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Abstract
This present study was aimed at investigating the effects of mining activities on groundwater quality of Enyigba-Ameri, Nigeria.
Assessment of the impacts of mining activities on trace metal pollution in water was carried out using modified trace metal
pollution index (m-TPI) and modified ecological risk index (m-RI). Water samples were collected during the pre-mining (PRM)
and post-mining (POM) and analyzed for their physicochemical and trace element concentrations. The computed m-TPI for the
PRM has a mean positive index (PI) value of 0.950 and a negative index (NI) mean value of −0.081. The m-TPI for POM has a
mean PI value of 126.002 and NI mean value of −0.001. The m-RI for Pb+Zn ranged from 7.769 to 175.090 at the POM, and the
m-RI for Cd+Zn for the PRM ranged from 8.772 to 47.349. The m-PI results revealed that all the water samples during the PRM
were good for drinking and domestic uses but were all of “unacceptable quality” during the POM. Also, the results showed that
12.5%, 50%, 25%, and 12.5% of the water samples were of very high, high, moderate, and low Cd+Zn ecological risk
respectively during the PRM. But during the POM, 50%, 12.5%, 12.5%, and 25% of the samples belong to very high, high,
moderate, and low Pb+Zn ecological risk respectively. The decrease in the quality of water from the PRM to the PRM suggests
anthropogenic pollution of mining activities. Therefore, legislation against indiscriminate waste discharges is recommended to
reduce the adverse effects on the water resources.
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Introduction

Mining of Sphalerite (ZnS) and galena (PbS) for Pb-Znin
Enyigba-Ameri area started in the year 1900 by the natives
as artisan miners. The mined Pb-Znwas used as cosmetics and
fishing net weights (Offodile 1980). Commercial mining in
the study area began in 1925 when a British company started
underground and open-cast mining of sphalerite and galena at
the Enyigba and Ameri fields respectively. In the year 1945,

mining activities were taken over by a German company
which used open-cast method, and the PbS and ZnS were
beneficiated at the site by differential floatation using xanthate
collector. However, active commercial mining and artisan
mining by the natives ceased at the onset of the Nigerian
Civil War in 1967. Commercial mining resumed in 2011 by
a Chinese company using open-cast mining technique. In ad-
dition to the Chinese company, several local companies have
been licensed to mine in the area. Usually, untreated mine
water are introduced directly into the nearby surface water
bodies, and abandoned mine pits are left without any treat-
ment and no land recovery processes carried out. These pits
have long become cesspools.

Trace metals could be released into groundwater through
geogenic sources and anthropogenic sources (Adaikpoh et al.
2005; Karbassi et al. 2007; Reza and Singh 2010; Houria et al.
2020). In the natural state, trace metal contamination is usually
at low concentrations (except in some special cases) and could
be released fromweathering and dissolution of minerals of the
host rocks. Anthropogenic contamination usually results to
very high metal concentrations in groundwater and the
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environment (Reiners et al. 1975; Charles et al. 1994;
Karbassi et al. 2008; Obianyo 2019) and are derived from
sources such as mining, industrial effluents, indiscriminate
use of fertilizer and pesticides laden with trace metals in agri-
cultural fields, and municipal solid and liquid wastes
(Ammann et al. 2002; Nouri et al. 2008). Groundwater quality
can be degraded through excessive abstraction and contami-
nation that emanates from discharge of untreated mine water
(Abou-Zakhem and Hafez 2015; Hussain and Al-Fatlwai
2020). Most trace metals pose threats to human body, ecosys-
tem, and the environment because they are non-biodegradable
and accumulate in the human system causing damage to the
various internal organs and human systems in general (Lee
et al. 2007; Lohani et al. 2008; Guiamel and Lee 2020).
Only few (such as Cu, Se, and Zn) at low concentrations are
known to be of nutritional importance to plants and animal
growth and development (Kar et al. 2008; Suthar and Singh
2008; Aktar et al. 2010; Nkansah et al. 2019).

Mining of lead and zinc ores in the Enyigba-Ameri area is
carried out using the open-cast mining method. The area is
characterized by active mine pits and abandoned mine pits
which have since become artificial ponds and pits. The artifi-
cial ponds and pits during the peak dry season serve as sources
of drinking water and water for domestic and agricultural pur-
poses for the teaming population. Trace metals from tailings
emanating from mining activities of the area are thought to
have some adverse environmental impact especially on
groundwater and the ecosystem. The impacts of mining activ-
ities on groundwater resources can be assessed by the use of
reference materials and enrichment calculation methods
(Salomons and Förstner 1984; Abrahim and Parker 2008).
Several researchers have reported the use of reference mate-
rials in evaluating the effects of anthropogenic activities on
groundwater quality of the Enyigba-Ameri area (Okogbue and
Ukpai 2013; Opoke and Osayande 2018; Okolo et al. 2018;
Aloke et al. 2019; Omonona et al. 2019; Iroha et al. 2020) and
very few reports are available on the use of enrichment
methods (Nnabo 2015; Obasi et al. 2018). All the researchers
who have used the existing enrichment calculation methods
(pollution indices) for the evaluation of the impacts of mining
activities on groundwater of the Enyigba area have done so
without considering the limitations that are associated with
these calculation methods. In the present study, one modified
pollution index and a newly proposed modified ecological
index that take care of the limitations of the exciting pollution
indices are introduced, which is the gap this research intends
to cover. In addition to this, this research intends to use two-
time groundwater sampling campaigns or programs instead of
a one-time sampling campaign which all the previous works
have used. The present study, therefore, is aimed to (i) identify
the sources of major cations and anions in groundwater, and
(ii) evaluate the impacts of mining activities on trace metal
concentrations in groundwater Enyigba-Ameri area and assess

the risk associated with consumption of contaminated water
using the modified trace metal pollution index and the newly
proposed modified ecological risk index. The findings of this
research are hoped to help the different environmental stake-
holders that are concerned with water quality management
and land use planning.

General description of area

The Enyigba-Ameri Pb-Zn metallogenic hub is situated in the
rural communities of the present day Ebonyi State, southeast-
ern Nigeria (latitude 6° 07′ N–6° 14′ N and longitudes 8° 06′
E–8° 12 ′ E) and cover a total area of 33.06 km2

(Figure 1).Enyigba-Ameri is located southeast of the
Abakaliki city at about a distance of 16 km away. The area
has a population of 8000 inhabitants (2006 census) with ma-
jority of the inhabitants engaged in farming and mining.
Agricultural activities in the area involved growing of vegeta-
bles (pumpkin) near streams and food crops (rice, cassava, and
maize) in different farmlands scattered all over the area.
During the dry season when the surface water (streams) levels
drop, mine water are used for irrigation purposes.

