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Abstract

The aim of this study was to evaluate and characterize the hydrogeochemistry and quality of groundwater (for human
consumption) in Ogbaru district, southeast Nigeria. Borehole samples were subjected to physicochemical, bacteriologi-
cal, hydrogeochemical, and statistical analysis. The physicochemical characteristics of the water were below standard
maximum permissible limits for drinking water. Moreover, heavy metals were found in low concentrations (below their
permissible limits) in all of the samples. However, majority of the samples have pH values below the allowable limits of
6.5-8.5, indicating they are slightly acidic waters. The dominance of cations and anions is in the order: Ca>Mg>Na>K
and HCO;>Cl>NO;3; >S5S0, > PO, >NO,, respectively. Mg—Ca-HCO; water type dominated the area, constituting about
47.4% of the total samples. Ca-Mg-HCO; water type constituted about 16%; Mg-Ca-Na and Ca-Mg-Na-HCO; water
types constituted 10.5% each, whereas Ca-Mg-Cl, Mg-Ca-CI-NO;, and Ca-Mg types made up 5.2% each. The possible
sources and influencers (both anthropogenic and geogenic) of the physical and chemical water quality parameters were
identified by correlation and principal component analyses. Although most of the groundwater samples are of good
quality based on the physicochemical properties, the presence of coliforms indicates that their quality is questionable
and hence not safe for drinking. Therefore, treating them before use is recommended.
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1 Introduction

The use of water for various purposes largely depends
on its quality. Groundwater resources in many countries
are alternative sources of water for homes, industries,
and farms, owing to the increasingly worrisome levels of
contamination and pollution of surface water resources.
In developing countries, access to safe water for drinking
and domestic purposes by inhabitants is a major crisis gov-
ernments and individuals fight against [1]. Contamination
or pollution of groundwater resources is a threat to the
quality and sustainability of available drinking water and
public health [2, 3].

Sources of groundwater contaminants span from
homes to industries to farms. In agricultural areas, shallow
groundwater systems are more vulnerable to contamina-
tion and pollution, after surface waters [4-6]. Nutrients in
forms of NO;, PO,, and K are common agricultural con-
taminants in such areas [7]. Other oxides and heavy met-
als can also be found in excess. However, the level of the
impacts of contaminants and pollutants on groundwater
resources is dependent on several factors including nature
and composition of contaminants, source and quantity of
contaminants or pollutants, mobility and solubility of con-
taminant, land use/land cover, biological activities, climate
conditions, geology, topography, distribution of surface
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water networks recharging the aquifers, hydrogeologi-
cal conditions, direction and rate of underground water
movement, etc.

In order to establish sustainable development and
management of groundwater resources, it is pertinent to
regularly assess and monitor their quality, on the basis of
physical, chemical, and microbial makeups. Identification
of contaminated waters in an area assists in the rationali-
zation of sampling and designing of pollution monitoring
programs [8].

Hydrogeochemistry is an important subject required in
the monitoring, assessment, and management of water
resources. Hydrogeochemical facies is an important diag-
nostic chemical aspect of groundwater solutions occurring
in hydrologic systems and provides information on the dis-
tinct zones of cations and anions distributions along differ-
ent layers of various aquifer systems and how the elemen-
tal fluxes are exchanged through atmospheric, terrestrial,
and aquatic interactions [9-13]. Trace elements’ mobility
and occurrence in groundwater are strongly influenced by
adsorption on clay minerals, groundwater pH and redox
conditions, organic matter, and other crystalline and
amorphous substances that make up the porous media;
thus, their concentrations in groundwater are controlled
by geochemical processes [14-16]. Interactions between
the environment and rocks/soils influence the chemistry of
water. The ions distributed in water are pointers to its type
and quality. An understanding of the geochemical compo-
nents in water, as well as the physical ones, is important in
determining its origin and suitability for drinking, domes-
tic, industrial, and irrigation purposes [8, 16, 171. Also, the
microorganisms in water resources play significant role in
defining their quality or class [10, 18].

Literature reporting on the hydrogeochemical facies,
water types, and groundwater quality of the intense agri-
cultural areas in Ogbaru is scarce. However, Ekenta et al.
[19] investigated the hydrogeological and aquifer charac-
teristics of the Ogbaru district and groundwater quality
based on the physicochemical and bacteriological prop-
erties. But, their research did not report on the hydrogeo-
chemical characteristics and evolution of the groundwater
in this agricultural area. Therefore, this study was designed
to use a more sophisticated approach in: (1) identifying the
physicochemical properties of the waters, (2) identifying
the total coliform (TC) and fecal coliform (FC) counts in the
waters, (3) identifying the water facies, water types, and
the influencers of the hydrogeochemical characteristics
of the study area, and (4) assessing the suitability of the
waters for drinking purposes. This study provides essential
information needful in monitoring, management, and sus-
tainability of the groundwater resources for human health
and economic development in the Ogbaru district.
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2 Description of the study area
2.1 Location, geomorphology, and climate

Ogbaru district is situated at the bank of Niger River in
southeastern Nigeria and characterized by several wet-
lands/swamps. It lies within latitudes 5°42'N to 6°10'N and
longitudes 6°41'E to 6°50'E (Fig. 1) and known for agricul-
tural activities. The relief is a lowland of heights <50 m
above the sea level [19]. There are several rivers, streams,
ponds, and creeks in the area that generally pay tribute to
Niger River, which in turn empties into the Atlantic Ocean.
Most parts of the area form the flood/alluvial plains of the
Niger River. Because of the abundant surface water bodies
in the area, farming and fishing are common occupations
for the inhabitants. Dry and rainy seasons prevail in the
area.The former is experienced between October-March,
and the latter, April-September. The natural vegetation in
the area is tropical rainforest, though irregular deforesta-
tion and agricultural activities influence the vegetation
cover. The annual rainfall is high, averaging between about
1800 and 2300 mm [12, 13]. The area is highly humid, espe-
cially during rainy seasons. Average relative humidity in
the area is about 26% per annum. Average annual tem-
perature is within the range of 24-28 °C in the day, but can
be as low as 16-18 °C in the night.

