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The crustal structure and topography of the Moho boundary beneath the Atlas Mountains
of Morocco has been constrained by a controlled source, wide-angle seismic reflection
transect: the SIMA experiment. This paper presents the first results of this project,
consisting of an almost 700 km long, high-resolution seismic profile acquired from the
Sahara' craton across the High and the Middle Atlas and the Rif Mountains. The
interpretation of this seismic dataset is based on forward modeling by raytracing, and has
resulted in a detailed crustal structure and velocity model for the Atlas Mountains. Results
indicate that the High Atlas features a moderate crustal thickness, with the Moho located
at a minimum depth of 35 km to the S and at around 31 km to the N, in the Middle Atlas.
Upper crustal shortening is resolved at depth through a crustal root where the Saharan
crust underthrusts the northern Moroccan crust. This feature defines a lower crust
imbrication that, locally, places the Moho boundary at ~40-41 km depth in the northern
part of the High Atlas. The P-wave velocity model is characterized by relatively low
velocities, mostly in the lower crust and upper mantle, when compared to other active
orogens and continental regions. These low deep crustal velocities together with other
geophysical observables such as conductivity estimates derived from MT measurements,
moderate Bouguer gravity anomaly, high heat flow, and surface exposures of recent
alkaline volcanism lead to a model where partial melts are currently emplaced at deep
crustal levels and in the upper mantle. The resulting model supports the existence of a
mantle upwelling as mechanism that would contribute significantly to sustain the High

Atlas topography. However, the detailed Moho geometry deduced in this work should



lead to a revision of the exact geometry and position of this mantle feature and will

require new modeling efforts.

Keywords: wide-angle seismic reflection, Atlas Mountains of Morocco, crustal imbrication,

low P-wave velocity, partial melt, asthenospheric upwelling.

1. Introduction

Long offset wide-angle seismic reflection experiments have proven to be a useful tool in
the determination of the crustal thickness and structure (Prodehl and Mooney,2012). In
these type of data, the high velocity contrast between the deep crust and the mantle
benefits from the increase of the reflection coefficients at offsets above the critical
distance, and supplies high amplitude phases that are the key to model the geometry and
depth of the Moho boundary (Carbonell et al.,2000; Carbonell et al.,1996; Palomeras et
al.,2009). In addition, when densely sampled, this type of dataset provides accurate
constraints on the velocity structure of the area under investigation and is one of the keys
to_resolve crustal or lithospheric composition, rheology and occasionally, internal

structure (Flecha et al.,2009; Palomeras et al.,2011).

Knowledge of the geometry and depth to the Moho boundary is important to understand
the evolution of orogenic belts. Processes like late-orogenic re-equilibration, isostasy,
magmatism, etc. leave their imprints on the crust-mantle boundary position and structure.
Thus, these features often become crucial to study the development of deep seated

processes that can only be partly inferred through the study of surface geology.



The Moroccan Atlas Mountains have been a target of scientific research in the last
decades (Frizon de Lamotte et al.,Michard, A. 2008; Teixell et al.,2007); the origin of their
high topography in a context of limited orogenic deformation, together with the existence
of an intriguing alkaline volcanism, intermediate depth seismicity, and high heat flow have
been major subjects of study. Geological and geophysical features of the Atlas region led
geologists to assume that the Atlas crust is thin and thus, its topography is not totally
supported by local isostasy but aided by some sort of mantle upwelling (see review in
Teixell et al., 2003). Accordingly, potential-field lithospheric models (based on free-air and
Bouguer gravity anomalies and geoid undulations) have placed the
lithosphere/asthenosphere boundary (LAB) at anomalously shallow depths underneath
the central Moroccan Atlas (Teixell et al.,2005; Zeyen et al.,2005). These models, however,
rely on estimations of crustal thickness made on the basis of a) gravity data (Ayarza et
al.,2005), that regardless of being well constrained by surface geology, may offer multiple
solutions, b) local receiver functions, that only provide 1D information (Sandvol et
al.,1998; Van der Meijde et al.,2003), and c) old, low resolution, wide-angle data (Tadili et
al.,1986; Wigger et al.,1992). From an isostatic point of view, it is obvious that a crust

thicker than that included in the lithospheric models would deepen the LAB and viceversa.

In order to better constrain the High and Middle Atlas crustal thickness, its rheology at a
deep level, its overall structure and, subsequently, the depth of the LAB, the SIMA
(Seismic Imaging of the Moroccan Atlas) project aimed to the acquisition of a wide-angle
reflection seismic line in spring of 2010. Here we present the first results of the modeling

and interpretation of the SIMA profile, addressing the number and position of crustal



interfaces, the geometry of the Moho boundary, and the velocity structure. Finally, we
review the implications that these results have on the validity of the lithospheric models
presented up to date and on the understanding of the geodynamics of the Atlas orogenic

belts.

2. Geological and geophysical setting

The Atlas Mountains is a ~2000 km long intracontinental orogenic belt located in northern
Africa, near the boundary between the African and Euroasiatic plates. Its westernmost
branches, the High and Middle Atlas of Morocco (Figure 1), correspond to Mesozoic
extensional basins related to the opening of the Atlantic and Tethys oceans (Arboleya et
al.,2004; Beauchamp et al.,1999; Frizon de Lamotte et al.,2000; Gomez et al.,2000; Laville
and Piqué,1992; Mattauer et al.,1977; Teixell et al.,,2003), and later inverted as a
consequence of the Cenozoic-to-present convergence between Eurasia and Africa (Laville

et al.,1977; Medina and Cherkaoui,1991; Morel et al.,2000; Morel et al.,1993).

In the High and the Middle Atlas, orogenic contraction was mainly achieved by thick-
skinned thrusting and folding affecting the pre-Mesozoic basement and the Mesozoic—
Cenozoic cover. Thin-skinned thrusting usually played a minor role and appears related to
basement under-thrusting (Teixell et al.,2003). According to these authors, the total
shortening due to Cenozoic compression in the central High Atlas varies between 15% in
the west to 24% to the east, and keeps an inverse relationship with altitude, which in the
west reaches 4000 m. The Middle Atlas has also a simple structure: variations in the
structural elevation of the Mesozoic beds suggests that basement is involved in the

deformation, and shortening is below 10% (Arboleya et al.,2004).



