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S U M M A R Y
The lithosphere of Madagascar records a long series of tectonic processes. Structures initially
inherited from the Pan-African Orogeny are overprinted by a series of extensional tectonic
and magmatic events that began with the breakup of Gondwana and continued through to
the present. Here, we present a Pn-tomography study in which Pn traveltimes are inverted to
investigate the lateral variation of the seismic velocity and anisotropy within the uppermost
mantle beneath Madagascar. Results show that the Pn velocities within the uppermost mantle
vary by ±0.30 km s–1 about a mean of 8.10 km s–1. Low-Pn-velocity zones (<8.00 km s–1) are
observed beneath the Cenozoic alkaline volcanic provinces in the northern and central regions.
They correspond to thermally perturbed zones, where temperatures are estimated to be elevated
by ∼100–300 K. Moderately low Pn velocities are found near the southern volcanic province
and along an E–W belt in central Madagascar. This belt is located at the edge of a broader low
S-velocity anomaly in the mantle imaged in a recent surface wave tomographic study. High-
Pn-velocity zones (>8.20 km s–1) coincide with stable and less seismically active regions. The
pattern of Pn anisotropy is very complex, with small-scale variations in both the amplitude and
the fast-axis direction, and generally reflects the complicated tectonic history of Madagascar.
Pn anisotropy and shear wave (SKS) splitting measurements show good correlations in the
southern parts of Madagascar, indicating coherency in the vertical distribution of lithospheric
deformation along Pan-African shear zone as well as coupling between the crust and mantle
when the shear zones were active. In most other regions, discrepancies between Pn anisotropy
and SKS measurements suggest that the seismic anisotropy in the uppermost mantle beneath
Madagascar differs from the vertically integrated upper mantle anisotropy, implying a present-
day vertical partitioning of the deformation. Pn anisotropy directions lack the coherent pattern
expected for an incipient plate boundary within Madagascar proposed in some kinematic
models of the region.

Key words: Seismic anisotropy; Seismic tomography; Dynamics of lithosphere and mantle.

1 I N T RO D U C T I O N

The Precambrian lithosphere of Madagascar was shaped mainly
by the Neoproterozoic to Cambrian Pan-African Orogeny during
the amalgamation of Gondwana (e.g. Collins 2006). During the
Mesozoic, there were rifting events that led to the separation of

Madagascar from Africa and India (e.g. Rabinowitz et al. 1983),
and in the Cenozoic, volcanism has occurred in at least three regions
(e.g. Emerick & Duncan 1982). A number of recent studies have
investigated the seismic structure of the crust and upper mantle
(e.g. Rindraharisaona et al. 2013, 2017; Andriampenomanana et al.
2017; Pratt et al. 2017), the seismicity and seismotectonics of the
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island (e.g. Rindraharisaona et al. 2013; Rakotondraibe et al. 2020)
and its plate kinematics (e.g. Saria et al. 2013; Stamps et al. 2014,
2015, 2018), greatly improving our understanding of the structure
and geodynamics of Madagascar.

One of the major findings from seismic imaging of the upper
mantle beneath Madagascar is the presence of several low-velocity
regions that correlate spatially with Cenozoic magmatism, indicat-
ing that the cause of the magmatism is linked to sublithospheric
mantle processes (Pratt et al. 2017). Upper mantle strain mapped
from shear wave splitting measurements reveals a complex pat-
tern of seismic anisotropy in Madagascar (e.g. Reiss et al. 2016;
Ramirez et al. 2018; Scholz et al. 2018), which has been inter-
preted in terms of both active sublithospheric mantle flow and
fossil anisotropy within the lithosphere. These studies, however,
leave unresolved a number of questions about the nature of the
lithospheric mantle, which are the focus of this study: (1) to what
extent has the uppermost mantle been thermally modified by geody-
namic processes giving rise to the Cenozoic magmatism, (2) how is
strain distributed within the lithosphere and (3) to what extent does
anisotropy, pervasively frozen within the lithosphere, contribute to
the pattern of seismic anisotropy obtained from shear wave splitting
measurements?

To address these questions, we tomographically image the upper-
most mantle beneath Madagascar using Pn traveltimes. Pn seismic
phases represent waves generated at regional distances that are re-
fracted in the uppermost mantle. Most of the Pn energy travels
horizontally in the few kilometres immediately beneath the Moho
discontinuity (e.g. Hearn & Ni 1994). By combining refracted Pn
waves travelling along various azimuths, the azimuthal anisotropy
in Pn-wave velocity propagation can be determined (e.g. Bamford
1977). The patterns in Pn velocity and anisotropy that we obtain
provide new insights into the seismic properties of the uppermost
mantle and its pervasive deformation beneath much of Madagas-
car and help to constrain the location and magnitude of thermal
anomalies as well as the anisotropic fabric of the lithospheric
mantle.

2 T E C T O N I C B A C KG RO U N D

The lithosphere of Madagascar, which initially formed during
the amalgamation of Gondwana in the Late Neoproterozoic and
Early Cambrian (ca. 570–510 Ma) (e.g. Shackleton 1996), can be
divided into two regions: Precambrian basement that crops out
over the eastern two-thirds of the island and Carboniferous-to-
present day sedimentary basins in the western third of the island.
The Precambrian basement is divided into six Palaeoarchean to
Neoproterozoic domains/provinces: the Bemarivo, Antananarivo,
Ikalamavony, Anosyen-Androyen and Vohibory domains, and the
Antongil-Masora craton (Fig. 1, e.g. Collins 2006; Tucker et al.
2011). These provinces are cut by several N–S or NW–SE trend-
ing crustal-scale shear zones (Fig. 1). Most shear zones represent
the boundaries of major geological domains (e.g. the Sandrakota,
Ranotsara, Beraketa, and Ampanihy shear zones), although oth-
ers lie within domains (e.g. the Angavo-Ifanadiana, Zazafotsy, and
Ihosy shear zones) (e.g. Martelat et al. 2000, 2014). The west-
ern third of the island consists of three Carboniferous-to-present-
day sedimentary basins: the Antsiranana, Mahajanga, and Moron-
dava basins, which are underlain by Precambrian basement (e.g.
Besairie 1971). The rift system associated with the breakup of
Gondwana during the Late Jurassic and Early Cretaceous (ca.
150 Ma, e.g. Rabinowitz et al. 1983) stretched and thinned the crust

(e.g. Andriampenomanana et al. 2017) while forming sedimentary
basins.

