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Abstract

Groundwater pollution of the watershed is mainly influenced by the multifaceted interactions of natural and anthropo-
genic processes. In this study, classic chemical and multivariate statistical methods were utilized to assess the groundwater
quality and ascertain the potential contamination sources affecting the groundwater quality of Galma sub-watershed in a
tropical savanna. For this purpose, the data set of 18 groundwater quality variables covering 57 different sampling bore-
holes (BH) was used. The groundwater samples essentially contained the cations in the following order of dominance:
Ca** >Na® >Mg?* >K*. However, the anions had HCO;™ > CI"> SO, 2> NO;™ respectively. The hydrochemical facies
classified the groundwater types of the sub-watershed into mixed Ca—Mg—Cl type of water, which means no cations and
anions exceeds 50%. The second dominant water type was Ca—Cl. The Mg—HCO; water type was found in BH 9, and Na—Cl
water type in BH 29 of the studied area. The weathering of the basement rocks was responsible for the concentrations of
these ions in the groundwater chemistry of the sub-watershed. Hierarchical cluster analysis (HCA) grouped the groundwater
samples (boreholes) into five clusters that are statistically significant regarding the similarities of groundwater quality char-
acteristics. The principal component analysis (PCA) extracted two major principal components explained around 65% of
the variance and suggested the natural and anthropogenic processes especially the agricultural pollutants including synthetic
fertilizers, and leaching of agricultural waste as the main factors affecting the groundwater quality. The integrated method
proved to be efficient and robust for groundwater quality evaluation, as it guaranteed the precise assessment of groundwater
chemistry in the sub-watershed of the tropical savanna. The findings of this investigation could be useful to the policy makers
for developing effective groundwater management plans for the groundwater resources and protection of the sub-watershed.
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Introduction

Groundwater is the most essential natural resources par-
ticularly in arid and semi-arid regions due to the inade-
quacy of surface water (Dube et al. 2020; Re et al. 2017,
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Sajedi-Hosseini et al. 2018). In many countries around the
globe, groundwater serves as the main sources of fresh-
water utilized for a variety of purposes such as domestic,
agricultural, and industrial uses (Alharbi and El-sorogy,
2021; Zhang et al. 2020a, b). However, the aquifers may be
degraded by a variety of factors and processes, comprising
hydrogeochemical processes and human activities includ-
ing agricultural practices, industrial activities, mining,
and urbanization (Dugga et al. 2020; Emenike et al., 2020;
Zhang et al. 2021). Moreover, these factors progressively
endangered the groundwater quality, which was hitherto
considered a clean and safe source of water (Mostaza-
Colado et al. 2018; Wali et al. 2019). Hence, the aquifers
of many countries around the world were vulnerable to
increasing land use activities (Liu et al. 2021; UNESCO,
2018; WHO, Unicef, 2017).
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In recent years, many studies focused on hydrogeo-
chemical characterization and ascertaining the sources
of groundwater pollutants over the world with the view
of understanding the relationships between natural water
and the environment, and evaluating the effect of human
activities on water quality (Aliyu et al. 2020; Rashid et al.
2019; Yang et al. 2016; Zhang et al. 2020a, b). Hydro-
geochemical processes and anthropogenic sources of
subsurface water pollutants such as inorganic fertilizer
(phosphate and nitrate), industrial effluents, landfill lea-
chates, oil and gas explorations, production, and refining
of petroleum products degraded the groundwater quality
in Nigeria (Ighalo and Adeniyi, 2020; Turajo et al. 2019).
The sources of these pollutants are either from agricultural,
domestic, or industrial sources which are otherwise broadly
classified as point and non-point sources. Agriculture is
the single largest user of fresh water resource. This activ-
ity is partly a cause and at the same time victim of water
pollution. It is a cause through discharge of pollutants and
sediments to the surface and ground water, and it is a vic-
tim through the use of waste water which contaminates
crops and transmits diseases to consumers and farm work-
ers. Irrigation and rain-fed agricultural activities is being
practice in the Galma sub-watershed with wide in dry and
wet season respectively with wide range of cropping. This
may contribute pollutants mainly nutrients from excessive
application of fertilizer to the crops. Similarly, agricul-
tural activities have been shown to produce high nitrate
and phosphate concentrations in many agricultural sites of
the world. Farmers apply nutrients such as nitrogen, phos-
phorus, and potassium in the form of chemical fertilizers,
manure, and sludge, and they may also grow legumes and
leave crop residues to enhance productions. These nutrients
may be washed and find its way through non-point source
of pollution to nearby surface and subsurface water. Basi-
cally, phosphate and nitrate pollution indicate intensive
agricultural activities; however, pollutants from chloride,
potassium, and sulfate indicate industrial, mining, and sew-
age discharges. Domestically, different pollutants are being
released from the households ranging from detergents, oil
and grease, and solids waste. These pollutants have nega-
tive effects on both surface and groundwater. Of particular
concern is the domestic sewage which has constant strength
and pollution ability and it is the combination of grey
water and municipal waste which may contain pathogens.
Industries consume large quantities of water and discharge
considerable amount of quantities of waste water during
their production process. Industrial waste generally has
assumed exponential increases as a result of rapid growth
of industrial development in the urban centers where large
volume of effluent are generated due to multiple production
of goods in the industrial sectors. Some industrial waste
contain poisonous chemicals which may become dangerous

to both surface and groundwater, and most of these waste
from the industries contain heavy metals. Heavy metals are
among the most toxic pollutants present in marine, ground-
water, and industrial waste water.

In the Galma sub-watershed of North-Western Nigeria,
the aquifers are mostly unconfined, permeable, and more
vulnerable to surface contamination. The excessive use of
fertilizers for both rain-fed and irrigation farming, other
anthropogenic sources such as household leachates, sew-
age effluent, and animal manure may leach into the aquifer,
eventually contributed to groundwater quality degrada-
tion. The interaction between the groundwater and aquifer
minerals such as dissolution of minerals may influence the
groundwater chemistry, due to changes in hydrological and
climatic condition in the area. Hence, hydrochemical facies
are essential in understanding the past and the current trend
in groundwater quality.

Classic chemical methods (Piper, Durov, Schoeller dia-
grams, etc.) were used to understand the hydrogeological
processes that determined the groundwater quality (Ismail
et al. 2020; Mustapha et al. 2019; Wisitthammasri et al.
2020). Moreover, multivariate statistical analysis includ-
ing principal component analysis (PCA) and hierarchi-
cal cluster analysis (HCA) were successfully applied to
assess the groundwater chemistry regarding the influence
of natural and anthropogenic factors (Bouteraa et al. 2019;
Liu et al. 2017; Njuguna et al. 2020; Zhang et al. 2020a,
b). Hence, multivariate statistical methods are gaining
popularity in the field of environmental investigation to
evaluate the groundwater contamination in recent decades
(Machiwal et al. 2018; Nyam et al. 2020; Scheiber et al.
2020; Tripathi and Singal, 2019). However, the use of
modern and advanced statistical techniques for ground-
water quality evaluation, especially in the tropical Savanna
climate such as Galma sub-watershed, North-Western,
Nigeria, remains rudimentary. Moreover, logical and sci-
entific approach such as the graphical methods for ground-
water quality assessment has received little attention. This
is in spite of the apparent vulnerability of groundwater
to contamination in the study area largely influenced by
increased agricultural activities.

