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Indian Ocean floor deformation induced by the
Reunion plume rather than the Tibetan Plateau

G. laffaldano™, D. R. Davies ©2 and C. DeMets?

The central Indian Ocean is considered the archetypal diffuse oceanic plate boundary. Data from seismic stratigraphy and deep-
sea drilling indicate that the contractional deformation of the Indian Ocean lithosphere commenced at 15.4-13.9 Ma, but experi-
enced a sharp increase at 8-7.5 Ma. This has been maintained through to the present day, with over 80% of the shortening accrued
over the past 8 Myr. Here we build on previous efforts to refine the form, timing and magnitude of the regional plate-motion
changes by mitigating the noise in reconstructed Indian and Capricorn plate motions relative to Somalia. Our noise-mitigated
reconstructions tightly constrain the significant speed up of the Capricorn plate over the past 8 Myr and demonstrate that the his-
tory of the Indian Ocean floor deformation cannot be explained without this plate-motion change. We propose that the Capricorn
plate-motion change is driven by an increase in the eastward-directed asthenospheric flow associated with the adjacent Reunion
plume, and quantitatively demonstrate the viability of this hypothesis. Our inference is supported by volcanic age distributions
along the Reunion hotspot track, the anomalously high residual bathymetry of the Central Indian Ridge, full-waveform seismic
tomography of the underlying asthenosphere and geochemical observations from the Central Indian Ridge. These findings chal-
lenge the commonly accepted link between the deformation of the Indian Ocean floor and the Tibetan Plateau's orogenic evolu-

tion and demonstrate that temporal variations in upwelling mantle flow can drive major tectonic events at the Earth’s surface.

ences. It describes the motion and interaction of the litho-

sphere—the Earth’s rigid outermost shell—and states that
plates move rigidly, with the deformation concentrated at nar-
row plate margins. However, an ever-growing body of geophysi-
cal observations has progressively challenged such an idealization,
providing evidence that some boundaries are more diffuse, with
deformation extending over larger areas into the plate interiors.
The central Indian Ocean is a prime example. Here the unusual
abundance of intraplate earthquakes on the Indian Ocean floor',
the widespread presence of faulted and folded sedimentary lay-
ers’™, and reconstructions of seafloor spreading rates at adjacent
mid-ocean ridges™ all indicate that what was once considered a
single Indo-Australian tectonic unit is, in fact, a system of three
plates—Capricorn (CP), India (IN) and Australia (AU)—separated
by a wide region of diffuse deformation®"* (Fig. 1). This deforma-
tion is dominated by a north-south contraction'>"*, which has
been linked to the Tibetan Plateau’s development and to temporal
variations in the convergence of the IN plate with the Eurasia (EU)
plate', the premise being that the gravitational potential energy
stored within large and growing topographic features may generate
sufficient force to buckle the oceanic lithosphere'” and resist plate
convergence'®"”. This classic and widely accepted view predicts
that the timing of lithospheric deformation in the Indian Ocean be
coincident with a slowdown of the IN/EU plate convergence and,
accordingly, lithosphere contraction in the Indian Ocean has been
linked to uplift of the Tibetan plateau®, although a growing num-
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ber of studies question such an association®

Plate tectonics is the paradigm that underpins the Earth sci-

Indian Ocean lithospheric deformation and kinematics
Comprehensive analyses of seismic stratigraphy'* and finite-rotation
data sets'>'>* recently provided tighter constraints on the timing of

the lithospheric deformation within the Indian Ocean. Seismic stra-
tigraphy data demonstrate that the contractional deformation began
at 15.4-13.9 Ma, soon after the break-up of the Indo-Australian tec-
tonic unit*, and that ~80% of the cumulative contraction occurred
since a sharp increase in IN/CP convergence rates at 8.0-7.5Ma, as
defined by plate kinematic reconstructions'". These findings place
the history of the Indian Ocean deformation in stark contrast with
that of the IN/EU plate convergence since the mid-Neogene: recon-
structions of the IN/EU plate convergence, for which the impact of
finite-rotation data noise has been mitigated*’, demonstrate that
rather than decreasing, as predicted'®, convergence increased by
almost 1 cmyr between ~11 Ma and the present day.