Although Madagascar has not experienced any major tectonic ac-
tivity for the past 85 Myr and has been far from active plate bound-
aries, recent Cenozoic volcanic provinces (as young as <1 Ma),
are found in three regions: (1) in Nosy Be Island, Massif d’Ambre,
and Massif du Tsaratanàna in the northern region (e.g. Emerick &
Duncan 1982; Bushwaldt et al. 2005); (2) around Itasy and Ankara-
tra in the central region (e.g. Nougier et al. 1986; Melluso et al.
2018) and (3) around Ankililoaka in the southwestern region of
Madagascar (Bardintzeff et al. 2010, Fig. 1). These three young
volcanic provinces consist mainly of alkali basalts that erupted be-
tween ca. 28 and 1 Ma (e.g. Emerick & Duncan 1982; Nougier
et al. 1986), and are known as the Northern Madagascar Alka-
line Province (NMAP), the Central Madagascar Alkaline Province
(CMAP) and the Southern Madagascar Alkaline Province (SMAP),
respectively (e.g. Pratt et al. 2017, Fig. 1). The origin of the Ceno-
zoic magmatic activity has long been and is still debated. Some
researchers have related the volcanism to lithospheric processes, for
example, Nougier et al. (1986), who associated the volcanism with
fracture zones that formed during the Mesozoic rifting of Mada-
gascar. Others have linked the volcanism to the Comores magmatic
province (Emerick & Duncan 1982) or the southern extent of the
East African Rift (e.g. Saria et al. 2013; Stamps et al. 2015; Michon
2016). Notably, a seismo-volcanic crisis started in June 2018 and is
still ongoing in the very neighbourhood of the island of Mayotte,
ca. 400 km west of northern Madagascar (Cesca et al. 2020).

The crust and the upper mantle of Madagascar were recently
studied by Pratt et al. (2017), who conducted a surface wave tomog-
raphy study. Their model revealed upper mantle low-shear-velocity
zones that extend from the base of the crust to a depth of at least
150 km beneath NMAP and CMAP and depths between 50 and
150 km beneath SMAP. These low-velocity zones were attributed
to asthenospheric upwelling induced by delamination of the mantle
lithosphere, which caused the Cenozoic magmatic activity and led
to regional uplift. Similar results have been reported by studies that
jointly inverted receiver functions and surface wave dispersion mea-
surements (Rindraharisaona et al. 2013; Andriampenomanana et al.
2017), revealing slow upper mantle velocities beneath the NMAP,
CMAP and SMAP.

A number of recent studies have also investigated Madagascar’s
upper mantle seismic anisotropy. Shear wave splitting measure-
ments and waveform modeling of SKS phases by Reiss et al. (2016)
revealed NE-oriented fast S-polarization directions in the southcen-
tral region of Madagascar, which they attributed to asthenospheric
flow aligned with surface plate motion and a NW fast-polarization
direction, which they attributed to crustal anisotropy within a
∼150-km-wide ductile shear zone. Ramirez et al. (2018), also us-
ing teleseismic shear wave splitting measurements, reported a very
complex pattern of fast polarization directions across the island that
they attributed to a combination of mantle flow (from the African su-
perplume, the Comores hotspot and lithosphere delamination) and
fossil anisotropy from ancient collisional and shear events. This
complex pattern of anisotropy is also confirmed by SKS splitting
measurements calculated for stations deployed within southeast-
ern Madagascar (Scholz et al. 2018). By analyzing crustal radial
anisotropy in southcentral Madagascar, Dreiling et al. (2018) found
evidence of crustal anisotropy at different vertical levels of the crust.
They attributed the anisotropy in the upper crust to shallowly dip-
ping layers, possibly associated with an imbricated nappe stack, and
the anisotropy in the middle crust to strongly folded and vertical
shear zones; in the lower crust the radial anisotropy was related to
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292 F. Andriampenomanana et al.

Figure 1. A simplified geologic map of Madagascar showing the different geological units, volcanic provinces, shear zones, seismic networks and place-names
referred to in the text [modified from Tucker et al. (2012)]. Red symbols show permanent and temporary broad-band seismic stations used in this study.
Also plotted is the Lwandle Plate boundary (black dashed line) after Saria et al. (2014). Geological features include Precambrian basement: AD—Androyen
domain, AG—Antongil craton, AN—Antananarivo domain, AS—Anosyen domain, BM—Bemarivo domain, IK—Ikalamavony domain, MA—Masora craton,
and VO—Vohibory domain; Sedimentary basins: AT—Antsiranana basin, MJ—Mahajanga basin, and MO—Morondava basin. The most prominent shear
zones are shown on the map: Am—Ampanihy, Av—Angavo, Be—Beraketa, Ej—Ejeda, If—Ifanadiana, Ih—Ihosy, Ra—Ranotsara, Sa—Sandrakota and
Za—Zazafotsy. NMAP/CMAP/SMAP: Northern/Central/Southern Madagascar Alkaline Province.

the orogenic collapse following the formation of the Pan-African
Orogen. Rajaonarison et al. (2020), using the numerical modeling
of mantle flow, suggested that the observed seismic anisotropy in
the northern and southern regions of Madagascar (Reiss et al. 2016;
Ramirez et al. 2018; Scholz et al. 2018) can be explained, at least
in part, by edge-driven convection within the asthenosphere. They
also proposed that fossil anisotropy associated with shear zones

may contribute to the seismic anisotropy in the southern region,
whereas in central Madagascar the anisotropic patterns are con-
trolled by the interaction of the edge-driven convection with the
localized low-velocity-zone (Pratt et al. 2017). All these indepen-
dent studies document the complex structure of the Malagasy litho-
sphere and the complex lateral and vertical distribution of seismic
anisotropy.
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3 DATA

