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Introduction

The Rif Mountain range emerges as 
a highly dynamic geological zone within 
the broader western Mediterranean. Its 
neotectonic progression arises from the 
interaction of the dextral shifts along 
the Azores-Gibraltar transform fault and 
the north-south converging motions of 
Africa in relation to Eurasia (Morel and 
Meghraoui, 1996). Consequently, the 
recent Plio-Quaternary tectonics in the 
Rif region are shaped by the interplay 
between two geodynamic factors: the 
convergence of Africa and Europe and 
the expulsion of the Alboran block to the 
west-southwest (Morel, 1988).

In the Quaternary, the joint impact of 
the Africa-Europe convergence and isos-
tatic adjustment phenomena amplified 
vertical differential movements along 
key recent fault lines, namely N-S, N40-
70E, and N90-120E (Ait Brahim, 1991). 
Moreover, the examination of elevation 
differences in ancient Quaternary shore-
lines (Guillemin et Houzay, 1982, and Ca-

det et al., 1977) has enabled the characte-
rization of regions undergoing uplift and 
others experiencing subsidence.

The exploration of marine deposits in 
the Achakar basin during the Plio-Qua-
ternary period holds significance for 
tracking the recent geodynamic changes 
in the study area. This exploration facili-
tates the delineation and analysis of the 
distribution and stratification of marine 
levels, offering insights into variations in 
the extent and elevations of these units.

Previous research has employed va-
rious methodologies to investigate the 
Achakar basin (Akil et al., 1995; Alouane, 
1996; Istiquam, 1999; Aboumaria et al., 
2009; Tichli et al., 2023). This study intro-
duces the application of Persistent Scat-
terer Interferometry (PSInSAR), a techni-
que that allows for precise measurement 
of both horizontal and vertical ground 
movements in the study area.

Geological and Tectonic Setting

Our study focuses on Pleistocene and 
Quaternary marine deposits along the 

northwest edge of the Rifan belt, namely 
in the Achakkar area of the Tangier region 
(Fig. 1C). The Tangier region is separated 
into three geological units within the Ri-
fan chain that run from northeast to sou-
thwest (Fig. 1B): (1) Intrarif, including the 
Ketama, Loukkos, and Tangier units, all 
composed of Cenonian marls and clays 
(Wildi, 1983); (2) Mesorif, which is com-
posed of Paleocene siliciclastic sequen-
ces that are characterized by the Triassic 
(Leblanc, 1979); and (3) Prerif, which is a 
sequence of nappes thrusting into the 
foreland and separated from their Me-
sozoic foundation. Rocks ranging in age 
from the Triassic to the Neogene (Wildi, 
1983) have generated these disordered 
materials, which are embedded in a marl-
clay matrix (Fig. 1B).

The microtectonic examinations of the 
formations at Cap Achakkar suggest that 
the extension, driven by two primary nor-
mal fault systems oriented N10 to N40 and 
N90 to N120, led to gradual stretching 
and the formation of a subsidence area 
towards the South and West (Istiquam., 
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ABSTRACT

This study investigates recent tectonic activity in Tangier, Mo-
rocco, using PSInSAR data and microtectonic field observations. 
The exploration of marine deposits in the Achakar basin during the 
Plio-Quaternary period holds significance for tracking the recent 
geodynamic changes in the study area. Microtectonic analysis re-
vealed a shift from a NE-SW compressive regime in the Late Pliocene 
to a Quaternary regime dominated by a NE-SW extension regime 
and a NW-SE compressive regime. PSInSAR detected ground dis-
placement rates ranging from subsidence (-4.9 mm/yr) to uplift (4.9 
mm/yr) during the study period (2018-2021).

Key-words: Atlantic coastline, Neotectonics, Quaternary, Tangier, 
PSINSAR.

RESUMEN

Este estudio investiga la actividad tectónica reciente en Tánger, 
Marruecos, utilizando datos de PSInSAR y observaciones de campo 
microtectónicas. La exploración de depósitos marinos en la cuenca 
de Ashokan durante el período Plio-Cuaternario tiene importan-
cia para rastrear los cambios geodinámicos recientes en el área de 
estudio. El análisis microtectónico reveló un cambio de un régimen 
de compresión NE-SO en el Plioceno tardío a un régimen cuater-
nario dominado por un régimen de extensión NE-SO y un régimen 
de compresión NW-SE. PSInSAR detectó tasas de desplazamiento 
del suelo que oscilaron entre hundimiento (-4,9 mm/año) y levan-
tamiento (4,9 mm/año) durante el período de estudio (2018-2021).

Palabras clave: Costa Atlántica, Neotectónica, Cuaternario, Tán-
ger, PSINSAR
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1999). In this region, the Quaternary mari-
ne formations are overlaid, as reported by 
Akil et al. (1995) and Alouane (1996).

