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Abstract

When a mantle plume rises from the deep mantle and reaches the base of a tectonic plate, it changes the traveling direction

from vertical to horizontal. The horizontal spread of plume material is often radially asymmetric. The plume found below

the Canary Hotspot is an example. Previous studies have suggested that the channeling of the Canary Plume toward the

westernmost Mediterranean (Alboran Sea) may have contributed to the high elevation of the Moroccan Atlas Mountains while

regional upwelling and edge-driven convection are proposed as other candidates to explain the topography. Since mantle flow can

develop seismic anisotropy, in this study we incorporate anisotropy as a priori constraint in teleseismic P-wave tomography. Our

improved tomography result favors the hypothesis that the lateral travel of Canary Plume material supports the isostatically

unstable Moroccan Atlas.
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Key Points: 13 

• Teleseismic P-wave tomography considering anisotropy is used to study the origin of low-14 

velocity anomalies found below the Moroccan Atlas.  15 

• We incorporate anisotropy as a priori constraint in tomography and show the reduction of low-16 

velocity anomalies below the Moroccan Atlas. 17 

• Lateral travel of plume materials from Canary Hotspot can be a source of low-velocity anomalies.  18 
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Abstract  20 

When a mantle plume rises from the deep mantle and reaches the base of a tectonic plate, it changes the 21 

traveling direction from vertical to horizontal. The horizontal spread of plume material is often radially 22 

asymmetric. The plume found below the Canary Hotspot is an example. Previous studies have suggested 23 

that the channeling of the Canary Plume toward the westernmost Mediterranean (Alboran Sea) may have 24 

contributed to the high elevation of the Moroccan Atlas Mountains while regional upwelling and edge-25 

driven convection are proposed as other candidates to explain the topography. Since mantle flow can 26 

develop seismic anisotropy, in this study we incorporate anisotropy as a priori constraint in teleseismic P-27 

wave tomography. Our improved tomography result favors the hypothesis that the lateral travel of Canary 28 

Plume material supports the isostatically unstable Moroccan Atlas.   29 

Plain Language Summary  30 

The propagation velocity of seismic waves is sensitive to temperature. Low seismic velocities in the 31 

mantle found from seismic tomography, a technique to image the velocity structure of inner Earth with 32 

seismic waves, are commonly interpreted as high-temperature or hydrous regions in the mantle. As a 33 

result, seismic tomography has been the primary tool for revealing mantle structures such as hot plumes 34 

rooted in the deep mantle that play significant roles in the mantle dynamics. Previous studies have shown 35 

that the risen plume materials can drag the surrounding mantle and consequently cause directional 36 

dependence of the seismic velocities, which also affects the results of the seismic tomography in addition 37 

to temperature and hydrous conditions. This study improves the quality of seismic tomography results by 38 

considering such directional dependence of wave speeds in the mantle in order to elucidate the evolution 39 

of the mantle plume and its interaction with the upper plate in Morocco. The imaged low-velocity conduit 40 

below the high-altitude Moroccan Atlas indicates lateral travel of the mantle plume originated from the 41 

Canary Hotspot in northwest Africa, which may have dragged the surrounding mantle beneath the 42 

Moroccan Atlas.  43 

 44 

1. Introduction 45 

Since Wilson (1963) suggested the existence of mantle plumes to explain the Hawaiian island 46 

chain, the vertical rise of the buoyant mantle from the deep mantle and consequent decompression 47 

melting near the surface have been considered a mechanism of hotspots (e.g., Morgan, 1971; Sleep, 48 

1990). The buoyancy of the hot mantle primarily comes from the temperature, and, therefore, there have 49 

been many attempts to better constrain the mantle plume structure using seismic tomography as the high-50 



 

 

temperature mantle is imaged as low-seismic-velocity anomalies (e.g., DePaolo & Manga, 2003; French 51 

& Romanowicz, 2015; Humphreys et al., 2000; Montelli et al., 2006; Nolet et al., 2007; Ritter et al., 52 

2001; Zhao, 2007). When the plume reaches the base of a plate, it has to deflect its direction of travel 53 

from vertical to sub-horizontal. However, the horizontal spread of the plume is not always radially 54 

symmetric. Instead, previous studies have suggested that the plume material can be dragged by or can 55 

drag the direction of the surrounding mantle flow (e.g., Ito et al., 2014; Ribe & Christensen, 1994, 1999; 56 

Richards & Griffiths, 1988; Sleep, 1990; Thoraval et al., 2006). Consequently, this lateral travel of mantle 57 

plume can extend hundreds to thousands of kilometers while accommodating magmatism and the 58 

development of (sea) mountain systems on the upper plate. For instance, it has been proposed based on 59 

geophysical and geochemical data that the Afar and Réunion hot plumes are horizontally (or laterally) 60 

channeling beneath Arabia (e.g., Bagley & Nyblade, 2013; Chang & Van der Lee, 2011; Hansen et al., 61 

2012) and the western Indian Ocean (e.g., Barruol et al., 2019; Füri et al., 2011; Morgan, 1978; Sleep, 62 

2008), respectively. The lateral travel of the mantle plume from the Juan Fernández hotspot has been 63 

suggested to explain low-velocity anomalies found below the Nazca Plate in Chile (e.g., Portner et al., 64 

