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a b s t r a c t

The westernmost Mediterranean mantle and lithosphere have evolved into their current configuration
due to complex interactions between the African and Eurasian plates. To help unravel the regional
tectonics, we use new broadband seismic data across the Gibraltar arc and into southern Morocco to infer
azimuthal seismic anisotropy and flow patterns for the upper mantle based on shear wave splitting

compare 31 direct S measurements with 235 teleseismic SK(K)S events from 3 years of deployment. The
patterns of apparent fast polarization orientations and delay times suggest three major tectonic domains
when interpreted jointly with recent tomographic images of the subducted slab: (1) a subducted slab
related toroidal flow domain centered upon the Alboran Sea and southern Spain, leading to complex
splits, (2), a region where the west African craton deflects mantle flow in the Anti-Atlas and High
Plateaux, and, (3), an intermediate domain across the central High Atlas. Across the axis of the mountain
belt a coherent, regional maximum of delay times is observed for both S and SKS splitting measurements,
with polarizations predominantly parallel to the strike. We interpret this as possible SW–NE channeling
of mantle flow beneath the region with a thinned lithosphere and slow seismic velocities beneath the
central High Atlas Mountains.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The western Mediterranean and northwest Africa have a
complex tectonic history that has predominantly been the result
of interaction related to the European–African plate convergence
during the Cenozoic (�65 Ma). The far western end of the Alpine–
Himalayan orogenic belt is known as the Gibraltar arc system
(Fig. 1). The region can be divided into several tectonic or orogenic
domains, which can be further subdivided. The Gibraltar arc
system, which includes the Rif Mountains of Morocco and the
Betics in Spain, forms a tight arc around the Alboran Basin (e.g.
Platt and Vissers, 1989). To the south of the Rif, the Middle Atlas
and High Atlas Mountains are often grouped together. Then,
farther to the south–southwest, the Anti-Atlas Mountains are the
oldest mountain range in the region and extend toward the
northern extent of the West African Craton (e.g. Hefferan et al.,
2000). The degree to which the high topography of the entire
ll rights reserved.

e); fax: +1 213 740 0011.
region is the result of recent orogenesis or preservation of old
structures; how mountain building has occurred, if all topography
is isostatically balanced; and how deep mantle flow links to the
surface deformation are all debated.

Various geological and geophysical data suggest the region has
extensional features but lies within a generally compressive
regime. Due to the inherent complexity of the tectonics, there
have been different, and sometimes conflicting, models to explain
the observations and the morphology of the tightly arcuate shaped
Gibraltar arc, fast seismic velocity anomalies that extend deep
into the mantle, and the presence of deep (4600 km) focus
earthquakes beneath Grenada which have occurred in 1954,
1973, 1990, 1993, and 2010 (e.g., Platt and Vissers, 1989; Blanco
and Spakman, 1993; Royden, 1993; Seber et al., 1996; Lonergan
andWhite, 1997; Comas et al., 1999; Calvert et al., 2000a; Faccenna
et al., 2004; Gutscher et al., 2002; Bokelmann and Maufroy, 2007;
Jolivet et al., 2009; Buforn et al., 2011; Bezada and Humphreys,
2012; Bezada et al., 2013). There is a long history of debate that
includes both simple and complex models to explain the observed
and inferred geodynamic features, but they can be simplified into
two groups that have similar characteristics: lithospheric
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Fig. 1. Map of the western Mediterranean region with tectonic provinces, seismic station locations (triangles), major plate boundary from Bird (2003) shown as a thin yellow
line, and the approximate location of the West African craton (WAC) depicted as a dashed green line. The blue triangles represent stations PM11, PM25, and PM34, for which
results are shown in detail in Figs. 2 and 5. The green star is the epicenter of the deep event on April 11, 2010 used in the direct S analysis. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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delamination and subduction. The suggested instability mechan-
ism leading to delamination varies, but the underlying theme of
these models is basically similar, in that part of the lithosphere has
been removed. The subduction models are generally based on slab
rollback scenarios, where oceanic lithosphere subducts and the arc
retreats. The direction of motion and dip of the slab continue to be
debated, but in many of these proposed geodynamic models the
slab retreats. This retreating motion then results in the crust of the
overriding plate (Alboran domain) being thinned by extension.