No seismic catalogue covering all of Madagascar was avail-
able until the early 2010s, when temporary seismic networks
were deployed. As a result, data used in this study consist of
Pn first-arrival times hand-picked from local and regional earth-
quakes that occurred in and around Madagascar recorded by the
MAdagascar-COmores-MOzambique (MACOMO) project (https:
//doi.org/10.7914/SN/XV 2011; Wysession et al. 2011), which de-
ployed 26 broad-band seismic stations in Madagascar between
2011 and 2013: 10 of the stations recorded seismic data for two
years starting in September 2011, while the remaining 16 recorded
for one year, starting in September 2012 (Fig. 1). Pn arrivals
were also picked on four permanent broad-band stations: ABPO
(https://doi.org/10.7914/SN/II; Scripps Institution of Oceanography
1986), FOMA (https://doi.org/10.18715/GEOSCOPE.G; Institut de
Physique du Globe de Paris (IPGP) & Ecole et Observatoire des Sci-
ences de la Terre de Strasbourg (EOST) 1982), and VOI and SBV
(https://doi.org/10.14470/TR560404; GEOFON Data Centre 1993),
for the same time interval (September 2011 to September 2013). In
addition, Pn arrivals were picked on several temporary broad-band
stations from two other projects to fill a gap in the southern part of
Madagascar: seven stations from the SEismological signatures in the
Lithosphere/Asthenosphere system of SOuthern MAdagascar (SE-
LASOMA) experiment (https://doi.org/10.14470/MR7567431421;
Tilmann et al. 2012; from May 2012 to September 2013), and ten
stations from the Réunion Hotspot and Upper Mantle—Réunions
Unterer Mantel (RHUM-RUM) project (https://doi.org/10.15778/R
ESIF.YV2011; Barruol & Sigloch 2013; from September 2011 to
September 2013, Fig. 1). In summary, a total of 47 seismic sta-
tions, well-distributed across Madagascar, including two stations
on the Îles Éparses around Madagascar, were used for this study
(Fig. 1). Seismic events were located using the earthquake location
program HYPOELLIPSE (Lahr 1999) in which the crustal model
from Andriampenomanana et al. (2017) was used (Rakotondraibe
et al. 2020).

The following quality control criteria were applied to the Pn
picks: (1) seismic events had to be inside the seismic network; (2)
only arrivals at epicentral distances of >220 km were used [the Pg-
Pn crossover distance for a 35-km-thick crust, the average crustal
thickness of Madagascar from Andriampenomanana et al. (2017)];
(3) each seismic station must have recorded at least five seismic
events; (4) each seismic event must have been recorded on at least
five stations; (5) a correction for station elevation was made using
a P velocity of 5.50 km s–1 for the upper crust and (6) a plot of
traveltime versus the epicentral distance was fit with a straight line,
and then traveltimes with residuals larger than 6 s relative to the
best-fitting line were removed. The traveltime versus distance plot
and the traveltime residuals relative to the straightline fit are shown
in Fig. 2. This process yielded a mean Pn velocity of 8.10 km s–1,
which is the inverse of the slope of the traveltime versus offset
line.

Application of the above selection criteria produced 4963 reli-
able Pn traveltimes from 343 seismic events recorded by 44 seismic
stations (see supplemental materials for list of stations and events,
Tables S1 and S2, respectively; and Fig. S1 shows typical seismo-
grams used in this study, showing examples of traveltimes that we
picked and rejected). Pn ray paths and the ray density per grid cell
are shown in Fig. 3. As expected, the ray paths show good coverage
over most of the Precambrian basement of Madagascar. The ex-
treme northern, western and southern parts of the island are poorly
covered.

4 P n T O M O G R A P H Y M E T H O D

Pn phases are waves that are critically refracted at the crust–mantle
boundary. As a refracted ray, Pn ray paths have three segments:
(1) the downgoing source-to-mantle path through the crust, (2) the
mostly horizontal passage through the uppermost mantle and (3)
the up-going mantle-to-receiver path back through the crust. We
used the technique developed by Hearn (1996) to invert the Pn
traveltimes for variations in the uppermost mantle velocity and the
seismic anisotropy.

In this approach, the uppermost mantle surface is divided into
a 2-D set of cells for which the uppermost mantle velocity
and anisotropy variations are calculated. The traveltime residu-
als, tij, of the ray between station i and earthquake j are described
as:

ti j = ai + b j +
∑

di jk (sk + Akcos2φ + Bksin2φ) , (1)

where ai is the static delay for station i, bj is the static delay for
event j, φ is the backazimuth angle, dijk is the distance traveled by
the ray ij in mantle cell k, sk is the slowness perturbation (the inverse
of velocity) and Ak and Bk are two anisotropic coefficients (Hearn
1996).

A regularized least-squares method is used to solve the set of
traveltime equations in eq. (1). These multiple traveltime equations
are obtained from all the rays between event-station pairs, where
the unknowns are the station and event delays (ai and bj), the up-
permost mantle slowness (sk), and the two anisotropic coefficients
(Ak and Bk). The anisotropy parameters, the magnitude and direc-
tion of the fastest wave propagation, within the cell k are estimated

by
√

A2
k + B2

k and 1
2 arctan

(
Bk
Ak

)
, respectively. Laplacian damping

equations are introduced to regularize the solution of eq. (1). The
velocity and the anisotropy were separately regularized in the inver-
sion by two damping constants. The smoothness of the velocity is
controlled by damping the slowness sk while the smoothness of the
anisotropy is controlled by damping the two anisotropy coefficients,
Ak and Bk. The damping coefficients control the trade-off between
errors and resolution: typically, low values provide better resolution
but large errors, while high damping gives worse resolution but
smaller errors.

5 R E G U L A R I Z AT I O N O F T H E
V E L O C I T Y- A N I S O T RO P Y T R A D E - O F F,
E R RO R E S T I M AT I O N, A N D
R E S O LU T I O N A NA LY S I S

Selecting the most appropriate damping parameter is important
in the regularized least-square inversion, as it controls the trade-
off between errors and resolution (Hearn 1996). The damping co-
efficient of the velocity was set first through trial and error by
turning off the anisotropy part in the inversion. The coefficient
was chosen according to the resolution of the obtained structure,
the error observation, as well as the consistency with the geol-
ogy to avoid over- or underdamping. The surface of the upper-
most mantle was gridded into 1/8-degree square cells (0.125◦ ×
0.125◦; i.e. about 14 km × 14 km) for solving the set of travel-
time equations, and the inversion was run for 100 iterations. Af-
ter running inversions for a range of damping coefficients, with
the anisotropy component turned off, a value of 500 was se-
lected for the damping coefficient because it yielded an accept-
able tradeoff between fitting the data and model roughness (Figs S2
and S3).
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Figure 2. All Pn arrivals used for the inversion. (a) Plot of traveltimes versus epicentral distances. A least-squares straight-line fit to the data shows an average
Pn velocity of 8.1 km s–1 (from the inverse of the slope) and an average crustal mean delay of 6.5 s (from the intercept). (b) Plot of the traveltime residuals of
each arrival relative to the best-fitting line before (black) and after (red) the inversion. The standard deviation of Pn traveltime residuals decreased from 1.71
to 0.99 s after the inversion. (c) Distribution of the traveltime residuals before (black) and after (red) the inversion.

