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Abstract The different geodynamic models proposed since the late 1990s to account for the complex
evolution of the Gibraltar Arc System lack definite constraints on the crustal structure of the Rif orogen.
Here we present the first well-resolved P-wave velocity crustal models of the Rif Cordillera and its southern
continuation toward the Atlas made using controlled-source seismic data. Two 300+ km-long wide-angle
reflection profiles crossed the Rif along NS and EW trends. The profiles recorded simultaneously five land
explosions of 1Tn each using ~850 high frequency seismometers. The crustal structure revealed from 2-D
forward modeling delineates a complex, laterally varying crustal structure below the Rif domains. The most
surprising feature, seen on both profiles, is a ~50 km deep crustal root localized beneath the External Rif. To
the east, the crust thins rapidly by 20 km across the Nekkor fault, indicating that the fault is a crustal scale
feature. On the NS profile the crust thins more gradually to 40 km thickness beneath Middle Atlas and

42 km beneath the Betics. These new seismic results are in overall agreement with regional trends of Bou-
guer gravity and are consistent with recent receiver function estimates of crustal thickness. The complex
crustal structure of the Rif orogen in the Gibraltar Arc is a consequence of the Miocene collision between
the Iberian and African plates. Both the abrupt change in crustal thickness at the Nekkor fault and the unex-
pectedly deep Rif crustal root can be attributed to interaction of the subducting Alboran slab with the North
African passive margin at late Oligocene-early Miocene times.

1. Introduction

At the westernmost Mediterranean the complex interactions between two continental masses, the Eurasian
and African plates, has produced a broad arcuate collision zone, the Gibraltar Arc System (Figure 1), com-
posed of the Betic and Rif mountain ranges separated by the Alboran Sea basin. A wide variety of tectonic
models have been proposed, to explain the surface geology [see Platt et al., 2013 for a review] whereas only
recently has detailed information been available of the deep structure of much of this region, including the
Rif Cordillera in North Morocco.

Crustal thicknesses, composition, structure, and the location of major fault zones reflect deformation proc-
esses, which is fundamental knowledge necessary to constrain evolutionary models. Over 100 years after its
discovery the depth of the Mohorovicic discontinuity is still poorly known in many geodynamically complex
areas [see Carbonell et al., 2013 for a review]. The Gibraltar Arc System is one such area. Diaz and Gallart
[2009] and Gallart and Diaz [2013] reported the crustal thickness measurements presently available in the
Iberian Peninsula, revealing that the northern part of this complex collision zone features crustal thicknesses
between 30 and 43 km, the latter found beneath specific areas of the Betic ranges. However, recent receiver
function analyses suggest greater crustal thicknesses in parts of the Betics and in the Moroccan Rif. Here we
present an analysis of wide-angle seismic data which allows the development of a velocity-depth model of
the crust and hence provide new insights on the Moho topography beneath the area.

Numerous, often incompatible geodynamic models have been proposed to explain the singular configura-
tion of the Gibraltar Arc System. They include: regional-scale recycling of the lithosphere by delamination
[Seber et al., 1996]; slab break-off [Blanco and Spakman, 1993; Zeck, 1996], convective removal [Platt and Viss-
ers, 1989]; active eastward subduction of oceanic crust [Gutscher et al., 2002]. Further details on those
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Figure 1. Map of Southern Iberia and Northern Morocco with the location of seismic wide-angle profiles acquired through the RIFSIS pro-
ject (in red, the digital stations; stars, the source points) and simplified geology of the study area. The major tectonic domains and bounda-
ries are indicated. GB: Gharb Basin; GuaB: Guadalquivir Basin; GS: Gibraltar Strait; M: Meseta; MA: Middle Atlas; Nf: Nekkor fault; SB: Saiss
Basin; T: Tell Mountain TASZ: Trans-Alboran Shear Zone. The dashed line represents the geometry of the Gibraltar Arc. The inset shows
location within the Euro-Mediterranean domain and includes an outline of the Westernmost Mediterranean Alpine Belt.

models, including a summary diagram, can be found at the review paper presented by Platt et al. [2013].
Many authors now relate the origin of the Gibraltar Arc to the segmentation of the Western Mediterranean
Subduction Zone (WMSZ) and the fast westward oriented retreat of the subsequent narrow slab of oceanic
lithosphere [Royden, 1993; Lonergan and White, 1997; Rosenbaum and Lister, 2004; Faccenna et al., 2004; Joli-
vet et al., 2009; Vergés and Fernandez, 2012]. Recent mantle studies of this region suggest subduction related
convective recycling and delamination of mantle lithosphere from the crust [Bezada et al., 2013; Palomeras
et al.,, 2014; Thurner et al., 2014]. The crustal models presented here helped constrain these recent studies
by providing a detailed knowledge of the crustal properties.

With an aim to improving the constraint on geodynamic models of the Gibraltar Arc, an ambitious multidis-
ciplinary research project was initiated in 2006, led by the Spanish Topo-lberia program in collaboration
with PICASSO (Program to Investigate Convective Alboran Sea System Overturn), a loosely affiliated consor-
tium of U.S,, Irish, German and Moroccan institutions. Within these initiatives special emphasis was placed
on geophysical characterization of the crust with active seismic and magnetotelluric methods in specific
areas coinciding with surface structural and petrological studies. These extended from the center of the Ibe-
rian Peninsula [Gomez-Ortiz et al., 2011; Pous et al., 2011; Martinez-Poyatos et al., 2012; Ruiz-Costan et al.,
2012; Ehsan et al., 2014; Garcia-Lobon et al., 2014] to the Saharan craton, south of the Atlas Mountains. A
unique high resolution wide-angle reflection data set was acquired across the Atlas [Ayarza et al., 2014] and
across the Rif (this manuscript).

