
1. Introduction
Orogenic belts form primarily at convergent margins when the velocity of subduction is slower than the velocity 
of convergence (e.g., Faccenna et al., 2021). This may be due to a decrease in the buoyancy of the subducting 
slab, for example, related to the arrival at the trench of continental lithosphere or an oceanic plateau (e.g., Cloos 
& Shreve, 1988; Royden & Faccenna, 2018), or due to a stalling of the trench (Faccenna et al., 2017; Russo & 
Silver, 1996). However, some orogenic belts form far away from convergent margins. This is usually associated 
with the propagation of compressional stress for some hundreds of kilometers from the margin. This may be 
induced by flat subduction, which causes a broadening of the deformed zone, as in the Laramide-Western Cordil-
lera of the Andes (DeCelles et al., 2014; Isacks et al., 1968). Alternatively, intraplate compression can also be 
caused by the transformation of a nearby convergent margin into a hard-collisional one, for example, for the Pyre-
nees, Caucasus, Alborz, Kopet Dagh, and Tien Shan (Ballato et al., 2011). In any case, shortening localizes along 
pre-existing zones of weakness, likely where the lithospheric mantle is removed, causing a significant strength 
drop. This may be due to a prior extensional phase, provided that the time lag between the two deformational 
phases is short enough to avoid thermal resetting to other mantle processes or both.

Formation of intracontinental orogenic belts may then provide information about intraplate stress propagation 
(i.e., plate tectonic forcing), strain localization processes and lithospheric weakening due to mantle dynamics 
(i.e., lithospheric removal, plume-like upwelling). Disentangling the interplay of those processes is complicated 
by crustal structural heterogeneities and different spatial wavelengths and timescales at which these processes 
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occur. However, three processes are fundamental to capture the dynamics of intracontinental orogeny: (a) crustal 
deformation, (b) topography evolution, and (c) thermal evolution and magmatism.

Here, we discuss the case of the High-, Middle Atlas and Anti Atlas of Morocco as a natural laboratory, a 
well-documented site to understand the potential feedback between mantle dynamics and crustal deformation. The 
current Atlas setting shows evidence of dynamic surface uplift (Babault et al., 2008; Faccenna & Becker, 2020; 
Miller & Becker, 2014; Miller et al., 2015; Missenard & Cadoux, 2012; Teixell et al., 2005), volcanism (Berger 
et al., 2008; Berger, Ennih, et al., 2009; Berger, Liégeois, et al., 2009; Duggen et al., 2009), and crustal deforma-
tion (Ellero et al., 2012; Lanari et al., 2020a; Missenard et al., 2007) primarily occurring since Neogene.

Different models have been proposed for the origin of the high topography and volcanism, suggesting a mantle 
upwelling related to the Canary plume, which originates ∼1,000  km southwest of the Atlas system (Civiero 
et al., 2018; Duggen et al., 2009), lithospheric thinning by delamination-peel back lithosphere, viscous dripping, 
plume-like mantle upwelling (Missenard et al., 2006; Ramdani, 1998; Zeyen et al., 2005), or edge driven convec-
tion (Missenard & Cadoux, 2012), but the linkage between crustal shortening (including inherited structures), 
volcanism, and lithospheric thinning/mantle upwelling, and their timing has not been hitherto addressed.

The aim of this paper is to explore the connections between the Miocene crustal shortening, volcanism, and 
mantle dynamics in the Atlas. We discuss three sets of observations that are derived by integrating previous data 
with new analyses and inferences. First, we analyze the main geologic constraints of crustal and thermal evolution 
of the belt using three cross sections. Second, we analyze the topography at different wavelengths using admit-
tance analysis, and estimating the residual topography. Third, we present new petrology and geochemistry data 
together with new ages on the Anti Atlas (Siroua and Saghro) volcanic fields. Petrological interpretations are also 
placed into a broader context, at the scale of the whole Atlas system, to better constrain the Miocene period of 
Moroccan volcanism (Figure 1).

From those three data sets, we infer that: (a) crustal deformation and exhumation accelerated during the middle/
late Miocene, contemporaneous with the resumption of volcanism; (b) volcanism has an anorogenic signature 
with a deep source; (c) a dynamic deep mantle source supported the high topography. Volcanism, uplift, and 
crustal deformation occurred contemporaneously from the late Miocene onward. Lastly, we conducted simple 
numerical tests to investigate the connections between mantle dynamics and crustal deformation. Such models 
are geared toward a better understanding of general processes rather than perfectly replicating the details and 
specific history of the Atlas system. These efforts and our results lead us to propose a new model, where a mantle 
upwelling and related volcanism weaken the lithosphere and favor crustal shortening, that is localized along 
pre-existing structural fabrics due to plate convergence (e.g., Lanari et al., 2020a, 2020b; Skikra et al., 2021).

2. Tectonic, Volcanism, Topography and Deep Structure in the High and Anti Atlas
2.1. Tectonic and Exhumation

The High Atlas trends WSW-ENE for 650 km and can be subdivided into Western, Central and Eastern High 
Atlases. The Western and Central High Atlas topography rises to 4 and 3.5 km, respectively. The Anti Atlas 
extends with the same trend for ∼400 km reaching 2.5 km of elevation (Figure 1a). The Western High Atlas 
and the Anti Atlas are linked by the Siroua volcanic field, which rises over 3 km in elevation (Figure 1). The 
overall structural setting of the High and Middle Atlas, as for all of NW Africa, is dominated by a dextral shear 
zone (Soumaya et al., 2018) as a consequence of the oblique tectonic transport direction (Dewey et al., 1989). 
Transpressional tectonics has been documented both in the Middle and High Atlases (Ellero et al., 2012; Gomez 
et  al.,  1998; Lanari et  al.,  2020b). Here, Cenozoic inversion reactivated several inherited structures from the 
Triassic-Jurassic, resulting in strain partitioning with oblique-slip faults in the inner portion and thrust-related 
folding in the frontal region of the belt (Delcaillau et al., 2011; Ellero et al., 2012; Lanari et al., 2020b). Along the 
High Atlas, despite the oblique tectonic transport direction, the degree of transpression vanishes eastward (Lanari 
et al., 2020b). Thus, the Central High Atlas range is structurally dominated by folding-and-thrusting faults rather 
than oblique-slip faults (Calvín et al., 2018; Teixell et al., 2003, 2017). In turn, this complex deformation style 
affects the amount of total shortening, which changes along the strike. NNW-SSE sections present shortening 
estimates ranging from ≈14 km (17%–20%, Domènech et al., 2016; Fekkak et al., 2018) and 12–15 km in the 
WHA (15%–21%, Domènech et al., 2016; Lanari et al., 2020a; Missenard et al., 2007; Teixell et al., 2003) to 
30–34 km in the Central High Atlas (30%, Beauchamp et al., 1999; Gomez et al., 2000; Teixell et al., 2003). 
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In the WHA, the amount of shortening rises to ≈25 km when accounting for oblique-slip deformation (Lanari 
et al., 2020b).

In the Atlas, field geological surveys and thermochronological studies indicate that compression started during 
the late Eocene (Frizon de Lamotte et al., 2009; Leprêtre et al., 2015, 2018). The main surge of compression 
started in the middle-late Miocene (Figures  1c and  1d; Balestrieri et  al.,  2009; Barbero et  al.,  2007,  2011; 
Domènech, 2015; Domènech et  al.,  2016; Ghorbal,  2009; Ghorbal et  al.,  2008; Lanari et  al.,  2020b; Lanari, 
Boutoux, et al., 2023; Missenard et al., 2008) and persisted at lower rates until recent times (Arboleya et al., 2008; 
Tesòn & Teixell, 2008). To the north, along the Rif, cooling ages indicate a lower-middle Miocene exhumation 
phase (Figures 1c and 1d) (Azdimousa et al., 2014). In the High Atlas, the amount of exhumation also changes 
along the strike. In the WHA, apatite fission-track (AFT) and zircon (U-Th)/He ages constrain the amount of 

Figure 1. (a) Topographic map of North West Africa. Rectangles with dashed contours (AA’, BB’, CC’, and DD’) indicate the traces of the swath profiles shown in 
Figure 9. (b) Schematic geological map of the High Atlas and Anti Atlas of Morocco. Red lines (aa’, bb’, and cc'c”) indicate the traces of the geologic section shown in 
Figure 2. FWHA, Far Western High Atlas; WHA, Western High Atlas; CHA, Central High Atlas; EHA, Eastern High Atlas; AA, Anti Atlas; MA, Middle Atlas; EMM, 
Eastern Moroccan Meseta; WMM, Western Moroccan Meseta (c, d) Apatite (U-Th)/He (AHe) cooling ages and apatite fission-track cooling ages from previous studies 
(see references in Lanari, Boutoux, et al., 2023).
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exhumation to 4–6 km, whereas non-reset AFT ages in the Central High Atlas suggest that the exhumation did 
not exceed 3 km (Lanari et al., 2020b).