Enyigba-Ameri area lies in an area of moderate relief that
range from 125 to 250 m above mean sea level (Inyang 1975).
Ebonyi River and its ephemeral tributaries drain the area. The
average annual precipitation and temperature varies from 250
to 2125 mm and from 27 to 28 °C respectively.

Geologically, the area is underlain by two formations, the
Tertiary to Quaternary alluvium and the Cretaceous Abakaliki
Shale. The alluvium consists of loose gravel, sand, and clay.
The Abakaliki Shale consists of shale, with lenses of lime-
stone and sandstone. A type section of the Abakaliki
Formation located in Enyigba mine is shown in Figure 2. In
this section, sandstone overlies the basement rock unconform-
ably. The sandstones are very hard. The sandstone bed is
usually gray in color and thin ranging from 5 to 50 mm thick.
Sandstone beds are rich in gastropods and molluscs.
Generally, there are two units of shale rocks in the Abakaliki
Formations. The basal shale unit (Unit E) is black in color and
very compact; it is calcareous and carbonaceous in nature
possessing high organic content, and it is very fissile. This
shale unit is thinly laminated and fractured in places. In this
unit, the shale trend in the NE-SW direction and a dip direc-
tion in NW-SE with a dip amount ranging from 4 to 32°. The
second shale unit (Unit F) overlies the basal unit. This younger
shale unit varied from grayish brown to pinkish brown in
color. It is thinly laminated, fissile, and calcareous. Unit F
generally trend in the NE-SW direction and dips in NW-SE
direction with dip amount ranging from 18 to 52°. Abakaliki
Shale is known to be very rich in ammonite fauna. Common
ammonite species found in the shale are Diploceras
quadratum, Hysteroceras binum, and Elobiceras lobitoense
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(Nwajide, 20..). Also, Abakaliki Shale is rich in clay minerals,
and the shale is rich mainly in chlorite, illite, and kaolinite.
Aguman (1989) observed that illite and chlorite increase with
depth of burial in the Abakaliki Shale. Diagenetic conversion
of kaolinite to illite and chloride may explain the enrichment
of chlorite and illite with depth (Dunoyer de Segonzac et al.
1967). The lateritic top soils constitute the uppermost rock
unit. The lateritic soil is highly ferruginized. A type section
of the Abakaliki Formation with a very thick limestone bed
located at a quarry 16 km west of Abakaliki town is shown in
Figure 3. The limestone lithology of the Abakaliki Formation
is black and micritic, and is composed of grapestones,
infralimeclasts, and brown algae remains (Abatan et al.
1993). The Abakaliki Shale has an average thickness of 500
m, and it strongly folded and fractured in places. The overbur-
den layers consist of lateritic soil and weathered shale and
which vary in thickness from 18.5 to 20.0 m. The shale min-
eralogical composition includes clay minerals, quartz, chert,
feldspars, carbonates, and iron oxides. The Pb-Zn ores (gale-
na, sphalerite, and chalcopyrite) are located as veins within the
black Albian shale. The depths to the NE-SW trending veins
that bear the Pb-Zn ores usually range from 8.0 to 15.0 m from
the ground surface (Obiora et al. 2016). Siderite and calcite are

associated gangues of the main ores. The southern Benue
Trough during the Cretaceous experienced intense volcanic
activities. The presence of baked shales, pillow lava struc-
tures, and pyroclastics in Abakaliki area are evidences of in-
tense magmatic activities in the southern Benuede Trough.
Groundwater is usually abstracted from fractured shale which
acts as aquifers, and the aquifers occur at depth ranging from
45 to 68 m. The fracturing of the shale rock reduces with
depth, and it is not regional in extent. In the study area, there
is no major perennial river that flows within the area; the area
is drained by ephemeral streams which serve as tributary to the
perennial Ebonyi River located in Ebonyi State. The ground-
water is usually recharged via precipitation.

Materials and methods

Groundwater samples were collected using a steel bailer from
eight locations scattered across the study area from boreholes
that have not failed over the past three decades used by the
locals for drinking and domestic purposes. Eight groundwater
samples were collected in 2010 during the pre-mining period
(PRM) from 8 different boreholes, and eight groundwater

Fig. 1 Location map of the study area
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samples from the same boreholes were collected in 2016 dur-
ing the post mining period (POM), an interval of 7 years.

Prior sampling, each aquifer was pumped for a consider-
able time to allow groundwater from the aquifer to be sam-
pled. To avoid cross contamination, each sterile high-density
polyethylene bottles was first rinsed with the water to be sam-
pled. Water sample collected were filtered using 0.45-μm fil-
ter and preserved by acidifying with ultrapure nitric acid (pH<
2). The groundwater samples collected were analyzed for their
physicochemical characteristics and trace metal contents.
Transient parameters (temperature; electrical conductivity,
EC; total dissolved solids, TDS; pH) were measured in situ
at the time of sample collection using Hanna (H19828 USA)
multi-parameter digital meter. All the laboratory analyses

were conducted at the Chemistry Department, Water Supply
and Sanitation Project, Ibadan, Nigeria. The analytical proce-
dures used in the determination of the major ions and trace
metal concentrations are in accordance with the APHA
(2005). Reagent blank determinations were used to correct
the instrument readings. The general preliminary assessment
of the groundwater quality was carried out with respect to
WHO (2011) standard. The comparative study of the water
quality of the pre-mining period (PRM) with the post-mining
time (POM) was carried out using modified water quality
indices namely, modified pollution index (m-PI), modified
trace metal pollution index (m-TPI), and modified ecological
risk factor (m-ERF).

The weighted arithmetic indices, m-TPI, and m-ERF, were
employed in this study because of their suitability in assessing
water quality. The choice of weighted arithmetic method is
premised on the following edge it has over the other methods:

Fig. 2 Lithological of the section of Abakaliki Formation exposed in a
Pb-Zn mine at Enyigba (after Obarezi and Nwosu, 2013)

Fig. 3 Lithological of the section of Abakaliki Formation exposed in a
limestone quarry at Mgbo (after Agumanu 1989)
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application of quality parameters that can be turned into math-
ematical equation that give rating and grading to the water
sources, policy makers, and citizens can easily use this index
for communication of overall water quality, assurance about
suitability of water for human consumption, and different pa-
rameters that can be used with their composition that is im-
portant for assessment and management of water quality
(Phadatare and Gwande 2016).

