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[1] A NE-SW magnetotelluric 110 km-long profile including 18 sites was acquired across the western Rif
Cordillera along the Eurasian-African plate boundary, allowing to constrain its poorly known deep
structure. It extends from the Internal Zones, close to the Alboran coast, crossing the External Zones and
up to the Gharb foreland basin. The periods recorded range from 0.001 s to 1000 s. The combination of

magnetotelluric data with available geological data provides new insight regarding

Copyright 2011 by the American Geophysical Union

the relationship

1 of 14


http://dx.doi.org/10.1029/2011GC003783

ANAHNAH ET AL.: CRUSTAL STRUCTURE RIF CORDILLERA 10.1029/2011GC003783

- " Geochemistry 3
*  Geophysics ( |
| | Geosystems | I

between deep and shallow crustal structures of the Rif Cordillera. Analyses of structural dimensionality
suggest a preferential NW-SE direction, and a 2D joint inversion was performed. A 3D inversion extend-
ing the 2D model along the strike confirmed the reliability of this approach. The magnetotelluric model
shows a heterogeneous upper crust in agreement with the geological structures observed at surface. The
Internal Zones correspond to resistive (metamorphic rocks) and conductive (peridotites) bodies, while
the External Zones and the foreland basin are characterized by large conductive bodies of variable thick-
ness. A crustal detachment level separating shallow geological units from a probable variscan basement
was inferred. At depth, the most relevant feature consists of large resistive bodies with a shallow irregular
top, located below the frontal part of the Rif. The outcrops of exotic metapelitic, granitic and gneissic
blocks in the frontal part of the Cordillera suggest that these large resistive bodies may correspond to a
gneissic or granitic basement surrounded by metapelitic rocks. Late contractive thrust and diapiric pro-
cesses were responsible for their uplift and shallow emplacement. The Rif constitutes an active southwest-
ward vergent orogenic wedge, oblique to the present-day NW-SE convergent Eurasian-African plate
boundary.
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refraction [Hatzfeld and Ben Sari, 1977]) points to
great heterogeneities in the crust and the mantle
while only providing regional insights as to the

1. Introduction

[2] The Gibraltar Arc, formed by the alpine Betic

and Rif Cordillera, surrounds the western Alboran
Sea (Figure 1) and is located on the NW-SE con-
vergent Eurasian- African plate boundary. In this
region of widespread deformation, arched geometry
is one consequence of the complex interaction of
the westward migration of the Alboran domain in
between the Eurasian and African plates. Several
tectonic models have been proposed up to present,
involving one or several subduction zones with or
without roll-back [Morley, 1993; Royden, 1993;
Lonergan and White, 1997; Fadil et al., 2006; Brun
and Faccenna, 2008], delamination [Platt and
Vissers, 1989; Seber et al., 1996; Calvert et al.,
2000] and other hypotheses such as mantle diapir-
ism [Weijermars et al., 1993]. Although most of
them try to account for available geophysical and
geological data, they lack detailed geophysical
constraints on the deep structure. In this setting, the
Rif cordillera deep continental crust is quite poorly
known, despite detailed reports of surface geology.
The presence of thrusts and low angle normal faults
produces a decoupling at different crustal levels.
Moreover, the scarce geophysical data (gravity [ Van
den Bosch, 1971, 1981; Bellot, 1985] and seismic

deep structure.

[3] The aim of this study is to present the first
magnetotelluric profile of the southwestern transect
of the Rif Cordillera and Gharb basin and analyze
their crustal structural features. 2D and 3D inver-
sions of these data were carried out. The resistivity
model was integrated with geological data (Figure 1)
to constrain the relationships between shallow and
deep crustal structures and discuss the features of
the main discontinuities. Moreover, we provide
new data to discuss the origin of exotic granites,
gneiss, and metapelitic blocks that outcrop in the
frontal Rif cordillera.

2. Geological Setting

[4] The study area belongs to the westernmost end
of the Mediterranean Alpine belt. The Rif cordillera
(Figure 1), situated in northern Morocco, formed
together with the Betic cordillera as a consequence
of the westward motion of the Alboran Domain
between northwest Africa and Iberia since the early
Tertiary. In addition, this process is interacting with
the N-S to NW-SE convergence between Africa
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Figure 1.

and Eurasia. We focus this contribution on the
southwestern Rif transect (Figure 1).

[5] The Rif cordillera (Figure 1) includes the Inter-
nal and the External Zones, separated by Flysch
units, as in other alpine Mediterranean cordilleras.
The tectonic structure orientations are comprised
between ENE-WSW in the Eastern Rif, to NNW-
SSE at the tip of the Western Rif.

