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Introduction

Karst landscapes are characterized by distinctive surface 
and subsurface hydrology and geomorphology resulting 
from the dissolution of limestones and/or evaporitic rocks 
(Ford and Williams 2007). This process, known as karstifi-
cation, serves as a precursor for the development of under-
ground cavities of varying sizes (Weisrock and Lunski 
1987; Gutiérrez et al. 2007; Parise 2010; Kaufmann 2014). 
Karst systems encompass a variety of features such as sub-
surface drainage, the absence of a surface drainage network, 
shallow or deep sinkholes, poljes, springs, and high perme-
ability aquifers with conduits and caves. Of these, sinkholes 
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Abstract
Collapse sinkholes represent a geological hazard that is particularly associated with karst regions, characterized by the 
dissolution of soluble rocks leading to the formation of voids. This phenomenon is significantly more prevalent in areas 
with evaporate terrains, wherein the rapid dissolution of soluble rocks facilitates the swift alteration of gap locations and 
sizes. The ensuing discussion explores the distinctive nature of collapse sinkholes, emphasizing their occurrence in karst 
and evaporate terrains, shedding light on the factors contributing to their formation and frequency. The coastal region 
of Safi is characterized by abundant karst features overlying evaporitic rocks, along with historical and recent sinkhole 
collapse events. Our current investigation aims to develop a susceptibility map for sinkhole collapse in the Safi region. 
Initially, a comprehensive inventory map of collapse occurrences was created through meticulous fieldwork and the inte-
gration of remote sensing data. Nine predisposing factors were identified and incorporated into a Geographic Information 
System (GIS), including elevation, lithology, curvature, slope, aspect, drainage density, lineament density, topographic 
wetness index, and land use. To assess the relationship between these factors and sinkhole collapse, statistical analyses 
were conducted using spatial analysis based on the Frequency Ratio (FR) and Analytical Hierarchy Process (AHP). The 
FR analysis revealed that high and very high susceptibility zones constitute 14.19% and 6.89% of the region, respectively, 
while moderate, low, and very low susceptibility zones occupy 23.07%, 26.12%, and 29.74%, respectively. Utilizing the 
AHP method, it was determined that high and very high susceptibility zones cover 20.32% and 12.01% of the region, 
respectively, with moderate, low, and very low susceptibility zones encompassing 19.38%, 27.55%, and 20.74%, respec-
tively. To compare and evaluate the outcomes of the AHP and FR methods, the Area Under the Curve (AUC) approach 
was employed. The success rates, as indicated by AUC, demonstrated that FR (90.5%) exhibited higher accuracy than AHP 
(73.5%). The validation of the landslide susceptibility map confirmed the acceptability of the methodologies employed. 
These results can be effectively utilized for hazard mitigation and land use planning in the coastal area of Safi.
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are particularly significant for diagnostic purposes (Ford 
and Williams 2007), and for this research, the term "sink-
hole" is adopted to denote the morphological evidence of 
the aforementioned processes.

Sinkholes typically exhibit subcircular shapes and vari-
ous morphological characteristics such as conical, pan-
shaped, bowl-shaped, and cylindrical, often extending deep 
for hundreds of meters in diameter and depth (Renault 
1970). Recent research classifies sinkholes into categories 
including ground surface corrosion, sagging, suffusion, 
and collapse (Gutiérrez et al. 2014; Gutiérrez et al., 2008a, 
Gutiérrez et al. 2008b, Gutiérrez et al. 2008c, d, Gutiérrez 
et al. 2009; Waltham et al. 2005; Paine et al. 2012). These 
processes are associated with karst rocks, wherein dissolu-
tion leads to the formation of "solution dolines" resembling 
bowl-shaped depressions. Sagging occurs due to continuous 
flexing of overlaying carboniferous units during dissolution, 
while corrosion between the topsoil and substratum creates 
depressions on the surface, and interlayer dissolution may 
cause the limestone to bend.

Sinkhole formation is initiated by the collapse of cavity 
roofs, rocks, and soil. Cohesive rock/soil results in "cover 
collapse dolines," while non-cohesive soil gives rise to "suf-
fusion dolines." Consequently, sinkholes represent a form of 
land movement associated with the presence of underground 
cavities, developing through a prolonged process of karstifi-
cation. The resultant damage from sinkholes can have severe 
consequences, affecting various infrastructures such as roads, 
railroads, power lines, and may even lead to loss of life.

The hazards posed by karst environments and their local 
and regional socio-economic impacts have escalated rapidly 
with urban sprawl and development, often lacking appropri-
ate land use planning measures that consider the specificity 
of these environments (Goudie 2013; Gutiérrez et al., 2014). 
Assessing susceptibility to sinkhole collapse involves deter-
mining the spatial probability of ground collapse (Guzzetti et 
al. 1999; Constantin et al. 2011). This information is crucial 
for effective land use management and planning (Galve et al. 
2009; Taheri et al. 2019; Dai et al. 2008). The accuracy of 
sinkhole susceptibility mapping depends on data availability, 
spatial distribution of sinkholes, and the selection of relevant 
conditioning and triggering factors and modeling approaches.

