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SUMMARY 

Landslides are major geological hazards in mountainous regions, driven by both natural processes 
and human activities. They pose significant environmental challenges, causing extensive damage 
to infrastructure, property, and landscapes, often resulting in casualties. This study focuses on 
evaluating and mapping landslide susceptibility in the Zagros Mountains of Kurdistan, northern 
Iraq, using GIS-based techniques. A comprehensive landslide inventory map was developed 
through detailed field investigations, remote sensing data analysis, and Google Earth imagery 
interpretation. Ten key influencing factors—elevation, rainfall, lithology, slope, curvature, aspect, 
land use/land cover (LULC), NDVI, and proximity to roads and rivers—were analyzed using a 
combined frequency ratio (FR) and analytical hierarchy process (AHP) approach to assess their 
relationship with landslide occurrence. The results reveal that landslide susceptibility in the 
Kurdistan Mountains is predominantly influenced by tectonic structures, landscape characteristics, 
and environmental conditions, particularly rock lithology (competency), slope gradient, rainfall 
intensity, and human activities. The resulting susceptibility maps provide critical insights for 
regional planners, policymakers, and infrastructure developers, offering a foundation for effective 
landslide mitigation strategies and the protection of lives and property in the region. 
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Introduction 
 
Kurdistan has a challenging landscape characterized by rugged mountainous, featuring heavy hydrological 
conditions with various exposed geological materials that make it susceptible to the risks of landslides, 
primarily due to its location in the frontal sector of the Zagros fold belt, situated near the NE boundary of 
the Arabian plate, interacting with the Eurasian plate (Jassim and Goff, 2006; Doski and McClay, 2022).  
The complex landscape of Kurdistan arises from the interaction of endogenous and exogenous processes 
during the Neogene–Quaternary time, and its surface evolution was shaped by the lithological variations, 
tectonic activity, climate changes, and human interventions (Forti et al., 2021). This study employed a 
methodology based on GIS to evaluate and map the landslide susceptibility in the Kurdistan’s mountainous 
landscape. The main aim is to generate a susceptibility map of landslides by combining both the frequency 
ratio (FR) and analytical hierarchy process (AHP) models, in conjunction with GIS and remote sensing 
methods. The study area, between the coordinates of 36° 50` 40`` N - 37° 01` 20`` N latitude and 42° 50` 
20`` E - 43° 10` 30`` E longitude, located northeast of Duhok City within both the simply folded and the 
high folded zones of the Zagros fold belt. The study area is distinguished by its mountains with a semi-arid 
continental climate. The peak elevations reaching up to 1300 meters above (S.L.) on the peaks of mountains, 
and the lowest points, approximately 570 meters above (S.L.).  The overall drainage system primarily 
comprises dendritic and parallel patterns.  
 
Research methodology 
 
To conduct a GIS-based mapping and evaluation of landslide susceptibility in the study area, two spatial 
datasets were created for the inventory of landslides and the factors contributing to landslides (Fig. 1). 
These datasets were built utilizing the spatial analysis tools within ArcGIS 10.4 Platform. Detailed field 
data were collected from 282 active and past landslides. During the fieldwork, precise GPS coordinates 
were used to mark landslide sites, while measurements including dimensions (length and width) and 
thicknesses (depth), as well as observations on the type of landslides, their current state (whether active, re-
activated, historic, etc.), land use/land cover, lithological units, weathering degree, slope steepness, 
drainage systems, and human activities were meticulously documented.  
Ten factors influencing landslide susceptibility prediction were identified based on geological, topographic, 
and environmental considerations. These factors are elevation, rainfall, lithology, slope, curvature, aspect, 
LULC, NDVI, distance to roads and rivers (Fig. 1). Topographic features, including contour lines, drainage 
patterns, slope gradients, aspect, and curvature surfaces, were generated using the ASTER Global DEM 
(V2), which has a 30 m resolution. The NDVI map, LULC patterns, and road networks are delineated from 
field surveys and analysis of Landsat 9 imagery and maps of Google Earth. Additionally, the map of rainfall 
is formulated utilizing data from the Directorate of Meteorology & Seismology in Duhok.  
 
