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[1] Recent seismic experiments showed that separation of India from the Seychelles occurred in two phases
of rifting. The first brief phase of rifting between India and the Laxmi Ridge formed the Gop Rift, which is
characterized by thick oceanic crust and underplating of the adjacent continental margins. The age of the
Gop Rift is uncertain, initiation of seafloor spreading being some time between 71 and 66 Ma. This was
then followed by rifting and seafloor spreading between the Laxmi Ridge and the Seychelles, the onset of
which is well dated by magnetic anomalies at 63.4 Ma and characterized by thin oceanic crust. Both of
these rift events occurred within 1000 km of the center of the Deccan flood basalts, which formed at 65 +
1 Ma. To constrain the age of the Gop Rift and to explore the reasons for the change in crustal structure
between the Gop Rift and Seychelles-Laxmi Ridge margins, we employ a geodynamic model of rift evolution
in which melt volumes, seismic velocity, and rare earth element (REE) chemistry of the melt are estimated.
We explore the consequences of different thermal structures, hydration, and depletion on the melt production
during the India-Seychelles breakup to understand the reasons behind the thin oceanic crust observed.
Magmatism at the Gop Rift is consistent with a model in which the seafloor spreading began at 71 Ma,
ca. 6 Myr prior to the Deccan. The opening occurred above a hot mantle layer (temperature of 200°C, thickness
of 50 km) that we interpret as incubated Deccan material, which had spread laterally beneath the lithosphere. This
scenario is consistent with observed lower crustal seismic velocities of 7.4 km s ™' and 12 km igneous crustal
thickness. The model indicates that when the seafloor spreading migrated to the Seychelles-Laxmi Ridge at
63 Ma, the thermal anomaly was reduced significantly but not sufficient to explain the observed reduction
in breakup magmatism. From observations here of 5.2 km oceanic crust, lower crustal seismic velocities of
6.9 km s™! and a flat REE profile, we infer that breakup occurred in a region of mantle that became depleted
by prior extension related to the Gop Rift.
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1. Introduction

[2] The northwest Indian Ocean opened in two
phases of rifting between the Indian continent and
the continental block that forms the Seychelles pla-
teau [Bhattacharya et al., 1994; Minshull et al.,
2008]. The first phase of rifting and brief seafloor
spreading formed the Gop Rift and Laxmi Basin.
This was then followed by rifting and seafloor
spreading between the Laxmi Ridge and the Sey-
chelles, which continues today at the Carlsberg
Ridge (Figure 1). The Laxmi Ridge is therefore
interpreted as a fragment of continental lithosphere
that also became detached from the Indian continent,
and has been mapped beneath the thick sediments of
this part of the Indian Ocean by a distinctive nega-
tive free-air gravity anomaly [Naini and Talwani,
1982]. Magnetic data show that the two rifting
events occurred around the time of the formation of
the Deccan flood basalts, which was between 69 and
63 Ma [Pande, 2002; Courtillot and Renne, 2003].
Therefore, it could be expected that both the Gop
Rift and Seychelles-Laxmi margins would show
signs of excess magmatism, as is observed in the
North Atlantic where the rifted margin formed around
the time of the flood basalt volcanism in Greenland
and northwest Europe [e.g., White and McKenzie,
1989]. Here we report a detailed study of the for-
mation of the Northwest Indian Ocean, focusing on
understanding the timing of events that led to the
breakup of the Seychelles microcontinent from
India.

[3] During the opening of the Gop Rift up to 12 km
of igneous material was emplaced beneath the
Indian subcontinent, Laxmi Ridge and Seychelles
plateau and 9 km thick oceanic crust was formed
(Figure 2). Unfortunately the Gop Rift is just
100 km wide, making it impossible to date uniquely
from seafloor spreading anomalies. Recent forward
modeling of currently available magnetic data has
suggested that either it predates or is synchronous
with the Deccan flood basalts at 65 Ma [Minshull
et al.,2008; Collier et al., 2008; Yatheesh et al., 2009].
Note that in the magnetic models of Yatheesh et al.

[2009] a basement high known as the Palitana
Ridge is assumed to be the extinct spreading axis in
the center of the Gop Rift, whereas in the models of
Minshull et al. [2008] and Collier et al. [2008] the
axis lies on the southern boundary of the Gop Rift,
near the junction with the continental crust of the
Laxmi Ridge. The latter interpretation is consistent
with that of Malod et al. [1997], who first recognized
the Palitana Ridge, and is based on an identifica-
tion of the region of oceanic crust from wide-angle
seismic data [Minshull et al., 2008; Collier et al.,
2008]. As a result of their differing interpretation
of the extent of oceanic crust of the Gop Rift, the
models of Malod et al. [1997], Minshull et al.
[2008] and Collier et al. [2008] show the Palitana
Ridge to have a central positive magnetic anomaly
(and hence to have formed during a reversed polarity
chron), whereas the interpretation of Yatheesh et al.
[2009, Figure 8] show a central negative anomaly
(normal polarity chron). For this reason we do not
draw on the models of Yatheesh et al. [2009] further.
Minshull et al. [2008] and Collier et al. [2008]
propose several different scenarios for the age and
spreading rate of the oceanic crust within the Gop
Rift. The first aim of the modeling work presented
here is to test the ability of these previously proposed
scenarios to match the observed magmatism deter-
mined from seismic observations and so to provide
an independent constraint on the age of the Gop Rift.

[4] The oldest oceanic crust between the Laxmi
Ridge and Seychelles is of anomaly 28n age
(63.4 Ma [Collier et al., 2008]). Yet here the
oceanic crust is anomalously thin (5.2 km [Collier
et al., 2009]). The presence of thin oceanic crust
so close to regions of magmatic intrusions (under-
plate) is hard to reconcile using conventional ideas
of volcanic and nonvolcanic margin formation.
Recently we presented the model of the Seychelles-
India breakup that best fit the possible ages of the
formation of the Gop Rift [Armitage et al., 2010].
We showed that the formation of the Gop Rift con-
sequently thinned and depleted the upper mantle
prior to breakup. The second aim of the modeling
work presented here is to more fully examine the
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Figure 1. The northwest Indian Ocean, reconstructed
using the 27ny (61.65 Ma [Gradstein et al., 2005])
Euler rotation pole of Royer et al. [2002] (Lat 18.83°,
Lon 24.86°, Angle 35.411°). SP, Seychelles Plateau;
LR, Laxmi Ridge; GR, Gop Rift; CR, Continental Rise;
MP, Mascarene Plateau; MB, Mascarene Basin. The
black line indicates the reconstructed profile of Figure 2,
and the dashed line shows the 1000 km radius from the
Deccan Traps. The oldest seafloor spreading anomaly in
the northern Mascarene Basin is 33n [Bernard and
Munschy, 2000], and north of the Seychelles Plateau is
28n [Collier et al., 2008].

parameter space and highlight the uncertainties
when exploring multiple phase rifting.

2. Methods

2.1. Geodynamics

2.1.1. Equations of Mantle Creep

[s] We wish to investigate the control mantle tem-
perature, composition (depletion) and half-spreading
rates have on the evolution of the northwest Indian
Ocean. We have employed the 2-D viscous model of
the upper mantle, the asthenosphere and lithosphere,
down to 700 km depth [Armitage et al., 2009], which
was developed from Citcom [Nielsen and Hopper,
2004; Moresi and Solomatov, 1995], to the exten-
sion and breakup of the Seychelles from India.
Stokes equations of flow are solved assuming that

density variations are sufficiently small that they
only affect gravitational forces, the Bousinesq
approximation. We also assume that within the
conservation of mass we can neglect the effect of
density changes from mass transfer due to melting
[Cordery and Phipps Morgan, 1993]. Therefore,
Stokes equations are written, in tensor notation, as
follows: conservation of mass,

8141‘
=0 1
=0, (M

the conservation of momentum for an incompress-
ible fluid which undergoes melting when crossing
the solidus,

Oy Op

7:A )\,‘, 2
T )

and finally the conservation of energy [from Scott,
1992],

@_71/[-@‘#/{@7% (3)
ot o 8x/2 ¢

We use the standard summation convention where
repeated indices are summed. The u is the solid
mantle creep, 7 is the mantle temperature, 7 is the
deviatoric stress tensor, Ap is the density change due
to temperature and the generation of melt [see Nielsen
and Hopper, 2004], m is the melt production rate, «
is the thermal diffusivity, L is the latent heat of melting
and ), is a unit vector in the vertical direction (i.e.,
A1 =0, A, =1). A list of parameters used can be found
in Table 1. The latent heat of melting is given by

L =T,AS, (4)

where T}, is a mantle reference temperature of 1598 K
and AS is the change in entropy upon melting. We
model the mantle assuming a non-Newtonian rhe-
ology as defined in the study by Nielsen and Hopper
[2004]. The details of these equations and how they
are solved are covered by Armitage et al. [2008] and
Nielsen and Hopper [2004].

