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ABSTRACT 
 
The disposal of waste materials by burial is the oldest form of solid waste disposal. A major concern 
with the usage of traditional dump sites is the potential of polluting groundwater. The pollution 
could be metals, microbes or other substances. This problem of groundwater contamination from 
refuse disposal especially those located uphill are worsened when communities that rely on dump 
site disposal system also depend on private wells for drinking water. Wastewater often makes its 
way into other water bodies. Water runoff from rain may wash contaminants into the surface waters. 
A more significant hazard is when pollutants from the drain field move quickly through the soil and 
potentially into the groundwater making the supposed potable water unusable. The application of 
methods involving identification of anisotropic behavior and heterogeneities in rocks has become 
increasingly acceptable because these methods provide adequate knowledge about the presence 
of fractures and their directions. Observed changes in apparent resistivity with azimuth are typically 
used for such interpretation which indicates fracture anisotropy. Due to repeated cases of 
groundwater pollution in the area, this study researches into the application of surface geophysical 
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methods to detect bedrock fractures and to estimate hydraulic properties of the fractured bedrock in 
order to determine the direction of  wastewater flow from a dump site located uphill into a public  
borehole. Azimuthal Square array was used to detect fractures in bedrock in parts of Owo area in 
Ondo State, Nigeria. Apparent resistivities measured at four locations near the dumpsite changed 
with the orientation of the array. Scattered plots and Graphical interpretation of the technique 
indicate that a dominant fracture set is oriented NW/SE. Hydrochemical analysis of water samples 
collected from three hand dug wells around the dump revealed presence of leachates. The 
presence and interconnectivity of fracture zones in almost all the sampled points even at the over 
burden in the study area provide pathway for easy movement of the waste water. 
 

 
Keywords: Dump site; leachate; water pollution; Azimuthal square array; fracture; anisotropy. 
 
1. INTRODUCTION 
 
One part of this study assesses the ability of 
direct-current (dc) resistivity methods to detect 
bedrock fractures. Till now, Dc-resistivity 
methods have been successfully used by a 
number of investigators to detect bedrock 
fractures [1-20]. Most of these investigations 
have used collinear arrays (Wenner or 
Schlumberger) rotated about a fixed center point 
to measure azimuthal variations in apparent 
resistivity that are related to sets of similarly 
oriented, steeply dipping fractures [21]. 
 

Habberjam [22] showed that a square array is 
more sensitive to anisotropy in the subsurface 
and requires less surface area than collinear 
arrays. Recently, dc-resistivity surveys using a 
square array have been conducted to detect 
productive fracture zones in crystalline bedrock 
for ground-water supply [23-24]. These studies 
verified Habberjam's earlier work, showing that 
the square array has a greater sensitivity to a 
given bedrock anisotropy and requires less 
surface area than collinear arrays. This prompted 
the use of a square array for this study in parts 
of the Owo area in order to detect subsurface 
fractures liable to contributing to ground water 
pollution in the area due to the placement of a 
dump site uphill of the borehole. Azimuthal 
Resistivity Soundings were also carried out at the 
same locations to further verify the presence of 
subsurface features. To verify the presence of 
leachates from the dump site, water samples 
were taken from three hand dug wells at an 
average depth of 3.5m around the dump site for 
hydrochemical analysis.  
 

1.1 Location and Geology of the Study 
Area 

 

The area under study is located in Owo in Ondo 
State, Southwestern Nigeria. It is situated 
between latitudes 7°10'N and 7°11'N, and 

longitudes 5°34'E and 5°36'E (Fig. 1). 
Geologically, the area is situated on the 
Basement Complex of Nigeria which marks 
about 50% of the total area of Nigeria. The rocks 
underlying the area are the Migmatite-Gneiss 
Complex (MGC) rocks. The geological survey 
earlier carried out in the area showed that the 
site where this investigation was carried out 
comprises of Migmatite and Undifferentiated 
Schist. The geological map of the study area is 
shown in Fig. 2. 
 

