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Abstract

Upper-mantle upwellings are often invoked as the cause of Cenozoic volcanism in the
Ibero-western Maghreb region. However, their nature, geometry and origin are unclear. This
study takes advantage of dense seismic networks, which cover an area extending from the
Pyrenees in the north to the Canaries in the south, to provide a new high-resolution P-wave
velocity model of the upper-mantle and topmost lower-mantle structure. Our images show
three subvertical upper-mantle upwellings below the Canaries, the Atlas Ranges and the
Gibraltar Arc, which appear to be rooted beneath the upper-mantle transition zone (M72).
Two other mantle upwellings beneath the eastern Rif and eastern Betics surround the
Gibraltar subduction zone. We propose a new geodynamic model in which narrow upper-
mantle upwellings below the Canaries, the Atlas Ranges and the Gibraltar Arc rise from a
laterally-propagating layer of material below the M7Z, which in turn is fed by a common deep
source below the Canaries. In the Gibraltar region, the deeply rooted upwelling interacts with
the Gibraltar slab. Quasi-toroidal flow driven by slab rollback induces the hot mantle material
to flow around the slab, creating the two low-velocity anomalies below the eastern Betics and
eastern Rif. Our results suggest that the Central Atlantic plume is a likely source of hot mantle

material for upper-mantle upwellings in the Ibero-western Maghreb region.
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1. Introduction

Cenozoic volcanism within the Ibero-western Maghreb region, an area located between
the western Mediterranean Sea and the central-eastern Atlantic Ocean (Fig. 1), results from
the interplay between mantle dynamics and the complex geodynamic evolution of the area
(Lustrino and Wilson, 2007, and references therein). This volcanism has been attributed to
both passive and active mantle upwelling processes (e.g., Duggen et al., 2004; Maury et al.,
2000; Oyarzun et al., 1997; Sun et al., 2014; Teixell et al., 2005). However, no general
agreement on what triggers these mantle upwellings has yet emerged.

Global seismic models (e.g., Bijwaard et al., 1998; French and Romanowicz, 2015; Li et
al., 2008; Schaeffer and Lebedev, 2013; Simmons et al., 2012; Tesoniero et al., 2015; Van
Der Hilst et al., 1997) provide convincing evidence of low-velocity anomalies in the upper
mantle below central-eastern Atlantic, north-western Africa and southern Iberia. These low-
velocity anomalies contrast with the high-velocity anomalies imaged below the Alboran Sea
and central Iberia. However, global seismic models tend to resolve only broad-scale features,
in part due to the non-uniform distribution of seismometers and earthquakes on Earth.

Over the past 30 years a large number of permanent and temporary regional seismic
networks were deployed in Iberia, Gulf of Cadiz, Morocco and Canaries. These seismic
networks have provided detailed images of upper-mantle structure, namely through body-
wave travel-time tomography (e.g., Bezada et al., 2013; Bonnin et al., 2014; Koulakov et al.,
2009; Monna et al., 2013; Piromallo and Morelli, 2003; Spakman et al., 1993; Villasefor et
al., 2015), surface-wave tomography (e.g., Boschi et al., 2004; Palomeras et al., 2014, 2017,
Schivardi and Morelli, 2009; Villasefior et al., 2001) and full-waveform tomography (e.g.,
Fichtner et al., 2013; Zhu et al., 2015). The resulting models systematically recognize an
upper-mantle signature of the Gibraltar Arc System, composed of the Betic-Rif orogen, the
Gibraltar subduction zone and the extensional back-arc domain of the Alboran basin
(Gutscher et al., 2002) (Fig. 1). In particular, a prominent high-velocity body is clearly

imaged in the upper mantle below the Alboran Sea, which is interpreted with broad consensus
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as a subducted lithospheric slab (Bezada et al., 2013; Bonnin et al., 2014; Palomeras et al.,
2014, 2017; Piromallo and Morelli, 2003; Villasefior et al., 2015; Wortel and Spakman,
2000).

In contrast, there is no agreement on the origin of the low-velocity mantle anomalies
imaged beneath the Gibraltar Arc and Morocco regions. Below the Atlas Ranges, the
observed low-velocity anomalies, thinned lithosphere (~60 km) and uplifted topography
(Ayarza et al., 2014; Fullea et al., 2010; Missenard et al., 2006; Palomeras et al., 2014;
Teixell et al., 2005; Zeyen et al., 2005) have been attributed to: 1) Edge-driven convection,
where a large step in lithospheric thickness between the thicker western African Craton and
the thinner Atlas Mountains triggers mantle upwelling and subsequent decompression melting
(Fullea et al., 2010; Kaislaniemi and Van Hunen, 2014; Missenard and Cadoux, 2012;
Ramdani, 1998); 2) delamination of an unstable lithospheric mantle (Bezada et al., 2014;
Duggen et al., 2009; Levander et al., 2014); 3) impingement of a small plume rising from a
deep source directly below Morocco (Teixell et al., 2005; Zeyen et al., 2005); and 4) inflow
of Canary mantle-plume material in the topmost upper mantle (Duggen et al., 2009; Hoernle
et al., 1995; Mériaux et al., 2015a; Miller and Becker, 2014; Oyarzun et al., 1997). The less
studied low-velocity anomalies found below the eastern Rif and eastern Betics, on both sides
of the Gibraltar subduction zone, have been associated with: 1) Edge-driven convection below
the eastern Rif associated with a step in lithospheric thickness (Kaislaniemi and Van Hunen,
2014); and 2) tearing of the lithosphere below the Betics (Pérez-Valera et al., 2013) or below
both the Betics and the Rif (Frizon de Lamotte et al., 2009; Levander et al., 2014; Palomeras
et al., 2014; Thurner et al., 2014), with upwelling material replacing the lithosphere at the tear
location.

The Canary archipelago is an oceanic intraplate hotspot (Morgan, 1972), located ~100 km
off the north-west coast of Africa. Although the Canaries have been extensively studied using
seismic methods (Bonnin et al., 2014; Lodge et al., 2012; Martinez-Arevalo et al., 2013;
Miller et al., 2015; Montelli et al., 2006; van der Meijde et al., 2003), the origin of its

underlying anomalous low-velocity mantle is still debated. Global seismic models feature low
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P-wave velocities suggesting a ~400 km wide mantle plume that extends down into the
lowermost mantle (Montelli et al., 2006, 2004; Zhao, 2004). However, the lack of a regional
high-resolution tomographic model prevents the imaging of the true lateral extent and vertical
continuity of the plume-like anomaly.