The Moroccan Atlas also hosts Cenozoic to Quaternary alkaline to peralkaline magmatism,
synchronous with compression (Harmand and Cantagrel,1984). Geochemical data
obtained from Quaternary lavas indicates the existence of a depleted asthenosphere that
interacted with the mantle lithosphere (El Azzouzi et al.,1999). This magmatism has similar
petrology and signature to that of the Canary Islands and accordingly, a common source

for both of them has been proposed (Anguita and Hernan,2000).

P-wave velocity anomalies have been identified underneath the Atlas Mountains. A thin
and/or anomalously hot lithosphere and upper mantle has been proposed on the basis of
low P-wave velocities (Seber et al.,1996) that seems to extend to a large part of NW Africa
and to western Europe (Bijwaard and Spakman,2000; Hoernle et al.,1995). Relatively high
heat flow values occurring in Morocco, ranging between 40-100 mWm™ (Rimi,1999), are
in agreement with these observations. Although a high heat flow does not necessarily
represent a hot mantle, a 50 km thick lithosphere was proposed by Ramdani (1998) to

explain values of 86 mMWm™ in the southern High Atlas.

The first estimations of the thickness of the Atlas crust were obtained from low resolution
refraction and wide-angle reflection data acquired in the 70’s (Tadili et al.,1986). These
authors present Moho depths of 40 km for the central part of the High Atlas and 38 km to
the east. Yet another seismic experiment, partly coincident with the transect presented
here, was carried out in 1986 (Giese and Jacobshagen,1992; Wigger et al.,1992). The
results propose a relatively thin crust underneath the High Atlas (38-39 km) that becomes
even thinner to the N and S (35 km), thus defining a crustal root about 3-5 km deep. These

models also show low P-wave velocities for the crust, which appears highly differentiated,



and for the upper mantle. Several low velocity zones were modeled in the crust: a shallow
one located at 10-15 km depth and coincident with a layer of high conductivity (Schwarz
et al.,1992) was interpreted as a basal fault detachment. Another low velocity zone found

in the lower crust was attributed to melt relics from the Mesozoic rifting.

Bouguer gravity anomaly data has been modeled along two transects that cross the
eastern and central High Atlas (Ayarza et al.,2005), the former being coincident with part
of the seismic profile here presented. These authors use surface geology and receiver
functions data to constrain the depth and geometry of the different boundaries and divide
the Atlas crust in three layers, namely sediments, upper crust and lower crust. In the
easternmost section, the Moho seems to be deepest to the north of the peak altitudes of
the High Atlas, thus evidencing the relative mismatch between the Bouguer anomaly data

and the topography, which is also manifested in a general positive isostatic anomaly.

A magnetotelluric (MT) survey coincident with Wigger et al’s (1992) seismic experiment
pointed out the existence of a north-dipping high-conductivity zone starting near the
surface in the southern border of the High Atlas and either flattening down at mid crustal
levels or dipping continuously northwards down to lower crustal depths (Schwarz et
al.,1992). More recent MT surveys have found evidence of a conductive lower crust
underneath the Moulouya plain (see location in Figure 1), which together with other data,
led the authors to infer the existence of a fraction of 2-8% of partial melt near the Atlas
crustal root, at 30-35 km depth (Ledo et al.,2011). Finally, on the basis of a similar long

period MT survey, a conductive anomaly located at 40 km has been interpreted as melting



at the top of an anomalous mantle in connection with the Middle Atlas quaternary

basaltic volcanism (Anahnah et al.,2011).

Potential field-based lithospheric models, running from SW Iberia to the Sahara desert,
have taken into account most of the observations above described and have concluded
that the Atlas topography is supported by some sort of mantle upwelling that places the
asthenosphere at ~70 km under the Atlas Mountains (Fullea et al.,2010; Teixell et
al.,2005; Zeyen et al.,2005). This plume-like feature has also an influence on the elevation
of the Anti-Atlas, the Maroccan Meseta and the bordering high-altitude plains, as well as
in the alkaline volcanism of the region. Regardless of the origin of this anomaly, the exact
depth of the risen LAB boundary depends greatly on the long wave-length topography of
the Moho, which up to now, was only constrained by low resolution wide-angle seismic

(Tadili et al.,1986; Wigger et al.,1992) and gravity data (Ayarza et al.,2005).

Currently, a large amount of passive seismic data are being acquired across the plate
boundary between northern Africa and southern Iberia by international collaboration
projects, like TOPOIBERIA and PICASSO, and are coming up with relatively high resolution
large scale tomography models for the area. These models find outstanding differences in
the velocity structure of northern Africa, with velocities (Vs) lower than the average

underneath the Atlas Mountains (Palomeras et al.,2013 ).

3. The SIMA experiment

With the goal of constraining the exact crustal thickness and the overall structure of the

Atlas Mountains, a high resolution controlled-source wide-angle reflection seismic



experiment was carried out in Morocco in spring 2010. The energy released by 6
explosions was recorded by 939 Reftek 125a stations (Texans) from the IRIS instrument
pool (Figure 1). Stations were deployed between Tanger and the Sahara desert, with an
average spacing of 400 m from the S of Fes to Merzouga and of ~1000 m from Fes to
Tanger, making resolution more than twice as high in the southern part of surveyed area.
The location of the shots did not cover the entire length of the profile, the first one being
placed north of the Middle Atlas and the last one S of Merzouga, in the gates of the
Sahara desert (Figure 1), with an average spacing of 70 km between them. The charge
(approximately 1 TM) was distributed in 2 to 4 boreholes per shot point at depths of 30 to
60 m. The quality of the data is best in the central part of the profile, in the area sampling
the Middle and High Atlas, and decreases to the S and mostly to the N, where very little

information was obtained to the N of the Saiss Basin (Figure 1).

3.1. Shot gathers

As a result of the experiment, we obtained 6 shot sections with a reasonable signal to
noise (S/N) ratio. Processing steps included the standard for this type of data: application
of a reduction velocity (6 km/s and 8 km/s), band-pass filtering (0.5, 1, 12, 18 Hz: low and
high cut-off frequencies of 1 and 12 Hz respectively), and equalization. Also,
deconvolution plus another pass of frequency filtering were applied to eliminate
reverberations. Lower frequency filters were also applied in order to improve the
continuity for the deep seismic phases. However, these efforts did not result in better

resolved sections as some of the shallow phases lost resolution. The obtained seismic



sections, reduced at Vred=8 km/s, is presented together with the surface topography in

Figure 2.

