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Abstract
The contamination levels of soils and water resources in Calabar, Nigeria have been investigated using resistivity (vertical 
electrical sounding and electrical resistivity tomography), geochemical analyses of soil and water resources and textural 
analysis. Sixty randomly sited VES sites were investigated in two seasons while ERT investigations were performed along 
four profiles. The geochemical investigations were spread across seasons in order to track seasonal changes in physico-
chemical parameters: hydrogen ion concentration (pH), electrical conductivity, total dissolved solids, chloride ion (Cl−), 
nitrate ion ( NO−

3
 ), bicarbonate ( HCO−

3
 ), sulphate ion ( SO2−

4
 ), calcium ion (Ca2+), sodium ion (Na+), potassium ion (K+) and 

magnesium ion (Mg2+). Additionally, concentrations of ammonium, aluminium and nitrite ions in soils were determined. 
Results show that ionic concentrations in the sand-dominated soils and water are within permissible limits and baseline 
standards. The resistivities follow known trends in the area. However, at the central waste disposal site, a localised thin 
(< 5 m), low resistivity (< 15 Ωm) anomaly suspected to be due to contamination by leachates was observed. Comparatively, 
the contaminated area is also characterised by marginal increase in ionic concentrations. Strong attenuation capacities of 
overlying and adjoining clay/lateritic sediments and optimal design of the waste dump site probably reduced the spread of 
contaminants. The contaminated zone need to be closely monitored so that it does not extend to the aquifers. Hence, all 
strategies presently being used in managing wastes in Calabar should be sustained.
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Introduction

Many towns in developing countries including Calabar in 
southeastern Nigeria have been struggling to cope with 
huge challenges posed by uncontrolled urbanisation and 
rapid industrialisation to both human and environment 
healths. Wide disparity still exists between demand and 

supply of some basic socio-infrastructural facilities (e.g. 
potable water, food, hospital and road) needed to sustain 
the essential needs of a booming population (Neves and 
Morales 2007). Consequently, available resources are 
overstretched by this sudden and unplanned increase in 
demand. Just like in other climes, many service providers 
like farmers have promptly responded to the resulting sce-
nario by adopting all manners of soil productivity and yield 
enhancement techniques to enhance the quantity of their 
products. These practices include excessive application of 
both organic and inorganic fertilizers: urea and NPK [i.e. 
nitrogen (15%), phosphorus (30%) and potassium (55%)], 
composts, pesticides, herbicides and soil fumigants. Such 
practices, particularly when performed in continuous 
and excessive manner, can harm both environmental and 
human healths (Yang et al. 2006; Hargreaves et al. 2008; 
Islami et al. 2011). Additionally, large quantities of wastes 
(municipal, agricultural and industrial), which are either 
dumped in a central waste dump site (WDS) located in 
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the northeastern part of Calabar (Fig. 1b–d) or repeatedly 
used as compost manure, are generated daily (Hargreaves 
et al. 2008). Furthermore, harmful gases and other indus-
trial emissions are discharged continuously into our belea-
guered environment (Loska et al. 2004; Orisakwe et al. 
2004). The solid wastes are dominated by food and other 
remains of organic materials, paper and paper-based prod-
ucts, chemical and chemical products, metal and allied 
products, glasses, wood and wood products, textiles and 
rugs, rubber and rubber products, leather, plastics, earth, 
ash, cinder and construction rubbles.

Continuous discharge of these wastes into soils can lead 
to the accumulation of their trace element constituents 
(Krishna and Govil 2007). Continuous accretion of such ele-
ments in soils will eventually cause them to increase beyond 
their threshold levels. Such conditions portend dangerous 
consequences to public health, especially, in populated cit-
ies like Calabar. The soils, which are the main receptacles 
of these wastes, are not only the medium through which 
plants, which absorb these elements, grow, but are also that 
important interface that intrinsically connects the other com-
ponents of the physical environment: air, plant and water. 

Fig. 1   Map of Cross River State a showing the location of the study 
area, map of Calabar, b showing water and soil sampling, and resis-
tivity survey points, topographic map of southern Cross River State, 

c showing the location of the study area and d elevation map around 
the waste dump site
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Thus, the widespread practice of dumping toxic substances 
in soils is also an indirect way of transmitting them to the 
other components of the environment (Chen et al. 1999). 
Such transmissions, particularly in sand-dominated soils, 
can be enhanced by some natural and anthropogenic activi-
ties like combustion, wind transport, extraction and process-
ing (for atmospheric environment); surface run-offs, wind 
transports, leakages from storage and sewage facilities for 
surface water resources, SWR (e.g. rivers, streams, ponds 
and lakes), soils and plants; and leaching, storage and min-
ing facilities (for groundwater).

The consequences of environmental contamination, par-
ticularly from wastes, are currently very topical issues that 
environmentalists, environmental protection agencies and 
other concerned stakeholders in Calabar are not only dis-
cussing but are also working vigorously to prevent. This is 
because, even at the landfill site, contamination of soil and 
water resources, mainly by leachates, can still occur if it 
is not properly managed (Kanmani and Gandhimathi 2013; 
Fernández et al. 2014). This calls for closer monitoring of 
both active and abandoned WDSs. Otherwise, if they con-
taminate the soil and water resources, grievous consequences 
like reduction in soil productivity (Orisakwe et al. 2004; 
Yang et al. 2006) and hygienic quality of food (Bhattacha-
rya et al. 2010; Lehto et al. 2011); degradation in drinking 
water quality (Almasri and Kaluarachchi 2004; Yang et al. 
2006); air quality (D’Amato et al. 2010; Sartelet et al. 2012) 
and general decrease in physical, mental and environmental 
healths can occur. Although sustained enlightenment and 
sensitisation campaigns mounted by relevant governmental 
and non-governmental agencies have made many residents 
to be mindful of the dangers associated with environmental 
pollution, and necessary steps are being taken to minimise 
them, pockets of inappropriate waste disposal practices 
still persist in many locations. Excepting the biodegrad-
able wastes, which are sometimes disposed inappropriately 
by residents, established polluting activities like excessive 
application of inorganic fertilizers like urea and NPK [i.e. 
nitrogen (15%), phosphorus (30%) and potassium (55%)], 
oil spills and other hydrocarbon exploitation, transportation 
and marketing activities, do occur. Although, several studies 
have been conducted to assess, quantify and monitor water 
quality, soils and other natural resources in Calabar (Nganje 
et al. 2007; Edet et al. 2014), there exists no report of inte-
grated pollution studies. Additionally, the few soil quality 
studies (e.g. Edet et al. 2014) are regional, and therefore, 
findings might have been wrongly generalised. Thus, infor-
mation on the spatial distribution of physical properties of 
the vadose zone materials (VZM), lateral and vertical extents 
of soil and/or groundwater contaminated zones, which are 
necessary for broader assessment of contaminant distribu-
tion (Kaya et al. 2007), is presently unavailable. This study 
is aimed at employing integrated geophysical, geological and 

geochemical data in examining the contamination levels of 
soil and water resources in Calabar, Nigeria.

Physiography, location and geology of study 
area

Location

Calabar is located between Latitudes 4°15′ and 5°05′N of 
the Equator and Longitudes 8°10′ and 8°30′E of the Green-
wich Meridian, in Cross River State, southeastern Nigeria 
(Fig. 1a, b). With an areal extent of ~ 200 km2, Calabar 
is sited in the low-lying parts of the freshwater mangrove 
swamp forest of West Africa (Iloje 2001). Surface elevations 
in Calabar vary from < 1 m in the south to > 70 m in the 
north (Fig. 1b, c).

