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Large-scale flow of Indian Ocean asthenosphere
driven by Réunion plume

G. Barruol®'?*, K. Sigloch
S. Kiselev?, F. R. Fontaine

3, J.-R. Scholz®"2, A. Mazzullo', E. Stutzmann’, J.-P. Montagner®’,
12, L. Michon'?, C. Deplus’ and J. Dyment®!

Volcanic hotspot islands are thought to be surface manifestations of mantle plumes that rise from the core-mantle bound-
ary. When mantle plumes approach the surface, their mostly vertical rise must be deflected into near-horizontal flow beneath
tectonic plates. This creates an opportunity to constrain their dynamics and their interactions with lithospheric plates and
mid-ocean ridges. Seafloor observations have been used to propose that a focused flow in the asthenosphere transports plume
heat to the nearest mid-ocean ridge, where it efficiently dissipates through formation of lithosphere. Here we present imaging
results from a seismological survey of a proposed plume-to-ridge flow channel between the Réunion hotspot and the Central
Indian Ridge. Rayleigh-wave tomography and shear-wave splitting confirm the presence of a channelized flow of shallow asthe-
nosphere, eastward from the hotspot to the spreading ridge. At a larger scale, a deeper reservoir of hot asthenosphere fills
vast tracts of the Indian Ocean basin east and north of Réunion Island. Its flows, decoupled from overlying lithospheres, are
also directed towards the Central Indian Ridge but extend well beyond, tapped but not significantly depleted by the spreading
ridge. Based on seismic and geochemical observations, we suggest that this hidden heat reservoir is generated and driven by

the mantle plume, which buffers more heat near the surface than expected.

hypothesis', Réunion has been a prime candidate for express-

ing such a deeply rooted ‘primary’ mantle upwelling?. The
island (Fig. 1) is among the most active volcanoes globally, and
features a hotspot-type, enriched geochemistry. It is located
>1,000km from the closest plate boundary at the young end of a
5,500 km long, time-progressive volcanic track that emerged from
the Deccan flood basalts of India ~65 million years ago (Ma)"**.
The lowermost mantle under the region is anomalously slow in
global tomography models™, consistent with upwelling from the
core-mantle boundary, but a surface connection has remained
debatable due to insufficient seismic imaging resolution in the mid
and upper mantle, as for other oceanic hotspots. Morgan comple-
mented his deep plume hypothesis by the prediction that upwell-
ing plumes, acting as a heat source near the surface, may establish
a vigorous connection to nearby spreading ridges (heat sinks)
via pipeline-like flow in the asthenosphere®. Citing the Réunion,
Galapagos and Kerguelen systems as examples, he postulated such
a plume-ridge interaction for all the hotspots that had spawned
and initially captured a spreading ridge, which subsequently
‘escaped’ to a moderate distance. Réunion’s pipeline would have
developed when the Central Indian Ridge (CIR) gradually moved
away and east of Réunion after 34 Ma (refs. *-'°). Surface evidence
supporting plume-ridge interaction includes:

Since Morgans proposal of the deep convection plume

1. Rodrigues Ridge (Fig. 1a)—an aseismic, east-west striking ba-
thymetric high that projects the connection over time between
Réunions hotspot track and the CIR—presumably formed
through a volcanic upward leakage of the channel flow, from at
least 7-10 Ma (ref. *) to 1.5 Ma (ref. '').

2. Hotspot signature in the nearest CIR segment between Marie
Celeste and the Egeria fault zones (~17-21°S). The segment

protrudes westward, is exceptionally long, unusually elevated
and asymmetric, with a smoother bathymetry on its western
ridge flank (Fig. 1a), which all suggest a preferential, hot feed-
ing from Réunion.

3. Réunion hotspot signature'>”"” in the major and trace elements
and isotopic compositions of basalts dredged on the CIR be-
tween 18 and 21°S, and on the easternmost Rodrigues Ridge
(Gasitao and Three Magi Ridges).

4. Slow earthquakes on the Marie Celeste transform fault,
which could indicate the presence of lubricating, hotspot-
generated melts'.

Seismological imaging of lithosphere and asthenosphere
The RHUM-RUM experiment'” (Réunion Hotspot and Upper
Mantle—Réunions Unterer Mantel, http://www.rhum-rum.net/)
instrumented the area of Fig. 1a with 57 broadband ocean-bottom
seismometers (OBS) for 13 months, and with 20 island stations
for 2-4 years (details in Methods). The largest oceanic plume
imaging effort to date in terms of area and instruments deployed
simultaneously, RHUM-RUM also represents the first long-term
deployment above one of Morgan’s hypothesized asthenospheric
flow channels®.

To infer the patterns of heat and material flow in the upper
300km, we combined the complementary methods of aniso-
tropic surface-wave tomography (fundamental-mode Rayleigh
waves, 30-300s) (ref. ¥) and shear-wave splitting measurements'.
Isotropic shear-velocity anomalies (8V/V,) are a proxy primarily
for mantle temperature. Azimuthal anisotropy of §V/V, is a proxy
for the current or past mantle flow. Compared to the previously
very sparse seismic instrumentation, RHUM-RUM substantially
improved the seismic resolution across much of the Indian Ocean
basin (Supplementary Fig. 1).
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Fig. 1| Seismological imaging of the Rodrigues Corridor region, from Réunion to the CIR. a, Bathymetric map showing SKS splitting measurements'>%®
(black bars) at RHUM-RUM ocean-bottom and island stations (yellow dots). Bar lengths and azimuths represent the magnitudes and fast directions of
SKS splitting. Grey dashed lines are seafloor age isochrons up to 40 Ma. b-f, Shear-wave velocity variations 8V./V, (red, slow; blue, fast) from Rayleigh-
wave tomography™® at depths of 50 (b), 60 (c), 70 (d), 80 (e) and 90 (f) km. Thick dashed and thin dotted lines are isocontours of 8V,/V,=+2% and
+1%, respectively. Black bars are azimuthal anisotropy estimates from tomography. Anisotropy bars in all panels are normalized to the ‘2% anisotropy’ bar
shown beneath the colour bar. FZ, fracture zone; SWIR, Southwest Indian Ridge; SEIR, Southeast Indian Ridge.