Various methods, both qualitative and quantitative, are 
employed for mapping sinkhole susceptibility. Quantita-
tive modeling, including deterministic and probabilistic 
approaches, is commonly used (Zhou and Beck 2008; Galve 
et al. 2009; Praveen et al. 2019). Deterministic approaches 
consider variables affecting sinkhole formation based on 
geometric assumptions, while probabilistic methods assume 
statistical relationships between predisposing factors and 
known sinkhole locations (Galve et al. 2009; Whitman et 
al., 1999; Ciotoli et al. 2016).

Alternatively, qualitative or heuristic approaches involve 
subjective grading schemes based on factor contributions 
to sinkhole development (Gao and Alexander 2003; Taheri 
et al. 2020). Hybrid (or semi-heuristic) approaches, like 
weighted linear combination, can also be employed for cre-
ating susceptibility maps (Yalcin 2008; Yalcin et al. 2011, 
Park et al. 2012). The Analytic Hierarchy Process (AHP) is a 
statistical approach for susceptibility mapping that involves 
decomposing controlling factors into subclasses, hierarchi-
cal arrangement, pairwise comparisons, and synthesis to 
obtain susceptibility metrics (Yalcin 2008; Komac 2006; 
Praveen et al. 2019; Ozdemir 2015; Khouz et al. 2022).

Weisrock and Lunski (1987), Ouadia et al. (2008), 
Theilen-Willige et al. (2014), and Laaziz et al. (2016) have 
studied sinkhole morfologies in the Safi region of Morocco. 
While these studies presented GIS-based thematic maps, 
none of them focus on predictive models for sinkhole sus-
ceptibility. This research introduces sinkhole susceptibility 
assessment in the coastal area of Safi, employing both the 
Analytical Hierarchy Process (AHP) and the Frequency 
Ratio (FR) approach.

The main objective of sinkhole susceptibility mapping is 
to assess and predict the occurrence of sinkholes in a given 
geographical area. This complex process integrates a range 
of geological, hydrological and geomorphological factors to 
generate accurate susceptibility maps. The mapping effort 
is designed to highlight the areas most prone to sinkhole 
collapse, providing crucial information for activities such as 
hazard mitigation, land-use planning and risk management 
in regions vulnerable to this type of geological event. Ulti-
mately, the aim is to advance our understanding of sinkhole 
dynamics and contribute to informed decisions about land 
use and development in sinkhole-prone areas.

Presentation of the study area

The Safi Province, part of the Marrakech-Safi region, covers 
an area of 3633 km with a coastal length exceeding 120 km. 
It is bordered to the north by the Sidi Bennour province, to 
the east by Youssoufia, to the south by the Essaouira prov-
ince, and to the west by the Atlantic coast (Fig. 1).

Geographically, Safi is located at 32° 19' North and 9° 
West. The province's terrain is characterized by a relatively 
flat or gently undulating topography, with elevations seldom 
exceeding 500 m above sea level.

From a geomorphological perspective, the area of inves-
tigation is divided into three zones.

	– Sahel: Including consolidated Pliocene and Quaternary 
dunes and dune ridges forming the current shoreline. 
These formations are composed of encrusted limestone 
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sandstones, with the subsurface often composed of Ju-
rassic limestone and occasionally gypsum outcrops to 
the east of Safi.

	– Plain: a natural southward extension of the Doukkala 
plain. It is a collection of gentle slopes starting behind 
the Sahel and connecting to the Mouissates hills. The 
plain's lithology primarily consists of recent Quaternary 
silts that form corridors between consolidated hills.

	– Mouissates Hills: Dominating the western and eastern 
parts of the Abda plain, these hills connect to the plain 
through rugged slopes. Inside the Mouissates, the land-
scape appears as a plateau dissected by an ancient deep 
hydrographic network, defining steep slopes. This geo-
morphological unit is composed of gypsum and lime-
stone of Upper Jurassic and terminates to the south with 
Jbel Hadid, crossed by the Tensift River.

According to the latest administrative division, the Safi 
province comprises 3 municipalities and and three rural 
circles with 22 rural communes. According to the General 
Population and Housing Census of 2014, the population of 
Safi province was 691,983 inhabitants, representing 15.4% 

of the Marrakech-Safi region's population and 2% of the 
national population. It recorded an average annual growth 
rate of 0.73% compared to 2004. The provincial urbaniza-
tion rate in 2014 was 50%, compared to 42.8% regionally 
and 60.4% nationally.

The study area is situated in the western Meseta region of 
Morocco, characterized by a Meso-Cenozoic tabular sedi-
ment cover overlying a Paleozoic substratum (Fig. 1) (Roch 
1950; Gigout 1951; Michard 1976; Witam 1988). Overall, 
the topography of the study area is predominantly flat, with 
the altitude gradually decreasing from 480 to 0 m towards 
the West.