Calabar is located in a humid tropical climatic environ-
ment characterised by two seasons—wet and dry. The wet 
season, which usually begins in March and ends diffusely in 
October, corresponds to a period when the northward head-
ing and moisture-laden Trans-Atlantic air mass, crosses the 
area. The peak of the rainy season conforms to a period 
with the highest static water levels (SWLs). Surface run-offs, 
resulting from heavy rains, usually dissolve, dislodge, trans-
port and deposit some weakly cementing materials from the 
sand-dominated soils in the coastal areas and drainage chan-
nels, thereby leaving the epithelial sediments in a perpetually 
dry and sandy state. Dry season normally begins obliquely 
with a gradual increase in aridity and rising temperature in 
November and gradually eases out as April approaches. The 
beginning of dry season often marks the arrival of the south-
ward heading Sahara Desert-borne Tropical continental air 
mass. Climatic data available at the Nigerian Meteorological 
Agency, Calabar and Department of Geography and Envi-
ronmental Science, University of Calabar, Calabar show that 
between 1951 and 2015, variations in mean monthly tem-
perature [minimum (A) and maximum (B)], rainfall (C) and 
relative humidity (D) are as shown in Fig. 2a–d, respectively.

Location and generalised geology of Calabar

Calabar is located in a geologic environment that is domi-
nated by Tertiary-Quaternary Coastal Plain Sands, CPSs 
(or Benin Formation) and Alluvial sediments. Cretaceous 
sediments of the Calabar Flank and rocks of Precambrian 
Oban Massif underlie these CPSs, which cover over 80% 
of the study area. Varying thicknesses of interfringing units 
of lacustrine, fluvial, loose and poorly sorted sands, peb-
bles, clays and lignite streaks are prevalent in the CPS. The 
alluvial units, which comprise tidal and lagoonal sediments, 
beach sands and soils, are more common in riverbanks, 
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swamps and floodplains in the south (Reijers et al. 1987; 
Reijers and Petters 1987).

Alternating units of thin clays and lignite streaks trun-
cate the vertical continuity of the CPSs aquifers, thus 
transforming them into multi-storey aquifer systems (Edet 
and Okereke 2002; Edet and Worden 2009). Lateritic sedi-
ments, with varying thicknesses, overlie the CPS aquifers 
in many locations. However, they are overtly exposed near 
the beaches and shorelines. Typical variations in SWLs are 
from < 1 to ~ 35 m in southern and northern areas, respec-
tively. Geotechnical characterisation of the vadoze zone 
materials reveals the abundance of predominantly non-
plastic sandy clay (permeability ranges from 6.80 × 10−3 to 
9.43 × 10−3 cm/s) and gravelly clay with permeability vari-
ations of 7.00 × 10−1–8.70 × 10−1 cm/s, sediments (Youdeo-
wei and Nwankwoala 2010).

Hydrogeology

Calabar is endowed with enormous water resources—rain, 
SWR and groundwater. Three southward flowing rivers: 

Calabar River in the west, easterly Great Qua River and 
Cross River Estuary in the south (Fig. 1b, c), and a dense 
network of streams, which discharge into the rivers, are 
the main SWR that dominate the landscape of Calabar. 
The rivers and streams are part of the Cross River system 
that traverses both mangrove and freshwater swamps. The 
overall discharge of the Cross River varies from ~ 879 
to  ~  2533  m3/s in dry and wet seasons, respectively 
(Lowenberg and Kunzel 1991).

Currently, households and industries operating in 
Calabar, contrary to the dominant practices few years 
ago, depend mainly on groundwater resource for all their 
water needs. Water quality studies conducted by Edet 
and Okereke (2002) and Edet and Worden (2009) reveal 
that the groundwater, commonly extracted from shallow 
water wells and boreholes (hand pumped and motorised), 
is potable. However, the upper part of the saturated aqui-
fer is prone to microbial contamination in many locations 
(Akpan et al. 2002).
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Fig. 2   Box plots showing the distribution of monthly mean minimum (a) and maximum (b) temperatures, monthly mean rainfall (c) and relative 
humidity (d) in Calabar between 1951 and 2012
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Materials and methods

Vertical electrical sounding data acquisition

Electrical resistivity (ER) method, a geophysical technique 
commonly used for economical mapping of subsurface 
materials based on resistivity contrasts between various 
lithologic units, was used. Relevant literatures are replete 
with reports of its successful applications, particularly 
in small-scale environmental investigations (Barte et al. 
2010; Okoyeh et al. 2013). Consequently, two ER field 
procedures comprising vertical electrical sounding, VES 
and electrical resistivity tomography, ERT, were adopted 
in investigating the levels of soil and groundwater contam-
ination in Calabar. A SSP-ATS-MRP model of IGIS resis-
tivity meter was used for VES data acquisition because 
of its ability to measure very low (~ 1 µΩ) resistances. 
VES data were acquired randomly at 60 sites (Fig. 1a) 
using Schlumberger electrode array between January 2012 
and December 2015. Twenty sites were re-occupied in dry 
season to check for seasonal variations. The Schlumberger 
array was chosen because it can map vertical resistivity 
variations at both shallow and deeper depths (Al-Tarazi 
et al. 2006; Pánek et al. 2010).

Apparent resistivity curves obtained were smoothened 
and where necessary, outliers and other noisy segments 
arising from lateral changes in resistivity were cautiously 
removed. Trends and anomalous segments were identi-
fied by manually correlating the smoothened curves across 
neighbouring stations. Discontinuities in the smoothed 
curves were attributed to either changes in lithology or 
contamination. Apparent resistivities observed at AB = 4, 
10, 20, 30 and 60 m were contoured and stacked to obtain 
the pseudo-three-dimensional (3-D) resistivity variation 
pattern shown in Fig. 3.

The technique of partial curve matching of field and 
theoretical curves was used in obtaining preliminary layer 
parameters (PLP) (Orellana and Mooney 1966). The PLPs 
and smoothened data were used as inputs into the inver-
sion stage that was performed using RESIST and WinRE-
SIST codes (Vender Velpen 1988). The codes performed 
some mathematical calculations with the PLPs and gener-
ate some theoretical data, which they used the root mean 
square (RMS) technique in rating their matching levels 
with field data, in the process. Lithological data from 
nearby boreholes were used to constrain the interpreted 
results and where necessary, they were modified to obtain 
more suited geoelectric interpretation and also, determine 
the most appropriate resistivity values for the various lith-
ological units. Samples of the modelled curves and their 
extents of correlation with geological models are shown 
in Fig. 4. However, in some locations (< 2%), particularly 

at the WDS, achieving satisfactory correlation was dif-
ficult and this problem was attributed to many factors like 
the presence of thin layer surrounded by thicker lithologic 
units, variations in the amount and quality of moisture 
contents of a layer and so on (Yadav et al. 2010). In addi-
tion, where the curves were originally distorted (Fig. 5), 
satisfactory modelling was difficult. Geological interpre-
tation was performed by calibrating the layer parameters 
with lithological logs (Fig. 4e).