Beneath the CIR, tomography'® shows a band of slower-than-
average 0V,/V, at 50-90km depth (red in Fig. 1b-f), as expected
from thin or absent lithosphere. Réunion and Mauritius are under-
lain by faster-than-average shear velocities down to about a 60km
depth (dark blue in Fig. 1b,c), consistent with 60-90 Myr old litho-
sphere in the Mascarene Basin®.

Under the Rodrigues corridor, which stretches ~1,000km from
Réunion to the CIR, the asthenosphere reaches closer to the surface
than to its north or south. From 50 to 90km depths (Fig. 1b-f), this
tongue of slow asthenosphere protrudes progressively westward from
the anomalous CIR segment, deepening to 80-90 km under Réunion.
The tongue’s north—south width of ~400km is resolved (Methods and
Supplementary Figs. 2 and 3), and roughly matches the north-south
extent of the anomalous CIR segment (~17-21°S (Fig. 1a)).

On the larger scale of the Indian Ocean basin, Fig. 2 presents the
tomography model and Fig. 3a maps the lithospheric thickness, or
depth of the lithosphere-asthenosphere boundary (LAB), estimated
as the 1,200°C isotherm derived from isotropic dV/V, (ref. *')
(Methods and Supplementary Fig. 6). The lithosphere is observed
to thicken perpendicularly away from the CIR, that is, with seafloor
age, as expected for conductive half-space cooling. The east-west

‘groove’ of the thinned Rodrigues corridor lithosphere in Fig. 3a,
with its gentler thickening gradient and shallowing asthenosphere
(Fig. 2b,c), is unexpected and must reflect additional heat flux.

Apart from the Rodrigues corridor, slow 8V,/V, anomalies in the
upper 100 km in Fig. 2b,c correlate strongly with the Indian Ocean’s
four spreading ridges (Carlsberg, Central, Southwest and Southeast
Indian Ridges). This predictable pattern changes completely below
100km, where slow 8V/V, anomalies are no longer associated
with the mid-ocean ridges (Fig. 2d-f). Instead, slow asthenosphere
is abundant beneath the eastern half of the Somali Plate, stretch-
ing east and northeast of Madagascar and towards the CIR. Below
200km, this vast slow anomaly is centred beneath the Mascarene
Basin, where it bottoms out at or below 350 km, our deepest resolv-
able depth.

Discernible in some previous tomographies**, this basin-sized
body of slow asthenosphere has come into sharp focus through
the dense RHUM-RUM data (Supplementary Fig. 1). We term it
‘Mascarene Basin Asthenospheric Reservoir’ (MBAR) and its con-
nectivity across depths is highlighted in Fig. 3b, a three-dimensional
(3D) rendering of slow anomalies located deeper than 100km
(which eliminates spreading ridges). The MBAR extends north and
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Fig. 2 | Surface-wave tomography* of the western Indian Ocean. a, Bathymetric map showing the RHUM-RUM OBS locations (yellow dots) and
spreading ridges: SWIR, SEIR, CIR, Carlsberg Ridge (CR) and Rodrigues Triple Junction (RTJ). b-f, Shear-wave velocity variations 8V,/V, at depths of 50
(b), 80 (), 120 (d), 170 (e) and 200 (f) km, shown on the same colour scale as that in Fig. 1. Black bars show the azimuthal anisotropy estimates from

tomography, as in Fig. 1. The dashed square shows the area of Fig. 1.

east of Réunion, and its southern limit coincides with the Rodrigues
corridor. At latitudes of about 6-17°S, MBAR spills beneath the
CIR and across to the Indo-Australian Plate, but does not extend
to the region’s other spreading centres, that is, the Rodrigues
Triple Junction, Southwest Indian Ridge and East African Rift
System (Fig. 2d-f and Fig. 3b).
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Asthenospheric flow inferred from seismic anisotropy
Seismic anisotropy is dominantly controlled by the alignment of
olivine crystals’ fast axis [100] in the flow direction** (details in
Methods), and thus constitutes a proxy for upper-mantle flow.
Beneath the seismic stations, azimuthal anisotropy is robustly
constrained by 88 SKS splitting measurements”, which provide
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Fig. 3 | Shape and dynamics of the MBAR. a, Map of lithosphere thickness or LAB depth (blue shades), estimated from surface-wave tomography?' as the
depth of the 1,200 °C isotherm. Blue shades inside the black circles are independent LAB depth estimates under Réunion, Mauritius and Rodrigues islands
from receiver function and surface-wave dispersion data®’. Orange bars show the azimuthal anisotropy in the lithosphere at 50 km depth, normalized to
the 2% anisotropy scale bar in the legend. b, 3D rendering of an anomalously slow asthenosphere (-8V./V, >1.5% slow isocontour) at and below 100 km
depth. The depth axis is reversed as if the mantle structure was turned inside out (light pink is deep, red is shallower). Yellow bars show the anisotropy

50 km below the LAB, where asthenospheric anomalies tend to peak. Dashed blue lines indicate the cross-sections presented in Fig. 4.

