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Abstract
The Abakaliki area has been renowned for lead–zinc mining and hard rock quarrying, and these activities generate acid mine 
drainages (AMDs) and chemical dissolution of minerals into the water, respectively. This research is aimed at assessing the 
influence of AMDs and other dissolved elements on water quality for domestic and irrigation uses in the area. Thirty-five 
water samples were collected and analyzed for physicochemical parameters, including: pH, total dissolved solid, electrical 
conductivity, major cation and anion and heavy metals using atomic absorption spectrophotometric methods. Mathematical 
calculations were used to deduce irrigation parameters. Result indicates that pH of water samples is slightly basic to acidic, 
and EC ranges from 5.28 to 1492 µS/cm. Only samples around Nigercem, Nkalagu and lead–zinc mines at Enyigba were 
above WHO permissible limit for drinking water. The concentrations of  Na+,  K+,  Ca2+,  Mg2+ and  HCO3− were within WHO 
set standard for drinking water, while  Cl− and  SO4

2− were above the WHO set standard. Irrigation parameters showed soluble 
sodium percentage between 8.33 and 100.00, sodium percentage ranges between 2.77 and 300.00%, Kelly ratio ranges from 
0.03 to 3.00, magnesium absorption ratio ranges between 16. 92 and 123.5, total hardness ranges between 3.00 and 125.0, 
residual sodium bicarbonate ranges between − 23.84 and 0.11, and potential salinity ranges from 2.93 to 14.77 within the 
study area. Abandoned mine water in the area is fairly suitable for irrigation uses, but unsuitable for domestic uses. This is 
due to high chemical activities taking place in the mine ponds, and these 17 ponds have been abandoned for over 2 decades. 
Deductions from Soltan classification revealed that 98% of groundwater falls within deep meteoric water.
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Introduction

Allen et al. (1996), Choubey (1991), Gupta (1999), Singh 
et al. (2018), Singh (1998), Tiwary (2001), Ezeh et al. (2016) 
and Obasi and Akudinobi (2019b) have shown that mining 
activities threaten the quality and quantity of water resources 
in many parts of the world. This is because mining processes 
consume, divert and can seriously pollute the environment 
including soil and water resources, as there are often times 
no proper water management plans at most mine sites, 

including the present study area. Water is often discharged 
without any treatment. This may pollute the natural surface 
drainage and other water resources (Singh et al. 2007; Obasi 
et al. 2018a, b). In hydrogeological studies, groundwater 
quality is of prime and fundamental importance. The phys-
icochemical and bacterial attributes determine the usefulness 
or otherwise of groundwater for various uses, viz. domestic, 
municipal, industrial, agricultural and mining. In hydrogeo-
chemistry, groundwater quality study is divided into two cat-
egories: (1) evaluating geochemical processing influencing 
groundwater chemistry and (2) assessment of groundwater 
for its uses, including domestic, industrial, animal husbandry 
and irrigational uses. Most times, groundwater deterioration 
does not occur when mining is carried out in the hilly region, 
but deteriorates when mining activities are carried out below 
the earth surface; at this stage, it easily penetrates the water 
table of the region, thus resulting in groundwater seepage 
problems (Njenga 2004; Mishra and Patel 2001). The con-
dition gets worse when the mine goes deeper. Most often, 
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the study area is faced with groundwater seepage problems, 
either in a running mine or in an open mine, which requires 
an in-depth hydrogeological study of the mining area.

The study area is richly endowed with mineral depos-
its (such as galena, chalcopyrite, siderite and pyrite) and 
economic raw materials (such as limestone, pyroclastic and 
baked shale) (Obasi and Akudinobi 2019a). These minerals 
and economic raw materials are considered very useful for 
construction purposes, cement manufacture and industrial 
developments. The quarry and mine sites covered in this 
study are located at Nkalagu, Enyigba, Setraco, Amasiri and 
Nkaliki. Petters (1991) stated that at Nkalagu quarry, the 
Nigerian Cement Company (NIGERCEM) quarried up to 
6 m thick of limestone. At Amaeze, Setraco has quarried for 
sandstone for over 2 decades. At Umuoghara, the limestone 
and baked shale quarry has continued to expand for about 
3 decades, while the pyroclastic quarry at Ezzagu (Sharon) 
extends over 20 km of land and this has been exploited for 
over 5 decades. On the other hand, the Enyigba area is the 
hub of lead–zinc mine in southern Nigeria (Fig. 1a, b). The 
presence of these mineral deposits and the activities within 
these areas has led to a drastic increase in population, espe-
cially around the active mines and quarries; this popula-
tion increase is believed to have altered the ecosystem and 
environment and also affect the water resources of the area 
(Obasi et al. 2018a, b; Eyankware et al. 2017). Emphasis is 
placed on groundwater because of its availability all year 
round. Aghazadeh and Mogadam (2004) and Hossien (2004) 
further stated that hydrochemical evaluation of groundwa-
ter systems is usually based on the availability of a large 
amount of information concerning its chemistry. Its chemis-
try depends on a number of factors, such as general geology, 
degree of chemical weathering of the various rock types, 
quality of recharge water and inputs from sources other than 
water–rock interaction. Such factors and their interactions 
result in a complex groundwater quality. Previous researches 

