
237

 © 2016 Okpoli C., Tijani R., published by De Gruyter Open.
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.

Received: August 28, 2015

Accepted: September 14, 2016

DOI: 10.1515/rmzmag-2016-0021

Professional paper

Abstract
Very low frequency (VLF) was used to assess variations 
in overburden composition, bedrock lithology and the 
concealed basement structures within the bedrock of 
Owena Dam in Igbara-Oke of the Precambrian Base-
ment Complex of Southwestern Nigeria. Five VLF-elec-
tromagnetic (EM) traverses were occupied at 5 m in-
tervals. The VLF normal and filtered real component 
anomalies identify major geological interfaces suspect-
ed to be faults/fractured zones. The points of crossover 
between the real and imaginary components delineate 
the fractured zones, which were identified as areas of 
possible seepage (piping and sloughing). The internal 
erosion (permeability) of soil mass eventually leads to 
the formation of an open conduit in the soil, which may 
lead to failure of the embankment/dam. The fractured 
zones are suspected to be present at all traverses. In 
total, 21 fractured zones were identified along the dam 
embankment, with the deepest occurrence at Traverse 
5. These seepage zones cause heterogeneity in the sub-
surface composition, which could lead to dam failure. 
The result of the study suggests that VLF is an adequate 
method of monitoring seepages in embankment dams.

Key words: very low frequency (VLF), dam, Igbara-
-Oke, fault/fractured, embankment

Izvleček
Z metodo zelo nizkofrekvenčnega radijskega polja (Very 
Low Frequency Radio Field, VLF) smo preiskali spre-
menljivost sestave krovne zemljine, litologije matične 
kamnine in zgradbe zakrite podlage na območju nasute 
pregrade Owena v kraju Igbara Oke na ozemlju kom-
pleksa predkambrijske podlage v jugozahodni Nigeriji. 
Izmerili smo pet profilov VLF-EM s petmetrskimi raz-
maki. Anomalije naravnih in filtriranih vrednosti realne 
komponente VLF nakazujejo večje geološke prekinitve, 
ki predstavljajo domnevno prelomne ali razpoklinske 
cone. Točke prekrivanja med realnimi in imaginarnimi 
komponentami indicirajo razpoklinske cone, ki ute-
gnejo biti mesta možnega prepuščanja vode. Notranja 
erozija v prepustnejših delih zemljinske gmote lahko 
vodi do nastanka odprtih kanalov znotraj zemljine, kar 
bi moglo povzročiti rušenje nasute pregrade. Razpo-
klinske cone so nakazane v vseh profilih. Vsega skupaj 
smo ugotovili 21 razpoklinskih con v območju pregra-
de z najglobljo v profilu 5. Indicirane cone prepuščanja 
vode lahko povzroče motnje v sestavi zemljine, kar bi 
utegnilo privesti do rušenja pregrade. Raziskava kaže, 
da je VLF primerna metoda za ugotavljanje prepuščan-
ja v nasutih pregradah.

Ključne besede: zelo nizko frekvenčna metoda, nasuta 
pregrada, Igbara-Oke, prelomi/razpoke, brežine
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Introduction