The altitude changes along the profile imply that some stations are located almost at sea
level whereas others lie at more than 2000 m. This fact hinders the straightforward
interpretation of long, linear phases, and often impedes the correlation of energy along
high offsets. Nevertheless, most shot gathers allow the identification of 4-5 phases which
have been named in relation to their offsets/travel time, following the standard
nomenclature for this type of dataset. These are Ps, Pg, PiP, PmP and Pn and will be

described next for every shot gather.

Shot 1, located near Boufekrane, to the N of the Middle Atlas (Figure 1), allows the
identification of 5 phases (Figure 2a). Ps shows low velocities, well below 6 km/s and
appears only to the S of the shot and along near offsets (< 20 km). Pg appears as a clear
phase to the S of the shot, being the first arrival up to distances of 80 km. It shows abrupt
changes in travel time probably related to varying elevation. To the N, Pg appears as a
much weaker linear phase, and can only be followed up to 40 km. Changes in the
character (reflectivity and travel time) of this phase between 50 and 110 km coincide with
the low topography of the Saiss Basin (Figure 1) and are preliminarily linked to its low
velocity sedimentary infill. A weak and short phase named PiP appears to the S of the shot
point at offsets between 50 and 120 km. This phase is not observed to the N of the shot
point. A phase labelled PmP appears showing high amplitudes at around 80 km to the S
(critical . distance). To the N, this phase is weaker and shows maximum amplitudes at

offsets slightly below 100 km. Finally, a phase is observed from 125 km to the S. Its



moveout is almost parallel to that of PmP and it has been named PmP2. Shot gathers
plotted at Vred=8 km/s (Figure 2) allow us to easily estimate the time and critical distance
differences (if any) between the N and S branches of the PmP. Note that, for this section,
both branches of the PmP arrive at similar times and have maximum amplitudes at similar
offsets (7.5 s at 100 km). This indicates that the interface that originates them (the Moho)
is fairly horizontal between the reflection points. A linear short phase dipping towards far
offsets is identified to the N of the shot point at distances of 100-150 km when reduced at

6 km/s. This phase has been identified as Pn.

Shot 2, located near Jebel Habri, in the Middle Atlas (Figure 1), allows the identification of
5 phases (Figures 2b). Ps is observed to the S of the shot gather along a distance of 30 km.
This phase is overtaken by Pg, which seems to be first arrival up to distances of more than
100 km. To the N, this phase is also first arrival along ~50 km and probably more, but
severely decreases its amplitude at 70 km, again coinciding with the location of the Saiss
sedimentary basin. A PiP phase appears over the distance range of 70-110 km to the S of
the shot. The PmP phase appears to the N and S of the shot point at approximate critical
distances of 100 km and 110 km respectively and travel times that are slightly higher for
the southern branch (7.1 s to the N vs 7.5 s to the S, with a Vred=8 km/s, Figure 2b). Also,
this phase shows considerable higher amplitudes to the S than to the N of the shot point.
A Pn phase is observed to the S, departing from the PmP critical distance to almost the
southern end of the profile. This phase is better observed with a Vred=6 km/s and does

not appear to the N of the shot point. This record section stands out due to the high



amplitudes and number of reflective events that appear between the PmP and the Pn to

the S of the shot point.

Shot 3 'was located near Zaida, in the Moulouya Plain, to the N of the High Atlas (Figure 1).
In this shot record, 4 phases can be identified (Figure 2c), the first of them being Pg, which
appears as a first arrival up to 100 km to the S and 110 to the N. A PiP phase can be
observed to the S, at offsets between 80-120 km. This phase is taken over by PmP, which
shows critical distances of approximately 140 km. This clearly contrasts with the critical
distances at which PmP is observed in shots 1 and 2, and also, in the northern part of this
shot gather, where a very well defined PmP shows its higher amplitudes at less than 100
km. In.addition, the time at which we observe the PmP critical arrivals to the N is below 7
s whereas to the S, it is above 8 s, suggesting a clear asymmetry in the crustal thickness
and/or velocity structure at both sides of this shot point. Also, to the S, this phase appears

to have very high move-out, which can be indicative of a dipping interface or diffractions.

Shot 4, located near Rich, in the High Atlas (Figure 1), shows also 4 identifiable phases, Pg,
PiP, PmP and Pn (Figures 2d). Pg appears as first arrival to the S up to a distance close to
100 km, where it merges PiP. To the N, it also continues as first arrival up to ~100 km,
although, in places, it has low to moderated amplitudes. PmP appears at high critical
distances (130 km to the N and 105-120 km to the S) when compared to shots 1 and 2,
and slightly lower than in the southern part of shot 3. A short Pn can be observed as a first
arrival to the N, at distances over 160 km. To the N of this distance, no phases can be

observed since reflectivity decreases dramatically.



Shot 5, located in Tydrine, near Erfoud (Figure 1) shows little reflectivity and only 3 phases
can be identified with certainty (Figure 2e). Ps is observed to the S of the shot point along
very short offsets and exhibiting a very low apparent velocity. Pg appears to the N and S of
the shot point showing a very reverberative character, mostly to the N. Also to the N,
some indications exist of a short PmP phase, arriving at critical distances of 110-120 km.
The lack of coherent and long deep identifiable phases in this shot gather is tentatively
related with the low density, high porosity Cretaceous beds exposed at the surface where

the shot was located.

Shot 6, to the S of Merzouga (Figure 1), represents the southernmost shot point of the
experiment and the only one with an end-on geometry. Unfortunately, this shot gather
shows also little reflectivity and only Pg and PmP/Pn phases can be observed. Pg appears
as first arrival along almost 150 km. It is not clear though if it merges some intracrustal
phase “at less than 100 km. PmP can be observed from 100-105 km to 160 km. The
existence of a Pn phase is not clear although some hints are observed when reduced at 6

km/s.

