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[1] Upper mantle heterogeneity beneath the Alboran Sea (western Mediterranean) as
inferred from seismology has been associated with a range of subduction and lithospheric
delamination scenarios. However, better constraints on the deep dynamics of the region
are needed to determine the cause and consequence of complex surface tectonics. Here,
we use an improved set of shear wave splitting observations and a suite of mantle flow
models to test a range of suggested structures. We find that the observed seismic
anisotropy is best reproduced by mantle flow models that include a continuous, deeply
extending slab beneath the Alboran which elongates along the Iberian margin from
Granada to Gibraltar and curves southward toward the High Atlas. Other models with
detached slabs, slabs with spatial gaps, or drip-like features produce results inconsistent
with the splitting observations. SW-directed shear flow, when combined with
sublithospheric deflection in response to a dense sinker, generates NNW-splitting
orientations most similar to the patterns observed along Gibraltar. Slab viscosities of
~250 times that of the upper mantle are preferred because they provide a balance
between the poloidal flow induced by any sinker and toroidal flow induced by stiff slabs.
The best match to anisotropy across the Atlas is a model with a stiff continental keel in
northwestern Africa which deflects flow northward. Our results show that quantitative
predictions of seismic anisotropy are useful in distinguishing the spatial and depth extent
of regional density structures which may otherwise be ambiguous.

Citation: Alpert, L. A., M. S. Miller, T. W. Becker, and A. A. Allam (2013), Structure beneath the Alboran from geodynamic
flow models and seismic anisotropy, J. Geophys. Res. Solid Earth, 118, 4265-4277, doi:10.1002/jgrb.50309.

1. Introduction

[2] The Alboran domain sits between Spain and Morocco
and marks the westernmost terminus of what used to be
the Tethyan subduction belt between the slowly converg-
ing African and Eurasian plates. This greater Alboran sys-
tem includes the Gibraltar structural arc, which is made
up of the Betic mountains in Spain and the Rif moun-
tains of Morocco, which wrap around the Alboran Sea,
and the Atlas mountains several hundred kilometers to the
south (Figure 1a). One of the strong pieces of evidence for
subduction beneath the Alboran is the presence of reoccur-
ring deep (> 600 km) seismicity beneath Granada, the most
recent of which occurred in April 2010 [e.g., Gutscher et al.,
2002; Buforn et al., 2011; Bezada and Humphreys, 2012],
yet only a small amount of oceanic lithosphere is observed
in the western Mediterranean. This makes typical subduction
scenarios ambiguous, and the Cenozoic tectonics are cor-
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respondingly complex. As a consequence, there have been
several hypotheses to explain the regional tectonics and vari-
ety of geophysical observations, which cover lithospheric
delamination [e.g., Platt and Vissers, 1989; Seber et al.,
1996; Zeck, 1996; Jiménez-Munt et al., 2011], various styles
of subduction [e.g., Blanco and Spakman, 1993; Royden,
1993; Faccenna et al., 2004; Diaz et al., 2010], lithospheric
drips [e.g., Bokelmann and Maufro, 2007], and a buoyant
mantle upwelling and lithospheric thinning across Morocco
to explain the topography, geochemistry, and potential field
observations [e.g., Anguita and Hernan, 2000; Duggen
et al., 2009]. Current debate is focused on the direction and
evolution of subduction of at least some portions of an other-
wise detached slab beneath the Gibraltar arc in conjunction
with slab rollback, suggested, for example, by Jolivet et al.
[2009], Pedrera et al. [2011], Gutscher et al. [2012], and
Bezada et al. [2013] and questioned by Platt et al. [2013].
[3] What is clear is that the Alboran system is shaped by
complex interactions between the lithosphere and mantle.
Distinguishing between suggested mantle-based drivers for
the tectonics has been further complicated by incomplete
seismic data coverage. Here, we make use of existing
and newly available seismic anisotropy observations in the
region and use quantitative models of mantle flow to dis-
tinguish between likely and unlikely mantle structure. We
calculate the predicted anisotropy based upon shear wave
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Figure 1. (a) Tectonic setting of the Alboran region, western Mediterranean. Seismicity is shown color
coded by depth for events deeper than 20 km (ING Spain catalog, 1960 to 10/2012, magnitude M > 4) on
top of shaded topography with plate boundary geometry from Bird [2003] as a black line. Green crustal
velocity vectors are shown in a Eurasia-fixed reference frame from the long-term plate motion model
NUVEL-1A (open vectors) [DeMets et al., 1994] and from geodetic estimates by Koulali et al. [2011].
GR: Granada, BM: Betic Mountains, AM: Atlas Mountains, GA: Gibraltar arc, RM: Rif Mountains,
and AS: Alboran Sea. (b) Station-averaged SKS splitting (fast polarization orientation and delay time
indicated by stick azimuth and length, respectively) plotted centered at station location from the Wiistefeld
et al. [2009] compilation (as of 12/2012) which includes the studies of Buontempo et al. [2008] and Diaz
et al. [2010] (yellow), and new results from recent deployments (orange) [Miller et al., 2013]. Polygons
indicate regional subsets considered in the discussion and Table 2 with red and blue for “Spain W” and

“Spain E,” green for “Gibraltar,” and cyan for the “Atlas” domains.

splitting and present the first quantitative forward model
of anisotropy for the region. Such modeling provides new
insights into the interactions between mantle dynamics and
lithospheric deformation.