Following the approach of Hearn (1996), the relative trade-off
between the velocity variations and the anisotropy variations was
examined in order to choose an appropriate damping coefficient
for the anisotropy. This involved building two sets of synthetic
checkerboard models: the first model was characterized by sinu-
soidal variations in velocity at a 3◦ half-wavelength between −0.30
and +0.30 km s–1 with no anisotropy variations, and the second

model included sinusoidal variations in anisotropy parameters, al-
ternating between N–S and E–W directions with sinusoidal varia-
tions in anisotropic strength of 9 per cent at a 3◦ half-wavelength
without velocity variations. Gaussian noise with a standard devi-
ation of 0.7 s was added to the synthetic traveltime. The models
were inverted using the traveltimes and ray paths of the actual
data with a velocity damping coefficient fixed at 500, as previously
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Figure 3. Map showing the seismic stations (red symbols) and seismic events (white dots) selected for the Pn tomography study. Black lines show the 4963
Pn rays that connect the seismic stations with the seismic events. The eastern Precambrian area is well covered compared to the western sedimentary basins.
The map on the bottom corner shows the number of rays per cell (a 1/8-degree square cell or 0.125◦ × 0.125◦; i.e. about 14 km × 14 km); only grid cells that
are crossed by at least 10 ray paths are shown here and used in the inversion.

found, with the damping coefficient for the anisotropy calculation
changed many times. The inversion was first run for only veloc-
ity variations in the test model. The rms values of the velocity
(rms velocity) and anisotropy (rms anisotropy) magnitude pertur-
bations were calculated for all cells crossed by at least 10 ray paths,
as well as the velocity-to-anisotropy trade-off (which is the ratio
rms anisotropy/rms velocity). The process was then repeated for
only anisotropy variations in the test model, and the anisotropy-to-
velocity trade-off (which is the ratio rms velocity/rms anisotropy)
was subsequently obtained. The best value of the anisotropy damp-
ing constant is the value that equalizes the velocity-to-anisotropy

trade-off and the anisotropy-to-velocity trade-off. From running
a number of inversions, it was found that the two curves inter-
sected at a value of around 600 for the anisotropy damping coef-
ficient (Fig. S4). Therefore, damping coefficients of 500 and 600
were chosen for the velocity and anisotropy, respectively, for the
final inversions. Fig. S5 shows the fast Pn-anisotropy directions ob-
tained from inverting real data using different anisotropy damping
coefficients.

The static delays a and b were inverted undamped in this study,
where a and b depend on the crustal thickness and velocity, as well
as errors related to picking, clock, origin time, and depth location.
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296 F. Andriampenomanana et al.

Undamping the station and event delays helps to reduce or erase the
trade-off between these delays and the velocity and anisotropy (Pei
et al. 2011).

The bootstrap resampling technique (Koch 1992) was used to
evaluate the standard error of the inversion. In this technique,
Pn traveltime data sets are randomly resampled and inverted 100
times (e.g. Hearn & Ni 1994) and the one-standard-deviation er-
ror is computed from the resulting bootstrap sample solutions. The
rms errors of the traveltime picks after inversion is 0.7 s, which
may be partially introduced by heterogeneity within the crust or
a strong Moho slope. Additional possible factor contributing to
this error could be the 4φ term of anisotropy, which is nearly al-
ways neglected because of insufficient data coverage and tends to
be much smaller than the 2φ variation for typical Earth materi-
als. In the well-sampled part of the model, the standard errors are
generally around 0.06 km s–1 and 1.0 per cent for isotropic ve-
locity and anisotropy, respectively (Fig. 4). The highest errors in
velocity (∼0.1 km s–1) correspond to regions where the ray path
density is the lowest, especially along the edges of the sampled
area.

Other potential sources of error that might impact the veloc-
ity model are small-scale heterogeneities within the crust, which
would be difficult to quantify; and abrupt changes in Moho depth,
which are unlikely because crustal structure studies indicate that
lateral changes in Moho topography occur smoothly beneath the is-
land (e.g. Andriampenomanana et al. 2017; Rindraharisaona et al.
2017).

We used checkerboard tests to assess the influence of ray cov-
erage on the spatial resolution of the model. This involved creat-
ing checkers with velocities that vary sinusoidally between −0.30
and + 0.30 km s–1 relative to the average Pn velocity (8.10 km s–1).
The anisotropy directions were set to alternate between N–S and
E–W directions with sinusoidal variations in anisotropy strength
of 9 per cent. Pn ray paths, seismic stations, and seismic events
used for the tomographic inversion of the real data were utilized
to compute synthetic Pn arrival times. We added Gaussian noise to
the synthetic traveltimes with a standard deviation of 0.7 s, which
is equivalent to the rms error of the residuals obtained from the
actual inversion. The synthetic traveltimes were inverted using pa-
rameters identical to those used to invert the real data for a range
of square checker sizes (1.00◦, 1.25◦, 1.50◦, 1.75◦, 2.00◦, 2.25◦,
2.50◦, 2.75◦ and 3.00◦, Figs S6 and S7). The tests indicate that Pn
velocities with 1.25◦ × 1.25◦ cell sizes can be resolved for most of
the study region (Fig. 5a), but the resolution can reach as small as
1.00◦ × 1.00◦ in the central part of the island, mostly around the
Antananarivo domain, where the density of ray paths is highest. In
comparison, the resolution weakens around the edge of the sampled
area. The Pn anisotropy can be resolved for 2.50◦ × 2.50◦ cell sizes
for most of the study region, and 1.75◦ × 1.75◦ in well-covered areas
(Fig. 5b).

6 R E S U LT S A N D D I S C U S S I O N

The results of the Pn inversion are shown in Fig. S8 (for sepa-
rate inversions of isotropic structure and anisotropy) and Fig. 6
(for a joint inversion). Across the island, Pn velocities vary by
±0.30 km s–1 about a mean of 8.10 km s–1, with regions of higher-
and lower-than-average velocities spread across the island. The Pn
anisotropy ranges between 0 per cent to a maximum of 9.1 per cent
and exhibits a very complex pattern. Both isotropic (by running an
inversion with no anisotropy included) and anisotropic inversions

yield similar patterns of higher and lower velocities across the island
(Fig. S8a versus Fig. 6, respectively), with only slight differences
in velocity amplitudes (except for a low-velocity zone along the
northern part of the East coast, ∼16◦S–18◦S, which is near the edge
of the resolved region). We also ran an inversion that solves only for
the anisotropy (i.e. allowing no velocity variations, Fig. S8b). The
result shows a very similar pattern and magnitude of anisotropy as
in Fig. 6. Consequently, it appears that the anisotropy does not have
a strong effect on isotropic lateral variations in Pn velocity and vice
versa. The patterns of both velocity and anisotropy variations are
stable.

