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Abstract In the western Indian Ocean, the Réunion hot spot is one of the most active volcanoes on
Earth. Temporal interactions between ridges and plumes have shaped the structure of the zone. This study
investigates the mantle structure using data from the Réunion Hotspot and Upper Mantle-Réunions Unterer
Mantel (RHUM-RUM) project, which significantly increased the seismic coverage of the western part of the
Indian Ocean. For more than 1 year, 57 ocean bottom seismometer stations and 23 temporary land stations
were deployed over this area. For each earthquake station path, the Rayleigh wave fundamental mode
phase velocities were measured for the periods from 30 s to 300 s and group velocities for the period from
16 s to 250 s. A three-dimensional model of the shear velocity in the upper mantle was built in two steps.
First, the path mean phase and group velocities were inverted, to obtain regionalized velocity maps for
each separate period. Then, all of the phase and group velocity maps were combined and inverted at each
grid point, to obtain the local S wave velocity as a function of depth, using a transdimensional inversion
scheme. The three-dimensional anisotropic S wave velocity model has resolution down to 300 km in depth.
The tomographic model and surface tectonics are correlated down to ~100 km in depth. Starting at 50 km
in depth, a slow velocity anomaly beneath Rodrigues Ridge and the east-west orientation of the azimuthal
anisotropy show a connection between Réunion upwelling and the Central Indian Ridge. The slow velocity
signature beneath La Réunion is connected at greater depths (150-300 km) with a large slow velocity
zone beneath the entire Mascarene Basin. This develops along a northeast direction, following the general
motion direction of the African Plate. These observations indicate nonisotropic spreading of hot plume
material and dominant horizontal flow in the upper mantle beneath this area.

1. Introduction

Hot spots are basaltic (volcanic) regions that appear to be the surface expression of rising mantle plumes.
Plumes are associated with various geodynamic and geophysical processes, such as intraplate volcanism, mas-
sive flood basalt provinces, and volcanic chain islands, and they have an important geodynamic role in the
evolution of continental breakup (Courtillot et al., 1999). The Réunion hot spot has well-defined characteris-
tics and is classified as a “primary” plume (i.e., initial igneous province, intraplate volcano, age progression of
volcanoes along a linear chain, swell, and geochemical anomaly) (Courtillot et al., 2003, 1986; Morgan, 1971,
1978; Nataf, 2000; Seton et al., 2012).

This hypothesis is supported by dating and geodynamic reconstructions, and geochemical and magnetic
studies (Duncan et al., 1990; Duncan & Hargraves, 1990; Georgen et al., 2001; Seton et al.,, 2012; Storey, 1995).

However, the nature and origin at depth of the Réunion hot spot are still controversial, and some geological
structures observed in this area have indicated additional complexity in the general understanding of the
evolution of this hot spot track. The volcanic Rodrigues Island (Figure 1), for example, has been dated to 1.5 Ma
(McDougall, 1965) but does not lie along this apparent hot spot trail; instead, Rodrigues Island is located on
the volcanic Rodrigues Ridge that was proposed by Morgan (1978) to result from a channeled asthenospheric
flow that could link the Réunion Plume and the Central Indian Ridge. The Rodrigues Ridge basaltic structure
was formed between 8 Ma and 10 Ma (Dyment et al., 2007) and has a plume geochemical signature (Mahoney,
Natland, White, Poreda, Bloomer, Fisher, et al., 1989). It is elongated in the west-east direction and connects
the transform fault from Mascarene Plateau to the Central Indian Ridge (CIR).
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Figure 1. Bathymetry and topography map of the study area (ETOPO1) (Amante & Eakins, 2009). Absolute plate motion
vectors (1 cm/yr) calculated from the no net rotation global strain rate model (Kreemer, 2009) are shown in yellow and

from the HS3-Nuvel1A model (hot spot frame) (Gripp & Gordon, 2002) in black. The domains inside the red lines
represent the volcanic provinces. Crustal ages (Duncan et al., 1990; Duncan & Hargraves, 1990) are indicated with black

or white circles.

Another example of the complexity of the region is the controversial interpretation of Comoros Archipelago,
which is located in the northern Mozambique Channel between the northern tip of Madagascar and Mozam-
bigue. The development of the Comoros Islands might be interpreted as a result of lithospheric deformation
in the general context of the East African Rift (Michon, 2016), rather than the surface expression of a deep
mantle plume, as was initially proposed (Nougier et al., 1986; Upton, 1980).