Hence, this study attempt to fill these gaps by employ-
ing a robust and integrated modern technique of classic
chemical as well as statistical approaches for groundwa-
ter quality assessment. Therefore, the main objectives
of the current study are ascertaining the hydrochemical
characteristics of a tropical savanna groundwater and
its pollution sources. The present study is expected to
provide a significant contribution to knowledge regard-
ing the efficacy of advanced statistical and graphical
techniques for groundwater quality appraisal to ensure
sustainable development and effective groundwater
management.
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Materials and methods
Overview of the study area
Location and climate

The Galma sub-watershed is positioned in the North-West-
ern part of Nigeria and covers an area of approximately
6778.375 km? (Fig. 1). The climate of the area is within
the tropical humid with distinct wet and dry seasons. The
wet season spans from April to October, marked by a mean
annual rainfall of approximately 1000 mm (Badamasi et al.
2016).

The mean monthly maximum temperature varies
between 28 and 40 °C in January and April respectively.
The relative humidity decreases during the dry season
(November-March), but then rises from April (40.5%) to
a peak in August (85.0%) and then drops again to about

(57.1%) in October (Sawa and Buhari, 2011). The duration
of the storm is usually short, although with moderately
high intensity. However, the dry season occurs between
November and March, associated with harmattan dust due
to low level of anti-cyclones, particularly in December to
January. At this period, the North-East Trade Winds start
blowing southwards into the country from Sahara region.
Therefore, visibility on certain periods is restricted due
to the airborne dust, and humidity is low (Badamasi et al.
2016).

Geological and hydrogeological setting

Geologically, the Galma sub-watershed is underlined by a
bedrock of the Precambrian crystalline basement complex
(Nassef, and Olugboye, 1979). In the basement complex, the
rocks types are predominantly composed of granite gneiss
and migmatite as well as a small portion of coarse-grained

8'10C°E 8'200°E 6°20E 8 400E
1

100N

10°500'N
1

10°400°N

e  Sampling Point
——— River

|:] Galma_Sub-Watershed H

10°300°N
1

H2HOUN

100N M*00N

10°400N

1
10°30°0°N

1 Ll 1 1
300t 80Ut S00E L3 gigs

Fig. 1 Galma sub-watershed showing the sampling points
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porphyritic biotite and granite (Fig. 2). Although the poros-
ity of the rocks in the area is virtually low, fracturing and
weathering have enhanced to varying degree of porosity and
permeability of these rocks in different parts within meters
of the ground surface. In the field, the foliation is mostly
focused toward the North—South direction of the sub-water-
shed and manifested by a sub-parallel of extended alignment
as well as closely packed feldspar phenocrysts (Offodile,
2002).

The groundwater flow systems, storage, and hydraulic
conductivity in the Galma sub-watershed were influenced
by the development of secondary structural features includ-
ing fractures and overburden of weathered materials. Moreo-
ver, fractured zones are found at the deep depth which may
contain a substantial amount of groundwater, while the
zone of weathered materials are mostly at shallow depth
and contain a small amount of aquifer water (Ebenezer and
Martins, 2017). Groundwater in the area mainly occurs in
three major bearing zones within the basement complex.
These are zones of compositional change in highly weath-
ered areas along veins or dykes, inter-granular permeability
in moderately decomposed rock, and fractures in the poorly

decomposed basement complex (Offodile, 2002). Thus, the
annual precipitation serves as the major source of recharge
to the unconfined aquifers of the study area. The slope of the
terrain corresponds to the flow of groundwater, which runs
from the southeast to northwest region of the sub-watershed.
Meanwhile, the drainage pattern is dendritic and the streams
are all vulnerable to seasonal water level fluctuations (FMI,
2000).

Soil and vegetation

The soil of the area is composed of highly leached ferrugi-
nous that formed on weathered regolith, overlain by a thin
deposit of silt. The aggregates of the soils are very small,
unstable, and probably compact in wet condition. There-
fore, the physiography of the soil is poor (Kowal and Kas-
sam, 1978). The sub-watershed lies in the Northern Guinea
Savannah, mainly characterized by grasses, and herbs with
few deciduous trees. The grasses and herbs are evergreens
along the rivers and streams. However, the natural vegeta-
tion of the area is tempered due to poor management prac-
tices and other anthropogenic activities including intensive
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cultivation, animal grazing, fuelwood harvesting, and annual
bush burning (Ugumanim et al. 2015).

Land use/land cover settings

The dominant land use in the studied area is agricultural
land, subjected to intensive rain-fed farming. However, irri-
gation cultivation is mostly practiced along the river Galma
and other tributaries (Aliyu et al. 2020). Cereals (maize,
sorghum, and millet) are the main types of crops grown in
the watershed. Meanwhile, the grassland of the area sup-
ports the rearing of animals such as cattle. Thus, agricul-
tural activities such as rain-fed and irrigation farming are the
prominent land use in the Galma sub-watershed (Ugumanim
et al. 2015). The cultivation practices comprise subsistence
and large-scale commercial farming. The other land use/
land cover in the area consists of settlements, bare soil, water
bodies, and vegetation such as shrubs, grasses, and scattered
trees (Fig. 3). Thus, excessive application of fertilizer and

8°0'0'E

herbicides are the major cause of groundwater degradation
in the area.

Data collection and hydrochemical
investigation

In this study, groundwater samples were mainly collected
from 57 boreholes sampling points of Galma sub-watershed
in June to July 2019. The water samples were collected in
triplicates to ensure the accuracy and integrity of the hydro-
chemical investigation. Hence, a total of 171 samples (Docu-
mented the average value) were collected from unconfined
aquifers, with depths ranging from 35 to 70 m. At the point
of collection, a handheld GPS device (Garmin GPSMAP
64sx) was used to record the sampling points of each bore-
hole location. Prior to collection, all bottles were rinsed 2—3
times in the field using representative groundwater samples
as part of quality control measures. Groundwater samples
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were collected in 0.75-L plastic containers. After 5—10 min
of pumping, the water sample was obtained from the bore-
hole to ensure that the samples were typical representative
of the aquifer. Each bottle was labelled with the sampling
site, and all of the samples were well-preserved in a cooler
for 24 h before being analyzed. Meanwhile, portable equip-
ment pieces were used to measure the in situ parameters
including pH, turbidity (Tur), electrical conductivity (EC),
temperature (Temp), static water level (SWL), total dis-
solved solids (TDS), and dissolved oxygen (DO). However,
the major cations (Na*, K*, Ca’>*, Mg?") and anions (CI,
SO,72, NO;™) were measured and analyzed using atomic
absorption spectrometer and ion chromatography respec-
tively. The titrimetric method was used to determine the
total alkalinity (Ar), total hardness (TH), and bicarbonate
(HCO;™). In essence, the physicochemical parameters were
investigated using standard techniques as prescribed by the
American Public Health Association (APHA, 2018).

Methods
Classic chemical method

A classic chemical method such as stiff diagram (Stiff,
1951), Piper trilinear diagram (Piper, 1944), Gibbs diagram
(Gibbs, 1970), and Durov diagram (Durov, 1948) were used
for hydrogeological characterization. Thus, the classic chem-
ical method is primarily concerned with the logical display
of different water types on a diagram (Kura et al. 2018).
However, the piper trilinear diagram is the most widely uti-
lized method among the families of graphical techniques
for the evaluation of water types. Hence, the piper trilinear
plot is essential for understanding the controlling factors that
influence groundwater chemistry. The hydrochemical facies
of groundwater is classified based on the relative abundance
of major ionic composition (Butaciu et al. 2017). Many
researchers have successfully employed the piper plot for
the characterization of groundwater chemical compounds
(Ismail et al. 2020; Mustapha et al. 2019; Sheikhy Narany
et al. 2018). In this study, hydrochemical characterization of
the groundwater quality was evaluated using classic chemi-
cal methods. Thus, different water types were presented on
the piper plot using AqQA (version 1.5) (Fig. 4).