a high lateral resolution of ~50km, but little vertical resolution
(Fig. 1a). Fast S-velocity directions strike roughly east-west under
Rodrigues corridor, consistent across OBS and with earlier mea-
surements on Réunion, Mauritius and Rodrigues island stations®
(Fig. 1a). Along a central axis that connects Mauritius, Rodrigues
and the CIR, fast directions strike almost exactly east-west. North of
this axis, they have a south-pointing component (N100°E), whereas
south of it, the anisotropy points slightly north (N80°E). West of
Réunion, fast directions wrap around the leading edge of the hotspot
track. Jointly these splitting observations suggest a latitudinal gath-
ering of eastward flow, from relatively diffuse in the Mascarene Basin
into a focused stream towards the spreading ridge, at least as wide as
the instrumented area (~400 km latitudinally (Fig. 1a)). SKS phases®
are split by 1-2s (Fig. 1a), of which 80% probably originate in the
asthenosphere (as indicated by forward propagation through the
tomography model (Methods and Supplementary Fig. 7)). These
substantial splits imply a 100-150 km thick flowing layer, assuming a
typical intrinsic anisotropy of 3-5% in the flowing mantle®.

Rayleigh-wave tomography yields azimuthal anisotropy as a
function of depth, and extends beyond the instrumented areas
to the basin scale, but with a lower lateral resolution of ~300km
(Supplementary Figs. 2, 3 and 5). Tomographically estimated
anisotropy is superimposed on depth sections of isotropic dV,/V;
in Figs. 1 and 2, and on a 3D rendering of the MBAR in Fig. 3b.
Within the MBAR (Figs. 2d-f and 3b), anisotropy is strong and
aligns E-W to NW-SE, joining up well with SKS splits under the
northern Rodrigues corridor (Fig. la). Anisotropy appears weak
and incoherent under the corridor itself (Fig. 2d, 1f), seemingly in
contradiction with splitting observations but explained if the (less
resolving) surface waves averaged over different structures within
and south of Rodrigues corridor.

Stark anisotropy contrasts between the MBAR asthenosphere
and overlying lithosphere are evident in Figs. 2b versus 2d or 3a
versus 3b, but this is best appreciated in east-west cross-sections

shown in Fig. 4, where the bars that indicate fast directions are
arranged in vertical columns to highlight the changes of azimuthal
anisotropy with depth. Under the Mascarene Basin and Réunion
(red star in Fig. 4), the lithosphere anisotropy strikes roughly north-
south (near-vertical bars), almost perpendicular to asthenospheric
anisotropy. The transition in depth is marked by anisotropy min-
ima. Almost everywhere these ‘zero crossings’ of anisotropy coin-
cide with the isotropically imaged LAB (the sharp vertical transition
from blue to red shades), a finding that lends credence to these
anisotropy minima as alternative LAB markers. The observed LAB
transition spans around 20km vertically, a sharpness well resolved
according to resolution tests (Methods and Supplementary Fig. 5).

Within the isotropically defined asthenosphere (red areas in
Fig. 4), fast V, azimuths tend to arrange into spindle-shaped verti-
cal profiles, most clearly expressed in sections 18.5°S and 12.5°S.
The anisotropy magnitude peaks in the middle of the slow layer
and crosses zero at both its top and bottom. As the upper mini-
mum marks the LAB, the lower seems to define the elusive astheno-
sphere-mesosphere boundary, which is poorly defined by isotropic
8V /V, . It is observed between 150 and 200 km depth across Fig. 4,
bounding 100-150 km thick asthenosphere from below.

The occurrence of spindle-shaped anisotropy profiles is limited
to areas of very slow isotropic V,, that is, to the asthenosphere of the
MBAR and Rodrigues corridor. South of the corridor (21.5°S and
26.5°8), spindles are weakly developed or absent, even though mod-
erately slow 8V/ V. still delineates the asthenosphere isotropically.

The spindle-shaped anisotropy profiles resemble parabolic veloc-
ity profiles of a planar Poiseuille-type flow of fluid between two hor-
izontal confining ‘plates’ (lithosphere and mesosphere). Poiseuille
flow is actively driven by a horizontal pressure gradient®’*, as would
be caused by plume upwelling in the west. Assuming that the anisot-
ropy is caused by strain and hence proportional to the vertical deriv-
ative of (horizontal) fluid flow, the parabola-shaped depth profile of
Poiseuille flow in an isoviscous fluid should generate an anisotropy
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Fig. 4 | Upper mantle structure and Poiseuille-like asthenospheric flow beneath the Western Indian Ocean. East-west cross-sections through the MBAR
(7.5°S,12.5°5S), Rodrigues corridor (18.5°S) and south (21.5°S, 26.5°S) of these two bodies of a very slow asthenosphere. Isotropic 8V./V, is represented

by the same colour scale as in Figs. 1and 2. Azimuthal anisotropy is shown by black bars, in 10 km vertical increments. Horizontal and vertical bars indicate
east-west and north-south striking directions, respectively. The anisotropy magnitude is normalized relative to the horizontal and vertical scale bars in the
legend. Green circles and red stars mark the longitudes of the CIR and Réunion island, respectively. Green dashed lines indicate the 1,200 °C isotherm LAB

estimates?' shown in Fig. 3a.

minimum in the middle of the flow**** (Supplementary Fig. 4), con-
trary to the actually observed maximum. Real mantle rheologies are,
however, non-linear and temperature dependent. Hence, a viscosity
minimum in the middle of the MBAR asthenosphere—compatible
with the peak isotropic 6V/V, observed there—would concentrate
flow and hence anisotropy in the middle of the layer, as observed in
Fig. 4 and schematized in Fig. 5 and Supplementary Fig. 4.
Alternatively, asthenosphere might be passively dragged by the
overlying lithosphere, predicting completely different anisotropy
profiles (Couette flow (Supplementary Fig. 4)). Intuition and geody-
namic modelling®" indicate that such an asthenospheric flow and
anisotropy should be aligned with the (northeastward) motion of
the overlying Somali and Indian Plates’>* (Supplementary Fig. 7),
a stark mismatch to the MBAR’ robustly observed west-east to

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

northwest-southeast striking anisotropy. Fluid velocities and
anisotropy in Couette flow would peak at the LAB and taper down-
ward” (Supplementary Fig. 4), as would anisotropy. Our resolu-
tion tests (Methods and Supplementary Fig. 5) indicate that such
an anisotropy maximum at the LAB can be ruled out and that the
observed minimum at the LAB is resolved. Hence, our observations
robustly support the dominance of actively driven asthenospheric
flow, directed (south)eastward towards the CIR (a sink of astheno-
sphere) and driven by a westerly source (a plume?).