Two pollution indices, trace metal pollution index (Mohan
et al. 1996) and potential ecological risk index (Hakanson
1980), based on trace metal contents, have been widely used
for groundwater quality monitoring and characterization pur-
poses (ref) but they are not without some short comings.

Two of the defects of the TPI technique are imbedded
in the calculation of the sub-index (Qi). The first defect
involves the use of absolute difference between measured
concentration and permissible guideline value{Mi(−)Ii}.
When absolute difference between Mi and Ii is used (in-
stead of the real value) in estimating TPI, the value of TPI
may be high even when Ii is greater thanMi. The second
defect is associated with the expression, Si − Ii of Eq. 2. It
has been observed that not all organization saddled with
the responsibility of providing guideline values for trace
metals provide both Si and Ii stipulated values. For exam-
ples, the Standard Organization of Nigeria (SON 2017)
and the World Health Organization (WHO 2011) did not
provide values for both Si andIi, thereby making SON and
WHO standards not suitable for calculating TPI using
Eqs. 1 and 2. It is because of these flaws that are associ-
ated with the use of TPI for evaluating water quality that
Chaturvedi et al. 2018 introduced a modified trace metal
pollution index (m-TPI) to cater for the defects associated
with the original trace metal pollution index, and provide
a better index for evaluating the quality of water for
drinking and domestic purposes. This new index is calcu-
lated as follows (Chaturvedi et al. 2018):

m−TPIi ¼ φi � αi ð4Þ

where, m − TPIi is the modified trace metal pollution in-
dex; φi is the relative weightage factor and it is defined by
the expression:

φi ¼
Wi

∑n
i¼1Wi

ð5Þ

where Wi is estimated from the relationship:

Wi ¼ 1

I i
ð6Þ

The proportionality constant is taken as 1 for all the trace
meters in this present study.

The sub-index, αi for all the trace metals is defined as
follows

αi ¼ Mi−I i
I i

ð7Þ

The WHO (2011) standard guideline values for trace
metals were used as the highest desirable concentration (Ii).

It should be noted that the numerator in Eq. 2 is a modulus
while that of Eq. 7 is not. Therefore, αi will be positive if
Mi>Ii, αi will be zero when Mi=Ii, and αi will be negative
when Mi<Ii, implying that the sample passes the quality test
for the given trace metal.

In this new index, every water sample is defined by two
separate indices, a positive index (PI) and a negative index
(NI) of m − TPIi. In this modified index, all PIs and Nis of
each water sample are added separately but not together to
obtain two composite numbers for PI and NI. Based on the
two indices of m − TPIi, water quality may be classified as
follows: Excellent (−1≤NI≤0 and PI=0); Very good to Good
(−1<NI≤0 and 0<PI≤UL); and Unacceptable (NI≤0 and
PI>UL), where UL is the upper limit of the positive index.

In this present study, we proposed a new index known
as modified potential ecological risk index (m-RI) for
evaluating aggregate ecological risk caused by trace metal
contamination. This modified index has two advantages
over the original ecological risk index (RI) approach.
Firstly, it takes into consideration the synergistic effects
of different trace metals of any water sample which RI
does not have. Secondly, it calculates the risks associated
with an ecosystem using a source-specific factor derived
from multivariate analysis (factor analysis). The modified
ecological risk index (m-RI) thus has the ability to esti-
mate the synergetic effects of two or more contaminants
emanating from the same source(s). Modified ecological
risk index (m-RI) can be calculated as follows:

m−RI ¼ 1

ϑn

1

n
∑n

i¼1

Mi

I i
� Ti

� �� �
ð8Þ

where ϑn is the reciprocal of the derived eigenvalue of
trace metal concentrations only, Mi is the measured con-
centration of trace metal i. Ii is the highest desirable limit
of the trace metal i, and it is equivalent to the WHO
(2011) maximum acceptable concentrations of trace
metals. Ti is the toxic-response factor of the trace metal
i and n is the number of the trace metals emanating from
the same sources. The toxic response factor (Ti) for Cd,
Pb, and Zn are 30, 5, and 1 respectively (Hakanson, 1980;
Xu et al. 2008). The classification scheme for the pro-
posed index was based on equal count (quantile) of the
index values and this was carried out using the Q-GIS
software. The scheme is as follows: very low risk (1.5–
3.0); low risk (3.0–9.0); moderate risk (9.0–22.8); high
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risk (22.8–42.2); and very high risk (42.2–175.0). The
eigenvalue is obtained from principal component analysis
(PCA). PCA is a statistical technique that transforms a
large number of variables (parameters) in a data set into
a smaller number of rational and unrelated components.
The defined components consist of linear weighted com-
binations of the initial parameters. The number of compo-
nents extracted was based on the number of components
that have Eigenvalues greater or equal to one. Usually, the
first extracted component is always found to have the
highest eigenvalue value and also explains the maximum
variation in the original data set. The second component
will always have lesser eigenvalue and explains a lesser
variation in the original data set than the first component,
and the third component will also have a lesser
Eigenvalue than the first and second components and so
on. The various statistical analyses used in the present
study were conducted using Statgraphic Centurion XI.
The stage-by-stage processes used for this study are pre-
sented in the methodology flowchart (Figure 4).

Results and discussion

Aquifer characteristics and groundwater flow

The boreholes sampled were drilled to depths ranging
from 32.1 to 85.0 m with an average depth value of
48.4 m using rotary method. The boreholes were well
screened and cased using PVC screens and PVC casing
respectively. The aquifer thicknesses ranged from 19 to
60.8 m. The aquifer parameters—transmissivity, hydraulic
conductivity, and specific yield varied from 0.117 to
1.295 m2/day, 0.006 to 0.014 m/day, and 1.22 × 10−3 to
1.8 × 10−3 respectively. Static water level (SWL) ranged
from 4.5 to 13.8 m during the PRM and from 4.8 to 14.5
m during the POM. The SWL results revealed a decrease
in SWL (an appreciation in the depth to water level in a
well) of some of the boreholes during the POM, which
may be attributed to increase in recharge emanating from
mining wastewater released into the environment. From
the static water level data measured from the wells and

PUMPING TEST
FIELD WATER         

SAMPLING/COLLECT
ION

MEASUREMENT OF 
HAND DUG WELLS

STATIC WATER 
LEVEL

GEO-HYDRUALIC 
PARAMETERS

MEASUREMENT OF 
TRIENSIENT PHYSICAL 

TRANSMISSIVITY AND 
HYDRAULIC CONDUCTIVITY

DATA ANALYSIS 

STATISTICAL DATA ANALYSIS 
(PRINCIPAL COMPONENT ANALYSIS) 

