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Abstract

Two-dimensional flexural backstripping and thermal modelling (assuming laterally variable
stretching) is applied along regional depth-converted interpreted seismic profiles from the
Laxmi Basin in the Arabian Sea. Results from reverse post-rift flexural modelling reveal consid-
erable basin-wide subsidence in response to the crustal geodynamics during and after the last
extensional phase. Unloading of the stratigraphy allows us to estimate the degree of laterally vary-
ing extension, assuming thermal subsidence and pure shear. High degrees of extension in the
basin centre predict considerable water depths at the time of rift cessation, consistent with deep
drilling data. We suggest that regional extension prior to Paleocene time could have fuelled
variable subsidence in the Laxmi Basin but that extension is less than seen in typical oceanic litho-
sphere. Volcanic loading by the seamounts shortly after extension has flexed the basin and implies
an effective elastic thickness (T) at that time of ~6 km. Reconstruction of the seamount top near
sea level at the end of emplacement indicates no major transient uplift potentially linked to the
Deccan mantle plume activity. Backstripping of post-rift sediments from interpreted seismic pro-
files supports the presence of a hyper-thinned crust underneath the Laxmi Basin, with { factors
reaching >7 in the basin centre and ~3 across much of the basin width. Computations of decom-
pacted sediment accumulation rates in light of new results from IODP Expedition 355 show that
basin sedimentation peaked during early-middle Miocene time, possibly coeval with uplift and
erosion of the Himalayan-Tibetan Plateau driven by strong summer monsoon rains.

1. Introduction

Rifted continental margins preserve unique records of thermo-tectonic evolution that can be
deduced from the history of basement subsidence (McKenzie, 1978; White & McKenzie,
1989; Allen & Allen, 2006). Passive margins also hold the key to unravelling the processes oper-
ating during rift to drift transition depending upon whether or not new oceanic crust was gen-
erated. Therefore, rift margins proximal to relatively young ocean basins may provide crucial
information concerning the prevailing crustal architecture, as well as the nature of strain accom-
modation (McKenzie & Sclater, 1971; Kusznir et al. 1995; Watts, 2001). Thermo-mechanical
processes during early basin evolution (i.e. active extension) ultimately translate into various
forms of lateral and vertical tectonics causing subsequent margin uplift/subsidence/shearing
(Royden & Keen, 1980). Considerable subsidence at rifted passive margins and adjoining areas
has been reported for several decades, reflecting high degrees of extension in these settings
(Baxter et al. 1999; Allen & Allen, 2006). Therefore, determining long-term total subsidence
(tectonic as well as thermal) along passive margins allows a precise extensional history to be
reconstructed (Watts, 2001; Allen & Allen, 2006). Post-rift sediment thicknesses developed
beneath the outer shelf and slope range from a few hundreds of metres to a few kilometres
in the Arabian Sea (Kolla & Coumes, 1987; Clift et al. 2002). However, some of the thickest
passive margins, such as the western continental margin of India (WCMI), still remain under-
explored in terms of margin subsidence analysis (Whiting et al. 1994). This is primarily owing to
the lack of deep-penetrating, high-quality regional seismic data, as well as lithological constraint
from boreholes. Here we combine interpretation of high-quality seismic data with results from
scientific drilling in the Laxmi Basin adjoining the WCMI to examine the nature of basin
formation and subsequent evolution. Numerous earlier studies have been carried out using
1-D backstripping analyses close to the western Indian shelf edge in order to reconstruct the
geological history from the basin stratigraphy (e.g. Mohan, 1985; Agrawal & Rogers, 1992;
Whiting et al. 1994; Chand & Subrahmanyam, 2003; Calves et al. 2008). However, these inves-
tigations primarily relied upon scattered observations and 1-D Airy type isostatic compensation
(Watts, 2001). Airy type (i.e. local) isostasy has potential limitations because it does not account
for the flexural strength of the lithosphere. Consequently, it tends to work well with a low effec-
tive elastic thickness (ie. T, & 0) and overestimates stretching factors (Kusznir et al. 1995;
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Fig. 1. Map of the study area with shaded topography shown onshore and a satellite-
derived free air gravity anomaly map offshore. Alternating coast-parallel highs and
lows correspond to various isolated tectonic elements, basement reliefs and horst
and graben patterns. Solid black lines indicate the location of the new multi-channel
seismic profiles across the Laxmi Basin. Two drill sites from I0DP Expedition 355 are
plotted on the map.

Roberts et al. 1998). The flexural approach accounts for lateral
loads and produces more reliable subsidence estimates. The
primary objective of this study is to investigate total subsidence
in the Laxmi Basin using a 2-D flexural backstripping process.

2. Regional tectonic framework

Located in the eastern Arabian Sea, the WCMI is a passive
continental margin that extends more than 2000 km from the
Gujarat coast in the north to the Kerala coast in the south (Fig. 1).
Major tectonic events in the past that shaped this margin include:
(1) break-up of Greater India (India-Madagascar) from Africa
c. 130-120 Ma; (2) the India-Madagascar break-up c. 88 Ma; (3)
opening of the Gop Rift and Laxmi Basin in latest Cretaceous time;
and (4) separation of the Seychelles from India (McKenzie & Sclater,
1971; Whitmarsh, 1974; Naini & Talwani, 1982; Storey et al. 1995;
Biswas, 1999; Chaubey et al. 2002; Minshull et al. 2008; Gaina
et al. 2015). The emplacement of the Deccan flood basalts at ¢. 65
Ma is believed to be simultaneous with the Seychelles-India rifting
(Courtillot et al. 1986; Venkatesan et al. 1993; Collier et al. 2008).
The poly-phase rifting finally culminated in seafloor spreading in
the Arabian Sea and formation of the western Indian passive margin
(Miles et al. 1998; Royer et al. 2002).