The static delay variation of stations spanned 1.1 s, from −0.6
to +0.5 s, with a rms station delay of 0.2 s (Fig. S9). The static
delay is a result of seismic heterogeneities near the station, the av-
erage crustal velocity, and the Moho depth. Positive station delays
are representative of slower and/or thicker crust, while negative
delays represent thinner and/or faster crust (such as for the two
Mozambique channel stations). The variation of station static de-
lays of 1.1 s is on par with the variation of the Moho location
beneath Madagascar (Andriampenomanana et al. 2017); a varia-
tion of 1 s in the station delay corresponds to either a change of
∼10.4 km in crustal thickness or a variation of ∼1.6 km s–1 in
crustal velocity (if the crustal thickness is fixed to 40 km, Hearn &
Ni 1994).

6.1 Pn velocity variations

The average Pn velocity of 8.10 km s–1 is similar to the average Pn
velocity of 8.10–8.20 km s–1 found beneath many other continental
shields (e.g. Bamford 1977; Mooney & Braile 1989; Christensen &
Mooney 1995). Pn velocities of 8.10–8.40 km s–1 have also been re-
ported for unrifted Precambrian terranes in East Africa (e.g. Braile
et al. 1994; Brazier et al. 2000; Langston et al. 2002). In many
parts of the island, the Pn velocities are 8.20–8.30 km s–1, typi-
cal of stable cratonic lithosphere, with no evidence of large scale
pervasive structures that could signal recent or ongoing tectonic
activity.

However, within the overall background of Pn velocities typical
of stable continental regions, there are several areas with lower Pn
velocities. The two areas with the lowest Pn velocities, between
7.85 and 8.00 km s–1, corresponding to a ∼2–3 per cent velocity
decrease, are found in the northern and central parts of Madagascar
and correlate spatially with the NMAP and CMAP (Figs 1 and 6).
Velocity errors in these areas are much smaller than the ampli-
tude of the velocity anomalies (NMAP: 0.12 km s–1 compared to
0.25 km s–1; and CMAP: 0.06 km s–1 compared to 0.20 km s–1).
There are other regions with Pn velocities of 7.97–8.05 km s–1, just
moderately lower than the 8.10 km s–1 average: one area is just north
of the CMAP, one is to the south of the CMAP, and one is in the
SMAP region (Figs S8a and 6). In addition, there are weak low
velocity anomalies along the eastern coast near latitudes 18◦S and
22◦S, and an even weaker one at 24◦S. A reduction in Pn velocity
of <0.1 km s–1 may not be resolvable by our model, and in addi-
tion the strength of the northeastern coast anomaly seems to suffer
from some cross-talk with anisotropic structure (Fig. S8a versus
Fig. 6).

Laboratory measurements indicate that variations in the seis-
mic velocities of in situ upper mantle rocks (e.g. peridotite) are
linked to temperature, pressure and compositional variations, as
well as changes in other physical properties (e.g. grain size, crys-
tal orientation, presence of fluids) (e.g. Sato et al. 1989; Goes
et al. 2000; Mainprice et al. 2000). Given the spatial correlation

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/224/1/290/5911107 by Biblio Planets user on 12 N

ovem
ber 2020



Anisotropic Pn tomography of Madagascar 297

Figure 4. Standard errors of (a) the velocity and (b) anisotropy obtained from the bootstrap resampling technique using velocity and anisotropy damping
coefficients of 500 and 600, respectively. Errors are generally less than 0.06 km s–1 for the velocity and less than 1 per cent for the anisotropy. The major
geological unit boundaries shown in Fig. 1 are outlined.

between the regions of lower Pn velocities and the Cenozoic vol-
canic provinces in the Massif du Tsaratanàna (in the NMAP) and
in the Itasy and Ankaratra region (in the CMAP), we attribute the
reduction in Pn velocities in these regions to changes in upper-
most mantle temperatures. Goes et al. (2000) show that an increase
in temperature of 100 K results in a 0.5–2 per cent reduction in
compressional wave speed. Thus, using the Goes et al. (2000)
Vp-temperature scaling, the ∼2 per cent reduction in Pn under
the CMAP and NMAP regions indicates an increase in uppermost
mantle temperatures of 100–300 K. Temperatures at the high end
(+300 K) could result in partial melting, consistent with the re-
sults of Melluso et al. (2018) which show, using isotopic and geo-
chemical analyses of basanites from the CMAP, that there could
be a small amount of partial melting beneath the region. A re-
duction of Pn velocities of about 2 per cent beneath the NMAP
indicates that uppermost mantle temperatures beneath the northern
part of the island may have also been perturbed by a few hundred
degrees.

A thermal bulge beneath the CMAP was first proposed by Bertil
& Regnoult (1998) to explain the diffuse seismic activity in this

region, mostly accommodated within the lower crust. Subsequent
seismological studies have also argued for thermally perturbed man-
tle lithosphere in central Madagascar to explain the horst-graben
structures (Rindraharisaona et al. 2013) and high elevations (Andri-
ampenomanana et al. 2017) within the central plateau. Pratt et al.
(2017) used surface wave tomography to image regions of low
S-wave velocities in the upper mantle beneath all of the Cenozoic
volcanic provinces (NMAP, CMAP and SMAP). They argued that
the low-velocity regions correspond to thermal anomalies produced
by upwelling asthenospheric mantle-derived materials; and that for
the CMAP, removal of the mantle lithosphere may be the cause of
the upwelling. Our Pn velocity model is in good agreement with the
surface wave tomography model of Pratt et al. (2017, Fig. 7). To first
order, regions of lower Pn velocity (Fig. 7a) correlate spatially with
regions of lower S velocity (Fig. 7b), even though more restricted
in extent. Taking into consideration the spatial resolution in Pn ve-
locity, which is as small as 1 × 1, the good correlation between the
Pn wave model, which samples just a few kilometres beneath the
Moho, and the surface wave model, which integrates the structure
over much larger depth extent, indicates that the large-scale thermal
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Figure 5. Checkerboard test results for (a) velocity and (b) anisotropy. The checkerboard size, which indicates the smallest resolution that can be resolved
by the tomographic inversion, is 1.25◦ × 1.25◦ for velocity and 2.50◦ × 2.50◦ for anisotropy. The input checkerboard model consisted of velocity varying
sinusoidally between −0.3 and +0.3 km s–1 relative to the average Pn velocity (8.1 km s–1), and the anisotropy directions were set to alternate between N–S
and E–W directions with sinusoidal variations in anisotropy strength of 9 per cent. The major geological unit boundaries shown in Fig. 1 are outlined.

anomaly within the asthenosphere, which has eroded some of the
continental lithosphere, extends from the asthenosphere to at least
the base of the crust.