[4] We compute models of instantaneous, global mantle
flow from which we calculate elastic anisotropy and syn-
thetic shear wave splitting using the approach of Becker
et al. [2006a, 2006b]. Such model predictions are region-
ally very sensitive to the position and morphology of upper
mantle density anomalies; therefore, we test a range of den-
sity models. The assorted tectonic models proposed for the
region are based on geophysical observations, such as dif-
ferently oriented slab- and drip-like structures extending to
various depths, which are investigated in our computations.
We compare the predicted anisotropy for this suite of models
with splitting observations from the Wiistefeld et al. [2009]
compilation (as of 12/2012, which in the study region con-
sists mainly of measurements from Buontempo et al. [2008]
and Diaz et al. [2010]) and our own analysis of new data
(Figure 1b) [Miller et al., 2013]. This enables us to inves-
tigate the plausible range of mantle density and viscosity
structures and its influence on mantle flow and regional
tectonics.

2. Shear Wave Splitting Observations

[5] Seismic anisotropy in the upper mantle is typically
attributed to the lattice preferred orientation (LPO) of intrin-
sically anisotropic upper mantle minerals, mainly olivine
[e.g., Silver, 1996]. The link between the formation of
LPO and progressive deformation of mantle rocks [e.g.,

Ben Ismail and Mainprice, 1998; Karato et al., 2008] can
then be used to make inferences on mantle flow from
observations of anisotropy [e.g., Tanimoto and Anderson,
1984; Long and Becker, 2010]. One of the most direct obser-
vations of anisotropy comes from shear wave splitting [e.g.,
Vinnik et al., 1989; Savage, 1999]. Shear waves traveling
through an anisotropic material will split into two orthogo-
nally polarized waves, one propagating in the fast velocity
polarization plane (the “fast axis”) and one in the slow
orthogonal plane. A shear wave splitting measurement con-
sists of the delay in arrival time between the fast and slow
shear waves recorded at a seismic station and the inferred
fast polarization orientation.

[6] Assuming the origin of the observed seismic
anisotropy is from LPO formed under mantle flow allows
for exploration of geodynamic scenarios [e.g., Silver, 1996;
Long and Becker, 2010]. Previous shear wave splitting
investigations for the western Mediterranean found that
apparent fast polarization orientations produce a pattern sim-
ilar to that of the Gibraltar arc curvature [Buontempo et al.,
2008; Diaz et al., 2010] (Figure 1b), which was associated

Table 1. Model Parameters?

Variable Name Symbol Value
Reference viscosity Mo 10?! Pas
Rayleigh number 3.4-108
Reference density 00 3500 kg m3
Slab/upper mantle density contrast Ap 3.9%

*The Rayleigh number is defined using the Earth’s radius as in
Zhong et al. [2000].
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Figure 2. Figures showing slab morphology and depth extent of selected density models (1 through 8)
tested. Gray scale shading is viscosity and colored shading is depth of the contours for the tested structure.
Inset map shows location and orientation of the anomaly. For models 7 and 8, as described in the text, the

slabs are vertical from 100 to 650 km depth.

with trench rollback and escape flow around the slab by Diaz
et al. [2010]. New measurements that stretch between Iberia
and southern Morocco consist of ~1300 individual, teleseis-
mic SKS splitting observations from the recent PICASSO
experiment and contemporaneous deployments (Figure 1b)
[Miller et al., 2012].

[7] The splitting measurements in all of the main studies
for the region [Buontempo et al., 2008; Diaz et al., 2010;
Miller et al., 2012] were conducted using the Matlab soft-
ware package Splitlab [Wiistefeld et al., 2008], ensuring a

degree of methodological consistency. Our new results in
Figure 1b are derived using the rotation-correlation method
of Bowman and Ando [1987], which aims to find the opti-
mum fast axis (azimuth), «, and delay time, §z, such that hor-
izontal particle motion is linearized when the delayed phase
has been corrected, advanced in time by §¢ and rotated by «.
Details of the new analysis of teleseismic SKS and local S
shear wave splitting are given by Miller et al. [2013]. Here,
we focus on station-averaged splits (see, e.g., discussion in
Becker et al. [2006b], on the degree of depth-resolution that
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Table 2. Regional Seismic Anisotropy Misfits According to Subsets of Data as Sorted by the Polygons
Shown in Figure 1b, Evaluated for the Example Geodynamic Model Predictions as Considered

in Figures 4-7%

Region Name

Spain W Spain E Gibraltar Atlas
Model Type (Aa)  (A)) (Aa) (A@)) (Aa) (A@G)) (Aa) (AG))
NE, ref. 26.8 0.49 27.6 0.11 46.7 0.12 45.1 0.62
SW, ref. 243 0.01 16.8 -0.34 50.1 —-0.48 54.5 0.12
NE, model 1 59.9 —0.15 47.4 —0.79 45.0 0.05 46.9 0.40
SW, model 1 64.8 0.03 473 -0.57 41.2 -0.28 65.4 0.32
NE, model 8 62.8 0.58 65.6 —-0.31 59.4 —0.57 51.7 0.54
SW, density model 8 67.4 0.69 65.4 -0.14 46.8 -0.89 73.3 0.45
NE, model 8, stiff slab 3255 —0.15 472 —0.59 44.8 —0.36 43.6 0.40
SW, model 8, stiff slab 25.4 -0.02 29.8 -0.27 31.0 -0.55 33.0 —-0.08
NE, model 8, stiff slab & keel 24.0 0.19 37.0 —-0.39 62.8 —0.40 60.4 —0.27
SW, model 8, stiff slab & keel ~ 22.8 0.02 22.8 -0.19 30.4 -0.56 15.7 -0.28

