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Abstract Investigation of groundwater contamination

due to leachate migration in a solid waste disposal site was

done using both geophysical and hydrochemical methods.

The main goals were to delineate groundwater contami-

nation due to leachate percolation and thus assessment of

quality of groundwater from nearby hand-dug wells bor-

dering the dumpsite for drinking purpose. A total of ten

resistivity traverses were acquired within and outside the

dumpsite using Wenner configuration with constant elec-

trode separation ranging from 5 to 25 m. The 2D resistivity

data were processed and inverted using RES2DINV and

RES3DINV softwares, respectively. Geochemical assess-

ment of groundwater samples were carried out according to

APHA standards while hydrochemical facies of the sam-

pled groundwater was evaluated using Piper Trilinear

software. The inverse resistivity models of the subsurface

from 2D and 3D imaging revealed low resistivity value less

than 10 X m suspected to be leachate while 3D inverse

sections allowed delineation of leachate, weathered layer,

bedrock and seepage path from the dumpsite. The extent of

migration was more pronounced in the southern part of the

dumpsite, hence possible contamination of shallow

groundwater system as dumpsite ages. The results of

physico-chemical analyses showed the groundwater sam-

ples to be within the limits of WHO/NSDWQ for drinking

purpose. However, higher values of concentrations of most

analyzed parameters were noticed in well 1 due to its

nearness to dumpsite and well 10 due to agricultural

activities, respectively. Interpretation of Piper diagram

showed CaHCO3 to be dominant facie in the area while

alkaline earth metals (Ca2þ; Mg2þ) and weak acids

(HCO3
-, CO3

-) are dominant cations and anions during

both climatic seasons. Groundwater in the study area is of

hard, fresh and alkaline in nature.

Keywords Solid waste � Dumpsite � Resistivity �
Leachate � Hydrochemical facies � Contamination

Introduction

Industrial development and uncontrolled increase of rural–

urban migration have resulted iin increase in production

rate of different types of wastes ranging from municipal to

industrial which have adverse effects on human health via

groundwater quality (Ramakrishnaiah et al. 2009).

According to Rizwan and Gurdeep (2010), groundwater

quality depends on the quality of recharged water, quantity

and quality of generated waste, sewage treatment and

subsurface geochemical processes. Groundwater contami-

nation is a challenging phenomenon in the country since

most of the cities in the country face solid waste man-

agement problems such as poor waste collection, inade-

quate waste disposal equipment, indiscriminate dumping of

wastes on streets and canals, siting of waste disposal site
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within residential areas without regard to local geology and

hydrogeology of the area. All these factors contribute to the

contamination of the nearby groundwater resources. Urban

waste materials (municipal and industrial) are usually dis-

posed off inadequately in waste dumpsite thus posing a

high risk to the underground water resources, environ-

mental pollution and community health (Soupios et al.

2006). Open dumpsite near the residential area can have

adverse effect on nearby water sources if the leachate

emanated from decomposed solid waste infiltrates and

pollutes the water table. High concentration of ionic con-

stituents of leachate are usually obtained from municipal

waste disposal site and can inflict health risk to both pop-

ulation and natural environment (Andrea et al. 2012).

The electrical resistivity technique has been widely used

in environmental geotechnical investigation on the field

(Mondelli et al. 2010; Ustra et al. 2012). Electrical resis-

tivity method is also useful in the evaluation of topsoil

thickness, competence and corrosivity to determine the

suitability of soil for construction and foundation design

purposes (Bayowa and Olayiwola 2015). Resistivity mea-

surement can be affected by seasonality of moisture con-

tent, soil porosity, degree of saturation, temperature and

salinity of the percolation fluid (Yamasaki et al. 2013).

Johansson et al. (2011) also studied the influence of the soil

gas phase on electrical resistivity by considering both

spatial and temporal variations of soil gas flow via landfill.

Munoz-Castelblanco et al. (2011) show that the electrical

resistivity of Loess soil can be divided into two regions

based on soil micropores. These are inter-aggregate pores

in which the water phase is continuous while the second

regime corresponds to the intra-aggregate pores where the

water phase is disconnected as a result of the presence of

empty pore space between the aggregates. Hydraulic con-

ductivity is defined as the meters per day of water seeping

into the soil under the pull of gravity or under a unit of

hydraulic gradient (Kirkham 2005). Knowledge of

hydraulic conductivity is very important in solving various

environmental problems as it is one of the most important

sol properties for the determination of infiltration rate,

control of irrigation and drainage processes and other

hydrological processes (Gulser and Candemir 2008). It is

also useful in controlling water infiltration, leaching of

pesticides from cultivated land, surface run-off and

migration of pollutants from contaminated sites to the

nearby groundwater resources (Bagarello and Sgroi 2007).

