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Abstract: Hydrochemical data of groundwater samples obtained from the mudstones, sandstones,
and siltstones aquifer units that underlie the study area have been characterized. The aim of this
study was to assess the suitability of groundwater for drinking, domestic, and agricultural purposes.
The physico-chemical parameters were initially compared with the World Health Organization (WHO)
standards for potable water. They were further subjected to various hydrochemical techniques to assess
the overall water quality for drinking purposes. Conventional methods of assessing irrigation water
suitability were also adopted. The results indicate that, with the exception of HCO;™ characterized
as unsuitable for drinking water, most of the parameters are within the WHO permissible limits
and are thus characterized as suitable for drinking water. A few samples however show slight
deviation. The results also show that the abundance of major cations in groundwater is in the
order: Na* > Ca®* > Mg?* > K*. However, the abundance of the major anions is in the order:
HCO;~ > CI~ > SO42~. Na-HCO3 is thus inferred as the dominant water type in the area. Analyses
of the overall Water Quality Index (WQI) and irrigation water assessment indices suggest that
groundwater in the area is generally suitable for drinking, domestic, and irrigation purposes.

Keywords: hydrochemical parameters; groundwater samples; water quality; WHO standards;
agricultural purposes

1. Introduction

The global economy, as reported by numerous studies [1-3], depends on water resources.
According to the 2016 edition of the United Nations World Water Development Report (WWDR)
dubbed “Water and Jobs”, as reported by the World Water Assessment Programme (WWAP) [2],
an estimated three out of four jobs (75%) that make up the global workforce are either heavily or
moderately dependent on water. The UN report also notes that, half of the world’s workers (1.5 billion
people) are employed in eight water and natural resource-dependent industries. It is thus suggestive
to say that the socio-economic development of any nation is tired to the availability of water resources.
The portion of water resources used worldwide for drinking, domestic, industrial, and agricultural
purposes is freshwater. Information on global water budget as contained on a webpage of the National
Groundwater Association (NGWA), Westerville, United States, indicates that groundwater is the biggest
reservoir of useable freshwater, accounting for about 98% of freshwater on earth [4]. Groundwater is
therefore a very important water supply source all over the world. It is an essential natural resource
and serves as an important water source for drinking, domestic and industrial purposes in most
countries [5]. Its demand has arguably increased across the globe due to its suitability for domestic
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and agricultural purposes and the relatively less rigorous treatment requirement prior to usage. It is
the primary source of drinking water for human consumption and estimated to supply about 50% of
potable water for human consumption globally [6]. The situation is even more pronounced in Ghana
as a whole and rural Ghana in particular, where groundwater supplies about 70% and 90% of drinking
water to the respective populations [7]. Traditionally, rural communities in Ghana have depended
on available surface water resources, such as rivers, streams, and in some cases dugouts, for their
domestic and rural enterprise water requirements. However, rapid population growth coupled with
climate variability/change and prolonged dry seasons has led to increasing demands for water and
the depletion and pollution of surface water sources in some of these rural areas. This makes it very
difficult to ensure sustainable supply of potable water for various uses. This has resulted in the need
for alternative water sources of which groundwater is the prime option.

Groundwater has the integrity of being potable and has long been regarded as mostly a safe
source of water for domestic, industrial, and agricultural purposes as compared to surface water
sources. Nonetheless, due to its interaction for extended period of time with geological materials and
the environment as a whole, groundwater has a wide range of variation in composition as compared to
surface water [8]. The quality of some sources of groundwater has been found unacceptable due to the
introduction of a range of pollutants such as nitrate, sulphate, toxic organic compounds, and pesticides
into aquifers, especially in regions that are developed for industrial and agricultural purposes [9-11].
This has negative health implications stemming from geogenic and/or anthropogenic factors and
can adversely affect the health of consumers [12,13]. Research shows that parts of northern Ghana,
such as Bongo, Bolgatanga, Pwalugu, etc. have reported groundwater pollution problems [14]. Most of
these studies identified rock weathering and anthropogenic activities as the causes of some of these
pollution problems.