Very low frequency (VLF) method is tradition-
ally used to study the electrical properties of the 
earth’s crust. This method is relatively cheap 
and the source is always available, although its 
strength differs throughout the day and year. 
The forward and inverse plane wave modelling 
techniques developed for deep earth studies 
have been applied in shallow exploration using 
VLF method. A wealth of 1D [1, 2] and 2D [3] 
models exist for inverse modelling. Recently, 
full 3D models have been utilised [4, 5]. At its 
developmental stage, routine inversion of 
VLF-electromagnetic (EM) data using 1D and 
2D models is usually carried out using person-
al computers, yet 3D inversion requires work 
stations because of excessive processing time.
The demand for water from the Owena Dam 
has increased tremendously over the years, 
making the facility to become grossly inad-
equate for the intended towns and villages, 
a development that has called for a much larg-
er supply scheme. Consequently, in 1976, the 
Ondo State Government commissioned the 
design of the Owena River Dam with the objec-
tive of supplying raw water from the resulting 
reservoir for the existing water scheme, but 
this was taken over by the Federal Government 
of Nigeria (through the Benin–Owena River 
Basin Development Authority). The design of 
the Owena River Dam was converted to fit its 
multipurpose use in accordance with the func-
tions specified by the River Basin Development 
Authority: irrigation of 3,000 ha of farmland, 
development of fisheries and generation of 
hydro-electric power. The dam, sited on the 
Owena River about 14 km upstream of the old 
Owena water scheme, was designed to create 
an impoundment of 362.500 m3 gross capacity, 
covering an area of approximately 7.38 km2 at 
the normal water level [6].
The existence of geological features such as 
faults, joints, fractures, fissures or shear zones 
has implications on the source and integrity of 
the dam. The integrity of the dam cannot be 
assured. The existence of the geological fea-
tures such as seepage zone in bed rock and/or 
discontinuity in the structure itself affects the 
source and integrity of the dam structurally. In 
this case, preference is therefore given to the 

relevance of depth to bedrock determination, 
structural mapping, determination of the na-
ture of the superficial deposit etc. [7–9]. More-
over, differentiation of lithological boundaries 
and determination of structural trend, among 
others [10], are relevant tools to give clues 
about the location of possible sources of water 
collection basins such as dams.
Geophysical methods have been used exten-
sively in dam site investigations [11–16]. The 
EM is widely utilised in dam development 
and in delineation of seepage zones, most fre-
quently in basement complex areas [17, 18]. 
The major relevance of VLF lies in overbur-
den thickness (depth to bedrock) estimation 
and basement fracture delineation. Assessing 
the scope and limitations of the EM method, 
Olorunfemi et al. [19] observed that the EM 
method is more relevant in the delineation of 
near-surface fractures than in the estimation of 
overburden thicknesses. The EM anomaly am-
plitudes were observed to be more influenced 
by the conductivity of the overburden (weath-
ered layer) than the thickness. It was also ob-
served that the EM method is not amenable to 
the mapping of confined fractures [20, 21] that 
are located within fresh and infinitely resistive 
basement rocks.
During the past decade, the EM method has be-
come increasingly successful in the search for 
groundwater-collecting centres [20, 22]. The 
method has been extensively used in dam con-
struction and groundwater investigation in the 
basement and sedimentary terrains in Nigeria 
and Diaspora.
The EM method has been successfully used in 
the investigation of dam leakage in the South-
western Basement of Nigeria [18, 23]. The VLF 
method has some of its applications in geo-
physical and geologic mapping, hydrological 
boundary differentiation and determination of 
structural trend, among others.
Geophysical techniques involving VLF-EM sur-
veys have been used to assess variations in the 
overburden composition and bedrock litholo-
gy, i.e. to characterise the overburden materials 
and delineate the concealed basement struc-
tures within the bedrock of Igbara–Oke, South-
western Nigeria, with the aim of determining 
the existence of geological structures, such as 
fractures, joints and faults that can cause leak-
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age in the dam, and its implication to engineer-
ing site development.
This article shows the results of evaluation of 
the real and filtered components of the invert-
ed VLF data. The purpose of this study is to as-
certain the integrity of the dam by mapping the 
conductive pathways.

