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SUMMARY

We investigate the upper mantle seismic structure beneath southern Madagascar and infer the
imprint of geodynamic events since Madagascar’s break-up from Africa and India and earlier
rifting episodes. Rayleigh and Love wave phase velocities along a profile across southern
Madagascar were determined by application of the two-station method to teleseismic earth-
quake data. For shorter periods (<20 s), these data were supplemented by previously published
dispersion curves determined from ambient noise correlation. First, tomographic models of the
phase velocities were determined. In a second step, 1-D models of SV and SH wave velocities
were inverted based on the dispersion curves extracted from the tomographic models. As the
lithospheric mantle is represented by high velocities we identify the lithosphere—asthenosphere
boundary by the strongest negative velocity gradient. Finally, the radial anisotropy (RA) is
derived from the difference between the SV and SH velocity models. An additional constraint
on the lithospheric thickness is provided by the presence of a negative conversion seen in S
receiver functions, which results in comparable estimates under most of Madagascar. We infer
a lithospheric thickness of 110—150 km beneath southern Madagascar, significantly thinner
than beneath the mobile belts in East Africa (150—200 km), where the crust is of comparable
age and which were located close to Madagascar in Gondwanaland. The lithospheric thick-
ness is correlated with the geological domains. The thinnest lithosphere (~110 km) is found
beneath the Morondava basin. The pre-breakup Karoo failed rifting, the rifting and breakup
of Gondwanaland have likely thinned the lithosphere there. The thickness of the lithosphere
in the Proterozoic terranes (Androyen and Anosyen domains) ranges from 125 to 140 km,
which is still ~30 km thinner than in the Mozambique belt in Tanzania. The lithosphere is
the thickest beneath Ikalamavony domain (Proterozoic) and the west part of the Antananarivo
domain (Archean) with a thickness of ~150 km. Below the eastern part of Archean domain
the lithosphere thickness reduces to ~130 km. The lithosphere below the entire profile is
characterized by positive RA. The strongest RA is observed in the uppermost mantle be-
neath the Morondava basin (maximum value of ~9 per cent), which is understandable from
the strong stretching that the basin was exposed to during the Karoo and subsequent rifting
episode. Anisotropy is still significantly positive below the Proterozoic (maximum value of
~5 percent) and Archean (maximum value of ~6 per cent) domains, which may result from
lithospheric extension during the Mesozoic and/or thereafter. In the asthenosphere, a positive
RA is observed beneath the eastern part Morondava sedimentary basin and the Proterozoic
domain, indicating a horizontal asthenospheric flow pattern. Negative RA is found beneath
the Archean in the east, suggesting a small-scale asthenospheric upwelling, consistent with
previous studies. Alternatively, the relatively high shear wave velocity in the asthenosphere in
this region indicate that the negative RA could be associated to the Réunion mantle plume, at
least beneath the volcanic formation, along the eastern coast.

1930 © The Author(s) 2020. Published by Oxford University Press on behalf of Royal Astronomical Society.

¥20Z AN g1 uo 1s8nb Aq £29986G/0€6L/€/vZz/e1on e B/woo dno-oiwspese//:sdiy woly pepeojumoq


http://orcid.org/0000-0003-1589-9517
http://orcid.org/0000-0002-7439-8782
http://orcid.org/0000-0002-2891-1354
mailto:elisajosia@gmail.com

Lithosphere structure in southern Madagascar 1931

Key words: Seismic anisotropy; Structure of the Earth; Seismic tomography.

1 INTRODUCTION

Characterization of the continental lithosphere is important for our
understanding of the geodynamic evolution and plate tectonic pro-
cesses. Compared to the oceanic lithosphere, the relation between
the properties and age of the continental mantle lithosphere is not
straightforward. Nevertheless, several authors (e.g. Artemieva &
Mooney 2001; Fishwick ez al. 2005; Artemieva 2006) have observed
the correlations between the age and characteristic of the mantle
lithospheric. Lebedev et al. (2009) have suggested the Archean
lithosphere is not only thicker than Proterozoic lithosphere but
also faster due to its higher depletion (Lebedev et al. 2009, and
references therein). Many seismological methods have been used
to study the formation, evolution and characteristics of the litho-
sphere on a continental scale. The two most popular methods for
measuring lithospheric thickness with seismology are the S-wave
receiver function method (e.g. Kind ef al. 2002), which detects
the top of the asthenospheric low velocity zone, and the analysis
of surface waves (e.g. Debayle & Kennet. 2000; Fishwick 2010),
which allows to estimate the depth dependence of absolute shear
wave velocities. In the latter case, the resultant shear wave models
can be converted to a geothermal structure, with the lithosphere
being identified by as the top part of the mantle, where the tem-
perature variation follows a conductive geotherm (e.g. Priestley
& McKenzie 2006, 2013).

The assembly and separation of super-continents during the
Wilson cycle are key geological processes in the long-term plate
tectonic evolution of the Earth. The geological history of Mada-
gascar makes it an ideal place to study the multistage assembly
and break up of Gondwanaland. It provides an interesting setting
to investigate the age dependence of the lithosphere. The Mala-
gasy basement outcropped in the eastern two thirds of the is-
land comprises Archean to Proterozoic rocks (with the oldest rock
dated ~3.3 Ga, e.g. Tucker ef al. 2014), which are surrounded
by Carboniferous to Cenozoic basins and Cretaceous volcanics
along the coasts. It has undergone intense deformation during the
Pan-African orogeny and was further modified during the mul-
tistage break up of Gondwanaland. Recently, knowledge of the
crustal structure in Madagascar has been significantly improved
by a number of seismological investigations utilizing newly de-
ployed temporary seismic arrays (Reiss et al. 2016; Andriamp-
enomanana et al. 2017; Pratt et al. 2017; Rindraharisaona et al.
2017; Dreiling et al. 2018; Ramirez et al. 2018; Adimah & Padhy
2020a, b). Only few works so far directly targeted the mantle struc-
ture (Reiss ef al. 2016; Pratt et al. 2017; Paul & Eakin 2017;
Ramirez et al. 2018).

Here, we investigate the lithospheric mantle in southern Mada-
gascar by measuring Rayleigh and Love dispersion based on in-
terstation phase differences of earthquake records. These data are
supplemented by ambient noise based measurements from previ-
ous works (Rindraharisaona et al. 2017; Dreiling et al. 2018). To
determine the S-wave velocity in the upper mantle, the Love and
Rayleigh wave phase velocities were inverted for the shear wave
velocity structure, and the radial anisotropy was estimated from
the discrepancy between Rayleigh and Love wave derived shear
wave structures. In addition, the S-wave receiver function method
(S-RF) was used to further constrain the depth of the lithosphere—
asthenosphere boundary (LAB).

2 GEOLOGICAL SETTING AND
PREVIOUS SEISMOLOGICAL STUDIES

The Malagasy basement was formed from the Palaeoarchean to Pro-
terozoic, comprising several tectonic domains of distinct geological
history (e.g. Tucker et al. 2014). At the end of the Proterozoic, the
final assembly of Gondwanaland and formation of the Mozambique
belt has placed the Malagasy basement at the heart of the supercon-
tinent, in between current-day Africa and India (e.g. Dissanayake
& Chandrajith 1999; Tucker et al. 2014, fig. 1). As a result, the Pre-
cambrian domains in southern Madagascar have undergone several
cycles of high-temperature metamorphism, deformation, plutonism
and volcanism (e.g. Tucker et al. 2014). The western part of Mada-
gascar is covered by Phanerozoic sedimentary basins, which started
to form in the Carboniferous during the failed continental Karoo rift
(e.g. Schandelmeier et al. 2004). The break-up of India—Madagascar
from Africa initiated in the Jurassic with a reactivation of crustal ex-
tension. In the Late-Cretaceous, India—Seychelles finally broke off
and drifted northward from Madagascar, with associated volcanic
activity mainly along the eastern coast and the Volcan de I’ Androy
in the south (Fig. 1). In the Neogene and Quaternary periods, tec-
tonic reactivation has occurred in several locations of Madagascar,
and was associated with volcanic activity and uplift (e.g. Roberts
et al. 2012).