In this article, we extend previous body-wave studies (Bezada et al., 2013; Bonnin et al.,
2014; Chevrot et al., 2014; Monna et al., 2013) by combining data from dense permanent and
temporary seismic networks in Iberia, northern Morocco, Canaries and Gulf of Cadiz (Fig. 2).
The combined dataset allows the computation of a high-resolution P-wave travel-time
tomographic model, which extends from ~50 to 800 km depth and resolves new details of the
mantle seismic structure (Fig. S1 and S2). Compared to previous models, two important
improvements are: 1) A larger number of combined onshore and offshore (OBS) stations
(~25% more than those used in Bezada et al., 2013) with a more uniform distribution, in
particular in Western Iberia (29 more stations compared to what is used in Bezada et al.,
2013), Gulf of Cadiz and Canaries (28 and 9 more stations respectively in comparison to the
arrays used in Bezada et al., 2013 and Villasefior et al., 2015), translating into improved
structural recovery, particularly in the M7Z; and 2) the introduction of a 3D starting model
(PRISM3D) inferred from previous seismic studies (Arroucau et al., 2017). PRISM3D
includes detailed crustal and Moho structure, which will improve the robustness of the mantle
model by minimizing the contributions to the travel-time anomalies from unresolved crustal
structure. The resulting tomographic model allows the investigation of the degree of
connection between upper-mantle and topmost lower-mantle features, and implications for the
origin of upper-mantle upwellings in the Ibero-western Maghreb region. Motivated by our
tomographic model, we propose a new geodynamic model to explain upper-mantle
upwellings in the region, consistent with previous global tomographic models, numerical and

analogue modelling, geochemical observations and surface volcanism.

2. Dataset and method
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2.1.Dataset

We combined broadband teleseismic P-wave travel-time data, recorded between 2007
and 2013, from 18 seismic networks in the Ibero-western Maghreb region. About 200
seismometers were deployed in Spain and Morocco between 2007 and 2013 by the IberArray
experiment (Diaz et al., 2009). Overlapping in space and time with IberArray, 64 broadband
seismometers from the PICASSO project operated in Morocco and part of Spain between
2009 and 2013 (Platt et al., 2008). An additional 23 temporary seismic stations operated in
mainland Portugal between 2010 and 2012 as part of the WILAS project (Custodio et al.,
2014). We further used data from 24 temporary broadband OBSs deployed by the NEAREST
experiment between 2007 and 2008 (Carrara and NEAREST Team, 2008). Data from 5
additional broadband OBSs of the TOPOMED project, recorded between 2009 and 2010,
were also included (Grevemeyer, 2011). Finally, data from 100 permanent and temporary
stations from 13 other seismic networks in Spain, Portugal, Morocco, France and Canaries,
which operated throughout the period of analysis, were exploited in this study. Data from a
total of 416 seismic stations were used in this work (Fig. 2). Station information can be found
in the Supplemental Information Tables ST1 and ST2. This dataset extends the areal coverage
significantly further than previous investigations. A noteworthy consequence of the improved
coverage is an increase in the density of crossing rays within the M7Z (Fig. S3), thus allowing
the interpretation of the seismic velocity structure down to the uppermost lower mantle with
confidence.

We analysed P-waves generated by 451 teleseismic events, with magnitudes mb > 5.5, in
the teleseismic epicentral distance range 30° < A < 95°, and with sufficient signal-to-noise
ratio to allow the extraction of reliable arrival-times. Figure 2 shows the relatively uniform
distribution of earthquakes with respect to the centre of the study area.

All traces were first aligned using travel-time predictions from the ak135 global reference
model (Kennett et al., 1995) and low-pass filtered at 5 Hz. The adaptive stacking technique of

Rawlinson and Kennett, (2004) was then used to align the traces of each phase to obtain
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relative arrival-time residuals, which reflect variations in wavespeed beneath the stations. We
also analysed the pattern of travel-time residuals as a function of source location in order to
minimise the presence of spurious arrivals. Supplemental Figure S4 shows the back-azimuthal
variation of the travel-time residuals for stations located in different zones of the Ibero-
western Maghreb region. Our final dataset is composed of 25644 relative P-wave travel-

times.

2.2.Inversion procedure

We used the FMTOMO package in order to generate a tomographic model for the Ibero-
western Maghreb region from the teleseismic dataset (de Kool et al., 2006; Rawlinson et al.,
2010; Rawlinson and Urvoy, 2006). FMTOMO solves the forward problem of travel-time
prediction using the Fast Marching Method (FMM), a grid-based eikonal solver (de Kool et
al., 2006; Rawlinson and Sambridge, 2004; Sethian, 1996). Model parameters are adjusted
with a subspace inversion technique (Kennett et al., 1988). The forward and inverse steps are
applied iteratively in order to address the weakly non-linear nature of the inverse problem.
FMTOMO allows the recovery of 3D velocity variations, interface depth, and source location.
However, in our application we invert only for perturbations to the 3D mantle P-wavespeed.

The study region was discretized into a total of 74152 velocity grid nodes: 52 nodes in
latitude (26°-46°N); 62 nodes in longitude (19°W-5°E); and 23 vertical nodes, extending from
the Moho down to 800 km depth. This corresponds to a node spacing of 0.4° horizontally in
both latitude and longitude, and ~35 km in depth. The velocity grid values represent
unknowns in the inversion, and are used to control a smooth velocity continuum defined by a
regular mosaic of cubic B-spline functions. We follow the procedure of Rawlinson et al.,
(2006) to evaluate the trade-off between fitting the data and satisfying regularization
constraints. The resulting trade-off curve shows that a damping value of ¢ =5 and a

smoothing value of # = 5 provide a good compromise between variance reduction and
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roughness of the solution (Fig. S5). The final model reduces the data variance by 53%, from
0.415°t0 0.19 s™

One of the recognised weaknesses of teleseismic tomography is that shallow structure,
down to a depth approximately equal to the station spacing, is poorly constrained (e.g.,
Rawlinson et al., 2010). We address this problem by including an a priori 3D crust and Moho
model (PRISM3D) in our starting model, which has the effect of correcting for unresolved
crustal contributions to the measured arrival-time residuals (Arroucau et al., 2017). PRISM3D
also includes a 3D absolute P-wave velocity model of the upper mantle beneath the Ibero-
western Maghreb region, which is based on a number of different data sources. It was
primarily designed for earthquake source studies but also provides a useful a priori model for
local and teleseismic tomography. Details of the PRISM3D model are given in the
Supplemental Information (SA1 and Fig. S6).

