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Could the Réunion plume have thinned the Indian craton?

Jyotirmoy Paul* and Attreyee Ghosh

Centre for Earth Sciences, Indian Institute of Science, Bangalore 560012, India

ABSTRACT

Thick and highly viscous roots are the key to cratonic survival. Nevertheless, cratonic roots
can be destroyed under certain geological scenarios. Eruption of mantle plumes underneath
cratons can reduce root viscosity and thus make them more prone to deformation by mantle
convection. It has been proposed that the Indian craton could have been thinned due to eruption
of the Réunion plume underneath it at ca. 65 Ma. In this study, we constructed spherical
time-dependent forward mantle convection models to investigate whether the Réunion plume
eruption could have reduced the Indian craton thickness. Along with testing the effect of
different strengths of craton and its surrounding asthenosphere, we examined the effect of
temperature-dependent viscosity on craton deformation. Our results show that the plume-
induced thermomechanical erosion could have reduced the Indian craton thickness by as much
as ~130 km in the presence of temperature-dependent viscosity. We also find that the plume
material could have lubricated the lithosphere-asthenosphere boundary region beneath the
Indian plate. This could be a potential reason for acceleration of the Indian plate since 65 Ma.

INTRODUCTION

Cratonic lithosphere commonly reaches a
thickness of 250-300 km, which is more than
twice the thickness of the average lithosphere
(~100 km) (e.g., Conrad and Lithgow-Bertel-
loni, 2006). Thick and highly viscous roots are
the primary reasons for the survival of cratons
over billions of years (Lenardic et al., 2003; Paul
and Ghosh, 2020). However, some cratons have
been reported to have been completely destroyed
(e.g., North China craton; Wang et al., 2016) or
partially destroyed (e.g., Tanzania craton; Wang
et al., 2016) depending on various geological
conditions (Lee et al., 2011) and shape (Cooper
etal., 2020). Newer studies have suggested that
formation of a weak mid-lithospheric disconti-
nuity could also be a potential reason for craton
destruction (Kovacs et al., 2021). The thickness
of the Indian craton has so far remained con-
troversial. Using teleseismic P-wave arrivals,
Srinagesh et al. (1989) showed the South Indian
craton to be ~300 km thick. Artemieva (2006)
estimated the thermal thickness of the Indian
craton to be ~230 km. A magnetotelluric study
found the Indian craton thickness to be at least
200 km (Naganjaneyulu and Santosh, 2012).
Using pressure-temperature calculations from
kimberlite xenoliths, Ganguly and Bhattacharya
(1987) estimated that the South Indian craton
was >185 km thick during the mid-Proterozoic.
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Maurya et al. (2016) estimated various thick-
nesses of the Indian craton ranging from 120 km
to 250 km, from their surface-wave inversion
study. In contrast to those studies, Pandey and
Agrawal (1999) studied the thermal structure of
the Indian craton and found the average thick-
ness to be restricted to ~104 km, which is quite
thin compared to the global average craton thick-
ness. Conrad and Lithgow-Bertelloni (2006),
in their global model, also found a very thin
craton thickness of ~100 km under the Indian
plate. Koptev and Ershov (2011) estimated the
thermal thickness of the Indian craton to be
~80-120 km. Another P-wave receiver function
study found that the eastern Indian craton thick-
ness is restricted to 78-81 km (Mandal, 2017).
Kumar et al. (2007) used a receiver function to
showed that the Indian craton thickness barely
exceeds 100 km. Recent studies by Singh et al.
(2021) also argued for a thinner Indian craton.
One possible explanation for a thinner Indian
cratonic lithosphere is its interaction with sev-
eral mantle plumes (Kumar et al., 2007; Cande
and Stegman, 2011; van Hinsbergen et al., 2011)
as it was splitting from Gondwanaland (Fig. 1).

Mantle plumes can weaken the base of
the lithosphere, which could be mechanically
eroded by the convective stresses exerted by
mantle flow (Davies, 1994). We tested this
hypothesis on the Indian craton to evaluate the
effect of eruption of the Réunion plume on the
craton thickness. We examined several models
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of different craton and asthenosphere viscosities.
We also incorporated temperature-dependent
viscosity to analyze the effect of plume-induced
weakening on craton thinning, and discuss its
implication on the higher velocity of the Indian
plate since 65 Ma.

