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Abstract: Located in the urban area, the cliff of Sidi Bouzid and Amouni shows slope instabilities due to falls and collapse
blocks and rotational block gliding. These phenomena form a risk to the economic, social, cultural and environmental issues.
Geomorphologic, lithologic and tectonic conditions (ie surfaces of discontinuities such as fractures) combined with the
influence of marine abrasion explain the increased instability of this part of the Sahel - Safi. This ongoing slope failure is a
handicap for coastal development projects. The activity of these phenomena -more or less remarkable- is monitored by the
GIS integrated observation and evaluation of field, aerial and satellite data, allowing to establish synthesis maps that give a
risk assessment in this sector. Digital Elevation Model (ASTER_GDEM?2) is used for the morphometric analysis of this area
and as a base for the weighted overlay of causal / preparatory morphometric factors influencing the slope stability.
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1. Introduction

Slope failures are belonging to the most damaging natural
hazards. Preventing damage requires a reliable predictive
inventory of the dynamic processes and the implementation
of risk maps, necessary as base for any development. It is
essential to define the factors and mechanisms that cause the
movements in order to contribute to a better approach for the
detection of the phenomena of instability and to risk
assessment [2]. Thus, it is necessary to look at the conditions
under which slope failures have occurred in the past, and to
use the critical combinations of preparatory factors for
delineating the possible occurrence of further mass
movements. The most common natural triggering factors are
intense rainstorms, prolonged periods of wet weather, or
seismic activities. Stronger earthquakes could be a
triggering factor as well as long-term, neotectonic
movements. Undercutting of slopes due to marine erosion,
especially during storms or tsunami events, is another
important factor for slope instability.

When landslide hazard is estimated, the historical
records have to be considered, the local geology, lithology,
structure (e.g. stratigraphic sequences, joint sets etc),
geomorphology (e.g. steepness of slopes), hydrologic
conditions (e.g. groundwater level), vegetation (e.g. form

and type of vegetative cover), and climate
precipitation and temperature) [7,10].

Slope failure at the Atlantic Moroccan coasts are a widely
distributed, often affecting infrastructural facilities such as
roads, railroads, power supply lines, or houses. . The
investigation area is characterized mainly by cliff-typical
slope failure. Block-wise movements, rockslides, rock falls
and debris flows are prevailing at these cliff-type coasts. The
present study is focused on the area near the city of Safi. The
cliff site Amouni - Sidi Bouzid, which is situated at the
western margin of the urban area of Safi, was recently
affected by landslides (own field research).

(e.g.

1.1. GERISA-Project

The present study is part of the GeRiSa project (Risk
Management and Environment in the Safi region), with the
support of the Moroccan- German Programme for Scientific
Research (PMARS II) promoted by the Federal Ministry of
Education and Research (BMBF), Germany and the German
Aerospace Center (DLR), Germany, will implement a
knowledge pool and a risk management centre for
naturahazards at the Polydisciplinary Faculty of Safi
(Morocco).
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In this context the establishment of a multidisciplinary
methodological  approach  was  opted involving
geomorphology, geology, hydrogeology and geotechnical
aspects. GeRiSa aims to be a starting point for a risk
assessment as well as a warning system for the population of
the Safi region and present a source for strategic planning
providing guidance for land management and protection of
vulnerable areas.

More recent developments in image processing and GIS
technologies are tools more accessible and efficient for the
study of ground movements and their spatio-temporal
evolution. They can provide synoptic and repetitive views of
these phenomena at different time scales.

1.2. Objectives

Satellite imageries and digital elevation data with
different spatial resolutions are investigated, whether they
can contribute to the detection of areas prone to slope
failure and to fault zones influencing the dynamics and
susceptibility to slope failure, or to the detection of cracks
at the crown of slopes. Hereby the investigations are
focused on:

(1) to identify the causative and triggering factors that are
related to the coastal slope failure,

(2) to estimate the relative contribution (degree of influence)
of factors causing slope failures,

(3) to establish relationships between the factors and
landslides occurrence and,

(4) to detect areas susceptible to future slope failure based
on such relationships.