carried out within various parts of Ebonyi State showed that 
major sources of pollution affecting the water quality for 
domestic and irrigation uses are wastes from rice mill at 
Rice Mill market located in Abakaliki, waste from mechani-
cal village, also located close to Rice mill, and wastes from 
mining activities, and these wastes are channeled into the 
main river that cut across the entire state via its tributar-
ies (Obasi et al. 2015; Eyankware et al. 2016). Eyankware 
(2016) and Eyankware et al. (2017), 2018a, b further stated 
the rock–water interaction is major process influencing 
groundwater chemistry within certain parts of Ebonyi State, 
especially within the Asu River Group. Other factors such as 
precipitation, evaporation and crystallization have little or 
no effect on groundwater chemistry compared to rock–water 
interaction (rock dominance). Although various researches 
have been carried out in selected areas of Ebonyi State, to 
assess the quality of water for domestic and irrigation uses 
in Ebonyi State (Eyankware 2016; Eyankware et al. 2017, 
2018a, b; Obasi et al. 2018a, b; Obasi and Akudinobi 2019b; 
Ede and Nnabo 2015; Ojobo and Nnabo 2015; Okogbue 
and Ukpai 2013; Moses and Ruth 2015, Amadi et al. 2010), 
it is worthy to note that a comparative study has not been 
carried out to evaluate the impact of mining activities from 
abandoned and active mines, on water quality for domestic 
and irrigation uses. Hence, this study aims at evaluating the 
effect of active and abandoned mines on water resources, for 
domestic and irrigation uses.

The study area

Location, accessibility, climate and physiography

The study area is located in Ebonyi State, Nigeria. It lies 
between latitude 5°45 ̕ N–6°45 ̕ N and longitude 7°25 ̕E–8°20 ̕
E comprising Nkalagu, Amaeze, Umuoghara and Enyigba. 

Fig. 1  a Mine trench used to collect water for irrigation at Enyigba mine site purpose. b Impounded mine water at Amasiri used for domestic
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The area is accessible through various networks of roads as 
shown in Fig. 2. There are two marked seasons in the study 
area: the dry and the wet seasons. The wet season begins in 
March and ends in October, while the dry season begins in 
October and ends in February. Temperature in the dry season 
ranges between 25 and 29°C and 16° and 28°C during the 
rainy season. The average monthly rainfall ranges between 
3.1 mm in January and 270 mm in July. The average annual 
rainfall varies from 1750 to 2250 mm. The climate of the 
area favors the dispersion of the resultant pollutants from the 
mining and quarry activities. This high amount of rainfall 
results in surface runoff that transports the pollutants and 
also assists percolation. The study area is part of the rainfor-
est region of southeastern Nigeria. It has a humid climate 
and evergreen vegetation. The vegetation cover is composed 
of very dense trees and underground creepers. These trees 
are mostly tall, with buttress roots, while the vegetation is 
controlled by many factors, including the drainage, topog-
raphy, geology and rainfall. The area has been described as 
part of the low land rainforest region (Igbozuruike 1975). 
The drainage system of the study area is dendritic with the 

Ebonyi River as the major river that drains the area. Other 
tributaries such as the Ikwo, Iyiodu and Ngada rivers control 
the drainage with the underlying lithology.

Geology and tectonics

The study area lies within the Lower Benue Trough, Nigeria. 
The Trough resulted from the breakup of the west Gondwa-
naland to produce the African and South American plates, 
and the opening of the South Atlantic Ocean during the 
Cretaceous (Albian). The Trough could be defined as an 
“Intracratonic rift system” (Uma 1998) or an “intercontinen-
tal Cretaceous basin about 1000 km in length stretching in a 
NE–SW and resting unconformably upon the Precambrian 
Basement (Benkhelil 1987). The Abakaliki Trough merged 
during the Santonian tectonic phase when, at the same time, 
the Anambra Basin began to subside. In the axial part of the 
Abakaliki Trough, a syn-sedimentary magmatic activity was 
recorded in the Asu River Group (Albian) which subjected 
the area to infillings due to tectonic movement which were 
recorded in the sedimentation slumping, syn-sedimentary 

Fig. 2  Accessibility map of the study area
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faulting and shearing (Okogbue 2013). A strong tectonic 
episode during the Santonian affected the Albian, Cenoma-
nian and Turonian sediments producing numerous folds, 
faults and fractures in the area. Sediments affected by this 
pervasive deformation were intruded by numerous mafic 
to intermediate intrusions and cal-alkaline lavas and tuffs. 
The Abakaliki Anticlinorium is characterized by intensive 
deformations including tight folding with associated cleav-
age resulting from 330° to 150° trending compression of 
Santonian age.

Locally, the area is underlain by the Asu River Group 
(Albian) and the Eze-Aku Formation (Turonian). The Albian 
transgression was responsible for the deposition of very 
thick fissile, dark gray shales, siltstones and subordinate 
limestones. The shales in most places lie unconformably 
on the Basement Complex (Reyment 1965). The thickness 
is up to 2000 m (Reyment 1965; Nwachukwu 1972). These 

sediments are rich in ammonites as well as foraminifera, 
radiolarian and pollens (Reyment 1965). The development 
of the thick Eze-Aku Shale Formation composed of gray 
flaggy calcareous shales and sandstone with interbedded 
limestone lenses, evidenced the Turonian transgression. The 
formation grades laterally into the Amasiri Sandstone near 
Afikpo and Markurdi sandstone around Markurdi (Reyment 
1965). The formation varies in thickness up to 1200 m, and it 
is overlain by about 900 m of bluish gray, bedded shale with 
some fine-grained (Agbani Sandstones) (Fig. 3). 