We present seismic crustal velocity models along a 430 km-long and a 330 km-long wide-angle seismic
reflection (WA) transects crossing the Rif in the NS and EW directions. This geometry is aimed to acquire
seismic data over the zone where a significant low Bouguer anomaly has been previously identified
[Hildengrand et al., 1998]. The Bouguer gravity anomaly database maintained by the International Gravimet-
ric Bureau (BGI; http://bgi.omp.obs-mip.fr/data-products/Grids-and-models/wgm2012) shows a very promi-
nent —150 mGal gravity low is located to the south of the Internal Zones of the Rif, over the External Zones
and the western region of the Gharb foredeep basin (Figure 2). The gravity anomaly increases toward the
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Figure 2. Gravity anomaly contour map of the southern Iberian Peninsula and northern Morocco. Bouguer anomalies have been extracted
from the BGI (Bureau Gravimétrique International, http://bgi.obs-mip.fr). The contour interval is 40 mGal. The red lines indicate the location
of the seismic profiles and the yellow stars represent the source points. Note that the wide-angle transects closely follow the axes of the
minimum of the Bouguer anomaly (—150 mGal) beneath the Rif domain.

oceanic areas, reaching maximum values of up to 250 mGal over the Atlantic and from 50 to 150 mGal in
the Alboran Basin and its transition toward the oceanic Algerian basin (Figures 1 and 2). The new seismic
models derived from our data are converted to density and the predicted Bouguer anomaly is compared
with the BGI database.

2. Geological Setting

The Gibraltar Arc system forms the Westernmost Mediterranean Alpine belt and comprises the Betic and Rif
Cordilleras and a deep sedimentary basin over the extended continental crust of the Alboran Sea, which
developed roughly synchronously with the orogenic belt during the Miocene [Vergés and Fernandez, 2012;
Platt et al., 2013].

Similar to the Betic Ranges and other Alpine Mediterranean cordilleras, the Rif consists of Internal and Exter-
nal Zones, separated by Flysch units. The Internal zones are formed by Paleozoic, Mesozoic and Cenozoic
sequences, including metamorphic complexes that have been affected by Alpine deformation since the
Eocene-Late Oligocene [Chalouan et al., 2001, 2008]. The External Zones comprise carbonate and pelitic
Mesozoic and Cenozoic units, mainly limestone and marls. In the Rif, they form a fold-and-thrust belt
detached along Late Triassic evaporite beds above the thinned continental crust of the North Africa passive
margin [Wildi, 1983; Chalouan et al., 2008]. The Flysch units are composed of Cretaceous-Lower Miocene
detrital rocks. They overthrust the External Rif units and include klippes located on the Internal Zones [Cha-
louan et al., 1995, 2008]. The relatively large Ronda and Beni-Bousera peridotite exposures (Figure 1) are
found along the eastern flank of the Gibraltar Arc in the Betics and the Rif, respectively.
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The Gharb (or Rharb) Basin is a foredeep separating the Rif belt from the Moroccan Meseta and Middle
Atlas. This basin contains part of the Prerif nappe underlying a large amount of continental sediments,
reaching a maximum depth of 8 km toward the west [Hafid et al., 2008]. It was moreover filled with sedi-
ments of marine origin during the Tertiary and continental formations during the Quaternary, except for a
coastal fringe [Hafid et al., 2008]. The Gharb Basin, like its counterpart in the Iberian Peninsula, the Guadal-
quivir Basin, evolved as a foreland basin as the basement was loaded by the thrust sheets of the External
Units [Fernandez et al., 1998; Garcia-Castellanos, 2002] during the Miocene.

In Early-Middle Miocene, after crustal thickening and metamorphism, the region began to undergo EW to
NE-SW extension that thinned the continental crust along normal faults forming the Alboran Basin [Cha-
louan et al., 2008]. The Alboran Basin has thick Neogene overlying deep crustal rocks locally recognized as
belonging to the Sebtides-Alpujarride nappes.

Since the Late Miocene, continued compression has formed large folds and reverse faults in the mountain
front, as well as normal faults in the upper crustal levels of the Internal Zones, providing the relief of the
modern Rif. Large strike-slip faults, notably the Trans-Alboran Shear Zone (TASZ), and its onshore continua-
tion, the Nekkor fault, accommodate escape of Central Rif toward the SW [Pérouse et al., 2010]. The TASZ is
a broad fault zone, composed of different left-lateral strike-slip fault segments running from the eastern
Betics to the Alhoceima region in the Rif and resulting in a major bathymetric high in the Alboran Sea, that
affects the Neogene basins of the region [Udias and Buforn, 1992; Martinez-Diaz et al., 2001]. The Nekkor
fault is linked to the normal faults beneath Alhoceimas region [Booth-Rea et al., 2012], which is one of the
most seismic active areas nowadays in Morocco. More detailed descriptions of the geology of the Gibraltar
Arc can be found elsewhere [e.g., Chalouan et al., 2008; Platt et al., 2013, and references therein].

3. Previous Geophysical Studies

Early geophysical studies of the Rif in the 70’s consisting of low-density seismic refraction by Hatzfeld and
Bensari [1977] reported a crustal thickness of 30 km beneath the Gharb Basin. Beneath the Alboran Sea,
wide-angle profiles (also in the 70’s) constrain Moho-depths of 18-20 km beneath the central part of the
basin [Working Group for Deep Seismic Sounding in Alboran 1974, 1978]. Wigger et al. [1992] report crustal
thicknesses of 35 km beneath the southernmost Rif determined by refraction recordings of quarry blasts.

