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Abstract

Access to clean and safe potable water is vital for the well-being of communities in Keywords
Nasarawa-Eggon, located in northcentral Nigeria. However, water resources in the Hydrochemistry,
area face quality degradation due to acidic discharges from abandoned coal mines A‘?\’;’;‘I"\'I"ai‘l’::'e"y
and other anthropogenic activities. This study investigates the hydrochemical gi4tistics,
characteristics and quality of surface and groundwater around the Nasarawa-Eggon Coal mining,
coal mining site, with the aim of evaluating their suitability for drinking and irrigation Nasarawa-Eggon
purposes using multivariate statistical techniques. A total of seventeen water
samples were collected from ponds, streams, and boreholes and analyzed for key
water quality indicator parameters. Hydrochemical facies were identified using Piper
and Gibbs diagrams, revealing dominant water types including CaCl, Mixed CaMgCl,
and HCOs types. The Gibbs plot indicated that rock weathering and mineral
dissolution are the primary geochemical processes influencing water chemistry in the
area. To assess relationships among water quality parameters and their potential
sources, multivariate statistical methods such as Pearson correlation and hierarchical
cluster analysis were employed. Water quality indices (WQI) for both drinking and
irrigation were computed using standard evaluation models. Results from the
Canadian Council of Ministers of the Environment Water Quality Index (CCME-WQTI)
classified the drinking water quality as good, with groundwater exhibiting the highest
quality. For irrigation suitability, the Sodium Adsorption Ratio (SAR) indicated that
58.8% of the samples are of excellent quality, while 41.2% are good. Overall, the
study underscores the impact of both natural processes and coal mining activities on
the hydrochemical evolution of water in the area. It also demonstrates the utility of
multivariate statistical techniques as effective tools for evaluating water quality and

tracing pollution sources in mining-impacted environments.
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INTRODUCTION

Clean fresh water is essential for the healthy
living of all mankind. Access to potable drinking
water have been difficult for the local
inhabitants of Nasarawa-Eggon communities in
the northcentral part of Nigeria due to the
presence of abandoned coal mines which
discharges loads of acid mine drainages (AMD)
into the nearby surface water (streams,
rivers, and ponds) and groundwater sources,
thereby impairing the water quality for
drinking, irrigation, domestic and other
purposes (Sener et al., 2017; Wang and Zhang,
2018; Iticescu et al., 2019; Varol, 2020).
Anthropogenic activities from artisans and
local miners also introduce pollutants and
contaminants that worsens the quality of
water resources in the area, making them unfit
for human consumption.

Water quality degradation due coal mining
activities is a major global environmental issue
that needs to be addressed urgently (Pesce
and Wunderlin, 2000; Amangabara and E jenma,
2012; Dinka et al., 2015; Wu et al., 2018; SDG
Report, 2022). The issue of water poverty still
remains a pressing concern in Nigeria. At
present, only about 30 % of the populace in the
northern part of the country can access safe
drinking water and sanitation facilities (Ihezie
and Obaniyi, 2023). Taiwo et al. (2012) earlier
reported that about 27 % of the citizens living
in the far northern and northcentral part of
Nigeria were exposed to health risks
associated with waterborne diseases like
diarrhea, dysentery, hepatitis and cholera due
to dependence on rivers, streams, ponds,
rainwater, and dams as their source of drinking
water. This has resulted in millions of deaths
yearly, particularly among children under the

age of five (Oguntoke et al., 2009; Raji and
Ibrahim, 2011; Thezie and Obaniyi, 2023). Due
to lack of detailed water quality studies in the
area, the severity and extent of the
contamination of the water bodies from mining
activities, natural and other anthropogenic
sources remain largely uncertain. In view of
this and other challenges, the need therefore
arises for a comprehensive hydrochemical
characterization and water quality assessment
to ascertain the impact of coal mining sites on
the surface water and groundwater systems in
the Nasarawa Eggon area and environs.

The effect of coal mining activities in parts of
northcentral Nigeria, particularly in Nasarawa
state, has not gone unnoticed. ITyas et al.
(2021) carried out assessment of metal
accumulation in plant and soil in Eggon
community mining site, Nasarawa, Nigeria.
They showed that indigenous herbaceous plant
species  possess great potentials as
phytoextractor and phytostabilizer to
remediate or restore soils impacted by heavy
metals due fo mining activities in the area.
Physicochemical and heavy metal content
assessment of water quality in Keana and
Nasarawa-Eggon areas was conducted by
Aremu et al. (2024). The findings revealed
lower pH levels for water bodies in Nasarawa-
Eggon (with mean pH value of 5.74) than water
sources in the Keana area (with mean pH value
of 7.74). Their study provided additional into
water quality variations in those areas which is
essential for ensuring the healthy living of the
inhabitants, and safe use of the water
resources for domestic, agricultural and
industrial activities. Kana (2022) carried out
heavy metal assessment of groundwater
quality in part of Karu, central Nigeria. The
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study showed that groundwater contamination
in  the study area emanated from
anthropogenic activities and poor waste
disposal management.

The present study utilizes multivariate
statistical techniques to examine the
hydrochemical characteristics and quality of
surface and groundwater systems around the
Nasarawa-Eggon coal mining site in the
northcentral part of the Nigeria, with the view
to assess the impact of the abandoned coal
mine on water quality in the area. This is
necessary to ascertain the contaminant levels
within the neighborhood harboring the mining
site, in order to address the challenges and
potential health dangers associated with
surface and groundwater contamination due to
coal mining and other anthropogenic activities
in the study area.

