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SUMMARY
This study investigates the seismic structure and anisotropy in the crust beneath Madagascar
and southeastern Africa, using receiver functions. The understanding of seismic anisotropy is
essential for imaging past and present deformation in the lithosphere–asthenosphere system.
In the upper mantle, seismic anisotropy mainly results from the orientation of olivine, which
deforms under tectonic (fossil anisotropy) or flow processes (in the asthenosphere). In the crust,
the crystallographic alignment of amphiboles, feldspars (plagioclase) or micas or the alignment
of heterogeneities such as fractures, add to a complex geometry, which results in challenges
to understanding the Earth’s shallow structure. The decomposition of receiver functions into
backazimuth harmonics allows to characterize orientations of lithospheric structure responsible
for azimuthally varying seismic signals, such as a dipping isotropic velocity contrasts or layers
of azimuthal seismic anisotropy. By analysing receiver function harmonics from records of
48 permanent or temporary stations this study reveals significant azimuthally varying signals
within the upper crust of Madagascar and southeastern Africa. At 30 stations crustal anisotropy
dominates the harmonics while the signature of a dipping isotropic contrast is dominant at the
remaining 18 stations. However, all stations’ backazimuth harmonics show complex signals
involving both dipping isotropic and shallow anisotropic contrasts or more than one source of
anisotropy at shallow depth. Our calculated orientations for the crust are therefore interpreted
as reflecting either the average or the interplay of several sources of azimuthally varying
signals depending of their strength. However, comparing information between stations allows
us to draw the same conclusions regionally: in both southern Africa and Madagascar our
measurements reflect the interplay between local, inherited structural heterogeneities and
crustal seismic anisotropy generated by the current extensional stress field imposed by the
southward propagation of the East-African Rift System. A final comparison of our crustal
orientations with SKS orientations attributed to mantle deformation further probes the interplay
of crustal and mantle anisotropy on SKS measurements.
Key words: Composition and structure of the continental crust; Africa; Seismic anisotropy;
Dynamics of lithosphere and mantle.

1 I N T RO D U C T I O N
Seismic anisotropy, the dependence of seismic wave velocity on direction, occurs at various depth ranges in the Earth’s interior and is a
critical tool to understand its structure and past to present deformation processes. In the upper mantle, seismic anisotropy usually arises from
the crystallographic preferred orientation of olivine in response to large-scale deformation produced by tectonic processes (Silver & Chan
1988; Silver & Chan 1991; Savage 1999). In the crust, the presence of seismic anisotropy strongly depends on the mineralogy at depth and
its interpretation is more often ambiguous. In the lower crust, amphiboles and feldspars(plagioclase) are the main minerals responsible for
seismic anisotropy although the alignment of micas could contribute as well (Sherrington et al. 2004). Unlike the olivine in the mantle,
minerals from the crust do not necessarily align their fast axis in the direction of shearing, which yields a complex pattern of anisotropy.
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Finally, in the shallow crust, the alignment of cracks and fractures with the principal stress is the dominant source of azimuthal anisotropy
(e.g. Crampin 1978; Boness & Zoback 2006). The splitting of SKS phases is a classical indicator of azimuthal seismic anisotropy in the
upper mantle and is usually interpreted in terms of fossil deformation imprinted into the lithosphere (e.g. Silver & Chan 1991) or flow in the
asthenosphere induced by the current plate motion (e.g. Vinnik et al. 1992; Gao et al. 1994; Becker 2008). In complex geodynamical systems,
this proved to be more challenging leading to ambiguous understanding of the mantle fabrics and its underlying evolution (e.g. Vinnik et al.
1995; Silver et al. 2001). One explanation could possibly reside in the contribution from the crust that is often neglected although gneiss
and schists in both amphibolite and granulite metamorphic facies could significantly contribute to the splitting of shear waves (Barruol &
Mainprice 1993; Lamarque & Piana Agostinetti (2020)).
In Madagascar (Fig. 1), for instance, shear wave splitting results are complex and could involve several sources of anisotropy but their
respective depth are still poorly constrained. In the southern part, fast polarization orientations roughly align with large Precambrian shear
zones, suggesting fossil anisotropy in the lithosphere (Reiss et al. 2016; Ramirez et al. 2018). In the northern and central part of the island, they
mismatch the main structural trends but also depart from the direction of the plate motion-driven flow (Ramirez et al. 2018). In the northern
part, the interaction of mantle flow (e.g. the plate motion-driven flow, the African Superplume, the Comoros mantle flow) was proposed to
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Figure 1. Simplified geodynamical context of the study area and location of the broad-band seismic stations used in the analysis. In Africa: IB, Irumide belt;
LB, Limpopo belt; MB, Mozambique belt; MCP, Mozambique Coastal Plain; MRZ, Malawi Rift Zone; NNB, Namaqa-Natal belt; UB, Ubendian belt; ZB,
Zambezi belt. In Madagascar; thin dotted lines indicate the major shear zones while thin solid lines delimit the major geological domain; A, Antananarivo
block; BB, Bemarivo belt; BS, Betsimisaraka suture; CMAP, Central Madagascar alkaline province; MjB, Mahajanga basin; MoB, Morondava basin; NMAP,
Northern Madagascar Alkaline province; SMAP, southern Madagascar Alkaline Province; SM, southern Madagascar.
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2 TECTONIC SETTING
The formation of the Western Indian Ocean initiated in the Jurassic period through a complex fragmentation of Gondwana into four continental
blocks along three major fracture zones (Fig. 1). In the north, the Davie Ridge is a large transform fault that accommodated the southward
displacement of the Madagascar–India–Seychelles block. The Mozambique Fracture Zone accommodated the southward migration of the
Antarctica–Australia block with respect to Africa and the opening of the Mozambique basin, while in the south the Falklands–Agulhas
Fracture Zone reflects the westward escape of South America (Patagonia). Rayleigh-wave tomography in the Mozambique Channel indicates
that seismic anisotropy is in good agreement with the predicted no net rotation plate motion (Mazzullo et al. 2017).