Due to the complexity of this area, several studies have proposed alternative models for the geologi-
cal evolution of the Indian Ocean and the Réunion plume, which have disconnected Deccan Traps and
Laccadives-Maldives-Chagos Ridge from La Réunion plume. Burke (1996) proposed a younger plume for the
buildup of Mauritius, Rodrigues Ridge, Rodrigues Island, and La Réunion Island. This was different from the
old plume that was extinct about 30 Ma, which might have been responsible for the old part of the track on
the Indian Plate. Sheth (1999) proposed that the Deccan volcanic episode was the result of a protracted pro-
cess of lithospheric rifting. Then the successive Chagos-Laccadive Ridge and the entire seamount chain from

there up to La Réunion Island would be a southerly propagating fracture zone.
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From a seismological point of view, both global (Burgos et al., 2014; Debayle & Ricard, 2012; French
& Romanowicz, 2015) and regional (Debayle & Lévéque, 1997; Lévéque et al., 1998; Montagner, 1986b;
Montagner & Jobert, 1988) studies performed with different data sets and methodologies have suffered from
the paucity of seismic stations in this area. These models had lateral resolution of 1,000 km or more, which
was too low to investigate possible interactions between the plume and the CIR, or the influence of the flow
of the plume material on the lithosphere and asthenophere.

We aimed to improve the resolution of the velocity structures around La Réunion Island by incorporation of
a large data set provided by the Réunion Hotspot and Upper Mantle-Réunions Unterer Mantel (RHUM-RUM)
experiment (Barruol & Sigloch, 2013). Here section 2 introduces the data set used and the preprocessing of
the data. Section 3 describes the phase/group measurements and their regionalization. Section 4 details the
successful adoption of a transdimensional inversion scheme to generate a model of anisotropic shear velocity
variations. Sections 5 and 6 present the model in the western Indian Ocean and discuss the Réunion plume
interaction with the ridge and with the large deep anomaly beneath the entire Mascarene Basin. The support-
ing information provides the resolution tests, the comparisons with global models, and more details on the
inversion procedure.

2. Data

This study is based on the use of data from the RHUM-RUM (Réunion Hotspot and Upper Mantle-Réunion’s
Unterer Mantel, code YV) project (Barruol & Sigloch, 2013), which consisted of the deployment of 57 broad-
band ocean bottom seismometers (OBS) positioned on the ocean floor for 13 months (October 2012 to
November 2013) over an area of 2,000 x 2,000 km? surrounding Réunion Island. A further 37 temporary broad-
band land stations were deployed on Madagascar and on the Comoros and Eparses Islands in Mozambique
Channel, for 2 to 3 years (Barruol & Sigloch, 2013). Two different types of OBS stations were deployed: 48
German wideband Deutscher Gerdte-Pool fiir Amphibische Seismologie (DEPAS) stations and 9 French broad-
band stations from the Institut National des Sciences de I'Univers (INSU). Of these 48 DEPAS OBS, 39 were
equipped with a Gliralp CMG-40T three-component seismometer with a corner period of 60 s. The remaining
nine German instruments were equipped with a seismometer prototype with a corner period of 120 s, but
all of them failed recording data under the deep-sea conditions. The nine INSU stations were equipped with
Trillium-240 seismometers with a corner period of 240 s. For a more detailed description of the RHUM-RUM
OBS stations performances, the reader is referred to Stahler et al. (2016).

The data set also includes data from 33 temporary broadband land stations in Madagascar and East Africa,
from the U.S. Madagascar, Comoros, Mozambique (MACOMO) project (Pratt et al., 2017; Wysession et al., 2012).
Permanent stations from the International Federation of Digital seismograph Networks (FDSN; i.e., GEOSCOPE,
GEOFON, and IRIS/USGS) inside and around the western Indian Ocean, were also used. The starting data set
was formed by events with magnitudes (M,,) > 5.5 and epicentral distances between 30° and 120°, which
were collected using ObspyDMT (Hosseini, 2015). The data were manually selected for high signal-to-noise
ratio. The final data set consisted of 15,000 Rayleigh wave seismograms that corresponded to the vertical
component of the long-period channel. The geographical distributions of sources and receivers are shown
in Figure 2. Due to the important seismic activity that originated in Indonesia, Japan, and the western
Pacific, most of the seismic raypaths came from a northeastern direction. Therefore, other complementary
events were added to increase the azimuthal coverage along the other directions, in particular, from the west
and southwest. Figure 3 shows traces recorded by land and OBS stations.

3. Methods

The first step in this tomography procedure is the measurement of the phase and group velocities for the
Rayleigh wave fundamental modes, along each selected great circle path. The fundamental mode dispersion
curves were measured in a broad period range for the group (16-200 s) and phase (36-250 s) velocities. The
group velocity measurements are extended down to a low period (i.e., 16 s) to provide better constraint on
the crustal structures. The long-period measurements for the phase velocity (i.e., 250 s) allow the imaging of
the deeper parts of the upper mantle. Finally, ~9,000 paths were selected for the group velocity measurements
and ~ 8,000 paths for the phase velocity measurements.
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Figure 2. Global distribution of the ~300 earthquakes sources (red) and 130 stations (yellow) used in this study. Black
lines show the great circle paths. The magnified panel (right) shows the distribution of the RHUM-RUM stations and the
final raypath coverage used in the procedure.