To the south of the Betic–Rif, the Atlas Mountains are the result
of reactivation of a system of failed rift basins associated with the
Mesozoic opening of the central Atlantic, followed by the Cenozoic
collision of Africa and Europe (e.g. Pique et al., 2002). In Morocco,
the Atlas Mountains are divided into the east trending High Atlas,
which reach over 4000 m, and the Middle Atlas, which reach
~3000 m and are NE trending (Fig. 1). These mountains are
superimposed upon a broad topographic swell, which extends to
the Meseta to the northwest and the High Plateaux to the south-
east. To the southwest of the High Atlas, the older (�600 Ma),
lower topography Anti-Atlas is adjacent to northern rim of the
West African Craton (WAC), which was originally part of the Pan-
African orogenic belt formed as amalgamated terranes (e.g.
Saquaque et al., 1989; Black et al., 1994; Hefferan et al., 2000).

Throughout the central and southern part of the study area
there has been abundant alkaline to hyperalkaline magmatism
during the Cenozoic, which is synchronous with plate convergence
(Teixell et al., 2005; Duggen et al., 2009; and references therein).
The mafic intra-continental volcanics appear to be attributed to
sublithospheric melts, some of which have interacted with the
overlying lithosphere, but appear to be generated at depths of 60–
120 kmwhich would normally be at depths within the continental
lithosphere (Duggen et al., 2009). Geophysical observations and
modeling results suggest that the lithosphere is thinned beneath
the Atlas, particularly the Middle Atlas, where the lithosphere–
asthenosphere boundary may be as shallow as 65 km (Seber et al.,
1996; Zeyen et al., 2005; Missenard et al., 2006; Fullea et al.,
2010; Anahnah et al., 2011; Jimenez-Munt et al., 2011; Miller and
Butcher, 2013).

In order to understand the tectonic evolution of the western
Mediterranean and northwest Africa, a large-scale network of
broadband seismic stations have recently been deployed (Fig. 1)
as a joint project between NSF-PICASSO, University of Münster,
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and Bristol University. This digital network of 105 broadband
seismometers significantly extends instrumentation from Iberia
and northern Morocco (Diaz et al., 2010) into southern Morocco
and allows geophysical investigation of the tectonic evolution of
the region.

In this study, we analyze azimuthal seismic anisotropy derived
from splitting analysis of shear-waves. The origin of seismic
anisotropy in the upper mantle is primarily due to lattice preferred
orientation (LPO) of olivine, which may be frozen into the litho-
sphere or, more likely, associated with recent asthenospheric flow,
which allows us to explore various tectonic models (e.g. Long and
Becker, 2010; Savage, 1999; Silver, 1996). Indeed, previous studies
using smaller datasets or regional subsets have used SKS splitting
to interpret seismic anisotropy for the region (Buontempo et al.,
2008; Diaz et al., 1996, 2010). A compilation of their results
(Wüstefeld et al., 2009, and updates thereof) shows a dramatic
rotation of the orientation of the fast polarization direction along
the arc, supporting the slab rollback model rather than the litho-
spheric removal models for the Gibraltar arc (Diaz et al., 2010).
We integrate these prior studies with our new SKS and direct S
splitting results, linking mantle flow beneath and around the
Alboran domain to regions farther south into Africa for the first
time. The analysis of seismic anisotropy into the interior of
Morocco ties together larger-scale processes driving the tectonic
history of the region and inferences about the lithospheric and
mantle structure of this complex region.
2. Methods

Shear waves are split into a fast and a slow pulse when
propagating through azimuthally anisotropic portions of the litho-
sphere and upper mantle (e.g. Keith and Crampin, 1977; Bowman
and Ando, 1987; Vinnik et al., 1989; Silver and Chan, 1991). The
two orthogonal shear waves propagate at different velocities and
are polarized into the corresponding fast (φ) and slow polarization
orientations of the medium. These two waves accumulate a delay
time (δt) recorded at the surface, which provides a record of the
average anisotropy along the propagation path. SKS splitting is a
particularly popular and useful observation because the P-to-S
conversion at the CMB ensures the absence of source-side aniso-
tropy, although there can be complexity in the splitting if the
assumption of a single, horizontally aligned hexagonal medium is
violated (e.g., Schulte-Pelkum and Blackman, 2003).