2 Location and Geology of the Study Area

The study area is located in the northcentral
part of Nigeria between longitudes 8°32'15"E
and 8°33'15"E, and latitudes 8°41'30"N and
8°42'30"N (Fig. 1). It is accessible through the
Makurdi - Jos Road that runs through the
northwestern part to the southeastern portion
of figure 1. Nasarawa-Eggon and adjoining
areas fall within the tropical savannah climate
which is defined by the wet and dry seasons
(Ezekiel and Dominic, 2014). The area is

characterized by mean temperature of 15.6 °C
and 26.7 °C, with an annual rainfall ranging of
1450 mm (wet season) and 1317 (dry season)
mm. Rainfall starts from the month of April
followed by a noticeable temperature
decrease, and ends around October every year.
Dry season is experienced from the month of
December to February, known as the
harmattan season (NSG, 2001; Ayiwulu, 2012).

The underlying geology of the region comprise
mainly of the Lafia Formation, which form part
of the Cretaceous deposits of the Middle
Benue Trough. It is comprised of clays,
claystones, flaggy mudstones, red loose sands,
and ferruginized sandstones. These sediments
of the Lafia Formation represent fluvial
depositions under continental conditions
(Obaje, 2009; Ebele et al., 2025; Adikwu et al.,
2025).

The tectonic development of Benue Trough is
associated with the Early Cretaceous
separation of the African and South American
Continents along a rift-rift-rift (RRR)
junction. The trough resulted as the failed arm
(or aulacogen) of the triple junction, leading to
the opening of the South Atlantic (Ofoegbu,
1985; Benkhelil, 1989; Obaje, 2009). The
hydrology and hydrogeology of the study area
is influenced by the structure, stratigraphy,
and tectonics of the Benue Trough.
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Fig. 1. Map of the study area.
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3 Materials and Methods

3.1 Sample Collection and Analysis

Water samples used for the analysis were
collected from ponds, streams, and
groundwater bodies from different locations
within Nasarawa-Eggon (NE) and adjoining
areas, with a major focus on the abandoned
mining site in the study region (Fig. 1). A total
of seventeen (17) water samples from ponds
(5), streams (6), and boreholes (6) were
collected for laboratory analysis using
standards methods. Polyethylene bottles (100
mL) were used in collecting the samples to
prevent any form of changes that might affect
the final results. The bottles were labeled
according to whether it contained water
sample collected from a mining pond, stream,
or groundwater system. Thus, samples from
ponds were labeled as NE_P1, NE_P2, and so
on, streams samples were labeled as NE_SI,
NE_S2, and so on, while groundwater samples
labeled as NE_G1, NE_G2, etc.

The physicochemical parameters analyzed for
this study include pH, electrical conductivity
(EC), total dissolved solids (TDS), total acidity
(TA), potassium (K*), calcium (Ca??),
magnesium (Mg?*), sodium (Na?*), iron (Fe?*),
zinc (Zn?*), chloride (CI7), nitrate (NOs™),
bicarbonate (HCOs~), and sulfate (SO42%7).
These parameters were selected because they
form the main water quality indicators
described by the Nigerian Standard for
Drinking Water Quality (NSDWQ, 2015) and
World Health Organization guidelines for
drinking water quality (WHO, 2024). The pH
value of the water samples was measured in-
situ using a pH meter following the standard
propounded by the American Public Health
Association (APHA, 2005), while the values of

the remaining parameters were recovered
from results of the laboratory analysis
conducted at the soil and plant
analysis/biochemistry laboratory situated at
Nasarawa State University, Keffi.

3.2 Data Analysis Techniques

The obtained values of the physicochemical
parameters from fieldwork and laboratory
analyses were subjected to further
assessment to understand the hydrochemical
characteristics and geochemical behavior of
the water bodies in the study area. These were
carried out using appropriate software
packages available from vendors, for detailed
evaluation and interpretation of the available
data (Zidan et al., 2020; Sagr et al., 2024).

3.2.1 Descriptive Statistics

Descriptive statistical values including the
mean and standard deviation of all the
parameters were calculated using the MS
Excel and Origin Pro software. This
methodology enabled the determination of
the water quality status and trends of the
different concentrations of the water quality
indicators (Muijs, 2022; Dzhangi and
Atangana, 2024).

3.2.2 Hydrochemical Characterization

The chemical composition of the water bodies
was analyzed using the Piper plot which enables
identification of the patterns and processes
that classifies the different hydrochemical
facies on the basis of the relative abundance
of major cations and anions (Piper, 1944). The
Piper diagram categorizes the water types,
thereby providing in-depth knowledge of the
features and composition of the analyzed
water samples (Khadka and Ramanathan, 2013;
Chalaune et al., 2020).
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The Gibbs diagram was utilized to determine
the main geochemical processes that
controlled the water chemistry, like
precipitation, evaporation - crystallization, and
rock weathering (Gibbs, 1970; Prasanna et al.,
2011). The strength of the Gibbs plot lies in its
ability to  distinguish  various  source
mechanisms using the TDS and ionic ratios,
which is key to unravel the origin of dissolved
solutes in the water bodies (Gibbs, 1970;
Paudel et al., 2024).

