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Multi-Mode Waveform Tomography of the Indian Ocean
Upper and Mid-Mantle Around the Réunion Hotspot

M. D. Wamba' ©, J.-P. Montagner' 0, B. Romanowicz"** ¢, and G. Barruol

"Université de Paris/Institut de physique du globe de Paris, UMR CNRS 7154, Paris, France, *Collége de France, Paris,
France, 3Univcrsity of California, Berkely, Berkeley, CA, USA

Abstract Réunion Island in the western Indian Ocean is well known as one of the most active
volcanic hotspots on Earth. Its birth, ~65Ma ago, created the Deccan volcanic traps in India (almost 2
million km?), associated with the Cretaceous-Tertiary boundary and with the extinction of about 90% of
life on the Earth, including dinosaurs. However, the deep structure of the underlying mantle, the potential
presence of a rising plume and its exact geometry in the lower and in the upper mantle are still subjects of
debates. The use of seismic data acquired by the French-German RHUM-RUM experiment in the Indian
Ocean around the Réunion volcanic hotspot (2012-2013) and the collection of broadband seismic data
from temporary experiments and from the FDSN (Federation of Digital Seismograph Networks) data
center make it possible to investigate the deep structure of the Réunion mantle plume along its complete
track, from its birth to its present stage, with a lateral resolution of ~600 km. So far, global seismic
tomography models cannot provide such high resolution images of the transition zone or lower mantle
in this region. In this study, we used the spectral element method (SEM) to perform waveform forward
modeling for several thousand paths beneath the Indian Ocean, and normal mode perturbation theory to
compute the gradient and the Hessian for the inverse part of the tomography. Using this hybrid method,
we derived a regional tomographic model (including teleseismic and regional events) beneath the Indian
Ocean, down to ~1200 km depth, from simultaneous inversion of fundamental and higher mode three
components waveforms down to 40 s period. Our model retrieves a low-velocity channel extending from
West to East in the western side of the Central Indian Ridge, in the depth range of 150-250 km. It also
reveals a plume conduit with a broad head in the upper mantle and narrow tail anchored in the lower
mantle at 1,200 km depth or deeper. The connection between the Réunion hotspot and the South-Africa
Large Low-Shear Velocity Province (LLSVP) is also brought to light. Our findings suggest a long-lived
Réunion hotspot, since the lower part of the conduit appears to be anchored in the lower mantle, likely
fed by the African LLSVP. Our results will guide further geochemical and geodynamic studies on the
interaction between the lower transition zone (660-1,000 km) and the deep lower mantle beneath the
Réunion hotspot.

Plain Language Summary We present a model of the upper-mantle structure beneath the
Indian ocean obtained by full waveform inversion of three-component seismograms collected from global
and regional seismic networks, including ocean bottom stations of the RHUM-RUM project, for several
thousand paths that provide good coverage of the region, with focus on the deep structure beneath the
Reunion hotspot volcano. Our model features a low-velocity channel extending from West to East in

the western side of the Central Indian Ridge, in the depth range of 150-250 km. It also reveals a plume
conduit with a broad head in the upper mantle and narrow tail anchored in the lower mantle at 1,200 km
depth or deeper, beneath the Reunion hotspot. The connection between the Réunion hotspot and the
South-Africa Large Low-Shear Velocity Province (LLSVP) is also brought to light. Our findings suggest

a long-lived Réunion hotspot, since the lower part of the conduit appears to be anchored in the lower
mantle.

1. Introduction

The Indian Ocean covers a tectonically interesting area of the world, involving three principal plates (the
Afro-Nubian, Antarctica and Indo-Australian plates) with some remarkable, not yet fully understood fea-
tures, such as the Indian Ocean Geoid Low (IOGL), the lowest large scale geoid anomaly on earth (Negi
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et al., 1987), the diffuse plate boundary between the Indian plate and the Australian continent (e.g., Berg-
man & Solomon, 1985; Coudurier-Curveur et al., 2020), the recent and unexpected birth of a new volcano
in Mayotte in 2018 Cesca et al. (2020) or the low-velocity structure imaged in the asthenosphere beneath
the Mascarene Basin (e.g., Barruol et al., 2019). Located on the African plate in the western Indian Ocean,
the island of La Réunion represents the active part of a NS-trending hotspot track, which started ~65 Ma
years ago with one of the most debated cataclysmic volcanic eruptions in the world, that created the Deccan
Traps and changed the global climate, affecting life at that time (e.g., Courtillot et al., 1988). On Réunion
Island, the active Piton de la Fournaise volcano (e.g., Five eruptions in 2019, three in 2020) is thought to
represent the surface signature of a long-lasting mantle plume and the southernmost expression of this in-
traplate hotspot track. However, many questions remain unanswered concerning (a) the source(s) at depth
that fed this powerful hotspot almost continuously since cretaceous times (e.g., Duncan, Backman & Peter-
son, 1990), (b) its direct or indirect anchoring at the core-mantle boundary beneath La Réunion as proposed
by Morgan (1978), (c) its possible connection with the African Large Low Shear-Velocity Province (LLSVP)
in the mid-mantle (e.g., Torsvik et al., 2006), (d) the presence of a vertical conduit emanating from a reser-
voir closer to the surface, within or above the mantle transition zone. While numerous tomographic models
of large scale upper mantle seismic structure below the Indian Ocean have been produced in the last few
decades (e.g., Barruol et al., 2019; Debayle & Lévéque, 1997; Lévéque et al., 1998; Mazzullo et al., 2017; Mon-
tagner, 1986; Montagner & Jobert, 1988) the seismic coverage has been greatly improved recently, owing to
broadband seismic data from permanent land-based seismic stations accumulated over the last 20 years, and
from a recent temporary experiment which deployed Ocean Bottom Seismometers (OBSs) in the western
Indian Ocean, in the frame of the RHUM-RUM French-German experiment (e.g., Barruol & Sigloch, 2013).
Many studies have been carried out over the last few years to extensively investigate upper mantle structure
and anisotropy beneath and around the hotspot, using various kinds of seismic data, such as surface wave
tomography (e.g., Mazzullo et al., 2017), ambient noise tomography (e.g., Hable et al., 2019), or teleseis-
mic shear-wave splitting (Scholz et al., 2018). Lower mantle structure has also been recently investigated
through body-wave tomography (Tsekhmistrenko et al., 2018). Deploying terrestrial and ocean-bottom seis-
mic networks from the Mozambique channel to the South-West and Central Indian ridges greatly improved
the data coverage and in particular allowed the construction of the first surface wave tomographic model
(e.g., Mazzullo et al., 2017) with lateral resolution of ~400 km down to 300 km depth, showing the presence
of alocalized low-shear-velocity region beneath the Mascarene Basin, at depths between 100-200 km, called
the Mascarene Basin Asthenospheric Reservoir (MBAR) (e.g., Barruol et al., 2019). The latter anomaly had
already been observed by Montagner (1986) and Debayle and Ricard (2012) but with a poor resolution.
From the tomographic model of Mazzullo et al. (2017), several questions were raised about its origin and
its relation to the Réunion hotspot and to the neighboring ridges. However, the model resolution remained
poor below 250 km depth.

