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ABSTRACT
Electrical characteristics and subsurface structures associated with the regolith of Middle Benue 
Trough have been investigated. Vertical electrical sounding (VES) and constant separation 
traversing (CST) techniques were employed for data acquisition along Lafia-Shendam Road, 
Lafia, North Central Nigeria. Forty (40) Schlumberger sounding stations and four (4) Wenner 
resistivity profiles were occupied along opposite sides of the road to delineate and decipher 
the subsurface geological structures. Second-order Dar Zarrouk parameters (longitudinal and 
transverse resistivities, mean resistivity and coefficient of anisotropy) computed from VES 
parameters were also used to evaluate the pseudo-anisotropy characteristics of the regolith 
cover. Geoelectric sequences delineated within the study area include thin topsoil, alluvium 
deposit, weathered layer (laterite and saprolite) and fresh basement. The regolith is hosted by 
a weathered sedimentary rock at an average depth which varies from 10.2 to 37.3 m. The 
regolith structure is not complex and has a greater proportion of conductive laterite. The 
saprolite associated with the host sedimentary rock, masked in the VES technique, is revealed 
as a very thin zone with moderate resistivity in the CST 2-D structures. The predominance of 
laterite in the regolith is also corroborated by the range of values of the coefficient of 
anisotropy and mean resistivity.
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1. Introduction

Road pavement stability and performance are more 
often discussed and evaluated based on pavement 
structure and design specifications. However, the nat
ure, characteristics and competence of the native Earth 
material used as the subgrade can be a significant 
factor in the durability and longevity of pavements 
(Daud et al. 2019; Smaida et al. 2021; Vaiana et al.  
2021). Incorporating geological and geophysical inves
tigations into geotechnical works from the early stages 
of the planning and construction of roads and other 
infrastructures can contribute significantly to cost 
reduction, increased construction safety and avoid
ance of future perennial problems (Georgiadis et al.  
2007). This implies that information on the subsurface 
geological condition at project site is important in the 
selection, design and construction of infrastructures 
(Okagbue and Uma 1988; Smith 1988). For roads and 
highways, the suitability and performance of 
a subgrade in geotechnical works depends substan
tially on its load bearing capacity and volume changes 
(Petry and Little 2002; Biggs and Mahony 2004; Rasul 
et al. 2016; Daud et al. 2019). Load bearing capacity is 
a function of several factors, such as the degree of 
compaction, moisture content, soil type, mineral 

content, etc. A good subgrade is a subsurface material 
that can support a large amount of loading without 
excessive deformation. Also, some soils undergo 
remarkable amount of volume change when exposed 
to excessive moisture or some fluctuating climatic and 
seasonal conditions. Some clay soils shrink and swell 
depending upon their moisture content, while soils 
with excessive fine grain constituents may be suscep
tible to frost heave in temperate regions (Jone 2017; 
Hobbs et al. 2019).

About 95% of the Earth’s crust is covered with loose 
or unconsolidated Earth material from the exposed sur
face to some considerable depth (Hunt 1986). In the 
highly tropical to sub-tropical zones, the upper subsur
face zones are mainly characterised by some regolith 
cover. Regolith occurs extensively both in the 
Precambrian shields, as well as in adjacent and over
lying sedimentary basins in many countries in Africa 
(Ola, 1978, 1980; Omorinbola 1983; Agbede 1992; Key  
1992; Kellett et al. 2004; Obiora 2006; Chardon et al.  
2018). Much of this regolith is residual and consists of 
loose and unlithified soil materials (lateritic soils and 
clay-rich saprolites) which originate from intensely 
weathered bedrock and overlying components of trans
ported material of varying degrees of weathering 
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(Eggleton et al. 2008; Graham et al. 2010; Juilleret et al.  
2014; Pedron et al. 2015). Generally, regolith extends 
from topsoil to the top of the fresh bedrock (Figure 1) 
and in most parts of Africa includes fractured and 
weathered basement rocks, saprolites, soils (laterite, 
sand, clay, etc.), organic accumulations, alluvium, eva
poritic sediments, aeolian deposits and groundwater 
(Butt et al. 1997; Anand and Butt, 1988; Gupta et al.  
2008; Graham et al. 2010; Anand 2016). Since regolith is 
a product of many different geological processes, its 
physical characteristics (resistivity, density, permeabil
ity, porosity, etc.) can be highly variable over short 
distances. Therefore, the characterisation of the physical 
properties of regolith is of utmost importance in many 
mining, exploration, engineering and environmental 
and agricultural investigations and projects (Bishop 
et al. 2001; Munday et al. 2001, 2004; Govindan 2015; 
Pawlik and Kasprzak 2018; Gourdol et al. 2021). In 
some engineering works, regolith must be removed in 
order to construct foundations on bedrock. In other 
cases, it is the regolith itself on which structures are 
anchored or which constitutes the source of material for 
embankments and other earthworks. In hydrogeophy
sical and environmental studies, regolith can also be 
a locally significant aquifer that yields groundwater 
relatively easily and inexpensively (Jones 1985; 
Acworth 1987; Hazell et al. 1988, 1992; Wright 1992; 
MacDonald and Calow 2009; MacDonald and 
Edmunds 2014). However, since regolith lies at the 

Earth’s surface, aquifers in it are much more easily 
exposed to pollution than those in deeper artesian aqui
fers. Several economic natural resources and deposits 
such as minerals are buried within regolith across many 
geological environments (Taylor and Eggleton 2001).