3.2.3 Multivariate Statistical Analysis
Multivariate statical approach such as Pearson
correlation matrix and cluster analysis was
used fo identify the spatial and temporal
trends among the water quality set from the
Nasarawa-Eggon area and their possible
sources. This was done using statistical
software packages available from vendors. The
use of multivariate statistical methods
enabled the interpretation of intricate data
matrices for enhanced understanding of the
water quality and ecological condition of the
study area (Kazi et al., 2009). This method also
aids in the identification of potential factors
that control the overall chemistry of the water
system, making it a viable tool for solving water
quality related problems (Kazi et al., 2009).

The Pearson correlation matrix was deployed
to determine the degree of relationship
between two variables. This statistical analysis
techniques measures how the variance of the
analyzed parameters is inter-related with one
another (Liu et al., 2003; Maiolo and Pantusa,
2021). The terms “strong”, "moderate”, and
"weak" factor loadings was applied in this study
using the method of Liu et al. (2003).
Hierarchical cluster analysis (HCA) is a
multivariate technique that have shown

usefulness in the analysis and interpretation of
complex water quality dataset (Lei, 2014; Liu
et al, 2021). This approach aids in the
identification of pollution sources, and
quantification of  the  spatio-temporal
variations in water quality (Lei, 2014; Sharma
et al., 2021; Dzhangi and Atangana, 2024).

3.2.4 Water Quality Index (WQI)

Water quality index (WQI) is a significant
criterion in matching water demand and supply,
and is the most effective method of measuring
water quality (Akter et al., 2018; Atta et al.,
2022; Madhavan et al., 2023). It is commonly
based on a comparison of the physicochemical,
bacteriological, and metallic parameters with
established water quality guidelines (Tian et
al., 2019). WQI integrates numerous physical,
chemical and biological parameters into a single
number and can represent a comprehensive
picture of the water quality level (Bordalo et
al., 2006; Sanchez et al., 2007), thereby giving
the overall quality of the water bodies in a
specific area (Tian et al., 2019; Uddin et al.,
2021, 2023).

The Canadian Council of Ministers of the
Environment water quality index (CCME-WQT)
model was used in this study to assess water
quality for drinking purposes (Dao et al., 2020;
Sabry Al-Mashhadany, 2021; Kaur et al., 2022;
Mohseni et al, 2023). The CCME-WQI
comprise of three primary components (Uddin
et al., 2021): (i) scope (F1 - which defines the
percentage of variables that have values
outside the range of desirable levels), (ii)
frequency (F2 - which is determined by ratio
of value outside the desirable levels), and (iii)
amplitude (F3 - which represents the average
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deviation of unsuccessful test values from
their  corresponding reference value).
Component F1 and F2 was calculated using
equations (1) and (2), respectively.

_ (number of failed parameters)
1=

total number of parameters

100 denotes the best excellent status of water
quality (CCME, 2017). Details of the
classification schemes of the CCME-WQI
model are provided Table 1.

Table 1. Water quality scale for different

100......cuun...(1) indices.

> = (Gotatmmber sriess) Water quality
100.cerren(2) Category number nk CCME-WQT
The F3 values was calculated utilizing the 1 Excellent 95 - 100
following steps. The relative deviation of an 2 Good 80 - 94
unsuccessful test from the objective is 3 Fair 60 -79
termed an excursion and calculated following 4 Marginal 45 - 59
equations (3a) and (3b): 5 Poor 0- 44

When ith test value didn't exceed the

particular objective value:
failed test valuei) _

Excursion; = ( —
objectives;

3 IO (< 14 ) |
When ith test value failed below the
objectives (guidelines) value, the excursion

was calculated using equation (3b):
objectives; ) _
failed test values;

Lo (3b)
After that, the normalized sum of excursion

Excursion; = (

(nse) was calculated using equation (4):
YT, excursion; ) (4)

total number of tests/ T

TlS@:(

where, n is the total humber of tests.

Finally, F3 was calculated using equation (5),
where nse scales the normalized sum of the
excursions from objectives to produce a range
between O and 100:

0.01pge+0.01
Once all components were obtained, the index
value was calculated using equation (6):

_ _ F2+F3+F3
CCME —WQI = ( /71_732 ) ................................ (6)

The divisor 1.732 normalizes the resultant
values to a range between O and 100, where O
indicates the worst status of water quality and

3.2.5 Irrigation Indices

For irrigation purposes, the water quality was
assessed using the sodium adsorption ratio
(SAR), percent sodium (Na%), Kelley's ratio
(KR), magnesium hazard ratio (MHR), and
Residual sodium carbonate (RSC). The
expressions for each of the indices are given
in the following equations (Prasanna et al.,
2011; Zhang et al., 2019; Acharya et al., 2020).

Na‘t
SAR = \/W(7)
e )

SAR (meq/L) is used for measuring the alkali
threat in irrigation (Richards, 1954). Based on
SAR categories, water quality suitability for
irrigation purposes is classified as 'Excellent’
for values less than 10 meq/L, 'Good' for values
within the range of 10 - 18 meq/L, 'Fair' for
values ranging from 18 - 26 meq/L, and 'Poor’
for values greater than 26 meq/L (Richards,
1954).