Torne et al. [2000] used gravity, heat flow and elevation data to estimate crust and mantle lithosphere thick-
ness beneath the Alboran basin, the Betics and the Rif Cordilleras. They found that crustal thickness
between the orogenic belts and the Alboran Sea may differ as much as 25 km. These models where further
refined by including constraints from the Geoid anomalies [Frizon de Lamotte et al., 2004; Zeyen et al., 2005]
and possible petrological compositions [Fullea et al., 2010, 2014]. These resulted in a moderately thick crust
underneath the Rif and Betics (~32-34 km), and a thin continental crust (~18-22 km) beneath the Alboran
basin. This basin progressively thins toward the east, reaching values less than 16 km depth at the transition
to the Algerian basin. In the Moroccan interior, crustal thickness increases to 38 km below the highest eleva-
tions of the High Atlas, then it decreases to the southeast to 30-32 km.

Results from a NW-SE oriented magnetotelluric profile across the Rif [Anahnah et al., 2011a] show a hetero-
geneous upper crust, with resistive (metamorphic rocks) and conductive (peridotites) bodies in the upper-
most 10 km of the Internal Zones, and highly conductive bodies in the External Zones and foreland basin.
The variable thicknesses of the latter ones suggest the presence of basement highs that may be related to
blind frontal thrusts between the Gharb Basin and the External Zones. A crustal detachment level separating
shallow geological units from a probable Variscan basement was inferred. At depths below 5 km, relatively
large resistive bodies appear below the frontal part of the Rif. The southern Rif has also been modeled using
magnetotelluric data, featuring wide and thin conductive bodies interpreted to correspond to detrital rocks
that alternate with marl and carbonates [Anahnah et al., 2011b].

Eurasian convergence relative to Africa trended south during the Late Cretaceous-Paleogene, and has
trended southeast oblique to the African margin from the Miocene. The present-day tectonic motions in
the study area are constrained from GPS observations on permanent sites and temporary deployments
[Fadil et al., 2006; Vernant et al., 2010; Koulali et al., 2011] combined with other stress indicators [Palano
et al,, 2013]. They show south to southeast motion at ~5 mm/yr of the Rif region relative to stable Nubia.
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The Rif, Betics and Alboran Sea are an active seismic zone, with the Rif interpreted as a wide transpressive
zone between the seismically active Tell to the east, and the oceanic transform fault plate boundary to the
west. This is interpreted as additional evidence of subduction roll-back, corresponding to the contact area
between two converging plates, Eurasia and Africa.

Local earthquake travel time tomography using data from the Topolberia and PICASSO arrays of the Gibral-
tar Arc (L. El Moudnib et al., Crust structure of northern Morocco and southern Iberian Peninsula from local
earthquake tomography, submitted to Tectonophysics, 2014) have significantly enhanced the previous mod-
els presented by Gurria and Mezcua [2000] and Calvert et al. [2000a]. At the uppermost crustal levels low
velocities (5.5-5.75 km/s) are observed beneath the Betics and the Alhoceima region, while the velocities
beneath the Rif remain close to the 1-D IGN reference model [Gurria and Mezcua, 2000]. At ~30 km depth, a
low velocity zone (6.3-6.7 km/s) clearly underlies the Gibraltar Arc from the easternmost Betics to the south-
eastern Rif, were an abrupt change in velocity is observed. Low shear velocities have been determined in
the same region from Rayleigh wave tomography [Palomeras et al., 2014]. Calvert et al. [2000b] and Serrano
et al. [2005] used seismic regional waveforms to map Pn velocities along the Africa-Iberia boundary. A
robust low-Pn (<7.8 kms™") velocity anomaly is imaged beneath the Betics, in contrast with the relatively
normal values beneath the Alboran Sea. The Rif and Middle Atlas show also low Pn velocities. Diaz et al.
[2013] resolved similar patterns and a local area of high Pn and Sn velocity (>8.2 kms™' and >4.8 kms ™",
respectively) beneath the Alhoceima region (approx. 35°N, 3°W).

Regional 3-D teleseismic tomography [Bezada et al., 2013] images a high velocity slab-like feature beneath
the Alboran Sea and much of the eastern Betics from lithospheric depths to >600 km. The geometry con-
firms slab tearing beneath the eastern Betics, suggested previously by Spakman and Wortel [2004] and Gar-
cia-Castellanos and Villasenor [2011]. Rayleigh wave tomography and receiver function images of the
Western Mediterranean [Palomeras et al., 2014; Thurner et al., 2014] suggest that the slab is attached to the
crust beneath the Rif Cordillera, suggested also by Pérouse et al. [2010] from GPS observations.

SKS split directions rotate around the Gibraltar Arc with the fast directions following the curvature of the
Rif-Betic chain [Buontempo et al., 2008; Diaz et al., 2010; Miller et al., 2013; Diaz and Gallart, 2014].This is inter-
preted as evidence of asthenospheric mantle flow around the Alboran slab [Diaz et al., 2010; Alpert et al.,
2013; Diaz and Gallart, 2014]. Recent Topo-lberia and PICASSO receiver function studies [Mancilla et al.,
2012; Thurner et al., 2014] show large variations in crustal thickness beneath northern Morocco, with a
clearly defined localized crustal root beneath the central Rif extending to 40-50 km, and significantly thin-
ner crustal thicknesses of 22-30 km beneath northeastern Morocco, although the studies differ in detail.
The eastern limit of the Rif Cordillera, in the transition between both areas, shows complex converted Ps sig-
nals admitting different interpretations. Thurner et al. [2014] identified a subcrustal horizon beneath the
Betic and Rif Cordilleras, located between 45 and 80 km depth, which are interpreted as the top of the
Alboran Sea slab merging with the Moho at 50-55 km depth.

4, RIFSIS Data Acquisition and Processing

In October 2011, we acquired a 330 km-long and a 430 km-long wide-angle seismic reflection profiles ori-
ented, approximately, EW and NS (Figure 1). The profile directions were designed to approximate the overall
Rif strike and dip directions and conform to major and minor axes of the elliptical Bouguer anomaly pattern
(Figure 2). The EW transect extends across the Rif orogen from the Gharb Basin to the Algerian border. The
NS line extended 70 km into the Iberian Peninsula and over 300 km within Morocco to the Mid-Atlas, over-
lapping with the SIMA seismic wide-angle transect in the Atlas Mountains [Ayarza et al., 2014]. Jointly, SIMA
and the NS RIFSIS profile extend 700 km-long from the northern Sahara desert into southernmost Iberia.
The Iberian portion of the NS RIFSIS profile is not reversed as there were no source points in Iberia.