Electrical resistivity of permafrost table depends on the

temperature, pore water salinity, porosity, unfrozen water

and ice contents, cryostructure, material types and elec-

trode array geometry (Fortier et al. 1994). Permafrost

issues resolvable by geophysical techniques include the

assessment of temporal variations in subsurface geophysi-

cal properties due to permafrost cooling, warming,

aggradation and degradation through geophysical moni-

toring (Kneisel et al. 2008). Yu et al. (2003) carried out

permafrost investigation using various geophysical meth-

ods while 2D electrical resistivity imaging was used to

investigate structure of patterned ground as well as to

interpret the relationships between ground structure and the

geometry of the permafrost table (Kasprzak 2015). Elec-

trical resistivity has been employed over the years to

characterize aquifer in different geologic environments,

delineation of subsurface lithology and mapping of possi-

ble fractured assisted aquifer system (Adepelumi et al.

2008; Ayolabi et al. 2009; Lateef 2012).

Several research activities on groundwater contamina-

tion arising from nearby solid waste disposal sites based on

geochemical analyses have been carried out (Assmuth and

Strandberg 1993; Matias et al. 1994; Kayabali et al. 1998;

Ikem et al. 2002; Tijani et al. 2002; Armah et al. 2012;

Afolayan et al. 2012; Badejo et al. 2013). Most of these

studies aimed at defining the spatial extent of groundwater

contamination based on the result of chemical analyses.

Leachate plume generated at a waste disposal site con-

tains high ion concentrations and thus have low resistivity

values. This makes an electrical imaging technique a reli-

able tool for mapping contamination plumes generated

from solid waste dumpsite. Amongst other geophysical

technique, electrical method is the most preferred for

dumpsite investigation as it can delineate contaminated

zones of groundwater effectively due to conductive nature

of most contaminants (Mazac et al. 1987; Atekwana et al.

2000; Karlik and Kaya 2001).

Electrical resistivity method is versatile, fast, cost

effective and a non-destructive geophysical technique for

mapping the shallow subsurface anomaly. Electrical

resistivity imaging has no adverse impacts to the environ-

ment and serves as a good method for delineating the rel-

atively rapid variations in the subsurface during

environmental remediation (Kumar 2012).

Most published studies have detailed the use of 2D elec-

trical resistivity tomography for dumpsite investigation

(Soupios et al. 2006; Adepelumi et al. 2008; Abdullahi et al.

2011; Jegede et al.2011; Oladunjoye et al. 2011; Iyoha et al.

2013; Yalo et al. 2014) as well as tracing of subsurface oil

pollution leakage (Win et al. 2011;Metwaly et al. 2012). The

integrated use of hydrochemical and geophysical methods is

often recommended (Benson et al. 1983; Matias et al. 1994;

Kayabali et al. 1998; Ariyo and Enikanoselu 2007).

A combination of hydrochemical and geophysical

methods was used in a groundwater contamination study

around Ajakanga dumpsite located in southwestern part of

Nigeria. By combining the results of geophysical and

hydrogeochemical analyses from existing hand-dug wells

around the dumpsite, a detailed empirical information

about the dumpsite as well as better understanding of
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spatial extent of leachate plume migration, hydrogeo-

chemical constituents of groundwater and its suitability for

domestic purpose can be obtained. This work is aimed to

examine the impact of solid waste disposal site on

groundwater quality through the identification and delin-

eation of the extent of contaminated leachate plume

migration below the surface, mapping the presence of

subsurface structures below the ground surface that could

act as pathways for the flow of the contaminant. Finally to

examine the health implication of generated leachate on

nearby groundwater through hydrochemical and microbial

analyses so as to assess the level of contamination of

groundwater from hand-dug wells within the vicinity of the

dumpsite.

Site description and geological setting

Ibadan is located approximately within the square of lati-

tude 7�200 to 7�400 North of the equator and longitude

3�350 to 4�100 East of the Greenwich meridian. There are

three major rivers draining the city, these are Ogunpa,

Ogbere and Ona rivers with many tributaries (Fig. 1).

Ajakanga open solid waste site in Ibadan is situated over

10 ha of land along Challenge road and was opened since

1998 and still active till date. The general overview of the

dumpsite is shown in Fig. 2. The study area lies within

longitudes 3�50018700E and 3�50069600E and latitudes

7�18002100N and 7�18099700N. It is owned and maintained

by Oyo State Waste Management Authority. In Ibadan city,

solid waste generation is on the increase. The city currently

generates about 1,618,293 kg of solid waste daily with

about 10 % of this evacuated by the Oyo State Waste

Management Authority, the local government and the pri-

vate refuse contractors while the remaining 90 % is left to

households, commercial and industrial generators to dis-

pose off in form of burning, dumping on streets, drain etc.