2.1 Southern Africa
The southern African lithosphere formed from Precambrian cratons (e.g. the Kaapvaal and Zimbabwean cratons) suturing along Proterozoic
orogenic belts (e.g. the Namaqa-Natal Belt, the Mozambique Belt, the Limpopo Belt). In the south, a major part of the Precambrian crystalline
basement is covered by the Karoo volcano-sedimentary basin. The latter, opened as a foreland basin along the Namaqa-Natal Belt, is filled
by a 3–9-km thick sedimentary succession and partially overlain by eroded basalts of the Karoo Traps. The Kaapvaal craton constitutes the
stable Archean basement in southern Africa and its lithosphere was not affected by later tectonic events (such as the Jurassic rifting; e.g.
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explain general NE–SW orientations, while the composite pattern observed in the centre of the island could result from the upwelling of the
asthenosphere (Paul & Eakin 2017; Ramirez et al. 2018).
Similarly, several sources of anisotropy might explain the SKS splitting measurements under southern Africa. In East Africa, there is a
first-order influence of the mantle flow associated with the African Superplume and the Absolute Plate Motion (APM) in the asthenosphere
(Reed et al. 2017), while fossil anisotropy in the lithosphere might explain second-order variations along some orogenic belts (Bagley &
Nyblade 2013). Under the Kaapvaal craton, SKS splitting measurements indicated both fossil anisotropy in the lithosphere (Silver et al.
2001, 2004) and shear of the asthenosphere associated with the APM (Vinnik et al. 1995). Under the Limpopo Belt, fossil anisotropy in the
lithosphere or APM-related flow in the asthenosphere could generate the observed splitting parameters (Adam & Lebedev 2012). However,
the surface wave analysis of Adam & Lebedev (2012) provides clear evidence of strong upper crust anisotropy in the Limpopo Belt but also
in the Kaapvaal craton which might have experienced N-S micro-fracturing, possibly related to the southward propagation of the East African
Rift System (EARS).
In both regions, the lithosphere results from a complex series of tectonic events (Precambrian amalgamation, volcanism). In particular,
several rifting episodes, which accommodated the dislocation of Gondwana, fashioned the western and eastern margins of Madagascar or the
Tanzania/Mozambique margins. Yet, the state of the lithosphere beneath these extensive structures has been poorly studied. Moreover, the
EARS propagates southwards and might reach the Malawi Rift Zone and Mozambique through its western branch (Chorowicz 2005; Calais
et al. 2006) while the Mozambique Channel could represent the propagation terminus of its eastern branch (Courgeon et al. 2016; Deville et al.
2018). However, the connection between the EARS and pre-existing structures in the lithosphere beneath southern Africa and Madagascar
is not well understood. In this respect, the depth distribution of anisotropy is a valuable tool to understand the relationship between past and
present deformation processes at the scale of the lithosphere.
In recent years, P-to-S (or Ps) receiver functions (RFs) have been widely used to resolve complex media, such as dipping interfaces
and layered anisotropy. Receiver functions represent P-to-S conversions at seismic discontinuities and can be expressed into a radial and
a transverse component (Langston 1977; Vinnik 1977). The presence of periodic out-of-plane energy on the transverse component might
result from anisotropy and/or a dipping velocity contrast at depth. Moreover, an anisotropic or dipping isotropic structure produces periodic
variations in backazimuth and polarity reversals of the RFs (e.g. Levin & Park 1997a,b; Peng & Humphreys 1997; Savage 1998; SchultePelkum & Mahan 2014). The decomposition of the radial and transverse RFs into backazimuth harmonics proved to be efficient in separating
structure generating azimuthally varying signals from isotropic structures (e.g. Girardin & Farra 1998; Piana Agostinetti et al. 2008; Bianchi
et al. 2010; Audet 2015; Cossette et al. 2016; Park & Levin 2016; Lamarque & Julia 2019). The joint analysis of radial and transverse RFs
thus provides complementary information about seismic anisotropy in the lithosphere.
This study presents the analysis of backazimuth harmonics of RFs for 48 stations over part of southern Africa and Madagascar and
discusses seismic anisotropy in the crust beneath these regions and its implications in terms of past and current deformation processes.
The seismic broad-band stations belong to four permanent (AfricaArray network, GEOFON network, GEOSCOPE and IRIS/IDA seismic
networks) and two temporary [AfricaArray SE Tanzania Basin Experiment (Nyblade 2010); MACOMO experiment (Wysession & Wiens
2011)] networks deployed over the African continent and Madagascar for at least a year (Supporting Information Table S1). The main
objectives are to investigate (i) the orientation of deformation in the crust around the Mozambique Channel and its coupling with the local or
regional stress field; (ii) anisotropy in the Malagasy and southeastern African lithosphere with respect to previous upper mantle studies; (iii)
fossil deformation in the lithosphere beneath regions affected by rifting. Our results highlight the significant contribution of upper crustal
seismic anisotropy under these regions which needs to be taken into account to understand past and deformation processes in such complex
geodynamical context.
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Pearson et al. 1995; Carlson et al. 2000; Schmitz et al. 2004). It is underlain by a thick, cold and basic lithosphere and a crustal thickness
ranging from 35 to 45 km (Nguuri et al. 2001; Stankiewicz et al. 2002).
To the north, the EARS developed following the Afar Depression in Ethiopia and extends southward in the Malawi Rift Zone and
possibly propagates across Mozambique (Ebinger et al. 1987). The latter is dominated by a thick Cretaceous and Tertiary sedimentary cover
to the south (the Mozambique Coastal Plain; MCP) whose basement nature remains debated (Watts 2001; Watkeys 2002; Leinweber & Jokat
2011; Domingues et al. 2016). Recent results from an active seismic experiment suggest that continental crust is present under the MCP and
extends farther southwards in the offshore domain of the North Natal Valley (Moulin et al. 2019).