The measurement of surface wave phase velocity in the Indian ocean was indeed limited to the fundamen-
tal mode, using traditional approaches to extract dispersion information from long-period seismograms
(e.g., Mazzullo et al., 2017). Such a technique uses only part of the information contained in a seismogram
(the phase of the fundamental mode) and does not allow to resolve structure in the transition zone and the
lower mantle. Here, to better exploit the wealth of information provided by the numerous available seismo-
grams, we apply a full waveform tomographic inversion technique using fundamental mode and overtone
three-component surface waveforms. It aims at better resolving structure in the transition zone and in the
upper part of the lower mantle beneath the Indian Ocean, with a focus around the Réunion hotspot. Our
goal is to shed some light on the origin and shape at depth of the Réunion mantle plume and on the deep
structure of the anomaly beneath the Mascarene Basin.

2. Tomography Data Set

Our data originate from various FDSN (Federation of Digital Seismograph Networks) permanent networks
(e.g., (ASL)/USGS, 1988; Centre, 1993; GEOSCOPE, 1982; Scripps Institution of Oceanography, 1986), com-
plemented by temporary instrumental deployments that greatly improved the data coverage beneath the
SW Indian Ocean. We include data from the RHUM-RUM experiment (Barruol & Sigloch, 2011) which
comprises 57 broadband Ocean Bottom Seismometers (OBSs) installed around the Réunion island and on
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the neighboring ridges during the period October 2012 to December 2013, and 23 land stations temporarily
deployed in La Réunion, Madagascar, and in the Iles Eparses in the Mozambique channel, during the period
2011-2015. We also used data from two companion temporary experiments in Madagascar: SELASOMA,
Tilmann et al (2012), MACOMO, Wysession et al (2011), AfricaArray Penn State University (2004), Institute
Of Geophysics China Earthquake Administration (IGPCEA) (2007) and RESIF (1995). In total, we used
data from ~200 regional and teleseismic events of magnitude 5.0 < M,, < 7.0 recorded at ~414 broad-band
three-components stations. The waveforms were band-pass filtered with cut-off frequencies at 400 and 40 s
and corner frequencies at 53 and 250 s. Based on group velocity windowing, the waveforms were split into
wavepackets roughly separating overtone energy from fundamental mode energy as described in Li and
Romanowicz (1995). Typically, a particular wavepacket contains fundamental mode energy, or overtone
energy, or a mix of fundamental mode and overtone energy, depending on the distance and on the depth
of the event. Furthermore, the wavepackets were weighted in order to balance the amplitudes of a given
record, and to take into account the redundancy of wavepackets recorded on close-by paths. At each itera-
tion, we computed the time-domain point-by-point misfit and the correlation between the observed and the
synthetic wavepackets. To avoid cycle-skipping, at each iteration, we rejected those wavepackets for which
the phase shift between data and synthetics was greater or equal to 7 / 2. This is a very conservative rejec-
tion criterion but some of the wavepackets rejected at one iteration could be admitted at the next iteration
as a result of model improvement. The number of additional wavepackets at each iteration has been one
indicator of the progress of the model in fitting the data as shown in supporting information (Section 5).

In Figure 2, we plot the ray coverage across the Indian Ocean showing ~1500 paths with a good azimuthal
coverage, except in the southernmost part of the Indian Ocean.

The hit count maps for Rayleigh and Love waves are also plotted (Figure 3). The Rayleigh wave hit count
map (Figure 3, left panel) is denser than the Love wave one (Figure 3, right panel), due to the fact that Ray-
leigh waves are observed on the vertical and radial components, whereas the Love wave is only recorded on
the transverse component, the horizontal components being noisier than the vertical one.

3. Methods

Our waveform inversion uses an optimisation approach and consists in two steps at each iteration: a for-
ward step in which the predicted seismic wavefield is computed in the current iteration model, and an in-
verse step in which the model is updated. For the forward modeling, we apply the spectral element method
(SEM), as first developed for the spherical earth by Komatitsch and Tromp (1999) and use the code RegSEM
from Cupillard et al. (2012), specifically designed for large scale regional problems in spherical geometry,
providing accurate 3D synthetic seismograms without restrictions on the scale or size of heterogeneity in
the model. We compute seismic waveforms, including the minor arc fundamental and higher mode surface
waves, down to 40 s period, taking into account radial anisotropy. We consider the 3D global radially ani-
sotropic shear velocity model SEMUCB-WMI1 of S. French and Romanowicz (2014) as starting model for
our study.

The maximum domain to propagate seismic waves allowed by RegSEM is a 90° x 90° chunk. In order to ex-
tend the spatial coverage and to include more teleseismic events issued from areas surrounding the Indian
Ocean in our regional scale study, we use three overlapping RegSEM chunks, each of area 90° x 90° (Fig-
ure 1a) for the forward wavefield computations. Each chunk is a physical domain containing both sources
and receivers (see red, blue and magenta domains in Figure 1a). All the sources are triggered in each physi-
cal domain allowing thousands of paths intersecting across the Indian Ocean. We ensure the non-repetition
of the events between the different chunks (i.e., a source positioned within a particular chunk, cannot be
found in the two other ones). The synthetic wavefield artificially reflected at the edges of the physical do-
main is attenuated through the implemented Perfectly Matched Layers (PML), and we keep a distance of
at least half a seismic-wavelength between the physical domain that contains sources and receivers, and
the border of the absorption domain (see, Festa & Vilotte, 2005). The topography of the region is taken into
account and for the oceanic part we substitute the water layer by its load in the wavefield computation.
The crust is replaced by an equivalent smooth and homogenized crustal model as described in supporting
information (Section 2). More details on the homogenization technique of the crust can also be found in
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Figure 1. (a) Location map of seismic events (yellow dots) and seismic stations (blue triangles) used in this study, in the overlapping three RegSEM chunks
(red, blue, and magenta lines) allowing to include teleseismic events at larger distance. Our data set comprises 200 events and 414 seismic stations, including