In the Anti Atlas, landform analyses based on unconformities or tilted surfaces indicate a late-Miocene uplift 
(Guimerà et  al.,  2011; Hssaine & Bridgland,  2009) that is coeval with a late Miocene volcanic event and 
the consequent emplacement of two volcanic fields: the Siroua in the western, and the Saghro in the eastern 
(Figure  1) (Berrahma et  al.,  1993; Guimerà et  al.,  2011). Overall, Miocene deformation is not documented 
along the Anti Atlas, with the exception of a large E-W strike slip fault cross-cutting Miocene Siroua volcanics 
(Lanari et al., 2020a). In the Anti Atlas, cooling ages are remarkably old, suggesting slow and limited exhumation 
during the Neogene (Figures 1c and 1d) (Charton et al., 2020; Gouiza et al., 2017; Lanari et al., 2020b; Malusà 
et al., 2007; Oukassou et al., 2013; Ruiz et al., 2011; Sebti et al., 2009). Lastly, the Quaternary evolution of the 
Anti Atlas is still poorly constrained compared to the WHA where morphological and seismotectonic evidence 
indicate uplift and deformation (e.g., Boulton et al., 2014; Meghraoui et al., 1999; Pastor et al., 2012; Sébrier 
et al., 2006). Volcanism ceased after 2 Ma (Berrahma et al., 1993; Delaloye, 1989) and morphological features 
suggest a waning of uplift since ∼2 Ma (Lanari et al., 2022).

2.2. Volcanism

Jurassic, Paleogene, and Neogene/Pleistocene volcanism is widespread all-over northwestern Africa and southern 
Spain (Figure 1; Casalini et al., 2022; Duggen et al., 2009; Mattei et al., 2014; Turner et al., 1999), but only the 
most recent events occurred concurrently with the High- and Middle-Atlas orogenic evolution. Mafic Neogene/
Pleistocene volcanic products are found all along the Atlas belts and on the Mediterranean coast (e.g., Siroua, 
Saghro, Middle Atlas, Guilliz, Gourougou and Oujda-Oranie; Figure 1). Anti and Middle Atlas volcanics include 
alkaline and subalkaline rocks characterized by Sr-Nd isotopic composition that suggests a lithospheric mantle 
origin (Baziotis et al., 2019; Berger et al., 2014; Berrahma & Delaloye, 1989; Berrahma et al., 1993; Chanouan 
et al., 2017; Choubert et al., 1968; El Messbahi et al., 2015; Malarkey et al., 2011; Natali et al., 2013; Raffone 
et al., 2009; Soukrati et al., 2021; Wittig, Pearson, Baker, et al., 2010; Wittig, Pearson, Duggen, et al., 2010). 
On the other hand, alkaline lavas from the Rif (Figure 1) are characterized by lower Sr and higher Nd isotopic 
ratios, with respect to the Anti and Middle Atlas rocks, which are more compatible with a sub-lithospheric mantle 
source (Duggen et al., 2005). Overall, Moroccan volcanism is primarily related to anorogenic magmatism, espe-
cially for the Middle and Anti Atlas, whereas in the northern sector the volcanism is subduction-related with the 

Figure 2. Geologic sections across the Western, Central, and Eastern High Atlas: the locations of the traces are shown in Figure 1b. (aa’) is from Lanari et al. (2020a). 
(bb’) and (c'c”) are modified after Teixell et al. (2003). (cc’) is modified after Arboleya et al. (2004). In the Western High Atlas, Cenozoic deformation occurred along 
steep oblique-slip faults that reactivated inherited structures across basement rocks, whereas in the Central and Eastern High Atlas, it occurred predominantly by folding 
and thrusting of thick Mesozoic sedimentary rocks.
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exception of a small occurrence of alkaline lavas from the Rif volcanic field with a clear anorogenic geochemical 
fingerprint (negative anomalies K, Zr, Hf, Ti in spider diagrams, at Guilliz, Oujida, and Gourougou; Duggen 
et al., 2009; El Azzouzi et al., 2014, 2010).

2.3. Topography and Deep Structure

The minimum amount of surface uplift estimates for the Anti-Atlas from uplifted relict landscape vary from 
500 m to more than 1,500 m in the western to the central Anti-Atlas sectors, and 1,150 m in the Siroua Massif, 
indicative of uplift since the middle-late Miocene (Figure 1; Clementucci et al., 2022). The peak of uplift is found 
in the Siroua area where additional uplift mechanisms appear superimposed onto a longer wavelength trend. To 
the north, the Western Moroccan Meseta is also characterized by rejuvenated topography, with transient adjust-
ment of hillslopes and fluvial channels to new uplift conditions. The magnitude of surface uplift increases from 
400–500 to 900 m and 1,100–1,200 m from the Western Moroccan Meseta to the Middle Atlas (Clementucci 
et al., 2022; Pastor et al., 2015). In addition, shallow marine deposits between the Middle Atlas and the Western 
Moroccan Meseta indicate a shallowing-upward trend at ∼7 Ma, representing an important marker to constrain 
the timing of uplift in this sector (Babault et al., 2008; Clementucci et al., 2023a, 2023b; Krijgsman et al., 1999).

The High Atlas topography and uplift estimates since the late Miocene are in contrast with modest crustal thick-
ening and limited amounts of exhumation that occurred during the same time (Lanari et al., 2020a, 2020b; Teixell 
et  al.,  2003). This suggests that contributions other than crustal isostasy are important (Babault et  al.,  2008; 
Missenard et  al.,  2006; Teixell et  al.,  2005). Seismology shows that the crust beneath the High Atlas ranges 
between 35 and 40 km, slightly deeper to the crustal thickness in the northern and southern areas, where it ranges 
between 33 and 36 km (Ayarza et al., 2005, 2014; Makris et al., 1985; Palomeras et al., 2017; Tadili et al., 1986). 
Receiver function analysis indicates crustal thicknesses in the WHA of 30–40 km, in the Central High Atlas of 
33–40 km (Mancilla & Diaz, 2015), and in the Eastern High Atlas between 30 and 35 km (Miller & Becker, 2014; 
Sun et al., 2014) or up to 50 km (Miller et al., 2015). P-wave travel times indicate the presence of a thin and/
or an extremely hot lithosphere beneath the High Atlas (Seber et al., 1996), and a hot asthenospheric anomaly 
underneath the Eastern High Atlas was inferred based on waveform modeling by Sun et al. (2014). Shear wave 
tomography for the crust and upper mantle indicates a lithospheric thickness of ∼80 km in the WHA and up to 
95 km beneath the Central High Atlas (Palomeras et al., 2017). Receiver function estimates suggest a lithospheric 
thickness of ∼100 km (Miller & Becker, 2014; Miller et al., 2015). Thermal and density models imply 70–90 km 
thick lithosphere (Zeyen et al., 2005).

3. Methods and Results
3.1. Topographic Analysis

We analyze topography using; (a) admittance, (b) filtered topography, and (c) residual topography estimates.

