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Abstract
Landslides represent “structural failures” with great risk to the environment, and this makes the study of the mechanism 
of formation of landslides very important. Most parts of the Okemesi ridge are inherently dangerous areas, at high 
risk of sliding. This research is one of the first detailed geological investigations of landslides in this area. This research 
evaluates the importance of the lithological, structural and geomorphological factors to landslide activities in parts of 
southwestern Nigeria with the aim of designing a susceptibility map which is intended to serve as an early warning and 
mitigation measures. The result revealed that the latest landslide was caused by the release of intensely fractured rocks 
along adjacent blocks of a fault plane, and prevalent tectonic stress condition set the stage for the landslide, while slope 
instability in conjunction with prolonged high-intensity rainfall triggered the movement. The most susceptible area of 
landslide is within the slope angles of between 45° and 75° with an elevation of between 514 and 666 m. The research 
further revealed that the landslide occurred about 500 m to the road. The landslide-prone location is within the 0–200 m 
from the hill; hence, human settlements and activities should be sited at least 500 m away from the hill.
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1 Introduction

Landslide can be defined as the mass movement of rock, 
debris or earth down a slope [1–3]. It is currently one of 
the most common natural disasters in the world. Land-
slide causes and triggers have attracted the attention of 
researchers for centuries, most especially as early warning 
and mitigation measures. The causes of landslide are those 
factors that rendered slopes vulnerable to failure, while 
triggers are factors that initiate the downslope movement 
or slide. The major triggering factors include both natural 
and human activities [4]. The natural triggering factors 
include precipitation and slope instability, while land-
slides that are entirely due to or aided by human activities 
such as construction, mining, quarrying and excavations 
remain on the increase all over the world [4–7]. Slow and 
steady decrease in rock strength due to fracturing, water 
infiltration into cracks and pore spaces, weathering, etc., 

are some of the causes. The record of Fatal Landslides in 
America between 2002 and 2007 [8] and between 2004 
and 2016 [9] exceeds forty thousand occurrences. The 
high incidence of fatal landslides may be accredited to an 
increase in water level due to global warming and climate 
change [10, 11], deforestation due to development and 
urbanization, etc.

This research assesses the landslide susceptibility [12, 
13] and quantifies the hazard and risk related to landslides 
in Okemesi, Southwest, Nigeria, using field mapping and 
inventory, remote sensing and geographic information 
system (GIS). This study highlights the lithology, proxim-
ity to fault, the presence of abundant foliation planes, the 
slope angle, the geomorphology, slope aspect, lineament 
frequency, joint orientations and distribution, orientation 
of observed geologic structures as major causative factors 
of landslides around Agboona Hill.
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For this study, the lithology, the slope angle, the geo-
morphology, slope aspect, lineament frequency, joint 
orientations and distribution, orientation of observed 
geologic structures were considered as parameters in 
preparation of the susceptibility map [12, 13].

In Nigeria, there is the dearth of information on local 
landslide and slope instability problems and no systematic 
database of past landslide occurrences is available; hence, 
it is often difficult to predict and map landslides, due to 
the diversity and large volumes of data needed, and the 
complexity in the analysis procedures. In hilly terrains of 
Nigeria such as Okemesi, heavy rainfall, porosity of the soil 
and moisture content as well as slope angles facilitate the 
frequent occurrence of landslides that have destroyed lots 
of properties and infrastructures in the area. Consequent 
to the massive urbanization and land cultivation along the 
slope, which makes the area prone to landslide, residents 
are now gripped with the palpating fear that every time it 
rains heavily the slope will probably give way again [14]. 
In view of the considerable losses due to landslides, this 
study seeks to consider the occurrence of landslides in the 
area and find ways to mitigate the ensuing losses.

The Agboona Hill, Oja Titun, Okemesi-Ekiti landslide 
occurred within latitude of 7°48′30″N to 7°56′30″N and 
longitude of 4°53′0″E to 4°59′30″E during a period of 
intense rainfall in September 2017 [14].The area is part of 
the Okemesi fold belt (> 150 km in length) and lies north 
of northeast of this megafold (Fig. 1).