Description of the study area

Owena Dam is located in Igbara-Oke, which is 
situated in Ifedore Local Government, Ondo 
State, Nigeria, which is about 24 km away from 
Akure, the capital city of Ondo State. Its geo-
graphical coordinates are 7° 24′ 0″ North and 
5° 3′ 0″ East, and its original name (with dia-
critics) is Igbara Oke. Igbara Oke lies within the 
Precambrian Basement Complex of the Nigeria 
Basement Complex (Figure 1). Several authors 
have classified the southwestern Precambri-
an Basement Complex, in particular Oyawoye 
[24], McCurry [25] and Rahman [26].
The total population for the local government 
area was 176,372 in 2006 [27]. The study area 
(i.e. the Owena Dam) is accessible via numer-
ous major and minor roads that run west–east 
relative to the major north–south Akure–Ilesha 
Road.
The climate of the study area, namely, Owena 
Dam, is characterised by two major seasons, 
the rainy and the dry seasons. The rainy sea-
son commences around March/April and ends 
around October/November. The dry season 
starts by November and ends by April.
The study area is characterised by a dendritic 
drainage pattern. It is the most common type of 
pattern in the area and the environs. The pat-
tern looks like branches of a tree or veins in a 
leaf. It was observed that some of the rivers are 
tributary streams in the study area trending 
east of north, while others trend west to north.
The vegetation of the study area is character-
ised with fairly uniform temperature and high 
relative humidity. The vegetation is densely ev-
ergreen because it lies within the tropical rain-
forest zone consisting of palm trees, bamboo 
trees, thick grasses and shrubs. The principal 
activity in the area is farming.

Materials and methods

Instruments used for VLF-EM survey
The equipment used in EM survey basically 
consists of one transmitting and one receiving 
antenna.

 ― The transmitter: this device transmits EM 
waves into the earth to generate the second-
ary wave.

 ― The receiver: the second part of the instru-
ment is the receiver that shows high sensitiv-
ity to the EM waves generated by the earth. 
The output of the receiver is connected to 
the meter, on which the measurement can be 
determined and recorded.

The Abem-Wadi VLF equipment
The Wadi VLF EM unit (Abem, Stockholm, Swe-
den) was used for data collection. The equip-
ment measured the real and imaginary compo-
nents of the vertical to the horizontal magnetic 
field ratio. The Wadi equipment utilises the 
negative component of the EM field generated 
by a military radio transmitter with VLF range 
between 15 and 30 kHz. The military broadcast 
station sends primary field waves into the sub-
surface, which in turn sends out a weak second-
ary magnetic field that has been built around 
conductive geological structures aligned in 
concentric lines around the transmitting an-
tenna. The Wadi measures the field strength 
and phase displacement around the conductive 
geological structures, e.g. faults and fractures. 
The Wadi instrument registers both the filtered 
real part, i.e. the part of the resulting field that 
is in phase with the primary field, and the imag-
inary part, which is 90° out of phase with the 
primary field (Wadi manual; Abem).
The Wadi is sensitive to transmitters around 
the world, and it automatically picks the most 
suitable one, and in order for induction to oc-
cur, the structure must align roughly towards 
the transmitter.

Field procedure
The VLF method is an inductive exploration 
technique that is primarily used to map shallow 
subsurface structural features in which the pri-
mary EM wave induces current flow [28, 29]. 
In principle, it utilises transmitters operating 
between 15 and 30 kHz as the primary EM 
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Figure 1: Geological map of Ondo State showing the study area.
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wave source. The EM waves propagating into 
the ground from the source (Hp) induce electric 
currents in any subsurface conductor in their 
path. The induced current produces a second-
ary EM field (Hs). The vector sum of the prima-
ry field (Hp) and secondary field (Hs) produces 
the elliptically polarised field over time.
These elliptically polarised fields consist of two 
components of the same frequency, but of dif-
ferent amplitudes and out of phase with each 
other. The amplitude of the component that is 
in phase with the primary field Hp is the tilt an-
gle, while the component that is out of phase 
with the primary field is the ellipticity. The in-
clination of the major axis of the polarisation 
ellipse from the horizontal axis is known as the 
tilt angle. Ellipticity (e) is the ratio of the minor 
axis to the major axis of the polarisation ellipse 
of the EM fields.

A total of five traverses were established in the 
W–E directions, with traverse lengths of 200 m 
with regular station intervals of 5 m.
A total of 200 station positions were occupied 
for VLF-EM profiling using the Wadi equipment. 
The transmitter used for this study is that of the 
National Aviation Academy at Cutler, Maine, 
USA, with a frequency range of 18.0–18.6 kHz. 
The direction of the transmitter (Tx) is north-
west to southeast (NW–SE). The Wadi VLF-EM 
equipment detects the ratio in percentage be-
tween the vertical and horizontal components 
of the EM signal. The primary field is horizon-
tal; the normal reading on the Wadi will be zero 
even when conductors are present. The VLF 
method is very sensitive to small changes in 
ground conductivity.