Multivariate statistical analysis

Multivariate statistical analysis is primarily used to evaluate
the sources of pollution and factors influencing the ground-
water quality of many aquifers around the globe (Njuguna
et al. 2020; Rashid et al. 2019). Thus, HCA and PCA are
vital techniques for the extraction of variables regard-
ing the natural and anthropogenic processes that control

groundwater chemistry (Vasanthakumari Sivasankara Pil-
lai et al. 2020). In this study, multivariate statistical analysis
was performed using Microsoft Excel for Windows and IBM
SPSS (Version 22) statistical software respectively. Thus,
HCA (dendrogram plot) and PCA (scree and loading plot)
were used (Bouteraa et al. 2019; Sunkari et al. 2020).

Cluster analysis (CA)

CA is a statistical method that involves two modes of Q
and R. The spatial relationships between sample points are
defined by Q-mode clustering analysis (CA), while R-mode
clustering analysis (CA) is used to classify parameters
based on similarities with each (Soltani et al. 2017) Thus,
a dendrogram is used to determine the number of clus-
ters in which the levels of the similarity of hydrochemical
variables are grouped. Meanwhile, the dendrogram offers
a visual description of the process of clustering, showing
an illustration of clusters and their proximity, with a dras-
tic reduction in the dimension of the original data (Aliyu
et al. 2020). Therefore, hierarchical cluster analysis (HCA)
is widely used to categorize water samples into groups of
chemical parameters, characterize the individual aquifer,
and identify the sources of groundwater contamination
(Bouteraa et al. 2019; Wisitthammasri et al. 2020). In this
study, HCA was achieved in the form of Q-mode using
Ward’s linkage method and Euclidean distance as a meas-
ure of similarity to physicochemical parameters (Butaciu
et al. 2017).

Principal component analysis (PCA)

PCA is a valuable technique to determine the relationship
between hydrochemical parameters analyzed in the water
sample and to understand the sources of pollution. Hence,
it is a useful tool for data reduction into components (Elu-
malai et al. 2019; Li et al. 2020). In PCA, groundwater
data are interpreted using the scree plot and the first few
principal component loadings (Nyam et al. 2020). Kai-
ser—Meyer—Olkin (KMO) measure is used to evaluate the
suitability of the data set for PCA (Kaiser, 1974). Thus, prin-
cipal components (PCs) with an eigenvalue of greater than
1.0 were taken into consideration, and contain most of the
variability of the original data set. The mean idea of PCA
is to reduce the dimension of the whole data set comprising
a large number of variables connected with minimum loss
of original information (Zhang et al. 2020a, b). In order to
make the variables easier to interpret according to hydro-
chemical or anthropogenic processes that regulate ground-
water quality, Varimax rotation was performed on these PCs
(Bouteraa et al. 2019). PCs loadings were redistributed and
polarized by rotation of the factor axis, and the new vari-
ables constructed were called varifactors (VFs).
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Fig.4 Piper diagram of the groundwater samples for Galma sub-watershed

Results
Descriptive statistics

The groundwater samples were analyzed for 18 parameters,
which are expressed in mg/L for the cations and anions,
except pH (unit), turbidity (NTU), EC (uS/cm), temperature
(°C), and static water level (m). The pH values of samples
are between 4.80 and 6.80 which signify a weak acidic con-
dition (Table 1). However, EC values of the samples vary
from 86.00 to 432.00 uS/cm, with a mean value of 207.69
pS/cm.

Groundwater chemistry
Hydrochemical facies

The Piper trilinear diagram (Piper, 1944) was used to infer
the hydrochemical facies of the groundwater; it classified

@ Springer

the groundwater types based on ionic composition. Thus,
based on the hydrochemical analysis as plotted on the cen-
tral diamond of piper diagram, two dominant hydrochemical
facies were identified, namely: the mixed Ca—Mg—Cl type
of water, which means that no cations and anions exceed
50%. The second dominant water type was Ca—Cl. Moreo-
ver, Mg-HCO; water type was found in BH 9 and Na-Cl
water type in BH 29 respectively (Fig. 4). Essentially, the
hydrochemical analysis revealed the order of abundance
of elements as revealed by their mean concentration val-
ues, and the Piper diagram simplified the comprehension
of the results. The mechanism of groundwater evolution is
that the fresh groundwater which interacted with the region
dominated by Ca—Mg—Cl rich minerals within the weathered
regolith in which the Calcium and magnesium are precipi-
tated after certain reaction. While chloride usually reached
the groundwater via leaching from chemical fertilizer on
agricultural soils, or from wastewater discharged onto the
land surface, the chloride concentration in the groundwater
can thus exceed the permissible limit via this process. The
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Table 1 Descripti.ve statistics of Parameters N Range Min Max Mean Std. Error  Std. Dev Variance

groundwater quality parameters

in the study area (n=57) Ca®* 57 10940 290 11230 592877  3.26701 24.66537  608.380
Mg>* 57 65.10 4.70 69.80 21.6696 1.94740 14.70257 216.166
Na* 57 120.30 4.80 125.10 39.3254  3.18887 24.07543 579.626
K* 57 43.30 2.70 46.00 15.0160 1.37820 10.40517 108.268
HCO;~ 57 64.00  10.00 74.00 42.1053  2.12054 16.00969 256.310
S0,~2 57 60.20 5.00 65.20 27.4456 240719 18.17389 330.290
ClI- 57 70.00 5.96 75.96 40.2267  2.54425 19.20865 368.972
TDS 57 173.00  43.00  216.00 104.0526  4.41833 33.35764 1112.732
EC 57  346.00 86.00 432.00 207.6877  8.92280 67.36564  4538.129
pH 57 2.00 4.80 6.80 6.3333  0.06374 0.48119 0.232
Temp 57 220 2640 28.60 27.5368  0.07360 0.55570 0.309
DO 57 4.29 3.91 8.20 6.6205  0.11017 0.83173 0.692
Tur 57 44278 0.22  443.00 26.1189  9.13435 68.96281 4755.869
NO;~ 57 60.79 0.01 60.80 23.9644  2.29563 17.33160 300.385
Aq 57 64.00  10.00 74.00 42.1053  2.12054 16.00969 256.310
TH 57 130.00 6.00 136.00 84.2807  3.67072 27.71330 768.027
Fe 57 0.49 0.01 0.50 0.1682  0.01477 0.11150 0.012
SWL 57 12.00 3.00 15.00 69172  0.33610 2.53751 6.439

The DO concentration ranged from 3.91 to 8.20 mg/L, with a mean value of 6.62 mg/L. Based on the mean
values, the groundwater samples essentially contained the cations in the following order of dominance:
Ca®" >Na* >Mg?" >K*. However, the anions had HCO;™> CI"> SO, 2> NO;™ respectively

second dominant water type is Ca—Cl which originates from
the same dissolution process and the anthropogenic activi-
ties. Thus, the chemistry of the groundwater is influenced by
their geology. Water chemistry from the basement is influ-
enced by geogenic activities, while in other formations, the
water chemistry is influenced by both geogenic and anthro-
pogenic activities.

Identification of water pollution sources
using HCA and PCA

In this study, HCA and PCA were mainly considered reason-
able and significant to render a substantial reduction in the
dimension of data to classify the sources of contamination
in the aquifer system (Li et al. 2020). Thus, we analyzed the
sets of data specific to gain accurate information regard-
ing the groundwater quality for the effective management
of groundwater resources in the entire area.