Methodology

To gain insights into the geological 
history of the study area and the current 
stress regime acting on the rocks, we 
employed microtectonic analysis. This 
involved field data collection and proces-
sing using Win-Tensor software (Delvaux, 
2012) (https://damiendelvaux.be/Tensor/
WinTensor/win-tensor.html). We measu-
red the orientation (strike and dip) and 
sense of slip (movement direction) of 164 
fault planes and diaclases, which are natu-
ral fractures in the rock. By analyzing these 
measurements with Win-Tensor, we could 
reconstruct past tectonic events and infer 
the present-day stress field in the region.

To investigate ongoing ground surfa-
ce displacement and its relation to current 
tectonic activity, we utilized the Persistent 
Scatterers Interferometry (PSInSAR) tech-
nique. PSInSAR analyzes a series of radar 
images acquired by satellites over time 
to detect minute changes in the ground’s 
reflection properties (Ferretti et al., 2001). 
In this study, we employed 20 Sentinel-1A 
Synthetic Aperture Radar (SAR) images 
acquired in the C-band between January 
16, 2018, and December 26, 2021. These 
images were obtained from NASA’s Alas-
ka Satellite Facility (ASF) (https://search.
asf.alaska.edu/). The extensive dataset 
allowed us to capture subtle ground mo-
vements and analyze trends in surface 
displacement over this four-year period. 
The PSInSAR data processing involved 

a two-stage workflow: snap2stamps 
package for pre-processing (Delgado 
Blasco, 2018; Foumelis et al., 2018) using 
SNAP ESA open-source software and the 
StaMPS software (Hooper et al., 2010) 
(https://github.com/dbekaert/StaMPS/
blob/master/Manual/StaMPS_Manual.
pdf) for PSI processing to generate hi-
gh-resolution displacement maps. This 
approach provided valuable insights into 
recent ground movements and ongoing 
tectonic processes in the study area.

Results and discussion

Upper Pliocene 

The exposure of the Upper Pliocene 
is limited in the area. The one noticea-
ble exception is the area around Hercu-
le Cave, where they modestly emerge 
beneath the old Quaternary marine cal-
carenites. Moreover, the stratified sandy 
marls of the Upper Pliocene can be ob-
served at Oued Zitoun, unveiling an an-
ticline, located upstream from the S701 
road bridge (X = 451,479; Y = 573,429, N: 
35.76, W: -5.93) (Fig. 2A). 

The analysis of bedding planes in the 
Oued Zitoun anticline (Fig. 2A) indicates 
a NE-SW compressive stress direction 
(Fig. 2B). This suggests a NW-SE fold 
trend for this particular fold, likely reflec-
ting the regional stress regime.

The Quaternary coastal formations

1. At the Hercules Cave
In this region, fractures are classified 

into two sets: sub-parallel and sub-per-

pendicular oriented fractures to the coast 
between Cap Achakkar and Cap Spartel 
(fig. 3A). Microfolds indicate evidence of 
recent compressive stress, responsible for 
the folding of lumachellite calcarenites 
(fig. 3B). It should be noted that this mi-
crofold has been discovered for the first 
time in the study area.

2. Between Cap Achakkar and Cap 
Spartel

The microtectonic study conducted 
along this coast highlights structures re-
lated to extensional and compressive tec-
tonic activity. Figure 4 summarizes exten-
sional structures represented by normal 
faults (fig. 4A, 4B), synsedimentary normal 
faults (fig. 4E, 4F), and occasionally horst 
and graben structures fig.4C, 4D). 

Therefore, Quaternary extensional 
activity has affected marine formations   
in the studied area. Furthermore, strati-
fications in Quaternary sediments show 
abrupt tilt from 10 to 20º, in agreement 
with the subsidence caused by normal 
faults (fig. 5A). This recent tectonic insta-
bility is also expressed by the interpreted 
seismite features (Aboumaria, 2009, and 
Istiquam, 1999) (Fig. 5A).

As for structures related to N-S com-
pression, they are rare and appear mo-
destly in the study area. They are limited 
to microfolds affecting calcarenitic for-
mations (Fig. 5B). This N-S compression 
phase is the result of the convergence 
between the African and Eurasian plates 
during the Quaternary period.

The analysis of orientation of fault 
planes and joints affecting these Qua-

Fig. 1.- A- Geological map of the middle Western Mediterranean region showing the Alpine 
range. B- Simplified geological map of the Rif chain. C- The Structural map of Achakkar 
region (Tangier, Morocco). (modified from Boccaletti and Conedera, 1985 and Suter, 1980).
Fig. 1.- A - Mapa geológico de la región del Mediterráneo occidental central que muestra la cadena 
alpina. B - Mapa geológico simplificado de la cadena del Rif. C - Mapa estructural de la región de 
Achakkar (Tánger, Marruecos). (modificado de Boccaletti y Conedera, 1985 and Suter, 1980).