[6] The Internal Zones of the study area are formed
by Palaeozoic, Mesozoic and Cenozoic sequences,
including three main metamorphic complexes
affected by alpine deformation and partially by
metamorphism since the Eocene-Late Oligocene.
They are: the Sebtide, the Ghomaride and the
Dorsal complexes. They thrust to the SW on the
Flysch units and External Zones and are bounded
to the SE by the Jebha fault (Figure 1), a major
transfer fault produced during the westward
emplacement of the Rif units. The Sebtide complex
is a stack of metamorphic units [Kornprobst, 1974;
Michard et al., 1983; Saddigi, 1995; Bouybaouene
et al., 1998]. It includes the Beni Bousera peri-
dotites, overlain by granulites, gneisses, schists,
Permian-Triassic phyllites and quartzites, and Tri-
assic carbonates of the upper units. The Gho-
maride complex includes four nappes of low-grade

Geological map of the western Rif Cordillera showing the location of the MT profile.

Paleozoic metasediments covered by thick, uncon-
formable Triassic red beds, and much thinner
Liassic, Paleocene-Eocene limestones and Oligo-
Miocene post-nappe detrital deposits [Chalouan
and Michard, 1990; Maaté, 1996]. The Dorsal
complex consists of stacked Late Triassic-Liassic
carbonate sheets, with a thin cover of Jurassic-Late
Cretaceous pelagic and Tertiary detrital sediments
[Nold et al., 1981; El Kadiri et al., 1992]. The
Sebtide and Ghomaride units constitute the base-
ment of the Alboran Sea, which is the largest
Neogene basin in the region.

[71 The Flysch units are composed of Cretaceous-
Lower Miocene detritic rocks. They generally
overthrust the External Zones with the exception of
some klippes that are located on the Internal
Zones as the result of a complex evolution involving
backthrusting or backsliding [Lespinasse, 1975;
Chalouan et al., 1995; El Mirihi, 2005]. The
External Zones are formed by units with generally
carbonate and pelitic mesozoic and cenozoic series,
mainly including limestones and marls. They are
also locally affected by alpine low-grade meta-
morphism [Frizon de Lamotte, 1985; Azdimousa
et al., 1998]. The External Rif consists of a fold-
and thrust belt detached along the Late Triassic
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evaporitic beds from the thinned continental crust
of the North African margin [Suter, 1980; Wildi,
1983; Ben Yaich, 1991].

[9] The Gharb is a foreland subsiding basin located
in the southwestern front of the Rif belt [Le Coz,
1964; Flinch, 1993; Zizi, 1996, Litto et al., 2001].
This basin contains part of the Prérif Nappe sur-
mounted by a large amount of continental sedi-
ments. It was moreover filled with sediments of
marine origin (marls and sands) during the Tertiary
and continental formations during the Quaternary,
except for a coastal fringe [Cirac, 1987].

[10] After the main episodes of crustal thickening
and metamorphism, in the Early Middle Miocene
the region began to undergo E-W to NE-SW
extension that led to the development of the Alboran
Basin, floored by a thinned continental crust. Low-
and high-angle normal faults [Benmakhlouf and
Chalouan, 1995; Chalouan et al., 1995; Saji and
Chalouan, 1995] developed in the upper crustal
levels.

[11] Recent compressional structures related to
Eurasian-African convergence developing since the
Late Miocene produce the main reliefs of the Rif
Cordillera and increase the crustal thickness. The
related structures are mainly large folds, reverse
faults in the mountain front, and normal faults in
the upper crustal levels of the Internal Zones. In
addition, large strike-slip faults determine recent
deformation in the Rif and allow for the escape of
Central Rif toward the SW [Chalouan et al., 2006].

[12] GPS data constrain the present-day tectonic
motions, showing a top-to-the-SW displacement of
the tectonic units in the Rif [Pérouse et al., 2010;
Vernant et al., 2010]. The proposed model suggests
that these displacements are related to crustal sub-
duction toward the NE that occurs below the central
part of the Rif and is associated with the interme-
diate seismicity of the Alboran Sea.

3. Previous Geophysical Data

[13] Seismic refraction [Hatzfeld and Ben Sari,
1977] studies reveal a 30 km thick continental
crust, with a 9-10 km thick lower crust. Models that
integrate both elevation and geoid gravity anomalies
assuming local isostasy [Zeyen et al., 2005] suggest
a poorly marked orogenic root beneath the Central
Rif cordillera that does not exceed 30 km. To the
northeast, the Moho rises abruptly up to 18-20 km
below the thin continental crust of the Alboran
Basin.