Another interesting observation from the current study is the
broad correlation of seismically active regions and low-Pn-velocity
zones. Fig. 7a plots the seismicity in Madagascar from the Rako-
tondraibe et al. (2020) study, on top of our Pn velocity model.
Seismotectonic studies in Madagascar revealed that earthquakes,
especially in the central region, can occur in the lower crust (Bertil
& Regnoult 1998; Rindraharisaona et al. 2013; Rakotondraibe et al.
2020). The correlation between lower-crustal earthquakes and the
low-Pn-velocity areas might be related to magmatic activity. Fo-
cal mechanism studies in central Madagascar show predominantly
normal faulting (Rindraharisaona et al. 2013; Rakotondraibe et al.
2020), consistent with crustal dyking.

6.2 Pn anisotropy variations

Pn azimuthal anisotropy beneath Madagascar shows complex lo-
cal variations (Fig. 6). Unlike the Pn velocity variations, the Pn

anisotropy pattern is highly variable, which is typical of many
Pn studies (e.g. Mutlu & Karabulut 2011; Zhou & Lei 2016).
In addition, the range of anisotropy (0–0.30 km s–1, equivalent to
0–9.1 per cent) is comparable to other Pn-tomography studies con-
ducted in other geographic regions (e.g. Bamford 1977; Christensen
1984; Hearn 1996). Previous studies show that Pn anisotropy direc-
tions may be influenced by absolute plate motion, shear strain from
tectonic forces, subduction-driven deformation, fracture zones,
fluid-filled cracks, partial melt or small-scale convective flow within
the uppermost mantle (e.g. Bamford 1977; Hearn 1996; Smith &
Ekström 1999).

In general, changes in the direction of anisotropy do not coin-
cide with major geologic features in the region (Fig. 6). We com-
pare our Pn anisotropy results with other anisotropy measurements
that have been recently conducted in Madagascar to better under-
stand the source of anisotropy. Fig. 6 and Supplementary Fig. S8(b)
show estimates of seismic anisotropy from recent shear wave (SKS)
splitting measurements (Reiss et al. 2016; Ramirez et al. 2018;
Scholz et al. 2018) along with our Pn tomography and azimuthal
anisotropy results. While the horizontally propagating Pn waves
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Figure 6. Map showing the lateral variation of Pn velocity (colour scale) and anisotropy (black bars) determined in this study, together with SKS shear
wave splitting measurements from Reiss et al. (2016) (orange bars) and Ramirez et al. (2018) (green bars). Red and blue colours correspond to low and
high Pn-velocity, respectively. Black bars indicate the fast Pn-anisotropy direction. The length of the bars is proportional to the anisotropy magnitude. Upper
left-hand inset: map showing the major geological unit boundaries in Fig. 1.
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Figure 7. Map showing the lateral variations of (a) Pn velocity in the uppermost mantle, from this study, and (b) shear wave velocity at a depth of 50 km, from
Pratt et al. (2017). Also plotted in (a) are earthquake epicentres from Rakotondraibe et al. (2020): green dots are events with depth <20 km, black dots are
for depths ≥20 km, and grey dots are events located with high depth uncertainty (SEZ > 5.35 km). There is a good correlation between event locations and
low-Pn-velocity zones. The major geological unit boundaries shown in Fig. 1 are outlined.

provide a depth-sensitive measure of anisotropy, restricted to the
uppermost mantle (few kilometres beneath the Moho), SKS waves
integrate anisotropy along their vertical paths through the upper
mantle (e.g. Silver & Chan 1991). Therefore, a comparison between
Pn and SKS anisotropy measurements can potentially provide in-
sights about the depth of anisotropic layers and radial distribution
of mantle deformation. In particular, Pn and SKS measurements
that show similar anisotropic patterns suggest coherent deforma-
tion between the lithospheric and sublithospheric upper mantle, and
that fossil anisotropy in the mantle lithosphere could be the primary
source of anisotropy.

We will focus on regions with good resolution of anisotropy, tak-
ing into consideration the anisotropy error. In northern Madagas-
car, the Pn anisotropy direction is oriented NW–SE, while the SKS
fast-polarization direction is significantly different, trending ENE–
WSW. Ramirez et al. (2018) attributed the SKS fast-polarization
directions in this region to a sublithospheric source: a NE-oriented
mantle flow, associated with plate motion or the African super-
plume, modified by SE-oriented mantle flow from the Comores
hotspot. The discrepancy between Pn and SKS anisotropy directions
indicates that seismic anisotropy in northern Madagascar cannot be

explained with a single anisotropic layer and that Pn anisotropy
directions here are not linked to recent tectonic activity but could
instead reveal frozen lithospheric mantle structures. As an excep-
tion to this general pattern, there is a strong correlation between Pn
and SKS anisotropy direction in southcentral Madagascar, which
will be discussed in Section 6.3.