3.1. Phase Velocity Measurements

The mean phase velocity between the source and receiver is extracted using the “roller coaster” waveform
inversion technique for surface waves (Beucler et al., 2003; Stutzmann & Montagner, 1993). We consider here
only the time window of the fundamental mode of the Rayleigh waves, even though the method makes it pos-
sible to also extract higher mode phase velocities. In the Fourier domain, the forward problem for fundamental
mode can be written as follows (Kanamori & Given, 1981):
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Figure 3. Seismograms corresponding to the event that occurred in Pakistan M = 7.7 (24 September 2013) that were
recorded by the French INSU OBS RR28 station, the German DEPAS OBS RRO1 station, the Geoscope RER land station
(La Réunion Island), and the temporary EURO land station deployed on Europa island in Mozambique Channel.
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Figure 4. Data set used in the phase velocity calculation. (left) Density path map. (right) Azimuthal coverage of the area,
where the number of paths per unit area (2° x 2° cell) is binned in the azimuth range of 30°, and the vectors are
saturated at 20 paths. However, the density path beneath Réunion and the central/eastern part of the map is higher
than beneath Africa. The path coverage is redundant everywhere.

where @ is the angular frequency,Ag and CDg are the amplitude and phase, respectively, for a recorded seismo-
gram spectrum, A is the epicentral distance in kilometers, and n is the slowness at frequency o computed
for a reference model. Af) and CI>g are amplitude and phase terms, respectively, that include source, geometri-
cal spreading, seismic attenuation, and receiver response terms. The phase shift due to the propagation in a
real medium resides in the term exp [iwAdn], the slowness perturbation.

The inversion scheme uses least squares optimization (Tarantola & Valette, 1982) to find the best slowness
values as a function of the frequency around the reference model, starting from those at the long period
(long-wavelength variations) and using these as a constraint to refine the inversion at the short period
(short wavelength). To estimate the a posteriori reliability of the phase velocity calculations, synthetic seis-
mograms are reconstructed using the inverted phase velocity, and correlations between real and synthetic
data are used to select accurate measurements. Signals that do not show good correlation with respect to
the real seismograms are rejected. At this stage, almost 8,000 seismograms were selected from more than
14,000 seismograms. Figure 4 shows the path density map and the azimuthal coverage of the area for the
phase velocity.

The final error for the phase velocity measurement is approximated by ¢, = st(r, ) - 0.005, where st is the
measured phase velocity. To illustrate the procedure, Figure 5 (left column) shows three examples of wave-
forms filtered in the (33-333 s) period band. The corresponding phase velocity curves are shown on the right.
The trace shown in Figure 5a was recorded by the Geoscope land station (RER) located on La Réunion Island.
Figures 5b and 5c show the vertical component records for the two OBS stations RR40 (broadband) and RRO1
(wideband). The traces recorded the 11 November 2012 earthquake that occurred in Thailand (M = 6.8). The
waveforms are recovered very well for all three of these stations. The differences in the period ranges of the
phase velocity calculations are caused by the different sensitivities of the sensors of the DEPAS and INSU sta-
tions. Moreover, the different design of the RRO1 station framework induces a higher signal-to-noise ratio,
which influences the phase velocity results, and consequently the waveform retrieval, as shown in the dis-
persion curves in Figure 5 (right column). For a more detailed description of the RHUM-RUM OBS stations
performances, the reader is referred to Stahler et al. (2016) and Scholz et al. (2017).

3.2. Group Velocity Measurements

The mean group velocity for each source-receiver path was measured for the Rayleigh wave fundamental
mode using time-frequency analysis (Levshin, 1985). This method uses a system of narrowband Gaussian fil-
ters with varying central frequency that do not introduce phase distortion, and it provides good resolution
in the time-frequency domain. The group velocity calculation is performed in the period range of 16 s to
200 s. A strict quality check criterion is applied when the automatic picking of the dispersion curves resulted
in complex waveform phenomena due to scattering, multipathing, and interfering overtones. To remove bad
measurements, only the frequency range where the group velocity appeared well defined was picked out
visually. Figure 6 shows the group velocity dispersion curves with the manual picks for the same stations (i.e.,
RER, RR40, and RRO1) and the same event as in Figure 5. Figure 7 shows the azimuthal coverage and path
density coverage relative to the final group velocity data set.
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Figure 5. Quality of the fundamental mode measurements is assessed in windows delimited by T3 (A/UmaXO, where
A is the epicentral distance, Upay, = 4.0 km/s maximum velocity of the fundamental mode) and T4 (A/Upyin,, Where
Unin. = 2.8 km/s minimum velocity of the fundamental mode). (left column) Recorded traces for an earthquake in
Thailand M = 6.8 for stations (a) RER, (b) RR40, and (c) RRO1. The data are in black (filtered in the (33-333 s) period
band), the synthetic before and after the inversions are in red and green, respectively. (right column) Measured
fundamental mode phase velocity (black), compared to the predicted ones for the Prem model (red).