2.2 Geology and hydrogeology

Ogbaru district is majorly underlain by alluvium deposit,
though the Benin and Ogwashi formations underlie
smaller parts of the district (Fig. 1). Among the strati-
graphic units, the Ogwashi formation is the oldest whereas
the alluvium deposit is the youngest. Because of the
swampy nature of the study area, alluvial muds dominate,
leaving the surface waters almost polluted with sediments.
The borehole depths in the area are shallow and vary
from 5 to 50 m; the static water levels vary from 1.89 to
23.14 m [19, 20]. The values of geophysical and hydraulic
parameters indicate that the aquifers are characteristic of
silty and clean sand materials [20, 21]. However, the main
aquifers in the area are alluvial sands [19]. The presence of
numerous surface water bodies in the area suggests that
they are influents, providing ready recharge systems for
the aquifers.
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3 Research methodology
3.1 Water sampling

In order to achieve the objectives of this research, a total
of 19 borehole samples were randomly collected with 1-
plastic bottles and analyzed for physicochemical param-
eters and bacteriological counts. The sample bottles were
sterilized with concentrated hydrochloric acid and rinsed
with distilled water. At respective sampling stations, sam-
ple water was also used to rinse the bottles. The sample
bottles were well labeled, sealed, and placed in ice-crested
coolers before they were taken to the laboratory for anal-
ysis. The refrigeration was to prevent the samples from
reacting with the sample bottles or other external factors.

3.2 Field and laboratory analysis

The reagents used in this work were analytical grade
chemicals (i.e., high purity reagents suitable for analytical
procedures, Merck Grade). Physicochemical parameters
of all the water samples were analyzed according to the

Scale 1:15,000

6°50"E

standard procedures prescribed by the American Public
Health Association (APHA) [22]. The pH, temperature, total
dissolved solids (TDS), and electric conductivity (EC) were
measured in the field. The electrical conductivity (EC) and
total dissolved solids of the water samples were deter-
mined using a Mettler Toledo conductivity meter. Param-
eters analyzed in the laboratory include salinity, turbidity,
total hardness (TH); NO, NO,, PO,, SO,, HCO;, Cl, Na, K, Mg,
Ca; total counts (TC), and fecal counts (FC). Analyzed heavy
metals are Fe, Zn, Cu, Cd, Cr, Ni, and Mn. Heavy metals and
cation concentrations in the samples were analyzed using
atomic absorption spectrophotometric (AAS) technique
(Bulk Scientific 210 VGP), while the anions were analyzed
using ion chromatographic method.

Microbial analysis of the samples, which employed the
pour plate technique (using heterotrophic plate count),
was targeted at detecting and enumerating the total
coliforms and fecal coliforms present. Each sample was
diluted to a factor of 1073, and 1 ml of the diluent was
plated on nutrient agar in triplicates [23, 24]. The analysis
was conducted in triplicates for each of the samples to
ensure accuracy. The plates were inverted and incubated
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at 37 °C for 24-48 h under aerobic condition. The total
viable count (TVC) was recorded in colony forming units
per ml (cfu/ml).

3.3 Data analysis and interpretation

Classification diagrams, including Piper and Durov dia-
grams, were produced using AquaChem software (v. 2014,
Schlumberger Water Services, Canada). This aided in the
identification of the hydrogeochemical facies dominating
the area. Microsoft Excel (v. 2013) was used in producing
charts. In addition, a multivariate correlation and princi-
pal component analysis of physicochemical parameters
and heavy metals tested in the samples were done using
correlation coefficients at the two-tailed test of signifi-
cance (0.05 and 0.01 levels) with the aid of SPSS software
(v. 22, IBM Inc.). Furthermore, the potability of the water
resources was evaluated by comparing obtained results
with the World Health Organization (WHO) [25] maximum
allowable limits for water, as well as with those of the Nige-
rian Standards for Drinking Water Quality (NSDWQ) [26].

4 Results and discussion

4.1 Descriptive summary of the physicochemical
characteristics

Table 1 shows the statistical summary of all the analyzed
parameters and their comparisons with the WHO [25] and
NSDWQ [26] standards. There were variations in tempera-
ture values among the water samples, ranging from 25 to
29 °C. Majority of the samples had pH values not within the
maximum allowable limits of WHO and NSDWQ (Table 1,
Fig. 2). The pH results indicate that the groundwater sam-
ples are slightly acidic to neutral. The pH of water has no
direct effect on human health [25]. However, it usually
has a link with other chemical constituents in water [10,
27]. EC, TDS, and salinity values in the samples ranged
from 10 to 320 pS/cm, 20 to 140 mg/l, and 5 to 78 mg/I,
respectively. These values were far below allowable limits
of WHO and NSDWQ. EC is an indicator of the presence of
ions and concentrations of dissolved components. In this
study, it was observed that the TDS and EC values were not
proportional. The distribution and relationship between
the TDS and EC values are shown in Fig. 3. According
to a TDS classification proposed by Fetter [28], all the
groundwater samples belonged to fresh water category
(TDS <1000 mg/l). The low salinity of the waters indicates
that they had no links with salty connate water or seawa-
ter recharge systems. It also indicates that the area has no
record of drought or extreme evaporation. Also, it could be
that the characteristic high rainfall in the area effectively
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Table 1 Statistical summary of all physicochemical and micro-
bial parameters and their comparison with the WHO and NSDWQ
standards

