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ABSTRACT

This research work used high-resolution geophysical methods to explore the near surface of
severe gully-erosion sites. The erosion that mesmerized the environment as landslides is the
major landscaping challenge facing Anambra Basin in the South Eastern Nigeria. The
geophysical techniques used include electrical resistivity tomography (ERT), induced
polarization (IP), vertical electrical sounding (VES), and geotechnical analysis to study the
subsurface conditions of severe gullies. Principally Wenner, Schlumberger, and dipole-dipole
are the geophysical tomography technique used during the survey, depending on the peculiarity
of each selected site. Geotechnical data analysis was used to confirm the results of vertical
electrical sounding at a specific location, with the aid of resistivity formations. The
geodynamics of the sites as related to rocks’ susceptibility to failure, and the mechanisms of
slope failure was investigated, and foundation depths of the immediate surroundings of the
Nanka gully were studied using geotechnical data. The surrounding and the subsurface of the
eroded portions were monitored through imaging and analysis across the basin to measure
hydrological contribution to the gully risks and other prevailing factors. The geoelectrical data
was acquired with the ABEM Terrameter SAS 4000 and the ABEM LUND ES464 electrode
selection system (using resistivity method) and processed with the RES2DINV software to
produce 2D subsurface images. The VES resistivity curve matching was developed by a partial
curve matching technique; and interpreted by Minitab 18 software to produce subsurface
contour maps. In addition, the subsurface contour maps were qualitatively analysed with
mapped surface geology and information on current geological typical rocks. In the
geotechnical analysis, Spangler and Handy sampling techniques were used to collect eighteen
(18) samples from dug gully walls, and the laboratory tests were to ascertain the soil properties
index. The results of the models indicate that the study area is mainly clayey and sandstone
formations that exhibited low resistivity values corresponding to the shale layers and
groundwater zones. Many features that may lead to slope failure are present in the study areas,
such as fractures, boulders, weak zone, and saturated zone. The results also showed that the
soils in the study areas are friable hence easily washed off whenever there is storm water runoff
from the surface, making the landslide active over the years despite every protective precaution
put in place. In conclusion, this research work has identified lithologies, structural
deformations, and distinguishing clayey zones from water-saturated zones, proving that the

geophysical technique is the most successful tool in the landslide investigation.
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CHAPTER 1: INTRODUCTION

1.1 General Introduction

The most valuable resource of the earth is the soil, and it sustains both plants and animals for
their growth and development. Therefore, any harm to the soil poses dangers to both plant and
animal life. Landslide is a well-known environmental problem to the people of South-Eastern
Nigeria (Akinbile, 2017). Landslide may be considered a severe natural hazard due to its
unpredictable occurrence. It leads to significant economic losses and even fatalities to life and
properties in the affected areas. Landslide events in many parts of South-Eastern Nigeria often
result from weathering, poor drainage system, consequent civil engineering infrastructure
failure, intense rainfall, and other human activities involving deforestation (Okoyeh et al,
2014). There is a need for annual monitoring of the landslide therein using modern geophysical
equipment to provide pre-information on the underlying conditions. Again, the washing away
of the top layer of soil degraded its fertility, and unless suitable precautional measures are
adopted, the sloping zone will begin to slip. According to Adeola et al (2016), it is critical to
detect and analyze gully erosion in greater depth in order to get a better understanding of land
sliding processes and plan future repair. Information generated could possibly be used to
improve current landslide hazards and prevent occurrences.

Landslides modify the shape and internal structure of the compacted landmass in terms of rock
properties and groundwater formation (Miko S. et al., 2017). Anambra Basin is located in the
Southern Basin Trough which has a synclinal sedimentary structure with about 500 m of Upper
Cretaceous. It is the most affected zone in Nigeria by landslides. It consists of coarsening
upward sequences with thick, dark grey shale of the base, grading upward through siltstones
into thin, textually mature sandstone (Jahantigh & Pessarakli, 2011; Ojo & Akande, 2012).

Geological mapping of the surface area affected by the landslide is usually done by observation
of aerial photographs or remote-sensing images that portrays the topographical expression of
the landslide (Azwin et al., 2013). However, according to Xu et al., (2017), if the landslide is
old or inactive, its morphologic characteristics and limits may have been eroded therefore
surface observations and measurements must be supported by depth reconnaissance. In
addition, the study of the sliding mass down to the undisturbed rock or soil is required for the
determination of the 3D shape of the unstable body. Traditional geotechnical methods, which
primarily include trenching, penetration tests (when possible), and boreholes (Fell et al, 2005),

allow for a detailed geological description and mechanical characterization of the material,




identifying the vertical border of the slide as well as the parameters required for slope stability
analysis (Zanial et al., 2012). These techniques only provide precise information, and their
application is restricted due to the difficulties of drilling onto steep and unstable slopes (Zanial
et al.,, 2012). The drilling method is a good one but require many drilling points for better
information and knowledge, which increases the time, cost, and labour of the research. This
method only provides single knowledge per drilling point and is unable to reveal what is
happening at the next point (single-point information 1D). Yalcin (2011) used the application
of geodynamic mapping and geological structure mapping by a visible observation survey
based on existing damaged features caused by a movement and outcrop of rock, which still has

some limitations.

Geo-techniques offersubsurface information on the change of physical variables with different
spatial (dimensional) coordinates after data processing. One-dimensional data represents a
horizontal or vertical profile, two-dimensional or three-Dimensional data stands for
geophysical inversion (imaging), and while four-dimensional datastands for three-dimensional
with time (Fomel, 2007; Sharma, 1997).

Recently, landslide vulnerability mapping has been made possible by the usability and variety
of remote sensing data and thematic layers as causative factors data through Geographic
Information System (GIS)and other geoscientific methods (Shahabi & Hashim, 2015). Almost
all the landslides that occurred recently are referred to as significant geomorphic processes that
usually form an important landscaping aspect in the tropical humid mountains of the
surroundings (Thomas, 2001). The cloudy and rainy weather conditions are usually
unfavourable for optical remote sensing data (Razak et al, 2011). As a result, different ideas
and precise data analysis are required to reveal the landslide susceptibility mapping in the
tropical environment of South-Eastern Nigeria (Thomas, 2001). Due to the persistent nature
and occurrence of the landslide in South-Eastern Nigeria, there is a need for geoengineering
investigation and analysis of data from the affected area, to foresee the effect of this natural

disaster and prevent the devastation of the environment.

1.2 Research Motivation

Although with a thorough study and constant monitoring, determining the stability and
calculating the landslide risk might be difficult. This is especially true for areas with few
indicators of impending collapses, such as areas with dump-clay. Dump-clay-induced slides

can quickly develop, resulting in complete damage (there is nothing more to be measured




afterward). Preliminary surveying methods, such as geological mapping, geotechnical and
geophysical techniques, must be adapted to the features of the ground investigations. The
combination of geotechnical and geoelectrical methods in landslides faces numerous well-
known challenges, including determining the 2D geometry of the site with regard to the weak
and failure surface, as well as differentiating the groundwater boundaries (Ojo & Akande,
2012). However, combinations of these variables are associated with varying degrees of
landslide menace, particularly in dump-clay areas.

The internal architecture of landslide-prone terrain frequently differs from adjacent stable
regions in terms of hydrogeological and geological characteristics (Grandjean, 2012). Inturn,
this difference can result in physic-mechanical characteristics changes. The inquiry down to
the undisturbed rock or soil is required to define the unstable 2D body shape (Carreira et al.,
2010). The main advantages of geophysical techniques, as previously stated, are their flexibility
and relative simplicity of deployment in a homogenous environment, even on steep terrain.
Grandjean et al., (2007) observed that the main disadvantages of geophysical methods are the
non-similarity of solution from a distinctive set of data and provision of physic-mechanical
parameters rather than geological properties. Needful to note, however, that virtually all of the
benefits of geophysical methods are also downsides of geotechnical procedures, underlining
the complementary nature of the two investigative techniques (Grandjean, 2012; McCann &
Forster, 1990).

The geophysical approach is the best instrument for determining the feasibility of survey
operations and obtaining landslides information. It can also be used more thoroughly in the
ground-proofing, which is always necessary, to map the relevant properties, both laterally and
vertically, and preferably in a quantitative manner for use by geo-technicians. Finally, both
geophysical and geotechnical approaches are crucial in monitoring temporal parameter
variations, if any, with the former calibration measurements and the latter for spatial variability.

Instead of employing the various geophysical approaches independently, it is necessary to look
at the possibilities of developing an integrated strategy aimed to resolve a specific
environmental challenge, (Ghose 2010). Based on the underlying physics, it may be needed to
merge multiple approaches or disciplines under certain boundary conditions to solve a near-
surface soil features problem accurately and efficiently (Ghose & Slob, 2006). This technique
differs thematically from other interdisciplinary inclusion performed at the stage of

interpretation (processing data independently before being combined and interpreted) or




inversion stochastic (inversion of several datasets at the same time using quantitative or
empirical correlation), as done recently (Zhubayev & Ghose, 2011). These efforts to combine
different methods for achieving a certain objective were qualitative. Such physics-based
integration, according to Ghose (2010), yet to be applied in deep-clay areas in Nigeria, and the
underlying knowledge needs to be established to get a better quantitative understanding. The
integration of the geophysical and geotechnical methods used in this research work will
constitute a part of the global effect in landslide investigation. The ERT/IP results will unveil
the subsurface conditions of the major landslides in South-Eastern Nigeria and their

remediation for future occurrence.

1.3 Aim and Objectives

This research is aimed at using a high-resolution geophysical imaging and geotechnical datato
characterize the vicinities of severe landslides at the Anambra State Basin in the South-Eastern
part of Nigeria.

The objectives of the research include:

1. To carry out a high-resolution 2D geoelectrical tomography using Wenner and Dipole-

dipole techniques at the selected sites.

2. To determine the groundwater condition through Vertical Electrical Sounding iso-

resistivity contour maps and to deduce the lithological component of the slides subsurface.

3. To determine the vertical and horizontal subsurface conditions of the area by interpreting

the vertical electrical sounding data along with geotechnical field data.

4. To carry out any other affordable geophysical tomography technique, which is found
complementary to the geoelectrical tomography at similar survey lines. This includes the

soil composition test on the soil samples at different depths from sliding site.

5. To calculate the bearing capacity and other relevant parameters of the landslides’

boundaries and vicinities at each site for civil engineering use.




6. To calculate the expected bearing pressure and other relevant parameters commensurate
for civil constructions of roads, culverts and bridges, low and high-rise superstructures at

the landslide’s vicinities.

1.4 Location and Population of South-Eastern Nigeria

Figure 1.1 shows the Six (6) geopolitical zones in Nigeria. South-Eastern Nigeria is one of
Nigeria's six geopolitical zones, comprised of six states; Anambra, Abia, Enugu, Imo, and
Ebonyi. Other zones are North-West, North-East, North-Central, South-West, and South-
South. The lower Niger River divided the zones into two sections; the East (encompassed the
majority of the zone), and the West (encompassed the remaining parts).




North Central

South West

South East

Six beopolitical
s Y Lone in Nigeria

Figure 1.1: The map of Nigeria showing Six (6) Geopolitical Zones (Okali et al., 2001).




The South-Eastern Nigeria covers about 76,358 square kilometres east of the Lower Niger and
south of the Benue Valley (Okali et al., 2001). The zone is situated between 4 and 7 degrees
north of the Equator and between 7 and 9 degrees east of the Equator. This zone is one of the
country's most populated areas, and in 2016 the population was about 21,955,414 million
people based on the approved 3.22% annual population growthrate by the ‘National Population
Commission 2016’ (Ezeah et al., 2013). Up t0 69.91% of the people population lives in remote
areas. Except for the metropolitan node of Port Harcourt, which is surrounded by a belt with
high population density, the most heavily populated belt spreads through the area from Onitsha
across Calabar to Awka-Orlu-Owerri, with population density dropping both at the north-east
and at the south-west (Okali et al., 2001). A high birth rate, a decreasing mortality rate, a steady
rise in life expectancy, and a decrease in illiteracy rate are other demographic features of the
population. This area is in the tropical rainforest zone of Nigeria, which has been replaced with
derived savannah by human activities such as deforestation, bush burning, and intensive
agriculture (Okali et al., 2001). Most of the forestland has been turned for agriculture and the
oil palm plantation. With no need for irrigation, the runoff water supports farming operations.
It also encourages luxuriant forests and the recharging of deep and surface water sources
beyond farmlands. The research focus is within the Anambra Sedimentary Basin, which is
covered by the Nanka Formation. Nanka Formation is an unconsolidated sand deposit forming
part of the Eocene deposit zone, underlain by the marine Imo shale of Paleocene age and
overlain by the paralic Ogwashi-Asaba Formation of Oligocene (Adegoke et al, 2016;
Onyewuchi & Ugwu, 2017).

1.5 Climate and Vegetation

The study area's vegetation is within the West African rainforest belt as shown in Figure 1.2,
but notable amount of the parts has been subjected to massive deforestation prompted by
anthropogenic activities, because, reducing some parts to savannah vegetation (Nwagbara &
Ibe, 2015). In some places, (For example: - Anambra State) the heavy rainforest has equally
given way to light rainforest as a result of human activities on the environment. Tall trees with
canopy strata, thick undergrowth, and shrubs characterize the vegetation of the Tropical
Rainforest. The landscape is dominated by oil palms and other species of trees found in the
area include iroko, mango, mahogany, and oil bean (Nwagbara & Ibe, 2015).

The climate of South-Eastern Nigeria is an equatorial tropical rainforest type. Again, the area

is heavily influenced by two climate conditions, namely the rainy season and the dry season.




The rainy season, as the name indicates, begins from April to October and is marked by
thunderstorms, whereas the dry season occurs from November to March and is marked by high
temperatures and a dusty environment. The rainy season is indeed characterized by relatively
high temperature (33°C) and high relative humidity (85%). The dry season is characterized by
chilly, dry Harnatan winds. This significantly lowers the temperature in the months of
December and January. The annual rainfall cycle includes both dry and wet seasons. Total
annual rainfall according to (Chinweze, 2017; Osadebe et al., 2014) is about 1800 mm. In the
study areas, the total annual rainfall during the rainy season in the area leads to high soil
saturation over a long period within the year. Excessive evaporation, low relative humidity
(26%), low rainfall, and general dryness are its defining characteristics. These result in the
drying of vegetable cover and subsequent bush burning that causes high fire accidents, the
shedding of leaves by deciduous trees, the harvesting of farm produce, and so on (Chinwez,
2017; Peltzer et al., 2010).

Climate variability has increased rainfall intensity resulting in massive flooding and storms that
have also aggravated environmental and land degradation problems in the South-Eastern
Nigeria. Land degradation problems such as gully erosion affect lands, soils and vegetation,
water and landscape resources in areas where it is prevalent.




Figure 1.2: Vegetation map of Nigeria (Oni, Jimoh, & Adebisi, 2014).




1.6 Topography and Drainage

The area's topographic features have a distinct influence on the potential for erosion. The study
areas have high terrain with noticeable rolling. These study areas also have long steep slopes
that enhance the speed of runoff that gather momentum to produce the force that quickly
detaches and transports soil particles, resulting in gullies. This (previously) lush green land is
currently transforming into the arid terrible ground that is unfit for farming, unsafe for human
settlement, and on its road to becoming a piece of useable land.

The soil type in the study area is typically loose, non-compactible and highly erodible. The
nature of the soil hastens the erosion process more when exposed to external forces such as
flooding and human disturbances.

The Anambra River, which drains into river Niger, is the main drainage system for the state.
In the area, the river's natural flow patterns and streams form a dendritic drainage pattem
(Amangabara, 2015), which makes the areas to be well drained. Two types of structures are

generally identifiable in the state, namely sedimentation basins, and uplifts.

1.7 Accessibility and Road Network

A comprehensive and organised transportation system that ensure steady movement of goods
and services defines a societal quality of life. Oni et al (2014), further asserts that the
transportation system involves the movement of materials, people, ideas, goods, and services
from one location to another, leading to the spatial distribution of resources. The transportation,
movement of goods and services are mandatory features of modern life due to its
multidimensional functions, the unavoidability of communication, and dynamic structure. A
road may be described as the lifeblood of contemporary civilization and social contact; as a
result, the intra- and inter-regional road network of a place sharpen its economic growth.
Human settlements are naturally heterogeneous but are symbiotic. The marketplace and other
critically influencing factors such as the mode of transit, the socioeconomic characteristics, the
distance, location, and product range are important parts of the system. The road network, as
one of the oldest infrastructures, occupies an important location in antique and modern times
in modernization, sustainable development, and daily work.