57 Ocean Bottom Seismometers from the RHUM-RUM experiment around La Réunion hotspot. (b) Bathymetric map of the Indian ocean showing various
geological features. Green triangles represent hotspots, the red dashed lines indicate particular fracture zones: Owen Fracture Zone and the Marie Celeste
Fracture Zone. Two triple junctions are located on the map: Aden-Owen-Carlsberg Triple Junction in the Northwest and Rodrigues Triple Junction in the South
of the ocean. Mid-ocean ridges are represented by gray lines: Southwest Indian Ridge, Southeast Indian Ridge, Central Indian Ridge, Carlsberg Ridge. The
Eastern subduction zones are indicated by Andaman subduction zone, Sumatra subduction zone and Java subduction zone.

Backus (1962), Capdeville and Marigo (2007), S. French and Romanowicz (2014). Here, we do not update
the first 60 km of the model, which includes the crust, because our waveforms have weak sensitivity in that
depth range. The crustal model is therefore the same as that of SEMUCB-WM1, for the construction of
which dispersion data between periods of 20 and 150 s period were used jointly with waveforms to constrain
the shallow part of the upper mantle (S. French & Romanowicz, 2014).

For the inverse part of the process, we follow the Bayesian optimization approach of Tarantola and Val-
ette (1982) assuming slight non-linearity and Gaussian statistics. We use a Gauss-Newton least squares
optimization approach of Tarantola and Valette (1982) as opposed to a pre-conditioned gradient method as
used in adjoint-based inversions (Tarantola, 1984; Virieux & Operto, 2009). We construct the approximate
gradient and Hessian, using physics-based normal mode perturbation theory, specifically the path-average
approximation (PAVA) (Woodhouse & Dziewonski, 1984) for the fundamental mode surface waves, and
non-linear asymptotic coupling theory (NACT) (Li & Romanowicz, 1995; Romanowicz et al., 2008) for over-
tone wavepackets. The latter takes into account coupling across mode branches and leads to 2D sensitivity
kernels in the vertical plane containing the source and the receiver. Both PAVA and NACT contain multi-
ple-forward scattering terms that take into account path-specific updates of the model in the calculation of
the Fréchet derivatives. It is very important to calculate the Hessian, as it reduces the number of iterations
for convergence. The model is updated using Equation S.2 in supporting information, where the data covar-
iance matrix C,, is built from the weights applied to the individual wavepackets as described below and in Li
and Romanowicz (1995). In building the gradient and Hessian, we also apply different weights to different
subsets of data, to balance the contribution to the Frechet derivatives of transverse component data versus
data recorded on the vertical/longitudinal components and balance the contribution of overtones as com-
pared to fundamental modes (Li & Romanowicz, 1996). The a priori model covariance matrix C,, provides
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Figure 2. Path coverage for the entire data set used in our study. It
comprises about ~1500 intersecting paths across Indian Ocean, with the
densest coverage around the island of La Réunion.

for regularization of the model. In addition to norm damping, we consid-
er lateral and depth correlation lengths as follows:

cosA; —1 —r,-f
C,,(r,r;) = 0,0 €xp ——— |eXp| — (1)
L; 2h;;

Ay; is the minor arc distance between model parameters i and j, r;; is the
radial distance between them, L; are the lateral and #; the depth cor-
relation lengths. o0 ; are the a priori parameter uncertainties and in-
clude the norm damping factor (they are defined as the classical ranges
of variations of elastic parameters as derived from a typical temperature
field and rotations of the elastic tensors of models such as pyrolite and
piclogite). The choice of the correlation lengths Z; is dictated by the path
coverage density in order to get a stable model without spurious small
scale fluctuations. The expressions of the partial derivatives are derived
from those of the seismograms in the PAVA and NACT formalism, (sup-
porting information, Section 1). More details can be found in Leki¢ and
Romanowicz (2011). The whole workflow of our inversion is presented in
supporting information (Figure S8).

4. Model Parametrization

The spatial parametrization of the model perturbation dm(r,0,¢) is de-
fined by using spherical splines (Wang & Dahlen, 1995) for lateral para-
metrization and cubic splines for radial parametrization (Figure 4) span-
ning the depth range 30-2,900 km

om(r,0,p) = > m,,B,(r)S,(0,9), @)
qp

where, 0, ¢ are respectively the latitude and longitude, and r the radius. S,(6,¢) and B, (r) are respectively
the spherical and cubic splines, and m,, are coefficients defining the model perturbation at each iteration.
The spherical spline basis has the advantage of being a local basis contrary to commonly used spherical
harmonics. The lateral resolution of the model is not only limited by the spherical knot spacing which is
chosen to be 2° (Figure 4), but it also depends on the path coverage, the frequency range of the waves, and

3.00

0.00

Jul- / gL°z+

Figure 3. Hit count map (in logarithmic color scale, the hits are counted within the mesh of 0.5° x 0.5°) for fundamental, higher and mixed modes of Rayleigh
(left) and Love waves (right). The red (resp. blue) areas correspond to regions where the path coverage is the denser (resp. poorer). The whole region is better

sampled by Rayleigh waves than by Love waves.
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Figure 4. Left: Spherical spline node distribution with node spacing of 2°. The red dots delimited by the dashed red line represent the nodes that fall in the
region of interest. The green circles are hotspots in the region of interest. For this region, we used the same node spacing for V, and for £. Right: cubic-splines
used for the vertical parametrization (with zoom from 100-700 km showing the distribution of cubic splines in the upper mantle transition zone). The radial
nodes are unevenly spaced, tight in the uppermost mantle and loose with increasing depth, following the varying radial resolution.

the smoothing and damping applied in the inversion. Note that in this study, we update the model only
down to 1,200 km depth.