Parameter Min-Max Mean SD WHO [25] NSDWAQ [26]

measured

Temp (°C) 25-29 2761 123 - Ambient

pH 5.4-6.8 6 045 6.5-8.5 6.5-8.5

EC (uS/cm) 10-320 127.53 83.50 500 1000

TDS (mg/I) 20-140 67.84 38.71 600 1000

Turbidity 0.1-1.0 0.44 028 5 5
(NTU)

Salinity (mg/l) 5-78 18.75 1630 - 500

TH (mg/I) 15-120 53.32 3141 100 -

NO; (mg/l) 2-36 13.16  9.95 45-50 50

NO, (mg/I) 0-0.05 0.03 0.01 0.2 0.2

PO, (mg/l) 0-1.2 0.43 037 10 -

SO, (mg/l) 0-15 756  3.81 200-250 100

CI~ (mg/l) 0-47 1732 8,62 200-250 250

HCO; (mg/1) 11-158 57.37 3853 250 -

K (mg/l) 0-1.7 1.08 037 12 -

Na (mg/l) 2-20 889  5.07 200 200

Mg (mg/1) 8-46 22 11.09 50 -

Ca (mg/l) 12-63 3584 1633 75 -

Fe (mg/Il) 0-0.2 0.04 0.049 0.3 0.3

Zn (mg/l) 0-0.02 0.01 0.005 3 3

Cu (mg/l) 0 0 0 0.05 0.1

Cd (mg/1) 0 0 0 0.003 0.003

Cr (mg/l) 0 0 0 0.05 0.05

Ni (mg/I) 0 0 0 0.05 0.02

Mn (mg/1) 0-0.09 0.05 0.028 0.1 0.2

TC (cfu/ml) 1-7 2.53 1.71 0 10

FC (cfu/ml) 0-1 016 037 0 0

SD =standard deviation

annuls the impact of excess accumulations of salt ions (Na*
and CI7) in the groundwater.

Turbidity values were also observed to be below maxi-
mum permissible limits of 5SNTU. This affirms that dissolved
solids in the waters were minimal and that microorgan-
isms would find it difficult to multiply or resist disinfection
[29]. Three samples (BH04, BH11, BH17) recorded TH values
above the WHO desirable limit of 100 mg/l. Others were
well below the limit (100 mg/I; Table 1). According to water
classification proposed by Todd [30] on the basis of total
hardness, most of the groundwater samples are soft to
moderately hard (Table 2). This implies that the users less
likely risk kidney stone associated with the use of waters
that have high hardness values. Also, the ability of soaps
to produce lather in the soft waters will not reduce and the
boiling point of the waters will not increase.

NO;, NO,, and PO, values ranged from 2 to 36 mg/I, 0
to 0.05 mg/l, and 0 to 1.2 mg/l, respectively. Nitrate and
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Table 2 Classification of groundwater based on total hardness [8,
30]

Hardness Water classification No. samples
within the
class

0-75 Soft 16

75-150 Moderately hard 3

150-300 Hard -

>300 Very hard -

phosphate are the major plant nutrients from fertilizers.
The presence of high nitrate concentration in drinking
water increases the incidence of gastric cancer and other
potential health hazards to infants and pregnant women
[30-32]. Nitrate leaching is enhanced by high infiltra-
tion potential of soil layer and low runoff potential. Their

------------------------------ Upper limit

Lower limit

mEC (uS/cm) = TDS (mg/l)

---------------------------- NSDWQ limit

---------------------------- WHO limit

A -33 ARG

concentrations are influenced by soils, climate and atmos-
pheric inputs, local geology, topography, and human
activities related to land use [33]. According to Cushing
et al. [34], the concentration of nitrate does not exceed
10 mg/l in water under natural conditions. However, these
values are below the WHO and NSDWQ limits (Table 1).
Even though the groundwater samples were not nutrient
polluted, the upscaling values of NO; suggest that agricul-
tural activities (use of fertilizers) in the area influence their
concentration in the groundwater. Samples BHO1, BH02,
BHO04, BHO8, and BH16 are more vulnerable to nutrient
pollution.

SO,, Cl, and HCO; results varied, respectively, from 0 to
15 mg/l, 0 to 47 mg/l, and 11 to 158 mg/I. These values
were within the permissible limits of WHO and NSDWQ.
Low concentrations of SO, in the waters could be attrib-
uted to the absence of sulfate-rich rocks like gypsum in the
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area. In addition, the low sulfate content confirms that the
study area was not an industrial city where higher concen-
trations are possible, due to industrial processes and emis-
sions. Concentrations of Cl could be attributed to domestic
wastes, poor sanitary conditions, leaching from soil layers,
or natural geochemical processes [10]. The bicarbonates
were probably derived from weathering of silicate rocks
and minerals (feldspars) by carbonic acid, atmospheric
and soil CO, gas, and/or the reaction of NO;~ and SO, by
organic matter [33, 35].