aRefis the reference flow model and the average, angular misfit for apparent “fast axes,” (Aa), is given in degrees and
average delay time misfit, (A(87)), is in seconds. “NE” and “SW” refer to NE and SW flow type models, respectively.

back-azimuthal information can provide). This leads to 199
sites with measurements which are used for modeling and
shown in Figure 1b. Here, we use a prior version of the SKS
splitting data set from Miller et al. [2012], but employing the
final version as of Miller et al. [2013] would lead to insignif-
icant differences in the quantitative misfit metrics (< 0.5° for
angular misfits), and visually indistinguishable results.

[s] The improved set of splitting observations for the
region shows a predominant ENE orientation of fast axes
along the Betics in southern Spain and within the Albo-
ran Sea, with rotation to the NNW along Gibraltar [Diaz
et al., 2010; Miller et al., 2013], and little correspondence
to a simple mantle shear scenario that may be inferred
from plate motions (Figure la). In northeastern Morocco,
the NNW orientations continue southward until the High
Atlas mountains, where they rotate E-W, and delay times
decrease in amplitude. We explore which geodynamic mod-
els are capable of capturing these features to first order, in
order to investigate mantle structure and resulting mantle
flow patterns.

3. Modeling Methods

3.1. Global Mantle Flow

[9] To model mantle circulation, we use CitcomS [Zhong
et al., 2000], a spherical finite element code based on
Citcom [Moresi and Gurnis, 1996], from the Computa-
tional Infrastructure for Geodynamics (geodynamics.org).
The flow modeling procedure is described in detail in Alpert
et al. [2010]. Here, we briefly discuss the incorporation
of lateral viscosity variations and temperature anomalies
adjusted for the Alboran domain. Our computations are per-
formed at a horizontal numerical resolution of ~25 km
by ~22 km from the surface to the core-mantle boundary,
ensuring that regional tectonics can be explored in global cir-
culation framework [cf. Faccenna and Becker, 2010; Becker
and Faccenna, 2011].

[10] Density anomalies in the mantle circulation model
are incorporated from the regionalized upper mantle (RUM)
model of Gudmundsson and Sambridge [1998]. RUM slabs
are contours of seismicity based on the Engdahl et al. [1998]
earthquake catalog, and those are converted to polygons cor-
responding to 100 km thick slabs and interpolated at 50 km

depth intervals. Within each polygon, a constant temperature
of zero is assigned compared to the background mantle of
nondimensional temperature unity. The strength of this ther-
mal anomaly is then controlled by the Rayleigh number, and
we chose the scaling such that slabs have a uniform density
anomaly of 3.9% (Table 1).

[11] The lithosphere is defined as the outermost layer of
the model that extends between the surface and 100 km
depth and is modeled as a fluid with viscosities (7;) of
N0, 50no, 25079, and 5007y, where 7, is the upper man-
tle reference viscosity (Table 2). Below the lithosphere,
the slab viscosity (7s1a) 1 controlled with a temperature-
dependent rheology n = 1o exp(E(AT)), where E determines
the strength of the temperature dependence and AT is the
temperature difference between the slab and the ambient
mantle. Given our choices for the temperature structure of
slab and mantle, the maximum slab viscosity is 1y exp(E).
Values for E were chosen to most closely match the litho-
sphere viscosity which is controlled by a preexponential
factor applied to the lithospheric layer. The lower mantle
extends from 660 km to 2891 km and is modeled with
a viscosity increase of 507y. The effect of the craton in
northwestern Africa is tested by assigning a 1007, viscos-
ity to the cratonic regions as defined in the 3SMAC model
of Nataf and Ricard [1996] down to 300 km. Although
inconsistent with LPO development by dislocation creep,
all of our models are Newtonian. We consider this and our
assumption of temporally constant mantle flow as reason-
able simplifications, characteristic of mantle flow for the last
few Myr [Becker et al., 2003; Becker, 2006]. From these
reference models, we vary the mechanical surface bound-
ary conditions, density models, and viscosity parameters as
described next.