Figure 2: Modified topographic map of the study area (extracted from Akure S. W, Sheet 265; Nigeria Geological Survey  
Agency, 2008).
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Data presentation
The raw real and filtered real components of 
the VLF-EM anomalies were considered and 
are presented as profiles, while the real com-
ponents of the data are usually more diagnos-
tic of linear features when processed for qual-
itative interpretation. The VLF data obtained 
were filtered using a Karous–Hjelt (K–H) fil-
ter, processed and presented as profiles (Fig-
ure 4.1a–4.1j) by plotting the filtered real and 
imaginary components against distance us-
ing Microsoft Excel package, while the corre-
sponding K–H pseudo-sections of the profiles 
are shown in Figure 4.1a–4.1j, respectively. 
The K–H filter computes the approximate sub-
surface current density, giving rise to a given 
profile of the data, and the values are relative 
across the profile. The output of the K–H filter 
is relative current density versus surface posi-
tion at a chosen depth. Lower values of relative 
current density correspond to higher values of 
resistivity.

Data interpretation
VLF-EM interpretation is generally quanti-
tative in nature. The real components of the 
VLF-EM data were transformed to filtered real 
data [30]. Anomalous areas were identified and 
gross cauterisation was applied to the anoma-
lies (e.g. steeply dipping conductor or thicken-
ing conductive overburden). VLF-EM method 
is an inductive exploration technique that is 
used in mapping shallow subsurface structur-
al features in which the primary EM wave in-
duces current flow. Although both the real and 
quadrature components of the VLF-EM were 
measured, the real component data, which are 

usually more diagnostic of linear features, were 
processed for qualitative interpretation.
The VLF data, i.e. the real and imaginary com-
ponents of the EM fields measured, were sub-
jected to Fraser filtering [31] to increase the 
signal–to-noise ratio of the dataset and en-
hance the anomaly signature. The Fraser filter 
(Q) was computed using a filter operator as 
shown in the following relation:

Q= (04 + 03) ~ (Qz + Qi)

where Q represents the EM data and the sub-
scripts are station positions.
This filter was applied to the real component 
of the VLF data to transform the dataset to the 
filtered real VLF data [30]. The filtered real 
data transform every genuine crossover or in-
flection point of the real anomaly to positive 
peaks, while reverse crossover becomes nega-
tive peak.

Results and discussion

VLF-EM profile presentation
Interpretation is done by considering the 
high-amplitude signals, which is diagnostic of 
weathered or fractured zones. The double plots 
of the filtered real and filtered imaginary com-
ponents enable qualitative identification of the 
top of linear features, i.e. points of coincidence 
of crossovers and positive peaks of the real 
and filtered anomalies. Profiles 1–5 show the 
VLF-EM anomaly curves (real component and 
the filtered real component) along transverses 
TR1–TR5 (Figure 4.1a–4.1j).

Figure 3: Data acquisition map of the study area.
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The linear features with positive filtered real 
amplitude (high) in all the profiles show ar-
eas with conductivity. The visual inspection of 
these anomaly curves enabled the qualitative 
identification of the top of linear features as 
points of coincidence of crossover and posi-
tive peaks of the real and filtered real anomaly 
curves [32].