K, Na, Mg, and Ca contents were well below the
maximum desirable limits of WHO and NSDWQ [25, 26].
Their mean values are 1.08 mg/I, 8.89 mg/Il, 22 mg/|, and
35.84 mg/I, respectively. Low concentrations of the cations
are attributed to the less abundance of rocks rich in them.
Na and Ca concentrations in the waters could be from pla-
gioclase feldspar dissolution. Also, the low concentrations
of Na seem to correlate well with the low salinity of the
samples. Similarly, although not proportionally distrib-
uted, low Mg and Ca concentrations point to why the TH
values were generally low (< 100 mg/l). Figure 4 shows the
disproportionality between the TDS, TH, Mg, and Ca con-
centrations in the samples.

The groundwater samples recorded no excess concen-
tration of the analyzed heavy metals. Cu, Cd, Cr, and Ni
were not detected or occurred in infinitesimal concentra-
tions in all the water samples. Only four samples (BH04,
BHO7, BH14, BH19) recorded Zn concentrations, ranging
from 0.01 to 0.02 mg/I. Values of Fe and Mn concentrations
ranged from 0 to 0.2 mg/l and 0 to 0.09 mg/I, respectively.
All the obtained values are below the limits set by the
WHO and NSDWQ (Table 1).

Fig.4 Relationship between 160
TDS, TH, Mg, and Ca concentra-
tions in the samples 140
120
100
80
60
40 I
20 | ‘
o i
Qg{"\ & ’Qg&@@h
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4.2 Bacteriological counts in groundwater

The presence of some (usually pathogenic) microorgan-
isms in water is a threat to its quality. Quality and safe
water are usually characterized by zero coliform content.
Total coliform counts in the groundwater samples ranged
from 1 to 7 cfu/ml, exceeding the 0 cfu/ml limit by WHO
[25, 29] but below the 10 cfu/ml limit by NSDWQ [26]
(Table 1). Majority of the samples met the fecal coliform
count standard (0 cfu/ml) of WHO and NSDWQ. Only sam-
ples BH08, BH15, and BH18 recorded 1 cfu/ml, exceeding
the maximum allowable limit.

4.3 Hydrogeochemical characteristics
4.3.1 Water types and facies

A trilinear diagram proposed by Piper [36] is very useful
in understanding the hydrogeochemical regime of an
area.The percentages of cations and anions, expressed in
meq/l, in water are plotted in the diagram (Fig. 5) to show
the similarities and differences among the water samples.
For the analyzed groundwater samples, the dominance of
major cations and anions is in the order: Ca>Mg>Na>K
and HCO; > Cl>NO5; >S5S0, > PO, >NO,, respectively. The
general overview of the hydrogeochemical characteristics
of the water samples is shown in Table 3.

Ca, Mg, and HCO; are the dominant cations and anion
occurring in the waters. Hence, the area is dominated
by alkaline earth-bicarbonate groundwater facies. This
confirms that the groundwater has more alkaline earth
metals (Ca+ Mg) than alkali metals (Na +K) and more of
weak acids (HCO; + CO3) than strong ones (SO, +Cl). The
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Fig.5 Piper trilinear diagram showing the groundwater facies and the major characteristics of the different fields of the diagram

Table 3 Hydrogeochemical characteristics of groundwater samples

Groundwater facies & types Characteristics

Sample in the category

No. of Sample ID Percentage (%)
samples
Mg-Ca-CI-NO; Alkaline earth-chloride-nitrate dominated 1 BHO1 5.2
Ca-Mg-ClI Alkaline earth-chloride dominated BH02 5.2
Mg-Ca-HCO; Alkaline earth-bicarbonate dominated 9 BHO3, BH04, BHO5, BHO6, 474
BHO7, BH09, BH17, BH18,
BH19
Ca-Mg Alkaline earth dominated 1 BHO08 52
Mg-Ca-Na Alkaline earth-alkali dominated 2 BH10, BH11 10.5
Ca-Mg-HCO, Alkaline earth-bicarbonate dominated 3 BH12, BH14, BH15 16
Ca-Mg-Na-HCO, Alkaline earth-alkali-bicarbonate dominated 2 BH13,BH16 10.5

BH=Borehole

concentration of HCO;™ in water may be due to decompo-
sition of organic matter.

Alkalinity is simply defined as a water’s capacity to resist
changes in pH that would make it become more acidic. In
this study, the groundwater samples are generally char-
acterized by secondary alkalinity. This implies that the
waters’ buffering capacity is a function of non-carbonate
rock (weathering) origin. In other words, it can be inferred
that the evolution of the alkalinity of the groundwater
samples is due to upscale concentration of HCO,, which
in turn influences carbonic acid weathering. Moreover, the
majority of the samples are soft waters (on the basis of
total hardness, TH). This is confirmatory of the alkalinity of

the groundwater samples. Generally, soft waters are often
characterized by low-to-moderate alkalinity. This has the
potency of predisposing them to frequent pH fluctuations.