Figure 3 shows three depth slices, at 20 km, 400 km and 700 km, through the starting
model down to the base of the MTZ. The initial velocities in the topmost lower mantle (660-
800 km depth) are those from the LLNL global P-wave tomographic model of Simmons et al.,
(2012), which was built from approximately 3 million P- and Pn- arrivals. Velocity
perturbations are shown relative to a depth-dependent /D lateral average of our initial model
(Fig. 3d).

The joint use of relative travel-time residuals from multiple arrays operating at different
time periods may result in the loss of long-wavelength features (Rawlinson et al., 2014).
However, the inclusion of the broad-scale initial models PRISM3D and LLNL, where the
longer wavelength information is preserved, mitigates this issue by providing reasonably
accurate background velocities beneath the arrays. Further verification of this approach can be

found in Rawlinson and Fishwick, (2012) and Rawlinson et al., (2014).

3. Resolution tests
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We analyse the resolving power of our dataset via synthetic tests. The synthetic dataset is
obtained by solving the forward problem in the presence of a known Earth structure with
prescribed velocity variations and using the same sources, receivers and phase types as the
field dataset. Gaussian random noise with a standard deviation of 0.1s, which is similar to the
noise level in the true dataset, is added to the synthetic data. The inversion scheme is then
applied to the synthetic dataset, using the same damping and smoothing parameters used for
the inversion of real data.

We carry out two standard checkerboard tests, where positive and negative velocity
anomalies, with amplitudes of + 0.50 km/s and diameters of ~140-200 km, are superimposed
on the starting model. The comparison between input and output models suggests a good
lateral resolution for features of 140 km diameter in the upper mantle below most of the study
area, excluding the north-western Atlantic Ocean and Algeria (Fig. 4c, d). Some horizontal
smearing occurs in the topmost lower mantle, at the edges of the broad network, but we can
still recover features with diameters of the order of ~200 km (Fig. S7d). For anomalies of this
size, vertical resolution is good down to the bottom of the model, although smearing at the
edges of the domain tends to blur the recovered structure. We mark the limits of the well-
resolved structure by comparing input and output synthetic models, using the ~200 km
anomalies, at various depths (Fig. S7). Later, when interpreting the model, we use these same
limits to delineate the robust regions of the model.

We also perform a structural resolution test (Fig. 5) where we place three vertical slow
structures (6Vp = -0.50 km/s) in the upper mantle below the Canaries, the Atlas Ranges and
the Gibraltar Arc and three separated horizontal slow layers below the MTZ. The recovered
images (Fig. 5c, e, g) can be used to evaluate the connectivity of each of the vertical and
horizontal pairs of anomalies. While low-level smearing which connects the two anomalies
can be observed in each case, the separate input anomalies can nonetheless be clearly
identified, particularly those restricted to the upper mantle. This helps to confirm that if a
separation between the upper- and lower-mantle features did actually occur, it would have

been recovered in the inversion.
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We also carry out two sets of discrete spike tests (anomalies of 6Vp =-0.50 km/s,
diameter = ~100 km), to examine whether (i) features in the MTZ can be recovered
independently of those in the upper mantle and lower mantle (Fig S8), and (ii) deep upper
mantle structure can be recovered independently from shallow upper-mantle structure below
the Canaries (Fig. S9). In both cases, our test results confirm that smearing does not
compromise either of these two scenarios.

A final resolution test (Fig. S10) is carried out to investigate a proposed sub-lithospheric
channel connecting the Canaries and the Atlas low-velocity anomalies (e.g., Duggen et al.,
2009). In this test, the sub-lithospheric channel is modelled as a narrow, shallow low-velocity
anomaly (~150 km width, between ~50 and 150 km depth, 6Vp = 0.5 km/s). The output model
recovers almost the entire extent of the input low-velocity corridor. If such a corridor exists,
we expect it to be well resolved in our model. In this scenario, the only region that cannot be

well resolved is a narrow area below the western Moroccan coast (Fig. S10b).

4. Tomographic model

Figure 6 shows depth slices, ranging between 70 km and 730 km, through the P-wave
tomographic model. Figure 7 shows cross-sections that depict what we regard as the most
significant anomalies. In addition, we compute two more inversions with different mantle
starting model, one with the ak/35 spherically symmetric Earth model (Kennett et al., 1995)
(Fig. S11) and the other with the LLNL 3D global model (Simmons et al., 2012) (Fig. S12).
All other initial parameters are otherwise identical, including the Moho interface and crustal
structure. These tests demonstrate that the primary structures imaged are not dependent on the
use of the PRISM3D mantle model as a starting model. We focus on the interpretation of the
model that uses the PRISM3D starting model in the mantle because it mitigates the issue of
using multiple arrays recording at different times and it contains smaller-scale structure than

the LLNL model.

10
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Because we use relative arrival-time residuals as inputs to our tomographic inversion, the
output velocity anomalies are also relative. An important question when interpreting the
anomalies is whether they are truly representative of fast and slow material, or whether, for
example, low-velocity anomalies represent normal or average wavespeeds, but are slow in
comparison to very fast anomalies (although if we assume that our longer wavelength 3D
starting model is robust, then this scenario is less likely). Another recent hypothesis proposes
that low-velocity features surrounding fast anomalies, like slabs, may be an artefact
introduced to isotropic models when anisotropic effects are not accounted for during the
inversion (Bezada et al., 2016). Previous studies have already recognized on a global scale
that the Alboran Sea region is particularly fast at upper-mantle depths and that the structure
surrounding it is generally slow (e.g., Li et al., 2008; Ritsema et al., 2011; Simmons et al.,
2012, 2010). Recent regional surface-wave analysis revealed fast absolute shear-wave
velocities of ~4.6 km/s below the Alboran Sea and slow velocities of 4.1-4.4 km/s below the
Betics, Strait of Gibraltar, Rif and northern African margin, in the 100-200 km depth range
(Palomeras et al., 2014). In addition, synthetic tests done in previous body-wave tomographic
studies (Bezada et al., 2014) showed that the artificial ring of low velocities expected around
the fast slab as a result of relative travel-time tomography is much thinner and smaller in
amplitude than the actual low-velocity anomalies that are imaged. Although additional
inversions which take into account upper-mantle anisotropy may help to better define the
extent of the low-velocity anomalies, all these observations suggest that the low-velocity

anomalies in the region are likely real.