[14] Seismic studies led Calvert et al. [2000] to
suggest uprisen asthenosphere in the Alboran sea,
floored by thinned continental crust, and even
penetrating as a wedge between the Gibraltar Arc
crust and underlying lithospheric mantle (in a
delamination scenario). The model put forth by
Fullea et al. [2007] points to somewhat greater
thicknesses beneath the western Alboran sub-basin.
Waveforms of body waves that traverse the
Alboran Sea confirm the presence of an anomalous
mantle underlying the basin [Bokelmann and
Maufroy, 2007].

[15] The 1:500,000 Bouguer gravity map of the
Alboran Sea and Rif cordillera (Rabat sheets [Van
den Bosch, 1971, 1981]) shows a negative anom-
aly that extends on both sides of the Alboran Sea.
Although the area of thick continental crust located
in the central part of the Rif is characterized by
Bouguer anomalies reaching up to —150 mGal, the
anomaly increases toward thinner crustal areas
located at the foreland basins and the Alboran
Basin, locally reaching up to +50 mGal near the
outcrops of peridotite bodies. This regional increase
toward the north reflects the transition from the
thick continental crust of the Rif and the thin crust
of the Alboran Sea. Bellot [1985] developed a
detailed gravity study of the Beni Bousera perido-
tites, indicating that they are elongated near the
coastline and extend northward up to the anoma-
lous mantle of the Alboran Sea.

[16] A detailed aeromagnetic survey in northern
Morocco was carried out in 1969-1970 by Com-
pagnie Générale de la Géophysique (CGG)
(unpublished reports of the Direction des Mines et
de la Géologie du Maroc compiled by GETECH in
the African Magnetic Mapping Project, 1989). The
outstanding result was a narrow NW-SE elongated
positive anomaly in the Rif Cordillera, bounded at
the SE by the Jebha fault. This anomaly probably
corresponds to the Beni Bousera peridotites out-
cropping in the Internal Zones (Figure 1).

4. Magnetotelluric Profile

4.1. Data Acquisition

[17] Eighteen magnetotelluric soundings were
carried out in 2008 out for the first time along a
110 km NE-SW profile across the Rif Cordillera
(Figure 1). The profile extends from Oued Laou,
located in the Internal Zones and close to the
Alboran coast, to the town of Mechra-Ben-Ksiri
in the Gharb foreland basin. The profile is
nearly orthogonal to the main regional geological
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Figure 2. Real induction arrows at 1's, 10 s, and 50 s
(Parkinson’s convention, pointing to conductors) for
the 18 MT sites, and rose diagrams (Bahr’s method)
for every sounding including all frequencies on a con-
tour geological sketch of the studied area and a common
rose diagram for all the sites and all the frequencies.

structures, extending from the Internal Zones, and
crossing the External Zones to the Gharb foreland
basin. Magnetotelluric data were collected with
Metronix ADU-07 equipment, covering a frequency
band from 0.001 s to 1000 s. The registration time
at each site was about 3 days. Impedance tensor
components and the geomagnetic transfer functions
were obtained through standard robust processing
[Egbert and Booker, 1986]. Data quality was good
for most of the stations, with local exceptions for
some higher frequencies due to cultural noise.

4.2. Induction Arrows

[18] Induction arrows allow for a qualitative recog-
nition of lateral conductivity contrasts. They point
toward regions of highest conductivity and increase
their magnitudes as the gradient of resistivity Par-
kinson convention [Parkinson, 1959].

[19] Figure 2 shows the real induction arrows at
three different periods. The shortest period is
related to the shallow structure whereas the longest
period represents the deep structure. In general they
have a moderate magnitude. At 1 s the vectors are
heterogeneous, indicating a shallow heterogeneous
resistivity. Vectors at 10 s and 50 s have similar

trends, pointing northeastward in the NE part of the
profile, rotating to northwestward in the central
part, and finally southwestward in the SW end.

4.3. Dimensionality Analysis

[20] The dimensionality analysis of the profile was
undertaken using the Bahr method [Bahr, 1988].
Based on the rotational invariant and distortion
parameters, it provides stable results even with
noisy data.

[21] The dimensionality estimations have different
degrees of distortion for each frequency band, and
therefore a single sounding may present variable
dimensionality at depth. The dimensionality analy-
sis of all the sites and for all frequencies (Figure 3)
suggests a generally two-dimensional structure at
depth with some 3D influence at some sites.