Electrical resistivity tomography data acquisition

The electrical resistivity tomography (ERT) technique, a 
comparatively recent ER prospecting procedure, is com-
monly used for high-resolution electrostratigraphic mod-
elling of complicated geological terrain. It has also been 
successfully used in modelling environments plagued by 
volcanic and geothermal (Revil et al. 2010; Hermans et al. 
2012), landslide, rockslide and subsidence (Heincke et al. 
2010; Rosales et al. 2012; Abidin et al. 2017) and seismotec-
tonics (Caputo et al. 2003; Giocoli et al. 2013) disturbances. 
Furthermore, reports of its satisfactory applications in lith-
ological mapping and characterisation (Casas et al. 2008; 
Sudha et al. 2009); hydrological monitoring (Giocoli et al. 
2013; Wallin et al. 2013); soil and groundwater contamina-
tion (Halihan et al. 2012; Rao et al. 2014); environmental 
and engineering investigations (Akpan et al. 2009; Rosales 

Fig. 3   Pseudo 3-D shallow surface resistivity distribution in Calabar
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et al. 2012; Meziani et al. 2017); and mapping of subsur-
face cavities and economic minerals (Mitrofan et al. 2007; 
Akpan et al. 2014a, b) exist. These reports of its optimal 
applications in environmental mapping influenced its choice 
in this study. In Calabar, high-voltage–power transmission 
and distribution lines, which can induce spurious signals, 
pass overhead in many locations of interest. Consequently, 
to suppress the effects of such signals on data quality, the 
Wenner electrode array, reputed for its capacity to generate 
data with high signal–noise ratio (Zhou et al. 2002; Loke 
2004), was adopted in data acquisition. Besides, the Wen-
ner array can optimally map vertical changes in resistivity 
although its capacity to discriminate horizontal discontinui-
ties may not be very satisfactory (Zhou et al. 2002; Smith 
and Sjogren 2006).

The electrical resistivity tomography, ERT, investigations 
were conducted along four planar profiles to minimise topo-
graphic effects. Outside the WDS, the other ERT profiles 

were randomly sited with minimum electrode spacing of 5 m 
and maximum spacing that vary according to profile length. 
Electrical contacts between the ground and electrodes were 
confirmed to be within the range necessary for optimal trans-
mission of signals (160–230 Ωm) (Wilkinson et al. 2010). 
The reciprocal error (RPE) technique (Eq. 1), which 5% was 
fixed as maximum acceptable limit, was adopted for in situ 
data quality assessment.

where ρf and ρr are the forward and reverse resistivities, 
respectively.

The RES2DINV code (Loke and Barker 1996), which, 
using smoothness–constrained least-squares inversion of 
pseudo-data, can produce two-dimensional (2-D) resistiv-
ity-depth model, was used in data modelling. The software 

(1)RPE = 100
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%

Fig. 4   Samples of the dominant curve types—HK (ai and aii), KH (bi and bii), H (ci and cii) and K (di and dii) observed in Calabar, Nigeria. 
Correlation between VES and borehole lithologic logs at bii and cii. Insert: layer parameters and their corresponding 1-D resistivity model
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subdivides the subsurface into uniform-resistivity rectan-
gular blocks, equal in number to the total number of data 
points. It then uses the smoothness-constrained algorithm in 
generating models with smooth resistivity variations, com-
pares the resistivities of each block with measured resistivi-
ties and finally, rate their differences using RMS technique. 
The RMS values were iteratively reduced (L1 norm) to 
acceptable levels. The number of numerical computations 
performed in the process was reduced using quasi-Newto-
nian optimisation scheme. Resistivities of observed models 
were interpreted by comparing them with standard resistivi-
ties of rocks (Telford et al. 1990). Subsurface images of the 
four ERT profiles are shown in Fig. 6. Lithological data were 
also used in calibrating ERT results.

Soil and water sampling

Surface and groundwater sampling

Sampling of surface and groundwater resources was per-
formed in two seasons with the aim of tracking seasonal 
variations. Dry season sampling was conducted between 
November, 2012 and March, 2015, while wet season sam-
pling was performed between April, 2012 and October, 
2015. Ten randomly distributed water samples, comprising 
five surface and five groundwater, were collected in pre-
cleaned 1-L plastic bottles. The cleaning was done with distil 

water and latter, with the water resource to be sampled three 
times. The groundwater samples were collected from bore-
holes, which in Calabar, are screened between 50 (south) 
and > 70 m (north). Two sets of SWR samples were col-
lected by immersing the pre-cleaned polythene bottles inside 
the water bodies at Marina Beach along the Calabar River 
(1), Esuk Atu Beach along the Qua River (2), Adiabo Beach 
along the northern part of Calabar River (3), Edim Otop 
Stream (4) and leachate sample (5) from the WDS (Fig. 1b). 
The leachate samples were collected at the downstream part 
of the WDS so that their chemical signatures can be reason-
ably captured (Meju 2000). The samples were tightly corked. 
In situ measurements of some physico-chemical parameters: 
pH, total dissolved solids (TDS), electrical conductivity 
(EC) and temperature, were made using Combo EC and pH 
meter (Hanna HI98130) from Hanna Instruments, USA. The 
samples were cocked and stored in a refrigerator at 4 °C and 
latter transported to the laboratory for analyses. Suspended 
particles in the water samples were filtered out using 0.45-
mm Millipore membrane papers.

The samples were analysed using spectrophotometric 
(Wagtech 7100 model) technique at the Cross River State 
Rural Water and Sanitation Agency (CR-RUWATSAN) 
Laboratory, Calabar. Standard procedures, like rinsing 
the cells with deionised water and shaking the samples 
before pouring 10 ml of each sample into them, specified 
in the American Public Health Association, APHA (2005) 

Fig. 5   Distorted VES curves obtained at the WDS. Insert: layer parameters and their corresponding 1-D model
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were followed while conducting the analyses. All the 
analyses were performed with the aim of determining the 
concentrations of some cations: calcium (Ca2+), sodium 
(Na+), potassium (K+) and magnesium (Mg2+), and ani-
ons: nitrate (NO−

3
) , bicarbonate (HCO−

3
) , sulphate (SO2−

4
) 

and chloride (Cl−). Measures adopted to obtain good data 
quality include analyses of blanks and duplicate samples 
and ion-balance ratio, which 10% was fixed as maximum 
tolerable limit.

Soil sampling

Five randomly located but fairly distributed composite soil 
samples (~ 500 g), including a leachate-saturated soil, were 
collected from the upper 30-cm soil layer using plastic 
spatula (Fig. 1b). Before collecting the samples, the upper 
2-cm soil layer was removed. This depth was considered to 
be reasonable because most anthropogenic contaminants, 
biogenic materials and plant nutrients, according to Krishna 

ERT 2

ERT 1

BH

Fig. 6   2-D resistivity images obtained from the four profiles



Environmental Earth Sciences (2018) 77:13	

1 3

Page 9 of 19  13

and Govil (2007), usually settle within this depth range. The 
plastic scapular was always washed and dried before used in 
collecting fresh samples. The samples were stored in black-
coloured double polythene bags before they were transported 
to the Soil Science Lab., University of Calabar, Nigeria for 
analyses.

The samples were air-dried and kept in oven for 48 h at 
60 °C, crushed in a mortar and disaggregated into compo-
nent parts by a 2-mm sieve. pH and EC of the soils were 
measured in soil/water suspension (1:1 ratio) using Combo 
EC and pH meter. Grain size analyses were performed using 
a 2-mm sieve in order to quantitatively rate their physical 
characteristics.

ISO 11277 (1998) guidelines were used in performing 
fluid extraction from the samples. The extracts were digested 
with a mixture of nitric and perchloric acids. The AAS tech-
nique was also used in determining their ionic concentra-
tions. Results obtained from analyses of duplicate samples 
were used as control.

Data analyses, results and discussion

Hydrochemical results

Summary statistics of the main geochemical composition of 
SWR, groundwater and leachates is shown in Table 1. The 
anomalous properties of the leachates caused wide ranges 
in the results. SWR temperatures vary from 26.8 to 27.2 °C 
in wet, and 28.0 to 28.5 °C in dry seasons. Correspond-
ing groundwater temperatures range from 29.6 to 30.2 and 
28.6 to 28.9 °C, respectively. Excepting the leachates, where 
mean temperatures are 28.0 °C (wet) and 29.7 °C (dry), the 
water temperatures are within ranges reported in Edet et al. 
(2003), thus affirming the absence of significant changes in 
the conditions of the water bodies. In addition, the pattern 
of SWR temperature variations is in conformity to ambient 
temperatures although the mean groundwater temperature in 
rainy season is comparatively higher. In wet seasons, ambi-
ent temperatures are usually low and groundwater, charac-
terised by comparatively higher heat capacity, absorbs and 
stores thermal energy. However, in dry season, the various 
SWR resources are uniformly heated by direct solar radia-
tion and therefore, their temperatures are higher (Réveillère 
et al. 2013). The elevated temperature of leachates in wet 
season was attributed to increased rate of biochemically con-
trolled exothermic reactions occurring inside them (MacFar-
lane et al. 1983).