Hierarchical cluster analysis (HCA)

In this study, hierarchical cluster analysis (HCA) was per-
formed to identify groups with similar characteristics and
dissimilar to other groups, to obtain a dendrogram. There-
fore, groundwater samples were investigated mainly to iden-
tify the sources of pollution. Thus, Ward’s linkage method
and Euclidean distance were employed; HCA obtained an

optimum of five distinct clusters (Cs) with groundwater
variables as presented in the dendrogram. The first cluster
comprises pH, Temp, SWL, K, Mg?*, NO,™, Fe, DO, and
SO,™2. The second cluster consists of Ay, Na*, Ca**, CI-,
and HCO;™. The third cluster contains the Tur, the fourth
cluster involves TDS and TH, while EC was mainly found
in the fifth cluster (Fig. 5).

Principal component analysis (PCA)

PCA is a data reduction technique that converts a large
number of potentially correlated variables into a smaller
numerical value of uncorrelated variables known as prin-
cipal components (PCs). Therefore, PCA reduces the vari-
ables and dimensions through Varimax rotation and Kaiser
normalization techniques.

Extraction of components

In this study, PCA was applied to the groundwater samples
for the identification of the principal components of ground-
water pollution sources. PCA requires that each variable,
including the set of variables for the Kaiser-Meyer—Olkin
(KMO) measure of sample adequacy (MSA) to be more than
0.50 regarding the numerical value (Kaiser, 1974). Moreo-
ver, component loading of more than 0.50 is regarded as
significant (Liu et al. 2003). Thus, anti-image correlation
matrices (AICM) for groundwater parameters are presented
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Fig.5 The dendrogram for
groundwater samples of Galma
sub-watershed
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Table2 Anti-image correlation and Kaiser—Meyer—Olkin (KMO)
measure of sample adequacy (MSA)

Parameters Anti-image correlation

A B C D
Ca®* 0.774*
Mg>* 0.519*
Na* 0.384*
K* 0.555%
HCO;~ 0.338%
S0,72 0.1132
CI- 0.453%
TDS 0.252%
EC 0.782%
pH 0.231%
Temp 0.100*
DO 0.468*
Tur 0.300*
NO;~ 0.593%
Ar 0.742¢
TH 0.166%
Fe 0.476*
SWL 0.169%
Overall KMO-MSA 0.625 0.720 0.723 0.730

Using the Kaiser Criterion and scree plot, two PCs appeared to
be valid (Fig. 6, Table 3). Meanwhile, PCA reduced 18 groundwa-
ter variables into six including Ca>*, Mg?*, K*, EC, NO;™, and Ar,
which were more than 0.50 KMO-MSA values, and suitable for PCA
(Fig. 7)

in Table 2. KMO-MSA for HCO;™, Cl~, and pH variables
in column A were less than 0.50. These variables were
excluded for unsatisfying the requirement of PCA, and then
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PCA was re-run. Hence, KMO-MSA for Na™, SO4_2, Temp,
DO, Tur, SWL and TDS, TH, Fe variables in column B and
C respectively, were below the significant values. As such,
all the variables were removed. Finally, groundwater varia-
bles including Ca>*, Mg?*, K*, EC, NO;~, and At of column
D were more than 0.50 KMO-MSA and satisfied the require-
ment of PCA. Therefore, the overall Kaiser-Meyer—Olkin
(KMO) measure of sample adequacy (MSA) has progressed
from 0.625 to 0.730 values, and significant for PCA require-
ment (Kaiser, 1974). Hence, the main objective of PCA has
been achieved by decreasing the number of observed vari-
ables to a relatively smaller number of components or factors
without compromising the actual interpretation of the data.

The first component explained that 33.608% of the total
variance has a strong positive loading on EC, A, and Ca".
However, the second component accounts for 30.808% of
the total variance with strong positive loading on Mg>*, K™,
NO;7, and Ar.

Discussion

The hydrochemical characteristics of a tropical Savanna
groundwater and its pollution sources have been assessed
using multifaceted hydrochemical analytical and graphi-
cal tools. Thus, the use of modern and advanced statistical
techniques for groundwater quality evaluation, especially in
the tropical Savanna climate such as Galma sub-watershed,
North-Western, Nigeria, becomes imperative. Moreover,
logical and scientific approach such as the graphical meth-
ods for groundwater quality assessment has received little
attention. Additionally, the aquifers have been the reservoir
containing water which may be degraded by a variety of
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factors and processes, comprising hydrogeochemical pro-
cesses and human activities including agricultural practices,
industrial activities, mining, and urbanization. Thus, evalu-
ation of hydrochemical characteristics and identification of
groundwater pollution sources requires an integrated and
robust method for the appropriate planning and management
of groundwater resources.

The results trend in this study reflects the influences of
natural and human activities especially the agricultural prac-
tices affecting the quality of groundwater. The groundwa-
ter of the Galma sub-watershed is weakly acidic with a pH
mean value of 6.30. Most of the pH average values from

the previous studies were above 7.5 (Butaciu et al. 2017;
Zhang et al. 2020a, b). However, the low pH mean value
in groundwater of the current investigation was probably
attributed to the increase of H' concentration, resulted from
oxidation of pyrite in sediments. Furthermore, the dissolu-
tion of clay minerals may serve as H buffers and influence
the pH in groundwater. The acidity of the groundwater may
suggest an effect of infiltration from acidic rainwater. Thus,
pH value is vital for regulating the solubility, alkalinity, and
complexation of many ions in groundwater.

The high amounts of cation Ca, +and anion HCOj; in
the studied area were caused by rock mineralization and
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dilution. The amount of HCOj; in groundwater, for exam-
ple, could be linked to the weathering of silicate rocks and
minerals (feldspars) that react with carbonic acid. Thus, in
the carbonic equilibrium, HCO; in the aquifer can be derived
from dissociation H2CO; (Table 1).

The piper trilinear plot is an effective tool, frequently
being used to understand the hydrochemical regime and
classification of groundwater (Mostaza-Colado et al. 2018).
The results from hydrochemical facies of this study suggest
that the Ca—Mg—Cl and Ca—Cl of groundwater types (Fig. 5)
are rich in migmatite, granite gneiss, and porphyritic granite
among others, which are consistent with the geology of the
study area (Fig. 2). Thus, the high contents of these minerals
in groundwater may be related to the natural dissolution of
rock and soil sediments in the sub-watershed. Similar find-
ings of these groundwater types were reported in the Tripura
district of the Northeastern part of India (Paul et al. 2019).

Based on the result of the hierarchical cluster analysis, the
first cluster explains multiple processes influencing ground-
water chemistry, including the high concentration of NO;-,
which is undoubtedly indicates anthropogenic pollution,
particularly synthetic fertilizer application, and leaching of
agricultural waste, which has been established as the main
indicator of the impacts of human activities on both soil and
groundwater chemistry. Meanwhile, DO is related to ground-
water contamination especially from landfill leachate and
sewage runoff, and shallow aquifers are vulnerable to pollu-
tion from built-up areas and irrigated lands. However, pH,
Temp, and SWL are directly linked with the climate condi-
tion and recharges to the aquifers respectively (Fig. 6). For
instance, the higher temperature rises microbial and chemi-
cal activities in groundwater. Besides, an increase in water
level is responsible for changes in groundwater temperature.
The Mg**, SO, 7%, K™, and Fe show the natural geochemical
processes (Mustapha et al. 2019).

The second cluster is more related to natural processes.
Previous studies have indicated that the Na* and C1~ are
derived from rock-water interaction involving the ground-
water recharge in the permeable zone over the underlying
rocks (Panno et al. 2006; Raiber et al. 2012). Furthermore,
the mineral composition of chloride in the aquifers sug-
gest low hydraulic gradient and fine-grained sediments in
the area (Barzegar et al. 2019). However, the findings of
the current investigation may have suggested the presence
of Na* and CI~ in groundwater of the studied area to the
influences of agricultural fertilizer, animal waste, septic
effluent, and landfill leachate, although the anthropogenic
factors may have less significance compared to geogenic
factors. Meanwhile, the concentration of HCO;™ and Ca**
contents in groundwater of the area may be due to the
weathering of carbonate minerals from the unsaturated
zone associated with the flushing of CO,™ rich water,
where it is formed by the decomposition of organic matter
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and degradation of silicate minerals. However, the dissolu-
tion of albite minerals that are associated with biotite and
hornblende may be responsible for the HCO;™.