Interpretation of VLF-EM sections

Traverse 1
In Figure 4.1a, fracture zones were located at 
station positions of 7, 9, 12, 15, 18, 21, 23, 25, 
and 30 m. The fracture zones at station posi-
tions of 7–12 m are the shallowest, while con-
ductors (fracture zone) at 25 m appear to be 
the deepest, with an amplitude of –8 m. In Tra-
verse 1, it can be deduced that nine fractured 
zones were delineated, among which five frac-
tured zones (F1–F5) show a deep trend of the 
conductors. These negative peaks, mapped as 
fractures on the filtered real component, are 
zones of interest for groundwater abstraction 
in the basement complex terrain. The asym-
metry of these conductive anomalies suggests 
that the conductive structures are dipping. Fur-
thermore, the anomaly patterns exhibit varying 
amplitudes, which are controlled by the depth 
of the body to the surface, its geometry and at-
titude.
The VLF-EM raw real data were converted to 
the pseudo-section using the K–H filter. Visual 
inspection of this section allows the determina-
tion of depth of occurrence, width and dip of the 
body. From Figure 4.1b, the attitude of the body, 
the length of fractures and the depth to top and 
bottom of the fractures can be determined. 
The presence of cross-cutting fractures can be 
identified, and the widths of the fractures are 
moderately thick. Figure 4.1b shows the corre-
sponding K–H pseudo-section of Profile 1. The 
pseudo-section is a measure of the conductivi-
ty of the subsurface as a function of depth. The 
conductivity is shown as colour codes, with 
conductivity increasing from left to right (i.e. 
from negative to positive). Different features 
of varying degrees of conductivity trending in 
different directions were delineated on the sec-
tion; for instance, between station positions of 
5 and 12 m, a dome-like highly conductive body 

trending in the W–E direction is shown with an 
approximate depth of 4–6 m. It also occurred 
between the station positions of 15 and 32 m, 
exceeding a depth of 4 m, and also at the sta-
tion position of 37 m between depths of 2 and 
3 m, indicating a highly conductive body. These 
zones are considered to be highly conductive 
and therefore can act as leakage zones. Gener-
ally, several other closures of conductive bodies 
are present on the eastern part of the section, 
with each conductive body coinciding with the 
points already identified on the profile as frac-
tures.

Traverse 2
In Figure 4.1c, fracture zones appeared as the 
deepest at the station position of 7 m, with am-
plitude of –10 m and station positions of 4 and 
9 m seem to be in the same amplitude range of 
–6 m, indicating fracture zones. At station po-
sitions of 25 and 30 m, the conductors tend to 
be very shallow and are with uniform ampli-
tude of –3 m. These zones are considered to be 
highly conductive (F6–F7) and therefore can 
act as leakage zones. Fractured zones result in 
seepage, which is normally due to piping and 
sloughing. The internal erosion of soil mass 
eventually leads to the formation of an open 
conduit in the soil, which may lead to failure of 
the embankment/dam.
The VLF-EM raw real data were converted to 
the pseudo-sections using the K–H filter. Visu-
al inspection of this section allows the depth 
of occurrence, width, and dip of the body to be 
determined. From Figure 4.1d, the attitude of 
the body, the length of fractures and the depth 
to top and bottom of the fractures can be deter-
mined. The presence of cross-cutting fractures 
can be identified, and the widths of the frac-
tures are moderately thick. Figure 4.1d shows 
the corresponding K–H pseudo-section of Tra-
verse 2. The pseudo-section is a measure of 
the conductivity of the subsurface as a function 
of depth. The conductivity is shown as colour 
codes, with conductivity increasing from left 
to right (i.e. from negative to positive). Differ-
ent features of varying degrees of conductivity 
trending in different directions were delineat-
ed on the section at station position of 7–10 m, 
which shows an oval-shaped highly conductive 
body between the depths of 2 and 5 m. Station 
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Figure 4.1a: VLF–EM profile along Traverse 1.

Figure 4.1b: Karous–Hjelt pseudo-section of the inverted VLF–EM real component of the profile along Traverse 1.

Figure 4.1c: VLF–EM profile along Traverse 2.

Figure 4.1d: Karous–Hjelt pseudo-section of the inverted VLF–EM real component along Traverse 2.
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Figure 4.1e: VLF–EM profile along Traverse 3.

Figure 4.1f: Karous–Hjelt pseudo-section of the inverted VLF–EM real component along Traverse 3.

Figure 4.1g: VLF–EM profile along Traverse 4.

Figure 4.1h: Karous–Hjelt pseudo-section of the inverted VLF–EM real component along Traverse 4.
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position of 15–22 m shows a linear conductive 
body exceeding the depth of 6 m at the central 
part of the pseudo-section.