Each of the 5 sources consisted of 1Tn of chemical explosives in 2 boreholes and was recorded by 845 digi-
tal seismographs with one-component 4.5 Hz geophones (Reftek RF125 IRIS-PASSCAL Texans). The average
receiver spacing was 750 m. Shots R1 through R3 where located along the NS line, and R3-R5 were along
the EW line. Shot R3 is at the intersection of the two profiles. All shots were recorded by all the stations pro-
ducing fan shots for 3-D control on deep structure [Carbonell et al., 2014]. Up to 402 seismographs were
deployed along the EW profile and 443 along the NS profile including 35 in Spain. The signal-to-noise ratio
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in our data is within the usual range for this kind of experiments, providing a reasonably good overall data
quality although shot R1 near Gibraltar has low signal-to-noise ratio at offsets larger than 80 km.

Data processing included amplitude recovery, frequency filtering using a classical band-pass Butterworth fil-
ter (3-10 Hz) and phase enhancement by a lateral phase coherency filter [Schimmel and Gallart, 2007]. This
latter procedure allows a better identification of weak seismic arrivals at large offsets, as can be observed in
the supporting information Figure S1. Travel times of different seismic phases were picked for a series of
crustal phases including the Moho reflection PmP. The coherency filter was especially valuable in the case
of shot R1 allowing us to identify arrivals from 80 to 140 km offsets. A total of 2297 picks were obtained,
1154 from the NS profile and 1143 from the EW.

P-wave velocity-depth models were derived by forward modeling travel times of diving and reflected waves
using RAYINVR software [Zelt and Smith, 1992]. Additional geological and geophysical constraints were con-
sidered in the modeling procedure where available. For the NS profile we start from the velocity-depth
model presented by Ayarza et al. [2014] from the interpretation of the SIMA profile, crossing the Atlas and
partially overlapping our profile. At the northern edge, the seismic models by Medialdea et al. [1986] were
also taken into consideration. Different geological results compiled in Chalouan et al. [2008] have been

used to get an initial estimation of the geometry and velocities in the uppermost sedimentary layers. Identi-
fied seismic phases (shown and labeled in the figures) follow the conventional nomenclature: Ps and Pg
denote refractions through the sedimentary cover and the basement, respectively; PiP, PcP and PmP stand
for P to P reflections produced at the top of the middle crust, top of the lower crust and Moho discontinuity,
respectively; and P1, P1P identify refraction and reflection events on a locally limited sedimentary layer.
Because the shot spacing is rather large, varying from about 80 to 140 km, phases from the sedimentary
layers and the upper crust generally are not reversed, whereas the deeper phases Pg, PcP, and PmP gener-
ally are. Despite careful inspection and analysis of the filtered and unfiltered record sections, we have not
found clear evidences of arrivals displaying a convincing lateral correlation and which could be attributed
to lower crustal or Moho refracted phases. Hence, we have preferred to use only the well identified reflected
phases as the observations for modeling. In the following sections we describe: (1) the quality of the data;
(2) the parts of the models that are well constrained; and (3) the travel time picks and fit (supporting infor-
mation Figure S2). Estimated uncertainties of the travel times picks are, on average 0.05 s for Ps, 0.1 s for Pg
and between 0.1 and 0.2 s for reflected phases PiP, PcP and PmP. The derived P-wave velocity models repro-
duce the picked travel time branches with a very good agreement. The observed travel time misfits (usually
less than 0.15 s) are reasonable in view of contributing factors such as the acquisition geometry, local oscil-
lations on topography, outcropping lithologies, etc.

5. Lateral Variations of the Structure Beneath the External Rif Domain: East-West
Profile From Gharb Basin to the Algerian Border

The EW profile is sampled from shot records R3, R4 and R5 (Figures 3-5). Rapid structural variations beneath
the External Rif domain can be inferred from the deeper phases PcP and PmP recorded along this transect.

Shot R3 was recorded ~50 km to the west, toward the Gharb Basin, and 280 km to the east, along the Exter-
nal Rif to the Algerian border. Two sedimentary arrivals are observed in the eastern section: Ps; is the first
arrival to ~15 km and Ps,, to ~30 km offset. A satisfactory fit in travel times is obtained (see Figure 6) with a
velocity gradient between 3.2 and 3.8 km/s for the first sedimentary layer, and 4.25 to 5.2 km/s for the sec-
ond. In the western part, the first arrival to 15 km offset (—15 km in Figure 3), identified as the refracted
phase P1, arrives earlier than the same arrival at similar offsets to the east. This PT phase, a first arrival to

40 km offset, travels in a layer with an average velocity of 4.8 km/s. This phase and its associated reflection
P1P indicate that the Neogene deposits of the Gharb Basin extend to depths of 10 km. The Pg phase can be
correlated at offsets of 30 to 80 km in the eastern part with an apparent velocity of 5.8 km/s, but is less visi-
ble. PiP energy is observed beyond 30 km offsets at reduced times of ~5 s to the east, almost a 1 s delay
compared to the west. Weak PcP arrivals are identified in the eastern section at offsets of 50-90 km, and
relatively high amplitude PmP arrivals at offsets of 80-190 km. When examined carefully, we identify

two arrivals with different slopes. The first event at 80-130 km offset arrives at ~10 s reduced travel

time. We identify a second event with velocity greater than 8.0 km/s at 110-140 km and 13-10 s travel
times (Figure 3). These two arrivals suggest a complex Moho-topography. We have modeled the two arrivals
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Figure 4. Shot R4 recorded along the EW profile with the ray tracing diagram and the travel time picks considered. See caption in Figure 3 for details.
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as different PmP branches resulting from a west to east shallowing of the Moho from more than 50 km to
less than 30 km. The Moho ramp occurs over a distance of 45-50 km beneath the surface expression of the
Nekkor fault/TASZ, at the eastern end of the Bouguer gravity anomaly over the Rif (Figures 1, 2, and 6).