1.2 Theoretical Background 
 
The square array was originally developed as an 
alternative to Wenner or Schlumberger arrays 
when a dipping subsurface, bedding, or foliation 
was present [25]. Habberjam [26] gave a 
complete discussion of the square array and 
methods of data analysis.  
 
Geoelectrical resistivity field data are acquired 
using earth resistivity meter commonly referred 
to as Terrameter. The equipment is portable, 
light weight and relatively cost effective when 
compared with other geophysical data acquisition 
systems. A dc-resistivity survey using the 
square-array method is conducted in a manner 
similar to that for traditional collinear arrays. The 
location of a measurement is assigned to the 
center point of the square. The array size (A) is 
the length of the side of the square. The array is 
expanded symmetrically about the center point, 

in increments of A(2)
½

so that the sounding can 
be interpreted as a function of depth [25]. 
 
For each square, three resistivity measurements 
are made, two perpendicular measurements 
(alpha, α and Beta, β) and one diagonal 
measurement (Gamma, γ) (Fig. 3). The α and β 
measurements provide information on the 
directional variation of the subsurface apparent 
resistivity (ρa, Ωm). 
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The azimuthal orientation of the (α) and (β) 
measurements is that of the line connecting                    
the current electrodes. The measurement serves 
as a check on the accuracy of the 
measurements. 

 

AB represents current electrodes while MN 
represents potential electrodes. 

 

In an isotropic medium, 

  

 ���
 = ���

  therefore ���
 = 0                       (1) 

 
And in a homogeneous anisotropic medium,  

 
��� � ���

− ���
                                             (2) 

 

Where �a = apparent resistivity (Ωm).               
Apparent resistivity is determined using the 
equation: 

 

�� =  
   �∆�

�
                                                   (3) 

K= geometric factor for the array; ΔV= potential 
difference, in V; and I= current magnitude, in A. 
 
For the square array, 
 

K = 
���

��(�)�/�                                                  (4) 

 
Where A= square-array side length, in meters 
[25].   
 

1.3 Sensitivity to Anisotropy 
 
To correctly interpret azimuthal dc-resistivity data 
over fractured rock, the bedrock must behave as 
an anisotropic medium. Satisfying this requires 
the electrode spacing to be large with respect to 
the fracture spacing [5]. The square array has 
been shown to be more sensitive to anisotropy 
than the Schlumberger or Wenner array [22-23]. 
For the square array, the ratio of apparent 
resistivity measured perpendicular to fracture 
strike (ρat) to apparent resistivity parallel to 
fracture strike (ρa1) is called the apparent 
anisotropy (λa). 

 

 
 

Fig. 1. Base map of the study area 
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                                            Legend 

 

                                      
 

 

                                          
 

Fig. 2. Geological map of the study area (Extracted from geological map of Ondo State by NGSA) 
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Fig. 3. Electrode position for square-array measurement 
 
2. METHODOLOGY 
 
The main field equipment employed for this                
work was the ABEM Terrameter SAS 300. It is a 
single unit consisting of a transmitter, a receiver, 
and a microprocessor. Other accessories of the 
SAS 300 used include the current cables, 
potential cables, stainless steel electrodes of 
length about 57cm, Nickel-Cadmium batteries, 
battery charger and Global positioning system 
(GPS).  
 
A total of four locations were sampled with 5-m 
intervals and the locations are denoted as ASA 
01 to ASA 04. At each of these locations, 
electrical resistivity survey was carried out using 
the square array technique along four directions; 
N/S, E/W, NE/SW, NW/SE corresponding to 90°, 
180°, 270° and 360°. 

 
The maximum spread of AB/2 is 70m. Lines of 
the resistivity of the same value along different 
azimuths were joined together, thus resulting in a 
polygon. A set of such polygons obtained 
corresponding to different AB/2 separations is 
known as a polar diagram or anisotropy polygon.  
For an isotropic homogeneous formation, this 
polygon will assume a circular shape. Any 
deviation from a circle to an ellipse is indicative 
of anisotropic nature of the formation [6]. The 
major or longest axis of the ellipse, which can fit 
any of such anisotropic polygons, gives the strike 
direction of the fracture.  
 