The shelf break along the WCMI occurs at an average water
depth of ~200 m. However, water depths in the deeper basin range
between ~3000 and 3600 m (Fig. 2). The shelf width along the
WCMI varies greatly from north to south (Fig. 1). NW-SE-trend-
ing normal-faulted horst and graben structures separated by
orthogonal cross faults have been reported by previous studies
from the shelf margin. These deformations gave rise to several iso-
lated tectonic blocks and marginal highs (Biswas, 1982, 1989; Mitra
et al. 1983; Rao & Srivastava, 1984; Mohan, 1985; Whiting et al.
1994; Gombos et al. 1995; Nair et al. in review). Several large-scale
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structural blocks of anomalous character (e.g. the Laxmi Ridge,
Panikkar Ridge, Laxmi Basin) are identified along the margin,
and these are located between the shelf edge and the deeper basins
(Fig. 1). The enigmatic geophysical signatures of these anomalous
features inhibit their precise fit within a reconstructed Gondwana.
The Laxmi Ridge is generally regarded as a continental sliver
(Naini & Talwani, 1982; Krishna et al. 2006) separated from the
WCMI by the Laxmi Basin (Fig. 2). In contrast, the Laxmi Basin
is variously proposed to comprise either oceanic crust including
an extinct spreading centre or highly thinned continental crust.
A NW-SE-trending series of isolated highs east of the Laxmi
Ridge (e.g. the Wadia Guyot, Panikkar and Raman seamounts)
are collectively referred to as the Panikkar Ridge. The oldest undis-
puted marine magnetic anomalies reported from this region are
anomalies 27n (62.2-62.5 Ma) and 28n (63.5-64.7 Ma), located
southwest of the Laxmi Ridge in the Arabian Basin and north of
the Seychelles, respectively (Miles et al. 1998; Chaubey et al. 2002;
Royer et al. 2002) (Fig. 2). Considerably older anomalies within
the Laxmi Basin are also reported (Bhattacharya et al. 1994;
Eagles & Wibisono, 2013; Bhattacharya & Yatheesh, 2015); however,
their interpretation is controversial because of their short segments
and uncertainties in correlation with geomagnetic time scales. Some
researchers opine that, instead, these anomalies could be explained
through the presence of dykes intruded within hyper-extended
continental crust (e.g. Naini & Talwani, 1982; Krishna et al.
2006). While the longstanding debate about its precise crustal affinity
continues, the role of vertical tectonics in this region has seldom been
elucidated. A precise crustal affinity of the Laxmi Basin could
be ascertained from the basaltic igneous basement sampled in the
Laxmi Basin during International Ocean Discovery Program
(IODP) Expedition 355 (Pandey et al. 2016). However, here we focus
on the role of vertical tectonics as a flexural response to the thermo-
tectonic developments in the Laxmi Basin.

3. Data and methodology

The 2-D post-rift subsidence analysis discussed here is based
on subsurface information derived from representative seismic
reflection profiles in the Arabian Sea. A grid of 5000 km of new
2-D multi-channel seismic (MCS) reflection data was acquired by
the National Centre for Polar and Ocean Research (NCPOR) using
a 6 km long streamer and 50 m shot spacing. We used three E-W
(dip lines) and three NW-SE (strike lines) profiles (IODP-01,
IODP-02, I0DP-03, IODP-04, W-05 and W-06) of variable lengths
(220-470 km; Fig. 2). The seismic profiles are long enough to capture
basin-wide structural and sedimentation patterns. Stratigraphic
interpretations of these seismic profiles are discussed in Nair et al.
(in review). A high-resolution multi-beam bathymetry map (Fig. 2)
shows the various morpho-tectonic features around the Laxmi
Basin. Post-stack, time-migrated seismic sections were depth con-
verted using interval velocities estimated from stacking velocities
(Nair et al. in review). A representative depth-converted cross-
section with seismic velocities superposed on it is presented in
Figure 3. The interval velocities used for the time-depth conversion
are in good agreement with those reported in published seismic
refraction studies (Naini & Talwani, 1982; Minshull et al. 2008).
Additional constraints are obtained from available lithological
ground-truthing by dredging, coring (Kolla & Coumes, 1987;
Mohanty et al. 2013; Misra et al. 2015; Pandey ef al. 2017) and deep
boreholes (Mohan, 1985; Whiting et al. 1994; Pandey et al. 2016).
Considering the high data quality and constrained velocity analyses,
uncertainties in time-depth conversion are estimated to be within
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Fig. 3. Arepresentative post-stacked, time-migrated seismic section along the dip profile IODP-04. An interval velocity grid obtained from stacking velocities is superimposed on
the image to emphasize good coherency for the velocity-depth model. Different crustal domains are marked on the section. This velocity grid was used for the time-depth
conversion. Note the location of IODP Site U1457 on this profile. The total depth (TD) at Site U1457 was 1109 m below seafloor where igneous basement was recovered under
~1090 m of Cenozoic sediment cover (see Pandey et al. 2016 for more details). TWT - two-way travel time.

