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ABSTRACT
The Atlas Mountains of Morocco, an example of an intracon-

tinental mountain belt, display only modest tectonic shortening, yet 
have unusually high topography. We present new evidence from 
receiver functions and shear-wave splitting for localized, nearly verti-
cal offset deformation of both crust-mantle and lithosphere-astheno-
sphere interfaces at the fl anks of the High Atlas. These offsets coincide 
with the locations of Jurassic-aged normal fault reactivation that led 
to tectonic inversion of the region during the Cenozoic. This suggests 
that a lithospheric-scale discontinuity is involved in orogeny. Another 
signifi cant step in lithospheric thickness is inferred within the Mid-
dle Atlas. Its location corresponds to the source of regional Quater-
nary alkali volcanism, where the infl ux of melt induced by the shal-
low asthenosphere appears to be restricted to the lithospheric-scale 
fault on the northern side of the range. Inferred stretching axes from 
shear-wave splitting are aligned with the highest topography, suggest-
ing along-strike asthenospheric shearing in mantle fl ow guided by 
lithospheric topography. Isostatic modeling based on these improved 
crustal thickness and offset estimates indicates that lithospheric thin-
ning alone does not explain the anomalous Atlas topography. Instead, 
an upwelling component induced by a hot mantle anomaly is also 
required to support the Atlas, suggesting that the timing of uplift 
is contemporaneous with the recent volcanism in the Middle Atlas. 
These observations provide a refi ned understanding of intracontinen-
tal orogeny and localized volcanism.

INTRODUCTION
Major orogens such as the Himalayas and Andes result from signifi -

cant crustal thickening close to plate boundaries and are associated with 
substantial relative plate convergence. However, lateral strength variations 
of the continental lithosphere, such as those due to failed rifts or litho-
spheric delamination, are likely to modify lithospheric strain localization. 
Such zones of localized weakness may guide the formation of high to-
pography away from plate boundaries, where orogeny may be driven by 
upper mantle small-scale convection, such as lithospheric removal and 
asthenospheric upwellings (cf. Butler et al., 1997; Levander and Miller, 
2012; Karlstrom et al., 2012). The Atlas Mountains of Morocco (Fig. 1) 
consist of the east-northeast–trending High Atlas and the northeast-trend-
ing Middle Atlas, which is an intracontinental compressional belt formed 
by reactivation of synrift Jurassic-age normal faults during the Cenozoic 
when Africa collided with Eurasia (Brede et al., 1992; Gomez et al., 2000; 
Pique et al., 2002; Teixell et al., 2003). Due to their lack of nappes, fl ysch 
sediments, ophiolites, and granitoid intrusions, and the distance from the 
collision zone, the Atlas Mountains have traditionally been differentiated 
from the collisional orogens such as the Alpine belts. The elevation of the 
mountain range peaks at more than 4100 m, yet the orogenic shortening 
is small (15%–25%) and the Moho thickness across the Atlas is modest 
(average ~35 km), and therefore inconsistent with Airy isostatic support 
of the present-day elevation and recent uplift history (Sandvol et al., 1998; 
Beauchamp et al., 1999; Gomez et al., 2000; Sebrier et al., 2006).

The southern side of the High Atlas is bounded by the South Atlas 
fault zone, which is a major tectonic feature that extends from west-
ern Morocco, where the High Atlas belt is juxtaposed to the Anti-Atlas 
Mountains and West African craton to the south, to Tunisia. The short-
ening across the Atlas is overall asymmetric, the South Atlas fault zone 

generally accommodating more Cenozoic shortening and active tectonic 
deformation than the northern side (Sebrier et al., 2006). There, the 
strike of the Middle Atlas diverges at an angle to the central High Atlas 
(Figs. 1 and 2), and can be subdivided into three regions: from north to 
south, these are the Tabular Middle Atlas, which consist of generally 

Reactivated lithospheric-scale discontinuities localize dynamic uplift 
of the Moroccan Atlas Mountains
Meghan S. Miller and Thorsten W. Becker
Department of Earth Sciences, University of Southern California, 3651 Trousdale Parkway, MC704, Los Angeles, California 90089, USA

GEOLOGY, January 2014; v. 42; no. 1; p. 1–4; Data Repository item 2014009 | doi:10.1130/G34959.1 | Published online XX Month 2013

© 2013 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org. 