2017). The lateral channeling of the plume from the Canary Hotspot Islands (28°N, 16°W) toward the 65 

westernmost Mediterranean (i.e. Alboran Sea) has been also suggested as an origin of the low-velocity 66 

anomalies beneath Morocco (Duggen et al., 2009; Miller et al., 2015) while other scenarios such as edge-67 

driven-convection and delamination-initiated local upwelling have alternatively been suggested as their 68 

origin (Kaislaniemi & van Hunen, 2014; Missenard et al., 2006; Missenard & Cadoux, 2012). Utilizing 69 

teleseismic P-wave tomography, this study serves as a case study that examines various scenarios 70 

including the lateral channeling of Canary Plume while exploring a detailed deep mantle structure of the 71 

High and Middle Atlas Mountains based on seismic anisotropy developed by the evolution of mantle 72 

flow.  73 

1.1. Tectonic Framework of the Moroccan Atlas and Its Deep Structure 74 

The High and Middle Atlas Mountains (hereinafter, Moroccan Atlas or the Atlas Mountains) are 75 

an intra-continental mountain range that extends from the Atlantic coast of southwest Morocco to the 76 

northeastern border between Morocco and Algeria (Figure 1a). Although it is not at a convergent 77 

boundary, the Atlas mountain ranges are one of the highest mountains in Africa. The mountains formed as 78 

a result of the inversion of Triassic-Jurassic age grabens when Africa converged with Eurasia during the 79 

Cenozoic (Arboleya et al., 2004; Brede et al., 1992; Gomez et al., 1998; Piqué et al., 2002; Teixell et al., 80 

2003). However, the estimated tectonic shortening due to the compression during the Eocene and 81 

Pliocene-Quaternary is not enough to support the topography of the Atlas (Beauchamp et al., 1999; Frizon 82 



 

 

de Lamotte et al., 2000; Gomez et al., 1998; Teixell et al., 2003, 2009). Previous studies suggested no 83 

deep crustal root (Ayarza et al., 2005; Miller & Becker, 2014; Missenard et al., 2006; Sandvol et al., 84 

1998) and thinned lithosphere beneath the mountains (Anahnah et al., 2011; Ayarza et al., 2005; Miller & 85 

Becker, 2014; Missenard et al., 2006; Sun et al., 2014; Teixell et al., 2003, 2005; Timoulali et al., 2019; 86 

Zeyen et al., 2005). Detailed geophysical investigations further found a conduit of the low-velocity 87 

anomalies below the mountains (Bezada et al., 2014; Calvert et al., 2000; Fullea et al., 2010; Miller et al., 88 

2015; Palomeras et al., 2014; Seber et al., 1996; Timoulali et al., 2015). These investigations conclusively 89 

interpret that the buoyancy, which comes from the hot mantle, is supporting the high topography of the 90 

mountains instead of a crustal root. The presence of a hot mantle is consistent with the intra-plate alkali 91 

Cenozoic magmatism in Morocco (Figure 1b) (Anguita & Hernán, 2000; Lustrino & Wilson, 2007; 92 

Teixell et al., 2005). The first volcanic activity took place 40 – 67 Ma (Figure 1b, yellow triangles), and 93 

the second volcanic activity, which is much more voluminous, took place ~30 Ma (Figure 1b, red 94 

triangles).  95 

To explain the loss of mantle lithosphere and the origin of the hot mantle, lithospheric 96 

delamination has been proposed, but what initiated the delamination has not met a consensus yet between 97 

a few hypotheses (Table 1): 1) crustal thickening and consequent mantle upwelling after the delamination 98 

(Ebinger & Sleep, 1998; Fullea et al., 2010; Lustrino & Wilson, 2007; Ramdani, 1998), 2) development 99 

of small-scale edge-driven convection (EDC) in the mantle between the West-African Craton and Atlas 100 

lithosphere (Kaislaniemi & van Hunen, 2014; Missenard & Cadoux, 2012), and 3) travel of Canary 101 

mantle plume (28°N, 16°W), which may have removed the base of the lithosphere below the Atlas 102 

(Anguita & Hernán, 2000; Duggen et al., 2009; Miller et al., 2015; Miller & Becker, 2014; Sun et al., 103 

2014). The travel of Canary Plume material toward the Alboran Sea and consequent lithospheric 104 

delamination is more consistent with the geochemical analysis (Anguita & Hernán, 2000; Duggen et al., 105 

2009) and shear-wave splitting (SWS) observation (Buontempo et al., 2008; Diaz et al., 2010; Miller et 106 

al., 2013; Miller & Becker, 2014). The geochemical analysis of mafic lavas from the Middle Atlas 107 

showed that it shares similar geochemical properties with ones from the Canary Islands (Anguita & 108 

Hernán, 2000; Duggen et al., 2009). Duggen et al. (2009) further suggested the mantle suction due to the 109 

rollback of the Alboran slab found below the Alboran Sea (the westernmost Mediterranean) may have 110 

become a driving force for the lateral travel of mantle plume. Meanwhile, based on waveform modeling, 111 

Sun et al. (2014) suggested a possible presence of the low-velocity column beneath the Middle Atlas, and 112 