Shot R4, in the center of the EW profile (Figures 1 and 4), clearly exhibits extraordinary lateral differences in
crustal structure beneath the Rif resulting from the change in lower crustal structure. Sedimentary phases
are observed as first arrivals to 20 km offsets to the west and 30 km to the east, suggesting that the sedi-
ments thin from east to west from 4 to 2 km thickness. As will be discussed later, this step in the sediment
thickness is located beneath the surface expression of the Nekkor Fault. The velocity in the sedimentary
layers increases from 4.3 to 5.3 km/s. The Pg phase is visible to 60 km offsets at apparent velocity 5.9 km/s.
A reflected event (PiP), appearing approximately symmetrically under the shotpoint from 20 to 100 km off-
set, is interpreted to come from the top of the middle crustal layer at ~16 km depth. To produce the rela-
tively high amplitude of the PiP arrivals, a marked velocity contrast is required, which we model as a
transition from 5.9 to 6.3 km/s across the interface. Hence, a 10 km thick upper crust is constrained under
R4 in contrast with values of 5 km constrained beneath shotpoint R3 (Figure 6).

The PcP phase is only observed east of R4 (Figure 4), at around 5.5 s and at offsets of 60 km. Also to the east of R4,
following the PcP phase we observe a high amplitude PmP phase at 6.5 s (Figure 4). The 1 s delay between both

phases suggests the presence of a rather thin, ~5 km lower crust to the east of R4. To the east, PmP is identified at
offsets greater than 70 km to the eastern end of the profile, modeled as a reflection from a Moho at 30 km depth.

The most striking feature in the R4 shot record (Figure 4) is the asymmetry observed in PmP across the
record section. PmP in the west appears from —170 to —60 km offset at reduced travel times of 10-12s,
while in the eastern side it is observed around 7 s. For an offset of 120 km, the difference between the PmP
phase arrivals at both sides reaches 4 s (Figure 4). This difference is accommodated in the final model by a
20 km difference in crustal thickness (Figures 4 and 6).

Shot record R5 (Figure 5) reveals events from the sedimentary cover, middle crust, lower crust and Moho. In
detail a short sedimentary phase is observed to 10 km offset, resulting from a thin (2-4 km) sedimentary layer
with a velocity gradient of 3.0 to 3.8 km/s (Figures 5 and 6). The Pg phase is correlated to 100 km offset with
an average velocity of 6.0 km/s. The PcP is visible after 50 km offsets (at about 5 s reduced time at 60 km) and
the PmP after 60 km offsets, at about 2 s later on, constraining a Moho at the eastern end of the profile at
~29 km depth (see Figures 5 and 6). At offsets between 100 and 250 km, the observed arrivals from the deep
crust are fitted in the model (see Figure 5) as corresponding to PcP and refracted energy within the lower
crust. They could not been attributed to PmP to be consistent with the Moho location established after the
PmpP fitting from reverse shot R4 (Figure 4). Hence, the lower crust in the east is 7-8 km thick with a velocity
gradient from 6.75 to 6.9 km/s, in strong contrast with the western part of the profile, where the lower crust
thickness exceeds 15 km, although its top is poorly resolved from PcP phases.

Pn phases that would constrain the upper mantle velocities could not be identified for any of the shots. This is
not unusual in areas with significant lateral variations in the crustal thickness, a weak velocity gradient at the
uppermost mantle or a smooth crust-mantle transition. However, this latter explanation seems not well in
agreement with the short PmP critical distances generally observed in our sections. We have fixed an average
velocity of 8 km/s in the uppermost mantle and verified that even if this value is not constrained by direct Pn
observations, a 2-3% modification of the velocity ratio between the lower crust and mantle velocities results
in clear misfits between observed and theoretical PmP critical distances (supporting information Figure S2).

In summary, in the crustal model along the EW RIFSIS transect (Figure 6) the thickness of sediments is clearly
decreasing from west (Gharb Basin) to east (Algerian border). Near R3 up to three sedimentary layers are inter-
preted in contrast to only one in R5. Upper, middle and lower crustal levels are constrained by refracted and
reflected phases (Pg, PiP, PcP and PmP, respectively). The bottom of the crust is well defined from PmP phases,
although the lack of Pn arrivals prevents to constrain upper mantle velocities. A major change in crustal thick-
nesses can be observed directly in the R4 shot section, which shows differences of 5 s in the PmP arrivals at
offsets of 120 km. Forward modeling has shown that a rapid change of ~20 km in Moho depth within 50 km
horizontal distances is needed to explain these observations. The Moho in this area is sampled in both direc-
tions (shots R3 and R4) and hence the final model is here well constrained. Maximum depths around 50 km
are found beneath the high topography of the External Rif domain, whereas a thin crust with a 29 km Moho
depth is interpreted in the foreland and Atlasic terranes up to the Algerian border.
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Figure 5. Shot R5 recorded along the EW profile with the ray tracing diagram and the travel time picks considered. See caption in Figure 3 for details.
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Figure 6. Crustal velocity-depth model determined along the EW profile with a vertical exaggeration of 2:1. The geologic domains are labeled on top of the model, and the topographic
profile is sketched. Bold lines indicate layer segments directly sampled by seismic reflections. The vertical rectangles indicate the position where 1-D velocity-depth functions have been
estimated, beneath the Gharb Basin (brown), the External Rif domain (green) and the former North African margin (blue).