Geotechnical geophysical investigation has proven 
very useful in the imaging and characterisation of 
shallow or near subsurface region of the Earth, typi
cally to depths of about several hundred metres (Keller  
1974; Reynolds 1998; Massarch 2000; Lowrie and 
Fichtner 2019). There has been growing interest in 
its broad applications in the built industry, majorly 
in the construction of engineering structures and 
infrastructures such as roads, bridges, dams, rails and 
houses (Adebisi et al. 2016; Camarero and Moreira  
2017; Romero-Ruiz et al. 2019). Several non-invasive 
survey and mapping techniques that have been devel
oped can provide cost-effective subsurface delineation 
and characterisation of geological deposits and other 
targets of interest. Some of its well-established poten
tials include differentiation between geologic zones 
horizontally and vertically, generation of 1-D cross- 
sections, 2-D maps at desired depths or 3-D images for 
easy virtualisation of subsurface conditions (Romero- 
Ruiz et al. 2019). Among the many geotechnical geo
physical tools, electrical resistivity technique has wide 
spread applications because resistivity or its inverse, 
conductivity, is related to the actual geologic proper
ties of Earth materials (Keller and Frischknecht 1996). 
In addition, among all the geophysical properties of 
subsurface materials, electrical resistivity is undoubt
edly the most variable and depends on geological and 
petrophysical factors such as rock type, porosity, con
nectivity of pores, nature of the fluid and metallic 
content of the solid matrix (Palacky 1987).

The site for this present investigation is situated 
along the Lafia-Shendam Road, Northwest of Lafia, 
Nasarawa State. Lafia lies between latitude 8° 20′ and 
8° 38′ N and longitude 6° 34′ and 7° 30′ E in north
central Nigeria (Chunwate et al. 2019). Lafia-Shendam 
Road is a major highway which connects Nasarawa and 
Plateau States in the northcentral region with Taraba 
and Bauchi states in the northeastern region of Nigeria. 
Some parts of this road had become deathtraps as 
criminal elements take advantage of its dilapidated con
dition to attack motorists almost on a daily basis. The 
journey between Lafia, the Nasarawa State capital and 
Shendam in Plateau State, which ordinarily should last 
for an hour, now takes about 4 hours due to the deplor
able condition of the road. About 60 km of this road is 
characterised by deep potholes with some areas com
pletely washed away (Figure 2). The road was con
structed by the Federal Government of Nigeria in 
1976. Since then, rehabilitation and maintenance have 
been carried on some segments of the road. The 
Nasarawa State office of the Federal Roads 
Maintenance Agency (FERMA) carried out several 

Figure 1. Typical subsurface sequence in a basement complex 
terrain showing regolith (soil, saprolite) overlying the fresh 
bedrock (adapted from Juilleret et al. 2014).
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maintenance works on the road in 1992, 2019 and 2021 
(FERMA 2020). But at the time of this study, several 
portions of the road had dilapidated. The aim of this 
study is to investigate the structure and characteristics 
of regolith along Lafia-Shendam Road using vertical 
electrical sounding (1-D) and constant separation tra
verse (2-D) techniques. The objectives are to (i) map the 
vertical and lateral extent of the regolith cover; (ii) 
delineate regolith constituents, layer thicknesses and 
electrical characteristics (resistivity and anisotropy coef
ficient); (iii) compare the geologic conditions at the 
stable and bad portions of the road for better under
standing of the geological condition responsible for the 
perennial problems of pavement dilapidation.

2. Location and geology of the study area

Nasarawa State is situated in the northcentral geopo
litical region of Nigeria. It lies between latitude 7° 45′ 
and 9° 25′ N and longitude 7° 15′ and 9° 37′ 
E (Figure 3). It is bounded in the north by Kaduna 
State, in the east by Plateau State, in the south by 
Taraba and Benue States and in the West by Kogi 
State and the Federal Capital Territory, Abuja 
(Figure 3). The physical features of the state are partly 
mountainous, some of which are rocky (Nasarawa, 
Nasarawa Eggon, Wamba, Keffi and Akwanga) and 
of undulating highlands with average height of about 
1,400 m above sea level. Places such as Lafia, Doma, 
Awe and Keana are mainly plain terrains (Anudu et al.  

