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Abstract
Hydrochemical analysis of water samples from Yenagoa in the Niger Delta shows widespread occurrence of iron (Fe) 
in the groundwater. The Fe concentration is more than 0.3 mg/L at many places, and the distribution is heterogeneous 
both vertically and horizontally. In order to identify the cause of the high heterogeneity, we carried out an integrated 
study consisting of hydrogeochemical, electrical resistivity sounding and induced polarization (IP) chargeability meas-
urements at eleven sites and 2-D electrical resistivity profiling (at 2 sites). Data processing using inversion techniques 
resulted in 4-layered resistivity and chargeability—depth models. The results show that clean sand and gravel exhibit 
high resistivity but low chargeability and normalized chargeability values, whereas clay and sandy clay exhibit relatively 
low resistivity but high chargeability and normalized chargeability values. In sites where the aquifer is overlain by a 
thick clay layer, Fe concentration is high (Fe > 0.3 mg/L) in the groundwater and redox potential values range between 
118 and 133 mV. We interpret that the low-permeability clay layer creates a relatively atmosphere-isolated state in the 
underlying aquifer, which is responsible for the reductive ambient subsurface groundwater environment. In sites where 
the aquifer is capped by silt, Fe concentration is low (< 0.3 mg/L) in the groundwater and redox potential values range 
between 115 and 164 mv indicating a mild oxidation environment. We interpret that the clay acts as a controlling factor 
to the Fe enrichment in the groundwater regime. Knowledge of the clay layer, which is identified in the present study, 
will be helpful in selecting suitable sites for boreholes.
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1 Introduction

In the last decade, several investigations were carried out 
in parts of the Niger Delta, Southern Nigeria, to determine 
the regulating processes and spatial distribution of Fe in 
the shallow alluvial aquifer [1, 2]. The results of these stud-
ies show that the concentration of Fe in the groundwater 
abstracted from boreholes is high. Aside, the distribution 
of Fe in the groundwater was reported to be extremely 
heterogeneous, both vertically and laterally, within a 
scale of tens of metres. The issue of high iron concentra-
tion (> 0.3 mg/L) in groundwater is a common problem, 

since over 90% of residents in most cities in the Niger 
Delta depend on water abstracted from shallow private 
boreholes. Presently, we remain remarkably ignorant of 
the cause of the high Fe heterogeneity in the groundwater.

Considering the above, it was pertinent to investigate 
the probable reasons responsible for the high spatial vari-
ation of Fe in the groundwater and provide a sustainable 
solution for mitigation. Most studies in this direction only 
concentrated on the geochemical aspects of Fe contami-
nation and suggested various purification techniques for 
iron removal [3]. Designing various purification methods 
for iron removal is only temporary solution and suffers 
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from many obvious problems such as waste disposal and 
maintenance and hence is not a sustainable solution. The 
strategic importance of groundwater in Yenagoa and 
the threats posed by excessive Fe concentration empha-
size the significance of low-Fe groundwater sources and 
prompted the assessment of the hydrostratigraphy of 
the sedimentary sequences in the study area. In assess-
ing the hydrostratigraphy of the sedimentary sequence, 
it was considered that investigating the alluvial aquifer 
over short distances ranging between tens to hundreds 
of metres and in different locations within the study area 
would perhaps help explain whether the variation in the 
groundwater Fe concentration was due to local variations 
in aquifer stratigraphy. Although borehole drilling could 
be one of the best ways to determine the lithological vari-
ation, this approach was considered tedious and would 
require drilling several boreholes of different depths. This 
will be time-consuming, laborious and cost-intensive. 
The use of non-invasive surface geophysical techniques 
is of great relevance in that reasonably factual subsur-
face information is obtained without any destruction to 
the environment within a relatively short time. Electrical 
resistivity and time domain induced polarization have 
shown a good complementarity in this regard. The geo-
electrical method provides a wide range of variations in 
the subsurface electrical resistivity. The variations are often 
associated with water content and lithology; hence, it is 
one of the most powerful geophysical methods often used 
in providing solutions to hydrogeological problems [4–6]. 
Recently, induced polarization method which is based on 
the chargeability effect of the subsurface has proved to be 
of significant value in the investigation of lithological vari-
ability of unconsolidated sediments especially in the map-
ping of clay content. In this study, we explore the lithologi-
cal control on Fe contamination using surface geophysical 
methods in Yenagoa and environs.