2.2 Madagascar

3 E V I D E N C E O F A Z I M U T H A L A N I S O T RO P Y F RO M R E C E I V E R F U N C T I O N S
3.1 Receiver functions
Receiver functions were computed for 48 broad-band, three-component stations selected from six different permanent and temporary
seismological networks located in southern and eastern Africa and in Madagascar (Fig. 1). For all stations (temporary and permanent), RFs
were computed from direct P waves of teleseismic earthquakes with a moment magnitude Mw > 5.5 and an epicentral distance between 30◦
and 90◦ . For temporary stations, the data set was complemented by RFs computed from teleseismic PP waves of earthquakes with a magnitude
Mw ≥ 6 and an epicentral distance between 60◦ and 130◦ . The waveforms were extracted 30 before and 150 s after the expected phase arrival
(direct P or PP phase), then corrected for offset and linear trend and tapered and bandpass filtered in the 0.02–2 Hz range. Finally, horizontal
components were rotated into radial and transverse components. Radial and transverse RFs were then computed by iterative deconvolution
in the time domain (Ligorria & Ammon 1999) for a Gaussian filter with a low-pass frequency of 1.25 Hz (width a = 2.5). Then, the good
quality RFs were automatically selected according to the following criteria: (i) the convolution of the RF with the vertical trace reproduces
at least 60 per cent of the initial seismogram; (ii) the largest peak in the radial RF is located in the first 1.5 s and corresponds to the first
phase arrival; (iii) the width of the pulses does not exceed 3.5 s. This last criterion was introduced to remove RFs resulting from unstable
deconvolution (Schulte-Pelkum & Mahan 2014). A final manual selection of the RF eliminated only a few outliers.
In order to sum traces originating from variable epicentral distances, a distance moveout correction with respect to a reference slowness
of 6.4 s deg−1 was applied, using the iasp91 earth model (Kennett & Engdahl 1991). Then, the corrected RFs were stacked into backazimuth
bins of 10◦ without overlap and without any threshold on a minimum number of traces to be stacked into one bin (Figs 2 and 3). These
choices were made owing to our limited backazimuth coverage and to avoid that RFs of lesser quality contaminate adjacent bins. A first-order
examination of the radial and transverse RFs, plotted as a function of backazimuth revealed that, at most stations, there is significant energy
on the transverse RFs. Moreover, some clear polarity reversals can be identified within the first couple of seconds of the signal, suggesting
the presence of dipping and/or anisotropic contrasts at upper to mid crustal depths under these stations. We provide two examples to illustrate
these trends. At the station TETE (Fig. 2), located in Zimbabwe (33.58◦ E, −16.15◦ N), there is a clear polarity reversal at ∼3 s, that is visible
on the radial and transverse RFs, suggesting intracrustal anisotropy. At station LAHA (Fig. 3), located in Madagascar (50.29◦ E, −14.93◦ N),
there is significant energy on the transverse RFs, although the pattern in the polarity reversals is less clear. This could result in a high level of

Downloaded from https://academic.oup.com/gji/article/226/1/660/6189705 by guest on 10 May 2021

Madagascar can be divided into two main structural units (Fig. 1). The Precambrian crystalline basement occupies the major central and
eastern parts of the island and is composed of several Archean to Neoproterozoic units, reworked during the Jurassic rifting, and Cretaceous
and Cenozoic volcanic episodes (Collins 2006; Tucker et al. 2014). The Antananarivo Block, the largest central terrain, amalgamated with
the Bemarivo domain to the north and to the Molo, Androyen and Vohibory domains to the south. The Archean Antongil–Masora craton
accreted to the east along the Betsimisaraka suture (Fig. 1). Several large, crustal-scale shear zones go through the Precambrian basement of
Madagascar, mainly oriented N–S and evidencing the E–W shortening from Pan-African events (Martelat et al. 2000; Collins 2006).
The western part of the island is overlain by large sedimentary basins, initially shaped in the Permo-Carboniferous period and further
developed in the Jurassic period when East Gondwana broke up and moved southward along the Davie Ridge (Coffin & Rabinowitz 1987).
The rifting episode created large normal faults, rift basins and typical horst and graben structures in the sedimentary basins (Schandelmeier
et al. 2004). Field studies suggested a thick sedimentary cover, especially under the western basins, while recent seismological observations
revealed a sediment thickness of 4 km to the north and up to 10 km under the Morondava basin (Andriampenomanana et al. 2017; Adimah
& Padhy 2020).
Volcanic rocks from the Cretaceous and the Cenozoic periods can be found at different locations through the island (Besairie 1973).
Cretaceous volcanism was associated with the separation from the India–Seychelles–Australia block, as East Gondwana passed over the
Marion hotspot (Torsvik et al. 1998) and is currently evidenced along the eastern and western coasts and in the south of the island.
The Cenozoic volcanic activity focuses on the northern (Northern Madagascar alkaline Province, NMAP), central (Central Madagascar
alkaline Province, CMAP) and southern (Southern Madagascar Alkaline Province, SMAP) parts of Madagascar. Whereas the origin of the
Cenozoic volcanism is discussed, passive seismology imaged low-velocity zones beneath the three provinces, suggesting upwelling from the
asthenosphere (Andriampenomanana et al. 2017; Paul & Eakin 2017; Pratt et al. 2017).
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Figure 3. Same as Fig. 2 but for the temporary station LAHA, located in Madagascar (50.29◦ E, −14.93◦ N). In addition, RFs were also computed for PP
phases of teleseismic earthquakes.

uncertainty in the error analysis (see the next section). There is also a clear periodicity at 0 s, possibly followed by another periodic pattern
with opposite polarity, which could indicate a dipping isotropic contrast (Schulte-Pelkum & Mahan 2014).
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Figure 2. Harmonic decomposition of receiver functions at the station TETE (33.58◦ E, −16.15◦ N). (a) Radial and (b) transverse teleseismic receiver functions
stacked into 10◦ bins; (c) resulting harmonics corresponding to the degrees k = 0 (A), k = 1 (B1 , C1 ) and k = 2 (B2 , C2 ); (d) rotated harmonics according
to optimum angle that minimizes RMS amplitudes on Cr1 for the crustal time range (in shaded grey in panel c) and provided in Table 1: degree k = 0 (A) is
repeated then rotated harmonics for degree k = 1 (Br1 , Cr1 ) and k = 2 (Br2 , Cr2 ); green line is time conversion of Moho depth, yellow line is time of maximum
amplitude among degree-k harmonics. Globe in the bottom right shows location of the teleseismic earthquakes used to compute the initial Rfs.
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3.2 Backazimuth harmonic decomposition
Radial and transverse RFs were jointly decomposed into backazimuth harmonics following the method described by Shiomi & Park (2008)
or Bianchi et al. (2010). The harmonic decomposition technique examines the periodicity in radial and transverse RFs as a function of
backazimuth. The method assumes that any RF data set can be approximated by the sum of cos (kφ) and sin (kφ), where k = 0,1,2 harmonics’
degree and φ is the backazimuth. In matrix form, this is expressed as
⎞
⎞ ⎛
⎛
1
cos (φ1 )
R1 (t)
sin (φ1 )
cos (2φ1 )
sin (2φ1 )
⎛
⎞
⎟
⎜ . ⎟ ⎜.
..
..
..
..
A (t)
⎟
⎜ .. ⎟ ⎜ ..
.
.
.
.
⎟ ⎜ B (t)⎟
⎟ ⎜
⎜
⎟ ⎜ k=1 ⎟
⎟ ⎜
⎜
sin (φ N )
cos (2φ N )
sin (2φ N )
cos (φ N )
⎟
⎟⎜
⎜ R N (t) ⎟ ⎜1