4.1. Low-velocity anomalies

Our tomographic model includes several well-resolved velocity anomalies (Fig. 6). A

low-velocity anomaly is imaged below the western Canaries (L1, 8Vp = -0.1 km/s), narrow at

shallow depths (~130 km depth, Fig. 6b) and which progressively broadens down and

11
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eastward to 550 km depth (Fig. 61). L] remains visible at deeper levels and spreads broadly
beneath the MTZ (Fig. 6k, [; Fig. 7d, g).

L2 is a broad slow anomaly, with a diameter of ~150-250 km, which extends throughout
the upper mantle below Morocco. The areal extent of L2 coincides with the Middle and High-
Atlas Mountains. This slow anomaly has been identified in previous tomographic studies
(e.g., Bezada et al., 2014; Bonnin et al., 2014; Palomeras et al., 2014; Villasefior et al., 2015).
Our model can now resolve its connection to the lower mantle, showing that L2 extends
through the MTZ, and seemingly connects to L/ below ~600 km depth (Fig. 6g-1; Fig. 7d, g).
The magnitude of L2 decreases with depth from 6Vp =—0.3 km/s in the upper mantle to about
—0.1 km/s in the topmost lower mantle.

Another clear low-velocity anomaly is L3 located below the Gibraltar Arc (~200 km
diameter, 6V p ranging from ~-0.1 to below ~-0.3 km/s). Again, this anomaly has also been
found in previous studies (Bezada et al., 2013; Bonnin et al., 2014; Monna et al., 2013).
Similar to L2, L3 penetrates down to the lower mantle, merging with L/ below the M7Z under
the western African margin (Fig. 6k, ).

A prominent low-velocity anomaly (8Vp = -0.2 km/s) beneath the eastern Rif, L4,
appears to be restricted to the upper mantle (Fig. 6b-g; Fig. 7b, ¢). Another low-velocity
feature is L3, located below the eastern Betics, coinciding with the Calatrava and Cofrentes
Province and with a 6Vp ranging from ~-0.1 to below ~-0.3 km/s (Fig. 6b-g; Fig. 7b, e).

Adjacent to L5, a small-scale low-velocity body is imaged beneath the Valencia Trough
(L6, dVp =-0.1 km/s), corresponding to the area offshore north and northeast of the Balearic

Islands (Fig. 6; Fig. 7f).

4.2.High-velocity anomalies

The most conspicuous fast body in the region is anomaly H/ (V> 0.3 km/s at its
centre), located below the Alboran Sea, Betics and internal Rif. In some places, this body

extends from the surface down to the M7Z (Fig. 6; Fig. 7a-c). HI is arcuate in shape, concave

12
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on the Alboran Sea side down to ~400 km depth and dips steeply downward. This structure
has been studied extensively since the late 1980s (e.g., Bezada et al., 2013; Blanco and
Spakman, 1993; Duggen et al., 2004; Gutscher et al., 2002; Hoernle et al., 1999; Torres-
Roldan et al., 1986) and is interpreted as lithospheric material subducted during the closure of
the Mediterranean Sea.

A smaller blob-like high-velocity feature, H2, is imaged in the Atlantic Ocean, west of
the Strait of Gibraltar, below the Gorringe Bank. It has a diameter of ~350 km and dips
slightly eastward down to a depth of at least 300 km (Fig., 6; Fig. 7a, e). The magnitude of H2
decreases with depth from 6Vp = 0.2 km/s near the surface to 0.1 km/s above the MTZ. This
result is qualitatively consistent with that obtained from the body-wave study of Monna et al.,
(2013).

We also identify several other positive velocity anomalies; however, they are not integral
to our interpretation, and therefore will not be discussed at length. A prominent high-velocity
anomaly (6Vp = 0.1-0.2 km/s) is imaged below Western Iberia (H3), down to the topmost
lower mantle (Fig. 6; Fig. 7f). Although few efforts have been made to interpret it, H3 has
already been imaged in previous tomographic studies (Bonnin et al., 2014; Monna et al.,
2013; Villasefor et al., 2015). Monna et al., (2013) associate H3 to the sinking of colder
oceanic lithosphere. South of the Pyrenees, we observe a high-velocity body with an
elongated NW-SE shape (6Vp =~0.1-0.2 km/s), H4, which seems to extend across the M7Z
(Fig. 6). This feature is consistent with that imaged previously by Souriau et al., (2008) and
Chevrot et al., (2014). In Morocco, we locate a high-velocity body below the Moroccan
Meseta (H5, 6Vp =~0.1-0.3 km/s) and beneath the Anti Atlas (H6, 6Vp =~0.1-0.2 km/s) (Fig.
6), both of which have been recovered in previous regional tomographic studies (e.g., Bezada
et al., 2014; Bonnin et al., 2014; Villasefior et al., 2015). It is worth noting, however, that the
inversion method used here resolves relative velocity perturbations, which are tied to absolute
velocities through the starting 3D model PRISM3D. Thus, if PRISM3D is too fast in the
neighbourhood of H3 for example (which sits below the WILAS array), it will likely also be

too fast in the final model. Also, since we show the anomalies relative to a /D laterally

13
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averaged depth-dependent version of PRISM3D, a small variation in the background model
may result in slow anomalies being even slower and fast anomalies becoming less fast than

those presented in our model (Bastow, 2012) (see Fig. S13).

5. Discussion

In this section, we use our seismic model to discuss the dynamics of the upper mantle and
topmost lower mantle in the Ibero-western Maghreb region. We focus on the multiple upper-
mantle low-velocity anomalies observed below the Canaries, Atlas Ranges, Gibraltar Arc,
eastern Betics and eastern Rif. We question the role of the lower mantle in the apparent ascent
of material and we discuss the possible interaction of upwellings with the high-velocity body

of the Alboran domain.