Plume-ridge interaction beneath the CIR

In the lithosphere, fast azimuthal anisotropy is oriented north-
south in the Cretaceous-aged Mascarene Basin and northeast-
southwest in seafloor produced by the younger CIR (Fig. 3a), that is,
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Fig. 5 | Conceptual summary of shallow and deep flows in the
asthenosphere beneath the western Indian Ocean. The block diagram
(roughly to scale) shows the shallow asthenospheric channel under

the Rodrigues corridor, from Réunion towards the CIR, and its eastward
Poiseuille-type flow velocity profile that aligns the olivine [100] fast axes
east-west. Red dots are OBS locations and black bars are SKS splitting
measurements. The lower map shows isotropic and anisotropic shear
velocities at 140 km depth, and the dotted black rectangle indicates the
extent of the block diagram. Grey interpretive arrows highlight the shallow,
hotspot-to-CIR flow in the Rodrigues corridor asthenosphere, and the
deeper, broader flows within the MBAR asthenosphere, towards and beyond
the CIR. The horizontal scale at the base of the block diagram is in km.

consistently parallel to (palaco)spreading directions as expected.
Where MBAR asthenosphere spills under the CIR at latitudes
~6-17°S, a shallow layer of northeast-southwest anisotropy (paral-
lel to the current CIR spreading) is underlain by a layer of north-
west-southeast anisotropy (Fig. 4, clearest at 7.5°S below the green
circle, and also at 12.5°S). Unlike everywhere else, this change of
anisotropy direction beneath the spreading ridge occurs within
the asthenosphere, not at the (isotropic) LAB. Hence, the superfi-
cial part of the MBAR appears to feed the accreting CIR, realign-
ing its flow with the spreading, but the CIR’s suction appears too
weak to significantly drain or divert the MBAR’s deeper, northwest—
southeast directed flow. This flow extends to the Indo-Australian
Plate, where additional large areas of slow asthenosphere are imaged
(Figs. 2d-f, 3b and 4).

This hypothesis predicts that CIR basalts should sample the
hotspot-influenced geochemistries of Rodrigues and MBAR flows.
Indeed, basalts dredged in the Rodrigues CIR segment (17-21°S)
require mixing between standard mid-ocean ridge basalt (MORB)
and Réunion’s ocean island basalt (OIB) signatures'>'*'>**. He*/He*
ratios are also intermediate between MORB and the Réunion
OIB'™., Between 8 and 12°S, where MBAR passes beneath the
CIR, basalts are enriched, but geochemically distinct from the
Rodrigues corridor samples®. Originally interpreted as a mantle
upwelling other than Réunion, but also located ~1,000km west of
the CIR*, our observations clarify that this second enriched reser-
voir is the MBAR.

Under the Rodrigues corridor, all the subsurface observations
support Morgan’s hypothesis of hotspot-ridge interaction®, as sum-
marized in Fig. 5. The Réunion hotspot supplies hot asthenosphere,
which generates a horizontal pressure gradient and Poiseuille-
type flow towards the asthenosphere-consuming CIR. This flow
is focused by an east-west striking groove of thinned lithosphere,
which facilitates the leakage of lavas to the surface and thus explains
the presence of the Rodrigues Ridge’s thickened crust and geochem-
ical OIB signature. Groove-like thinning is implicit in Morgan’s
hypothesis, who reconstructed the Rodrigues corridor as the per-
sistent line of flow from hotspot to eastward-drifting CIR over time,
an evolution that exposed (only) this corridor of lithosphere to
prolonged excess heat. Approaching the CIR, the flow channel’s hot
contents account for the anomalously swelled CIR segment®'** and
its hotspot-influenced geochemistry.

Other examples of ‘Morgan-type® hotspot-ridge interaction
have been investigated from surface evidence, for example, for
Galapagos/Darwin®*" and Kerguelen/Amsterdam®'**, but our
results resolve this relatively small-scale (<1,000 km) flow phenom-
enon in the oceanic subsurface.

Much larger, hidden flow of asthenosphere

Surprisingly, our MBAR observations suggest yet another flow type
towards the mid-ocean ridge, which is deeper and much broader
than the Rodrigues channel flow. The Rodrigues corridor marks the
MBAR’s southern limit (Fig. 3b), and the asthenosphere in both is
expressed similarly in isotropic and anisotropic S velocities, but the
lithospheric lid is thicker above the MBAR (Figs. 3 and 4). This may
explain the MBAR’s limited surface expressions, which consist of an
enriched CIR MORB signature** and the Mascarene Basin’s unex-
pectedly shallow bathymetry (~500m residual)®. East of the CIR,
the MBAR flow may also be expressed in plate motion changes of
the Capricorn plate®.