6. North-South Rif Transect, From Middle Atlas Domains to the Betics Range

The North-South profile crosses the Internal and External Rif domains and the transition to the Middle Atlas
in the south and to the Betics in the north. This profile, extending 430 km consisted of three shots, R1-R3
(Figure 1). Shotpoint R3 is at the intersection of the NS and EW transects. Shot R1 was located 6 km south of
the Moroccan Mediterranean coast (Figure 1). In Morocco all three shot records show two sedimentary first
arrivals: Ps; to 10-20 km offset and Ps, to 30-40 km (Figures 7-9). North of the Gibraltar strait, the first station
on the Iberian Peninsula is located at 35.5 km offset, and no sedimentary waves are visible on R1. Near R1
average velocities for Ps; and Ps; are 4.0-4.8 km/s with layer thicknesses of 2 and 5 km, respectively (Figures
7b and 10). The Pg phase is visible up to offsets of 60 km north and south, with an average velocity of 5.8 km/
s and intercept times of 4.5-5 s, probably due to the relatively thick flysch terranes around the shotpoint. The
PiP phase can be identified from 30 to 80 km in both directions. Low amplitude arrivals characterize the PcP
phase, identified between 70 and 130 km to the south and between 60 and 80 km to the north. For both PiP
and PcP phases, arrival times are delayed ~1 s to the north relative to the south one, suggesting 5-10 km
thickening of the upper-middle crust beneath the Betics relative to the northern Rif (Figure 10). After applying
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Figure 7. Shot R1 recorded along the NS profile with the ray tracing diagram and the travel time picks considered. See caption in Figure 3 for details.
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lateral coherency filtering [Schimmel and Gallart, 2007], PmP can be identified at offsets between 50 and
140 km to the south, and between 60 and 90 km to the north. Arrival times are approximately the same for
the same offset, indicating a rather constant Moho depth, ~42 km, under the area sampled by R1 (Figure 10).

The R2 shotpoint is located ~85 km to the south of R1 (Figure 1). The sedimentary phases, Ps; and Ps,, have
velocity values and gradients similar to those at R1. The Pg phase is identified to offsets of 80 km with an
intercept time of 4.5 s. Intracrustal reflections PiP and PcP are similar to R1 (Figures 7 and 8). The PcP phase
is rather weak to the south, in contrast to higher amplitudes to the north to 140 km offset. PmP has the
highest amplitudes and is identified from 80 to 180 km offset to the south, at reduced times of 11-8 s. PmP
is not identified to the north.

R3 is located ~155 km from the R1 (Figure 1). As in the other shot records, Ps; phases are first arrivals to off-
sets less than 18 km and are followed by a Ps, phase which shows clear differences in apparent velocities
north and south (Figure 9). The Ps, phase to the north has a higher apparent velocity than the correspond-
ing phase to the south, and to Ps, on the other two shots R1 and R2. Shot R3 in the corresponding EW
record section indicated a relatively shallow (1.8 km) sedimentary interface separating Ps; and Ps,, giving
rise to PT and P1P in Figure 3. Although these phases are not easily recognized in the NS R3 record section
(Figure 9), the marked difference observed in the Ps, apparent velocities to the north and south is evidence
for the locally limited sedimentary layer from the EW profile.

Pg is clear and can be identified to 90 km offset south, and 60 km offset north (Figure 9). The average appa-
rent velocity is 5.7 km/s with rather large intercept times of 4.5 s north and 5 s south. This constrains the thick
Neogene basin below the shotpoint to ~5 km depth. The PiP phase appears from 40 to 100 km south, and
30-100 km north, with similar arrival times indicating that the upper crust has a near constant thickness on

N

iss Alboran
External Rif domain Internal Rif domain Sea ] Flysch UnitsI

I
2.0+
1.5
1.0
0.5+
0.0

depth km

Vp (km/s)

2

4

6

8

' B T L L L N L L N L L L
T80 100 120 140 160 180 500_223 240 260 28(5- 300 7320 340 360 380 400 420

Distance (km)

2o W

15 20 25 3.0 35 40 45 50 55 60 65 70 75 80 85
velocity (km/s)

34°.

32°}

_8° _6° 40 20

Figure 10. Crustal velocity-depth model determined along the NS profile, with a vertical exaggeration of 2:1. The geologic domains are labeled on top of the model, and the topographic
profile is sketched. Bold lines indicate layer segments directly sampled by seismic reflections. The vertical rectangles indicate the position where 1-D velocity-depth functions have been
estimated, beneath the Moroccan Meseta (brown), the External Rif domain (green) and the Internal Rif domain (blue).

GIL ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4726



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005485

both side of shotpoint R3 (Figure 9). In the model (Figure 10) the basement is located at 5 km depth, while
the bottom of the upper crust is reached at 15 km. The PcP phase has been interpreted only to the south
(see Figure 9). This phase is observed at offsets of 80-140 km with low amplitude arrivals at 7.5 to 8 s respec-
tively. The base of the crust is constrained by the PmP phase, a relatively high amplitude arrival identified at
times around 8 s at offsets greater than 70 km south of R3, and with lower amplitudes from 100 to 160 km to
the north, at reduced time of ~9.5 s. The time difference in PmP arrivals is evidence of an increase in crustal
thickness below R3, with the Moho at ~47 km depth (Figure 10). This is consistent with the R3 observations
along the EW profile (Figure 6). Additional constraints on the southern part of the NS profile are provided by
the SIMA project data, a similar wide-angle transect across the High and Middle Atlas that overlapped the NS
RIFSIS transect [Ayarza et al., 2014]. At the northern end of the profile, in the Betics domain, constraints on
the sedimentary structure and upper crust were provided by Medialdea et al. [1986].