5.1.Roots of upper-mantle upwellings

As presented in Section 1, different geodynamic processes have been proposed to explain
the consistently imaged low-velocity seismic anomalies below the Ibero-western Maghreb
region. Albeit different in their details, all processes invoke mantle upwellings, with different
signatures in terms of size, extent and depth of seismic anomalies. The anomalies identified in
our model confirm the widespread presence of upper-mantle upwellings in the study region.
In particular, anomalies L/, L2 and L3 appear as ‘finger-like’ conduits, connected to a broader
low-velocity body in the topmost lower mantle in the Atlantic Ocean (Fig. 6 and 7). Our
tomographic images of L/ are in good agreement with previous research that suggests a deep
mantle plume below the Canaries (Anguita and Hernan, 2000; Montelli et al., 2006; Zhao,
2007), which we will refer to as the Central Atlantic mantle plume. Two previous receiver
function studies (Martinez-Arevalo et al., 2013; Miller et al., 2015) found a low-velocity layer
in the shallow upper mantle (just below the lithosphere at ~45-100 km depth) beneath the

Canaries, which does not extend deeper into the upper mantle. In our results, we instead
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observe a vertical low velocity anomaly extending to the MTZ, which resolution tests (see
Fig. S9) indicate is unlikely to be the result of shallow structure smeared at depth. Although
some ponding of material may exist at 45-100 km depth, our model clearly images a sub-
vertical connection to lower depths. Additional stations deployed both inboard and outboard
of the African coast would of course improve the recovery of anomaly L/. Anomaly L2 — as
imaged in our model — is hard to reconcile with edge-driven convection and lithospheric
delamination models, which are expected to form shallow anomalies confined to the topmost
upper mantle (e.g., Bezada et al., 2014; Missenard and Cadoux, 2012) rather than anomalies
extending down to the lower mantle. Nevertheless, we do not exclude that edge-driven
convection and lithospheric delamination may occur below the Atlas Ranges. Rather, we
question their ability to produce detectable low-velocity anomalies below the lithosphere.
Indeed, both processes can generate topmost upper-mantle upwellings of smaller scale than
that resolved by our model, without necessarily sourcing abnormally hot deep mantle material
(Ballmer et al., 2015; Kaislaniemi and Van Hunen, 2014). One possible explanation that
reconciles these different views is that smaller-scale edge-driven convection and lithospheric
delamination may be superimposed on the larger-scale deeply-rooted upwelling. In support of
the latter process, a few small-scale high-velocity anomalies are present in our results (see
Fig. 6e,f), similarly to what was found by Bezada et al., (2014), which they interpreted as
delaminated lithosphere sinking into the upper mantle. To the best of our knowledge, no
explanation has yet been proposed for anomaly L3, which has also been previously imaged at
upper-mantle depths (e.g., Bonnin et al., 2014; Monna et al., 2013).

Is the slow upper-mantle structure beneath Morocco and the Gibraltar Arc System
connected with material coming from the Central Atlantic mantle plume? A previously
suggested hypothesis proposed the channelling of material from the Central Atlantic mantle
plume head, through the north-west African sublithospheric corridor, to the mantle wedge of
the Gibraltar subduction zone (e.g., Duggen et al., 2009; Mériaux et al., 2015a). Upward flow
along the base of the lithosphere, possibly assisted by edge-driven convection and/or

lithospheric delamination, could then have contributed to Cenozoic volcanism along the
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lithospheric corridor (Duggen et al., 2009). In spite of the weaker resolution of our model in
the oceanic domain, between the Canaries and the western Moroccan coast, our tomographic
images show a clear disconnection between anomalies L/ and L2 at shallow upper-mantle
depths (Fig. 6a-d; Fig. 7d; Fig. S10). This result, supported by the absence of a single
continuous thinned area under the Atlas Mountains (Fullea et al., 2010), casts doubt over the
existence of a sublithospheric corridor allowing material to flow northeastwards from the
Central Atlantic mantle plume. An alternative geodynamic model suggested by Miller et al.,
(2015) invokes the presence of an upper-mantle plume composed of a main sub-vertical
branch below the Canaries from which another highly tilted branch towards the Atlas Ranges
emerges. This model also suggests that the Canary plume is a common origin for upper-
mantle upwellings below the Atlas Ranges and the Rif Mountains. We note, however, that
this model requires the existence of an eastward background mantle flow. Moreover, it lacks
resolution within and below the MTZ and consequently, provides no interpretation of the
deeper structure.

Instead of the above models, we propose a scenario in which the upper-mantle upwellings
L1, L2 and L3 originate from hot material ponded at the very top of the lower mantle, below
the 660-km mantle discontinuity (or ‘660”). This endothermic phase transition is expected to
resist upward flow, opposing the penetration of lower-mantle material into the upper mantle.
In some places, such as the Canaries, the Atlas Ranges and the Gibraltar Arc, thermal
instabilities seem to have successfully developed into ‘secondary’ mantle upwellings, which
cross the MTZ and rise into the upper mantle (Cserepes and Yuen, 2000; Tosi and Yuen,
2011). Our tomographic model suggests that material below the MTZ spreads laterally from
below the Canaries to the Atlas Ranges and the Gibraltar Arc (see Fig. 6k-1; Fig. 7d, e, g). The
ponded material has a geographical overlap with the northern area of the Central Atlantic
Hotspot Province (CAP), which spans from the central-eastern Atlantic near the Canary-Cape
Verde hotspots to north-western Africa. It has been suggested that the CAP has been fed by a