The combination of enriched CIR basalts, very slow shear veloci-
ties, and Poiseuille-type anisotropy profiles unaligned with current
CIR spreading or plate motion (Supplementary Fig. 7) strongly sug-
gest that the MBAR asthenosphere is fed from some kind of deep
upwelling. This could be Réunion’s remnant plume head and/or
younger plume tail®. This origin would require effective north-
eastward dragging of the plume asthenosphere by the formerly
fast-moving Indian Plate (Couette-like flow), unlike the plate-
asthenosphere decoupling implied by the present-day Poiseuille
flow. Today’s fast-moving Pacific Plate is, indeed, known to have
motion-parallel, basin-scale fast anisotropy directions* and a clear
Couette flow component™.

A more intuitive source for the MBAR is a separate plume that
rises beneath the Mascarene Basin. This would explain southeast-
ward anisotropy towards the CIR and enriched MORB composi-
tions at 8-12°S that are distinct from Réunion and Rodrigues™.
However, our ongoing body-wave tomography work* indicates no
deep upwelling north of Réunion, which leaves the possibility of a
separate palaeco-upwelling under the Mascarene Basin that has since
lost its connection to the deep mantle®.

Below 100km depth, the vast MBAR connects seamlessly to
equally vast areas of slow 8 V,/V, and a pronounced east-west anisot-
ropy under the Indo-Australian Plate (Fig. 3b), which resembles
asthenospheric fingering*, as imaged by surface-wave tomography
beneath the Pacific**** and South Atlantic*® oceans, other hotspot-
rich regions. If all this asthenosphere is, indeed, sourced from deep
mantle upwelling, the observed continuity of strong anisotropy (that
is, flow) across large tracts of Indian Ocean points in the direction
of a plume-fed asthenosphere***. This implies that the heat brought
towards the surface by mantle plumes may remain largely trapped
and overlooked beneath the oceans, with little or unexpected surface
manifestations”. Owing to its vast spatial spread, MBAR-like asthe-
nosphere tends to be perceived as the default state of a seismically
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defined low-velocity asthenosphere in a sparsely instrumented
ocean, rather than recognized as a large heat buffer fed by a local-
ized deep mantle source. Much of this heat would be lost slowly
and imperceptibly through conductive half-space cooling of the
lithosphere overhead and mesosphere below, rather than through
hotspot volcanism or mid-ocean ridge accretion. Hence, the rec-
ognition of the deep Mascarene Basin asthenosphere as plume
sourced, as argued here from high-resolution seismological obser-
vations on the seafloor, calls for an upward revision of the plumes’
relative contribution to the Earth’s heat budget.
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Methods

Seismological networks. The RHUM-RUM experiment'” deployed 57 OBS (shown
as triangles in Supplementary Fig. 1) in October 2012 with the French research
vessel Marion Dufresne (cruise MD192%), and recovered them in December 2013
with the German Meteor (cruise M101°"). Over half of the OBS were deployed over
the ‘Rodrigues corridor; stretching from Réunion to the CIR via Mauritius and
Rodrigues (Fig. 2a and Supplementary Fig. 1).

The OBS measured continuous ground motion (velocity) along one vertical
and two horizontal components. The network consisted of 9 stations equipped with
Nanometrics Trillium 240s broadband sensors (red triangles in Supplementary
Fig. 1), loaned from the French INSU-IPGP pool (Institut National des Sciences
de I'Univers-Institut de Physique du Globe de Paris), and 48 stations equipped
with Guralp 60s or 120 s wideband sensors (yellow triangles in Supplementary
Fig. 1) from the German DEPAS pool (Deutsche Gerite-Pool fiir amphibische
Seismologie) managed by the Alfred Wegener Institut. Technical details on the
experiment and data preprocessing are published elsewhere™-*.

RHUM-RUM also deployed 20 terrestrial stations on Réunion (10), the fles
Eparses and Mayotte in the Mozambique Channel (5) and South-East Madagascar
(5) (white diamonds in Supplementary Fig. 1). For our SKS studies we further
used the permanent island station MRIV on Mauritius (operated by the Mauritius
Meteorological Services) and the stations RER (on Réunion) and RODM (on
Rodrigues), operated by the GEOSCOPE network (https://doi.org/10.18715/
GEOSCOPE.G). Also, 33 stations from the MACOMO experiment™, installed
between 2011 and 2013 in Madagascar (Supplementary Fig. 1), were integrated in
the surface-wave tomography analysis'®.

Surface-wave tomography. For our Rayleigh-wave tomography'® we used ~300
regional and teleseismic earthquakes with high signal-to-noise ratios recorded

at ocean-bottom, island and land stations across the western Indian Ocean that
allowed us to invert 9,000 phase-velocity measurements of fundamental-mode
Rayleigh waves (30-300s period) for isotropic 8V,/V,, which is primarily a proxy
for mantle temperature, and for azimuthally anisotropic 8V,/V,, a proxy for current
or past mantle flow.

For each earthquake-station path, we measured the phase velocities of
fundamental-mode Rayleigh waves in the period range 30-300s using the
‘roller-coaster’ method™, and group velocities in the period range 16-250's using
time-frequency analysis. A 3D model of shear-wave velocity in the upper mantle
was obtained as follows. First, we inverted the path-averaged phase and group
velocities to obtain regionalized velocity maps for each period separately. Second,
we combined all the phase and group velocity maps that corresponded to different
periods and inverted them at each grid point to obtain the local S-wave velocity
as a function of depth using a transdimensional inversion scheme. Third, these
local models were recombined to obtain the 3D S-wave velocity and azimuthal
anisotropy model with a lateral resolution of 300 km down to depths of 350km
(ref. '*). Radial anisotropy could not be constrained as it requires Love-wave
measurements, which are difficult to obtain from the noisy horizontal
components of OBS.

Synthetic tests of the surface-wave tomography model, lateral resolution.