Figure 2. Some sections of the Lafia-Shendam Road showing cracks and potholes on the road pavement.

Figure 3. Generalised geological map of Nasarawa State.
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2012). Soils at the foot of the hilly locations are mostly 
volcanic in nature and therefore loamy and rich, with 
the higher grounds characterised by thin soil. The area 
is composed of very fertile alluvial soil which has been 
deposited by the seasonal flood occasioned by the 
River Benue. The regional soils are those of sandstones 
derived from old sedimentary rocks with widespread 
occurrences of lateritic crust (Akande et al. 1988, 1989; 
Tukur et al. 2015).

The vegetation of Nasarawa State is of the Savannah 
type (Ideki and Weli 2019; Oladeinde et al. 2020). 
The annual rainfall varies between 111.7 mm and 
145.0 mm, and the relative humidity ranges around 
60–80%, with annual temperature varying from 
a minimum of 17℃ for a very cold day to 
a maximum of 35℃ for a very hot day. The average 
annual sunshine hour is about 6.7 per day (Oladeinde 
et al. 2020). The cold months due to the Harmattan 
wind blowing from the Northeast are December, 
January and February. It has two characteristic and 
distinct seasons: dry (November to February) and 
rainy (March to October). This state has rich deposits 
of several solid minerals of economic values such as 
gemstones, barites, gypsum, kaolin and marble which 
are yet to be exploited (Adewumi and Salako 2018).

Nasarawa State is partly underlain by Basement 
Complex rocks (60%) and partly by sedimentary 
rocks (40%) of the Benue Trough (Chaanda et al.  
2010; Adewumi and Salako 2018). The elevated 
Precambrian Basement Complex regions are com
posed of older granite, gneiss and migmatite. While 
the deep zones are filled with Cretaceous sediments 
accumulated subsequent to the Mesozoic evolution of 
the Benue Trough’s subsided graben structure (Wright  
1981; Obaje 2009; Chaanda et al. 2010). The Benue 
trough has been geographically divided into three 
parts: lower, middle and upper divisions (Offodile  
1980). Nasarawa State falls within the middle Benue 
Trough, which is a Cretaceous–Tertiary sediment 
which predates the mid-Santonian (Benkhelil 1989; 
Obaje 2009; Ogundipe 2017). Its southern limit has 
a boundary with the northern segment of the Niger 
Delta Basin, while its northern limit shares a boundary 
with the southern segment of the Chad Basin (Obaje  
2009). The middle Benue Trough is an intracratonic 
Cretaceous rift basin which covers the areas than span 
from Makurdi through Yandev, Lafia, Obi, Jangwa to 
Wukari (Anudu et al., 2019). Along the Obi/Lafia area, 
the stratigraphic succession consists of six Upper 
Cretaceous formations (Figure 4), made up of the 
Asu River Group which include the Albian Arufu, 
Uomba and Gboko Formations (Offodile 1976; 
Nwajide 1990). The lithologic column of the Asu 
River Group is about 1,800 m thick and consists of 
limestones, shales, micaceous siltstones, mudstones 
and clays (Offodile 1976; Offodile and Reyment  
1976; Chaanda et al. 2010). The Cenomanian– 

Turonian Keana, Awe and Ezeaku Formations overlie 
the Asu River Group (Offodile 1980; Wright et al.  
1985). The Awe Formation deposited as transitional 
beds in the Late Albian Early Cenomanian regression 
appeared near Awe, with a thickness of about 100 m 
(Offodile 1976). This formation comprises flaggy, 
whitish, medium to coarse grained calcareous sand
stones, carbonaceous shales and clays. The Keana 
Formation came into existence through the 
Cenomanian regression and deposition of fluvio- 
deltaic sediments. It is made up of cross-bedded, 
coarse-grained feldsparthic sandstones, discontinuous 
conglomerates and bands of shales and limestones 
towards the top. The origin of the Ezeaku Formation 
is ascribed to the commencement of marine transgres
sion in the Late Cenomanian (Figure 4). Its major 
sediments are calcareous shales, micaceous fine to 
medium friable sandstones and beds of limestones. 
The deposition occurred in a supposedly shallow mar
ine coastal environment. The deposition of the Awgu 
Formation terminates the process of marine sedimen
tation in the Benue Trough. Its main constituents are 
bluish-grey to dark-black carbonaceous shales, calcar
eous shales, shaley limestones, limestones, sandstones, 
siltstones and coal seams. The existence of some vari
ety of arenaceous foraminifera in the Awgu Formation 
provides evidence that the deposition occurred in 
marshy, deltaic and shallow marine conditions 
(Obaje 2009; Chaanda et al. 2010). The Lafia 
Formation as the youngest formation was deposited 
under continental condition (fluviatile) in the 
Maastrichtian and overlies the Awgu Formation 

Figure 4. The stratigraphy of the Middle Benue Trough (mod
ified from Abubakar 2014).
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(Figure 4). Its lithology is characterised by ferrugi
nized sandstones, red, loose sands, flaggy mudstones, 
clays and claystones (Benkhelil 1989; Adewumi and 
Salako 2018).