10 %. Various seismic horizons and other structural elements were
marked and picked using the Kingdom™ software. The overall
stratigraphic framework in the Arabian Sea has been periodically
modified by influx of sediments from the Indus Fan, as well as from
the WCMI (Kolla & Coumes, 1987; Clift & Gaedicke, 2002). Four
major stratigraphic units spanning the Paleocene-Recent and over-
lying igneous basement are identified (Table 1). Major unconform-
ities dating back to early-middle Miocene time were constrained by
lithological and biostratigraphic information from IODP sites
U1456 and U1457 (Pandey et al. 2016), while deeper buried units,
especially on the shelf, were constrained using industrial boreholes
(Mohan, 1985; Whiting et al. 1994). A regional satellite-derived free
air gravity anomaly map of the Laxmi Basin is shown in Figure 1. An
E-W alternating high and low gravity anomaly pattern corresponds
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to the coast-parallel ridges and adjoining depressions (Biswas, 1982).
The elevated seamounts in the Laxmi Basin exhibit a distinct high
gravity anomaly embedded within a broad regional low (Fig. 1).
The shelf edge is marked by relatively high free air gravity anomalies
with amplitudes reducing seawards.

4. Flexural reverse post-rift modelling

We have adopted a flexural backstripping approach to examine
vertical tectonics and estimate extension (Kusznir et al. 1995,
2004; Roberts et al. 1998). We used the FlexDecomp™ software
package to determine variations in temporal and spatial subsidence
around the Laxmi Basin. MCS data reveal variable sediment cover
(Paleocene to Recent) overlying an igneous basement (Fig. 4).
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Table 1. Various physical parameters used for the flexural modelling. See text for more details
Matrix
Horizon at the base Age of the base of Initial Compaction density
of lithological unit porosity constant Velocity (gm
stratigraphic unit (Ma) (%) (km™) (km/s) cmd)
Seabed 0 - - - -
Pliocene-Recent 5.33 61 0.44 1.6 2.68
Upper Miocene 73 56 0.45 2.0 2.69
Mid Miocene 10.9 57 0.44 2.2 2.67
Paleocene 61.0 55 0.45 3.8 2.74
Top of Raman 65.5 0 0 4.5 2.8
Seamount
Top basement 66.0 - - 45 -
General modelling parameters
Upper crust - - - 6.3-6.5 2.7
Lower crust - - - 7.1-7.2 3.0
Mantle - - - 7.9-8.0 33
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Fig. 4. (a) A depth-converted seismic section with various interpreted horizons overlain. Different sedimentary sequences are constrained using lithological information obtained

from IODP Site U1457. The top panel represents free air gravity anomaly variations across

the entire length of the seismic profile. Locations of short magnetic lineations (L1-L4)

reported by Bhattacharya et al. (1994) and Bhattacharya & Yatheesh (2015) are marked above the reflection seismic image.

From bottom to top, these correspond to the Paleocene, middle
Miocene, late Miocene and Pliocene-Recent, respectively. The
deepest sedimentary horizon is interpreted as Paleocene (~61
Ma) based on recovery of a biostratigraphic assemblage of lower
Paleocene forms at Site U1457 (Pandey et al. 2016). Numerical ages
were estimated using the shipboard biostratigraphy (Fig. 6) follow-
ing the revised Geological Time Scale of Gradstein et al. (2012).
Using interpreted seismo-geologic cross-sections from the
Laxmi Basin, the multi-step restoration process is achieved by
removing the topmost (youngest) stratigraphic unit and allowing
decompaction of the underlying units (Sclater & Christie, 1980).
Decompaction is dependent on the lithology of the sequences,
and for our purposes we use the drilling data from the IODP wells,
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with an intermediate silt size used when this is in doubt. In per-
forming the unloading procedure we also included the Raman
and Panikkar seamounts as part of this procedure as they clearly
post-date the initial extension in the basin, although the regional
geology and seismic constraints indicate that they were emplaced
shortly after the end of extension, so we assign an age of emplace-
ment of slightly after 66 Ma, i.e. 65.5 Ma.

Further, incremental post-rift total subsidence corresponding
to the ages of the removed stratigraphic units is computed using
a variable stretching factor (B) and the rift age, which we here esti-
mate to be 66 Ma (latest Cretaceous). Next, the flexural isostatic
response due to the removed mass of sediment matrix and water,
as well as thermal subsidence, is determined. This process is
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dicted unloaded depth to basement at the
present day for different flexural strengths
(Te). A Te value of 6 km is preferred for the
present study, especially keeping in view the
width of the flexural moat around the Raman

repeated sequentially until all post-rift stratigraphic units have
been removed. The section resulting from unloading the basement
in the above manner provides knowledge about the basement
topography that would be present today had there been no sedi-
ment deposition since its formation. Assuming uniform extension,
unloaded depths to basement can be used to estimate the degree of
extension (f factor, defined as the ratio of the pre-rift lithosphere
compared to the post-rift).

Although the precise onset of crustal extension in the Laxmi
Basin is debated, the magnetic lineations in the Laxmi and Gop
basins (Figs 2, 4) point towards active rifting in Late Cretaceous
to possibly early Paleocene times (Biswas, 1982; Bhattacharya &
Yatheesh, 2015). An older extensional event involving the Laxmi
Basin and adjoining regions is also contemplated in view of the
India-Madagascar break-up (Storey et al. 1995). However, its exact
extent could not be ascertained because of the lack of deeper
stratigraphic constraints. Palaeogeographic reconstruction models
suggest that the latest rift phase in the Laxmi Basin initiated at
~75 Ma and ceased during late Paleocene time (c. 64 Ma)
(Eagles & Wibisono, 2013; Bhattacharya & Yatheesh, 2015 and
references therein). This is short enough to allow us to use the
assumption of instantaneous stretching that is implied by the
simplest uniform pure shear extensional models (Jarvis &
McKenzie, 1980).