2. Geological Setting

This geologic setting has been the subject of several
studies, such as [1], [3], [4], [11], [12], [13], [18],

Since the Mesozoic, Morocco has been located in a triple
junction between a continent (Africa), an ocean (the
Atlantic), and an active plate collision (Alpine belt system).
Geodetic and seismological data suggest that the strain
induced by the Africa-Eurasia oblique convergence concen-
trates at the northern edge of Africa [12], [13].The
present-day stresses is characterized by a NW-SE
maximum compression.

The sedimentary succession consist mainly of evaporates,
alternating azoic dolomite beds, marl and gypsum (Figs.1
and 2). These deposits show a variety of sedimentary
structures such as laminations, tepee structure and breccia.
This unit was deposited during the Late Jurassic in a
confined environment that showing a regressive sequences.
This unit is overlain by:

- The lower limestone of Late Berriasian - Valanginian
basal age [4],[18], preserving a rich marine fauna
(Ammonites, Brachiopods, Gastropods)

- - The "brown clay" of the basal Valanginian - lower
Hauterivian [18], formed by gray marl, interspersed with
some limestone beds. They generally comprise a substrate
which is inserted between the limestone of Dridrate on the

one side, and the lower limestone, on the other.

-The "limestone of Dridrate " Upper Hauterivian is
composed of calcareous sandstone that is more or less
dolomitic , [1] and[18]

- The "red sandy clay beds" of the Upper Hauterivian :([5]
and [12]) , consisting of colorful red clay, interspersed with
sandstone. They form the basis of the Plio- Quaternary series

- The Plio-Quaternary: It is formed by consolidated
sandstones, calcareous dunes. They are enlarged in long
ridges with SW- NE orientation, parallel to the shore.
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Figure 3. Location of the study area near Safi
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3. Experimental
3.1. Location of the Study Area

Located on the Atlantic coast, the study area is part of the
Moroccan Meseta (Fig.3)

The coast is characterized by high cliffs geomorphology
(+100m of altitude) and beaches formed in bays drawn to the
feet of the cliff. The height level map (Fig.4) provides an
overview of the elevations derived from ASTER GDEM
digital elevation data. The main scarp of the cliffs (brown
line in Fig.4) nearly coincides with the 100 m contour line).
The slope gradient map visualizes the steep cliffs with slope
degrees of more than 60° (Fig.5) oriented to the west and
southwest. The steeper slopes within the Meseta plains are
often correlated with steep walls of quarries.

aterways
Height levels
elevation (m)

2 1 0

Figure 5. Slope gradient map based on ASTER GDEM data

The investigation area is characterized by an arid to
semi-arid climate with rainfall concentrated in autumn and
winter (average annual rainfall of about 350 mm,
weatherbase, access: April 2014) and with hot summers
from May to November and a wet and temperate winter from
November to April. During the wetter season flash floods
occur after high precipitation rates [8]. The mean
temperatures during this wetter period according to the
WorldClim-data (time period from about 1950-2000) are

moderate in coastal areas ranging from 15 to 18 °C. The
influence of the Atlantic Ocean leads to a” softening” of the
temperatures and a relatively higher humidity in coastal
areas.

3.2. Methods

Satellite imageries and Digital Elevation Modell (DEM)
data are used for generating an image based GIS and
combined with different geodata and other thematic maps
This includes an inventory of geologic / lithologic data,
vegetation and land use information, as well as geophysic
and geomorphologic analysis. As the fracture and fault
pattern generally has an influence on landslide dynamics, the
analysis of the coast-near tectonic pattern plays an important
part in the landslide hazard assessment. Lineament analysis
based on aerial and high resolution satellite imageries
provides important conclusions for delineation areas prone
to landslides.

3.2.1. Evaluations of Digital Elevation Model Data (DEM)

To automatically identify the landform types that affect
site conditions, the relief elements are grouped into terrain
features. Terrain features can be described and categorized
into simple topographic relief elements or units by
parameterizing DEMs such as height levels, slope gradients,
and terrain curvature. From ASTER DEM (Digital Elevation
Model) data derived morphometric maps (slope gradient
maps, aspect map, etc.) are combined with lithologic and
tectonic information in a GIS data base.

3.2.2. Digital Image Processing

Different satellite data and image processing tools were
tested in order to find out whether the satellite data can
contribute to the detection of causal factors influencing
landslide events.