8˚W 7˚W 6˚W 5˚W 4˚W 3˚W 2˚W

31˚N

32˚N

33˚N

34˚N

35˚N

36˚N

Tabular Middle Atlas

Folded Middle Atlas

High Moulouya Plateau

South Atlas Fault

Station

Town/City

Quaternary basalts

Casablanca

El Hajeb Ifrane

Midelt

Errachidia

Merzouga

Marrakech

Tangier

High Atlas

Middle Atlas

0.4 cm/yr
Saharan Platform

Rif 
Mountains

Figure 1. Generalized tectonic map with seismic stations 
(triangles), major cities, and tectonic regions from Gomez 
et al. (1998). South Atlas fault is indicated with a black line; 
Quaternary basalt outcrops (Fullea et al., 2010) are shown 
in red. Arrow indicates Cenozoic convergence (Rosen-
baum et al., 2002); global map inset shows study region 
outlined by a red box and the major plate boundaries.
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Figure 2. S-receiver function profi le across Atlas Mountains from 
northwest to southeast; top panel indicates tectonic features and el-
evation. HMP—High Moulouya platform; FMA—folded Middle Atlas; 
TMA—Tabular Middle Atlas (cf. Fig. 1). Receiver function stacks at 
40 km spacing are shown for all stations within 20 km of profi le and 
plotted evenly spaced for clarity. Blue and red dashes indicate Moho 
and lithosphere-asthenosphere boundary, respectively.
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fl at lying Mesozoic sedimentary rocks, the High Moulouya platform, 
which consist of similar subhorizontal strata, and the folded Middle 
Atlas, where most of the deformation of the mountain belt is exposed 
(following Gomez et al., 1998). The Tabular Middle Atlas are the loci 
of Quaternary alkali volcanism (Anguita and Hernan, 2000; Duggen et 
al., 2009) suggested to be contemporaneous with the uplift of the Atlas 
(Beauchamp et al., 1999). However, this tectonic domain has undergone 
less deformation than the higher topography regions of the High Atlas 
and Middle Atlas (Gomez et al., 1998).

In order to understand the tectonic evolution and lithospheric struc-
ture of the Atlas Mountains, a linear array of seismic stations was deployed 
from 2009 through 2013 (Fig. 1). This array of broadband seismometers 
across the central High Atlas, between Merzouga and El Hajeb (Fig. 1), 
extended perpendicular to the axis of the mountain belt and parallel to the 
direction of convergence during the Cenozoic (Rosenbaum et al., 2002). 
This geometry is ideal for imaging of the bounding structure of the moun-
tain range at the required lithospheric-scale depths.

SEISMOLOGICAL CONSTRAINTS
Recent P-wave tomography (Bezada et al., 2013) based on the linear 

array of stations across the Atlas and additional seismometers from an 
areal array deployment in Spain and central Morocco (National Science 
Foundation PICASSO [Program to Investigate Convective Alboran Sea 
System Overturn] and IberArray [TopoIberia seismic networks]) suggests 
that there is a localized low-velocity anomaly (~−3%) at ~75 km depth 
beneath the Middle Atlas. This feature is positioned within a more wide-
spread low-velocity anomaly that follows the trend of the entire Atlas and 
extends to ~160 km depth. Rayleigh wave tomography (Palomeras et al., 
2013), based on the same stations used by Bezada et al. (2013), images 
the lithospheric structure in more detail and also shows a prominent low 
shear-wave velocity anomaly (~4.1 km/s) between ~45 and 100 km lo-
cated beneath the central Atlas.