Wet season pH observations for SWR are lower 
(4.50–5.81, mean of 5.32) than their dry season counter-
parts (6.20–6.80, mean of 6.50). Corresponding seasonal 
pH variations in groundwater are 6.10–6.30 (mean of 
6.18) and 6.4–6.50 (mean of 6.44). Hence, both SWR and 

groundwater exist under weakly acidic–neutral conditions. 
Increased concentrations of residual ions in dehydrating 
water bodies and discharge of carbonated (CO2-enriched) 
groundwater into SWR in dry season perhaps contributed 
to their marginal increase (Edet and Worden 2009). In wet 
seasons, discharge of organic matter-laden surface run-off 
into SWR bodies probably contributed to their acidic nature. 
Additionally, continuous falling of low acidic rain and pos-
sibly heavy leaching of chemical fertilizers into the aquifer 
horizons, especially in the south where the CPSs aquifers are 
exposed, might have contributed to their low acidic status 
(Scott et al. 2004; Srinivasamoorthy et al. 2014). Thus, apart 
from leachates, where wet and dry season pH observations 
are 6.60 and 7.50, respectively, and groundwater at some 
locations, water pH observations are generally slightly below 
the World Health Organisation, WHO (2004) recommended 
standard (6.5–8.5) for domestic and agricultural needs.

EC variations in SWR are 64.70–147.20 µS/cm (mean of 
87.35 µS/cm) and 82.40–175.00 µS/cm (mean of 110.10 µS/
cm) in wet and dry seasons, respectively. Their equiva-
lent variations in groundwater are 227.10–242.50 µS/cm 
(mean of 236.90 µS/cm) and 174.5–188.50 µS/cm (mean of 
180.34 µS/cm), respectively. The low ECs in SWR indicate 
their suitability for irrigation and drinking needs. However, 
the leachates (characterised by high ECs-7420.00 in wet and 
8600.00 in dry seasons) are likely to harm the environment. 
The wide range in EC observations is reflective of varia-
tions in the amount of materials transported by the various 
SWR bodies across seasons. Groundwater is characterised 
by relatively stable ECs (mean range of 15.40 µS/cm) in 
dry season although wet season observations are slightly 
higher. In SWR, TDS varies from 48.20 to 117.40 mg/L 
(mean of 67.33 mg/L) in wet and 60.10 to 124.80 mg/L 
(mean of 77.85 mg/L) in dry seasons. Corresponding sea-
sonal variations in groundwater are 119.20–199.90 mg/L 
(mean of 154.30 mg/L) and 97.20–142.50 mg/L (mean 
of 114.90 mg/L). Since Singh and Karra (1975) and Van 
Niekerk et al. (2014) have shown that TDS and EC are 
empirically related (Eq. 2), it implies that same factors are 
responsible for their enrichments.

The constant, according to Metcalf & Eddy et al. (2003), 
varies between 0.55 and 0.70 with an average of 0.64.

Anionic species profusion levels in SWR are NO−

3
 (1%), 

HCO
−

3
 (5%), SO2−

4
 (11%) and Cl− (84%); and Ca2+ (2%), 

Mg2+ (1%), K+ (1%) and Na+ (92%) for cations. Anionic 
abundances in groundwater are NO−

3
 (0%), SO2−

4
 (17%), 

Cl− (20%) and HCO−

3
 (62%) while the level of cationic 

enrichments are Mg2+ (2%), K+ (7%), Ca2+ (7%) and Na+ 
(84%). Mean ionic abundances in SWR for the two seasons 
are NO−

3
 (1%), SO2−

4
 (6%), HCO−

3
 (3%), Cl− (56%), Ca2+ 

(1%), K+ (1%), Mg2+ (2%) and Na+ (31%). Corresponding 

(2)TDS = constant × EC
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Table 1   Summary statistics of physico-chemical parameters of water in Calabar

Parameters/units Season Surface water

Minimum Maximum Range Mean % Abundance Median Standard deviation Previous observa-
tions by Edet et al. 
(2003)

Temperature (°C) Wet 26.80 28.00 1.20 27.18 27.10 0.49
Dry 28.00 29.70 1.70 28.54 28.40 0.68 26.3–27.9
Mean 27.40 28.85 1.45 27.86 27.65 0.57
Wet 4.50 6.60 2.10 5.58 5.66 0.76

pH Dry 6.20 7.50 1.30 6.70 6.60 0.50 4.0–6.0
Mean 5.65 7.05 1.40 6.14 6.01 0.54
Wet 64.70 7420.00 7355.30 1553.88 69.20 3279.44

EC (nS/cm) Dry 82.40 8600.00 8517.60 1808.08 93.00 3796.99 41–264
Mean 75.35 8010.00 7934.65 1680.98 81.10 3538.21
Wet 48.20 5110.00 5061.80 1075.86 52.40 2255.34

TDS (mg/L) Dry 60.10 5900.00 5839.90 1242.28 64.00 2603.89 18.43–7934.72a

Mean 55.70 5505.00 5449.30 1159.07 57.45 2429.61
Wet 2.20 3.10 0.90 2.72 0.61 2.20 2.20

NO3 (mg/L) Dry 1.95 2.80 0.85 2.23 0.50 1.95 1.95 0–51.85
Mean 2.15 2.95 0.80 2.48 0.56 2.35 0.34
Wet 12.30 52.40 40.10 21.12 4.76 13.70 17.50

HCO3 (mg/L) Dry 10.80 32.10 21.30 15.72 3.50 12.30 9.19 7.32–138.00
Mean 11.65 42.25 30.60 18.42 4.13 13.00 13.34
Wet 14.20 19.80 5.60 18.22 4.10 19.20 2.35

SO4 (mg/L) Dry 15.00 42.40 27.40 32.32 7.19 40.60 12.80 0.00–834.21
Mean 14.60 31.10 16.50 25.27 5.65 30.20 7.48
Wet 232.70 330.00 97.30 258.68 58.25 243.50 40.40

Cl− (mg/L) Dry 213.61 340.00 126.39 248.64 55.29 231.20 51.60 0.00–4368.17
Mean 223.16 335.00 111.85 253.66 56.77 234.95 45.92
Wet 2.20 4.60 2.40 2.78 0.63 2.40 1.02

Ca2+ (mg/L) Dry 3.00 4.10 1.10 3.28 0.73 3.10 0.47 0.00–81.36
Mean 2.60 4.35 1.75 3.03 0.68 2.70 0.74
Wet 123.30 155.70 32.40 133.00 29.95 125.90 13.84

Na+ (mg/L) Dry 130.00 170.40 40.40 139.26 30.97 131.20 17.45 2.82–2814.41
Mean 126.70 163.05 36.35 136.13 30.46 128.55 15.42
Wet 3.50 6.10 2.60 4.34 0.98 4.10 1.02

K+ (mg/L) Dry 4.30 5.30 1.00 4.78 1.06 4.80 0.36 0.24–81.31
Mean 4.05 5.70 1.65 4.56 1.02 4.40 0.66
Wet 2.80 4.30 1.50 3.26 0.73 3.10 0.60

Mg2+ (mg/L) Dry 3.00 3.80 0.80 3.50 0.78 3.70 0.34 0.01–193.93
Mean 2.95 4.05 1.10 3.38 0.76 3.40 0.43