3.2. Interpretation

The interpretation of the SIMA dataset has been carried out through forward modeling
using the ‘Rayinvr’ ray-tracing based utilities (Zelt and Smith,1992). This code uses a
simple parameterization and is valid for the Middle and especially for the High Atlas,
whose structural grain is sub-perpendicular to the seismic line. A reference line has been
defined which allows the projection of source and receivers preserving the original offsets.

Since the processing of the data does not include static corrections, we have entered the



elevation of the stations in the model every 10 km (i.e. every 20 stations in the S and every
10 stations in the N). We have departed from a simple 2D, P-wave velocity structure and
we have iteratively modified the position of the interfaces and velocities until the
observed and the modeled travel times present a good fit. A simple layer stripping
approach was followed. Shallow/early arrivals (travel time picks) were used to constrain
the velocity of the shallowest part of the model. Later phases were then included
progressively, in order to define a crust and upper mantle model. Because of the
complexity of the data and arrivals, models were obtained using a trial and error
methodology for each shot and then combined into a single model that accounts for all
arrivals. Even though interpretations based on forward modelling are geared towards
layer-cake velocity models, densely spaced recordings increase the resolution of the data
and allow the inclusion of heterogeneities that witness the complexities existing in the

crust.

Since _one of the main goals of the SIMA experiment was to map the crust-mantle
boundary as exactly as possible, special attention has been paid to offsets and travel times
of PmP and Pn phases. Whereas shot gathers 1 and 2 show PmP critical distances of ~100
km to.the N and S of the shot points, shot number 3 features, for the same phase, critical
distances of more than 140 km to the S and 100 km to the N (Figure 2c), thus providing us
with key information to understand the crustal structure of the Atlas. Finally, shots 4, 5
and 6, show PmP critical distances higher than 100 km but often well below 140 km.
Together with these variations in the critical distance, the PmP phase shows time shifts of

up to 1.5 s between different shot points and occasionally in the same shot gather (Figure



2c). Accordingly if we assume that P-wave velocities do not vary significantly along the
seismic transect, an asymmetry has to be addressed at a Moho level to explain the travel
time values and critical distances of PmP. Note that in shot record 3 (Figure 2c), the S
branch of the PmP features a relatively high moveout that could be associated to a

northward-dipping Moho interface.

Figure 3 shows the ray-tracing for shots 1 and 3 over the model obtained for the SIMA
profile. The length of the profile after projection to a straight line is around 550 km.
However, no significant information was obtained to the N, from 450 to 550 km, in the Rif
area (Figure 1), probably due to the lack of energy and the lesser resolution implied by an
increase in the station spacing. Accordingly, the model there follows the preliminary
results of the RIFSIS experiment (Carbonell et al.,2013; Gil et al.,2013), coincident with the
SIMA profile to the N of the Middle Atlas but with shot points distributed all the way up to

the northern end.

For the rest of the profile, we have modeled a crust divided in 3 layers, namely sediments,
upper crust and lower crust (Figures 3 and 4). These layers are constrained by the
recognition of the 5 phases described above; Ps from the sediments, Pg from the
boundary between sediments and basement/upper crust, PiP from the upper/lower crust
boundary and PmP and Pn from the crust/mantle boundary. The structure and velocity of
the sediments is well constrained by surface data (Arboleya et al.,2004; Teixell et al.,2003)
and Vp apparent values. Maximum sediment thickness is found in the High Atlas and the
Middle Atlas (3.7 km and 2.6 km respectively to the base of the Mesozoic sediments). The

Saiss Basin (Bargach et al.,2004) is modeled as filled with low Vp sediments (2.6-3.5 km/s,



Figure 4) down to a depth of 4.5 km, although the low amplitude of the phases recorded
by the stations deployed in the area impedes a precise interpretation. An intracrustal
phase (PiP) constrains the existence of a boundary that separates the upper and the lower
crust. This phase is not observed in all the records but the travel times and distances it
shows in shots 1 and 3 indicate a change in the depth at which this boundary is detected:
17 km from 260 to 380 km, i.e. the segment sampled by shot 1 and 2 (Figure 2a and 2b),
and 19 to 27 km from the southern end of the profile to 210 km, the interval sampled for
shots 3 and 4 (Figure 2c y 2d). The same structure is observed for the Moho boundary in
terms-of change of relative depth. While in the area to the N of 270 km the crust/mantle
boundary is modeled at ~31 km, to the S, a crustal root places this boundary at a
maximum depth of 40-41 km at 240 km, to the N of the High Atlas. From there to the

southern end of the profile, the Moho shallows progressively up to depths of 35 km.

Figure 4 shows the velocity model obtained for the SIMA profile. The position of the
crustal interfaces is accompanied by a colour scale that shows the Vp values for the
addressed crustal structure. The geometry of the boundaries is not entirely constrained by
raytracing and the areas sampled by incidence rays are marked with a black discontinuous
line. Also, the northern part of the profile has no constraints from the SIMA dataset.
There, the model simply approaches the results of the RIFSIS experiment (Carbonell et
al.,2013; Gil et al.,2013) and does not intend to provide a structure for the Rif Mountains.
The High and Middle Atlas mesozoic sediments show Vp that range from 4 km/s to 5 km/s
at the surface to 5.3 km/s at the bottom of the sedimentary layer. There are 2 exceptions

to these Vp values, the first one at ~100 km, associated to the very porous cretaceous



sediments (Vp=2.5-3.5 km/s) exposed south of the High Atlas (Figure 1), which absorbed
the seismic signal of shot 5 hindering the identification of seismic phases other than Pg or
a low amplitude PmP. The second one is the Saiss Basin, with values of 2.6 km/s to 3.5

km/s down to the floor of the modeled basin.

The upper crustal basement has Vp values that range from 5.4 to 5.8 km/s in the upper
part to 6.2-6.35km/s in the contact with the lower part of the crust. In the lower crust Vp
varies between 6.4-6.6 km/s in the upper part to 6.6-6.8 km/s at the base. The upper

mantle has P-wave velocities that range between 7.6 and 7.8 km/s.