Fig. 2.- Outcrop of Upper Pliocene Sandy Mar-
ls at Oued Zitoun Exhibiting a NW-SE Tren-
ding Anticline (A). The Anticline Likely For-
med Due to NE-SW Compressive Stress (B).
Fig. 2.- Afloramiento de margas arenosas del 
Plioceno Superior en Oued Zitoun que exhibe 
un anticlinal con tendencia NO-SE (A). El an-
ticlinal probablemente se formó debido a un 
esfuerzo compresivo NE-SO (B).
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ternary marine formations provided a 
WNW-ESE to NW-SE oriented compres-
sion associated with an extension in NE-
SW direction (fig. 5C).

PSINSAR Time Series

Deformation mean velocity (LOS)

Results from PSInSAR analysis re-
veal that the coastline displacement va-
ried between 4.9 mm/yr and -4.9 mm/
yr throughout the observation period, 
January 16, 2018, and December 26, 2021 
(Fig. 6). This indicates a range of move-
ment rates, with some areas experiencing 
subsidence (movement towards the sate-
llite) and others exhibiting uplift (move-
ment away from the satellite). Generally, 
there is a trend of increasing subsidence 
rates, reaching a maximum of -4.9 mm/yr 
at the Mediouna Beach. Conversely, va-
lues decrease progressively in the south 
of Mediouna Beach (Cap Achakar) and 
also north of it (Cap Spartel).

Displacement time series

PSInSAR time series analysis reveals 
contrasting displacement patterns across 
the study area (Fig. 7). Point (A) exhibits 
minimal displacement, with data points 
clustered around zero on the LOS (li-
ne-of-sight) displacement axis. This indi-
cates relatively stable ground motion at 
this location throughout the observation 
period (January 16, 2018–December 26, 
2021). Conversely, point (B) shows a wider 
range of displacement values, ranging 
from approximately +2 mm to -2 mm 
on the LOS axis. The red line suggests a 

possible trend of either ongoing subsi-
dence (movement towards the satellite) 
at an increasing rate or a cyclical pattern 
of movement at point B.

The GNSS velocity field from 
Lakhouidsi et al. 2024 indicates subtle 
geodynamic movements at the Tangier 
(TANG) GPS station across three compo-
nents: north, east, and vertical. The nor-
thward component displays a velocity of 
approximately -1.24 mm/year, sugges-
ting a slight southward movement. The 
eastward component shows a minimal 
westward movement at about -0.06 mm/
year. Vertically, the station experiences a 
subsidence rate of approximately -0.82 
mm/year, reflecting a slow downward 
movement of the surface. These mea-
surements are crucial for assessing the 
deformation patterns and tectonic dyna-
mics of the region, significantly influen-
ced by the ongoing interactions at the 
Africa-Eurasia plate boundary.

Conclusion

After the NE latest Pliocene compres-
sive phase, the study area experienced a 
recent NE oriented extension, contem-
porary with a general NNW-SSE to N-S 
oriented. compression in agreement with 
the Africa-Iberia convergence.

The early effects of this extension ti-
midly appear along the coast between 
Cap Spartel and Cap Achakar; they are 
characterized by the development of 
normal faults, microfolds, and slumps, 
which are interpreted as seismites. This 
Quaternary tectonic instability is the re-
sult of the ‘Ziaten-Mediouna’ normal 
fault reactivation (Fig. 1C).

Fig. 3.- A- The figure shows the various fractures observed at the Cave of Hercules. B- Me-
sofold at the Cave of Hercules.
Fig. 3.- A- La figura muestra las diversas fracturas observadas en la Cueva de Hércules. B- Pliegue 
de pequeña en la Cueva de Hércules.

Fig. 4.- Photographs of the extensional 
deformation affecting Quaternary marine 
formations between Cap Achkar and Cap 
Spartel. (A) and (B): normal faults; (C): 
horst; (D): graben; (E) and (F): synsedimen-
tary normal faults.
Fig. 4.- Fotografías de la deformación extensio-
nal que afecta a las formaciones marinas cua-
ternarias entre Cap Achkar y Cap Spartel. (A) y 
(B): fallas normales; (C): horst; (D): graben; (E) y 
(F): fallas normales sinsedimentarias.

Fig. 5.- A- Normal fault affecting the Qua-
ternary formations in the study area. B- Fol-
ding affects the calcarenitic formations in 
the study area. C- Cumulative stereo plot 
showing WNW-ESE to NW-SE - oriented 
compression and NE-SW oriented extension.
Fig. 5.- A- Falla normal que afecta las forma-
ciones cuaternarias en el área de estudio. B- El 
plegamiento afecta las formaciones calcare-
níticas en el área de estudio. C- Gráfico esté-
reo acumulativo que muestra la compresión 
orientada a WNW-ESE a NW-SE y la extensión 
orientada a NE-SW.
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Fig. 6. Map of Ground Rate Motion in the Tangier, Morocco Area (mm/year). See color fi-
gure in the web.
Fig. 6. Mapa de Movimiento de Velocidad del Suelo en el Área de Tánger, Marruecos (mm / año). Ver 
figura en color en la web.

Fig. 7.- Line-of-Sight (LOS) deformation velocity maps (mm/year) of the study area
Fig. 7.- Mapas de velocidades de deformación de la línea de visión (LOS) (mm/año) del área de estudio.