Results and Discussion 
 
In total, 282 landslides were detected and mapped through a fieldwork with GIS and remote sensing 
analyses. The identified landslides are categorized into various types, including earth slide (36.88%), rock 
slide (18.79%), rock fall (16.67%), debris flow (14.54%), earth flow (9.93%), and complex types (3.19%), 
based on the landslide classification of Varnes (1978).  The recorded landslides comprise 5640 pixels and 
encompass an area of approximately 5.076 km2. The survey results indicate that the smallest landslide 
measured approximately 75.03 m2, while the biggest recorded was covered about 8590.06 m2. The average 
landslide area varied between 9742.00 m2 and 20527.38 m2. The landslides are shallow, with the thickness 
of their slide bodies being less than 10 m. This research work investigated the relationship between ten 
influential factors and the presence of landslides through the FR and AHP methodologies.  
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Figure 1 Flowchart of the research methodology 
 
These factors, including elevation, rainfall, lithology, slope, curvature, aspect, LULC, NDVI, distance to 
roads and rivers, were categorized into different classes and weights for the FR and AHP models, 
respectively. The susceptibility map generated by the FR model for the study area depicted percentages for 
susceptibility as follows: very low (12.72%), low (20.90%), moderate (24.25%), high (25.23%), and very 
high (16.90%) (Fig. 2). Similarly, utilizing the AHP values, the study area was categorized into 5 hazard 
levels with percentages allocated as very low (12.01%), low (17.77%), moderate (31.11%), high (24.55%), 
and very high (14.55%). The landslide susceptibility maps clearly indicate that very low and low hazard 
zones are primarily occur in flat terrains or gently sloping plains characterized by competent massive rocks, 
shallow valleys, dense vegetation cover, light rainfall, and far away from riverbank s and roadways.  
Conversely, high and very high zones are clustered in steep slopes and rugged terrains with bare soils and 
extensively fractured rocks, highly weather, sparse vegetation, heavy rainfall, deep valleys, and near to 
human construction projects. Moderate susceptibility zones are predominantly interspersed between these 
aforementioned regions throughout the Bekhair core area. 
 
Conclusions 
 
1- The relationship between landslide occurrences and ten identified factors, including elevation, rainfall, 
lithology, slope, curvature, aspect, LULC, NDVI, distance to roads and rivers was assessed through the 
application of the FR and AHP methodologies in GIS Platform. The Bekhair core area was divided into 5 
categories on the landslide susceptibility maps, indicating varying susceptibility degrees: very low, low, 
moderate, high, and very high. As a result, the study suggests focusing rehabilitation efforts on the high-
risk landslide zones to efficiently address landslide challenges in the Bekhair anticline. 
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Figure 2 Landslide susceptibility map for the Bekhair anticline's core, Kurdistan Mountains 
 
 
 
2- This study confirms that Kurdistan's landscape has been predominantly shaped by the interaction of 
tectonic structure, geomorphological processes, and climate variations. However, among the influencing 
factors, the lithology, slope, rainfall, and LULC were identified as the foremost influential factors, while 
elevation, distance to rivers and roads, and NDVI held secondary significance. Conversely, aspect and 
curvature were found to have relatively minimal impact. 
 
 
References 
 
 
Doski, J.A.H., McClay, K.R., 2022. Tectono-stratigraphic evolution, regional structure and fracture patterns 

of the Zagros fold-thrust belt in the Duhok region, Kurdistan, northern Iraq. Tectonophysics 838, 
229506. 

Forti, L., Perego, A., Brandolini, F., et al., 2021. Geomorphology of the northwestern Kurdistan Region of 
Iraq: landscapes of the Zagros Mountains drained by the Tigris and Great Zab Rivers. Journal of 
Maps, 17(2), 225–236. https://doi.org/10.1080/17445647.2021.1906339 

Jassim, S.Z., Goff, J.C., 2006. Geology of Iraq. Dolin, Prague and Moravian Museum, Czech Republic, p. 
341. 

Varnes, D.J., 1978. Slope movement types and processes. In: Schuster, R.L., Krizek, R.J. (Eds.), Landslide 
analysis and control: Transportation Research Board Special Report, Washington, 11–33 

 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