The stratigraphic series in the Safi area is composed of 
distinct units arranged from Upper Jurassic to Quaternary, 
(Fig. 2 and 3). The following is an overview of the geo-
logical composition of the Safi region: (a) Upper Jurassic 
limestones with gypsum, (b) The lower Cretaceous (Late 
Berriasian – Valanginian) bioclastic limestone (C1), (c) The 
"brown clay" (Ci2a) of Valanginian—lower Hauterivian, 
characterized by grey marl with marly limestones, (d) Cre-
taceous (Upper Hauterivian) limestones and sandstone of 
Dridrat (Ci2b), exhibiting various karstification shapes, (e) 

Fig. 1  Location and geomorphometric map of the study area
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Fig. 3  Stratigraphic log of the study area

 

Fig. 2  Geologic map of the study area (adapted from Gigout, 1954)
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The identification of predisposing factors influencing 
sinkhole formation is crucial, with variables such as lithol-
ogy, slope, land use, drainage density, and elevation selected 
based on their relevance. The choice of an appropriate mod-
eling method, including Frequency Ratio (FR), Analytical 
Hierarchy Process (AHP), logistic regression, or machine 
learning algorithms, is a pivotal decision.

Weighting and ranking factors come next, with tech-
niques like pairwise comparisons in AHP aiding in estab-
lishing criteria importance. The chosen model is then 
applied to spatial data layers, generating individual sus-
ceptibility maps for each factor. These maps are overlaid 
or combined to create a consolidated sinkhole suscepti-
bility map, considering the weighted contribution of each 
factor.

Validation is a critical step, assessing the accuracy and 
reliability of the susceptibility map using independent 
sinkhole data or historical records. Depending on valida-
tion results, the model may undergo refinement, adjusting 
weights or parameters to enhance accuracy. The final sink-
hole susceptibility map is presented, highlighting high-risk 
zones, and interpretation of results is crucial for understand-
ing implications.

For the current study, a comprehensive sinkhole inven-
tory was compiled by using various data sources, including 
topographical maps, aerial photographs, satellite imagery, 
borehole data, and extensive fieldwork.

The primary objective was to identify and document key 
parameters such as location, size, shape, depth, and geologi-
cal context of the sinkholes. A meticulous examination of 
104 sinkhole locations was conducted through fieldwork, 
with each sinkhole being described, mapped, and validated 
(Fig. 2 and 4).

Sinkhole susceptibility analysis, contingent on data 
availability, can incorporate numerous influencing factors 
such as lithology, fault lineaments, streams, roads, water 
table, rainfall, slope, aspect, and land use/land cover. In this 
study, diverse datasets were harnessed, including a digital 
elevation model (DEM) based on shuttle radar topography 
mission data, geological maps, topographic maps, Landsat 
8 and Sentinel satellite images, and data collected directly 
in the field (Fig. 5).

The dataset variables encompassed elevation, slope, 
aspect, curvature, drainage density, lineament density, topo-
graphic wetness index (TWI), lithology, and land use/land 
cover (LU/LC) (Table 1 and Fig. 6). To ensure consistency, 
all variables were rasterized and harmonized to a cell size of 
30 m × 30 m. Drainage density was assessed using the hydro-
graphic network based on topographic maps (1/25000) and 
the DEM. The DEM also facilitated the determination of 
slope, aspect, curvature, and elevation, while the TWI was 
derived from it.

The "red sandy clay beds" of the Upper Hauterivian (Cic), 
along with bioclastic limestone of Pliocene and consoli-
dated dune of Plioquaternary.

The structural framework is primarily of tertiary origin 
and can be defined by two major fold orientations, namely 
N-S and SW-NE to E-W, which are linked respectively to 
the Hercynian and Alpine orogenies (Ferré and Ruhard 
1975).

The aquifer systems in the Safi region are mainly com-
prised of the Dridrat Limestone from the lower Cretaceous 
and quaternary sandstone, emphasizing the hydrogeological 
significance of these formations in the region. Overall, the 
geological complexity of the Safi region contributes to its 
diverse landscape and environmental characteristics.

The Safi region is characterized by a semi-arid climate, 
featuring distinct climatic patterns throughout the year. The 
climate in Safi characterized by hot and dry summers lasting 
from May to November, followed by a wet and temperate 
winter period from November to April.

The semi-arid climate of Safi reflects the influence of its 
geographic location and topography. While the summers are 
marked by arid conditions and high temperatures, the winter 
months bring relief with cooler temperatures and a higher 
likelihood of precipitation.

Analysing the rainfall data from 1960 to 2021, the aver-
age annual precipitation in Safi is approximately 354 mm. 
The minimum recorded rainfall occurred in 1981, measur-
ing 146 mm, while the maximum was observed in 1996, 
reaching 712 mm. These fluctuations in precipitation con-
tribute to prolonged droughts as well as sudden and intense 
rainfall, which can lead to local flash floods.