Figure 5 shows the travel time fits between the modeled and the acquired data. The most
important deviations appear locally in the upper crust (Pg phase) and also in relation to
the crustal root (phases PmP and PmP2). The crooked-line geometry pattern of
acquisition, which in some areas precludes to obtain a 2D image, and the projection of the
data to a straight line are the source of these uncertainties. Also, variable topography and
local heterogeneities contribute to the existence of local misfits. The altitude at which the
stations were deployed has been introduced in the model every 10 km, implying
differences between the created topography and the real one of up to ~600 m in the Atlas
mountains. This implies misfits of at least 0.12 s in modeled vs observed travel times, with
a maximum that depends on the depth of the interface and of the offset. For 10 km and a
shallow interface, where rays travel at higher angles (incidence angle of ~31° for a 3 km

deep interface), the difference in travel time could get to 0.2 s for Vp=5 km/s.

Maximum misfits in the travel times of 0.4 s are found for the PMP2 phase in shot 1.

Considering that the elevation of the stations that sample that area has minimum errors



(i.e., they lie in a fairly flat area) this error must be mostly caused by the depth or the
geometry of the crustal root. Assuming a lower crustal velocity of 6.5 km/s, the observed
misfit could be fixed by increasing the depth of the root by about 1.3 km, which would
worsen the fit for the Moho arrivals in shots 3 and mostly 4, where this feature gives
better PmP phases. In addition, the dip of the Moho is also an issue that should be taken
into account. Having in mind that a) the recording line is most crooked between shots 3
and 4, and that b) we are imaging a dipping interface with stations that are not
perpendicular to it (Figure 1), we acknowledge that we violate the 2D assumption, giving
rise to-travel time misfits. Accordingly, the presented model is the one that yields best
results for the central shots, where the observed phases are longer, clearer and provide us

with better criteria (i.e. shot 3).

4. Discussion

4.1. Crustal structure of the Atlas Mountains

Forward modeling carried out over the SIMA wide-angle reflection seismic data indicates
that the Atlas crust is imbricated, developing a root slightly N of the High Atlas axis. The
location of this crustal root is well constrained by shots 2 to 4, and especially by shot 3,
which shows dramatically different characteristics for the PmP arrivals to the N and S. At
the root, the maximum crustal depth reaches ~40-41 km, and it should be underlined that
its position does not coincide with that of the highest topography of the High Atlas, but it
is displaced to the N. This puzzling feature was already identified after analysis and
modeling of gravity data (Ayarza et al.,2005): The trend of the Bouguer anomaly (NE-SW)

is oblique to that of the High Atlas (ENE-WSW) thus the High Atlas root has been modeled



to the N of the highest topography, coinciding with the minimum Bouguer anomaly

values.

The misfit between the location of the Atlas crustal root and that of its highest elevations
maybe related with the angle existing between the ENE-WSW regional trend of the High
Atlas and that of its internal fault structures (NE-SW), inherited from the mesozoic
extension, when the area developed as an oblique rift (Arboleya et al.,2004; El Kochri and
Chorowicz,1995). In particular, the root seems to be caused by an orogen-scale, NW-
dipping thrust-fault that offsets the Moho and underthrusts the Sahara lower crust to the
N (Figures 4 and 6). The structure modeled for the Atlas Mountains is in agreement with
that obtained for other inverted continental rifts like the Pyrenees (Beaumont et al.,2000;
Choukroune and Team.,1989; Daigniéres et al.,1994; Teixell,1998) or the Donbas fold belt
(Maystrenko et al.,2003), which show thrust offsets of the lower crust and Moho. The
model proposed may also explain the two receiver-function velocity jumps (1D) at 36 and
39 km detected in the Moulouya Plain (Sandvol et al.,1998; Van der Meijde et al.,2003),
which can be regarded as evidence for a Moho duplication. In addition, the crust to the S
of the root appears to be thicker than that to the N (>35 km vs ~31 km). This could
respond to the existence of a previous thicker crust to the S and/or to the concentration
of deformation and shortening in the southern part of the Atlas. It must be pointed out
that forward modeling has not resolved a crustal root under the Middle Atlas, which,
despite of the high elevations, shows a rather homogeneous crustal thickness (Moho

depths of ~31 km, Figure 4).



Seismicity registered in a 1° band centred along the SIMA recording line is shown in Figure
6 (hypocentres taken from spanish ‘Instituto Geografico Nacional’ database). Magnitudes
are always below M=6 and focal depths range between 1 km and 185 km, with the
deepest earthquakes in the Atlas area. The hypocentres profile shows that seismic activity
is high, but most of it is concentrated to the N, in the Rif (and the Alboran sea) area, near
the Africa/Eurasia plate boundary. To the S, seismicity diminishes although some activity is
recorded along the Middle and High Atlas and the Anti-Atlas. Seismicity also decreases
towards the Sahara and to the E of the Atlas Mountains. However, in its western part,
earthquake activity has provided information to map two of the most active faults in the
area, namely the South Atlas Fault and the North Atlas Fault (Figures 1 and 6) (Sébrier et
al.,2006). Even though the studied seismicity does not allow the authors the calculation of
focal depths or mechanisms, the surface trace of these faults coincide with the projection
of the_epicentres at the surface. The South Atlas Fault might be a conductive feature
(Schwarz et al.,1992) and still evidences ongoing tectonic activity (Pastor et al., 2012). It
appears to have accommodated most of the cenozoic shortening of this mountain belt
(Sébrier et al.,2006) and accordingly, it may be the key feature that defines the root
modeled in this work. On the other hand, most of the seismicity observed along the SIMA
transect appears in the upper crust, suggesting that the modeled upper-lower crust
transition might represent the brittle/ductile transition, where thrusts that do not cut the

entire crust may root.