Shear wave splitting can also be observed for local events with
sufficiently deep hypocenters with incidence angles less than
�30–351 (Nuttli, 1961; Peacock et al., 1988; McNamara et al.,
1994; Fischer and Wiens, 1996; Liu et al., 2008; Wirth and Long,
2010). However, because the propagation path of the direct S wave
is not strictly vertical in the upper mantle, the accumulated δt and
φ can reflect a different average of a potentially more complicated
three-dimensional anisotropy. Additionally, the initial polarization
of the direct S phase is unknown unless calculated from an
assumed focal mechanism. Nevertheless, comparison of direct S
and SKS splitting parameters can provide valuable constraints on
the location of the anisotropy where the paths of the two phases
coincide or where they differ slightly, for example where traveling
up a slab (Fischer and Wiens, 1996), assuming that there is a
single anisotropic layer with hexagonal symmetry and horizontal
symmetry axis.

Splitting measurements were conducted using the MATLAB
package SplitLab (Wüstefeld et al., 2008). This software simulta-
neously implements two different techniques for measuring the
splitting parameters φ and δt in a user-selected time window:
the rotation-correlation (RC) method (Bowman and Ando, 1987)
and the minimum-energy method (Silver and Chan, 1991). Both
techniques search for the optimum φ and δt such that horizontal
particle motion for an anisotropic medium is linearized when the
delayed phase has been advanced in time by δt and rotated by 901.
The two methods differ by the criterion for optimum lineariza-
tion. The rotation-correlation method uses the maximum cross-
correlation coefficient between all potential orthogonal horizontal
components of particle motion, while the minimum-energy
method searches for the lowest energy of the displacement on
the corrected transverse component. In general, the observed
particle motion is elliptical in the presence of anisotropy, but can
be corrected by rotating the horizontal components toward the
principle axis system and correcting the shift by δt, which results
in backazimuth-polarized horizontal particle motion (Fig. 2a).
When either a splitting or null measurement is made, it is assigned
a quality of “good”, “fair”, or “poor”, based upon signal-to-noise
ratio, polarization strength of the corrected particle motion,
degree of agreement between the two methods, and extent of
the measurement parameter solution trade-off.

Though the assumption of an initial backazimuth polarization
is valid for a spherically symmetric Earth, several factors compli-
cate the observation of a purely backazimuth-polarized SKS phase:
horizontal station misalignment, 3D perturbations to velocity
structure, and seismic noise. Since the minimum-energy method
assumes a perfectly backazimuth-oriented initial polarization,
even small changes due to station misalignment or velocity
structure can render the result unstable. As such, we chose the
rotation-correlation as our preferred method by analyzing the
waveforms, particle motion, and energy maps for both methods
for all events and all stations (Fig. 2a). We note that there is
generally agreement between the two methods in “good” quality
measurements (Fig. S2), except those with nulls. All figures show
both good and fair results from the RC method, unless noted
otherwise, and the individual splitting measurements for both
methods with error bounds are provided in Table S2.
3. Data and results

We apply the methodology discussed above to data from 235
global earthquakes with Mw46.0 which occurred from 2009 to
2012 at teleseismic distances between 90o and 135o from stations
in Spain and Morocco. The 105 station locations are shown in Fig. 1
and are listed in Table S1. Of the initial 235 candidate teleseismic
events, 123 produced data of sufficient quality to record identifi-
able SKS waves; the SKS waves of the remaining 112 events were
either obscured by seismic noise or were not sufficiently energetic
due to the source radiation pattern. To complement the SKS
dataset we also analyzed the direct S wave on 32 instruments
from the April 11, 2010 (617 km depth focus) earthquake that
occurred beneath Grenada (e.g. Bezada and Humphreys, 2012;
Buforn et al., 2011). From the 32 stations that recorded this event,
31 of the stations provided suitable data for analysis. However,
following Nuttli (1961) and Fischer and Wiens (1996) we note that
events with paths to the free surface should have incidence angles
of 30–351 or less to avoid contamination of particle motions by
converted phases and phase shifts from crustal discontinuities and
the free surface. The computed incidence angles for the 26 stations
with “good” results have a maximum angle of �291, which makes
these all suitable for S analysis. The locations and centroid times of
the teleseismic events were based upon the global CMT catalog
(Dziewonski and Woodhouse, 1983; Ekstrom et al., 2012) and
theoretical arrival times for plotting and incident angle calcula-
tions were based on the 1D reference model iasp91 (Kennett et al.,
1995).