[22] The estimated strike is shown in Figure 2 in
rose diagrams for each site. The regional NW-SE
elongated structure of the Rif is generally parallel to
one maximum of the diagrams, suggesting the same
dominant structure. However, induction arrows
mainly in the central part of the profile indicate
structures that are not perpendicular to the profile
and therefore deviate from the 2D hypothesis.
Thus, we proceeded as follows: First, a 2D inversion
was performed, and then, the 2D inverse model
was tested by simple 3D inversion. The extended
2D model along the strike was used as the initial
model for the inversion. In line with Figure 2 and
given the regional NW-SE elongated structure of
the Rif, a preferential direction of N145°E was
considered. This trend may be roughly regarded as
the geoelectrical strike direction.

4.4. 2D Inversion

[23] In accordance with the dimensionality analy-
ses, we preceded with 2D joint inversion [Rodi and
Mackie, 2001] of the rotated (to —35°) apparent
resistivities and phases and the projected geomag-
netic transfer functions. TM and TE modes, corre-
sponding to electric current flow perpendicular and
parallel to the strike direction, respectively, were
identified. The bathymetry of the Alboran sea was
fixed in the inversion with a resistivity of 0.3 ohm.m.
The final resistivity model (Figure 4) was obtained
with a RMS of 2.4 using an error floor of 10% for
apparent resistivities, 5% for phases and 0.1 for the
tipper. The regularization parameter was 7 = 3,
which was obtained by optimizing the trade-off
between smoothing the model and lowering the
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k<0.1 | | Z<01
k>0.1] e0; r20.3| 20

Figure 3. Dimensionality analysis of the MT data (Bahr’s method) for all soundings and for all frequencies. k, %, 4,

1) are parameters proposed by Bahr [1988].

RMS misfit (L-curve, Figure 5). Figure 6 shows
the responses of the model.

4.5. 2D Resistivity Model

[24] The electrical resistivity model along the upper
crust (Figure 4) reveals a continuous conductive
layer that in the SW (C1), reaches from the surface
to a depth of 5 km (between site 18 and site 14) and
thickens to the northeast. At the NE end of the

Foreland
SW Gharb- Saiss
basin
Mechra-Ben-ksiri Mezefroun
2 = e L ¥ bl LU
2 2 2 2 2 2 2 2

Depth  km

60
Distance

External Zones

Site 10

model, a resistive body (R3) extends from 4 km to
8 km beneath site 1, and is surrounded by conduc-
tive zones (C2) and the Alboran sea (C3).

[2s] The middle and lower crust are dominated by
high resistivities along the profile (R1, R2, R3),
with the exception of the conductive zone beneath
sites 9 and 10 (C4). Different sensitivity tests were
carried out, changing the resistivities of the main
features of the model; the result was always a large

Internal Zones
NE

Alboran
Chefchaouen Sea

© w
2 2
5 B

Rho (ohm.m)
SYE. 5000

Site 8

2
-

Site 7
Site 4
Site 3
Site 2

1209

Figure 4. Magnetotelluric 2D model across the studied area. The conductive bodies are noted as C and the resistive

bodies as R.

6 of 14



- " Geochemistry 3
~  Geophysics ( |
| | Geosystems | I

ANAHNAH ET AL.. CRUSTAL STRUCTURE RIF CORDILLERA

10.1029/2011GC003783

L- Curve

Roughness
&
o
o
\

Figure 5. L curve, trade-off between model roughness
and root mean square. 7 = 3 was chosen.

data misfit, with resolution decreasing only in the
deepest parts of the model (>25 km).

5. 3D Inversion

[26] A 3D inversion of the impedance tensor
was carried out using the WSINV3DMT code
[Siripunvaraporn et al., 2005]. The aim was to test
the reliability of the 2D approach and search for
possible structures along the strike. A selection of
8 sites along the profile was used as input data with
7 periods at each site (from 0.1 to 162 s). The input
impedance data were not rotated. The mesh con-
sisted of 45 cells in both x and y horizontal direc-
tions and 35 cells in the vertical z direction. Default
values (7 = 5 and 6 = 0.1) were used for the two
parameters of the decorrelation scale controlling
the model roughness [Siripunvaraporn et al., 2005].
The starting model was built using the conductivity
distribution from the 2D inversion model extended
along the strike direction. The average cell size is
3 x 3 km in the horizontal plane (x, y directions).
In the vertical z direction, the cell size increases
from 100 m on average for the first layers to 2 km
at 10 km depth and so on to more than 100 km
where the cell size reaches 20 km. The inversion
was prepared for a maximum of 10 iterations and a
normalized minimum RMS of 2.73 was obtained
in iteration 6. Figure 7 shows the data input and
model responses for each of the sites used in the
3D inversion. Apparent resistivities and phases are
preferred for the figure instead of the impedances
that are used in the inversion. Note that diagonal
phases are plotted in the quadrant where they
appeared. The change of quadrant for different
periods is due to the instability (small magnitudes)