3. Materials and method

3.1. Data acquisition and processing

With the goal of delineating and deciphering the sub
surface conditions along Lafia-Shendam Road, the 
traverses outlined for the field data acquisition exer
cise covered both stable and collapsed sections of the 
road. Traverses 2 (VES 11–20) and 4 (VES 31–40) 
were positioned parallel and opposite to traverses 1 
(VES 1–10) and 3 (VES 21–30), respectively 
(Figure 5). Both 1-D and 2-D electrical resistivity 
techniques were employed for greater confidence in 
interpretation. The 2-D profile was used to mitigate 
the limitations of the 1-D models and to give a more 
accurate representation of vertical and lateral resistiv
ity distributions. The inability of the 1-D sounding 
techniques to incorporate lateral variations in layer 
resistivity is its major demerit (Loke and Barker,  
1996). The basic field equipment for this study 
included the Ohmega resistivity meter (displays resis
tance values digitally) with its accessories, and global 
positioning system (GPS) to record the geographic 
coordinates and elevation of each sounding point. 
Schlumberger electrode array was employed for VES 
data acquisition at all the 40 stations, with current 

electrode spacing (AB/2) varied between 1 and 100  
m. The potential electrode spacing (MN/2) was also 
varied from 0.25 to 5 m. For the CST data acquisition, 
a total spread of 200 m was covered along each of the 
four traverses with probing depth of about 50 m. For 
each electrode movement the resistance (R), for both 
VES and CST procedures were measured and the 
geometric factor (K) calculated based on the electrode 
arrangement. The apparent resistivity (ρa) values were 
computed using the product of the values of K and 
R. The computed apparent resistivity values were 
interpreted quantitatively through partial curve 
matching technique by plotting apparent resistivity 
values against the half current electrode spacings 
(AB/2) on a log–log graph, to generate the layer resis
tivities and thicknesses (Orellana and Mooney, 1966). 
The obtained results were fed into a computer itera
tion software WinResist version 1.0 (Vander-Velpen  
1988), to smoothen the data points and generate the 
iterated values of layer resistivities and thicknesses. 
Surfer 12 software was used for the processing of the 
CST data. The interpreted VES and CST data were 
used to generate the geoelectric sections and 2D resis
tivity structures, respectively.

4. Computation of second-order geoelectric 
parameters

Anisotropy of weathered medium (regolith) is considered 
because the process of weathering of hard rock is not a 
uniform phenomenon and often results in heterogeneous 

Figure 5. Base map of the study area showing the layout of the traverses and VES stations.
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geologic as well as hydrological characteristics of the rock 
formations (Finkl 1988; Anand, 2016). In layered rocks, 
the Dar Zarrouk or second-order geoelectric parameters 
(longitudinal resistivity ρL and transverse resistivity ρT) 
are useful for the treatment of a sequence of layered 
dissimilar isotropic materials behaving as a single 
(bulk), equivalent anisotropic unit (Maillet 1947; Zohdy 
et al. 1974; Henriet 1976; Christensen 2000). The assump
tion here is that the conductivity is uniform in all hor
izontal directions but varies in the vertical direction 
(transversely isotropic layered model). Hence, the resis
tivity parallel to the layering (ρL) is always less than the 
perpendicular to the layering (ρT). Two other quantities, 
the average resistivity, ρm and the resistivity anisotropy 
coefficient, λ useful for determining the pseudo- 
anisotropy of layered geologic sequence are given as: 

λ ¼
ffiffiffiffiffiρT
ρL

r

(1) 

ρm ¼
ffiffiffiffiffiffiffiffiffiffiρTρL
p (2) 

ρL ¼
P

hi=
P

Si where Si ¼ hi
�

ρi
ρT ¼

P
Ti=
P

hi where Ti ¼ ρihi
Si and Ti are the longitudinal unit conductance and 
transverse unit resistance, respectively.

First-order geoelectric parameters (layer resistiv
ities and thicknesses) from VES analysis were used to 

compute second-order geoelectric parameters for the 
regolith materials at each sounding stations. This aims 
to give some valuable information about the main 
subsurface components of the regolith of the study 
area, such as fine-grained clayey bodies (laterite), allu
vial sand deposits or saprolite (gravel/pebbles).