3.2.2.1. Evaluations of LANDSAT Data

LANDSAT data of Morocco provided by the Global Land
Cover Facility, University of Maryland, USA and the USGS,
EarthExplorer were used for evaluations. The free available
LANDSAT data from 1972 to 2012 were digitally processed.
Based on satellite data RGB combinations of the different
bands were tested. (The Red, Green and Blue, Fig. 6). Three
images from the different LANDSAT bands to be used as
end-members in a triplet are projected, one image through
one primary colour each, i.e. one image is coded in blue, the
second in green and the third in red. In this way, each image
is given a particular false colour [14] and [15].

ti
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Figure 6. Digital image processing of LANDSAT ETM data merging
different RGB band combinations with the panchromatic band
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3.2.2.2. Evaluations of IKONOS Data

High resolution IKONOS satellite imageries (up to 80 cm)
were provided by the GeoEye-Foundation /USA for this
research. These data were used for the inventory of
infrastructural data, for landslide analysis, and for the
detection of structural features. As an example is shown the
coastal landslide area of Safi, where based on IKONOS-
data several image products were generated in ENVI such as
Principal Component-,RGB-, Directional Filter-, High
Pass-Filter — images. These images were evaluated in order
to map visible scarps and erosional features on the cliffs
(Fig.7). The different image products were merged among
each other for enhancing the evaluation feasibilities [14, 15,
16]. Especially NDVI-vegetation — and NDWI-water index
images were used for the identification of cliff areas with
lower photosynthetic activity of the vegetation or with
higher soil moisture, factors influencing the susceptibility to
slope failure.
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Figure 7. IKONOS scenes of Sidi Bouzid (acquisition date: 14.01.2006)

4. Results and Discussion
4.1. Description of Instability Phenomena

4.1.1. The Cliff of Amouni

From a Lithostratigraphic point of view, the Amouni cliff
is formed by consolidated sandstone limestone bars affected
by a fracture network and a strong dissolution.

This cliff stretching over 10 km has been destabilized over
years. The northern part (™ 4km) has been prone to
significant landslides, block gliding and rock fall of
calcareous sandstone benches. Cracks at the crown of the
cliffs have been observed in places. This cliff that extends
from the root of the main breakwater of the port of Safi to the
fisheries factories in the south over a length of about 6 km,
has been undergoing very advanced erosion and degradation
that have generated caves and cracks on the cliff (Fig. 8).

The fragility of this cliff is due to the composition of
calcareous sandstone resting on marl layers, very sensitive to
the effects of breaking waves and infiltration of natural
waters and wastewater. A landslide causing several
constructions of Amouni area occurred in 1963 and
continues to happen even today

This instability has led to a risk of collapse of the Sea
Castle ‘Chdteau de Mer’, which was built in 1507 by the
Portuguese as a historical monument by the Dahir of 7
November 1922.

Besides this historical monument, the gradual degradation
of the Amouni cliff threatens more the inhabitants of the
Trab Sini district and the fisheries factories. Arrangements
have been made by local authorities to mitigate the effect of
the degradation of the cliff but that is still insufficient.

Figure 8. Instability of Amouni Cliff and its impact on the infrastructures: 1
Chateau de Mer — 2. Trab Sini district and Touristic infrastructure, and 3.
The fisheries industry area of Safi.

4.1.2. Cliff of Sidi Bouzid

The sedimentary patterns of Cliff of Sidi Bouzid shows
dolomitic limestone, marl, gypsum and massive dolomite
This unit is overlain by three early Cretaceous units: the
lower limestone preserving a rich marine fauna (Ammonites,
Brachiopods, Gastropods), the brown clay with limestone
beds: This series is characterized by a very poor
geotechnical property , geotechnical analyzes performed by
Ibnoussina, et al. [6] who confirmed that the swelling clays
and unstable due to the particle size ( high percentage of
particles diameters < 2um ) mineralogy and marked by the
presence of smectite which swells in the presence of water
and the Limestone of Dridrate is affected by intense
fracturing network.

Lithological and geotechnical characters of the cliff
promote within it the development of several phenomena
that are at the origin of this instability, which are:

- dissolution of calcareous sandstone due to the
percolation of water along zones of weakness, and

- fracturing that grows on carbonate bars corresponding to
real planes of weakness to facilitate the detachment of
blocks.

