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SUMMARY

The overarching objective of the second phase of the PICASSO (Program to Investigate Convective Alboran Sea
System Overturn) project, and the concomitant TopoMed (Plate re-organization in the western Mediterranean:
Lithospheric causes and topographic consequences) project, is to develop a better understanding of the internal structure
of the crust and the lithosphere of the Atlas Mountains of Morocco. The magnetotelluric (MT) experiment across the
Atlas Mountains region started in September, 2009 and ended in February, 2010. The experiment comprised acquisition
of broadband and long period MT data along two profiles: a N-S oriented profile through Meknes to the east and a
NE-SW profile through Marrakesh to the west. Since completion of fieldwork all MT data have been processed with
robust remote reference methods. The data will be submitted to comprehensive strike and dimensionality analysis, and
modelled using 2-D smooth inversion. The paper will show the resulting lithospheric model across the complex Atlas

region.
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INTRODUCTION

The Atlas System is an intracontinental mountain belt
extending for more than 2000 km along the NW
African plate with a predominant NE-SW trend. The
System comprises three main branches: the High Atlas
with summits of 4000 m, the Middle Atlas, which
reaches 3000 m, and the Anti Atlas.

Numerous geophysical studies have been carried out in
the Atlas region. Crustal studies using seismic
refraction data suggest that the crust beneath the most
elevated parts of the High Atlas (south of Marrakesh) is
34-38 km thick (Makris et al., 1985) and 38-39 km
thick near Midelt, reducing to 35 km to south and to
north (Tadili et al., 1986, Wigger et al., 1992). The
results from receiver function studies resulted in Moho
depth estimates of 36 km (Sandvol et al., 1998) and 39
km (van der Meijde et al., 2003) near Midelt in the
High Atlas to the east (see Fig. 1). Interpretation of
gravity data resulted in crustal thickness estimates of
between 38-41 km in the Central High Atlas (Ayarza et
al., 2005). Furthermore, the tectonic shortening
estimated for the Atlas Mountains is relatively low

(value range from 15% to 24%, Teixell et al., 2005)
suggesting moderate crustal compression. The fact that
the Moho depth required to isostatically compensate
the high topography at a crustal scale should be more
than 45 km infers significant variations in the
topography of the lithosphere-asthenosphere boundary
(LAB) beneath the Atlas Mountain range. Peculiarly,
lithospheric thinning beneath the Atlas has been
proposed by several authors on the basis of elevation,
geoid and gravity anomalies, surface heat flow, and
seismic data modelling (Zeyen et al., 2005, Teixell et
al., 2005, Missenard et al., 2006, Fullea et al., 2007,
and Fullea et al.,, 2010). The relatively low Pn
velocities, ranging between 7.7 and 7.9 km/s, in the
Middle and High Atlas (Makris et al., 1995; Wigger et
al., 1992) and the negative velocity anomalies depicted
by seismic tomography studies (e.g. Boschi et al.,
2009; Spakman and Wortel 2004) are also suggestive
of a relatively hot upper mantle in the study region.

The magnetotelluric method is particularly suited for
imaging the LAB, as the electrical conductivity is
highly sensitive to temperature and the onset of even
small fractions of partial melt (Jones, 1999). Schwarz
et al. (1992) conducted the only previous MT survey in
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the region of interest. MT data were collected by those
authors along three profiles: two main profiles start
from the Rif Mountains and that go through the
Anti-Atlas (coincides with the MEK profile shown in
the Fig. 1), where the E-W oriented third one runs from
High Atlas towards Moroccan Meseta. They concluded
that a high conductivity zone existed at crustal depths
beneath the High and Middle Atlas.

In this study, we present the preliminary results of a
recent MT experiment carried out in the Atlas
Mountains during September 2009 - February 2010.
The experiment comprised two profiles across the
Middle and High Atlas, as shown in Fig. 1. The MT
project is a component of two overarching projects,
PICASSO (Program to Investigate Convective Alboran
Sea System Overturn) project, and the concomitant
TopoMed (Plate re-organization in the western
Mediterranean: Lithospheric causes and topographic
consequences). Our results will give new constraints on
the lithospheric structure of the Atlas Mountains, and
will aid discrimination between competing models
describing the tectonics of the region.