Receiver Function Imaging
The receiver function method can isolate converted waves produced 

by seismic velocity discontinuities (Langston, 1977; Vinnik, 1977). S-re-
ceiver functions have emerged as an effective tool for mapping the litho-
spheric structure and thickness (cf. Li et al., 2007; Rychert et al., 2007; 
Levander and Miller, 2012). Because the converted P phases appear as 
precursors to the main S phase, they do not undergo multiple contamina-
tion like P receiver functions. To image the lithospheric structure beneath 
the Atlas we use 67 teleseismic events with magnitude (Mw) >6 at a dis-
tance of 55°–85° from the array. Following the methodology described 
in Levander and Miller (2012), three component waveforms were visu-
ally inspected in the appropriate time window around direct S for clear 
S-wave arrivals, and then the time series were transformed from Z, N, and 
E to P, SV, and SH components. S-receiver functions were produced by 
deconvolving the SV component from the P component in the frequen-
cy domain (following Langston, 1977). Receiver functions were depth 
converted using a one-dimensional model, ak135 (Kennett et al., 1995), 
which approximates the Moroccan continental lithosphere (cf. Bezada et 
al., 2013; Palomeras et al., 2013). The S-receiver functions were rated by 
quality and stacked at each station by back-azimuth quadrants. The stacks 
with above-average quality were used to hand-pick the Moho and the lith-
osphere asthenosphere boundary. All S-receiver function–based interface 
depth estimates are available in Table DR1 in the GSA Data Repository1.

Our S-receiver function imaging shows that the lithosphere is thin 
(~65 km) beneath the Middle and High Atlas, but thickens to ~100 km 

over a very short distance, at both the southern and northern margins of 
the Atlas Mountains (Figs. 2 and 3C). The crustal thickness interpreta-
tions from the S-receiver functions show an average of ~35 km, consistent 
with both P-receiver function and seismic refraction estimates (Sandvol 
et al., 1998; S. Thurner, 2013, personal commun.; Carbonell et al., 2013), 
although individual stations along the profi le show more variability. The 
thinnest portion of the crust (~25 km) is located beneath the Middle Atlas, 
specifi cally the High Moulouya platform (Figs. 2 and 3C), opposite to 
what would be expected from the (Airy) isostatic adjustment of a constant 
density crust. The estimated depth to the asthenosphere from the deeper 
impedance contrast, the inferred lithosphere-asthenosphere boundary, 
broadly matches inferences from regional tomography models (Sebrier 
et al., 2006; Bezada et al., 2013; Palomeras et al., 2013), geophysical 
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Figure 3. A: Map of stations (oblique Mercator projection) with SKS 
(orange) and S (dark red) splitting measurements (Miller et al., 2013). 
Fast polarization and delay times (δt) are denoted by stick orienta-
tion and length. Background shading is actual topography, black 
contours are gravity-inferred residual topography (as in Craig et 
al., 2011), and yellow line shows profi le used in B and C. B: Above 
410 km path length corrected splitting delay times for S and SKS; 
black and blue lines show free-air gravity and crustal (Airy) isostatic 
residual topography, respectively. Scale is the same as in C. TMA—
Tabular Middle Atlas; FMA—folded Middle Atlas; HMP—High Mou-
louya platform; SAF—South Atlas fault. C: Picks for the Moho (blue) 
and lithosphere-asthenosphere boundary (red) from S-receiver func-
tions (see Fig. 2); blue line shows fi t to Moho used for crustal resid-
ual in B. Dark red dashed line shows inferred lithospheric thickness 
from isostasy assuming zero mantle-induced dynamic contribution 
to residual topography in B.

1GSA Data Repository item 2014009, seismic station location, quality of SRF 
stack, and depths to discontinuities, is available online at www.geosociety.org/pubs
/ft2014.htm, or on request from editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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modeling of gravity and heat-fl ow data (Teixell et al., 2005; Missenard et 
al., 2006; Fullea et al., 2010), as well as results from some deep electrical 
resistivity studies (Anahnah et al., 2011), although the latter are debated 
(Jones et al., 2012).