1.  We explore the correlation between observed topography (t) and free-air gravity data (g) (Bonvalot et al., 2012) 
as a function of wavenumber (k = 2π/λ) for the region shown in Figure 3a. To this end, we use a Thomson 
multiple-Slepian-taper spectral analysis method to obtain admittance (Z(k)) and coherence (γ 2(k)) functions 
from topography and gravity data (Simons et  al.,  2000; Thomson, 1982; Uluocak et  al.,  2016). We show 
the average values of the admittance (Z(k) = Sgt(k)/St(k)) with the standard deviations over wavenumbers, 
coherence (γ 2(k)  =  Sgt 2(k)/Sg(k)/St(k)) between topography and gravity is given as the average values (𝐴𝐴 𝛾𝛾

2 ) 
in Figure  3b. The spectral density functions (i.e., Sgt, St, and Sg) are calculated from the data, which are 
finite and non-periodic (i.e., t-topography and g-gravity) using the weighted average of the spectra corre-
sponding to the selected spectral windows (Pérez-Gussinyé et  al.,  2007; Şengül-Uluocak et  al.,  2019). In 
this method, windows with overlapping tapers provide a way to reduce the variance of the estimates with 
minimal spectral leakage. Taper numbers (2NW-1) are defined from the resolution bandwidth (NW) and the 
physical size of the data (N are the data samples in a Δt sampling interval). We use NW = 4 and 2NW-1 = 7 
(eigentaper numbers) by following the conventional approach in the multitaper method (Simons et al., 2000; 
Şengül-Uluocak et al., 2019). Although detailed bandwidth analyses are not the main focus here (cf. Simons 
et al., 2000), we note that small NW values lead to loss of information, while high values reduce the resolution 
in the wavenumber domain. Dynamic support of topography yields non-zero gravity admittance values at long 
wavelengths, whereas the increasing admittance at short wavelengths can be explained by uncompensated, 
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flexural support (e.g., McKenzie & Fairhead, 1997; Molnar & Houseman, 2015). Accordingly, the result-
ing admittance with a mean value of ∼50 mGal/km at long wavelengths (λ ≥ 150 km) might indicate the 
convective support for the topography due to the upwelling mantle beneath the region. In concordance with 
the good correlation between free-air gravity and topography at all wavelengths (𝐴𝐴 𝛾𝛾

2  = ∼0.7), Figure 3a shows 
the SW-NE orientation of gravity anomalies with the high values (∼≥150 mGal) localized over the Moroccan 
volcanic fields (i.e., Siroua and Saghro) implying dynamic support (e.g., Craig et al., 2011).

2.  In addition, to qualitatively test whether large wavelength processes are supporting the topography of the Atlas, 
we filtered the topography signal through a “circle average” consisting of averaging each pixel with areas with 
diameters of 10, 50, 100, and 150 km (Figures 4a–4d). This well-established method has been applied to 
several other locations (e.g., Apennines; Lanari, Reitano, et al., 2023; Carpathians; Molin et al., 2012) and 
qualitatively allows differentiating regional-scale features from short wavelength topographic characteristics 
supported by tectonic or elastic flexure (Roy et al., 2009; Wegmann et al., 2007). If the large wavelength 
topography matches the actual one, it is then possible to deduce that the actual topography is likely sustained 
by the mantle. On the other hand, if local faulting or crustal isostasy control the topographic evolution, only 
short wavelength-filtered topography is expected to resemble the modern one (e.g., D'Agostino et al., 2001). 
Overall, at long wavelengths, the high topography shows an elongated SW-NE oriented feature that peaks 
in the Central High Atlas. In the WHA, the high topography is shifted to the south over the Siroua volcanic 
field, whereas in the northern sectors, the high topography is in the southeastern part of the Middle Atlas 
(Figure 4a–4d).

3.  Lastly, we estimate the non-isostatic component of topography (residual) from a lithospheric thickness model 
(Figure 4e). We use the regional crustal thickness compilation by Diaz, Gallart, and Carbonell (2016), Díaz, 
Gil, et al. (2016) (Figure 4f) combined with the global crustal model CRUST1.0 (Laske et al., 2013). All 
topography estimates have the short wavelength structure removed by convolution with a Gaussian smoothing 
kernel of 6σ width of 250 km. Models assume a constant lithosphere thickness of 100 km and a reference 
density of 2,775 and 3,250 kg/m 3 for the crust and the lithospheric mantle, respectively. For one model, we 
allow for lateral variations in crustal density as inferred from the column averages of CRUST1.0 (Laske 
et al., 2013). The asthenospheric density value is set to minimize the residual in order to attribute the maximum 
possible topography variations to isostasy, and best fit values range from 3,202 to 3,210 kg/m 3 (Faccenna & 
Becker, 2020). Overall, residual topography estimates show a positive signal over the Atlas, which is flanked 
by two negative anomalies in the northwestern and southwestern of Morocco: in the western Rif and in the 
Sahara, where the crustal structures are less constrained. The maximum positive signal is ∼850 m beneath 
the Central High Atlas and extends up the Middle Atlas, while the negative signal reaches almost ∼1,200 m 
beneath the Rif (Figure 4e).

Figure 3. (a) Free-air gravity anomaly map obtained from Earth Gravitational Model-2012 (Bonvalot et al., 2012) with a 
50 × 50 km gridding interval (contours show the elevation in km). (b) Average variations of admittance function with the 
standard deviation that is calculated for the area shown in (a). 𝐴𝐴 𝛾𝛾

2 indicates the mean value of the coherence at all wavelengths.
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Figure 4. Filtered topography with 10 (a), 50 (b), 100 (c), and 150 (d) km average window. (e) residual topography from Civiero et al. (2020), (f) Crustal thickness 
form Crust1 and Díaz, Gil, et al. (2016), Black lines represent the trace of the sections. Red arrows indicate data of surface uplift from Clementucci et al. (2022).
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3.2. Petrographic, Geochemical and Geochronological Analysis

In the Anti Atlas, Cenozoic volcanism is restricted to the Siroua and the Saghro volcanic fields, which were active 
from 10.8 to 2.8 Ma (Berrahma & Delaloye, 1989; Berrahma et al., 1993). We focus on these Anti Atlas volcanic 
fields collecting and analyzing 13 new samples (Figure 5 and Table S2), with the aim to better constrain the age 
and affinity of the volcanism and its geodynamic significance.

The Siroua volcanic field is characterized by the occurrence of a well-developed strato-volcano, placed in the 
Northern portion of the volcanic field, associated with several monogenetic volcanoes mainly aligned along 
an East-West trend according to the main regional faults (Berrahma & Hernandez, 1985). The volcanic rocks 
emplaced through three pulses of volcanism (Berrahma & Delaloye, 1989). Pyroclastic rocks were dominated by 
lava flows in the main stratovolcano, whereas scoria cones and small linear lava flows dominated the monoge-
netic apparata of the southern sector (e.g., Berrahma & Delaloye, 1989; Bondi et al., 2002).

The Saghro volcanic field is characterized by the occurrence of several monogenetic volcanic apparata and domes 
arranged along two East-West alignments emplaced, analogously to Siroua, through three pulses of volcanism 
with volcanic products emplaced between 9.6 and 2.9 Ma (Berrahma et al., 1993).

On the collected samples, petrographic features, major and trace element compositions, Sr-Nd-Pb isotopic ratios, 
and new geochronologic ages were determined and then described below and summarized in Tables S2 and S3.

The four new K/Ar ages determined on mafic lavas yield ages between 8.6 and 2.4 Ma (Table S3) falling well 
within the range of ages found for Siroua and Saghro volcanic fields (Berrahma & Delaloye, 1989; Berrahma 
et al., 1993) if an exception is made for the one lava flow from Foum el Kouss that gave an age of 2.4 ± 0.1. The 
trachyandesite sample from Siroua yield an age of 2.8 ± 0.1 Ma. The three Saghro lavas from our study show 
progressively younger ages with increasing latitude, varying from 8.6 ± 0.3 Ma for the southernmost sample, for 
the Tlassem lava flows (AA13) to 5.4 ± 0.2 Ma, for the Ait Koukdene lavas (AA17), and 2.4 ± 0.1 Ma in the 
northernmost sector in the Ouarzazate basin, for the Foum el Kouss lava flows (AA21).

The studied volcanic rocks from Siroua and Saghro are alkaline, ranging from slightly (CIPW: ne = 2.21%–7.85%) 
to mildly (CIPW: ne = 13.9%–22.5%) silica-undersaturated, respectively. The samples from the Siroua volcanic 
field (Figure 5; diamonds) range in composition from trachyandesite to trachyte (Table S2). The trachyandesite 
(AA06) shows a porphyritic texture with phenocrysts represented by clinopyroxene, plagioclase, horneblende 
with opacitic rims, anorthoclase and rare olivine set in a microcrystalline intersertal groundmass mainly made of 
plagioclase and magnetite with subordinate clinopyroxene. Conversely, trachyte samples (i.e., AA03, AA04) are 

Figure 5. Detailed geological map of the central-eastern Anti Atlas with the location of previous and new samples.
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characterized by porphyritic texture with large anorthoclase phenocrysts and subordinate clinopyroxene, biotite, 
and opaque microphenocrysts, set in a groundmass of alkali feldspar, magnetite, and clinopyroxene.