The third cluster contains the Tur, which is related to
dissolve substances including fine-grained soil particles
due to accelerated groundwater recharge, particularly
in the shallow aquifers. The fourth cluster comprises
TDS and TH, which may be originated from natural and
anthropogenic processes in the area. For instance, the
TDS parameter is probably responsible for the hard-
ness, taste, and corrosive property of the groundwater,
due to geogenic origin. However, anthropogenic sources
of TDS comprises agricultural and urban contaminants
leached into the aquifers (Wali et al. 2020). The fifth
cluster may have signified the geogenic processes. EC
may influence the groundwater salinity when salts reach
the subsurface water through the infiltrated recharge
water in the area.

Regarding the results from the principal component
analysis, the first component may have suggested the
influences of natural processes on groundwater chem-
istry from water—rock interaction. On this note, the
groundwater quality in some of the aquifers was mainly
controlled by the dissolution of rock minerals in the
Galma sub-watershed. It is interesting to note that the
interrelationship between classification by HCA and
grouping by PCA has existed. For instance, the first
component reflects the fifth cluster with additional vari-
ables. The grouping of variables by PCA has further
justified the previous classification by HCA. Therefore,
the strong positive loadings of electric conductivity may
have revealed the evidence of increased groundwater
salinity occurrence due to irrigation agriculture prac-
ticed in the Galma sub-watershed (Barzegar et al. 2017).
The strong positive loading on Ca*" was essentially due
to mineral dissolution reaction where an ion is released
into groundwater by dissolving aquifers minerals; thus,
calcium is released when calcite dissolved in limestone
(Rajesh et al. 2012).

The second component explained the effect of anthropo-
genic activities especially agricultural practices and natu-
ral processes. The area’s soil and geological composition
may be responsible for the high Mg2 +loading in ground-
water, especially when the groundwater comes into touch
with certain rocks and minerals, particularly limestone and
gypsum. When these elements are dissolved, magnesium
is released (Table. 3). Strong loading on Kt may account
for contamination derived from wastewater or common fer-
tilizers (Wisitthammasri et al. 2020). Meanwhile, positive
loading on NO;™~ suggests the influence of human activi-
ties particularly the cultivation of crops. This indicated that
excessive application of synthetic fertilizers and animal
wastes may contribute to groundwater contamination (Goni
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Table 3 Factor loadings after varimax rotation

Component

Variables 1 2

EC 0.883 0.053
NO;~ 0.323 0.699
Aq 0.556 0.658
Ca* 0.863 -0.171
Mgt -0.247 0.677
K* -0.132 0.661
Eigenvalue 2.183 1.682
Variability % 33.608 30.808
Cumulative % 33.608 64.416

The bold figure are the strong positive loading

et al. 2019; Spalding et al. 2019). Hence, nitrate contamina-
tion of subsurface water particularly in the watershed due to
agricultural activities may constitute a significant threat to
the groundwater system.

Previously, most methods of determining the effects of
hydrogeochemical processes and anthropogenic activities
on groundwater quality in the region remain rudimentary.
For instance, the study conducted by Olukosi et al. (2017)
focused mainly on the assessment of a few physiochemi-
cal parameters of water quality in the sub-watershed. How-
ever, the results of their study failed to demonstrate specifi-
cally the controlling factors that influence the groundwater
chemistry of the area. In other previous research, the study
has attempted to characterize the groundwater quality in
the studied area (Yakubu, 2013). However, the findings of
the study have not determined the hydrochemical facies
and ionic compositions in the drinking water wells. In this
regard, the current investigation has successfully filled these
gaps by employing a robust and integrated modern tech-
nique of classic chemical as well as statistical applications
for groundwater quality evaluation in the Galma sub-water-
shed. The method offers a comprehensive approach for the
evaluation of hydrochemical characteristics and identifica-
tion of groundwater pollution sources. The method may be
employed in any area with similar characteristics to evaluate
the influences of hydrogeochemical processes and human
activities on groundwater quality.

Conclusion

Using a variety of hydrochemical analytical and graphical
tools, the hydrochemical properties of a tropical Savanna
groundwater and its contamination sources were examined.
This is in acknowledgement of the importance of using

current and advanced statistical approaches to assess ground-
water quality, particularly in tropical Savanna climates like
the Galma sub-watershed in Nigeria’s northwestern region.

This study demonstrates the reliability of an integrated
approach involving the multivariate statistical analysis and
the classic chemical method to assess the hydrochemi-
cal characteristics and identify sources of groundwater
pollution in the Galma sub-watershed of the tropical
savanna. The hydrochemical composition of groundwater
was influenced by the weathering of basement rocks. A
mixed Ca—Mg—Cl type and Ca—Cl type were confirmed as
the dominant water types essentially controlled by rock-
water interaction. Moreover, the ionic concentration in the
groundwater samples indicates the importance of geologi-
cal influence on the hydrochemistry of the aquifer water
of the area. The weakly acidic regarding the low pH mean
value of 6.30 in the groundwater may be linked to the
increase of H* concentration, resulting from the oxidation
of pyrite in sediments.

The cations in the groundwater samples
were primarily in the following order of domi-
nance: Ca2+ >Na+ >Mg2+ >K+. The ani-
ons, on the other hand, have the following order:
HCO3-> Cl->S04-2 > NO3-. The hydrochemical facies
defined the sub-groundwater watershed’s types as mixed
Ca—Mg—Cl, which means there are no cations or anions
in excess of 50%. Ca—Cl was the second most common
water type. The Mg—-HCO3 water type was discovered in
BH 9 of the study area, while the Na—Cl water type was
discovered in BH 29 as indicated in the piper diagram.
The quantities of these ions in the groundwater chemistry
of the sub-watershed were caused by weathering of the
basement rocks.

Moreover, the application of HCA and PCA to assess
the groundwater chemistry of the area has simplified ascer-
tainment of the dominant groundwater types and pollution
sources, thus proving the adoption of robust integrated
methods for groundwater investigation in increasing preci-
sion in results and effective understanding of the hydro-
chemical characteristics and identification of the sources
of aquifer contamination in the area.

Author contribution All authors (Abduljalal Abdulsalam, Mohammad
Firuz Ramli, Nor Rohaizah Jamil, Zulfa Hanan Ashaari, and Da’u Abba
Umar) were involved from conception to the final design of this study.

Availability of data and materials Data is available upon request.
Declarations

Ethics approval The authors declare that the manuscript has not been
published elsewhere, nor is it currently under consideration for pub-
lication elsewhere.

@ Springer



37396

Environmental Science and Pollution Research (2022) 29:37384-37398

Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Alharbi T, El-sorogy AS (2021) Evaluation of groundwater quality in
central Saudi Arabia using hydrogeochemical characteristics and
pollution indices. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-14575-1

Aliyu AG, Jamil NRB, Adam MB, bin, Zulkeflee, Z., (2020) Spatial
and seasonal changes in monitoring water quality of Savanna
River system. Arab J Geosci 13:1-13. https://doi.org/10.1007/
$12517-019-5026-4

APHA, 2018. Standard methods for examination water and wastewater.
American Public Health Association. 23rd Edn. APHA, AWWA,
WPCF, Washington D.C, USA.