(CPE 2010). The study area falls within the humid and sub-

humid tropical climate of southwestern Nigeria with a

mean annual rainfall of about 1270 mm mean annual

potential evaporation of 1199 mm and a mean maximum

temperature of 32 �C (Akintola 1986). The soil type of the

study area belongs to Orthic Luvisols (FAO 2015). The

water retention capacity values of the experimental soil

samples at different points within the dumpsite ranged

from 10.4 to 38.4 % with a mean value of 37.3 % using the

pressure plate apparatus following Dane and Hopmans

(2002) procedures.

The study area falls within the basement complex terrain

of southwestern Nigeria. The basement complex rocks

Fig. 1 Map of Ibadan showing

its different parts and the major

rivers
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consist of crystalline igneous and metamorphic rocks,

which form part of the African Crystalline shield with the

rocks belonging to the youngest of the three major pro-

vinces of the West African Craton (Jones and Hockey

1964). These rocks occur either exposed or covered by

shallow mantle of superficial deposits. They are loosely

categorized into three main subdivisions namely the mig-

matite-gneiss complex; the schist belt and Pan-African (Ca

600 Ma) Older granite series (Elueze 2000). The general-

ized geological map of Ibadan is shown in Fig. 3. The

basement complex rocks in their unaltered form are char-

acterized by low porosity and permeability which deter-

mines the hydrogeological properties of the rocks

depending on the texture and mineralogy of the rocks. The

top soil has been disturbed in the study area and hence

constitutes the waste dump and the leachate derived from

its decomposition processing.

Methodology

2D electrical resistivity survey

Two-dimensional (2D) electrical resistivity survey was

carried out within the dumpsite using Campus Tigre Ter-

ameter. Nine traverses were mapped out within the

dumpsite and a control traverse at about 500 m away from

the refuse dumpsite using the Wenner array configuration.

Figure 4 shows the data acquisition map for resistivity

survey. The electrode separation distance for each traverse

ranged from a = 5–30 m with a station interval of 5 m.

The Wenner electrode array has one current electrode (C1)

followed by two potential electrodes, (P1 and P2) and ends

with second current electrode (C2). The current and

potential electrodes are maintained at a regular fixed dis-

tance from each other (starting at a = 5 m) and are pro-

gressively moved along the traverse line. The geometric

factor (K) for the Wenner array equals 2pa. Measurements

commenced at one end of the traverse line with electrode

spacing a = 5 m at electrode positions 1, 2, 3 and 4. Next,

each electrode (C1, P1, P2 and C2) was shifted a distance of

5 m, the active electrode positions being 2, 3, 4 and 5. The

procedure was continued to the end of the traverse line (as

shown in Fig. 5). At each measurement, the resistivity

meter displayed field resistance value and the correspond-

ing root mean square (rms) error of the reading. The

apparent resistivity of the subsurface can be computed

using the formula qa = 2paR where a is the electrode

spacing distance and R is the field resistance value. The

traverse length ranged from 70 to 200 m. Six out of nine

traverses within the dumpsite were in N–S direction while

the remaining three were in W–E direction. The orientation

of control traverse was in N–S direction. The 2D inverse

resistivity models of the subsurface was obtained from the

Fig. 2 General overview of Ajakanga dumpsite (JPEG)

 643 Page 4 of 19 Environ Earth Sci  (2016) 75:643 

123

AUTHOR COPY



input resistivity data using inversion code of RES2DINV

(Loke and Barker 1996; Loke 2000) while 3D inverse

horizontal models of the subsurface was obtained from the

inversion of 3D data set obtained from collated 2D resis-

tivity data sets with the aid of RES3DINV computer pro-

gram. These are inversion programs that automatically

determines the 2D and 3D resistivity models of the sub-

surface from the input resistivity data using smoothness

constrained least squares method (Sasaki 1992).

The resistivity measurement is based on the difference

in resistivity values of the model blocks directing towards

minimizing the difference between the calculated and the

measured apparent resistivity values from the field. The

accuracy of fit is expressed in terms of the RMS error

(Loke and Barker 1996).

Chemical and microbial analyses of groundwater

samples from hand-dug wells

Ten groundwater samples from hand-dug wells and stream

were collected during dry and wet seasons at ten different

locations around the dumpsite (Fig. 6). The distance of the

hand-dug wells and stream to the dumpsite, depth of the

well and static water level depth for both seasons were

noted. Preservation of water samples and chemical analy-

ses were carried out using standard procedures recom-

mended by APHA (2005). Hydrogeochemical facies of

analyzed groundwater samples was done with the aid of

Piper Trilinear software. Microbial analyses of

groundwater samples were done using total plate count

method via media MacConkey Agar and Eosine methylene

Blue Agar for detection of coliform bacteria and E. coli

respectively. The analysed data can be used for the clas-

sification of water for various purposes and their percent-

age compliance with World Health Organization (WHO

2007) and Nigerian Standard for Drinking Water Quality

(NSDWQ 2007) specified limits.