INDEXING APPROACH (modified trace 
metal pollution index and modified 
ecological risk index)
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OF HYDRAULIC 
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PHYSICO-CHEMICAL 
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OF 

STUDY

ASSESSED IMPACT 
OF MINING 

ACTIVITIES ON 
GROUNDWATER 
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DIVERGENT 
AND 

CONVERGENT 
ZONES 

PARAMETERS

Fig. 4 A flowchart of the methods of study
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the elevations above the mean sea level of the well loca-
tion, the hydraulic heads of all the sampled boreholes
were estimated. The hydraulic head maps for the PRM
and POM periods are presented in Figure 5. The figure
revealed that groundwater flows from the northwestern
and northeastern sections into the southwestern and

southeastern sections. Figure 5 also revealed that ground-
water flow direction pattern during the PRM and POM is
the similar. Groundwater samples S2, S4, S6, and S8 re-
ferred to diverging points, and samples S1, S3, S5, and S7
are converging points. The hydrogeological cross section
across A and A line of section of the study area is

Fig. 5 a Hydraulic head map for
PRM. b Hydraulic head map for
POM
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presented in Figure 6.The cross section shows that S4 and
S8 are recharging zone while S5 and S3 are in the
discharging zone.

Physicochemical parameters and major ion
characteristics

The descriptive statistics of physicochemical parameters, major
ions, and trace metals are presented in Tables 1 and 2. ANOVA
tests carried out revealed that there is significant difference be-
tween the means of K and NO3 during the PRM and POM
periods (Table 3). NO3 showed disparity in mean, variance,

and median during the two time periods (Table 3).The means
of K concentrations during the PRM and POM are 22.23 mg/l
and 7.87 mg/l respectively, and the means of the concentrations
of NO3 during the POM are 54.96 mg/l and 0.95 mg/l respec-
tively. The sources of NO3 and K may be attributed to applica-
tion of chemical fertilizers; details of the sources of ions are
discussed in later sections. During the PRM period, agricultural
activity was the predominant activity but there was a decline in
agricultural activities during the POM period as attention was
shifted tomining activities. The ionic concentrations of themajor
ions during PRMandPOMperiods are in the order of abundance

: Ca2þ > HCO−
3 > NO−

3 > Kþ > Mg2þ > Naþ > Cl−SO2−
4
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Fig. 6 Hydrogeological cross section

Table. 1 Statistical summary of the hydrochemical data (PRM)

Unit Minimum Maximum Mean SD CV (%) MCL %>MCL

pH 6.000 7.910 7.208 0.633 8.790 6.5–8.5 0.0
EC μS/cm 80.000 760.000 538.750 230.244 42.740 n.a n.a
TDS mg/l 52.000 494.000 350.188 149.659 42.740 500 0.0
Hardness mg/l 21.000 228.000 109.875 64.121 58.360 n.a n.a
NO3 mg/l 35.200 85.670 54.966 16.889 30.730 n.a n.a
Cl mg/l 2.000 34.000 17.250 9.794 56.780 250 n.a
SO4 mg/l 0.000 58.000 17.000 17.840 104.940 250 n.a
HCO3 mg/l 20.000 110.000 69.750 32.591 46.730 n.a n.a
Na mg/l 8.200 13.780 10.788 1.859 17.240 n.a n.a
K mg/l 10.220 31.080 22.233 6.456 29.040 n.a n.a
Mg mg/l 0.240 13.670 6.377 4.848 76.030 n.a n.a
Ca mg/l 8.000 49.600 30.425 12.937 42.520 n.a n.a
Fe mg/l 0.01 0.980 0.413 0.400 96.820 0.3 50.0
Cd mg/l 0.002 0.011 0.007 0.003 43.200 0.005 50.0
Pb mg/l 0.005 0.018 0.009 0.004 46.000 0.015 12.5
Zn mg/l 0.900 1.400 1.108 0.205 18.560 5.0 0.0
Cu mg/l 0.198 0.967 0.684 0.252 36.881 2.0 0.0
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and HCO−
3 > Ca2þ > Mg2þ > Cl− > Naþ > SO2−

4 > Kþ >

NO−
3 respectively.
Significant difference was also observed between the

means of Fe (p value −0.038), Cd (p value −0.000), and Pb

(p value −0.015) of the PRM and POM (Table 3). The signif-
icant differences in the measured means may be attributed to
the effect of mining activities that was thought to release these
trace metals. The concentrations of trace metals during the
PRM and POM decreased in the order of Zn>Fe>Pb>Cd
and Zn>Pb>Fe>Cd respectively.

Sources of ions and water classification

Gibbs diagram (Gibbs 1970), a plot based on ratio of (Cl/(Cl+
HCO3) as a function of TDS (Figure 7), revealed that the
major mechanism controlling the geochemistry of groundwa-
ter of the area is geology: water-rock interactions. To decipher
the sources of the dissolved ions, different ionic ratio plots
were created. The plot of the sum of Ca2+ and Mg2+ (Ca+
Mg) against total cations (TZ+) (Figure 8a) showed that ma-
jority of the data plotted along the equilibrium line ([Ca+Mg]
= [TZ+]), and the existence of high ratio of Ca+Mg over TZ+

points to the possibility of substantial contribution of Ca and
Mg to the total cations. The plot of the ratio Ca+Mg and
HCO3 (Figure 8b) showed that Ca, Mg, and HCO3 must have
been produced from interactions of minerals rich in Ca and
Mg with water as all the samples plotted above the theoretical
line ([Ca]:0.5[HCO3]) of calcite and plagioclase dissolution
(Omonona et al. 2019). Calcium, Mg, and HCO3 in water of
the study area may be attributed to the dissolution of calcite
and weathering of feldspar minerals in shale which underlies
the area. However, a plot of Ca versus Mg (Figure 8c) re-
vealed that a l l the samples occurred above the
[Ca2+]:2[Mg2+] line, which points to the fact that silicate

Table. 2 Statistical summary of the hydrochemical data (POM)