4.2. Analysis of Structural Pattern

Fractures and fault zones in sandstone and limestone beds
play an important role in the instability of the cliff, which
leads us to an analysis of their geometrical parameters.

Figure 9. Rose Diagrams from Fracture Data
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Measures directions and dips of fractures levied on
calcareous and sandstones bars, shows that the predominant
directions are those of the interval [100 °, 120 °], is being
second directions of the interval [0° , 20°] that are
subparallel to the mean direction of the cliff (Fig. 9).

4.3. Comparative Study of Satellite Images

In order to assess the degree of the activity of this
instability phenomenon and to look for traces and limits
reached by the block collapsed, a comparative study of
satellite images (Google earth) from 2004 to 2013 was
conducted. This study shows a significant change in the
shape of the cliff (Fig 10). Erosion combined with the
collapse block has carved indentations there and tuck. These
result in a small displacement of the cliff towards the east,
mainly in front of the School of Applied Sciences of Safi
(Fig.10).

image satediite 2013

Figure 10. Landslide area observed using Google earth image (in front of
the School of Applied Sciences)

On the level of the base of the cliff especially in the Ras
Lafaa areca was observed, that from the winter of 2008 the
phenomenon of landslides is increasing more and more until
now (Fig.11).

Figure 11. Landslide area observed using Google earth image (Ras Lafaa
area)

The next figures visualize how IKONOS satellite
imageries can be used for the extraction of information
relevant to slope failure. IKONOS-RGB-images with
different RGB- band combinations such as the nir-red-green
band combination, support the detection of areas without or
sparse vegetation, related to mass movements and soil
erosion from land and marine abrasion. (Fig.12). The
NDWI-waterindex image (calculated in ENVI software)
based on the green and nir-bands of IKONOS-data, indicates
areas with relatively higher soil moisture in dark-violet
colors. The vegetation index NDVI is determined by using

the IKONOS-bands red and nir. This results in values
ranging from —1.0 to 1.0, where higher values indicate
higher vegetation photosynthetic activity for the area
studied (Fig.13). Arows focus on areas on the NDVI scene,
where slope failure and soil erosion obviously led to less
vegetation cover and less photosynthetic activity of the
vegetation. The Principal Component-image contributes to
the detection of escarpments and the structural pattern. (The
principal component is based on a mathematical technique
which transforms the original image data, typically highly
correlated, to a new set of uncorrelated variables called
principal components. These new components are linear
combinations of the original image bands and are derived in
decreasing order of importance, ENVT help).

| Mapping of Mass Movement Areas using IKONOS-Dataof Safi |

Figure 12. Detection of areas susceptible to mass movements (see white
arrows) using IKONOS- Data [15].

‘Water (NDWI) and Vegetation Index (NDVI)and Principal Component (PC)-IKONOS Scene of Safi

- [T

Figure 13. Use of IKONOS-NDWI, NDVI and Principal Component
images for the detection of areas around Sidi Bouzid prone to slope failure

The absence of fan-shaped sediments at the foot-slopes
and the clearly expressed escarpment seems to confirm the
explanation, that high energetic flood waves as tsunami
waves undercutted the slopes and created the arc-shaped
escarpments opened towards the sea (Fig.14). In case of
being related to flood waves these escarpments could form
an indicator for the height of flood waves and the extent of
flooding. Flood waves obviously reached heights up to 20 -
30 m above sea level.
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Figure 16. IKONOS RGB image combining the bands blue-green and
near-infrared visualzing water from karst-aquifers

Another factor influencing coastal slope stability is the
occurrence of karst features related to Jurassic, Cretaceous
and Plio-Quaternary limestones. The long-term impact of
coast-near, subsurface karst-hydrologic drainage networks,

caves and dolines on slope failures has not yet been
investigated in detail. Dissolution processes along fracture
and fault zones near and below the cliff sites can lead to
slope instabilities [14], [15] and [16]. The karst water flow
into the sea can be monitored on IKONOS-scenes of the
Safi area (Fig.16) in yellow colours with fan-shaped
outline.

- § e e 2t

Figure 17. Results of the evaluations

Fig.17 summarizes the evaluation results by showing the
lineament analysis, the visible escarpments, the traces of
marine abrasion and undercutting of slopes in the area of
Sidi Bouzid. Lineaments oriented in SW-NE direction are
prevailing.