2  Description of the study area

2.1  Location, physiography and climate

Yenagoa is located within the Southern Nigeria sedimen-
tary basin. It is the capital of Bayelsa State. The study 
area covers an area of about 50 km2 of Yenagoa, and its 
metropolis. Yenagoa is bounded by longitudes 006° 10′ 
3.07″ and 00 6° 25′ 10.53″ East of the prime meridian and 
latitudes 04° 51′ 39.73″ and 05°.2′ 25.53″ North of the 
equator. Geographically, Yenagoa is within the coastal 
area of the Recent Niger Delta (Fig. 1) where the ground 
surface is relatively flat, sloping very gently seawards 
[7]. Its mean elevation is about 8 m above the mean sea 
level [8]. The study area has a tropical rain forest climate 

characterized by rainy season and dry season. The rainy 
season commences from April to October with a brief 
dry period in August. The dry season lasts between 
November and March. The mean annual rainfall is about 
4500 mm [9] and about 85% of the mean annual rain falls 
during the wet season. The temperature varies between 
25 and 32 °C. Fishing and farming are the main occupa-
tion of the people.

2.2  Geology and hydrogeology of the study area

The study area lies within the fresh water swamps, back-
swamps, deltaic plain, alluvium and meander belt geo-
morphic unit of the Niger Delta [9]). The Niger Delta is 
basically an alluvial plain and consists of the modern 
and Holocene delta top deposits. Grain-size profiles 
of the Holocene alluvial deposits consist of a fining-up 
sequence of sand capped by fine silts and clay indicating 
a fluvial environment of deposition [10]. The fine-grained 
silts and clay overlying the basal sandy sequence are 
often called the near surface aquitard. The near surface 
aquitard thickness varies between < 5 to about 12 m, 
and due to the varying clay, silt and fine sand content, 
[10] reported that the aquitard permeability is highly 
heterogeneous. The near surface aquitard becomes a 
confining unit if it is thick and impermeable, which pre-
vents percolation of precipitation into the alluvial aqui-
fer. Akpokodje [9] reported that groundwater flows from 
North to South in the region.

Three main subsurface lithostratigraphic units are 
reported in the Niger Delta [11]. From top to bottom, 
they are Benin, Agbada and Akata Formations. The Benin 
Formation which is fluvial in origin is the main aquifer. 
Groundwater occurs mainly under unconfined condi-
tions in the Benin Formation. Abam [12] observed that the 
sediments of the Benin Formation were deposited during 
the Late Tertiary–Early Quaternary period and are about 
2100 m thick. The sediments are lenticular and uncon-
solidated and consist of coarse- to medium-fine-grained 
sands with localized intercalations of clay/shale. Gravel 
and pebbles are minor components. Mbonu et al. [13] 
reported that the sands are moderately sorted and poorly 
cemented. The presence of thin clay beds creates discon-
tinuities in the vertical and lateral continuity of the aquifer, 
resulting in the presence of local perched aquifers [10]. The 
aquifer is directly recharged through the infiltration of rain 
water. In the Niger Delta, the water table in many areas is 
close to the surface though subject to seasonal variations. 
The water table is about 3–4 m in the dry season [14], but 
rises considerably in the rainy season. Groundwater is the 
main source of drinking water for over 80% of the popula-
tion in the study area.
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3  Induced polarization (IP) method

In the electrical method of geophysical prospecting, cur-
rent is injected using two current electrodes A and B. The 
passage of the electric current through the ground cre-
ates a potential difference (∆V) usually measured across 
a pair of potential electrodes C and D. If the inducing 
current is turned off, the difference of potential (∆V) 
does not immediately drop to zero, but decays slowly 
over a period of time. The recording of the decaying 
voltage gives a decay curve ∆Vip(t). In time domain 
surveys, the decay curve ∆Vip(t) is the object of study 
because it is characteristic of the medium in terms of 
initial magnitude, slope and relaxation time. The ampli-
tude of ∆Vip is related to the polarizability of the earth 
materials [15]. This capacity to polarize is referred to as 
the IP response. The form of the primary wave and the 
IP decay is shown in Fig. 2. Induced polarization is due 
to two main sources: (1) membrane polarization and (2) 
electrode polarization. The presence of clay causes mem-
brane polarization. The clay particles, which are nega-
tively charged, attract positive ions from the electrolytes 
in the capillaries of the clay particles and thus behave 

as ion-selective membrane impeding their mobility 
through the capillaries.

Electrode polarization produces similar effect but 
occurs when metallic minerals are present. The flow of 
electrons through a metal is much faster than the flow 
of ions in the electrolyte, and hence, opposite charges 
accumulate on the surface of metallic grains that block 
the path of ionic flow through the pore fluid. In Fig. 2, the 
chargeability M is computed by integrating the signal 
Vip along the decay over n time windows, or gates. The 
chargeability of IP effect was measured by integrating the 
area under the IP decay curve according to the relation [16, 
17] given below:

where Vo is the voltage measured before the current is 
turned off, t1 and t2 are the start and stop time intervals, 
respectively, and V(t) is the decaying voltage. The charge-
ability (M) is usually expressed in millisecond (msec) or 
milliVolt/Volt (mV/V).