Samples from the Saghro volcanic field (Figure  5; triangles) range in composition from olivine nephelinites 
through clinopyroxene nephelinite (ankaramite of Foum el Kouss) to phonolites (Table S2). Olivine nephelinitic 
lavas (i.e., AA13, AA14, AA15, and AA17) have sub-porphyritic to porphyritic textures, with abundant euhedral 
to subhedral olivine (15–20 vol.%) with subordinate clinopyroxene phenocrysts (AA17) set in a microcrystalline 
groundmass made of nepheline, clinopyroxene, olivine, and opaques. Samples from Ait Koukdene (i.e., AA 17) 
and Tlassem (i.e., AA13-15) show the occurrence of small phleocroic tiny crystals recalling the optical feature of 
biotite in the groundmass. Clinopyroxene nephelinitic lavas are from the northernmost flows of Foum el Kouss 
(i.e., AA18, AA19, AA20, and AA21) and they are characterized by porphyritic textures with intense weath-
ering features, with exception AA21 being one of the most fresh samples collected. In altered samples, olivine 
phenocrysts are often completely to partially transformed in iddingsite with clinopyroxene showing deep weath-
ering and in the groundmass, showing abundant voids filled with secondary minerals (particularly in sample 
AA20). Samples AA19 show the highest PI with the occurrence of centimetric subhedral nepheline crystals 
with resorbed rims as well as by “holly leaf” spinel. The two phonolite samples from Saghro volcanic Field 
(i.e., Ikniouen: AA22 and AA23) are characterized by strongly porphyritic texture with large alkali-feldspar 
phenocrysts followed by idiomorphic nepheline and sanidine microphenocrysts. Glomeroporhyritic aggregates 
of tabular alkali feldspar and acicular pale green clinopyroxene crystals are also present. The microcrystalline 
groundmass is composed of sanidine, nepheline, rare clinopyroxene, and opaque minerals. Sample AA22 shows 
a pilotaxitic texture of the groundmass with aligned sanidine microcrystals.

The most undifferentiated Saghro lavas show the typical features of near-primary melts (Mg# 65–73, Ni 
140–290 ppm, Cr 230–490 ppm, Co 41–54 ppm, Sc 22–25 ppm; Frey et al., 1978) and the direct derivation of the 
phonolite lavas from nephelinite magma through differentiation by fractional crystallization was already demon-
strated by (Berger, Ennih, et al., 2009).

Indications on the magmatic affinity, the mantle source composition and the melting conditions were retrieved by 
petrographic observation, major and trace element composition, Sr-Nd-Pb isotopic ratios, and REE distribution 
of the least differentiated igneous products (Figures 6–8). The new results indicate that the Anti Atlas alkaline 
mafic lavas of Saghro are characterized by the least radiogenic Sr ( 87Sr/ 86Sri = 0.70300–0.70316) and unradio-
genic Nd ( 143Nd/ 144Ndi = 0.51285–0.51289) of the entire Anti-Atlas volcanic sector. Saghro mafic lavas have 
initial Pb isotopic compositions in the ranges of 19.397–19.587, 15.596–15.654, and 38.994–39.341 for  206Pb/ 20

4Pbi,  207Pb/ 204Pbi, and  208Pb/ 204Pbi, respectively. Siroua youngest lavas have initial Pb isotopic compositions in 
the ranges of 19.173–19.401, 15.593–15.599, and 39.195–39.503 for  206Pb/ 204Pbi,  207Pb/ 204Pbi, and  208Pb/ 204Pbi, 
respectively. This implies the involvement of the HIMU (high  238U/ 204Pb) component in the source of nephelin-
ites with negligible influence of enriched mantle (EM) end-members (Figures 6 and 7b; Hofmann, 1997). The 
incompatible element distribution shows negative anomalies in K, Zr, Hf, and Ti for the Saghro mafic samples, 
typical of anorogenic magmas originating from a mantle source metasomatized by a carbonatitic component 
(Figure 7). Their REE distribution is characterized by high La/Yb (between 43 and 59.5) and Dy/Yb (between 
2.9 and 3.3) ratios, compatible with a generation by very low degree of melting (0.5%–1.0%) of a LREE-enriched 
lherzolite (AZ7, Natali et al., 2013) mantle source containing 2% spinel and 1% garnet (Figure 8).

In summary, the petrographic, geochemical and isotopic characteristics of the studied Saghro and Siroua lavas 
imply that they were generated by various melting degrees of a lithospheric mantle source affected by carbon-
atite metasomatism. The occurrence of carbonatite nodules, together with several mineral phases (such as Ba-Ti 
biotite; Ibhi & Nachit,  2000) typical of alkaline-carbonatite complexes, in nephelinite from Saghro (Berger, 
Ennih, et al., 2009) represents petrographic evidence of their extremely high silica undersaturation which is in 
turn related to the very low melting degree.

4. Discussion
4.1. Origin of Miocene Magmatism

The Moroccan volcanism of the Miocene depicts an overall anorogenic signature, but it outcrops primarily along 
deformation belts. This feature renders the origin of magmatism a fundamental aspect to discern. Here, we 
combine our geochemical and isotopic data from the Anti Atlas volcanism into a broader context including the 
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Figure 6.
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whole Moroccan and Canarias volcanism (including also previous samples 
from Anti-Atlas, e.g., Berger, Liégeois, et al., 2009; Berrahma et al., 1993; 
Chamboredon, 2015; Delaloye, 1989). This compilation highlights similar-
ities and differences between the Miocene magmatic processes along the 
Atlas system.

The isotopic composition of the Anti-Atlas magmas, close to the FOZO 
(FOcal ZOne) mantle end-member, is typical of the North African Ceno-
zoic alkaline volcanic provinces, including the Moroccan Middle Atlas 
(Bosch et al., 2014; Duggen et al., 2009), the Algerian Hoggar (Aït-Hamou 
et al., 2000; Allègre et al., 1981; Maza et al., 1998), the Northeastern African 
volcanism (Sudan and Egypt; Lucassen et al., 2008, the Canary, Lustrino & 
Wilson,  2007), and the Cape Verde islands (GEOROC database; “https://
georoc.eu”).

According to magma source modeling (Figure  8), the generation of 
subalkaline and transitional magmatism for the Middle Atlas (Duggen 
et al., 2009; El Azzouzi et al., 2014, 2010) would require higher melting 
degrees (2%–5%) of a mantle source similar to that inferred for Saghro and 
Middle Atlas alkaline lavas. The anorogenic Rif magmas are compatible 
with a genesis using similar source and melting conditions of the Sahgro 
and Middle Atlas alkaline lavas (Figure  7; Guilliz, Oujida, Gourougou; 
Duggen et al., 2005; El Azzouzi et al., 2010), with the exception of three 
samples showing very high Dy/Yb (3.6–3.8), which are compatible with 
generation from a deeper, spinel-free, mantle source (Figure 8). However, 
lavas from the Canary Island show the lowest Dy/Yb values, consistent 
with generation by 1%–10% melting degree of a garnet-free mantle source 
(Figure 7).