For the physical parametrization, we consider the Earth as a transversely isotropic medium with a vertical
axis of symmetry. Such a medium is described by the five Love parameters A,C,F,L,N (Love, 1927) plus
density p defined in supporting information (Section 3) or alternatively two Voigt average isotropic veloc-
ities (Vp,,» Vi5o) @and three anisotropic parameters, £, ¢ and 7 as defined in supporting information (Sec-
tion 4). Here we only invert for V;  and & due to the fact that the parameters V,,,,, ¢, p, and 7 are usually not
well constrained by long period waveforms. For these parameters, we use the scaling laws from Montagner
and Anderson (1989), given in supporting information (Section 5).

5. Deep Structure Beneath the Indian Ocean Inferred From Waveform
Inversion

The 3D regional tomographic model (SEMINDO) presented here has been obtained after three iterations
of inversion, starting from model SEMUCB-WM1, which is a global model in which the parametrization
of isotropic velocity (V) and the radial anisotropy (&) was done with spherical splines of different levels
(e.g., level six for V; and level 4 for &), compared to the present parametrization (level six for both V, and &).
Figure 5 shows a comparison of the average 1D model in Versus and &, compared to the global average in
SEMUCB-WM1. Because the region is oceanic, the 1D reference Earth model remains close to the starting
global average. However, the peak in £ at 150 km depth is more pronounced in the final model.

5.1. Upper Mantle Down to 410 km

Figures 6 and 7 present the corresponding shear-wave-velocity (V) maps from 100-150 km and from
200-400 km depth respectively, compared to the starting model SEMUCB-WM1 (on the left). At 100 km
depth, our model features the well known low-velocity structures associated with mid-ocean ridges, from
the Red Sea and the Gulf of Aden in the North, to the Carlsberg, Central and the South-East Indian ridges.
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Figure 5. Comparison of mean isotropic velocity of the starting model SEMUCB-WM]1 (black) and updated model SEMINDO (yellow) on the left, as well as
radial anisotropy (right). Radial anisotropy is defined as & = V&, / V3.

Interestingly, the ultra-slow South West Indian Ridge (SWIR) is not associated with continuous low-veloci-
ties at these depths except in its SW part, which might be related to Marion hotspot. This is consistent with
the dynamics of this region, and with previous findings (Montagner, 1986; Sauter et al., 2009). More recently
(Debayle & Ricard, 2012; Mazzullo et al., 2017) also show the absence of pronounced low-velocities beneath
the SWIR. At 150 km depth, that is, at asthenospheric depths, the tomographic model indicates that the
continuous signature of the ridges has disappeared. We note, however a prominent low-velocity anomaly
on the western side of the CIR (Central Indian Ridge) (marked M on Figure 6) and low velocity anomaly
of larger spatial extent on the eastern side of CIR (marked C on Figure 6). Anomaly M extends southward
to the Réunion, and westward to the Comoros archipelago. This anomaly corresponds well to the structure
called MBAR (Mascarene Basin Asthenospheric Reservoir), imaged by fundamental mode Rayleigh wave
tomography (Barruol et al., 2019; Mazzullo et al., 2017). In our regional model SEMINDO, the MBAR anom-
aly extends down to ~250 km depth but vanishes in the underlying upper mantle transition zone. Anomaly
C extends in a large part of the Central Indian Ocean Basin and eastward to the Sumatra and Sunda subduc-
tion zones. We name it the Central Indian Ocean Basin Anomaly (CIOBA). This anomaly is visible down
to the transition zone though weaker below 300 km depth. Figure 6 (right panel) shows that the thickness
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dinVs (%)

100 km

150 km

SEMUCB-WM1 SEMINDO

Figure 6. Comparison of the Vg, distribution in the starting model (SEMUCB-WM1) on the left, and the updated model (SEMINDO) on the right at depth

of 100 km (a), and at 150 km depth (b). The shear-wave-velocity perturbation is plotted relative to the regional averages plotted on the left column of Figure 5.
The low velocity anomalies located on the left and right-hand side of the Central Indian Ridge in SEMINDO are highlighted by dashed circles at 150 km depth
and are labeled M (stands for Mascarene Basin anomaly, also MBAR) and C (stands for Central Indian Ocean Basin anomaly, also CIOBA), the latter anomaly
is also significant at 100 km depth. The low-velocity anomalies located in the SW corner of the Southwest Indian Ridge and in the south of the Indian Ocean
correspond to the Marion and the Kerguelen hotspots, respectively. Green dots represent hotspots.

of the fast Indian continent lithosphere varies geographically. The fast velocity Indian keel anomaly clearly
shows up (Figure 6b) and is in good agreement with the tomographic model of (Maurya et al., 2016). At
150 km depth, a very slow anomaly is present at the southern tip of India. As shown at 300 km depth (Fig-
ure 7b, right panel) it may be connected to a continuous and broad low-velocity body extending NE from
Seychelles to the South of the Indian continent. This elongated low velocity body aligned with the absolute
plate motion has many similarities with a finger-like structure observed in the Pacific ocean by (S. French
et al., 2013). Although it is still visible at 400 km depth, its signature is considerably weaker and vanishes in
the transition zone (as will be seen in the next section Figure 8).

5.2. Transition Zone and Lower Mantle

The joint inversion of fundamental and higher modes is useful to image deeper structure than was possible
in the previous tomographic modeling based on fundamental mode Rayleigh waves (Mazzullo et al., 2017),
and to better constrain the roots of these anomalies. It also makes it possible to retrieve the structure in the
transition zone and in the upper part of the lower mantle. Interestingly, the CIOBA slow structure is still
visible in the upper mantle transition zone (i.e., 410-660 km depth), and in the uppermost lower mantle
(Figures 8a-8c), and resolved (supporting information, Figure S6 for the resolution tests). From the upper
mantle down to the transition zone, the CIOBA is always bordered on its eastern side by the Sumatra or
Sunda subduction zones (Figures 7 and 8). On the other hand, the MBAR anomaly starts to weaken at
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Figure 7. Comparison of the Vg, distribution in the starting model (SEMUCB-WM1) on the left panel, and the regional model (SEMINDO) on the right panel
at depths of 200 km (a), 300 km (b) and 400 km (c). The shear-wave-velocity perturbation is plotted relative to the regional average with the same color scale
on all panels. In SEMINDO, the overall amplitudes of the anomalies decrease with depth but their signatures are still visible at the base of the asthenosphere at

400 km depth.