Badamasi S, Sawa BA, Garba ML (2016) Groundwater potential zones
mapping using remote sensing and geographic information system
techniques (GIS) in Zaria, Kaduna State. Nigeria Am Sci Res J
Eng Technol Sci 24:51-62

Barzegar R, Moghaddam AA, Tziritis E, Fakhri MS, Soltani S (2017)
Identification of hydrogeochemical processes and pollution
sources of groundwater resources in the Marand plain, north-
west of Iran. Environ Earth Sci 76:1-16. https://doi.org/10.1007/
$12665-017-6612-y

Barzegar R, Asghari Moghaddam A, Soltani S, Fijani E, Tziritis E,
Kazemian N (2019) Heavy metal(loid)s in the groundwater of
Shabestar Area (NW Iran): source identification and health risk
assessment. Expo Heal 11:251-265. https://doi.org/10.1007/
$12403-017-0267-5

Bouteraa O, Mebarki A, Bouaicha F, Nouaceur Z, Laignel B (2019)
Groundwater quality assessment using multivariate analysis,
geostatistical modeling, and water quality index (WQI): a case
of study in the Boumerzoug-El Khroub valley of Northeast
Algeria. Acta Geochim 38:796-814. https://doi.org/10.1007/
s11631-019-00329-x

Butaciu S, Senila M, Sarbu C, Ponta M, Tanaselia C, Cadar O, Roman
M, Radu E, Sima M, Frentiu T (2017) Chemical modeling of
groundwater in the Banat Plain, southwestern Romania, with
elevated As content and co-occurring species by combining dia-
grams and unsupervised multivariate statistical approaches. Che-
mosphere 172:127-137. https://doi.org/10.1016/j.chemosphere.
2016.12.130

Dube T, Shoko C, Sibanda M, Baloyi MM, Molekoa M, Nkuna D,
Rafapa B, Rampheri BM (2020) Spatial modelling of groundwa-
ter quality across a land use and land cover gradient in Limpopo
Province. South Africa Phys Chem Earth 115:102820. https://doi.
org/10.1016/j.pce.2019.102820

Dugga P, Pervez S, Tripathi M, Siddiqui MN (2020) Spatiotemporal
variability and source apportionment of the ionic components
of groundwater of a mineral-rich tribal belt in Bastar. India
Groundw Sustain Dev 10:100356. https://doi.org/10.1016/j.gsd.
2020.100356

Durov SA (1948) Classification of natural waters and graphical repre-
sentation of their composition. Dokl Akad Nauk USSR 59:87-90

Ebenezer OK, Martins EO (2017) Geoelectrical evaluation of the vari-
ation in the spatial distribution of aquifers in the basement com-
plex — a case study of Laduga community, Kaduna State, North
Central. Nigeria IOSR J Appl Geol Geophys 05:35-44. https://
doi.org/10.9790/0990-0504013544

@ Springer

Elumalai V, Nwabisa DP, Rajmohan N (2019) Evaluation of high fluo-
ride contaminated fractured rock aquifer in South Africa — Geo-
chemical and chemometric approaches. Chemosphere 235:1-11.
https://doi.org/10.1016/j.chemosphere.2019.06.065

Emenike PGC, Tenebe IT, Neris JB, Omole DO, Afolayan O, Okeke
CU, Emenike IK (2020) An integrated assessment of land-use
change impact, seasonal variation of pollution indices and
human health risk of selected toxic elements in sediments of
River Atuwara. Nigeria Environ Pollut 265:114795. https://doi.
org/10.1016/j.envpol.2020.114795

FMI, 2000. Federal ministry of information, Nigeria. A people
united, a future assured. Vol. 2, Survey of states.

Gibbs, R.J., 1970. Mechanisms controlling world water chemistry.
Science (80-. ). 170, 1088—1090. https://doi.org/10.1126/scien
ce.170.3962.1088

Goni IB, Sheriff BM, Kolo AM, Ibrahim MB (2019) Assessment
of nitrate concentrations in the shallow groundwater aquifer
of Maiduguri and environs. Northeastern Nigeria Sci African
4:e00089. https://doi.org/10.1016/j.sciaf.2019.e00089

Ighalo JO, Adeniyi AG (2020) A comprehensive review of water
quality monitoring and assessment in Nigeria. Chemosphere
260:127569. https://doi.org/10.1016/j.chemosphere.2020.
127569

Ismail AH, Hassan G, Sarhan AH (2020) Hydrochemistry of shallow
groundwater and its assessment for drinking and irrigation pur-
poses in Tarmiah district, Baghdad governorate. Iraq Groundw
Sustain Dev 10:100300. https://doi.org/10.1016/j.gsd.2019.100300

Kaiser HF (1974) An index of factorial simplicity. Psychometrika
39:31-36

Kowal, J.M., Kassam, A.H., 1978. Drought in the Guinea and Sudan
Savanna Area of Nigeria. Savanna 3.

Kura NU, Ramli MF, Sulaiman WNA, Ibrahim S, Aris AZ (2018)
An overview of groundwater chemistry studies in Malaysia.
Environ Sci Pollut Res 25:7231-7249. https://doi.org/10.1007/
s11356-015-5957-6

Li Q, Zhang H, Guo S, Fu K, Liao L, Xu Y, Cheng S (2020) Ground-
water pollution source apportionment using principal compo-
nent analysis in a multiple land-use area in southwestern China.
Environ Sci Pollut Res 27:9000-9011. https://doi.org/10.1007/
s11356-019-06126-6

Liu CW, Lin KH, Kuo YM (2003) Application of factor analysis in
the assessment of groundwater quality in a blackfoot disease area
in Taiwan. Sci Total Environ 313:77-89. https://doi.org/10.1016/
S0048-9697(02)00683-6

Liu P, Hoth N, Drebenstedt C, Sun Y, Xu Z (2017) Hydro-geochem-
ical paths of multi-layer groundwater system in coal mining
regions using multivariate statistics and geochemical modeling
approaches. Sci Total Environ 601-602:1-14. https://doi.org/10.
1016/j.scitotenv.2017.05.146

Liu Y, Yang L, Chun Y, Yang J, Wang C (2021) VFS-based OFSP
model for groundwater pollution study of domestic waste
landfill. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-021-12521-9

Machiwal, D., Cloutier, V., Giiler, C., Kazakis, N., 2018. A review
of GIS-integrated statistical techniques for groundwater quality
evaluation and protection. Environ. Earth Sci. 77, 0. https://doi.
org/10.1007/s12665-018-7872-x

Mostaza-Colado D, Carrefio-Conde F, Rasines-Ladero R, Iepure S
(2018) Hydrogeochemical characterization of a shallow allu-
vial aquifer: 1 baseline for groundwater quality assessment and
resource management. Sci Total Environ 639:1110-1125. https://
doi.org/10.1016/j.scitotenv.2018.05.236