South-Eastern Nigeria's well-structured road network is causing a slew of transportation issues,
including making it difficult to get to and around busy marketplace (Chinweze 2017). Some of

these markets are located in historically and culturally significant areas, which contribute to

10



the large volume of traffic that surrounds them. The state vehicle traffic fleet composition
reveals the road transport pattern in Anambra State, with private automobiles accounting for
36.18 percent of total daily vehicle traffic, minibuses accounting for 39.60 percent, and lorries
of various types accounting for the remaining percent (Ikegbunam, 2014). The area of study
can be accessed through the Awka-Ekwulobia road including several footpaths connecting the
adjoining villages. The study areas are also connected to the surrounding villages by several
footpaths. Some roads connecting different areas of the villages are over 100 years old and
facilitate movement in the study area.

1.8 Groundwater flow system in South-eastern Nigeria
The steady-state regional groundwater flow network diagram in Figure 1.3, derived from
hydraulic head data in several smaller South-Eastern Nigeria drainage basins. It also showed

the steady-state regional groundwater flow network.
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Figure 1.3: The steady-state groundwater flow network across South-Eastern, Nigeria (Oni et
al., 2014).
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The indicated regions of local, intermediate, and regional groundwater flow systems
correspond to three distinct basin hydraulic systems, namely an upper system with hydrostatic
forming pressures, a middle system with pressures only slightly higher than the hydrostatic
pressure, and a relatively deep system with abnormally high forming pressures (Onyekuru et
al., 2010). The south-eastern flow systems discharge into the Niger River, Cross River and
Anambra, while the intermediate flow drains into their small tributaries (Amadi et al., 2012;
Onyekuru et al., 2010). Minor and usually seasonal streams are associated with local
groundwater flow systems. Local relief is negligible at the basin's centre, along the coast, and
thus south-eastern flow systems predominate in these areas. The distribution of fluid potential
in the upper and middle hydro-stratigraphic units is presented to illustrate that hydraulic heads
and fluid energies are the highest at the edge of the basin to the east where the unit's major
aquifers are exposed, and much lower at the centre of the basin to the southwest where the

aquifer is confined (Michael et al., 2003).

According to Ao et al., (2015), Anambra Basin is one of the most economically strategic
watersheds in South-Eastern Nigeria and occupies an area of about 95,000km2. It does only

have abundant water resources but also has oil and gas deposit potential.

1.9 The structure of the thesis

The structural arrangement of this thesis is laid out in six (6) chapters. Chapter 1 gives a general
introduction to this work, background possibilities and challenges, aims and objectives of the
research, the location and population of South-Eastern Nigeria, climate and vegetation,
topography and drainage, accessibility and road network, and groundwater flow system in
South-Eastern Nigeria.

Chapter 2 reviewed the related literature of the landslides menace and its significant effect in
South-Eastern Nigeria. The geology of Nigeria, that is made up of three major components,
namely the Sedimentary Basins, Young Granites, and Basement Complex, is also discussed.
This chapter covered the Anambra Sedimentary Basin, produced by sedimentation that began
after the break of South America from Africa during the Aptian/Albian era, influenced by three
major tectonic processes.

Chapter 3 discusses journal article, which focuses on the assessment of the subsurface
conditions of a landslide in South-Eastern Nigeria, by using geotechnical results for a proper
understanding of the geo-electrical sounding findings. Eighteen (18) soil samples for analysis
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were collected from dug holes at different marked depths and locations using geotechnical
methods. Analysed datafrom the geotechnical investigation were used to interpret geoelectrical
method (with Schlumberger configuration) findings, which include topsoil, subsoil, vertical
geo-electric section, regolith, bedrock, and rock fragment Maps. The soil in the study area is
friable according to the results, hence easily washed off when storm water or rainfall runoff
drains away the surface, making the slide active over the years, defying every preventive

measure put in place.

The application of the geophysical methods in the analysis of slope instability at four major
landslides in South-Eastern Nigeria is the focus of chapter 4. The dipole-dipole array of the
geoelectrical method (2D electrical resistivity tomography and induced polarization (IP) were
used for this research due to its relatively high lateral and vertical resolution. The results
showed that there are examples of features that might prompt a slope failure; boulders, weak /

water-saturation zone, present.

In order to investigate the internal structure of the Nanka landslide and its groundwater
characterization in Chapter 5, electrical resistivity tomography was used. The Wenner array
was used at the survey site for collection of data from eleven (11) profiles due to its ability to
obtain deeper profile data, and the apparent resistivities data are easily calculated. The
formation of the Nanka landslide is related to the terrain morphology, environment factors,
rainfall, and other features such as fractures and boulders, which led to slope failure (Akinbile,
2017).

Finally, Chapter 6 outlines the key findings of the dissertation and conclusions of the research,

based on each chapter, and offers some recommendations for potential research work.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Landslides are major geohazards, which have been recorded to happen in several places of the
world. Their occurrence is not limited to any part of the earth. Hence, no country or region is
immune to its devastating impacts (Liao, 2012). Therefore, Igwe (2015) further supports that
if left unchecked, they have the capacity to wreak havoc to infrastructure and may lead to huge
loss of lives. It is evident that the causes and types of landslides are manifold; one only has to
look at the United States Geological Survey's Landslides Hazards Program website to see a

regular list of landslide-related fatalities and economic losses.

Landslide is a term that is usually used to describe a set of geological process that involve the
downslope flow of debris and ruptured rock under the effect of gravity (Ogunsuyi et al., 2011).
In the course of a specific rupture, a landslide could show variable motion type and magnitude
of disturbance as shown in Figure 2.1. Furthermore, landslides often occur in areas
characterised with high slope gradient such as slopes of mountains, riverbanks, lakes and river
valleys (Liao, 2012). Slope stability is influenced by many factors, increasing their potentials
for landslides to occur. These factors may be classified into three; geologic, physical and
human induced. Examples of geologic factors include strength of rock material, orientation of
fractures and structural discontinuities. Volcanic eruptions, earth tremors and high pore
pressure resulting from water saturation are examples of the physical class of landslide
causative factors. Mining, deforestation, large scale excavations and poor drainage systems are
attributed to the human induced factors (Cruden & Varnes, 1996; Hungr et al., 2014a).

Landslides are mainly caused by heavy rainfall especially in West Africa. Characteristic
meteorological and geomorphological conditions may cause rainfall to initiate slope failures of
varying degrees. The impact of water infiltration on slope stability modelled by Slope
Infiltration-Distributed Equilibrium (SLIDE), which is a physical model, used to define
correlation between rainfall and factor of safety on an infinite slope (Liao, 2012). Prolonged
and high intensity rainfall have been attributed to landslides in Nigeria. This is because,
landslides causative factors have been poorly defined in the past (Igwe, 2015).
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Figure 2.1: Block diagram of a complex landslide with varying movement type downslope
(Alexander, 2017).
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There have been numerous disastrous landslides that have caused deaths and property damage
in the past. Records have revealed that there are usually huge annual financial losses due to
landslide (Parise & lovine, 2009). The number of fatalities and degree of damage dependson
the slide size and the proximity to people and facilities. The potential for a rise in future hazards
is a result of fast growth in development and urbanisation in areas that are prone to landslides.
In order to avoid future occurrences that can result in loss of life and property, features and
zones prone to slide must be marked-out, the level of slope instability known, and suitable
mitigation measures need to be in place.

While landslides are daily events, as mentioned above, it is still worth listing some notable
examples. The mudflow event which happened around 200 km south of Enugu, south-eastern
Nigeria, recorded on October 16, 2008, in the early hours of the morning is one of such. Reports
indicate that a segment of an unstable hill (< 500 m) collapsed during an intense rainfall session,
thereby triggering debris and mudflow in nearby villages, killing a couple of people, and
destroying farmlands (Igwe, 2015). Technical description of the landslide event indicate that
the landslide was mostly of low volume shallow movements accompanied by material slumps,
which were activated on slopes in the direction of the dip of the strata on wavy shear surfaces
guided by impermeable bedding planes (Igwe, 2015). According to Wang & Sassa, (2005);
Igwe, (2015); Margottini et al., (2013), landslides on a metamorphic terrain are characterised
by rotational movements which are complex and translational, while mudslides on steep slopes
are sometimes characterised by a slide-flow which is combined with curved head scarps and
slicken-sided shear surfaces. However, the dominance of landslides in the sedimentary terrains

are chiefly caused by loose slope materials characterised by low resistance parameters.

The report by Glade et al., (2006) describes one of the deadliest landslide events which
occurred in Caracas, Venezuela involving a heavy rainfall event between December 14-16,
1999. This storm was responsible for activating several thousandsof landslides on steep slopes.
The devastation was estimated to be approximately $1.79 billion accompanied by a colossal
loss of lives totalling more than 30, 000. Crosta & Frattini (2001) gave credence to past reports
which inferred those hydrological incidences were responsible for contributing to repeated
floods and landslides in this area. However, those events were not comparable and not as
catastrophic as the 1999 event. These previous happenings might be an indication of imminent
geohazards. In fact, it is very likely that the devastations caused by these landslides which
included damages to lives and properties and social services disruptions, would have been
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greatly minimised if these landslides were properly studied and monitored, thereafter, proper
hazard mitigation processes were deployed (Crosta & Frattini, 2001).

The research by Cruden (2003) supports that fact that Alberta, Canada is prone to the devasting
and destructive effects of landslides. For example, the historic “Frank slide” which occurred in
the coal mining town of Frank, southern Albertaon April 29, 1903, at 4:10 am lasted for about
100 seconds. The rockmass was moved from the Turtle Mountain with a great force into the
valley beneath, destroying everything in its trajectory. The site of this geohazard zone was
characterized by a flat-bottomed river valley at its base and steep slopes of the Turtle Mountain
ridges. The account by Lollino et al., 2014, reported that several infrastructure including houses
roads and railway tracks coupled with several houses and the landslide destroyd rural homes.
This event was not without casualty as more than 70 people were estimated to be killed, while

several others were reportedly injured.

The research by Cruden & Martin, (2007); Reid et al., (2008), made inferences alluding those
factors, which were responsible for the landslides in Alberta included structure of Turtle
Mountain, which has undergone intense tectonic activities as it has been dissected by fractures.
This was made worse because of the ongoing coal mining at the foot of the Turtle Mountain.
In addition, there were incidences of above-average rainfall in months preceding the slide.
Another factor that exacerbated the landslide was the accumulation of ice and water within the
fractures at the top of the mountain. Seismic activity before the landslide event and thermal
variations with the area were all factors that made the landslide so devastating. It is now very
important to note that the risk of more landslides in the future are still certain and hence,
selected geophysical landslide monitoring techniques have been deployed and intensive studies
of the fracturing mechanisms of the mountain has begun after the occurrence of the landslide
(Hungr et al., 2005; Snieder et al., 2007).

As stated earlier, many factors may contribute to making slopes susceptible to failures.
However, a landslide is often triggered by external stimuli like an earth tremors, high intensity
rainfall and snowmelt, which initiates the actual mass movement by reducing the strength or
by increasing the shear stress of the slope materials (Hungr et al., 2014b). Further, landslides
can be classified and described by the type of material and the type of movement involved in
the slides according to the categorization developed by (Cruden, 1996; Hungr et al., 2014b).
The type of material is classified based on the particle size that constitutes the material, for
example, rock, debris, or earth materials. On the other hand, the movement is classified based
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on the kinematics of the materials such as fall, topple, slide, spread, or flow (Hungr et al.,
2014b). Using this terminology, the name of any landslide describes the movement system
fully. Some historic landslide events, which make good reading, are presented in (Shanmugam
& Wang, 2015) and (Evans & DeGraff, 2002). For example, (Hungr et al., 2014b) stated that
landslides may be described as constituting different types ranging from surficial debris flow
to rockfall, and may be triggered by different factors, ranging from earthquakes to human
induced activities.

2.2 Review of Related literature
Landslide prone areas have been found to occupy;
i.  Important transport passage routes such as highways and railways,

ii.  Routes of critical service facilities such as communication cables, power transmission

lines and petroleum pipelines,

iii.  Farmlands and residential quarters.

Therefore, effortsto apply methods that may potentially mitigate landslide processes must not
be disregarded (Chambers et al., 2011). Consequently, the utilization of geophysical techniques
to monitor and study landslides have been deployed in various parts of the world so as toensure
public safety and to safeguard various critical infrastructure (Chambers et al., 2011).

According to Atanackov & Gosar, (2013); Juhlin et al., (2002) suggested the use of reflection
seismic profiling as a geophysical tool to be utilized in a wide range of scenarios in order to
image the subsurface in areas prone to landslides. They mentioned that it was shocking that the
seismic reflection method has not been massively implemented to study landslides. This was a

result of the apparent relative-paucity of scientific papers on the subject matter.

However, Chambers et al., (2011), suggest that why the seismic reflection has not gained full
adoption was because landslides exhibit structural complexity and the physical property of
landslide materials are not a good media for the propagation of seismic waves. This is
attributable to dispersion and noise inherent in the recording of the waveforms. Another
explanation as given by Bruno & Martillier (2000) may be that the irregular surface
topography, which characterises landslides, distinguishable by steep slopes and hummocky
features, makes the collection of seismic reflection field data immensely difficult.
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However, Bruno & Martillier (2000), suggested that it is possible to employ a high-resolution
seismic reflection method to accurately detect the depth of a landslide in the western half of
the Swiss Alps. This geophysical technique has also been applied to study a prehistoric slide
site in Utah, USA according to (Tingey et al., 2007). (Alves & Cartwright, 2009) equally came
up with examples on the utilization of the seismic reflection survey method to the study of
submarine landslides. If there is a variation at the underlying stable solid bedrock and the
acoustic impedances of the landslide body, strong reflectors are likely to be detected on the
surface of the rupture. Pugin et al (2009), stress that shallow landslides may just be difficult to
image using seismic reflection profiling geophysical technique because the wave signal
generated is usually affected by source-generated noise. However, with recent developments
in the shallow seismic reflection methods, the use of seismic reflection imaging as applied to

shallow landslides could become increasingly successful.

In a research conducted by Stucchi & Mazzotti (2009), they employed onshore and offshore
seismic reflection profile survey with theaim of delineating the deepest rupture of a devastating
landslide in Italy. The results of the survey revealed a detachment surface, which was based on
the boundary demarcated by differences in the seismic velocities of the different profiles. This
inferred that there existed chaotic reflection the subsurface area within the landslide and
continuous reflections in the subsurface rocks where there was no record of a landslide event.
However, the work of Bichler et al., (2004) who used the P- and S-wave seismic reflection
geophysical method to investigate the unit boundaries of the Quesnel Forks landslide, Canada

was unable to resolve the rupture surface of the landslide.

Seismic refraction survey method is one of the common methods employed in describing
landslides. Seismic refraction method uses first arrival time picks to generate compressional or
shear wave velocities of the subsurface. According to Palmer, (1981), relatively low
compressional and shear wave velocities within landslide bodies are observed when compared
to the wave velocities undisturbed rocks. The reason for this is attributable to the fact that
landslide masses are often weathered and fractured.

The General Reciprocal Method (GRM) which was proposed by Jongmans et al., (2007)
assumes a layered model in order to interpret seismic refraction datasets. This is done by
calculating refractor velocities and depths by interpreting overlapping forward and reverse

shots’ travel times (Grit & Kanli, 2016). Several other authors have reported varying degree of
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successes in employing seismic refraction geophysical method in the delineation of landslide
depths. (Bekler, et al., 2011; Narwold & Owen, 2002; Sompotan, et al., 2011).

Narwold & Owen, (2002) has described the seismic tomography technique as one, which
involves the inversion of first-arrival travel times from many sources and geophones in order
to generate a seismic wave velocity circulation of the subsurface. Hence, landslides with
complex velocity character can be reliably delineated using seismic refraction imaging. This
technique has been used widely to model landslides, (Jongmans et al., 2009; O. Meric et al.,
2005; Thiebes, 2011). Seismic tomography has the ability to image lateral velocity change and
when integrated with the Surface Wave Method (SWM), it can effectively characterize
landslide prone areas (Israil & Pachauri, 2003; Jongmans et al, 2000). SWM utilises Rayleigh-
wave data recorded on geophones in order to establish phase-velocity dispersion curve. The
dispersion curve and the shear wave velocity ae then subjected to a geophysical inversion

process so as to determine the depth of the landslide (Pancha et al., 2008; Xia et al., 2001).