3.3. Regionalization

Phase and group velocity lateral variations are computed using the regionalization method (Montagner,
1986a), as improved by Debayle and Sambridge (2004). The Earth can be considered as a medium where seis-
mic parameters vary smoothly and velocity gradients are not strong (Woodhouse, 1974). In the framework
of geometrical ray theory approximation, the relationship between mean phase/group velocities for a given
path, Vi, (@), and local phase/group velocities at position M can be written as follows:

A [f
Ve, (@) _/s Vio M)~ @

where A is the epicentral distance between source S and receiver R.

The analysis of the local velocity is based on the Rayleigh principle combined with the harmonic tensor
decomposition of Backus (1970). Smith and Dahlen (1973) have shown that for a slight anisotropic Earth,
the local azimuthally varying velocity V(w, M, ¥ ) is expressed at location M for the angular frequency w and
azimuth ¥, as follows:
V(w, M, y) = Vgee(@) + ao(@, M)
+a,(w, M) cos 2y + a,(w, M) sin 2y (3)
+az(w, M) cos 4y + a,(w, M) sin 4y,

where y is the azimuth of the considered direction, a, and g; (i = 1-4) are the isotropic terms (mean from all
of the azimuths) and the coefficients of azimuthal anisotropy, respectively, and Vg is taken as the mean of
the measured velocities at frequency w.

Montagner and Nataf (1986) demonstrated that Rayleigh waves are mainly sensitive to 2¥ coefficients.
Therefore, we considered only these terms in the procedure. To regularize the inversion, it is necessary to
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Figure 6. Dispersion curves for an earthquake in Thailand M = 6.8 11 November 2012, as recorded by (a) RER, (b) RR40,
and (c) RRO1. The colored backgrounds indicate the time frequency signal amplitudes, with red-based colors as the
largest amplitudes. The yellow lines show the manually picked dispersion curves. The measured period range is broader
for RER and RR40 than for RRO1 due to the different sensors in the stations.

introduce some a priori constraints. This can be done through the definition of an a priori model my and an a
priori covariance function C,,o(M, M) (Montagner & Nataf, 1986).

_AM,M’

2
CnoM, M) = o,,(M)o,,,(M")exp < ) , (4)

ZLEOTI’

where M and M’ are two geographical points that are separated by a distance A. The exponential term defines
a Gaussian function with a standard deviation given by a correlation length L .. The least squares inversion
is controlled by two parameters: the a priori error on the parameters and the correlation length. The a priori
error on the parameters corresponds to the uncertainties on the velocities and anisotropy and defines the
variation range of the model parameters. The correlation length L., acts as a lateral spatial filter that imposes
correlations between points separated by distances of the order L ,,, and affects the amplitude and the lat-
eral variations of the results. In this study, we use the code developed by Debayle and Sambridge (2004),
which is based on the same technique as Montagner and Nataf (1986), but use a more efficient Earth model
parametrization based on Voronoi cells and apply an optimization strategy that enables very large data sets
to be handled. The code regionalizes the average phase/group velocity of the paths on the entire Earth. The
regionalized model is given on a grid of 1° x 1°, keeping where there are no paths the reference velocity (Vgee)
and, where there are isolated paths (with no crossing paths), the residual is distributed along the path. Sev-
eral tests were performed using different sets of input parameters (correlation lengths, L,,, a priori errors on
velocities, 6;, and anisotropy ¢,) to study the influence of these on the inversion results and on the final values
of the variance reduction and the y?2 criteria.
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Figure 7. Data set used in the group velocity calculation. (left) Density path map. (right) Azimuthal coverage of the area,
where the number of paths per unit area (2° x 2° cell) are binned in the azimuth range of 30°, and the vectors are
saturated at 20 paths. There is higher density of paths beneath Réunion and the central/eastern part of the map than
beneath Africa; the path coverage is redundant everywhere.

In this procedure, good compromise between resolution, variance reduction, and y? criteria corresponds to
a correlation length of 200 km, an a priori model error for the isotropic parameters, o; = 0.05 km/s, and for
the anisotropy parameters, o, = 0.03 km/s. These tests show that the location of the main velocity anoma-
lies remains substantially unchanged in all of the inversions. Finally, we checked that the inversion results
are not biased by preferential orientation of some paths in the NE-SW direction. The same inversion was per-
formed with a sub-data set that consisted of a more homogeneous azimuthal path coverage, with similar
results obtained as with the entire data set. Errors on regionalized velocities are computed using a bootstrap-
ping approach (Efron & Tibshirani, 1991), which provides the standard deviation of 20 random samplings of
80% of the whole data set. The reliability of the velocity regionalization was also estimated with checker-
board synthetic tests (supporting information Text S1.1). We recovered 500 km wide lateral structures with
good lateral resolution, especially for the central zone of the area (supporting information Text S1.1 and
Figures S1-54).

4, Inversion Versus Depth of Dispersion Data Set

The inversion was performed independently for each location for a 1° grid in latitude (9) and longitude (®).
The code developed by Haned et al. (2016) was used, which follows a transdimensional inversion scheme,
where the data themselves constrain the maximum allowable complexity in the model, rather than specifying
this beforehand.