broad plume since at least 90-100 Ma (Oyarzun et al., 1997).
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Tomographic (e.g., Boschi et al., 2007; Montelli et al., 2004) and analogue (Davaille et
al., 2005) models are consistent with a mantle plume originating at the core-mantle boundary
below the CAP, and stalling at the M7Z, and secondary upper-mantle upwellings rising below
the Canary hotspot (in addition to Cape Verde, Great Meteor and Azores, which are outside of
our study region). Geochemical analyses of Tertiary-Quaternary alkaline basalts from the
central-eastern Atlantic and western Mediterranean suggest a unique long-lived reservoir with
a typical OIB-HIMU signature below the entire area (e.g., Hoernle et al., 1995; Lustrino and
Wilson, 2007; Piromallo et al., 2008). Below the Canaries, the HIMU component appears to
have its clearest fingerprint, whereas it becomes more diluted by a sub-lithospheric
component (Bell et al., 2004; Cadoux et al., 2007; Hoernle et al., 1995; Lustrino and Wilson,
2007; Wilson and Downes, 1991) or mixed with shallower depleted astenospheric reservoirs
(e.g., Gasperini et al., 2002) moving northeast towards Morocco, Iberia and Central Europe.
Receiver-function (e.g., Bonatto et al., 2015; Lawrence and Shearer, 2006; Spieker et al.,
2014) and PP/SS precursor (e.g., Deuss, 2007; Houser et al., 2008; Saki et al., 2015) analyses
found a significant M7Z thinning below the low-velocity anomalies identified in our study
area, namely in the Canaries (~240 km), Atlas Ranges (~240 km) and Gibraltar Arc (~220-
240 km). However, some contradictory results have been obtained below the Atlas Ranges.
While the 410 km discontinuity has been found overall to be deeper than average, some
discrepancies exist for the topography of the ‘660°. Below the Western Atlas, Bonatto et al.,
(2015) found a slightly elevated ‘660°’. In contrast, the study of Spieker et al., (2014) detected
no variation in depth of the ‘660°. However, Deuss (2007) suggested that a deeper 410km
discontinuity together with an unaffected ‘660’ might be consistent with hot upwellings rising
from the lower into the upper mantle. In addition, previous studies have also suggested a
mantle temperature excess of ~150-350 K below Morocco and the Gibraltar Arc (Bonatto et
al., 2015; Sun et al., 2014) and ~100-400 K below the Canaries ( Saki et al., 2015). These
results are in agreement with a scenario of multiple hot upwellings beneath the Ibero-western
Maghreb region, sourced from a hot layer ponded below the MTZ, which in turn is fed by the

Central Atlantic mantle plume.
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Our new model is also consistent with previous global tomographic studies (e.g., Karason
and van der Hilst, 2001; Simmons et al., 2012, 2010; Tesoniero et al., 2015), which image a
broad low-velocity body in the lower mantle, originating at the core-mantle boundary below
the CAP and tilting north-eastward towards the surface. However, global studies are unable to
resolve the smaller-scale heterogeneities that we have retrieved in our body-wave
tomography. Figure 8 shows a comparison between our regional model and the global model
LLNL of Simmons et al., (2012). The blob-like upper-mantle slow anomalies imaged in the
LLNL model become well-resolved multiple vertical upwellings in our model, sourced from
the large-scale lower-mantle plume below the CAP.

Numerical models show that a lower-mantle plume with a strongly temperature-
dependent rheology may be deflected horizontally just below an endothermic phase transition,
where it forms a localized thermal boundary layer that can trigger smaller-scale upper-mantle
upwellings (e.g., Bossmann and Van Keken, 2013; Cserepes and Yuen, 2000; Kumagai et al.,
2007; Tosi and Yuen, 2011; van Keken and Gable, 1995). A sharp decrease in viscosity from
the lower to the upper mantle will cause a drop in the width of the rising upwellings (100-200
km diameter for upper-mantle upwellings and 1000-2000 km diameter for lower-mantle
plumes), as well as an increase in ascent rate (Kumagai et al., 2007; Leng and Gurnis, 2012;
van Keken and Gable, 1995). The decrease in the width of the upwellings from the lower to
the upper mantle that we infer in our model is thus to be expected from the viscosity contrast
between lower and upper mantle (Fig. 8). In the lower mantle, if the viscosity contrast
between plume and surrounding material is high enough, then the ponded material may flow
laterally as far as ~1000 km (Tosi and Yuen, 2011).

Finally, laboratory experiments that explore the behaviour of plumes across the M7Z have
shown that narrower upwellings can develop above a hot stagnant lower-mantle plume, with
hot material ponding underneath the M7Z (“rebirth mode”, see Kumagai et al., 2007).
Analogue models predict a spacing between narrow upper-mantle upwellings of 500-1200 km
(Kumagai et al., 2007), consistent with the distances that we obtain between anomalies L/ and

L2-L3.
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5.2.Interaction with the Gibraltar slab

Our results show that L4 and L5 surround the retreating Gibraltar slab and are clearly
connected with L3 (Fig. 6 and 7). Their location, approximately below the basal lithospheric
steps south and north of the Alboran basin (Fullea et al., 2010), makes edge-driven convection
a plausible mechanism for their origin. However, as discussed in Section 5.1., if edge-driven
convection were to generate low-velocity anomalies, one would expect such anomalies to be
of small scale and localised under the lithospheric steps (e.g., Ballmer et al., 2015).

A hypothesis consistent with the imaged anomalies is that L3 is deflected by mantle flow
driven by the Gibraltar slab (/7). Numerical and laboratory subduction models (Funiciello et
al., 2006; Li and Ribe, 2012; Piromallo et al., 2006; Schellart, 2008; Stegman et al., 2006;
Strak and Schellart, 2014) show that a narrow rolling-back slab induces strong quasi-toroidal
mantle flow around the lateral slab edges. We propose that the toroidal component of slab
rollback-induced mantle flow entrained hot upwelling mantle material from the sub-slab
domain (L3), directing hot material around the lateral slab edges to below the eastern Betics
and eastern Rif. Fast polarization directions of SKS-waves (Buontempo et al., 2008; Diaz et
al., 2015, 2010; Miller et al., 2013) show a general trend of slab rollback-induced toroidal
mantle flow in the Gibraltar region. Fully dynamic models of interaction between a slab and a
sub-slab mantle upwelling have shown that the quasi-toroidal mantle flow driven by the slab
can transport the hot material around the lateral slab edges even before the slab comes in
contact with the upwelling (Mériaux et al., 2016, 2015b). Subduction-induced quasi-toroidal
mantle flow has both a lateral and an upward component (Strak and Schellart, 2014).
Therefore, the interaction between deeply sourced hot upper-mantle upwelling (L3) and slab-
induced quasi-toroidal and upward flow may explain the vigorous Cenozoic volcanism in the
Betic-Rif area (Duggen et al., 2009, 2005; El Azzouzi et al., 2010; Lustrino and Wilson,
2007). In this case, the upward mantle flow induced by slab rollback would have facilitated

decompression melting. The absence of recent volcanic activity may result from the very slow
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slab movement today (Neres et al., 2016; Serpelloni et al., 2007; Stich et al., 2006).
Subduction models show that subduction velocity strongly decreases when the downdip tip of
the slab reaches the M7Z. Our tomography model images a subvertical slab in contact with
the MTZ, therefore we can expect a negligible present-day subduction velocity. The strong
decrease in subduction velocity would naturally lead to a decrease in subduction-induced
mantle flow velocity and rates of upward motion (Strak and Schellart, 2014), thereby causing

the cessation of volcanism in the Betic-Rif area.