~250 km depth and completely disappears at ~550 km depth (Figure 8a, right panel). Only a low amplitude
low-velocity anomaly remains beneath the Réunion hotspot.

Similar patterns of low and fast velocity anomalies are visible from 650 km down to 1000 km (Figure 8,
right panel) with decreasing amplitudes with depth. The dominant low-velocity anomalies located beneath
the Réunion hotspot and those associated to the CIOBA are visible down to 1000 km depth (Figure 8). Be-
tween them, from 650 to 1000 km depth, a positive (fast) velocity anomaly extends from just south of the
Aden-Owen-Carlsberg Triple Junction (northern triple junction in the Indian Ocean, indicated in Figure 1b
as AOC-TJ) to the northern part of the SEIR (Figure 8). It likely represents the remnant of the Carlsberg
slab, arising from the oblique subduction of Indian lithosphere beneath the Arabian/African oceanic lith-
osphere during the late Cretaceous to Paleocene (Hafkenscheid et al., 2006). The low-velocity anomaly
beneath the Indian continent visible in the starting model SEMUCB-WM1 at 550-800 km depth (Figure 8,
left panel) is no longer visible in SEMINDO at these depth ranges.
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Figure 8. (continued) Vj,,, distribution in both SEMUCB-WM1 (left panel) and SEMINDO (right panel) models in the transition zone and uppermost lower
mantle at 550 km (a), 650 km (b), 800 km (c) and 1000 km depth (d). Due to the decrease of amplitude with depth, the models are plotted with a different color-
scale (+3% from 550-650 km and +2% from 800-1000 km) than the one used in Figure 7, for the upper mantle structure. The low-velocity structures on the
Eastern side of the Central Indian Ridge (indicated by C - meaning Central Indian Ocean Basin Anomaly - surrounded with a dotted circle) is still visible in the
transition zone, and spreads eastward at 550-800 km depth as visible on the right panel.

5.3. Comparison Between the Shear-Velocity and Radial Anisotropy Parts of the Model

The radial anisotropy ¢ is retrieved from the joint inversion of Rayleigh and Love waves. To first order,
radial anisotropy is dominated by horizontal flow prevailing in oceanic basins and layering with & > 1. We
remove the regional average &, before plotting maps of radial anisotropy perturbations (6§ = & - &,,)- The
radial anisotropy maps (Figures 9 and 10) display a strong anisotropy down to 200 km depth, decreasing at
larger depths, which is in good agreement with results from other oceanic basins. However, we also observe
in SEMINDO beneath most Indian ocean hotspots (La Réunion, Kerguelen, Marion) and the East African
rift that 5& < 0, likely indicating mantle upwellings beneath these areas (Figures 9 and 10, right panel). Al-
though certain hotspots (Crozet and Comores) less than the average still display positive radial anisotropy
8¢ > 0at 200-300 km depth. An (8¢ < 0) elongated region is also observed between the Carlsberg ridge and
South India which might be related to the finger-like structure also observed in V, model at 300 km depth.

As shown in Figure 10 (SEMUCB-WMI, left panel), these small-scale features beneath hotspots could not
be resolved in the global scale tomographic model SEMUCB-WM1. The smaller grid-spacing (< 2° x 2°)
used for radial anisotropy parametrization (as well as shear-wave velocity), combined with improved data
coverage, allows to recover shorter wavelength structures in the regional model (Figures 9, 10b and 10c,
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right panel). The fast velocity anomalies near Aden-Owen-Carlsberg triple junction (indicated on Figure 1b
as OAC-TJ) and around the SWIR also have corresponding anomalies in radial anisotropy (6¢ > 0) at 200,
300 km depth (Figure 9, right panel). We do not present the radial anisotropy part of SEMINDO below
400 km depth, since its amplitude is quite small. Even if present, radial anisotropy amplitude is within the
error bars for depths > 400 km, as shown in the supporting information (Figure S7).

5.4. Deep Mantle Structure Beneath the Réunion Hotspot

In order to determine the origin at depth of the various structures beneath the Réunion hotspot, we plot
several depth cross-sections around it along different orientations (Figure 11). In these cross-sections we
merge our model (SEMINDO) above 1200 km depth, with the background model (SEMUCB-WM1) beneath
1200 km depth, since our inversion extends only down to ~1200 km. This allows us to gain insights on pos-
sible connections with the Large Low Shear-Velocity Province (LLSVP) at the base of the lower mantle. The
color-scale is adapted in such a way that the lower mantle features are emphasized by saturating it at +2%
in the upper mantle and at +1% in the transition zone and in the lower mantle. The fast velocity observed
in the uppermost mantle beneath Réunion in SEMUCB-WM1 (Figures 11a and 11b) is no longer present
in our model SEMINDO (Figures 11e and 11f), which instead shows evidence of continuous low-velocity
structure with depth, broadening in the transition zone and thinning again in the uppermost lower mantle.
The Mascarene Basin reservoir also appears to be connected to the lower mantle through the same plume
conduit (Figure 11f, right panel). The size (< 800 km) of the plume conduit in the lower mantle beneath
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Figure 9. Comparison between the isotropic velocity (left panel) and the radial dln & anisotropy (right panel) parts of the model at depths of 200 km (a) and
300 km (b). Both are resolved on the same grid (with spacing of 2° x 2°). The radial anisotropy is plotted relative to the reference value at the corresponding
depth, which is &, = 1.0408 at 200 km depth and &, = 1.0141 at 300 km depth. The elongated region (characterized by 6V, < 0 and 6¢ < 0) between the
Carlsberg ridge and the south of the Indian continent is well represented in Vg and & models at 200 and 300 km depth.

Réunion is smaller than those of Hawaii, Pitcairn and Samoa as shown in SEMUCB-WM1. In addition to
the new data set from RHUM-RUM experiment, the improved coverage of the Indian Ocean may explain
why this conduit was not resolved in the starting model (S. W. French & Romanowicz, 2015) nor in other
tomographic models (Figure 12).