These findings challenge the notion that deformation of the
Indian Ocean floor is a consequence of the Tibetan plateau’s evolu-
tion. Here we show that it owes, instead, to the dynamics and resul-
tant kinematics of the CP plate. Initially, we mitigate the impact of
noise in kinematic reconstructions of the IN and CP plate motions
relative to the Somalia (SO) plate’>'>*. In a result consistent with
that of DeMets et al."”, we find that the significant increase in Indian
Ocean lithospheric deformation rates, at around 8 Ma, coincides with
a change in the CP plate motion, as opposed to IN plate motion'’;
the implication is that the history of contractional deformation—
which we infer from our noise-mitigated reconstructions and com-
pare with that derived from a recent reassessment of the available
seismic stratigraphy records'‘—cannot be explained without the CP
plate-motion change. Finally, we propose that the CP plate-motion
change is driven by an increase in the eastward-directed astheno-
spheric flow, associated with the adjacent Reunion plume, and quan-
titatively demonstrate the viability of this hypothesis.

We apply the REDBACK software””, which mitigates the
impact of finite-rotation data noise and maps the probability distri-
bution that true plate-motion changes occurred through geological
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time, to high-resolution reconstructions of IN/SO and CP/SO plate
motions since the Neogene'. Our goal is to separate true kinematic
changes from the apparent changes that result directly from data
noise—in doing so, REDBACK does not enforce smoothness of
the finite-rotation time series and maintains the temporal resolu-
tion of the reconstructions (Methods). In our specific case, these
plate-motion changes can be considered analogous to absolute
plate-motion changes of the IN and CP plates, because the absolute
motion of the reference plate SO did not change significantly over
the Neogene**.

Our analyses (Fig. 2a) indicate that a change in the IN plate
motion is highly likely to have occurred before 15Ma (driven by
the break-up of the Indo-Australian plate?*), but is less likely to have
occurred since 10 Ma. Conversely, there is a high probability that
the CP plate motion changed between 9 and 5 Ma and may also have
changed ~15Ma. The CP plate, rather than the IN plate, changed
motion simultaneously with the sharp increase in deformation rates
within the Indian Ocean lithosphere. This change amounts to an
angular velocity increase of ~20% (from 0.5 to 0.61°Myr™) and an
~350km southeastward shift of the stage Euler pole (Methods). Had
deformation been caused by a sudden change in the Tibetan pla-
teau’s elevation'*”, a marked slowdown in the kinematics of the IN
and CP plates would be expected, as they are both subject to the
outward gravitational push of Tibet.

The magnitude and orientation of contractional deformation of
the Indian Ocean lithosphere, for which the difference between the
IN and CP plate motions is a proxy, must, therefore, be linked to the
CP plate-motion change. Surface velocities (Fig. 2b) and azimuths
of motion (Fig. 2¢), calculated at a point within the central Indian
Ocean from our sets of noise-mitigated stage Euler vectors, indi-
cate that, since ~15Ma, the CP plate motion has been consistently
faster than IN plate motion, and is also oriented in a more north-
erly direction. This relative motion is compatible with the observed
north-south contraction of the Indian Ocean floor. The CP plate-
motion change, starting at ~8 Ma (Fig. 2a), is, in fact, a speedup that
is largely sustained through to the present day (Fig. 2b). We propose
that this kinematic change is an accurate proxy for the sharp and
significant increase in the Indian Ocean floor deformation rates.
Had such a change not occurred (thin blue lines in Fig. 2b,c), the
relative motion between the IN and CP plates would have been neg-
ligible, and deformation would have been smaller or accrued more
slowly. This is contrary to the observations summarized above.

We use the noise-mitigated sets of stage Euler vectors for the IN
and CP plates to test this notion by predicting the temporal evolu-
tion of shortening along the three profiles for which seismic stra-
tigraphy data and dated sedimentary layers constrain the history
of deformation (Fig. 3)'". We repeat the same calculation under
the assumption that the CP plate kinematic change, identified at
~8Ma, did not occur. When the uncertainties associated with the
data are accounted for, our analyses indicate that the contraction
of the oceanic lithosphere initiated at ~15Ma, when the CP and IN
plate motions became distinct in terms of both surface velocity and
azimuth (Fig. 2b,c). Furthermore, the comparison of our shortening
predictions with the inference from seismic stratigraphy confirms
that the sudden increase of deformation rates around 8 Ma relates
to the speedup in CP plate motion; removing this kinematic change
from the calculation results in a clear mismatch between prediction
and observation (Fig. 3). We therefore conclude that: (1) contrac-
tional deformation of the Indian Ocean lithosphere is linked to the
temporal evolution of IN/CP relative motion and (2) the speedup of
CP, beginning at 8 Ma and largely continuing through to the pres-
ent day, is responsible for the sharp increase of deformation rates
and, thus, for most (~80%) of the shortening recorded on the Indian
Ocean floor. Taken together, this evidence challenges the notion
that the Indian Ocean lithospheric deformation is linked to the evo-
lution of the Tibetan plateau.
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Fig. 1| Topography/bathymetry of the central Indian Ocean region. Black
dots denote the locations of earthquakes with moment magnitude M,,> 5,
and the area of diffuse oceanic lithosphere deformation is highlighted in
white. Red lines show the seismic stratigraphy profiles that constrain the
Neogene history of the north-south contraction'. The white star indicates
the location at which the surface velocities of Fig. 2 are calculated. CBR,
Carlsberg Ridge; CIR, Central Indian Ridge. Tectonic plates: AN, Antarctica;
AR, Arabia; AU, Australia; CP, Capricorn; EU, Eurasia; IN, India; SO, Somalia.