The wettest month in Safi is January, with an average rain-
fall of 35 mm. The mean annual temperature in the area is 
24 °C, with July being the warmest month, boasting an aver-
age temperature of 31°C. Conversely, January is typically the 
coldest month in Safi, with an average temperature of 18°C.

Methodology

The methodology employed for sinkhole susceptibility map-
ping is a systematic and comprehensive approach designed 
to assess and predict the likelihood of sinkhole occurrence 
in a given geographic area. This multifaceted process inte-
grates various techniques and steps to derive a reliable and 
accurate sinkhole susceptibility map.

It begins with the collection of pertinent geological, 
hydrological, and geomorphological data through field sur-
veys, remote sensing technologies, and historical records. 
Ensuring the quality and consistency of acquired data is 
paramount, involving cleaning and preprocessing to create 
a standardized format suitable for subsequent analysis.
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Fig. 5  Methodology adopted for 
the study
 

Fig. 4  Example of the sinkhole col-
lapse in the study area
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incorporation of expert judgment through pairwise com-
parisons facilitate a nuanced understanding of the inter-
play between various factors. Additionally, the consistency 
checks in AHP contribute to the robustness of the decision-
making process. Together, the combination of FR and AHP 
aims to provide a comprehensive and accurate sinkhole sus-
ceptibility mapping approach, considering both statistical 
analysis and expert input to address the geological complex-
ity of the study area.

In the context of sinkhole susceptibility mapping of the 
Safi area, the modeling steps for the Frequency Ratio (FR) 
method and Analytical Hierarchy Process (AHP) can be 
outlined. The Frequency Ratio (FR) method involves sev-
eral key steps. Initially, relevant data, including geologi-
cal and hydrological factors, are collected and a sinkhole 
inventory map is prepared. Subsequently, predisposing fac-
tors such as lithology, slope, and land use are identified, 
and weights are assigned based on their impact on sinkhole 
occurrence. The FR formula is then applied to calculate the 
susceptibility index for each factor, and these individual 
maps are overlaid to create a comprehensive sinkhole sus-
ceptibility map.

Conversely, the Analytical Hierarchy Process (AHP) 
method follows a distinct set of steps. A hierarchical struc-
ture is first formed, outlining criteria and sub-criteria influ-
encing sinkhole susceptibility. Pairwise comparisons are 
conducted to establish the relative importance of each crite-
rion and sub-criterion, with a subsequent consistency check. 
Weights are calculated based on these comparisons, normal-
ized to ensure a sum of 1, and applied to spatial data layers 
representing each criterion. The weighted layers are then 
combined to generate the final sinkhole susceptibility map. 
Similar to the FR method, the AHP model is validated using 
independent sinkhole data or historical records to ensure its 
reliability and applicability to real-world conditions.

Information regarding lithology and faulting was 
extracted from the 1:200,000 geological map. The fractura-
tion map was generated through image filter processing of 
a Landsat TM image. Lastly, supervised classification of 
LANDSAT 8 Oli and Sentinel-2 images was conducted to 
obtain the distribution of land use/land cover in the study 
area. This comprehensive and multi-faceted approach 
ensures a robust foundation for sinkhole susceptibility map-
ping, integrating fieldwork, remote sensing, and a variety 
of spatial data sources to enhance accuracy and reliability.

The mapping process involves assessing and predicting 
the likelihood of sinkhole occurrences by considering the 
the nine factors listed above. By integrating these factors 
through sophisticated modeling techniques, we aim to pro-
duce accurate susceptibility maps that aid in effective land 
use management, infrastructure planning, and risk mitiga-
tion in vulnerable regions.

In recent years, various methodologies have been 
employed for sinkhole susceptibility mapping, including 
frequency ratios, analytical hierarchy processes, bivariate 
and multivariate analysis, logistic regression, fuzzy logic, 
and artificial neural networks (Saaty 1977; Dogan & Yilmaz 
2011; Aurit et al. 2013; Lamelas et al. 2008).

The selection of the Frequency Ratio (FR) and Analytical 
Hierarchy Process (AHP) methods for sinkhole susceptibil-
ity mapping is justified by their complementary strengths 
and suitability for achieving the study's objectives. The 
Frequency Ratio method offers simplicity and computa-
tional efficiency, making it ideal for large-scale studies, 
and establishes a statistical relationship between sinkholes 
and influencing factors. Its wide applicability in landslide 
and collapse susceptibility analysis enhances its reliabil-
ity. On the other hand, the Analytical Hierarchy Process is 
chosen for its ability to handle complex decision-making 
involving multiple factors. AHP's hierarchical structure and 

Data Description Source
Elevation (m) extracted from SRTM 30 m ​h​t​t​p​​s​:​/​​/​e​a​r​​t​h​​e​x​p​​l​o​r​e​​r​.​u​​s​g​s​​.​g​o​v
Slope angle and Slope 
aspect

extracted from SRTM 30 m ​h​t​t​p​​s​:​/​​/​e​a​r​​t​h​​e​x​p​​l​o​r​e​​r​.​u​​s​g​s​​.​g​o​v