We observe a low-velocity anomaly that rises from lower mantle and spreads in the uppermost mantle (Fig-
ures 11e—11h). A conduit with weak amplitude in the lower mantle appears clearly in SEMINDO as well as
in SEMUCB-WM1 (Figure 11). The conduit is very similar in both models at ~1200 km depth, which is the
limit of depth resolution of our inversion. The conduit in SEMINDO model (Figure 11, right panel) links
the Réunion hotpot to the South Africa LLSVP (belonging to the non-inverted part) as well as to the base of
the mantle beneath the southern Indian Ocean in the neighborhood of the Kerguelen hotspot Figures 11a.
This conduit could represent mantle upwelling related to the discharge of the LLSVP content in the upper
mantle or to the viscosity contrast between the upper and lower mantle. The fast velocity anomalies visible
on the two cross-sections (Figures 11g and 11h) are likely related to the history of the Sunda subduction
zone and the Carlsberg slab respectively.
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Figure 10. Comparison of radial anisotropy of SEMUCB-WM1 model (left panel) and of our study (right panel), at depth of 100 km (a), 200 km (b) and 300 km
(c), showing overall similar amplitudes but features of smaller wavelength. The reference values (fn,f) at each depth are shown on the figure.

6. Discussion

In this section, we compare SEMINDO to other models and discuss the potential origin of slow and fast ve-
locity anomalies that we resolve in the Indian Ocean, from the upper mantle down to the mid-lower-mantle.

6.1. Comparison With Other Models

Since 1986, several surface wave regional tomographic models have been developed to image the mantle
structure beneath the Indian Ocean. The first model used 86 ray paths to perform an inversion of Ray-
leigh wave dispersion (with the period range of 40-300 s) by Montagner (1986), followed by a model us-
ing 156 surface waveforms of Rayleigh and Love waves (Debayle & Lévéque, 1997). In the asthenosphere,
both models found low-velocity anomalies on either side of the CIR and the fast velocity anomaly near the
Aden-Owen-Carlsberg Triple Junction (Figure 2d in Debayle & Lévéque, 1997). The most recent surface
wave tomography (focused around La Réunion) including the RHUM-RUM data (Mazzullo et al., 2017)
better constrained the geometry and anisotropy of the MBAR anomaly located beneath the Mascarene Ba-
sin. Many other studies used joint seismic-geodynamic-mineral physical modeling, and seismic azimuthal
anisotropy derived from shear wave splitting, to investigate asthenospheric flow beneath the Indian Ocean
(Barruol et al., 2019; Forte et al., 2010; Scholz et al., 2018). These studies reached a consistent conclu-
sion, highlighting the presence of a W-E flow beneath the SW Indian Ocean at asthenospheric depth. In
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Figure 11. Comparison of whole-mantle cross-sections in SEMUCB-WML1 (left panels) and SEMINDO (this study, right panels) around the Réunion hotspot
from different viewing angles. The two models are identical below 1200 km depth, since the inversion for SEMINDO was performed only down to that depth,
indicated by the continuous gray line on the right hand side cross-sections. The deepest part of SEMINDO is still influenced by SEMUCB up to ~200 km.
Dashed lines indicate depths of 410, 660 and 1000 km. In SEMINDO, we resolve smaller-scale features beneath Réunion and Marion hotspots. The color scales
in the upper and lower mantle are respectively +2% and +1%. The latter color scale allows us to emphasize features in the transition zone and in the lower

mantle.

our present regional tomography study, we inverted surface waves (fundamental mode plus higher modes)
down to ~1200 km (which is the maximum sensitivity reached by our surface waveform data) giving us
access to the structure beneath La Réunion down to the uppermost lower mantle. The model between this
depth of 1200 km and the base of mantle (CMB) is the background model (SEMUCB-WM1) that remains
unchanged. In Figure 12, we compare the model SEMINDO resulting from this study to other global mod-
els. This selection is rather arbitrary but representative of the variability of existing global tomographic
models. The cross-sections shown in these models are: S40RTS from Ritsema et al. (2011); S362ANI from
Kustowski et al. (2008) and SEMUCB-WM1 (S. W. French & Romanowicz, 2015). They display some com-
mon features (but also many differences) such as the low-velocity anomaly in the upper mantle (< 400
km) and in the lower transition zone (660 — 1000 km) beneath the Réunion hotspot. An interesting fea-
ture visible from these various models is that low-velocities are observed in similar places in the transition
zone, overlying similar small-scale conduits in the uppermost lower mantle linking to the LLSVP below.
Model S40RTS (Ritsema et al., 2011) shows a trend of low-velocity anomaly from the lower to the up-
per mantle (Figures 12b and 12f). S362ANI from Kustowski et al. (2008) shows a low-velocity anomaly
(Figures 12c and 12g) both in the uppermost mantle and the lower mantle, with a fast velocity anomaly
between them, located in the transition zone. The two cross-sections from SEMUCB-WM1 (S. W. French
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Reunion
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Figure 12. Comparison of SEMINDO model (upper panel) with models S40RTS from Ritsema et al. (2011); S362ANI from Kustowski et al. (2008) and
SEMUCB-WMI1 (S. French & Romanowicz, 2014) along two cross sections located on the map. All the models consistently show a similar low-velocity anomaly
in the upper mantle or in the mantle transition zone beneath the Réunion hotspot. Models are less consistent beneath the Marion hotspot. S40RTS and
SEMUCB-WM1 show a low-velocity trend from the lower to the upper mantle on both cross-sections. SEMINDO displays a continuous low velocity anomaly
that may indicate a conduit connecting the Réunion hotspot to the lower mantle (a).

& Romanowicz, 2015) (Figures 12d and 12h) present a fast velocity anomaly beneath Réunion hotspot in
the uppermost mantle (Figures 12d and 12h). In contrast, SEMINDO exhibits a continuous low-velocity
structure across the whole upper mantle and the transition zone beneath the Réunion hotpot (Figures 12a
and 12e¢), which may suggest a quasi-vertical conduit in these cross-sections.

The likely reason for discrepancies between global models results from the poor spatial coverage in the
Indian Ocean with a very limited number of seismic sources and receivers, which implies a poor lateral
resolution, whereas the addition of many earthquakes and data from temporary stations on land and on
the seafloor, with the RHUM-RUM experiment, enables us to improve the lateral resolution beneath the
Indian Ocean.