Miller et al. (2015) suggested that the uprising plume conduit has been branched out based on results from 113 

receiver function analysis.  114 



 

 

1.2. Seismic Anisotropy evidenced by SWS observations 115 

The observation of SWS based on dense seismic coverage in Morocco and its vicinity is an 116 

inevitable piece of evidence of seismic anisotropy in the region (Buontempo et al., 2008; Diaz et al., 117 

2010; Miller et al., 2013; Miller & Becker, 2014). The observed delay time (dt) is < 1 second in the High 118 

Atlas and it gradually increases to ~2 seconds in NE Morocco. The observed fast polarization direction 119 

(FPD) of the Middle Atlas and High Atlas is generally oriented in the NE direction (Figure 1b) (Diaz et 120 

al., 2010, 2015; Miller et al., 2013). The predominant source of seismic anisotropy inferred from the SWS 121 

data is the lattice preferred orientation (LPO) of olivine in the mantle rock. Since mantle flow can develop 122 

LPO, investigating seismic anisotropy provides a useful insight into the orientation of mantle flow (e.g., 123 

Christensen, 1984; Fouch & Rondenay, 2006; Ismaı̈l & Mainprice, 1998; Silver, 1996).  124 

At the same time, seismic anisotropy can influence seismic travel times and be consequently 125 

imaged as velocity anomalies (e.g., Bezada et al., 2016; Blackman Donna K. & Kendall J.-Michael, 1997; 126 

Eberhart-Phillips & Mark Henderson, 2004; Ishise & Oda, 2005; Lloyd & Van der Lee, 2008; Wu & 127 

Lees, 1999). When mantle rocks experience shear stress, the seismically fast direction (SFD) (i.e., a-axis) 128 

of A-type olivine aligns subparallel to the direction of maximum shear (i.e., the direction of mantle flow) 129 

(e.g., Anderson, 1989; Hirth & Kohlstedt, 2003; Ismaı̈l & Mainprice, 1998; Kaminski & Ribe, 2002; 130 

Tommasi et al., 1999). As a result, assuming a simplified hexagonal symmetry for olivine anisotropy, the 131 

mantle with SFD aligned subparallel to the surface (or plate) (i.e., aligned perpendicular to the traveling 132 

direction of teleseismic rays) can be imaged as low-velocity anomalies. Conversely, the mantle with SFD 133 

aligned perpendicular to the surface (or plate) (i.e., aligned parallel to the traveling direction of 134 

teleseismic rays) can be imaged as high-velocity anomalies. For sub-horizontal orientations of LPO, 135 

seismic anisotropy can be mapped in isotropic tomography as low-velocity anomalies, in addition to the 136 

warmer and hydrous mantle (e.g., Faccenda & Capitanio, 2012; Hu et al., 2017; Kaminski & Ribe, 2002; 137 

Lee et al., 2021).  138 

Thus, given the observations of SWS, we attempt to decipher the current mantle configuration by 139 

taking advantage of the LPO of A-type olivine developed by mantle flow. As different configurations of 140 

mantle flow are expected by various tectonic scenarios suggested for the region, exploring seismic 141 

anisotropy may shed light on how mantle flow is configured currently and where the low-velocity 142 

anomalies beneath the Atlas Mountains and NE Morocco come from. Furthermore, we try to examine the 143 

contribution of seismic anisotropy to the P-wave low-velocity anomalies found beneath Morocco (Figure 144 

1c) that have been interpreted as mantle materials with a possibly excessive temperature or partial melt 145 

regardless of suggested origins. 146 



 

 

 147 

2. Data, Method, and Anisotropy Models 148 

2.1. Data and Method 149 

We use the tomographic inversion method of Bezada et al. (2014) and the data of 76,524 delays 150 

from 332 events recorded by 398 stations in the Iberian Peninsula and Morocco (triangles of Figure 1b 151 

and Figure S1). After we obtain the reference arrivals based on the AK135 velocity model (Kennett et al., 152 

1995), we determine the delay times from cross-correlation (VanDecar & Crosson, 1990) in three 153 

different frequency bands (0.3, 0.5, and 1.0 Hz). These delays are inverted for the tomographic inversion 154 

using the hybrid ray-tracing method, introduced by Bezada et al. (2013), which combines iterative ray 155 

tracing and finite-frequency kernels. The ray-tracing inside the velocity model is carried out by 156 

accounting for 3D structure using a method based on graph theory (Hammond & Toomey, 2003; Toomey 157 

et al., 1994), and outside of the modeled volume is 1D. For depths above ~80 km, we implement the 158 

surface wave tomography model of Palomeras et al. (2014) as a starting model.  159 

To incorporate seismic anisotropy in the tomographic inversion, we include a hypothetical 160 

anisotropy model as an a priori constraint instead of inverting for anisotropy in the tomographic model 161 