Nat+K*
% Na = (Ca2++Mg2++Na++K+)
100 (8)

It is good for evaluating the effect of Na
concentration on soil structure and
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permeability (Wilcox, 1955). The % Na range
for irrigation suitability was can be
categorized as follows: 'Unsuitable’ > 80,
‘Doubtful’ 60 - 80, 'Permissible’ 40 - 60, ‘Good'
20 - 40, and 'Excellent’ < 20 (Wilcox, 1955).

KR=— i (9)

AT Mg
It is good for assessing the effect of Na
hazard on water quality (Kelley, 1963). The
water quality suitability for irrigation purposes
based on KR is categorized as 'Unsuitable’ when
the value is greater than 1, and 'Suitable’ when
the value is less than 1 (Kelly, 1963).

Mg2+
CaZ++Mg2+

MHR = ( ) X 100.cmirn-(10)

The magnesium hazard ratio is used to
ascertain the feasible threat from Mg in
agriculture (Raghunath, 1987). For irrigation
suitability, MHR is classified as 'Unsuitable’
when the value is greater than 50, and
‘Suitable’ when the value is less than 50
(Kaddah, 1975).

RSC = (CO%™ + HCO3) — (Ca?* +

Mg ) . (11)

For evaluating the impact of HCO3™ and COs*
on the groundwater quality due to irrigation
(Ghobadi et al., 2020). The values are
categorized as follows: Suitable (<1.25),
Marginal (1.25-2.50), and Unsuitable (>2.50).

4 Results and Discussion

4.1 General Hydrochemistry of the Study
Area

The hydrochemical analysis results of the
water samples is presented in Table 2, while
Table 3 is a summary of the descriptive
statistics of the analyzed physicochemical
parameters including minimum, maximum,
mean, and standard deviation of each

parameter from the allowable limits as
prescribed by the NSDWQ (2015) and WHO
(2024). Based on estimated standard
deviation, all the parameters were found to be
within the permissible limits for drinking water
except calcium whose deviation value was
noticed to be about six times more than the
acceptable standard by NSDWQ and WHO
(Table 3). The results of the analyzed
physicochemical parameters for each of the
water samples revealed values that were within
acceptable limits for drinking water. However,
the groundwater sample NE_G2 yield EC, TDS,
Ca?®, and Cl~ values beyond the prescribed
limits by NSDWQ and WHO (Table 2). Other
samples that yielded parameters with values
outside the acceptable drinking water
standards include NE_P4 (Fe?®*), NE_G1
(Fe?*), and NE_G5 (Ca?*). The observed high
values of these parameters in some of the
water samples may be attributed to water -
rock interactions resulting in the dissolution of
these ions from the host rock, as water flows
through them. Hence, the physicochemical
characteristics of the water samples are a
direct reflection of the hydrochemical
alterations of the surrounding environment,
which exert a major control on the spatial
distribution of the analyzed parameters (Fig.
2) (Li et al., 2016; Mohammed et al., 2022).

The pH values of the surface water (pond and
stream) samples range between 5.2 and 5.9,
while that of the groundwater samples range
from 5.3 to 6.6. This indicates a slightly acidic
water type for the study area. The spatial
distribution map of pH showed high values
towards the eastern, southeastern, and
northeastern parts, while low values
characterized every other part of the study
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area. The EC values of the water samples
ranged from 150 tO 1240 uS/cm. The spatial
distribution map of the EC values showed a
direct relation to that of the TDS, which is the
major indicator of the presence of dissolved
solids and the overall mineral concentration in
both surface and groundwater bodies. The
estimated TDS for the study area showed
values ranging from 90 to 620 mg/L. Like EC
map, high values of TDS are observed in the
northeastern portion of the study area (Fig. 2).

The TA concentration values varied from 15 to
120, while the Mg?* and Ca?* contents
fluctuated from 3.025 to 12.026 mg/L and
3.923 to 4453 mg/L, respectively. The high
Ca®* concentrations in the study area may
have resulted from the dissolution of
carbonate rock materials. The spatial
distribution map of Ca?* showed a similar
trend with that of CI7, with high values
occurring at the northeastern part of the
maps. The estimated Cl~ values range from
10.64 to 41122 mg/L, while Na?*
concentrations varied from 21.25 to 23.46
mg/L.

The Na?* distribution map showed a gradual
decrease in concentration tfowards the
northern and southeastern portions of the
study area. This might be attributed to the
weathering and dissolution of silicate and
halite rock materials in the area (Hem, 1985;
Howladar et al., 2017). Fe?* and Zn?* values
ranged from O to 1.342 mg/L and O to 2.217
mg/L, respectively. The spatial distribution
maps of these to ions showed a similar trend,

with a gradual decrease in concentration
towards the eastern part of the study area.
The HCOs~ content of the water samples
varied from 10 to 40 mg/L, while NOs~ and
5042~ concentrations ranged from 6.06 to
2496 mg/L and 6.46 to 7.43 mg/L,
respectively. On the spatial distribution maps,
higher HCOs~ values were noted at the
northern and southeastern parts; NOs™ map
showed a generally low concentration values,
except the southeastern part where some
higher values were observed, while the SO4?~
map displayed a gradual increase in
concentration towards the southeastern part
of the study area.