of the impedance diagonal components. Figure 8
shows the final 3D model in terms of 3 vertical
cross sections: the central panel corresponds to the
central part of the 3D model, just below the sites,
the upper panel is 30 km to the west, and the lower
panel is 30 km to the east. Figure 9 shows a plan
view at 15 km depth. As we can see, the central
section reproduces quite well the 2D inverse model
in Figure 4. To the SW, the shallow conductors
correspond to sequence C1 in Figure 4; whereas to
the NE, beneath site 2, the 3 conductive columns at
shallow crustal depth correlate with conductor C2
in Figure 4. The middle-upper crust is highly
resistive along the model interrupted by the con-
ductor beneath sites 9 and 10, in agreement with
the 2D model in Figure 4. The cross sections at
both sides of the profile (Figure 8) show slight
variations of the resistivity distribution compared
with the central section. However, these variations
suffice to explain the behavior of some induction
arrows which deviate to the assumed 2D strike
direction. Unfortunately, the 3D inversion code
used does not include the inversion of the tipper.
Forward modeling of the 3D inverse model was
carried out by using the algorithm of Mackie et al.
[1993] [Mackie and Booker, 1999]. Figure 9 shows
the real induction arrows at 10 s and 100 s. Note
that some of the induction arrows now deviate
from the direction of the profile. No large con-
ductor to the west of the profile was needed to
explain this behavior. Comparison of the resistivity
sections at both sides of the central section
(Figure 8) shows that the significant difference is
that toward NW (Figure 8, top) there is a slight
increase in the conductive area together with a
generalized but also slight decrease in the resistive
zone in the middle-upper crust. This can also be
seen in plan view at 15 km depth in Figure 9.

[27]1 Thus, the main conductive features of the 2D
inverse model remain in the 3D inversion, reinfor-
cing the 2D model (Figure 4). A 3D inversion of
only 1 MT profile may yield a large range of con-
ductive structures at a distance from the current
profile, and only new data to the west could con-
firm these slight increases in conductivity.

6. Discussion

[28] In recent years, different geophysical studies
have attempted to constrain the crustal and mantle
structure of the Betic-Rif cordillera, located at the
westernmost end of the Mediterranean alpine belt.
Recent geological and geophysical surveys in the
Alboran Sea and Rif cordillera are sparse, however,

7 of 14



‘poroafoad suonouny 1ojsuen; orousewodd ay)
pue ,G¢— 03 pajejoi are saseyd pue soniansisal juareddy -4 21nS1] Jo [9powr (I Sy} JO sosuodsar [opows pue Bl "9 N3]