Field evidence and interaction with residents indicate 
a minimum of three other previous episodes of landslide 
in years 1973, 1982 and 1993, respectively. The 1993 land-
slide occurred about 200 m away from the site of the most 
recent landslide. Imprints of damage to buildings by the 
1993 landslide event are still visible in the area. However, it 
is believed that several unreported landslides might have 
occurred around the Okemesi Fold belt, especially in areas 
that are far from human settlement. The relics of old land-
slide are not discernable from aerial or satellite images 
because of the rugged topography and dense vegetation. 
In order to get around this problem, attempts were made 
to assess the area immediately the Agboona landslide was 
reported just before the onset of another raining season 
as the place will definitely become too vegetated for any 
clear investigation.

Several landslide occurrences in Nigeria are not 
recorded except when it leads to a major disaster.

According to [15], most landslides in southern Nigeria 
are due to the loose nature of sedimentary rocks coupled 
with the impact of gully erosion created by heavy rainfall 
and subsequent flooding. For example, it was reported 
that landslides occur mostly as earth movement, in the 
Ogbajala hills of Benue State on September 3, 1987, after 
days of continuous rainfall and subsequent flooding [16, 

17]. Another landslide occurred, in September 1997, along 
the slope of the Akovolwo mountains near Jato-Aka in 
Kwande Local Government area of Benue State [18].

This landslide is associated with graben failure. The lin-
earity of the graben failure zone and the presence of well-
polished and mylonitic rocks suggest a fault zone. Dip on 
the two hanging blocks is between 65° and 80° (Fig. 2). 
A well-developed graben with a prominent, southwest 
facing scarp, and more subdued, northeast-facing scarp 
crosses the ridge (Fig. 2). Between these scarps is an elon-
gate depression (extends approximately 35 m) and forms 
the axis of the graben. The sliding direction along the dip 
slope is indicated by large striations and grooves observed 
on the sliding surface, which trend E-W. The distance trav-
elled by the debris is approximately 400 m.

There are several different interpretations of the ori-
gin of ridge-top grabens given by [19–23]. These authors 
attributed the graben formation to seismic-related shaking 
from earthquakes on strike-slip and thrust faults. Some of 
the structural features observed around the landslide site 
include normal faults, joints, recumbent folds, strike-slip 
faults and thrust nappe. These fractures are considered 
important for creating weak zones with high permeability 

Fig. 1  Geological map of Okemesi. Modified after [26]
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and high rate of weathering which makes the area suscep-
tible to landslide.

The landslide in Agboona Hill, probably initiated with 
the development of parallel normal faults along the horst, 
further weakening of this zone by fracturing, water infiltra-
tion and gravity led to shattering of rocks along this zone. 
However, numerous open fractures joints, cracks, folds 
and high strain shears were encountered on the ruptured 
surfaces. Borehole and geophysical data that can help to 
verify the influence of earthquake were not available at 
the time of compiling this manuscript. However, most of 
the rock fragments displaced by the landslide show well-
polished surfaces, suggesting that the dominant processes 
along this fault zone are bulk crushing, surface grinding 
and polishing.

2  Geological, geomorphological 
and structural characteristics of the area

2.1  Local geology

The study area is part of the Okemesi fold belt, which is 
also part of the basement complex rocks of Nigeria, is 
characterized by highly fractured quartzite, quartz schist, 
mica schist, mylonite and a thin sedimentary cover. The 
quartzite is massive, milky and has varying textures from 
equigranular to medium grain. [24] from geochemical 
studies suggest sedimentary source for the schistose 
rocks. The quartzite is highly fractured due to the high 

degree of tectonism that has taken place in the area. The 
quartzite consists of quartz which is usually more than 
70% with minor amounts of interlocking grains of biotite. 
The quartzite in this area has orange-yellow color due to 
mineral impurities. The study area is underlain by crystal-
line rocks of the Precambrian basement complex of south-
western Nigeria.