For a long time, the knowledge of the lithospheric thickness
beneath Madagascar was based only on continent-scale or global
surface wave tomographic models (e.g. Pasyanos & Nyblade 2007;
Priestley et al. 2008; Fishwick 2010; McKenzie et al. 2015). These
studies suggested that the thickness of the lithosphere in Madagas-
car is ~90—120 km, much thinner than in the regions of East Africa
(between 150 and 200 km, e.g. Pasyanos & Nyblade 2007; Priestley
et al. 2008; Fishwick 2010; McKenzie et al. 2015), which were
immediately adjacent to Madagascar in Gondwanaland. However,
these large-scale studies used only a single station in Madagascar
(ABPO in central Madagascar) so the resolution in Madagascar was
very limited. Several seismological studies of the deep structure of
Madagascar have been conducted recently. By joint inversion of
receiver functions beneath four permanent stations and Rayleigh
surface wave dispersion extracted from the Pasyanos & Nyblade
(2007) map, Rindraharisaona et al. (2013) found hints for the pres-
ence of asthenospheric upwelling beneath central Madagascar. This
observation was confirmed by the higher resolution shear wave
models of Pratt et al. (2017), which they derived from Rayleigh
phase velocities across the temporary MACOMO array (Wysession
et al. 2012). Their results reveal the presence of low upper man-
tle S-velocity zone beneath several regions that were affected by
the Cretaceous and Quaternary volcanic activities. Ramirez et al.
(2018) observed a roughly circular pattern in central Madagascar
and attributed this to upwelling asthenosphere, maybe triggered by
lithospheric delamination. In other parts of Madagascar they in-
terpret the ENE-WSW fast directions to the large-scale regional
mantle flow field. Reiss et al. (2016) analysed teleseismic shear
wave splitting in southern Madagascar and observed splitting with
a NW-SE fast direction within a ~200-km-wide zone, mostly be-
neath the Proterozoic tectonic domains, which they interpreted as
fossil lithospheric anisotropy formed by large-scale shearing dur-
ing the continental collision. Rajaonarison et al. (2020) modelled
the mantle flow beneath Madagascar and offered an alternative in-
terpretation of the splitting measurements; they suggested that the
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Figure 1. Simplified geological map of southern Madagascar (after Boger ef al. 2008, 2009a, b; Tucker et al. 2011, 2014) and distribution of the seismic
stations (triangles) used in this work. All indicated stations were used for the dispersion analysis, while only stations close to the red line were used for
the S receiver function study. Locations of major shear zones (green lines) after Martelat ez al. (2000). Thick black line delimits the boundary between the
Phanerozoic—Cenozoic sedimentary basins and the Proterozoic—Archean basement domains. Insets show larger scale context of the study region and Gondwana
reconstruction after amalgamation at the end of the Neoproterozoic/Cambrian (modified after Boger et al. 2019). Main map: Cn: Cenozoic sediments, Cr:
Cretaceous sediments, Cb-Jr: Carboniferous-Jurassic sediments, VI:volcanis, Ad-VI: Volcan de I’ Androy; Tectonic domains Vb: Vohibory, Ad: Androyen, An:
Anosyen, Ik: Tkalamavony, It: Itremo, At: Antananarivo, Ms: Masoara. Insets: M: Madagascar; ANS: Arabian-Nubian Shield; CC: Congo Craton; L: LATEA
Terrane; SAC: South African Craton; SGT: Souhtern Granulite Terrane; SMC: Sahara Meta-Craton; TC: Tanzania Craton; WAC: West African Craton; SGT:
Southern Granulite Terrian, WDC: Western Dharwar Craton, EDC: Eastern Dharwar Craton.

horizontal anisotropy in Madagascar originates mostly from the
asthenosphere and is dominated by edge-driven convection (EDC).

Dreiling et al. (2018) observed upper-to-middle crustal radial
anisotropy in southern Madagascar within the Precambrian domains
and also attributed this anisotropy to past deformation related to the
Pan-African orogeny. Using joint inversion of receiver functions and
ambient-noise derived Rayleigh wave dispersion, Rindraharisaona
et al. (2017) found that the Archean crust in southern Madagascar
is thicker than the Proterozoic crust due to a fast lowermost crustal
layer only present in the Archean crust. Crustal thickness decreases

toward the coasts with the thinnest crust beneath the Morondava
Basin, which completely lacks a lower crustal layer. Andriampeno-
manana ef al. (2017) also used joint inversion of receiver functions
and Rayleigh phase velocities, but across a sparser array covering
entire Madagascar. They observed the thickest crust in Madagascar
broadly below the topographic high in its central part north of 20°S,
to the north of our study area. Previous studies from gravimetric data
(Fourno & Roussel 1994; Rakotondraompiana et al. 1999) share the
conclusion that the crust in the central part is thicker than the one
along the coasts.
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3 S-WAVE RECEIVER FUNCTION

3.1 Data and methods

For the S-wave receiver function analysis, only stations along the
main profile were utilized (Fig. 1). This includes 25 broad-band
stations from the temporary deployment SELASOMA (FDSN net-
work code ZE, operated 20122014, Tilmann et al. 2012) as well
as MACOMO (XV, operated 2011-2013, Wysession et al. 2012)
station LONA and the permanent station VOI (GE, operated since
2009, GEOFON Data Centre 1983). For VOI station, we only used
data between 2011 and 2014 (during the operational time of the
temporary stations). Events at epicentral distances between 55° and
85° and with magnitudes >5.6 were considered (Fig. S1) for the
receiver function computation. After visual inspection, a total of
321 waveforms from 72 events (Fig. S1) were selected for further
analysis.

To compute the S-wave receiver function, all records were band-
pass filtered between 1 and 30 s. We first windowed the data between
300 s before and after the S-onset and rotated the data into LQT
components using the backazimuth and the theoretical incidence
angle (Kind et al. 2002). Then the O-component was deconvolved
from the L-component using water level deconvolution. In the S-
wave receiver function, the Sto P converted waves arrive before the
direct S wave. So in order to make them similar to equivalent P-wave
receiver functions, the time and amplitude axes of the L component
were inverted. The resulting receiver functions were inspected once
again, resulting in a final data set of 306 receiver functions for further
analysis. We stacked the remaining receiver functions to produce a
Common Conversion Point (CCP) stack image (Yuan et al. 2000;
Kind et al. 2002). We used the average shear wave model for the
Precambrian domains derived from the surface waves and ambient
noise dispersion (see Section 4) for time-to-depth conversion. Be-
fore computing the average, the P-wave velocities models (V) were
computed using the Vp/V; ratio from Rindraharisaona et al. (2017)
for the crust. For the lithopsheric mantle, the Vp/Vs was set to be 1.79
between the crust until 170 km and 1.81 below this depth, same as
the IASP91 model (Kennett & Engdahl 1991). Conversions below
the sedimentary basin will appear to be shallower by approximately
~4 km at 150 km depth due to the differences in the structure below
the sedimentary basin in the west and the Precambrian domains.

3.2 Results

S receiver function stacks for each station are shown in Fig. 2. The
positive phase at 2.9—3.4 s for stations located in the Morondava
basin and 3.4—5.0 s for stations in the Precambrian formations is
the Moho S-to-P conversion. The negative phase between 11.5 and
13.4 s beneath the sedimentary basin and between 13.1 and 15.0 s
under the Precambrian basement is interpreted as the LAB, in accor-
dance with the surface wave derived LAB (see next sections). The
CCP stack along profile AB is presented in Fig. 3. The positive Moho
and negative LAB phases can be identified throughout the profile
and are marked by green and red dashed lines in Fig. 3, respectively.
The Moho is interpolated between neighbouring stations, where the
image is ambiguous (e.g. between stations MS08 and MS09). To
assess the reliability of our obtained S-wave receiver function, we
compare the obtained Moho with the P-receiver function results of
Rindraharisaona et al. (2017). Although the Sp converted wave is
not as clear as the Ps, the resulting depths from the two methods are
comparable (Fig. 3). Both the Ps and Sp receiver conversions show
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that the crustal thickness increases eastward with the thickest crust
beneath the Archean basement.

The LAB is simply picked as the strongest negative amplitude be-
tween 110 and 200 km depth. Throughout the profile, the LAB depth
varies between 110 and 146 km. Between approximately MS15
(46.3°E) and MS19 (47.2°E) two overlapping negative conversions
can be identified, where simply the strongest one is chosen, leading
to an apparent jump in LAB depth by some 20 km at 47°E, which
is most likely not real. Along the Eastern part of our profile the
tomographic model of Pratt et al. (2017) shows a strong N-S gra-
dient in shear velocity at these depths. So we consider the double
LAB to be most probably an artefact of LAB topography oblique to
the profile. If this interpretation is correct, then the shallower LAB
might indicate the LAB to the north of the profile and result from
events with northerly backazimuths.

4 SURFACE WAVE ANALYSIS

4.1 Dispersion measurements and tomographic inversion

For the dispersion curves measurements, we primarily used the
data from the 25 broad-band stations in the temporary deployment
SELASOMA, supplemented by 8 temporary stations from the MA-
COMO project, 5 temporary stations from RHUM-RUM (YV, op-
erated 2012-2014, Barruol et al. 2017) and the permanent stations
FOMA (G, operated since 2008, IPGP 1982) and VOI in south-
ern Madagascar (Fig. 1). From teleseismic events with M, > 5.6
and epicentral distances >30° we selected 173 events for Rayleigh
and 85 events for Love wave analysis (Fig. S1). Detailed selection
criterion can be found in Section S1.