In summary, the crustal model along the NS RIFSIS transect consists of two sedimentary layers with average veloc-
ities of 3.5 and 4.2 km/s inferred from the observed first arrivals (Ps;, Ps, and Pg). The upper, middle and lower crusts
are constrained by the refracted and reflected phases (Pg, PiP, PcP and PmP, respectively). The average velocities
within the crust are 5.9, 6.2 and 6.8 km/s. As for the East-West profile we have assumed an 8 km/s velocity below
the Moho. Crustal thickness reaches 43 km beneath the Betics and the Internal Rif domain, while under the External
Rif sampled area it increases to 47-49 km, with progressive thinning southward into the Middle Atlas where the
Moho is found at 31-32 km depth, consistently with the results derived further South by Ayarza et al. [2014].

7. Gravity Model

The marked lateral variations in crustal thickness inferred from the seismic models are an outstanding structural
feature that can be checked against the corresponding gravity signature. The gravity anomaly beneath the Rif is
remarkably low ~ —150 mGal (Figure 2). These Bouguer values are of similar magnitude as those over the Betics
and the Atlas, where gravity lows are found over significantly higher elevations. The Rif gravity low is an ellipse
slightly shifted to the southwest of the Internal Zones, centered over the External Zones and the western region
of the Gharb foredeep basin (Figures 1 and 2). The latter is most likely related to the presence of a large volume
(up to 8 km) of continental sediments in the western part of the basin [Hafid et al., 2008].

To account for lateral variations perpendicular to the strike of the profiles, gravity data have been averaged over
a strip £25 km of the profiles with the resulting standard deviation computed and displayed in Figures 11 and
12. The gravity models have been built using the geometry derived from seismic modeling. An averaged P-
wave velocity value has been calculated for each layer in the seismic model and the corresponding densities
were calculated using the empirical relations by Brocher [2005], which applies to most lithologies, except mafic
and calcium-rich rocks. The crust is modeled as: sedimentary layers with densities that range from 1800 to

2400 kg/m?, an underlying crystalline basement with density of 2650 kg/m?, 2700 kg/m? for the upper crust,
2800-2850 kg/m? for the middle crust, 2850-2950 kg/m? for the lower crust and 3300 kg/m? for the uppermost
lithospheric mantle. Calculations of the gravity model response are based on the methods of Talwani et al.
[1959], and Talwani and Heirtzler [1964], and the algorithms described in Won and Bevis [1987]. The modeled
crustal density distribution is well compatible with the P-wave seismic velocity models. To achieve a satisfactory
fit to the gravity, the densities in the sedimentary cover needed to be slightly adjusted locally.

For both transects (Figures 11 and 12) the calculated gravity values lie very close to average measurements

and well within the standard deviation of the projected gravity estimates. Particular attention has been taken
in the segments directly sampled by seismic reflections (thick black lines in Figures 6 and 10) where we have
kept the exact geometry as obtained from the velocity model. In all cases the preferred option has been to

slightly change the density profile of the crustal layers instead of modifying their geometry. Accordingly, the
NS profile (Figure 12) displays lateral density variations at crustal levels from north to south. Densities slightly
lower than expected are inferred in the northern segment (from 0 to 140 km), in particular in the lower crust.

8. Discussion

The seismic refraction/wide-angle reflection experiment presented in this P-wave study provides the previ-
ously poorly known first order crustal structure of the Rif Mountains in northern Morocco. Crustal interface
structure, particularly that of the sedimentary basins and the Moho (Figures 6 and 10) need to be taken into
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bodies has been kept and the density structure has been slightly modified to improve the fitting.

consideration in any geodynamic model attempting to address the complex tectonic evolution of the
Gibraltar Arc System.

The western end of the EW profile, sampling the Gharb Basin, shows a thick sedimentary cover reaching 10 km.
At the transition between the External Rif domain and the Gharb Basin the observation of a fast sedimentary
layer westward of shot R3, altogether with the significant change in the total sedimentary thickness, is inter-
preted as being the deep expression of fold-and-thrust belt, which will reach at least depths around 10 km. This
is consistent with previous geological results showing the presence of those structures at an analogue area
between the Saiss Basin and the External Rif [Bargach et al,, 2004; Chalouan et al., 2006]. Further East, the sedi-
mentary cover thins in a progressive manner to about 2 km near the point at which the Moho is deepest at
~53 km, increases abruptly to 4 km beneath shot R4 and remain 1-3 km thick up to the Algerian border.
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From the western end of the profile, the Moho deepens rather smoothly eastward to model coordinate
145 km, where it thins abruptly from 53 km to less than 30 km by 190 km. That is, it decreases around

23 km in thickness over a distance of 40 km. This large and unexpected variation in crustal thickness takes
place under the External Rif domain. Farther east, the crustal thickness between model points 190-330 km
remains constant, at ~29 km.

The abrupt change in crustal thickness between 145 and 190 km suggests a tectonic boundary separating
two different crustal types, which we attribute to juxtaposition of crustal blocks along the seismically active
left-lateral Nekkor strike-slip fault, the onshore continuation of the TASZ. The low shot density and the
obliqueness of the profile across the shear zone limits our ability to resolve vertical features. However, a

2 km step in the sedimentary thickness, passing from 4 km eastward of the fault to 2 km westward, has
been documented. The Nekkor fault has been active from the late Miocene [Chalouan et al., 2006] and has
been linked to the normal faults beneath the Alhoceima region [Booth-Rea et al., 2012]. This region has large
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seismic activity in the upper crust, but also moderate seismicity at depths reaching 40 km depth (El Moud-
nib et al.,, submitted manuscript), hence suggesting that the Nekkor fault penetrates through the entire
crust. The abrupt change in the Moho depth beneath this area depicted by our models strongly supports
this hypothesis.