Coefficient of anisotropy is a useful parameter               
of an anisotropic medium and can be estimated 
as:   
 

λa = �
���

���
�                                               (5) 

 
The co-efficient of apparent anisotropy (λa) 
which is designated here as the degree of 

fracturing is calculated from each anisotropy 
ellipse fitted through each polygon.  
 

The calculated values of λa are then plotted 
against the corresponding AB/2 separations. The 
behavior of rock fracturing at various depth 
equivalents to different AB/2 separations can 
thus be understood qualitatively from the 
variation of λa. For this study, the apparent 
resistivity anisotropy polygon was plotted and 
coefficient of anisotropy was calculated for each 
station, using the methods of Habberjam and 
others [22-29].    
 

3. RESULTS AND DISCUSSION 
 

Data collected were analyzed by plotting the 
apparent resistivity against the azimuth for each 
electrode spacing of the Azimuthal Square Array. 
Fracture strike can be determined graphically or 
analytically. In this work, the graphical analysis 
mode was used. Here, the values of apparent 
resistivity measurements for each square 
orientation are plotted against the azimuth for 
that square yielding anisotropic polygons (Fig. 4). 
The anisotropy polygons were gotten by 
selecting specific distances of AB/2 using 1.4 m, 
14.1 m 21.1 m, 28.3 m, 35.4 m, 42.4 m and 
49.5m. From the resulting azimuthal plot 
according to Habberjam [22], the principal 
fracture strike direction for azimuthal square-
array plot is perpendicular to the direction of 
maximum measured apparent resistivity. The 
radial plot is used to describe fracture directions 
at specific positions. The concise interpretation of 
this study has clearly brought out the subsurface 
fracture orientation.  
 

The interpreted fracture directions for the 
selected anisotropic polygon plots are 
summarized in Table 1, indicating the major or 
longest axis of the ellipse, which can fit any of 
such anisotropic polygons. This gives the strike 
direction of the fracture.  
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(g) 
 

(h) 
 

  

(i) 
 

(j) 
 

Fig. 4. Square plots at different AB/2 and Location 
(a) 1.4 m, ASA 01, (b) 14.1 m, ASA01, (c) 28.3 m, ASA 01, (d) 35.4 m, ASA 01, (e) 42.4 m, ASA 01, (f) 49.5 m, 

ASA 01, (g) 14.1 m, ASA 02, (h) 21.1 m, ASA 02, (i) 42.4 m, ASA 03, (j) 49.5 m, ASA04 

 
Table 1. Fracture direction of some prominent points at each location 

 
Location Selected points AB/2 (Square array) Fracture direction 
ASA 01 1.4 m,14.1 m and 35 m NW/SE 
 49.5 m NE/SW 
ASA 02 14.1 m NW/SE 
 21.1 m W/E 
 42.4 m NE/SW 
ASA 03 1.4 m NW/SE 
 14.1 m N/S 
ASA 04 14.1 m NW/SE 
 28.3 NW/SE 

The values of coefficient of anisotropy                     
(COA) calculated for each location are presented 
in Table 2, and were used to plot scatter 

diagrams. These scatter diagrams were 
interpreted to describe the degree of fracture    
with respect to depth at different                      
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electrode spacing (Figs. 5-8). Arrows on             
certain points on each plot indicate areas with 
intense fracture. Higher values of COA indicate 

high degree of fracturing. Table 3 gives the 
summary of the intensity of fracturing at each 
location. 