We used the two-station method for the phase velocity mea-
surement. This method is a special case of the frequency domain
slant-stack method (Park et al. 1998) for several stations. For each
station-pair dispersion measurement, the event must lie approxi-
mately on the same great circle path (£5°) as the two stations. In
this case, it can be assumed that the Rayleigh wave to both stations
has approximately the same source radiation effect and has experi-
enced the same structure on the way to the close station, such that
the difference between the surface wave recording at the close and
far stations is only influenced by the structure between them. We
transferred the near station seismogram to the far station by apply-
ing phase shifts according to the difference in epicentral distances
and frequency-dependent reference phase velocities based on the
predicted dispersion from PREM (Dziewonski & Anderson 1981)
with amodified crustal structure from Rindraharisaona et al. (2017).
Love and Rayleigh waves were analysed in the same way, using the
transverse and vertical components, respectively. More details on
the measurement procedure and example are given in Section S1
and Fig. S2. The median of the dispersion curves derived from all
events for the same station-pair was used for the tomographic in-
version for the phase velocity maps. The standard deviation was
computed for each station pair to represent the error of the phase
velocity measurement.

To extend the dispersion curves to shorter periods, we amend
our measurements with the Rayleigh and Love phases disper-
sion curves from ambient noise data provided by Dreiling et al.
(2018), which cover the range 5-30 s. Our dispersion curves
are in agreement with those from the ambient noise with differ-
ences of less than 0.05 kms™' at most of the common periods
(Fig. 4). We therefore feel confident to combine them for the
joint inversions. Thus, the entire data set contains only ambient
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Figure 2. Stacked receiver functions at each station, computed using a low-pass filter of 1 s. Pms phases in receiver functions were moved out corrected using
a reference slowness of 0.056 kms ™! before the summation. Station code and the number of receiver functions are shown above each trace. For each plot, the
solid vertical line marks the ¢ = 0, dashed vertical lines indicate the observed Moho phase and dotted vertical lines correspond to the LAB phases.
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Figure 3. CCP stacking image for the S receiver functions along profile AB (Fig. 1). Positive and negative velocity contrasts are shown in red and blue,
respectively. The green line shows the interpreted Moho based on the Sp conversions shown in the image, whereas the black dashed line indicates the Ps Moho
from Rindraharisaona et al. (2017) for comparison. The dashed red line shows the strongest negative amplitude between 110 and 200 km, representing the
LAB; the dotted line extends this where there are overlapping negative conversions at LAB depths.

noise data at periods of <15 s, both ambient noise and earth-
quake data at periods of 15—25 s, and exclusively earthquake
data at periods of >25 s. Before the tomographic inversion, we
have converted the phase velocities into phase arrival times # such
as t = d/c, where d is interstation distance and ¢ is the phase
velocity.

The Fast Marching Surface wave Tomography method (FMST,
Rawlinson & Sambridge 2004, 2005) was then used to invert the
dispersion curves for surface wave velocity models. The model grid
nodes were set to be spaced 0.5° apart in latitude and longitude. A
computational grid of 0.003° was used for the forward calculations
in the Eikonal tomography. We used a homogeneous starting model,
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Figure 4. Phase velocity dispersion curves from ambient noise data (blue) (Dreiling ez al. 2018) and from teleseismic events (red) for 8 sample station pairs.
Solid and dashed lines denote Love and Rayleigh phase velocities, respectively. Dispersion curves from the two data sets are comparable at periods where they

are overlapping, with differences mostly <0.01 kms.

which was derived from applying the slant-stack method of the
stations along profile AB for periods <80 s and the median of all
inter-station dispersion curves for longer periods (>80 s). The trade-
off between the misfit and model variance was analysed for damping
factors between 0 and 400. An example of tradeoft curves is plotted
in Fig. S4. Where a minimum exists for a given trade-off curve we
chose that point as the preferred damping value, otherwise we chose
a point where further increases in model variance only resulted in
minor reductions of the data variance.

4.2 Phase velocity tomography

Figs S5 and S6 show the path coverage for 20, 30, 40, 60, 80 and
100 s for Rayleigh and Love waves, respectively. The path cover-
age is good for periods of 20—80 s, but exhibits more gaps for
longer periods (>80 s). The path coverage from the earthquake
records is very limited at shorter periods (<20 s), but by adding the
data obtained from the ambient noise correlation (Dreiling et al.
2018), as mentioned above, we obtained fairly good path coverage
along the SELASOMA profile at all considered periods (5-100 s).
In Fig. 5, we compare Love and Rayleigh wave phase velocities
curves between the sedimentary basin and Precambrian basements.
For Rayleigh waves, at smaller periods (20—60 s), the sedimen-
tary basin is slower than the Precambrian basement, but becomes
faster at longer periods (60—100 s). However, for Love waves,
the sedimentary basin is faster at shorter periods (20—60 s) than
the Precambrian basement, but becomes slower at longer periods
(60—100 s).

We conducted checkerboard tests to evaluate the resolution power
of the FMST tomography (Section S2). Wave speed variations oc-
curring over a distance of larger than ~100 km (checker board grid
size 1° x 1°) can be well recovered for periods up to 60 s along the
profile and in most of the study areas, for both Rayleigh and Loves
waves, and variations occurring over distances of ~150 km can be
well recovered at all periods considered, that is up to 100 s (Figs S7
and S8).

The tomographic maps for different periods are shown in Figs 6
and 7 for Rayleigh and Love waves, respectively. The resulting
tomographic maps indicate that for Rayleigh wave phase velocity,
at longer periods (>60 s), the Archean basement exhibits faster
velocity than the Proterozoic and the sedimentary basin (Fig. 6).
For Love waves, in general, the western part is always faster than
the eastern part (Fig. 7). At first sight, this observation appears
to be inconsistent with Fig. 5, which shows that at longer periods
the sedimentary basin exhibits a relatively slower velocity at long
periods. This can be explained by the fact that the Morondava basin—
Morondava basin dispersion curves in Fig. 5 are exclusively derived
from the (approximately NS) paths between the MACOMO station
close to the west coast right at the northern edge of our study
area and a few stations along the profile (Fig. S6). However, EW
paths (i.e. Precambrian blocks-Morondava basin, Fig. 5) dominate
the tomographic model along the SELASOMA profile, and both
sets cover different areas. We note that because of the uneven ray
coverage, the tomographics maps are only considered reliable along
the main profile. The maximum error of our map are 0.06 and
0.05 kms !, at different periods, for Rayleigh and Love waves,
respectively (Figs S9 and S10). These errors were estimated from
the bootstrap samples and are unreliable in the regions with poor ray
path coverage (see Section S3 for more information). In Fig. S11,
we compare our Rayleigh wave velocity maps with those derived
from Pratt ef al. (2017). Some differences between the two results
are observed along the main profile, particularly at longer periods,
presumably because of our higher station density, while they are
consistent within 0.1 kms™" elsewhere.

4.3 Shear wave velocity and radial anisotropy inversion

The resulting phase velocities beneath profile AB (Fig. 1) were ex-
tracted from the tomography results (Figs 6, 7) and then inverted
to obtain the 1-D shear wave velocity structure, using the surf96
routine of Herrmann (2013). To help constrain the crustal S-wave
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Figure 5. Averaged Rayleigh and Love wave dispersion curves for sub-regions of the sedimentary basin (green lines) and Precambrian basement (red lines),
respectively. The dispersion curves at short period are from ambient noise data (Dreiling et al. 2018).
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Figure 6. Rayleigh wave phase velocity maps. Bold black line indicates the boundary between the sedimentary basin and the Precambrian domain. Thin black
lines divide the different geological blocks. In general, the eastern part of Madagascar is faster than the western part. At longer period, the number of the
path between Morondava basin-Morondava basin is very limited and only between station along the main profile and stations in the north (Fig. S5), thus the
inconsistent between the observed tomographic maps and the dispersion curves in Fig. 5.
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Figure 7. Same as Fig. 6 but for Love waves. At longer period >60 s, in contrast to the Rayleigh wave, the eastern part of Madagascar is slower than the
western part. Same as Fig. 6, the disagreement between the tomographic maps here and the dispersion curves in Fig. 5 is due to the limited number of dispersion
curves between Morondava basin-Morondava basin along the main profile Fig. S6.

velocity, we also included the Rayleigh and Love wave group veloci-
ties from previous works (Dreiling ez al. 2018; Rindraharisaona e al.
2017). The starting model was constructed from Rindraharisaona
et al. (2017) for the crust and either PREM (Dziewonski & An-
derson 1981) or AK135 (Kennett ef al. 1995) for the mantle. The
velocity structure was parametrized with layers of 1 and 2 km thick-
ness for the top two layers, then 2.5 km between 3 and 60.5 km, and
5 km between 60.5 and 250 km.