On the southern side of the Atlas, we fi nd strikingly consistent steps 
in both crustal and lithospheric thickness that occur across the South Atlas 
fault (Figs. 2 and 3C). Both the crust and lithosphere are markedly thinner 
beneath the Atlas than beneath the Saharan platform; the offset in the crust 
is ~9 km and the offset in the lithosphere is ~26 km crossing the bound-
ing thrust fault north of Errachidia (Fig. 1). At the northern margin of the 
Atlas, the lithosphere has a signifi cant step of ~23 km between El Hajeb 
and the boundary of the Tabular Middle Atlas (Figs. 2 and 3C). However, 
cross sections based on structural geology and seismic refl ection data that 
span the boundaries of the Atlas demonstrate only moderately to shal-
lowly dipping thrust faults, particularly along the fl anks of the High Atlas 
(Beauchamp et al., 1999; Frizon de Lamotte et al., 2009). Our S-receiver 
function analysis also shows an abrupt change in lithospheric (~10 km) 
and crustal (~16 km) thicknesses at the boundary between the folded Mid-
dle Atlas and the High Moulouya platform, previously undetected by other 
geophysical imaging methods.

Shear-Wave Splitting
Shear-wave splitting analysis is based on the fact that shear waves 

are split into a fast and a slow pulse upon propagation through azimuthally 
anisotropic portions of the lithosphere or upper mantle (e.g., Vinnik et al., 
1984; Silver and Chan, 1991). The two orthogonal shear pulses propagate 
at different velocities and are polarized into the corresponding fast (ϕ) 
and slow polarization orientations of the rocks through which they are 
traveling. The delay time (δt) between the arrival of the two pulses as 
recorded at the seismic station is indicative of the path-integrated anisot-
ropy strength, and the combination of delay times and fast polarization 
orientations can be used to infer seismic anisotropy in the upper mantle. 
We (Miller et al., 2013) conducted shear-wave splitting analyses for direct 
S (from the deep focus 11 April 2010 event beneath Granada, Spain) and 
235 teleseismic SKS events recorded across the Atlas (Fig. 1) using the 
SplitLab toolkit (Wüstefeld et al., 2008). Both SKS and S measurements 
display consistent delay time patterns where the largest amplitudes cor-
relate with the largest anomalous topography along the profi le, but then 
systematically decrease in magnitude at the fl anks of the mountain range 
(Figs. 3A and 3B). The two most abrupt decreases in delay times cor-
respond to the position of the South Atlas fault zone, which marks the 
southern margin of the Atlas, and the boundary between the folded Middle 
Atlas and the High Moulouya platform (Figs. 3A and 3B), which is where 
we also observe the large offsets in the crust and lithosphere from the S-
receiver function analysis.

DYNAMIC TOPOGRAPHY
We use our improved crustal and lithospheric structure estimates 

along with our seismic anisotropy observations to provide some further 
geodynamic inferences on the Atlas orogeny. Because we are interested 
in long-term deformation, we minimize fl exural topography effects by 
means of long-wavelength fi ltering (Gaussian with 6σ width of 150 km), 
and Figure 3C shows such a fi t to the Moho estimates from the S-receiv-
er functions (blue line). Using typical densities for crust (2800 kg/m3) 
and mantle lithosphere (3270 kg/m3), we can adjust the asthenospheric 
density to maximize the fi t between Airy-balanced crustal predictions 
and smoothed observed topography. With a reference ridge bathymetry 
of −2.6 km (sea level) and mean total lithospheric thickness of 78 km, a 
best-fi t asthenospheric density is 3177 kg/m3. (For details of the compu-
tation and trade-offs of such models see, e.g., the discussion in Lachen-
bruch and Morgan, 1990.) This seismology-guided estimate of the 
residual topography that is not isostatically balanced by crustal thick-
ness variations is shown in blue in Figure 3B, alongside an independent 

inference of dynamic topography, based on fi ltered free-air gravity (fol-
lowing Craig et al., 2011), shown in black.