(1)
⎟ ⎜Ck=1 (t)⎟ .
⎟=⎜
⎜
⎟
⎜ T1 (t) ⎟ ⎜0 cos φ1 + π2
sin φ1 + π2
cos 2 φ1 + π4
sin 2 φ1 + π4 ⎟ ⎜
⎟ ⎝ Bk=2 (t)⎠
⎟ ⎜
⎜
..
..
..
..
⎟
⎜ .. ⎟ ⎜ ..
⎠ Ck=2 (t)
⎝ . ⎠ ⎝.
.
.
.
.






sin φ N + π2
cos 2 φ N + π4
sin 2 φ N + π4
TN (t)
0 cos φ N + π2

3.3 Mapping interfaces at depth
As Audet (2015), we chose to retrieve the orientation of a contrast for a specific time/depth range (z1 , z2 ) by rotating the degree-k (k = 1 or k
= 2) components Bk and Ck following eq. (2):
Brk
Crk

=

cosα
−sinα

sinα
cosα

Bk
Ck

(2)

and search for an angle α (0–2π ) that minimizes the squared amplitudes on the rotated components Crk :
z2

Crk (i)2

(3)

i=z 1

As a proxy for the depth of the interface in the time/depth range (z1 ,z2 ), we searched among N values of i between z1 and z2 the maximum
of the summed amplitude Amk (i) of the degree-k harmonic components: Am k (i) = Bk (i)2 + Ck (i)2 .
In the same vein, as a proxy for the strength of the interface in the time/depth range (z1 ,z2 ), we computed the root mean square of the
summed amplitude of the degree-k harmonic components Amk (i):

1
RMSk = 
N

z2

Am k (i).

(4)

i=z 1

Given that RMS0 is the root mean square of degree-0 harmonic component A and represents the amplitude of flat-layered isotropic
structures, this allowed us to scale the amplitude of the degree-1 or degree-2 components to the amplitude of the degree-0 component and
quantify the contribution of dipping isotropic/anisotropic contrasts with respect to the contribution from flat-layered isotropic structures.

3.4 Implementation
Minimizing the squared amplitude of a particular time/depth range (z1 ,z2 ) implies that signal polarity is not considered in the determination
of α. Therefore, there is an ambiguity of π and π /2 respectively on degree-1 and degree-2 measures. For degree-1 components, the angle α
should be considered as an azimuth representing either the orientation of the symmetry axis in case of plunging anisotropy or the dipping
direction of an isotropic interface. For degree-2 components, diagnostic of horizontal anisotropy, the angles α and α + 90◦ can be interpreted
as the azimuth of the fast (or slow) axis of symmetry and the slow (or fast) plane normal to it. We concentrated our analysis on the crust, from
the surface (−0.5 s) to the Moho (see Section 3.5). Angles α were estimated on both degree-1 and degree-2 components and the dominant
(highest RMS) was selected as well as its depth approximation (maximum signal amplitude). It should be noted that while dipping isotropic
contrasts have a degree-1 signature, horizontal anisotropy contrast shows up only on degree-2 harmonics, while plunging anisotropy will
appear on both harmonic degrees (see Supporting Information Fig. S1). As dipping isotropic contrasts are known to generate a peak of
amplitude at 0 s followed by a second peak of reversed polarity (Schulte-Pelkum & Mahan 2014; Fig. 3), we automatically conclude this
if degree-1 are the dominant harmonics and the depth approximation of α is 0 km, meaning, however, that the true depth of contrasts is
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In this system, A(t) corresponds to the degree-0 harmonic and represents azimuth-invariant structures, that is, contributions from flatlayered isotropic media. The degree-1 components (B1 , C1 ), represent contrast with a two-lobed periodicity in backazimuth, projected on
the N–S and E–W axis. They are associated with a dipping isotropic interface or azimuthal anisotropy with a plunging axis of symmetry.
Conversely, the degree-2 components represent contrasts producing a four-lobed periodicity with backazimuth, such as azimuthal anisotropy
with a horizontal symmetry axis. The system is solved for the five harmonic components by inverting the matrix using singular value
decomposition.
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not approximated in this case. Also, by investigating the whole crustal time range we assume that the layer with the strongest signal will
dominate the results in the case of several anisotropic layers. However, we cannot exclude that our calculated angle reflects an average value
from different anisotropic layers, or from different types of anisotropy in the case of similar anisotropic strength, or from the combination
of dipping isotropic and anisotropic contrasts orientation. Indeed, rotating harmonic components by the dominant angle reveal secondary
sources of anisotropy at many stations (see Supporting Information Fig. S3).

3.5 Moho depth estimation
At each station, the Moho depth was inferred from published crust analysis results or was estimated using the H–κ stacking method (Zhu
& Kanamori 2000) when no data were available. Finally, the Moho depth was extracted from the crust1.0 model (Laske et al. 2013) when
the H–κ stacking method failed (see Supporting Information Text S2 and Table S2 for further information on the method and results at each
station). Practically, as the harmonic components were computed as a function of time, depth values were converted into traveltime according
to the iasp91 earth model (Kennett & Engdahl 1991).