To estimate the error of the extracted dispersion curve from the
tomography model, we used the bootstrapping method. For each in-
version, we constructed a bootstrap sample with the same number of
earthquakes as in the actual data set. The contributing earthquakes
were chosen from all available with replacement, i.e. each earth-
quake could be picked more than once, or not at all. We computed
the median and standard deviation for each station pair. Then, we
performed the tomography inversion using the same damping factor,
for each inversion. After that, we extracted the shear wave veloc-
ity beneath each station. This process was repeated 100 times. We
computed the standard deviation for each period and used it as the
error in the dispersion curves. More details about the bootstrapping
method are given in Section S3.

Both the Love and Rayleigh wave dispersion curves were simul-
taneously inverted for an isotropic model at the beginning. However,

it was impossible to fit the two data-sets with an isotropic model.
Therefore we separately inverted the Love and Rayleigh waves dis-
persion curves, effectively attributing the difference between Vsy
and Vgy to the presence of radial anisotropy.

We use the definitions of Montagner & Nataf (1986) to estimate
the representative isotropic velocity, Vi,

2 2 1 2
Viso = gVSV+ gVSH’ (1)

and the radial anisotropy (RA), which is defined by:

Vou'\’
= 2
§ (st) ) (2
RA (percent) = (§ — 1) x 100. 3)

The separate inversion approach has been used extensively in
prior studies (e.g. Becker et al. 2008; Fu et al. 2018), although
some other studies (e.g. Lebedev ef al. 2009) have simultaneously
inverted Vsy and Vsy. When computing the radial anisotropy (RA)
from the Vsy and Vsy, the question arises whether apparent RA
can arise as an artefact of the data distribution, for example the ray
path distributions or errors in the dispersion curves. To check the
plausibility of this possibility we (i) compared the preferred model
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to a model based on a 2-D inversion, where the number of Rayleigh
paths has been reduced to match the coverage of the Love wave, (ii)
inverted the Love dispersion curve, using the SV model as starting
point, and vice versa inverted the Rayleigh dispersion using the SH
model as starting point and (iii) considered the variation of RA
based on bootstrap resampling of earthquake dispersion records.
All procedures result in a similar RA dependence with depth (see
Section S3 for details).

Fig. S12 shows for reference a model constructed from the aver-
aged dispersion curves in Madagascar but because of lateral hetero-
geneity it should not be interpreted directly. An example of the tests
carried out to assess the uniqueness and reliability of the resulting
model is shown in Fig. S13 for a location coincident with station
MS15 in the central part of the profile (Fig. 1).

The RMS of the misfit between the observed and predicted phase
velocities are generally good (less than 0.12 kms™! for Rayleigh and
0.15 kms™! for Love wave) within the study areas, for the different
periods (Figs S14 and S15). For a depth shallower than 200 km, the
bootstrapping and starting model tests indicate a maximum error of
0.05 kms™" for the shear velocity models ( Vsy and Vs, Fig. S18).

4.4 Results

Fig. 8 shows the isotropic model of the shear wave velocity and
RA along the SELASOMA profile (see Fig. 1 for location); a com-
parison of the absolute values of Vsy and perturbations of Vsy and
Vsu relative to PREM is shown in Fig. S19. We only discuss the
mantle structure because the crustal structure was already discussed
in detail by Dreiling ez al. (2018) and Rindraharisaona et al. (2017).

Several techniques have been used to estimate the depth of the
LAB (e.g. Simons & Van Der Hilst 2002; Weeraratne et al. 2003;
Debayle et al. 2005; Priestley & McKenzie 2006; Eaton et al. 2009).
Each method has its advantages and limitations. In our case, we in-
terpret the high velocities to represent the lithospheric mantle and, as
recommended by Weeraratne ez al. (2003), use the definition that the
depth to the strongest negative velocity gradient corresponds to the
LAB . The estimated LAB depth from the isotropic shear wave ve-
locity structure using this definition (red line in Fig. 8) is in a excel-
lent agreement with that derived from the S-RF method (black line)
over most of the study area. East of 47° the comparison is hindered
by the apparent double conversion. If we take the deeper conversion
as the real LAB, then the agreement is also good in the central part
(see Section 3.2 for the justification why this is a reasonable assump-
tion to make). The LAB depth increases gradually from the west
(~110 km) to the western part of the Archean domain (~150 km),
and then decreases to ~120 km beneath the volcanic formation.

The observed discrepancy between the Vsy and Vsy models (Fig.
S19) indicates the presence of strong RA (Fig. 8c). As discussed in
Section S3, the error in our RA is less than 1 percentage point at
depths shallower than 200 km. The western Morondava basin below
the Cenozoic—Cretaceous sediments appears to have the highest
discrepancy between the Vsy and Vsy models and thus RA within
the lithosphere has a maximum value of 9 per cent. The Proterozoic
domains show small (1-5 per cent) to vanishing positive RA, while
a stronger RA is observed beneath the Archean crust (maximum
value 6 per cent). Below the lithosphere at a depth of about 150 km
a negative RA is observed. A negative RA also appears at the
westernmost edge of the profile, but is not well resolved. In contrast,
a positive RA in the asthenosphere is observed in the middle of the
profile, beneath the Carboniferous—Jurassic sediments of the eastern
Morondava basin and the Proterozoic basement.

5 DISCUSSION

The estimated depth of LAB confirms previous observations of a
relatively thin lithosphere compared to the formerly adjacent area
of East Africa. Compared to the regional African surface wave to-
mography models (e.g. Pasyanos & Nyblade 2007; Priestley et al.
2008; Fishwick 2010; McKenzie et al. 2015), our lithospheric thick-
ness is similar to these larger scale studies beneath the Morondava
basin (~110 km), but is 10—70 km thicker beneath the Precambrian
basement (Fig. S19), where prior studies had inferred an extremely
thin lithosphere. Although all studies differed in the exact method
to extract the thickness of the lithosphere, the difference can prob-
ably largely be attributed to lack of resolution in those prior studies
due to paucity of data from Madagascar. In this context we also
note that the surface wave tomography model of Pratt ez al. (2017)
shows considerable north-south variation in upper mantle structure,
and the IRIS GSN station ABPO used in all of the continental-scale
tomography is placed above relatively slow uppermost mantle.

Anisotropy in the mantle is typically interpreted as crystal pre-
ferred orientation of anisotropic minerals (CPO; e.g. olivine). Duc-
tile flow very often leads to the development of CPO, in these
cases RA can directly depict shear strain under conditions preva-
lent in the lower crust and mantle. Positive RA is associated with
near horizontal fabrics such as horizontal layering, compositional
banding or horizontal shear fabrics, while negative RA implies the
existence of near vertical features that may include deformation
structures such as faults, fault-, shear-, fracture zones or magmatic
dikes. Considering the complex geology of Madagascar and the
pattern of the resulting shear wave velocity (Figs 8 and S19), the
observed RA cannot be associated with a single process in the south
of Madagascar. Our resulting models show that the shear wave ve-
locity structure changes at short distances reflecting the different
geological settings.

In the following, we will discuss the observed velocity struc-
tures, lithosphere thickness and the RA for the different geological
units in southern Madagascar. We will only focus on the lowermost
crust and the lithospheric mantle in our discussion, as the crustal
velocity structure and RA in the upper-middle crust (~ 30 km)
have been previously discussed (e.g. Dreiling et al. 2018; Rindra-
harisaona et al. 2017). For convenience, we will also discuss the
asthenospheric structure in the context of these geological domains,
even though they are unlikely to directly shape it. Although astheno-
spheric depths are less well resolved than the lithosphere, some first
order variations are still indicated to be resolvable by our tests (in
particular Figs S13 and S18).

5.1 Sedimentary Morondava basin

The results beneath the Morondava Basin suggest that the litho-
spheric mantle has been significantly modified after its formation.
The lithospheric mantle beneath the Morondava Basin is thinner
compared to those beneath the Precambrian basement (Figs 3, 8
and S19). If we assume that the fast velocities at depths down to
110 km represent the inherited fast velocity from the Proterozoic
lithosphere underlying the Morondava Basin and that it had a com-
parable thickness before the breakup of Gondwana, the thinning of
the lithosphere would be associated with the formation of the sed-
imentary basins during the Mesozoic Karoo failed rifting, Jurassic
rifting and break-up between Madagascar—India and Africa. The
mantle lithosphere beneath the Morondava basin has been thinned
more strongly than the crust (Fig. 9), which can be an indication of
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the depth-dependent thinning as it has been seen in many continental
margins (e.g. Kusznir & Karner 2007, and references therein).