The Sv wave velocity model, V,,, is expanded in terms of a variable number of B splines that have unknown
positions and coefficients. This can be written as follows:

M-1
Vs@) = V2@ + ), WpNpy (@), (5)
m=0

where N, ,(2) is the mth nonuniform quadratic B spline basis function (De Boor, 1978) that describes the
model, M is the number of B spline basis functions, W,, is the weighting coefficient, and V;’(z) is the a priori
reference S wave velocity at each location (9, ®). Vg(z) is a combination of a modified version of crust1.0 (Laske
et al, 2013), and PREM (Dziewonski & Anderson, 1981), where the discontinuity at 220 km is replaced by a
gradient. The construction of the a priori crustal model is discussed in supporting information Text S2.

This transdimensional inversion consists of two nested loops: for a given spline basis, the inner loop uses the
simulated annealing optimization algorithm to calculate the optimum model weighting coefficients, W,,,, by
minimizing the data misfit function (;(j) between the measured and modeled phase/group velocities. The
outer loop is used to find the optimum spline basis (number of splines M and their shape). For a given number
of splines M, the shape of the M splines can vary continuously from being concentrated toward the shallow
layers,to being more uniformly distributed over the depth range of interest. The outer loop selects the opti-
mum spline basis by minimizing a cost function defined as the mean of the ;(j value attained in the inner loop

MAZZULLO ET AL.
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and the norm of a posterior model covariance matrix. The golden section search method (Press et al., 1992,
chap. 10.1.) is used to minimize this cost function. The dimension of the Sv wave velocity model (i.e., the num-
ber of splines and their shape) is obtained by finding a compromise between the level of the data fit and the
norm of the model a posteriori covariance matrix. This compromise corresponds to the well-known trade-off
between model resolution and variance. The transdimensional inversion controls the model complexity to
avoid data overfitting. For example, if for a given location (latitude and longitude) the data (phase/group
velocity) errors are large, the outer loop minimization routine reduces the dimension of the model (number
of splines) automatically. The model complexity reduces as the data variance becomes larger. We checked
with synthetic tests that the Sv wave velocity model and the corresponding number of splines are accurately
retrieved by the inversion (see supporting information Text $1.2 and Figure S5). This method differs from the
transdimensional Bayesian inference as defined by Sambridge et al. (2013), as we do not use an a posteriori
probability density function to estimate the model and instead keep a single optimal model that achieves the
minimum cost function.

The inversion procedure described above is used to retrieve the anisotropic S wave velocity model as fol-
lows. The azimuthally anisotropic S wave velocity model, V,,, at given depth z can be written as a first-order
approximation as follows (Montagner & Nataf, 1986):

L+ G_cos2y + G, sin 2y
Ve, (w) = \/ - . : , ©6)

where y is the azimuth, p is the density, and L, G, and G, are the anisotropy parameters. We use the isotropic
forward modeling code of Saito (1988) for computing the phase and group velocities for a given Earth model.
To retrieve the anisotropic parameters, four azimuths were considered, ¥; = 0,z /4, x/2,and3z /4, and for
each of these the isotropic inversion is performed using the transdimensional inversion method, to obtain
the corresponding V;,(w) velocity model. We can then resolve the linear system of equation (6) to obtain the
parameters L, G, and G, as a function of depth.

To take into account that seismic wavelengths are different at periods from 16 s to 250 s, the tomographic
model is obtained in two steps. First a low-resolution azimuthally anisotropic S wave velocity model is deter-
mined from the phase and group velocities (period range, 16-250 s) regionalized with a correlation length of
800 km, using the procedure described above. We then use the isotropic part of this low-resolution model as
a starting model and follow the same procedure to invert the phase and group velocities, regionalized with
a shorter correlation length of 200 km. The final errors on the Vs parameters are estimated using the diago-
nal terms of the covariance matrix evaluated, following Tarantola and Valette (1982). Synthetic tests on the
one-dimensional inversion method are provided in the supporting information (Figures S5 and S6).

5. Tomographic Model

The S, wave velocity model is presented in Figure 8 for the depths of 50, 100, 150, and 200 km. At shallow
depths (i.e, 50 km), the model retrieves a classic correlation between a velocity anomaly and the surface
tectonic structures, such as mid-oceanic ridges, old seafloor basins, and the continental lithosphere.

Mid-ocean ridges are characterized by slow velocity signatures between 30 km and 100 km in depth (Figure 8).
At 50 km in depth, the slow velocity amplitude is weaker under the Southwest Indian Ridge (SWIR) than under
the Southeast Indian Ridge and the Central Indian Ridge (CIR). The strongest high velocities in the depth
range of 20 km to 180 km correspond to the continental lithosphere in Madagascar and eastern Africa and
to the old seafloor basins (Mascarene Basin, 90 Ma and Mozambique Channel, 150 Ma). The positive anomaly
amplitude in the ocean basins increases smoothly with the age and thickness of the lithosphere, from +1% for
the younger and thinner (20 km) lithosphere close to the ridges, up to +6% for the old and thick seafloor in the
Mascarene (80 km) and Mozambique (100 km) Basins. The intensity of the positive signature of Madagascar
(~+4%) decreases with depth and disappears around 160 km in depth.