5. Results

The results of this study are presented as geoelectric 
pseudo-sections, 2-D resistivity images and a table of 
Dar Zarrouk parameters. The resistivity sounding 
curve types obtained from the VES interpretation 
include simple three-layer, H, four-layer QH and 
more complex five-layer QQH models. These curve 
types all indicate the existence of a highly resistive last 
layer as the zone where current flow is terminated in a 
typical Basement Complex terrain. QH curve type is 
predominant, accounting for 87.5%, while H and 
QQH types constitute 7.5% and 5%, respectively. 
Samples of these curves are presented in Figure 6. 
Figures 7–10 show the geoelectric sections generated 
from VES interpretation placed above the 
2-D resistivity structures from CST data processing 
using Surfer 12 software. The two representations in 
terms of the variation of resistivity distribution essen
tially reveal three to five geologic layers which include 

Figure 6. Samples of VES obtained after computer iteration using WinResist software.
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moderate/high resistive topsoil, moderate resistivity 
alluvium (at some locations), low resistivity clay-like 
or lateritic layer, very thin saprolite zone (delineated at 
a depth of about 10 m directly above the fresh bedrock 
only through CST technique) and high resistivity fresh 
basement rocks. The second-order geoelectric para
meters computed from the results of VES interpreta
tion are presented in Table 1.

6. Discussion

6.1. Subsurface layers’ resistivities and 
thicknesses

VES results show generally a resistivity distribution 
that has a maximum of five and a minimum of three 
geoelectric layers, viz. first layer (topsoil), second layer 
(moderate resistivity alluvium deposit or laterite), 
third layer (laterite), fourth layer (saprolite) and fifth 
layer (fresh basement rocks). Both VES and CST elec
trical resistivity techniques reveal similar subsurface 
geological representations. Saprolite occurrence in the 
weathered zone is not clearly differentiated from the 
laterite layer in the geoelectric pseudo-sections gener
ated based on the VES results. However, the saprolite 

medium is revealed as a very thin medium of moder
ate resistivity values in the 2-D resistivity images.

6.2. Traverse 1 (VES 1–10)

On the 1-D geoelectric sections (Figure 7), traverse 1 
which depicts regolith thickness in the range 9.4– 
44.8 m is mainly a four geoelectric layer structure 
except at sounding stations 6 and 8 with five and 
three geoelectric layer structures, respectively. The 
first layer is the topsoil. It has resistivity and thick
ness values ranging from 229 to 1143 Ωm and 0.7 to 
1.1 m, respectively. The resistivity range indicates the 
inhomogeneous composition of the topsoil materials. 
The second layer at sounding stations 1, 2, 6, 9 and 
10 is depicted as a moderate resistivity layer in range 
115–267 Ωm (Figure 7). This layer is presumably 
composed of alluvium sand deposits which is most 
likely responsible for the stable pavement at the top. 
Its thickness and depth ranges are 2.6–4.9 m and 
3.0–5.8 m, respectively. The weathered layer is prob
ably a mix of laterite and saprolite with resistivity 
range 18–77 Ωm, which constitutes the second layer 
at sounding stations 3, 4, 5, 7 and 8 which 

Figure 7. Geoelectric pseudo-section (VES 1–10) and 2-D resistivity image for traverse 1.
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corresponds to the failed segments of the road. The 
thickness of the third layer ranges from 6.0 to 26.2 m 
at depths of 9.4 to 41.4 m. VES 5 consists of two 
weathered layers which is evident from its five-layer 
configuration. The last horizon is a highly resistive 
fresh basement with resistivity values ranging from 
565 to 2638 Ωm. The 2-D resistivity image shown in 
Figure 7 reveals mainly four subsurface zones, viz. 
moderate resistivity (green medium at the top, 290– 
600 Ωm) which corresponds to the alluvium deposit 
at some locations, low resistivity laterite (<120 Ωm) 
in the upper two layers at some locations, deeper 
moderate resistivity (about 300 Ωm) thin saprolite 
layer directly above the high resistivity (900–2400 
resistivity) fresh basement rock.

6.3. Traverse 2 (VES 11–20)

This traverse is nearly opposite and parallel to traverse 
1. Regolith thickness across the traverse as shown in 
Figure 8 is in the ranges from 9.5 to 33.6 m. VES 
interpretation for stations 12 and 13 shows a three 