At a depth of 25—50 km in the mantle lithosphere beneath the
sedimentary basin, negative Vsy and positive Vsy anomalies (with
respect to PREM) are observed (Figs S19¢ and d), resulting in a
large positive RA of up to 9 per cent. The pronounced positive RA
may be caused by the sub-horizontal alignment of anisotropic min-
erals, which was acquired during the crustal-lithospheric thinning
related to extension during development of the Morondava Basin.
The deeper part of the mantle lithosphere (50—100 km depth) is in-
stead characterized by relatively weak (positive) anisotropy. One can
speculate whether the boundary between the two regimes represents
the boundary between the original stretched lithosphere (shallow
part) and the regrowth by post-rift thermal equilibration.

A positive RA (up to 5 per cent) is observed beneath most of the
basin; the small region of negative RA west of 44°E is at the edge of
our model and not well resolved, so we do not interpret it. The few
available estimates of shear wave splitting at SELASOMA stations
in the basin indicated fast directions parallel to the ENE-WSW
absolute plate motion, or in the case of null splitting measurement,

are at least consistent with this fast direction (Reiss e al. 2016).
Therefore, the dominant horizontal fabric in the asthenosphere is
maybe most easily explained by a shearing layer between the moving
lithosphere and the deeper mantle (Couette flow). However, the
MACOMO station LONA close to the profile indicated a N—S fast
directions (Ramirez ef al. 2018), showing small-scale variability.

5.2 Proterozoic basement domains

Both the velocity structure from the isotropic wave model and
the LAB from the S-wave receiver function show that the litho-
sphere thickness beneath the Proterozoic basement of the Androyen,
Anosyen and lkalamavony domains is ~125-145 km (Fig. 8). The
lithospheric mantle is characterized by an average positive velocity
anomaly of ~3 and ~5 per cent relative to PREM for Vsy and Vs,
respectively (Figs S19¢ and d). Thus, a moderately positive RA
of 1—5 percent is observed beneath the area, which indicates the
presence of horizontally oriented fabric. This fabric is most-likely
associated with fossil anisotropy in the lithosphere. The Pan-African
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Figure 9. Lithosphere thicknesses in Tanzania, Madagascar and India. Note that crustal thickness for the Eastern Dharwar Craton is from Julia et al. (2009),
obtained from the joint inversion of receiver function and surface wave dispersion curves. Crustal thickness for Madagascar is from Rindraharisaona et al.
(2017), which they used the joint inversion of receiver function and surface wave dispersion curve to estimate the crustal thickness. In this figure the crustal
thickness and the LAB for the Mozambique belt in Tanzania is assumed as reference. The remaining percentage shown here is the ratio between the deformed
and referenced crustal thickness for crust and referenced total lithospheric thickness for the lithosphere (f7, /. in Sandiford & Powell 1990).

orogeny and associated final amalgamation of Gondwana had a ma-
jor imprint on southern Madagascar that experienced deformation,
magmatic and metamorphic events (e.g. Martelat et al. 2000; Giese
et al. 2011; Tucker et al. 2011; Martelat et al. 2014; Tucker et al.
2014, and references therein). Reiss et al. (2016) also have asso-
ciated the azimuthal anisotropy beneath the Proterozoic domains
to a fossilized anisotropy due to ductile deformation during the
Pan-African orogeny.

The lithosphere here is thinner than stable Proterozoic regions
elsewhere (e.g. Artemieva & Mooney 2001). Southern Madagas-
car was affected by the Pan-African orogeny (e.g. Dissanayake &
Chandrajith 1999), which had modified at least the crustal struc-
ture (e.g. Rindraharisaona et al. 2017; Dreiling et al. 2018). We
compare the lithospheric structure in southern Madagascar to East
Africa, which is also part of the Pan African Mozambique belt. In
general, the lithospheric thickness beneath the areas that formed
part of the Pan-African orogen is thin (90-160 km), compared to
those beneath the Proterozoic—Archean basement elsewhere (160—
250 km, e.g. Artemieva & Mooney 2001; McKenzie et al. 2015).
The lithosphere thickness (~125-145 km) we obtained beneath
the Proterozoic crust is 10-30 km thicker than previously reported
on the basis of continental scale tomography for Madagascar (e.g.
Pasyanos & Nyblade 2007; Priestley et al. 2008; Fishwick 2010;
McKenzie et al. 2015), but its average is still substantially thinner
than what has been reported for the Mozambique belt in Tanzania
(~155 km, e.g. Julia et al. 2005; Priestley et al. 2008; Fishwick
2010). However, the observed upper mantle lid velocities of 4.5—
4.7 kms™ (Vsy) are similar to previous results. It is possible that
the Proterozoic lithosphere in Madagascar was similar in thick-
ness to that in East Africa but thinned during extension associated
with the separation of Madagascar—India and Aftrica. The thinning
of the lithosphere could be associated to a depth-dependent litho-
sphere stretching, which is also in agreement with the positive radial
anisotropy observed there.

5.3 Archean basement

Relative to PREM, a negative Vsy (—3 per cent, at the the uppermost
mantle) and a positive Vgy (44 per cent) anomalies are observed be-
neath the Archean basement (Figs S19¢ and d), indicating a strong
positive RA of max +6 per cent (Fig. 8c). We assume that the large
positive RA beneath the Archean basement is due to the CPO and
was likely increased during the lithospheric extension in the Creta-
ceous when India rifted away from Madagascar. The source of the
azimuthal anisotropy in the lithospheric mantle was also attributed
to a fossil anisotropy by Reiss et al. (2016). Compared to the typical
craton elevations worldwide (except for South African and Tanza-
nian cratons, Artemieva & Vinnik 2016, table 1), the topography
of the Antananarivo domain appears to be relatively high (Fig. 8a).
The crustal thickness is also larger in the Antananarivo block than
in the average Archean domains elsewhere due to the presence of an
underplate layer (Rindraharisaona et al. 2017). However, the low-
velocity (and presumably low density) anomaly at the top the mantle
lithosphere (L1 in Figs 8b, S19b and c) might also contribute.

Alternatively, the high topography in the Antananarivo domain
may also indicate the presence of hot and buoyant mantle upwelling
beneath the Archean lithosphere, which could be associated with a
thermal anomaly that had produced the recent uplift in the Antana-
narivo Domain (Roberts ef al. 2012). It could be associated with the
lithospheric delamination, which has been hypothesized in previous
studies (e.g. Pratt et al. 2017; Ramirez et al. 2018); the upwelling
return flow is one possibility for explaining the negative anisotropy
observed in the asthenospheric mantle beneath the Archean litho-
sphere. Although the structure of the asthenospheric mantle is at
the margin of resolution, our test suggests it can be resolved with
maximum RA error of 1 percent between 120 and 200 km depths
(Fig. S18, MS19 in Fig. 1).

Another plausible explanation of the negative RA observed in
the asthenospheric mantle beneath the Antananarivo domain and
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the volcanic formation along the eastern coast is the presence of the
asthenospheric downwelling related to the Réunion mantle plume
(Mazzullo ef al. 2017). In fact, Figs 8 and S19 indicate that the
asthenospheric velocities in the eastern part (i.e. beneath the An-
tananarivo domain and volcanic formation) are lower than those
in the western part. This observation does not favor the presence
of astenospheric upwelling. Mazzullo et al.’s (2017) anisotropic
tomography of the Rayleigh wave around the La Réunion island
suggests the presence of a large low velocity zone (~6 per cent)
beneath the Réunion island, which extends to the east coast of
Madagascar (fig. 10 cross section DD’ in Mazzullo ef al. 2017).
Furthermore, Storey et al. (1995, 1997) suggest that mantle plumes
may have played an important role in flood basalt formations, along
the eastern coast. Thus, the presence of the asthenospheric down-
welling is also possible or even likely, at least beneath the volcanic
formation.

5.4 Gondwanan context

As we mentioned in Section 2, during the Gondwanaland assembly
the Madagascan basement was located between India and Africa
(Fig. 1). The position of the Antananarivo Domain before/during
the Gondwana assembly has been debated. Some authors suggested
it has collided with the Indian Dharwar Craton in late Archean times
and shared a common evolution as the greater Dharwar Craton there-
after (e.g. Tucker et al. 2011, 2014). However, others interpreted it
as individual terrane called ‘Azania’ with African affinities that col-
lided with the Indian Dharwar Craton after Ediacaran times (~600
Ma, near the end of the Proterozoic, e.g. Collins 2000; Collins
& Pisarevsky 2005). Fig. 9 compares the lithospheric structure in
the Antananarivo Domain to that of the Mozambique Belt, Tan-
zania Craton and India. From S-wave tomography and estimating
the LAB from a reduction of Vsy >1.25 percent , Maurya et al.
(2016) found a lithosphere thickness of ~120 km in the Eastern
Dharwar Craton, which is ~5-30 km thinner than the lithosphere
thickness beneath the Antananarivo Domain (~ 125-150 km). Mi-
tra et al. (2006) estimated the lithosphere thickness to be ~155 km
in the region affected by the Pan African Orogeny in southern India
(Southern Granulite Terrane) based on the Rayleigh wave phase
velocity dispersion. From joint inversion of receiver function and
Rayleigh wave dispersion curve, the LAB was observed to be at
depth of ~150 km beneath the Mozambique Belt (Julia ez al. 2005).
The lithosphere thickness beneath the Antananarivo domain is com-
parable to the lithosphere to those beneath the Southern Granulite
Terrane and Mozambique belt in Tanzania.