CONVECTION MODELING

We developed time-dependent forward man-
tle convection models from 65 Ma to the present
day using CitcomS software (Zhong et al., 2000;
https://geodynamics.org/cig/software/citcoms/).
Outputs were generated at ~1° x 1° horizon-
tal resolution and ~24 km vertical resolution to
300 km depth. The present-day craton locations
were obtained from Nataf and Ricard (1996),
and then reconstructed back to 65 Ma using the
Matthews et al. (2016) reconstruction model in
GPlates software (Boyden et al., 2011; https://
www.gplates.org). We used reconstructed plate
velocities at 1 m.y. intervals to drive mantle
convection from 65 Ma to the present day. The
Rayleigh number, thermal diffusivity, thermal
expansion coefficient, and reference viscosity
were 4 x 108, 10°m?%s, 3 x 1075 K~!, and 10*!
Pa-s, respectively. We inserted a mantle plume
with a temperature of 1600 °C (800 °C hot-
ter than the ambient mantle) at the location of
the Réunion hotspot (55°E, 20°S) (Figs. 1 and
2). Because it is impossible to know the exact
shape of the plume at 65 Ma, we constructed
the geometry of the plume based on the general
idea that a plume has a thick head (Campbell,
2005), a broad tail, and a pinched intermediate
part (French and Romanowicz, 2015). In our
models, the plume has a thick head of ~1000 km
diameter to 600 km depth, followed by a nar-
row tail having a radius of ~600 km between
600 and 2000 km depth, and a broad base of
~1000 km diameter from 2000 km depth to the
core-mantle boundary (Fig. 2A).

We divided the mantle into four different
rheological layers (lithosphere, 0-100 km;
asthenosphere, 100-300 km; upper mantle,
300-660 km; lower mantle, 660-2900 km) of
different relative viscosities normalized against
the reference viscosity of 10! Pa-s. Viscosity of
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Figure 1. Map showing
location of the Indian
plate at different times
using the plate recon-
struction model of
Matthews et al. (2016). The
location of the Indian lith-
osphere at 65 Ma, 90 Ma,
and 120 Ma is shown in
magenta, green, and blue,
65 Ma e respectively; present-
day location is shown in
purple. Red circles indi-

90 Ma cate locations of four
labeled hotspots. Pres-
120 Ma ent-day locations of other

smaller plates are shown

.Ker ulen
9 in different colors.

Figure 2. Viscosity isosurface maps showing the evolution of the Indian craton in the pres-
ence of the Réunion plume from the model with asthenosphere and craton viscosity (relative
to the reference viscosity of 102" Pa-s) combination of (1, 100) and E = 10 (where E indicates
strength of temperature dependence of viscosity; see text). Réunion plume is marked by
red color, and cratons are marked by blue. Respective times are listed in each panel. With
time, plume material is dragged along the Indian plate and might have formed a lubricated
lithosphere-asthenosphere boundary underneath the plate. Arrows indicate reconstructed
plate velocities. Colored arrows represent velocities of different plates. The surface of the
white sphere indicates the core-mantle boundary. Black and white borders indicate coastline.

the lithosphere was kept constant at 30 x 10%
Pa-s; viscosity of the asthenosphere was varied
between 10?° and 10! Pa-s (relative viscosity of
0.1-1). Upper-mantle viscosity was same as the
reference viscosity of 107! Pa-s, and the lower
mantle was 50x more viscous than the upper
mantle. Cratons were made 100x to 1000x
more viscous than their surroundings, and ini-
tially were 300 km thick. With these viscosity
combinations, we created four primary models:
(0.1, 100), (0.1, 1000), (1, 100), and (1, 1000),
where the two numbers within each pair of
parentheses denote the relative viscosity of the
asthenosphere and of the craton, respectively.
We neglected other weaker viscosity combina-
tions because our previous studies showed that
they are unable to support the craton’s long-
term stability (Paul et al., 2019; Paul and Ghosh,
2020). In our models, cratons are characterized
by their high viscosity, i.e., >30 x 10?' Pa-s in
the top 100 km, and >10?' and >10?* Pa-s at
100-300 km depth when asthenosphere viscosi-
ties are 10% and 10* Pa-s, respectively.

We calculated temperature-dependent vis-
cosity (n) according to the linearized Arrhenius
law, n =m, X explE(T, — T)], where m, is the
ambient layer viscosity, T and 7, are the non-
dimensionalized actual and reference tempera-
tures, respectively, and E indicates the strength
of temperature dependence. With increasing
values of E, higher-temperature anomalies
produce low-viscosity regions, and vice versa.
We tested three different E values of 0, 5, and
10, which translate to 1x, 10x, and 100x of
viscosity variation compared to the reference
viscosity, to examine the effect of temperature-
dependent viscosity on Indian craton dynamics.
There are four scenarios for each relative viscos-
ity combination model. First, we investigated the
evolution of the Indian craton in the absence of
a plume. Next, we included a plume but kept
E = 0. Subsequently, we increased the values
of E to 5 and 10. From these models, we infer
the nature of the evolution of the Indian craton.