The study area consists of long, linear, subparal-
lel, hogback ridges with rugged relief and elevation of 
approximately 599  m above the surrounding terrains. 
Topographically, the study area lies between two ridges 
running approximately north–south, which adjoin close to 
the northern boundary and form the east and west limits 
of the undulating valley and lowlands. Many researchers 
had studied the geology of different parts of Okemesi fold 
[24–27]. The Agboona Hill is characterized by westward-
dipping sections, with NNW-SSE foliation trend.

2.2  Local structures

Structurally, the quartz schist is jointed and foliated. 
Quartz vein, joint and fold are the dominant structural fea-
tures of the rocks in this locality, the quartz schist exhibits 
alternations of felsic mineral such as quartz and mafic min-
eral such as biotite with planar fabric [24, 28]. The foliation 
type is schistosity defined by the preferred orientation of 
quartz in the quartz schist and also the preferred orienta-
tion of highly strained quartz grained.

The area is also part of the regional Dahomeyide fold 
belt defined by [25] and has imprints of the structural and 
deformational episodes that pervaded Nigeria’s Precam-
brian basement complex. These rocks were reworked by 
multistage deformation, which resulted in several stages 
of folding, shearing and fracturing of the metamorphic 
rocks. Within the basement complex, tectonic deforma-
tion has completely obliterated primary structures [28] 
except in a few places where they survived deformation 
[29]. The Ifewara fracture zone separates the rock of Ilesha 
schist belt into two structural units of contrasting litholo-
gies [30–36]. Other workers [37–40] have provided evi-
dence in support of the existence of the structure as well 
as its significance in terms of tectonic movements. Also, 
sutures have been proposed along the two transcurrent 
fault zones, in particular within the Ife-Ilesha schist belt, 
which has been interpreted as a back-arc marginal basin 
[39], and east-verging nappes [40].

3  Methodology

A detailed field observation of the fault zone and the gen-
eral terrain was undertaken to investigate the triggering 
mechanism and the relationship between the landslide, 

Fig. 2  Photograph of the landslide site showing horst and graben 
structure with arrow pointing to the north. The strike and dip of the 
horst blocks are 092°SE/72°W (north) and 145°SE/50°W (south)
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the observed geologic structures and the stress trajecto-
ries. Measurement of attitudes and collection of oriented 
samples for petrographic studies was taken. Field obser-
vations at different scales were performed along the slid-
ing surface, the fault planes, the landslide deposit and the 
outcrops around the landslide. The geomorphological 
analysis is performed by means of the interpretation of 
satellite images obtained from Google Earth and the Digi-
tal terrain model [DEM (Fig. 3)] (acquired by Shuttle Radar 
Topographic Mission with 30 m spatial resolution (1 Arc-
Second)) as well as slope measurements in the field. ArcGIS 
10.4.1 GIS software was used for rasterization of images, 
for creating personal geodatabase and Shapefiles used in 
performing the overlay function. ENVI software was used 
to filter the DEM. The PCI Geomatica software was used 
to extract lineaments. Data on joint orientation and dis-
tribution were directly collected from the field and pre-
sented in the form of rose diagram. Inventry method of 
field data collection was adopted. A representative region 
was defined, and measurement of all the joints within the 
region was taken by marking out squares on the outcrop 
and measuring all the features within each squares. Lines 
were drawn across the outcrop, and all the joints that cut 
across the lines were measured. This method was used to 
determine the fracture density in the rock and carry out a 
statistical analysis of the joint data. Other factors consid-
ered for landslide susceptibility mapping are slope, slope 
aspect, elevation, distance to fault, lineament and linea-
ment density. The importance and method of investiga-
tion of each factor are as follows:

3.1  Slope

The slope angle is frequently used for preparing a land-
slide susceptibility map [41–43]. For this study, the slope 
angle was considered as a major parameter in slope stabil-
ity. The slope is the measure of surface steepness meas-
ured in degrees or percentage. It has a range between 0° 
and 90°, where 0° represents the flat and 90° represents 
the vertical areas. The slope map of the study area was 
divided into five classes. A slope raster map was reclassi-
fied, and a reclassified value was then given to each of the 
slope factors ranging from 0 to 100. This value was based 
on the contribution of each factor as it affects landslide 
(Table 2).