(1)M =
1

V
o

t2

∫
t1

V (t)dt

Fig. 1  Map of the Niger Delta showing the study area
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4  Data acquisition and processing

Prior to the acquisition of geophysical data and drilling 
of boreholes, locations with contrasting dissolved Fe con-
centration (low and high) in the groundwater within Yena-
goa and environs were selected for study. The selection of 
these locations was based on analysis of ten groundwater 
samples collected from the existing domestic boreholes 
spread over the study area. The depths of these bore-
holes range from 9 to 30 m. Geochemical analysis of the 
groundwater samples shows that groundwater from Tom-
bia, Akenfa III, etc., (Fig. 3) exhibits Fe concentration within 
WHO acceptable limits (~ 0.02–0.3 mg/L), while groundwa-
ter samples from Amabolou, Azikoro, etc. (Fig. 3), have Fe 
concentrations greater than 0.3 mg/L. This analysis helped 
in planning the field layout of the geophysical profiles.

4.1  Geoelectrical sounding and induced 
polarization

We acquired geoelectrical and IP data in eleven locations, 
i.e. five in low-Fe areas and six in high-Fe areas (Fig. 3). The 
electrical resistivity–IP soundings were carried out using 
the Schlumberger configuration. In general, soundings 
were carried out using the Abem Terrameter SAS 1000. 
Maximum current electrode separation AB/2 ranged 
between 100 and 150 m. In the Schlumberger configura-
tion, current was injected into the ground through two 
outer electrodes A and B and the resulting voltage differ-
ence at two potential electrodes (C and D) was measured. 
An increase in the depth of current penetration is achieved 

by progressively increasing the electrode spacing. Field 
precautions observed to ensure good vertical electrical 
sounding (VES) data quality included firm grounding 
of the electrodes and checking for current leakage and 
creeps to avoid spurious measurements. During the sur-
vey, the resistance and chargeability were measured con-
currently. These data were interpreted using IX1D (Inter-
pex) software. The field resistivity data were converted to 
apparent resistivity (ρa) values and plotted against half-
current spacing (AB/2) on log–log scale. Guided by the 
general trend of the field curves, partial curve smoothen-
ing of the field curves was made. The 1D inversion soft-
ware (Interpex) takes advantage of least-squares optimi-
zation technique. The program iteratively compares the 
field data to a theoretical model curve. The starting model 
is modified or adjusted successively until the difference 
between the observation and the model output is reduced 
to a minimum. In constructing a model, we have used the 
principle that all maxima, minima and point of inflexion in 
a geoelectrical sounding curve indicate the existence of 
boundaries of different lithologies. Using this approach, 
the subsurface was divided into a number of horizontal 
layers of given thickness. The program iteratively changes 
the resistivities to obtain a best fit with the field data for 
the layer thicknesses chosen for the model. Due to the 
inherent problem of equivalence in geosounding data 
interpretation [18], lithological information from drilled 
boreholes was used to constrain all depth estimates in 
order to minimize the choice of equivalent models by fix-
ing layer thicknesses and depths while allowing the resis-
tivities to vary [19]. The resulting true resistivities represent 

Fig. 2  Time domain IP discharge curve
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the best average resistivity for the given layer and are 
shown in Tables 1 and 3, respectively.

Because the chargeability represents a measure 
of polarization magnitude relative to conduction 

magnitude [17, 18] and thus is approximately linearly 
related to the bulk resistivity, we also calculated the 
normalized chargeability (MN), using the following 
expression:

Fig. 3  Map of study area showing VES-IP sounding, borehole locations and 2D traverses

Table 1  Summary of VES-IP model results and their corresponding thicknesses at low-Fe areas

ρ is bulk resistivity, η is chargeability, MN is normalized chargeability, and h is thickness

VES-IP No Layer 1 (top soil) Layer 2 (silty sand) Layer 3 (sand) Layer 4 (sandy clay)

ρ η MN h ρ η MN h ρ η MN h ρ η MN h RMS

(Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m) error (%)