Results and discussion

Interpretation of 2D resistivity models

The inverse model sections of the subsurface and resistivity

distribution derived from 2-D inversion are presented in

Figs. 7, 8 and 9. As shown in Fig. 7a, the resistivity inverse

model of traverse 1 shows continuous spread of leachate

plume from horizontal distance of 8–82 m in the north–

south direction with resistivity values below 10 X m, an

indication of leachate plume accumulation up to 12 m

depth below the surface and probably may have reach the

water table due to weathered basement below the basin

shaped leachate plume. The leachate migration on this

traverse originates from the northern end of the traverse

where it extends to the surface. Figure 7b shows model

section for traverse 2 comprising of low resistivity

anomalies with resistivity values below 10 X m, an indi-

cation of leachate at horizontal distance of 10–65 and

Fig. 3 Generalized geological

map of Ibadan showing the

study area (JPEG)
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Fig. 4 Data acquisition map for

electrical resistivity survey

Fig. 5 Construction of a continuous resistivity profile using the Wenner array
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68–92 m. The resistivity values throughout the traverse

section were mostly less than 100 X m. Figure 7c shows

inverse model section for traverse 3, wherein low resis-

tivity anomalies below 10 X m, an indication of leachate

plume migration occur at horizontal distances 10–35 and

41–85 m along the traverse. Following this plume is

weathered zone at depth 12–15 m with resistivity values

ranging from 17 to 132 X m indicating that the deeper

layers are prone to groundwater contamination as dumpsite

ages. Relatively high resistivity anomaly of resistivity

values 17–79 X m to a depth of about 5 m occurs close to

the surface suggesting presence of clayey sand mixed with

non degradable waste material.

The inverse model resistivity sections of traverses 4, 5

and 6 are shown in Fig. 8a–c. As shown in Fig. 8a, two

low-resistive anomalies were observed at positions 7–22 m

and 27–45 m along the traverse with resistivity values

between 5 and 8 X m. The low resistivity anomalies in the

traverse show minor evidence of horizontal migration from

western to eastern side and vertical migration up to about

4 m depth below the surface. This is followed by weath-

ered basement rock of resistivity values between 12 and

95 X m. The model of traverse 5 shows an upper layer

from surface to about 4 m having a low resistivity values

below 10 X m, an evidence of leachate plume formation

with nearly uniform lateral and depth extent. The low

resistive anomaly of the upper layer indicates that the

underlying layer has resistivity values ranging between 20

and 200 X m indicating weathered basement (Fig. 8b). In

Fig. 8c, the 2D section shows low resistivity anomaly

towards the southern part of the traverse at position

40–82 m with resistivity values between 10 and 20 X m,

an indication of leachate plume occurring at a depth of

about 4 m below the surface. The near surface low resis-

tivity was not noticed between 7.5 and 40 m along the

traverse. A relatively high resistivity anomalies with

resistivity values between 40 and 338 X m of weathered

materials were noticed at approximate depth 4–12 m. The

lower part of the section shows an undulating bedrock at

position 27 m in the northern part of the traverse to 62 m

towards the southern part of the traverse with resistivity

values between 688 and 1400 X m.

The inversion model of traverse 7 (Fig. 9a) showed two

major low resistive anomalies and two minor ones. The

major and minor resistive anomalies are situated at 18–47,

48–80 and 8–12 m and 85–92 m in the eastern part of the

traverse respectively with resistivity values below 10 X m,

an indication of leachate plume. Following the plume is an

Fig. 6 Map of Ajakanga

dumpsite and water sampling

locations
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underlying layer of resistivity values ranging between 40

and 338 X m indicating weathered materials. The model

shows that the measurement encountered bedrock at hori-

zontal position 30–72 m at approximate depth of 14–16 m.

Figure 9b shows inverse model section of traverse 8 in

which at position 8–50 m towards the southern part of the

traverse, there is presence of low resistive anomaly. The

model shows the top 3 m of the regolith having low

resistivity values between 11 and 20 X m, an indication

that the top soil within this position range is made up of

leachate accumulation. Generally for the traverse, the

resistivity distributions are mostly less than 100 X m

Fig. 7 2D inverse model

resistivity sections for Ajakanga

traverses 1, 2 and 3
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throughout the traverse (Fig. 9b). In Fig. 9c, the inverse

resistivity model section for traverse 9 showed low resis-

tivity anomaly zone at position 7–42 m with resistivity

values less than 20 X m occurring at approximately 4 m

depth below the surface. This is an indication of leachate

plume accumulation. The rest of the traverse towards the

southern end of the traverse at horizontal distance of

45–64 m showed high resistivity anomaly between 29 and

43 X m protruding to the surface suggesting presence of

clayey material mixed with non degradable wastes.