3.2  Slope aspect

Slope aspect is defined as the direction of maximum 
slope of the terrain surface with reference to north; it is 
an important factor in preparing landslide susceptibil-
ity maps [41–44]. The layer for slope aspect was also 
derived from the DEM. It represents the angle between 
the Geographic North and a horizontal plain for a cer-
tain point and it is classified into eight major orienta-
tions. The slope aspect of the study area is classified 
into ten classes including the flat areas: flat (− 1°), north 
(0°–22.5°), northeast (22.5°–67.5°), east (67.5°–112.5°), 
southeast (112.5°–157.5°), south (157.5°–202.5°), south-
west (202.5°–247.5°), west (247.5°–292.5°) and northwest 
(292.5°–337.5°) north (337.5–360).

3.3  Elevation

Topography firstly controls the spatial variation of hydro-
logical conditions and slope stabilities [44]. Elevation data 
were obtained from the digital elevation model (DEM) in 
a resolution of 30 m derived from the 10 m interval digital 
contour lines and elevation points.

The slope angle, slope, slope aspect, plan curvature, 
profile curvature and elevation data were extracted from 
the digital elevation model (DEM) of part of the Okemesi 
fold belt. This task is implemented in ArcGIS. The digital 
elevation model (DEM) acquired by Shuttle Radar Topo-
graphic Mission with 30 m spatial resolution (1 Arc-Sec-
ond) was used for lineament extraction.

3.4  Distance to fault

The latest landslide occurred along a fault zone, which is a 
zone, of weakness characterized by heavily fractured rocks 
with high permeability and intense shearing. Proximity to 
the structural elements (e.g., active fault) is very impor-
tant contributing parameter in the evaluation of landslide 

Fig. 3  Rose diagram showing analysis of joint orientations. The 
dominant orientation is E-W
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susceptibility [44, 45]. Conforti et al. [46] described fault 
lines as area of weakness with high incidence of slope 
failure.

Fault lines were derived from extraction of lineaments 
of the study area, followed by the creation of buffer zones 
in ArcGIS. Proximity to fault line was calculated using GIS 
spatial analyst functions. It should be noted that the width 
of fault is not considered for statistics due to data una-
vailability. The distance from fault is calculated at 200-m 
intervals using the lineament map.

3.5  Lithology

Different lithological units have different susceptibility 
degrees [41, 47]. The lithological map of the study area was 
investigated by field mapping and incorporated with the 
existing geological map obtained from the Nigeria Geol-
ogy Survey. The existing map was scanned and uploaded 
into the ArcGIS environment and carefully updated.

3.6  Faults and lineaments

The lineaments represent fractures, discontinuities and 
shear zones, interpreted from the combination of the 
DEM and satellite image. Lineament detection was facili-
tated by application of image filtering and edge detection 
techniques. Sobel and gradient filtering was applied using 
ENVI (Exelis Visual Information Solution 2013). The com-
bined Sobel image and gradient image were then used 
for lineament extraction. Semi-automated approach was 
used which gives a result consistent with previous reports 
for the area.

Lineament extraction was performed using a LINE mod-
ule of PCI Geomatica software [48]. The LINE module has 
many advantages over most the Hough transform and 
other methods of edge detection [49, 50]. Additionally, the 
canny edge detection applied in LINE module of PCI gives 
least false positives when compared with other methods 
[51]. Spatial distribution of lineaments was examined by 
further converting the extracted lineaments to a measur-
able quantity of lineament density. Lineament density is 
defined as the total length of lineaments per unit area, 
whereas frequency indicates the total number of linea-
ments per unit area [52, 53]. The lineament density was 
computed using the equation

implemented through the line density function in spatial 
analyst extension of ArcGIS [53, 54].