VES-IP 1 33 0.79 0.024 0.5 295 3.8 0.013 0.8 2955 4.2 0.001 8.0 50 10.8 0.216 – 5.8600
VES-IP 2 34 2.43 0.071 0.9 167 1.84 0.011 1.3 415 1.24 0.003 17.6 138 45.36 0.329 – 5.2182
VES-IP 3 19 0.26 0.014 0.7 19 3.54 0.186 2.1 352 11.25 0.031 6.1 298 126.3 0.424 – 4.3275
VES-IP 4 43 2.47 0.057 0.7 141 1.30 0.009 1.6 268 0.71 0.003 13.2 85 10.1 0.119 – 4.6978
VES-IP 5 29 1.82  0.063  1.1  28  1.82  0.065  6.6   219 1.75  0.008  27.0  253 1.72  0.007  – 2.8988 



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:107 | https://doi.org/10.1007/s42452-019-1876-3

to separate the effects of conduction and polarization.
Where M is the chargeability and ρ is the layer bulk 
resistivity.

4.2  Electrical resistivity imaging

We also acquired one each 2D electrical resistivity imag-
ing profile in the low-Fe area and as well as in the high-
Fe area using the Wenner array (Fig. 3). The 2D resistivity 
profile was acquired to supplement the vertical electri-
cal sounding (VES) and IP sounding data. This is because 
the 2D resistivity imaging gives a clearer picture of the 
lateral and vertical variation of the subsurface geological 
sequences. The 2D resistivity imaging data were acquired 
manually using the Wenner configuration. Each 2D pro-
file was 100 m in length. The electrode separation ranged 
between 5 and 30 m in an interval of 5 m, with a total of 21 
electrode positions for each profile. Field measurements 
were taken using electrode spacing of 5.0 m at electrode 
positions 1, 2, 3 and 4 in each profile. Then, each electrode 
was moved a distance of 5.0 m (one unit electrode spac-
ing), the active electrode positions being 2, 3, 4 and 5. This 
procedure was continued to the end of the profile with 
electrode positions for the last measurement being 18, 
19, 20 and 21. The electrode spacing was then increased 
by 5.0 m, as mentioned above for measurements of next 
data level, such that the active positions were 1, 3, 5 and 7. 
The procedure was then repeated by moving each of the 
electrodes a distance 5.0 m (one unit electrode spacing) 
and maintaining the electrode spacing for the data level 
until the electrodes were at electrode positions 15, 17, 19 
and 20. This procedure was continued until 6 data levels 
were observed, yielding a total of 63 data points in each 
of the profiles. RES2DINV computer code [19] was used 
in the inversion of the 2D data. The computer program 
takes advantage of the nonlinear optimization technique 
in which a 2D resistivity model of the subsurface is auto-
matically determined for input apparent resistivity data 
[19, 20]. In this program, the subsurface is subdivided into 
a number of rectangular blocks based on the spread of 
the observed data. The 2D data were inverted using the 
least-squares inversion with standard least-squares con-
straint which minimizes the square difference between the 
observed and the calculated apparent resistivity values. 
The program displays the distribution of electrical proper-
ties in the form of 2D pseudo-section plot. 2D pseudo-sec-
tion plot gives a simultaneous display of both horizontal 
and vertical variation of the subsurface resistivity and are 
useful for initial quality assessment [21]. In constructing 
a 2D pseudo-section plot, each measured value is put at 

(2)MN =
M

�
(mS∕m)

the intersection of two  45o lines through centres of the 
quadripole. Each horizontal line is then associated with 
a specific value of n (inter electrode spacing) and gives a 
pseudo-depth of investigation. It is pertinent to note that 
the larger the n-values, the greater the depths of investi-
gation [21].

4.3  Hydrogeochemical analysis

Eleven boreholes were drilled in the study area using 
rotary drilling method. Five boreholes were drilled in the 
low-Fe areas, while six were drilled in high-Fe areas. Each 
borehole was located close to a VES point. The locations 
of the boreholes in the low-Fe areas are Tombia, Kpansia 
(behind the market along the expressway), Igbogene, 
Akenfa III and Akenfa III (NNPC Road), while the high-Fe 
areas include Amabolou I, II and III, Biogbolo, Agbura 
and Azikoro (Fig. 3). The boreholes were developed, and 
groundwater samples were collected in clean 500-ml poly-
ethylene bottles. Prior to sample collection, the boreholes 
were pumped continuously for about 10–20 minutes. In 
these samples, in  situ measurements of temperature, 
redox potential (Eh) and pH were taken using precali-
brated portable pH/ORP meter at the time of groundwater 
sampling. Major ions such as Na, K, Ca, Mg, Fe,  HCO3, Cl 
and  SO4 were determined including total dissolved solids 
(TDS) in the laboratory using standard procedures [22]. 
Major ions like sulphate (SO4