Given the complicated collisional history of the Precambrian
terranes that make up most of Madagascar, as well as the fact
that uppermost mantle velocities do not show evidence of thermal
modification of the uppermost mantle, except beneath the Ceno-
zoic volcanic provinces, we attribute the complicated Pn anisotropy
patterns to the complexity of fossil anisotropy in the upper part
of the lithospheric mantle resulting from Precambrian tectonic
events. It is difficult to determine whether the rifting of Madagas-
car from Africa overprinted the fossil anisotropy from Precambrian
tectonothermal events because our results only cover the eastern-
most parts of the Mesozoic rifts along the western side of Mada-
gascar. Pn anisotropy and velocity have resolutions restricted to
the uppermost mantle, and so cannot constrain deeper lithospheric
mantle structures that could signify much of the rifted passive
margin.
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6.3 Anisotropy beneath continental scale shear zones and
crust–mantle coupling

An open question in plate tectonics is the depth extent of deforma-
tion visible at Earth’s surface, particularly the deformation associ-
ated with large shear zones that accommodate important horizontal
relative motions between crustal blocks, such as the San Andreas
and the North Anatolian fault systems. Are these boundaries re-
stricted to the crust, or do they root deeper in the upper mantle? Are
they manifest as a single anisotropic layer or two independent layers
of deformation? Southern Madagascar is a suitable region to explore
these questions in a ‘frozen’ system (i.e. fossil anisotropy), since
this area is characterized by several large-scale shear zones formed
during the Pan-African orogenic events. In particular, shearing in
southern Madagascar has resulted from the indentation of the rigid
Neoarchean Antananarivo into the Mesoproterozoic Ikalamavony
domain during the Pan-African orogeny (Schreurs et al. 2010).

A clear parallel between the outcropping crustal fabric, Pn fast di-
rections, and the SKS fast directions (NW and NE directions, Figs 1
and 8) is observed in southcentral Madagascar, around the Ranotsara
shear zone. Reiss et al. (2016) and Scholz et al. (2018) attributed
the SKS fast polarization directions to fossil anisotropy in the litho-
sphere. The agreement between Pn and SKS anisotropy patterns
supports such an interpretation, and suggests pervasive homoge-
neous deformation over the whole lithospheric mantle. Our new ob-
servations, along with previous studies of crustal radial anisotropy
(Dreiling et al. 2018) and SKS anisotropy (Reiss et al. 2016; Ramirez
et al. 2018; Scholz et al. 2018), suggest that the whole crust and
lithospheric mantle have preserved this broad deformation for hun-
dreds of millions of years since the Pan-African orogenies and
that both were deformed coherently. This idea is supported by the
orientation of the large-scale outcropping tectonic structures (e.g.
Martelat et al. 2000) that are parallel to the Pn anisotropy observed
in horizontally propagating waves sampling the uppermost mantle
and parallel to the fast split SKS waves, vertically integrating the
underlying lithosphere deformation. This coherency of deformation
over the whole lithosphere implies a strong crust–mantle coupling
at the time that the deformation occurred and a rooting of the shear
zone within the upper mantle (Vauchez et al. 2012), as proposed
by Bonnin et al. (2010) for the San Andreas fault system. Such a
hypothesis suggests that anisotropy in the mantle lithosphere (seen
by Pn and SKS) has the same age as the deformation observed in
the outcropping rocks, that is dating from the late Pan-African tec-
tonic episode (Martelat et al. 2000). In such areas of homogeneous
deformation through the whole lithosphere, one can therefore ex-
pect a crustal contribution of a few tenths of seconds to the overall
SKS splitting measurements (Barruol & Mainprice 1993), and the
observed delay times reflect the integrated effect of the anisotropy
of the whole lithosphere.

However, in most other parts of the island there is little agreement
between the SKS fast-polarization directions reported by Ramirez
et al. (2018) and the orientation of Pn anisotropy. The apparent
crust-mantle coupling observed in southern Madagascar is clearly
not visible beneath the other shear zones affecting the central and
northern parts of the island. For instance, in central Madagascar, the
NS-trending Angavo shear zone (Raharimahefa et al. 2013) is un-
derlain by low Pn anisotropy trending roughly EW. Interestingly, this
area corresponds to a high VPn area and low Vs area (Figs 6 and 7),
suggesting that a possible asthenospheric upwelling and/or litho-
spheric delamination has removed or erased the uppermost mantle
Pan-African fabric. Ramirez et al. (2018) invoked a combination
of fossil anisotropy in the mantle lithosphere and flow in the as-
thenosphere to explain the complicated pattern of fast polarization

directions. The discrepancy between Pn and SKS anisotropy direc-
tions in many parts of the island indicates that the SKS anisotropy
cannot be attributed to a single layer and likely results from the
integration of vertically varying anisotropy. In these regions, strain
within the lithosphere has different origins at different depths. Seis-
mology cannot constrain the age of each tectonic episode nor the
precise depth of the boundary between the deformed layer within the
uppermost mantle (sampled by Pn) and the rest of the lithosphere
(integrated by SKS phases).

Madagascar is clearly a promising place for investigating this
first order question of the tectonic coupling between the crust and
mantle and the vertical partitioning of strain within Earth. Future
dedicated experiments should focus on the frozen outcropping shear
zones to better characterize the vertical distribution of anisotropy
within the crust and the upper mantle.

6.4 A plate boundary crossing Madagascar?

A number of studies have proposed that a diffuse plate boundary
separating the Lwandle Plate from the Somalian Plate could cross
the central part of Madagascar (e.g. Horner-Johnson et al. 2007;
Saria et al. 2013; Stamps et al. 2014). Alternatively, there are re-
cently several lines of evidence that counter its existence. Focal
mechanisms reported in a recent seismotectonic study of Mada-
gascar show mostly normal faulting with strike directions mostly
oriented perpendicular to the axis of the proposed plate boundary,
indicating E–W extension (Rakotondraibe et al. 2020).

The northern edge of the Lwandle Plate could coincide with the
region of slightly lower Pn velocities (∼0.13 km s–1) just to the
north of the CMAP (Figs 1 and 6). However, the Pn anisotropy
pattern is highly variable in this region, with orientations ranging
from W–E to NW–SE, which is not consistent with a uniform sense
of deformation expected for a plate boundary. The same is true for
most of the SKS splitting measurements in the area, which tend to
be at a high angle to the proposed boundary (Ramirez et al. 2018).

A second geometry of diffuse plate boundary is implicitly pro-
posed by Michon (2016). It corresponds to a NS-trending zone
crossing the whole Madagascar Island and accommodating a weak
E–W extension that could represent the southern termination of the
Somalia-Nubia relative motion and, therefore, a branch of the East-
African Rift system. The Comores archipelago could represent such
a zone of lithospheric transfer between the East-African Rift and
Madagascar. This model would expect a rather simple anisotropic
pattern of EW-trending fast directions, which is clearly not ob-
served. This absence of direct correlation of anisotropy (Pn and
SKS) with a simple plate boundary may result from the very weak
deformations involved that could be accommodated without eras-
ing the complex anisotropy patchwork inherited from past tectonic
events and still dominate the anisotropy signatures at the various
depths of investigation.