Fig. 3  Geology map of the study area
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Materials and methods

Sample collection and preparation

Thirty-five representative water samples at various quarry 
and mine sites in Amasiri (Setraco), Nkalagu (Nigercem), 
Enyigba, Umuoghara and Nkaliki quarry sites were system-
atically collected according to APHA (1999), BIS (2012) 
and CGWB (2007) (Figs. 1, 2). Samples of abandoned mine 
pits were only accessed. The water samples were stored in a 
plastic1-liter container for detailed chemical analysis. These 
containers were washed thoroughly with distilled water 
and dried before being filled with the water samples. To 
obtain a composite sample, waters were collected after pond 
waters were cleared of visible wastes before sample collec-
tion. Filtration of water samples was done in the field using 
0.45-µm-diameter disposable filters to ensure the removal of 
suspended solids before storage in prepared bottles. Acidi-
fication of samples was done with 1.0 mL of conc.  HNO3 
using new syringes. This is necessary to prevent sorption. 
The samples were stored in ice-packed containers to main-
tain the transportation temperature. Accordingly, before the 
sampling, sample bottles and beakers were washed thor-
oughly and soaked in distilled water acidified with 1.0 mL 
of  HNO3 for 3 days. They were also rinsed with dilute  HNO3 
and vigorously rinsed at least three times with the water 
sources at the point of water collection.

Laboratory and analytical methods

Methods of laboratory analysis for physicochemical parame-
ters and analytical calculation methods for irrigation indices 
are presented in Tables 1 and 2.

The accuracy of geochemical analysis was determined 
by calculating the ionic balance, which was within (1:1 ± 

0.01%) as plotted using Surfer 10 software package. Irriga-
tion parameters were determined by calculating the relations 
below in (meq/L). The suitability of groundwater for irriga-
tion was evaluated by comparing the water samples with 
various water quality standards for irrigation.

Analytical check/ionic balancing

The correctness of the chemical results was assessed using 
the relationship between the anions and the cations in the 
analyzed samples as expressed in meq/L. The equations 
according to Hounslaw (1995), Domenico and Schwartz 
(1990) are represented as:

The above equation gave a cation–anion ratio of 1:1 ± 
0.01, which confirms that the geochemical analysis was 
accurate.

The cation–anion balance was also assessed using electri-
cal neutrality equation which requires that the sum of posi-
tive ions must be equal to sum of negative ions in solution 
expressed in meq/L.

Results and discussion

Result of physical and chemical parameters is presented in 
Table 3 in meq/L.

(1)%Parameters =
Individual parameter

Total parameter
× 100.

(2)

%Difference
�meq

L

�

=

�∑

cations −
∑

anions
∑

cations +
∑

anions

�

× 100%.

Table 1  Methods used to 
analyze physicochemical 
parameters

S/no Parameters Analytical method

1 pH pH meter Hach sensION + PH1 portable pH meter and 
Hach sensION + 5050 T portable combination pH 
electrode

2 Electrical conductivity (EC) HACH conductivity
3 Total dissolved solids (TDS) TDS meters (model HQ14D53000000, USA)
4 Magnesium  (Mg2+) EDTA titrimetric method
5 Calcium  (Ca2+) Titrimetric method
6 Chloride  (Cl−) Titrimetric method
7 Nitrate  (NO3

−) Ion-selective electrode (Orion 4 star)
8 Sulfate  (SO4

2−) Turbidimetric method using a UV–Vis spectrometer
9 Potassium  (K+) Jenway clinical flame photometer (PFP7 model)
10 Sodium  (Na+) Jenway clinical flame photometer (PFP7 model)
11 Bicarbonate  (HCO3

−) Titrimetric method
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Evaluation of groundwater quality for drinking 
purpose

pH

Hem (1985) stated that pH of water is a very important 
indication of its quality and provides important information 
regarding its geochemical equilibrium. The pH of the ana-
lyzed samples varies from 5.1 to 8.4 with a mean value of 
6.51 (Table 4). Although pH has no direct effect on human 
health, all biochemical reactions are sensitive to variation 
of pH (Subba Rao and Krishna Rao 1991). From Table 4, 
most of the sample locations fall within the acidic pH range 
except locations EAO/05, 14, 23, 28 and 29. However, over 
85% falls within the safe range of water consumption as 
stipulated by WHO (1984) (Fig. 4). 

Sodium and potassium  (Na+ and  K+)

The concentration of sodium within the study area var-
ies between 0.02 and 2.29 mg/L with an average value of 
0.84 mg/L. Maximum permissible limit for sodium in water 
is 200 mg/L as per WHO (2011) standard. Prasanth et al. 
(2012) and Ramesh and Elango (2011) hinted that if the 
concentration of sodium is above permissible level, it could 
lead to salty taste and health hazards such as blood pressure, 
kidney stones, arteriosclerosis, edema and hyperosmolarity. 
The concentration of potassium ranges between 0.39 and 
37.14 mg/L; it is within WHO drinking water set standard.