TWI extracted SRTM 30 m ​h​t​t​p​​s​:​/​​/​e​a​r​​t​h​​e​x​p​​l​o​r​e​​r​.​u​​s​g​s​​.​g​o​v
Land use extracted from Landsat 8 Oli image and 

field observation
​h​t​t​p​s​:​​​/​​/​e​a​r​t​h​​e​x​p​​l​o​r​e​​​r​.​u​​s​g​​​s​.​g​o​v

Lineament Digitized from geological map of Safi
Derived from Landsat 8 and sentinel 
images

Geological map of Meseta between 
Machraa Benabbou and Safi 
1:200.000 (Gigout, 1954)
Landsat 8 and sentinel-2 imagesLineament density Calculated

Streams Digitized and extracted Topographic maps 1/25000 and 
SRTM 30 mStream density density Calculated

Lithology Digitized from geological map of Safi Geological map of Meseta between 
Machraa Benabbou and Safi 
1:200.000 (Gigout, 1954)/Field work

Sinkhole location Digitized and extracted from Landsat 8 
and Sentinel-2 images

Field work/topographic maps 
1/25000 and Satellite images

Table 1  Data Sources used for 
our research
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Results

The characterization of sinkholes through morphometric 
analysis, specifically the elongation ratio (Er), offers valu-
able insights into their shapes and dimensions (Gutiérrez, 
2005). Sinkholes can be classified into distinct shapes 
based on their Er values, ranging from circular to elongated 
(Basso et al. 2013; Kobal et al. 2015). In our study, the 

Both the Frequency Ratio and Analytical Hierarchy Pro-
cess methods offer valuable insights into sinkhole suscepti-
bility mapping. The FR method is relatively straightforward 
and data-driven, while the AHP method allows for the inte-
gration of expert knowledge and a more systematic con-
sideration of criteria importance. Validation is crucial for 
assessing the reliability of both models and ensuring their 
applicability to real-world conditions.

Fig. 6  Conditioning factors for sinkhole susceptibility mapping: (a) Elevation, (b) Slope, (c) Aspect, (d) Curvature, (e) TWI, (f) Drainage density, 
(g) Lithology, (h) Lineament density and (i) Land Cover/Use. (Spatial resolution for all condition factors is 30 m × 30 m)
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analyses. As elucidated by Wang and Li (2017), AHP serves 
as a powerful tool that amalgamates data, knowledge, and 
subjective judgments of analysts to evaluate the suscepti-
bility of sinkhole collapse. In the context of this study, a 
weighted linear combination method is deployed to predict 
sinkhole susceptibility, encompassing a comprehensive 
consideration of nine carefully selected controlling factors, 
each with its corresponding classes or sub-criteria (Fig. 8).

To verify the significance of each factor in the context 
of sinkhole occurrence, initial paired comparisons are con-
ducted on square matrices, assigning weights to both criteria 
and sub-criteria. The determination of the relative impor-
tance of each factor is achieved through Saaty's (1980) rank-
ing scale for pairwise comparisons, where values between 
1 and 9 signify the relative dominance of one factor over 
another in the context of sinkhole formation (refer to Table 
2).

The consistency ratio (CR) can be used in AHP to deter-
mine the matrix's consistency (Tzeng and Huang 2011). 
Equation (1) is used to calculate the consistency ratio, 
which is a metric of the judgement about a decision made at 
random (Tzeng and Huang 2011)

CR = CI
RI

� (1)

morphometric analysis revealed a diverse array of sinkhole 
shapes. Approximately 45.16% of the sinkholes exhibited a 
circular form, emphasizing a balanced relationship between 
length and width. A notable 16.13% were categorized as 
sub-circular, indicating a slightly more elongated configura-
tion. Further diversity emerged with 22.58% displaying an 
elliptical shape, 13% identified as sub-elliptical, and a dis-
tinct 3.23% characterized as elongated (Fig. 6). The preva-
lence of circular sinkholes, with a maximum diameter of 
80 m, suggests the relative youthfulness of these karst sys-
tems (Brinkmann et al. 2008; Kobal et al. 2015). Addition-
ally, the maximum depths observed for each shape category 
contribute to a comprehensive understanding of the varied 
morphologies within the study area, with circular sinkholes 
reaching depths of 23.8 m, elliptical sinkholes descending 
to 40.4 m, and elongated sinkholes reaching depths of 25 
m (Fig. 7). This detailed morphometric analysis enhances 
our appreciation of the geological diversity and evolution of 
sinkholes in the examined region.

Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) stands out as a struc-
tured and hierarchical decision-making methodology that 
seamlessly incorporates both quantitative and qualitative 

Fig. 7  Sinkhole size (depth, length and width) and shape distribution
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where CI is the Consistency Index defined by the Eq. (2):

CI = λmax − n
n − 1 � (2)

where “λmax is the largest eigenvalue of a preference matrix 
and n is the number of parameters” (Ying et al., 2007; Thanh 
and De Smedt, 2012, Taheri et al., 2019).

Table 2  Basic ranking model for pairwise comparison (Saaty 1980)
Description Value
Equal importance 1
Moderate importance of one over another 3
Strong importance 5
Very strong 7
Extremely high importance 9
Intermediate values 2,4,6,8

Fig. 8  Sinkhole susceptibility inducing factors and factors classes weights
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where Wi denotes the weights assigned to each conditioning 
component (i) wji is the weight assigned to class j of factor I 
and n denotes the total number of factors taken into account 
in the model. Based on natural breaks method, the resultant 
SSI-map was divided into five classes (very low, low, mod-
erate, high, and very high).(Fig. 9).

Frequency Ratio (FR)

The Frequency Ratio (FR) model, a bivariate statistical 
approach, is employed in this study to assess the influence 
of controlling factors on sinkhole occurrence, as established 
by Lee and Pradhan (2007). This model establishes a spatial 
relationship between the sinkhole inventory and these fac-
tors, allowing for a thorough examination of their impact 
(Demir et al. 2014; Park et al. 2012; Lee and Pradhan 2007). 

RI is the random consistency index, established by Saaty 
(1990) as a function of n (see Table 3).

For a value of Consistency ratios more than 0.1, it's sug-
gest that the comparisons and scores should be modified. In 
this study we have selected nine factors. Consequently, RI 
is 1.45 according to Saaty (1977), and CR is 0.051 accord-
ing to Eq. (1). The calculated consistency ratio is lower than 
0.1, indicating paired comparisons were coherent. In this 
study, the sinkhole susceptibility index has been generated 
through a weighted linear combination (WLC) of the influ-
encing factors and the classes of each factor (Voogd 1983). 
The Sinkhole susceptibility index (SSI) is calculated by 
adding the products of the weights allocated to each factors 
and classes of factors, following to equation:

SSI =
∑n

i=1
Wi ∗ wji� (3)

Table 3  Assigning of RI (Saaty 1977)
Nnumber of factors 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Fig. 9  Sinkhole susceptibility map by using AHP model
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The resulting sinkhole susceptibility values are catego-
rized into five classes: very high, high, moderate, low, and 
very low, using the natural break method, a classification 
approach commonly employed in landslide susceptibil-
ity mapping (Falaschi et al. 2009; Bednarik et al. 2010; 
Pourghasemi et al. 2012, 2013). This systematic approach 
provides a comprehensive understanding of the spatial dis-
tribution and susceptibility levels of sinkholes in the study 
area.

The Frequency Ratio (FR) model has demonstrated exten-
sive and effective applicability in the realm of landslide sus-
ceptibility mapping, as illustrated by numerous studies (e.g., 

The frequency ratio, a key metric in this model, denotes 
the ratio of the percentage of areas where sinkhole collapse 
has occurred in a specific class to the percentage area of the 
impacting class relative to the entire study area.

In this analysis, the FR model is applied to evaluate sink-
hole susceptibility, considering nine factors (see Fig. 6), and 
utilizing 104 sinkhole locations, segregated into training 
(70%) and validation (30%) datasets (see Fig. 10). The sink-
hole susceptibility map is generated through the weighted 
overlay function in a GIS environment, enabling the amal-
gamation of various factors and their allocation to the ratio 
(Oh et al. 2011).

Fig. 10  Testing and training sinkhole location
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an FR value of 5.4. Conversely, areas with a density less 
than 0.3 had an FR ratio of less than 1, indicating a lower 
probability of collapse occurrence.

Concerning drainage density, areas with a density rang-
ing from 0.53 to 0.72 and greater than 0.73 exhibited FR 
values of 2.23 and 1.32, respectively, suggesting varying 
degrees of susceptibility to collapse.

Lastly, in the case of land use, areas classified as "gasses" 
showed an FR value of 2.27, indicating the highest possibil-
ity of collapse incidence.

In the GIS environment, the overlay technique was 
employed to combine the nine factors allocated to the ratio, 
thereby establishing the Frequency Ratio (FR) of sinkhole 
susceptibility. The resulting sinkhole susceptibility index 
map was reclassified to create a sinkhole collapse suscepti-
bility map, which is categorized into five classes using the 
natural breaks method: very low, low, moderate, high, and 
very high (Fig. 11).

Results and discussion

The results of the sinkhole susceptibility mapping using 
both the Frequency Ratio (FR) and Analytical Hierarchy 
Process (AHP) models offer valuable insights into the spa-
tial distribution and potential risk zones of sinkhole occur-
rences in the coastal area of Safi, Morocco.