Flexural backstripping modelling is sensitive to the palaeo-
bathymetry and past sea level undulations, especially close to
the shelf edge (Allen & Allen, 2006). Palaco-bathymetry interpre-
tations from Mohan (1985), Zutshi et al. (1993), Nair et al. (1992)
and Mathur & Nair (1993) based on faunal analyses compiled
from several industry boreholes on the WCMI have been widely
employed by subsequent studies. These estimates are, however,
unsuitable in the deep waters of the Laxmi Basin, where drilling
data from the IODP sites shows water depths of sedimentation
well below shelf values since the end of volcanism. The drilled
sequences comprise siliciclastic turbidites dating from ~15 Ma
comparable to modern depositional depths. The older Paleo-
cene sediments overlying the basalt are red shales that are also
typical deep-water facies. Previous studies suggest that the past
sea level fluctuations during early Miocene time submerged large
areas of the marginal basin and terminated ongoing delta progra-
dation (Clift, 2006). Palaeo-bathymetry estimates (Mohan, 1985;
Raju et al. 1999) indicate that the early sedimentation along the
WCMI initiated at shallow water depths. Mohan (1985) and
Whiting et al. (1994) inferred considerable palaeo-bathymetry
of the shelf during early Paleocene through late middle
Miocene times. Regional palaeo-facies maps (Nair et al. 1992;
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Seamount.

Zutshi et al. 1993) suggest that the major part of the shelf was
underlain by marine strata directly over the basaltic basement.
Sediments were deposited in deltaic to restricted marine to shal-
low marine environments (Basu et al. 1982; Zutshi et al. 1993).
Accordingly, we incorporated available palaeo-bathymetric
constraints along with the eustatic curves of Haq et al. (1987)
in our modelling.

5. Results and discussion

The stretching factor (f) is a key parameter that needs to be
accounted for when restoring an interpreted section by inverse
post-rift modelling. Different p factors cause different rates of
post-rift thermal subsidence so that flexural backstripping may
allow us to estimate bounds for predicting palaeo-bathymetry or
vice versa in an iterative fashion (Kusznir et al. 1995; Roberts
et al. 1998). This is potentially significant because rifting/extension
along continental margins cannot be assumed to be laterally uni-
form. Precise water depth constraints are essential for 1-D back-
stripping modelling. Since we did not have these constraints
across the Laxmi Basin, we believe that 1-D modelling may not
provide the best perspective while estimating regional subsidence.
Moreover, our seismic profiles are large spaced 2-D regional lines
instead of 3-D coverage, so 3-D subsidence analysis would be
untenable and unreasonable. Therefore, considering our limita-
tions, we attempted 2-D modelling as the best way to estimate
regional flexural subsidence in the present case. The 2-D modelling
approach employed here has the flexibility to choose a uniform as
well as a laterally varying B profile to determine the best-fit restored
cross-section. In order to explore model sensitivity we performed
restoration for uniform as well as laterally varying p profiles. By
using variable P across the seismic profile, flexural modelling ren-
ders more realistic estimates.

The B factor controls the lithospheric flexural strength defined
as the effective elastic thickness (T,) (Karner & Watts, 1982).
Different T, values can render different magnitudes and geometries
of deflection, such that low T, values generate a large amount of
flexure over short distances and high (T,) values result in a small
flexural response over greater distances. Sensitivity of reverse, post-
rift modelling to lithospheric flexural rigidity was evaluated
through a range of plausible T, values (T, = 0, 5, 15 and 25 km)
and the sediment unloaded basement depths were estimated (for
thermo-tectonic as well as thermal subsidence only). A T, value
of zero would correspond to local isostasy. The modelling results
show that the sediment unloaded basement depths are less sensi-
tive when T, values are close to zero (Fig. 5). It is also worthy to
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note that rifted margins (especially in the presence of large volcanic
seamounts as in this case) have low flexural rigidity for several mil-
lion years after the end of active extension (Karner & Watts, 1982;
White, 1999).

In view of the above, we estimated the T, at the end of extension
by examining the width of the flexural moat around the Raman
Seamount. The distance between the centre of the seamount
(i.e. the load) and the edge of the flexural trough is ~55 km.
Assuming a simple flexural relationship and an unbroken plate,
this provides an estimate of T, of ~6 km at the start of
Paleocene time. In view of this, a T, of 6 km was chosen for reverse
post-rift modelling, which is consistent with flexural values for pas-
sive margins based on estimates derived from active rifts (White,
1999) as well as forward modelling of sedimentary basins, such as
the North Sea and Jeanne d’Arc Basin of Newfoundland (Kusznir
et al. 1995). The flexural backstripping analysis was carried out
along dip lines IODP-04, W-05 and W-06 and strike lines
IODP-01 and IODP-02. The dip lines provide better regional esti-
mates over strike lines because of their greater length and the fact
that they cut across the basin structure.

Reverse subsidence modelling of the sedimentary sequences
could in theory be used to derive the extension factor in the centre
of the basin, but drilling has revealed that the sediments at two
IODP sites U1456 and U1457 were deposited in significant water
depths. Except for constraining the depth to being above the
carbonate compensation depth (CCD) and below the shelf edge
(>200 m), no reliable estimates have been derived from these mate-
rials (Pandey et al. 2016). This means that we have to use other
constraints to estimate the extension factor in order to correct
for the thermal subsidence. We do this by unloading the sedimen-
tary cover and seamounts from the interpreted sections down to
the igneous basement formed by extension during opening of
the Laxmi Basin. We then apply a uniform extension model from
McKenzie (1978) and, assuming an age of 66 Ma for the end of
extension, we then use this unloaded depth to estimate total crustal
extension. These values can then be applied in restoring the inter-
preted section to its estimated water depth since the end of active
extension.