Between 50 km and 100 km in depth, a slow velocity anomaly connects the Réunion hot spot and the CIR,
under the Rodrigues Ridge at a latitude of 18° to 20°S (Figure 8). At greater depths (i.e., 150-200 km), a large
and strong slow velocity anomaly is observed from the Mascarene Basin at the north to La Réunion Island at
the south, which is elongated along a northeast direction toward the CIR.
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Figure 8. S, wave velocity perturbation with respect to the mean velocity at the different depths of 50, 100, 150, and 200 km. Fast anisotropy directions are
plotted with bars, where the strength is normalized with respect to the maximum value at each depth. Black circles indicate the hot spot locations in the area.

The bars in Figure 8 indicate the amplitude and direction of the azimuthal anisotropy. The presence of plumes
and ridges in this region makes the pattern of azimuthal anisotropy particularly challenging. However, in
some zones at the edge of the studied area (i.e., eastern Africa, south of the southwest Indian Ocean, and the
Antarctic Plate; Figures 4-7), fewer paths were collected, and most of these showed the same directions. This
data set resolves the azimuthal anisotropy direction well everywhere else.

These results clearly show that the anisotropy is concentrated between 50 km and 150 km in depth and starts
to disappear at 200 km in depth. This suggests that most of the upper mantle deformation is concentrated
within the lithosphere and the asthenosphere. At 50 km in depth, the fast azimuthal anisotropy direction
close to the CIR follows the direction of the spreading. This is not the case for the SWIR, where the azimuthal
anisotropy is oriented parallel to the SWIR. In the old ocean basins, such as Mascarene, Mozambique, and
Chagos, the azimuthal anisotropy maintains the general northeast-southwest direction parallel to the no net
rotation absolute plate motion calculated from the global strain rate model (Kreemer, 2009).

At asthenospheric depths (i.e., >100 km), the azimuthal anisotropy direction is west-east in the West Indian
Ocean, Madagascar, and Comoros. North of the Seychelles Islands, the fast velocity direction rotates from the
north-south direction at 50 km to 100 km in depth to the northwest-southeast direction at 150 km in depth,
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Figure 9. (a) Map of the S wave velocity model at 80 km in depth. Réunion and Rodrigues Islands are indicated by red
diamonds, and the dotted lines show the location of the cross section. (b, c) Cross sections showing the development
and intensity of the channeled flow in the area of Réunion-CIR. The sections are plotted as a function of depth and
latitude. (d) Average S wave velocity as a function of depth. Velocity anomalies plotted in Figures 9a—9c are determined
with respect to this average model.

in agreement with the absolute plate motion from the HS3-Nuvel1A model (hot spot framework) (Gripp &
Gordon, 2002) with decreasing amplitude. At 200 km in depth, the azimuthal anisotropy amplitude decreases
significantly while preserving the same fast direction of the overlying depths.

The model was compared with three global models: 3D2015 (Debayle et al., 2016), BM12UM (Bassin et al.,
2000; Burgos et al., 2014), and SL2013sv (Schaeffer & Lebedev, 2013). The correlation between the isotropic
component of the S wave velocity in the present model and these three published models is between 0.65
and 0.80. Anisotropic fast direction differences between the present and these global models are less than 30°
in 60% of the model. Comparisons between models with maps and cross sections are included in supporting
information Text S3. There is general good agreement between the models, although the features described
in the next section are new and/or better resolved by the present model due to the denser station coverage
in the area of interest.

6. Discussion

6.1. The Channel Between La Réunion and the Central Indian Ridge

The tomography model at 80 km in depth shows a strong and continuous slow velocity anomaly (—5%, —4%)
from Réunion Island toward the CIR (Figure 9a). It has a thickness of ~200 km, which is constant, although it
is progressively shallower toward the CIR (Figure 9b).