Sinkhole collapse is prevalent in specific regions of the 
study area, particularly in the southern part of Safi (Jorf 
Lihoudi region) and the northeastern region in Moul Ber-
gui, following the N-S to NE-SW lineament direction (Fig. 
10B,C). These sinkholes exhibit circular shapes and vary in 
diameter from 10 to 400 m, with smaller sinkholes, rang-
ing from 15 to 50 m in diameter, having depths up to 40 m. 
The localization of sinkholes is closely tied to controlling 
factors such as lithology, notably Upper Jurassic evaporitic-
limestone, and Plio-Quaternary biodetritic limestone. The 
presence of evaporitic limestone outcrops in the southern 
region is a key factor contributing to the numerous sink-
holes observed.

The rapid development of karst forms in the region is elu-
cidated by Weisrock and Lunski (1987), attributing it to the 
presence of underlying gypsum and anhydrite, intense frac-
turing, and past humid paleo-climates. Eustatic variations 
in the marine base level, favoring the sinking of the hydro-
graphic network during regressions, are also highlighted. 
The distribution of collapse sinkholes in a NE-SW direction 
appears to be influenced by these tectonic structures. More-
over, topographic factors such as slope, curvature, eleva-
tion, land use, and drainage systems play crucial roles.

The sinkhole susceptibility mapping, employing both the 
Analytical Hierarchy Process (AHP) and Frequency Ratio 

Yilmaz 2009; Umar et al. 2014; Wu and Wu 2016; Wang et 
al. 2016, Wang and Li 2017). This model relies on establish-
ing correlations between the sinkhole inventory and the fac-
tors that contribute to sinkhole collapse (Reis et al. 2012). By 
combining the sinkhole inventory map with factor maps, the 
frequency ratio (FR) for each class of causal factors is derived 
using Eq. (4) (Mondal and Maiti 2013). This approach allows 
for a quantitative assessment of the influence of various fac-
tors on sinkhole susceptibility, providing valuable insights for 
the mapping process in the coastal area of Safi.

FR = Np
i /N

N lp
i /N l

� (4)

where Ni
p is the number of pixels in each sinkhole condi-

tioning factor class, N is the total number of pixels in the 
all study area. Ni

lp is the number of sinkhole collapse pix-
els in each sinkhole conditioners factor class, Nl is the total 
number of Sinkhole collapse pixels in the entire study area 
(Table 4).

The calculated frequency ratio is added to generate a 
Sinkhole Susceptibility Index (SSI) map by using Eq. (5) 
(Lee and Talib 2005)

SSI =
n∑

i=1
FRi� (5)

where Fr is the frequency ratio, and n is the number of rel-
evant causal factors. The model calculates the ratio of the 
area where sinkhole collapses occurred to the total area, 
with a value of "1" indicating an average correlation, values 
greater than "1" signifying a high correlation, and values 
less than "1" indicating a low correlation between collapses 
and factor classes (Akgun et al. 2007). Results obtained 
from applying the Frequency Ratio (FR) model, as shown 
in Table 4, facilitated the establishment of correlation pat-
terns between sinkhole collapse occurrences and classes of 
causal factors. Concerning lithology, areas featuring upper 
Jurassic limestone and gypsum, limestone from the Dridrat 
formation, and consolidated dune of Plioquaternary exhib-
ited FR values greater than 1, suggesting a higher likelihood 
of sinkhole collapse.

In terms of slope, areas with slopes of less than 10 degrees 
and altitudes under 100 m, along with slope aspects facing 
north, south, and southeast, demonstrated FR values greater 
than 1, indicating a higher potential for collapse occurrence.

Regarding curvature, the flat surface class had the highest 
FR value (1.20), followed by the concave class (1.08), and 
then the convex class (0.93).

For lineament density, areas with a density greater than 
0.3 showed a high possibility of collapse occurrence, with 
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Factor Class-Factor % class_pixel class_area %CS_pixel FR
lineament density 0–0,0691 42,84 899,81 1,39 0,03

0,0692—0,191 20,24 12,597,29 19,44 0,96
0,192 −0,298 26,62 17,096,33 26.39 0,95
0,299—0,417 6,92 24,294,78 37,50 5,42
0,417 −0,68 3,37 9897,87 15,28 4.5

Drainage density
0–0,194 9,57 4499,03 6,94 0,73
0,195—0,369 27,54 13,497,10 20,83 0,76
0,37—0,534 27,13 4499,03 6.94 0,26
0,535–0,724 19,93 28,793,81 44,44 2.23
0,725- 1,24 15,84 13,497,10 20,83 1,32

LULC
Water 0,03 0,00 0,00 0,00
Dense vegetation 0,25 0,00 0,00 0,00
Crops 75,36 35,092,46 54,17 0.7
Built area 5.18 1799,61 2,78 0.54
Barre ground 0,20 0,00 0,00 0,00
Grasses area 18,98 27,894,01 43,06 2,2