5.a. Reverse post-rift modelling of I0DP-04

The E-W-oriented line IODP-04 (Figs 1, 4) is a ~450 km long dip
profile orthogonal to the coast and is divided into two domains: the
Laxmi Basin (0-340 km from the west) and the shelf margin basin
(340-450 km). The boundary between the shelf margin and the
deep basin is marked by steeply changing water depths (from
1.8 km to 3.6 km from east to west, respectively). This seismic pro-
file also traverses through short magnetic lineations (Fig. 4) iden-
tified in the Laxmi Basin (Bhattacharya et al. 1994; Bhattacharya &
Yatheesh, 2015). IODP Site U1457 is located on this seismic profile
(~80 km from the west end). Drilling and coring at Site U1457 pen-
etrated a total depth of ~1109 m below seafloor (mbsf). The thick-
ness of the Cenozoic cover on top of the igneous basement at this
site was determined to be ~1090 mbsf (Fig. 6).

As an initial exercise, we removed the entire sedimentary and
seamount load from across this seismic profile in order to deter-
mine the modern depth to basement without the loading effects
and with no correction for thermal subsidence. In doing this we
were able to generate an estimate of the extension p factors based
on the present unloaded depth and an assumed end-rift age of 66
Ma (Figs 7, 8). We used these f factors to estimate the amounts of
thermal subsidence through time since the end of extension and
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used these values in our reconstructions to progressively correct
for this process and separate this from the sediment and water load-
ing effects. Extension appears to have reached a p factor of just under
3 across much of the basin, although this increases to more than 7 in
the centre, essentially under the base of the Panikkar Seamount
(Fig. 8). A B factor of 7 is very close to full seafloor spreading and
might explain the magnetic anomalies in the basin, as melting would
be expected (McKenzie & Bickle, 1988). Alternatively, it is possible
that seafloor spreading occurred in the basin centre but with more
melting than usual and a thicker than normal crust, albeit not on the
scale of that seen in classic rifted volcanic margins in the North
Atlantic (Planke & Eldholm, 1994) or even other parts of the
Arabian Sea (Gaedicke et al. 2002; Calvés et al. 2011). While exten-
sion above a  factor of 3 is typically believed to result in melting and
magmatism in the presence of ambient upper mantle (McKenzie &
Bickle, 1988; White, 1999), the very high levels of extension in the
central part of the basin are consistent with the higher degrees of
melting evident by the presence of seamounts (Figs 7, 8). These
observations may preclude the basin-wide presence of normal
oceanic crust, but do point to very high degrees of extension in
the central part of the Laxmi Basin.

The topmost sedimentary unit on this seismic profile
corresponds to Pliocene-Recent sediments characterized by
strongly reflective sequences with occasional internal onlapping
(Fig. 4). Abundant channel-levee complexes are visible in the
uppermost part. Based on available stratigraphic knowledge
(Kolla & Coumes, 1987; Clift et al. 2002; Calves et al. 2008,
2015; Corfield et al. 2010; Misra et al. 2015) as well as new drilling
results from IODP Site U1457, this unit was interpreted as silici-
clastic turbidites supplied from the Indus Delta, with intermittent
pelagic carbonates (Pandey et al. 2016). The underlying upper
Miocene-Pliocene is interpreted as submarine fan lobe com-
plexes, as recognized on this profile through their distinct linear
strongly reflective characters.

An acoustically transparent layer that thins from north to south
and from east to west across the Laxmi Basin (Fig. 4) is observed on
this profile. This sequence is interpreted as part of an extensive
mass-transport deposit (MTD) known as the Nataraja
Submarine Slide (Calves et al. 2015). The MTD is proposed to have
been sourced from the Indian shelf edge around the middle-late
Miocene boundary before 10.8 Ma (Pandey et al. 2016). Pre-dating
the MTD is a thin, weakly bedded unit dated as Paleocene based on
biostratigraphic markers (Pandey et al. 2016). This basal unit over-
lies rugged basement topography at Site U1457. Under the shelf,
this unit is symmetrical to those belonging to the rift onset and
break-up unconformities (Pandey ef al. 2017). The Paleocene unit
pre-dates Indus Fan sediments at Site U1457 and pre-dates the
onset of India/Eurasia collision (Clift, 2006; Pandey et al. 2016).

Reverse post-rift modelling was performed along this profile to
reconstruct subsidence since the end of extension (~66 Ma).
Earlier extension (India~Madagascar break-up) at 130-120 Ma
may have affected the WCMI, but the degree of extension is
expected to be low in the Laxmi Basin area (Agrawal & Rogers,
1992; Pandey et al. 2017; Mishra et al. 2018) so that any residual
thermal subsidence had largely decayed by the time of the Laxmi
Basin opening. A series of restored cross-sections from the present
day to ~66 Ma for line IODP-04 is shown in Figure 8. We note that
the water depths in the Laxmi Basin are deep through Cenozoic
time, consistent with the drilling data, but that the top of the
Raman Seamount is close to sea level at the time of its emplace-
ment. This may explain its dimensions and flattish top that may
represent a wave-cut platform.
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emplaced prior to 10.8 Ma are not displayed on this diagram.