Unit Minimum Maximum Mean SD CV (%) MCL %>MCL

pH 7.020 7.210 7.0 0.064 0.910 6.5–8.5 0.0

EC μS/cm 27.000 1746.000 475.7 587.150 123.420 n.a n.a

TDS mg/l 18.000 1165.000 317.2 391.764 123.490 500 12.5

Hardness mg/l 48.000 630.000 208.250 195.174 93.720 n.a n.a

NO3 mg/l 0.190 2.410 0.950 0.730 76.890 n.a n.a

Cl mg/l 6.170 121.080 40.631 34.875 85.830 250 n.a

SO4 mg/l 3.000 93.000 23.375 29.818 127.560 250 n.a

HCO3 mg/l 52.000 630.000 210.750 196.655 93.310 n.a n.a

Na mg/l 3.110 76.980 20.272 23.592 116.380 n.a n.a

K mg/l 1.000 18.000 7.875 5.303 67.340 n.a n.a

Mg mg/l 3.910 46.880 15.285 14.503 94.890 n.a n.a

Ca mg/l 16.000 192.000 62.600 59.401 94.890 n.a n.a

Fe mg/l 0.110 1.750 0.953 0.534 56.040 0.3 87.5

Cd mg/l 0.260 0.580 0.44 0.112 25.630 0.005 100

Pb mg/l 0.080 1.820 0.660 0.666 100.970 0.015 100

Zn mg/l 0.110 7.360 2.746 2.445 89.050 5.0 12.5

Cu mg/l n.a n.a n.a n.a n.a

n.a, not available; SD, standard deviation; CV coefficient of variation; MCL, maximum concentration limit

Table. 3 Analysis of variance (ANOVA) of the physicochemical pa-
rameters, major ions, and trace metals for PRM and POM

Mean Standard deviation Median

t test P value F test P value W test P value

pH 0.571 0.576 96.934 0.000 16.000 0.103

EC 0.282 0.781 0.153 0.024 26.000 0.563

TDS 0.05 0.827 1.743 0.207 0.276 0.599

Total hardness −1.354 0.197 0.107 0.008 41.000 0.372

Na −1.133 0.276 0.006 0.000 48.0 00 0.103

K 4.860 0.000 1.482 0.616 2.000 0.001

Ca −1.496 0.156 0.047 0.001 41.500 0.343

Mg −1.647 0.121 0.111 0.009 46.000 0.156

Cl −1.825 0.089 0.078 0.003 52.000 0.040

HCO3 −2.000 0.065 0.027 0.000 49.000 0.083

SO4 −0.518 0.611 0.357 0.198 34.500 0.833

NO3 9.037 0.000 534.561 0.000 0.000 0.001

Fe −2.286 0.038 0.561 0.464 53.000 0.031

Cd 10.857 0.000 0.001 0.000 64.000 0.001

Pb −2.763 0.015 0.000 0.000 64.000 0.001

Zn −1.887 0.080 0.007 0.000 47.000 0.127

The p values less than 0.05 are written in bold
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weathering affects the groundwater chemistry far more than
calcite dissolution process.

The source of salinity in the area is revealed by plotting Na
versus Cl (Figure 8d). A molar ratio of Na/Cl equals to one

indicates halite dissolution while a ratio greater than one
showed that Na ions were released into water mainly by sili-
cate weathering process. Since none of the data point plotted
on the halite dissolution line ([Na]:[Cl]) ruled out the possi-
bility of Na ions being released by halite dissolution process.
Na ion concentration in water of the area may be attributed to
silicate weathering process.

Pearson’s correlation model shows how two or more
variables are related (Adams et al. 2001). A correlation
coefficient of any two variables determines how one pa-
rameter (variable) predicts the other by measuring the
strength of linear relationships between two variables
(Omonona et al. 2014). Any two variables with a p value
less than 0.05 and a positive correlation coefficient will
always have similar sources. Ca, Mg, Na, Cl, SO4, and
HCO3 have positive correlation coefficient and p value
<0.05 with TDS, and this shows that these ions were
released from the same chemical source and through sim-
ilar chemical process. K and NO3 have a p value less than
0.05 and positive correlation coefficient value, indicating
that these ions were released from the same sources and
through similar chemical processes. (Table 4) Both NO3

and K have p values > 0.05 and negative correlation co-
efficients with most of the major ions (Ca, Mg, Na, Cl,
SO4, HCO3), indicating that NO3 and K were released
from sources different from those of Ca, Mg, Na, Cl,

Fig. 7 Gibbs diagram of the hydrochemical data
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SO4, and HCO3. It was also observed that the correlation
coefficient values between the Fe-K, Pb-NO3, Pb-K, and
Zn-K were negative, and their p values were less than
0.05, indicating that the Fe and K; Pb, NO3, and K; and
Zn and K were released from different sources and
through different chemical processes. While the major
ions were thought to be released from weathering of host
rock minerals, NO3 and K were thought to be released
from application of chemical fertilizers and other associ-
ated agricultural activities.

Piper diagram gives details of the different hydrochemical
facies present in the groundwater of the area. Piper diagram is
a plot of the milliequivalent percentage of anions: HCO3+

CO3, Cl, and SO4 on the anion-triangle and the cations: Ca,
Mg, and Na+K on the cation-triangle. The cation and anion
plotted points are further projected into the central diamond
field that defines the different hydrochemical facies.
Hydrochemical data from the study area plotted in four of
the six subdivisions of the diamond-shaped fields (Figure 9),
illustrating four water types namely, Ca-HCO3water type, Ca-
Mg-Cl-SO4 water type, Ca-Mg-HCO3 water type, and Na-K-
Cl-SO4 water type. The bicarbonate (Ca-HCO3) water type is
characterized by temporary water hardness; ten groundwater
samples (four PRM samples (1, 2, 5, and 8) and six POM
samples (1, 2, 3, 4, 5, 6,)) belong to the Ca-HCO3

hydrochemical facies.