Traverse 3
Figure 4.1e shows conductors (fracture zone) 
at the station position of 10 m with amplitude 
of –3 m and at station position of 32 m with the 
same range of amplitude of –3 m. Deepest frac-
tured zone occurred at the station position of 
27 m with amplitude of –10 m; station position 
of 35–37 m shows a slightly deep conductor 
with amplitude of –6 m. The fractured zones 
identified in these traverses (F8–F13) result 
in seepage, which is normally due to piping 
and sloughing. Piping leads to dislodgement of 
particles from the soil structure, leading to the 
rearrangement of fines into the void between 
larger particles.
The VLF-EM raw real data were converted to 
the pseudo-section using the K–H filter. Visual 
inspection of this section allows depth of oc-
currence, width and dip of the body to be de-

termined. From Figure 4.1f, the attitude of the 
body, the length of fractures and the depth to 
top and bottom of the fractures can be deter-
mined. The presence of cross-cutting fractures 
can be identified and the widths of the fractures 
are moderately thick. Figure 4.1f shows the cor-
responding K–H pseudo-section of Traverse 3. 
The pseudo-section is a measure of the conduc-
tivity of the subsurface as a function of depth. 
The conductivity is shown as colour codes, with 
conductivity increasing from left to right (i.e. 
from negative to positive). Different features 
of varying degrees of conductivity trending 
in different directions were delineated on the 
section. The pseudo-section shows an infinite 
proportion of conductive body, most of which 
exceeded the depth of 6 m. At station positions 
of 0–2 m and 6–9 m, the conductive body is 
shown to be between the depths of 2 and 5 m. 
Station position of 10–13 m shows an array of 
conductive bodies exceeding 6 m depth. Station 
position between 15 and 20 m shows two lin-
ear conductivity bodies exceeding the depth of 

Figure 4.1i: VLF–EM profile along Traverse 5..

Figure 4.1j: Karous–Hjelt pseudo-section of the inverted VLF–EM real component along Traverse 5.
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6 m and station position between 25 and 30 m 
has been invaded by an oval-shaped conductive 
body, also exceeding 6 m.

Traverse 4
Figure 4.1g shows the fractured zones (F14–
F16) at station position of 10 m as the deepest, 
with amplitude of 8 m and the station position 
of 32 m shows a deep occurrence of fracture 
zones with amplitude of 7 m. All other shallow 
conductors between the amplitudes of 0 and 
2 m are not considered to be fractured zones 
leading to leakages; such an occurrence was 
shown at the station positions of 12, 15, 17 and 
20–24 m. These negative peaks mapped as frac-
tures on the filtered real data are zones of in-
terest for groundwater abstraction in basement 
complex terrain. The asymmetry of these con-
ductive anomalies suggests that the conductive 
structures are dipping. Moreover, the anomaly 
patterns exhibit varying amplitudes, which are 
controlled by the depth of the body to the sur-
face, its geometry and attitude.
The VLF-EM raw real data were converted to 
the pseudo-section using the K–H filter. Visual 
inspection of this section allows depth of oc-
currence, width and dip of the body to be de-
termined. From Figure 4.1h, the attitude of the 
body, the length of fractures and the depth to 
top and bottom of the fractures can be deter-
mined. The presence of cross-cutting fractures 
can be identified and the widths of the fractures 
are moderately thick. Figure 4.1h shows the cor-
responding K–H pseudo-section of Traverse 4. 
The pseudo-section is a measure of the conduc-
tivity of the subsurface as a function of depth. 
The conductivity is shown as colour codes, with 
conductivity increasing from left to right (i.e. 
from negative to positive). Different features of 
varying degrees of conductivity trending in dif-
ferent directions were delineated on the section. 
There are several pockets of highly conductive 
bodies cross-cut between station positions of 5 
and 10 m, showing a descending order of con-
ductive body with depth exceeding 6 m at the 
station position of 11 m. The section also shows 
a conductive body with depth exceeding 6 m, 
while at station position of 15 m, it indicates a 
linear conductive body starting from 2 to 6 m. 
In addition, a tiny linear conductive zone was 
indicated at station position of 17 m.