Ld =

i=n
∑

i=1

Li

A

(

km
−1
)

Here, Ld is defined as the total lengths (Li) of all 
recorded lineaments divided by the area (A) under con-
sideration. For computation, a circular area (A) around 
each pixel was considered. All lineaments that plot into 
the circular neighborhood around each cell were incorpo-
rated into the computation of Ld in each cell. The radius of 
the circle around each pixel (1850.64 m) was determined 
by dividing the width of the study area (24 km) by 30 m 
which is the resolution of the pixel cell. The results were 
generated as raster with 30 m cell size over the study area.

All the landslide susceptibility factors were integrated 
by assigning a weightage ranked value in order of signifi-
cance for each factor and then averaged (over the whole 
study area) to produce the landslide susceptibility map.

4  Results

4.1  Estimated volume of material moved

The regional strike and dip of the ridge are 182SW/84 W. 
The width (i.e., the space between the two blocks formed 
by the landslide) varies, and they are as follows: 1.90 m, 
2.90 m, 3.05 m, 3.50 m, 6.10 m, 7.0 m, the height of the 
blocks affected by the landslide is approximately 15.50 m, 
and the length of the landslide is approximately 32.20 m. 
To calculate the volume of materials moved during the 
landslide, the length, depth and average width of the 
landslide scar were determined and the volume can be 
determined according to the formula below [27].

where V = volume of the materials generated from the 
landslide, π is a constant, 3.142, D = depth of the landslide, 
W = average width of the landslide, W = (1.90 + 2.90 + 3.0
5 + 3.50 + 6.10 + 7.0)/6 = 4.075 and L = total length of the 
landslide.

Therefore, the volume of materials moved from the 
landslides,

4.2  Structures observed

4.2.1  Joints and plumose structure

Joints are natural breaks in rocks with no apparent or 
measurable movement parallel to the surface of the joints. 
Joint occurrence is prominent in most consolidated rocks 
such as quartzite and granites. They are common in many 
tectonic environments, although the stress origin of the 

V = 1∕6� (D ∗ W ∗ L)

V = 0.1667 ∗ 3.142 (15.50 ∗ 4.075 ∗ 34.60) m

V = 0.5237(2185.42) m

V = 1144.51 m
3
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joints might be contentious. However, the spatial orienta-
tion of joints could indicate the directions of the principal 
stresses operative during a compressional regime. Shear 
joints may be used to estimate the orientation of a princi-
pal tectonic stresses operating in an area based on Cou-
lomb criterion [43]. Joints play significant role in the devel-
opment of landslides. It is postulated that the directions of 
tectonic stresses significantly control the orientation and 
forms of failure planes in the landslides. Joint pattern on 
rocks is one of the ways by which stress trajectories can 
be determined. The landslide failure surface parallels the 
joint orientation and the steeper side of the hill. Some of 
the joints on the outcrop are non-systematic. Most of the 
joints are parallel to the foliation planes of the outcrop, 
while few are perpendicular to the foliation. The analysis 
shows the highest frequency is within 81 to 100 and the 
dominant trend is E-W (Fig. 3).

Relic plumose structure preserved on the fracture sur-
face (Fig. 4) shows a feathery Mode 1 (one) joint surface 
with E-W propagation direction. This is interpreted as the 
intermediate stress axis δ2. This structure reveals the direc-
tion of joint propagation to be E-W, and it was produced 
due to the changing intensity of the stress field at the tip 
during the growth of the joint. The stress intensity is pro-
portional to the length of the crack. The Plumose struc-
ture is formed when an unexposed joint surface revealed 
a rough pattern resembling the imprint of a feather. The 
stress intensity is proportional to the length of the crack.

4.2.2  Veins

The veins on this outcrop are mostly parallel to each 
other, while some are folded. Some have also resulted 
in the faulting. Some folds also occurred as echelon 
veins, i.e., short, parallel mineral-filled (typically quartz) 
lenses within rock formed as a result of tension fractures 
parallel to the major stress of the area. Analysis of the 

orientation of the vein shows the high frequency of the 
orientation of the veins as 137° to 140°. Some of the 
veins are folded, and some faulted due to shearing, while 
some occur as echelon veins. In relation to the folds, 
most of the joints developed parallel to the axial planes 
and can be said to be longitudinal joints. A few of the 
joints developed normal to the fold axis as cross-joints.