In all, 1828 SK(K)S (simplified as SKS) splits, which includes 716
null measurements, were made at 105 stations in Southern Spain



  Event: 11 Apr 2010 (101) 22:08   37.08N  3.47E  617km  Mw=6.3
Station: PM25   Backazimuth:   7.0º   Distance: 5.26º

init.Pol.:  298.6º  Filter: 0.010Hz  0.10Hz    SNRSC: 2.4

Rotation Correlation:   59<  75° < 90     1.5<1.8s<2.2

    Phase:  S              Quality: good     IsNull: No 
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  Event: 23 Jul 2011 (204) 04:34   38.93N 141.91E  39km  Mw=6.3
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Fig. 2. Example of splitting results using SplitLab (Wüstefeld et al., 2008) for station PM25 (see Fig. 1 for location) in Morocco, (a) for SKS analysis and, (b) direct S splitting
analysis. For SKS both rotation correlation and minimum energy computations are shown for SKS in (a) for completeness.
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and across Morocco which were considered either “good” or “fair”
(example shown in Fig. 2a). All of the measurements, including
“poor” ones, are listed in Table S2 and the averages, with errors, are
listed in Table S3. Of the direct S measurements (Table S2), eight
were labeled “good”, 19 “fair”, one “poor”, and four were considered
null. An example of one of these measurements is shown in Fig. 2b
and others are shown in Supplementary Fig. S1.

The majority of the teleseismic events come from the NE and E
(Figs. 3 and S5), but with more than 3 years of continuous data for
most of the stations there is decent backazimuthal coverage. The
largest delay times are at two stations in the Rif and one in the
Betics (�2.5 s), and the smallest delay times are observed at the
stations that are on the West African craton (WAC) in the Anti-Atlas
and south of the High Atlas (o1 s) in the High Plateaux. The majority
of the apparent fast polarization directions (FPD) from the splitting
observations at the southern Moroccan stations exhibit an ENE–WSW
trend that is essentially parallel to the axis of the Atlas Mountains
(Figs. 3 and 4), except for those in the Rif, which have either a



-10˚ -5˚ 0˚

30˚

35˚

40˚

0.0

0.5

1.0

1.5

2.0
δt [s]

S 230

EW

N

Fig. 3. Map of SK(K)S measurements averaged at each station. The white bars depict the magnitude of delay time and the gray wedges show the backazimuthal variations at
each station. The colored dots also indicate the average delay time scaled with color. Top inset: Map of both the 123 teleseismic earthquakes (red dots) used in the analysis
the location of the deep event on April 11, 2010 (green star) using in the direct S analysis. The orange dotted lines represent 901 and 1351 from the stations and the plate
boundaries are shown as dark green lines (Bird, 2003). Bottom inset: Rose diagram showing the azimuthal distribution of all the teleseismic events, with the maximum
number being 230 events from the NE quadrant. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M.S. Miller et al. / Earth and Planetary Science Letters 375 (2013) 234–243238
NW–SE to N–S orientation. The direct S splitting results show very
similar FPD orientations to the SKS results, except for those
stations in the Rif.
4. Discussion

Most of the average SKS splitting results agree well with the
previous SKS results from Diaz et al. (2010) and Buontempo et al.
(2008), although there are some variations where our station
spacing is denser, especially in the Rif and the Betics (Fig. 4).
Further to the south, the recent deployment of stations allows for
new insight into the region, which is influenced by the West
African craton and the lithospheric thickness variations across the
Atlas Mountains.