Calcium and magnesium  (Ca2+ and  Mg2+)

The maximum permissible limit for calcium in water is 
75 mg/L WHO (2011). Result indicates that the concentra-
tion of calcium within the study area ranges between 0.4 
and 16.3 mg/L with an average value of 2.93 mg/L. In sedi-
mentary terrain like that of study area, calcium occurs as 
carbonates in limestone rocks of the area, especially around 
Nkalagu, where there are large deposits of limestone and 
are cementing material in sandstone in the Amasiri area 
(Hem 1985). Annapoorna and Janardhana (2015) further 
stated that calcium infiltrates into groundwater through ion 
exchange processes. Magnesium is commonly found in fer-
romagnesian minerals in carbonates sedimentary rocks. The 
standard limit for magnesium in water as stipulated by WHO 
(2011) is 200 mg/L. The magnesium concentration ranges 
between 0.06 and 5.1 mg/L with an average of 1.61 mg/L 
(Fig. 5).

Chloride  (Cl−)

The desirable level for chloride in water is 250 mg/L.  Cl− ion 
varies between 49.27 and 267.29 mg/L with an average value 
of 138.24 mg/L. Samples EAO/22 and 29 (around Enyigba) 
were above WHO permissible limit for drinking water qual-
ity. This could be attributed to dissolution of sulfide minerals 
on the ores which occurs in the area.

Table 2  Irrigation indices

Parameters Equation
Parameters were calculated in (meq/L)

Equation 
number

References

Soluble sodium percentage (SSP) SSP =
(Na++K+

)×100

Ca2+Mg2++Na++K+

3 Richards (1969), Todd (1980)

Magnesium adsorption ratio (MAR) MAR =
Mg2+×100

Mg2++Ca2+
4 Raghunath (1987)

Sodium percentage (Na%) Na% =
Na+×100

Ca2++Mg2+
5 Eaton (1950), Doneen (1964)

Sodium adsorption ratio (SAR) SAR =
Na+

√

Ca2++Mg2+

2

6 Richards (1969)

Kelly’s ratio (KR) KR =
Na+

Ca2++Mg2+
7 Kelly (1963)

Total hardness (TH) TH = (Ca2+ +Mg2+) × 100 8 Sawyer and McCarty (1967)
Potential salinity (PS) Cl−

√

SO42− 9 Doneen (1964)

Residual sodium carbonate (RSC) RSC = (CO2−
3

+ HCO−

3
) − (Ca2+ +Mg2+) 10 Eaton (1950)

Soltan classification r1 = (Na+ − Cl−)∕SO2−
4

11a
11b

Soltan (1999)

r2 = [(K+
+ Na+) − Cl−])]/ SO2−

4

Gibbs plots Cations
Na+∕(Na+ + Ca2+)

12a Gibbs (1970)

Anions
Cl−∕(Cl− + HCO−

3
)

12b

Chadba plots HCO−

3
− (Cl− + SO2−

4
+ NO−

3
) 13a Chadha (1999)

Ca2+ +Mg2+∕(Na+ + K+
) 13b
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Sulfate  (SO4
2−)

The desirable level for sulfate in groundwater is 200 mg/L. 
Result shows that the value of  SO4

2− ranges between 88.85 
and 340.53 mg/L with an average value of 204.39 mg/L. 
This is high level of water pollution and is attributed to the 
process of AMDs which occurs in the area (Figs. 6, 7).

Bicarbonate  (HCO3
−)

The value of bicarbonate  (HCO3
−) in the water samples 

varies from 0.00 to 14. 3 mg/L with an average value of 
5.24 mg/L (Table 3). The content of  HCO3

− has no known 
adverse health effects, and all groundwater samples lie 
within the desirable limit of 300  mg/L (WHO 1990) 
(Table 5). 

Electrical conductivity (Ec)

Ec is related to the concentration of salts dissolved in water. 
Result from Table 3 shows that the value of Ec ranges 
between 5.28 and 1492 µS/cm, and the entire samples were 
within WHO permissible limit except at sampling location 
EAO/10, 14, 16, 18, 29 and 32 that were slightly above the 
permissible limit for drinking water quality. The high values 
of Ec can be attributed to high chemical activities going on 
in the abandon mines (Table 6). 

Evaluation of water quality for irrigation

For effective evaluation of water quality for irrigation, the 
computed values of irrigation parameters are shown in 
Table 7.

Soluble sodium percentage (SSP)

Iqbal et al. (2012) and Omo-Irabor et al. (2018) stated that 
high sodium concentration decreases permeability of soil 
and destroys the soil structure, thus affecting the drainage 
of the area which leads to a reduction in crop production and Ta
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Table 4  Classification of pH value into the following category; 
acidic, neutral and basic

N/A not available

pH < 7 (acidic) pH at 7 (neutral) pH > 7 (basic)

EAO/01, 02, 03, 04, 06, 
07, 08,

09, 10, 11, 12, 13, 15, 
16, 17, 18,

20, 21, 22, 24, 25, 26, 
27, 30, 31,

32, 33, 34 and 35

N/A EAO/05, 14, 23, 28 
and 29
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plant growth. SSP was calculated using Richards (1969) and 
Todd (1980). The value of SSP ranges from 8.33 to 100.00 
(Table 7). From Fig. 8, samples EAO/01, 03, 04, 06, 07, 10, 
11, 12, 14, 17, 18, 21, 22, 23, 25, 27, 28, 30, 32, 33 and 35 
(samples from Amasiri and Nkalagu) fall within the suitable 
category and hence it is considered suitable for irrigation, 
while samples EAO/02, 05, 08, 09, 15, 16, 19, 20, 24, 26, 

29, 31 and 34 fall within the unsuitable category, implying 
that the samples are unsuitable for irrigation.