(i.e., full anisotropic inversion). For each iteration, we calculate travel times through the previous 162 

isotropic velocity model with the chosen anisotropy and subtract these values from the observations. This 163 

assumes that the delay times imposed by the hypothetical seismic anisotropy model have been removed 164 

from the observed delays and so the new set of delay times is considered as purely coming from the 165 

isotropic structure, which allows us to carry the isotropic inversion. Using synthetic and real data, Bezada 166 

et al. (2016) and Lee et al. (2021) have shown that this approach is a functional alternative to the full 167 

anisotropic inversion. We expect a reduction in model norm and delay time misfit if our anisotropy model 168 

is a good approximation of the true anisotropy field in the mantle (Bezada et al., 2016).  169 

2.2. Anisotropy Models 170 

We accommodate various scenarios as the source for the thinned lithosphere beneath the 171 

Moroccan Atlas into five different anisotropy models (Table 1): Upwelling (UpW) (Ebinger & Sleep, 172 

1998; Fullea et al., 2010; Lustrino & Wilson, 2007; Ramdani, 1998), Edge-drive convection (EDC) 173 

(Kaislaniemi & van Hunen, 2014; Missenard & Cadoux, 2012), Lateral conduit (Lateral) (Anguita & 174 

Hernán, 2000; Duggen et al., 2009; Miller & Becker, 2014), OneStem (one upwelling stem of the lateral 175 

conduit of Canary Plume below the Middle Atlas) (Sun et al., 2014), and TwoStems (two upwelling stems 176 

below the Middle Atlas and northeast (NE) Morocco, respectively) (Miller et al., 2015).  177 



 

 

Table 1. Description of anisotropy models 178 

Source of the thinned 

lithosphere  

Crustal 

thickening 

Edge-driven 

convection 
Travel of Canary Plume 

Model name UpW EDC Lateral 
Plume branches 

OneStem TwoStems 

Spatial and depth 

distributions 

The distribution of low-velocity 

anomalies at 60 – 160 km 

The distribution of low-velocity anomalies at 

60 – 160 km  

with upwelling stem at 160 – 200 km  

Anisotropy field To reproduce 1 second of delay time 

Consistency with the 

observed SWS 
x x √ √ √ 

 179 

2.2.1. Spatial and Depth distribution  180 

All of our anisotropy models are based on the spatial and depth distributions of the low-181 

velocity anomalies found from the result of isotropic tomography (Figure 1c and Figure S2). To 182 

explore the contribution of seismic anisotropy to the low-velocity anomalies in Morocco, we 183 

hypothetically assume that the low-velocity anomalies, which are slower than 2% P-wave 184 

velocity perturbation (dVp/Vp) below the Moroccan Atlas and NE Morocco, solely come from 185 

the seismic anisotropy (Figure 1c and Figure S2). As we find such low-velocity anomalies at 60 – 186 

160 km depth, we assume that seismic anisotropy is predominantly distributed at 60 – 160 km 187 

depth (Figure S2), except for anisotropy models OneStem and TwoStems. Anisotropy model 188 

OneStem has a stem portion representing the uprising hot mantle column beneath the Middle 189 

Atlas (Sun et al., 2014) while model TwoStems has an additional stem beneath NE Morocco 190 

(Miller et al., 2015) (Figure 2 and Figure S3). The stems are at 160 – 200 km depth and are 191 

represented by cylindrical columns with 100 km diameters specifically centered at station PM22 192 

(33.30°N, 5.11°W) for both OneStem and TwoStems for the Middle Atlas region while 193 

TwoStems have another stem centered at station PM39 (34.89°N, 2.61°W) for and NE Morocco 194 

(i.e., the only difference between OneStem and TwoStems is that TwoStems have one more stem 195 

centered at station PM39 in the NE Morocco region) (Figure 2).  196 

2.2.2. Anisotropy field 197 

The magnitude of anisotropy in the models is uniform and homogeneous for all 198 

anisotropy models and it is estimated to reproduce the observed 1.0-second delay time, which is 199 

the mean of observed delay time within the study area, from 60 – 160 km depth for a vertically 200 



 

 

incident S wave (black-dashed box in Figure 1c) (Diaz et al., 2010, 2015; Miller et al., 2013) 201 

except for the stems of the anisotropy model OneStem and TwoStems. As stems extend to 200 202 

km depth, the stem portions are set to reproduce a 1.0-second delay from 60 – 200 km depth. To 203 

convert the observed SWS time into the anisotropy model for P-wave tomography, we multiply a 204 

factor of 1.51 by S-wave velocity anisotropy (AVs) to obtain P-wave velocity anisotropy (AVp) 205 

(i.e., AVp/AVs = 1.51) based on elastic tensors of natural peridotite sample (Hammond & 206 

Toomey, 2003; Kern, 1993) and the estimated magnitude of anisotropy is 6.7% while it is 4.8% 207 

for the stem portions of OneStem and TwoStems.  208 

2.2.3. Consistency with observed SWS 209 

Seismic anisotropy can be mapped as velocity anomalies in isotropic tomography 210 

depending on the orientation of SFD of A-type olivine. As we expect SFD to be vertically aligned 211 

(i.e., parallel to the ray path) when the mantle is upwelling, we implement the SFD to be 212 

vertically aligned for the anisotropy model UpW and upwelling portion of the EDC as well as for 213 

the stems of the OneStem and TwoStems models (Figure 2 and Figure S3). For the horizontally 214 

circulating portion of EDC, the SFD is aligned at -45° to the north approximately considering the 215 

location of the North African cratonic edge as previous studies have suggested (Kaislaniemi & 216 

van Hunen, 2014; Missenard & Cadoux, 2012). For the SFD of the anisotropy model Lateral as 217 

well as the non-stem portion of OneStem and TwoStems, we interpolate the observed FPD of 218 