4.1. Rif and Betics

The new PICASSO stations are more densely spaced in the Rif
and Betics (between −61Wand −41W) than the TopoIberia stations
used in Diaz et al. (2010) and the permanent stations used by
Buontempo et al. (2008). Interpreting the combination of the SKS
and direct S splitting observations with this array allows for a
more detailed investigation of the anisotropic structure of the
uppermost mantle beneath the western Mediterranean. There is a
slight mismatch in the SKS and S FPD for the two stations in the
Betics that recorded the deep event, but the most significant
difference from previous results is the north–south oriented FPD
from SKS splits in the Rif and internal Betics. Those are slightly
different than previous results which roughly follow the Alboran
Sea coastline and mountain belt topography (Fig. 4). The SKS splits
from the Wüstefeld et al. (2009) database show a roughly sym-
metric horseshoe shape around the Alboran Sea (Fig. 4), but the
new analysis shows a more asymmetric shape with the N-S
orientations across the Rif. Our new results are a closer match to
imaged Pn anisotropy (Calvert et al., 2000b; Diaz et al., 2013;
Serrano et al., 2005), which also has a N-S orientation in the Rif,
but then curves around clockwise around Gibraltar to have a E–W
orientation in the Betics. However, where the SKS delay times are
similar in both the Rif and the Betics, the Pn delay times are much
smaller in the Rif than in the Betics.

This pattern is similar to the projection of the slab position at
depth, between 250 and 500 km, as inferred from P-wave tomo-
graphy (Bezada et al., 2013) and the circum-slab flow suggested by
Diaz et al. (2010), and as explored in detailed geodynamic model-
ing by Alpert et al. (2013). Numerical mantle flow models that test
possible density and viscosity variations in order to explore and
invert for slab structures in the region suggest that there are no
dense anomalies beneath the Rif at mantle depths (Alpert et al.,
2013). These authors found that mantle flow models with a
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continuous slab beneath the Alboran that extended to 600 km
depth – elongate along the Iberian margin between Granada to
Gibraltar that is similar to the recent P-wave tomography images
(Bezada et al., 2013) – matched a subset of the SKS observations
from the PICASSO deployment and those previously published
(Diaz et al., 2010). With the additional new seismic anisotropy
measurements presented here, it is also demonstrated that the
subducted slab beneath the Alboran is a primary feature that
affects the mantle flow.

4.2. Subducted slab

The orientation of SKS and S inferred fast-polarization direc-
tions (FPD) are mostly similar across the region, except for
the stations in the Rif Mountains (Fig. 4). We suggest that this
inconsistency is due to the interaction of the direct S wave
traveling up the slab from its origin at 4600 km depth for the
Rif stations. As shown in Figs. 5, S1 and S4, the S and SKS raypaths
to Rif and Atlas stations are significantly different and traverse
different amounts or portions of the fast velocity material as
imaged in the P-wave tomography (Bezada et al., 2013).

Fig. 5 shows examples of measurements, ray paths, and cross
sections through the tomographic model for stations PM11 in the
Rif, PM25 in the Middle Atlas, and PM34 on the High Plateaux. The
ray paths to the stations outside of the Rif and Betics are inferred
to sample more of the “normal” mantle, which is similar to the
paths that the teleseismic SKS waves take to these stations. The
paths to the Rif stations are likely to cross a much more complex
and heterogeneous upper mantle structure, which is dominated by
the fast velocities associated with the slab beneath the Alboran.
This suggests that the cause of the discrepancy between the
Betics, Rif and Atlas stations for the direct S splitting versus SKS
splitting results is the position and continuous nature of the fast
velocity material beneath the Alboran and northernmost Morocco
(Supplementary Fig. 2).