The inverse model section of control traverse is

shown in Fig. 9d. High resistivity anomaly with resis-

tivity values between 110 and 172 X m was noticed at

northern part of the traverse at horizontal position

10–34 m while an isolated low resistive region of

resistivity values between 29 and 45 X m, an indication

of clay material was observed at position 38–47 m and

73–112 m along the traverse. This is an indication of no

evidence of leachate accumulation on the control tra-

verse as near surface resistivity values were higher than

Fig. 8 2D inverse model

resistivity sections for Ajakanga

traverses 4, 5 and 6
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20 X m. Weathered basement rock with resistivity val-

ues between 70 and 268 X m were noticed at depth

while the measurement encounters the bedrock at

position 75–95 m in the southern end of the traverse at

depth greater than 12 m with resistivity values between

419 and 656 X m.

Fig. 9 2D inverse model

resistivity sections for Ajakanga

traverses 7, 8, 9 and control
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Interpretation of 3D inverse model resistivity
images

Horizontal section of Ajakanga dumpsite

After applying the inversion process to the collated 2D data

profiles with the aid of RES3DINV, six horizontal sections

were obtained. The sections were modeled by RES3DINV

as horizontal sections after five iterations with RMS error

of 8.59 %. These sections covered from the surface to a

depth of 21.9 m. The resistivity values range from a min-

imum of 4 X m to a maximum of 259 X m. The first four

horizontal layers from the surface to a depth of 12.5 m

showed complex subsurface which are more heterogenous

when compared to layers 5 and 6 (Fig. 10). The hetero-

geneous nature of the first four layers could be due to the

effect of leachate accumulation, clay soil, non degradable

solid waste or exposure of dry soil due to removal and

clearing of solid waste to create more space for dumping of

solid waste materials. The resistivity ranged between 13

and 259 X m in layers 5 and 6 at 12.5–21.9 m depth with

no traces of any low resistive region indicating that layers 5

and 6 contain weathered/fractured basement and fresh

basement. Layers 5 and 6 showed a pronounced spread of

basement region with resistivity values ranging from

142 X m to more than 259 X m as depicted in Fig. 10.

Vertical section of Ajakanga dumpsite

The vertical sections show the resistivity distribution in the

X–Z plane for the layers to a depth of 19.4 m. The vertical

sections as obtained by inversion process using

RES3DINV showed 45 XZ plane where X is the profile

direction and Z is the depth as shown in Figs. 11 and 12.

There is combination of low and high resistivities zones in

the first plane. This low resistive region could be inter-

preted as leachate plume observed from the traverses. Plane

2–20 for Y = 21–116 m contains resistivity values

Fig. 10 Horizontal depth slices obtained from the 3D inversion of orthogonal 2D profiles on Ajakanga dumpsite
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between 7 and 78 X m showing weathered basement while

from plane 21–45 show resistivity value ranging from 7 to

259 X m suggesting fracture and basement rock units. The

resistivity values for vertical sections at Ajakanga dumpsite

ranges from 4 to 259 X m.

Groundwater quality for drinking purpose

Table 1 shows distance of the hand-dug wells to the

landfill, depth of the well as well as depth to static water

level for both seasons. Maximum and minimum concen-

trations of major ions present in the water samples and their

percentage compliance with WHO and NSDWQ limits for

both dry and wet seasons are as shown in Table 2, while

Table 3 shows the comparison between values of each

parameter during dry and wet seasons sampling periods.

The pH values of groundwater samples during dry and

wet seasons sampling periods ranged from 6.9 to 7.8 and

6.7 to 7.3 respectively. The pH values for the two seasons

lie within the permissible limit. The total dissolved solids

(TDS) concentrations during March and August, 2013

varied from 88 to 299 mg/L and 95 to 351 mg/L respec-

tively. All TDS values lie below 500 mg/L specified by

WHO (2007) and NSDWQ (2007) limits. Electrical con-

ductivity values ranged from 176 to 598 lS/cm in dry

season and from 191 to 705 lS/cm in wet season. EC

Fig. 11 Extracted 2D images in X–Z plane from the 3D constrained inverse resistivity model at the location of 2D profile measured on Ajakanga

dumpsite
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values in both season lie within the standard limit of WHO

and NSDWQ (1000 lS/cm). The TDS values in both sea-

sons showed all the groundwater samples to be of fresh-

water origin. The average concentration of total hardness

(TH) varies from 46 to 406 mg/L and 116 to 432 mg/L

during dry and wet seasons respectively. Based on Sawyer

and McCarthy (1967) classification for TH, 20 % fall under

‘‘soft class’’, 40 % under ‘‘Hard class’’, 30 % under

‘‘moderate’’ class while the remaining 10 % falls under

‘‘very hard’’ class during dry season. However, during the

wet season, none of the samples falls under ‘‘soft’’ class of

hardness, 10 % falls under ‘‘moderate’’ class, 60 % fall

under ‘‘Hard’’ class while 30 % fall under ‘‘Very Hard’’