10.1029/2011GC003783

Buwp)zH ¢ [euiBLQ ('8Y) ZH &

B . uoD) feul
poteInded (Buil) 2~ pajeinojeg (‘oy) 24 (TuoD) | )z o

[BD N1~ Pajenoed 31~

(98s)poued (08s)poyiad (08s)poyiag (o0s)poag (08s)pouiad (o8s)poued
o o e o o o R o o o e o o o o Lo o o o R o o R R
Ly L Ly L I L L L I v L L L L L L L L L L L L L L L Ly ™ 1 1 ™
[ Lo - Le
M o peesstr et —Swreuve E ° E {o&\o\\ﬂb}i e X E ’ldl\k&o\lo«%‘i [ % B el
3 E) oo L. 5 £y 2 0 L. 3 o L
a o Fos Fos
F z P = T . Foo = Fee
=] z £ . b % z oz LR a5
m g W Feo 3 H s Fse 3 aaaal sz
g H Fe & H fx & F&
o v
3 3 > 3 ®
@] F _ g cvererrTiln algess o8y smsecves _”s H § SgmanBsetoest, o, ou sagesnann oo, _Hs H
s 3 0 2 2 ° w &
= & & H & &
~ 2 E o 2 2 o 2
3 3 _vu 3 3 _v._ 3
5 E H 1 Z [l T ]
= hd i Lo 2 b Lo 2
=) B ) ‘T el ‘T
= H __ o 3 - o 3 H - o 3
C 3 TZ =sur PR F —‘ B 5 2617} =Suwu A 3 El TL6TT =swi QFN._ 3 S
2 2 (99s)pousd (oos)povieq
R L L L L L L L L L s L L I ¥
= 3 Fz- Fz-
. z z z z =
©n s, o+ [ £ S erssrias ovhsest tesmsencesed L1 F z i ittt ——otottee wo [ F D N PSRN
o%e s Seco0es00 5 3 3 0040000 A e 0%0vee V5 '
3 : g e & H H H e
= e = v = e < = v
Fos- Fos-
& . R ST E % & O z F
3 e = 4asan 2 L 3 5 % A —— A, > ~ esenr v [0
) s [ 3 pyryveren 3 H - ana8s g H AT Fe
= Feo & H H H H [oe
S ® » 2 » 2
. 2420888 * g E H E oBag,spzegasuetaggn 0.o0an0esenanag H R
: e n 8 8 8 8 8
— "z T T 3 T *
< ) 8 & & [
o 2 o = E] z o 2
o 2 o 2 z 2 o 3
3 g g 3 g
& Lo 2 sseees Lo 2 3 : Lo g
oﬂl‘oﬂuﬂtm'l‘i‘oi 3 b 2 2 Boppppystttii tescsctoyessossanene | 3
Jas) &g &g B 3 o g
o g W f o g o g W
= o = E = : =
< Y6LVT =S " 5 eoE=sw RS FZE 01" 5 Pa6 " H 80 -5 g 5
2 (oas)pouag 2 (oos)poad (oos)poued 2 (sos)pouied
o o R o o [ R o o R o o o 0 o o R
< W L ¥ " L I L L L ¥ L " ¥ " ¥ " ¥ " L W s W L
Z z o T F H H
E H é [ e
e aasase fessiant F T 4 e i E F F
AbanassraniBEaE z Ry A 3 z z z
» ° B 3 s
— nﬂ geugEEEttiescmosaiange w3 0« 3 E 2 2
o £ S e =le 2 2 g 3
( J 5 s 5
3 3 g ;
’ & & & & &
> o 2 z z 2 o B
»n Lo 3 > > > 8 Lo 3
° L 1!
Gm nﬁ“‘-‘}\-\l‘.‘lrv,m 0033ugguTuree"-2Betansumseuecssetton ] 3 Lo 2 ® Ea 2
o= T E T . T g
[} = w3 T = o 2 ey e ¢ 2 00 =S - s 2 To Swr e 5 e o
- e FE H = g H TEs por H = T H = Z H VIS o

Geo
eosys

" Geochemistr
* phys

)

8 of 14

(Bun) z4

(1eay) zH (Bun) zH (wrwyo) ddy oyy (Bap) eseyd  (1eay) zH (Bu) 24 (wrwyo) ‘ddy ouy (Bap) aseud  (1eay) zH

(wrwyo) ‘ddy oyy (Bap) aseyq



4.~ Geochemistry | 3

*  Geophysics ANAHNAH ET AL.: CRUSTAL STRUCTURE RIF CORDILLERA 10.1029/2011GC003783
| Geosystems | I
A~
Site:2 1o Site: 5 1 Ste? Lo, Site:9
104 ~ = = T XYy XXYY I XXYY T XXYY
= I
€ 104 I = 104 B 104
E E E
H 1 £ 11 LI
o 10 20 1 = 104
2 2 2
2 3 I 3
& &, &
104 105 104
103 104 104
& 180 1
XXYY] XXYY T vy T x|
135 135-]
90 7 90
as 4 8454 5 . s
o 45 I 45|
-90-| -90-| E
-135- -135+ I -
180 -180- -
10° 10° 10
+ I XYYX XYYX XYYX XYYX
E = = E E
£ I £ £ Il
<. T s T s :
104 s s
g T g g
& & &
T : I
104 z f x
1 104 104 104
XYYX XYYX XYYX
135-| 135-| xx 135-| 135-]
90| 90| 90 0
Sus] - =z 3 Bas] _ a e L T —
3 s =3 3
E 0 ﬁ 04 ﬁ 04 E 0
045 o 45 o 45 O 45
90 90-| -0 -90-|
LK e — 136 o e = 935 . 196 — =
180+ T T T T 180+ T T T T 180+ T T T T 180+ T T T T
1o o To 1o o 1o o fo fo o 1o 1o To 1o o 1o To To 1o 1o
Site10 Site12 10. Site:14 Site:16
XXYY XXYY XXYY
XXYY 1]
104 = I =
E E
£ 102 : £
- 1 £ H
£ £, $
£ < 10 <
s 3 ©
god ! 103
g 3]
2
&
104
180
XXYY] XXYY
135 XXYY XXYY
90
45 = g
goq= ]
B 45 s
90|
-135-
-180- I
0
XYYX o XYYX 0 XYYX 0 XYYX
E 104 € € I B
E E £ T E
s s s \f s |4 :
g <104 2104 - <10 =
g \I—/ g g E
s | 2 2 g
3 ‘\l\;_l\! 3 3 E &
T~ '
104 10 1‘1!%, 10
XYYX XYYX
135 XX 1354 XYyXx 135 135
90-| 90 90 90|
§‘5’Iw g _— g4 7 i B N
g 09 g 0 g 04 8 o
T 45 T 45 845 o 45
90 90 90 90
136 = —F=—*% ) ooo—— . . = 105 ——— M T —
180+ 180+ T T T T 180+ T T T T 1804 T T T T
1o To To To 10’ 1o To 1o 1o 10 s To 1o o 10 10 1o 1o o