350"

36" 36

(m)

34 —208

Nﬁroccan
eseta
32

32

% Saharan Platform

-9000)

L350 i 302 354 356"
Figure 1. Topographic map (ETOPO2 Global Data
Base; Smith and Sandwell 1994; Sandwell and Smith,
1997) of the study area showing the MT site locations
across the Atlas Mountains. The red squares represent
broad-band only sites and the blue ones represent both
broadband and long period sites.

MAGNETOTELLURICS
Data acquisition and processing

The first phase of magnetotelluric measurements, on
profile MAR and the southern half of profile MEK,
was carried out from end-September to mid-December,
2009. The instrumentation consisted of Ukrainian Lviv
long-period called LEMI, Phoenix MTUS broad-band

and EMIs MT-24LF units (used by University of Bari).
The data at the long-period (LEMI) MT stations were
recorded with a 1 second sampling rate and resulted in
the period range of ~15 — 10,000+ s. The total period
range for each merged site is between 0.003 and
10,000+ s.

The MAR profile runs in a NE-SW direction, is
approximately 300 km long, and consists of 20
broad-band MT (BBMT) stations and 13 LEMI stations
merged with every second BBMT station. These
stations were deployed at approximately 10 km
intervals along the MAR profile. The recording of
LEMI data was extended for approximately 2 months,
from a planned deployment time of 4 weeks to 8
weeks, due to the very low solar activity in 2009 —
there were no sunspots observed on 260 days (71%) of
the year (NASA Report). During the first phase of the
field campaign, BBMT data were collected at 22
stations along the southern portion of the MEK profile
which extends for approximately 500 km from the Rif
to the Sahara Platform (Fig. 1).

In mid-December, the LEMI acquisition started at 12
sites (blue squares along the MEK profile in Fig. 1) on
the northern part of the MEK profile. These stations
were left to record in place for approximately three
months (December, 2009-February 2010). The second
phase of the field campaign took place in February
2010 to retrieve LEMI stations and to continue BBMT
data collection along the northern part of the profile.
The BBMT and LEMI stations were deployed
approximately at 10 and 20 km, respectively.

Two different robust remote referencing methods
(those of Chave and Smirnov, see Smirnov, 2003, and
Chave and Thomson, 2004) were tested to obtain
optimum MT response for each LEMI site. The BBMT
data were processed using remote referencing Phoenix
processing software (based on Jones and Jodicke,
1984) and Egbert's (Egbert 1997) robust remote
reference method. At most of the sites (BBMT alone)
along the MAR profile, data are of good quality to at
least 1,000 s and for merged (BBMT+LEMI) sites
apparent resistivity and phase estimates in the period
range of ~ 0.003-10,000+ s. The sites located over the
Middle Atlas and further south have good quality data
to periods of 3,000-5,000 s and at merged sites even up
to 15,000 s (examples in Fig. 2).

The next steps will be (i) to test dimensionality of the
data, and (ii) to define the 2-D geoelectric strike
direction using the program STRIKE by McNeice and
Jones (2001) based on Groom-Bailey decomposition
(Groom and Bailey, 1989). The resulting distortion-free
responses will be modelled using 2-D smooth inversion
method of Rodi and Mackie (2001) and also that of
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Siripunvaraporn and Egbert (2000). Three-dimensional
forward modeling will be used to test the effects of the
ocean-continent boundary on the data, particularly for
MAR and the northern end of MEK.

CONCLUSIONS

An MT experiment was performed over the Atlas
Mountains of Morocco. The first results of this MT
survey shed light onto the origin of the Atlas
Mountains system and test hypotheses for its missing
mantle root constructed from surface heat flow, gravity
and geoid anomalies, elevation and seismic data
modelling (Zeyen et al., 2005, Teixell et al., 2005,
Missenard et al., 2006, Fullea et al., 2010).
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Figure 2. Magnetotelluric apparent resistivity and phase curves for different tectonic units over the Atlas Mountains: (a)
BBMT data from MEK profile, located in the eastern part of High Atlas, site MEKO021; (b) BBMT+LEMI data from
MEK profile, located near Midelt, site MEKO014; (c) BBMT+LEMI data from MEK profile, located in the Middle Atlas,
site MEKO012; (d) BBMT+LEMI data from MAR profile, located in the Anti Atlas, sitt MAROOS5. The red squares
represent the transverse-electric (TE) mode data, and the blue ones represent the transverse-magnetic (TM) mode data.
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