−2) were determined by spec-
trophotometric turbidimetry. Using EDTA, calcium  (Ca2+) 
and magnesium  (Mg2+) were determined titrimetrically; 
chloride  (Cl−) was determined by standard  AgNO3 titration 
and bicarbonate  (HCO3

−) was determined using titration 
with HCl. Sodium  (Na+) and potassium  (K+) were measured 
using flame photometry; nitrate  (NO3

−) was determined by 
colourimetry with a UV–visible spectrophotometer (bru-
cine method) while iron was measured using colourimeter 
with a UV–visible spectrophotometer at 520 nm. Subse-
quently, the groundwater composition was correlated 
with the colour characteristics of the sediments. Chemi-
cal composition of the groundwater at the low- and high-
Fe areas as well as the redox potential values is shown in 
Tables 2, 4 and 5, respectively.

The drilled boreholes were lithologically logged and 
sampled at 3.0 m or more often when characteristics of 
the sediment changed based on their grain size and col-
our. Each sample was assigned to one of the three col-
ours—grey, off-white and brown by virtual inspection of 
the sediments. The Fe concentration of about 3 g of the 
wet sediments was measured by AAS and after extrac-
tion with hydroxylamine hydrochloride  (NH2OH.HCl) in 
25% acetic acid, and filtering using a 0.45-µm cellulose 
acetic filter. The boreholes were screened at depth inter-
vals of either oxidized brownish sand aquifers, off-white 
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or greyish reduced sediments. The depth of these bore-
holes varied between 8 and 30 m. Fe concentration in 
the aquifer sediments is shown in Table 5.

5  Results and discussion

In this study, resistivity soundings and profiling were car-
ried out in locations with contrasting dissolved iron con-
centrations, low and high in the groundwater (Fig. 3). IP 
soundings were also carried out simultaneously to support 

Table 2  Chemical composition of the groundwater at low-Fe areas

All parameters have been expressed as mg/L except pH, EC and Eh. The unit of EC is µS/cm, and that of Eh is mV

VES-IP No Borehole No Depth (m) pH Eh EC TDS TA Na+ K+ Ca2+ Mg2+ Fe Cl− SO4
2- NO3

- HCO3

VES-IP 1 BH-6 8 6.48 164 197 99 98 5.3 1.7 9.6 3.4 0.16 10 6.54 0.32 1.8
VES-IP 2 BH-13 27 6.04 157 148 74 6 2.7 4.2 7.3 3.1 0.14 19 3.6 0.11 0.5
VES-IP 3 BH-15 24 6.42 148 167 84 10 2.3 6.3 10.2 6.5 0.26 16 4.8 0.18 0.7
VES-IP 4 BH-14 20 6.4 115 274 137 15 5.4 1.3 12.5 2.8 0.2 17 3.2 0.22 1.8
VES-IP 5 P-6 12 6.58 142 32 160 4 9.8 4.6 21.5 5.5 0.22 30 10.7 0.14 0.5

Fig. 4  Resistivity and IP sounding curves in the low-Fe areas
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the resistivity interpretation for investigating the lithologi-
cal control of Fe enrichment in the groundwater.

Figure 4 shows resistivity and IP sounding curve types 
in locations where the dissolved Fe concentration is low, 
while Fig. 5 shows resistivity/IP curve, and a comparison 
between the I-D resistivity/IP model of VES-IP 1 (Table 1) 
with the lithological information obtained from the near-
est borehole (B-6) in Tombia (Fig. 3). The I-D inversion 
results for the Schlumberger resistivity/IP soundings and 
results of the hydrochemical analysis from groundwater 
samples from boreholes near the resistivity/IP sounding 
points in the low-Fe areas are also presented in Tables 1 
and 2, respectively. Correlation of the resistivity results of 
VES-IP1 with the lithological information from the near-
est borehole (B-6) shows that the stratigraphic sequence 
consists of four layers (within the depth of investigation) 
in which the model resistivity of the third layer is higher 

than those of the upper and lower layers (Fig. 5). The resis-
tivity curve obtained in this area is predominantly K-type 
(Fig. 4), and the stratigraphic sequence consists of top soil, 
silty sand, sand and a sandy clay (Fig. 5). The resistivity and 
thickness of the top soil vary between 19 and 43 Ωm and 
0.5–1.1 m, but are 19–295 Ωm and 0.8–6.6 m in the silty 
sand layer underlying the top soil (Table 1). The resistiv-
ity and thickness of the sandy layer which serves as the 
aquifer vary between 219 and 2955 Ωm and 6.1–27 m, 
respectively, while the resistivity of the sandy clay layer 
ranges between 50 and 298 Ωm. The 2D resistivity cross 
section (Fig. 6) correlated well with the borehole informa-
tion (Fig. 5) and shows the detailed variation of the subsur-
face lithological sequence. Figure 6 shows a clear trend of 
high apparent resistivity values at the top (values ranging 
between 200 and 680 Ωm), while at the bottom, the appar-
ent resistivity values tend to decrease (values are lower 