The uncertainty of α depends on the quality of the RFs (level of noise) and on the backazimuth coverage of the data set. The latter is particularly
critical if there is an azimuthal gap oriented normal to the fast axis of symmetry (see Supporting Information Text S1). Uncertainties of
our measurements were estimated through Niter = 1000 bootstrap samples of the initial RF data set before the stacking and harmonics
computation. In this way, the uncertainties reflect the level of noise contained in each individual RFs, the level of noise in each bin of summed
RFs and the azimuthal coverage. For each iteration, the RF data set was resampled in the bootstrap sense. Then, resampled RFs were stacked
into backazimuth bins and the harmonics were computed according to the method described here above. Finally, the best angle was estimated
in each layer of interest, according to (2). Hence, uncertainties are defined as the standard error SE of the angle distribution:


SE(α̂) = 

1
Niter − 1

Niter

(α̂i − ᾱ)2 ,

(5)

i=1

where Niter is the number of bootstrap samples, α denotes the Niter estimates of α from the bootstrap samples and ᾱ =

1
Niter

Niter


α̂i is the

i=1

mean of the estimates across the bootstrap samples.

4 R E S U LT S
We present our results in Table 1 but Supporting Information Fig. S3 further provides for each analysed seismic station the stacks of radial
and transverse receiver functions sorted by backazimuth, their harmonic components and these harmonics rotated according to the estimated
angle α provided in this table. Results are also presented on two maps, one for southeastern Africa (Fig. 4) and one for Madagascar (Fig. 5).
In the crust, it was shown that the symmetry axis of anisotropy tends to be perpendicular to the foliation (e.g. Brownlee et al. 2017) since
foliations are mostly fast plane. For that reason, and to facilitate the interpretation, we plotted the axis parallel to the foliation or the strike
in case of a dipping interface, that is α + 90◦ for degree-1 components. As argued by Schulte-Pelkum et al. (2020), this plotting convention
generally yields a better agreement with geological structures.
Among the 48 stations analysed in this study 18 (GRM, MZM, POGA, WDLM, ZOMB, VOI, ANLA, BAND, DGOS, LAHA, LONA,
MAGY, MAJA, MAPH, MKVA, MOCU, IFAK and WALE) show harmonic components dominated by the signature of a dipping isotropic
interface, that is, on rotated components the maximum amplitude in the signal is at 0 s and this peak is followed a reversed polarity one (depth
= 0 in Table 1). By rotating these harmonic components by their estimated dominant angle α, the periodic signature of the dipping interface
is emphasized on Br1 . One can then clearly observe the presence of secondary sources of anisotropy on Cr1 or degree-2 rotated components
at upper crustal depth for all these stations. This secondary signal appears weak for the majority of the stations but it is stronger at stations
MZM, BAND, LONA, MAGY, MAPH and IFAK thus interfering on our measurements.
The remaining 30 stations all show harmonics dominated by anisotropic sources at upper to mid crustal depth except at INDI and
TETE where the dominant anisotropic contrast is estimated deeper than 20 km. For five stations, the dominant signal is found on their
degree-2 harmonics suggesting horizontal anisotropy (TETE, FOMA, SBV, NAPU and MOHO). Similarly a close look at rotated harmonics
(particularly Cr1 ) further reveals that for all these stations at least one secondary source of upper crustal anisotropy or possibly of a dipping
isotropic interface can be observed. These secondary sources appear non-negligible at stations TETE, MOHO, CNG, VINA, INDI, BATG
and BERG.
Overall our analysis clearly highlights the presence of dominant or non-dominant seismic anisotropy at upper crustal level under all the
48 stations studied. It also shows the systematic presence of secondary sources of periodic signal, either from crustal anisotropy or dipping
isotropic horizon, in the early time of the P-to-S converted coda. Depending on its relative strength compared to the dominant signal a
secondary source will potentially interfere in the calculation of the orientation of the dominant source.
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Table 1. Results of the harmonic decomposition method for each station used in the analysis. The crustal thickness was (1) extracted
from Andriampenomanana et al. (2017); (2) estimated with the h–k method (Zhu & Kanamori 2000) applied to the RFs or (3)
extracted from the crust1.0 model (Laske et al. 2013). The table is provided in a computer readable format in the Supporting
Information.
Network

#RFs

# bins in baz

Max gap (◦ )

Harmonic
degree

angle (◦ ) ±
error

Estimated
depth

Moho depth
(& ref)

CNG
GRM
HVD
MOPA
MZM
POGA
SEK
SKRH
TETE
WDLM
ZOMB
FOMA
SBV
VOI
ABPO
AMPY
ANLA
ANTS
BAEL
BAND
BARY
BATG
BERG
BITY
BKTA
CPSM
DGOS
KIRI
LAHA
LONA
MAGY
MAHA
MAJA
MAPH
MKVA
MOCU
MSGR
NAPU
TETE
VINA
ZAKA
ZOBE
CHAL
IFAK
INDI
MANG
MOHO
WALE

AF
AF
AF
AF
AF
AF
AF
AF
AF
AF
AF
G
GE
GE
II
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
XV
YH
YH
YH
YH
YH
YH

72
199
270
137
74
266
261
61
33
91
227
101
132
300
130
62
75
52
61
74
54
56
46
62
55
35
25
25
104
61
33
50
27
26
61
49
50
58
34
52
56
59
84
69
42
46
16
94

26
47
49
34
24
43
48
33
18
28
47
48
48
74
35
31
33
30
30
37
25
28
25
30
30
23
16
16
42
34
20
31
22
18
31
29
28
33
21
30
32
32
31
27
22
25
14
34

50
40
30
40
70
50
30
80
60
50
40
40
40
50
60
70
80
90
90
50
70
120
80
90
60
130
110
110
80
70
80
90
60
110
70
60
60
60
80
100
100
70
70
70
100
50
160
50

1
1
1
1
1
1
1
1
2
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
1
1
1
1
2
1

20 ± 6
10 ± 3
192 ± 4
188 ± 5
16 ± 16
7± 12
2±5
134 ± 9
15 ± 3
175 ± 66
16 ± 10
24 ± 25
7 ± 22
104 ± 30
159 ± 8
135 ± 8
285 ± 66
128 ± 12
169 ± 11
313 ± 27
1 ± 32
114 ± 15
289 ± 49
2±9
165 ± 7
343 ± 6
143 ± 31
172 ± 14
71 ± 78
120 ± 8
133 ± 7
165 ± 17
152 ± 13
169 ± 12
100 ± 46
139 ± 50
18 ± 10
98 ± 19
34 ± 3
315 ± 12
131 ± 18
351 ± 6
313 ± 3
221 ± 30
12 ± 23
80 ± 17
70 ± 19
165 ± 12