One important issue under consideration is the length of the underthrust crust. The model

here presented, features a duplication of the Atlas lower crust with a length of about 50



km (Figures 4 and 6). However, shortening estimates from balanced cross-sections of the
High Atlas upper crust reached maximum values of about 25 km (Teixell et al., 2003).
Figure 4 shows that, the structure modeled, is not always constrained by incidence rays
and although the boundaries that reflected off the seismic waves strongly point out to the
structure depicted, this model may have small deviations from the real structure. On the
other hand, the highest travel time misfits appear in the northern part of the root and
suggest the existence of higher velocities in this area. In fact, the northern part of the
underthrusting crust has slightly higher velocities than the rest of the lower crust, defining
a positive lateral Vp gradient (Figures 4 and 6). This feature might represent a change in
the physical properties of the N-dipping Saharan crust or an, as yet, undefined mantle
wedge. Such a feature could increase the average velocities just enough to fit local travel
times, and would decrease the length of the crustal duplication. An interpretation based
on this concept is presented in Figure 6. The north dipping South Atlas Frontal Thrust cuts
the entire crust running along the upper-lower crust boundary along ~50 km and
offsetting the Moho. This deformation pattern implies a Moho offset (i.e. lower crust
imbrication) of ~25-30 km, more in agreement with the total shortening estimated from
surface data. However, it is important to keep in mind that, stations located between the
High and the Middle Atlas do not lie perpendicular to the structures (Figure 1), and thus
are not perpendicular to the trend of the inferred crustal root. Such a complicated
feature, which locally is not imaged in 2D, is difficult to address by raytracing. Vp abrupt
changes and inversions give rise to complicated ray trajectories, and inverse modeling

strategies should be used to better define that area.



The velocity model does not allow us to make interpretations about how the shortening
might be accommodated at depth in the Middle Atlas. Accordingly, the deep faults traced
in Figure 6 represent just alternative possibilities: faults rooting in the upper-lower crust

boundary, in the Moho, or even with a small offset of the latter.
4.2. Significance of P-wave velocity distribution along the SIMA transect

The main characteristic of the Atlas crust and upper mantle are the low P-wave velocities
found for the entire modeled transect, but most importantly, for the Middle and High
Atlas segment. Vp values of 6.4-6.6 km/s characterize the top and bottom of the lower
crust in the root area and in the Middle Atlas. The uppermost mantle shows also low Vp
values, always below 7.8 km/s. Even though we only observed Pn phases in 4 shots, and
that in some instances, they appear along short offsets, their apparent velocity is always

below 8 km/s, even in the case of up-dip phases (Figure 2b).

The Atlas Mountains host a relatively high geothermal gradient, and high heat flow values
of up to 100 mMWm™ have been measured (Rimi, 1999). These values do not necessarily
imply the existence of a hot crust and mantle, but the low Vp velocities found with the
SIMA dataset reinforce this idea. Low seismic velocities have been often related to high
temperatures and to the existence of partial melts (Dunn and Forsyth,2003; Hammond
and Humphreys,2000). In fact, melting has a quantitative effect on seismic wave velocity,
mostly in S waves, but also in P-waves, since it implies a contrast in the elastic properties
of materials (poroelastic effect) and an enhanced wave attenuation and dispersion
(anelastic effect) (Karato and Spetzler,1990). However, the small amounts of melt present

in areas with important Vs decrease, bring to the debate whether it is the melts or just the



increase of temperature that reduces the seismic wave velocities. Even though grain size is
still an issue, laboratory experiments indicate that Vs is more strongly affected by the

increase in temperature than by the presence of melt itself (Priestley and McKenzie,2006).

The Atlas Mountains present evidences of volcanic activity from the Eocene to present,
with @ maximum in the past 15 Ma. In the area between the north High Atlas front and the
Middle Atlas, 3 episodes of alkaline volcanism have been recognized, the last of them
Quaternary in age (Harmand and Cantagrel,1984), and have been interpreted as

asthenospheric in origin (El Azzouzi et al.,1999) .

On the other hand, recent long-period MT experiments revealed the existence of a
conductive anomaly (resistivity, p < 8 ohm m) in the High Atlas upper mantle. This feature
seems to connect with the surface in the quaternary volcanic province of the Middle Atlas,
and is‘interpreted as an anomalously shallow melted mantle (Anahnah et al.,2011). Even
in-the lower crust underneath the Moulouya Plain (Figure 1), a low resistivity anomaly (p <
4 ohm m), which coincides well the crustal structure here presented (Figure 6), is related
to the lack of seismicity in this area and explained by the existence of 2-8% of partial melt
(Ledo et al.,2011). In this regard, studies of lower crust xenoliths from the Middle Atlas
lavas are in progress. The first observations suggest that there are partial melts similar to
those found in the metapelitic xenolith suites from the Neogene Volcanic Province of SE
Spain (Alvarez-Valero, pers. com.), which were originated by partial melting at different
crustal depths. In that area, the depth at which partial melt has been identified coincides

with a low velocity zone inferred by seismic studies (Alvarez-Valero and Kriegsman,2007).



Taking into account these considerations, we suggest that the very low P-wave velocity
values found in the lower crust and mantle of the Middle and High Atlas are caused by
high temperatures and partial melt at those levels. This idea is supported by the young
volcanism in the Middle Atlas and is in agreement with the models obtained for
neighbouring areas (Alvarez-Valero and Kriegsman,2007). The occurrence of low Vp values
in the Atlas Mountains was also addressed by Tadili et al. (1986) and Wigger et al. (1992).
Although the resulting velocity models are different, the later authors include, in the
lower crust and mantle under the northern High Atlas, very low velocity layers of 6 km/s
and 6.3 km/s that would contribute to average velocity values down to those found in our
model. On the other hand, the high reflectivity and the complex pattern observed for
lower crust and mantle phases to the S of the shot point 2 (Figure 2b) indicate high
velocity contrasts that may respond to areas of partial melt or to underplating phenomena
linked to the volcanic activity of the Middle Atlas. Similar features have been found in the
Basin and Range Province (Benz et al.,1990), where high heat flow values (90 mW/m?),
Cenozoic magmatism and low (but high-gradient) Vp velocities in the lower crust (6.4 to
6.6-6.8 km/s) have been related to high pore pressure and to a compositional change with
depth geared by magmatic intrusions and underplating. Furthermore, resistivity in the
Atlas lower crust and mantle is lower than that in the Basin and Range (0-8 ohm m vs 30-
100 ohm m) and accordingly, higher pore pressure is expected. The models that relate
conductivity and porosity (Hyndman and Klemperer,1989) indicate that resistivities, p < 10

ohm m may account for a Vp decrease of 8%, i.e. from 7 km/s to 6.44 km/s.