At shallower depths, the fast velocity anomaly associated with the lithosphere is visible down to 75 km
beneath La Réunion Island, and it is progressively shallower toward the CIR; fast anomalies are observed down
to 47 km beneath Mauritius and down to 30 km beneath Rodrigues. The lithosphere thickness variation is
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in agreement with the thicknesses obtained from a receiver function study by Fontaine et al. (2015), who
reported thicknesses of 70 km beneath Réunion, 50 km beneath Mauritius, and 33 km beneath Rodrigues.
The thinning of the lithosphere toward the CIR can be explained by age-progressive lithospheric cooling and
thickening and also by thermochemical erosion due to heat conduction, as proposed by numerical modeling
(Thoraval et al., 2006). Figure 9c shows that the connection between the hot spot and the CIR loses inten-
sity south of La Réunion Island (longitude, 55°E). These results suggest a connection with lateral transport of
solid plume material from Réunion to the ridge through an asthenospheric channel along Rodrigues Ridge
(latitude, 19°S). Such an asthenospheric channel was proposed by Morgan (1978), Sleep et al. (2002), and
Yamamoto et al. (2007a, 2007b) but has never been mapped to date. This channel flow can also explain some
other observations that characterize Rodrigues Ridge and the Rodrigues Island area, such as a thicker oceanic
crust, shallow and smooth bathymetry, and chemically enriched mid-ocean ridge basalts (Dyment et al., 2007;
Hofmann, 1997; Mahoney, Natland, White, Poreda, Bloomer, & Baxter, 1989; Schilling, 1973), which are direct
results of erupting magmas on the surface and intruding magmas at lithospheric depth. East of the Rodrigues
Ridge, the segment of the Central Indian Ridge located between Egeria and Marie Celeste fault zones, is also
significantly shifted toward the west, in the direction of the Réunion and Mauritius Islands, with respect to
the other ridge segments. All of these observations support the hypothesis of an off-axis plume-ridge inter-
action between the upwelling hot material in Réunion and the CIR. The asthenospheric connection between
the Réunion hot spot and the CIR is also supported by the azimuthal anisotropy results here, as illustrated in
the maps of Figure 9a. The values of the azimuthal anisotropy in this area are small (<1%), and this might indi-
cate a vertical small-scale upwelling: the fast direction pattern shows a NW-SE direction north of La Réunion
Island and a NE-SW direction south of Réunion Island, which creates a convergent east-west flow at a latitude
of 18° to 20° toward the CIR. The direction of the fast axes of the observed azimuthal anisotropy beneath
Réunion, Mauritius, and Rodrigues Islands (where the permanent stations are located) is compatible with
results from SKS splitting analysis (Barruol & Fontaine, 2013; Scholz et al., 2016) and in agreement with
independent geodynamic models (Bredow et al., 2017).

6.2. Large Slow Anomaly Beneath Mascarene Basin

At shallow depths (Figure 8), the Mascarene Basin shows a compact and thick oceanic lithosphere with a
high-velocity anomaly between +2% and +7%. At 130 km to 200 km in depth an asymmetric distribution of
slow velocity signatures can be observed, with respect to the CIR in the western part of the Indian Ocean.
Our model shows a wide slow velocity anomaly beneath the entire Mascarene Basin between Madagascar,
Réunion, and the Seychelles in the west part of Indian Ocean. At 150 km in depth, the slow anomaly is elon-
gated toward the northeast direction from Réunion up to the northern part of the CIR, with an amplitude from
—3% to —6%. At 200 km in depth, the strongest slow anomaly is centered north of Réunion Island, beneath
the old Mascarene oceanic lithosphere.

Cross section A1-A2 of Figure 10 show this large slow velocity anomaly at depth in the northern part of
Mascarene Basin. Cross sections C1-C2 and D1-D2 show how the slow velocity signature reaches the surface
to the east toward the CIR along the Seychelles Arc and develops at depth beneath Africa to the west. The
northeast connections between the slow anomaly and the CIR are more intense and continuous (Figure 10,
cross section B1-B2) with respect to the connection of this anomaly with the SWIR, which appears neither
deep nor intense (Figure 10, cross sections A1-A2 and E1-E2). These observations suggest spreading of the
hot material, with the dominant direction along the northeast and the east. The thick and compact shield
of the Mascarene Basin (Figure 1) appears to block the upwelling of the hot material and forces it to flow
laterally up to the northeast, over the Seychelles Arc. This privileged spreading direction (Figure 10, cross
section B1-B2) is in agreement with the eastward asthenospheric flow direction proposed by Forte et al.
(2010) and might be influenced by the general motion toward the northeast of the overlying plate.

At 200 km in depth, the strongest slow anomaly shows two directions of expansion: (1) To the east in the
northern part of Madagascar and Mozambique Channel, the slow anomaly might be connected with the slow
velocity beneath the East Africa Rift (Figure 10, cross section E1-E2) and (2) to the southeast beneath South
Africa (Figure 10, cross sections C1-C2 and D1-D2), where Glisovi¢ and Forte (2017) proposed a possible
ancient connection with the slow velocity anomaly that originates at the core-mantle boundary.