Geochemical modeling suggests that alkaline lavas from the Saghro and 
the Middle Atlas are generated at the garnet-spinel transition depth, which 
generally occurs around 2.5–2.7 GPa (80–85 km, Klemme & O’Neill, 2000; 
Robinson & Wood, 1998). Moreover, geochemical data indicate that the peri-
dotite mantle source was characterized by the presence of accessory amphi-
bole (model details in Supporting Information S1). Studies of experimental 
petrology have shown that basanites and nephelinites can be produced by 
melting a garnet or spinel peridotite containing amphibole and/or phlogopite 
at pressures above 2  GPa and at temperatures above 1,360°C in the pres-
ence of CO2 (Dasgupta et al., 2007; Hirose, 1997; Mysen & Kushiro, 1977). 
However, it has also been shown that the production of basanites and nephelin-
ites is also possible at lower temperatures of 1,200°C–1,250°C and at higher 
pressures of 2.8–3.0 GPa (Mengel & Green, 1986; Thibault et al., 1992). The 
presence of CO2 during melting significantly reduces the SiO2 content of 
the liquid produced by a peridotite due to crystallization of orthopyroxene 
coupled with the dissolution of olivine (e.g., Brey & Green, 1977; Falloon 
& Green,  1989; Gudfinnsson & Presnall,  2005; Kushiro,  1975; Wyllie & 
Huang,  1976). These experimental data, combined with the geochemical 

modeling results, suggest that the Saghro alkaline lavas result from the melting of a peridotite at the level of the 
garnet-spinel transition at pressures around 2.5–2.7 GPa and temperatures of 1,200°C–1,300°C. The presence of 

Figure 6. (Sr-Nd-Pb isotopes)—(a) Sr-Nd and (b) Pb isotopic composition of anorogenic volcanism from the Saghro (Berger et al., 2014), Middle Atlas (Duggen 
et al., 2009; El Azzouzi et al., 2010) and Rif (Duggen et al., 2005; El Azzouzi et al., 1999, 2014) volcanic occurrences. The isotopic composition of Canary Islands 
volcanism derived from Georoc (http://georoc.mpch-mainz.gwdg.de/georoc/) is also reported for comparison. The gray-hatched field represents the composition of 
mantle xenoliths from the Middle Atlas (Natali et al., 2013; Raffone et al., 2009; Wittig, Pearson, Baker, et al., 2010; Wittig, Pearson, Duggen, et al., 2010). Isotopic 
mantle end members (DM, HIMU, EMI, and EMII) are reported after Zindler and Hart (1986). CHUR (Chondrite Uniform Reservoir) and UR (Uniform Reservoir) are 
reported as estimates of the bulk earth composition (Faure, 2013). Blue triangles indicate our samples from Sagrho while green diamonds represent our samples from 
Siroua.

Figure 7. PM-normalized incompatible element distributions of the 
Saghro (blue) and Quaternary period of the Siroua (green) lavas from this 
study (a), in comparison with Middle Atlas (blue) and Canary Islands (red) 
mafic alkaline and carbonatite (gray) volcanics (b and c). Middle Atlas data 
from El Azzouzi et al. (2010) and Duggen et al. (2009). Canary Islands 
data from Ablay et al. (1998), Wolff et al. (2000), Carracedo et al. (2001), 
Lundstrom et al. (2003), Gurenko et al. (2006), Prægel and Holm (2006), Parat 
et al. (2011), Marti et al. (2013), Barker et al. (2015), Turner et al. (2015), 
Gómez-Ulla et al. (2018), Kurzweil et al. (2019). Normalization values are 
from Sun and McDonough (1989).
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amphibole in the residue and the low degrees of fusion (0.6%–2.5%) suggested by the model are in agreement 
with melting at relatively low temperatures (Jung & Hellebrand, 2006).

Our compilation suggests that the first Neogene magmatic cycle (16–9 Ma) along the Middle and Anti Atlas was 
characterized by the lowest melting degree of mantle sources located at various depths (deeper source for the 
Anti Atlas mantle source). A second magmatic cycle (8–0.7 Ma) was characterized by a progressive increase in 
the melting degree (more effective in the Middle Atlas). At this time, mantle sources are located at comparable 
depths, reaching the maximum in the last magmatic episodes of the Middle Atlas with the generation of transi-
tional to subalkaline lavas.

4.2. Origin of Topography

The limited amount of shortening (see Arboleya et al., 2004; Domenech et al., 2018; Lanari et al., 2020a; Teixell 
et al., 2003), which primarily focuses on oblique-slip faults that do not produce crustal thickening alone suggests 
that the Atlas system high topography cannot be explained by pure local isostasy. Admittance analysis, free-
air gravity variations, filtered topography at 150 km, and residual topography discussed here and in previous 
works (e.g., Craig et  al.,  2011; Miller & Becker,  2014) together support this conclusion. Interestingly, topo-
graphic anomalies also show a similar SW-NE pattern beneath the Miocene volcanic fields spread over Morocco 
(Figures 3 and 4). Thus, to first order, the long-wave length topography of the Atlas may indeed reflect a deeper 
mantle signal.

Figure 9 shows three swath profiles together with upper lithospheric sections and residual topography across the 
High, Anti, and Middle Atlas. Along the AA’ section, 10–50 km filtered topographies are higher than those of 
section BB’. By contrast, the 100–150 km smoothed topographies show the inverse relation. In the CC’ section, 
across the eastern High and Middle Atlas, the filtered and current topographies are generally lower compared 
to the AA’ and BB’ sections. These data suggest that the long wavelength-filtered topographies may capture 
deeper mantle contributions mainly over the Central High Atlas. On the contrary, the WHA shows a pronounced 
short wavelength crustal structure dominated by steep oblique–slip faults (Lanari et al., 2020a). Overall, the 
long wavelength topography (150 km) resembles the shape of the residual topography, with a maximum ampli-
tude in correspondence to the Miocene Atlas volcanic fields (Figure 8). Positive residual topography suggests 
mantle processes for building the high topography, and the correspondence between high residual topography 
and magmatism moreover implies a linkage between dynamic topography and volcanism. In turn, volcanism 
must be linked with deformation as attested by (a) the observation that the Atlasic volcanism started during 
the middle Miocene together with a main deformation and cooling event (e.g., Lanari et  al., 2020a, 2020b; 
Leprêtre et al., 2018); and (b) by Miocene Anti-Atlas volcanic deposit offset by oblique faults as documented by 

Figure 8. Magma source modeling. La/Yb versus Dy/Yb of the near primary anorogenic lavas from the Anti Atlas (Saghro 
and Siroua, data from this work and from Berger, Ennih, et al., 2009; Berger et al., 2014; Chamboredon, 2015), the Middle 
Atlas (Duggen et al., 2009; El Azzouzi et al., 2010) and the Rif (Duggen et al., 2005; El Azzouzi et al., 1999, 2014). Data 
from Canary Islands volcanism derived from Georoc are also reported for comparison. Non-modal fractional melting curves 
of the Azrou (Middle Atlas) LREE-enriched mantle xenolith AZ7 (Natali et al., 2013) with various Sp-Gt proportions are 
from Chamboredon (2015). Blue triangles indicate samples from this study.
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Figure 9. Topographic swath profiles (gray areas) with 50 km of window (see location in Figure 1) together with filtered topography profiles (see location in Figure 4), 
schematic lithospheric section with Moho depth according to CRUST1 and Díaz, Gil, et al. (2016) and residual topography (see section in Figure 4e). The residual 
topography is higher underneath the volcanic areas in (AA’) (Western High Atlas) and (CC’) (Eastern High Atlas) and between the volcanic area and the highest 
topography in (BB’) (Central High Atlas). The Moho is everywhere at depths ≤30 km.
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Lanari et al. (2020a). We conclude that the late Neogene Atlas evolution is affected by three main contributions 
coexisting during the same time: crustal deformation, volcanism, and mantle dynamics. Any model seeking 
to explain the origin of the current configuration of the Atlas orogeny should therefore consider the following 
constraints:

1.  Crustal thickening is limited and cannot account for the topography elevation of the Atlas system.
2.  Resumption of volcanism is contemporaneous with the acceleration of crustal deformation.
3.  Long wavelength (>150  km) positive residual topography and free-air admittance variations suggest a 

dynamic deep mantle source.
4.  Volcanism has anorogenic signatures involving a deep mantle source.

In the following section, we will discuss the previously proposed models, and by running simple physical tests, 
we propose a new model accounting for all the aforementioned considerations.

4.3. Previous Geodynamic Models

Based on various sets of observations, previous studies are accounted for the geodynamic origin of the anoma-
lous topography of High Atlas. Namely, the surface topography and magmatism in the Atlas are considered to be 
driven by mantle upwelling(s) related to the Canary plume (Civiero et al., 2018; Duggen et al., 2009; Missenard 
et al., 2006), lithospheric thinning/removal (Ramdani, 1998), or a combination of both (Duggen et al., 2009; 
Missenard & Cadoux, 2012; Zeyen et al., 2005).