3.1.1. Mechanical Boundary Conditions and Two
Different Modes of Large-scale Mantle Shear

[12] Surface boundary conditions are prescribed by the
NUVEL-1A (Figure 1a) [DeMets et al., 1994] plate motions,
either in the no-net rotation reference frame or the HS3
absolute plate motion model of Gripp and Gordon [2002].
For no-net rotation reference frame models, we use a free-
slip boundary condition at the core-mantle boundary (CMB).
For HS3 reference frame models, a no-slip CMB bound-
ary condition is used to induce net rotation related shearing
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Figure 3. Depth dependence of mantle flow for different kinematic boundary conditions ((a, ¢) NE and
(b, d) SW flow models) with reference flow model (Figures3a and 3b, cf. Figure4 for anisotropy) and
additional density model 8 (Figures 3¢ and 3d, cf. Figure), with slab viscosity of 4., = 250. Depths of 0,
150, 250, and 350 km shown, dark to bright colors. Note how flow maintains the plate motion orientation
with depth for NE flow models while SW flow models show a response to the induced shear due to net
rotation. With the addition of a buoyancy anomaly in the Alboran Sea (cf. Figure 2), note how NE flow
responds to the anomaly most strongly in the northeast of the domain while the response for SW flow is

strongest near Gibraltar and to the southwest.

[cf. Conrad and Behn, 2010]. Fixing the CMB and prescrib-
ing absolute plate motion, we find that the models with net
rotation channel the associated shear flow into the upper
mantle, similar to what is observed in consistently generated
net rotation models [e.g., Zhong, 2001; Becker, 2006]. We
use these end-member surface boundary conditions to gen-
erate opposite sense plate-related shear flow in the region,
NE for no-net rotation and SW for HS3, without a neces-
sary inference to a preferred reference frame [cf. Doglioni
et al., 2007; Becker, 2008; Kreemer, 2009; Conrad and
Behn, 2010]. In this paper, we distinguish the surface plate
motion reference frames as NE and SW flow models in order
to highlight the effect of the mantle shearing, as opposed to
its origin, which is not entirely clear.
3.1.2. Additional Density Models

[13] We investigate suggestions for possible upper man-
tle structure beneath the Alboran Sea not captured by the
reference model, by incorporating various density structures,

representing suggested slab or lithospheric delamination
scenarios, into the reference model based on RUM. We
explore 21 scenarios for this purpose but present in
Figure 2 eight models that reflect the most characteristic and
interesting results. Model 1 includes a NE-dipping slab
extending from the surface along the Gibraltar arc to 650
km, which is based upon structure inferred by Lonergan
and White [1997], Gutscher et al. [2002], and Diaz et al.
[2010]. Model 2 has a NE-dipping slab as in model 1, but
with a gap from 300 to 400 km, motivated by the P wave
tomography of Li et al. [2008]. Model 3 includes two sep-
arate pieces of slab material, a N-dipping slab along the
northern African margin and a NE-dipping slab beneath the
Gibraltar Arc, both extending from 100 to 650 km, and
separated from each other by two slab windows as suggested
by Faccenna et al. [2004]. Model 4 has a slab structure that
dips to the NE between 300 to 650 km but is detached from
the surface beneath the Alboran Sea, as inferred from Platt
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Figure 4. Effect of mantle shear on seismic anisotropy prediction. Figures show shear wave splitting
for the reference viscosity and density model (no additional, regional anomalies) for (a) NE and (b) SW
flow models; radial viscosity variations only. Average fast polarization orientations, «, are shown with
white bars, scaled by delay time (§¢), including splitting variations as a function of back azimuth (gray).
Legend symbol with cyan sticks indicates arbitrary prediction of §# = 1.5 & 0.5 s and & = 90 £ 45° for
scale. Actual splitting observations are shown colored by the local angular misfit (A«). Radial viscosity
structure is 1, = 50 and 1, = 50. The number of splitting observations (station averaged) is 199, and
the regional averaged, mean angular, (A«), and delay time, (A(§7)), misfits for the model are given in the
legend. Table 2 lists regional misfits for this and the other example model results as defined in Figure 1b.
The dark blue line is the NUVEL-1A [DeMets et al., 1994] plate boundary.

and Vissers [1989], Seber et al. [1996], and Zeck [1996].
Model 5 has a similar structure as in model 4, but with a
gap in the slab structure extending between 150 and 650
km similar to the model proposed by Blanco and Spakman
[1993]. Model 6 includes a structure representing a symmet-
ric “drip” east of the surface expression of the Gibraltar arc
extending from the surface down to 400 km as in Bokelmann
and Maufro [2007]. Model 7 includes a vertically dipping
slab that is concave to the SE and centered directly east of the
Gibraltar Arc and extending into the High Atlas based upon
results by Bijwaard et al. [1998]. The last model, 8, includes
a slab structure along the Iberian margin curving southward
around the Gibraltar Arc, similar to what was imaged by
Spakman and Wortel [2004], but mainly guided by trial and
error adjustments during an iterative fitting procedure of the
seismic anisotropy observations.

3.2. Modeling Seismic Anisotropy Based
on Mantle Flow

[14] We assume that upper mantle anisotropy is mainly
caused by LPO alignment of intrinsically anisotropic olivine
by mantle flow in the dislocation creep regime. Consequen-
tially, LPO may be expected to form within the upper ~ 400
km of the mantle [e.g., Karato, 1992; Fischer and Wiens,
1996; Becker, 2006], affecting seismic waves in our models
by traversing the depth range between ~ 50 km and ~ 350
km. Evidence for the alignment of crystallographic axes of
anisotropic minerals with the direction of shear in laboratory
experiments [e.g., Karato et al., 2008] combined with petro-
logical observations [e.g., Ben Ismail and Mainprice, 1998]
have led to quantitative models of LPO development [e.g.,
Wenk and Tomé, 1999; Tommasi et al., 2000; Kaminski and
Ribe, 2001]. Such techniques provide a link between geody-
namic and seismic models. Our approach is motivated by the
successful modeling of observed upper mantle anisotropy
in regional [e.g., Fouch et al., 2000; Hall et al., 2000;
Blackman and Kendall, 2002; Gaboret et al., 2003; Behn

et al., 2004; Becker et al., 2006b; Miller and Becker, 2012]
and global applications [e.g., Becker et al., 2003, 2008;
Conrad and Behn, 2010].