 

  
 

Fig. 5. Scatter plot for location 1 
 

 

Fig. 6. Scatter plot for location 2 
 

  
 

Fig. 7. Scatter plot for location 3 
 

Fig. 8. Scatter plot for location 4 

 
Table 2. The coefficient of anisotropy for square array at each location 

 
AB/2 Location 1 Location 2 Location 3 Location 4 
1.4 1.58 1.29 1.45 1.2 
2.8 1.2 1.07 1.39 1.1 
4.2 1.2 1.1 1.37 1.3 
7.1 1.12 1.13 1.28 1.2 
9.9 1.12 1.15 1.20 1.03 
14.1 1.1 1.22 1.22 1.24 
17 1.16 1.13 1.13 1.32 
21.2 1.2 1.08 1.08 1.3 
28.3 1.02 1.16 1.38 1.3 
35.4 1.5 1.16 1.22 1.13 
42.4 1.5 1.3 1.3 1.2 
49.5 1.32 1.23 1.23 1.01 
56.6 1.64 1.43 1.43 1.2 
63.6 1.6 1.55 1.05 1.1 
70.7 1.8 1.17 1.23 1.22 
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Interpretation of hydrochemical analysis was 
carried out to establish the presence of   
leachates in three hand dug wells in the vicinity 
of the dump site. This was achieved by 
measuring certain ion concentrations in the 
samples. The major part of the Total Dissolved 
Solids (TDS) includes HCO3, SO4

2-
, and chloride 

of Ca2+, Mg2+,Na2+. 
 
The physical parameters measured are 
temperature, electrical conductivity, color, and 
turbidity. 
 
Generally, the results of all the properties 
measured from the analyzed samples are higher 
than the Nigeria Standards for drinking water 
(NIS) limits. This therefore suggests that 
leachates from the dump have polluted the 
groundwater through the fractures in the 
subsurface. 

 
Table 3. Intensity of fracture with electrode 

spacing at each location 
 
Locations Intensity of fracture with 

electrode spacing 
ASA 01 Fractureis encountered at shallow 

depth but becomes more intense at 
greater depths (from AB/2 = 35.4 m) 

ASA 02 Fracture is intense where AB/2 
=42.4 m and at greater electrode 
spacing. 

ASA 03 Presence of fractures at shallow 
depth and at points AB/2= 28.3 m 
and 56.6 m 

ASA 04 Fracture decreases with increasing 
electrode spacing, and appreciable 
amount of fractures occur at AB/2 = 
14.1 m to 28.3 m. 

 

4. CONCLUSION AND RECOMMENDA-
TION 

 
The study area, Owo, Southwestern Nigeria was 
investigated using Azimuthal Square Array dc 
resistivity method. This technique was used to 
delineate and characterize subsurface fracture of 
the area so as to have adequate knowledge of 
the location of such fractures through which 
leachates from landfill could flow and 
contaminate groundwater. This approach is able 
to identify and correlate the orientations of the 
surface and subsurface fractures, as well as their 
depth extent. 
 
Fracture orientations obtained from the 
geophysical azimuthal soundings earlier 

conducted in the area agrees with those obtained 
from Azimuthal square array. The salient 
features of the effect of this method indicate the 
presence of a localized fracture system which 
shows mainly NE-SW, NW-SE, N-S trends and 
very good degree of fracture.  
 
Scattered plots and Graphical interpretation of 
the technique indicate that a dominant fracture 
set is oriented NW/SE. 
 
The presence and interconnectivity of fracture 
zones in almost all the sampled points even at 
the overburden in the study area provide 
pathway for easy movement of particles. The 
geophysical interpretation indicates presence of 
subsurface fractures as a pathway through which 
leachates from the dump site (as confirmed by 
the hydrochemical analysis) passes to pollute the 
groundwater as it affects the wells in the vicinity 
of the dump. This study therefore shows that the 
source of the contaminant of the water in the 
surrounding wells is the leachate from the dump 
site.  
 
Hence, for domestic and industrial consumption, 
hand dug wells and boreholes should be drilled to 
a depth more than 20m and further disposal of 
refuse on the site should be prevented to avoid 
deeper contamination. 
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