2.1.2. Decompression Melting of the Mantle

[] The primary melts that generate typical mid-
ocean ridge basalts (MORB) with 10%-13% MgO
are estimated to be formed at mantle potential tem-
peratures in the range of 1280 to 1400°C [Herzberg
et al, 2007]. Previous models of rifting have
used various mantle temperatures that generally fall
within this range. The choice of potential tempera-
ture, however, is quite important. McKenzie et al.
[2005] show that at mid-ocean ridges a 12.5°C
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Figure 2. Seismic structure of the conjugate Seychelles-Laxmi Ridge margins (see Figure 1 for line location). The
data for each margin were modeled independently; the methods are described by Collier et al. [2009] and Minshull

et al. [2008]. SDRS, seaward dipping reflectors.

increase in mantle temperature increases crustal
thickness by 1 km. Therefore, we explore a range of
background mantle temperatures. Melt generation
is also dependent on the change in entropy (AS).
Thermodynamic and experimental work suggest
that AS is around 300 to 400 J K" kg ' at depths up
to 3 GPa [Kojitani and Akaogi, 1997; Hirschmann
et al., 1999]. Following the experimental work of
Kojitani and Akaogi [1997] we use the upper
bound calculated by Hirschmann et al. [1999] of a
change in entropy of 400 J K" kg ".

[7] In this study, as well as the effect of mantle
potential temperature and spreading rates on the
rifted margin formation, we will investigate the
effect of mantle depletion and dehydration. There-
fore, we review the basic equations and assumptions
that allow us to simulate these effects. Following
Scott [1992], the advection of the residue due to
melting, X, which is the concentration of a perfectly
compatible trace element, is given by

88_)1‘(: —uig—i:—kirh, (5)
where ¢ is melt porosity, 7 is the melt production
rate (Table 1; for further derivation see Appendix A).
This concentration, X, of a perfectly compatible
trace element is always positive, and equal to one
when no melting has occurred. Values of X greater
than one indicate material from which melt has been

extracted, values less than one indicate material
which has had melt added by in situ freezing [Scott,
1992]. Assuming batch melting, where the melt
remains in equilibrium within the melting column
and is only removed at the upper boundary [Plank
et al., 1995], the quantity X can be related to a degree
of depletion due to melting F, as defined in the study
by Scott [1992], by

X(1-F)=1. (6)

Therefore, for small melt fractions AX = AF.

[8] The melt production rate, 7, couples the energy
balance (equation (3)) and equation of continuity of
composition (equation (5)). To calculate 7, a sol-
idus is defined. Normally the solidus is defined as a
function of depth. However here following Scott
[1992] and Phipps Morgan [2001] it is a function
of depth and depletion X,

oT, T,
real __ Yis s _
I =Ty +Z(82)X+(8X)Z(X 1), (7)

where Tgo is the dry solidus temperature at the
surface (z = 0). 75 is converted to a potential
temperature by correcting for the adiabatic temper-

ature change,
aT\ _ gaT
(&), o
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Table 1. Model Parameters and Assumed Values

Variable Meaning and Units Value
< specific heat capacity, J kg' K 1200
C instantaneous major element melt composition
C mean major element melt composition
g acceleration of gravity, m s > 9.8
F melt depletion
he crustal thickness, km
L latent heat upon melting, J mol
m dimensionless melt production rate
p pressure, Pa
AS change in entropy upon melting 400 J K kg
T mantle temperature, K
T mantle reference temperature 1598 K
T wet or dry solidus temperature, K
Tso dry solidus surface temperature, K 1373
u mantle creep, m s
V, lower crustal seismic velocity, km s~ '
X concentration of perfectly compatible trace element
o coefficient of thermal expansion 33x10° K
é strain rate, s~ '
K thermal diffusivity, m* s™' 10°°
n viscosity, Pa s
1) retained melt (porosity)
Pm mantle reference density, Kg m > 3340
1} melt density, Kg m > 2800
Ap density change due to temperature and melt generation
T deviatoric stress, Pa

leading to the solidus for a dry mantle rock,

e =ros( (&)~ (@) + (@)oo ©

The dependence on depletion adjusts the solidus as
melting continues. The depth derivative of the soli-
dus at constant depletion (07,/0z)y is assumed to
be 3.4 x 107 K m ' [Scort, 1992]. The depletion
derivative of the solidus at constant depth (07,/0x).,
or solidus depletion gradient, changes depending on
the prior depletion of the lithosphere. The solidus
depletion gradient is relatively poorly constrained.
For mantle olivine compositions, the gradient has
been previously estimated at between 200 and 440°C
[Scott, 1992; Phipps Morgan, 2001]. As melting
progresses the gradient increases. Recent experi-
ments on synthetic depleted mantle peridotite show
that the solidus depletion gradient is ~300°C for the
melting of a spinel lherzolite residual assemblage,
a fertile mantle source [Wasylenki et al., 2003]. The
gradient increases to ~900°C for a harzburgite
residual assemblage, a more depleted mantle source
[Wasylenki et al., 2003]. An increase in the solidus
depletion gradient from the melting of an increas-
ingly depleted source is also predicted from thermo-
dynamic calculations [Hirschmann et al., 1999]. To
explore the effect of this change in solidus depletion
gradient within a rift setting we varied this gradient

from 300 to 800°C to simulate the melting of an
increasingly depleted source mantle rock.

2.1.3. Decompression Melting of a Wet Mantle

[s] Melting of a mantle that contains volatiles such
as water is now generally accepted to increase
the depth of melting by ~50 km and increase the
mantle viscosity by two orders of magnitude [Hirth
and Kohlstedt, 1996; Mei and Kohlstedt, 2000;
Dixon et al., 2002; Asimow and Langmuir, 2003;
Hirschmann, 2006]. Following Armitage et al.
[2008], we introduce a wet solidus. The definition
of this solidus follows Braun et al. [2000] and
Nielsen and Hopper [2004], and is up to AT, =
200°C cooler than the dry solidus. The wet solidus
is given by

1.02 -X

e = T AT =, (10)

where wet melting occurs until a melt fraction of 2%,
AX = 0.02, is generated, or depletion X = 1.02
(Figure 3). Beyond this point the mantle is assumed
to be dry and the dry solidus defined in equation (9)
is used.

[10] Wet mantle melts at greater pressures but melt
production is low until the mantle dries out at about
2% melt depletion [Braun et al., 2000], therefore
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Figure 3. Typical temperature and melt fraction gener-
ated at the center of extension for extension of 125 km
thick lithosphere with no thermal anomaly (see Figure 4).
(a) A typical geotherm, showing the wet and the dry soli-
dus. (b) Melt depletion against depth, showing again the
dry and wet solidus and the increased melt productivity
during melting of a dry mantle.

0 km Temperature

the melt production rate is altered correspondingly
(Figure 3). The melt production rate is calculated at
each time step by calculating the position of the wet
or dry solidus. The methods for these calculations
are outlined by Armitage et al. [2009]. The igneous
crustal thickness, 4., can then be calculated, as
defined by Ito et al. [1996],

he —3<p—’”) // dxdz, (11)
u; \ pi melt

where the averages are over the melt region and u,
is the vertical velocity at the ridge axis, p,, is a
mantle reference density and p; is the melt density.

2.2. Model Initial Conditions

[11] Models are for a region of the lithosphere and
asthenosphere 700 km deep by 2800 km wide

2800. km

continental lithosphere

hot layer

0km Residue

0 km

2800 km

30
125

continental lithosphere
asthenosphere

700

Figure 4.