5.3. Wider geodynamic context

In agreement with previous regional studies, our tomographic model shows pervasive
low-velocity anomalies in the upper mantle below the Ibero-western Maghreb region (Bezada
et al., 2013; Bonnin et al., 2014; Chevrot et al., 2014; Monna et al., 2013) (Fig. S1 and S2).
We find multiple upper-mantle upwellings (L7, L2, L3, <250 km diameter) that rise directly
from the lower mantle, through the M7Z, below the Canaries, Atlas Ranges and Gibraltar Arc.
We also identify another two upwellings (L4, L5) around the Gibraltar slab beneath the
eastern Rif and eastern Betics. The material in these two anomalies may be sourced from L3
and therefore ultimately fed by the material ponded below the M7Z.

The mantle heterogeneities that we image are reminiscent, in shape and geochemistry, to
those found in central Europe under the French Massif Central (Granet et al., 1995) and Eifel
in Germany (Ritter et al., 2001). Although the resolution is poor in the north-eastern part of
our model, we note that the L5 anomaly continues north-eastward at asthenospheric depths
below the Valencia Trough (L6) (Fig. 6). We speculate that hot mantle material from L5 may
be guided towards the thinned Valencia Trough and through the eastern Pyrenees, connecting
to mantle upwellings distributed below Central Europe, similar to the model proposed on a
wider scale by Oyarzun et al. (1997). In addition, mantle upwellings L2, L3 and L5, together
with strong subduction-induced mantle flow, may connect around portions of thickened

lithosphere, skirting the high-velocity bodies below the Moroccan Meseta (H5), Anti Atlas
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(H6), Western Iberia (H3) and pieces of detached lithosphere below the Southern Pyreenes
(H4).

Figure 9 summarises the geodynamic model that we propose for the Ibero-western
Maghreb region. The simplified features do not capture all the complexity of the actual
imaged structure. Nevertheless, they provide a schematic view of the mantle dynamics
involved in the generation of the low-velocity anomalies discussed. A unique lower-mantle
source, together with the interaction of narrower upper-mantle upwellings with upper-mantle
flow induced by the sinking Gibraltar slab, is consistent with geological, seismological, and
geochemical observations and explains the widespread low-velocity anomalies imaged in our
model, as well as the observed surface volcanism.

Similar mechanisms invoking the connection of a deep broad plume with smaller-scale
upwellings in the upper mantle, have been proposed before for the Azores, Canaries and
Cape-Verde hotspots in the Atlantic ocean (Hoernle et al., 1995; Saki et al., 2015) and for
East Africa below the Main African Rift and Afar (Civiero et al., 2016, 2015). The additional
complexity that results from the upwelling-slab interaction has also been reported for other
regions, namely for Yellowstone, where a plume may be deflected by Cascadia subduction-
induced mantle flow (Kincaid et al., 2013), and for the Samoa-Tonga system, where Samoa
mantle plume material flows around the northern lateral edge of the Tonga slab (Druken et al.,
2014; Smith et al., 2001; Turner and Hawkesworth, 1998).

A comparison of our tomographic images with numerical models will help to
conclusively establish the extent to which rollback of the Gibraltar slab has impacted active
mantle upwelling in the sub-slab domain, as well as the timing and areal extent of the

processes.

6. Conclusions

We combined P-wave arrival-time residual data from 18 experiments in the Ibero-western

Maghreb region to obtain a new tomographic model, which extends from the surface down to
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the uppermost lower mantle. We use the velocity model PRISM3D as a starting model down
to the base of the MTZ and the global model LLNL from the base of the MTZ down to a depth
of 800 km.

From our results, we infer the presence of upper-mantle upwellings below the Canaries,
the Atlas Ranges and the Gibraltar Arc. These upwellings are continuous from the topmost
upper mantle to ~800 km depth and appear to be connected to a broad and strong low-velocity
anomaly in the lower mantle. Other strong mantle upwellings are imaged around the Gibraltar
slab, below the eastern Betics and eastern Rif.

The resolved structure suggests the existence of multiple upwellings in the upper mantle,
with a common deep source below the Canaries, which is likely to be the Central Atlantic
plume. The ascent of hot material appears to stall below the MTZ and then rise in the form of
thinner upwellings through the upper mantle. Subduction-induced quasi-toroidal mantle flow
associated with the Gibraltar slab transports deeply-sourced material from below the slab
towards its lateral slab edges. Upward flow due to slab rollback may have facilitated
decompression melting, thereby providing a source for Cenozoic volcanism in the Betics and

Rif.
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Figure 1. (A) Topography of the Ibero-western Maghreb region with the geographic features
mentioned in the text marked up. CC: Calatrava volcanic province; CF: Cofrentes province; GB:
Gorringe Bank. Cenozoic volcanic centres are represented with red triangles (modified from Lustrino
and Wilson, 2007). (B) Simplified tectonic map of the Ibero-western Maghreb region. Relevant
structural features (modified from Mauffret, 2007) are shown with black lines. The red arrow
indicates the oblique GPS velocity (mm/yr) relative to the stable Iberia (Eurasia) reference frame
(Fernandes et al., 2003; Serpelloni et al., 2007). Yellow circles represent seismicity (mb > 5.0)
(International Seismological Centre, On-line Bulletin, http://www.isc.ac.uk, Internatl. Seismol. Cent.,
Thatcham, United Kingdom, 2015). GA4: Gibraltar Arc. (C) Location of the Ibero-western Maghreb
region along the Eurasia-Africa plate boundary. The red line shows the plate boundaries (from Bird,