Parameters/units Season Groundwater

Minimum Maximum Range Mean % Abundance Median Standard 
deviation

Previous observa-
tions by Edet et al. 
(2003)

WHO (2004)

Temperature (°C) Wet 29.60 30.20 0.60 29.96 30.00 0.23
Dry 28.60 28.90 0.30 28.76 28.80 0.11 26–29.7 Ambient
Mean 29.20 29.45 0.25 29.36 29.45 0.12
Wet 6.10 6.30 0.20 6.18 6.20 0.08

pH Dry 6.40 6.50 0.10 6.44 6.40 0.05 3.3–5.3 6.5–8.5
Mean 6.25 6.40 0.15 6.31 6.30 0.05
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variations in groundwater are NO−

3
 (0%), SO2−

4
 (12%), 

Cl− (13%) and HCO−

3
(45%) for anions, Mg2+ (2%), Ca2+ 

and K+ (2%) and Na+ (25%). Thus, Na+ and Cl− account 
for 88% of total ionic abundance in SWR, while Na+ and 
HCO

−

3
 dominate (70%) ionic loading in groundwater.

Nitrate concentrations in SWR vary from 2.20 to 
3.10  mg/L (mean of 2.72  mg/L) and 1.95–2.80 mg/L 
(mean of 2.23 mg/L) in wet and dry seasons, respectively. 
In groundwater, it ranges from 0.12 to 0.19 mg/L (mean 
of 0.16 mg/L) in wet, and 0.27 to 0.50 mg/L (mean of 
0.37 mg/L) in dry seasons. These results are < 50 mg/L 
concentration limit fixed by WHO (2004) for drinking and 
agricultural water needs. Furthermore, it is also within the 

0.00–87.49 mg/L concentration levels reported by Edet 
et al. (2003) for water resources in the area. Nitrate con-
centration in water, although usually influenced by pre-
vailing economic and industrial activities, is always low 
(< 3 mg/L) and if this arbitrary threshold is exceeded, then 
contamination, induced by anthropic sources, should be 
suspected (Eckhardt and Stackelberg 1995; Jalali 2010). 
Thus, the leachates with higher nitrate concentrations are 
contaminated. However, higher nitrate concentrations in 
drinking water, which, presently, is an issue of immense 
concern because of the dangers they pose to human and 
environmental healths (WHO 2004), have been reported 
in Calabar and even elsewhere (e.g. Gillis and Birch 2006; 
Edet and Worden 2009; Jalali 2010). Agricultural practices 

a From Edet and Worden (2009)

Table 1   (continued)

Parameters/units Season Groundwater

Minimum Maximum Range Mean % Abundance Median Standard 
deviation

Previous observa-
tions by Edet et al. 
(2003)

WHO (2004)

Wet 227.10 242.50 15.40 236.90 236.90 6.28
EC (nS/cm) Dry 174.50 188.50 14.00 180.34 177.10 6.52 35–352 1500

Mean 206.40 211.55 5.15 208.62 208.40 1.89
Wet 119.20 199.90 80.70 154.30 151.70 29.27

TDS (mg/L) Dry 97.20 142.50 45.30 114.90 111.80 18.08 13.3–291.29a 1000
Mean 115.50 148.55 33.05 134.60 132.80 13.69
Wet 0.12 0.19 0.07 0.16 0.15 0.18 0.03

NO3 (mg/L) Dry 0.27 0.50 0.23 0.37 0.42 0.37 0.09 0.00–87.49 50
Mean 0.21 0.31 0.10 0.27 0.29 0.28 0.04
Wet 45.40 49.20 3.80 47.18 42.98 47.50 1.73

HCO3 (mg/L) Dry 42.60 43.40 0.80 42.94 48.46 42.90 0.30 4.92–117.60 300
Mean 44.00 46.30 2.30 45.06 45.72 45.20 0.96
Wet 5.20 8.30 3.10 7.11 6.48 7.70 1.38

SO4 (mg/L) Dry 13.60 17.90 4.30 15.84 17.87 15.70 1.59 0.00–47.47 250
Mean 9.87 12.80 2.94 11.48 12.18 12.00 1.31
Wet 11.40 18.84 7.44 16.35 14.89 17.10 2.93

Cl− (mg/L) Dry 9.50 10.60 1.10 9.96 11.24 9.80 0.44 0.00–42.22 250
Mean 10.45 14.72 4.27 13.15 13.07 13.65 1.63
Wet 2.18 2.50 0.32 2.36 2.15 2.40 0.16

Ca2+ (mg/L) Dry 1.36 1.60 0.24 1.49 1.68 1.50 0.11 0.01–16.15 200
Mean 1.80 2.05 0.25 1.92 1.92 1.88 0.12
Wet 32.10 35.20 3.10 33.68 30.68 33.80 1.37

Na+ (mg/L) Dry 14.80 16.20 1.40 15.64 17.65 15.80 0.53 2.15–50.54 200
Mean 23.65 25.55 1.90 24.66 24.17 24.80 0.76
Wet 2.40 2.50 0.10 2.46 2.24 2.50 0.05

K+ (mg/L) Dry 1.40 2.00 0.60 1.78 2.01 1.80 0.23 0.24–7.75 30
Mean 1.95 2.25 0.30 2.12 2.13 2.10 0.12
Wet 0.40 0.50 0.10 0.46 0.42 0.50 0.05

Mg2+ (mg/L) Dry 0.56 0.62 0.06 0.59 0.67 0.60 0.02 0.01–2.11 150
Mean 0.49 0.55 0.07 0.53 0.55 0.53 0.03
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such as indiscriminate application of nitrogenous fertiliz-
ers (e.g. urea and NPK), and dumping of human wastes, 
especially at the WDS, where higher concentrations exist, 
are probable sources of its enrichments. Improper man-
agement of organic manure and unsuitable operation and 
management of septic tanks could also be a contributor 
(Sujatha and Reddy 2003; Lee and Song 2007).

In SWR, wet and dry season variations in sulphate con-
centrations are 14.20–19.80 and 15.00–42.40 mg/L, respec-
tively, while corresponding variations in groundwater are 
5.20–8.30 and 13.60–17.90  mg/L. These observations, 
which are less than WHO (2004)’s maximum permissi-
ble limit of 250 mg/L, were attributed to natural pollution 
by pyritic substances that abound in the oxygen-enriched 
swamps. Additionally, their low concentrations across sea-
sons might have been sustained by continuous breaking 
down of sulphates with higher concentration (Srinivasa-
moorthy et al. 2014). Singh (1994) identified other probable 
sources of sulphate enrichments, which are also prevalent 
in Calabar, to include leaching of fertilizers and municipal 
solid wastes, and dissolution of filtering water.

Bicarbonates, the most abundant ionic species in ground-
water, are one of the primary buffering species that consti-
tute alkalinity—a parameter commonly used for assessing 
the capacity of water to resist changes in its pH. HCO−

3
 con-

centrations in groundwater vary from 45.40 to 49.20 mg/L 
(mean of 47.18 mg/L) and 44.00 to 46.30 mg/L (mean of 
45.06 mg/L) during wet and dry seasons, respectively. In 
SWR, their concentrations range from 12.30 to 52.40 mg/L 
(mean of 21.12 mg/L) in wet, and 10.80 to 32.10 mg/L 
(mean of 15.72 mg/L) in dry seasons. These results are 
within WHO (2004) permissible limit of 300 mg/L. Many 
factors, including dissolution of carbonate minerals, e.g. 
calcite (CaCO3), dolomite (CaMg(CO3)2 and aragonite, 
which are in high abundance in the adjoining Oban Mas-
sif and dissolution of atmospheric CO2 by rainwater and 
VZM, probably contributed to their enrichment (Rao 2002, 
2006). However, at the WDS, carbonate-laden wastes and 
other decomposed organic materials, probably, contributed 
to its elevated abundance.