5
0
5
2
0
0
4
3
21
0
0
0
0
0
2
3
0
3
11
0
7
2
2
3
3
3
0
12
0
0
0
4
0
0
0
0
3
0
2
13
5
3
6
0
28
2
0
0

37 (2)
38 (2)
40 (2)
39 (2)
44 (2)
37 (3)
39 (2)
28 (1)
40 (2)
40 (2)
40 (2)
36 (1)
31 (1)
41 (1)
43 (1)
28 (1)
43 (1)
33 (1)
33 (1)
33 (1)
41 (1)
43 (1)
36 (1)
43 (1)
38 (1)
33 (1)
18 (1)
28 (1)
33 (1)
28 (1)
36 (1)
36 (1)
36 (1)
31 (3)
36 (1)
36 (2)
42 (3)
42 (2)
40 (2)
36 (1)
43 (1)
46 (1)
37 (3)
39 (3)
37 (3)
21 (2)
30 (3)
38(2)

5 DISCUSSION
5.1 Dipping interfaces versus anisotropy in southeastern Africa
In southeastern Africa, there are clear regional patterns in strength and orientations of our measurements in the crust (Fig. 4). In southern
Africa, the strength is high with orientations close to E–W. The strength is much weaker in northern Mozambique but rises again in Tanzania
while orientations show more variability.
The homogeneity in strength and orientations is striking in southern Africa despite differences in sources of dominant periodic signal and
quite large uncertainties at station WDLM in the central part of the Kaapvaal craton although it belongs to a permanent network. Orientations
that deviate the most from this average E–W azimuthal trend in the region are located at stations where interferences from a secondary source
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can be noted. At stations MSGR and CNG where crustal anisotropy is dominant, looking at their rotated harmonics, a secondary source
from a dipping isotropic interface can be suspected. At station MAPH, a relatively strong mid-crustal anisotropic contrast compared to the
dominating dipping isotropic interface is clearly visible which greatly complicates the interpretation of the calculated orientation. On the
remaining stations, secondary sources of anisotropy appear weak on rotated harmonics giving good confidence on the retrieved orientations.
One can observe that only stations located outside of the Karoo Basin and the Lebombo belt have dominant signals from dipping
isotropic interfaces with only mild crustal anisotropy. The Karoo Basin is a foreland basin that opened parallel to the Cape Fold Belt in
Mesozoic (Catuneanu et al. 2005; Lindeque et al. 2011). Succession of vertical movements and volcanic episodes might have contributed to
the development of a complex geometry (e.g. Tankard et al. 2009; Dhansay et al. 2017) and strong lithological contrasts at depth (Braun et al.
2014). Our recovered E–W strike for dipping interfaces are therefore consistent with the morphology and contours of the basin and likely
reflect E–W trending interface either dipping northward or southward.
On the other hand, at stations within the Karoo Basin and the Lebombo Belt, upper crustal seismic anisotropy is dominant despite the
interferences mentioned above. Strong amplitudes on their degree-1 harmonics can be attributed to strong lithological contrasts between
volcanic layers and surrounding sedimentary layers. Comparing harmonics components of stations HVD, SEK and MOPA with stations
MSGR and CNG illustrates how a dipping isotropic source interferes with a seismic anisotropic source but gives confidence that seismic
anisotropy characteristics are identical beneath all these five stations.
In the upper crust, seismic anisotropy is a good indicator of the current stress regime and arises from the alignment of cracks or fractures
in the direction of maximal stress or from layering (Crampin 1994; Vergne et al. 2003). In eastern Africa, the EARS is responsible for a
first-order E–W extensive stress field (e.g. Calais et al. 2006), while second-order ENE–WSW and WNW–ESE stress patterns might also be
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Figure 4. Simplified geology of Africa and estimated angle for the crust based on harmonic decomposition of receiver functions. A single bars represents an
orientation from degree-1 harmonics: black for the strike of a dipping interface, blue for the strike of a plane normal to a dipping fast or slow axis of symmetry
in case of anisotropy. Degree-2 orientations for horizontal anisotropy are represented by two blue bars, one is the azimuth of the fast or slow symmetry
axis, the other is the strike of the plane normal to it. Bars are scaled according to the ratio of RMS amplitude over the crust between degree-k and degree-0
(RMSk /RMS0 ). When the uncertainties are <25◦ , a thick bar is framed with thinner blue bars representing the standard error range. When the uncertainties are
>25◦ , the orientation is given by a thin bar only. Estimated depth contrast is indicated by a coloured circle at each station except in case of dominant dipping
isotropic contrast where depth is not estimated and circles are filled in grey.
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observed in some areas (Delvaux & Barth 2010). In South Africa, which is almost aseismic, the stress regime indicates mainly normal faulting
with the axis of the principal stress trending WNW–ESE to NNW–SSE (Delvaux & Barth 2010). Our results indicate E-W orientations of the
foliation plane which is perpendicular to the fast axis of symmetry. As suggested before by Adam & Lebedev (2012) our measurements are
therefore consistent with upper crustal seismic anisotropy generated by the alignment of cracks with N–S fast symmetry axis under an E-W
stress regime. Upper crustal anisotropy might not be so strong in reality but be amplified in the Karoo Basin, the Limpopo Belt (Adam &
Lebedev 2012) and the Lebombo belt due to strong seismic contrasts between Karoo Traps and enclosing sediments. An alternative could be
that seismic anisotropy is effectively stronger in these areas because they represent weaker zones where deformation tends to be concentrated.
In northern Mozambique and Tanzania dipping isotropic contrasts are dominant in the continental interior while anisotropy dominates in
the upper crust along the coast. At two stations IFAK and WALE the signal from a dipping interface is very clear without any contamination
from secondary sources. Given their location at the edges of sedimentary deposits their orientations possibly reflect the strike of the dipping
isotropic contrast between these sediments and underlying basement. Three other stations ZOMB, MZM and MOCU are located over major
structural belts and/or within Precambrian domains. ZOMB and MZM show similar NW–SE orientations which are normal to shear zones
while the strike at MOCU is SW–NE. It is puzzling to see that the two stations located over the EARS (e.g. Fairhead & Henderson 1977; Yang
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Figure 5. Same as Fig. 4 for Madagascar. The major shear zones are also represented; ASZ, Ampanihy shear zone; BSZ, Betsileo shear zone; IASZ,
Ifanadina-Angavo shear zone; RSZ, Ranotsara shear zone; TSZ, Tranomaro shear zone; VSZ, Vorokafortra shear zone.
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& Chen 2008; Attanayake & Foncesca 2016) give similar orientations, however, interferences from anisotropic contrasts can be observed and
it is difficult to find any clear trend from them only. On each side of the southern EARS branch, stations NAPU and TETE are both located
within the Precambrian domain. Their harmonic components suggest great complexities with several sources of azimuthally varying signal
within the entire crustal range making also very difficult to draw any conclusion from these measurements. Finally for Africa, at the four
stations close to the coast of Tanzania, our measurements also remain difficult to explain. Stations CHAL, MANG, MOHO and INDI all show
very different orientations and their harmonics demonstrate an interplay between an upper crustal anisotropic source and a dipping isotropic
contrast, consistent with their location at a continental margin. Northern Mozambique and southern Tanzania would therefore require a better
coverage of seismic stations to capture the properties of seismic anisotropy in the upper crust.