Fig. 5a shows that the raypaths for both the direct S and the
teleseismic SKS phases from the NE quadrant (shown in yellow)
travel entirely through the fast velocity material of the subducted
slab to PM11. The SKS raypaths for events from the SW (shown in
orange) do not pass through the fast velocity material and there-
fore have a very different apparent fast polarization orientation
and smaller delay time. In contrast, all the events recorded at
PM25 in the Middle Atlas, both direct S and SKS, have ray paths
that miss the fast material for much of the upper mantle, but all
cross through very slow velocity uppermost mantle. This results in
very similar orientation and delay time of the splitting measure-
ments. However, the ray paths for both the SKS and deep focus S
events recorded at PM34, at the edge of the West African Craton
(WAC) and on the High Plateaux, do not travel through a
significant amount (or any) of the fast velocity material in the
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mantle associated with the subducted slab, but have similar delay
times and orientation. This results again in very similar orienta-
tions and delay time measurements.
To the south of the Rif and north of the Middle Atlas, both the
SKS and direct S results show an interesting change in orientation
south of �341N (Figs. 3 and 4), which is located near the inferred



M.S. Miller et al. / Earth and Planetary Science Letters 375 (2013) 234–243 241
plate boundary of Bird (2003). It is also the inferred boundary
between the Rif and the rest of Morocco from analysis of geodetic
data (Koulali et al., 2011), as the Rif “block” appears to be moving
separately from the rest of North Africa. Recent P-wave tomogra-
phy images show that the fast velocity perturbations associated
with the attached subducted slab extend almost as far south as
the inferred plate boundary, but have complex heterogeneities at
depth (Figs. 5 and S4). This suggests that the splitting measure-
ments change across 341N due to the change in flow patterns at
the edge of the slab in Northern Morocco.

As previously mentioned, the position and presence of a
subducted slab beneath the Alboran Sea has been debated (Blanco
and Spakman, 1993; Bokelmann and Maufroy, 2007; Calvert et al.,
2000a; Gutscher et al., 2002). This change in orientation in the
direct S splitting observations can be used as another piece of
evidence for the slab position and morphology at depth. Further
evidence lies in the multipathing effects of the S waves traveling
up the slab versus those that traverse the edge of the slab (Sun and
Miller, 2013).

4.3. Central High Atlas Mountains

The splitting results for both S and SKS across the High Atlas show
a change in delay time from north to south (Figs. 3 and 4). Most
interestingly, the peak (�3 s average for S and �1.5 s for SKS) in
magnitude occurs along the axis of the High Atlas, where the elevation
is highest. On the flanks of each side of the mountain range, the
Middle Atlas to the north and the High Plateaux to the south, the
magnitudes of the delay time decrease (0.5–1.0 s). Fig. S5 shows the
individual splitting results plotted at 200 km depth along each event's
raypath for the SKS results and at the station location for the direct S
results. Although the majority of the events come from the NE (Figs. 3
and S5), both the delay time (δt) and orientation (φ) are similar
between S and SKS for all the events analyzed in the central Atlas.

We speculate that this may be related to the variation in thickness
of the lithosphere, which has been suggested to be shallow (�65 km)
beneath the Atlas and thickest (�120 km) beneath the Rif (Anahnah
et al., 2011; Fullea et al., 2010; Jimenez-Munt et al., 2011; Miller and
Butcher, 2013; Missenard et al., 2006; Zeyen et al., 2005). Previous
authors have proposed that a mantle plume might interact with a
thinned lithosphere, interplate volcanism, and seismicity (Missenard
et al., 2006; Teixell et al., 2005). This plume material could be from
the Canary Islands and been channeled in a sub-lithospheric corridor
where the volcanics indicate a geochemical mixing trend with Canary
Island volcanics an end-member (Duggen et al., 2009). Fig. 5b also
illustrates the significant amount of slow velocity material beneath
the Middle and Central Atlas as inferred from P-wave tomography. At
stations above this region (PM25–29 for example) we have the largest
magnitude splitting measurement (Figs. 3, 4, S3, and S5). This
suggests that there may be melt and/or a thick region of flowing
asthenosphere where the majority of the seismic anisotropy signal
originates. However, the splitting delay times are much smaller for
the western High Atlas, (o�1 s) which makes it more challenging to
infer a continuous channel from the Canary Islands, as suggested by
Duggen et al. (2009). This might indicate a discontinuous channel, or
contamination of the asthenospheric seismic anisotropy signal by
frozen-in anisotropy in the lithosphere. A connection between the
Canary plume, lithospheric thinning and subduction dynamics is
therefore not straight forward nor universally accepted, but, to us, a
plausible overall explanation for a range of observations.