Reunion plume-flux impact on CP plate dynamics

We propose a driver for the speedup of CP that relates to an increase in
the effective buoyancy flux of the Reunion mantle plume and the asso-
ciated increase in shear stress at the base of the CP, due to Poiseuille-
type asthenospheric flow*2. The trace of the Reunion plume
extends southwards from the Deccan traps in India (~65Ma), along
the Chagos Bank (~47Ma), Mascarene Plateau and Nazareth Banks
(~31-33Ma), through Mauritius (~8Ma) to the island of Reunion
(present day)*** (Fig. 4a). However, despite this extensive volcanic his-
tory, which spans the entire Cenozoic, there was a hiatus in volcanism
from ~31 to 11 Ma, which points towards a reduction in the plume’s
buoyancy flux throughout this period. At ~11 Ma, however, volcanism
suddenly re-emerged along the 450 km long Rodrigues Ridge, an east-
west lineament that perpendicularly intersects the main hotspot track,
before it progresses on to Mauritius and Reunion. The re-emergence
of volcanism at this time, alongside the fact that the entire Rodrigues
Ridge was built simultaneously™, is consistent with a rapid increase
in the plume’s buoyancy flux at a time shortly before the CP speedup
identified in our noise-mitigated reconstructions. We interpret the
more-recent volcanism at Mauritius and Reunion as evidence that the
increased buoyancy flux has continued through to the present day,
which is consistent with a faster CP motion over the past ~8 Myr.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE ARTICLES
a Max. F T T T m b c T T T T T
IN/SO
CP/SO . 35° 1
o) e
E > = Z
£ £ 7
§ £ 2 300} %//
§ = < ,
£ o} 5
- 8
25° 1
NU” 1 1 1 1 1 30 O 1 1 1 1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Time before present day (Ma)

Time before present day (Ma)

Time before present day (Ma)

Fig. 2 | Noise-mitigated analyses of IN/SO and CP/SO Neogene plate kinematics. a, Probability distribution for a plate-motion change of the IN/SO and
CP/SO kinematics. b,c, Surface velocity (b) and azimuth (¢) of the motion calculated at 84.0°E, 2.0° S within the central Indian Ocean. The thin blue line
shows the pattern of CP/SO motion had the kinematic change identified at ~8 Ma not occurred. The shaded areas show a 68% confidence. CW, clockwise.

If one assumes that the increased Poiseuille-type asthenospheric
flow spreads radially and equally in all directions and that the plume
volume is conserved (Fig. 4b), this would provide a sufficient increase
in shear stress at the base of the CP to drive the plate-motion speedup
identified in our analyses: specifically, the torque change associ-
ated with this process matches, within the confidence intervals, that
required by the reconstructed CP-motion change (Fig. 4c,d; smaller
plates, like the CP, are more susceptible to such changes (Methods)).
However, there is independent evidence to suggest a more preferential
eastward-flow component, towards the CP, at ~11 Ma, which further
strengthens our argument. First, the Rodrigues Ridge is hypothesized
to have been produced by lateral flow of Reunion plume material
towards the Central Indian Ridge (CIR)™. Such a preferential lat-
eral flow is probably facilitated by the thicker continental root of the
Mascarene Plateau’, which would limit plume flow towards the north
and, therefore, contribute to the Rodrigues Ridge’s unusual geometry.
Second, our inference of a predominantly eastward flow is further
supported by: (1) the unusually high present-day residual bathymetry
(that is, the observed bathymetry minus that predicted by ocean-floor
age through the half-space thermal model) of the CIR east of Rodrigues
(Fig. 4a), where the seafloor is around 500 m shallower than that pre-
dicted by its age, with this anomalous elevation extending >1,000km
eastward; (2) recent full-waveform seismic tomography of the under-
lying asthenosphere”, which images a pattern of horizontally elon-
gated bands of low shear velocity, most prominent between 200 and
350km depth, which extends from Reunion across the CIR and (3)
geochemical analyses of samples from the CIR, which show isoto-
pic ratios that are consistent with mixing between a mid-ocean-ridge
basalt source and the Reunion plume?.