Recent Rayleigh wave tomography data (Palomeras et al.,2013 ) shows that the S-wave
velocity structure of the Atlas Mountains contrasts with that of the surrounding areas in
Morocco. In their models, these authors show that the shear wave velocity structure
varies with depth and matches that found for P-waves and presented in this paper. Even
though the dataset used by Palomeras et al., (2013) has lesser resolution than the SIMA
dataset, there is good agreement in both models at a depth of 35 km, where shear waves
show a decrease of about 5% in the northern part of the High Atlas. This Vs decrease may
correspond to our modeled crustal root, which places the base of the lower crust at
depths below 35 km (Figure 4) causing the Vp to decrease in relation to the surrounding

mantle,

4.3. Constraints on the (lower) crust composition

The SIMA dataset indicates that the Atlas crust is divided in three layers, out of which only
one of them never crops out: the lower crust. In order to make some assessment about
the lower crustal composition, indirect methods should be recalled, one of them being the
study of seismic wave velocity. P-wave velocities keep a relationship with the density and
elastic constants of the materials and therefore, vary depending on the rock type.
However, it is difficult to address crustal compositions from Vp values alone in highly
conductive environments (Hyndman and Klemperer,1989) that might have high pore

pressure and the existence of partial melt.

Given the observed heat flow values in the Atlas Mountains, high temperatures can be
assumed to exist at lower crust levels, and thus a granulite grade metamorphism may be

expected. In fact, lower crustal granulitic xenolithes have already been identified in the



Middle Atlas lavas and are under study (Alvarez Valero, pers.com). However the Vp values
found at those levels are lower than those expected for the granulite rock type. At
increasing temperatures, the Vp of granulites decreases importantly, up to an 8%
decrease from 02C to ~5002C at 2 Kb (Christensen,1979), and this may account for Vp
inversions. If the effect of pressure is added, Vp remains close to constant with depth

(Benz et al.,1990) and Vp gradients must be explained by lithological changes.

Figure 7 shows six 1D, Vp-depth profiles extracted from the model at 0 km, 90 km, 180
km, 260 km, 300 km and 360 km of distance. These locations have been chosen because
they are representative of different tectonic zones. Also in Figure 7 we present the a) Vp-
depth profile derived for one representative location of the Basin and Range (SP1, Benz et
al.-1990), b) Vp-depth profile for an average continental crust (ACC) (Christensen and
Mooney,1995) and c) the Vp-depth profiles calculated for continental crust and mantle
rocks with an average density of 2.8 kg/m® and a heat flow of 90 mWm™ (Benz et al.
1990). Although the later profiles were calculated to compare with the Basin and Range
Vp structure, the parameters used (see above) match those expected and measured in the

Atlas Mountains.

In general, the Atlas velocity profile present lower values than the ACC and similar to
those of the Basin and Range. The only difference lies in the depth at which crustal P-wave
velocities switch to mantle velocities and are attributable to the different crustal thickness
of both areas. The Vp profiles calculated from the data used in this paper show a constant
increase of Vp with depth, first with a high gradient and then with a smoother gradient

below the upper/lower crust boundary. In general, a positive Vp gradient is related to a



decrease in the porosity as depth increases and/or to lithological changes. The first
assumption may apply to the sediments and upper crust. However, the lower crust of the
Atlas Mountains shows low P-wave velocities with a gentle positive gradient, smoother
than that observed for the Basin and Range, but stronger than that expected for single-
lithology deep crustal rocks. Granulite’s Vp velocities (Figure 7) are around 7 km/s for
mafic granulites and close to 6.4-6.5 km/s for felsic granulites. Those velocities remain
fairly constant or show negative gradients in a range from 10 to 30 km depth, suggesting
that gradients found in the SIMA data may depend on lithological changes. An alternation
of felsic and mafic granulites in the lower crust could account for the average velocities we
observe in this level. The gradient, however, must be explained by an increase in mafic
components with depth, probably related with continuous intrusion processes affecting
the crust since the Mesozoic, first in relation to Triassic-Jurassic rifting, later to the
Tertiary to recent asthenospheric upwelling and volcanism. We have seen that
underplating processes may be invoked to explain high reflectivity at the base of the crust
of the Middle Atlas. Partial melt probably existing at deep crustal levels make the Atlas Vp

gradients values slightly lower than those of the Basin and Range.

4.4. Implications of the results on the Atlas lithospheric model

Potential field-based lithospheric models attempted to explain the inconsistency between
topography and shortening in the Atlas Mountains, assuming that isostatic balance exist at
a LAB level. Those models argue that, depending on crustal thickness, a mantle upwelling
might bring the asthenosphere as high as ~70 km in order to support the mountain

building (Teixell et al.,2005; Zeyen et al.,2005). The crustal thickness used to map the LAB



was deduced from previous low-resolution seismic refraction (Tadili et al.,1986; Wigger et
al.,1992) and gravity data (Ayarza et al.,2005). These datasets place the Moho at a
maximum of 39-40 km depth in the root and between 35 and 37 km elsewhere in the

Atlas area.

The results obtained in the present work imply slight modifications to the previous
models. We still suggest that, along the section sampled by the SIMA profile, the Atlas
Mountains have a modest crustal root that gets to ~40-41 km depth and accounts for its
low gravity Bouguer anomaly. However, we have found significant differences in the
crustal thickness to the N and S of that root, allowing us to distinguish a Middle Atlas
crust, with an average thickness close to 32 km (depth to the Moho ~31 km), and a thicker
High Atlas crust, of more than 35 km in the southern end of the profile. These values will
slightly modify the position of the LAB if isostatic equilibrium is assumed, and even though
it will not change much its uppermost part, it might introduce variations in its geometry,
making it a bit shallower to the S but especially to the N of the root area, in the Middle
Atlas. In fact, shear wave tomography based on Rayleigh teleseimic waves places the base
of the lithosphere at 50 km underneath the Atlas (Palomeras et al.,2013 ), which would be
in agreement with a thinner crust and thus would imply a more important contribution of

the asthenosphere in the Atlas topography.

In view of all the new data acquired recently, multidisciplinary interpretations in which all
datasets are integrated must be carried out in order to precisely locate the most
important lithospheric interfaces in the Atlas Mountains and to approach to a better

constrained model of the Atlas orogen.