6.2. Origin and Source(s) of the MBAR and CIOBA?

The cross-sections presented in Figures 11f and 11g show that a good candidate to explain the observed
anomalies in the upper mantle is a plume rising from the lower mantle and responsible for feeding the
asthenosphere beneath the African and Indian lithospheres, and generating the MBAR (Figure 11f) and
CIOBA (Figure 11g) anomalies. The MBAR appears to be connected to the lower mantle through a narrow
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conduit beneath La Réunion. One can notice however, that all the cross-sections in (Figures 11f and 11h)
show a low-velocity anomaly channel to the northeast of La Réunion (at depth of < 400 km) trending to-
ward the Central Indian Basin and connected to the conduit beneath the Réunion, in agreement with the
so-called Rodrigues corridor (Barruol et al., 2019) documented from Rayleigh wave tomography and SKS
shear-wave splitting (Mazzullo et al., 2017; Scholz et al., 2018).

In contrast, fast velocity anomalies are observed in the upper mantle southwest of the Réunion (Figures 11f
and 11g) suggesting cold and thick lithosphere. The low-velocity anomaly in the Central Indian Basin (CIO-
BA) seems to stagnate at ~700 km in front of the Sunda slab sinking into the lower mantle (Figure 11g).
The connection between the Mascarene Basin Asthenospheric Reservoir (MBAR), Comoros and East-Africa
hotspots appears as a low-velocity channel in the uppermost mantle (Figure 9a, left panel). This astheno-
spheric channel may suggest the presence of a pressure gradient in the deep mantle that induces upper
mantle flow. The connection between the two anomalies (MBAR and CIOBA) is not well established, and
should be further investigated (for instance by performing an azimuthal anisotropy inversion down to the
transition zone) to enlighten possible horizontal physical connection or independent feeding from below.
Independent findings suggest that an increase of water content in the upper mantle supplied by lithosphere
and sediment subduction can cause extensive zones of low-velocity in the upper mantle, as shown in the
U.S. east coast by van der Lee et al. (2008). The low-velocity structure found beneath the Marion hotspot is
more continuous (from the uppermost mantle down to 800 km, Figure 11f) than in the starting model, and
may come from a plume deflection in lower transition zone (600-1000 km). Its resolution may be improved
in the future by including body wave data in the inversion.

6.3. Possible Connections Between the Réunion, the Comoros and the MBAR?

From the maps presented in (Figure 7a, right panel), the low-velocity structure associated with the MBAR
clearly links the Réunion in the South (at 200 km depth), the CIR in the East and the Comoros archipelago
to the West (at 200 and 300 km depth). The major features visible on the cross-section shown in Figure 13a
are first, the low-velocity structure that extends horizontally at asthenospheric depths and second, a plume
conduit that connects the lower mantle to the Réunion hotspot. Figure 13b also exhibits well such a low-ve-
locity anomaly channel between the Réunion, the Comoros and East Africa with a connection to the lower
mantle in the vicinity of La Réunion.

The common observations on these two cross-sections are: (a) The vast spreading of the plume in the as-
thenosphere. (b) A plume conduit connecting the Réunion hotspot and the lower mantle. Observation (a)
suggests a dominantly horizontal asthenospheric flow emanating from the Réunion hotspot, compatible
with an increase of mantle plume flux beneath La Réunion, as proposed by Iaffaldano et al. (2018).

A truly radial flow pattern is, however, unlikely since a dominant WE azimuthal anisotropy culminating at
about 150 km depth is evidenced by Rayleigh wave tomography (Barruol et al., 2019; Mazzullo et al., 2017).
Observation (b) is present on most cross-sections and suggests a single source of mantle material rising
toward the surface. Together, these features suggest that the upwelling plume could feed the asthenosphere
by spreading northward to the Mascarene Basin, eastward to the CIR and westward to the Comoros. For
Comoros volcanism, an alternative source might be provided by the East African rift (e.g., Michon, 2016).
As proposed by Barruol et al. (2019), such large-scale, low-velocity anomaly trapped in the asthenosphere is
probably derived from a mantle plume, the geometry and evolution of which remain to be defined, but that
may look like an upwelling blob of hot material that became trapped beneath the thick and cold oceanic
mascarene lithosphere and that spread with a predominantly horizontal motion.

6.4. Low-Velocity Conduits in the Lower Mantle?

The origin of volcanic hotspots and of the underlying mantle plumes has been controversial for sever-
al decades. Since Morgan (1971) proposed that plumes originate in the lowermost mantle, that is, at the
core-mantle boundary (CMB), some alternatives have been proposed. From a geodynamical point of view,
there seems to be a consensus that mantle plumes are induced by convective instabilities originating in
thermal boundary layers. Consequently, it was proposed that different types of plumes might exist, originat-
ing from different mantle boundary layers, not only at the CMB but also in the mantle transition zone and
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Figure 13. Sections across SEMINDO model: (a) Along a NS direction, connecting the Réunion hotspot and the Aden-Owen-Carlsberg Triple Junction. It
exhibits a low-velocity anomaly beneath the Mascarene Basin, connected to the Réunion and rising from the lower mantle. (b) Along a SE-NW direction
through the Mascarene Basin, Comoros and the East-Africa hotspots. This cross-section shows a low-velocity anomaly from the lower mantle, reaching the
Réunion and spreading westward toward the Comoros and East Africa. The fast velocity anomaly in the corner top of the cross-section (a) may indicate the
remnant Carlsberg slab. The dashed circles on the maps localize the Mascarene Basin (a) and the Comoros hotspot (b).

in the asthenosphere (Courtillot et al., 2003; Montagner & Ritsema, 2001) and the web site (http://www.
mantleplumes.org). Some complexity arises when considering that mantle convection is not only thermal
but also chemical, as thermochemical “domes” might exist in the lower mantle and generate rising insta-
bilities feeding volcanic surface activity (e.g., Davaille et al., 2005). A good candidate for a thermochemical
“dome” is the large low-velocity structure beneath South Africa and its associated LLSVP and South African
Superswell. Several hotspots are present in the Indian Ocean: La Réunion island, Kerguelen-Amsterdam,
Crozet, Marion, and Comoros, and their origin at depth can be investigated. An intriguing feature result-
ing from SEMINDO is the existence of low-velocity conduits (Figure 11, right panel) in the depth range
around 1,200 km, connecting deep large-scale (blobby) low-velocity anomalies of SEMUCB-WM1 in the
lower mantle to the upper mantle transition zone (Figure 11, right panel). We observe these conduits in sev-
eral cross-sections from the Southeast Indian Ridge to the Northwest, and from the Southwest Indian Ridge
to the North (Figures 11e and 11f). One can also notice the presence of these conduits in other directions,
from the South Africa to the Eastern part of the Indian Ocean and from the South Africa to the Northeast
(Figures 11g and 11h). These observations may suggest the presence of several small-scale conduits around
the Réunion hotspot, and several mantle upwellings connecting the South African LLVP to the surface hot-
spots, as recently evidenced by body-wave tomography by (Tsekhmistrenko et al., 2018).
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The conduits appear to be broad in the upper mantle with a narrow tail in the lower mantle, anchored to
the Large Low-Shear Velocity (above the CMB) from the background model. The small size of the conduit in
the lower mantle may either be due to the fact that the conduit was initially much wider but emptied with
time, or may reflect a very strong viscosity contrast with the surrounding lower mantle. Some cross-sections
exhibit conduits which seem to be vertical (Figures 13a and 11e) and other seem to be tilted (Figures 11e
and 11h). This depends on viewing angles, or may also be related to the azimuthal coverage.