PLUME-CRATON INTERACTION

The Indian craton self-consistently evolves
in our models under the influence of plate-
driven mantle convection coupled with plume-
induced buoyancy (Fig. 2). In the presence of
a plume, the model with relative viscosity of
the asthenosphere and craton as (1, 100), along
with a strong temperature-dependent viscosity
(E = 10), shows significant weakening of the
craton base, which subsequently gets eroded by
mantle flow (Figs. 3A-3D; Fig. S2 and Video S1
in the Supplemental Material'). Visible thinning

'Supplemental Material. Supplemental Figures
S1-S5 and Videos S1-S4. Please visit https:/
doi.org/10.1130/GEOL.S.16985356 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 3. Three-dimensional cross sections showing the thinning of the Indian craton in the
presence of the Réunion plume. Section is 450 km deep and restricted within the coordinates
of 30°E to 90°E and 60°S to 30°N. Colors represent the log of viscosity (visc) normalized against
reference viscosity of 10?' Pa-s (visc,). Cratons are marked by shades of blue, and the plume
is indicated by shades of red. Relative (normalized) viscosity of the asthenosphere and craton
is (1, 100) in this model, and E =10 (where E indicates strength of temperature dependence
of viscosity; see text). At 48 Ma, the craton has already started thinning (B). In D, parts of the
thick South African craton can be seen beside the thinned Indian craton. White borders indi-

cate coastlines at the respective times.

appears after ~15 m.y. (i.e., at ca. 50 Ma), and
at least 60—70 km of root is found to have been
destroyed by the present day (Fig. 3D; Fig. S2).
The hot plume material is dragged by the Indian
plate (Fig. 2) and makes the lithosphere-astheno-
sphere boundary (LAB) weaker. Approximately
50 km of thinning of the Indian non-cratonic
lithosphere is observed in this model (Fig. S2;
Video S1). When E =5, root thickness gets
reduced by ~10-20 km (Fig. S3; Video S2).
For E = 0, there is no reduction of root, but
slight vertical stretching of ~20 km is observed
after 40 Ma (Fig. S4; Video S3). Similar vertical
stretching is observed in the absence of a plume
(Fig. S5; Video S4).

We calculated the areal deformation (d) of
the Indian craton at each depth using the formula
d=100 x (A, —A,)/A, where A, is the initial
area of the Indian craton at 65 Ma at a particular
depth, and A, is the area of the craton at any time
t at the same depth. If d remains close to 0, it
indicates that there is no net deformation of the
craton. When d reaches —100% at a particular
depth, it indicates complete destruction of the
craton at that depth. For example, if d becomes
—100% at 265 km depth at 50 Ma, it implies a
reduction of 35 km of root thickness within the
first 15 m.y. (Fig. S1). Thus we translated the
horizontal areal deformation into vertical root
reduction (Table S1).

In the absence of a plume, the areal deforma-
tion curves for the model with relative astheno-

sphere and craton viscosity of (1, 100) remain
close to 0 at 265 and 240 km depths, indicating
no root has been destroyed (Figs. 4A and 4B;
Table S1). The craton root also remains intact for
E = 0. An areal reduction of ~75% is observed
at 265 km depth for the £ =5 model. For
E =10, —100% deformation occurs at 265 km
and 240 km, indicating that at least 60 km of
craton root has been destroyed; 35 km reduction
takes place within the first 15 m.y., and 60 km
thinning occurs after 35 m.y.

Models with the relative viscosity combina-
tion of asthenosphere and craton of (0.1, 100)
(Figs. 4C—4F) show —100% areal deformation
at 240 km depth, except in the case without a
plume (Fig. 4D). In the presence of the plume,
an initial 35 km of root reduction occurs within
the first 7-8 m.y. (Fig. 4C). For E = 0, 60 km
of root reduction takes place within 27 m.y.
(Fig. 4D). With temperature-dependent vis-
cosity (E =5, 10), 60 km of reduction occurs
within the first 12 m.y. For £ = 5, ~110 km of
root destruction happens within the first 42 m.y.,
and for £ = 10, within the first ~20 m.y. Also,
for £ = 10, a total of ~130 km of root gets
destroyed in 65 m.y. (Fig. 4F; Table S1). Cra-
tons with viscosity 1000 x that of their surround-
ings show at least 35 km of root destruction,
regardless of asthenospheric strength, in the
presence of strong temperature-dependent vis-
cosity (E = 10) (Figs. 4G and 4H). However,
this thinning takes place after 35-50 m.y.
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PLUME-INDUCED
THERMOMECHANICAL EROSION
OF THE CRATON