The dissolution of calcite and dolomite
minerals or ion exchange may be responsible
for the presence of HCOs~ in the water
bodies. The observed low values of NOs~™ may
suggest lack of agricultural activities in the
study area due to deteriorated or
environmentally degraded lands resulting from
intense  mining  activities. The S042~
concentration may be contributed from the
leaching of soil (mine tailings) or percolation of
acid mine drainages (AMD) into the shallow
groundwater systems (Yidana et al., 2018;
Mohammed et al., 2022).

The order of cation dominance in the majority
of the samples is Na* > Ca®*>Mg?*, suggesting
that the hydrochemistry of the study area was
largely influenced by the water interactions
with the host geological formations. The
general trend of anion dominance in the water
samples is CI~ > HCOs™ > SO4% .
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Name pH EC TDS TA K* Ca** Mmg** Na* Fe?* Zn** cl” NO;~ HCOs3~ S0.>
NE_P1 5.9 250 125 60 0.661 4.089 4.601 21.75 0.441 1.696 17.73 6.25 10 7.03
NE_P2 5.5 250 125 80 0.661 4.007 4.128 21.74 0.619 1.674 35.45 6.4 20 6.46
NE_P3 5.7 250 125 70 0.677 4.481 4.241 21.73 0.611 1.774 39 6.06 10 7.23
NE_P4 5.2 190 95 90 0.68 5.8 5.36 22.09 1.018 1.651 21.27 8.93 20 6.87
NE_P5 5.8 180 90 50 0.68 3.924 3.901 22.27 0.582 1.133 39 6.34 20 7.04
NE_S1 5.3 346 173 100 0.761 5.039 4.229 21.25 0.423 2.217 21.27 24.9 30 7.42
NE_S2 5.8 320 160 90 0.756 5.808 4.884 22.56 0.492 1.175 28.36 11.93 20 6.9
NE_S3 5.8 320 160 80 0.837 8.04 6.032 23.21 0.628 2.145 21.27 11.8 20 6.8
NE_S4 5.9 220 110 70 0.841 4.421 4.204 23.2 0.794 0.413 10.64 8.93 20 6.87
NE_S5 5.6 330 165 90 0.845 4.608 3.768 23.18 0.453 1.174 21.27 6.42 20 6.46
NE_S6c 5.6 300 150 15 0.842 11.75 6.786 23.46 0 0 21.27 24.96 40 7.43
NE_G1 5.8 590 295 80 0.734 7.673 6.967 22.46 1.342 0.148 131.17 11.1 20 7.04
NE_G2 5.3 1240 620 120 0.183 4416 3.025 22.02 0.35 0.009 411.22 7.86 20 7.03
NE_G3 6 200 100 80 0.771 6.51 5.206 22.16 0.049 0.055 21.27 7.84 30 6.84
NE_G4 6.2 150 90 60 0.0778 4.765 3.267 22.19 0 0.02 85.08 6.46 30 6.8
NE_G5 6.3 200 100 45 0.779 4,453 3.262 22.2 0 0.067 131.17 6.4 10 6.84
NE_G6c 6.6 250 125 45 0.774 148.4 12.026 22.52 0 0 14.18 7.6 10 7.08

* NE = Nasarawa-Eggon; P = Pond; S = Stream; 6 = Groundwater

Table 3. Descriptive statistics of the analyzed parameters.

Parameter Min Max Mean SD Standard
pH 5.2 6.6 5.78 0.37 8.5
EC 150 1240 328.59 255.32 1000

TDS 90 620 165.18 127.06 500
TA 15 120 72.06 24.75 500
K* 0.0778 0.845 0.68 0.22 100
Ca%* 3.924 4453 535.2 1468.07 200
Mg?* 3.025 12.026 5.05 2.14 200
Na* 21.25 23.46 22.35 0.62 200
Fe?* 0 1.342 0.46 0.38 1
Zn?* 0 2.217 0.9 0.85 5
cl” 10.64 411.22 62.98 97.4 200
NOs~ 6.06 24.96 10.01 5.95 50
HCO3;~ 10 40 20.59 8.27 250
S0, 6.46 7.43 6.95 0.27 250
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4.2 Hydrogeochemical Facies and
Mechanisms Influencing Water Chemistry in
the Study Area

The Piper diagram was employed in this study
to identify the chemical structure of the
surface water and groundwater systems in the
study area, and also gave insights into the
origin and distribution of the different water
classes (Piper, 1944; El Osta et al., 2022). The
dominant cations and anions present in the
water bodies were resolved using the Piper's
trilinear plot to establish the different
hydrogeochemical facies in the study area (Fig.
3). The Piper plot is utilized to mathematically
represent the relative percentages of cation
(Ca®*, Mg*, Na’, and K*) and anion species
(HCOs™, SO4%~, and CI7) to their total amount
present in the water. Thus, it is a convenient
technique for visualizing the status of the
water quality, make inferences on the
different water facies, establish the chemical
processes controlling the water quality, and
express how the various ions present in the
water system are interrelated (Uddin et al,,
2023).