Chlorine occurs naturally in all water resources, and its 
concentration is a parameter commonly used for assess-
ing their suitability for irrigation. At low concentrations, 
it supports the optimal growth of plants and animals. 
Cl− concentrations in SWR are 213.61–340.00  mg/L 
(mean of 248.64 mg/L) and 232.70–330.00 mg/L (mean 
of 258.68 mg/L) in dry and wet seasons, respectively. In 
groundwater, 9.50–10.60 mg/L (mean of 9.96 mg/L) and 
11.40–18.84 mg/L (mean of 16.35 mg/L) are their respec-
tive equivalent concentrations. These results are below the 
250 mg/L permissible limit (WHO 2004). However, in 
the leachates, higher concentrations of Cl− are prevalent. 
Cl− enrichment in drinking water is probably caused by 

many factors including tidal flushing-induced seawater intru-
sion especially in southern Calabar (Edet and Worden 2009), 
erosion and weathering of granitic rocks, e.g. hornblende 
and mica (Sujatha and Reddy 2003), that are prevalent in 
adjoining Oban Massif. Dominance of Cl− over other anions 
in SWR in northern Calabar was attributed to fluids liber-
ated by decomposed materials in the WDS (Pettyjohn 1971).

Na+ concentrations (123.30–155.70 mg/L) in SWR in wet 
season, while sustaining their traditional affinity with Cl− in 
the enrichment process, are marginally higher than their dry 
season (130.00–170.40 mg/L) profusion level. Concentration 
levels of other cations in SWR are 2.20–4.60 mg/L (mean 
of 2.40 mg/L) and 3.00–4.10 mg/L (mean of 2.40 mg/L) for 
Ca2+; 3.50–6.10 and 4.30–5.30 mg/L (mean of 4.78 mg/L) 
for K+; and 2.80–4.30 and 3.00–3.80 mg/L for Mg2+ in wet 
and dry seasons, respectively. Equivalent variational trends 
in groundwater are Ca+ (2.18–2.50 and 1.36–1.60 mg/L), K+ 
(2.40–2.50 and 1.40–2.00 mg/L) and Mg2+ (0.40–0.50 and 
0.49–0.55 mg/L) (Table 1). Thus, cation profusion levels in 
SWR are higher than their groundwater counterparts. These 
cation abundances are all below WHO (2004) permissible 
limits of 200, 200, 30 and 150 mg/L for Na+, Ca2+, K+ and 
Mg2+, respectively. Elevated concentrations of Na, Mg and 
Ca ions in water were attributed to cation exchange among 
minerals and perhaps, at the WDS, sewage contamination. 
Interaction of water with weathering products of some min-
erals, e.g. feldspars, pyroxenes, hornblendes and amphiboles 
and their accessories: albites, apatites and fluorites, which 
are in high abundance in the surrounding Oban Massif, prob-
ably, contributed to their enrichments (Edet and Worden 
2009). In southern Calabar, seawater intrusion induced 
by tidal forces could perhaps be a minor contributor to the 
slight increase in Na+ and Mg2+ concentrations. Dissolution 
of clay, gravel, feldspar and, possibly, agricultural practices 
like undue application of inorganic fertilizers are likely to be 
other minor contributors (Kolahchi and Jalali 2006; Srini-
vasamoorthy et al. 2008).

Grain size distribution and soil chemistry results

Results of grain size analyses reveal the predominance 
of sediments with high sandy composition (78.4–91.2%) 
(Table 2). Geochemical compositions of the soils and their 
basic statistics are present in Fig. 7. Silty and alluvial sedi-
ments, which exist mainly in fluvial terraces, are of low pro-
fusion (≤ 8%). Clays are low–moderate in abundance (6.7% 
in leachate-saturated soils and 23.6% elsewhere). Thus, 
excepting the leachate-saturated soils, Calabar soils are 
nearly homogeneous in lithological composition. The low 
clay contents, particularly in the southern areas where the 
aquifers are overlain by very little or no protective materials, 
imply that the soils have low absorption capacities (Çolak 
2012). But, in the northern parts, the aquifers are overlain 



Environmental Earth Sciences (2018) 77:13	

1 3

Page 13 of 19  13

by reasonably thick (≥ 10 m) clayey/lateritic sediments with 
the argillaceous components increasing with depth, thereby 
enhancing their attenuating capacities (Meju 2000).

Undisturbed soils are slightly acidic (4.70–5.60) while 
the leachate-contaminated soils are characterised by slight 
alkalinity (pH  >  7.0) although still within the 6.0–8.0 

Table 2   Results of physico-chemical and grain size analyses of soils in Calabar

S/no. Name and position coordinates of sampling points

Location name Sample code Position coordinates of sampling point

1 Jebbs street S1 04°54′58.1″N 08°14′11.6″E
2 Besides federal government girls S2 04°59′09.9″N 08°21′18.5″E
3 Satellite town S3 04°57′29.4″N 08°21′17.9″E
4 Akai efa swamp S4 05°00′39.5″N 08°22′22.2″E
5 Atimbo swamp S5 04° 57′40.5″N 08°21′36.2″E
6 Lenma road S8 05°02′19.2″N 08°21′31.0″E
7 Enima estate S9 05°03′05.7″N 08°20′39.3″E
8 Unical palm plantation S10 04°57′28.7″N 08°21′10.0″E
9 Waste dump 1 S6 05°02′01.0″N 08°21′51.4″E
10 Waste dump 2 S7 05°02′00.8″N 08°21′51.4″E

Minimum
Maximum
Mean
Median
Range
Standard deviation
Control (Edet et al. 2014)
Pemissible Limit (Alloway 1990)
Threshold values (CCME 1999)
Average concentration in soils (FPDD 1990)

S/no. Measured parameters (mg/kg) Particle size analy-
ses (%)

pH EC (uS/cm) K+ Na+ NH4+ Ca2+ Mg2+ Al3+ Cl− NO3 NO2
− SO4 Clay Silt Sand

1 5.0 35.0 0.10 0.08 4800 5.2 1.4 0.36 5.30 432.20 14.91 685.62 15.0 8.7 76.3
2 5.0 56.0 0.08 0.06 4480 4.0 1.3 0.40 5.86 338.26 20.45 457.08 11.0 9.7 79.3
3 4.7 62.0 0.08 0.07 4800 3.0 1.2 0.56 5.30 451.01 16.61 380.90 12.0 5.7 82.3
4 5.7 45.0 0.07 0.05 3520 5.2 1.8 0.24 5.96 281.88 15.76 304.72 13.0 9.7 77.3
5 5.6 66.2 0.06 0.06 3480 5.1 1.7 0.27 6.01 277.02 15.45 298.40 14.0 9.9 76.1
6 4.8 43.0 0.09 0.07 4450 4.0 1.4 0.66 5.89 338.05 18.32 304.72 15.0 7.7 77.3
7 4.9 42.2 0.10 0.60 4520 3.6 1.2 0.59 5.91 328.06 17.82 295.60 14.0 7.8 78.2
8 4.9 59.9 0.09 0.08 4640 3.6 1.1 0.47 5.30 440.10 16.20 390.10 11.6 11.1 77.3
9 7.6 916.0 0.13 0.09 5920 7.4 0.8 0.00 6.62 357.05 17.89 380.40 8.0 4.8 87.2
10 7.7 907.0 0.15 0.08 5050 7.2 0.9 0.00 6.59 369.11 17.56 383.00 7.0 4.7 88.3