Delamination in the sense defined by Bird (1979), and Göğüş and Ueda (2018) where the mantle lithosphere slab 
peels back from beneath the crust has been proposed to explain the thin lithosphere beneath the Atlas and the 
overall geodynamic evolution of the western Mediterranean including the Alboran region (Anahnah et al., 2011; 
Baratin et al., 2016; Bezada et al., 2014; Palomeras et al., 2014). Note that the crustal-surface response of slab 
delamination may be different from viscous dripping (convective removal) as suggested for the evolution of the 
Alboran-western Mediterranean region (e.g., Platt & Vissers, 1989; Seber et al., 1996). Please see Göǧüş and 
Psyklywec (2008) for the difference between the two. Such peeling back of the mantle lithosphere beneath the 
Atlas could explain the punctuated increase in buoyancy and uplift, and seems consistent with the geometry of 
the LAB. Receiver function analyses show that the LAB beneath the Central and Middle Atlas is at a depth of 
∼75 km and is ∼30 km thinner than in the Sahara Craton and in the Meseta (Mancilla & Diaz, 2015; Miller & 
Becker, 2014; Miller et al., 2015). Low seismic velocity anomalies at 50 km depth also show the presence of hot 
asthenospheric material filling mantle cavities beneath the Central and the Middle Atlas (Bezada et al., 2014; 
Sun et al., 2014). Inversion of the topography and geoid assuming isostasy show, expectedly, similar features 
with a LAB at depths of ∼90–80 km beneath the Atlas compared to ∼150 km beneath the Sahara plateau and 
the Meseta (Fullea et al., 2010). Relative velocity anomalies and the thin LAB might indeed be associated with 
delamination. However, while this process would result in a cool material sinking down into the asthenosphere 
(cf. Bezada et al., 2014; Duggen et al., 2009), and replacement of the lithosphere with the background astheno-
sphere, alone it would not explain an actively buoyant anomaly associated with a higher thermal response than 
typical asthenospheric mantle, for example, as inferred from the analysis of Sun et al. (2014). In addition, geody-
namic models show that delamination preceded by thickening should involve a first phase of subsidence owing to 
slab pull forces exerted on the crust. This migratory and transient tectonic response is followed by uplift (Göǧüş 
& Psyklywec, 2008; Memiş et al., 2020) and is not consistent with the evolution of the region since there is no 
observed record of subsidence based on stratigraphic analyses.

A mantle upwelling may well explain the anomalous uplift of the Atlas and the volcanism in the High and the 
Middle Atlases. Two sources of upwelling have been proposed. The first relates to a small-scale, edge-driven 
convection due to lithospheric thickness contrast along the passive margin (Fullea et al., 2010; Missenard 
& Cadoux, 2012; Missenard et al., 2006; Ramdani, 1998). The second relates to a small-scale hot anomaly 
(Teixell et  al.,  2005; Zeyen et  al.,  2005) perhaps associated with the inflow of material from the Canary 
plume (Duggen et al., 2009; Hoernle et al., 1995; Miller et al., 2015; Oyarzun et al., 1997). The latter model 
is supported by the composition of volcanism in the Atlas resembling those of Canary (Duggen et al., 2009). 
This model is also supported by seismic data showing a deep, low-velocity anomaly at shallow upper 
mantle depths (Miller et al., 2015; Sun et al., 2014) and deeply rooted beneath the Canary Islands (Civiero 
et al., 2018, 2020) from the upper mantle transition zone. In particular, Duggen et al. (2009) proposed that 
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a hot upwelling rising from the Canarias plume may be able to flow over large distances beneath the Atlas 
due to mantle suction produced by slab retreat and subsequent peeling/delamination in the Mediterranean 
(Mériaux et al., 2015).

Unfortunately, most of these studies focused on a single subset of data, leaving multiple open issues, which we 
seek to synthesize here comprehensively. For instance, why did the upwelling occur only since the Neogene and 
how can we explain the concurrence of crustal shortening, exhumation, and volcanism? As discussed above, 
the High Atlas deformed and exhumed primarily from the middle/late Miocene to the present, coevally with 
volcanism (e.g., Lanari et al., 2020a, 2020b; Missenard & Cadoux, 2012; Teixell et al., 2005). Although volcan-
ism (and hence mantle upwelling) and the acceleration in exhumation occurred at the same time, the High Atlas 
exhumation is not a consequence of the long wavelength uplift. If this would be the case, younger cooling ages 
should dominate the Central High Atlas, where the major mantle contribution is focused (Figures 1 and 4), 
and not the WHA (Figures  1 and  4). Moreover, in the WHA, cooling ages get significantly older at short 
distances, especially crossing the axial oblique-slip faults highlighting a clear structural control (e.g., Lanari 
et al., 2020b).

Despite these considerations, the increase in exhumation since the middle/late Miocene is rather challenging to 
understand because it is a strict consequence of faulting acceleration (Lanari et al., 2020b). Such an acceleration 
is not supported by either an increase in the Africa/Eurasia plate convergence rate (DeMets et al., 2015; Dewey 
et al., 1989) nor by the total amount of convergence across the Alboran slab, which had been nearly stable over 
the last 15 Ma (Faccenna et al., 2004); Figure 10, inspired by Missenard and Cadoux (2012). It follows that the 
temporal linkage between volcanism and the increase in deformation and related exhumation may imply a causal 
connection (Figure 10).

Figure 10. Comparison between the amount of plate convergence (Faccenna et al., 2004), velocity (DeMets et al., 2015; Dewey et al., 1989), cooling histories and 
histograms with numbers of cooling ages (listed in the compilation presented in Lanari, Boutoux, et al., 2023), together with the time emplacement of the two volcanic 
events in Morocco: Paleogene and Mio-Pliocene-Pleistocene. The plot of plate convergence and velocity is inspired by Missenard and Cadoux (2012).
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4.4. Numerical Models

To explore the linkage between volcanism, surface uplift, and deformation, we analyzed a number of simple 
numerical models. These focus on potentially general processes and are not designed to investigate the regional 
setting in detail; models can thus only be broadly compared with the Atlas. Replicating the original shape of the 
Moho, or the exact geometry of the weak zones, for example, would be both challenging and possibly an overpa-
rameterization of the problem. However, our models provide first-order information on the way a mantle plume 
and volcanism might enhance deformation processes.

We test thermal plume and compression-related instabilities that are explored by time-dependent, 2-D, 
thermo-mechanical numerical models with parameters including for the compositional fields (i.e., thickness and 
density) provided in Table S1 and Figure S1a in Supporting Information S1. To solve the typical convection equa-
tions for the conservation of mass and momentum in the infinite Prandtl number regime, we use the ASPECT finite 
element code (ver. 2.2.0; Bangerth et al., 2020; Clevenger & Heister, 2021; Fraters et al., 2019; He et al., 2017; 
Heister et al., 2017; Kronbichler et al., 2012; Rose et al., 2017), considering visco-plastic rheology and incom-
pressible fluids. Details of the numerical calculations including the rheological formulations are provided in the 
Appendix A. Any numerical model has to make simplifications, sometimes because of technical limitations, and 
more importantly and generally, to reduce complexity, and to be able to extract the basic underlying physics in 
hopefully general ways. Besides only considering 2-D cross sections, our simplifications include the neglecting 
of surface erosion and crustal heat production, which we consider of minor importance for the Atlas and expect to 
not lead to significant differences between the case studies. We also used a stabilization parameter for the quasi-
free surface boundary, which leads to topographic smoothing (Kaus et al., 2010). Boundary conditions with the 
rates of the compression of the models (Vp) are shown in the supplementary material (Figures S1, S2, and S3 in 
Supporting Information S1). Plume–lithosphere interaction and the resultant variations at the boundaries (i.e., 
surface, Moho, and LAB) are the analyzed over the model evolution in terms of amplitudes, different shortening 
rates, and impingement times.

Figure 11 shows the numerical model results. Case “P” is a simple plume, cases “S1–6” are shortening and the 
cases “SP1–6” are a simple plume and shortening working at the same time. The indices identify the shortening 
rates: S1 and SP1 0.2 cm/yr, S2 and SP2 0.4 cm/yr, S3 and SP3 0.6 cm/yr, S4 and SP4 0.8 cm/yr, S5 and SP5 1 cm/
yr and S6 and SP6 2 cm/yr. Each experiment lasts for 15 My, and we note the evolution of topography, crust, and 
lithosphere-asthenosphere boundary when the maximum elevation is reached (Figures 11a and 11b).