Another geophysical method employed for landslide studies is electrical resistivity method.
(Lapenna et al., 2005). This method is based on the response of the subsurface rock materials
to current injected into the ground while measuring the potential difference across the
electrodes used in delivering the current. The work of Perrone et al., (2014) has successfully
outlined the effects of several physical properties in relation to true resistivity of a rock as it
concerns landslide investigations. These physical properties include porosity, pore fluid
resistivity and water saturation to mention but a few.

Jongmans et al., (2009), reported that there is a variation in theresistivity values of the landslide
mass as compared to those from undisturbed body due to the displacement of materials and
landslide deformations. The results of Lapenna et al., (2005) showed that lower resistivity
values defined within the body of a landslide is characterized by high clay content and
increased water saturation when compared with the values of resistivity of the unaffected rock
mass. However, the work of Meric et al., (2005) reported higher resistivity values in a landslide
body, as compared with the unaffected rock mass. This is dueto the degree of fracturing related
to air-filled spaces in the deformed rock mass. Therefore, if there is notable resistivity variation
between the different rock masses, the slip surface should be readily distinguishable. Electrical
resistivity tomography (ERT) shows the electrical resistivity distribution (2D or 3D) of the

subsurface.
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When combined with seismic refraction data (Moorkamp et al., (2010); Wisén & Christiansen,
2005), the resistivity method can successfully be used to delineate landslides (Drahor,
Goktiirkler, Berge, & Kurtulmus, 2006; Gelisli, 2017; Naudet etal., 2008; Yilmaz, 2011). More
so, self-potential (SP) measurements may be integrated with resistivity surveys because of the
friendly financial budgets of both methods (Hack, 2000). SP geophysical exploration method
is based on measurements of natural electrical potentials induced when water flows through a
rock (Bogoslovsky & Ogilvy, 2006). Integration of electrical resistivity methods and SP
measurements have also been variously employed to study landslides (Lapenna et al., 2003;
Naudet et al., 2008).

Ground-penetrating radar (GPR) technique has also been employed in slope stability studies to
delineate fractures in rocks (Sajinkumar et al., 2011; Theune et al., 2006). It has also been
employed to monitor rockfalls (Talebi et al., 2008) and to calculate the depth of a rupture
surface (Surovell et al., 2017). The ground-penetrating radar (GPR) technique utilizes reflected
high-frequency electromagnetic (EM) waves to gather information about the subsurface based
on contrasts in the dielectric permittivity properties of rock materials. However, there are some
disadvantages in using GPR technique to investigate landslides. These disadvantages take the
form of signals being heavily attenuated in very conductive formations. In addition, fractures
create diffractions thereby reducing signal penetration depths (Jongmans & Garambois, 2007).
Finally, in order to properly delineate a target, GPR techniques are often used in conjunction
with other geophysical survey methods (Sass et al., 2008).

Another geophysical method employed to study and characterise landslides is the
Electromagnetic (EM) (Al-Amoush, 2016). This method uses low-frequency EM waves to
determine the conductivity of the subsurface by comparing a transmitted (or primary) field to
a secondary field induced in the subsurface materials (Osinowo & Falufosi, 2018).
Furthermore, this method yields great results when combined with geophysical methods (Caris
& Van Asch, 1991; Giraud et al., 1991; Godio & Bottino, 2001; Jongmans et al., 2009).

Vertical Seismic Profiling (VSP) geophysical technique is another but rarely used method in
mapping landslides (Godio et al., 2003). Liu et al., (2003) used VSP to delineate the
distribution of sliding surfaces in boreholes of some locality. Godio et al., (2003) adopted
horizontal seismic profiling (HSP) in order to conduct a seismic profile geophysical
investigation in a horizontal wellbore. HSP technique was effectively utilised in combination
with sonic logs to characterize the rock mass based on its presence and characters of fractures
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within the rock mass. Other notable geophysical techniques that have been adopted for use in
the studies landslides. These include micro seismic monitoring (Tonnellier et al., 2013),
seismic noise measurements (Méric et al., 2007), magnetic field observations (Sugmoto,

Kawasaki, & Sakai, 2014) and gravimetric measurements (Del Gaudio et al., 2000).

The works of Bichler et al., (2004); Pazzi et al., (2019) and Meric et al., (2005) propose that a
better knowled ge and understanding could be made of physical properties landslide’s materials
and its geometry when some of these geophysical techniques are integrated with other methods.
This is because different geophysical techniques are sensitive to different physical properties.
Hence, it becomes essential to combine a variety of techniques in geohazard investigations to
obtain better insights into landslides and their processes (Godio et al., 2003). More in-depth
information on the various geophysical methods and their relative suitability for slope stability

investigations are discussed in the work of Hack, (2000).

2.3 General geology of Nigeria

The Basement Complex, Young Granites, and Sedimentary Basins are the three primary litho-
petrological components of Nigerian geology, as shown in Figure 2.2. The Basement Complex,
which is Precambrian in age, consists of the Migmatite - Gneiss Complex, the Schist Belts, and
the Older Granites. Younger Granites — the name which is coined to differentiate it from the
Older Granites are made up of several Jurassic age magmatic ring complexes within the Jos
Plateau and other north-central parts of Nigeria (Mucke, 2003; Obaje, 2009). They are distinct
from the Older Granites in structure and petrology. According to Fatoye & Gideon, (2013), the
Sedimentary Basins is made up six distinct basins namely: Niger Delta, Benue Trough, Chad
Basin and Sokoto Basin. Others include the Mid - Niger Basin (Bida/Nupe) Basin and the
Dahomey Basin which contains sediment-fill within the age range of Cretaceous to Tertiary.
The Benue Trough is subdivided arbitrarily into three parts: the lower, middle, and upper
portions. It is important to note that no exact subdivision can be drawn to demarcate the
individual portions. Rather, major localities using topomymns make up the depocenters of the
various portions and these have been extensively documented and detailed (Ogungbesan &
Akaeghbobi, 2011).

Nigeria is endowed with an abundance of solid mineral wealth that are dispersed across all
federal states. It is a fact that Nigeria has more than forty-four known major mineral deposits,
which are distributed in different locations across the country. This has drawn immense
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attractions and offersto both local and foreign investors as reported by the Nigerian Geological
Survey Agency (NGSA) (Fatoye & Gideon, 2013).

The Lower Benue Trough (LBT) is documented to contain almost half of the number of
reported mineral deposits in the country. These include coal, lead, zinc, barite, calcareous,
gypsum, clay, phosphate, glass sand. Others include fluorspar, salt, ironstone, uranium,
sulphur, graphite, cassiterite, manganese, mica, and silver (Adekoya et al., 2003; Ananaba &
Ajakaiye, 1987; Fatoye et al., 2013). On the other hand, oil and gas are far more abundant in
the Niger Delta Basin than in other basin in the country with its attendant huge economic
contributions to the assets of the nation (Evamy et al., 1978; Kadafa, 2012).
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Figure 2.2: Geology Map of Nigeria showing major lithologic components (Adelana et al.,

2008).
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The research carried out by Ola-Buraimo & Akaegbobi (2013), reported that sedimentation in
the Lower Benue Trough began with the marine Neocomian to Albian Asu River Group. Some
Groups such as Aptian to Early Albian pyroclastics were scarcely reported. The sediments of
the Asu River Group in the Lower Benue Trough consist mainly of shales with localized
sandstones, siltstones, and calcareous Limestones. These limestones are characterised as
extrusive and intrusive material of the Abakaliki Formation and the Calabar Flank (Nweke,
Igwe, & Nnabo, 2015).

The Anambra Basin was formed as a result of intense Middle-Santonian deformation and
magmatism in the Benue Trough. This was accompanied by a westward shift of its main
depositional axis (Haruna et al., 2012; Obi et al., 2014). Hence, it could be asserted that the
post - deformational sedimentation in the Lower Benue Trough makes up the Anambra Basin.

Benkhelil, (1982) & Obaje, (2009) opine that the sedimentation in the Anambra basin is
believed to have been initiated after the separation of South American and the African plates
in the Aptian/Albian times. This process was documented to have been controlled by three
main tectonic events and epeirogenic movements, which resulted in a series of marine
transgressions and regressions. During these tectonic processes, the axes of the main basins
were shifted giving rise to the formation of three inland basins, which include Abakaliki-Benue
Trough, the Anambra Basin, and the Afikpo Sub-Basin (Onu, 2017). Murat (1972) also felt
that the changes in the thickness and facies of the sediments throughout these basins would
give rise to diverse Member and Formation names (Kelechi, 2017).

The first of the depositional cycles, which was mainly confined tothe Benue-Abakaliki Trough
occurred in the pre-Albian times and was confined (Hoque, 1977; Odunzeakasiugwu, 2018).
This process ended in the Santonian time. The second depositional phase which was initiated
in the Campanian marine transgression and terminated in the Palaeocene (Zaborski, 2000), was
dominated by the formation of the Anambra basin, as well as the Afikpo Synclinorium (Ao,
2013; Onu, 2017). Furthermore, the third and final depositional phase which produced the
Niger Delta basin started in the Eocene time, coinciding with the development of the Niger
Delta basin (Bonne, 2014; Reijers, 2011) and it is on account that the deposition is still ongoing.
The Southern Benue Trough, Anambra Basin, Afikpo Syncline, Calabar Flank, and Mamfe
Embayment are Cretaceous sedimentary basins and sub-basins in south-eastern part Nigeria.
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The form in which the sedimentary basins developed on the Basement Complex of Nigeria has
been described as an ‘X’ shaped depression having a NE — SW orientation (Oboh-lkuenobe et
al., 2005; Odigi & Amajor, 2009). The major controls on sedimentation in these basins resulted
from eustatic sea-level changes (Ao, 2013), basin tectonics, and local diastrophism. The
stratigraphy and paleogeography of the basin have been studied and described by various
workers, such as (Murat, 1972; Okeke et al., 2014; Ola-Buraimo & Akaegbobi, 2012) amongst

others.

Onu, (2017) further clarified that the Anambra Basin became a significant deposition zone
following the Santonian folding in south-eastern Nigeria. The ensuing tectonic inversion and
down-warping of the Anambra basin were accompanied by compressional uplift of the Lower
Benue Trough sequence (Albian to Coniacian) along the NE-SW axis. The sediment thickness
of the Anambra basin has been estimated to range from 1000 m — 4500 m using gravity
measurements (Uzoegbu, & Okon, 2017). More than 3000 m of these were deposited in the
Late Cretaceous (Upper Campanian - Maastrichtian).

Nwajide, (2013) stated that the sedimentation in the Anambra basin was mainly terrigenous
giving rise to up to 3000 m thick shales, sands, and limestones which represents 60%, 39% add
about 1% of the various thicknesses respectively. (Uma & Onuoha, 1997) identified three
hydrostratigraphic units in the Anambra Basin, which comprise of; the Ameki Formation
(sandy horizons and quaternary deposits), Nsukka Formation underlying Ajali Sandstone and
sandy horizon, and the Awgu-Nkporo-lower Mamu Formations comprising of sandy beds.

The initial hydro-stratigraphic unit to form a viable reservoir is relatively too shallow having a
sediment pile of about 500 m. Onuigbo et al., (2016) confirmed that the Mamu Formation and
the Nsukka Formation are likely delta front sand bars. Ajali Sandstone, on the other hand, was
linked to fluvial deposition with extensive channels having a lithic fill with a characteristic
fining-upward sequence composed of pebbly sandstones. This is also associated with the
formation of shallow depth marine subtidal sand bars (Akande & Miicke, 1993; Olabode,
2014). When these are stacked, the potential reservoir sands appear to be generally laterally

extensive and can reach local thicknesses of more than 1000 m.

According to Onyeogu et al., (2016) the closing of the Afikpo and Anambra sedimentary basins
was initiated during the early Campanian to the early Palaeocene (Danian) under two main

eustatic cycles. The area the known Nkporo shale transgression and the less active Nsukka
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transgression occupying the most voluminous stratigraphic parts of the Anambra basin (Figure
2.3). Similar cycles are also observed in the Afikpo syncline located South-East of the
Abakaliki anticlinorium and the Dahomey embayment west of the Ilesha basement spur,
(Obaje, 2009), albeit both are incomplete (Olatunji, 2013). The first cycle, began with the
deposition of the Nkporo shale which began in the Maastrichtian and ended in the Lower
Campanian, (Ukaonu et al., 2017). It is having same lateral age equivalents with the Enugu
shale and Owelli sandstone (Figure 2.3). This represents the Campano-Maastrichtian
transgression's base unit, consisting of dark coloured mudstone, grey fissile friable shales with
thin layers of marl, sandy shale, and limestone above an angular unconformity (Uzoegbu &
Okon, 2017). The regressive phase of this process was effectively discriminated by the
formation of a massive off-lap complex, which began with the paralic sequence of the Mamu
formation overlying the Nkporo shale (Onyekuru & Iwuagwu, 2010). This has been inferred to
be lower Maastrichtian age which is composed of two parts: the basal part which contains thin
marine intercalation, and the mineral-bearing part which consists of fresh water and low
salinity sandstones, shales, mudstones, and sandy shales with coal seams occurring at several
levels (Obaje, 2009).
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The Ajali sandstone is made up of a continental sequence and is underlain by the Mamu
formation. This sandstone unit has been given several names at different times. These include
‘false bedded sandstone’ (Onyekuru & Iwuagwu, 2010), ‘basal sandstone’ (Chiaghanam et al.,
2012), etc. Its current name was given by (Reyment, 1965), after the establishment of its type
locality on the Ajali River. Almost all the exposures of the Ajali sandstone formation are
characterized by a lateral profile at the top and this was formed during the regressive phase of
the Campano-Maastrichtian transgression dating back to the Maastrichtian age (Uzoegbu &
Okon, 2017).

The Nsukka Formation, which overlies the Ajali sandstone, has been described as “an
alternating succession of grey sandy shales, sandstones, plant-bearing layers, and thin mineral
beds Onyeogu et al., (2016). At the top of the formation, thin marine limestone bands marked
the re-initiation of marine sedimentation. Dark coloured shales having highly bioturbated
sandstones are well exposed at the Ihube area, along the Enugu-Port Harcourt highway.
According to the fossil record, the Nsukka formation age range is of late Maastrichtian to
Danian. This formation bears the T-K boundary, which is described by Onyeogu et al., (2016).
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Abstract

This research studied the surface conditions of a landslide in the Nanka community, South-
Eastern, Nigeria, using geoelectrical and geotechnical methods as a tool. Eighteen (18) soil
samples for analysis are collected from dugholes at different marked depthsand locations. And
the samples were analyzed for the following parameters; ‘the liquid limit, plastic limit,
plasticity index, maximum dry density, and optimum moisture content’, and they have the
average values of 34.92%, 23.31%, 11.61%, 1.86Mg/m?, and 10.18% respectively. The textural
characteristics of the analyzed soil samples also proved that the mean value of sand is 77.8%,
gravel is approximately 1%, and the silt+clay is 21.3%. The lithologies of the soil in the study
area are clays, sandstones, alluvium, gravel, natural water (sediments), which the results from
the two methods all agreed. The central parts of the topsoil and subsoil zones constitute the
main aquifer unit from the vertical electrical sounding results, that followed in succession by
rock fragments, and bedrock with an elevation that could be an up-shouting outcrop resistant
to weathering and landslide. The analysis results also showed that the soils in the study areas
are friable hence easily washed off when there is any draining away of water from the surface,
making the slide active for many years resisting every preventive measure put in place.
Preventive measures in more organized ways from institutions will be of great importance in
reducing the ugly effect of the slides in the said location.

Keywords: landslide, VES, geotechnical, weathering, lithology.
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3.1 Introduction

Permanent forms of erosion are gullies, when rain falls in narrow runoff paths and waterways,
cutting through the soil to depths of several feet that cannot be tillage-smoothed over any longer
(Boca & Saragh, 2019). As a model assumption, this uniform layer of weathered material is
without doubt beneficial (Brantley & White, 2009). For some very thick weathered mantles,
it's also definitely true, or near enough (Boca & Saragli, 2019). And, of course, the mobile
motionless difference is self-evident when only a fraction of the regolith thickness moved
(Brooks, 2003). Some modern modelling and analytical work on regolith and the so-called
critical zone of moveable thickness h and weathered material H that are often removed by
erosion (Sommer et al., 2008). As H > h, this implies the existence of an immobile subsurface
layer in many cases (Lobkovsky et al., 2004). The regolith zone was the result of a variety of
impact, erosion, and weathering processes that resulted in a diverse strange mix of particles,
with a variety of forms ranging in size from clay to boulders (Dixon, 2018). The formation of
soil regolith profiles and their associated complexity is strongly time-dependent, and the period
required for the production-specific soil and weathering characteristics vary (Anderson et al.,
2013; Giardino & Houser, 2015). In general, soil characteristics with organic matter build-up
progress quickly (Kabala & Zapart, 2012), while soil properties associated with weathering
proceed more slowly (Egwuonwu, 2012). Over time, soil and regolith profiles thicken, and
horizon complexity rises (Stoops et al., 2018). The gradual build-up of minerals as a result of
additions, transformations, and translocations results in increasing soil complexity (Lu et al.,
2002).