The Piper diagram displays the percentage
concentrations of the major cations (Na*, Mg?*,
and Ca?*) and anions (SO42~, HCOs~, and Cl7)
in fwo ftriangles, from which the plots are
extended into the diamond in the center in of
the two triangles. Water rich in Ca®* + Mg®* and
Cl~ + S042" species, indicating permanent
hardness, plot at the top of the diamond. The
left corner of the diamond indicates region of
temporary hardness where water samples rich
in Ca®", Mg®*, and HCOs~ are plotted. The lower
part of the diamond is assigned to alkali

bicarbonate (Na* and HCO:~) water types,
saline water (Na" and €I~ + SO4?7) will plot at
the right portion of the diamond. The result of
Piper diagram in this study revealed the
preponderance of Mg? and Ca* cations, while
the dominant anion is Cl~. Most of the pond and
groundwater samples plotted within the CaCl
water type which may be attributed to the
interactions between the water and the host
carbonate rocks, with contributions from the
dissolution of dolomitic mineral materials.
Some of the stream samples plotted within the
Mixed CaMgCl water type, while others plotted
within the HCOs and CaCl types. This further
supports the dissolution of carbonates and
dolomitic rocks as a major controlling
mechanism of the water chemistry in the study
area.

The correlation between the
hydrogeochemical  constituent and the
formation processes of the surface water and
groundwater bodies was further investigated
using the Gibbs plots (Gibbs, 1970). The Gibbs
diagram showed that chemistry of surface
water and groundwater systems in the study
area were mainly influenced by natural
processes of rock weathering, controlled by
rock-water interactions. Mineral dissolution is
likely the primary natural mechanism
influencing the presence of primary salts in
the water bodies. As revealed from the Gibbs
analysis, other factors that may control the
hydrochemical characteristics of the study
area include the background geology, and
acidic discharges from artisanal mining
activities (Li et al., 2022).
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Fig. 3. Piper trilinear plot showing the classification of water types in the study area.
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4.3 Multivariate Statistics

4.3.1 Pearson Correlation Matrix

The result of the Pearson correlation analysis
is presented in Table 4. The correlation matrix
is invaluable in revealing the linear relationship
between the physicochemical parameters, and
their
hydrochemistry. The correlation coefficient

influence on the overall water
value of +1 or -1 connotes an entire connection
between two variables (Singh and Kumar,
2011). In this study, correlation coefficient
value greater than 0.7 was described as
strongly correlated, and values within 0.4 to

0.7 is moderately correlated. From Table 4, it

can be observed that EC showed a strong
positive correlation with TDS and Cl~. A strong
positive association also exist between TDS
and Cl~, suggesting a high contribution of
these ions to the salinity of the water bodies.
Ca?* is also strongly correlated with CI-. EC
showed a moderate correlation with TA and
Ca?*; TDS also showed moderate correlation
with TA and Ca?*, and NOs~ was moderately
correlated with HCOs ™ and SO4?~, suggesting
the contributions of these parameters to the
slightly acidic nature of both the surface
water and groundwater systems in the study
area.

Table 4. Pearson Correlation between Water Quality indicators in the study area.

pH EC TDS TA K* Ca** Mg?*
pH
EC -0.39275
TDS -0.38621
TA -0.57161 0.55311 0.55216
K* 0.05088 -0.43044 -0.45293 -0.25885
Cca* 0.03383 | 0.5732 0.57327 0.14956 -0.33995
Mg** 0.42994 -0.1199 -0.12664 -0.36322 0.36513 -0.3165
Na* 0.19766 -0.06862 -0.07089 -0.34718 0.36912 -0.14586 0.27525
Fe®* | -0.47664 0.1393 0.13107 0.4223 0.19157 -0.28926 -0.06347
Zn*  -0.50123 -0.2335 -0.24231 0.34053 0.27175 -0.39246 -0.21474
NO;~ | -0.36141 0.05719 0.05305 -0.1147 0.28641 -0.18453 0.17154
HCO®*  -0.32665 0.00515 0.01358 -0.06736 -0.09634 -0.26284 -0.1029
S04 -0.089 0.14067 0.13721 -0.27315 0.05216 -0.01742 0.26632

Na* Fe?* n** c- NOs™ HCO*" S04

Pearson Correlation

-
-1 0 1

-0.02634
-0.32732  0.40536
-0.18  -0.03035 | -0.40861
0.13123 -0.0844 0.10909 -0.159
0.24161 -0.20611 -0.19192 -0.07364
-0.16754 -0.11277 -0.04376 0.04506 | 0.6519 | 0.22383

4.3.2 Hierarchical Cluster Analysis (HCA)

Dendrogram showing the result of the
hierarchical cluster analysis (HCA) of the
analyzed water quality indicators is presented
in figure 5. HCA is an effective approach for
samples into
categories of water quality or hydrochemical
facies (Daughney et al., 2012; Mohammed et
al., 2022; Uddin et al., 2023). The HCA
technique was employed in this study to

classifying water various

identify parameters with similarities in their
origin which may indicate water quality sources
in study area. A total of four (4) clusters were
identified. The first cluster (C1) comprises of

pH, Mg?*, K*, and Na*, suggesting origin from
anthropogenic sources. The second cluster
(€2) is made up of NOs~, HCOs~, and SO42 ",
indicating these parameters were sourced
from the weathering and dissolution of
carbonates and sulphate-bearing rocks, or may
have originated from anthropogenic sources
such as mining and agricultural activities
(Nethononda et al., 2019; Sharma et al., 2022).
The third cluster (C3) suggested that the EC,
TDS, €I, and Ca®* originated from the same
natural sources involving the weathering and
dissolution of halite materials and carbonate
rocks. The fourth cluster (C4) included TA,
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Fe?*, and Zn?",

contamination related to acid mine drainages

indicating anthropogenic

0~

(AMD) from abandoned mines and illegal mining
activities in the study area.
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Fig. b. Dendrogram showing the hierarchical clustering of the analyzed water quality indicators.