Fig. 5  Resistivity–IP Sounding at Tombia Village (VES-IP 1, low-Fe area); a resistivity–IP model curves compared to field data; b model VES-IP 
results with borehole log and lithologic interpretation shown for comparison
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than 100 Ωm). Correlation of the 2D resistivity cross sec-
tion with the lithological information from the borehole 
located close to the profile line (Fig. 5) indicates that the 
top soil with an apparent resistivity range of 80–100 Ωm 
is underlain by a layer with an apparent resistivity range 
of 150–200 Ωm. The borehole data indicate that this layer 
is composed of silty sand. The apparent resistivity of the 
layer below the silty sand layer varies between 300 and 
1000 Ωm. This layer serves as the aquifer and consists of 
sand. Below the aquifer is a layer with apparent resistivity 
range less than 100 Ωm. The lithological information from 
the borehole shows that this layer is a sandy clay layer.

The chargeability (M) and normalized chargeability 
(MN) of the top soil range between 0.79 and 2.47 ms and 
0.014–0.073 mS/m but range between 1.3 and 3.8 ms 
and 0.009–0.186  mS/m, respectively, in the silty sand 
layer. In the sandy layer, the chargeability and normalized 
chargeability values are between 0.71 and 11.25 ms and 
0.001–0.031 mS/m but range between 1.72 and 126.3 ms 
and 0.007–0.424  mS/m in the sandy clay layer. The 

chargeability of a given medium indicates polarizability 
of the medium. Thus, chargeability is related to the per-
mittivity and resistivity of the subsurface materials as well 
as the porosity and moisture content in the subsurface 
media. The normalized chargeability (i.e. the ratio between 
chargeability and resistivity) has also been reported to 
be a good parameter for discriminating lithotypes [17, 
18]. These authors suggested that clean sands have low 
chargeability and low normalized chargeability, while clay 
and clayey sands have high chargeability and normalized 
chargeability values.

A careful analysis of the model results (Figs. 5 and 8) 
shows a strong correlation between the resistivity and 
chargeability anomalies with high resistivity values cor-
responding to relatively low chargeability and normalized 
chargeability values (Table 1). Deposits of clean sand and 
gravel are easily distinguished by their high resistivity 
values from their surrounding clay and silt [23–25]. Small 
measurable IP effects are associated with clean sand 
and gravel deposits [26]. The model results show low 

Fig. 6  Inverse model resistivity section at Tombia Village (low-groundwater Fe site). The vertical line indicates the location of borehole
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chargeability and low normalized chargeability values in 
the second and third layers (i.e. silty sand and sand layers). 
This indicates that these layers are mainly composed of 
sandy materials and less disseminated clayey materials. 
In contrast, high chargeability and normalized charge-
ability values are observed in the sandy clay layer ranging 
between 1.72 and 126.3 ms and 0.007–0.424 mS/m relative 
to layers 2 and 3. This is consistent with the observation of 
Amaya et al.; Vonhala [26, 27] who suggested that strong 
IP effects are commonly observed in sediments containing 
clays disseminated on the surface of larger grains. Hence, 
the sandy clay layer displays large IP effects as a result of 
the presence of disseminated clay. The lithology suggested 
by the 2D resistivity interpretation (Fig. 6) correlated well 
with the observed subsurface materials obtained from 
ground-truthing in this location and also clearly deline-
ate the basal sandy clay layer. Layer 3 serves as the aquifer 
in the area, and residents tap their water from this layer. 
Table 2 shows that the Fe concentrations obtained from 
the analysis of groundwater samples abstracted from 
boreholes in these areas are within WHO acceptable limits. 
Additionally, the measured redox potential values from the 
groundwater immediately after abstraction are relatively 
high, ranging between 115 and 164 mV, indicating a mild 
oxidation environment [28].