Class. At all sampling locations, TH values were higher in

wet season and lower in dry season. The chloride con-

centration of water samples during dry and wet seasons

ranged from 16 to 113 mg/L and 10 to 53 mg/L, respec-

tively. The observed values of chloride ions in both seasons

were within the permissible limit of 250 mg/L.

Nitrate concentration in groundwater ranged from 1.5 to

15.9 mg/L during dry season and 0 to 3.9 mg/L during wet

season. The nitrate values for both seasons were found to

be within the limit of 50 mg/L specified by WHO (2007).

The values of sulphate ions in the groundwater samples

ranged from 14.4 to 127.7 mg/L and 7.6 to 52.3 mg/L

during dry and wet seasons respectively. However,

Fig. 12 Extracted 2D images in X–Z plane from the 3D constrained inverse resistivity model at the location of 2D profile measured on Ajakanga

dumpsite
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sulphate values in both seasons lie below 250 mg/L

according to WHO (2007) and NSDWQ (2007) limit.

Carbonate values in dry and wet seasons ranged from 60 to

288 mg/L and 60 to 300 mg/L; and bicarbonate values

ranged from 122 to 586 mg/L and 122 to 610 mg/L in dry

and wet seasons respectively.

The Ca2þ andMg2þ concentration values during both

seasons ranged from 1.3 to 49.2 mg/L and 2.0 to 173.4 mg/

L; 1.1–14.2 mg/L and 3.3–49.3 mg/L respectively. Na?

concentration value in groundwater ranged from 12 to

30 mg/L and 11 to 24 mg/L during dry and wet seasons,

respectively. There is no significant seasonal variations of

K?. The lowest and highest concentration of K? in

groundwater may be due to the fact that most potassium

bearing minerals are resistant to decomposition by

weathering processes and fixation in the formation of clay

minerals (Scheytt 1997).

The degree of a linear association between any two of

the analyzed parameters measured by Pearson’s correlation

coefficients for both seasons are presented in Tables 4 and

5 respectively. There is a very strong associations between

EC and TDS; HCO�
3 andCO2�

3 during both seasons. Highly

significant correlation between EC and TDS buttresses the

fact that EC depends largely on the quality of the dissolved

salts present in the sample. There is a negative correlation

between Naþ andKþ, TH andNO�
3 during both seasons.

The negative correlation between TH andNO�
3 and

between Naþ andKþ were expected because the effect of

nitrogen fixing bacteria decreases with increasing hardness

of water (Fabiyi 2008) while K? ion is normally less than

Table 1 Well parameter for Ajakanga water samples (Dry and Wet seasons)

Well Distance to landfill Depth to water table (m) (dry) Depth to water table (m) (wet) Depth to bottom

1 90 3.7 2.7 9.1

2 110 2.0 2.1 2.7

3 100 3.5 3.2 3.5

4 200 5.8 2.7 6.4

5 220 5.2 2.7 5.5

6 200 4.6 4.3 5.5

7 270 5.5 3.2 5.8

8 520 7.2 6.5 8.2

9 120 – – –

10 120 1.8 1.8 3.7

Table 2 Comparison of groundwater quality parameters of Ajakanga with WHO (2007)/NSDWQ (2007) specification limits (dry and wet

season)

Parameters Dry Percent

compliance (dry)

Wet Percent

compliance (wet)

WHO and

NSDWQ
Min Max Min Max

pH 6.97 7.81 100 6.71 7.33 100 6.5–8.5

EC 176 598 100 191 705 100 1000

TDS 88 299 100 95 351 100 500

Cl- 16 113 100 10 53 100 250

HCO3
- 122 586 100 122 610 100 1000

CO3
2- 60 288 40 60 300 50 120

TH 46 406 50 116 432 10 150

Na? 12 30 100 11 24 100 200

K? 1.00 6.00 100 1.00 6.00 100 55

NO3
- 1.54 15.9 100 .00 3.90 100 50

Ca2? 1.32 49.2 100 2.01 173.4 100 75

Mg2? 1.12 14.23 100 3.29 49.34 100 50

SO4
2 14.36 127.74 100 7,58 52.26 100 250
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Na? in igneous rock, typical of basement complex for-

mation (Scheytt 1997).