Bedrock is a solid rock mass physically connected to the deepest Earth (DiPietro, 2018). If the
bedrock exposed on the surface of the Earth, it is called an outcrop (Portenga et al., 2013).
Landscape formation is the way an outcrop responds to erosion and weathering (Gnyawali et
al., 2020; Tian et al., 2020). Rocks particles that withstand weathering and erosion seem to be
harder or resistant (DiPietro, 2018). The rocks type at the study area has high erodibility,
implying that it is quickly eroded and weathered, also soft, weak, or non-resistant (Otti et al.,
2014). The subsurface interlayer of rocks with varying erodibility generates a differential
erosion landscape, defined asa region where neighbouring rocks weatherand erode differently,
with the more resistant rock protruding above and the less resistant rock opposite. (Clark &
Burbank, 2011; DiPietro, 2018; Goodfellow et al., 2014; Hayden, 2017; Shobek et al., 2017).
With a few exceptions, sedimentary rocks are also soft from the study area, and they do not

tend to build towering mountains (Ekwenye et al., 2014). Because crystalline granite (rock)
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resists erosion, it produces highland regions with some of the world'smost difficult landscapes.
(DiPietro, 2012).

Geophysics who gather information on the physical formations of the Earth describes
landslides as one type of mass wasting, which is involved in the downward movement of the
Earth's surface or unstable slope (Smithson et al., 2013). Igwe (2015) further avow that
landslide is a major hazard in Nigeria, where resources worth several million US dollars are
lost every year during seasons of heavy rain. The high rainfall intensity period in south-eastern
Nigeria has had a notable impact on the climate, the slope stability of the area, and other
geomorphological structures of the region (Smithson et al., 2013). The study areas lie in the
Anambra Basin with approximately 6,000m of sedimentary rocks (Obaje et al., 2018). Igwe
(2015) proved that landslides menace on the sedimentary terrain were mainly shallow, material
slumps, low-volume movements, and brief run-out slides, some of which happened on slopes
that followed the dip of strata along wavy shear surfaces controlled by water-resistant bedding
planes. Many cases of these landslides have resulted due to natural and human causes like
landform, deforestation, overgrazing, poor drainage system (Alimohammadlou et al., 2013).
Over 6,000 km? of land are affected by landslide and about 3,400 km? are highly exposed
(Sonel, 2009). According to a study conducted by Nkemakonam et al., (2019), that shows that
in Anambra State, 37 percent of the total landmass covered severely gullied, 28 percent by
moderately gullied, and 35 percent ravage by mildly gullied. These gullies have created many
environmental problems including loss of lives and properties (Onweremadu, 2007).

Substantial progress has been achieved in understanding, identifying, and in the processes of
landslide control in recent years but still poses some challenges (De Baets et al., 2011). These
control phenomena have been one of the many natural processes that reshape the surface of the
earth and represent a manifestation of catchment instability and, its initiation and development
is an indicator of land degradation (lonita et al., 2015). Okengwo etal., (2015) investigated the
causes and effects of Nanka gully erosion, and there is currently no detailed quantitative
information and specific study on the rate of slide expansion and subsurface information, the
causative factors, and their significant impact on gullies advancement. Okengwo et al (2015)
studied the stability of gully walls in the Agulu-Nanka-Oko area using an empirical approach,
and he explained that most gullies have deep rotational slumps along the sidewall which is as
a result of increased pore pressure from groundwater, he further explained that the rate of this
gullies or slumping is widely related to the soil strength hence he analysed the cohesiveness
components of the soil and the results proved that for all sites, the top stratum (laterite soil)
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shared some cohesion and that the shear resistance increases with depth due to the downward
increase in the percentage of sand and decrease in silty-clay content. Amongst other areas
covered by the previous researchers, it is evident that none of the studies used combined -
geoscientific methods on the study of subsurface conditions of the landslide in the Nanka
community, and Figure 3.1 shows the slide site from different views and directions.

Finally, the aims and objectives of this research are to: (1) ascertain the vertical and
horizontal subsurface conditions of the area by interpreting the vertical electrical sounding
findings using geotechnical properties and results and other geologic information. (2)
determine the conditions of groundwater potentials through Vertical Electrical Sounding
iso-resistivity contour maps, (3) deduce the lithological component of the slides
subsurface.
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Figure 3.1: Pictures of Nanka Landslide from four different views.
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3.1.1 Study area and geology setting

Nigeria is at latitudes 4°N and 15°N and Longitudes 3°E and 14°E within the Pan African
mobile belt of the West African and Congo cratons (Okonkwo & Ganev, 2012). According to
Oyinloye, (2011) the geology of Nigeria is characterized by crystalline and sedimentary rocks
that occur in almost similar proportion, as presented in Figure 3.2a. The crystalline rocks
include the Basement complex and Phanerozoic rock found in the country's eastern and north-
central regions (Busato et al., 2016; Oyinloye, 2011). Nigeria's Precambrian basement rocks,
predominantly of the migmatite gneissic—quartzite complex from the Archean to the Early
Proterozoic (2700-2000 Ma) (QOyinloye, 2011). Other units include NE-SW trending schist
belts, found mainly in the western part of the nation, and granitoid plutons from the earlier
granite suite, which dated from the Late Proterozoic to the Early Phanerozoic (750-450Ma)
(Oyinloye, 2011).

The study area lies between latitudes N6°.031-N6°.04! and longitudes E7°.081- E7°.091, as
shown in figure 3.2b and 3.2c, within the western flank of the Anambra Basin drawn out in
Figure 3.2d as a profile diagram. The Nanka sands, which lay conformably on the Paleocene
Imo Shale and overlain by the Ogwashi-Asaba formation, are geological formations (Okengwo
et al., 2015). The Basin defines the southern boundary (or portion) of the Benue Trough,
created during Santonian tectonics (together with the Afikpo syncline and Abakaliki Ridge)
(Patrick et al., 2013). The research area is within the humid tropical zone of the rainforest
region, with a mean annual rainfall of 1800 mm (Adelekan, 2011).
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Figure 3.2: Location of the study area showing; (a) Geology Map of Nigeria, (b) Anambra
State Map with all the Gullies, (c) Study area from Google Earth 2020, and (d) Profile picture.
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3.2  Materials and methods
This research work employed geoelectrical and geotechnical methods in the subsurface

investigation.

3.2.1 Geoelectrical Method

In a geoelectrical investigation, Vertical Electrical Sounding was used and mainly applied in
the investigation of surfaces that are horizontal or near horizontal (Ehirm et al., 2009). Inthe
field survey, the fraction of the total current that flows in this varies with the electrode’s
separation in the field procedure, using a fixed centre, and the whole spread progressively
expanding around the fixed centre. This allows the current lines to pierce to greater depths
depending on the vertical distribution of the conductivity. The aim is to observe the total
variation of the resistivity at various depths. This technique is suited for measuring the depth
and resistance of a flat-layered rock structure, such as sedimentary layers or water table depths
(Layade et al., 2017). It is used in other words to assess the overburden thickness in
geotechnical surveys and also to describe horizontal zones of porous strata in hydrogeology
(Umar et al., 2020). The VES carried out using the Schlumberger configuration for horizontal
spread covering the entire profile. The array for study area investigation consists of four
collinear electrodes, as shown in Figure 3.3. The outer two electrodes are current (source; A
and B) electrodes, and the inner two electrodes are the potential (receiver; C and D) electrodes
(Layade et al., 2017). The Potential electrodes, instilled with separation in the centre of the
electrode array, usually less than one-fifth of the space between current electrodes.

During the fieldwork, the current electrodes were moved to a greater spacing, while the
potential electrodes were held in place until they were too tiny to measure the observed voltage.
The main benefit of the Schlumberger array is the movement of fewer electrodes for each
sounding, as well as the shorter length of the wire for potential electrodes (Abdullahi et al.,
2015). It has better resolution, greater sampling depth (Aspinall & Gaffney, 2001), and field
setup takes less time than the Wenner array (Morrison & Gasperikova, 2012). Long current
electrode cables are necessary, the recording device must be sensitive, and the array might be
complicated for the field crew to organize (Morrison & Gasperikova, 2012).
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Figure 3.3: Shows the detailed Schlumberger Configuration.
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A total of thirty-six (36) VES soundings points carried out in the field, with a spread of 50m
(AB/2). The resistivities of the subsurface were recorded using ABEM Terrametre SAS 300c
and the Ohmega campus digital resistivity meters, while ‘Global Positioning System’ (GPS) is
also used to get the location coordinates for VES sounding and sample collection points. VES
procedures in the field were employed. In Schlumberger configuration, (Aboh & Osazuwa,
2000) shows how to use the Schlumberger array to determine the apparent resistivity using the
eq. (3.1) below,

p= 2mAV (Lz—az) @3.1)

1 a

Where:

“p ”is the Apparent resistivity

“L” is the distance between their mid points

“AV” is the Potential difference

“1” is the current

“a” stand for space between two electrodes.

The resistivity curves were then interpreted using a computer interpretation program for
Schlumberger sounding data modified after (Zohdy & Jackson, 1989). The VES resistivity
curve matching was generated from the partial curve matching technique and was interpreted
by computer iteration using Minitab 18 software to generate subsurface contour maps. The
subsurface contour maps were interpreted qualitatively with the mapped surface geology and

information on existing geologic common rocks shown in Table 3.1 and geotechnical results.
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Table 3.1: Resistivity Range for Rock types in Sedimentary Complex (Telford et al., 1990).

Type of Rock Resistivity Range (Q-m)
Clays (Including wet clay) 5-100
Gravel 100 — 10,000
Alluvium and sand 10— 800
Weathered laterite 150 — 900
Surface waters (sediments) 10 -100
Natural waters (sediments) 1-100
Sandstones 1-6.4x108
Shales 5-50
Sandstone and >50 — 10,000
Conglomerate
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3.2.2 Geotechnical Method

The geotechnical analysis involved the field study, laboratory analyses, and field investigation
for soil datacollection based on sampling and measuring at the slide site. The sample collection
procedures were similar to those used in the previous study (Spangler & Handy, 1973). The
points Az, Bi1, C1, D1, E1, and F1 marks (see Figure 3.2d) the collection points for the sample,
and the distance between each point interval is 50m from point A1 and Bi, point B1 and Ca, etc.
A total of eighteen (18) different soil data samples were collected and packed in polybags from
six (6) examined dug holes, three (3) from each one (1). The soil samples were collected at
depthranges of 3m, 6m, and 9m from points A1, B1, etc. at the dug holes. Vertical soil sampling
in the dug holes was used to determine changes in soil properties, while laboratory tests were
used to determine the soil properties index. A chain of geotechnical tests including ‘Particle-
size analyses, Atterberg limits, Compaction, and Shear strength tests’, were carried out on the
soil samples by following the procedures specified by the American Society for Testing
Materials (ASTM), and the British Standard Methods for testing soils for Civil Engineering
purposes (Okengwo et al., 2015).

3.2.2.1 Atterberg or Consistency limit test

The Atterberg or Consistency Limit Test evaluates the moisture content at which the soil will
flow below its height (Andradeetal., 2011). Atterberg limit test definesthe boundary of several
states of plastic soil accuracy (Robertson, 2009), and also used in determining the following:
liquid limit, plastic limit, plasticity index, liquidity index, and relative consistency (Huang &
Lu, 2014).

3.2.2.2 Liquid Limit Test

The Liquid limit test is the moisture content at which the soil starts to act as fluid under the
influence of a standard blow (Dimitrova & Yanful, 2011). According to Oser (2020), the liquid
limit of soil can also be the moisture content, expressed as the percentage of the weight of the

oven-dried soil, at the boundary between the absolved liquid and plastic states of consistency.

3.2.2.3 Liquidity index (LI)

The Liquidity index is the ratio of the differences between the natural moisture content (Wn)
and the plastic limit (PL), (Wn-PL), divide by plasticity index (PI) (Okunlola et al., 2014).
Mathematically liquidity index can be represented in eq. (3.2) as;
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LI = (=2, (3.2)

PL

3.2.2.4 Plastic Limit

The plasticity index is the range of soil moisture content over which the soil is plastic (Wilson,
2011). Except for the lack of liquid limit apparatus, it has a similar technique as a liquid limit
analysis. In general, the arithmetic difference between the Liquid Limit (LL) and the Plastic
Limit (PL) is a notably useful indicator of the likely properties of the soil, including its potential
for resistance to liquefaction (Adams, 2016), as shown in eq (3.3).

PI=LL—PL. (3.3)

3.2.2.5 Compaction Test

The purpose of the compaction test was to assess the compaction properties of various soils as
moisture content changed. The optimal moisture level at which a soil type is most compacted
and achieves its maximum dry density by eliminating air spaces is called soil compaction
(Adam & Pistrol, 2016). Dry density and the maximum water content measure the degree of
compaction of the soil. A curve is formed between the water content and the dry density to

compute the maximum dry density and the optimal water content (Contractor, 2020).

3.2.2.6 Relative consistency (Cr)

The ratio of the differences between liquid limit and natural moisture content (LL-Wn) divided
by the plasticity index (PI) (Okunlola etal., 2014). Relative consistency helps toassess whether
the soil is mouldable or resistance to deformity and rupture (Penno, 2012). If the Cris less than
zero, any remoulding process will transform the soil into a thick, viscous slurry. As shown in
eq. 3.4, if the value of “Cr’ is greater than zero (0), the moulding of soil is not possible.

cr=(1222). (3.4)

PL

3.2.2.7 Moisture content test
The soil water can be determined by a moisture content test. The percentage of the weight of
water of soil to the dry weight will give moisture content (water content).

Thus, moisture content, as shown in eqg. (3.5), as:

(My—M3)

W - ((M3_M1)

)x1oo, (Mg/m?3), (3.5)
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“M1” stand for the mass of the container, “M2” is the summation of the mass of wet soil and
the mass of the container, “Mzs” is the summation of the mass of dry soil and the mass of the
container. The moisture content can also be determined from the percentage of the specific
gravity test by dividing the density of the material by the density of the water at 4°C. No
dimension for specific gravity. The specific gravity of the water is 1, that of soil ranges from
2.50 t0 2.90, while the silt ranges from 2.70 to 2.90 (Okunlola et al., 2014).

Specific gravity,

_ (My—-Ms3)
GS = Gttty )1y

(3.6)

"M1” is the mass of conical flask, “M2” is the mass of conical and soil, “M3s” is the mass of

conical flask, soil and water, “M4” is the mass of conical flask and water.

3.2.2.8 Permeability Test

Permeability test is also called hydraulic conductivity. It is the measure of the ability of water
to flow through the soil (Oser, 2020). It is expressed in units of velocity, which is meter per
second (m/s). Thus,

K = 2.30al/A (t;-t )log10(), (3.7)
o 1

"K" is the permeability, "a" is the cross section of standpipe. "L" and "A" are the Length and
area of cross section of the soil sample, “to” is the initial time, “t1” is the final time, “ho” is
initial height of water, “h1” is the final height of water.