The present study, therefore, does not show evidence of the exis-
tence of a plate boundary developing across this region. However,
diffuse deformation observed at crustal levels could signify incip-
ient and diffuse extension due to the southern termination of the
East-African Rift.

7 S U M M A RY A N D C O N C LU S I O N S

We have imaged the lateral variation of Pn velocity and anisotropy
within the uppermost mantle of Madagascar by inverting the trav-
eltime residuals of Pn phases. A least-square fit of the relationship
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Figure 8. Lateral variation of Pn velocity, Pn anisotropy, and SKS shear wave splitting in southcentral Madagascar. As discussed in the text, the consistent
alignment of crustal tectonic lineaments, Pn fast azimuths, and SKS fast split directions indicate a coherent pattern of deformation through the entire lithosphere
and therefore suggest crust-mantle coupling at the time that the shear zones in southern Madagascar developed. The major geological unit boundaries shown
in Fig. 1 are outlined.

between traveltime and distance of the Pn phases indicates that the
average Pn velocity of the uppermost mantle beneath Madagascar
is approximately 8.10 km s–1 and ranges from 7.80 to 8.40 km s–1.
A maximum value of ±0.30 km s–1 is observed, equivalent to
9.1 per cent in Pn anisotropy.

Low-Pn-velocity (<8.00 km s–1) zones are observed directly be-
neath the alkaline volcanic provinces in the northern and central
region of Madagascar, indicating that uppermost mantle tempera-
tures may be elevated by a few hundred degrees. These low velocity
zones are presumably linked to the Cenozoic intraplate volcanism
of Madagascar. However, compared to the model of Pratt et al.
(2017), the low-Pn-velocity zones are more restricted in lateral ex-
tent. High-Pn-velocity zones (>8.20 km s–1) coincide with stable
regions and are less seismically active compared to low-Pn-velocity
zones. Pn anisotropy patterns in Madagascar are very complex, re-
flecting a complicated mantle fabric originating from Precambrian
tectonothermal events. A good match between Pn anisotropy and
SKS splitting is only observed in southern Madagascar and asso-
ciated with the large-scale Pan-African strike-slip shear zone, sug-
gesting a crust–mantle coupling when those structures were active.

Our results provide little support for the existence of an incipient
(Lwandle) plate boundary developing across central Madagascar.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. Examples of (a) clear pick arrival (event on 25 January
2013–23:37:00 in Table S2), (b) a noisier but accepted arrival (event
on 12 August 2012–17:55:16 in Table S2) and (c) a noisy data that
was rejected. These waveforms are from different stations.
Figure S2. Pn-velocity models produced using a range of veloc-
ity damping coefficients (50–2000) with the anisotropy component
turned off.
Figure S3. Trade-off between the velocity-damping coefficients and
data fit coefficients. The three pairs of maps show the Pn velocity
(left-hand panel) and error (right-hand panel) from the inversions
calculated using three different damping values (A = 50, B = 500,
C = 2000). Note that over-damping (C) gives poor resolution but a
lower error, while under-damping (A) provides a higher resolution,
but unrealistic features with a larger error. The best damping value,
which gives the acceptable model, is obtained at the ‘knee’ of the
curve (B = 500). Therefore, a damping coefficient of 500 is used
for further analysis.
Figure S4. Plot of the velocity-to-anisotropy and anisotropy-to-
velocity trade-offs. The best value of the anisotropy damping con-
stant would equalize the velocity-to-anisotropy and anisotropy-to-
velocity trade-offs. The damping that corresponds to the intersection
of both curves (grey star) is the best anisotropy damping coefficient
for the inversion (∼600).
Figure S5. Fast Pn-anisotropy direction, inverted with no velocity
variations, using three different damping values (A = 100, B = 600,
C = 2000). A damping value of 600 (B) was used in the preferred
model.
Figure S6. Recovered checkerboard Pn velocities from the to-
mographic inversions using different checkerboard sizes (1.00◦ ×
1.00◦, 1.25◦ × 1.25◦, 1.50◦ × 1.50◦, 1.75◦ × 1.75◦, 2.0◦ × 2.0◦,
2.25◦ × 2.25◦, 2.50◦ × 2.50◦, 2.75◦ × 2.75◦ and 3.00◦ × 3.00◦).
The input checkerboard model consisted of velocities varying si-
nusoidally between −0.30 and +0.30 km s–1 relative to the average
Pn velocity (8.10 km s–1), with the input anisotropy set to zero but
anisotropy being inverted for in a joint inversion.
Figure S7. Recovered checkerboard Pn anisotropy values from the
tomographic inversions using different checkerboard sizes (1.00◦ ×
1.00◦, 1.25◦ × 1.25◦, 1.50◦ × 1.50◦, 1.75◦ × 1.75◦, 2.0◦ × 2.0◦,
2.25◦ × 2.25◦, 2.50◦ × 2.50◦, 2.75◦ × 2.75◦ and 3.00◦ × 3.00◦).
The input checkerboard model consisted of anisotropy directions
set to alternate between N–S and E–W directions with sinusoidal
variations in anisotropy strength of 9 per cent. The isotropic velocity
perturbations were set to zero in the input model, but were free to
vary in the joint inversion.
Figure S8. Pn-velocity and anisotropy, plotted together with the
major geological unit boundaries shown in Fig. 1. (a) Uppermost
mantle isotropic Pn-velocity variations (inverted with no anisotropy
included and a velocity damping coefficient of 500). Red and blue
colours correspond to low and high Pn-velocity, respectively. (b)
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Fast Pn-anisotropy direction (inverted with no velocity variations
and an anisotropy damping coefficient of 600). Black bars in-
dicate the fast Pn-anisotropy direction determined in this study.
The length of the bars is proportional to the anisotropy magni-
tude. SKS shear wave splitting data from Reiss et al. (2016) (or-
ange bars) and Ramirez et al. (2018) (green bars) is also shown.
The strike and length of the bars indicate the fast-velocity di-
rection of SKS shear wave splitting and the amount of splitting,
respectively.

Figure S9. Static station delay times. Circles and squares denote
negative and positive delays, respectively, with radii proportional to

the size of the station delays. Positive station delays are represen-
tative of slower and/or thicker crust, while negative delays indicate
thinner and/or faster crust.
Table S1. Permanent and temporary broad-band seismic stations
used in this study.
Table S2. List of 343 local and regional seismic events used in the
inversion.
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