Initial condition for modeling the extension of the lithosphere, where the thermal anomaly is a layer of hot

mantle beneath the lithosphere. The lithosphere is assumed not to have thinned prior to extension. (top) Initial tem-
perature within the upper mantle, which includes the asthenosphere and lithosphere. The temperature at the base of the
model at 700 km depth is either 1250, 1275 m or 1315°C. The ‘hot layer’ is either 0, 25, or 50 km thick and 100 or
200°C hotter than the mantle potential temperature. (bottom) Melt residue X for the upper mantle, where the litho-

sphere is melt depleted and therefore buoyant.
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Figure 5. Igneous crustal thickness generated during

extension of continental lithosphere of 100 to 200 km
thickness with a 200°C, 50 km thick thermal anomaly.
(a) Igneous thickness against time for extension at a
half-spreading rate of 80 mm yr '. (b) As in Figure 5a
for a half-spreading rate of 20 mm yr '. (c) Peak igne-
ous thickness during breakup versus half-spreading rate.
All plots are for four different initial lithosphere thick-
ness, 100, 125, 150, and 200 km.

(Figure 4). The initial mantle temperature, which
we vary between 1250 and 1315°C, is set at the
base of the model and is held fixed at this tem-
perature through time. The surface is held at a

temperature of 0°C. The initial temperature profile
is constant until the base of the lithosphere, at
between 200 and 100 km, and then decreases lin-
early to 0°C. At the sides the temperature gradient
is zero. Velocity boundary conditions are of free
slip on the base and sides, and rifting is driven by a
divergent velocity at the surface. The position of
extension is defined by the fixed divergent velocity
boundary condition. No prethinning is introduced
[Armitage et al., 2010]. In these viscous models of
extension, we take melt generation as a proxy for
the onset of extensional volcanism related to the
rifting and eventual breakup. The finite element
models have nodal resolution of 257 by 257. Exten-
sive testing of the version of Citcom employed here
has found that it is capable of accurately recreating
rift evolution and melt generation at this resolution
[Nielsen and Hopper, 2004]. We assume the bulk
mantle composition is 49% primitive mantle and
51% MORB-like composition [McKenzie and
O’Nions, 1991; White and McKenzie, 1995].

[12] The thickness of Indian continental lithosphere
prior to the breakup of the India from the Seychelles
is uncertain. Global models of the thermal thickness
of continental lithosphere suggest Indian lithosphere
is between 200 and 160 km thick [Artemieva and
Mooney, 2001; Priestly and McKenzie, 2006]. How-
ever, a more recent regional study has suggested that
present-day Indian continental lithosphere is around
100 km thick, and it is suggested that the Indian
continental lithosphere was eroded during the 130 Ma
breakup of the Permian Gondwanaland assemblage
[Kumar et al., 2007].

[13] In the absence of a thermal anomaly, extension
of thicker lithosphere takes longer to reach the final
constant oceanic crustal thickness of 7 km than for
thinner lithosphere. However, if a thermal anomaly
is present below the lithosphere more or less melt
can be generated depending on the lithosphere
thickness and temperature of the thermal anomaly
(Figure 5). For a 50 km, 200°C hot layer beneath
thick (>100 km) lithosphere a large proportion of
the hot material will melt as the lithosphere thins and
the hot mantle rock upwells (Figures 5a and 5b). If
the lithosphere is very thick (>200 km), under the
assumption that it is not replenished, hot mantle
beneath the lithosphere will cool by thermal diffu-
sion before the lithosphere lid thins to an amount
sufficient to induce decompression melting. In the
case of a 200°C, 50 km thick thermal anomaly the
peak igneous thickness during breakup reaches a
maximum for a lithosphere thickness of ~150 km
(Figure 5c). The variation in thickness of igneous
crust generated due to a 100 km variation in initial
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Table 2. Partition Coefficients and Mantle Initial Compositions Used for Rare Earth Composition Calculations®
La Ce Pr Nd Sm Eu Gd
Depleted Mantle 0.206 0.722 0.143 0.815 0.299 0.115 0.419
Primitive Mantle 0.55 1.40 0.22 1.08 0.35 0.13 0.457
Deccan Mantle 0.376 1.054 0.181 0.945 0.324 0.122 0.438
Do 0.0035 0.0036 0.0003 0.005 0.006 0.010 0.0041
Dops 0.007 0.004 0.0095 0.0114 0.023 0.025 0.025
Dy 0.12 0.17 0.07 0.31 0.49 0.48 0.59
Dpiag 0.10 0.072 0.10 0.050 0.036 0.26 0.030
Dipinei 0.01 0.01 0.01 0.01 0.01 0.01 0.01
garnet 0.012 0.21 0.034 0.07 0.36 0.5 0.7
Tb Dy Ho Er Tm Yb Lu
Depleted Mantle 0.077 0.525 0.12 0.347 0.054 0.347 0.054
Primitive Mantle 0.084 0.57 0.13 0.372 0.058 0.372 0.057
Deccan Mantle 0.080 0.547 0.125 0.359 0.056 0.359 0.055
D, 0.008 0.013 0.010 0.022 0.04 0.026 0.041
Dopsx 0.055 0.08 0.16 0.15 0.34 0.08 0.2
Do 0.64 0.70 0.66 0.68 0.8 0.62 0.60
Dpiag 0.028 0.022 0.011 0.04 0.036 0.013 0.015
Dipinei 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Dgarner 1.10 2.7 3.6 33 3.0 5.7 6.2

*For each mineral and each rare earth, a partition coefficient has been estimated mainly from the database of Torres-Alvarado et al. [2003], with
the exception of the spinel facies and Tm in garnet, which are from McKenzie and O ’Nions [1991] and Tm in olivine, which is from Frey [1969].
The initial mantle compositions are from McKenzie and O’Nions [1991] and for the Deccan the source composition is that estimated for the
Ambenali Formation by White and McKenzie [1995].

lithosphere thickness is up to 1.5 km (Figure 5). We
are primarily interested in exploring the age con-
straints between the formation of the Gop Rift and
eventual formation of oceanic crust, rather than the
initiation of extension and breakup of the Permian
Gondwanaland. Because there is evidence for a
thinning Indian continental lithosphere since 130 Ma
and the region of the Deccan Traps is cross cut by
extensional basins, such as the Cambay Basin [Dixit
et al., 2010], we assume an initial lithosphere thick-
ness of 125 km, noting that this assumption could
lead to an under/over estimate of Gop Rift igneous
crustal thickness of 0.75 km.

2.3. Geochemistry

[14] We calculate the major and rare earth element
(REE) composition of the melt generated. The melt
composition is calculated from the melt fraction,
temperature and pressure within the melt region by
assuming incremental batch melting (see Appendix B).
The major element composition is calculated using
the methods of Armitage et al. [2009] and Armitage
et al. [2010]. Following Dean et al. [2008], the REE
melt composition is parameterized using the meth-
ods of McKenzie and O’Nions [1991] and the data
sets of Frey [1969], McKenzie and O’ Nions [1991]
and Torres-Alvarado et al. [2003] (Table 2).

[15] The major and REE compositions are tracked
as the rift scenarios evolve. We then calculate the

mean melt composition over the whole melt region,
following McKenzie and Bickle [1988],

— J J s FCxdz

T f fmelthXdZ . (12)

[16] To validate our melting model, we assume that
melting of depleted mantle should produce normal
MORB-like compositions at steady state. We have
compared our models, where the half-spreading
rate is 60 mm yr ', to MORB compositions from
the East Pacific Rise (EPR), the Carlsberg Ridge in
the Indian Ocean and the Mid-Atlantic Ridge (MAR;
Figure 6). The model is in reasonable agreement
with the observed REE pattern. For a mantle potential
temperature of 1275°C the light REE (LREE) show
a depletion that is similar to that of EPR basalts. For
a hotter potential temperature, the LREE depletion is
closer to that of the Carlsberg Ridge and MAR
basalts. For the heavy REE (HREE), we find that
our model predicts slightly more depletion than is
expected. Overall the model appears to perform well
for steady state seafloor spreading.

2.4. Seismic Velocities

[17] The prediction of major element composition
of the melt allows the seismic velocity of the oce-
anic crust and underplate to be estimated. Here we
use the relationship derived by Behn and Kelemen
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Depleted Initial Mantle Composition
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100 .
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Gd Tb Yb Lu
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Figure 6. Predicted REE composition normalized to the primitive mantle of Sun and McDonough [1989] at steady state

for a mantle temperature beneath the lithosphere of 1250, 1275, and 1315°C and half-spreading rates of 60 mm yr .