Traverse 5
Figure 4.1i shows fracture zones at consider-
able depths relevant for the existence of seep-
age along the dam embankment. All the frac-
tures in this traverse are said to be very deep, 
with the exception of that at station position of 
20–22 m having shallow conductors. The ex-
istence of fractured zones occurred at station 
positions of 3, 5, 10, 14, 15, 25, 32, 36 and 39 m, 
making a total of nine fracture zones that were 
delineated. They all exceeded the amplitude of 
4 m. These negative peaks, mapped as fractures 
on the filtered real data, are zones of interest 
for groundwater abstraction in basement com-
plex terrain. The asymmetry of these conduc-
tive anomalies suggests that the conductive 
structures are dipping. Furthermore, the anom-
aly patterns exhibit varying amplitudes, which 
are controlled by the depth of the body to the 
surface, its geometry and attitude.
The VLF-EM raw real data were converted to 
the pseudo-section using the K–H filter. The vi-
sual inspection of this section allows depth of 
occurrence, width and dip of the body to be de-
termined. From Figure 4.1j, the attitude of the 
body, the length of fractures and the depth to 
top and bottom of the fractures can be deter-
mined. The presence of cross-cutting fractures 
can be identified and the widths of the fractures 
are moderately thick. Figure 4.1j shows the cor-
responding K–H pseudo-section of Traverse 5. 
The pseudo-section is a measure of conduc-
tivity of the subsurface as a function of depth. 
The conductivity is shown as colour codes, with 
conductivity increasing from left to right (i.e. 
from negative to positive). Different features 
of varying degrees of conductivity trending in 
different directions were delineated on the sec-
tion. Due to the high zone of fracture as shown 
on the VLF-EM profile along Traverse 5, the re-
sulting effect shows an oval-shaped conductive 
body between the station positions of 12 and 
25 m at depths exceeding 6 m. Moreover, the 
fracture occurred between station positions 
of 25–30 m and 35 m. The result of the pseu-
do-section coincides with the highly fractured 
zones shown on the VLF-EM profile along the 
traverse.
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Conclusion

Geophysical investigation was carried out on 
Owena Dam. The VLF-EM data were acquired 
along five traverses. The VLF data successfully 
identified relatively wide areas of conductivi-
ty by detecting the edges of conductive zones. 
Both the maximum differences and points of 
crossover between the real and imaginary 
curves were used to delineate the sheared/
fractured and weathered zones, which were 
identified as areas of fracture and possible ar-
eas of internal erosion. The results of the study 
suggest that the EM VLF method is an adequate 
method for monitoring seepages in dam em-
bankments. The point of crossover between the 
real and imaginary components was used to 
delineate the fractured zones, which were iden-
tified as areas of possible seepage. These frac-
tured zones result in seepages, which are nor-
mally due to piping and sloughing. Piping leads 
to dislodgement of particles from the soil struc-
ture, leading to the rearrangement of fines into 
the void between larger particles. The internal 
erosion of soil mass eventually leads to the for-
mation of an open conduit in the soil, which 
may lead to failure of the embankment/dam. 
The fractured zones were identified on all five 
traverses. In Figures 4.1a, 4.1c, 4.1e, 4.1g and 
4.1i, the evidences of fractures are designated 
as F1–F21. A total of 21 fractured zones were 
identified, with the deepest fracture lineament 
occurring at Traverse 5. The results presented 
in this study give evidence that the Owena Dam 
embankment is fractured and leakage could 
occur along permeable zones. Such defect 
could be responsible for dam failure. We rec-
ommend additional detailed characterisation 
of the Owena Dam, using other complementa-
ry geophysical methods such as ground-pen-
etrating radar, 2D and 3D electrical resistivity 
and seismic refraction tomography in order to 
confirm the fracture zones delineated using the 
EM method and to elucidate the pattern of the 
fracture. Construction engineers should use 
certified standards and specifications for dam 
construction vis-à-vis personnel, genuine ma-
terials and tools for dam reinforcement.
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Appendix

Figures: Photographs showing the dam site and wet areas.