Figure 7 shows resistivity–IP sounding curves in loca-
tions that have high Fe concentration in the groundwater. 
For comparative study, IP sounding curves are presented 
along with resistivity sounding curves. Figure 8 shows field 
data, I-D inversion results for Schlumberger resistivity/IP 
sounding at Amabolou (VES-IP 6), a high-Fe-concentration 
area. The resulting I-D resistivity/IP model was compared 
to the borehole lithological information. Interpretation of 
the resistivity and IP sounding curves shows a large varia-
tion in resistivity and chargeability and hence normalized 
chargeability. Generally, resistivity, chargeability and nor-
malized chargeability values vary between 5 and 2288 Ωm, 
0.7–204 ms and 0.016–2.722 mS/m, respectively (Table 3). 
In Fig. 7, we observed that for values of AB/2 greater than 
5 m, the resistivity and polarization curves have opposite 
slopes. The top soil is relatively dry and resistive and unpo-
larizable, but the lower layer, being wet, is lower in resistiv-
ity and high in polarizability. The low-resistivity anomaly 
and enhanced IP and normalized chargeability effect is 
attributed to the cationic exchange capacity due to the 
increase in clay volume [26].

Clay and clayey sand display large IP effect due to cati-
onic exchange capacity [26, 27]. Table 3 shows that beside 
the top layer, the underlying layers, especially layers 2 and 
3, have high chargeability and normalized chargeability 
values reflecting enhanced surface polarization caused by 
the presence of disseminated clay. Of particular interest 
with respect to the hydrogeology and the mobilization 

of Fe in the aquifer is the second layer, characterized 
by low resistivity (5–96  Ωm) and high chargeability 
and normalized chargeability values (0.67–13.9 ms and 
0.039–2.242 mS/m). The correlation of VES-IP 6 interpre-
tation results with the nearest lithological information 
(Fig. 8) shows that layer 2 is clay. The significant correla-
tion of low resistivity and high chargeability affirms also 
that this layer is clay. The 2D resistivity cross section (Fig. 9) 
shows that underlying the top soil is a layer characterized 
by low apparent resistivity values in the depth range of 
about 2.5–7.8 m corroborating the results of the vertical 
electrical sounding (VES). The apparent resistivity values 
are generally less than 60 Ωm. The lithological information 
from the nearest borehole (Fig. 8) shows that this layer is a 
clay layer. Underlying the clay layer is a layer with slightly 
higher apparent resistivity values ranging 60–120 Ωm 
within the depth range of 8–13 m. The borehole data indi-
cate that this layer is composed of fine sand in a matrix of 
finer sediments (clay) [29]. Below the sandy clay layer is 
the sandy layer with apparent resistivity range of about 
120–220 Ωm. This clay layer (aquitard) acts as a confining 
layer. Analysis of groundwater samples abstracted from 
the sandy layer below the clay layer show elevated con-
centrations of dissolved Fe (Table 4). Redox potential val-
ues are relatively low and range between 116 and 133 mV, 
indicating a mild reducing environment. It is pertinent to 
mention that in the present study, analysis of the normal-
ized chargeability results (Tables 1 and 3) did not give a 
clear difference of normalized chargeability values in lay-
ers with high clay content and coarse material in some 
layers contrary to the report of [26]. For instance, in VES-IP 
7, 9 and 10 layer 2, results of the normalized chargeabil-
ity did not show a clear trend of increasing values in this 
layer with high clay content and lower values when coarse 
material is the main soil content (VES-IP 9, 10 layer 4) and 
thus did not contribute significantly to the interpretation 
of the geological features in these layers. However, nor-
malized chargeability values in these layers were used to 
complement the results of the chargeability.

5.1  Source of Fe and role of near surface clay layer 
on groundwater Fe distribution

Fe concentrations were extracted from aquifer sediments 
from both the low and high locations. The results show 
that Fe concentrations in the high-Fe aquifer sediments 
range between 0.26 and 0.90 mg/L but are between 0.5 
and 0.82 mg/L in the low-Fe aquifer sediments. Table 5 lists 
the Fe concentrations in several sediment samples from 
borehole cores and indicates that aquifer sediments con-
taining abundant Fe act as the supply source for the shal-
low groundwater. There is no significant overall difference 
in the amount of extractable Fe in the aquifer sediments. 
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This is consistent with the studies of [27] who reported 
that paralic deposits often have plenty of Fe substances. 
The similar amount of extractable Fe in the aquifer sedi-
ments implies that Fe is present in the aquifer materials in 
sufficient amounts. Thus, transfer to the dissolved phase 
can cause a large increase in groundwater. 