4.7 35.0 0.06 0.05 3480 3.0 1.1 0.00 5.30 277.02 14.91 295.60 11.0 5.7 76.1
5.7 66.2 0.10 0.60 4800 5.2 1.8 0.66 6.01 451.01 20.45 685.62 15.0 11.1 82.3
5.1 51.2 0.08 0.13 4336 4.2 1.4 0.44 5.69 360.82 16.94 389.64 13.2 8.8 78.0
5.0 50.5 0.09 0.07 4500 4.0 1.4 0.44 5.87 338.15 16.41 342.81 13.5 9.2 77.3
1.0 31.2 0.04 0.55 1320 2.2 0.7 0.66 0.71 173.99 5.54 390.02 4.0 5.4 6.2
0.4 11.3 0.01 0.19 533 0.8 0.2 0.15 0.33 70.58 1.83 133.00 1.5 1.7 2.0
5.3 19.0 6.04 13.60 22.8 21.8
4.0–8.5 4000 > 80
6.0–8.0
5.1–6.0 400 0.6–1.2 0.7–2.0 – 10.0–25.0 3.0–8.0
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permissible range (Canadian Council of Ministers of the 
Environment, CCME 1999). These results correlate strongly 
with water pH observations. Since pH has logarithmic 
effects on soils, soils at the WDS, where high pH (> 7) exist, 
are contaminated. Soil ECs, SEC (a measure of the amount 
of salts in soils), vary from 35.0 to 66.0 µS/cm but at the 
WDS, SECs are higher (> 900 µS/cm). Generally, all SECs 
are below the 4000 µS/cm permissible limit (Alloway 1990). 
SEC, a parameter commonly used for assessing the state 
of soil health, shows that the soils are still appropriate for 
crop germination, growth and yield. It also reveals that plant 
nutrients are freely available with high activities of some soil 
microorganisms. Two factors comprising natural (e.g. soil 
mineral, climate and soil texture) and anthropogenic (e.g. 
type of cropping practice, irrigation, land use and extent of 
application of both organic like compost manure and inor-
ganic fertilizers) affect their levels in the soils. The high 
SECs at the WDS were attributed to the influence of lea-
chates originating from decomposing salt-enriched wastes. 
Metal ions present at the WDS might, probably, be a minor 
contributor to its slight elevation.

Soil cationic concentrations are 0.06–0.15 mg/kg for 
K, 0.05–0.60 mg/kg for Na, 3480–5920 mg/kg for NH4, 
3.00–7.40  mg/kg for Ca, 0.60–1.80  mg/kg for Mg and 
0.00–0.66 mg/kg for Al3+. Equivalent soil anionic con-
centrations are 5.30–6.62, 277.02–451.01, 14.91–20.45 
and 295.60–685.62  mg/kg. Their mean concentrations, 
standard deviations and other basic statistics are shown in 
Table 2 and Fig. 7. In many cases, their ionic concentrations, 
though within tolerable limit (Table 2), are anomalous. The 

high concentration of Cl− in leachate-saturated soils might 
impede normal growth, photosynthetic capacity and yield of 
some plants (Dang et al. 2008).

Electrical resistivity results

The one-dimensional (1-D) resistivity model reveals the 
presence of a 3–5-layered electrostratigraphic sequence 
with K-(50%) and KH-(25%) curves dominating stations 
with ABs below and above 600 m, respectively (Table 3). 
The epithelial sediments, characterised by low–moderately 
high resistivities (~ 50 Ωm), are prevalent in undisturbed 
areas. However, at the swampy, WDS and the reclaimed 
areas, sampled layers are characterised by H and A curves 
and the capping sediments are characterised by low resistivi-
ties (≤ 30 Ωm).

Three-layer curve types exist mainly in the intact areas, 
and their distributions for low ABs (≤ 500 m) are K (60%), 
KH (25%) and HK (15%). These results confirm the domi-
nance of K-type (bell-shaped) curves reported by Edet and 
Okereke (2002). The epithelial sediments are characterised 
by low–moderately high resistivities (31.3–1973.5 Ωm) 
and variable thicknesses (< 1–18 m). The resistivity vari-
ation pattern captures the changing lithologic and mois-
ture compositions (lateritic clays, clayey/silty sands and 
fine–medium–coarse sands) of the capping sediments. Low 
resistivity sediments, observed mainly at locations where 
alluvial and cretaceous sediments abound, are prevalent 
in southern, southwestern and northern parts. Sediments 
with high resistivities occur extensively at locations where 
lateritic and gravelly clays exist (Fig. 3). Resistivity varia-
tions in the second layer, characterised by variable depths to 
bottom (4.0–64.1 m), range from ~ 2.2 Ωm in the swampy 
terrain to 3588.6 Ωm in northcentral and western areas. 
The wide resistivity (6.0–1648.1 Ωm) and depth to bottom 
(8.0–96.3 m) variations in the third layer are suspected to be 
caused by textural variabilities (silty/fine to medium–coarse 
sands) of the sediments. Where observed, resistivity varia-
tions in the fourth and fifth layers, characterised by variable 
depths to bottom (30.5–82.0 m), vary from 6.1 to 3417.9 
and 70.0 to 180.0 Ωm, respectively. No significant seasonal 
changes in resistivity were observed except that first-layer 
resistivities reduce by factors of ~ 10–15% of their wet sea-
son values.

ERT results affirm the abundance of low–moderately 
high resistivity sediments in the shallow surface lithostrati-
graphic units. The thin (< 10 m in ERTs 1 and 2, and ~ 18 m 
in ERT 4) epithelial sediments are characterised by com-
paratively high resistivities: 20–80 Ωm (ERT 1), > 10 Ωm 
(ERT 2) and > 1220 Ωm (ERT 4). However, along ERT 3 
(sited in a disturbed area), thinner (< 6 m) and low resistivity 
(< 10 Ωm) sediments, attributed to leachate contamination, 
exist at horizontal distances of between 30–60 and 65–80 m 

Fig. 7   Box–Whisker plot showing the chemical constituents of soils 
in Calabar. (Concentrations of K+, Na+, Ca2+, Mg2+, Al3+, Cl− and 
NO2 have been magnified by 1000, 1000, 10, 100, 100, 75, and 20, 
respectively, to enhance visual appreciation of the various boxes)
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along the profile. Resistivity variations between profiles 
were attributed to varying textural and moisture composi-
tions of the sediments. Dominantly low resistivity sediments 
(< 20 Ωm at ERT 1 and < 10 Ωm at ERT 2), attributable to 
clays, clayey sands and lateritic materials, underlie the top 
layer. The argillaceous components are useful in reducing 
infiltration rate and, therefore, help in protecting the aqui-
fers from contamination (Gemail et al. 2011) even though 
their efficiencies depend on their thicknesses and amount 
of contaminants. But in ERT 4, the capping high resistivity 
coarse sands are underlain by medium sands with compara-
bly moderate resistivities.

Increase in resistivity from south to north conforms to 
variations in lithological properties (e.g. texture and poros-
ity). Southwardly, where alluvial materials are more domi-
nant, low resistivity sediments are more prevalent, while in 
northern and northcentral regions, where coarse materials 
are more widespread, sediments are generally characterised 
by higher resistivities. High resistivity (> 50 Ωm) materi-
als, whose lateral continuity is interrupted by moderately 

low resistivity (~ 10–25 Ωm) sediments, underlie the top-
ping materials in ERT 3. The high resistivity materials are 
dominantly medium sands, which are common around the 
WDS, while the intervening low resistivity materials were 
interpreted to probably, be the electrical response of materi-
als used in filling a deep gully that was latter converted to 
the present WDS. These materials are still exposed at some 
sections of the road. ERTs 1 and 2 are basally filled with 
moderately high resistivity (> 20 Ωm) fine-medium sands.