Figure 7. Unrotated data and model responses of the 3D inverse model.

unlike the Betic cordillera [ Galindo-Zaldivar et al.,
1997; Pous et al., 1999; Serrano et al., 2003; Marti
et al., 2004], mainly because of the harsh topogra-
phy and scarce roads. The lack of geophysical and
geological data in the region impedes determination

of the deep structures that would support the pro-
posal of new geological evolution models. In this
context, crustal models are inferred from very
indirect data such as surface motions [Pérouse
et al., 2010]. The two-dimensional resistivity model
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Figure 8. Vertical sections of the 3D model. (top)
30 km to the west of the profile. (middle) Beneath the
MT profile in the central part of the 3D model. (bottom)
30 km to the east of the profile.

of the MT data (Figure 4) in agreement with the 3D
inversion (Figure 8) shows a good correlation with
other geophysical data [Van den Bosch, 1971, 1981;
Hatzfeld and Ben Sari, 1977; Bellot, 1985] confirm-
ing that the crustal structure is formed by the over-
printing of alpine Rif tectonic units on a deep
basement (Figure 10), probably corresponding to
the northward continuity of the variscan Moroccan
Meseta. These two main domains are separated by a
sharp detachment level that becomes shallow toward
the SW and reaches approximately 10 km depth at
the NE end of the profile. The model suggests a
heterogeneous upper crust (Figures 4 and 10). The
Internal Zones are formed by an outstanding low-
resistivity body (C2) whose top lies at 4 km depth,
probably corresponding to the nearby outcropping
Beni Bousera peridotites (Figure 1), and a highly
resistive body (R3) that is interpreted as metamorphic
rocks (gneisses). Both C2 and R3 are considered
as the NW continuity in depth of the peridotites
and gneisses, respectively, which may correspond
to elongated discontinuous bodies surrounding the
western Gibraltar Arc. They are in agreement with
gravity studies [Bellot, 1985] that support the exten-
sion of peridotite bodies parallel to the Alboran coast,
although the size obtained with MT data is lesser than
in gravity studies. To the north, the C3 body corre-
sponds to conductive Alboran Seawater. Southward,
the External Zones and the foreland Gharb basin
are characterized by low resistivity values (C1, C),

100 800 2000 Qm

Figure 9. Plan view of the 3D model at 15 km depth. Dots are the MT sites used in the 3D inversion and real induc-
tion arrows at 10 and 100 s (Parkinson convention) corresponding to the 3D model are shown.
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Figure 10. Deep section across the western Rif cordillera combining geological and magnetotelluric data.

corresponding to sedimentary rocks. Their bottom is
interpreted as a thrust whose frontal part crops out
southwest of Mezefroun (Figures 1 and 10). More-
over, the variable thickness of the highly conductive
bodies of the External Zone front and the Gharb
basin suggests the presence of basement highs that
may be related to blind frontal thrusts (Figures 4
and 10).