SWS into a fine grid to reflect the change of FPD (Figure 1b) assuming all of the SFD are aligned 219 

parallel to the surface.  220 

 221 

3. Results 222 

3.1. Residual Time and Model Norm 223 

We find insignificant changes in the residual time when we consider different anisotropy models 224 

compared to the isotropy model (denoted as Isotropy) (Table 2). For the Moroccan Atlas and NE 225 

Morocco (31.0° – 35.5° latitude, -8.0° – -1.5° longitude; black-dashed box in Figure 1c), the residual time 226 

of the isotropic velocity model is 0.245 seconds while it is 0.253, 0.258, 0.247, 0.248, and 0.249 seconds 227 

for UpW, EDC, Lateral, OneStem, and TwoStems, respectively. Although the changes are very small, the 228 

residual time of EDC is increased most (by ~5%) compared to that of the Isotropy case. 229 

Meanwhile, we find moderate changes in the model norm within the study area at 60 – 200 km 230 

depth. We note that the anisotropy models UpW, EDC, and Lateral are placed at depths of 60 – 160 km, 231 



 

 

but we compare the model norm within 60 – 200 km depth for the study region (31.0° – 35.5° latitude, -232 

8.0° – -1.5° longitude; black-dashed box in Figure 1c) as the stems of OneStem and TwoStems extend to 233 

200 km depth. We find a reduction of the model norm from including anisotropy model Lateral (0.463), 234 

OneStem (0.498), TwoStems (0.503) compared to the model norm of Isotropy (0.560) (Table 2). In 235 

contrast, we find an increase in the model norm from UpW (0.765) and EDC (0.617). As a result, 236 

compared to Isotropy, the model norm of UpW has increased by ~35% while Lateral has decreased the 237 

most, by ~15%.  238 

Table 2. Results of the isotropy and five different anisotropy models 239 

Model Name Isotropy UpW EDC Lateral OneStem TwoStems 

RMS Residual Time (s) 0.245 0.253 0.258 0.247 0.248 0.249 

Model Norm 0.560 0.765 0.617 0.463 0.498 0.503 

MSAT Misfit (s) 1.098 1.098 1.103 0.678 0.691 0.721 

 240 

3.2. P-wave Tomography 241 

For the High Atlas, we observe insignificant changes in the low-velocity anomalies between the 242 

isotropic and anisotropic tomographies except for UpW (‘H’ in Figure 3g – l). The High Atlas region of 243 

UpW the model shows an increase in low-velocity anomalies by ~0.5 dVp/Vp %.  244 

In the Middle Atlas region, compared to the model Isotropy, we also find minor changes in the 245 

low-velocity anomalies for the shallower depth (< 90 km) except for UpW, which shows an increase in 246 

low-velocity anomalies by ~0.5% (‘M’ in Figure 3g – l). For the deeper depths (i.e., 90 – 160 km), 247 

models Lateral and EDC show a ~2% reduction in the low-velocity anomalies while UpW shows more 248 

than a 1.5% increase in the low-velocity anomalies (Figure 3 and Figure S4). However, model EDC 249 

shows a dramatic increase in the low-velocity anomalies in the northern region of the Middle Atlas where 250 

model EDC has SFD aligned vertically reflecting the upwelling portion of mantle convection (Figure2, 251 

Figure 3c, Figure S3, and Figure S4). In the deeper depth below the Middle Atlas region, we observe a 252 

blob of a high-velocity anomaly at depth of 300 – 400 km from both the isotropic and anisotropic models 253 

(‘D’ in Figure 3g – l).  254 

Among the three regions of High Atlas, Middle Atlas, and NE Morocco, we observe the most 255 

significant changes below the NE Morocco region (Figure 3 and Figure S4). For all models except for the 256 

UpW and deeper depth of TwoStems (i.e., 125 – 200 km depth), we find a decrease in the low-velocity 257 

anomalies. Among the anisotropic models that show the decrease in the low-velocity anomalies, model 258 



 

 

Lateral shows the most reduction of up to ~2% in the low-velocity anomalies from 90 km to the deeper 259 

depth. Model EDC shows a similar reduction above 90 km to Lateral, but reduction becomes ~1% below 260 

90 km depth which is similar to the reduction of OneStem. Model UpW and TwoStems, which has an 261 

extra stem portion in NE Morocco in comparison to OneStem, present an extension of the low-velocity 262 

column to a depth of ~300 km while this low-velocity column is greatly reduced in EDC, Lateral, and 263 

OneStem compared to the isotropic model (Figure 2 and Figure 3).  264 

3.3. Predicted SWS 265 

To predict the SWS produced by the anisotropy models, we utilize the Matlab Seismic 266 

Anisotropy Toolbox (MSAT) (Walker & Wookey, 2012) (see details in Lee et al. (2021)) (Figure 4 and 267 