At shallow depth (i.e, 50 km), the fast anisotropy direction beneath the Mascarene Basin shows an overall
northeast direction, in agreement with the paleospreading of the area and the no net rotation general motion
of the Africa Plate (absolute plate motion) (Kreemer, 2009; Seton et al., 2012). At 100 km to 150 km in depth,
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Figure 10. Vertical cross sections along great circle paths for the shear velocity distribution relative to the mean model
of the area. The sections are plotted as functions of depth and latitude. Réunion and Rodrigues Islands are indicated by
red diamonds, and the dotted lines show the cross sections.
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the maps in Figure (8) show a significant anisotropy pattern with a well-defined NW-SE fast direction that does
not correspond to the past spreading of the region nor to the general NE-SW trend that results from mantle
flow models or no net rotation plate motion (Conrad & Behn, 2010; Forte et al., 2010; Kreemer, 2009). The
orientation is in agreement with plate motion within the hot spot framework from HS3-Nuvel1A model (Gripp
& Gordon, 2002). The difference between the anisotropy fast directions at 50 and 100 km depths might be
related to the interaction at the lithosphere-asthenosphere boundary, suggesting a mechanical decoupling
between the thick and old lithosphere and the underlying hot asthenospheric material characterized by slow
seismic velocities.

Previous global and regional tomography studies (Burgos et al., 2014; Debayle & Lévéque, 1997; Debayle &
Ricard, 2012; French & Romanowicz, 2015; Lévéque et al., 1998; Montagner, 1986b; Montagner & Jobert, 1988)
have provided some evidence of slow velocity signatures in the north part of the western Indian Ocean, but
they have never imaged any clear seismic evidence of the connection between the large negative anomaly
in the upper mantle and the Réunion hot spot.

6.3. East Africa and Comoros Archipelago

This model also shows the velocity structure of the eastern part of the African continent. The eastern part of
Tanzania and Kaapvaal cratons shows positive anomalies (+3% and +6%; Figure 8). On cross sections C1-C2
and D1-D2 in Figure 10, the root of the Kaapvaal craton is still visible at 250 km in depth. The Tanzania craton,
which is within the eastern and western branches of the East African Rift, shows a shallow root at ~170 km
in depth, with a weak slow velocity anomaly beneath Lake Victoria (Figure 10, cross section E1-E2). This
slow anomaly (at 200-300 km in depth) might have been produced by convective instabilities following the
edge-driven convection process due to the fast velocity structure of Tanzania adjacent to the slow velocity
structures of the African rifts (King & Ritsema, 2000).

Cross sections D1-D2 and E1-E2 of Figure 10 show that the negative anomaly beneath Comoros Archipelago
appears to be a branch of the large slow anomaly in the Indian Ocean discussed in section 6.2.

From the maps in Figure (8) (at 50 km in depth), East Africa, Mozambique Channel, and Madagascar have con-
stant northeast azimuthal anisotropy, with the fast direction correlated with the no net rotation plate motion.
Going deeper, the azimuthal anisotropy fast direction remains northeast in East Africa, but with decreasing
intensity. Starting at 100 km in depth, the azimuthal pattern shows a west-east fast direction in Madagascar
and Mozambique Channel, in agreement with the mantle flow, as proposed by Ghosh and Holt (2012), Behn
etal. (2004), Forte et al. (2010), and Moucha and Forte (2011). The anisotropy pattern becomes more complex
in the area of Comoros Islands, which appears to be due to the complex southern termination of the rift system
in the area. Debate remains on the different hypotheses regarding the presence of different plumes beneath
Kenya and Comoros, or a large plume whereby the slow velocity anomalies in the area might be connected
(Nelson et al.,, 2007, 2008; Park et al., 2008; Ritsema et al., 1999), in the framework of the northern termination
of the East African Rift.

Beneath the East Africa cratons (200 km in depth; Figure 10, cross sections C-D-E), the slow velocity signature
continues toward the southeast beneath Comoros Islands and is connected to the large slow velocity anomaly
beneath the western Indian Ocean (Figure 10, cross sections D1-D2 and E1-E2). This complex setting of
slow velocity branches in the Comoros area suggests that the origin of the Comoros Archipelago and the
seismic/volcanic activities in the region are related to a lithosphere stress that might have originated from the
opening of a plate boundary (Michon, 2016), rather than plume upwelling.

7. Conclusions

We have estimated the three-dimensional S velocity structure around La Réunion Island down to 300 km in
depth through the inversion of the fundamental mode of Rayleigh wave phase and group velocities. The avail-
ability of these data from these new OBS and land stations from the RHUM-RUM experiment enabled us to
obtain a regional tomography model with finer resolution (L, = 300 km) than previous global and regional
studies. At 80 km to 100 km in depth, a slow velocity anomaly connects the negative anomaly beneath
Réunion Island with the CIR. Furthermore, the fast anisotropy direction shows a west-east direction, which
supports the off-axis plume-ridge distal interaction (Ito et al., 2003; Ribe et al., 2007; Schilling, 1991, 1985). The
extended slow velocity anomaly beneath the north part of Mascarene Basin from 100 km to 250 km in depth
might represent the source of the hot material that feeds into the Réunion hot spot.
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Even though we cannot resolve the origin at depth of this anomaly, these data do not indicate a simple vertical
mantle upwelling that would feed the Réunion hot spot. The tomography suggests a much more complex
upwelling beneath the Mascarene Basin that interacts with the overlying lithosphere and spreads the hot
material laterally over very large distances, to feed ridges and volcanic structures in the area.
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