We ask if lithospheric thickness variations are suffi cient to explain 
the residual Atlas topography. Such a model is plotted as the dashed red 
curve of Figure 3C, assuming that all residual topography is caused by 
static lithospheric mantle thickness reduction at constant density. While 
the shape of the inferred lithosphere-asthenosphere boundary matches 
the inferences from the receiver functions, the amplitude variations of 
this model are implausible, and in places inconsistent with (i.e., shal-
lower than) the crustal thickness. The effects of lateral density variations 
within the lithosphere, due to higher lithospheric temperatures or partial 
melting that are inferred from volcanism (Anguita and Hernan, 2000; 
Duggen et al., 2009) and resistivity modeling (Anahnah et al., 2011) 
may explain part of the residual. However, the equivalent lithospheric 
density anomalies required to explain all topography in terms of a static 
compensation are ~2%–3%, likely too large to be associated with such 
effects (Afonso and Schutt, 2012). It may be possible to adjust the den-
sity structure of the lithosphere and other parameters to partially reduce 
the extent of unrealistic lithospheric thickness (cf. Fullea et al., 2010), but 
it seems unlikely that the entire topography residual is static in origin. 
This implies a convective cause, i.e., support of topography by mantle 
tractions due to an active mantle upwelling.

DISCUSSION
Our study confi rms that the Atlas cannot be in Airy isostatic balance. 

We constrain maximum positive topography residuals, and fi nd that those 
coincide with a regional maximum of seismic anisotropy and offsets in 
the crust and lithosphere thickness along the margins of the High Atlas 
and the central Middle Atlas. The inferred stretching axes from anisot-
ropy are aligned with surface topography, consistent with northeast-
southwest–oriented shearing in mantle fl ow in the asthenosphere, per-
haps guided by lithospheric topography. Such a type of fl ow has been 
associated with lithospheric delamination, or erosion of a lithospheric 
root, perhaps in conjunction with a northward progression of hot Ca-
nary plume material (Duggen et al., 2009). An associated mantle thermal 
anomaly may be the source of localized volcanism in the Middle Atlas 
(Beauchamp et al., 1999).

We take our results from topography modeling, lithospheric structure 
from receiver functions, and shear wave splitting to imply that support 
of the anomalous topography of the Atlas at present has to mainly re-
side in upper mantle convection, where upward fl ow associated with a 
relatively hot asthenosphere is supporting the mountain belt. This fl ow is 
likely guided by preexisting lithospheric heterogeneities and abrupt thick-
ness variations at the edges of the Atlas. A hot anomaly underneath the 
Atlas will not only provide a buoyancy source, but also locally reduce the 
viscosity of the mantle, and so lead to increased strain rates at constant 
pressure difference, perhaps channeling the larger scale upwelling that is 
feeding volcanism in the Canary hotspot (Duggen et al., 2009), thus ex-
plaining the increased splitting delay times underneath the Atlas. This con-
vective current appears to be guided by lithospheric structure on multiple 
spatial scales, including the strong cratonic keel to the south (Alpert et 
al., 2013), and may be enhanced by suction from slab segmentation in the 
Alboran domain (Duggen et al., 2009). Such enhanced convective activity 
may allow for local erosion and root removal of a previously thickened 
lithosphere underneath the Atlas, and reactivate the bounding Jurassic-age 
normal faults in the crust (Brede et al., 1992; Gomez et al., 2000; Pique et 
al., 2002; Teixell et al., 2003). The present-day step in lithospheric thick-
ness within the Middle Atlas appears to correspond to the source of re-
gional Quaternary alkali volcanism (Anguita and Hernan, 2000; Duggen 
et al., 2009) that is restricted to the northern side of the mountain belt. This 
offset is consistent with the position of melt chambers as inferred from 
inversion of electrical resistivity measurements (Anahnah et al., 2011), 
suggesting that the timing of uplift of the Atlas is contemporaneous with 
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this recent volcanism. More generally, this case history illustrates how 
reactivated localization of deformation through the entire lithosphere can 
contribute to mountain building within a region of vigorous upper mantle 
convection, which may be relevant to other regions.
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