1

Predictions are compared to normal MORB from the Carlsberg Ridge at 6°N [Rehkamper and Hofimann, 1997], the East
Pacific Rise (EPR), and Mid-Atlantic Ridge (MAR) [Klein, 2004].

[2003] using a 7 oxide system: SiO,, Al,03, MgO,
FeO* (FeO + 0.9Fe,03), Ca0O, Na,O and K,O. By
using the crystallization algorithm Perple X [Connelly,
1990], the mineral data set of Holland and Powell
[1998] and the elastic moduli data set of Sobolev and
Babeyko [1994] they derive the following relationship,

V, = 6.90 — 0.011w1%Si0; + 0.037wt%MgO
+0.045wt%Ca0 (13)

for rocks within the depth range from 5 to 50 km,
with stated uncertainties of +0.13 km s~ ! [Behn and
Kelemen, 2003]. CaO is included in this relationship
because Behn and Kelemen [2003] include the gar-
net phase. This parametrization does not include
further major elements, because the inclusion of
other elements did not improve the fit of their linear
regression of calculated V), [Behn and Kelemen,
2003]. Given the uncertainties involved in these
calculations we assume the same depth of crystalli-
zation for both underplate and oceanic crust.

3. Results

[18] Oceanic crust adjacent to the Seychelles-Laxmi
margin is about 25% thinner than the global average
[Collier et al., 2009]. Three possible explanations
for the crustal thickness will be explored, as follows.

[19] 1. The mantle was abnormally cool at the time
of rifting and onset of seafloor spreading. We inves-
tigate the possibility that the asthenospheric mantle
was at the cooler end of the range of reasonable

temperatures by modeling rift evolution with mantle
potential temperatures of 1250, 1275 or 1315°C.

[20] 2. The high melt production that led to the
underplating and thickened oceanic crust under
the Gop Rift depleted the mantle to such an extent
that when the center of extension shifted into the
Seychelles-Laxmi region, the mantle was less fer-
tile. To simulate such a scenario we alter the solidus
depletion gradient, (07,/0X)., to values between for
melting of a normal mantle and 800°C for melting of
a depleted mantle.

[21]1 3. The melting of the mantle during the
opening of the Gop Rift dehydrated the mantle. If
the mantle did not rehydrate, then when breakup
occurred between Laxmi Ridge and the Seychelles
the subsequent melting may be of a dry mantle.
This would cause the melting region to reduce in
size, as mantle that is volatile poor starts to melt at
a shallower depth, which could have produced thin
oceanic crust.

3.1. Individual Extensional Episodes

[22] First we will explore the evolution of the
Gop Rift and Seychelles-Laxmi margins alone. This
allows us to select the likely rift scenarios for the
final combined simulation of the breakup of India
and the Seychelles presented in section 3.2.

3.1.1. Gop Rift

[23] The formation of the Gop Rift resulted in the
generation of significant volumes of melt [Minshull
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Table 3. Possible Ages and Half-Spreading Rates for the Oceanic Crust Within the Gop Rift*
Approximate Age Half-Spreading Rate
Reference Chron (Ma) (mm yr 1)

Collier et al. [2008] 29r to 28r 65.5 to 64.5 26

Collier et al. [2008] 31r to 29r 70 to 65 6

Collier et al. [2008] 32n.1r to 31r 71.5 to 70.5 68
Yatheesh et al. [2009] 32r to 251 71 to 56 5 (at breakup)
Yatheesh et al. [2009] 29r to 25r 65 to 56 30 (at breakup)

For comparison, the main phase of the Deccan occurred within anomaly 29r, which is dated 65 + 1 Ma [Courtillot and Renne, 2003].

et al., 2008]. The igneous material is up to 12 km
thick and thins to 9 km. It formed approximately
1000 km to the west of the possible Deccan thermal
anomaly (see Figure 1), opened either prior to, or
is synchronous with the formation of the Deccan
flood basalts, and it extended at different spreading
rates (Table 3, scenarios 1 to 3 [Collier et al., 2008]).
REE element inversions suggest that the Deccan
thermal anomaly was between 100 and 200°C
hotter than background mantle potential temperature
[White and McKenzie, 1995]. According to the
plume model, the thickness of the hot layer that
spread out beneath the lithosphere is dependent on
the shape of its base and flux of hot material deliv-
ered from the thermal plume [Sleep, 1996]. We
assume the plume has spread laterally such that its
thickness is 50 km, as modeled at the Southeast
Greenland margin at a similar lateral distance from
the Iceland plume at the time of rifting [Nielsen and
Hopper, 2004; Armitage et al., 2008] (see Figure 4).
We also test the effect of assuming a thinner hot
layer of 25 km thickness corresponding to a 16-fold
reduction in plume flux [Ribe and Christensen,
1994; Sleep, 1996]. We assume that at the start
of the model run that there is no sublithospheric
topography.

[24] Simulations of the extension that formed the
Gop Rift show that spreading rates must have
significantly exceeded 5 mm yr ' to produce
excess magmatism (Figure 7). The thermal anom-
aly also was likely at least 50 km thick, as we find
for a 25 km thick thermal anomaly that melt gen-
eration during early extension is only slightly ele-
vated above that without any anomaly (Figure 8).
If the thermal anomaly was just 100°C then the
lower crustal seismic velocities during early exten-
sion do not provide a good match to the trend of
observations for both background mantle tem-
peratures (Figures 7c and 7d). For spreading rates
of 80 mm yr ! and a 50 km thick thermal anomaly
of 200°C both trends in igneous thickness and
lower crustal seismic velocity are better matched
(Figures 7a and 7b).

[25] The comparison of igneous thickness observa-
tions to modeled thickness favor a background
mantle temperature below the lithosphere of 1275°C
during the formation of the Gop Rift. But given the
uncertainties involved, these models cannot distin-
guish between the two tested half-spreading rates
of 20 and 80 mm yr '. Both these spreading rates
produce thicknesses of igneous material that are in
general agreement with the measured igneous thick-
ness. If the Gop Rift opened with half-spreading
rates of ~80 mm yr ', then it formed prior to the
extrusion of the Deccan flood basalts (Table 3).
Opening with half-spreading rates of ~20 mm yr '
would suggest that the Gop Rift was synchronous
with the Deccan flood basalts. To differentiate
between these two models we later model the
combined evolution of the Gop Rift and Seychelles-
Laxmi Ridge margins.

3.1.2. Seychelles-Laxmi Ridge Margins

[26] The Seychelles-Laxmi Ridge margins show
little signs of excess volcanics. There are a few
seaward dipping reflector series, yet at 5.2 km the
oceanic crust is anomalously thin [Minshull et al.,
2008; Collier et al., 2009]. Unlike the Gop Rift,
there is a long, unbroken seafloor spreading sequence
allowing for robust determination of rates and ages.
From magnetic anomaly modeling it has been shown
that the Seychelles-Laxmi margin opened with half-
spreading rates of 60 mm yr ' [Collier et al., 2008].
The first step we take is to model the Seychelles-
Laxmi Ridge forming independently of the Gop Rift,
to assess what controlling factors in the model would
cause reasonable reductions in crustal thickness
from the global average of ~7 km [Bown and White,
1994]. The initial conditions are as in Figure 4 but
without the thermal anomaly. Again we assume that
at the start of the model run that there is no sub-
lithospheric topography.

[27]1 The first factor is a reduction in background
mantle temperature. To match the global average
thickness, for our models, we find a mantle tem-
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Figure 7. Seismic velocity and igneous crustal thickness (equation (11)) from simulations of the Gop Rift.
(a) Seismic velocity of the lower crust and igneous crustal thickness during extension where the background mantle
temperature beneath the lithosphere is 1315°C, and additionally there is a thermal anomaly of 200°C and 50 km thick.
Half-spreading rates are 5, 20, or 80 mm yr . Predicted seismic velocity and igneous thickness (lines) are compared
to observations (triangles, Figure 2) [Minshull et al., 2008] that are temporally matched to extension at 80 mm yr '
(open triangles) and extension at 20 mm yr ! (black triangles). (b) As in Figure 7a but the mantle temperature is 1275°C
and the thermal anomaly is 200°C and 50 km thick. (¢) As in Figure 7b but the mantle temperature is 1315°C and the
thermal anomaly is 100°C and 50 km thick. (d) As in Figure 7c but the mantle temperature is 1275°C and the thermal

anomaly is 100°C and 50 km thick.
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Gop Rift with 200 °C, 25 km thick thermal
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Figure 8. Igneous crustal thickness for a 200°C and

25 km thick thermal anomaly. (a) Igneous crustal
thickness during extension where the mantle beneath
the lithosphere is 1315°C. Half-spreading rates are
20 or 80 mm yr . Predicted igneous thickness (lines) are
compared to observations (triangles, Figure 2) [Minshull
et al., 2008] that are temporally matched to extension at
80 mm yr ' (open triangles) and extension at 20 mm yr '
(black triangles). (b) As in Figure 8a but the background
mantle temperature is 1275°C.

perature beneath the lithosphere of 1275°C is
required. Within our models we therefore assume
that a mantle potential temperature of 1275°C is
normal. For seafloor spreading at a half-spreading
rate of 60 mm yr ', the mantle potential temperature
would have to be reduced by 25°C to match the
observed thinner crust (Figure 9a).