Table. 4 Pearson correlation matrix of physicochemical parameters and heavy metals (p value <0.05, at 95% confidence was significant)

pH EC TDS Hardness NO3 Cl SO4 HCO3 Na K Mg Ca Fe Cd Pb Zn

pH 1.00

p value 0.000

EC 0.348 1.00

p value 0.185 0.0000

TDS 0.341 0.9998 1.00

p value 0.195 0.0000 0.0000

Hardness 0.195 0.8730 0.8803 1.00

p value 0.467 0.0000 0.0000 0.0000

NO3 0.216 0.1015 0.0863 −0.341 1.00

p value 0.421 0.7084 0.7507 0.1951 0.0000

Cl 0.189 0.7838 0.7928 0.9279 −0.404 1.00

p value 0.483 0.0003 0.0002 0.0000 0.1200 0.0000

SO4 0.052 0.6946 0.6995 0.6468 −0.160 0.7576 1.00

p value 0.848 0.0028 0.0026 0.0068 0.5537 0.0007 0.0000

HCO3 0.088 0.8101 0.8202 0.9755 −0.435 0.9284 0.6614 1.00

p value 0.745 0.0001 0.0001 0.0000 0.0921 0.0000 0.0053 0.0000

Na 0.062 0.7857 0.7937 0.8565 −0.245 0.9360 0.8060 0.8692 1.00

p value 0.819 0.0003 0.0002 0.0000 0.3594 0.0000 0.0002 0.0000 0.0000

K 0.311 0.5107 0.4964 0.0884 0.7324 −0.003 0.2824 −0.033 0.1095 1.00

p value 0.240 0.0432 0.0505 0.7448 0.0013 0.9890 0.2893 0.9011 0.6863 0.0000

Mg 0.118 0.8366 0.8446 0.9787 −0.383 0.9050 0.6322 0.9805 0.8537 0.0550 1.00

p value 0.661 0.0001 0.0000 0.0000 0.1424 0.0000 0.0086 0.0000 0.0000 0.8397 0.0000

Ca 0.160 0.8500 0.8581 0.9874 −0.350 0.9308 0.6693 0.9856 0.8765 0.0626 0.9848 1.00

p value 0.551 0.0000 0.0000 0.0000 0.1833 0.0000 0.0046 0.0000 0.0000 0.8180 0.0000 0.0000

Fe −0.32 −0.562 −0.556 −0.362 −0.423 −0.151 −0.147 −0.256 −0.266 −0.588 −0.286 −0.339 1.00

p value 0.212 0.0234 0.0253 0.1677 0.1022 0.5753 0.5865 0.3381 0.3186 0.0164 0.2817 0.1990 0.0000

Cd −0.14 −0.143 −0.128 0.2326 −0.876 0.3645 0.0801 0.3596 0.2012 −0.767 0.2753 0.2408 0.6061 1.00

p value 0.581 0.5950 0.6343 0.3860 0.0000 0.1651 0.7680 0.1713 0.4549 0.0005 0.3020 0.3689 0.0128 0.0000

Pb −0.13 −0.496 −0.488 −0.255 −0.552 0.0138 −0.080 −0.165 −0.044 −0.579 −0.178 −0.215 0.7105 0.6277 1.00

p value 0.629 0.0507 0.0549 0.3406 0.0266 0.9596 0.7683 0.5400 0.8695 0.0188 0.5093 0.4224 0.0020 0.0092 0.0000

Zn −0.15 −0.467 −0.461 −0.262 −0.421 −0.103 −0.150 −0.189 −0.183 −0.555 −0.184 −0.226 0.6499 0.5055 0.7470 1.00

p value 0.564 0.0677 0.0722 0.3261 0.1037 0.7028 0.5793 0.4818 0.4960 0.0255 0.4937 0.3996 0.0064 0.0458 0.0009 0.0000

The p values less than 0.05 are written in bold
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Ca-Mg-Cl-SO4 water type (two PRM samples (3 and
4) and two POM samples (7 and 8)) and Ca-Mg-HCO3

water type (one PRM sample (7)) are named mixed water types

as no major ion is dominant over the other. This water type is
formedwhen freshwater undergoes simple dissolution ormixing
(Ravikumar et al. 2015). Na-K-Cl-SO4 water type (one PRM

a

b

Fig. 9 Piper diagram of the
hydrochemical data (PRM and
POM)
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sample (5)) indicates the dominance of alkali metals over alkaline
earth metals and strong acidic anions over weak anions.

Saturation index (SI) is employed in understanding the
mineral dissolution dynamics in groundwater system. SI
values of minerals predict the pattern of water and mineral
chemical equilibrium and rock-water reactions (Zhang et al.
2020). A mineral in groundwater will be in an unsaturated
state with the surrounding environment if the mineral’s SI
value is less than zero; it would be in a supersaturated state
if mineral has SI greater than zero, and the mineral phase will
be in an equilibrium state if the mineral SI value is equal to
zero. For a mineral with SI value less than zero, the mineral
will continuously be dissolved by the groundwater; the min-
eral will precipitate if the SI value is greater than zero; and no
dissolution or precipitation will take place for a mineral with
SI value equals to zero. The SI of a mineral can be calculated

using the equation (Omonona et al. 2014): SI ¼ log KIAP
�

KSPÞ
(where KIAP is the ion activity product for a mineral equilib-
rium reaction and KSP is KSP which is the solubility product
of the mineral). The SI values of selected minerals (calcite,
dolomite, gypsum, and halite) in groundwater were estimated
using the PHREEQC software. The results of the SI of the
selected minerals based on the hydrochemical data are pre-
sented in Table 5.

The values of the SI of calcite (SIcalcite) ranged from −3.08
to 0.09 and −1.36 to −0.45 for the PRM period and POM
period respectively, and this shows that calcite mineral varied
from unsaturation to supersaturation state during the two time
periods. The values of SI of dolomite (SIdolomite) ranged from
−7.33 to −0.16 during the PRM period and varied from −2.98
to 1.26 during the POM period, indicating that dolomite con-
tinuously weathered during the PRM period and varies grad-
ually from undergoing dissolution and precipitation during the
POM period. The values of SI of halite (SIhalite) and SI of
gypsum (SIgypsum) during the PRM and POM periods are less
than zero, indicating that halite and gypsum will continuously

weather in groundwater during the PRM period and POM
period.