Interestingly, the conduit beneath the Réunion (Figure 13a) is similar to the one found beneath Pitcairn Is-
land in the South Pacific (in the sense that both are originating from the CMB), see Figure 1c in S. W. French
& Romanowicz (2015). As for the other Indian Ocean hotspots, Marion, Kerguelen-Amsterdam, Comoros,
low-velocity anomalies are observed in the upper mantle and even down to 1200 km depth for Kerguel-
en-Amsterdam, but we cannot dismiss the connection with the south African dome since their morphology
looks more complicated, whereas the conduit beneath the Réunion hotspot is better resolved, more vertical
and therefore simpler to characterize. The spread of the low-velocity anomaly observed in the upper mantle
(Figure 12) may be due to the deflection of the plume conduit by the convection currents in the upper man-
tle (where the viscosity is at least 30 times lower than the viscosity in the lower mantle).

6.5. Remnant Slabs in the Transition Zone?

If the Oman and Zagros ophiolite (e.g., Lees, 1928) and belts (e.g., Reinhardt, 1968) are accepted to result
from the Arabian-Eurasian collision and to the closure of the Thetys Ocean, other ophiolite belts in the
North-West Indian Ocean have been proposed to be formed along Indian-Arabian/African plate boundary,
resulting from a former subduction zone between India and Africa. The north-dipping fast velocity anom-
aly extending between the northern Triple Junction (around the Aden-Owen-Carlsberg), the Marie Celeste
Fracture Zone (indicated on Figure 1b as MC-FZ) and the northern part of SEIR (Southeast Indian Ridge),
passing through the CIR (Figure 8, right panel) may be the signature of the remnant Carlsberg slab en-
trained in the oblique subduction of Indian lithosphere beneath the Arabian/African oceanic lithosphere,
as proposed by (Gaina et al., 2015). These fast velocity anomalies visible in SEMINDO are located at the
position of the northern boundary of India during the Jurassic (~170 Ma); for example, Figure 9a from
Gaina et al. (2015) & Figure 22b from Pearce et al. (1981), as well as that of the anomalies inferred from the
reconstruction of the subducted Tethyan lithosphere (e.g., Hafkenscheid et al., 2006). They may represent
remnant slabs, presently in the transition zone and the lower mantle, originating from the northward sub-
duction of the Indian plate below the Neotethyan lithosphere.

7. Conclusions

We have presented a multi-mode regional tomographic model (SEMINDO) of the mantle beneath the In-
dian Ocean down to ~1200 km depth obtained by full waveform inversion of three component fundamen-
tal and overtone surface waves. In the upper mantle, we successfully resolve two large-scale, low-velocity
anomalies on either side of the Central Indian Ridge that likely represent hot material probably issued from
the lower mantle and trapped in the asthenosphere underneath the Mascarene Basin (MBAR anomaly) and
the Central Indian Basin (CIOBA anomaly). The low-velocity anomaly beneath the Central Indian Ocean
(CIOBA) extends down to the transition zone, whereas the MBAR anomaly located beneath the Mascarene
Basin has a significant signature only down to the top of the upper transition zone at ~250 km depth. Our
model evidences a connection between MBAR, Comoros and East-Africa hotspots in the uppermost man-
tle, which disappear at depth > 300 km. This suggests the presence of large-scale horizontal flow between
East-Africa and Réunion, and material transfer eastward to the CIR. Radial anisotropy with 6¢ < 0 is locally
present around hotspots and may indicate upwelling of hot material. Our approach allows us to resolve
a narrow conduit that connects low-velocities in the lower mantle to the Réunion hotspot at the earth's
surface. The conduit is thin in the uppermost lower mantle (< 1200 km), then broadens in the transition
zone and finally spreads in the upper mantle beneath the Réunion hotspot and feeds the Mascarene Basin
asthenosphere by horizontal flow. The remnant slab due the subduction of the Indian below the Neotethyan
lithosphere during the northward Indian drift is well resolved. This regional study resolves mantle structure
down to the lower mantle ~1200 km, well beyond the previous tomographic models based on fundamental
mode surface wave dispersion and restricted to ~300 km depth. Our regional tomographic model of the
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Indian Ocean reveals a complex mantle plume beneath the Réunion and its likely connection with the
South Africa LLSVP. These findings may guide further geochemistry and geodynamic studies in the Indian
Ocean to investigate potential genetic connection between Réunion and Comores volcanism. The inversion
of azimuthal anisotropy in the upper and lower transition zone will be an efficient way to shed some light
on the deep mantle dynamics in this region. The maximum depth sampled by higher modes being ~1200
km, the incorporation of a body waveform data set extending to shorter periods should improve the model
resolution down to the CMB, and provide additional constraints on the shape of the low velocity conduit
across the whole lower mantle.
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The RHUM-RUM data set (https://doi.org/10.15778/RESIF.YV2011) has been assigned the FDSN net-
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additional data from Federation of Digital Seismograph Networks (FDSN) are available through (Mau-
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GEOSCOPE.G, GSN: https://doi.org/10.7914/SN/IU, and seismic data from the temporary experiments,
RHUM-RUM data https://doi.org/10.15778/RESIF.YV2011, Selasoma: Network http://doi.org/10.14470/
MR7567431421, SEMINDO model is available at https://github.com/wamba/SEMINDO.
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