The various water types in the study area were revealed
by the AquaChem software. The water types were con-
firmed by plotting the concentrations of major cations and
anions for individual samples on stiff and radial diagrams
(not shown) and are summarized in Table 3. Seven water
types characterize the study area. It was observed that
Mg-Ca-HCO; water type constituted 47.4%, dominating
the area. Ca-Mg-HCO; water type constituted about 16%;
Mg-Ca-Na and Ca—Mg-Na-HCO; water types constituted
10.5% each, whereas Ca-Mg-Cl, Mg-Ca-CI-NO;, and
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Ca-Mg water types each made up 5.2%. The water types
dominating this wetland area confirm that the waters have
no links to seawater intrusion process, as waters that have
mixing with seawater are dominantly composed of alkalis
(Na+K) and strong acids (Cl +SO,) [35].

The major ions of the groundwater samples were
also plotted in a Durov diagram (Fig. 6) because it aids
in depicting evolutionary and hydrogeochemical trends
and processes taking place in groundwater systems. The
Durov diagram confirmed the distinctions shown in the
cation and anion fields of the Piper diagram.The samples
generally seem to have a uniform (similar) geochemical
trend. Majority of the groundwater samples are plotted
in Ca+ Mg-rich cation field and HCO; + CO5-rich anion
field. This indicates that there exists an ionic exchange of
Ca-Mg-HCO5-rich waters, evolving from possible silicate
hydrolysis, cation exchange, or a combination of both
[371. For clarity purposes, the silicate hydrolysis and ionic
exchange are discussed in a different subsection. None
of the samples appeared in the pH field, confirming the
waters are mostly slightly acidic.

4.3.2 Evaluating hydrogeochemical evolution using Gibbs
mechanism

It was necessary to examine the water—-environment inter-
actions that give the waters their characteristic chemis-
try. Gibbs [38] diagram helps in establishing the relation-
ships between water chemistry and hydrologic processes
and lithology of an aquifer. Although the Gibbs diagram
was originally drawn for surface water, many researchers
[12, 32, 35, 39-43] have used it in groundwater studies.
The area under study is characterized by shallow aqui-
fers, swamps, and streams/rivers. It is, therefore, believed
that there are possible constant interactions between
the groundwater systems and the surface water bod-
ies. Table 4 shows the samples’ Gibbs ratios (for cations
and anions), and Fig. 7 presents Gibbs diagrams used in
assessing this relationship among the samples. Domi-
nance due to precipitation, evaporation, and rock-water
interaction (weathering) is three distinct fields of the Gibbs
plot. Results show that hydrogeochemical properties of
the groundwater samples are controlled by rock-water
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Fig.6 A Durov diagram confirming the geochemical trends of the samples
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Table 4 Gibbs weight ratios versus TDS of the samples

BH0O2 BHO3 BH04 BHO5 BHO6 BHO7 BHO8 BH09 BH10 BH11 BH12 BH13 BH14 BH15 BH16 BH17 BH18 BH19

BHO1

Sample ID

40 36 48 120 140 53 75 95 70 20 22 120 50 20 93 25 56 80

126

TDS

0.17
0.23

0.14 0.12 0.17 0.17 0.40 0.29 0.06 0.32 0.28 0.34 0.32 0.25 0.16 0.18 0.20 0.22 0.29
0.19 0.21 0.09 0.00 0.25 0.46 0.23 0.56 0.25 0.12 0.32 0.16 0.07 0.24 0.22 0.00

0.55

0.13
0.

Na+K/(Na+K+Ca)
Cl/(Cl1+HCO,)

42

interactions. The chemistry of the groundwater samples
is largely influenced by chemical weathering of rock-form-
ing minerals and anthropogenic activities. The rock-water
interaction is controlled by factors such as relief, climate,
and chemical composition of rocks and soils in the area
[38, 44]. The rocks and soils in the study area are far more
enriched in Ca and Mg than the other cations (Na +K). Cal-
culated Ca/Mg ratios, as well as SO,/Cl ratios, show that
the groundwater systems are typically recharged from
freshwater sources (Table 5). However, most of the sam-
ples have TDS values below 100 mg/I.

4.3.3 Silicate hydrolysis and ion exchange

So far, it has been revealed that the hydrogeochemistry
of the groundwater systems is influenced by the hydro-
geological setting, geology, chemical weathering, ionic
exchange, and agricultural inputs. As cited earlier, the
dominant water facies is Ca-Mg-HCO;. From the Gibbs
analysis, rock-water interaction (weathering) is a domi-
nant process in the hydrogeochemical evolution of the
groundwater samples. Hence, the influence of silicate
hydrolysis and ion exchange on the overall geochemistry
of the waters will be expatiated.

In chemical weathering, hydrolysis is a very important
chemical change that takes place. Hydrogen ions in water
react with minerals and cause them to disintegrate into
various ions. This reaction is often accelerated by the
presence of dissolved CO, which can also be derived from
respiration and decay of organisms in the soil, to yield car-
bonic acid, H,CO; [45].