4.4 Water Suitability Evaluation

4.4.1 Water Quality for Drinking Purposes
The result of the water quality index (WQI)
evaluation for drinking purposes is presented
in Table 5. The CCME-WQI model was
employed in determining the WQI values in the
study area because of its ease of application
and flexibility in selecting the necessary water
quality parameters (Uddin et al., 2021). The
NSDWQ (2015) and WHO (2024) standard
limits were used as reference values for
computing the WQI of the study area. Figure

6 is the statistical summary of the CCME-WQI
for the surface water (pond and stream) and
ground water samples used in this study, while
Table 5 present the details of the CCME-WQI
results. The water quality in the study area
was categorized to be good, with the
groundwater systems having the best quality.
The quality of the water bodies s
characterized fo be protected with only a
minor degree of threat or impairment (CCME,
2017).
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Fig. 6. Box plot showing variations in water quality index in the study area

Table 5. Estimated Average CCME-WQT value of the study area.

Location F1 F2 F3 CCME-wQI

95-100

Excellent

Water quality is protected with a virtual
absence of threat; condition very close
to natural and pristine levels

NE 7.14 2.38 13.46 91.09

80-94

Good

Water quality is protected with only a
minor degree of threat or impairment;
conditions rarely depart from desirable
levels

65-79

Fair

Water quality is usually protected but
occasionally threatened or impaired;
conditions sometimes depart from
desirable levels

45 - 64

Marginal

Water quality is frequently threatened
or impaired; conditions often depart
from natural or desirable levels

Poor

Water quality is almost always
threatened or impaired; conditions
usually depart from natural or desirable
levels
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4.4.2 Water Quality for Irrigation Purposes
The result of the irrigation water indices for
the study area is presented in Table 6. The
local  inhabitants  of  Nasarawa-Eggon
communities use the ponds, streams, and
groundwater in the area for agricultural
activities. However, poor water quality often
poses a threat for irrigation activities and may

cause harmful health effects on human beings

and livestock. The suitability of irrigation
water can be ascertained by finding out the
amount of sodium that is dissolved in it with
regard fo other major cations, in the vicinity
of toxic elements in the surface water or
2008).
various

groundwater (Sadashivaiah et al.,
Detailed of the
irrigation index values as obtained in this study

interpretation

is provided below.

Table 6. Results of the irrigation water quality indices evaluated in this study.

S/N Code SAR MHR %Na KR RSC
1 NE P1 10.43433 | 52.94591 | 72.05878 | 2.502877 | 3.653625
2 NE P2 10.77943 | 50.7437 | 73.35931 | 2.672403 | 5.130916
3 NE_P3 10.40559 | 48.62417 | 71.98111 | 2.491401 | 3.637927
4 NE_P4 | 9351443 | 48.02867 | 67.10875 | 1.979391 | 3.771505
5 NE_PS5 11.25882 | 49.85304 | 74.57352 | 2.846006 | 5.401917
6 NE_S1 | 9.871449 | 45.63013 | 70.3699 | 2.292836 | 5.52978
7 NE_S2 | 9.757187 | 45.67901 | 68.56034 | 2.109989 | 3.980546
8 NE_S3 | 8.750084 | 42.86526 | 63.08403 | 1.649375 | 3.070637
9 NE_S4 11.17181 | 48.74203 | 73.5964 | 2.689855 | 5.008696
10 NE_S5 11.32687 | 44.98567 | 74.14895 | 2.767431 | 5.155205
11 NE_S6c | 7.706106 | 36.60984 | 56.73001 | 1.265645 | 3.423608
12 NE G1 | 8301455 | 47.5888 | 61.30465 | 1.534153 | 2.900273
13 NE_G2 | 0468456 | 0.068454 | 0.499929 | 0.004983 | 0.009509
14 NE_G3 | 9.155774 | 44.43496 | 66.18466 | 1.891431 | 4.452031
15 NE_G4 | 11.07288 | 40.6748 | 73.49157 | 2.762699 | 6.497759
16 NE_G5 | 0470308 | 0.0732 0.513011 | 0.004982 | 0.007226
17 NE_Gé6c | 2.514467 | 7.496291 | 12.67908 | 0.140376 | 0.20271

(i) SAR: Table 7 presents the classification of
the SAR values obtained in the analyzed water
samples. The estimated SAR values ranged
from 0.468456 to 11.32687, with 58.8 % of
the samples showing excellent water quality,

while 41.2 % of the samples were found to be
good for irrigation purposes. The result
indicates  that the
characterized by low fto moderate sodium

water bodies are

content.
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Table 7. SAR classification in the study area.

Parameter Range (meq/L) Class Sample No. Percentage (%)
NE_P4,NE_S1,
NE_S82, NE_83,
NE_Séc,
<10 Excellent NE_G1.NE_G2. 58.8
NE G3,NE G5
NE_Gé6c
SAR NE_P1,NE_P2
NE_P3,NE_P5
10-18 Good NE_S4. NE_S5 41.2
NE_G4
18-26 Permissible - -
>26 Unsuitable - -

(ii) % Na: Table 8 displays the categories of
the estimated % Na values for the study area.
The % Na of the analyzed samples ranged from
0.499929 to 74.14895. About 76.47 % of the

samples belonged to the “doubtful” category,
5.9 % fell within the “permissible” class, while
17.65 % of the samples ranked as “excellent”

water quality for irrigation purposes.