The density model along the EW transect is compatible with the gravity data. Relatively high velocities and
densities characterize the root zone. The high PmP amplitudes under the root suggest that the Moho is a
relatively sharp impedance contrast, as smooth transition will result in changes in the critical distance incon-
sistent with the data. The lower crust velocities in the southernmost part of the profile are around 6.6 km/s,
while beneath the Rif they reach values of 6.8 km/s. This suggests an increase in metamorphic grade of the
rocks in the root beneath the Rif. At this point it is difficult to assess the increase of this metamorphic
degree, as it could be characteristic of the lower crustal rocks of the Rif crustal domain or it could result
from the increased pressures in the crustal root.

Our velocity-depth model evidences a significant mismatch between surface topography and Moho geometry,
as the major topographic elevations reaching 1700 m are found around shotpoint R4, coinciding not with the
crustal root but with the steep thinning Moho ramp. This effect has previously been observed in active orogens
as the Carpathians or the Caucasus and can be explained by an elastic effect, even if other hypothesis, as the
presence of mantle mechanisms that contribute to sustain present-day topography cannot be discarded.

Along the NS crustal model the Moho shows also relatively large variations in depth. In the Middle Atlas the
Moho is constrained from SIMA wide-angle seismic reflection data [Ayarza et al., 2014] and reaches values a
little over 40 km depth (Figure 10). The low-density lower crust inferred from the seismic model in this area
suggests a mantle contribution to sustain topography. Northward, the Moho shallows to 32 km beneath the
northern Meseta and the southern part of the External Rif, then thickens again from model coordinate 140
to 50 km depth at model point 210 km forming the root beneath the northern External Zone of the Rif.

Hence, the most conspicuous structural feature, well constrained from both profiles, is the presence of a
47-53 km thick crust below the External Rif domain, which conforms well to the overall gravity pattern.
Moreover, clear lateral variations are observed, particularly a thinning of the crust by ~20 km east of the
Nekkor fault. A similar crustal pattern was suggested in recent receiver functions analyses from Topo-lberia
and PICASSO passive seismic surveys [Mancilla et al., 2012; Thurner et al., 2014], as well as in the velocity
anomaly variations inferred from local earthquake tomography and ambient noise data sets (El Moudnib
et al., submitted manuscript). GPS observations show that the Rif block is moving S to SW relative to Nubia,
with an eastward termination roughly coincident with the Nekkor fault [Koulali et al., 2011]. At the litho-
spheric scale other data sets such as SKS splitting [Diaz and Gallart, 2014] and surface wave and teleseismic
body wave tomography [Bezada et al., 2013; Palomeras et al., 2014] also show first order discontinuities
below this area. Our results are not consistent with the Moho depth values of 32-36 km previously esti-
mated from heat flow data [Soto et al., 2008] or from combining elevation, geoid, gravity and petrological
constrains [Fullea et al., 2010, 2014].

We emphasized that the Moho depths of ~50 km found below the External Rif domain are significantly
greater than those below the Middle or High Atlas and most of the Betic Range [Ayarza et al., 2014; Thurner
et al,, 2014]. This increase in crustal thicknesses is accommodated at middle and lower crust levels, while
the upper crust has a homogenous thickness of 12-15 km. Our profiles do not provide enough control to
discern between a middle or lower crustal thickening (see Figures 6 and 10). Another highlight of these pro-
files is the existence of a fast sedimentary layer beneath shotpoint R3, the fast layer of 4.8 km/s and double
thickness of sediments is likely due to a thrusting, which can be associated to a thrust front and fold axes,
similar to what is described by Bargach et al. [2004] and Chalouan et al. [2006] in the Prerif area.

The complex crustal structure of the Rif domains is a consequence of the Miocene collision between the
Iberian and Africa plates combined with the westward rollback of the Neo-Tethys slab. The crustal thinning
observed east of the Nekkor fault may be associated with the Neo-Tethys passive margin, the result of
Mesozoic rifting [Gomez et al., 2000; Tesén, 2009]. The crustal thickening under the External Rif can be attrib-
uted to slab pull from the downgoing Alboran slab under the Gibraltar Arc System which is imaged in a vari-
ety of tomographic images [Spakman and Wortel, 2004; Garcia-Castellanos and Villasenor 2011; Bezada et al.,
2013; Palomeras et al., 2014]. However, these interpretations remain open questions to be developed in fur-
ther investigations.
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9. Conclusions

The RIFSIS experiment consists of two wide-angle seismic profiles crossing the Rif Cordillera along NS and EW trends.
The 430 km-long NS line extends from the Middle Atlas, across the Rif and Straits of Gibraltar into the Betic Ranges
in southern Spain. The 330 km-long EW profile starts at the Gharb Basin and extends to the Morocco-Algeria border.
The crustal structure revealed from 2-D forward modeling of the seismic data of both profiles delineates a complex,
laterally varying crustal structure that distinguishes the crust of the Rif from surrounding tectonic units.

The velocity-depth models obtained from this experiment image a significant crustal root, with Moho depth
reaching 47-53 km beneath the External Rif domain. The crust thins ~20 km over a horizontal distance of 40 km
across the Nekkor fault on the EW profile, and over a horizontal distance of 70 km toward the Middle Atlas on the
NS profile. This crustal structure identifies a Rif crustal block previously inferred from geodetic data [Pérouse et al.,
2010]. We interpret this structure as resulting from a complex interaction of the Miocene to present continent-
continent collision between Iberia and Africa plates, coupled with slab rollback of the Neo-Tethys Alboran slab.

These results are consistent with the overall Bouguer anomaly pattern, the recent results from receiver func-
tion analyses and the velocity anomaly variations inferred from tomographic inversions of local earth-
quakes, teleseismic body and Rayleigh waves and ambient noise data sets [Mancilla et al., 2012; Palomeras
et al,, 2014; Thurner et al., 2014; El Moudnib et al., submitted manuscript]. They should prove useful as con-
straints for future geodynamic modeling on the evolution of the Gibraltar Arc System.
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