The major eruption of the Réunion plume
resulted in the formation of the Deccan plateau
(cf. Sharma et al., 2021), and its further mag-
matic activities are evident in the hotspot tracks
in the Indian Ocean (Peters and Day, 2017). The
plume eruption likely affected the dynamics of
the Indian plate by inducing plate acceleration
(Cande and Stegman, 2011) and continental
breakup (Koptev et al., 2019) and by thinning
the cratonic root under the plate (Kumar et al.,
2007). In the presence of temperature-dependent
viscosity, the plume weakens the base of the
cratonic root. Due to plume-induced weaken-
ing, the cratonic root does not effectively stay
“cratonic”. Such a weaker root is thermome-
chanically eroded by the convective stresses
exerted by mantle flow (Davies, 1994; Paul
etal., 2019) and eventually gets assimilated into
the surrounding asthenosphere. The intensity of
weakening and mechanical erosion depends to
some extent on the distance between the craton
and the plume. If the plume is far away from the
craton, thermomechanical erosion is mostly con-
fined along the craton edge (Wang et al., 2015).
In our models, the plume is just below the Indian
craton, as it actually was at 65 Ma, resulting
in extensive weakening of the craton interior.
Moreover, because the Indian craton is smaller
in size compared to other cratons (e.g., the South
African craton), the effect of the plume-induced
thermomechanical erosion is more profound.

Melting of a plume head could also poten-
tially lead to recratonization (Liu et al., 2021).
Our models do not produce melt generated from
the Réunion plume. However, Bredow et al.
(2017) showed that melt generation is insig-
nificant below the thicker Indian lithosphere;
instead, the melt has a tendency to migrate
toward the thinner lithosphere away from the
thick craton. Such deflection of plume-generated
melt in the presence of a thick cratonic root has
also been modeled under the Tanzanian cra-
ton (Koptev et al., 2015). Hence, the presence
of melt is unlikely to significantly change the
effect of thermomechanical erosion of the cra-
tonic root.

IMPLICATION FOR INDIAN PLATE
VELOCITY

Thinning of the Indian craton due to plume-
induced weakening did not happen instanta-
neously at 65 Ma. In our weakest viscosity com-
bination case of (0.1, 100), the earliest 35 km
root reduction took at least 5 m.y.; i.e., after
60 Ma (Fig. 4C). In other models, this reduc-
tion takes place much later. Kumar et al. (2007)
proposed that the thinning of the Indian craton
is a potential reason for the higher velocity of
the Indian plate since ca. 65 Ma. Though we
observe cratonic thinning in our models, the
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cratonic root does not reduce to a significant
extent when the peak velocity of the Indian
plate is thought to have occurred (ca. 65-63 Ma;
Pusok and Stegman, 2020). Pusok and Stegman
(2020) also showed that the initial acceleration
decayed by ca. 63—62 Ma and a second phase
of higher velocity started at ca. 60 Ma that was
sustained until ca. 52 Ma. They invoked a double
subduction zone to explain the sustained higher
velocity over ~10 m.y.

Thinning of the Indian craton could have con-
tributed to the second phase of velocity increase,
provided the craton is 100 x more viscous com-
pared to its surroundings and the asthenosphere
viscosity is restricted to 10% Pa-s (0.1, 100). Apart
from this viscosity combination, the reduction
of cratonic root takes place mostly after 50 Ma,
implying that thinning of the craton may not have
played a significant role in accelerating the Indian

10

—100

60 50 40 30

Time (Ma)

plate. Nevertheless, plume-induced weakening
also reduces the non-cratonic lithosphere thick-
ness by as much as ~50 km (Fig. S2), which
might have played an important role in conti-
nental breakup (e.g., Koptev et al., 2019). Addi-
tionally, the hot plume material is dragged along
with the Indian plate (Fig. 2), which could make
the LAB 10x-100x weaker beneath the Indian
plate. This weakening could effectively lubricate
the LAB by reducing the frictional drag between
the mantle and the overriding lithospheric plate
(van Hinsbergen et al., 2011). The presence of a
lubricated LAB could be a potential reason for
the sustained higher velocity of the Indian plate
until ca. 5045 Ma.
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