Figure 5). We measure the vector difference between observed and predicted SWS as a misfit. As null 268 

splitting is expected when SFD is aligned parallel to the ray path (i.e., vertically aligned SFD to the 269 

surface), we find no splitting from the Isotropy and UpW as well as the upwelling portion of EDC. The 270 

MSAT misfits for both Isotropy and UpW are 1.098 seconds while EDC has the largest misfit of 1.103 271 

seconds (Table 2). We find the best misfit from Lateral, 0.678 seconds followed by OneStem (0.691 s) 272 

and TwoStems (0.721 s). As the stem portions of OneStem and TwoStems have the SFD aligned 273 

vertically (darker gray circles in Figure 4), the splitting above the stem regions is smaller than for model 274 

Lateral and this leads the misfit to be larger than in the same locations for model Lateral.  275 

 276 

4. Discussion 277 

4.1. Analysis of residual time, model norm, and SWS misfit 278 

From the results of residual time, model norm, and SWS misfit of the Isotropy model and five 279 

different anisotropic models, we find that model Lateral can be considered the best among the anisotropy 280 

models. As shown in Bezada et al. (2016), a good approximation of anisotropy structure in tomographic 281 

inversion will result in reductions in the travel time residuals and model norm. From all of the anisotropy 282 

models, we find insignificant changes (< 5%) in travel time residuals compared to Isotropy. Among the 283 

anisotropic models, we find the closest time residuals from Lateral (0.247 s) to Isotropy (0.245 s) 284 

followed by OneStem (0.248 s) and TwoStems (0.249) (Table 2 and Figure 5) while we find the most 285 

increased residuals from model EDC (0.258 s). In terms of the model norm, including model Lateral 286 

reduces the model norm the most, by over 15%, compared to Isotropy. We still find a reduction in model 287 

norm from One Stem (0.498 and ~10%) and TwoStems (0.503 and ~10%). In contrast, we find the largest 288 

increase from UpW (0.765), by ~37%, followed by EDC (0.617), which shows a ~10% increase. The 289 



 

 

misfit result between observed and predicted SWS is consistent with the change in residual time and 290 

model norm: the misfit of SWS from Lateral (0.678 s) is about 40% smaller than Isotropy (1.098 s). 291 

Having upwelling stems beneath the Middle Atlas (i.e., OneStem, 0.691 s) and NE Morocco (i.e. 292 

TwoStems, 0.721 s) produces larger misfits than Lateral, which has no upwelling-associated SFD in the 293 

model. Jointly considering the changes in the three metrics of residual time, model norm, and SWS misfit, 294 

we find that the model Lateral is the best approximation of anisotropic structure among the five 295 

anisotropy models. We note, however, that we find a slightly larger model norm and SWS misfit while 296 

the residual time is only marginally different from OneStem compared to the result of Lateral. It also 297 

suggests that model OneStem may also be a good approximation of anisotropy structure in the study 298 

region. At the same time, our results strongly suggest that UpW and EDC are not good approximations of 299 

anisotropy structure in the region, as none of the three metrics are improved over the model Isotropy. 300 

Consequently, as Lateral represents the lateral travel of the Canary plume while OneStem comes with one 301 

branch, we learn that the current configuration of the mantle is most consistent with the travel of the 302 

Canary plume as a source of low-velocity anomalies found beneath Morocco (Figure 7).  303 

4.2. Origin of the low-velocity anomalies 304 

Our results show that the higher reductions in the residual time, model norm, and SWS misfit, are 305 

accompanied by the reduction in the low-velocity anomalies beneath the Middle Atlas and NE Morocco; 306 

specifically at depths greater than 90 km (Figure 6, Figure S4, and Figure S5). The reduction in the low-307 

velocity anomalies is only observed from the anisotropy models whose SFD are aligned subparallel to the 308 

surface (i.e. Lateral, horizontally convection portion of EDC, and OneStem beneath NE Morocco), not 309 

from ones whose SFD are aligned perpendicular to the surface (i.e., UpW, vertical convection portion of 310 

EDC, the stem locations of OneStem and TwoStems). Compatible with the results from the three metrics 311 

(section 4.1.) this may imply that the mantle flow is currently configured parallel to the surface (or plate) 312 

in the region. In other words, our results favor anisotropy in the mantle that may have developed by the 313 

lateral travel of the Canary Plume traveling toward the Alboran Sea (Anguita & Hernán, 2000; Duggen et 314 

al., 2009; Miller et al., 2015; Miller & Becker, 2014; Sun et al., 2014) instead of the regional or local 315 

upwelling after lithospheric delamination (Ebinger & Sleep, 1998; Fullea et al., 2010; Kaislaniemi & van 316 

Hunen, 2014; Lustrino & Wilson, 2007; Missenard & Cadoux, 2012). In addition, the undisturbed low-317 

velocity anomalies below the High Atlas and shallower depths (< 90 km) of the Middle Atlas and NE 318 

Morocco regardless of incorporating anisotropy suggest that these anomalies may not solely be a product 319 

of seismic anisotropy. This may indicate that the imaged low-velocity anomalies come from other sources 320 

of seismically slow mantle conditions such as high temperature and hydrous mantle (Figure 7).  321 



 

 