geoelectric layer structure, while the remaining eight 
stations (11, 14–20) are four-layer structures. Non- 
uniform topsoil resistivity and thickness vary from 240 
to 724 Ωm and 0.9–1.7 m, respectively. The second 
layer beneath stations 14, 17, 19 and 20 which show 
stable pavement disposition (Figure 8), consist of allu
vium deposit, which has moderate resistivity and thick
ness values ranging from 145 to 250 Ωm and from 3.7 
to 6.1 m, respectively. However, the second and third 
layers beneath VES stations 11–13, 15, 16 and 18 are 
a weathered horizon which has resistivity values from 
21 to 83 Ωm and thickness from 5.7 to 
27.6 m. The last medium is the highly resistive fresh 
basement of resistivity ranging from 554 to 2773 Ωm. 
Four subsurface zones are clearly shown on the 
2-D resistivity pseudosection (Figure 8), similar to tra
verse 1. The layer sequence encompasses an uppermost 
moderate resistivity (180–550 Ωm) alluvium deposit, 
low resistivity laterite (<120 Ωm), thin and deeper 
zone of moderate resistivity (190–380 Ωm) saprolite 
layer directly above the high resistivity (590–2190  
Ωm) fresh basement rock.

Table 1. Summary of computed Dar Zarrouk parameters from VES analysis.

VES 
No.

Longitudinal 
Conductance 

S

Transverse 
Resistance 

T
Longitudinal 
Resistivity ρL

Transverse 
Resistivity 

ρT
Anisotropy 

λ
Mean resistivity 

ρm
1 0.2829 2043.12 73.17 98.70 1.16 84.98
2 0.2383 1648.22 78.90 87.67 1.05 83.17
3 0.4638 1354.79 44.64 65.45 1.21 54.05
4 0.2510 861.36 49.00 70.03 1.20 58.58
5 0.6883 1352.70 37.48 52.43 1.18 44.33
6 0.9166 3524.03 48.88 78.66 1.27 62.01
7 0.3718 559.04 25.28 59.47 1.53 38.78
8 0.3314 904.63 47.37 57.62 1.10 52.25
9 0.3542 2940.96 82.45 100.72 1.11 91.13
10 0.2799 3366.44 81.10 148.30 1.35 109.67
11 0.2708 820.45 41.36 73.25 1.33 55.04
12 0.1608 1650.67 90.19 113.84 1.12 101.33
13 0.1573 912.70 60.38 96.07 1.26 76.16
14 0.4567 3193.36 73.58 95.04 1.14 83.62
15 0.3202 851.30 44.35 59.95 1.16 51.57
16 0.2706 941.79 46.93 74.16 1.26 58.99
17 0.2083 2481.73 70.08 169.98 1.56 109.15
18 0.3504 1087.73 37.38 83.03 1.49 55.71
19 0.2955 2180.48 62.60 117.86 1.37 85.89
20 0.2333 2845.24 80.58 151.34 1.37 110.43
21 0.4077 4440.06 92.96 117.15 1.12 104.36
22 0.3381 3702.86 83.71 130.84 1.25 104.65
23 0.2948 812.83 36.64 75.26 1.43 52.51
24 0.4003 3152.64 59.21 133.02 1.50 88.75
25 0.1944 1831.91 61.22 153.94 1.59 97.08
26 0.3815 922.59 34.87 69.37 1.41 49.18
27 0.4194 4012.92 70.34 136.03 1.39 97.82
28 0.1896 2684.83 92.85 152.55 1.28 119.01
29 0.2943 1020.53 46.21 75.04 1.27 58.88
30 0.4345 2496.83 60.53 94.94 1.25 75.81
31 0.3535 950.89 45.83 58.70 1.13 51.86
32 0.5166 3460.56 63.30 105.83 1.29 81.85
33 0.2761 2841.02 83.32 123.52 1.22 101.45
34 0.1756 2254.47 76.87 167.00 1.47 113.30
35 0.4579 2055.59 61.37 73.15 1.09 67.01
36 0.3126 1124.16 47.02 76.47 1.28 59.97
37 0.2563 871.22 42.92 79.20 1.36 58.30
38 0.2754 970.85 52.65 66.96 1.13 59.37
39 0.2499 2764.62 87.23 126.82 1.21 105.17
40 0.2003 1820.53 71.90 126.43 1.33 95.34
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6.4. Traverse 3 (VES 21–30)

1-D interpretation of traverse three (Figure 9) depicts 
regolith thickness ranges from 10.8 to 38.0 m. It is 
dominated by a four-layer resistivity structure at nine 
sounding stations (22–30). The exception is VES 21 
which is a three-layer geoelectric structure in which 
the second and third strata combine to give the weath
ered layer. The resistivity and thickness of the hetero
geneous topsoil on this traverse range from 367 to 
1163 Ωm and 0.7 to 1.2 m, respectively. The stable 
road segments at the top of stations 21, 22, 24, 25, 
27, 28 and 30 (Figure 9) are underlain by a second 
layer that is likely an alluvium deposit at a depth ran
ging from 4.1 to 6.0 m. The resistivity and thickness 
values of this layer are in the range 141–284 Ωm and 
3.3–5.0 m, respectively. The second layer beneath 
other sounding stations (23, 26 and 29) as well as the 
third layer along this traverse are composed of laterite 
with resistivity and thickness ranges obtained as 25– 
97 Ωm and 6.1–24.4 m, respectively. The last medium 
is the fresh basement rock which has resistivity ran
ging from 717 to 3489 Ωm. The 2-D resistivity ima
ging pseudosection (Figure 9) reveals mainly four 

subsurface zones, viz. moderate resistivity (green sec
tion at the top), which is alluvium deposit with resis
tivity distribution of 180–600 Ωm, low resistivity 
laterite having resistivity less than 120 Ωm, deeper 
and thin layer of saprolite having moderate resistivity 
of about 380 Ωm overlying the highly resistive (780– 
2780 Ωm) fresh basement rock.