6 CONCLUSIONS

We computed S-wave receiver functions and applied the two-station
method to measure Rayleigh and Love waves dispersion curves be-
tween 15 and 100 s. We obtained 3-D shear waves velocities and
radial anisotropy. The LAB from the two methods are in agreement
within 5 km and show a lithospheric thickness ranging from 110 km
in the western part of southern Madagascar, below the Morondava
basin to 150 km below the western part of the Archean Antananarivo
domain and it then decreases toward the east coast, with a depth of
~120 km beneath the volcanic formation. The estimated LAB is
deeper than previous continental scale surface wave tomographic
studies suggested, but thinner than in the Mozambique belt in Tanza-
nia. Positive RA up to 9 per cent is prevalent in the shallower part of
the mantle lithosphere. Positive RA is observed in the lithospheric
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mantle in southern Madagascar, especially at depths less than 75 km,
and with varying strengths below the different parts of Madagascar.
The positive RA probably represents the near-horizontal orientation
of the fabric, most likely formed by lithospheric extension during
failed-rifting, rifting and break-up from Africa (Morondava Basin)
and/or India (Archean basement). The modification of the mantle
lithosphere beneath the Proterozoic basement most likely occurred
during the Pan-African orogeny, which resulted in the positive RA
observed in there. Although the resolution is weaker in the as-
thenosphere, there seems to be an identifiable pattern of positive
RA below the eastern part of the Morondava basin and the Pro-
terozoic domains, and a negative RA below the eastern-most part
of Madagascar, including the Antananarivo block and the Creta-
ceous Volcanics. This negative RA suggest the presence of mantle
upwelling there and may explain the high topography in the high
plateau. The presence of mantle downwelling due the mantle plume
activity cannot be ruled out here.

ACKNOWLEDGEMENTS

We acknowledge the Geophysical Instrument Pool Potsdam (GIPP)
for supplying the instruments for the SELASOMA project and Ge-
oForschungsZentrum (GFZ) for supporting the field experiment.
We are very grateful to all fieldwork participants from Institute and
Observatory of Geophysics Antananarivo, GFZ and University of
Frankfurt. The SELASOMA data are archived and at the GEO-
FON data center (http://geofon.gfz-potsdam.de). We thank Guil-
hem Barruol (IPGP) and Michael Wysession for providing early
access to the RHUM-RUM and MACOMO data sets, respectively.
The RHUM-RUM and MACOMO data are available at the French
RESIF data centre (http://seismology.resif.fr) and the IRIS DMC
(http://www.iris.edu), respectively. Elisa Rindraharisaona was sup-
ported by the Alexander-von-Humboldt foundation with a Georg-
Forster postdoctoral research fellowship. Last but not least, we thank
the reviewers, the Associate Editor and Huajian Yao for constructive
comments and suggestions.

REFERENCES

Adimah, N.I. & Padhy, S., 2020. Ambient noise Rayleigh wave tomography
across the Madagascar island, Geophys. J. Int., 220, 1657-1676.

Adimah, N.I. & Padhy, S., 2020. Depth dependent azimuthal anisotropy in
Madagascar island from ambient noise tomography, 7ectonophysics, 789,
228513.

Andriampenomanana, F. ef al., 2017. The structure of the crust and upper-
most mantle beneath Madagascar, Geophys. J. Int., 210(3), 1525-1544.
Artemieva, .M., 2006. Global 1x 1 thermal model TC1 for the continen-
tal lithosphere: implications for lithosphere secular evolution, Tectono-

physics, 416(1), 245-277.

Artemieva, .M. & Mooney, W.D., 2001. Thermal thickness and evolution
of Precambrian lithosphere: a global study, J. geophys. Res., 106(B8),
16387-16414.

Artemieva, .M. & Vinnik, L.P,, 2016. Density structure of the Cratonic man-
tle in southern Africa: 1. Implications for dynamic topography, Gondwana
Res., 39, 204-216.

Barruol, G. & Sigloch, K., RHUM-RUM group, 2017. RHUM-RUM ex-
periment, 2011-2015, code YV (Réunion Hotspot and Upper Mantle —
Réunion’s Unterer Mantel), RESIF — Réseau Sismologique et géodésique
Francais Doi:10.15778/RESIEYV2011.

Becker, T.W., Kustowski, B. & Ekstrom, G., 2008. Radial seismic anisotropy
as a constraint for upper mantle rheology, Earth planet. Sci. Lett., 267(1—
2),213-227.

¥z0z Ae g1 uo 1senb Aq £29986G/0£6 L/€/vzz/e10ne/B/woo dno-ojwspeoe//:sdiy woly pspeojumoq


http://geofon.gfz-potsdam.de
http://seismology.resif.fr
http://www.iris.edu
http://dx.doi.org/10.1093/gji/ggz542
http://dx.doi.org/10.1016/j.tecto.2020.228513

1942 E.J. Rindraharisaona et al.

Boger, S., Ferreira, C., Hirdes, W., Schulte, B., Jennet, T. & Dallwig, R., 2008.
Carte geologique de Madagascar 1: 500 000, feuilles n 1 1-Ampanihy, 12—
Tolanaro, Ministére de L’Energie et des Mines, Project de Gouvernance
des Ressources Minérales, Antananarivo.

Boger, S., Ferreira, C., Hirdes, W., Schulte, B., Jenett, T. & Dallwig,
R., 2009a. Carte géologique de Madagascar 1/500000, feuille n 10—
Fianarantsoa, Ministere de 1’Energie et des mines, Project de Gouver-
nance des Ressources Minérales (PGRM), Antananarivo.

Boger, S. et al., 2009b. Carte géologique de Madagascar 1/500000, feuille
n 7-Morondava (avec notice explicative), Ministére de I’Energie et des
Mines, Projet de Gouvernance des Ressources Minérales (PGRM), An-
tananarivo.

Boger, S.D. et al., 2019. The tectonic domains of southern and western
Madagascar, Precambrian Res., 327, 144—-175.

Collins, A., 2000. The tectonic evolution of Madagascar: its place in the east
African orogen, Gondwana Res., 3(4), 549-552.

Collins, A.S. & Pisarevsky, S.A., 2005. Amalgamating eastern Gondwana:
the evolution of the Circum-Indian Orogens, Earth-Sci. Rev., 71(3), 229—
270.

Debayle, E. & Kennett, B., 2000. The Australian continental upper mantle:
structure and deformation inferred from surface waves, J. geophys. Res.,
105(B11), 25 423-25 450.

Debayle, E., Kennett, B. & Priestley, K., 2005. Global azimuthal seismic
anisotropy and the unique plate-motion deformation of Australia, Nature,
433(7025), 509-512.

Dissanayake, C. & Chandrajith, R., 1999. Sri Lanka—Madagascar Gondwana
linkage: evidence for a Pan-African mineral belt, J Geol., 107(2), 223—
235.

Dreiling, J., Tilmann, F., Yuan, X., Giese, J., Rindraharisaona, E.J., Rimpker,
G. & Wysession, M.E., 2018. Crustal radial anisotropy and linkage to
geodynamic processes: a study based on seismic ambient noise in southern
Madagascar, J. geophys. Res., 123(6), 5130-5146.

Dziewonski, A.M. & Anderson, D.L., 1981. Preliminary reference earth
model, Phys. Earth planet. Inter., 25(4), 297-356.

Eaton, D.W., Darbyshire, F., Evans, R.L., Griitter, H., Jones, A.G. & Yuan, X.,
2009. The elusive lithosphere—asthenosphere boundary (LAB) beneath
cratons, Lithos, 109(1-2), 1-22.

Fishwick, S., 2010. Surface wave tomography: imaging of the lithosphere—
asthenosphere boundary beneath central and southern Africa?, Lithos,
120(1), 63-73.

Fishwick, S., Kennett, B. & Reading, A., 2005. Contrasts in lithospheric
structure within the Australian Craton—insights from surface wave to-
mography, Earth planet. Sci. Lett., 231(3), 163-176.

Fourno, J.-P. & Roussel, J., 1994. Imaging of the Moho depth in Madagascar
through the inversion of gravity data: geodynamic implications, Terra
Nova, 6(5), 512-519.

Fu, Y.V, Jia, R, Han, F. & Chen, A., 2018. Sh wave structure of the crust
and upper mantle in southeastern margin of the Tibetan plateau from
teleseismic love wave tomography, Phys. Earth planet. Inter, 279, 15—
20.