3.3 Results and Discussion

3.3.1 Topsoil, Subsoil, and Rock fragment Contour Map

The subsoil iso-resistivity contour map and its 3D resistivity contour map are almost identical
to the topsoil iso-resistivity contour map due to similarities in both features and lithology, as
seen in Figures 3.4a, 3.4b, 3.4c, and 3.4d. The iso-resistivity contour map was plotted from
the average values of resistivity produced vertically across the profile. The apparent resistivity
value of the topsoil/subsoil was higher at east-west ranging from 160Qm to > 480Q2m compare
to that of north-south values ranging from > 1Q m to 160 @m, which showed less effect of
weathering. The central parts of the topsoil and subsoil showed severe weathering effects and
served as a collection point for groundwater depot (C4 and D4). The rock fragments which

showed similar apparent resistivity values to the subsoil were due to the impact of water-
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bearing materials (weathering) of therocks at the distance>300 m (E1) downward. The sloping
downward at >300m (between D1 and F1) may be an aftereffect of a long time of dumping of
refuse at the active parts of the slide, which showed very high resistivity values (300Q2m to
>600Qm. This effect is noticeable in both three Iso-resistivity contour maps in Figure 3.4a,
3.4c, and 3.4e. The lithology of the rocks at the low resistivity zones may be clays, alluvium,
sand, or natural water (sediments), while lithology of high resistivity zones may be gravel,
sandstones, or sandstone and conglomerate (Figures 3.4, compared with Table 3.1). The central
parts of the topsoil, subsoil, and rock fragments contour maps also showed the signs of
weathering and trap for groundwater potential. The western parts of the three (3) iso-resistivity
equally showed a very low resistivity indicating less effect of weathering. The three 3Ds’
resistivity contour maps in Figure 3.4b, 3.4d, and 3.4f, showed a clear the interpretation of

three (3) iso-resistivity contour maps Figure 3.4a, 3.4c, and 3.4e.
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Figure 3.4: (a) Iso-Resistivity Contour Map at topsoil, (b) 3-D Thickness for Topsoil, (c) Iso-
Resistivity Contour Map at subsoil, (d) 3-D Thickness for Subsoil, (e) Iso-Resistivity Contour
Map at Rock fragments, and (f) 3-D Thickness at Rock fragments.
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3.3.2 The vertical geo-electric section

The vertical geo-electric section, as shown in Figure 3.5, proved that the site has four
lithological sections, which are topsoil, subsoil, rock fragments, and bedrock. From this, we
can conclude that the first and second layers are the hot spot for degradation, weathered topsoil/
subsoil (navy blue colour). The formation was followed in succession by rock fragments
(weathered in light blue colour) and bedrock (green colour). Qualitative analysis of the vertical
geo-electric data collected on the site has revealed that the topsoil, subsoil, and part of rock
fragments zones constitute the main aquifer unit from the vertical electrical sounding section.
The lithologies of the vertical geo-electric section showed that these layers are sandy, clays,
gravel, alluvium, natural water (sediments) confirmed by geotechnical results.
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Figure 3.5: The vertical geo-electric section contour map.
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3.3.3 Regolith Contour Map

The contour plot of regolith thickness shown in Figure 3.6, contoured at a 5m interval. The
depth values of the entire thirty-six (36) VES points corresponding to the regolith overburden
aquifer layer. The north-eastern parts were on a high plain, and southern-central parts constitute
a sizable portion for the groundwater collection. The groundwater flows through all the central
parts via profile Ci of the study site. The western portion along the profile C3 line was shallow

and less contaminated by the agents of weathering, which took place under the influence of the
water-bearing capacity.
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Figure 3.6: (a) Contour Plot of Regolith thickness, and (b) 3D Surface plot of Regolith

Thickness.
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3.3.4 Bedrock Contour Map

Figure 3.7c shows the bedrock contour map, which was contoured at a 20 m interval for the
depth thickness and 500 Qm interval for the iso-resistivity Figure 3.7a, as mirrored at the
ground surface. The depth values linked to the entire (36) VES points. In Figure 3.7b, the 3D
wireframe of the bedrock depth structure shows the performances of the aquifer in the
weathered bedrock as determined by its bedrock thickness contour map. Az1-¢ profile line was
deep from the North to South, while profile line E1-¢ was shallow from East to West, meaning
that the landslide curve is more weathered and severe at the A profile line and mild at the E
profile line. However, the areas with depressional features (valleys) are those areas delineated
as having good potential for underground water resources (hot-spot for erosion); this correlates
with both the vertical section and the iso-resistivity at various zone. Similarly, those areas with

elevation could be an up-shouting outcrop resistant to weathering and landslide.
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Figure 3.7: Contour map at Bedrock showing; (a) Iso-Resistivity, (b) 3D surface plot at
Bedrock, (c) the bedrock depth (thickness).
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3.4  Geotechnical Analysis

Table 3.2 shows an overview of the geotechnical properties of soil datasamples in the study
site, and the results show significant variations in soil properties across the entire sampling
depth. The textural characteristics of the analyzed samples proved that the sand fraction ranges
from 69% to 81% with a mean-value of 77.8%, gravel ranging from 1% to 2% with
approximately 1% mean value, and the silt+clay values also ranging from 18% to 23% with
21.2% mean-value. The percent increase in the sand with depth at topsoil/subsoil soil was
generally not well graded with a high content of fine fraction. The relatively high moisture
content of 12.3% (A1, 3m) of the topsoil layer at the same time lower at 9m depth (5.2%, E1)
which are compatible with the high number of fine fractions in the same soil profile. The high
moisture absorption at the subsurface leads to a high-water content capacity during the raining
season. It ultimately breaks down the grain-to-grain forces that existing in the soil. The site's
curvature coefficient (Cc) ranged from 0.198 t00.243, which resulted in uniformly graded soil.
The results also reveal that the underlying strata have low capabilities of shrinkage potential
and plasticity that resulted in the highest instability at sub/topsoil. The low number of fine
grains in the subsoil layers, which the sand grains would have bonded, indicates a lack of
binding materials and, as a result, shows that the underlying soil components are very
susceptible to erosion (Oser, 2020). This pattern indicates lowering cohesion and soil cracking
resistance. The liquid limit, plastic limit, plasticity index, maximum dry density, and optimum
moisture content have average values of 34.92%, 23.31%, 11.61%, 1.86Mg/m?3, and 10.18%
respectively. The low value of the liquid limit of the underlying (at E, 9m depth) with strata
32.0% was attributed to low amounts of fine fraction and indicates that the soil can change
from one state of consistency to another with minimum change in water content. The low dry
density values suggest loose natural deposits and result in a high percentage of voids. The high
void ratio of the soils rises with depth and results in high rates of infiltration. High flow
velocity, significant seepage pressure, and high inner landslide potential would result from the
underlying strata's high void ratio (Okengwo etal., 2015). The attributes support the conclusion
of Okengwo et al., (2015) in the creation of a hydraulic gradient that induced water flow
through soil strata with a high velocity of the inlet. This implies that soils are not only
susceptible to simple dispersal by floodwaters but are also subject to enormous buoyancy. The
soil shear strength samples decrease at the various gully locations, with depth, which is why
the coherent top/subsoil helps to initiate the gully process by encouraging overland floods that

result in the development of rills and landslides (Okengwo et al., 2015).
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Table 3.2: The Geotechnical properties of soil types from the study area are summarized.

Parameters
Profile
Depth (m)
LL (%)

PL (%)

PI (%)
Gravel (%)
Sand (%)
Silt + Clay
(%)

Dry
Density
(Mg/m®)
Max. dry
density
(Mg/m®)
OMC (%)
MC (%)
CC=.
.009(LL-10)
Shrinkage
Potential/
Plasticity

50
35.20
22.40
12.80
1.00
78.00
21.0

1.82

1.92

IIES
12.3
0.227

Low

100
35.80
23.10
12.70
1.00
79.00
20.00

1.74

1.84

10.4
11.8
0.232

Low

15.0
37.00
24.40
12.60
1.00
79.00
20.00

1.62

1.84

9.0
11.0
0.243

Low

50
36.40
25.00
11.40
0.00
80.00
20.00

1.72

1.87

510
12.1
0.238

Low

B
100
33.80
23.60
10.20
1.00
76.00

23.00

1.64

1.82

9.0
11.0
0.214

Low

15.0
35.20
24.20
11.00
1.00
69.00
20.00

1.52

1.87

8.0
10.5
0.227

Low

50
36.60
24.10
12.50
2.00
80.00
18.00

1.54

1.90

N2
10.2
0.239

Low

Ci
100
34.80
23.90
10.90
1.00
76.00
23.00

1.44

1.90

10.0
8.2
0.216

Low

Collection Points

15.0
33.50
22.30
11.20
0.00
82.0
18.0

1.42

1.87

8.1
6.8
0.215

Low

50
36.40
23.90
12.50
1.00
79.0
20.0

1.82

1.88

11.2
8.6
0.238

Low

Dy
100
34.50
21.90
12.60

1.00
78.00
21.00

1.78

1.87

9.8
7.2
0.239

Low

15.0
34.50
23.50
11.00
1.00
70.00
19.00

1.68

1.85

9.6
6.2
0.221

Low

50
34.40
23.80
10.60
0.00
78.00
22.00

1.78

1.88

11.5
82
0.220

low

E;
100
35.40
24.20
11.20

0.00
81.00
19.00

1.72

1.85

10.0
6.0
0.229

low

150
32.00
21.80
10.20
2.00
76.00
22.00

1.64

1.78

S
52
0.198

Low

50
35.20
2240
12.80
1.00
78.00
21.00

1.56

1.80

10.2
9.8
0.227

low

Fi
100
3420
21.70
12.50
0.00
80.00
20.00

1.62

1.82

9.8
11.1
0.218

150
33.70
23.40
10.30
1.00
81.00
18.00

1.73

1.92

9.6
9.3
0.2138

Low
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3.5  Conclusion

This study investigated the subsurface situation of the environmental degradation in the Nanka
community using soil analyzed results to deduce vertical electrical sounding findings. The
geoelectrical results demonstrated that high-resolution VES continuous datais superior to other
field methods and traditional surface mapping for complete landslide subsurface monitoring.
Volume quantification and differentiation of distinct zones and processes of activity both at the
gully rim and within the gully interior are possible with the spatially joined VES survey of the
entire form. For this reason, VES is the perfect tool for studying the thickness of the overburden,
and it revealed that the western parts of the profile were deeper and influenced by the
weathering agents and long-term refuse deposits, which occurred under the influence of water-
bearing power.

The eighteen (18) polybag packed samples collected from different marked depthsat the dug
holes, the liquid limit (L1), plastic limit (PL), plasticity index (Pl), maximum dry density, and
optimum moisture content have average values of 34.92%, 23.31%, 11.61%, 1.86Mg/m?, and
10.18% respectively, while the textural characteristics of the analyzed soil samples proved that
the sand mean value is 77.8%, gravel mean value is approximately 1%, and the silt+clay mean
value is 21.3%. The lithologies of the soil in the study area are clays, sandstones, alluvium,
gravel, natural water (sediments), which the results from the two methods all agreed.

The research area's underlying soil layers are made up of uncompacted sand and a cohesive
top/subsoil layer, according to the findings., which was confirmed by Iso-Resistivity Contour
Map with 3D thickness for topsoil. The regolith thickness map showed that landslide was active,
shallow, material slumps, and runout slides. The cohesiveness of the soil's high void ratio causes
high infiltration rates, which leads to high-flow velocity and quickened internal erosion
potential. The result also showed that the formation of the landslide into the top red laterite
layer of soil tendsto be more controlled than a sand cut with no cohesiveness. Landslides are
worsened by a variety of variables, including soil properties. A severe landslide is more likely
to occur on soil that is dominantly sandy and has a high void-to-density ratio. Once the
underlying cohesionless soil with a high void ratio and poor porosity penetrated, the gully
formation increases. This is dueto the loose soil nature and the inability of the roots of the plant
to bind the soil particles together as applicable in the study area.

73



However, the introduction of protection measures, in particular for humid areas, involves a first
understanding of the erosion process and an integrated approach to landscape, among other
factors, must be followed in the valley bottoms for integrated subsurface and surface drainage.
Enacting essential environmental legislative measures, as well as establishing and empowering

an enforcement body, are equally critical.
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Abstract

Slope failure is a common incident in South-Eastern Nigeria because it occurs in almost every
part of the zone. Despite all the remedial measures in place, it still poses serious challenges,
especially during the rainy season. This research studied the slope subsurface in the four high
potential areas devastated by a landslide to detect any failure planes using geophysical methods
[2D resistivity and induced polarization (IP)]. The results revealed that features that may lead
to slope failure are present such as; boulders and weak water-saturation zone. The influence of
years of preventative measures at the erosion sites may be responsible for high resistivity values
found in some locations and the aquifer system with high-quality clay composition layers.
These methods proved successful in slope failure studyand fordistinguishing the water-bearing
unit. For the prevention of further damages, afforestation, and other measures must be in place.

Keywords: 2D-resistivity, slope failure, induced polarization, groundwater, environmental
degradation.
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4.1 Introduction

Some examples of slope failure include debris and soil flow, block collapse, rockfall, and
landslides (MIM et al., 2017). This can be classified as engineering and geo-environmental
problems. Slope instability is a multi-faceted phenomenon that encompasses not just landslides
but also more subtle processes like soil creep (Glade & Crozier, 2005; Soeters & Van Westen,
1996). For the slope to fail, there is a process involving the deformation of the rock mass, the
accumulation of stress, and the changes of mineralogy (Eberhardt et al., 2004). As a result of
body movement, the slope failure phenomena only occur at the last stage, where it is directly
associated with the mechanical and geological conditions of the rock mass (Agliardi et al.,
2001; Gautam & Biswas, 2016). In short, due to complete compliance with the unstable state,
the slope becomes unstable as the rock mass loses mechanical stability (Bérest & Brouard,
2003; Tse & Rice, 1986). Apart from that, the increased sensitivity of the rock mass to any
external force also triggered the situation of slope failure (Ivars et al., 2011). That may damage
or destroy peoples’ accommodation and infrastructures such as electric facilities and pipelines
situated within the borders of a gully or along a landslide path (Schuster & Highland, 2001).
Slope movements must not cover a vast space to be damaging (Wieczorek & Snyder, 2009).
Downhill creeps or early-stage debris flows can cause substantial structural damage to critical
infrastructures such as dams and buildings, potentially contributing to economic harm and loss
of life (Masannat, 2014; Singh, 2013). In comparison, earth movements initially believed to be
induced by landslides, may be dictated to be the result of other geotechnical processes such as
fill settling, the heaving of expansive soil or rock, or hydro-compaction of collapsible soil after
wetting (Bell, 2011; Bell, Cripps, & Culshaw, 1986; Castleton & McKean, 2009).

ERT is a geo-planned field technique that computes the subsurface appropriation of electrical
resistivity from a defined number of resistivity measurements produced using electrodes put in
a subjective geometric pattern (Salom, 2017). For in-situ applications, ERT utilizes electrodes
terminals on the ground surface or in boreholes (Rucker et al., 2014). ERT may likewise be
used along these lines for imaging biomedical targets, rock or soil centre, and block structures
(Joralemon, 2017). The ERT technique has contributed positively in the areas of hydrogeology,
soil science, oil exploration, designed geoengineering survey, and glaciology (Bailey &
Stevenson, 2007; Reynolds, 2011). Improvements in instrumentation and data inversion have
prompted uses of 2D imaging of time-dependent evaluations and, all the more as of late,
expansions to consolidate induced polarization impacts (Capozzoli et al., 2019; Everett, 2012;
Gautam & Biswas, 2016; Hahn & Omenetto, 2012; Loke, 2000; M. H. Loke, 2004; MIM et al.,
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2017). Moreover, ordinary DC resistivity sounding and profiling have effectively promoted
resistance re-examination in a weak appreciation of spatial scope (Beckley, 2002; Gautam &
Biswas, 2016). The use of microcomputers has made it possible to overcome the deficiency in
the multi-electrode resistivity technique (Loke et al., 2013; Perrone et al., 2014).

In general, induced polarization measurements and resistivity measurements are
complementary (Doetsh et al., 2015; Schon, 2015). Induced polarization measurements are
sensitive to adsorption/desorption processes in the electrical double layer, whereas resistivity
measurements are most sensitive to the water phase information (Karaoulis et al., 2011; Revil
& Skold, 2011). The resistivity and chargeability data are impacted by geoelectric factors when
obtaining subsurface resistivity and chargeability distributions remotely using surface
electromagnetic (EM) methods (Ahzegbobor etal., 2014; Zhdanov, 2018). Induced polarization
theoretically can be represented in the frequency domain as phase lag measured at a different
frequency than the exciting electrical current (1) and realized with the same equipment used for
DC resistivity (Schon, 2015; Binley & Kemna, 2005; Taleski & Velevski, 2019). In practice,
the impedance (Z) meter requires a high resolution on the phase (0.1 mrad) and few equipment
have this phase resolution (Cassiani, 2009; Frangos, 1990; Kemna et al., 2012).

This research aimed to identify lithology, structural deformations, and to differentiate clayey
zones from water-saturated zones with almost the same resistivity. The second aim was to
obtain a groundwater potential mechanism based on the distribution of resistivities using
combined geophysical methods (2D ERT and IP) that leads to the failure of slopes.