4.2.3  Foliation

The foliation on the outcrop is defined by the preferred 
orientation of quartz in the quartz schist, and also the 
preferred orientation is due to highly strained quartz 
grained. Analysis of the strike and dip data measured 
and recorded in the field reveals a tectonic foliation 
which is a product of stress and strain from polyphase 
deformation of the rocks. The foliations are mostly schis-
tosity and forms cleavages in places (Fig. 5). Foliation 
trends are dominantly E-W.

5  Landslide susceptibility factors

Apart from the afore-mentioned factors, other factors 
considered in classifying the susceptibility of the study 
area are elevation, slope, slope aspect, lineament, line-
ament density and distance to fault. The result of each 
factor is presented below.

Fig. 4  Analysis of the stress directions. After van der Pluijm and 
Marshall [57] Fig. 5  Foliation planes with E-W trend
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5.1  Elevation and other geomorphological features

Topography is one of the most important factors in land-
slides susceptibility assessment, and the study revealed 
that the present landslide occurred within the steep slope 
in the area within an elevation of between 514 and 518 m 
(Fig. 6). Synoptic view of the landslide on satellite images 
is hampered by the small coverage of the area affected 
by the landslide compared to the size of the Okemesi 
fold belt. Also topographic evidence of landslides such as 
scarps, hummocky terrain, lobate toes and slopes along 
the ridges is obscured due to the thick vegetation cover.

5.2  Slope

The slope angle represents (Fig. 7) the gravitational force 
component and as such regulates mobilization vectors 
within a hill slope [55]. Studies had shown that landslides 
mostly occur at certain critical slope angles [56, 57]. The 
transverse slope profile is an important variable that con-
trols the superficial and subsurface hydrological regime 
of the slope [58]. The slope values in the study area range 
between 0° and 75° (Table 1). The slope of the study area 
was divided into five slope angle (Table 2) categories in 
order to accurately distinguish the degrees of steepness, 
and the areas with low angles are gentle to flat, while the 

areas with high angles are steep to very steep. The land-
slide in the study area occurred at a 60% and 80% in the 
reclassified slope and narrow ridge. Materials made up of 
rock debris mixed with mud transported down slope after 
the prolonged rain the weakened the slope.

5.3  Slope aspect

Slope aspect identifies the downslope direction of the 
maximum rate of change in value from each cell to its 
neighbors. It can be thought of as slope direction. In this 
study, the slope aspect map of the study area was pro-
duced from the DEM to show the relationship between 
slope aspect and landslide. The current landslide occurred 
southwest slope aspect class, which is also related to slope 
angle (Fig. 8). Slope aspect is related to parameters such as 
exposure to sunlight, winds (dry or wet), rainfall (degree of 
saturation), soil moisture and discontinuities which influ-
ence the occurrence of landslides.

5.4  Lineaments and faults

The rocks in the area have undergone different oro-
genic episodes and as a result responded differently to 
the tectonic deformation that has affected the terrain; 
hence, the numbers and sizes of lineaments (fractures) 

Fig. 6  Digital elevation model of the study area showing the elevation
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were extracted from the different lithologies. Based on 
the computed lineament density (Fig. 9), areas under-
lain by quartzite are those with the highest density of 
lineament.

5.5  Landslide susceptibility map

The landslide susceptibility map was produced based on 
the factors discussed in the methods of study above. Fig-
ure 9 shows the final landslide susceptibility map of the 
study area. From the map, the blue area predicts areas 
with very low landslide susceptibility, the turquoise area 
predicts areas with low landslide susceptibility, the green 
shade predicts moderate susceptibility, the orange shade 
predicts high susceptibility of landslide, and the salmon 
shade predicts very high susceptibility of landslides. The 
result shows that current landslide and the most suscep-
tible areas to landslides are within the areas with high 
slope. From field evidences, the susceptibility of this area 
to landslide is aided by (i) the increased volume of water 
within the rock due to intense rainfall and (ii) the slope 
and gravitational collapse of fractured and weathered 
rocks from the fault zones. Human activities such as defor-
estation, construction, farming and settlement expansion 
contributed to incidences of landslides in the area. In these 
areas, the impact of rainfall induced flood water is high 
and slope failures are very predominant. There is also the 
widespread occurrence of deep and wide gullies in this 
area, as more and more sloppy grounds can cave in after 
being weakened by the impact of rainfall. Areas that are 
about average, less or least susceptibility are found mainly 