[28] Rather than the mantle cooling, the mantle
beneath the Seychelles may have become depleted
and dehydrated due to the prior extensional events
that formed the Gop Rift. Similarly any plume
material that lay under the lithosphere may also
have become depleted and dehydrated due to the
formation of the Gop Rift. To explore the con-
sequences of these scenarios we simulated the for-
mation of the Seychelles-Laxmi Ridge where the
mantle is dehydrated (Figure 9b) and then included
the effect of increasing the solidus depletion gradi-
ent of both the wet and dry solidus from 300 to 600
and 800°C (Figures 9c and 9d). If the mantle were

considerably melt depleted, then we would expect
it to be completely dehydrated. However, the
timescale for the mantle to rehydrate is not well
constrained.

[29] If the mantle is wet then melting begins at
greater pressures (Figure 3) [Hirth and Kohlstedt,
1996]. Consequently the melt region stretches
over a deeper and wider region. If the mantle is dry
then this deeper region of the lithosphere will not
melt and the predicted igneous crustal thickness is
reduced by ~1 km (Figure 9b). Increasing the sol-
idus depletion gradient likewise causes a reduction
in igneous crustal thickness and seismic velocities,
because of decreased fertility. Extension of the lith-
osphere above a very depleted mantle, that has been
melted to such a degree that the solidus depletion
gradient is 800°C, would reduce the crustal thick-
ness generated by melting of a mantle of background
temperature of 1275°C to 4.2 km (Figure 9c¢). If the
mantle were both dry and very melt depleted then the
igneous crustal thickness would be further reduced
to 3.2 km (Figure 9d), which is less than that
observed.

[30] Therefore, there are two possibilities to explain
the thin crust; that the mantle cooled after the for-
mation of the Gop Rift (dashed line, Figure 9a), or
that the mantle became mildly depleted and not
entirely dehydrated (dashed line, Figure 9c). Both of
these scenarios are in agreement with the observed
seismic velocities.

3.1.3. Seychelles: Rare Earth Elements

[31] The observed REE composition of three dredged
seamounts off the northern Seychelles plateau
appear to lie on a trend between the Ambenali
Formations from the Deccan and that of normal
MORB produced at the modern Carlsberg Ridge
[Collier et al., 2008]. Therefore, there may be a
component of the Deccan source within these early
oceanic crustal samples.

[32] The steady state solution of our simulation
of the formation of the Seychelles-Laxmi Ridge
margins is representative of seafloor spreading, and
as such the REE composition of the melts gener-
ated at steady state is close to the normal MORB
composition (Figure 6). We now apply the model
to try to understand the flat REE profile of basalts
from the foot of the Seychelles plateau (Figure 10).
Samples from dredge 3 have an age of ~60 Ma
from *°Ar/°Ar dating and so these rocks were
emplaced 3 to 4 Myr after breakup had occurred
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Figure 9. Seismic velocity and igneous crustal thickness (equation (11)) from simulations of the Seychelles-Laxmi
Ridge margins. The half-spreading rate is 60 mm yr '. (a) Seismic velocity of the lower crust and igneous crustal
thickness during extension, where the mantle beneath the lithosphere is either 1250, 1275, and 1315°C. The circles
and crosses mark the observed lower crustal seismic velocities and igneous thickness at the Seychelles and Laxmi
Ridges, respectively [Collier et al., 2009], matched to model breakup time. (b) Seismic velocity and igneous crustal
thickness during extension for mantle temperature of 1275°C, where the mantle is pristine (wet melting) or dehydrated
(dry melting). (c) Seismic velocity and igneous crustal thickness during extension for mantle of a temperature of
1275°C, where the solidus depletion gradient (equation (9)) is either 300 (not depleted), 600 (mildly depleted), or
800°C (very depleted). (d) As in Figure 9c but the mantle is dehydrated.
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Figure 10. Predicted (colored lines) and observed (black lines) REE compositions at the Seychelles margin. (a) The
mantle beneath the lithosphere is of 1250, 1275, and 1315°C, with a solidus depletion gradient of 300°C. (b) Melting
of a dehydrated mantle with a solidus depletion gradient of 300°C. (c¢) Melting of depleted mantle with a solidus
depletion gradient of 600°C. (d) Melting of a depleted and dehydrated mantle with a solidus depletion gradient of
600°C. Predictions are compared to analysis of dredge samples from the northern Seychelles margin [Collier et al.,
2008]. The locations of these dredges are shown in Figure 2.

[Collier et al., 2008]. We compare REE composi-
tions of the dredge samples with those predicted
6 Myr after initiation of extension within the model,
once steady state oceanic crustal thickness is
achieved.

[33] For melting of a Deccan-like mantle (see
Table 2) the predicted REE composition for all
plausible mantle potential temperatures is too
depleted in the HREE when compared to the
Seychelles dredge samples (Figure 10a). Earlier
we suggested that the anomalously thin oceanic
crust may be due to melting of a depleted and
dehydrated mantle or a cooler mantle. To further
assess the consequences of these scenarios, we
compare predicted REE compositions to the dredge
samples. Increasing the depletion solidus gradient,
to simulate melting of a depleted mantle has the
effect of enriching both LREE and to a lesser extent
HREEs (Figure 10c). The effect of assuming a
dehydrated mantle is to slightly enrich the HREE
and deplete the LREE (Figures 10b and 10d).There

is also a slight depletion of Eu from melting above a
dry mantle, as there is a greater proportion of melt
that forms feldspars (melting in the plagioclase sta-
bility field).

[34] The increase in seismic velocities predicted
from the major element compositions suggested
that melting of a dehydrated mantle is unlikely to
be the cause of the thin crust off the Seychelles
(Figure 9). Likewise, the REE composition pre-
dictions also suggest that melting of a dehydrated
mantle is unlikely. As was the case for our mod-
eling of normal MORB (Figure 6), we find that
our model predictions in general overestimate the
depletion of the HREE. We conclude that the
cause of the thin crust offshore Seychelles is either
melting of a depleted mantle or a drop in mantle
temperatures. We will now apply these two con-
cepts to a combined model of the formation of both
the Gop Rift and the Seychelles-Laxmi Ridge
margin.
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(a) Gop Rift opening with a half spreading rate of 20 mm/yr, Seychelles at 60 mm/yr
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Ocean. (a) The Gop Rift forms at a half-spreading rate of 20 mm yr
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Seismic velocity of the lower crust and igneous crustal thickness for the evolving northwest Indian

! at ~67 Ma. This is followed by the formation

of the Seychelles-Laxmi Ridge margin at 65 Ma. The grey shaded region marks the time interval between the two
episodes when there is no extension. The triangles, circles, and crosses mark the observed seismic velocity and crustal
thickness at both margins [Minshull et al., 2008; Collier et al., 2009]. (b) As in Figure 11a but the Gop Rift forms at a

half-spreading rate of 80 mm yr ' at 71 Ma.

3.2. Multiphase Extension

[35] Our modeling of the Gop Rift presented in
section 3.1.1 has shown that the thermal anomaly
beneath the Gop Rift was ~200°C, half-spreading
rates were at least 20 mm yr ', and the background
mantle temperature below the lithosphere was greater
than 1250°C. Our modeling of the Seychelles-Laxmi
Ridge margin, presented in section 3.1.2, has shown
that the mantle temperature was less than 1315°C,
and that the mantle may have been depleted when the
margin formed. In this section, we model the evolu-
tion of the two margins combined. We wish to
understand the connection between the thick crust
of the Gop Rift and the thin oceanic crust formed by
the young Carlseberg Ridge, and to better constrain
the ages of the events that resulted in the breakup
between the Seychelles and India.