6.5. Traverse 4 (VES 31–40)

Interpretated results suggest a four-layer model for the 
area covered by the 10 VES points. The estimated 
regolith thickness ranges from 11.0 to 32.8 m. The 
inhomogeneous topsoil has resistivity and thickness 
values lying in the range 250–1061 Ωm and 0.8–1.3 m, 
respectively. Similar to traverse three, pavement above 
sounding stations 32, 33, 34, 39 and 40 appeared stable 
(Figure 10). The second layer (alluvium deposit) 
underlying these stations is at depth range of 3.6–5.2  
m, has moderate resistivity that ranges from 198 to 
240 Ωm with thickness range of 2.5–4.2 m. The weath
ered layer composed of laterite and saprolite encoun
tered at a depth range of 11.0–32.8 m has low 

Figure 8. Geoelectric pseudo-section (VES 11–20) and 2-D resistivity image for traverse 2.
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resistivity values of 32–93 Ωm with thickness 7.0–27.6  
m. Current terminates at the resistive fresh basement 
with resistivity range 542–3142 Ωm. The 
2-D resistivity imaging pseudosection reveals primar
ily a four-layer subsurface zones, viz. moderate resis
tivity (green medium at the top, 200–600 Ωm) 
alluvium deposit, low resistivity laterite (<120 Ωm), 
deeper moderate resistivity (310 Ωm) thin saprolite 
layer directly above the high resistivity (970–1960  
Ωm) fresh basement rock.

In geotechnical consideration, a good subgrade 
material should be able to support the loads trans
mitted from the pavement structure. This load 
bearing capacity of a subgrade material is usually 
affected by the degree of compaction, moisture 
content and soil type. A subgrade that can support 
a large load without excessive deformation is con
sidered good. Across the study area, the average 
thickness of the delineated regolith, which is 
majorly lateritic, ranges from 10.2 to 37.3 m. 
Laterite belongs to the clay family. These expansi
ble (shrink-swell), very unstable and easily deform
able (i.e. plastic) soils pose widespread geological 
hazards globally. They present significant geotech
nical and structural challenges to buildings and 

roads. The characteristic volume change is 
a result of changes in their moisture content. 
Swelling pressures can cause heave, or lifting of 
structures, whilst shrinkage can cause settlement 
or subsidence, which may be differential. Hence, 
road pavement laid directly above this expansible 
soil are prone to degradation and dilapidation. 
Conversely, sand has large particles which allow 
this soil to drain water quickly, which is good for 
stability of structures and roads. The retention of 
less water implies lower risk for the building to 
shift around and form structural and non- 
structural cracks. The failed segments of the road 
were underlain by lateritic second and third sub
surface layers directly above the saprolite zones and 
the fresh basement rock. While at the stable seg
ments, the second geoelectric layer is composed of 
alluvium sand deposit of moderate thickness above 
laterite medium.

7. Resistivity coefficient of anisotropy and 
regolith characteristics

Due to the recognition of the importance of homoge
neity and anisotropy concepts in electrical and 

Figure 9. Geoelectric pseudo-section (VES 21–30) and 2-D resistivity image for traverse 3.
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electromagnetic modelling, the evaluation of Dar 
Zarrouk parameters (longitudinal, transverse and 
mean resistivities, coefficient of anisotropy) was incor
porated into the 1-D VES analysis and interpretation. 
This is to provide further insights on the subsurface 
condition so as to decipher the presence and contribu
tion of thin layer of saprolite to the overall electrical 
properties of regolith in the study area. In hydrogeolo
gical investigations, the coefficient of anisotropy sug
gests the existence of layers that could significantly 
affect groundwater flow and functions as a quality indi
cator in the characterisation of geological raw materials 
(Christensen 1992). Table 1 shows explicitly that the 
values of longitudinal resistivity are reasonably lower 
than those of transverse resistivity for all the sounding 
stations which is in agreement with the findings of 
Flathe (1955). This confirms the already established 
theoretical fact that current flow and mean hydraulic 
conduction parallel to geologic boundaries (longitudi
nal) are greater relative to those normal to the boundary 
plane (transverse). These two resistivities are also the 
inputs for computing the average resistivity,ρmand the 
resistivity anisotropy coefficient, λ. Furthermore, the 
variations in the computed λ andρm for the subsurface 
sequence in the study area indicate that the degree of 