Mustapha A, Sagagi BS, Daura MM, Tanko Al, Phil-Eze PO, Isi-
yaka HA (2019) Geochemical evolution and quality assess-
ment of groundwater resources at the downstream section of the


https://doi.org/10.1016/j.scitotenv.2018.05.236
https://doi.org/10.1016/j.scitotenv.2018.05.236
https://doi.org/10.1007/s12665-018-7872-x
https://doi.org/10.1007/s12665-018-7872-x
https://doi.org/10.1007/s11356-021-12521-9
https://doi.org/10.1007/s11356-021-12521-9
https://doi.org/10.1016/j.scitotenv.2017.05.146
https://doi.org/10.1016/j.scitotenv.2017.05.146
https://doi.org/10.1016/S0048-9697(02)00683-6
https://doi.org/10.1016/S0048-9697(02)00683-6
https://doi.org/10.1007/s11356-019-06126-6
https://doi.org/10.1007/s11356-019-06126-6
https://doi.org/10.1007/s11356-015-5957-6
https://doi.org/10.1007/s11356-015-5957-6
https://doi.org/10.1016/j.gsd.2019.100300
https://doi.org/10.1016/j.chemosphere.2020.127569
https://doi.org/10.1016/j.chemosphere.2020.127569
https://doi.org/10.1016/j.sciaf.2019.e00089
https://doi.org/10.1126/science.170.3962.1088
https://doi.org/10.1126/science.170.3962.1088
https://doi.org/10.1016/j.envpol.2020.114795
https://doi.org/10.1016/j.envpol.2020.114795
https://doi.org/10.1016/j.chemosphere.2019.06.065
https://doi.org/10.9790/0990-0504013544
https://doi.org/10.9790/0990-0504013544
https://doi.org/10.1016/j.gsd.2020.100356
https://doi.org/10.1016/j.gsd.2020.100356
https://doi.org/10.1016/j.pce.2019.102820
https://doi.org/10.1016/j.pce.2019.102820
https://doi.org/10.1016/j.chemosphere.2016.12.130
https://doi.org/10.1016/j.chemosphere.2016.12.130
https://doi.org/10.1007/s11631-019-00329-x
https://doi.org/10.1007/s11631-019-00329-x
https://doi.org/10.1007/s12403-017-0267-5
https://doi.org/10.1007/s12403-017-0267-5
https://doi.org/10.1007/s12665-017-6612-y
https://doi.org/10.1007/s12665-017-6612-y
https://doi.org/10.1007/s12517-019-5026-4
https://doi.org/10.1007/s12517-019-5026-4
https://doi.org/10.1007/s11356-021-14575-1
https://doi.org/10.1007/s11356-021-14575-1

Environmental Science and Pollution Research (2022) 29:37384-37398

37397

Kano-Challawa River system, Northwest Nigeria. Int J River
Basin Manag 0:1-33. https://doi.org/10.1080/15715124.2019.
1606817

Nassef, M.O. and Olugboye, M.O., 1979. The hydrology and hydroge-
ology of Galma Basin. Unpub, File Report, Federal Department
of Water Resources, Nigeria.

Njuguna SM, Onyango JA, Githaiga KB, Gituru RW, Yan X (2020)
Application of multivariate statistical analysis and water quality
index in health risk assessment by domestic use of river water.
Case study of Tana River in Kenya. Process Saf Environ Prot
133:149-158. https://doi.org/10.1016/j.psep.2019.11.006

Nyam FME, Yomba AE, Tchikangoua AN, Bounoung CP, Nouayou R
(2020) Assessment and characterization of groundwater quality
under domestic distribution using hydrochemical and multivari-
ate statistical methods in Bafia. Cameroon Groundw Sustain Dev
10:100347. https://doi.org/10.1016/j.gsd.2020.100347

Offodile ME (2002) Groundwater Study and Development in Nigeria,
2nd edn. Mecon Geology and Engineering Services Ltd., Jos,
Nigeria

Olukosi OM, Ameh JB, Abdullahi 10, Whong CMZ (2017) Physico-
chemical quality of drinking water from various water sources of
Kaduna state. Nigeria Bayero J Pure Appl Sci 9:141. https://doi.
org/10.4314/bajopas.v9i2.26

Panno SV, Hackley KC, Hwang HH, Greenberg SE, Krapac IG, Lands-
berger S, O’Kelly DJ (2006) Characterization and identification of
Na-Cl sources in ground water. Ground Water 44:176-187. https://
doi.org/10.1111/j.1745-6584.2005.00127.x

Paul, R., Brindha, K., Gowrisankar, G., Tan, M.L., Singh, M.K., 2019.
Identification of hydrogeochemical processes controlling ground-
water quality in Tripura, Northeast India using evaluation indices,
GIS, and multivariate statistical methods. Environ. Earth Sci. 78.
https://doi.org/10.1007/s12665-019-8479-6

Piper, A.M., 1944.A graphic procedure in the geochemical interpreta-
tion of water analysis. Am. Geophys. union 914-928. https://doi.
org/10.1029/TR025i006p00914

Raiber M, White PA, Daughney CJ, Tschritter C, Davidson P, Bain-
bridge SE (2012) Three-dimensional geological modelling and
multivariate statistical analysis of water chemistry data to analyse
and visualise aquifer structure and groundwater composition in
the Wairau Plain, Marlborough District, New Zealand. J Hydrol
436-437:13-34. https://doi.org/10.1016/j.jhydrol.2012.01.045

Rajesh R, Brindha K, Murugan R, Elango L (2012) Influence of
hydrogeochemical processes on temporal changes in ground-
water quality in a part of Nalgonda district, Andhra Pradesh.
India Environ Earth Sci 65:1203-1213. https://doi.org/10.1007/
$12665-011-1368-2

Rashid A, Khan S, Ayub M, Sardar T, Jehan S, Zahir S, Khan MS,
Muhammad J, Khan R, Ali A, Ullah H (2019) Mapping human
health risk from exposure to potential toxic metal contamination
in groundwater of Lower Dir, Pakistan: application of multivariate
and geographical information system. Chemosphere 225:785-795.
https://doi.org/10.1016/j.chemosphere.2019.03.066

Re V, Sacchi E, Kammoun S, Tringali C, Trabelsi R, Zouari K, Dan-
iele S (2017) Integrated socio-hydrogeological approach to tackle
nitrate contamination in groundwater resources. The case of
Grombalia Basin (Tunisia). Sci Total Environ 593-594:664—676.
https://doi.org/10.1016/j.scitotenv.2017.03.151

Sajedi-Hosseini F, Malekian A, Choubin B, Rahmati O, Cipullo S,
Coulon F, Pradhan B (2018) A novel machine learning-based
approach for the risk assessment of nitrate groundwater contami-
nation. Sci Total Environ 644:954-962. https://doi.org/10.1016/j.
scitotenv.2018.07.054

Sawa BA, Buhari B (2011) Temperature variability and outbreak of
meningitis and measles in Zaria, Northern Nigeria. Res J Appl
Sci Eng Technol 3:399-402

Scheiber L, Cendén DI, Iverach CP, Hankin SI, Vazquez-Sufié E, Kelly
BFJ (2020) Hydrochemical apportioning of irrigation groundwa-
ter sources in an alluvial aquifer. Sci Total Environ 744:140506.
https://doi.org/10.1016/j.scitotenv.2020.140506

Sheikhy Narany T, Sefie A, Aris AZ (2018) The long-term impacts of
anthropogenic and natural processes on groundwater deterioration
in a multilayered aquifer. Sci Total Environ 630:931-942. https://
doi.org/10.1016/j.scitotenv.2018.02.190

Soltani, S., Asghari Moghaddam, A., Barzegar, R., Kazemian, N.,
Tziritis, E., 2017. Hydrogeochemistry and water quality of the
Kordkandi-Duzduzan plain, NW Iran: application of multivariate
statistical analysis and PoS index. Environ. Monit. Assess. 189.
https://doi.org/10.1007/s10661-017-6171-4

Spalding RF, Hirsh AJ, Exner ME, Little NA, Kloppenborg KL (2019)
Applicability of the dual isotopes A 15 N and A 18 O to iden-
tify nitrate in groundwater beneath irrigated cropland. J Contam
Hydrol 220:128-135. https://doi.org/10.1016/j.jconhyd.2018.12.
004

Stiff HA (1951) The interpretation of chemical water analysis by
means of patterns. J Pet Technol 3:15-23. https://doi.org/10.2118/
951376-g