CO, + H,0 — H,CO;4 1)

H,CO; < HCO; + H* )

The study area is dominated by silicate rocks and min-
erals. The silicate weathering process is well supported by
a high (sufficient) concentration of HCO; [39]. However,
a hydrogen ion is known to be the most potent agent of
hydrolytic weathering processes. Therefore, from Eq. 2, it
can be seen that when more hydrogen ions, alongside car-
bonic acid, are liberated into the aquiferous system, more
dissolution of silicate minerals will be enhanced. However,
the liberation of excess H* than OH™ will make the ground-
water samples far more acidic, with pH far less than 5 [28].
Since sands and alluviums are the dominant geologic units
in the study area, silica and feldspars are consequently the
dominant minerals. Feldspars are rich in calcium, sodium,
and potassium. In the hydrolysis of these minerals, car-
bonic acid and water alter them to insoluble clay residue
and dissolved ions [45]. The clay residues constitute the
components increasing the turbidity of water, whereas the
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Table 5 Ratios of concentrations (mg/l) of some dissolved species 185
in the analyzed water samples 175
Sample ID Hydrogeochemical coefficients 135
Na‘*/CI  SO2/Cm  Ca?*/Mg* 2™ Carbonic weahering
_8115
BHO1 0.08 0.40 1.64 2 o5 =
s
BHO02 0.13 0.13 2.15 i . ) Slicals weahiering
BHO3 0.80 0.47 0.97 5 B . .
BHO4 0.29 071 1.48 KT :
BHOS 0.80 0.30 0.87 - '
15
BHO6 0.00 0.00 0.60 15 35 5 75 95 115 135 155 175 195
BHO7 0.33 0.80 0.56 SO, + HCO, (mgfL)
BHO8 0.18 0.24 344
BHO9 0.39 033 0.79 Fig. 8 Scatter plot for carbonate weathering versus silicate weath-
BH10 0.86 0.57 1.60 ering processes
BH11 1.43 1.00 1.03
BH12 0.86 0.71 2.21 relatively higher when compared to that of magnesium
BH13 0.78 0.56 2.73 ions (Table 5). The magnesium concentration could be due
BH14 0.42 0.47 5.38 to the weathering of magnesium minerals, whereas cal-
BH15 1.00 0.80 5.00 cium might have been leached from weathering of calcic
BH16 1.00 0.27 7.00 minerals (plagioclase feldspars in sands and alluviums) or
BH17 0.57 0.19 1.05 cation exchange process. However, carbonic acid disso-
BH18 0.00 0.00 0.95 lution is an important process believed to expedite the
BH19 033 0.42 1.47 silicate weathering which releases calcium ions into the
Avg. seawater value 0.90 0.10 0.20 groundwater samples (Egs. 3 and 4).
Avg. river water value 1.80 1.60 3.70 M 0 0 H.0 HCO™ + M 2 n
Range for study area 0-1.43 0-1.00 056-700 (Mg, Ca}4CO; + 0, + 2H,0 — 4HCO; + Mg™ +Ca
Avg. value, study area 0.54 0.44 2.15 (3)
Average values of sea and river water adopted from Al-Ruwaihand (Mg, Ca)CO, + H,0 — H,CO; + Mg** + Ca** (4)

Ben-Essa [49]

dissolved ions influence other physical properties (includ-
ing alkalinity and EC) of the water.

A (Ca+Mg) versus (SO, +HCO;) scatter plot (Fig. 8) con-
firms that silicate weathering dominates the study area
more than carbonate weathering [13, 39, 46]. The con-
centration of calcium ions in the groundwater samples is
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The Na* is believed to come from the dissolution of
sodium-bearing minerals (e.g., sodic plagioclases like
albite). According to Meybeck [47] and Kumar et al. [39],
Na/Cl ratio greater than 1 typically indicates that sodium
ions were derived from silicate weathering. However, the
result showed that three samples have Na/Cl ratio greater
than 1, whereas the others were less than 1 (Table 5), sug-
gesting that there could be a significant reduction of Na
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concentration due to ion exchange process (Eq. 5). How-
ever, it has been reported that reverse cationic exchange
takes place with sodium reducing the concentrations of
Ca** and Mg?* ions [13, 33], when sources rich in sodium
are more abundant than those of calcium and magnesium.
If the halite dissolution process was to be responsible for
the sodium concentration in the samples, Na/Cl ratio could
be approximately equal to 1 [39, 47].

(Ca,Na)2H,0 + CO, — HCO; +3H* + Ca** + Na*  (5)

Low concentrations of sodium compared to calcium
indicate the absence of readily soluble sodic minerals (pla-
gioclase) or the action of base exchange where sodium has
been exchanged for calcium as shown in Eq. 6. Generally,
this trend is accounted for by cation exchange reactions
that occur in favor of calcium as the water flows through
calcium-rich rock/soil units of the aquifer system.

2CaAlSi;O + 2Na* — 2NaAlSi;O + 2Ca* (6)

As the water flow reaches sodic minerals, the reaction
path shown in Eq. 7 may be followed, for the water to
acquire Na*:

the direct influence each of them has on one another is
positively minimal. However, moderate positive correla-
tion exists between EC and TDS (0.503), pH and turbidity
(0.534), PO, and EC (0.554), Cl and NO; (0.535), and Fe and
TH (0.653). This suggests that each of the pairs significantly
influences the occurrence (concentration) of their respec-
tive counterparts.

A strong positive relationship (0.926) exists between
the nutrients, PO, and NO;, in the waters. Also positive
correlations exist between K, NO5, and PO, (Table 6). This
indicates that their occurrence is possibly linked to the use
of fertilizers (NPK) in the area [17]. In this study, Mn has a
positive correlation with NO;, indicating possible agricul-
tural sources. In agricultural areas, Mn often occurs in water
through the leaching of fertilizers over a period of time.
A weak negative correlation exists between PO, and NO,
(—0.324), indicating that they do not directly influence the
occurrence of each other in the waters. Although NO, is got
by the denitrification of NO; and during the nitrification
reaction of ammonium ion (NH,"), the negative correlation
between them could be an indicator that their occurrence

2NaAISi; 04 + 2H,CO; + 9H,0 — Al,Si,05(OH), + 2HCO; + 2Na* + 4H,Si0, (7)

Likewise, potassium, a common component of ferti-
lizers (rich in NPK) and thus believed to be derived from
agricultural sources, can also be leached from dissolution
of orthoclase feldspars in the presence of carbonic acid
and water (Eq. 8):

in the groundwater samples is not proportional. This could
mean that there were low numbers of microbes convert-
ing nitrates to nitrites. It could also be as a result of other
geochemical processes taking place in the waters.