4.4. Anti-Atlas Mountains

Similar to the southernmost splitting results for stations in the
High Plateaux on the edge of the craton (PM32 through PM35), the
Anti-Atlas stations have an average splitting magnitude of less
than 1 s and apparent fast polarization orientations that are
approximately parallel to the axis of the mountain range
(Figs. 3 and 4). The observed, relatively small amplitude splitting
results could be due to fossil anisotropy in the lithosphere (e.g.
Fouch and Rondenay, 2006; Bastow et al., 2007), rather than
present-day mantle flow, which dominates the signal in the other
northern portions of the study area. As the orientations of the
splitting results in the Anti-Atlas and Atlas mirror the trend of the
surface geology, which primarily consist of exposed Pan-African,
Paleozoic fold belts (i.e. Hefferan et al., 2000), it is plausible that
the anisotropy inferred is from the remnant strain in the con-
tinental interior (craton) from the last deformational event (Silver
and Chan, 1991; Bastow et al., 2007). However, when compared to
the modeling results of Alpert et al. (2013), we favor the inter-
pretation that these signals are likely to be due to the effect of
the West African craton and the subducted–slab beneath the
Alboran deflecting the mantle flow to the north-northeast beneath
the region of thin lithosphere. Alpert et al. (2013) used global
mantle flow calculations to predict the resulting LPO anisotropy
(cf. Becker et al., 2006; Miller and Becker, 2012) and compared
their models with a subset of the average SKS splitting observa-
tions for the region. Their best-fit model is able to match the large
magnitude splitting for the Atlas and change to smaller delay
times in the High Plateaux if an arcuate slab comparable to the
tomographically imaged structure (Bezada et al., 2013) is included
as a sinker, as well as a stiff continental keel in southwestern
Morocco. The superposition of large-scale plate motion associated
shear, flow induced by the dense slab and the stiff continental keel
lead to flow that parallels the Atlas Mountains. However, the
lithosphere in these models is assumed to be homogeneously
100 km thick, which may be too simplified given prior suggestions
and our detailed analysis of the new splitting results, which
include the direct S observations. The further exploration of an
optimized geodynamic model for the Atlas–craton interactions
within the context of dynamic support of the Atlas appears a
useful future line of inquiry.
5. Conclusions

Analysis of SKS and direct S waves at 105 densely spaced
broadband seismic stations from Iberia to southern Morocco
provide an improved understanding of the seismic anisotropy,
mantle flow, and tectonic history of the western Mediterranean.
We confirm the overall arcuate splitting pattern across Gibraltar
and the Alboran Sea, presumably related to toroidal flow around
a subducted slab as inferred by fast velocity perturbations in
tomographic images and geodynamic models. However, our new
results reveal more detail and complexity in the Rif and Betics
than had previously been suggested. In particular, the local S
arrivals (which sample the inferred slab in the upper mantle into
the transition zone) indicate complex anisotropy at depth. Seismic
data recorded at new stations in the Atlas and Anti-Atlas Moun-
tains in Morocco show that fast polarization directions are parallel
to the axes of the highest topography across the central High Atlas,
and there are significant and consistent variations in delay time
patterns both in direct S and teleseismic SKS phases. The region of
largest inferred anisotropy coincides with domains where thinned
lithosphere has been suggested, indicating possible channelized
flow along the orogen, or at least the region that has very slow
P-wave velocities. Further south, delay times decrease toward
Algeria in the High Plateaux, and show some complexity in small
magnitude splitting observations in the Anti-Atlas which may
be related to frozen-in anisotropy close to the northern margin
of West African craton. Our analysis indicates that lithospheric
deformation and mantle flow are influenced by the presence of a
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subducted slab beneath the Alboran, the variation in lithospheric
thickness across Morocco, and the presence of the old, stable,
continental craton of northwestern Africa.
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