Trace metal concentration

The trace metal concentrations in groundwater samples from
the area and the maximum allowable concentration limits
(MCL) are presented in Table 1. The concentration of Zn
was 100% below the MCL in drinking water at the PRM time
but 87.5% during the POM period. The concentration of Fe
above the MCL in drinking water was found in 50% of the
water sampled during the PRM and in 87.5% of the water
sampled during the POM period. The Cd concentration in all
the locations were higher than the MCL of 5 μg/l during the
POM while only 50% of the locations had Cd concentration
above theMCL in drinking water at the PRM time. During the
PRM period, Pb concentration was above the MCL value of
15 μg/l in only 12.5% of the locations studied while at the
POM period, all the locations have Pb concentrations above
the MCL in drinking water. The positive correlation coeffi-
cient values and p values less than 0.05 between Fe and Cd, Fe
and Pb, Fe and Zn, Cd and Pb, Cd and Zn, and Pb and Zn
revealed that the sources of these trace metals may be attrib-
uted the mining activities in the area. The elevated concentra-
tions of Pb in water of the area may be attributed to discharges
from metal waste tailings acid mine drainage that is rich in
metals. Obiora et al. 2016 also attributed high concentration of
Pb in water sources of Enyigba area to elemental contributions
from acid mine waters. In the present study, the effects of acid
mine drainage on the groundwater are not well pronounced
because of dilution that results from precipitation and influx
from nearby tributaries. However, the effects of acid mine
drainage are obviously observed on the streams and the veg-
etation around the immediate vicinities of the discharge of the
acidic waste waters. Cu concentrations in water were deter-
mined during the PRM only; there is no data for Cu concen-
trations during the POM. The concentrations of Cu ranged
from 0.198 to 0.967 with a mean of 0.684. All the water
sampled has Cu concentrations below the MCL value (2.0
mg/l). The concentration of Cu in water of the area may be
attributed to weathering of chalcopyrite mineral. The variation
of trace metals between the two time periods (PRM and POM)
of measurements showed that there are statistical differences
in the means of Fe, Cd, and Pb (Table 3). The analysis of
variance also revealed that there are statistical differences in
the standard deviations of Cd, Pb, and Zn and statistical dif-
ferences in the medians of Fe, Cd, and Pb (Table 3). One of the
most significant factors that influence themobility of metals in
water is pH. Most metals are very mobile at low pH and
become nearly immobile at high pH. A method of classifica-
tion of water samples was developed by Ficklin et al. 1992
and modified by Caboi et al. 1999 which was based on the
sum concentrations of metals as a function water pH. The sum

Table. 5 Saturation index of minerals (calcite, dolomite, gypsum, and
halite) in groundwater

SI Minimum Maximum Mean SD CV (%)

PRM

SIcalcite −3.08 0.09 −0.95 1.01 −106.45
SIdolomite −7.33 −0.16 −2.39 2.29 −96.15
SIgypsum −4.67 −2.01 −3.00 0.78 −25.96
SIhalite −9.32 −8.02 −8.39 0.39 −4.72
POM

SIcalcite −1.36 0.76 −0.45 0.72 −159.6
SIdolomite −2.98 1.26 −1.16 1.45 −124.62
SIgypsum −3.93 −1.44 −2.75 0.74 −26.93
SIhalite −9.24 −6.64 −7.95 0.76 −9.6
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of the trace metals Fe, Cd, Pb, and Zn was plotted in the Caboi
diagram. From the diagram, all the groundwater plotted within
the “near-neutral high acid” category (Figure 10). In the
Enyigba-Ameri area, trace metal concentrations from ground-
water compared well with mean concentrations of trace metals
from other regions dominated by mining activities like
Pradesh, India (Tiwari et al. 2013; Tadiboyina and Ptsrk
2016); Tripura, India (Brindha et al. 2020); Qinghai-Tibet
Plateau, China (Wei et al. 2018); and Rosia Montana district,
Romania (Florea et al. 2005). The POM trace metal concen-
trations of the Enyigba-Ameri area and those of the other
regions were above the local guideline values and the WHO
(2011) standards for drinking water. However, trace metal
concentrations in groundwater from the coal mining regions
of Dhanbad district, India, and Jerada Province, Morocco,
were far lower than local guideline values and the WHO stan-
dards for drinking water (Battioui Mounia et al. 2013; Prasad
and Mondal 2008).

Trace metal pollution

The results of the computed m-TPI (PI and NI) together with
their descriptive statistics are presented in Table 6. The values
of the positive index (PI) of the m-TPI ranged from 0.0172 to
2.043 with a mean value of 0.966 for the PRM and varied
from 79.319 to 175.437 with a mean value of 126.277 for
the POM period. The PRM values of the negative index (NI)
of the m-TPI ranged from −0.369 to 0.000 with a mean value
of −0.101, and the POM values of the negative index (NI) of
the m-TPI varied from −0.005 to 0.000 with a mean value of
−0.001. The m-TPI water quality rating scale revealed that
water samples taken from Ameka 1, Ameka 2, Amegu 2,
and Ishiagu 2 ranked as good and water samples taken from
Amegu 1, Ameri 1, Ameri 2, and Ishiagu 1 ranked as good
during the PRM period in the study area, and for the POM
period, water samples taken from all the localities (Ameka 1,

Ameka 2, Ameri 1, Ameri 2, Amegu 1, Am`egu 2, Ishiagu 1,
and Ishiagu 2 ) ranked as unacceptable for drinking. The worst
pollution status was recorded for samples taken fromAmeka 1
(Well S1), Amegu 2 (Well S4), Ishiagu 1 (Well S7), and
Ishiagu 2 (Well S8) (Table 6) during the POM period, and
the high m-TPI values of these samples may be attributed to
the effect of mining activities.

The effects of trace metals in groundwater on the ecosys-
tem scenario of the study area were assessed using the modi-
fied ecological risk index (m-RI). Table 7 presents the results
of the m-RI for the PRM and POM periods. During the PRM
periods, two components were extracted from the PCA. The
first component has an eigenvalue of 1.67, explains 41.93% of
the variation of the total data set, and has high positive loading
factors on Cd and Zn (0.681939, 0.545377). The second com-
ponent has an eigenvalue of 1.16, explains 29.12% of the
variation of the total data set, and has a high positive factor
loading on Pb (0.65335) and a high negative loading factor on
Fe (−0.624441). During the PRM period, the trace metals, Cd
and Zn, were thought to be released from the same sources and
via the same or similar processes. The main contributors of Cd
and Zn could be agricultural activities and weathering of the
bedrocks, and those of Pb and Fe may be weathering of bed-
rock minerals. During the POM period, only one component
has eigenvalue greater than one, and so it was the only com-
ponent that was extracted. This component explains 65.07%
of the variation of the total data set and has high positive
loading factors on Pb, Zn, and Fe. These trace metals could
have been released from leaching of the ore minerals and
mining activities.

During the PRM period, two categories of trace metals
were identified Cd and Zn, and Pb and Fe. The calculated
m-RI of Cd and Zn during the PRM period ranged from
8.77 and 47.35 with a mean value of 29.77. Since there is no
toxic response set for Fe, only Pbwas used in the estimation of
m-RI for the second category of metals (Pb and Fe). The m-RI
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of Pb ranged from 1.49 to 5.36 with a mean value of 2.83.
During the POM period, only one group of trace metals was
identified and it comprises Pb, Zn, and Fe. The m-RI for Pb
and Zn during the POM period ranged from 5.17 to 116.71
with a mean value of 46.08. Mean deviation and percentage
deviation from the mean of m-RI (Pb), m-RI (Cd + Zn), and
m-RI (Pb+Zn) values were calculated for all the sampling
points for the PRM and POM periods (Table 8). Four sam-
pling points (50%) of groundwater have lower m-RI (Pb) than
the mean value; three sampling points (37.5%) of groundwater
show lower m-RI (Cd+Zn) than the mean, and five sampling
points (62.5%) of groundwater indicate lower m-RI (Pb+Zn)
than the mean values. The 12 sampling points (Table 8) with
negative percentage deviation from mean values reflect a bet-
ter quality of groundwater with respect to trace metals (Prasad
and Bose 2001).