[29] The most relevant feature in depth corresponds
to a large high-resistivity body (R1 and R2), located
below the frontal part of the Rif and between the
Internal and External Zones (Figures 4 and 10).
Situated in the middle and upper crust, and sepa-
rated by a more conductive zone (C4), these resis-
tive anomalies are located at a depth roughly below
5 km, having a very wide cross-section and
extending over 2540 km. The bodies feature an
irregular upper boundary and extends in depth,
although the base is not well constrained. The
presence of exotic granitic and gneiss blocks at
surface in some tectonic units of the frontal part of
the Rif Cordillera [Ben Yaich, 1991] and also in
boreholes [Faugeres, 1978], along with their resis-
tive character, would suggest that the large body
(R1) corresponds to a granitic or gneissic basement
surrounded by metapelitic rocks. The resistive body
(R2) also agrees with the structure of the Moroccan
Meseta, where kilometer-sized resistive late var-
iscan granite bodies are emplaced in metapelitic
host rocks [Michard et al., 2008].

[30] Conductors in the crust are usually detected
in MT studies. The meaning of the conductors
depends on the geodynamic conditions of each
particular case. In the Rif, an active alpine chain,
they are probably related to fluids or the presence of
graphite-bearing schist. The point is that conductor
C4 beneath sites 9 and 10 is too diffuse from the
upper crust to the middle-lower crust. If this con-
ductor appeared more elongated, then fluids along a
fault zone would be a plausible explanation, but the

conductor beneath site 9 and 10 does not have this
usual shape. Another possibility is the presence of
a basement including graphite-bearing rocks, as
occurs in the SW Iberia [Monteiro-Santos et al.,
2002].

[31] The presence of shallow granitic or gneissic
bodies below the External Zones and near the major
detachment faults (Figure 10) suggests a possible
model for emplacement at surface along the Exter-
nal Zones of exotic gneissic and metamorphic
blocks. Detachment faults may have cut the top of
the variscan basement and mixed the blocks with
the low density Triassic cover formed by clays and
evaporites that constitutes the base of the alpine
tectonic units. Therefore, shearing during frontal
accretion and diapiric processes associated with the
Triassic rocks may have allowed emplacement up
to the surface of the basement metamorphic rocks
(Figure 10, between sites 14 and 15). In the resis-
tivity model (Figure 4), the small conductive body
could represent the ascending diapiric structure.
Recent GPS observations suggest active south-
westward motion of the Rif Cordillera with respect
to the Moroccan Meseta, in a trend parallel to
the obtained MT profile [Pérouse et al., 2010].
Although this research associated active motion to
the presence of a NE-dipping subduction zone that
affects the Rif, our geophysical data do not support
such an interpretation, as we do not envisage con-
tinuity in deep bodies toward the NE. Southwest-
ward motions may be interpreted as evidence of the
activity of the main detachment located below the
alpine orogenic wedge [Chalouan et al., 2006;
Pedrera et al., 2011], constrained from the mag-
netotelluric data presented here.

7. Conclusions

[32] New magnetotelluric data provide an image of
crustal resistivity along a NE-SW transect of the Rif
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Cordillera and its foreland basin, helping to com-
plete the surface geological observations. These
data allow us to determine the major deep structures
in this area, despite scarce previous geophysical
data, and to constrain the relationship between
shallow and deep crustal structures.

[33] The resisitivity 2D model (Figure 4) confirmed
by the 3D inversion (Figure 8) shows overprinting
of the Rif alpine tectonic units on the Moroccan
Meseta basement, separated by a major active
northeastward dipping crustal detachment with top-
to-the-SW kinematics. The Gharb basin features
irregular sedimentary infill, most likely related to
the presence of blind thrusts associated with frontal
Rif deformations. The Internal Rif has greater
resisitivity heterogeneity than the External Rif,
where moderately conductive bodies prevail. One
outstanding conductive body in the shallow upper
crust near the Alboran Sea is interpreted as the
northwestward continuity in depth of the Beni
Bousera peridotites. Overlying it is a nearby resis-
tive body corresponding to micaschists and gneis-
ses belonging to the Sebtide Complex. The Rif
basement is attributed to the variscan Moroccan
Meseta, characterized by large resistive bodies,
probably corresponding to granites and gneisses,
emplaced in a metapelitic host rock.

[34] The exotic metapelitic and gneissic rocks
observed in the frontal part of the Rif Cordillera,
whose lithology is different from the rocks of the
internal Rif units, probably came from the under-
lying variscan basement. The activity of the basal
detachment may have contributed to fracturing the
top of the basement, which was mixed with the
Triassic evaporites and clays and finally emplaced
in the surface.

[35] The southern part of the Gibraltar Arc is a key
region for discussion of the geodynamical models
proposed in the context of Alboran Sea evolution.
The new data on the top-to-the-SW Rif orogenic
wedge would support the present-day models based
on subduction developing crustal thrust structures,
rather than models based on delamination.
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