5. Conclusions

A 700 km long, high-resolution, controlled source, wide-angle seismic reflection profile
has been acquired across the Moroccan Atlas and Rif Mountains in spring 2010 (SIMA
profile). Its main goals were to unravel the mechanisms that support the Atlas topography
by improving the knowledge of the position and geometry of crustal interfaces, including
the Moho, and by helping to constrain the depth of an anomalously shallow modeled LAB

boundary.

The SIMA dataset has an irregular signal/noise ratio, with almost no signal to the N, in the
Rif area, relatively good resolution in the Atlas area, and low amplitude signal in the
southernmost part of the profile, in the Saharan craton. Forward modeling of P-waves
constrains a section of 300 km centred in the High and Middle Atlas and outlines a model
with a three-layers crust, representing the Mesozoic and Tertiary sediments (Vp=2-5.5
km/s), the basement/upper crust (Vp=5.8-6.35 km/s) and the lower crust (Vp=6.4-6.8
km/s). The Atlas mantle shows low Vp values that never exceed 7.8 km/s. A mid-crustal
discontinuity is placed between 17 and 24 km depth and implies a smooth velocity
increase of 0.1-0.15 km/s. This interface might act as a local detachment between upper
and lower crust and represents the boundary where some upper crustal thrusts sole out.
However, a N to NW-dipping main thrust cuts the entire crust and Moho discontinuity,
producing a crustal root in the northern part of the High Atlas. Its location agrees fairly
well with that of the minimum Bouguer gravity anomaly values and its depth reaches 40-
41.km below sea level. To the N and S of the root the crust is thinner, getting to depths of

31 km and 35-38 km respectively, suggesting different deformation history and/or



contrasting pre-deformation thicknesses of both crusts. The modeled structure suggests
that shortening involves the deep crust although, in the present model, the duplicated
lower crust would amount higher shortening than that estimated from balanced sections
of the High Atlas upper crust. Alternative features as an overthusting mantle wedge in the
root zone can be preliminary suggested in order to compensate the shortening estimated
at the surface.. On the other hand, forward modeling failed to detect a crustal root under

the Middle Atlas.

The low Vp values obtained in the lower crust and mantle of the Middle and High Atlas are
thought to represent the existence of high temperatures and partial melts at these levels.
These results are in agreement with the elevated heat flow and conductivities reported
for the same area, and are probably a consequence of the Tertiary-to-present magmatic
activity of the Atlas region. In this regard, high reflectivity observed in the Middle Atlas

deep crust is interpreted as due to magmatic intrusions and underplating.

Potential field lithospheric models of the Atlas Mountains should be revisited to allow the
inclusion of new datasets acquired in recent years. Lower P-wave velocities might indicate
slightly lower densities that could modify the existing gravity models. The Moho geometry
modeled in this work also implies changes in the pattern of the
lithosphere/asthenosphere boundary. However, the present dataset further favours the

need of a mantle contribution to support the high topography the Atlas Mountains.
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Figure captions



Figure 1: Tectonic sketch of the Atlas and Rif Mountains over a digital elevation model of
Morocco, showing shot point locations and recording stations of the SIMA experiment.
SP#: Shot Point number; SAF: South Atlas Fault; NAF: North Atlas Fault; Orange line:

location of the recording stations.

Figure 2: Record sections of shots 1 to 6, numbered from 2a to 2f according to the position
of the shot point from N to S (Figure 1). Reduction velocity (Vred) is 8 km/s. Seismic

phases are identified (see text for explanation).

Figure 3: Examples of raytracing over the final velocity model for shots 1 (a) and 3 (b)
plotted with a Vred=8 km/s. Colour lines are the observed travel time picks and the black
lines the modeled ones. Note that for shot 1 (a) rays inciding over the Moho give rise to 2
phases, namely PmP and PmP2, which is observed together with PmP to the S. Shot 3 (b)
features important differences in the critical distances and travel time of PmP to the N and

S that are the key to define a crustal root..

Figure 4: Velocity model obtained after forward modelling (raytracing) of the wide angle
data acquired along the long offset wide-angle reflection SIMA seismic experiment.
Dashed lines represent the areas where the boundaries are constrained by incidence rays.
Due to the low coverage and lack of resolution, the area to the N of the model (separated
with an inclined dash lines, Rif Mountains area) is a sketch of the preliminary results of the

RIFSIS experiment and does intend to provide a model for that area (see text).



Figure'5: Record sections of shots 1 to 6 with the theoretical travel-time branches
predicted by the P-wave velocity model (Figure 4) overlapped in order to show the fit

between observed and modeled data.

Figure 6: Seismicity across a band of 100 km along the SIMA profile overlain to the velocity
model of Figure 4 (data from the Instituto Geografico Nacional). The tectonic
interpretation of this velocity model is also included. The suggested fault pattern in the
High Atlas would resolve at depth the shortening estimated through balanced geological
sections. White lines indicate the Moho interval that appears overlapped between the
Saharan crust and the Atlas crust, and thus, document a Moho thrust offset. Contours and
semi-transparent colours represent the resistivity model by Ledo et al., (2011): outer
contour: yellow; p < 25 ohm m, inner contour: orange; p < 2 ohm m. Note the good
coincidence between the lower resistivities and the areas of lower velocities, and the
position of the mantle wedge proposed to account for an admissible shortening
magnitude in the deep crust (see text for explanation). SAF: South Atlas Fault. NAF: North

Atlas Fault. Horizontal scale is twice the vertical scale.

Figure 7: Vp profiles over 6 localities along the SIMA profile (colour lines). Black bold line
represents the Vp-depth profile over one characteristic location at the Basin and Range
(B&R) as presented in Benz et al., (1990). Discontinuous lines represent the Vp-depth
profiles calculated by Benz et al., (1990) for a continental crust and mantle, using heat
flow values of 90 mWm™ and an average crustal density of 2.8 kg/ms. Red continuous line
represents the average continental crust (ACC) P-wave velocities (Christensen and

Mooney,1995). The average Vp obtained for the Atlas lower crust and mantle are lower



than those found in ACC and similar to the ones found in the B&R. Gradients are higher in
the upper crust and less important in the lower crust, although still reaching values that
may indicate lithological changes with depth (compare with gradients derived for constant

compositions).
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