[36] We explore the two scenarios of the evolution
of the northwest Indian Ocean determined by
magnetic anomaly modeling [Collier et al., 2008]
that are compatible with the modeling work pre-
sented in section 3.1. The first scenario is that within
the Gop Rift seafloor spreading began at around
66 Ma, at a half-spreading rate of ~20 mm yr ',
and was quickly (1 Myr) followed by the seafloor
spreading between the Seychelles-Laxmi Ridge

margins at a half-spreading rate of 60 mm yr '. The
second scenario is that seafloor spreading within the
Gop Rift began at around 71 Ma, at a half-spreading
rate of ~80 mm yr ' and, after 8 Myr, was followed
by seafloor spreading between the Seychelles-Laxmi
Ridge margins at a half-spreading rate of 60 mm yr .
Our work presented in section 3.1.2 showed that any
thermal anomaly must be exhausted or cool signifi-
cantly prior to the formation of the Seychelles-

Laxmi Ridge margins.

[37] Building on our analysis in section 3.1 we
assume that the mantle temperature beneath the
lithosphere was a little cooler than the suggested
global temperature of 1315°C [McKenzie et al.,
2005], and model the combined rift evolution with
a mantle temperature of 1275°C. We begin with the
initial conditions as Figure 4 with no prethinning of
the lithosphere as in sections 3.1.1 and 3.1.2. The
Gop Rift is first simulated by imposing extension at
a half-spreading rate of 20 or 80 mm yr '. The
lithosphere cools and thickens due to thermal dif-
fusion for 1 or 8 Myr before the center of extension
migrates south of the Laxmi Ridge and extension is
imposed between the Laxmi Ridge and Seychelles.

[38] The results of the combined modeling of the
two margins are shown in Figure 11. If the formation
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Figure 12. Structure of the lithosphere and mantle for our preferred model. (a) Structure during the formation of the
Gop Rift at a half-spreading rate of 80 mm yr '. The mantle temperature beneath the extending lithosphere is 1275°C,
and the thermal anomaly is initially 50 km thick and 200°C. (top row) Temperature, (middle row) melt depletion (see
equation (5)), and (bottom row) melt fraction and streamlines of flow. (b) Structure during the initial formation of the
Seychelles-Laxmi Ridge margins at a half-spreading rate of 60 mm yr .

of the Gop Rift was synchronous with the Deccan
flood basalts, then there is a very short, 1 Myr
period of time during which the center of extension
migrated southward of the Laxmi Ridge. The igne-
ous crustal thickness generated in this scenario is
too thin when compared to the observations at the
Gop Rift and too thick for the later oceanic crust
(Figure 11a). Instead, if the two episodes of exten-
sion were separated by 8 Myr, for a 200°C thermal
anomaly, the igneous crustal thickness of the Gop
Rift is reproduced, but the crustal thickness between
the Seychelles and Laxmi Ridge is still too high,
between 7 and 6 km (Figure 11b, solid line). This
is because in both scenarios the thermal anomaly
has not cooled sufficiently. Reducing the thermal
anomaly to 100°C degrades the fit to the Gop Rift
observations without significantly improving the
fit to the Seychelles-Laxmi Ridge observations
(Figure 11, dashed lines)

[39] The formation of the Gop Rift left behind a
region of depleted mantle (Figure 12a). Despite
the migration of extension southwest of the Laxmi

Ridge, the mantle remains depleted (Figure 12b).
Unfortunately, our model is unable to track indi-
vidual points in the residual mantle with different
melting characteristics. However, as in section 3.1.2,
we can assume that the mantle melted during the
formation of the Seychelles-Laxmi Ridge margin is
uniformly depleted. With an increase in the solidus
depletion gradient to 600°C, the modeled igneous
crustal thickness for the Seychelles-Laxmi Ridge is
reduced to 5 km, as observed, for both rift history
scenarios (Figure 13).

[40] Thus our work shows that it is more likely that
the Gop Rift was formed during a pre-Deccan period
of extension for two reasons. Firstly, if the Gop Rift
formed at very fast spreading rates (~80 mm yr ')
then the observed crustal thickness and seismic
velocity can be reconciled (Figure 13). Secondly, the
increased time between phases of extension allows
the mantle to cool by thermal diffusion.

[41] In summary, we infer the following: (1) the
Gop Rift and Seychelles-Laxmi Ridge formed above
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(a) As Figure 11 with depleted melting during the formation of Seychelles/Laxmi Ridge
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Figure 13. Seismic velocity of the lower crust, igneous crustal thickness for the evolving northwest Indian Ocean
where the mantle becomes depleted. (a) The Gop Rift forms at a half-spreading rate of 20 mm yr ' at ~67 Ma. This is
then followed by the formation of the Seychelles-Laxmi Ridge margins at 65 Ma, where the mantle is depleted and
the solidus depletion gradient is 600°C. (b) As Figure 13a but the Gop Rift forms at a half-spreading rate of 80 mm yr ' at
71 Ma. The 200°C hot layer phase (solid line) is our best-fit model [Armitage et al., 2010].

amantle of 1275°C, (2) the Gop Rift formed above a
~200°C, 50 km thick thermal anomaly with a half-
spreading rate of 80 mm yr ' and opened at around
71 Myr, up to 4 Ma prior to the main phase of the
Deccan flood basalts, and (3) the melting due to the
thermal anomaly likely led to the depletion of
the mantle prior to the extension and breakup of
the Seychelles-Laxmi Ridge margin, leading to the
observed thin, low seismic velocity oceanic crust
and flat REE profile.

4. Discussion

4.1. Relative Timing of Extension
and Flood Basalt Eruption

[42] Our modeling work presented here, together
with our analysis of seismic [Minshull et al., 2008;
Collier et al.,2009] and magnetic data [ Collier et al.,
2008], suggests that the separation of the Seychelles
from India occurred in two phases, one before and
the other shortly after the eruption of the bulk of the
Deccan flood basalts. Although an early phase of
extension has been previously recognized in the Gop
Rift/Laxmi Ridge area [Bhattacharya et al., 1994;
Malod et al., 1997], most workers have to date only
considered a single phase of extension leading up

to the production of seafloor-spreading magnetic
anomalies between the Seychelles and India. Our
model shows that it is not possible to generate the
oceanic crust observed across this region with a
single rift event. A small degree of extension could
have occurred in both regions prior to breakup and
that would require protracted period of extension
leading to eventual breakup between the Seychelles
and Laxmi Ridge to match our preferred timings.

[43] The relative timing of the extension that cul-
minated in the continental breakup of India and the
Seychelles and the main tholeiitic phase of flood
volcanism has been long debated in the case of the
Deccan, and it is one of the key observations for
understanding its causal mechanism [Courtillot et
al., 1999; Sheth, 2000]. The orientations of feeder
dykes at various sites across the Deccan province,
for example, have been previously interpreted to
imply both pre-eruption and posteruption extension.
Kent et al. [1992] argued that dykes in and around
the Narmada Rift in the north of the province, that
have been dated as 67-64 Ma [Bhattacharji et al.,
1996], show a strong east-west alignment indicat-
ing that extension here was underway before flood
basalt eruption. They further argue that similarly
oriented dykes, dated as 73—69 Ma [Dickin et al.,
1986], are also found in the Seychelles. The Gop
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Rift is parallel to this trend, and so the extension and
seafloor spreading recorded there is entirely con-
sistent with the onshore strain pattern. Alternatively,
Hooper [1990] and Hooper et al. [2010] dismiss the
significance of this older alkaline series of east-west
orientated dykes, and conclude that because a
younger series of tholeiitic dykes to the south were
randomly orientated extension must have occurred
shortly after the main eruption event. Our model,
with episodes of lithospheric extension either side of
the onshore Deccan eruption resolves this contro-
versy by suggesting that in fact both interpretations
of the feeder dyke orientations may be correct.