Table 8. % Na water quality criteria for irrigation.

Parameter Range (%) Class Sample No. Percentage (%)
NE_G2,NE_G5
< e ’
20 Excellent NE Gée 17.65
20-40 Good -
40— 60 Permissible NE_S6¢ 5.9
NE_P1.NE_P2.
% Na NE P3.NE P4,
NE_P5,NE_S1,
60 —-80 Doubtful NE S2,NE S3, | 76.47
NE_S4, NE_SS5,
NE_GI1.NE_G3
NE G4
>80 Unsuitable -

(iii) KR: The result of KR index determination
in the study area showed that 17.64 % of the
samples were classified as suitable, while
76.47 % of the samples were categorized as
unsuitable for irrigation (Table 9). KR values
greater 1 than suggests the presence of Na

dissolved in excess in water, which could
potentially result in impairment of the soil
properties (Rao, 2018). Hence, water samples
with KR values less than 1 are suitable for

irrigation activities (Uddin et al., 2023).
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Table 9. KR classification in the study area.

Parameter Range Class Sample No. Percentage
(meq/L) (%)
<1 Suitable NE G2,NE G5, |17.64

NE Gé6c
>1 Unsuitable NE P1,NE P2, |76.47

NE P3,NE P4,

KR NE P5,NE S1,
NE S2, NE S3,
NE S4, NE S5,
NE S6c, NE Gl1,
NE G3,NE G4

(iv) MHR: The determined MHR values range
from 0.068454 to 52.94591 (Table 6), with
88.23 % of the samples falling within the
"safe” class, while 11.76 % categorized as
unsafe (Table 10). High magnesium content in

water used for irrigation poses a potential
Mg?* hazard which can result in elevated soil
pH, and subsequent decrease in crop yield due
to poor soil productivity (Singh et al., 2013;
Tanvir Rahman et al., 2017).

Table 10. MHR Classification in the Study Area.

Parameter

Range (%) Class

Sample No. Percentage (%)

<50 Safe

NE_P3,NE_P4,
NE_P5,NE_S1,
NE_S2. NE_S3,
NE_S4. NE_S5,
NE_S6¢, NE_G1.
NE_G2. NE_G3,
NE_G4, NE_GS5,

88.23

=350 Unsafe

NE PI.NE P2 |11.76

(v) RSC: The computed RSC values range from 0.007226 to 6.497759, with 88.23 % of the samples
categorized as safe and 11.76 % classifying as permissible for irrigation activities (Table 11).

5 Conclusions

Assessment of the hydrochemical
characteristics and quality of surface water
and groundwater resources within Nasarawa-
Eggon coal mining site of northcentral Nigeria

was carried out in this study using multivariate

statistical techniques. The conclusions are
summarized as follows:

e The

parameters were observed to fall

analyzed physicochemical
within  allowable drinking water
thresholds, except calcium which
showed marked deviation from the
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permissible value. The observed high
contents of the analyzed parameters in
some of the water samples are the
resultant effect of water - rock

interactions and dissolution of the ions

from the country rock. Thus, the
physicochemical properties of the
water samples are an indication of the
overall hydrochemistry of the study

area.

Table 11. RC Classification of the Study Area.

Parameter Range Class Sample No. Percentage (%)
NE P3,NE P4, NE PS5,
NE_S1. NE_S2,
NE S3.NE S84, NE S5,
<1.25 Safe NE_S6¢c, NE_G1, 88.23
NE_G2.NE_G3,
R3C NE G4,NE G5,
NE_Géc,
125250 Marginally
safe
=>2.50 Permissible | NE P1,NE P2 11.76

The identified hydrogeochemical
facies in the study area based on
Piper plot include the CaCl type,
Mixed CaMgCl type, HCOs type, and
CaCl type. These water types reflect
the interactions between the water
and the host rock composed mainly of
carbonate, dolomite, and halite
minerals. Gibbs diagram revealed that
the water chemistry was largely
influenced by the natural processes of
rock weathering and dissolution.

From the Pearson correlation analysis,
EC showed a strong positive
correlation with TDS and CI~.
Similarly, TDS and CI~ shared a
strong positive correlation, and Ca®*
is also strongly correlated with ClI~.
EC showed a moderate correlation
with TA and Ca®*; TDS also showed
moderate correlation with TA and
Ca®*, and NOs~ was moderately
correlated with HCOs™ and SO4? ",
The hierarchical cluster analysis

revealed four clusters, indicating that
the analyzed parameters in the water
bodies may have originated from
natural or anthropogenic sources.
The drinking water quality
characteristics based on CCME-WQI
model categorized the water bodies in
the study area as good, with the
groundwater systems having the best
quality.

Sodium adsorption ratio (SAR)
classified 58.8 % of the water
samples to have excellent quality,
while 41.2 % of the samples were
categorized as good for irrigation
purposes.

The study demonstrated the
robustness of multivariate statistical
methods in assessing the impact of
coal mining activities on the
hydrochemical characteristics and
water quality variations in Nasarawa-
Eggon coal mining site and adjoining
areas.
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