[15] As in Becker et al. [2006b], we follow the kine-
matic approach of Kaminski and Ribe [2001] to model the
development of LPO in response to convective flow in the
mantle. We use the D-REX program and parameter choices
for regular (“A type”) olivine LPO with coaligned enstatite
from Kaminski et al. [2004] to calculate the resultant seis-
mic anisotropy predicted from our circulation model by
computing velocity gradient tensors along particle paths,
assuming steady state flow. Tracers are advected in man-
tle flow, developing LPO along the flow path until the
logarithmic finite strain, &, reaches a critical value of &,
which is set at 0.5. Larger values will mainly affect LPO
saturation and hence anisotropy amplitudes and delay times,
rather than azimuths [Becker et al., 2006b; Miller and
Becker, 2012]. Then a Voigt-averaged elasticity tensor is
computed for each location of interest, and we use the full
elasticity tensor to compute synthetic waveforms using a
propagator matrix approach. From those, shear wave split-
ting is computed using an automated rotation-correlation
method (for details, see Becker et al. [2006b]).

[16] To evaluate model performance quantitatively, we
compare the observed and synthetic splitting measurements
and compute the absolute, angular deviation of apparent fast
orientation azimuths or “fast azimuths,” Aa (0 < Aa <
90°, where an average misfit of (Aa) = 45° is expected
for random distributions), and the delay time misfit A§ =
8tmodel —O%data (AS > 0 indicates overprediction of anisotropy)
for station (back azimuth) averaged estimates.

4. Results

[17] We evaluate the models in terms of how well they
reproduce the observed SKS splitting orientations for the
Alboran region (Figure 1b) as described above. First, we
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Figure 5. Examples for the effect of density structure. Model performance is shown for the (a, b) refer-
ence model plus density model 1 and (c, d) density model 8 (the best performing density model) for NE
(Figures 5a and 5¢) and SW flow (Figures 5b and 5d) models, with 7;;, = 50 and a weak slab at 7, = 1.
Cyan contours denote the density anomalies (cf. Figure 2). See Figure 4 for legend. Note fast axes rota-
tion for NE flow models occurs east of Gibraltar and propagates northeast while fast axes rotation occurs
within the Alboran and propagates southwest for SW flow models.

discuss the general trends in modeled splitting orientations
for the reference model (no additional density in the Alboran
region) in terms of different mantle shear, lithosphere and
slab strength, as well as stiff continental keels. We then dis-
cuss the same trends for the additional density models and
provide an overview of all models examined. Lastly, we dis-
cuss our preferred model (model 8) and the implications
of this mantle structure. An overview of regional misfits
for four main region shown in Figure la is provided in
Table 2.

4.1. Reference Model Results as a Function
of Boundary Conditions

[18] Surface boundary conditions dominate the shallow
deformation and resulting LPO formation for shallow layers
(< 150 km), and so the surface plate motion orientation
and the degree of associated shear due to net rotations
have significant impacts on the resulting fast axes [Becker,
2008; Conrad and Behn, 2010]. Our reference density model
for the entire Mediterranean includes the Calabrian slab

(extending to 350 km in RUM) and the more shallow
Hellenic slab (< 200 km) with no additional structure
beneath the western Mediterranean region.

[19] Without lateral viscosity variations, the fast axes
orientation in the region is controlled by the surface bound-
ary conditions, the radial viscosity structure, and hence the
resulting mantle shear (Figures 3a and 3b). In the reference
model, NE flow models with surface velocities >2 cm/yr in
the Alboran region decrease with depth but maintain a NE
orientation throughout the lithosphere. Below 100 km, hori-
zontal velocities are slightly rotated to the NE in Spain. The
resultant fast axes are oriented NE in Morocco and ENE
in southern Spain (Figure4). For SW flow models, surface
velocities near the Alboran region are slower and have an
E-W component along northern Morocco and a SW compo-
nent in southern Spain, converging within the Alboran Sea.
The sublithospheric horizontal velocities increase and rotate
southward by sublithospheric shear induced by the net rota-
tion boundary condition. The resultant fast axes are oriented
nearly E-W in Spain and NNE in Morocco.
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Figure 6. Effect of slab viscosity. Model performance for (a) NE flow and (b) SW flow models with
best density structure model 8 and a strong slab with 7, = 7ga, = 250; compare to Figures 5c and 5d.
See Figure 4 for legend. Note how fast axes show more plate motion orientation in southern Spain while
maintaining enough buoyancy-driven deflection along Gibraltar to generate NNW-splitting orientations.