We present two inversions of synthetic data aimed at testing the reliability and
lateral resolution of the velocity regionalization. Supplementary Fig. 2 presents

a generic checkerboard test and Supplementary Fig. 3 tests the robustness of an
asthenospheric channel present in the actual inversion. Additional tests are given
in Mazzullo et al. (2017)". Path density and azimuthal coverage of the tests are
identical to those used in the inversion of the real data (Supplementary Fig. 1).

The checkerboard test input (here, for phase velocities, a period of 100s)
consists of 500 km wide, vertical parallelepipeds of alternating slow and fast
velocities (Supplementary Fig. 2a), which also include azimuthal anisotropy with
fast directions that trend perpendicular from one block to the next (Supplementary
Fig. 2¢). Recovery is good for both isotropic (Supplementary Fig. 2b) and
anisotropic (Supplementary Fig. 2d) structures, especially in the western Indian
Ocean centred on the Réunion-Rodrigues and MBAR areas.

In Supplementary Fig. 3a, the resolution test input (here, for phase velocities, a
period of 80s) consists of a negative velocity anomaly modelled on a low-velocity
channel under the Rodrigues corridor between Réunion island and the CIR. We
considered a 1,000 km long and 200 km wide parallelepiped with an (isotropic)
velocity anomaly of §V,/V,=—3% relative to the reference model (Supplementary
Fig. 3a). Recovery of the overall structure is good (Supplementary Fig. 3b), with
very little smearing in the north-south direction (the narrower dimension), and
moderate smearing of ~200 km in the east-west direction.

Synthetic tests of the surface-wave tomography model, vertical resolution of
azimuthal anisotropy. We performed inversions of synthetic data to check the
vertical resolution of the surface-wave tomography model, specifically its ability
to constrain azimuthal anisotropy as a function of depth. Anisotropy is caused by
a differential movement in the rock matrix (shear strain). In the case of horizontal
flow, the strain is due to differing horizontal flow velocities as a function of

depth within the flowing layer (asthenosphere), that is, strain is a function

of 8V, /8z, where V; is horizontal fluid velocity and z is the depth below the

LAB. Supplementary Fig. 4 schematically compares the vertical profiles of fluid
flow, shear and anisotropy in the asthenosphere for the cases of Couette and
Poiseuille flows.

In the Couette flow case (Supplementary Fig. 4a), asthenosphere is dragged by
the overlying lithosphere. Strain and azimuthal anisotropy are expected to peak
at the LAB (where V; decreases most rapidly with depth) and to decrease with
depth, a pattern suggested by numerical models*. In the case of Poiseuille flow
(Supplementary Fig. 4b,c), the lithosphere and asthenosphere are decoupled and
horizontal flow is driven by a horizontal pressure gradient (which is constant as
a function of depth). In an isoviscous asthenosphere (Supplementary Fig. 4b),
one expects a parabolic flow pattern as a function of depth, which results in a
minimum shear and anisotropy in the middle of the asthenosphere**** and local
maxima on either side of the minimum, leading to a ‘two-spindle’ anisotropy
profile unlike the ‘one-spindle’ profile we actually observed in the MBAR
asthenosphere. In the non-linear, strongly temperature-dependent rheology of
mantle rocks, the asthenosphere is likely to have internal viscosity variations and
to be softest in the middle, where isotropic 8V/V, (a proxy for temperature and/or
water content) is observed to peak. The resulting Poiseuille flow (Supplementary
Fig. 4c) concentrates shear in the weakest zone and predicts the one-spindle
anisotropy profile observed in the MBAR.

Our resolution tests presented in Supplementary Fig. 5 are aimed at testing
whether the one-spindle profile of Supplementary Fig. 4c is resolvable given our
tomographic data coverage, and whether the dominance of plate drag (the Couette
profile of Supplementary Fig. 4a) can be ruled out.

In both the Couette and Poiseuille cases, we considered a homogeneous,

80 km thick lithosphere above a 120 km thick flowing asthenosphere (depth
80-200km), underlain by a mesosphere half-space, which does not move nor
deform. The lithosphere features a 2% anisotropy with a fast direction of N030°E,
which is modelled on the ‘frozen in’ anisotropy observed for the Mascarene Basin
lithosphere (Figs. 2b, 3a and 4) and conforms to the palaeo-spreading direction.

For the Couette flow test, the dragging Somali lithosphere is modelled to move
NO075°E (Supplementary Fig. 5a), which induces an asthenospheric anisotropy
of the same strike (N075°E) at an angle of 45° from the lithospheric anisotropy
(Supplementary Fig. 5b, red line). Asthenospheric anisotropy is considered to
reach its peak of 3% at the LAB, and gradually decrease to 0% at a 200 km depth
(Supplementary Fig. 5¢, red line).

In the case of (non-isoviscous) Poiseuille flow (Supplementary Figs 4c and
5d), lithospheric motion has no influence on the asthenospheric anisotropy as the
two layers are decoupled. We modelled the asthenospheric anisotropy to strike
N060°W (Supplementary Fig. 5e, red line), as observed for the asthenosphere of
the MBAR, with a maximum amplitude of 3% in the middle of the layer (125km
depth) and zero amplitude at its top and bottom (Supplementary Fig. 5f, red line).

The S-wave velocity was parametrized™ as:

V. = \/(L+Gcc0521/l+Gssin2y/)
L=
P

where L, G, and G, are anisotropy parameters defined from combinations of the
elastic coefficients: L=1/2(C,,+ Cs;), G.=1/2(Css - C,,) and G,=C,, (see ref. *
for explicit definitions of these parameters); and p is density. The anisotropy
parameters inverted are L, G, and G, as a function of depth. The percentage of
G2+G?

s

anisotropy is A = 100% 7v(L) and the anisotropy azimuth is y = atan (%) For
details on the inversion scheme, see section (4) in Mazzullo et al.'®.