However, higher concentration of some parameters were

noticed in Wells 1 and 10 which may be due to effect of

leachate migration in the southern part of the dumpsite;

nearness to dumpsite; agricultural run-off and fertilizer

application. On the other hand, all investigated hand-dug

wells revealed high concentration of coliform group of

bacteria with no presence of E. coli during dry season in all

analyzed samples (Table 6). However, there is presence of

E. coli in water samples from wells 4 and 7 during wet

season. The presence of E. coli in water indicates recent

faecal contamination and may indicate possible presence of

disease causing pathogens such as bacteria, viruses and

parasites.

Hydrogeochemical facies of groundwater

Piper diagram (Piper 1944) has been traditionally and most

commonly used to classify the water and waste-water into

different water category based on the anion and cation

concentrations in the form of major ion percentage. The

relative abundance of cations Ca2þ andMg2þ
� �

are first

plotted on the cation triangle while relative abundance of

anions Cl�; SO2�
4 andHCO3 þ CO2�

3

� �
are plotted on the

anion triangle. The centrally placed quadrilateral field

(diamond shaped) shows the overall chemical property of

the water sample from which inferences can be drawn on

the basis of hydrogeochemical concept. Hydrochemical

concept can help to elucidate the mechanism of flow and

transport in groundwater systems (Hem 1985). The Piper

plot (Fig. 13) shows the hydrogeochemical facies during

both dry and wet seasons. From the plot, during dry season,

30 % of points lie within (Na? ? K?) axis, 10 % lies in

(Mg2?) axis, 10 % lies in (Ca2?) axis while 50 % of points

fall in ‘‘No dominant’’ axis. In anions region of the plot,

almost all the points (90 % of the water samples) lie within

(HCO3
- ? CO3

2-) axis while only 10 % lie in ‘‘No

dominant’’ axis. Alkaline earth Ca2þ andMg2þ
� �

exceed

the alkalis (Na? ? K?) and weak acids type

(HCO3
- ? CO3

2-) exceed the strong acids

ðSO2�
4 and Cl�Þ. Further analysis of the piper plot shows

that 10 % are of NaHCO3 (alkali rich type), 20 % are of

mixed type (mixed CaNaHCO3), only 10 % are of CaMgCl

while the remaining 60 % are of CaHCO3 type

(freshwater).

During wet season, majority of groundwater samples

are still of Ca2þ + Mg2þ
� �

type i.e., alkaline earth

exceeds the alkalis Naþ þ Kþð Þ. This is an indication

that there is no change of this type irrespective of the

season and hence the source of these ions
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Ca2þ + Mg2þ
� �

may be natural. In terms of weak acids/

strong acids, all the groundwater samples in wet season

are of weak acid type. When seasonal changes of the

water type are considered, for the wet season of the

cation region of the plot, only 10 % lies within

Naþ þ Kþð Þ axis; 10 % in the (Mg2?) axis; 10 % in the

(Ca2?) axis while remaining 70 % fall in ‘‘No dominant

type’’ region. In anions region of the plot, all the water

samples lie within (HCO3
- ? CO3

-) axis while none

fall within the ‘‘No dominant type’’ region.

Discussion: 2D and 3D ERT results

The 2D inverted sections in electric resistivity tomography

showed the infiltration and migration of leachate plume

from one point to another within the dumpsite. The elec-

trical resistivity imaging has the advantage of obtaining

two dimensional evolution of leachate plume (Paul et al.

2007). The 2D electrical imaging method reveals the

inverse models of resistivity distribution of the subsurface

and varying lithologies with depth. The migration of lea-

Table 4 Correlation coefficient of Ajakanga water samples parameters during dry season

EC TDS Cl Bicarbonate Hardness Carbonate SO4 NO3 Na K Mg Ca

EC 1

TDS 1.000b 1

Cl .680a .678a 1

Bicarbonate .282 .286 .121 1

Hardness .784b .784b .165 .308 1

Carbonate .282 .286 .121 1.000b .308 1

SO4 .032 .029 .504 -.256 -.229 -.256 1

NO3 -.264 -.266 .078 -.271 -.381 -.271 .837b 1

Na .640a .640a .614 .270 .226 .270 -.004 -.162 1

K .154 .152 .422 -.153 .079 -.153 .569 .409 -.076 1

Mg .795b .796b .448 .289 .746a .289 -.302 -.588 .230 .170 1

Ca .748a .749a .148 .490 .907b .490 -.376 -.460 .421 -.185 .642a 1

a Correlation is significant at the .05 level (2-tailed)
b Correlation is significant at the .01 level (2-tailed)

Table 5 Correlation coefficient of Ajakanga water samples parameters during wet season