Pattern of soil and water contaminations

Surficial sediments in Calabar, characterised by low–mod-
erate–high resistivities, are nearly homogeneous in abun-
dance and spread. The one- and two-dimensional subsurface 
models obtained from surface resistivity investigations and 
results obtained from geochemical analyses of soil and water 
resources compare favourably well with results reported by 
Edet and Okereke (2002) from stand-alone investigations. 
The import of these observations is that there have been 

Table 3   Summary of VES modelling results

S/no. Curve type Curve statistics Maximum current 
electrode separation 
(m)

% Occurrence Geoelectric layer resistivity (Ωm) Estimated deoth to 
bottom

1 2 3 4 5 1 2 3 4

1 A Minimum 400 9.4 57.2 137.6 – – 1.8 6.8 – –
Maximum 500 3.3 47.8 67.1 1077.8 – – 3.3 20.2 – –
Mean 28.6 62.2 607.7 – – 2.6 13.5 –
Minimum 300 41.5 7.5 79.2 – – 1.8 6.7 – –

2 H Maximum 500 6.7 456.6 66.2 180.6 – – 2.3 48.2 – –
Mean 203.7 29.8 133.3 – – 2.0 25.8 – –
Minimum 250 31.3 2.2 38.1 6.1 – 1.3 12.6 41.4 –

3 HK Maximum 800 20.0 511.2 2821.5 1375.7 106.2 – 2.1 23.6 96.3 –
Mean 246.3 661.5 587.3 37.6 – 1.7 20.3 66.6 –
Minimum 600 180.6 110.0 208.7 18.2 70.0 1.2 5.0 8.0 30.5

4 HKH Maximum 600 5.0 268.4 709.4 662.6 74.9 81.8 2.0 22.1 41.4 80.5
Mean 225.3 323.2 469.3 1582.8 83.3 1.3 12.9 24.7 60.1
Minimum 500 54.9 1214.1 227.1 60.0 – 0.6 6.1 16.3 –

5 KQ Maximum 500 5.0 499.7 6406.6 488.6 2303.5 – 2.4 19.2 50.7 –
Mean 208.3 3675.6 1865.0 868.8 – 1.9 11.7 34.4 –
Minimum 200 50.3 392.7 119.5 – – 1.0 16.1 – –

6 K Maximum 600 30.0 1080.8 3588.6 241.7 – – 18.0 64.1 – –
Mean 322.4 1596.5 181.8 – – 5.0 46.1 – –
Minimum 300 2.4 14.7 6.0 149.5 – 1.0 4.0 8.0 –

7 KH Maximum 900 25.0 975.4 3351.4 1482.4 3417.9 – 5.0 29.5 72.2 –
Mean 257.6 1171.1 1588.6 897.3 – 1.3 9.5 35.4 –
Minimum 600 370.1 514.9 284.6 339.1 142.0 1.0 12.0 18.3 77.9

8 KHK Maximum 700 5.0 1973.5 1025.6 1648.1 619.8 180.0 5.0 26.0 60.2 82.0
Mean 1171.8 770.3 966.4 479.5 162.0 2.8 14.4 36.2 80.0

Minimum 2.4 2.2 6.0 6.1 70.0 0.6 4.0 8.0 30.5
Maximum 1973.5 6406.6 1648.1 3417.9 180.0 18.0 64.1 96.3 82.0
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no significant changes in the conditions of soil and water 
resources in Calabar. However, at the WDS, the VES curves 
are distorted at shallow depths that were coincident with 
depth to low resistivity portions on the 2-D models from 
ERT. These distortions were interpreted to be indicative of 
contamination at shallow depths (Meju 2000; Kaya et al. 
2007; Fernández et al. 2014). The contaminated areas are 
generally thin (> 5 m). The mean concentrations of chemi-
cal parameters in the contaminated areas are slightly altered 
even though in some cases, they are still within permissible 
limits.

Sediments in the superficial layers (upper 2–3 layers) in 
unaltered areas are also characterised by low–moderate–high 
resistivities. In the southern and flood plain areas, where 
argillites and alluvial sediments dominate the epithelial 
layers, SWLs are high and resistivities are low. But in the 
elevated northern areas, medium–very coarse sediments are 
more abundant and consequently, SWLs are low and resis-
tivities are high. Thus, moisture (type and composition) and 
lithology appear to be the dominant factors controlling the 
resistivities of the sediments. The anomalous low resistivity 
zones observed in the WDS at shallow depth are contami-
nation markers. The leachate-contaminated soils are char-
acterised by elevated pH, TDS and other geochemical and 
geophysical parameters. The high values of EC and mobile 
ions (e.g. Cl−) prevalent in the leachates are indicators that 
they can be harmful to the environment (Bagchi 1987). Fur-
thermore, the comparatively high pH observations in the 
leachates suggest that biochemically controlled exothermic 
reactions, which culminate in high residual temperatures of 
the leachates, take place under acetogenic conditions. How-
ever, the weakly acidic conditions of SWR and groundwater 
near the WDS reveal that the contaminations are strongly 
localised due to strongly attenuations.

The low–moderate resistivity (31.3–1973.5 Ωm) charac-
ter of thin (< 10 m) sediments in the upper layer, which, 
at the WDS, are underlain by comparatively low resistiv-
ity sediments, was attributed to the abundance of residual 
ions, metals and other substances deposited at the inter-
face between the first and second layers by surface run-off 
and other percolating fluids. Although these processes can 
enhance the ionic concentration of the interfacial sediments, 
they deplete the epithelial layers of cementing materials 
like clay and silt, some common minerals, e.g. calcium, 
magnesium, nitrogen, phosphorous and potassium, and 
salt residues. Cumulatively, these depletions in the cap-
ping sediments, and ionic and mineral enhancements in the 
underlying sediments create sharp resistivity contrast, which 
was captured as abrupt break in the continuity of the VES 
curves (Meju 2000).

Comparatively, the distribution of ground resistivities and 
geochemical parameters of both subsurface and groundwater 
resources correlates strongly with the findings of Edet and 

Worden (2009) every except at the WDS. This suggests that 
any evidence of contamination like in the WDS is a highly 
localised. This anomalous feature was, therefore, attributed 
to localised changes in type and composition of the pore fluid 
emanating from the WDS (Meju 2000).

Conclusions

Results from integrated studies involving resistivity (VES and 
ERT) and geochemical analyses of soil, SWR, groundwater 
and textural analyses have been used in assessing the con-
tamination levels of soil and water resources in Calabar. The 
various investigative tools adopted were directed at generat-
ing reasonably good contrasts in physical, geochemical and 
textural parameters between any contaminated area and other 
parts of Calabar. Results obtained are within the limits estab-
lished by previous workers in the area indicating that there 
have been no reasonable changes in the physico-chemical 
properties of the soil and water resources in the area. However, 
at the WDS, where leachates generated by wastes at various 
stages of decomposition exist, results obtained were margin-
ally higher. These show that the soils are locally contaminated 
mainly by leachates generated by decomposed materials in 
the WDS. The contaminated area is about 5 m in vertical 
extent while its lateral spread is negligibly low (< 3 m). This 
absence of reasonable continuity in the lateral spread of the 
contaminated area was attributed to strong attenuation of the 
leachates by the underlying and adjoining clayey and lateritic 
sediments. Additionally, the technical sloping of the WDS 
at ≥ 20° during its construction stage also helps in enhancing 
downslope flow of leachates at the expense of their vertical 
flow. This design helps in mitigating the extent of contamina-
tion. Finally, the results show that either there are no signifi-
cant anthropic-borne contaminant generating activities going 
on in the area or wastes generated from such activities are 
adequately controlled.

Therefore, all monitoring, control and managing pro-
grammes currently being implemented by all waste manage-
ment agencies should be sustained even when the present 
WDS is closed.
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