5.2 Dipping interfaces versus anisotropy in Madagascar
Downloaded from https://academic.oup.com/gji/article/226/1/660/6189705 by guest on 10 May 2021

In the Malagasy crust the first striking pattern in our results is the dominance of plunging crustal anisotropic contrasts in the island interior
while only few dominant dipping isotropic contrasts are found along its eastern and western margins (Fig. 5).
Along the eastern margin of Madagascar, our measurements are dominated by N–S oriented strikes of dipping isotropic interfaces. At
stations LAHA, MKVA and ANLA the dipping isotropic contrast is clearly dominating the harmonic signal with only weak secondary source
of anisotropy visible. Only the harmonic components at station MAGY suggest the interplay of dipping isotropic and crustal anisotropic
interfaces and could explain its strike slightly deviating from the orientation of the coastline. Considering that measurements at these four
stations are representative of dipping interfaces and strike parallel to the shoreline, they are consistent with the abrupt separation of Madagascar
and the India-Seychelles block in the late Cretaceous period (Reeves 2014; Andriampenomanana et al. 2017).
At stations located on the western Morondava and northwestern Mahajanga basins our measurements imply a clear trend of NE–SW
orientations except for station KIRI where the dominant anisotropy is WSW–ENE. Harmonics components at this station reveal a strong
anisotropic signal over the entire crust combined with a weaker amplitude isotropic dipping source. At LONA and BAND, stations where a
dipping isotropic contrast is dominant, harmonics are suggestive of interferences with crustal anisotropic signals. At stations SKRH, VINA,
MAJA, BERG and ANTS the presence of a dipping isotropic contrast can be suspected and thus may have contributed to cause a deviation
in the measured angles. Combined effects of anisotropy and dipping isotropic contrasts are expected in such marginal basins. KIRI might
therefore be the only station to give a good estimation of the orientation of crustal anisotropy. At the other stations the measured angles
likely represent the averaged orientation between anisotropy and the basin’s structural trends, which are dominated by crustal thinning and
NNE–SSW faults inherited from its Jurassic rifting (Schandelmeier et al. 2004; Andriampenomanana et al. 2017). Along passive margins
affected by extensions, seismic anisotropy might be recorded in the lithosphere, with a symmetry axis in the direction of extension (e.g.
Vauchez et al. 2000; Lamarque & Julia 2019). The N–S orientation of symmetry axis at the KIRI station is consistent with the N–S opening
direction of Madagascar with respect to Africa in Jurassic. However our results are dominated by crustal anisotropy which likely recorded
this phase of extension with more complexity than the mantle.
Over the Precambrian crystalline basement in the south of Madagascar where major shear zones strike through, there is another SW–NE
visible trend in our measures except at station VOI where the foliation plane is oriented N–S. At VOI very weak amplitudes are observed on
harmonics components but their rotation depicts two different sources of equal strength. The simplest explanation is that these harmonics
reflect the upper crustal structure of the Betsileo shear zone. Stations AMPY, BKTA, CPSM, FOMA and MAHA do not directly sit on top
of shear zones. They are all dominated by an upper crustal anisotropic signal with weaker secondary anisotropic sources but their harmonics
all show also the typical signature of a dipping isotropic contrast. Therefore, as the stations located on the western margin of the island,
orientations found at these southern stations are likely the result of the interplay of upper crustal anisotropy and a dipping structural contrast
most likely N–S oriented shear zones in this area (Bertil & Regnoult 1998; Andrianaivo & Ramasiarinoro 2010; Kusky et al. 2010).
At first sight the strikes recovered at stations located on the Antananarivo domain are either SSW–NNE or WSW–ENE to E–W. As for
VINA, there is clear interference between a dipping isotropic contrast and upper crustal anisotropy on harmonics of stations BATG, ZAKA.
On the other hand at stations BITY, ABPO, ZOBE, BARY and further north BAEL, the upper crustal seismic anisotropic signal is clearly
dominant although it appears still slightly affected by a dipping isotropic contrast. In the central part of Madagascar volcanics of the CMAP
pierced through the Antananarivo block. Contrary to southern Africa, the homogeneity of our orientations at stations BITY, ABPO, ZOBE
and BARY preclude any interferences from these volcanics on harmonic signals. Several studies suggest that the Malagasy crust is currently
affected by E–W extension (Kusky et al. 2010; Rindraharisaona et al. 2013). As for the EARS, E–W extension in Madagascar could align
crustal cracks leading to upper crustal seismic anisotropy with N–S fast symmetry axis or E–W oriented foliation planes as recovered at the
four above-mentioned stations located on the Antananarivo domain. But this likely also explains our observed azimuths at stations BAEL in
the north of the island, KIRI over the western sedimentary basin and to a lesser extent BKTA in southern Madagascar. We therefore suggest
that the calculated orientations from harmonic decomposition of receiver function at all the Malagasy stations reflect the interplay between
inherited subsurface dipping isotropic contrasts and upper crustal seismic anisotropy generated by the E–W stress regime that currently affect
the island.
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5.4 Comparison with SKS-splitting measurements
If seismic anisotropy is present in the upper and lower crust, it might contribute to the apparent splitting of shear waves. Thus, to fully
characterize the anisotropy in the mantle, SKS splitting measurements should take the contribution from the whole lithosphere into account.
Seismic anisotropy has been inferred in the mantle below southeastern Africa and Madagascar from SKS splitting measurements, some
at the same seismic stations used in this study (Figs 6 and 7; Wüstefeld et al. 2009). Compared to receiver functions, the SKS phase is
sensitive to the whole ray path into the mantle at lower frequencies and does not constrain the location of anisotropy at depth. Comparing our
measurements with the SKS splitting parameters only allows to emphasize a possible impact or contamination of upper crustal anisotropy on
those SKS measurements. This may occur under southern Africa where this study reveal clear evidence of strong crustal anisotropy oriented
by the present day stress regime. These measurements are close to orientations recovered from SKS splittings which rises the question of how
much crustal anisotropy has contributed to their azimuths and delay times.
The splitting parameters are quite complex under Madagascar, which lead Ramirez et al. (2018) to consider several sources of anisotropy
in the lithosphere (frozen-in deformation) and in the asthenosphere (mantle flow). Fig. 7 shows that SKS orientations are mostly E–W in the
Mahajanga basin, at least in the northern part of the island. Ramirez et al. (2018) proposed for the latter area that they could result from the
interaction of an NE-oriented mantle flow (from the APM or from the African Superplume) with the southwards flow from the Comoros. As
discussed above we suspect N–S oriented fast axes of symmetry for the entire island which could play similar role as a Comoros southward
mantle flow in deviating SKS from the orientation they acquired initially by the APM mantle flow. Over the Precambrian domain of the island
and most specifically at the most central station ABPO, Paul & Eakin (2017) reported mostly null measurements, which they attributed to
a vertical mantle flux, consistent with the upwelling of the asthenosphere. Ramirez et al. (2018), reported an NW–SE orientation as being
part of a rotating pattern around the CMAP and proposed that this could reflect the interaction of the APM-driven flow with the upwelling
asthenosphere. In southern Madagascar, around the Ampanihy and Vorokafortra shear zones and particularly at station VOI, Reiss et al.
(2016) also proposed NW–SE orientated fossil deformation in the lithosphere. We indeed observe a possible N–S trend of SKS orientations
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Figure 6. Comparison of azimuths obtained from our receiver function harmonics decomposition in the crust and from SKS splitting results (in red) in Africa.
SKS splitting parameters were extracted from the shear wave splitting data base (Barruol et al. 2009).
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over these crystalline domains and thus question whether or not N–S oriented upper crustal anisotropy may have contributed significantly to
these SKS splitting measurements.