GEOFON Data Centre, 1983. GEOFON Seismic Network.
Deutsches  GeoForschungsZentrum GFZ. Other/Seismic Network
Doi:10.14470/TR560404.

Giese, J., Berger, A., Schreurs, G. & Gnos, E., 2011. The timing of
the tectono-metamorphic evolution at the Neoproterozoic—Phanerozoic
boundary in central southern Madagascar, Precambrian Res., 185(3),
131-148.

Herrmann, R.B., 2013. Computer programs in seismology: An evolv-
ing tool for instruction and research, Seismol. Res. Lett., 84(6),
1081-1088.

Institut De Physique Du Globe De Paris (IPGP), Ecole Et Observatoire Des
Sciences De La Terre De Strasbourg (EOST), 1982. GEOSCOPE, French
Global Network of broad band seismic stations. Institut de Physique du
Globe de Paris (IPGP) Doi.org/10.18715/geoscope.g.

Julia, J., Ammon, C.J. & Nyblade, A.A., 2005. Evidence for Mafic lower
crust in Tanzania, East Africa, from joint inversion of receiver functions
and Rayleigh wave dispersion velocities, Geophys. J. Int., 162(2), 555—
569.

Julia, J., Jagadeesh, S., Rai, S. & Owens, T., 2009. Deep crustal structure
of the Indian shield from joint inversion of P-wave receiver functions
and Rayleigh wave group velocities: implications for Precambrian crustal
evolution, J. geophys. Res., 114(B10), doi:10.1029/2008JB006261.

Kennett, B. & Engdahl, E., 1991. Traveltimes for global earthquake location
and phase identification, Geophys. J. Int., 105(2), 429-465.

Kennett, B., Engdahl, E. & Buland, R., 1995. Constraints on seismic veloc-
ities in the Earth from traveltimes, Geophys. J. Int., 122(1), 108-124.
Kind, R. ef al., 2002. Seismic images of crust and upper mantle beneath
Tibet: evidence for Eurasian plate subduction, Science, 298(5596), 1219—

1221.

Kusznir, N. & Karner, G., 2007. Continental lithospheric thinning and
breakup in response to upwelling divergent mantle flow: application to
the Woodlark, Newfoundland and Iberia margins, Geol. Soc., Lond., Spec.
Publ., 282(1), 389-419.

Lebedev, S., Boonen, J. & Trampert, J., 2009. Seismic structure of Pre-
cambrian lithosphere: New constraints from broad-band surface-wave
dispersion, Lithos, 109(1), 96—111.

Martelat, J.-E., Lardeaux, J.-M., Nicollet, C. & Rakotondrazafy, R., 2000.
Strain pattern and late Precambrian deformation history in southern
Madagascar, Precambrian Res., 102(1), 1-20.

Martelat, J.-E., Randrianasolo, B., Schulmann, K., Lardeaux, J.-M. & De-
vidal, J.-L., 2014. Airborne magnetic data compared to petrology of
crustal scale shear zones from southern Madagascar: a tool for deci-
phering magma and fluid transfer in orogenic crust, J. Afi: Earth Sci., 94,
74-85.

Maurya, S., Montagner, J.-P, Kumar, M.R., Stutzmann, E., Kiselev, S.,
Burgos, G., Rao, N.P. & Srinagesh, D., 2016. Imaging the lithospheric
structure beneath the Indian continent, J. geophys. Res., 121(10), 7450—
7468.

Mazzullo, A., Stutzmann, E., Montagner, J.P, Kiselev, S., Maurya, S., Bar-
ruol, G. & Sigloch, K., 2017. Anisotropic tomography around La Réunion
island from Rayleigh waves, J. geophys. Res., 122(11), 9132-9148.

McKenzie, D., Daly, M.C. & Priestley, K., 2015. The lithospheric structure
of Pangaea, Geology, 43(9), 783-786.

Mitra, S., Priestley, K., Gaur, V. & Rai, S., 2006. Shear-wave structure of
the south Indian lithosphere from Rayleigh wave phase-velocity measure-
ments, Bull. seism. Soc. Am., 96(4A), 1551-1559.

Montagner, J.-P. & Nataf, H.-C., 1986. A simple method for inverting the
azimuthal anisotropy of surface waves, J. geophys. Res., 91(B1), 511-520.

Park, C.B., Miller, R.D. & Xia, J., 1998. Imaging dispersion curves of surface
waves on multi-channel record , in SEG Technical Program Expanded
Abstracts 1998, Society of Exploration Geophysicists, pp. 1377-1380.

Pasyanos, M.E. & Nyblade, A.A., 2007. A top to bottom lithospheric study
of Africa and Arabia, Tectonophysics, 444(1), 27-44.

Paul, J.D. & Eakin, C.M., 2017. Mantle upwelling beneath Madagascar: evi-
dence from receiver function analysis and shear wave splitting, J. Seismol.,
21, 825-836.

Pratt, M.J. et al.,2017. Shear velocity structure of the crust and upper mantle
of Madagascar derived from surface wave tomography, Earth planet. Sci.
Lett., 458, 405-417.

Priestley, K. & McKenzie, D., 2006. The thermal structure of the lithosphere
from shear wave velocities, Earth planet. Sci. Lett., 244(1-2), 285-301.

Priestley, K. & McKenzie, D., 2013. The relationship between shear wave
velocity, temperature, attenuation and viscosity in the shallow part of the
mantle, Earth planet. Sci. Lett., 381, 78-91.

Priestley, K., McKenzie, D., Debayle, E. & Pilidou, S.,2008. The African up-
per mantle and its relationship to tectonics and surface geology, Geophys.
J. Int., 175(3), 1108-1126.

Rajaonarison,T.A, Stamps, D.S., Fishwick, S., Brune, S., Glerum, A. &
Hu, J., 2020. Numerical modeling of mantle flow beneath Madagascar to
constrain upper mantle rheology beneath continental regions, J. geophys.
Res., 125(2), doi:10.1029/2019JB018560.

Rakotondraompiana, S.A., Albouy, Y. & Piqué, A., 1999. Lithospheric
model of the Madagascar island [western Indian ocean]: a new inter-
pretation of the gravity data, J. Afi: Earth Sci., 4(28), 961-973.

Ramirez, C., Nyblade, A., Wysession, M.E., Pratt, M., Andriampenomanana,
F. & Rakotondraibe, T., 2018. Complex seismic anisotropy in madagascar

¥z0z Ae g1 uo 1senb Aq £29986G/0£6 L/€/vzz/e10ne/B/woo dno-ojwspeoe//:sdiy woly pspeojumoq



revealed by shear wave splitting measurements, Geophys. J. Int., 215(3),
1718-1727.

Rawlinson, N. & Sambridge, M., 2004. Wave front evolution in strongly
heterogeneous layered media using the fast marching method, Geophys.
J. Int., 156(3), 631-647.

Rawlinson, N. & Sambridge, M., 2005. The fast marching method: an ef-
fective tool for tomographic imaging and tracking multiple phases in
complex layered media, Explor. Geophys., 36(4), 341-350.

Reiss, M., Riimpker, G., Tilmann, F., Yuan, X., Giese, J. & Rindraharisaona,
E.,2016. Seismic anisotropy of the lithosphere and asthenosphere beneath
southern Madagascar from teleseismic shear wave splitting analysis and
waveform modeling, J. geophys. Res., 121(9), 6627-6643.

Rindraharisaona, E., Tilmann, F,, Yuan, X., Riimpker, G., Giese, J., Rambo-
lamanana, G. & Barruol, G., 2017. Crustal structure of southern Madagas-
car from receiver functions and ambient noise correlation: Implications
for crustal evolution, J. geophys. Res., 122(2), 1179-97.

Rindraharisaona, E.J., Guidarelli, M., Aoudia, A. & Rambolamanana, G.,
2013. Earth structure and instrumental seismicity of Madagascar: impli-
cations on the seismotectonics, Tectonophysics, 594, 165-181.

Roberts, G.G., Paul, J.D., White, N. & Winterbourne, J., 2012. Tem-
poral and spatial evolution of dynamic support from river profiles:
a framework for Madagascar, Geochem. Geophys. Geosyst., 13(4),
doi:10.1029/2012GC004040.

Schandelmeier, H., Bremer, F. & Holl, H.-G., 2004. Kinematic evolution of
the Morondava rift basin of SW Madagascar—from wrench tectonics to
normal extension, J. Afi: Earth Sci., 38(4), 321-330.

Sandiford, M. & Powell, R., 1990. Some isostatic and thermal consequences
of the vertical strain geometry in convergent orogens, Earth planet. Sci.
Lett., 98(2), 154-165.

Simons, F.J. & Van Der Hilst, R.D., 2002. Age-dependent seismic thickness
and mechanical strength of the Australian lithosphere, Geophys. Res.
Lett., 29(11), 24-1.