4.1.1 Groundwater flow system in South-eastern Nigeria

In south-eastern Nigeria, areas of local, intermediate, and regional groundwater flow systems
corresponding to three distinct basin hydraulic systems, i.e., the upper system with hydrostatic
forming pressures, the middle system where the pressure is only moderately higher than the
hydrostatic, and the relatively deep system of abnormally high forming pressures (Birkholzer
et al., 2009; Onyekuru et al., 2010). The regional flow systems empty into the Niger, Anambra,
and Cross River rivers, while the intermediate flow systems empty into their minor tributaries
(Amangabara, 2015; Onyekuru et al., 2010). Minor and usually seasonal streams are associated
with local groundwater flow systems (Alley et al., 2002). Local relief is negligible toward the
centre of the basin and coastal areas; thus, regional flow systems dominate these areas (Michael
& Voss, 2009; Onyekuru et al., 2010). The fluid potential in the middle and upper hydro-
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stratigraphic units circulation shown as the hydraulic heads and fluid energies is at the peak at
the eastern edge of the basin where the major aquifers of the unit are exposed (Walvoord et al.,
2012), and very low at the centre of the basin to the southwestern parts where the confined
aquifer is present (Goutaland et al., 2008).

According to Ao et al., (2015), Anambra Basin is one of the most economically strategic
watersheds in South-Eastern Nigeria and occupies an area of about 95,000km?2. Not only does
it have abundant water resources, but it also has oil and gas deposits potential (Abubakar, 2014;
Ogala, 2011).

4.1.2 The geographical location and geology of the study area

The study areas are located geographically at latitudes 6° 10! to 6° 05N and longitudes 7° 00!
to 7° 10'E, in South-Eastern Nigeria. The western flank of the Anambra Basin covers the study
areas as shown in Figure 4.1. The Eocene Nanka, Oligocene-Miocene Ogwashi, and Oligocene
Benin formations are the three formations that underlain the geology of the areas (Egbueri &
Igwe, 2020). The three formations are lithologically composed of sands interbedded with thin
layers of mud-rocks and ironstones (Egbueri & Igwe, 2020; Nwajide, 2013). The formations
are generally widespread in Southern Nigeria and are extremely weak and movable, according
to researches (Chikwelu & Ogbuagu, 2014; Egbueri et al., 2017). Regardless of age, all of the
soils under the research area are mainly composed of loose and weakly consolidated fine-
grained sand components with minimal clay content and little or no coarse-grained aggregates
(Egbueri & Igwe, 2020; Igwe, 2012; Igwe & Egbueri, 2018). The humid tropical rainforest belt
of Nigeria housed the study area, with an average annual rainfall of 1800mm (Okengwo et al.,
2015). Italso had an uneven topography, several surface water networks, and a humid tropical
rainforest belt, despite the loss of the primary forest due to forest fires, urban growth, roadway
renovation, indiscriminate farming practices, and other forms of man-induced activities
(Egbueri & Igwe, 2020; Nnadi et al., 2019).

84



= Awkuzu

-

W ——
- -
KpS&r__—— " Ogbunike L e Lis A )
Abago‘to Nimo Agu.lu
/,316_“'.“

Isuofia
-

Iﬂboilm Elwvu- Tuobia

LEGEND
I | Ogwashi-Asaba Formation Imo Shale
< -~ = e : Road Network
Scale ;: Nanka Sands
| | Aluvium — |Coologic Boundary
( b ) Amoki Formation E‘Rlvers

] study Area

Figure 4.1: (a) Anambra State map showing study area, (b) Geological map of the study area.
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4.2 Methodology

4.2.1 Theory electrical resistivity method.

Resistance (in Ohm) is a resistance measurement of a given size of a specific material to
electrical conductivity (Binley & Kemna, 2005; Doetsch et al., 2015; Zhdanov, 2018). In a
resistance conducting cylinder ‘OR’, length ‘OL’, and cross-sectional area ‘0A’ as shown in
Figure 4.2, the resistivity ‘p’ is given as the most variable physical properties. Most minerals-
forming rocks are insulators, and electrical current ‘I’ is carried through them mostly by ions
in pore fluids. Thus, the majority of rocks carry electricity by electrolytic rather than electrical
processes (Kearey et al., 2002).

As in Figure 4.2, a current ‘I’ was passed through the cylinder, resulting in a potential drop
‘~3V’ between the ends of the element.

Ohm’s law state that;

dRIA
= 4.1
oL

Ohm-meter (Q2-m) is the SI unit of Resistivity.

Figure 4.2: Conducting a cylinder of resistance 0R, length 0L, and cross-sectional area 0A
0V = ORI 4.2
From equation (4.1), we have that

av pl
& _ P 4.
oL o4 3
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Consider a single current I electrode on the surface of a medium of uniform resistivity p as

shown in Figure 4.3 below.

Figure 4.3: Current flow through a single surface electrode

The Figure 4.3 shows the current flowsaway radially from the main electrode so that the current

circulation is uniform over the source-centric hemispheric shells. Current density 1, from the

source with distance r, is given as:

. 4.4

2 r?

From eq. (4.3), the potential gradient associated with this current density is:

a_V = —pl = — Pl
ar pt 2mr? 4.5
Therefore, V at distance r is given by
_ _ _ [pir _ pI
V,= [0V = on'rZ = 4.6

The constant of mtegration is zero, since Vr =0 when r—o0. The calculation of the potential at

any location or below the surface of a homogeneous half-space using Eq. (4.6).

Similarly, consider the following scenario, the current drain is a fixed distance from the source,

as 1llustrated i Figure 4.4. Vc= Va + Vg gives the potential V¢ at an mternal electrode C.

From equation 4.6
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Figure 4.4: Generalized form of the electrode configuration used in resistivity measurements

Because absolute potentials are difficult to measure, the potential difference AV across

electrodes C and D is calculated as follows:

av=v.=v =2 {(5 —7) -G %))

Therefore:

R Ce=RE “'9

When the field of study is homogeneous, the resistivity p calculated by eq. (4.9) is constant and
not depending on the electrode spacing and surface position. The resistivity will change with
the relative positions of the electrodes if the subsurface is uniformly maintained regardless of
the variables (Philip et al., 2014; Onugba & Yaya, 2008). The calculated value is called
apparent resistivity ‘pa’ and is a function of inhomogeneity body. Eq. (4.9) is the basic equation
for calculating ‘pa’ for any electrode array. Assuming that the constant term in bracket is K, eq.
(4.9) becomes:

__ 2mAV
I

K. 4.10
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The geometric factor is free of the field electrode arrangement used in the study. The change in
the value of resistivity ‘p’ with electrode spacing makes it possible to determine the variation
of resistivity with depth (Campos & Pérez, 1989; Onugba & Yaya, 2008). As a result, apparent
resistivity is the resistivity that the earth would have if it was homogenous (Samouélian et al.,
2005). Because it does not measure average resistivity, it might be lower than the lowest and

higher than the highest within the subsurface to which it relates (Besson et al., 2004).

4.2.2 Electrode configuration and choice of field procedure

The general resistivity formula, measured by four electrodes, is simple for some geometry of
current and potential electrodes. The most commonly used configurations are Wenner array,
Schlumberger array, and dipole-dipole array, but dipole-dipole used for this research due to its
relatively high lateral and vertical resolution (Coskun, 2012). Employ mostly in the electrical
survey method for landslide investigation and slope failure remedially (Friedel et al., 2006;
Rezaei et al., 2019). This array also has been, and is still, widely used in resistivity and IP
surveys because of the low electromagnetic (EM) coupling between the current and potential
circuits (Schmutz., 2014; Van Schoor, 2002; Ward, 1988). With proper geophysical equipment
and survey techniques, this array has been successfully used in many areas to determine the
cause of the structural failures, such as cavities, and the horizontal resolution of this array is
advantageous.

In the dipole-dipole configuration as shown in Figure 4.5, the spacing of the electrodes in each
pair is a, while the distance between their midpoints is L. This implies that: r1=rs =L, r3 =L-a
and rz = L+a.

The measured resistivity is

p =ﬂ(@), 4.11

I a?

We have from (4.11)

p = 7R (M) 4.12

a?
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Figure 4.5: Dipole-dipole configuration of current and potential electrodes (Ph Kearey et al.,
2002; Telford et al., 1990).

4.2.3 The Mathematical Symbols of the Induced polarization (IP)

The value of a residual voltage amplitude divided by the direct current potential value
immediately after the current cut-off will give you the chargeability in milliseconds (mV / V)
(Gautam & Biswas, 2016). The chargeability can be defined in the time domain as

fois Vsdt)_ 4.13

Vbc

The original and perturbed conductivities are the models using mn calculating the apparent IP,

and they are as follows:

me = [¢(0p) — Hopc)1/ Hope) 4.14
op = (1 —m)op, 4.15

where 6DC 1s the conductivity measured through the normal resistivity survey, and the effect
of the chargeability is to decrease the effective conductivity to oIP and ¢ is the calculated
potential. It depends on electrical ground charging to detect materials that have been able to
store electrical charges for some time. The chargeability is the ability of the field material
(measured in mV/V) and, estimated by measuring the voltage decay at a point when the current
1s off, divided by the measured potential (Vo), measured during the current injection (Martinez

et al., 2019; Zhdanov, 2017).

4.3 Data Collection
The 2D Geoelectric Resistivity Imaging used was similar to combining vertical electrical

sounding technique with electrical profiling (Ahzegbobor, 2010; Andrews et al., 2013). It
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involves the resistivity computation from electrodes placed along a line using dipole-dipole
array separations. This field survey configuration procedure is repeated many times by
combinations of current and potential electrode profile positions. In this research, a 2D
resistivity survey was carried out using 42 electrodes connected to multi-core cables, and the
area covered was extended along the survey line using the roll-along technique (Bernstone et
al., 2000; Dahlin et al., 2002).

We collected resistivity-1P data at four landslide sites in a straight profile through a Multi-
electrode resistivity imaging system using ABEM Terrameter SAS 4000 and ABEM LUND
ES464 electrode selector system.

4.4 Data Interpretation

The 2D resistivity and IP chargeability data collected from the survey field were in the file
format of .s4k. Using the Terrameter utility software, the data were converted to interpretable
format (.dat). Then, using the RES2DINYV inversion algorithm, datasets for each traversal were
inverted simultaneously (Aizebeokhai et al., 2016; Loke & Barker, 1996). The RES2DINV
program applies a non-linear optimization technique that automatically calculates the inverse
model of the 2D resistivity and chargeability distribution of the subsurface for the apparent
resistivity and chargeability (Loke, 2004; Loke & Barker, 1996). The software subdivides the
subsurface layers into several quadrilateral blocks based on the distribution and density of the
observed dataas well as the parameters of the survey (electrode arrangement, electrode spacing

and position, and data level) (Loke et al., 2013).

4.5 Results and Discussion

For this study, eight profiles were acquired, two profiles each for a study site, one for 2D
resistivity, and the other for 1P-chargeability as shown in Table 4.1. Each profile consisted of
48 clectrodes, forming a mesh, with an electrodes’ spacing of 5.0 m, and 31.1 m as the
maximum investigation depth for all profiles. The chosen electrode separation is a compromise
between resolution and depth of investigation.
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Table 4.1: Characteristics of the acquired ERT and IP profiles.

Site Name Profile Coordinates Location | Profile | Electrode | Numberof | Survey | Direction
and Number length Spacing Electrodes | Method
Number (m) (m)
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4.5.1 Ekwulobia Site 1 (ER and IP) line 1:
First, the analysed resistivity and chargeability values measured in the field have calculated
RMS errors of 41.4%, acquired in NW-SE direction, Km 12, Aguata-Ekwulobia Road.

The analysis of the ERT profile (ER line 1 in Figure 4.6a) makes it possible to deduce the
geological model of the basin in Figure 4.6b. The values close to the surface generally present
lower resistivities, ranging from 5.71 to 85.5 ohm-m. This group interpreted as the detrital
sedimentary weathered zone, made up of clayey conglomerates or silty clay deposit, immersed
in clay facies (Quaternary colluvium). After this structure comes geological structure with an
intermediate resistivity between 287 to 1282 ohm-m. It could be interpreted as clastic fine to
medium sand and alluvium (see Figure 4.6b). The highly clayed contentand aquifer salinization
might lead to low resistivity in the centre of the ER line 1 section, 10 m depth. However, this
contrast in resistivity values at the surface and the bedrock is abrupt. The Palaeozoic bedrock
is composed of coarse sand plus gravel in this sector, which present very high resistivities, over
6494 ohm-m. These high resistivities formed a gravel boulder at the topsoil. Important
variations in thickness (40 to 90m) of this sedimentary cover in adjacent sectors reveal the
complex shape of the basin and the presence of fractures.

In IP line 1 shown in Figure 4.6¢, it can be observed that chargeability values increased with
clay/ water content making the salinity composition of the electrolyte influence the occurrence
of maximum chargeability values. In this research work, the results from the Induced
polarization (chargeability) did not contribute so much to the interpretation of the geologic/
lithology features. However, when the normalized chargeability results were analysed, there is
a difference between the layers with high clay content and the coarse material, which showed
that the normalized chargeability is dependent on the mineralogy of clay and its contents. IP
line 1 model indicates two major chargeability range, the most obvious one was the low
chargeability value between 4.01 to 13.6 mV/V, located at the saturated zone based on the
resistivity values at depth 3.88 to 13.4 m, interpreted as the clayey water-saturated zone due to
low resistivity and chargeability value. At a depth of 14.8 to 22.1 m, the saturated zone has a
high chargeability value of 48.9 to 176mV/V. Thus, this area was identified as the bedrock.
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Figure 4.6: (a) 2D inverse model resistivity, (b) Geologic cross-section interpreted from the
resistivity model, and (c) 1P-chargeability for Ekwulobia (site 1).

94



4.5.2 Oko Site 2 (ER and IP) line 2:

From line 2, the analysed field values of the resistivity and chargeability measured in the field
have calculated RMS errors is 50.8 %, acquired in the direction of NW-SE, Km 10, Ekwulobia-
Oko Road.

This line has analysed resistivity reading ranging from 2.67 ohm-m to more than 22925 ohm-
m (see Figure 4.7a) with the extracted geological model of the basin in Figure 4.7b. The highest
range of resistivity values is between 7329 ohm-m to more than 22925 ohm-m. These are
colours represented from yellow to dark purple, distributed from the left side of the image to
the central part and the central part towardsthe right side of the inverse model resistivity image.
The geologic interpretation of the highest resistivities is coarse sand with the gravel which
formed the bedrock. The medium resistivity values are about 422 ohm-m to 1605 ohm-m, which
are showed by the three colours of green and are mostly located at topsoil and subsoil. These
are interpreted geologically as the alluvium and weathered fine to medium sand. Besides, the
lower resistivity values are between 2.67 to 166 ohm-m, seen in the middle of the left side of
the profile represented by the blue colour. The zone holds the potential groundwater with silty
clay deposits as the lithological interpretation (see Figure 4.7b).

Based on the IP line 2 in Figure 4.7c, two main chargeability ranges can be detected.
Intermediate chargeability values range from 3.51mV/V to more than 7.89 mV/V was
interpreted as the coarse sand basement. The anomalies obtained from this Induced Polarization
(IP line 2) section and represented by the red colour on the profile corresponds to the sand-filled
unit having cracks or fractures. Lower range chargeability values from 0.462 to 2.34 mV/V was
interpreted as the clayey water-saturated zone. The erosional channels in the topsoil helped to
weaken the subsurface and aid slope failure.
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Figure 4.7: (a) 2D inverse model resistivity, (b) Geologic cross-section interpreted from the
resistivity model, and (c) IP-chargeability for Oko (site 2).
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4.5.3 Ezioko Site 3 (ER and IP) line 3:
The analysed values of resistivity and chargeability measured in this site have calculated RMS
errors as 14.3 % and 12.2%, acquired in the direction of E-W, Km 10, Ekwulobia-Nanka Road.

From the 2D resistivity image of Line 3, the resistivity values are from 48.3 ohm-m to more
than 9553 ohm-m (i.e. dark blue to dark purple colour as shown in Figure 4.8a). The higher
resistivities are around 2311 ohm-m to the values greater than 15000 ohm-m at the bottom part
of the image section with light red to dark purple colours, interpreted as the gravelled coarse
sand that aids slope failure shown in Figure 4.8b. Meanwhile, the medium resistivities values
is between 260 ohm-to 1130 ohm-m, distributed dominantly at topsoil and rock fragments in
the image, and indicated by different colours of green. This can lithologically be interpreted as
weathered fine to medium sand plus alluvium deposits. The zones of lower values (48.3 ohm-
m to 260 ohm-m) settled at the bedrock and can be interpreted as the silty clay deposits. This
bedrock has low resistivity values due to its increased ability to conduct electricity and water-
saturated capability.