4.3. High-velocity structure in the deeper depth beneath the Middle Atlas 322 

When we compare the isotropic and five anisotropic results, we find unchanged high-velocity 323 

anomalies below the Middle Atlas at 300 – 400 km depth (denoted as ‘D’ in Figure 3g – l). Similar to the 324 

unchanged low-velocity anomalies in the shallow depth, we consider that this is not an artifact of 325 

unconsidered anisotropy, but rather a true high-velocity structure. Bezada et al. (2014) has shown the 326 

same high-velocity structure and it has been interpreted as the delaminated lithosphere. As our results 327 

indicate that mantle upwelling is a less favorable scenario in the study region, we are more convinced that 328 

the travel of the Canary plume may have initiated the lithospheric delamination. However, unfortunately, 329 

it is difficult to conclusively determine the source of delamination and, therefore, further studies on the 330 

blob of high-velocity anomalies and their origin will be helpful.  331 

4.4. Origin of the complex SWS in NE Morocco 332 

Unlike the Moroccan Atlas regions, the observed SWS times in the area increase to be ~ 2 333 

seconds, and FPD is irregular and not consistent with the suggested direction of mantle flow in NE 334 

Morocco. The change in observed SWS compared to the Moroccan Atlas region may be related more to 335 

the location of the Alboran slab below the Alboran Sea (the high-velocity anomalies found below the 336 

Alboran Sea in Figure 1c, Figure 3a – f, Figure S4, and Figure S5) (e.g., Bezada et al., 2014; Calvert et 337 

al., 2000; Diaz et al., 2010; Miller et al., 2015) and the toroidal mantle flow due to the slab rollback (e.g., 338 

Alvarez, 1982; Ayarza et al., 2005; Bezada et al., 2016; Civello & Margheriti, 2004; Faccenda & 339 

Capitanio, 2012; Hu et al., 2017; Long & Becker, 2010; Lee et al., 2021; Long & Silver, 2008; Russo & 340 

Silver, 1994). Based on our study, it is difficult to separately quantify how much anisotropy is developed 341 

by the lateral travel of the Canary plume or rollback of the Alboran slab. Also, despite the facts that 1) it 342 

has been suggested that the subduction of the Alboran slab and its retreat/rollback may have created 343 

suction of the surrounding mantle (e.g., Duggen et al., 2009; Faccenna et al., 2005) and 2) the moving 344 

direction is well aligned with the absolute mantle flow direction suggested by the global model of Conrad 345 

& Behn (2010), which predicts NE-SW-directed mantle flow in the study region, exploring the driving 346 

mechanism for the extensive distance (~1500 km) for plume travel is beyond the scope of our study.  347 

4.5. Role of seismic anisotropy in tomography for temperature interpretations 348 

To explore the influence of seismic anisotropy on interpretations of mantle conditions below the 349 

Moroccan Atlas and NE Morocco, we estimate the temperature of the mantle from the velocity anomalies 350 

based on the temperature derivatives with Vp of Cammarano et al. (2003). We choose model Lateral to 351 

compare with Isotropy as our results suggest that it is the best approximation to the true anisotropy 352 



 

 

structure in the region among the anisotropy models tested (Figure S5). To keep the pressure to be 353 

constant at 4 GPa approximately, we choose the 125-km-depth-slice of our velocity model, in which the 354 

change of velocity anomalies is significant between the isotropic and anisotropic tomographies (Figure 3 355 

and Figure 6). For this depth, the approximate dry solidus of peridotite is ~1570 °C (Hirschmann, 2000) 356 

while the solidus of 5-bulk-wt-% hydrous peridotite is ~1400 °C (Katz et al., 2003). We also assume that 357 

the ambient temperature of the mantle at this depth is ~1300 °C based on the study of MORB (Herzberg 358 

et al., 2007). At 125 km depth below the High Atlas, the estimated temperature is 1300 – 1500 °C (Figure 359 

6) for both Isotropy and Lateral. This implies that melt is possibly present depending on the water content 360 

of the mantle in this depth. For the Middle Atlas, the estimated temperature of the isotropic velocity 361 

anomalies is up to ~200 °C above the dry solidus of peridotite. In contrast, the estimated temperature 362 

considering seismic anisotropy is below the dry solidus of peridotite. Similar to the High Atlas, the 363 

presence of melt is possible depending on the water content of the mantle, but it does not need to be 364 

present. For NE Morocco, we find a temperature of ~ 1530 °C from the isotropic model while it is ~ 365 

1350 °C from the anisotropic model. In other words, the presence of melt is not necessary for the 366 

anisotropic model below NE Morocco. In summary, for the isotropic model, the presence of melt is 367 

necessary for the Middle Atlas regardless of the water content of the mantle; in contrast, when anisotropy 368 

is considered, the presence of melt is possible in all regions depending on the hydration condition of the 369 

mantle. Relatively high temperatures below both the High and the Middle Atlas can be related to the 370 

recent voluminous magmatism during 1.8  – 0.5 Ma (Anguita & Hernán, 2000; Duggen et al., 2009; 371 

Teixell et al., 2005). But, further studies will be needed to understand better the relationships between the 372 

mantle temperature derived from velocity perturbation and the previous volcanic activities in High Atlas, 373 