2003).
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Figure 2. Distribution of seismic

stations (green symbols in main map) and events (red dots in inset

global map) used in this tomographic study. The stations are coded according to their network and
cover an area extending from the Pyrenees in the north to Morocco and the Canaries in the south. The
six labelled stations are those for which residuals are shown in Figure S4. Seismic experiment and

station information can be found

in Supplemental Information Tables ST1 and ST2.
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Figure 3. Depth slices through the starting model used for our tomographic inversion (PRISM3D
down to 660 km depth and LLNL in 660-800 km depth range). (a) 20 km depth slice through the
velocity model PRISM3D; (b) 400 km depth slice through the velocity model PRISM3D; (c) 700 km
depth slice through the velocity model LLNL. (d) 1D laterally averaged depth-dependent version of
PRISM3D and LLNL model, used as a reference model for plotting the starting model and our final P-
wave model.
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Figure 4. Checkerboard resolution tests for our tomographic study, using an alternating pattern of
high- and low-velocity anomalies of ~140 km width and 0.5 km/s in amplitude separated by a region
of zero perturbation. In this case, velocity perturbations are plotted relative to the 3D starting model.
(a, b) Input model at 300 km and 630 km depth respectively. ¢, d) P-velocity structure at 300 km and
630 km depth respectively. The same raypaths and inversion parameters that are used in the inversion
of the observations are used here. Gaussian noise of 0.1s standard deviation is added to the synthetic
dataset to mimic the noise in the observations. Crustal structure is grey-shaded. These tests indicate a
good resolution through the upper mantle for most of the region of interest, with the exception of the
oceanic domain north of the Canaries and western African craton. (e, f, i, j) Vertical cross-sections



oriented east-west (e, 1) and south-north (f, j), through the input model (orientations of the profiles are
shown in depth slice a). (g, h, k, 1) Vertical cross-sections through the recovered model. Resolution is
good at least down to the base of the M7Z in Iberia and north-western Morocco, with smearing along
rays at the edges of the region, especially beneath the oceanic domain.
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Figure 5. Structural resolution test for our tomographic study, using synthetic vertical low-velocity
structures below the Canaries, the Atlas Ranges and the Gibraltar Arc and horizontal low-velocity
layers below the MTZ (-0.5 km/s amplitude). Velocity perturbations are plotted relative to the 3D
starting model. (a) Map view of the input model at 200 km depth. (b, d, f) Input model through
vertical cross-sections oriented west-east below the Canaries, the Atlas Ranges and the Gibraltar Arc
respectively. Orientations of the profiles are shown in depth slice a). (c, e, g) Vertical cross-sections
through the recovered model. The same raypaths and inversion parameters that are used in the
inversion of the observations are used here and Gaussian noise of 0.1s standard deviation is added to
the synthetic dataset to mimic the noise in the observations. Crustal structure is grey-shaded.
Although an amount of smearing upward and downward is present, the vertical and horizontal bodies
can be distinguished fairly well.
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Figure 6. Depth slices through the tomographic P-wave model (damping = 5, smoothing = 5) at depths
between 70 and 730 km. High-velocity anomalies mentioned in the text are identified in panel ¢ and
low-velocity anomalies are identified in panel d. Velocities are plotted relative to the /D model
illustrated in Figure 3d. The dashed black line is drawn on the basis of the checkerboard test shown in
Figure S7 and delimits the well resolved region. These maps show that the low-velocity anomalies L/,
L2 and L3 extend throughout the upper mantle and below the MTZ, whereas L4 and L5 remain mostly
confined to the upper mantle and surround the curved high-velocity body H1.
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Figure 7. Vertical cross-sections through our P-wave model (damping =5, smoothing = 5). Locations
of the profiles are indicated with black lines in the 250 km depth slice (h). Topography profiles (from
Smith and Sandwell, 1997) and geographic names are shown above each cross-section. Velocities are
plotted relative to the /D model illustrated in Figure 3d. The thick dashed black line is drawn on the
basis of the checkerboard test shown in Figure S7 and delimits the well resolved region. Relevant
anomalies are identified in each profile. (a) Cross-section AA’ cuts through subvertical mantle
anomaly L3 and through high-velocity bodies H/ and H2 below the Gorringe Bank and Alboran Sea.
(b, ¢) BB’ and CC’ are cross-sections through H/ and through low-velocity anomalies L4 and L5. (d)
Section DD’ cuts the tilted structure L/ below the Canaries and L2 below the High Atlas. Note the
width and continuity of L2 from near the surface to MTZ depths. (e) Cross-section EE’ cuts the L1 and
L3 deep upwellings, H2 and the L5 upwelling. (f) Section FF’ provides a view of the high-velocity
anomalies H3 and H4. (g) GG’ is a cross-section through the northern part of the L/ anomaly and the
L2 features. This profile shows the connection between L/ and L3 below the MTZ. We focus our
attention on anomalies deeper than 50 km, where crossing rays are more abundant.
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Figure 8. Comparison of global tomographic model LLNL (Simmons et al., 2012) and our regional P-
wave model. (a, b) Vertical cross-sections through LLNL model. Location of the two profiles is shown
in map view (c). (c) 450 km depth slice through LLNL model. (d, e) Cross-sections through our P-
wave model with the same orientation as on a and b, respectively. (f) 450 km depth slice through our
P-wave model. The red boxes in a, b and ¢ indicate the limits of the corresponding regional P-wave
model (this study). White points indicate the distance every 2°. Names of low-velocity anomalies L /-
L3 are indicated in red. The high-resolution model of this study better resolves small-scale low-
velocity anomalies compared to the large low-velocity structure observed in the LLNL model. These
relatively small-scale low-velocity anomalies appear to be rooted in the broad lower-mantle low-
velocity anomaly seen in the LLNL model. Note that we image sub-vertical low-velocity features that
model LLNL is not able to resolve.
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Figure 9. Schematic cartoon of the proposed geodynamical scenario based on our P-wave
tomographic model. The two different mechanisms explaining the nature of the low-velocity features
imaged are sketched separately in regions 9b and 9c. The thick red contours indicate the low-velocity
anomalies; the thick blue contours represent the high-velocity anomaly. 190 km is the reference depth
used to draw the low- and high-velocity features. The continuity of the anomalies at deeper depths has
been drawn following their limits in the depth slices of Figure 6. (a) Map view through our P-wave
model showing the location of regions b and ¢ with red and blue boxes respectively. (b) Region
including the Canaries, western Morocco and the southern part of the Gibraltar Arc system. We
interpret the low-velocity structures L/, L2 and L3 we image through the M7Z as small-scale mantle
upwellings fed by a lower-mantle source of hot material likely coming from CAP. (c) Region
including the Gibraltar Arc System. We suggest that quasi-toroidal mantle flow induced by the
retreating Gibraltar slab (H/) pushes material from mantle upwelling L3 towards its lateral slab edges
where the low-velocity anomalies L4 and L5 are found. Note that the lateral component of the
subduction-induced quasi-toroidal flow is shown by large black arrows and the upward component is
shown by small black arrows.
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