6 C O N C LU S I O N S
This study reports on the decomposition of receiver functions into backazimuth harmonics for 48 stations located in southeastern Africa
and Madagascar, around the Mozambique Channel. The method allows us to map the orientation of either azimuthal anisotropy or dipping
isotropic velocity contrasts within the crust of these regions. Overall we show that azimuthally dependent signals are observed under all the
stations at upper crustal depth. However, while some stations show a clear dominant source either isotropic or anisotropic, most reveal the
interplay of these two types of periodic signals that consequently average or deviate our measurements of the orientations of the dominant
source at each station.
In eastern South Africa our measures are generally oriented E–W. We interpret these results as dipping isotropic interfaces that dominate
harmonics for stations located at the edge of the Karoo Basin, highlighting its structural morphology. for the remaining stations located over
the basin interior and the Lembobo Belt, we propose that upper crustal seismic anisotropy sources in the alignment of cracks that build
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under the current stress regime as previously suggested from surface waves. Although this could also be valid for Mozambique and southern
Tanzania we cannot draw such conclusion solely based on our results in these regions where refined or additional measurements are required.
In Madagascar, a similar scheme is observed where mostly dominant upper crustal seismic anisotropy conflict with structural dipping
isotropic heterogeneities and give complex orientations although some general patterns might be observed in the different geological domains
that compose the island. However, at some stations in each domain an upper anisotropic signal is dominant without being affected or only
weakly by a dipping isotropic source. These few stations exhibit a clear N–S fast axis of symmetry that can also be suspected at all remaining
stations considering their measures have all been deviated to some amount by dipping isotropic interfaces. We propose that orientations
obtained from receiver function harmonics in Madagascar can be attributed to both the present day regional E–W stress regime already known
in the island and dipping structural contrasts that locally prevail under each station.
Overall, comparing our results with SKS measures may highlight the influence of upper crustal seismic anisotropy on those orientations.
Receiver functions harmonic decomposition appears also as insightful tool not only for imaging local, possibly inherited, subsurface
heterogeneities but also current crustal stress at regional scale.

The data used in this study are freely available from seismological data centres as detailed hereinafter. We used the IRIS Web Services
(https://service.iris.edu/) to download the following networks: (1) the AF (AfricaArray; Penn State University 2004), (2) the YH (AfricaArray
SE Tanzania Basin Experiment; Nyblade 2010), (3) the XV (MACOMO; Wysession & Wiens 2011) and (4) the II (IRIS/IDA; Scripps
Institution of Oceanography 1986). Seismic data from the GEOSCOPE network (G; Institut de Physique du Globe de Paris & Ecole
Et Observatoire Des Sciences De La Terre De Strasbourg 1982) were downloaded from the RESIF data centre. Seismic data from the
GE network (GE; GEOFON Data Center 1993) were obtained from the GEOFON data centre of the GFZ German Research Centre for
Geosciences.
We used the open-source programs GMT 5.4.4 (Wessel et al. 2013), Python 3.7.0, Computer Programs in Seismology (Herrmann 2013),
Raysum 1.2 (Frederiksen & Bostock 2000) and Obspy (Beyreuther et al. 2010) to produce figures and to analyse and process the seismic data.
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