On this basis, we repeated our torque-change calculation,
but take the increased asthenospheric flow as directed eastward
(Fig. 4b). Results from these analyses (Fig. 4c,d) are also able to
satisfy the torque change required to generate the CP-motion
change at ~8 Ma, which further establishes the viability of our
hypothesis. The latter inference is compatible with the plume-
flux increase estimated directly from residual bathymetry (Fig.
4d) and is viable across the range of asthenospheric viscosi-
ties and thicknesses warranted by independent observations®*’
(Methods). The Reunion plume-flow increase systematically
delivers to CP a torque of 1.8 x10* to 8 X 10*Nm (Fig. 4d and
Supplementary Figs. 1 and 2), which is capable of driving the
observed CP speedup. The associated force per unit length, rigidly
transmitted by the CP to the ~2,000 km wide deformation area of
the Indian Ocean, is, thus, in the range 1.4 X 10" to 6 X 10" Nm™.
Such a force is sufficient to buckle the upper layer of the oceanic
lithosphere under horizontal compression (Methods) and, there-
fore, to generate the observed contractional deformation of the
Indian Ocean floor. We therefore propose that the CP speedup at
8 Ma and contemporaneous deformation across the Indian Ocean
floor are a consequence of an increase in the buoyancy flux of the
Reunion mantle plume prior to the formation of the Rodrigues
Ridge, and an increase in the flow of Reunion plume material,
towards the CIR, after its emergence south of the Mascarene
plateau. Our results demonstrate the need to decouple the evo-
lution of the Tibetan Plateau from Indian Ocean deformation
and further highlight the important role played by upwelling
mantle flow*"*? and asthenospheric dynamics*-*>*=* in shaping
surface tectonics.
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Fig. 3 | History of shortening within the central Indian Ocean. a, Shortening along the profile at longitude 81.4°E (Fig. 1) inferred from seismic stratigraphy
(green circles)'* and predicted by the noise-mitigated IN/CP motion (black). Red shows the latter, but assuming no kinematic change at ~8 Ma (that is,
corresponding to the thin blue line of Fig. 2). Grey shaded and red hatched areas indicate the 68% confidence intervals. b,¢, As in a, but for profiles along

longitudes 83.7°E (b) and 87.0°E (c), respectively.
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Methods

Noise mitigation using REDBACK software. REDBACK is open-source
software that implements trans-dimensional hierarchical Bayesian inference’**
to mitigate the impact of finite-rotation noise on stage Euler vectors, and thus on
reconstructed plate motions*>*". To achieve this, REDBACK generates millions

of models of a time series of finite rotations, and compares these to the noisy
reconstruction at hand. On the basis of the discrepancy between model and
reconstruction, REDBACK accepts or rejects a particular model—the threshold for
acceptance is randomly selected for every model to avoid local discrepancy minima
within the model space. REDBACK assigns to each accepted model a probability
of being a faithful realization of the truth on the basis of the discrepancy from the
noisy reconstruction. Next, REDBACK modifies the previously accepted model
to generate a new one to compare to the data. Such a modification is randomly
selected among five possibilities: (1) modify the magnitude of an existing plate-
motion change within the previously accepted model, (2) modify the time of an
existing plate-motion change within the previously accepted model, (3) remove
an existing plate-motion change from the previously accepted model, (4) add a
new plate-motion change to the previously accepted model and (5) rescale either
upwards or downwards the nominal covariances of the reconstruction. The
intrinsic temporal resolution of the models (that is, the number of finite rotations
that span the interval of time covered by the noisy reconstruction) is typically
>10 times finer than the reconstruction resolution. These features avoid the loss
of temporal resolution and enforce smoothness between specific points in time,
among others. The output time series of finite rotations and stage Euler vectors
are calculated as the weighted average of all the accepted models. More details on
REDBACK are given in previous studies™*°.

Noise mitigation on CP/SO and IN/SO plate motions. We used REDBACK to
mitigate the impact of finite-rotation noise in reconstructions of CP/SO and IN/
SO plate motions since around 20 Ma (ref. ©°). REDBACK parameters are listed in
Supplementary Tables 1 and 2. Finite rotations and stage Euler vectors, following
noise mitigation, are listed in Supplementary Tables 3 and 4.