Sunkari ED, Abu M, Zango MS, Lomoro Wani AM (2020) Hydrogeo-
chemical characterization and assessment of groundwater quality
in the Kwahu-Bombouaka Group of the Voltaian Supergroup.
Ghana J African Earth Sci 169:103899. https://doi.org/10.1016/j.
jafrearsci.2020.103899

Tripathi M, Singal SK (2019) Use of Principal Component Analysis
for parameter selection for development of a novel Water Quality
Index: A case study of river Ganga India. Ecol Indic 96:430-436.
https://doi.org/10.1016/j.ecolind.2018.09.025

Turajo KA, Abubakar BSUI, Dammo MN, Sangodoyin AY (2019)
Burial practice and its effect on groundwater pollution in Maidu-
guri. Nigeria Environ Sci Pollut Res 26:23372-23385. https://doi.
org/10.1007/s11356-019-05572-6

Ugumanim, U.U., Barde, B.G., Abdullahi, M., Shitu, U., Ahmad, Z.,
Debora, A.T., Nanadeinboemi, O.A., 2015. Evaluation of the
pollution status of river Galma basin in the vicinity of Dakace
industrial layout, Zaria, Nigeria. Soc. Nat. Sci. J. 9. https://doi.
org/10.12955/snsj.v9i1.667

UNESCO (2018) The United Nations World Water Development
Report 2018: Nature-Based Solutions for Water. UNESCO, UN
Water Report, Paris

VasanthakumariSivasankara Pillai A, Sabarathinam C, Keesari T,
Chandrasekar T, Rajendiran T, Senapathi V, Viswanathan PM,
Samayamanthu DR (2020) Seasonal changes in groundwater qual-
ity deterioration and chemometric analysis of pollution source
identification in South India. Environ Sci Pollut Res 27:20037—
20054. https://doi.org/10.1007/s11356-020-08258-6

Wali SU, Umar KJ, Abubakar SD, Ifabiyi IP, Dankani IM, Shera IM,
Yauri SG (2019) Hydrochemical characterization of shallow
and deep groundwater in Basement Complex areas of south-
ern Kebbi State. Springer International Publishing, Sokoto
Basin, Nigeria, Applied Water Science. https://doi.org/10.1007/
s13201-019-1042-5

Wali, S.U., Alias, N., Harun, S. Bin, 2020. Quality reassessment using
water quality indices and hydrochemistry of groundwater from the
Basement Complex section of Kaduna Basin, NW Nigeria. SN
Appl. Sci. 2. https://doi.org/10.1007/s42452-020-03536-x

WHO, UNICEF, 2017. Progress on drinking water, sanitation and
hygiene, WHO Library cataloguing-in-Publication Data.

Wisitthammasri W, Chotpantarat S, Thitimakorn T (2020) Multivariate
statistical analysis of the hydrochemical characteristics of a vol-
cano sedimentary aquifer in Saraburi Province. Thailand J Hydrol
Reg Stud 32:100745. https://doi.org/10.1016/j.ejrh.2020.100745

Yakubu, S., 2013. Assessment of water quality of hand-dug wells in
Zaria LGA of Kaduna State , Nigeria By 1-4.

@ Springer


https://doi.org/10.1016/j.ejrh.2020.100745
https://doi.org/10.1007/s42452-020-03536-x
https://doi.org/10.1007/s13201-019-1042-5
https://doi.org/10.1007/s13201-019-1042-5
https://doi.org/10.1007/s11356-020-08258-6
https://doi.org/10.12955/snsj.v9i1.667
https://doi.org/10.12955/snsj.v9i1.667
https://doi.org/10.1007/s11356-019-05572-6
https://doi.org/10.1007/s11356-019-05572-6
https://doi.org/10.1016/j.ecolind.2018.09.025
https://doi.org/10.1016/j.jafrearsci.2020.103899
https://doi.org/10.1016/j.jafrearsci.2020.103899
https://doi.org/10.2118/951376-g
https://doi.org/10.2118/951376-g
https://doi.org/10.1016/j.jconhyd.2018.12.004
https://doi.org/10.1016/j.jconhyd.2018.12.004
https://doi.org/10.1007/s10661-017-6171-4
https://doi.org/10.1016/j.scitotenv.2018.02.190
https://doi.org/10.1016/j.scitotenv.2018.02.190
https://doi.org/10.1016/j.scitotenv.2020.140506
https://doi.org/10.1016/j.scitotenv.2018.07.054
https://doi.org/10.1016/j.scitotenv.2018.07.054
https://doi.org/10.1016/j.scitotenv.2017.03.151
https://doi.org/10.1016/j.chemosphere.2019.03.066
https://doi.org/10.1007/s12665-011-1368-2
https://doi.org/10.1007/s12665-011-1368-2
https://doi.org/10.1016/j.jhydrol.2012.01.045
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1007/s12665-019-8479-6
https://doi.org/10.1111/j.1745-6584.2005.00127.x
https://doi.org/10.1111/j.1745-6584.2005.00127.x
https://doi.org/10.4314/bajopas.v9i2.26
https://doi.org/10.4314/bajopas.v9i2.26
https://doi.org/10.1016/j.gsd.2020.100347
https://doi.org/10.1016/j.psep.2019.11.006
https://doi.org/10.1080/15715124.2019.1606817
https://doi.org/10.1080/15715124.2019.1606817

37398

Environmental Science and Pollution Research (2022) 29:37384-37398

Yang Q, Li Z, Ma H, Wang L, Martin JD (2016) Identification of the
hydrogeochemical processes and assessment of groundwater qual-
ity using classic integrated geochemical methods in the South-
eastern part of Ordos basin. China Environ Pollut 218:879-888.
https://doi.org/10.1016/j.envpol.2016.08.017

Zhang Q, Xu P, Qian H, Yang F (2020b) Hydrogeochemistry and fluo-
ride contamination in Jiaokou Irrigation District, Central China:
assessment based on multivariate statistical approach and human
health risk. Sci Total Environ 741:140460. https://doi.org/10.
1016/j.scitotenv.2020.140460

Zhang H, Bian J, Wan H (2021) Hydrochemical appraisal of ground-
water quality and pollution source analysis of oil field area: a case
study in Daqing City. China Environ Sci Pollut Res 28:18667—
18685. https://doi.org/10.1007/s11356-020-12059-2

@ Springer

Zhang, H., Cheng, S., Li, H., Fu, K., Xu, Y., 2020.Groundwater pol-
lution source identification and apportionment using PMF and
PCA-APCA-MLR receptor models in a typical mixed land-use
area in Southwestern China. Sci. Total Environ. 741. https://doi.
org/10.1016/j.scitotenv.2020.140383

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.scitotenv.2020.140383
https://doi.org/10.1016/j.scitotenv.2020.140383
https://doi.org/10.1007/s11356-020-12059-2
https://doi.org/10.1016/j.scitotenv.2020.140460
https://doi.org/10.1016/j.scitotenv.2020.140460
https://doi.org/10.1016/j.envpol.2016.08.017

	Hydrochemical characteristics and identification of groundwater pollution sources in tropical savanna
	Abstract
	Introduction
	Materials and methods
	Overview of the study area
	Location and climate

	Geological and hydrogeological setting
	Soil and vegetation
	Land useland cover settings

	Data collection and hydrochemical investigation
	Methods
	Classic chemical method
	Multivariate statistical analysis
	Cluster analysis (CA)
	Principal component analysis (PCA)


	Results
	Descriptive statistics

	Groundwater chemistry
	Hydrochemical facies

	Identification of water pollution sources using HCA and PCA
	Hierarchical cluster analysis (HCA)
	Principal component analysis (PCA)
	Extraction of components

	Discussion
	Conclusion
	References