[4] We cannot address the cause of rift migration
within our model [see Armitage et al., 2009]. In our
study area the pattern of extension is 3-D in nature
as extension propagated northward and we only
have a single transect. This is particularly relevant
as the continental blocks involved are compara-
tively small. Prior to the opening of the Gop Rift,
the extension was taken up in the Mascarene basin,
to the south of the Seychelles block (Figure 1).
Unfortunately the identification of seafloor spread-
ing anomalies in this basin has proved difficult, but
Bernard and Munschy [2000] identify anomaly
32/33 to be the youngest anomalies in the north of
the basin, which is entirely consistent with our
geodynamically favored model of the Gop Rift
opening during anomalies 31 and 32. This initial
ridge jump is consistent with previous observations
that the arrival of a mantle plume can lead to
migration of spreading centers [Jurine et al., 2005;
Mittelsteadt et al., 2008, 2011]. Migration of the
spreading center toward the plume is dependent on
the degree of heating produced by the presence of
hot mantle at the base of the lithosphere, the gener-
ation of melt and propagation of that melt through
the lithosphere, leading to weakening [Mittelsteadt
et al., 2008]. Migration is toward the plume, or if
the degree if heating is low the plume may be cap-
tured by the spreading center [Mittelsteadt et al.,
2011]. However, during the time period of our
study, seafloor spreading continued in the Mascarene
basin, although it progressively retreated southward,
with the youngest magnetic anomaly being found at
its southern margin being 27, which is again con-
sistent with the establishment of a south-eastward
propagating Carlsberg Ridge to the north.

[45] Something that is more difficult to speculate
on is why the Gop Rift, once established did not
carry on to develop into an mature ocean basin.
Extension above incubated hot mantle formed the
underplate beneath the Gop Rift. Intruded melt in

the crust can lead to weakening and the migration
of the center of extension [e.g., Corti et al., 2003;
Yamasaki and Gernigon, 2009]. The numerical
modeling study of Yamasaki and Gernigon [2010]
suggests that it is possible that the migration of the
center of the extension to the west of the Laxmi
Ridge was a by product of the alteration of the
strength of the lithosphere due to the intrusion of
magmatic material. This proposed mechanism would
require that extension was present in both the Gop Rift
and Seychelles/Lamxi Ridge regions prior to breakup.
In our model we impose two distinct extension events
separated by 8 Myr, but we cannot rule out that
extension prior to the significant production of melt
could have occurred across the region.

4.2. Plume Incubation

[46] We have reproduced successfully our offshore
geophysical observations with a numerical model
in which a hot layer arrived beneath a thinning
lithosphere in the Gop Rift area around 72 Ma. The
origin of the Deccan flood basalts has been related
to a possible mantle plume that has since migrated
southwest ward forming the Chagos-Laccadive Ridge,
Mascarene Ridge and Réunion Island [Richards
et al., 1989; White and McKenzie, 1989]. Anderson
[1994] offers a counter suggestion, that edge-driven
convection due to the variation in lithospheric
thickness beneath the Indian subcontinent and the
surrounding basins could cause decompression melt-
ing. However, the strength of edge-driven convec-
tion is highly dependent on the choice of rheology
[Korenaga et al., 2002]. Our modeling work is built
upon that of Nielsen and Hopper [2004] who found
that the convection that nucleated off the edge of
250 km thick continental lithosphere did not gen-
erate significant amounts of melt. Equally, edge-
driven convection does not strongly nucleate during
the inter-rift period within our model. The lack of
vigorous edge-driven convection is in agreement
with the scaling arguments of Sleep [2007]. It is
therefore unlikely that edge-driven convection could
provide the excess melt generation that would be
necessary to explain the Deccan Traps and under-
plate observed in the Gop Rift.

[47] In order to match the temporal variation in the
thickness and P wave seismic velocities of the melt
produced, we require a hot layer that is comparable
in terms of excess temperature (200°C) and dimen-
sions (50 km thick at ~1000 km from the center of
the associated flood basalt province) to that expected
for a new mantle plume as it impacts and spreads out
beneath the lithosphere [Hill et al., 1992; Cambell,
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2007]. Hence our work supports the plume incuba-
tion as opposed to the plume impact model, with a
mantle thermal anomaly in place below western
India at least 7 Ma before the main tholeiitic erup-
tion. Interestingly, the age that we determine for the
initiation of seafloor spreading in of the Gop Rift
shortly postdates the 73.4 to 72.0 Ma age of the Bibai
volcanics in the Tethyan suture zone of Pakistan that
have been previously interpreted as representing an
early phase of Réunion hot spot activity [Mahoney et
al., 2002]. Further evidence of volcanic activity on
the periphery of Greater India (India and Seychelles)
around this time comes from the presence of thick
pillow lavas within Upper Cretaceous sediment in
commercial drill holes on the southern Seychelles
Plateau [Plummer, 1995]. We conclude that the
pattern of volcanic activity at this early stage was
not directly controlled by the location of the plume
axis, but rather reflected areas of thin lithosphere
as envisaged by Thompson and Gibson [1991] and
Ebinger and Sleep [1998].

[48] An implication of the age of the Gop Rift
magmatic extensional event is that there may have
been significant pre-Deccan vertical uplift of west-
emn India. Recognizing such an event onshore is
difficult and controversial due to the thick pile of
volcanics and posteruption history [Saunders et al.,
2007]. Furthermore, the interaction of a plume head
with continental lithosphere can lead to a complex
pattern of uplift and subsidence [Burov and Guillou-
Frottier, 2005]. However, perhaps the most con-
vincing evidence of vertical uplift to date is the
record of a significant increase in sediment deposi-
tional flux within deep offshore wells during the
Late Campanian and Early Maastrichian (72 to
69 Ma [Halkett et al., 2001]). This observation is
consistent with the onset of seafloor spreading in the
Gop Rift during this period. A ~71 Ma pre-Deccan
event may also explain why previous analyses of
apatite fission track data have been unable to detect
distinct denudation signals due to the separation
of Madagascar (at ~84 Ma) and the Seychelles
(63.4 Ma) from India [Gunnell et al., 2003]. The
intermediate Gop Rift event would have blurred
the temporal signal of these other two continental
breakup events.

4.3. Cool Mantle Under the Indian Ocean?

[49] In comparison to the North Atlantic margins, a
50°C lower background mantle temperature in the
northwest Indian Ocean is required to fit the later
parts of the volcanic history and steady state crustal

thickness, once the hot layer is exhausted [4rmitage
et al., 2008, 2009]. This temperature difference of
50°C for the mantle potential temperature is not
geodynamically significant other than decreasing
overall melt production. Regional differences in
mantle potential temperature of this magnitude may
well be present naturally within the upper mantle
worldwide [Anderson, 2000]. Alternatively, the hotter
background asthenosphere in the Atlantic case may
be due to continental insulation effects, with North
America—Europe being stationary above the rising
plume, whereas Greater India was moving rapidly
northward at the time of plume impact (180-200 mm
yr ' during the late Cretaceous [Gaina et al., 2007)).

5. Conclusions

[so0] We have developed a geodynamic model of
rift evolution that is capable of predicting oceanic
crustal thickness, seismic velocity, and REE and
major element melt compositions. We find that this
model can reproduce the normal MORB REE and
major element profiles [Armitage et al., 2008].
Given that the model performs well for the steady
state conditions, we have then applied the model to
the anomalous rifting styles in the northwest Indian
Ocean: the volcanic Gop Rift that is in close prox-
imity to the Deccan flood basalts, which is followed
by the apparently magma starved Seychelles-Laxmi
Ridge margin [Minshull et al., 2008; Collier et al.,
2008].

[5s1] The Gop Rift is a narrow volcanic rifted
margin with significant underplating [Minshull et
al., 2008]. Unfortunately, as it is so narrow, mag-
netic anomaly modeling has been unable to date
uniquely the formation of this rift. By using our
geodynamic model of rift evolution, we were able
to discriminate between models compatible with
magmatic anomaly observations and find that sea-
floor spreading in the Gop Rift began at 71 Ma. The
underplate is related to a thermal anomaly incubated
under the Indian subcontinent. This thermal anom-
aly is likely from the Deccan thermal plume, which
we suggest impacted the lithosphere up to 8 Myr
prior to the eruption of the Deccan flood basalts. The
plume spread laterally upon impact, and when the
Gop Rift extended and rifted, at 71 Ma it tapped this
hot mantle, causing excess melt production.