We infer therefore that the spatial distribution of 
groundwater Fe is as a result of the variation of redox con-
ditions in the host aquifer. This implies that a reductive 

ambient subsurface environment is favourable to Fe ions 
transferring from the aquifer matrix into the groundwater. 
Although the decomposition of organic matter in ground-
water and soil can consume dissolved oxygen and thus 
create a reductive hydrochemistry, in this case this effect 
is assumed to be significantly small. We opine that a rela-
tively atmosphere-isolated state in the aquifer is respon-
sible for the stronger reducibility of groundwater in the 
high-Fe locations. The investigations of the sediment 

Fig. 7  Resistivity and IP sounding curves in the high-Fe areas
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Fig. 8  Resistivity–IP sounding at Amabolou Village (high-Fe area); a resistivity–IP model curves compared to field data; b model VES-IP 
results with borehole log and lithologic interpretation shown for comparison

Table 3  Summary of VES-IP model results and their corresponding thicknesses at high-Fe areas

ρ is bulk resistivity, η is chargeability, MN is normalized chargeability, and h is thickness

VES-IP no Layer 1 (top soil) Layer 2 (clay) Layer 3 (sandy clay) Layer 4 (sand) RMS error(%)

ρ η MN h ρ η MN h ρ η MN h ρ η MN h

(Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m) (Ωm) (ms) (mS/m) (m)

VES-IP 6 134 3.20 0.024 2.2 6.2 13.9 2.242 6.6 29 6.4 0.221 5.4 233 0.7 0.021 – 5.0357
VES-IP 7 181 3.80 0.021 0.7 96 3.70 0.039 10.1 643 90.9 0.141 8.9 2288 204.1 0.089 – 4.3482
VES-IP 8 158 2.60 0.016 1.2 46 9.30 0.202 3.7 960 62.5 0.065 9.5 1433 176 0.123 – 3.7921
VES-IP 9 12 0.49 0.041 1.0 11 1.20 0.109 2.8 49 4.2 0.086 27.1 45 8.1 1.400 – 5.7832
VES-IP 10 19 1.05 0.055 0.6 5 0.67 0.134 2.0 122 26.7 0.219 9.3 56 73.9 1.320 – 2.9105 
VES-IP 11 52 1.60 0.031 0.7 12 9.70 0.808 1.3 9 24.5 2.722 21.2 226 12.5 0.055 – 5.3278
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stratigraphy and lithology across the study area show a 
near surface aquitard composed of argillaceous materials 
(clay) widely occurs in the upper most subsurface sedi-
ments in the high-Fe locations. This near surface aquitard 

heterogeneity and variation in thickness lead to variation 
in vertical recharge, localized dilution and confinement, 
resulting in varying redox conditions in the aquifer affect-
ing Fe release.

Fig. 9  Inverse model resistivity section at Azikoro Village (low-groundwater Fe site)

Table 4  Chemical composition of the groundwater at high-Fe areas

All parameters have been expressed as mg/L except pH, EC and Eh. The unit of EC is µS/cm, and that of energy potential (Eh) is mV

VES-IP no Borehole no Depth (m) pH Eh EC TDS Na+ K+ Ca2+ Mg2+ Fe Cl− SO4
2− NO3

− HCO3

VES-IP 6 BH-1 15.2 6.31 118 2250 1125 38.9 14 15 5.7 12.26 18.5 12.4 4.6 40
VES-IP 7 BH-2 30 6.3 125 250 125 7.5 2.4 14.9 3.7 4.5 20 5.5 0.42 2
VES-IP 8 BH-16 21 6.18 128 495 248 13.8 6.5 3.5 1.8 0.86 14.2 4.7 1.6 5.9
VES-IP 9 P-1 20 6.06 116 910 455 12.4 7.6 13.5 3.8 10.1 12.5 2.3 6.74 8.4
VES-IP 10 P-2 15 5.8 133 890 450 10.6 5.8 14.8 12.6 2.08 28.4 1.2 1.68 6.2
VES-IP 11 BH-9 12 6.83 120 212 1060 52.2 24.7 30.4 10.7 0.5 31.8 7.2 0.13 10.8
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6  Conclusion

An integrated hydrogeophysical investigation con-
sisting of electrical resistivity and induced polariza-
tion techniques in parts of the Niger Delta deline-
ated a widespread clay layer characterized by low 
resistivity (5–96  Ωm) and high chargeability and 
normalized chargeability values (0.67–13.9  ms and 
0.134–2.242 mS/m) overlying the aquifer in locations 
that show elevated dissolved Fe concentrations. The 
thickness of the clay layer varies, pinching out at some 
places. In locations where the clay layer pinches out, 
the Fe concentration is within WHO acceptable limits 
(< 0.3 mg/L), implying that the lithological set-up plays 
a significant role in understanding Fe enrichment in 
groundwater in the Niger Delta. The low-permeability 
clay layer acts a confining layer and thus helps in creat-
ing atmosphere-isolated state in the underlying aquifer 
which is responsible for the reductive ambient subsur-
face groundwater environment favourable to Fe ions 
transferring from the aquifer matrix into the groundwa-
ter. The knowledge of the clay layer will be very helpful in 
selecting suitable sites for the installation of boreholes.
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