EC TDS Cl CO3 HCO3 Hardness SO4 NO3 Na K Mg Ca

EC 1

TDS 1.000b 1

Cl .717a .729a 1

CO3 .889b .882b .344 1

HCO3 .889b .882b .344 1.000b 1

Hardness .379 .391 .473 .338 .338 1

SO4 .738a .738a .595 .541 .541 -.235 1

NO3 -.130 -.135 -.020 -.253 -.253 -.704a .360 1

Na .375 .387 .775b .055 .055 .626 .069 -.296 1

K -.034 -.037 -.238 .131 .131 .036 -.104 -.367 -.020 1

Mg .961b .957b .538 .934b .934b .243 .730a -.057 .155 -.022 1

Ca .816b .809b .311 .840b .840b -.129 .836b .103 -.145 .114 .887b 1

a Correlation is significant at the .05 level (2-tailed)
b Correlation is significant at the .01 level (2-tailed)
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chate plume as observed from inverse models was traced in

the form of low resistivity zones with resistivity values less

than 20 X m. It should be noted that the inverse model of

3D inversion of Ajakanga indicate that the abnormally high

resistivity value of the order of[1000 X m observed in 2D

resistivity imaging has been eliminated. Furthermore, the

effective depth of investigation as observed in 3D inversion

models is greater than 15.9 m (precisely 21.9 m).

It was observed from the models of the resistivity tra-

verses within Ajakanga dumpsite that, the traverses

towards the southern part of the dumpsite showed clearer

picture of leachate plume migration than those on the

northern side of the dumpsite. This can be likened to the

flow of leachate from decomposed wastes moving from the

northern side of the dumpsite towards the southern part

where it accumulates and it is of greater extent than one on

the northern side.

Conclusion

The integrated approach of electrical imaging methods and

hydrogeochemical investigation were employed to inves-

tigate groundwater contamination around Ajakanga

dumpsite while Hydrogeochemical facies of groundwater

samples from hand-dug wells were revealed through Piper

diagram analysis. The integrated methods have led to a

better understanding of the site than could have been

achieved with the use of a single investigative method. The

interpretation of 2D resistivity models of traverses within

Ajakanga dumpsite showed low resistive zones with true

resistivity values less than 20 X m as indicative of leachate

plume and 15.9 m as maximum depth of investigation. The

horizontal and vertical extent of leachate plumes were

delineated by 2D geoelectrical imaging as a response of the

varying electrical conductivity in the dumpsite. Profile ran

on the southern part of the dumpsite show strong evidence

of horizontal and vertical plume migration; an evidence

that most of the decomposition process of leachate and its

run off take place mostly in the southern part due to sloppy

topography of this side. This is also buttressed by elevated

concentrations of most physic-chemical parameters of

groundwater from hand-dug well 1 which is located

directly opposite the dumpsite and of about 90 m distance

Table 6 Result of microbial analysis of water samples during dry

and wet seasons

Sample code Dry Wet

Coliform count E. coli Coliform count E. coli

S1 1.14 9 104 0 4.6 9 103 0

S2 9.2 9 103 0 1.2 9 104 0

S3 5.2 9 103 0 3.0 9 103 0

S4 2.2 9 103 0 1.34 9 104 6

S5 1.24 9 104 0 5.8 9 103 0

S6 1.42 9 104 0 1.4 9 103 0

S7 1.68 9 104 0 1.56 9 104 2

S8 7.6 9 103 0 6.2 9 103 0

S9 1.38 9 104 0 1.0 9 104 0

S10 1.72 9 104 0 3.6 9 103 0

Fig. 13 Piper Trilinear diagram for Ajakanga water samples for a dry and b wet seasons
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to the dumpsite. The result of physio-chemical parameters

on analyzed groundwater samples lie within WHO (2007)/

NSDWQ (2007) specification limits for drinking purpose.

However, effect of leachate migration, nearness to dump-

site, agricultural run-off and fertilizer application might

have caused higher concentrations of some parameters in

wells 1 and 10 respectively. There is possible contamina-

tion of shallow groundwater system in the southern part of

the dumpsite as dumpsite ages due to strong evidence of

leachate migration and extent of migration depth on this

side of the dumpsite. With the help of Piper diagram, the

interpretation of hydrochemical facies of groundwater

samples in both dry and wet seasons show dominant water

type to be of CaHCO3. Generally, the groundwater quality

of the study area in both seasons based on the interpretation

of hydrochemical analysis is hard, fresh and alkaline in

nature. Repeated resistivity method accompanied by

chemical analyses of groundwater samples from nearby

hand-dug wells bordering the dumpsite should be adopted

for tracing the future position of leachate plume in space

and time, and up to date status of hand-dug wells for

drinking and consumption purposes as the dumpsite ages.
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