Aspect
Flat (−1) 10,83 10,797,68 16,67 1,54
North (0–22,5) 6,75 7198,45 11,11 1,65
Northeast (22,5–67,5) 7,76 1799,61 2,78 0,36
East (67,5–112,5) 7,41 4499,03 6,94 0,94
Southeast (112,5–157,5) 10,45 10,797,68 16,67 1,59
South (157,5–202,5) 8,09 7198,45 11,11 1,37
Southwest (202,5–247,5) 8,41 2699,42 4,17 0.50
West (247,5–292,5) 13,25 5398,84 8,33 0,63
Northwest (292,5–337,5) 20,54 11,697,49 18.06 0,85
North (337,5–360) 6,51 2699,42 4,17 0,64

Elevation
0–94 0,94 1799,61 2,78 2,95
94–144 10,96 47,689,76 73,61 6,72
144–198 42.57 13,497,10 20.83 0,49
198–301 31.26 1799,61 2,78 0.09
301–481 14,27 0,00 0,00 0,00

Slope
0–0,971 59,34 25,194,59 38.89 0,66
0,971–2,55 27,42 29,693,62 45,83 1.67
2,550–5,465 10,37 8998,07 13,89 1,34
5,465–10,808 2,38 899,81 1,39 0,58
10,808–30,966 0,49 0,00 0,00 0,00

Curvature
 <—0,07 15,41 10,797,68 16,67 1,08
−0,07 −0,04 16,24 12,597,29 19,44 1,20
 > 0,04 68,35 41,391,11 63,89 0,93

TWI
5,05–9,11 38,34 31,493,23 48,61 1,27
9,12–11,24 34,78 13,497,10 20,83 0,60
11,25–14,68 21.98 14,396,91 22,22 1,01
14,69–22,59 4,90 5398,84 8,33 1,70

Lithology
Alluviums 0.10 0,00 0,00 0,00
Limons (tirs) 1,24 0,00 0,00 0,00
Sandy soil 7.86 0,00 0,00 0,00
Limons r[alluvium) 2,50 0,00 0,00 0,00

Table 4  Sinkhole collapse conditioning factors and its Frequency Ratio values
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and influencing factors of sinkhole susceptibility, offering 
practical implications for land use planning, infrastructure 
development, and hazard mitigation in the coastal region 
of Safi. The chosen approach emphasizes a rigorous valida-
tion process, using the Area Under Curve (AUC) method 
to ensure the reliability and accuracy of the susceptibility 
maps by comparing them to observed sinkhole occurrences. 

(FR) methodologies, reveals a significant spatial dominance 
of high and very high susceptibility levels in Safi's southern 
and northeastern regions. These vulnerabilities are linked 
to lithological factors, including limestones, gypsum, and 
sandstone, as well as the influence of NE-SW lineaments 
and topographic features. The comprehensive analysis pro-
vides crucial insights for understanding the distribution 

Fig. 11  Sinkhole susceptibility map using Frequency Ratio (FR) model

 

Factor Class-Factor % class_pixel class_area %CS_pixel FR
Dune Quaternary 6,07 11,059,30 7,70 1,27
Marine Quaternary 0,25 0,00 0,00 0,00
Sand 0,04 0,00 0,00 0,00
lumachels sands 2,73 0,00 0,00 0,00
Shells sandstone 9,86 0,00 0,00 0,00
Sandy clays 25,40 8998,07 10,89 0,43
Limestones of Dridrat 13,70 13,497,10 20,83 1,52
Grey marls 2,96 899,81 1,39 0,47
Lower limestones 0,33 0,00 0,00 0,00
Limestones and gypsum 26,96 30,331,81 59.19 2,20

Table 4  (continued) 
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a balanced approach, with AHP incorporating expert judg-
ment and pairwise comparisons and FR providing simplic-
ity and computational efficiency.

The results of the study reveal that the southern and north-
eastern regions of the study area are spatially dominated by 
high and very high susceptibility levels. This vulnerabil-
ity is attributed to lithological aspects, tectonic structures, 
and topographic factors. The sinkhole inventory compiled 
through extensive fieldwork enhances the accuracy of the 
susceptibility mapping, and the validation process demon-
strates the reliability of the applied methodologies.

The morphometric analysis of sinkholes highlights their 
diverse shapes and dimensions, providing insights into their 
geological diversity and evolution. The study emphasizes 
the significance of both AHP and FR methods in providing 
a comprehensive understanding of sinkhole susceptibility, 
with the FR model demonstrating higher accuracy in the 
validation process.

In conclusion, the sinkhole susceptibility mapping in the 
coastal area of Safi contributes valuable insights for haz-
ard mitigation, land use planning, and risk management. 
The findings of this study provide a foundation for future 
research in geohazard assessment and serve as a practical 
resource for decision-makers involved in the development 
and environmental management of regions susceptible to 
sinkhole collapses. The integration of fieldwork, remote 
sensing, and various spatial data sources ensures a robust 
foundation for sinkhole susceptibility mapping, enhancing 
accuracy and reliability in geoscientific research.
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