The resolution test results are plotted as blue dotted lines in Supplementary
Fig. 5b,c,e,f. Although imperfect data coverage and wave sensitivities have a
smoothing effect on the recovered vertical profiles, the azimuths and amplitudes of
anisotropy are retrieved in both models. The magnitude of anisotropy appears to
be a robust discriminating factor between the two competing models.

In the Couette flow case, the test faithfully recovers the high amplitude
of anisotropy at the LAB (Supplementary Fig. 5c¢, blue), a result that is clearly
distinguishable from the zero crossings observed for the MBAR and recovered to
good approximation by the Poiseuille-case test (see below). Regarding directions,
the input of a 45° jump of anisotropy azimuth across the LAB in Supplementary
Fig. 5b is recovered as a gradual rotation from lithospheric to asthenospheric strike
over a depth range from ~30km above the LAB to ~30km below it.

In the Poiseuille flow case, the test robustly resolves a pronounced minimum
of anisotropy amplitude at the LAB, almost matching the input of zero
(Supplementary Fig. 5f, blue versus red). This result is robustly distinguishable
from the Couette flow test (Supplementary Fig. 5¢, blue) and is consistent with our
MBAR observations. The spindle-shaped input pattern for the asthenosphere is
well recovered. The jump of anisotropy azimuths across the LAB (Supplementary
Fig. 5e, red) is smoothed over a smaller vertical range (Supplementary Fig. 5e, blue)
than in the Couette test (Supplementary Fig. 5b, blue), consistent with
that observed.

The Couette flow scenario makes a clear prediction for the asthenospheric
direction of anisotropy (northeastward), and this prediction is clearly distinct
from the observed MBAR direction (southeastward). As the anisotropy directions
are well recovered by the tests, our observations provide strong evidence against a
dominance of Couette flow.
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The tests suggest that the observed absence (or zero-crossing’) of anisotropy
at the LAB is a real feature, as are the spindle-shaped anisotropy profiles observed
in the asthenosphere in Fig. 4. This supports the dominance of Poiseuille-like
flow in the Mascarene Basin asthenosphere, which implies that lithosphere and
asthenosphere are largely decoupled in this region.

Across the asthenosphere-mesosphere boundary, the azimuths are recovered
very accurately, and if one had to pick the asthenosphere-mesosphere boundary
from the vertical profile of anisotropy magnitude, the result would not differ much
whether it was done on the test input or output curves. This supports our claim
that the lower ends of the anisotropy spindles observed in Fig. 4 should be good
estimates for the depth of the asthenosphere-mesosphere boundary, the lower limit
of the flowing layer.

Tomography-based estimates of lithospheric thickness (LAB depth). We
estimated the lithospheric thickness in the western Indian Ocean (blue shades
in Fig. 3a) using two different approaches, both based on isotropic shear-wave
velocities V, obtained from surface-wave tomography'*:

1. LAB depth equals the depth at which the minimum (that is, the largest nega-
tive value) of the vertical gradient in V,, is located® or, visually speaking, the
most rapid vertical transition from blue to red on the tomographic colour
scale of Supplementary Fig. 6.

2. LAB depth equals the depth of the 1,200 °C isotherm (or, alternatively, the
1,100 or 1,300°C isotherm), which is determined by an empirical formula
that relates isotropic shear-wave velocities to rock temperature according to
Stixrude and Lithgow-Bertelloni*'.

To avoid unrealistic lateral jumps for either approach, we smoothed the
resulting lithospheric thickness for each map point by averaging over its eight
closest neighbours, that is, over a radius of ~150km.

The LAB depth estimates obtained from these methods are compared in
Supplementary Fig. 6 (green lines) on an east-west tomography cross-section
located at 10.5°S. There is good agreement between the two methods, in particular,
beneath the Mascarene Basin and the CIR, and hence we show only the 1,200°C
LAB estimate in the cross-sections of Fig. 4. The same 1,200 °C LAB estimates
(laterally smoothed) are shown in the lithospheric thickness map of Fig. 3a. Our
tomography-derived LAB depth values are independently confirmed beneath
islands by, and in good agreement with, depths obtained from a joint inversion of
receiver function and surface-wave dispersion data, which used permanent island
stations”. They found LAB depths of ~70km beneath Réunion, ~50km beneath
Mauritius and ~25km beneath Rodrigues (circles filled with the appropriate
blue shades in Fig. 3a). The consistency of these different LAB estimates
suggests a rather strong temperature gradient and therefore a sharp lithosphere—
asthenosphere transition, as also observed in the northwestern Pacific Ocean®"*.

Empirically, we found that asthenospheric anisotropy and negative isotropic
8V,/V, both tend to peak ~50km beneath the 1,200°C LAB. For a representative
summary of asthenospheric flow (Fig. 3b), we therefore extracted tomographic
anisotropy values along an undulating hypersurface that runs 50 km beneath the
1,200°C LAB (white dashed lines in Supplementary Fig. 6).

Reconciling tomography and shear-wave splitting results. Observations of the
splitting of SKS waves have been used to scan continents*-*> and more recently the
oceans® " for (upper mantle) seismic anisotropy, which is accepted to result from
crystal-preferred orientations of the rock-forming minerals®*.

Prior to the RHUM-RUM experiment, SKS splitting measurements in
the western Indian Ocean were limited to Madagascar’®® and the islands of
Réunion’*’*”!, Mauritius, Seychelles” and Rodrigues®. To analyse the RHUM-
RUM data”, we used teleseismic earthquakes of M,,> 5.8 at epicentral distances
that ranged from 85 to 130° and measured the fast polarization axis (¢) and
splitting delay time (8¢) using the SplitLab software’’. Measurements were
performed using the eigenvalue approach®, after carefully correcting for horizontal
sensor orientations of the OBS*.