Middle Atlas, and NE Morocco. 374 

 375 

5. Conclusions  376 

Although previous studies have suggested various possible origins for the low-velocity anomalies 377 

supporting the rootless Atlas Mountains in Morocco, a consensus has not yet been reached. Mantle flow 378 

can develop seismic anisotropy and it is observed by shear wave splitting, which has been studied in the 379 

region. Therefore, in this study, by incorporating five representative anisotropy structures in the P-wave 380 

teleseismic tomography, we attempt to examine the current configuration of the mantle to help us infer 381 

the tectonic evolution and the origin of the low-velocity anomalies. When we include seismic anisotropy 382 

as an a priori constraint in the tomography, we find the best result in residual time, model norm, and 383 

SWS misfit from the anisotropy model reflecting the lateral travel of the Canary plume. In contrast, we 384 



 

 

find the least favorable results by including an anisotropy model representing a local upwelling. 385 

Simultaneously, we observe that the low-velocity anomalies in the isotropic model are partially produced 386 

by unaccounted-for seismic anisotropy beneath the Middle Atlas as well as NE Morocco, which may 387 

mislead interpretations of current conditions in the mantle.  388 
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Figure 1. (a) The physiographic features of the regional map. The red rectangle shows the study area. 655 

Black lines with sawteeth show the location of the thrust fault. The solid-red box presents the area shown 656 

in Figures 1b and 1c. (b) The observation of shear wave splitting (SWS) (Diaz et al., 2010; Miller et al., 657 

2013) at stations (white triangle). The length of the blue bar indicates the SWS time while the orientation 658 

represents the fast polarization direction (FPD). The yellow and red triangles show the approximated 659 

location of volcanoes that erupted during 67 – 35 Ma and 15 – 0.6 Ma, respectively (Teixell et al., 2005). 660 

(c) The depth slice of isotropic P-wave tomography at 75 km for the study region, showing extensive low-661 

velocity anomalies across the Moroccan Atlas and NE Morocco. The black-dashed box indicates the 662 

region used in the analysis of this study.    663 



 

 

  
  

  
  

  
  

  
 U

p
W

 

 

 
E

D
C

 

 

L
a
te

ra
l 

 

  
  
  
  

  
O

n
eS

te
m

  

 

  
  

T
w

o
S

te
m

s 

 



 

 

Figure 2. The five anisotropy models used in this study. Each model is placed below the High Atlas, the 664 

Middle Atlas, and NE Morroco at 60 – 160 km depth except for OneStem and TwoStems that the stem 665 

portions extend to 200 km depth. The shape and depth distribution are taken from the distribution of low-666 

velocity anomalies in the isotropic tomography that are  -2.0% of dVp/Vp (Figure S2). The length of the 667 

bar represents the field of anisotropy. The orientation of the bar represents the seismically fast direction 668 

(SFD) of the anisotropy model and it is colored by azimuth and dip. Figure S3 shows zoom-in views. 669 

  670 



 

 

671 

672 

 673 



 

 

Figure 3. (a) – (f) The tomographic slices at 125 km depth of the isotropy and anisotropy models. The 674 

black dashed line in (a) presents the cross-sectional line ([31N, 8W] to [35N, 2W]) for (g) – (l), which 675 

show cross-sectional views of each model. The black thick-dashed lines in (g) – (l) is the base of low-676 

velocity anomalies observed from model Lateral (k). The regions denoted by ‘H’, ‘M’, and ‘NE’ in (g) – 677 

(l) are High Atlas, Middle Atlas, and NE Morocco, respectively.  678 
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 680 

Figure 4. Predicted SWS by MSAT. The light-gray shaded area represents the spatial distribution of 681 

anisotropy models while the darker-gray circles in OneStem and TwoStems represent the locations of the 682 

stems.  683 

 684 

 685 

 686 

Figure 5. Bar graphs that show the changes in RMS residual (blue), model norm (orange), and MSAT 687 

misfit representing SWS (yellow) in % compared to the isotropy model within the black-dashed-line box 688 

in Figure 1c at 60 – 200 km depth.  689 
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 690 

Figure 6. The change of (a) topography; (b) observed delay time from SWS (Diaz et al., 2010; Miller et 691 

al., 2013); (c) change in dVp/Vp at 125 km depth for the isotropy tomography (black line) and anisotropy 692 

tomography including model Lateral (blue line); (d) estimated temperature from the isotropy tomography 693 

(black line) and anisotropy tomography (blue line) based on the temperature derivatives of Vp 694 

(Cammarano, 2013) at 125 km (4 GPa) along with the black solid line in Figure 3a ([31N, 8W] to 695 

[35N, 2W]). The dry solidus is at 1570C (Hirschmann, 2000), and the 5-bulk-weight-% hydrous 696 

solidus is at 1400C (Katz et al., 2003).  697 

 698 

 699 



 

 

 700 

Figure 7. A schematic view for the lateral travel of the Canary plume. It shows that the lateral travel of 701 

the Canary Plume has entrained the mantle below and may have developed seismic anisotropy 702 

consequently beneath the Atlas Mountains while the toroidal mantle flow generated by the rollback of the 703 

Alboran slab may contribute to the observed seismic anisotropy by SWS. The scale is not absolute.  704 
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