Fig. 7  Slope map of the study area

Table 1  Slope distribution in 
the study area

Slope class Slope in degrees

Flat 0–15
Gentle 15–30
Moderate 30–45
Steep 45–60
Very steep 60–75

Table 2  The reclassified value for slope

Slope value Rank value Reclas-
sified 
value

Flat 5 20
Gentle 4 40
Moderate 3 60
Steep 2 80
Very steep 1 95
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Fig. 8  Slope aspect map of the study area

Fig. 9  Lineament density map in cooperation with the faults and major fractures
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in the low-lying grounds. The effect of the landslide in the 
area is shown in Fig. 10.

6  Discussions and conclusions

The result of the spatial inventory of slope analysis of the 
Okemesi Fold ridge indicates that more landslides occur 
in this area than what is reported. From the few reported 
landslide cases in the study area, the landslide mostly 
occurs during or immediately after the rainfall. Though 
rock deformation and water infiltration are the main trig-
gering factor for the initiation of landslides in the area, 
tectonic stresses prevailing in the area and the orientation 
of joints are the main controlling factors for the spatial dis-
tribution of landslides in the area probably due to faulting 
and geotechnical characteristics of the prominent rocks in 
the area. In this study, the structure of the fracture network 
in the exposed part of Agboona hill has been evaluated 
on the basis of field observations. The exposed fault zone 
has a hackled appearance made up of an array of major 
pinnate joints. The graben and horst structures indicate 
a tensional environment and hence the numerous joints. 
The study of joints is important in landslide susceptibility 
mapping.

The landslides in the area occur along the dip direction 
of the planar features, and the most conspicuous feature 
of the orientation of the slip direction of all the landslides 
is that there exists a systematic trend between tectonic 
stresses, orientation of joints and slip directions of land-
slides [59–62]. The slip direction of the landslides is along 
the intermediate stress axis δ2, i.e., E–W (Figs. 3,4, 5), and 
the minimum stress axis δ2 but not in any case along the 
maximum stress axis δ1. The tectonic stress directions and 
the orientation of joints in the area correlate well. Thus, 
in this area, the orientation of stresses appears to have a 
profound influence on the incidence of landslides. The out-
come of this work implies that in the mountainous terrain, 
particularly in the Okemesi fold area is active. This is well 
exemplified by the frequent occurrence of landslides in the 
region. Though on-spot geotechnical studies may be help-
ful to know the engineering properties of soils and rocks 
involved in the sliding phenomenon, the principal tectonic 
stress patterns and their orientation (Fig. 4) are useful in 
determining the dominant slip directions of landslides.

Secondly, the relationships between the stress and 
slip direction of landslides can be inferred as E-W from 
the analysis above. This will provide important additional 
information on landslide mechanisms in other parts of 
the ridge. Equally, such relationship may predict changes 

Fig. 10  Part of the study area showing the extent of landslide damage to properties
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in mass movement activities throughout the fold region 
based on the stress patterns.

Three sets of foliation-perpendicular joints in the study 
area were identified in the field. These joints and foliations 
at each site indicate that most of the penetrative joint sets 
developed in the earlier tectonic stage of the pre-folding/
pre-tilting event, while some of the joints developed dur-
ing the folding event.

The landslide susceptibility map (Fig. 11) can be used 
as a baseline data in identifying areas that are prone to 
landslides for early warning. As part of measures to miti-
gate against future damage, buildings should be located 
at least 500 m away from the hill. Farming along the slope 
of the hill should also be minimized. 
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