[20] Figure 4a shows the predicted anisotropy for mod-
els that essentially contain only plate motion related flow in
the Alboran region (Figures 3a and 3b). Splitting orienta-
tions match moderately well in Spain but poorly in Morocco
and along the Gibraltar Arc (Table 2). The splitting orien-
tations shown in Figure 4b show an improvement in mean
misfit along eastern Spain compared to NE flow (Figure 4a)
but match poorly in the other domains. SW flow models per-
form better overall in terms of delay time misfit, particularly
in western Spain and the Atlas, where the NE flow models
overpredict anisotropy (Table 2).

4.2. Additional Density Beneath the Alboran Sea

[21] Twenty-one additional buoyancy structures were
tested beyond the reference model (Figure 2 and section
3.1.2). Overall, we found that additional buoyancy struc-
tures beneath the Alboran Sea produce radial flow patterns
as the sublithospheric flow is pulled symmetrically toward
the negatively buoyant downwelling (Figure 5). Generally,
flow is pulled southward across Spain and northward across
the Atlas Mountains. For NE flow models, the predominant
NE fast axes are reoriented to the SE in southern Spain and
to the north in Morocco. For SW flow models, the SW fast
axes in Spain change to a N-S orientation and the WSW fast
axes in Morocco rotate to the WNW. The axis orientation
depends on the morphology and location of the anomaly, and
Figure 5 exemplifies this using density model 1 and model 8
(Figures 3c and 3d), which is the best performing structure.
Here, we see the effect on the surface flow as it responds to
the dense anomaly. Fast axes maintain plate motion orienta-
tions until proximity with the anomaly. For NE flow models,
this occurs within the Alboran Sea and propagates northeast-
ward and fast axes near Gibraltar and northern Africa are
unaffected (Figures 5a and 5c, compare to Figure 4a). For
SW flow models, the effect of the anomaly is strongest in the
western Alboran Sea and to the southwest (Figures 5b and
5d, compare to Figure 4, and see Table 2), and fast axes in
southern Spain are modified from plate motion orientations
depending on the northeast extent of the anomaly.

4.3. Effects of Lateral Viscosity Variations
on Additional Density Models

[22] When the viscosity of the slab is increased, the ori-
entation of mantle flow changes from deflection toward the
dense anomaly in the case of a weak slab, to deflection away
from the dense anomaly for the model with a strong slab
(Figures 3c, 3d, and 6). The stronger slab effectively stirs the
mantle and deflects the flow more strongly. This can be inter-
preted in terms of changing the balance between toroidal and
poloidal flow as a function of the slab viscosity [Piromallo
etal.,2006].

[23] Nearly all models with density anomalies per-
form better when the slab and lithosphere viscosities are
increased, with minimum misfit values achieved at slab
and lithosphere viscosities of ~ 2507,. Increasing the slab
viscosity decreases radial flow, which is a result of the down-
welling, and orients the fast axes to a NE orientation for
NE flow models. For the SW flow models, the fast axes
rotate toward the NE in Spain and the Atlas and north-
westward along Gibraltar, considerably improving the mean
misfit (Figure 6b, Table 2). The northward deflection of flow
in the SW flow models generates the NNW-splitting orien-
tations along Gibraltar which are not generated by NE flow
models with structure beneath the Alboran Sea.

[24] As suggested by Fouch et al. [2000] and Miller and
Becker [2012], for example, the addition of a stiff continen-
tal keel dramatically affects the flow and resulting seismic
anisotropy observations in a slab-continent system. Follow-
ing their work, we also investigate the addition of a stiff
continental keel (1007,) that extends to 300 km beneath
northwestern Africa as defined by the cratonic locations of
the 3SMAC model by Nataf and Ricard [1996]. We add
this cratonic keel to the strong slab model with the best
density structure of Figure 6, which deflects the flow north-
ward, increasing the magnitude of the sublithospheric flow
for the NE flow models where flow is oblique to the keel
margin (Figure 7a). In these models, fast axes rotate from
NNE to NE in Spain, reducing the mean misfit (Table 2).
Along the northern coast of Morocco, however, the fast axes
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Figure 7. Predicted splitting for (a) NE flow and (b) SW flow models with model 8 as additional density,

= 250, and a stiff keel (e =

Mith = 7slab

100). Compare to Figures 6a and 6b, and see caption for

Figure 4 for a detailed explanation. (c, d) Subplots are for the same models as in Figures 7a and 7b but
have the observed splitting colored by the delay time misfit between predictions and observations (blue:
overprediction and red: underprediction of anisotropy) rather than angular misfit as shown in Figures 7a

and 7b.

orientations rotate NW, significantly increasing the mean
misfit (Figure 7a, compared to Figure 6a). This reduces
the delay time misfit along the Atlas for the NE flow keel
models. For the SW flow models, flow is oriented nearly
perpendicular to the keel and both mean and delay time mis-
fits improve across the Atlas by the reduced south-directed
shear in this region (Figure 7b, compared to Figure 6b, and
see Table 2).