The IP inversion line 3 in Figure 4.8c, showed that there were two main chargeability ranges.
First, the intermediate chargeability values from 5.89 to >20.1 mV/V was interpreted as the
coarse sand gravel deposits found at the profile depth 17.0 to 25.0 m. At the profile length 46
m, the coarse sand deposit projected to the topsoil forming an erosional channel that weakens
the bedrock and the slope failure at that point is imminent. Next, the low chargeability range
was 0 .0381to 1.73 mV/V. At the profile length, approximately 54 to 104 m, this low
chargeability was lithologically interpreted as the clayey (barren) due to high water-bearing
capability and weathered characteristics. The low chargeability value also observed at a profile

distance of 10 m, and this occurred because of the fractured impact.
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4.5.4 Ubahu Nanka Site 4 (ER and IP) line 4:
The analysed values of resistivity and chargeability measured in this site have calculated RMS
errors as 24.2 %, acquired in the direction of E-W, Km 16, Ekwulobia-Nanka Road.

The analysis of the ERT profile (see ER line 4 in Figure 4.9a) makes it possible to deduce the
geological model of the basin showed in Figure 4.9b. The values close to the surface generally
present lower resistivities, ranging from 95.3 to 381 ohm-m. This group interpreted as the
detrital sedimentary weathered zone, made up of clayey conglomerates or silty clay deposit,
immersed in clay facies (Quaternary colluvium). The lithological composition of this zone
houses the aquifer formation and depot for groundwater. After this structure comes geological
structure with an intermediate resistivity between 761 to 1523 ohm-m. It could be interpreted
as clastic fine to medium sand and alluvium (see Figure 4.9b). The Palaeozoic bedrock is
composed of coarse sand plus gravel in this sector, which present very high resistivities, over
3844 ohm-m. These high resistivities formed a gravel boulder at the bedrock. At the topsoil, a
boulder of rock fragment with different sizes that weathered into sediments of rocks and easily
collapsed in slides plate.

Based on the IP line 4 in Figure 4.9c, two main chargeability ranges can be detected. Low
chargeability values range from 0.0043 t00.118 mV/V interpreted as the clayey deposits. It was
also demarcated as the clayey water-saturated zone. However, the anomalies obtained from this
Induced Polarization section and represented by the yellow colour on the profile corresponds
to the sand-filled unit having cracks. The second range of intermediated chargeability values
are 1.63t05.98 mV/V.
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Figure 4.9: (a) 2D inverse model resistivity, (b) Geologic cross-section interpreted from the
resistivity model, and (c) 1P-chargeability for Ubahu Nanka (site 4).
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4.6 Conclusions

The correlation between 2D, IP, and geologic lithology was very helpful as they provide
complementary results. They provided valuable information as data for understanding the
hydrogeological model of these landslide terrains. The groundwater formation in the study areas
was tampered with by the creep’s events of the landslide. The geophysical survey performed in
the research has proved to be the most suitable tool for understanding the subsurface situation
of slope failure. The resolution of ERT interpretation ambiguity was possible by the normalized
chargeability. This survey showed high values of measured chargeability at different parts of
the profiles because of the large and chargeable surface of the sandy particles with the clay
composition. In general, for resistivity values below 100 ohm-m, the material is expected to
have a high content of clay. Values of electric resistivity greater than 150 ohm-m were
connected to fine to medium sand deposits. High resistivity values above 1000 ohm-m were
lithologically interpreted as coarse tills materials. This high resistivity values were obtained
mostly at the bedrock decreases in value with depth and also, a boulder of rock fragments with
different sizes that weathered into sediments of rocks easily collapsed as the slides plate found
at the topsoil. The electric resistivity shrivelled with depth as the coarse soil materials ranged
from boulders to sand, and the aquifer system was composed of layers of the high content of
clay. Based on the findings, it proved that the study areas have the potential for slope failure
dueto theexistence of features such as weathered zones and boulders and that the soil properties
and compositions contribute immensely to this geo-environmental hazard. By having this, the
remedial steps taken in the event of a slope failure control should also be taken differently and
more efficiently.

In conclusion, further geophysical surveys, such as well-logging, seismic, Transient
Electromagnetic (EM), and Magnetic Resonance Sounding to determine the mineralogy of the
clay in the study areas, should be encouraged. Other areas for further studied include assessing
both the overburden thickness of the bottom layers with high clay content and the boundary

conditions of the groundwater.
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Abstract

Over two decades, incidences of landslides in Nanka Community, Anambra State, Nigeria, in
the eastern phase of Awka-Orlu upland, has been active and persistent, defying many control
measures that have been put in place and causing the loss of property, lives, and assets to
increase. As a result, this research work involves the study of geo-engineering and geophysical
measurements of the slide site to delineate the aerial scale and direction of movement of the
landslide zone, determine the lithological portion, estimate the thickness of the sliding sheet,
and delineate the water-saturated areas. The datawas collected using ABEM Terrameter SAS
4000 and ABEM LUND ES464 electrode selector system and processed using RES2DINV
software for a 2D subsurface image. During data acquisition, a Wenner array was set-up as this
array is capable of imaging deeper profile data, and apparent resistivity is easily calculated in
the field. The results of the models indicate that the study area consists mainly clayey and
sandstone formations, which exhibited low resistivity values correspond to the shale layers and
groundwater zones. However, gravel deposit was also present in some areas, as indicated by

both the imaging and geological measurements.

Keywords: landslide, 2D resistivity, geophysics, lithology
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5.1 Introduction

The use of geophysical methodsfor landslide studieshas increased considerably in recent years.
Geophysical methods are known as indirect methods, and they include non-destructive,
compact approaches that are utilized to cover large regions at a minimal cost (Bichler et al.,
2004; Lapenna et al., 2003). A landslide is a complex geological entity composed of strata with
opposing and gradational physical characteristics (Jongmans & Garambois, 2007). The
increasing complexity of many landslides necessitates the need to investigate their features as
thoroughly as possible (Bichler et al., 2004). Sequel to this, it is paramount to determine the
substructure information of the landslide and its surrounding environment to facilitate reliable
stability assessments and control (Bruno & Marillier, 2000). The main challenges in the
landslide characterization are related to the internal properties and hydrological changes; in
many cases, the boreholes and geological evidence cannot provide accurate information on the
depth and lateral continuity of the failing surface (Sastry et al., 2006). Moreover, geophysical
investigations can provide in situ subsurface conditions (Gowen et al., 2011; Oyedele et al.,
2012), which may, in turn, be converted into geotechnical knowledge on subsoil parameters
towards a full understanding of a slope's physical characteristics (Sastry et al., 2006). The
viability of different direct and indirect geophysical techniques addresses sliding mass details,
such as downward slope movement, thickness, bedrock relief, water table depth, and inner
sliding mass structure (Bichler et al., 2004; Israil & Pachauri, 2003; Sastry & Mondal, 2013;
Sastry et al., 2006).

ERT survey is one of the geophysical tools used to obtain the internal resistivity distribution by
measuring with the survey equipment on the ground surface (Andrade, 2011; Riwayat et al,
2018b; Saad et al., 2012). This technique, known as a non-destructive tool, will minimize the
damage to the site by virtue of its surface methods of measurement (Asry etal., 2012; Samsudin
et al., 2000). Due to its non-invasive to the environment during data gathering, it may be called
a sustainable approach. This ERT method also offers a chance to overcome some of the
difficulties that most traditional ground investigative procedures face (Azhar et al., 2016;
Riwayat et al., 2018b). Furthermore, this technique is known for being less time-consuming
and low-cost while yet offering higher physical property characteristics in undisturbed
environment (Meng et al., 2003; Sass et al., 2008; Sastry et al., 2006). The conventional
approach has numerous flaws, including the fact that it only offers information at the actual
drilling location, requiring interpolation between borings to establish conditions, which might
introduce some uncertainty (Hazreek, 2010; Riwayat et al., 2018a). However, the traditional
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technique is now utilized as a reference and comparison to the ERT results to interpret the
images from the study area (Riwayat et al., 2018b). Overlapping resistance values of different
rock and soil classes relied heavily on many factors, such as porosity, level of water content,
and dissolved salt concentration (Chambers et al., 2006). Electrical imaging has become one of
the effective techniques for infrastructure projects and environmental engineering studies in
recent years. It has high resolution at shallow depths with a superior area coverage of at least
two-dimensional information with automated data acquisition for cost-effectiveness, and the
output presented in an easily interpretable form. Resistivity imaging is a reliable technique that
produces good results (Kaufmann, Deceuster, & Quinif, 2012; Leontarakis & Apostolopoulos,
2013), unlike Electromagnetic methods, which are now ineffective, difficult to mount, and
sometimes affect by disturbances arising from the ground anomalies (Binley & Kemna, 2005;
Coggon, 1971).

Many scholars have worked on landslide menace in South-Eastern Nigeria with different
approaches and methods without a permanent solution to the devastating nature of the slides.
Obiadi et al (2011) studied the primary causes of landslide risk in Anambra State using the
geological assessment method; his findings proved that the expansion and growth of the slides
complex increased due to the nature of the geological formation and seasonal variability of the
groundwater table in the region. Egbueri & Igwe, (2020) in his extensive work on slope failure
in the eastern region of Nigeria using a similar technique, he observed the susceptibility of the
landslide as a function of the topography of the area as well as the stability of the soil, climate,
and degree of afforestation. Among other methods used by the previous researchers, it is evident
that none of the studies carried out a quantitative assessment using the ERT technique to
investigate the rate of gully expansion in the Ekwulobia-Nanka communities in Anambra,
Nigeria.

The following objectives must be achieved for the landslide expansion to be evaluated:
a) to identify the formation of lithology (i.e. the composition of the rock, minerals, and
clay content), and the stratigraphic/structural deformation (i.e. detection of permeable

pathways, fracture zones, and faults).

b) toidentify the hydrological zones and temperature-influenced resistivity.
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c) todelineate the aerial movement of the landslide zone, calculate the depth/thickness of

the sliding layer and mark out the water-saturated zones.

5.1.1 General description of the study area

The study area is located in the Nanka, Orumba-North Local Government Area of Anambra
State, Nigeria as shown in Figure 5.1. It lies between latitudes 6°3126.651*N-6%25.361IN and
longitudes 792153.4111E-7951.8411E. Its neighboring communities are Oko, Agulu, Ekwulobia,
Aguluz-Qigbo, Isuofia, Umuona, and Awgbu. Nanka community comprises of seven villages
including, Agbiligba, Enugwu, Ifite, Amakor, Umudala, Ubahu, and Etti, starting from the
elderly to the younger one. There are two (2) main landslide sites at the Nanka community; the
first landslide site is located in Amakor village and has its geographical coordinates between
latitude 6°2'28.75" N and 7°4'57.2" E; the second site is located in Ubahu village and has its
geographical coordinates as 6°3'13.22"” N and 7°4'33.84" E.

Nanka gully is an ecological disaster, as the erosion induces landslides regularly (Oyedele et
al., 2012). Eke-Ntai in Amako Village, popularized by Ezenwenwe, was said to have been a
bustling slave market during the heyday of human cargo trafficking in the community. The
current issue of erosion in Nanka has its origins in the infamous slave market (Oyedele et al.,
2012). The highly profitable and disguised business of the slave trade conducted within these
two sites led to the development of hidden bush footpaths that have been flooded heavenly by
uncontrolled running water during heavy rain from neighbouring communities that have
precipitated gully erosion (Kern-Simirenko, & Wawro, 1990; Oyedele et al., 2012).

The landslide occurrence is peculiar to the tropical rain forests with half of Southern Nigeria
coverage and is known for its evergreen vegetation and diverse plant species (Ogbuefi &
ljeomah, 2019). Several areas have been severely deforested due to anthropogenic activity,
reducing the land to savannah vegetation in many places (Ukatu, 2019). Geological factors,
such as relief and lithology, and other human activities affect the vegetation in the stud ied area
(Obiadi et al., 2011). Rainy and dry seasons are the two weather-influenced conditions in the

tropical environment of the Nanka community.
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Figure 5.1: Geologic map of Anambra State showing study areas (Ukatu, 2019).
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5.1.2 Climate, Rainfall, and the Vegetation of Anambra State, Nigeria.

Anambra State is within the wet tropical climate in South-Eastern Nigeria with a mean annual
temperature range of 27°C to 34°C, respectively (Obiadi et al., 2011). The temperature is
highest around March—April, as observed by Obiadiet al., (2011) and Chinweze, (2017), when
the Sun moved through the latitude of Nigeria. The rain forest zone of Nigeria has high rainfall
between May-August, and this has a lowering effect on the temperature condition of the study
area. The climate variability has increased rainfall intensity resulting in massive flooding and
storms that aggravated environmental and land degradation issues in Anambra State, Nigeria.
The wind system often comes into the nation around September and progressively spreads
throughout the country until March of the following year, when the sun repeats the cycle
(Obiadi et al., 2011). The rainy season is characterized mostly by flash floods, thunder-storm
and lasts between April to October, while the dry season lasts with high temperature and dusty
atmosphere between November and March. The rainy season also goes with relatively high
temperatures (330) and high relative humidity (85%) (Chinweze, 2017). The vegetation of the
study area is part of the West-African rainforest belt, which has been severely deforested as a
result of anthropogenetic practices, reducing it to savannah vegetation, and the heavy rainforest
has also made light rainforest possible as man's invasion of the ecosystem continues. The study
area has long steep slopes that enhance the speed of runoff that gather momentum to produce
the force that quickly detaches and transports soil particles, resulting in gullies.

5.2 Materials and methods

As shown in Figure 5.2a, the ERT datawas gathered in the research region utilizing an SAS
4000 ABEM Lund Imaging System, a relay switching unit (Electrode Selector ES 464+5m
spacing of electrode takeout), five 100-m multiconductor cables, and steel rod electrodes.
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Figure 5.2: (a) The ABEM Terrameter SAS4000 resistivity meter and ABEM LUND ES464

electrode selector system (Nazaruddin et al., 2016), (b) Wenner array (Batayneh, 2006; Dahlin
& Loke, 1998).
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The electrodes spacing was 5 m, and the profile maximum line was 300 m. The ‘ABEM
Terrameter SAS 4000 and ABEM LUND ES464 electrode selector’ device was designed to
take measurements of resistivity during the data acquisition. In the collection of data, we used
Wenner protocol with a remote cable setup about perpendicular form spread line witha distance
of about 400 m. The field work array spacing expands around the midpoint array while
maintaining an equivalent spacing between each electrode as shown in Figure 5.2b. The Wenner
array is the most beneficial field arrangement for calculating apparent resistivity, especially in
the field with the computer, and the instrument's sensitivity is not as critical as other array
designs (Cubbage et al., 2017). The following configuration equation 5.1 was used to determine
the apparent resistivity;

p =2mar, 5.1

Where:

'p" stands for Apparent resistivity
‘V’ stands for Potential difference
‘1’ stands for current

‘a’ stands for the spacing of the electrodes in each pair

5.3 Data Interpretation

First, the resistivity data collected from the study areas were all in the .s4k file format. Using
the Terrameter utility software, the data were converted to interpretable format (.dat). The
converted data were then imported into the RES2DInv Software package for iterative inversion
modeling after adjustments were made to the inversion settings. For processing the apparent
resistivity data, RES2DINV software was also applied (ver.3.42d) (Loke, 2004).

This iterative program, RES2DINV, employs an inversion method based on the smoothness
restricted least-squares technique (Maclnnes & Raymond, 2001; Sasaki, 1994). The program
automatically generates a 2D model by dividing the subsurface into rectangular blocks and
chooses the appropriate inversion variables for the data, including the damping factor, vertical
to horizontal flatness filter ratio, convergence limit, and iterations number (Muchingami et al.,
2012). Different data formats can be accommodated by adjusting the inversion parameters.

With the help of a finite-difference approach or infinite-element approach, the RES2DINV
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software estimates the apparent resistivity values of the model blocks and compares them to
observed data. The resistivity of the model blocks were altered continuously until the model's
calculated apparent resistivity values match the actual measurement on the ground (Loke &
Barker, 1996; Muchingami et al., 2013). The program generates a pseudo-section for the eleven
survey lines, which is the qualitative means of showing the spatial variability of observed or
computed apparent resistivity (Muchingami et al., 2012; Ramazi & Jalali, 2015). The 2D
tomograms obtained from the ERT geophysical techniques of the survey are shown in Figures

5.4 t05.10 for the six survey lines, respectively.
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5.4 Results and Discussion

The profiles cross-section runs parallel to the NS trending segment along a dirt road (see Figure
5.1). This landslide is one of the largest in Nigeria, with 66 meters deep, 2,900 meters long, and
349 meters wide (Unah, 2020; Wallace-Wells, 2019). The earth subsurface resistivity images
obtained at the study site were shown in Figure 5.4 t05.10 (as inverse resistivity models) with
its geologic cross-section interpreted from the resistivity model within a sequence of the
horizontal sedimentary sequence. The inverted geo-electrical sections of the study area were
obtained through the optimization technique of RES2DINV software by reducing the difference
between the calculated and measured apparent resistivity values.