heterogeneity (different constituents) of the regolith 
cover is considerably low (Christensen 1992). This sug
gests that the regolith is more composed of clayey sub
stances (laterite) than saprolite, which is composed of 
fragmented rock pieces in the form of pebbles and 
gravel. More intense weathering leads to the continuous 
transition from saprolite to laterite. In addition, sapro
lite is more often form in the lower zones of soil horizon 
arising from deep disintegration or weathering of bed
rock surface. The ranges for λ are as follows: 1.05–1.53 
(traverse one); 1.12–1.56 (traverse two); 1.12–1.59 (tra
verse three); and 1.09–1.47 (traverse four). Anisotropy 
is usually most pronounced in fine-grained lithologies, 
such as silt, clay, etc., and less well developed in coarse- 
grained lithologies like sand, gravel, etc. (Merritt et al.,  
2016). Therefore, the gravel-like saprolite constituents 
in the regolith could be responsible for the low values of 
λ.ρm ranges across the traverses are as follows: 38.18– 
109.67 Ωm (traverse 1); 51.57–110.43 Ωm (traverse 2); 
49.19–119.01 Ωm (traverse 3); and 51.86–113.30 Ωm 
(traverse 4). These resistivity variations further point 
to the existence of a greater proportion of laterite than 
saprolite in the regolith volume at the study location. 
Hence, it is evident that the lithology and sedimentol
ogy of subsurface structures are of profound effect on 

Figure 10. Geoelectric pseudo-section (VES 31–40) and 2-D resistivity image for traverse 4.
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the directional anisotropy of electrical properties of 
geological materials (Merritt et al., 2015). Naturally 
occurring lateritic soils (silty, clay-rich materials) do 
not make appropriate fill material for road construction 
projects due to their poor bearing capacity. Therefore, 
laying pavement directly on lateritic soil should be 
avoided in road construction projects. However, adding 
a stabilising agent like cement or lime may alter the 
properties of this geotechnically weak soil. 
Consequently, additives are frequently used to enhance 
the performance of laterite soil-based pavements.

8. Conclusion

In this study, the electrical characteristics and struc
tures of the regolith cover along Lafia-Shendam Road 
have been investigated using electrical resistivity tech
niques. The regolith thickness varies from very low to 
moderately high values with average values lying 
within the range 10.2–37.3 m. Combined interpreta
tion from geoelectric sections and 2-D imagings reveal 
a maximum of five (5) and a minimum of three (3) 
geoelectric layers, viz. the first geoelectric layer corre
sponds to the topsoil which has resistivity and thick
ness values ranging from 229 to 1163 Ωm and 0.7 to 
1.7 m, respectively. The second layer consists of allu
vium deposit and has resistivity and thickness values 
ranging from 115 to 284 Ωm and 2.6 to 6.1 m, respec
tively. The third layer is composed of a weathered 
layer deposit with resistivity and thickness values ran
ging from 18 to 97 Ωm and 5.7 to 27.6 m, respectively. 
The fourth subsurface zone is the highly resistive fresh 
bedrock. Its resistivity values vary from 542 to 
3489 Ωm.

Saprolite occurrence in the weathered layer, which 
is masked in the VES interpretation, is delineated as 
a thin zone of moderate resistivity values in the 
2-D resistivity images. Dar Zarrouk parameters (long
itudinal and transverse resistivities, coefficient of ani
sotropy) obtained from the VES results show that the 
values of longitudinal resistivity are generally lower 
than those of transverse resistivity for all the VES 
points. On average, the coefficient of anisotropy λ 
and mean resistivity ρm vary in the ranges 1.10–1.54 
and 47.70–113.10 Ωm, respectively, which implies that 
the degree of heterogeneity of the constituents of the 
regolith is considerably low. The gravel-like saprolite 
constituents in the regolith account for the low values 
of λ. The lower limit of ρmvalues is above the typical 
values expected for clay-rich materials, while the 
upper limits are significantly less than the character
istic resistivity values for fractured bedrock. These 
resistivity values reveal a greater proportion of laterite 
than saprolite in the regolith volume at the study 
location. This aspect is now included. Due to their 
weak bearing ability, naturally occurring lateritic 

soils (silty, clay-rich materials) when untreated, are 
not suitable as good fill material for road construction 
projects. However, stabilisation of this geotechnically 
poor soil with additive substance such as cement or 
lime, etc., might improve their geotechnical character
istics. Hence, in order to improve the performance of 
laterite soil-based pavements, additives are typically 
utilised.
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