Our tests show that: (a) the upwelling mantle plume head modifies all anomaly patterns (uplift and crustal/
lithospheric variations) since the isotropic compositional fields and depth-dependent homogenous background 
temperature have been used as the initial parameters in all plume-related, time-dependent models (Figures 11a 
and 11b). (b) Only plume-related evolution (P) creates higher topography (≥1 km) compared to the pure short-
ening model (Si) where the topography, which is generally consistent with increasing shortening rates, never 
exceeds 0.7 km in S6. The maximum topography is reached when a plume is combined with shortening, espe-
cially at high convergence rates (e.g., SP4-SP5-SP6) (Figure 11c). This systematically occurs at 8 Ma since is the 
timing of the model mantle impingement. (c) In the models where a plume is combined with shortening (SPi) the 
final topography and shapes, and the Moho and LAB discontinuities overall resemble the plume-only model (P) 
at long wavelengths. This indicates that the plume, with or without shortening, controls the subsurface deforma-
tions in P and SPi by eroding the lower lithosphere with important consequences for the final topography shape 
and amplitude (Figures 11a and 11b). (d) In the experiments where the plume is active, with or without shorten-
ing (P or SPi), the highest topography is achieved in half of the time with respect to the pure shortening-related 
experiments (Si) (Figure 11d).

4.5. Potential Feedback Between Mantle Upwelling and Crustal Deformation: From Model to Nature

Our model focuses on the effects of compression and plume-related dynamic uplift and subsurface deformation 
and their possible effects on building topography. We infer that a mantle plume exerts a crucial control in shaping 
the topography and the deeper discontinuities (see conceptual model in Figure 12). Our plume model activates 
mechanisms similar to those that have long been investigated (e.g., Burov et  al.,  2007; Göğüş, 2020; Gurnis 
et al., 2000). As would be expected for a Stokes sphere, a number of models for plume dynamics suggest that 
the thermal plume radius and excess temperature have a significant impact on the resultant topography and melt 
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production rate (e.g., Wang et al., 2022). Similar to what was explored, for example, by Burov et al. (2007), we 
find that the plume arrival can trigger mantle lithospheric erosion, resulting in sharp discontinuities and litho-
spheric thinning. This lithospheric weakening might enhance the ongoing crustal deformation even for slow/
constant convergence rates (see conceptual model in Figure 12).

We re-emphasize that our models are not designed to reproduce the Atlas in detail, but several features and 
general effects might resemble the natural case. Results, selected from a range of experiments, are qualita-
tively compared in terms of topographic, crustal, and LAB boundary evolution after mantle plume impinge-
ment and compression-related instabilities. The lithospheric thinning developed in our tests is quite sharp 
(Figure 11a),  comparable with lithospheric features underneath the High Atlas as inferred from receiver func-
tions (Miller & Becker, 2014). While many specifics are, of course, a direct function of our setup and initial 
condition, the models' topography wavelength is larger than 200 km, in agreement with our topographic analyses, 
and the depth of the lithosphere-asthenosphere boundary is ∼85 km for both models and the natural case (Miller 
& Becker, 2014). This value is also similar to the depth estimated by geochemical modeling for the Saghro and 
Middle Atlas lavas to generate the garnet-spinel transition.

We use our model's predictions to speculate about the ongoing processes along the Atlas. We suggest that the 
progressive lithospheric thinning and weakening might serve to enhance crustal deformation over time. This 
would explain the inconsistency between local fault acceleration (e.g., Lanari et al., 2020b) and decreasing in the 
Africa/Eurasia convergence since the late Miocene (see also Missenard & Cadoux, 2012). Clearly, such a process 
can be affected by preexisting strength contrasts. Examples are decollèment layers in the WHA (Missenard 
et  al.,  2007) which localize the deformation mainly along the two-axial oblique-slip faults compared to the 
Central High Atlas where the deformation is instead accommodated over a broad region (Lanari et al., 2020b). 
Lastly, the coexisting contribution of lithospheric thinning, mantle upwelling, and reactivation of weakness zones 
might positively influence the crustal deformation which in turn serves to speed up exhumation.

Figure 11. Estimations of dynamic uplift, crustal and lithospheric thicknesses obtained from different numerical modeling configurations: (a) P (plume-only) and Si 
(shortening-only) (b) P and SPi (plume + shortening models). (c) Variations of maximum surface uplift; (d) impingement time versus convergence rates based on the 
models listed in the text and Figure S1 in Supporting Information S1.
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4.6. Pattern of Mantle Dynamics Below the Atlas-Betic System

The elongated shape of the long wavelength and residual topography (Figure 4) together with the results of the 
admittance analysis (Figure 3) and mantle anisotropy (Miller & Becker, 2014) support the hypothesis of astheno-
spheric material flowing underneath the Atlas (Duggen et al., 2009). We reconstruct the tectonic setting through 
time based on previous data and on our new constraints (Figure 13). We consider that: (a) crustal deformation 
and exhumation start during the middle/late Miocene, contemporaneous with the resumption of volcanism; (b) 
anorogenic volcanism has a deep source; (c) a dynamic and deep mantle source is required to support the high 
topography; and (d) mantle upwelling and crustal deformation operate simultaneously.

Our reconstruction starts at ∼23 Ma (Figure 13a). At that time, the Gibraltar slab was retreating, producing an 
extension in the Alboran Sea, while most of the compressional deformation was concentrated along the Rif-Tell and 
Betics, with only small scale compressional pulses reported along the Atlas (Frizon de Lamotte et al., 2000, 2009; 
Leprêtre et al., 2018). Around 15 Ma (Figure 13b), the Gibraltar slab separated from the Algerian slab, which 

Figure 12. Schematic evolution model of the High and Anti Atlas for four different time intervals: (a) Oligocene-Miocene; 
Pre mantle impingement and (b) Miocene-Present; Post mantle impingement.
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Figure 13. Schematic reconstruction of the evolution of the Western Mediterranean region since the Miocene inspired by Faccenna et al. (2004). The left column 
shows a schematic map and the right column shows the related schematic lithospheric sections. AA is the Anti Atlas, CHA is the Central High Atlas, and MA is the 
Middle Atlas.
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turned inactive due to the entrance of thick continental African lithosphere at the trench (Faccenna et al., 2004). 
This likely produces a vertical tear, progressively opening a slab window. The Gibraltar slab was then free to 
retreat backward to the west because it became unlinked from the rest of the African slab (Faccenna et al., 2004).

This slab retreat would have produced toroidal flow that entered through the slab window (Diaz, Gallart, & 
Carbonell, 2016; Funiciello et al., 2006; Miller et al., 2015). As proposed, this mantle suction involved a broad 
region influencing the Canary mantle plume that since the late Miocene has started to flow northeastward 
(Duggen et  al., 2009; Mériaux et  al.,  2015). This hot material, in turn, induced widespread volcanic activity 
from the late Miocene as documented in previous work and our compilation (see references in Supporting Infor-
mation S1). The mantle upwelling eroded the lower lithosphere producing in turn thinning and weakening. As 
a result of the northward African plate convergence, compressional deformation localized along the weak part 
of the lithosphere, producing a surge of deformation and exhumation (Lanari et al., 2020a). The localization of 
convergence and inversion of the Atlas system at that time is consistent with the chocking and cessation of the Rif 
and Tell, inducing a southward jump to the weaker zone (Figure 13; Frizon de Lamotte et al., 2009).

The resulting topographic signal would have been expressed by the superimposition of a short wavelength crus-
tal signal over a larger wavelength mantle dynamic signal. Whether this dynamic support underneath the Atlas 
continues to operate, inducing uplift, or if it vanished over the last few millions of years remains unclear (Lanari 
et al., 2022). In the Anti Atlas, for instance, no volcanic ages younger than 2 Myrs have been reported, while along 
the Middle Atlas, volcanism is active up to 0.6 Ma. Moreover, since the Quaternary, the Anti Atlas is character-
ized by high elevation valleys infilling processes possibly because of waning uplift rates (Lanari et al., 2022). 
Such an inference applies only to the Anti Atlas since the High Atlas is still clearly affected by active compres-
sion, as shown by seismotectonic analysis (Meghraoui et al., 1999; Sébrier et al., 2006). Compression and uplift 
in the High Atlas are also active throughout the Quaternary period as documented by faulted fluvial terraces and 
tilted Pleistocene deposits (Boulton et al., 2014; Pastor et al., 2012; Stokes et al., 2017).