2KAISi;Og + 2H,CO; + 9H,0 — Al,Si,05(OH), + 2HCO; + 2K* + 4H,Si0, (8)

4.4 Multivariate statistical analysis
of hydrogeochemical data

4.4.1 Correlation coefficient matrix

The Pearson’s correlation matrix analysis is a useful tool
that can indicate the origins and associations between
hydrogeochemical parameters [12, 13, 33, 35]. For this
study, the strength of the relationships between all the
parameters is shown in Table 6. Negative and negligible
relationships exist between temperature and other param-
eters. This is indicative that temperature has little or no
control over the accumulations of the cations and anions
in the area [12]. Many of the parameters have weak posi-
tive correlations with one another. Ca appears to have the
highest positive (weak) association with others. The weak
positive associations among many of the parameters sug-
gest that many factors could be influencing their occur-
rence in the groundwater samples. It could also mean that

The positive association between EC, pH, and TDS sug-
gests that they probably influence the concentration of
major ions in the groundwater samples. A weak negative
association (—0.457) was observed between TH and TDS.
The positive linearity between pH and TDS and salinity and
TDS is weak. However, the correlation between Mg and
salinity and TH is higher than the correlation Ca, K, and Na
have with salinity and TH (Table 6). This implies that the
salinity and hardness of the waters are more influenced
by magnesium salts and minerals than those of the others.
The negligible (almost zero) correlation between Na, Mg,
and Cl confirms there was no mixing of the groundwater
samples with saline water, affirming they were completely
recharged by fresh water sources (e.g., ponds, creeks,
streams, rivers). It is very likely to find the following corre-
lation pairs (Na and Cl, Mg and Cl, TDS and Cl, Na and TDS,
salinity and Na, Cl) in regions where salt deposits or salt-
water intrusion interferes with water resource quality [40].
However, in this study, no such association was recorded.
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Fig.9 Plot of Na* versus CI~

Sodium has a very weak negative correlation with chlo-
ride (Table 6, Fig. 9). The weak relationship factors between
Ca and HCO; and Ca and SO, further confirms there was
no carbonate rock dissolution and gypsum dissolution,
respectively, in the area [13, 40].

4.4.2 Principal component analysis (PCA)

In this study, PCA was used to validate the Pearson’s cor-
relation analysis. Four principal components (PC) were
extracted (Table 7). The four components show that the
analyzed variables have two distinct sources (anthropo-
genic and geogenic) influencing their occurrence and
consequently the chemical composition of groundwater
samples in the study area. The number of significant PC for
interpretation was selected with a minimum eigenvalue of
1[13, 35, 40]. In this study, component (factor) loadings
of <+ 0.4 are taken to show poor loadings; £ 0.4 signifies
moderate loadings and >+ 0.4 indicates high loadings.

The parameters (EC, TDS, turbidity, NO;, NO,, PO,, HCO;,
Na, Mg, and Mn) in PC 1 are typical of origin from the com-
bined influence of geogenic processes (rock-water—envi-
ronment interactions) and anthropogenic activities [12, 17].
The NO;, NO,, PO,, and Mn are significantly indicative of
anthropogenic sources (very likely from agricultural inputs)
rather than natural, geogenic processes[12, 17]. In PC 2, the
assemblage of parameters (pH, TDS, salinity, SO,, Cl, K, and
Ca) is typical of origin from geogenic processes. Likewise,
pH, turbidity, HCO;, Na, Mg, Ca, and Fe with high factor
loadings in PC 3 indicate geogenic sources. The coexistence
of pH and HCO; in PC 3 could be indicating that the latter
influences the former and could also be why the majority
of the groundwater samples are slightly acidic [12, 40]. A
further shift in the pH (toward acidity) may result in precipi-
tation of CaCO; from the water [28] (Egs. 9, 10). Parameters
(turbidity, TH, NO;, Ca, Fe, and Zn) in PC 4 are indicative of
geogenic processes. However, the NO; and Zn are linked
to an anthropogenic source(s) [12, 17, 35].

Ca®* + CO, + H,0 — CaCOy, + H )

Table 7 Principal components’ loadings influencing the hydrogeo-
chemistry and quality of groundwater samples