Magnesium adsorption ratio (MAR)

At equilibrium of Ca and Mg in groundwater, MAR makes 
the soil more alkaline, thereby reducing the soil quality and 
crop yield (Paliwal 1972; Haritash et al. 2014). The MAR 
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Table 5  Concentration of TDS in the study area compared to WHO (World Health Organization TDS Rating). Source: www.who.int/water _sanit 
ation _healt h/dwq/chemi cals/tds.pdf

NVR no value range

Level of TDS (mg/L) Rating Sample location Concentration at sample location (mg/L)

Less than 300 Excellent EAO/02, 05, 06, 09, 10, 11, 12, 14, 15, 18, 20, 21, 
22, 29, 31, 32, 33, 34 and 35

217, 97.5, 118, 238, 209, 84.4, 212, 201, 183, 183, 
279, 283, 199, 279, 183, 102, 15.2, 103 and 299

300–600 Good EAO/03, 04, 07, 08, 13, 16, 17, 19, 23, 24, 25, 26, 
27, 28 and 30

494, 305, 384, 456, 375, 532, 308, 482, 302, 482, 
501, 428, 360, 502 and 429

600–900 Fair EAO/01 604
900–1200 Poor NVR
Above 1200 Unacceptable NVR

Table 6  Classification of water samples for the study area

Quality parameter Range Classification No. of samples References

TDS (mg/L) < 1000 Fresh water EAO/01 to EAO/35 Freeze and Cherry (1979)
1000–10,000 Brackish water
10,000–100,000 Saline water
100,000 Brine

Chloride (mg/L) < 250 Most desirable limit WHO (2011)
250–600

Nitrate (mg/L) < 45 Most desirable limit WHO (1971, 1983)
> 45

Sulfate (mg/L) < 200 Most desirable limit WHO (1971, 1983)
200–400
> 400 Maximum allowable limit

http://www.who.int/water_sanitation_health/dwq/chemicals/tds.pdf
http://www.who.int/water_sanitation_health/dwq/chemicals/tds.pdf
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was calculated using Eq. 4 (Table 2). More magnesium in 
water will adversely affect crop yield as the soil becomes 
more alkaline. Value below 50 is considered acceptable 
limit of MAR (Ayers and Westcot 1985). The value of 
MAR in the study area ranges between 16.92 and 123.5. 
Samples EAO/01, 02, 08, 09, 10, 16, 21, 23, 26, 28, 30 and 
33 (Table 7) and 11 were observed to within the set limit 
and hence they are considered to be suitable for irrigation, 
while samples EAO/03, 04, 05, 05, 06, 07, 11, 12, 13, 14, 17, 
18, 19, 20, 22, 24, 25, 27, 31, 32, 34 and 35 are considered 
unsuitable for irrigation

Sodium percentage (Na%)

Sodium is considered as one of the important elements in 
determining the suitability of water for irrigation because 
of its effect on soil (when present in exchangeable form), 
as it causes adverse physicochemical changes in the soil, 
particularly to the soil structure. A high salt concentration in 
the water leads to the formation of saline soil, and the higher 
concentration of sodium leads to development of alkali soil 
(Omo-Irabor et al. 2018). Irrigation water could be a source 
of excess sodium in the soil solution; hence, it should be 