5.4.1 Profile 1

The inverted resistivity section can be characterized lithologically based on different resistivity
values distribution as shown in Figure 5.4a. This profile is mostly sandy-clay deposit, which
showed non-consolidated minerals such as shale materials, as shown in Figure 5.4b. The low
resistivity value was between 14.3 — 101 Qm, which interpreted as the clayed water saturation
zone located at different zones from topsoil to bedrock. The intermediate resistivity range with
resistivity value 222 Omto 415 Qm that formed the part of the topsoil, subsoil, rock fragments,
and bedrock, can also be interpreted from the inverted section. This was also interpreted as fine
to medium sandstone plus alluvium. However, the zone of high resistivity value (i.e. 761Qm
and above) can be detected at distance from 40.0 to 150m, depth 9.94m to 17.3m. Coarse
sandstone plus gravel is the lithological interpretation. The presence of sandstone boulders of
various sizes in this profile 1 is an evidence that the soil unconsolidation, leading to landslide.
This profile is within the Benin formation (see Figure 5.1). The sediments in this basin, which
was deposited by fluvial processes has been adjudged to be the most recent sediment in the
Anambra Basin. It belongs to Pliocene — Recent age.
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5.3).
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5.4.2 Profile 2

The electrical resistivity tomography section, as shown in Figure 5.5a, was lithologically
interpreted in the geologic section (see Figure 5.5b), showed that wet silty-clay material spread
across all the zones in the profile from topsoil to bedrock. Clay is a softer rock than sandstone,
so it eroded more quickly, and in this context, it makes all zones prone to environmental
degradation. So, it is weathered and probably a clear erosional channel in the zones with
resistivity values ranging from 57.5 to 157Qm. This zone is also a possible source of
groundwater. Another range was the intermediate resistivity value ranging from 246 to 401Qm.
It can also be interpreted as the sandstone plus alluvium material that formed parts of the
bedrock and topsoil, scattered at different depths. However, high resistivity values were also
detected at thedistance of 0 - 40m, depth6.76 - 9.94m with the resistivity values above 649Qm.
Thus, this can be defined as the gravel boulder due to its high resistivity value. The values of
the resistivities correlate with the lithofacies in the Ogwasi-Asaba Formation (Figure 5.1). This
formation consists of dark grey shale and sandy shale and has been characterized using
evidences of sediment reworking. The age has been postulated to be in the range of Late
Miocene—Pliocene (Ola-Buraimo, & Akaegbobi, 2012).
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Figure 5.5: (a) Profile 2 electrical resistivity tomography, (b) Geologic cross-section interpreted
from the resistivity model within a sequence of horizontal sedimentary sequence (see figure

5.3).

123



5.4.3 Profile 3

Based on the resistivity model inversion as shown in Figure 5.6a and geologic cross-section
interpreted as also shown in Figure 5.6b, three resistivity ranges with outstanding demarcation
are found. Low resistivity zone with resistivity values between 0 - 22.7Qm, which was found
at distance 0.0 - 190m interpreted as the weak zone (i.e. clayey topsoil). Next, the intermediate
resistivity range which was between 44.8 — 153Qm. At depth 10.08 — 17.30m with depth
thickness of 7.22m, the intermediate zone was interpreted as the weathered zone (i.e. fine to
medium sandy plus alluvium subsoil). Relatively high resistivity zone was ranged 299 -
>597Qm which dominated from 17.3m and deeper. This zone was interpreted as the coarse
sand plus gravel bedrock. However, the mixed lithological bedrock with resistivity value
>2990m was found separated by a distance 17.3m. Thus, an unconsolidated weathered zone
based on the degree of oxidation or colour was identified at this horizon. This is a phenomenon
normally associated with the Nanka formation of the Anambra Basin. Profile 4 was omitted

because of its geological similarities with profile 3.
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Figure 5.6: (a) Profile 3 electrical resistivity tomography, (b) Geologic cross-section interpreted
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5.4.4 Profile 5

The electrical resistivity tomography section, as shown in Figure 5.7a, was characterized
lithologically based on different resistivity values distributed across the profile, and was
interpreted in the geologic section in Figure 5.7b. We observed wet silty-clay material up-to-
the bedrock 21.5 m depth on the right side and 17.3m on the other side of the profile under the
electrodes from -80 to -60 and 60 m respectively, and the resistivity range of this material is 45
to 145Qm. Likewise, the second zone showed intermediate resistivity values (212 to 445Qm)
with high chargeability to the groundwater. This layer was probably a clear demarcation of the
erosional channels in the other zones that formed the sandstone-alluvium bedrock. The near-
surface materials under the electrode distance from -5 to 10m up to a depth of about 9.94m,
have resistivity value of 642Qm are observed to be alluvium and fine to medium sand deposits,
while the distance from -40 to 25m from the depth of 17.3m to the bedrock shows moderately
high resistivity value greater than or equal to 833Qm, which lithologically interpreted as a
deposit of gravel and coarse sand. This interpretation has been inferred from the fact that the
profile crosses both the Nanka formation and the Imo formation of the Anambra Basin.
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Figure 5.7: (a) Profile 5 electrical resistivity tomography, (b) Geologic cross-section interpreted
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5.4.5 Profile 6

The electrical resistivity tomography section, as shown in Figure 5.8a), was lithologically
interpreted based on different resistivity values distributed across the zone and clearly shown
by the geologic section in Figure 5.8b. The low resistivity values range was between 10.1 —
55.5Qm interpreted as the weathered saturated zone located across all the zones from topsoil to
the bedrock and formed the bedrock. The lithological composition of this is silt clayey deposit
with principal aquifer formation and depot for groundwater. The intermediate resistivity range
is the next with the resistivity values between 125 — 546Qm. This layer interpreted as the
weathered zone composed from fine to coarse sandy plus alluvium material. Another range was
the high resistivity range with resistivity value greater than or equal to 1126Qm, interpreted
lithologically as the coarse-sandy ina mixture of gravel, located at a distance 280 —350m, depth
1.25 —21.5m, and 20.3m depth thickness. It is important to note that this profile crosses both
the Benin formation and the alluvial deposits (see Figure 5.1). Profile 7 was omitted because of
its geological structural similarities with profile 6.
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Figure 5.8: (a) Profile 6 electrical resistivity tomography, (b) Geologic cross-section interpreted
from the resistivity model within a sequence of horizontal sedimentary sequence (see figure
5.3).
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5.4.6 Profile 8

Based on the inversion resistivity model in Figure 5.9a and the perceived geological cross-
section in Figure 5.9b, three resistivity ranges can be detected; low resistivity layer,
intermediate resistivity layer, and high resistivity layer. The low resistivity value was between
33.6 — 123Qm, which was interpreted as the saturated zone located at a distance that covered
the entire profile with 21.5 - >31.3m depth (i.e. silty clayey-sandstone bedrock). This layer is
interpreted as potential groundwater resources in unconfined aquifers in the area. Next, the
intermediate resistivity range which was between 234 — 777Qm. At depth 13.4 — 17.3m with
depth thickness of 3.9m, the intermediate zone was interpreted as the weathered saprolite zone
(i.e. fine to coarse sandy plus alluvium subsoil). Another range was the high resistivity value >
1422Qm. This was interpreted as the Coarse sandy mixture with gravel that formed the topsoil
located at depth 0 — 13.4m. The high resistivity values >2738Qm interpreted as the Coarse
sandstone mixture with gravel that formed the topsoil, which covered the profile. This is typical
of rocks that are underlain by the Nanka formation.
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Figure 5.9: (a) Profile 8 electrical resistivity tomography, (b) Geologic cross-section interpreted
from the resistivity model within a sequence of horizontal sedimentary sequence (see figure
5.3).
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5.4.7 Profile 9

In this profile, a low resistivity zone (8.97—88.4Qm) from the centre of the survey lines to the
end, between 95-195m mark, extends to depths beyond 13.4m (Figure 5.10a). The lithological
interpretation from the resistivity of rocks at this zone showed clayey deposits that combined
with sandstone to form the bedrock (Figure 5.10b). The extension of this low resistivity zone
from the centre suggests the presence of a fracture weathered zone. A distinct intermediate
resistivity section (277 - 878Q2m) between the bedrock and the subsoil mark is found below at
depths >31.3m extend to 13.4m. This zone is a potentially water-bearing fracture that feeds the
shallow subsurface of the profile. The Imo formation have prolific waterbearing capacities (see
figure 5.1). Profile 10 and 11 were omitted because of its geological structural similarities with
profile 9.
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Figure 5.10: (a) Profile 9 electrical resistivity tomography, (b) Geologic cross-section
interpreted from the resistivity model within a sequence of horizontal sedimentary sequence

(see figure 5.3).
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5.5 Conclusions

Geophysical techniques helped us portray and understand the level of destruction caused by the
Nanka landslide, Anambra State, Nigeria, to the lives and properties in the area. Geological and
geophysical investigations were intimated in this research by using 2D ERT profiling. The
profiles were distributed randomly around the study area covering different formations of the
Anambra Basin. The results from the research indicated that this landslide is caused by eluvium
materials that form a heterogeneous body of clayey-sandstone boulders of various sizes, with
the sliding surface (zone) developing along the contact plane between the sandstone bedrock
and the eluvium (weathered). The diverse compositions of the tension troughs, such as gravelly
soil, talus deposit, weathered fractured rock, and breccias, resulted in variability in the
resistivity. The areas with low resistivity corresponded to materials with high soil percentages.
The information from profiles 1 to 7 proved that low and intermediate resistivity values are
responsible for sliding block, while high resistivity values formed the bedrock. ERT profiles 8
to 11 also indicate that high resistivity values correspond to the sliding block, while low
resistivity values correspond to the shale layers and groundwater zones. The groundwater level
in various parts of the site was a product of intense rainfall during the rainy season.

The formation of the Nanka landslide is related to the morphology of the terrain, climatic
conditions (rainfall), and human intervention. In this way, from the uncontrolled flooding from
rainfall and slope saturation by water, in the central parts of the studied area is formed a shallow
landslide. It also noted that in the eastern part of the studied area, the cliff was in critical
condition to the potential of land-sliding. The existence of features such as fractures and
boulders have also the potential of slope failure. Thus, this concludes that this study successfully

investigates the landslide slope by using 2D resistivity and geologic characterization.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction

The study was conducted using High-Resolution Geophysical Imaging and Characterization at
the severe landslides’ vicinities in South-Eastern Nigeria for Uni-Vario-Seasonal degradation
monitoring and Civil Engineering remediation. The research work used both geoelectrical
‘(vertical electrical sounding (VES), 2D Electrical Resistivity Tomography (ERT), and
‘Induced polarization)’ and geotechnical methods (particle-Size analyses, compaction,
Atterberg limits, and shear strength tests) to study the landslides at the different parts of South-
Eastern Nigeria. The results generated from each research method complement each other in

terms of findings and other lithological similarities.
6.2 Summation of the findings

From the course of the research work, the following findings were made;

1. The geoelectrical results from the Nanka landslide proved that the values of recording a
continuous spatial pattern, high-resolution VES data for monitoring of the subsurface,
demonstrated the advantages of this method over other field techniques and traditional
surface mapping. The spatially continuous VES survey of this form allows for volume
measurement, separation of different zones, and identification of activities at the gully rim

even within the gully interior.

2. The percent increase in the sand with depth at topsoil/subsoil soil was generally not well
graded with a high content of fine fraction at the Nanka slide. The textural characteristics
of the analysed samples proved that the sand fraction ranges from 69% to 81% with a mean
value of 77.8%, gravel ranging from 1% to 2% with approximately 1% mean value, and the

silt+clay values also ranging from 18% to 23% with 21.2% mean value.

3. The research results showed that the underlying strata have a low amount of shrinkage
potential and plasticity that resulted in the highest instability of the binding materials at
sub/topsoil and thereby resulted in the vulnerability of the underlying soil materials to

erosion.
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From the Nanka site, the liquid limit, plastic limit, plasticity index, maximum dry density,
and optimum moisture content have average values of 34.92%, 23.31%, 11.61%,
1.86Mg/m?, and 10.18%; respectively. The low value of the liquid limit of the underlying
strata was due to the low amount of fine fraction and suggests that the soil can transition
from one state of consistency to another with minimal change in water content. The site's
curvature coefficient (Cc) ranged from 0.198 to 0.243, which resulted in uniformly graded

soil. This pattern indicates lowering cohesion and soil cracking resistance.

. The soil shear strength samples decrease with depth at the respective gully sites, which is
why the coherent top/subsoil helps to initiate the gully process by encouraging overland

flows that lead to the formation of rills and eventual landslides.

. The regolith thickness contour map and other contour maps showed that the landslide was
active, shallow, with material slumps and runout slides. The high void ratio of the cohesion
soil resulted in high infiltration rates, resulting in higher flow velocity and internal erosion

potential.

. The landslides in South-Eastern Nigeria showed that the formation of the slides into the top
red laterite layer of soil tends to be more controllable than the cut in the sand without
cohesion. Soil properties and formations, among other factors, contribute immensely to
landslide development. Soil that is predominantly sandy with a high ratio of void and low
density is most susceptive to a severe landslide. Once the underlying uncompacted soil with
a high void ratio and poor porosity penetrated, the gully formation increases. This is due to
the loose nature and failure of the roots of the plant totie the soil particles together as related

to the study locations.

. The 2D, IP, and geological lithology correlation provided valuable knowledge for studying
the hydrogeological model of these landslides’ terrains. The formation of the groundwater
in the study areas has been affected by creeps’ events of the landslide. This survey obtained
high values of measured chargeability at different parts of the profiles because of the large

and chargeable surface of the sandy particles and the clay mineral composition.
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10.

11.

These high resistivity values obtained mostly at the bedrock decreases in value with depth,
and a boulder of rock fragments with different sizes that weathered into sediments of rocks
easily collapsed as the slides plate found at the topsoil. The electric resistivity shriveled
with depth as the coarse materials ranged from boulders to sand, and the aquifer system is

composed of a layer with a high content of clay.

The findings proved that the study areas have the potential for slope failure due to the
existence of features such as weathered zones and boulders and that the soil properties and

compositions contribute immensely to this geo-environmental hazard.

Finally, the lithologies of the vertical geo-electric section showed the slides layers are
sandy, clays, gravel, alluvium, natural water (sediments), which was also confirmed by

geotechnical results.

6.3 Preventive measures

In view of athorough investigation of the causes, development, consequences, and remediation

of landslides in South-Eastern Nigeria, the following control measures are suggested to assist

the agencies, government, researchers, and affected communities, to overcome this geo-

environmental problem. They include;

The initiation of human-induced landslides activities such as unlawful and imprudent
destruction of topsoil, overgrazing, continuous harvesting, disposal of garbage and

obstruction of drainage, etc. must be avoided.

Annual monitoring of the sliding therein with modern geophysical equipment to offer pre-
information on the subsurface conditions is highly needed.

The government should provide modern geophysical equipment and money to higher
education geophysics and geology students to conduct student research in the impacted

areas.

. Proper scientific documentation of prior events/occurrences at the erosion site is required

since they will always serve as a reference for future studies.

Government, non-governmental organizations, and community representatives must

periodically educate the public, particularly those from impacted areas, about the
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implementation of farming and other modes of human action that would not intensify

landslide initiation.

f. Laws guiding building construction should be enforced by the governments and
organizations involved to prevent future blockage of drainage systems. The agencies need
to map out the entire area devastated by landslide to guide property developers and builders

to build anti-slide structures.

g. Government at all levels and community leaders should be proactive in stopping the threat

of landslides quickly before property and life losses occur.

h. In order to prevent the development of landslide characteristics, proper soil and
environmental impact assessment should be carried out prior to the location of any

infrastructure.

i. Itis vital to promote crop and tree planting on flood plains through afforestation and reduced

unnecessary deforestation.

j. Path and drainage maintenance must be imposed on giant control geoengineering systems,
as these systems inevitably guide the runoff water that breakdown often, resulting in more

severe harm.

6.4 Recommendations for future research

Further geophysical surveys, such as well-logging, seismic, Transient Electromagnetic, and
Magnetic Resonance Sounding to determine the mineralogy of the clay in the study areas,
should be encouraged. Further studies should include assessing the thickness of the bottom
layer with a high clay content and the groundwater/ aquifer boundary conditions. Geotechnical
students from other institutions should be encouraged to investigate the landslides phenomena
in their environment to suggest to the masses, government, and their communities how to check

this global environmental disaster.
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