Lithospheric shortening within the central Indian Ocean. Observed shortening
is the strain inferred from seismic stratigraphy and deep-sea drilling multiplied by
the length of the seismic profiles'“. To calculate the predicted shortening, we first
reconstruct the past positions of the North and South ends of the seismic profiles
using the noise-mitigated kinematics of the IN plate (for the North end) and

the CP plate (for the South end) relative to SO. Next, we calculated the geodesic
distance between the reconstructed past positions through geological time. We
calculated the 68% confidence intervals using one-million samples of finite
rotations drawn from the noise-mitigated series.

Residual bathymetry and inferred plume-flow increase. We calculated the
residual bathymetry by subtracting from the observed bathymetry*, a prediction
based upon the age of the ocean floor* using a published model™. We find that the
residual bathymetry to the east of Rodrigues is in the range 300-500 m and extends
for 1,000-2,500 km. We calculated the associated Reunion plume-flow increase by
requiring that it be equal to the asthenospheric Poiseuille-type flow (Avy;) induced
by a pressure (Ap) gradient that arises from the bathymetry residual. The relevant
equation is:

3 Hf\ﬂ_[i\Ahxngpr
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where y, and H, are the viscosity and thickness of the asthenosphere, g is the
gravitational acceleration on the Earth’s surface (9.8 ms™2), Apy,, is the density
contrast between the oceanic crust and seawater (~1,800kgm™), Ah is the residual
bathymetry (in the range 300-500 m) and Al is its lateral extent (in the range
1,000-2,500 km).

Torque changes. To calculate the torque change AM, required to explain the
change in CP motion starting at 8 Ma (Awyy), along with the 68% confidence
range, we build on previous studies that derived equations to calculate torques
upon tectonic plates’*? independent of any assumptions on driving mechanisms™.
We use the formula®

AMcp= _/A

where r is the position vector of the generic point on the lithosphere base of CP
and Ay is the spherical area of the lithosphere base of CP, which in our calculation
varies laterally depending on the ocean-floor age™ at r. We drew one-million
samples of Aw, using the eighth (6.733-8.132 Ma) and fifth (3.596-5.235 Ma)

2,
rX —(Awqpxr)dAp(r) )
cp H,

stages of the CP Euler vector series in Supplementary Table 5. From these, we
obtained one-million samples of AM.,. We calculated the 68% confidence interval
on the magnitude of the torque change required as the interval in which 68% of
the samples of |AM | occur. Similarly, we calculated the 68% confidence region
around the pole of the torque change required as the geographical region in which
68% of the samples of AM,/ |AM | occur.

We calculated the torque change (AM,;;) provided by a generic Reunion
plume-flow increase (Av,g) using the formula®:

2u
AMy; = /A X H—:AVPF(r)dACP(r) 3)

where the direction of Av,.(r) is determined by the specific pattern used (Fig. 4b
and Supplementary Fig. 2a). The magnitude |Av,g| (that is, the plume flow) is
kept as a free parameter that we took in the range from zero to what is dictated by
the present-day Reunion buoyancy flux*, assuming a density contrast of 30kgm~
between the plume and background mantle and assuming the plume-conduit
radius (75 or 150km). We use values for the ratio y1,/H, constrained jointly from
glacial rebound data and modelling of the plate dynamics (further details are given
elsewhere™**),

Buckling of a plate under a horizontal force. The theory of elasticity and flexure
predicts that a thin plate subject to a horizontal compressive force per unit length
will buckle if such a force exceeds the minimum value:

x’ EH]
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where L is the extent of the deforming layer along the direction of F, E and v
are, respectively, Young’s modulus and Poison’s ratio, and H, is the equivalent
elastic thickness of the deforming layer*. The deforming part of the Indian
Ocean lithosphere (L in the range 2,000-2,500 km) features an age between ~40
and ~80 Ma. This means that the equivalent elastic thickness (H,) of the upper,
deforming layer of the oceanic lithosphere is, at most, in the range 5-25km
(ref. *°). Furthermore, the upper part of the oceanic lithosphere features E in the
range 0.06-0.1 TPa and v in the range 0.15-0.3 (ref. °*). We map the probability
density distribution (PDD) of F,, from an ensemble of 10* samples of L, E, v
and H, uniformly distributed within the ranges above. Supplementary Fig. 3
compares the the PDD of F,, with the range of force delivered by the Reunion
plume-flux increase. The latter one is larger than the most-probable value of F,,
(~2Xx10°Nm™), and, in the most stringent conditions, larger than 90% of the PDD.

Code availability. REDBACK is released open source under the GNU
General Public License and can be obtained at http://www.iearth.org.au/codes/
REDBACK.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files.
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