If the WCMI had experienced similar high degrees of extension
as seen in the Laxmi Basin, then the reverse modelling would have
predicted an erosional condition on the shelf in Palaeogene time.
However, the palaco-bathymetry estimates from boreholes on the
shelf are inconsistent with such predictions (Mohan, 1985;
Whiting et al. 1994). Spatial variations in upper crustal structure
and a variable p profile better explain the basement topography.
Our preferred sequence of restorations with our favoured param-
eters (Fig. 8) restores elevated parts of the profile closer to sea level
compared to the deep Laxmi Basin. A laterally varying f factor
from the hyper-extended part of the profile in the west to the shelf
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edge in the east is compatible with observations from similar
passive margins (Kusznir et al. 1995; Roberts et al. 1998).

5.b. Reverse post-rift modelling of strike line IODP-01

Profile IODP-01 is a ~450 km long NW-SE-oriented strike line in
the Laxmi Basin orthogonal to profiles IODP-04 and W-06. The
time-depth converted section along this profile (Fig. 9) reveals
the present-day stratigraphic succession in the Laxmi Basin.
Similar to seismic profile IODP-04, four different stratigraphic
units are identified, corresponding to the upper Paleocene to
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Fig. 7. Profiles showing the modern sediment unloaded depth to basement along three different seismic cross-sections in the Laxmi Basin (IODP-04, W-06 profiles and IODP-01)
with corresponding estimates of the p factor derived from the uniform extension model of McKenzie (1978).

Recent sediments. Our interpretation is consistent with the drilling
and coring at Site U1457 (Pandey et al. 2016). The modern water
depth along this profile remains largely uniform at ~3.5 km. The
sediment unloaded depth to the igneous basement varies around
~4-5 km with intermittent high relief (Fig. 7). The Cenozoic sedi-
ment cover thickens at the NW end of the profile, reaching up to
>3 km thick. The igneous basement shallows towards the SE end of
the profile owing to its proximity to a seamount. Details about
identified stratigraphic horizons are provided in Table 1. The back-
stripped post-rift restoration to the top of the basement along this
profile is shown in Figure 9, using the B factors derived from the
unloaded section. The relatively flat bathymetry predicted at the
end of extension and the modest changes in extension (p = 2.2
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to 2.8) means that the slope in the modern basement is largely a
function of sediment loading.

5.c. Reverse post-rift modelling of strike line W-06

Profile W-06 extends for 450 km across the Laxmi Basin (Fig. 1),
within modern water depths of up to 3.5 km and Cenozoic post-rift
strata up to 3 km thick (Fig. 10). This profile is located further
south than profile IODP-04 discussed in Section 5.a above.
IODP Site U1456 is located ~200 km from the western end of
the profile (Fig. 10). One of the distinct structural features in
the central part of this profile is a subdued volcanic body (~20
km wide, ~2.5 km thick) corresponding to the Panikkar Ridge.
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A few late-stage intrusions are also observed on this profile bet-
ween the Laxmi Ridge and the Panikkar Ridge (Pandey et al.
2016; Fig. 9). Detailed stratigraphic interpretation along this profile
is discussed by Nair et al. (in review). The Cenozoic stratigraphy
is dominated by the Miocene, including ~100 m of the Nataraja
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ment of the Raman Seamount, and (f) 66 Ma after the
end of basin extension. LB - Laxmi basin; LR - Laxmi
Ridge; RS - Raman Seamount.

400

Slide MTD, overlain by Pliocene-Recent deposits. Pliocene-
Recent successions are characterized by numerous channel-levee
feeder systems, as well as onlapping deposits. The western end
of the profile crosses the Laxmi Ridge (Fig. 10), which is a sedi-
ment-starved basement high structure in this location. Some
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signatures of compressional episodes are observed in the surround-
ing regions, in the form of localized folding in upper Neogene and
Paleocene strata (Fig. 10).

The results of backstripping W-06 are shown in Figure 10. The
Pliocene-Recent successions have a minimal effect on the palaeo-
water depth restorations, largely because they are thin. The greater
and varying thickness of the Miocene and older succession has a
larger effect on loading, especially of the flexural moat around
the Panikkar Ridge (Fig. 10). The restored model along this profile
exhibits a reduced residual topography of ~1.5 km, suggesting that
most of the modern variation is related to loading either by the
sediment cover or by the Panikkar Ridge.

It is important to note that the unloaded basement topography
on regional seismic profiles in the Laxmi Basin fails to restore close
to sea level and exhibits considerable palaeo-bathymetric varia-
tions that reflect the variable extension across the basin. Calves
et al. (2008) argued that after break-up along the WCMI at 65
Ma, the basement, at least close to the Murray Ridge, experienced
only 400 m of thermal subsidence in the 28 Ma before 37 Ma, after
which rapid subsidence occurred. These observations have a direct
bearing on the rifted margin evolution along the WCMI. Typically,
mantle plumes and their related uplift and subsidence might be
predicted to cause anomalous subsidence at rift margins (Sleep,
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Distance (km)

1990; Clift, 2005). Our restoration of the Raman Seamount close
to sea level at the end of its eruption, based on correcting for simple
thermal subsidence, suggests that if the region had experienced any
transient uplift then this must have been rather modest, less than
the 340 m predicted palaeo-bathymetry at the top of the seamount.
Earlier studies of subsidence anomalies related to the Deccan Flood
Basalt/Réunion Hotspot argue for this not being a major cause of
uplift (Calves et al. 2008) and our work is consistent with this. The
precise timing, extent and locations of rifting in the Arabian Sea
prior to ~61 Ma are debated (Pandey et al. 2016).