Quality Communal-  PCs (Initial eigenvalue=1)
parameter ity (initial at
1.00) PC1 PC2 PC3 PC4
Temp 0.217 0.065 0.169 0.212 -0.374
pH 0.745 0.169 -0.478 0.659 0.231
EC 0.500 0.555 0.186 -0.382 -0.104
TDS 0.665 0555 -0.548 -0.142 -0.191
Turbidity 0.719 0407 -0.177 0554 0464
Salinity 0.348 0.055 -0.478 0.061 0.336
TH 0.744 -0.392 0313 -0.299 0.635
NO; 0.942 0.753 0381 -0.240 0414
NO, 0.429 -0472 0290 0.240 0.255
PO, 0.942 0872 0216 -0.151 0.334
SO, 0.739 -0.275 0790 0.026 -0.198
a 0.517 0358 0.607 0.008 0.142
HCO, 0.617 -0471 0140 0.608 0.075
K 0.445 0.210 0.618 0.075 -0.113
Na 0.443 -0410 0275 0443 -0.051
Mg 0.583 -0.509 -0.034 -0.477 0307
Ca 0.600 0117 0475 0413 0437
Fe 0.687 -0352 -0.109 -0472 0574
Zn 0.453 -0.197 0.197 -0337 -0.512
Mn 0.547 0569 0226 0315 -0.269
Total 3.920 3.024 2590 2349
% variance 19.599 15.120 12948 11.745
Cumula- 19.599 34719 47.667 59.413
tive %
Significant PC values are in bold
Ca** + HCO; — CaCOjy,, + H* (10)

Research has shown that the mineralogy of a geological
unit (regime) controls, to a large extent, the chemistry and
quality of water permeating (flowing) through the system
[8, 48]. In line with this thought, it can be deduced that the
variables, Mn and Zn, could not be linked to geogenic pro-
cesses (rock/soil weathering) because the dominant rock/
soil types (sands, alluviums, and clays) in the study area are
not likely to be composed of such mineralogy [12]. Their
possible source could be more from agricultural activities.
However, their linkage to geogenic origin could only be
possible if there are host rocks associated with siderites
and pyrites.

4.5 Groundwater quality and potability assessment
The suitability of groundwater for drinking and domestic
purposes was assessed. The results showed that the mean

concentrations of the physicochemical parameters in the
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Fig. 10 Wilcox diagram showing the suitability of the waters for irrigation

groundwater samples were generally below the maximum
allowable limits for drinking water set by the WHO [25]
and NSDWQ [26], indicating that they are generally suit-
able for drinking and other domestic (cooking, washing,
and bathing) purposes. However, all the samples recorded
total coliform counts greater than zero, which is contrary
to WHO standard, but within the NSDWQ standard. Fur-
ther, the FC values showed that samples BH08, BH15, and
BH18 had fecal contamination. Studies have shown that TC
counts in water do not necessarily make the water unsafe
for use, and not all FC have hazardous health impact [23].
Although no serious threat to human health is speculated,
the counts threaten the quality of the waters for drinking
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and domestic purposes. Treating (maybe by boiling) the
waters before drinking should be encouraged, as this will
help improve or maintain their quality.

Irrigation water quality represents the fitness of water
for agricultural utility [1, 40]. In order to ascertain whether
or not the water samples are good for irrigation purpose,
a Wilcox diagram (Fig. 10) was plotted. This diagram plot-
ted for the samples revealed that they are good for irriga-
tion purposes. The suitability of groundwater for irrigation
purpose depends on the dissolved ion constituent [33].
EC, sodium absorption ratio (SAR), and salinity are among
the critical factors used in assessing the suitability of water
for irrigation purpose. High EC value often indicates that



SN Applied Sciences (2019) 1:851 | https://doi.org/10.1007/542452-019-0853-1 Research Article

water is enriched with salt. This, also, usually makes the
water saline, and high salinity leads to the formation of
saline soils which does not support plant growth [33]. High
sodium concentration (or high salinity) in water poses
health hazards (including hypertension) to its users.

5 Conclusions

The groundwater quality and hydrogeochemistry of Ogb-
aru farming district have been evaluated using an inte-
grated physicochemical, bacteriological, hydrogeochemi-
cal, and multivariate statistical study approach. Based on
the gross findings of this paper, the following conclusions
are drawn:

1. The physicochemical characteristics of the groundwa-
ter samples are within the standard maximum permis-
sible limits of the WHO and NSDWQ. Hence, all of the
samples are good drinking water. However, the major-
ity of the samples have pH values below the allowable
limits of 6.5-8.5, classing the waters as slightly acidic
to neutral.

2. The presence of FC in three of the samples and TC in
all of the samples showed that they were vulnerable to
contamination by more toxic microorganisms. The TC
counts were above the WHO standard, though gener-
ally below the NSDWQ standard. Although most of the
groundwater samples are of good quality based on the
physicochemical properties, the presence of coliforms
points that their quality is questionable and hence not
safe for drinking purposes. Therefore, treating them
before use will be advantageous.

3. The predominance of major cations and ani-
ons is in the order: Ca>Mg>Na>K and
HCO;>ClI>NO;>S50,>P0O, >NO,, respectively. The
dominant hydrogeochemical facies is alkaline earth-
bicarbonate. Seven water types were identified in this
study. Mg—-Ca-HCO; water type constituted 47.4%,
dominating the area. Ca-Mg-HCO; water type con-
stituted about 16%; Mg—Ca-Na and Ca-Mg-Na-HCO,
water types constituted 10.5% each, whereas Ca-Mg-
Cl, Mg-Ca—-CI-NO;, and Ca-Mg types made up 5.2%
each.

4. The correlation and principal component analyses
successfully revealed the interrelationships and pos-
sible origins of the analyzed water quality parameters.
These statistical tools identified that both anthropo-
genic (mainly agricultural) and geogenic (chemical
weathering and ionic exchange) processes influence
the hydrogeochemistry and quality of the drinking
groundwater in the study area.

The information provided in this study is essential and
needful in the monitoring, management, and sustain-
ability of the groundwater resources for public health
and economic development in the Ogbaru district.
However, further study utilizing more sophisticated
approach is recommended.
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