Storey, M., Mahoney, J.J. & Saunders, A.D., 1997. Cretaceous basalts in
Madagascar and the transition between plume and continental lithosphere
mantle sources, Geophys. Monogr.-Am. Geophys. Un., 100, 95-122.

Storey, M., Mahoney, J.J., Saunders, A.D., Duncan, R.A., Kelley, S.P. &
Coffin, M.F,, 1995. Timing of hot spot-related volcanism and the breakup
of Madagascar and India, Science, 267(5199), 852-855.

Tilmann, F., Yuan, X., Riimpker, G. & Rindraharisaona, E., 2012. SELA-
SOMA project, Madagascar 2012-2014. Deutsches GeoForschungsZen-
trum GFZ. Seismic Network. doi:10.14470/MR7567431421.

Tucker, R., Roig, J.-Y., Macey, P, Delor, C., Amelin, Y., Armstrong, R.,
Rabarimanana, M. & Ralison, A., 2011. A new geological framework
for south-central Madagascar, and its relevance to the “out-of-Africa”
hypothesis, Precambrian Res., 185(3), 109-130.

Tucker, R.D., Roig, J.-Y., Moine, B., Delor, C. & Peters, S., 2014. A geolog-
ical synthesis of the Precambrian shield in Madagascar, J. Afi: Earth Sci.,
94, 9-30.

Weeraratne, D.S., Forsyth, D.W., Fischer, K.M. & Nyblade, A.A., 2003.
Evidence for an upper mantle plume beneath the Tanzanian cra-
ton from rayleigh wave tomography, J geophys. Res., 108(B9),
doi:10.1029/2002JB002273.

Wysession, M., Wiens, D. & Nyblade, A., 2012. Investigation of sources of
intraplate volcanism using PASSCAL broadband instruments in Madagas-
car, the Comores, and Mozambique, Seismic Network published 2011 via
International Federation of Digital Seismograph Networks, International
Federation of Digital Seismograph Networks. doi:10.7914/SN/XV_2011.

Yuan, X. et al., 2000. Subduction and collision processes in the central Andes
constrained by converted seismic phases, Nature, 408(6815), 958-961.

SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1 Left-hand panel: earthquake distribution used for the S-
wave receiver function computation. Right-hand panel: distribution
of the teleseismic events used to compute the Love and Rayleigh

Lithosphere structure in southern Madagascar 1943

phases dispersion curves. Yellow circles indicate events used for the
Rayleigh wave analysis only, cyan circles mark the events used for
Love wave analysis only and pink circles show the events used in
both Rayleigh and Love waves analysis.

Figure S2 Example of the phase velocity measurements for the
station pair MS05 and MS22. (a) Original seismogram for MS05
and transferred seismograph for MS21 with the transfer function
constructed based on the modified PREM as starting model; (b)
Frequency domain slant-stacking amplitude slant-stack: f—3&k spec-
trum. The black line shows the value and range of the 6k measure-
ment. Panel (c) as (a) but the transfer function has been updated to
match the refined phase velocity estimate implied by (b).

Figure S3 Number of station-pairs for which measurements could
be obtained, as a function of period. This is the number of measure-
ments from the earthquake data only. Red colors shows the number
of dispersion curves for Rayleigh wave, continuous line (total),
dashed line (Precambrian) and dotted line(sediment). Blue colors
correspond to the number of dispersion curves for Love waves.
Figure S4 Trade-off curves between the residual phase arrival times
and variance model perturbation at 30, 50, 70 and 100 s. Damping
factors between 0 and 400 were used. The black point on each curve
corresponds to the preferred damping factor used in the tomography
inversion.

Figure S5 Rayleigh wave path coverage for different periods. The
paths are colored according to the measured phase velocity between
two stations.

Figure S6 Same as Fig. S5 but for Love waves.

Figure S7 Synthetic checkerboard test for the resolution of Rayleigh
wave tomography with 0.5°x 0.5° grid cell with (a) 1x1, (b) 2x2,
(c)3x3,(d)4 x4 cell block size. For each line, the first column shows
the input model and the columns 2—7 the recovered structures for
different periods.

Figure S8 Same as S7 but for Love wave

Figure S9 Phase velocity standard error for the Rayleigh wave to-
mography. The error reported here is the standard deviation of the
bootstrapping sample. Therefore, along the main profile, where the
rays paths are denser, the error is relatively larger (see supplemen-
tary text for details). Note that the error at each node is not directly
influenced by the neighbouring nodes.

Figure S10 Phase velocity standard error for the Love wave to-
mography. The error reported here is the standard deviation of the
bootstrapping sample.

Figure S11 Comparison between our Rayleigh phase velocity maps
(top) and results from Pratt et al. (2017). Differences are observed
along the main profile, which is sampled much more densely in
our results, and at a period of 20 s, where we observe significantly
lower velocities. The Pratt et al. (2017) model covers the whole of
Madagascar but for ease of comparison we have masked the Pratt
et al. (2017) model according to our phase coverage.

Figure S12 (a) Average dispersion curves for Rayleigh (red) and
Love (blue) waves. The dispersion at each grid point between 44°E
and 48°E and between 24.0°S and 21°S were averaged. Dashed
and continuous lines indicate the observed and inverted dispersion
curves, respectively. For each period, the errors plotted here are the
average of the error discussed in Section S3. (b) Absolute isotropic
velocity (green, lower scale) and RA (magenta, upper scale) ob-
tained from inverting the average dispersion curve in Fig. S12(a).
Figure S13 Examples of testing the reliability of the obtained ve-
locity structure and RA for the grid location of station MS15. (a)
Bootstrap test. The top plot shows the inverted Rayleigh (boot_R)
and Love (boot_L) dispersion curve from the bootstrapping sample.
The standard deviation from the observed bootstraping sample are
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plotted together with the observed dispersion curve used in Fig. §,
in magenta (Rayleigh, obs_R) and cyan (Love, obs_L). The inverted
dispersion curves corresponding to the shear wave velocity model in
Fig. 8 are plotted in red (Rayleigh) and blue (Love) dashed lines. The
bottom figure shows the velocity models for all bootstrap samples.
(b) Inversions of the Rayleigh wave dispersion curve with differ-
ent starting models. In each model a low velocity zone was placed
at different depths of 75, 100, 125, 150 and 200 km in the start-
ing model. (c) Inversions using different starting models: AK135
(dashed line), PREM (solid line) and 5 per cent slower (dash—dotted
line, i.e. PREM -5 per cent) and faster (dotted line, i.e. PREM +5
per cent) then PREM. Different starting models resulted in a com-
parable final model (only the final models are plotted for clarity,
except PREM). (d) Final models inverted using the Rayleigh (red)
and Love (blue) waves dispersion curves. The dashed lines with
error bars and solid lines are the observed and synthetic dispersion
curves, respectively. The red dotted line is the synthetic Love wave
dispersion curve predicted by the final /sy model (i.e. assumed Vsy
= Vsn); the blue dotted line is the synthetic Rayleigh wave disper-
sion curve predicted by the final /sy model. The difference between
the observed and predicted dispersion curves indicates the presence
of anisotropy.

Figure S14 Rayleigh wave maps of RMS shear velocity between
observed and predicted dispersion at different periods. Note that the
RMS at each node is not directly influenced by the neighbouring
nodes.

Figure S15 Same as S14 but for Love wave

Figure S16 Comparison between the isotropic shear wave veloc-
ity (continuous lines, lower scale) and RA (dashed lines, upper

scale) using the same ray paths (Vis, same and RA same) and dif-
ferent number of dispersion curve (Vi same and RA different) for
Rayleigh (red) and Love (blue) waves, at different location.

Figure S17 Comparison between the isotropic shear wave veloc-
ity (continuous lines, lower scale) and RA (dashed lines, upper
scale) for the Rayleigh to Love and Love to Rayleigh inversion
results.

Figure S18 Dispersion curves (a), radial anisotropy distribution (b)
and Vi, distribution (c¢) computed from the bootstrap samples at
the grid locations of MS05, MS15, MS19. Continuous black line
indicates the median off all model with the standard deviation error
at each depth. The dispersion curves plotted here are the same as in
Fig S13a

Figure S19 Cross-sections along profile AB. (a) Elevation. (b) Ab-
solute SV-wave velocity structure. (¢) SV-wave velocity perturba-
tion relative to the Vsy PREM. (d) SH-wave velocity perturba-
tion relative to Vsy PREM. (e) Vi, relative to the isotropic ve-
locity model PREM. Green and black lines mark the Moho and
the LAB, respectively, derived from S receiver functions. The red
line indicates the strongest negative vertical velocity gradient as a
proxy for the LAB; the black dashed line shows the LAB estimated
in the surface wave tomography of Fishwick (2010). Continuous,
dashed and dotted vertical lines separate the different geological
domains.
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