Based on our modelling results, we further evaluate if any oce-
anic crust was created within the Laxmi Basin at or before ~66 Ma.
Assuming typical thermal subsidence for a normal oceanic crust,
Stein & Stein (1992) predicted an average depth of 5.25 km at
66 Ma. This assumption, however, does not account for involve-
ment of any other tectonic process during the new crust formation.
Almost all the crust in the Laxmi Basin restores to modern sedi-
ment unloaded depths of less than this value, implying that wide-
spread seafloor spreading either did not occur or was limited to the
central parts of the basin. Thus, one would expect to find strongly
extended continental crust under the Laxmi Basin, assuming that
the initial crust was of normal thickness. Thicker than normal oce-
anic crust would also produce shallower than normal depths, but


https://doi.org/10.1017/S0016756818000833

844

DK Pandey et al.

|ODP Site U1456

Depth (km)
£y

Depth (km)
£

Depth (km)

@ & ———
2 =
_ 3 =
E E E
= 4F -
S 5F =
o E
E ] ] ] 1 =
(e) _ _
2 =
_ 3F 3
£ F 3
s F E
s YF —
g E 3
e 5 =
SE ey pili
® _
2 F =
_ 3 =
€ 3 E
< L,E =
% E 3 Fig. 10. Restored cross-section along dip profile W-06
0 5F = through its development. (a) Modern day, and restored
sIE 10.8Ma Basement 4 stratigraphic sections at (b) 5.33 Ma, (c) 10.9 Ma, (d) 61 Ma,
T S L3 () immediately after eruption of the Panikkar Ridge, and
9 100 200 400 400 (f) after the end of extension at 66 Ma. PR - Panikkar
Distance (km)

there is no evidence for anomalous high degrees of magmatism,
such as depth anomalies that would be predicted to be associated
with a mantle thermal anomaly (Sleep, 1990), let alone the large
anomalies linked to plume initiation (Farnetani & Richards, 1995).

Research from mid ocean ridges suggests that zero-age oceanic
crust lies in ~2-3 km (2.6 km mean) of water and is in equilibrium
with a ‘standard’ continental lithospheric column. Using the equa-
tion for the initial syn-rift subsidence (Allen & Allen, 2006), the
stretching factor required to produce ~2.5 km of subsidence would
be >3, as shown by our estimates in Figure 7. This in turn would
reduce the total crust to ~9-10 km thick, which would most likely
be highly fractured. Under such a scenario, wherever such depths
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Ridge; LR - Laxmi Ridge; LB - Laxmi Basin.

would be reached, asthenospheric upwelling and rupture are highly
likely. White & McKenzie (1989) and, subsequently, Roberts et al.
(1998) showed that while rifting, a sufficiently large  factor (e.g.
>3) can lead to substantial addition of melt at the base of the crust.
Although, dispersal of an asthenospheric temperature anomaly
may lead to >2 km of additional subsidence (Clift et al. 1995),
the thickening of the crust through magmatic underplating would
lead to a reduction in the total amount of subsidence. Thus, based
solely on the subsidence data, we cannot rule out seafloor spread-
ing in the Laxmi Basin but we favour a model of hyper-extension
and associated magmatism, especially as initial trace-element dis-
crimination plots indicate that the basement basalts at Site U1457
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have an arc-type signature that would imply some extent of litho-
spheric recycling in addition to melting from the asthenosphere
(Pandey et al. 2016). The high f factors (Figs 8, 10) and other cor-
roborating information (Pandey & Pandey, 2015; Pandey et al.
2017) imply that extremely high stretching/thinning in the
Laxmi Basin had occurred prior to ~61 Ma.

Additional evidence for extreme crustal thinning is deduced
from the seamounts in the Laxmi Basin that are flanked by deep
flexural moats at their bases (Figs 3, 4). Magnetic anomalies from
the Laxmi Basin suggest that extension, possibly involving seafloor
spreading in the latter stages, was active until ~64 Ma (Chron 28;
Bhattacharya et al. 1994) or ~56 Ma (Chron 25; Bhattacharya &
Yatheesh, 2015). Biostratigraphy from Site U1457 rules out the
younger of these two models. If these magnetic interpretations
are correct, emplacement of axial seamounts could be younger
than Anomaly 28 (~64 Ma) over highly attenuated crust, although
the non-hotspot type geochemistry of the basement at Site U1457
would favour eruption before the emplacement of the Deccan Trap
volcanic sequences at 66 Ma. Thus, the predicted residual depth
anomalies in the Laxmi Basin require explanation through possible
tectonic mechanisms (especially prior to ~61 Ma) that could
accommodate their large magnitudes. Any possible transient
(e.g. plate reorganization) or permanent tectonism (e.g. depth-
dependent stretching) that could drive considerable subsidence
would also be evident from intra-plate flexure, dynamic support
or syn-rift activities, respectively. Short-term tectonic movements
typically occur across continental margins (or abyssal basin) in
response to the intra-plate stresses (e.g. Cloetingh et al. 1990).
Such stress distributions are capable of generating flexural deflec-
tions across margins, but often their amplitudes are low, up to a few
hundred metres, and reversible after the stress relaxation
(Cloetingh et al. 1990). However, this mechanism by itself is insuf-
ficient to account for the observed subsidence in the Laxmi Basin,
which we show is compatible with simple thermal subsidence
following rifting in latest Cretaceous time. Movements of larger
amplitude, up to kilometre scale, could be linked to the dynamic
topography above mantle convective flows (e.g. Clift et al. 1995;
Hopper & Buck, 1996) for which we have no evidence in the
Laxmi Basin.