[25] Figures 7c and 7d show the same models as in
Figures 7a and 7b, respectively, but colored with delay time,
rather than angular, misfit. While the delay times are sensi-
tive to modeling choices such as LPO saturation and lateral
viscosity variations [Becker et al., 2006b; Miller and Becker,
2012], there is a regional signal in that anisotropy strength
is, on the one hand, typically underpredicted in the Albo-
ran domain, close to the inferred slab-like sinker. On the
other hand, delay times in the Atlas mountains, for exam-
ple, are overpredicted, consistent with an overprinting of an

asthenospheric flow signature by frozen-in anisotropy in the
lithosphere, as suggested by Miller et al. [2013].

4.4. Effect of Slab Gaps, Drips, and
Detachment Features

[26] All density and viscosity models explored are then
compared in terms of their average angular misfit with
the shear wave splitting dataset in Figure8. For several
models, the density structure was modified at depth to
reflect a slab gap (model 2), a drip (model 6), or slabs
completely detached from the lithosphere (models 4 and 5).
We find that overall mean misfit decreases significantly with
the addition of a slab gap only for buoyancy-only mod-
els without the effect of plate shear. Introducing a slab gap
reduces the pull from the negatively buoyant downwelling
near the location of the gap. For model 6, a small drip-like
structure that narrows from ~ 200 km wide at the surface
to ~ 50 km wide at 400 km depth (Figure 2) is tested. This
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Figure 8. Average angular misfit versus density model (cf. Figure 2), where the reference is the RUM-
only model, for different types of mantle shear (northeast (NE flow) and southwest (SW flow), cf.
Figure 4), as defined in the text. NE flow is no-net rotation reference frame and SW flow uses a HS3 ref-
erence frame. Circles and squares (scaled by total model number) indicate the median model performance
and inverted triangles mark the best model of each density type. Lines denote the range of model per-
formance that was covered by our variations of lithospheric, slab, and keel strength, as well as modified
density structures.
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Figure 9. Regional P wave tomography obtained as part of the PICASSO project after the completion of
our geodynamic modeling [Bezada et al., 2013]. The structure resolved beneath the lithosphere is similar
in morphology and depth extent to our independently derived, preferred density model 8 (cf. Figures 2
and 7b).
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model allows for examination of the sensitivity of the pre-
dictions with the size of the anomaly. The presence of even
this localized anomaly generates strong radial splitting ori-
entations from the rotation of sublithospheric flow toward
the anomaly for the buoyancy-only models. Models 4 and
5 are slab models that are completely detached from the
lithosphere, extending from 300 km and 150 km, respec-
tively, to 650 km. Yet results for model 5 are insignifi-
cantly different from those for model 1, with a continuous
slab, suggesting that the splitting orientation predictions are
insensitive to such a narrow detachment feature. For model
4, the results are similar to models with a slab gap, with
a decrease in radial flow for the buoyancy-only models in
the depth regions where the slab is detached. Where the
slab is present, the flow rotates toward the anomaly, gener-
ating localized shear focused over the Granada region for
the NE flow models and the Gibraltar region for the SW
flow models.

[27] In summary, slabs with gaps or detached slabs do
not produce significant improvements over the continuous,
attached slab models tested here in terms of fitting the seis-
mic anisotropy observations in the western Mediterranean,
though the general sensitivity of our results to lateral density
and viscosity variations suggests that further modifications
could be considered. We infer from these results that a con-
tinuous slab that extends into the transition zone produces
the best fit to the seismic anisotropy observations, com-
pared to smaller-scale delamination or convective removal
processes in the Alboran region.

4.5. Preferred Structure Beneath the Alboran Sea

[28] With the overall performance of model 8, our pre-
ferred density structure beneath the Alboran Sea includes
an elongated slab beneath the Iberian margin and curving
southward towards Gibraltar. This model produces the low-
est overall mean misfit of 30° for a stiff slab (Figure 6b)
and the SW flow type of mantle shear. Including a stiff keel
based on the 3SMAC model of Nataf and Ricard [1996]
allows for a further reduction in mean misfit (22°, Figure 7b)
and improvement in the delay times match across the Atlas.
When the depth extent and dip direction in model 8 is modi-
fied, while retaining the well-performing viscosity structure
(Mith = Nslav = 250), position of the craton, and SW flow
boundary conditions, there is little improvement in overall
model performance (Figure 7b). Angular misfits of ~ 20°
are close to the best regional quantitative model misfits
reported in other similar studies [e.g., Becker et al., 2006b;
Miller and Becker, 2012] and of the same order as typi-
cal uncertainties in shear wave splitting measurements [e.g.,
Wiistefeld et al., 2009].

[29] A new P wave tomography model obtained by
Bezada et al. [2013], which was derived independent from,
and after the completion of, our geodynamic modeling, pro-
vides support for our preferred density structure. Figure 9
shows different depth maps of this tomography model,
which indicate an arcuate, near-vertical subducting slab at
depth [cf. Spakman and Wortel, 2004]. The resolved struc-
ture elongates along the Iberian margin, curving to the south
and southwest around Gibraltar. These results suggest a
structure beneath the Alboran Sea with a morphology and
depth extent consistent with our preferred density model
8 (Figures 2 and 7b). Such a match also highlights the

capabilities of quantitative anisotropy modeling combined
with a geodynamic “inverse approach” for detecting what
are presumably active mantle flow components.