Reconciling anisotropy observations from body and surface waves has been
challenging for a long time”*~"® and is not a primary purpose of this article. The
lateral resolution of SKS splitting measurements is ~50km at a 100 km depth,
whereas our surface-wave tomography provides a lateral resolution of ~300 km.
An apparent observational contradiction that probably results from these different
sensitivities concerns the Rodrigues corridor. SKS splits along the corridor (Fig. 1a)
indicate strong east—west striking fast directions, whereas surface-wave anisotropy
is relatively weak and diffuse in this region (Figs. 2d and 3b). SKS results are
expected to be robust because individual measurements are independent (the
station spacing is larger than the measurement sensitivity zone of ~50km) and
consistently yield the same strong east-west directions. Moreover, tomography
sees the same strong east—west anisotropy just slightly further north in the MBAR.
At face value, the surface-wave anisotropy is at odds with the SKS splits, but taken
together, this leaves the explanation that the anisotropy in the Rodrigues corridor
is strong and consistently aligned east-west, just like in the MBAR further north,
but that the relatively narrow corridor (~1,000km x 400 km) is sharply bounded,
especially to the south, by structure that is very different. This would destroy any
MBAR-like clarity in the surface-wave result because its resolution length of ~300
km would average over structures inside and outside the corridor.
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Predicting SKS splitting parameters from the anisotropic surface-wave model.
The quantity and quality of our SKS measurements was not sufficient to separately
infer the respective splitting contributions of the lithosphere and asthenosphere.
Hence, we calculated theoretical SKS splitting parameters for these two layers
from our surface-wave tomography model. Surface-wave tomography confidently
constrains the vertical profiles of V,, and anisotropic fast split directions,

but its lateral resolution of ~200-300 km is low compared to that of the SKS
measurements (~50km). This means that SKS splits forward-predicted through a
tomography model will differ from the actual SKS observations, to the extent that
the Earth structure is heterogeneous on such length scales.

We use the Rayleigh-wave model’s n anisotropic depth layers’”” to forward-
predict the fast split directions and delay times acquired beneath each seismic
station for three simple cases: (1) only in the lithospheric layer (from 25km depth
to the LAB), (2) only in the asthenospheric layer (LAB to 300 km depth) and (3) in
the combined lithosphere + asthenosphere package, that is, 25-300 km depth).

SKS splitting predictions for only the lithosphere (Supplementary
Fig. 7a, orange bars) show clear north-south trending fast split directions
throughout the area west of Réunion and Mauritius, with delay times <0.3s
(that is, small compared to the observations, black bars). The magnitude of
anisotropy is less robustly estimated by tomography (typically underpredicted),
which probably explains our persistent underprediction of SKS splits. We
attribute the north-south trending fast split pattern to the identical palaco-
spreading direction of the Mascarene Basin'**’, which formed this lithosphere
between 60 and 80 Ma.

Between Mauritius and the CIR, the predicted lithospheric split times are even
smaller, probably a combined effect of a thinner lithosphere* towards the CIR and
alower amplitude of the frozen-in anisotropy.

For the asthenosphere (Supplementary Fig. 7b), splitting predictions generally
strike east—west, especially close to the CIR, and show a good directional agreement
with observed fast splits from the SKS phases. At several stations between Réunion
Island and Rodrigues Ridge, the predicted fast split directions trend northeast-
southwest. We attribute this to the presence of slight singularities (undesired, non-
smoothed artefacts) in the Rayleigh wave model at depths >200km (for example,
the middle panel in Fig. 4 at 60.5° E), which cause this rotation in the modelled
directions. Importantly, between Réunion and the CIR, we predict asthenospheric
delay times as high as 1, much higher than the predicted contribution of the
overlying lithosphere (Supplementary Fig. 7a). Assuming the same ratio holds for
the two layers’ contributions to the actually observed SKS splits, this result implies
that ~80% of the observed SKS split times stem from the asthenosphere, which
justifies their interpretation in terms of east-west-directed asthenospheric flow. In
a100-150 km thick asthenosphere (Figs. 4 and 5), these splitting magnitudes would
be produced vertically from a uniform 3-5% V/ anisotropy”, or an accordingly
stronger anisotropy in the central maximum of a spindle profile. This dominance
of asthenospheric anisotropy is also visible in Supplementary Fig. 7c, where the
combined lithosphere + asthenosphere predictions in the Rodrigues corridor look
very similar to those in Supplementary Fig. 7b.

Data availability

The authors declare that data supporting the findings of this study are freely
available from the RESIF data centre (http://seismology.resif.fr, https://doi.
org/10.15778/RESIEYV2011).

The RHUM-RUM dataset (https://www.fdsn.org/networks/detail/YV_2011/)
has been assigned the FDSN network code YV and is hosted and freely accessible
at the French RESIF data centre (http://seismology.resif.fr). MACOMO data are
archived at the IRIS DMC (http://www.iris.edu) under the FDSN network code XV
(https://doi.org/10.7914/SN/XV_2011). The individual RHUM-RUM SKS splitting
measurements presented in this article can be found online in the SKS splitting data
base https://doi.org/10.18715/sks_splitting_database and mirrored and accessible
at IRIS (Incorporated Research Institutions for Seismology) at https://ds.iris.edu/
spud/swsmeasurement. We acknowledge the GEOSCOPE network (https://doi.
org/10.18715/GEOSCOPE.G) for installing and maintaining permanent stations in
the Indian Ocean.

Code availability

The shear-wave splitting measurements were performed with the MATLAB-based
SplitLab code available at https://github.com/IPGP/splitlab. The surface-wave
tomography codes are not available online because they are tailored for laboratory
work, but they can be requested by email to E.S. or S.K.
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