Table 7  Computed value of 
SSP, MAR, KR, TH, RSC, Na% 
and PS

Sample code SSP MAR SAR KR TH RSC Na% PS

EAO/01 11.53 44.18 0.14 0.06 43.00 − 23.84 6.97 7.09
EAO/02 75.30 20.00 1.00 0.50 100.00 − 0.57 50.00 6.71
EAO/03 25.00 84.8 0.12 0.06 33.00 0.04 6.06 6.75
EAO/04 26.38 73.58 0.07 0.03 53.00 − 0.09 3.77 7.59
EAO/05 75.86 100.00 1.14 0.57 7.00 0.11 57.14 4.10
EAO/06 25.71 69.23 0.15 0.07 26.00 − 0.04 7.69 5.61
EAO/07 42.85 75.00 0.75 0.37 8.00 − 0.04 3.75 6.27
EAO/08 100.00 23.07 2.00 1.00 13.00 − 0.08 100.00 8.08
EAO/09 78.57 22.22 0.30 0.14 27.00 − 0.01 14.81 5.05
EAO/10 12.19 47.22 1.00 0.27 36.00 − 0.13 2.77 9.88
EAO/11 25.37 84.00 0.12 0.06 50.00 − 0.05 6.00 8.53
EAO/12 21.05 60.00 0.40 0.2 15.00 0.09 20.00 12.80
EAO/13 56.41 76.47 0.58 0.29 17.00 − 0.01 29.41 7.34
EAO/14 47.22 57.89 0.42 0.21 19.00 − 0.02 21.05 9.51
EAO/15 89.28 66.66 6.00 3.00 3.00 − 0.01 300.00 3.43
EAO/16 64.00 30.76 0.61 0.30 13.00 − 0.04 30.76 4.05
EAO/17 46.87 82.35 0.58 0.29 17.00 0.09 29.41 6.77
EAO/18 42.85 56.25 0.18 0.09 32.00 − 0.10 9.37 3.00
EAO/19 57.50 82.35 0.75 0.35 17.00 − 0.03 35.29 2.93
EAO/20 62.16 64.20 0.14 0.07 14.00 − 0.02 7.14 12.05
EAO/21 34.34 16.92 0.09 0.04 65.00 − 0.49 4.61 3.54
EAO/22 10.07 70.40 0.88 0.04 125.00 − 0.35 4.00 14.77
EAO/23 34.04 48.38 0.13 0.06 31.00 − 0.11 6.45 13.92
EAO/24 66.00 123.5 0.50 0.23 17.00 − 0.04 23.52 8.60
EAO/25 43.24 90.47 0.20 0.09 21.00 0.01 9.52 8.99
EAO/26 56.45 37.03 0.29 0.14 27.00 − 0.14 14.81 9.83
EAO/27 37.03 64.70 0.75 0.35 17.00 − 0.05 35.29 4.05
EAO/28 42.85 25.00 0.33 0.16 12.00 0.09 16.66 11.48
EAO/29 79.31 66.66 1.66 0.83 6.00 0.10 83.33 14.12
EAO/30 18.00 26.47 0.41 0.20− 34.00 − 0.11 20.58 3.04
EAO/31 56.41 70.58 0.94 0.47 17.00 0.11 47.05 4.82
EAO/32 18.75 77.77 2.50 1.11 9.00 0.07 111.11 11.54
EAO/33 26.66 22.72 0.09 0.04 22.00 0.04 4.54 6.16
EAO/34 80.00 72.72 1.45 0.72 11.00 0.07 72.72 11.79
EAO/35 8.33 75.00 0.13 0.06 44.00 0.04 6.81 12.29
Min 8.33 16.92 0.07 0.03 3.00 − 23.84 2.77 2.93
Max 100.00 123.5 6.00 3.00 125.00 0.11 300.00 14.77
Ave 46.10 60.78 0.88 0.42 30.51 1.33 40.68 7.95
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evaluated for its hazard (Sayyed and Wagh 2011). From 
Fig. 9 and Table 7, samples EAO/01, 03, 04, 06, 09, 10, 11, 
12, 18, 20, 21, 22, 23, 25, 26, 27, 33 and 35 are within the 
excellent category. This implies that the listed samples are 
considered suitable for irrigation, while samples EAO/03, 
05, 13, 14, 16, 17, 19, 24, 27, 30 and 31 fall within the good 
category (Table 11); hence, they are considered suitable for 
irrigation. Sample EAO/34 is within the doubtful category. 
Samples EAO/08, 29 and 32 are within the unsuitable cat-
egory; hence, they are considered unsuitable for irrigation.

Sodium adsorption ratio (SAR)

SAR is most generally used in the assessment of suitability 
of water for irrigation. The SAR measures the samples in 
terms of the relative concentration of sodium ions to the sum 
of calcium and magnesium ions in the water (Ramesh and 
Bhuvana 2012). Richards (1954) stated that sodium concen-
tration in water affects and leads to the deterioration of the 
soil properties, thus reducing its permeability. The value of 
SAR for the study area ranges between 0.07 and 6.00, imply-
ing that the samples are suitable for irrigation.

Hanson et al. (1999) stated that water samples with higher 
salinity are needed for soil structure. Figure 10b shows the 
impact of irrigation water on the soil properties. Sawid and 
Issa (2015) stated that SAR of irrigation water represents 

the tendency of sodium ions to be adsorbed at ion exchange 
within the soil matrix at the expense of calcium and magne-
sium; this results in the dispersion of soil particles, which 
could reduce the soil infiltration capacity. Additionally, 
reduction in soil permeability caused as a result of high 
SAR values of irrigation water that can be minimized by 
the high salinity values (Ec of water). With similar SAR 
values, samples with higher salinity are better suited for the 
soil structure (Hanson et al. 1999). The SAR versus EC plot 
(Fig. 10b) shows the impact of irrigation water on the soil 
properties, and it revealed that samples EAO/07, 09, 10, 13, 
16, 17, 18, 19, 24, 27, 29, 31 and 32 are within no reduc-
tion infiltration category, while the rest samples are within 
slightly to moderately reduction infiltration.

Potential salinity (PS)

Potential salinity was introduced as an important param-
eter for assessing the suitability of water for irrigation 
uses. It is defined as the chloride concentration plus half of 
the sulfate concentration (Ogunfowokan et al. 2013). The 
suitability of water for irrigation is not dependent on the 
concentration of soluble salts in the water (Doneen 1964; 
Doneen 1961). However, low solubility salts are precipi-
tated in the soils, thus accumulating with each successive 
irrigation, whereas the concentration of highly soluble salts 

Fig. 8  Wilcox diagram for groundwater sample
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increases the salinity of the soil (Doneen 1964). According 
to Doneen (1964), PS value less than 3 meq/L is suitable 
for irrigation purposes. The value of PS in the study area 
ranges between 0.07 and 1.87 meq/l with a mean value of 
0.54 meq/L (Table 5). Based on the view of PS, the water is 
fit for irrigation.

Residual sodium carbonate (RSC)

According to U.S. Salinity Laboratory, when RSC value is 
< 1.25 meq/L, it is considered suitable for irrigation; values 
between 1.25 and 2.5 meq/L are of marginal quality and 
value > 2.5 meq/L is considered unsuitable for irrigation. 
The values of RSC for the study area range between 0.11 
and − 23.84 meq/L with an average value of 1.33 meq/L 
(Tables 8 and 11).