Following the proposed classification, it was observed that
during the PRM period, seven of the groundwater samples
(Ameka 1, Amegu 1, Amegu 2, Ameri 1, Ameri 2, Ishiagu
1, and Ishiagu 2) belong to very low Pb ecological risk, and
one groundwater sample (Ameka 2) belongs to low Pb eco-
logical risk class. One groundwater sample (Ameri 2), two
groundwater samples (Amegu 1 and Ameri 1), four

groundwater samples (Ameka 1, Ameka 2, Ishiagu 1, and
Ishiagu 2), and one groundwater sample (Amegu 2) belong
to low Cu+Zn ecological risk, moderate Cu+Zn ecological
risk, high Cu+Zn ecological risk, and very high Cu+Zn eco-
logical risk respectively. During the POM period, one ground-
water sample (Amegu 2), two groundwater samples (Ameka 2
and Ameri 1), and five groundwater samples (Ameka 1,
Amegu 1, Ameri 2, Ishiagu 1, and Ishiagu 2) belong to (Pb+
Zn) low ecological risk, moderate ecological risk, and very
high ecological risk respectively.

The scheme is as follows: very low risk (1.5–3.0); low risk
(3.0–9.0); moderate risk (9.0–22.8); high risk (22.8–42.2);
and very high risk (42.2–175.0). Analysis shows that out of
the 12 sampling points of groundwater that have negative
percentage from the mean of m-RI, four groundwater samples
(Amegu 1, Ameri 1, Ameri 2, and Ishiagu 2), two groundwa-
ter samples (Ameri 1 and Amegu 2), three groundwater sam-
ples (Amegu 1, Ameri 1, and Ameka 2), one groundwater
sample (Ameri 1), and one groundwater sample (Amegu 1)
belong to very low ecological risk, low ecological risk, mod-
erate ecological risk, high ecological risk, and very high eco-
logical risk respectively. Comparing the two time periods, it
was observed that during the POM period, four of the eight

Table. 6 Modified heavy metal
pollution index (m-TPI) for PRM
and POM

PRM POM

s/n m-HPI (PI) m-HPI (NI) Water quality m-HPI (PI) m-HPI (NI) Water quality

S1 Ameka 1 1.271 −0.004 Good 144.472 0.0000 Unacceptable

S2 Ameka 2 1.454 −0.00736 Good 87.97438 −0.00042 Unacceptable

S3 Amegu 1 0.254259 −0.07553 Very good 79.31914 −0.00025 Unacceptable

S4 Amegu 2 2.043479 −0.0234 Good 148.3238 −0.00042 Unacceptable

S5 Ameri 1 0.508518 −0.05367 Very good 88.660 −0.00536 Unacceptable

S6 Ameri 1 0.017288 −0.3691 Very good 134.1915 −0.00073 Unacceptable

S7 Ishiagu 1 0.517162 −0.00042 Very good 149.6432 0.0000 Unacceptable

S8 Ishiagu 2 1.53852 −0.11492 Good 175.4375 0.0000 Unacceptable

Table. 7 Modified ecological risk index (m-RI) for PRM and POM

PRM POM

S/n m-RI (Pb) Risk level m-RI (Cd+Zn) Risk level m-RI (Pb+Zn) Risk level

S1 Ameka 1 2.980 Very low 34.536 High Ameka 1 77.311 Very high

S2 Ameka 2 5.364 Low 34.484 High Ameka 2 10.650 Moderate

S3 Amegu 1 2.086 Very low 17.299 Moderate Amegu 1 59.680 Very high

S4 Amegu 2 2.682 Very low 47.349 Very high Amegu 2 7.7698 Low

S5 Ameri 1 2.384 Very low 21.588 Moderate Ameri 1 13.505 Moderate

S6 Ameri 1 1.490 Very low 8.772 Low Ameri 1 23.059 High

S7 Ishiagu 1 2.980 Very low 38.818 High Ishiagu 1 141.483 Very high

S8 Ishiagu 2 1.490 Very low 38.771 High Ishiagu 2 175.090 Very high
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samples (Ameka 1, Amegu 1, Ishiagu 1, and Ishiagu 2) belong
to very high ecological risk while one of the eight samples
(Amegu 2) during the PRM period belong to very high eco-
logical risk. This showed that groundwater was more contam-
inated during the POM period than the PRM period.

The water from sampling points S1 (Ameka 1), S7 (Ishiagu
1), and S8 (Ishiagu 2) both have very high ecological risks and
ranked as unacceptable for drinking, although S1 (Ameka 1)
has low ecological risk but ranked unacceptable for drinking,
there is to a large extent a resemblance between the two
indices.

Conclusions

This study demonstrated that the modified pollution indices
used as relevant tools for assessing the effects of mining ac-
tivities on groundwater quality. In this study, hydrochemical
data from Enyigba-Ameri area plotted in Gibbs diagram and
cross plots, and in addition to saturation indices of selected
minerals showed that rock weathering process, calcite and
halite dissolution, and weathering of silicate minerals are the
principal geochemical processes that affect the chemistry of
groundwater of the area.

The present study revealed that the concentrations of the
trace metals in groundwater of the area increased progressive-
ly from the PRM period to the POM period. Based on the
results of the two indexing approaches (m-TPI and m-RI),
the trace metal concentrations in the groundwater of the
Enyigba-Ameri area are more polluted during the POMperiod
compared to the PRM period. Groundwater during the PRM
period mostly has low pollution status while the POM period
has moderate pollution and high pollution status. Pollution of
groundwater during the POM period can be the effect of min-
ing activities.

These modified-pollution indices have shown to be effec-
tive for assessing the impact of mining activities on

groundwater quality. The result of this study though typical
for the present study area, may also be useful in assessing the
adverse effects of mining activities on the quality of ground-
water of other regions.We recommend that groundwater plan-
ning and development should be in areas outside the
metallogenic nucleus as the cost of remediating contaminated
aquifers may not be cost-effective.
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