIR that are
bounded by transform faults display MBA lows,
indicating thick crusts at the middle of the
segments. The most prominent MBA low was
observed over the segment L, where the rift val-
ley becomes less prominent. The inner valley floor
across the segment L has closely spaced fault scarps
suggesting modulation of the valley floor morphol-
ogy due to the variation in crustal thickness and
the mantle temperature.

The RTT highs and the identified megamullion
structures, with the exception of off-axis highs,
in general, display prominent MBA highs suggest-
ing thinner crust and stronger mantle lithosphere.
The most prominent MBA and RMBA highs were
observed over the Vema transform. The MBA and
RMBA highs are attributed to a thin crust of about
4 km over the Vema transform, where a maximum
depth of 6350 m has been documented.

The average along the axis crustal thickness
computed from RMBA is 5.2 km. The longer lin-
ear segments L and N have shown up to 7.8 km
thickening of the crust towards the middle of the
segment.
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