[52] After ~1 Myr of seafloor spreading extension
at the Gop Rift ended. When extension migrated,
8 Myr later, the spreading center shifted southward,
possibly due to the presence of weaker fragments
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of continental lithosphere and the thermal anomaly
had dissipated due to melting and cooling. The
oceanic crust generated during the formation of
the Seychelles-Laxmi Ridge margin is surprisingly
thin. This reduced melt production is likely due
to depletion of the mantle due to the earlier large
melting event that formed the Gop Ritt.

[s3] It is clear that the factors that control rifting are
complex, and that small changes in depletion and
mantle temperature can cause dramatic changes in
the melt production and subsequent crustal thick-
ness. The Seychelles-Laxmi Ridge margin has pre-
viously been assumed to be magmatic as it is close to
the Deccan flood basalts. We have however shown
by resolving the age of formation of the Gop Rift
that the mantle was likely depleted and despite the
proximity of this margin to a possible thermal plume,
thin oceanic crust could still be generated.

Appendix A: Melting Residue

[s4] Following Scott [1992], the amount of melting
is modeled using a completely compatible trace
element, i.e., one that has a partition coefficient
D — oo. This completely compatible element re-
mains always within the solid as melting progresses.
From McKenzie [1984], the mass balance for liquid,
density p;, and solid, p,, are governed by

0 (i9) +V - (pipv) = e

ot Dt (A1)

2 (1= o)+ 9 (a1 - o) = - 22,

(A2)
DM/Dt is the rate at which mass is transferred from
the matrix to the melt, v and u are the liquid and solid
velocities and ¢ is the porosity. From equation (A2),
the solid composition Cy is given by the following
conservation [Spiegelman, 1996],

DM

D (01 = )C) + T - (ps(1 — HWCy) = — o

BT (A3)

and by substitution of equation (A2) into an
expanded equation (A3) we get,

0C;
Cr)l; +II'VCS= (17

1) Cs DM (A4)

Our equation (A4) matches with the completely
compatible trace element concentration, X of Scott
[1992], where the rate of mass transfer DM/Dt = p, m,

ox X
ZhuVX =,

ot 1—¢ (43)

and 71 is the dimensionless melt production rate. In
tensor notation this becomes

8X—_ a_X_i_L
= —u; 17¢>m.

E 8)(?[ (A6)

Appendix B

B1. Rare Earth Element Melt Composition

[ss] The composition of an element, #, in the melt,
[, is defined as from Albarede [1995]

_ iy
Ciy= M (B1)
and the melt fraction is
M,
=— B2
F=i (B2)

where m is the mass of the element in the melt
phase, M is the mass of the melt phase and M, is
the initial mass. In order to calculate the compo-
sition of the melt, /, from the solid, s, composition
we use the bulk distribution coefficient, as defined
in the study by Langmuir et al. [1992]

(B3)

[s6] Mass conservation means that the initial mass
of all phases is given by
My = M; + M, (B4)

and the mass of each element in all phases is given
by

my = my + m. (B5)

Within our model we assume that at each time step
melt and solid matrix are in equilibrium with each
other. Furthermore, following lto et al. [1999],
Nielsen and Hopper [2004] and Armitage et al.
[2008], we make the simplifying assumption that
all melt is extracted after each time step, where
each time step is of the order of 40,000 years.
Therefore, melt extraction is assumed to be faster
than ~2 m yr ' assuming that the deepest melts are
formed at around 100 km, as modeled in the study
by Armitage et al. [2008]. If melt extraction is by
porous flow through the mantle matrix alone, then
such an extraction velocity cannot be justified, but
melt is likely removed more rapidly from the melt
region by high-porosity channels [Kelemen et al.,
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Table B1. Mineral Proportions, P,,;,c-.s> for the Calculation
of Partition Coefficients, From McKenzie and O’Nions [1991]

POI POpx PCp)c PPlag PSpinel PGamer

Plagioclase peridotite 0.636 0.263 0.012 0.089 - -
Spinel peridotite 0.578 0.270 0.119 - 0.033 -
Garnet peridotite 0.598 0.211 0.076 - - 0115

1997; Holtzman et al., 2003; Stracke et al., 2006].
Therefore, at each new time step, n + 1, the melt is
generated from the solid residual from the previous
time step, #,

M = M My (B6)

and

m" = mt (B7)
This is incremental batch melting, where at each
time step the melt generated is removed.

[s71 The composition of an element at time step 7 is
defined as

n n

mi,l n mi,s
M Ci,.\' = Mn . (BS)
i s

G =
We also define the change in melt fraction between
time steps as

MVH»I
5F =

(B9)

From equation (B6), if we divide through by M
then we find
n+1

1 —6F =—*—.
My

(B10)

Likewise, from dividing equation (B7) by M,’, and
substituting from the definitions of the composition
of elements in solid and melt (equation (B8)) and
the change in melt fraction (equation (B9)) then we
find

Ct o= C' (1 = 6F) + C6F, Bl1
i is il

and for the melt composition, from equation (B3),

n
C(Hrl _ Cin
il D;

(B12)

Once melt and solid have been separated, the solid
composition is the advected following equation (A3),
using the Petrov-Galerkin method [Brooks and
Hughes, 1982].

B2. Rare Earth Melt Composition
Parameterization

[ss] The bulk distribution coefficients, D;, for each
element take the form of constant Berthold-Nernst
partition coefficients for the different mineral facies.
The peridotite facies composition, either plagio-
clase, spinel or garnet, of the mantle within the
melting region is taken to be simply dependent on
pressure and temperature [McKenzie and O Nions,
1991]. The decompressing mantle will melt as it
passes through the stability fields of garnet, spinel
and plagioclase peridotites. Note, amphibole peri-
dotite is not modeled as wet melting in the mid-
ocean ridge and rifting scenario is too deep and at
too high a temperature for amphibole to be stable
[Grove et al.,2006; Médard et al., 2006]. Following
[McKenzie and O’Nions, 1991], the plagioclase
stability field is defined as at depths shallower than
25 km for all temperatures; the spinel stability field
is defined as between 35 km depth and the spinel-out
boundary,

T + 400
DPspinel—out = Wv

(B13)
and finally the garnet stability field, which is at
depths greater than the garnet-in boundary,

T+ 533

— B14
666.7 ' (B14)

Pgarnet—in =

where p is pressure in Pa and 7 in °C is the tem-
perature in the mantle. The Berthold-Nernst parti-
tion coefficient is then given as the sum of the
constituent mineral partition coefficients, D, erai
depending on the proportion of minerals within the
facies stability field, P,,;,era» (Tables 2 and B1),

Difacies = »_ PisDi, (B15)
%

where i is the element and k is the mineral. If the
temperature and depth fall between these stability
fields then the Berthold-Nernst partition coefficient
is calculated by linear interpolation between the
values within the stability fields.

Appendix C: Decompression Melting
of a Depleted Mantle Source

[s9] We compare our incremental batch melting
model with the simple fractional and batch melting
curves for the three peridotite facies through which
melting occurs. The REE composition from simple
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Figure C1.

A comparison of the fractional (black solid, dashed, and dotted lines) and batch (red solid, dashed, and

dotted lines) melting curves for the plagioclase, spinel, and garnet peridotite stability fields with our incremental batch
melting model of the formation of Seychelles-Laxmi Ridge margins. Mantle background temperature is either 1250,

1275, or 1315°C, and half-spreading rates are 60 mm yr

—1

. The REE compositions for the incremental batch melting

are plotted against the mean melt fraction and evolve through time where at time zero the melt fraction is zero.

fractional melting is predicted using [from Langmuir
etal., 1992]

Gu_ 1y _ g

=g =), )
and for simple batch melting,

Cor _ : (C2)

Co F(1-D)+D’

where F is melt depletion, D is the bulk distribution
coefficient and Cj is the initial source mantle com-
position. The incremental batch melting model as
would be expected is between these two end member
cases (Figure C1).

[60] Melt production within the geodynamic mod-
els is initially deep and is in the stability field of
garnet peridotite. This pattern is reproduced within
the REE compositions, which for the heavy REE
(HREE; for example Dy and YD), are initially close

to the simple batch or fractional melting curve for
garnet (Figure C1). As melting progresses and the
model evolves, melting is shallower and mainly
in the spinel peridotite stability fields. This is as
expected for normal mid-ocean ridge dynamics
[McKenzie and O’Nions, 1991]. For the lighter rare
earth elements (LREE; for example La), incremental
batch melting predicts melt compositions that are
greater than the simple fractional melting curves
would predict and more like simple batch melting
(Figure C1).
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