Electrical conductivity (Ec)

Ahmed et al. (2002) stated that the most influential water 
quality guideline on crop productivity is the water salinity 
hazard which is measured by electrical conductivity (Ec). 
The primary effect of high Ec water on crop productivity 
is the inability of the plant to compete with ions in the soil 
solution for water. This often leads to physiological drought. 

From Table 11, samples EAO/04, 05, 11, 12, 20, 24 and 
25 are within excellent category, while sample locations 
EAO/03, 06, 08, 17, 21, 23, 26, 28, 30, 31,, 31, 33, 34 and 
35 are within good category; hence, they are considered suit-
able for irrigation (Tables 9 and 11). Samples EAO/01, 02, 
07, 09, 10, 13, 14, 15, 16, 18, 19, 29 and 32 are within the 
doubtful category and are considered unsuitable for irriga-
tion. The presence of dissolved organic constituents in water 
samples could be attributed to the high level of Ec (Fig. 11).

Total hardness (TH)

Sawyer and McCarty (1967) stated that when the value of 
TH is less than 75, then water is said to be soft, and value 
between 75 and 150 is classified as moderately hard, while 
value within 150–300 is classified as hard, and lastly, value 
greater than 300 is regarded as very hard. From Table 10, 
samples EAO/01, 03, 04, 05, 06, 07, 08, 09, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19, 20, 23, 24, 25, 26, 27, 28, 29, 30, 31, 
32, 33, 34 and 35 are within the soft category, while EAO/02 
and 22 are classified as moderately hard (Table 10, Fig. 12).

Fig. 9  Rating of water samples on the basis of electrical conductivity and sodium percent (after Wilcox 1955)
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a

 
b

Fig. 10  a Classification of groundwater based on US salinity dia-
gram. C1 = excellent, C2 = good, C3 =doubtful, C4 = unsuitable, 
S1 = excellent, S2 = good, S3 =doubtful, S4 = unsuitable. b Plot of 

SAR against EC showing the impact of groundwater on soil infiltra-
tion rate in the study area
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Table 8  Classification of groundwater based on RSC values

Water quality RSC Sampling points

Good < 1.25 EAO/01 to 35
Moderate 1.25–2.50
Unsuitable >2.50

Table 9  Classification of water based on EC

Salinity hazard (class) EC µS/cm Sampling points

Excellent (C1) < 250 EAO/04, 05, 11, 12, 20, 24 
and 25

Good (C2) 250–750 EAO/03, 06, 08, 17, 21, 23, 26, 
28, 30, 31, 31, 33, 34 and 35

Doubtful(C3) 750–2250 EAO/01, 02, 07, 09, 10, 13, 14, 
15, 16, 18, 19, 29 and 32

Unsuitable(C4) > 2250 Nil
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Fig. 11  Barchart of Ec against sampling points showing their category

Table 10  Classification of water based on total hardness (Sawyer and 
McCarty 1967)

Total hardness as 
 CaCO3(mg/L)

Water class Sampled locations

< 75 Soft EAO/01, 03, 04, 
05, 06, 07, 08, 
09, 10

11, 12, 13, 14, 15, 
16, 17, 18, 19, 
20,

23, 24, 25, 26, 27, 
28, 29, 30, 31, 
32,

33, 34 and 35
75–150 Moderately hard EAO/02 and 22
150–300 Hard
> 300 Very hard
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Geochemical diagram/classification of groundwater

Hydrochemical diagrams are aimed at interpretation of 
evolutionary trends with reference to groundwater systems, 
and this interpretation helps in better understanding of the 
groundwater geochemistry. Chadba plot (1999) and other 

hydrochemical cross-plots (Figs. 13a–c and 14) have been 
emphasized for better understanding of the groundwater sys-
tem in the area (Table 11).

Factors controlling groundwater chemistry was evaluated 
using cross-plot such as  Ca2+ +  Mg2+  (SO4

2− +  HCO3
−) 

versus  Na+ +  Cl−,  Na+ +  K+ versus total cation and  Na+ 
versus  Cl−. When ion exchange is the dominant process that 
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−) and  Na+ +  Cl−. b Correlation between  Na+ +  K+ and total cation. c Correla-
tion between  Na+ and  Cl−
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affects the hydrochemistry of groundwater, the relationship 
between  (Ca2++Mg2+) −  (SO4

2− +  HCO3
−) versus (Na–Cl).

should be a straight line (Herman 1978). From Fig. 13a, 
it is observed that  (Ca2+ +  Mg2+) −  (SO4

2− +  HCO3
−) ver-

sus  Na+ +  Cl− were in equal line of 1:1, implying that ion 
exchange is a major process influencing groundwater chem-
istry within the study area. Figure 13b shows that the points 
are on the 1:1 equal line, indicating contributions sodium 
and potassium are from weathering process. Figure 13c 
shows that in groundwater the Na versus Cl (Fig. 13c) plot 
indicates that most of the samples are slightly below the 
equal line. The high concentration of Na can be attributed to 
carbonate weathering. Na versus Cl can be used to identify 
the evaporation process in groundwater.

Chadba plot indicates that all water samples (EAO/01 
to 35) of the entire area fall within  Ca2+–Mg2+–Cl− water 
type with permanent hardness. This water type is attributed 
to the evolutionary dissolution of calcium and magnesium 
from the calcic-rich rocks (shales, limestone and calcareous 
sandstones) in the area.