5. Discussion

[30] The Alboran domain is geologically complex and
many of the suggested tectonic scenarios [e.g., Platt et al.,
2013] may be reflected in highly heterogeneous uppermost
mantle structure that is not easily captured by our global
flow modeling approach. In particular, within a subduction
zone mantle wedge, several mechanisms other than “A” type
LPO formation under present-day asthenospheric flow may
be important for seismic anisotropy (e.g., reviews in karato
et al. [2008] and Long and Becker [2010]). Such compli-
cations may explain some of the local mismatch between
our geodynamic model predictions and the measured SKS
splitting. However, our flow models are sensitive to the
larger-scale patterns of anisotropy, and our best models are
able to fit those patterns well. Here, we therefore focus on
the dynamic effects that contribute to those regional best
fit models.

5.1. Reference Frames and Net Rotation

[31] Our results highlight the importance of the abso-
lute reference frame choice and the corresponding differ-
ences in mantle shear in our numerical models [Becker,
2008; Kreemer, 2009; Conrad and Behn, 2010]. SW flow
models as associated with the large net rotation (HS3)
kinematic boundary conditions generate a NW shear and
NNW-splitting orientations along Gibraltar when combined
with an imposed density anomaly beneath the Alboran Sea
[cf. Doglioni et al., 2007]. However, the magnitude of the net
rotation (NR) in our SW flow models is inconsistent with the
finding that only net rotations of <50% of HS3 are permit-
ted by global seismic anisotropy modeling [Becker, 2008;
Conrad and Behn, 2010]. For model 8, we test variations on
the magnitude of the NR component and find that mean mis-
fit decreases with increasing NR and that models with 100%
of HS3 performed best. Without the SW flow, the density
models cannot generate N-S shear in response to a density
anomaly beneath the Alboran region (Figure 8). We interpret
this to mean that the type of SW flow that is incorporated in
the best performing models is due to a component of man-
tle circulation not included in our flow models, and not that
HS3 is the appropriate reference frame for the region. The
origin of the missing component is unclear but could perhaps
be related to an active upwelling or keel-deflected plume
source, akin to what was suggested by Anguita and Herndn
[2000] and Duggen et al. [2009].

5.2. Buoyancy and Viscosity

[32] As the chosen slab density contrast of ~4% is on the
higher end of estimated densities, we also test several models
with a density contrast of ~2% with a decreased match to the
seismic observations in comparison to the other models. We
find that for the buoyancy-only models, mean misfit differ-
ences are either insignificant or slightly improved. When the
density contrast is reduced in our preferred model, the mean
misfit is significantly increased due to the poor match of the
splitting orientations around Gibraltar and the Atlas. Reduc-
tion of the density contrast reduces the deflection of flow
around the stiff slab, reducing the N-S shear and the rotation
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of splitting orientations to the NNW around Gibraltar and
E-W in the Atlas.

[33] Figure 6 shows the strong effect of slab viscosity
on the deflection of flow toward the buoyant anomaly. This
effect is seen even for viscosity contrasts of 5y, = 50.
We evaluate models with a constant lithosphere viscosity of
Mi,m = 100 while varying the slab viscosity among 1, 50,
and 2501,. Again, these results show similar patterns with
increasing slab viscosity. Further tests with slab viscosities
of 5, 10, 25, and 407y with 1, = 50 show that a slab vis-
cosity of 257, is sufficient to produce a sharp decrease in
vertical velocities.

5.3. Lithospheric Anisotropy

[34] In regions of fast variations of plate velocities later-
ally and with depth, strong LPO due to shearing may form
parallel to plate motions [e.g., Long and Becker, 2010].
However, with slower relative plate velocities such as in
the Alboran region, sublithospheric flow and upper man-
tle, small-scale convection may play a more important role.
Also, within the continents, frozen-in anisotropy from past
deformational cycles may have a stronger effect at litho-
spheric depths. In order to investigate the sensitivity of our
models to these factors, we calculate mean misfit while
excluding the first 100 km from our calculations. We found
the best performing density structure remains to be model 8,
with the same boundary conditions and viscosity structure
as our preferred model. Because our preferred model pro-
duces the best match to the complex patterns along Gibraltar,
it also produces the best overall mean misfit. This suggests
that lithospheric anisotropy is probably less important than
the deep flow in the asthenosphere associated with lateral
viscosity variations and the consequence of net rotations.

6. Conclusions

[35] Our preferred model for the density structure beneath
the Alboran Sea is a 500 km wide slab, elongates along
the Iberian margin, extending from Granada to the Gibral-
tar arc, where it curves southward towards Morocco. The
slab geometry extends vertically to ~ 550 km and is ~ 250
times more viscous than the surrounding mantle, provid-
ing a balance between radial flow induced by a negatively
buoyant downwelling and toroidal flow induced by high
viscosity. In this preferred model, initial southwest surface
flow generates splitting orientations consistent with obser-
vations along Gibraltar that cannot be generated with initial
northeast surface flow models. In addition, westward slab
rollback need not be invoked to generate such orientations.
The addition of a stiff continental keel beneath northwestern
Africa improves the fit to seismic anisotropy observations
with reduced delay times across the Atlas mountains by gen-
erating northward shear. Our preferred density structure is
consistent with new structural seismology imaging, derived
independently from our work. This highlights the potential
of geodynamic inverse modeling of seismic anisotropy for
regional tectonic studies.
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