When deriving the morphological watershed and the
drainage pattern (stream_order) from ASTER DEM data and
merging the results with the weighted overlay of
morphometric factors influencing the susceptibility to flash
floods (slope degree < 10°, height level < 100 m, curvature
=0), the relationship between the occurrence of landslides
along the cliff sites and higher surface and karst water input
becomes obvious. The cliff site of Sidi Bouzid is situated in
a coast segment, where more water input from above can be
assumed than in the environment due to the geomorphologic
and geologic conditions.

Marine scar
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4 |—— main scarp
Waterways
Karst-Water
Lineament
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Quarry
Roads
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Harbour
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Figure 18. ASTER-GDEM derived drainage network and the result of the
weighted overlay aggregating causal factors influencing the susceptibility
to flash floods
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5. Risk Assessment

The integration of different factors in a GRASS-GIS
environment using weighting procedures served as one of
the key objectives in the GIS application for these studies.
The application of a weight in susceptibility assessment has
been identified as a semi-quantitative method, involving
both expert evaluation and the idea of ranking and weighting
factors. Yet it is capable of producing quantitative results
based on expert evaluation, forming a quick-to-implement
and cost efficient method [10]. The weighted overlay
method takes into consideration the relative importance of
the parameters and the classes belonging to each parameter.

The factors used in this case are, slope gradient,
vegetation cover and the nature of rock. The final map
"susceptibility of landslide" shall be calculated by a
weighted overlay. The general formula to calculate the final
map "susceptibility of landslide» from the input maps
factors with their specific weights (in percent) [9]. To
perform this calculation uses the module rmapcalc. This
module allows direct map calculations.

Figure 19. The final map "susceptibility of landslide" using weighted
overlay method

Figure 20. Areas susceptible to slope failure: red — higher susceptibility

The resulting maps are divided into susceptibility classes
(Fig. 19). The susceptibility to landslide risk is classified by

values from 0 to 1, wherein the value 1 is standing for the
strongest, assumed susceptibility to landslide due to the
aggregation of causal factors. When evaluating the different
datasets the highest amount of damage during a stronger
landslide can be assumed in the red areas (Fig. 20) of the
landslide risk map.

Comparing  the results of  the weighted
overlay-calculations with geologic maps, there is a clearly
visible coincidence of areas with higher susceptibility values
and the outcrop of Jurassic Cretaceous sediments (marls
and gypsum) in the Sidi Bouzid and Amouni cliff

6. Conclusion

To understand and highlight the risk of the instability
phenomenon shown by block collapses in the cliffs studied,
we analyzed the lithological characteristics of outcropping
formations. The activity of this phenomenon was based on a
field study and a study of satellite images. The field study
allowed to estimate the degree of instability. This is caused
by a number of phenomena such as erosion formations and
rock fracturing.

The instability is also favored by the intercalated clays.
The existence or absence of water changes the behavior of
these clays. The existence of a substratum formed by
impermeable plastic clays, swelling, highly compressible
and sufficiently resistant to low shear contributes to the
phenomena of sliding, swelling and subsidence.

Fracturing plays a big role in this instability. Fractures
define large blocks cut into nearly straight dihedral collapse
perpendicular to the mean direction of the cliff (for N10 and
N110 Amouni cliff to Sidi Bousid cliff). Slots open
gradually V to failure. They will certainly generate
detachments blocks as evidenced by the various ancient and
recent phenomena observed in the field.

The comparative study of satellite images and field
observation allowed locating the cliff areas where the
mentioned phenomenon seems more active and therefore
more intense. The evaluation of the degree of risk shows a
high degree that extends along the cliff Sidi Bouz

Landslides along the cliffs of Safi pose the greater
problem of the impact of human action on the environment.
They do not take the size that because human settlement
occurred in places and proportions ignoring natural
dispositions of the site. The planning and urban
development therefore carries a cyclical process where we
have to find the balance between the inevitable urban growth
and the need to protect the natural environment. This
requires a permanent arbitration for the pursuit of
geographic information systems, thanks to the diversity,
flexibility and precision of digital processing, providing
adequate information.

Without claiming any completeness, the procedure and
workflow developed and the created database can contribute
to the urban planning and urban development along the coast
of Safi considering the natural hazards.
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