Classification of groundwater samples of the area

Groundwater samples were classified based on  Cl−, 
 SO4

2− and  HCO3
− concentrations (Soltan 1999). Three 

major classes of groundwater exist in the area, namely sul-
fate water type, chloride water type and bicarbonate water 
type.

Base-exchange indices (r1) The base-exchange indi-
ces were estimated using Eq. 11a and b to further classify 
groundwater (Soltan 1999) (Eq. 12a; Table 2), where r1 is 
the base-exchange index and  Na+,  Cl− and  SO4

2− concen-
trations are expressed in meq/L. If r1< 1, the groundwater 
sources are of  Na+–SO4

2− type, while r1 > 1 indicates the 
sources are of  Na+–HCO3

− type.
Meteoric genesis indices (r2) The groundwater sources 

can also be classified based on meteoric genesis index and 
can be computed using Eq. 12b (Table 2) (Soltan 1999). If r2 
< 1, the groundwater source is of deep meteoric water perco-
lation type, while r2 > 1 indicates that it is of shallow mete-
oric genesis indices (r2). Groundwater within the study area 
fell within the category of deep meteoric water (Table 12), 
implying that the groundwater is greatly influenced by pre-
cipitation process. This is line with previous studies carried 
out by Eyankware et al. (2018a, b) and Eyankware (2017) 
which stated that groundwater fell within deep meteoric 
water type.

Fig. 14  Chadba’s diagram showing groundwater type of the study area
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Conclusion

Hydrochemical characterization of abandoned mine waters 
for domestic and irrigation uses in Abakaliki, SE Nigeria, 
was carried out. The recent drive of economic diversion of 
the government into agriculture has made the abandoned 
mine waters an option to sustain crop production. This 
study is expedient to investigate the chemical characteriza-
tion of these waters due to the chemical dissolutions and 
AMDs which are generated in the mine areas. The study area 
comprised Setraco quarry (Amasiri), Nigercem (Nkalagu), 
Abakaliki quarry cluster (Umuoghara) and Ezzagu pyro-
clastic mines. Thirty-five water samples were collected and 
analyzed for physicochemical parameters and heavy met-
als using atomic absorption spectrophotometric methods. 
Mathematical calculations were used to deduce irrigation 
parameters. From this research, it was observed that 90% pH 
was within acidic range, while samples EAO/05 (Amasiri), 
14 (Nkalagu), 19 (Setraco), 23, 28 and 29 (Enyigba) are 
within basic, physicochemical parameters;  Na+,  K+,  SO4

2−, 

 NO3
− and  Ca2+ were within WHO permissible limit at vari-

ous sampling points, while magnesium and chloride concen-
tration were above WHO drinking water quality standard at 
various mine and quarry sites. Results from ion exchanges 
cross-plots reveal that weathering process was the major 
process that influences geochemical makeup of groundwa-
ter. As for irrigation indices such as MAR, SAR, KR, TH 
and RSC were found below the permissible limit within the 
study area, while indices such as SSP, Na% and PS were 
above the set standard as various sampling points within 
Amasiri, Nkalagu and Umuoghara mines, respectively. Mine 
pond waters were not highly affected because groundwater in 
the area exists in fracture shales; this water bearing unit has 
low porosity and does not allow free flow of contaminants 
in all directions.

Table 11  Classification of water based on irrigational water quality parameters

Parameter Range Class No. of samples

SAR < 20 Excellent EAO/01 to 35
20–40 Good
40–60 Permissible
60–80 Doubtful
> 80 Unsafe

TH < 75 Soft EAO/01, 03, 04, 05, 06, 07, 08, 09, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23, 24, 
25, 26, 27, 28, 29, 30, 31, 32, 33, 34 and 35

75–150 Moderate EAO/02 and 23
150–300 Hard
> 300 Very hard

MAR < 50 Suitable EAO/03, 04, 05, 06, 07, 11, 12, 13, 14, 17, 18, 19, 20, 22, 24, 25, 27, 31, 32, 34 and 35
> 50 Unsuitable EAO/01, 02, 08, 09, 10, 16, 21, 23, 26, 28, 30 and 33

SSP < 50 Suitable EAO/01, 03, 04, 06, 07, 10, 11, 12, 14, 17, 18, 21, 22, 23, 25, 27, 28, 30, 32, 33 and 35
> 50 Unsuitable EAO/02, 05, 08, 09, 15, 16, 19, 20, 24, 26, 29, 31 and 34

Na% < 20 Excellent EAO/01, 03, 04, 05, 06, 09, 10, 11, 12, 18, 20, 21, 22, 23, 25, 26, 27, 33 and 35
20–40 Good EAO/03, 05, 13, 14, 16, 17, 19, 24, 30 and 31
40–60 Permissible
60–80 Doubtful EAO/34
80 Unsafe EAO/08, 29 and 32

KR < 1 Good
1 Unsuitable

RSC < 1.25 Good
1.25–2.50 Moderate
> 2.50 Unsuitable

EC < 250 Excellent EAO/04, 05. 11, 12, 20, 22, 24 and 25
250–750 Good EAO/03. 06, 08, 09, 16, 19, 21, 23, 26, 28, 30, 31, 33, 34 and 35
750–2250 Doubtful EAO/01, 02, 07, 10, 13, 14, 15, 18, 27, 29 and 32
> 2250 Unsuitable
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