Pandey et al. (2017) argued that anomalous subsidence along the
WCMI may be related to upper mantle convective circulation asso-
ciated with rifting in the eastern Arabian Sea. Irreversible subsidence
anomalies have also been suggested to result from depth-dependent
stretching of lithosphere, which may result in subsidence in excess of
that predicted from observable normal faulting where an upper layer
(e.g. the upper crust) is stretched to a greater degree than a lower,
denser layer (Kusznir et al. 2004). Other possible causes for the
residual bathymetry could be associated with an earlier phase of rift-
ing (Mesozoic?). However, such possibilities can only be confirmed
through study of deeper crustal structure below the present base-
ment from the shelf. In view of the above discussion, we argue that
the large subsidence observed in the Laxmi Basin may have resulted
from a combination of mechanisms, involving both permanent
effects of previous lithospheric extension, as well as to some extent
transient responses to its interaction with mantle convective flow. In
general, we favour a simple model of hyper-extension in the basin in
Late Cretaceous time with limited magmatism and underplating
after the end of extension and followed by thermal subsidence, with
no significant influence of a major asthenospheric thermal anomaly.
However, we also recognize that such propositions are seldom
straightforward owing to potential uncertainties and require an
in-depth imaging of the crust in the region.
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5.d. Sediment accumulation rates

The unloaded sediments along each profile provide quantitative esti-
mates of sedimentation rates in the Laxmi Basin since the end of rift-
ing. We estimate sedimentation rates based on the unloaded section
IODP-4, described above. Sediment accumulation rates along repre-
sentative seismic profile IODP-04 are shown in Figure 11, with val-
ues calculated based on cross-sectional area if each depositional unit
was unloaded and the sediment decompacted to restore it to the
original thickness at the end of its deposition following removal
of the overlying sequences. The dip profile is divided into two struc-
tural domains, namely the Laxmi Basin (0-340 km), which is domi-
nantly filled by supply from the north, mostly the Indus Fan, and the
shelf marginal basin (341-450 km), which represents sediments sup-
plied directly from peninsular India. Given the contrasting climate
and tectonic conditions of the two sources regions, sediment supply
rates might reasonably be expected to be different in these two zones.
Rates were estimated for the dated geological periods described in the
model. The results show that the fastest sedimentation in the Laxmi
Basin and on the continental shelf occurred since 5.3 Ma (Fig. 11)
and experienced a major increase after 10.8 Ma.

Sediment accumulation rates were extremely low during
Paleocene time, consistent with the drilling results from IODP
Site U1457. The Paleocene sedimentation must have been domi-
nantly driven by flux from the Indian passive margin, as well as
limited weathering and brecciation of underlying igneous base-
ment, because the Paleocene sequence pre-dates India—Eurasia col-
lision and thus precludes any supply from a palaeo-Indus River.
High sedimentation rates during middle Miocene time mostly
reflect the emplacement of the Nataraja Slide MTD (Fig. 11).
Clift et al. (2002), Clift & Gaedicke (2002) and Gupta et al.
(2004) inferred significantly enhanced sedimentation in the
Arabian Sea during the middle-late Miocene period, attributing
it to the accelerated mass flux from the Indus River during this time
period, including of one of the largest MTDs in this region under-
lying the upper Miocene (Calves et al. 2015; Pandey et al. 2016).
Thus, the high sediment accumulation appears to have been
sourced from the Indus Fan as well as the observed MTD.
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The sediment accumulation rates estimated above are broadly
consistent with the biostratigraphically estimated sedimentation rates
from Site U1457 (Pandey et al. 2016). Calculated sedimentation rates
at Site U1457 (Fig. 6) show that the sedimentation rate during
late Miocene time was ~17 c¢m ka™', which then slowed to ~10
cm ka™! before again slowing down to ~4 cm ka™! during late
Pliocene to early Pleistocene times, albeit interrupted by a phase
of very rapid accumulation (58 cm ka™') when the drill site lay on
a depositional lobe. However, the long-term rates at Site U1457
are 51 m Ma™! from 10.8 to 5.3 Ma and then 95 m Ma™" after that
time. Increasing erosion rates after 5.3 Ma are consistent with models
arguing for enhanced continental erosion in the context of the chang-
ing climatic cycles after onset of Northern Hemisphere glaciation
(Zhang et al. 2001).

6. Conclusions

Flexural subsidence modelling of the Laxmi Basin using deep-pen-
etrating seismic reflection profiles provides a basin-wide overview of
post-rift subsidence and sedimentation. New seismic data, in asso-
ciation with the scientific drilling at Site U1457, offer new insights
into the basement tectonics and cumulative subsidence in the Laxmi
Basin since Paleocene time. Based on the restored sections and mod-
elled stretching factors, it is inferred that the Laxmi Basin has under-
gone extreme stretching of pre-existing crust since Late Cretaceous
time. This observation is also consistent with a transitional/oceanic
crust in the basin centre.

Rates of subsidence throughout Neogene and Palacogene times
are presumed to have followed normal thermal subsidence patterns
in this basin, which restores the top of the Raman Seamount to
close to sea level after its eruption. The 340 m discrepancy may
reflect inaccurate estimates of the p factor in the basin centre or
a moderate loss of dynamic support since that time. There is no
evidence for kilometre scale uplift driven by the Deccan plume.
Backstripping and decompaction-derived sediment accumulation
rates show that maximum sedimentation occurred during Plio-
Pleistocene time, similar to many basins worldwide (Zhang
et al. 2001). The initial increase dates from 10.8 Ma.
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