Overall, our model thus substantiates the suggestion by Duggen et  al.  (2009) of a link between the Canary 
plume and the Atlas with the presence of horizontal mantle flow toward Gibraltar. Yet, some issues are left to 
be fully explored. In particular, the connections between the Gibraltar subduction zone, plume dynamics, and 
lithospheric thickness modifications remain to be explored with a comprehensive 3-D model. The asthenospheric 
setting with plume-slab interactions is perhaps similar to Samoa or Yellowstone (e.g., Kincaid et al., 2013) or 
the Afar-Hellenic system where slab segmentation has been suggested to assist in the northward flow of plume 
material underneath Arabia (e.g., Faccenna et  al.,  2013). Based on related analog modeling work, Mériaux 
et al. (2015) concluded that more than 1,500 km of mantle transport in the sub-lithospheric Atlas, captured by 
slab-roll back, is dynamically plausible.

However, our model differs from Duggen et al.’s (2009) model in important ways considering the role and timing of 
delamination. Duggen et al. (2009) suggested delamination to be the origin of a “subcontinental lithospheric corri-
dor” and the cause for most of the shortening since ca. 45 Ma. Their long-lasting model also aimed to explain the 
Eocene anorogenic volcanism, which is well documented in Morocco. Such a volcanic episode is also anorogenic as 
the late Miocene one, but is not accompanied by an increase in shortening and exhumation. In light of the low temper-
ature thermochronology cooling ages (cf. the compilation in Lanari et al., 2020b; Lanari, Boutoux, et al., 2023, and 
references therein) and morphological data (e.g., Babault et al., 2008; Clementucci et al., 2022, 2023a, 2023b), the 
Eocene and the late Miocene volcanisms require a different explanation. As discussed in Section 4.2, we show a 
strong increase in exhumation (which is deformation-related, as we previously discussed) and uplift since the middle/
late Miocene, implying that this time represents the likely timing that we have to consider as an initial constraint 
for any geodynamic model. In addition, according to our numerical tests, the lithospheric thinning seen beneath the 
Atlas (e.g., Miller & Becker, 2014) can be caused by the erosion induced by active mantle upwelling, suggesting that 
delamination is not necessary to thin the lithosphere but may instead be the consequence of plume erosion.

Our model thus modifies Duggen et al.’s (2009) model, at least for the case of the Atlas, by emphasizing the possi-
ble feedback between plume-induced lithospheric weakening and strain localization (Figure 12). This process 
may be relevant for other convergent settings where deep mantle dynamics leads to volcanism during nappe 
stacking. Possible examples include the Caucasus or the Alborz belts where high topography formed during 
concurrently acting contributions of mantle convection effects, crustal deformation, and volcanism (see concep-
tual model in Figure 12).
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5. Conclusions
We explored the connection between crustal shortening, volcanism, and mantle dynamics along the Atlas. We 
provide a revision of tectonic and crustal evolution together with volcanism, combining the timing of deformation 
and the topographic evolution with new ages and petrographic properties from the Siroua and Saghro volcanic 
fields in the Anti Atlas. We combine this revision with a model to explore the interactions between mantle 
plume, volcanism, and crustal deformation processes in the Atlas system. Our results confirm a deep mantle 
source for explaining the late Neogene evolution of high topography, deformation, and volcanism. Moreover, 
late Neogene volcanism occurred contemporaneously with the main deformational events. Lastly, we explore the 
linkage between volcanism, surface uplift, and deformation by running numerical models to provide first-order 
information on the way mantle plumes and volcanism might enhance deformation processes. We conclude that 
if a mantle plume can erode the lower lithosphere, the resulting sharp/localized discontinuities might in turn 
weaken the lithosphere itself, and this may result in enhanced crustal deformation. This “Plume-Assisted Orog-
eny” process is expected to be enhanced along pre-exiting structural fabrics, explaining why, for instance, in the 
WHA the exhumation rates are faster even if the mantle contribution is lower with respect to the CHA.

Appendix A
The finite element code solves the system of convection equations describing the motion of a viscous fluid under 
the influence of the gravitational forces (Boussinesq approximation) without the effects of inertia (e.g., Bangerth 
et al., 2020, and references therein). The governing equations are for the conservation of mass, momentum, and 
energy, respectively:

∇ ⋅ 𝑣𝑣 = 0 (A1)

∇ ⋅ 𝜎𝜎𝑖𝑖𝑖𝑖 + 𝜌𝜌𝜌𝜌 = 0 (A2)

𝜌𝜌𝜌𝜌p(𝜕𝜕𝜕𝜕 ∕𝜕𝜕𝜕𝜕 + 𝑣𝑣 ⋅ ∇𝜕𝜕 ) = 𝑘𝑘∇2𝜕𝜕 (A3)

where v is velocity (m/s), g is gravitational acceleration (9.8  m/s 2), k is thermal conductivity (W/m/K), 
∇T = T − T0 is temperature variation (K) (T0: reference temperature), Cp is the specific heat capacity (J/kg/K), t 
is time (s) and σ is the stress tensor. Density: ρ = ρ0(1 − α∇T), where ρ0 is reference density (Table A1) and α is 
thermal expansivity (2 × 10 −5 1/K). We include plastic yielding using a Drucker-Prager criterion (similar to Mohr 
Coulomb) for the deformation associated with the quasi-frictional plastic yield stress (e.g., Glerum et al., 2018 
and references therein, Table A1). Accordingly, we consider the deviatoric stress; 𝐴𝐴 𝐴𝐴′

𝑖𝑖𝑖𝑖
= min{𝐴𝐴𝑦𝑦; 𝐴𝐴𝑣𝑣} based on the 

plastic yield stress (σy = psinφ, φ is the internal angle of friction, p is total pressure, Pa) and the viscous stress  
(𝐴𝐴 𝐴𝐴𝑣𝑣 = 2𝜂𝜂e�̇�𝜀 ). The viscous deformation is governed by non-Newtonian power law creep based on the temperature 
and the strain rate tensor (𝐴𝐴 𝐴𝐴𝐴 ); 𝐴𝐴 𝐴𝐴e(�̇�𝜀𝜀 𝜀𝜀 ) = 𝐴𝐴−1∕𝑛𝑛�̇�𝜀(1∕𝑛𝑛−1)𝑒𝑒(𝑄𝑄+𝑝𝑝𝑝𝑝 )∕𝑛𝑛𝑛𝑛𝜀𝜀  , where ηe is effective viscosity, R is the gas 
constant (8.31 J/mol/K), n the power law exponent, Q is activation energy, V is activation volume, and A is the 
viscosity parameter (Table A1, e.g., Gleason & Tullis, 1995; Hirth & Kohlstedt, 1996; Naliboff & Buiter, 2015; 
Ranalli, 1995).

Crust (wet qtz.) Mantle lithosphere (dry olivine) Asthenospheric mantle (dry olivine)

Density (kg/m 3) 2,775 3,250 3,210

Viscosity pre-factor (A; Pa −n/s) 1.1 × 10 −28 4.85 × 10 −17 4.85 × 10 −17

Power exponent (n) 4 3.5 3.5

Activation energy (Q; kJ/mol) 223 530 530

Thermal conductivity (k; W/m/K) 2.5 2.25 2.25

Note. The internal friction angle (φ = 20°) and the specific heat capacity (Cp = 750 J/kg/K) are same for all materials. Activation volumes (V) = 18 × 10 −6 (m 3/mol) 
for the materials beneath the crust. The reference strain rate = 1 × 10 −14 1/s, the viscosity limits are ηe = 1 × 10 19–5 × 10 21 Pas.

Table A1 
Reference Parameters for the Numerical Modeling (e.g., Faccenna & Becker, 2020; Gleason & Tullis, 1995; Hirth & Kohlstedt, 1996; Naliboff & Buiter, 2015; 
Ranalli, 1995)
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Data Availability Statement
The free-air gravity and topography data are constructed using Earth Gravitational Model 2012 (Bonvalot 
et  al.,  2012; https://bgi.obs-mip.fr/data-products/grids-and-models/wgm2012-global-model/). Supplementary 
information including detail descriptions of the methods, also including tables with location and results of the 
petrographic data are available at “https://osf.io/mwcbq” Lanari (2023).
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