Saboba and Chereponi Districts are predominantly agrarian settlements. Most of the inhabitants
depend on groundwater for drinking and domestic purposes, and to some extent for agricultural
uses. In the wake of population growth with its attendant high demands for water, and the need
to supply safe drinking water, it is important to evaluate and monitor the quality of the only
source of potable water in communities within the study area. Therefore, the overall aim of this
study was to assess the quality of groundwater in the area for domestic, drinking, and agricultural
purposes. The following specific objectives were set for the achievement of the broad objective:
(i) to characterize the physico-chemical parameters of groundwater through comparison with the
World Health Organization (WHO) guidelines for potable use, (ii) to understand and identify the
dominant ionic constituents and water types, and (iii) to analyse the overall Water Quality Index (WQI)
and irrigation water assessment indices to assess the suitability of groundwater quality for drinking,
domestic and agricultural purposes. The study is intended to provide relevant information which may
serve as a decision support tool for the effective monitoring and management of groundwater quality
for sustainable development.

2. Materials and Methods

2.1. Location, Vegetation and Climate

The study area is located in Saboba and Chereponi Districts (Figure 1), in the Northern and North
East Regions of Ghana respectively. It falls between longitudes 0°10" W and 0°28" E and latitudes
9°20" N and 10°28" N and bordered by several other districts (Figure 1). It covers an area of about
2810 km? [15].
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Figure 1. Location map of the study area.

The vegetation pattern in the area is that of the savannah grassland interspersed with clusters of
shrubs, drought-resistant trees and short trees many of which are destroyed by anthropogenic activities
such as construction, bush burning and farming [16].

On the basis of Képpen-Geiger climate classification [17], the study area is classified as a tropical
savannah climate. Precipitation varies throughout the year characterized by two major seasons: the wet
season which occurs between May and October with a mean annual precipitation of about 750 to
1050 mm. The wet season is followed by a prolonged dry season spanning from November to April.
Temperatures are generally high all year round varying between 14 °C at night and 40 °C during the
day. The dry season is characterized by dry northeast trade winds or Harmattan from November to
February and high sunshine from March to May [18].

2.2. Geological and Hydrogeological Settings

On a regional scale, the Saboba and Chereponi Districts are underlain by rocks of the Voltaian
Super Group [19]. The Voltaian Super Group encompasses partially metamorphosed sedimentary rocks
which overly unconformably the West African Craton, precisely, the Man-Leo Shield [20]. Rocks of the
Voltaian Super Group form the western margin of the Dahomeyide Pan-African belt which extend
from parts of Ghana through Togo, Burkina Faso to Niger [19]. Almost one third of the total land area
of Ghana (103,600 km?) is covered by the Voltaian Super Group and is made up of gently dipping
sediments that rest on a dominant Precambrian unconformity [21]. The Voltaian rocks are made up of
three main groups. The Kwahu-Bombouaka Group is the oldest and forms the base of the Voltaian
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Super Group. This is followed by the Oti-Pendjari Group unconformably overlying the Voltaian.
The youngest and uppermost group is the Obosum Group [22].

The local geology indicates that, the study area is underlain by rocks of the Oti-Pendjari Group of
the Voltaian Super Group. The Oti-Pendjari Group is mainly well consolidated and closely compacted
basal sandstone. It also includes shales and tillite-dolomite limestone. The Oti-Pendjari group
constitutes the following rock formations: the Bunya sandstone (which is dominantly feldspathic
sandstone), Chereponi sandstone (consists of alternating sandstones and stiltstones) members, and the
Bimbila and Afram formations (these are dominantly micaceous mudstones and siltstones with rare
limestones and sandstones) [23]. However, the entire study area is underlain by the Bimbila, Chereponi,
and the Afram formations which trend north—south (Figure 2). The main rock types underlying the
study area are thus mudstones, sandstones, and siltstones.
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Figure 2. Geological map of the study area showing major rock units of the Oti-Pendjari group and
boreholes locations (Modified from Duodu [24]).
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Hydrogeologically, the Voltaian Supergroup is characterized mainly by little or no primary porosity.
Groundwater occurrences are thus, associated with the existence of secondary porosities caused by
fracturing, faulting, jointing and weathering [25]. The study area is part of the White Volta River
Basin. Two distinct types of aquifers have been identified in the White Volta River Basin as a result:
the weathered zone aquifers and the fractured zone aquifers [25]. The weathered zone aquifers occur
at the base of the thick weathered layer and are either semi-confined to confined aquifers depending on
the degree of permeability of the upper weathered layer. The fractured zone aquifers are more localized
in nature. Thus, groundwater occurrence is structurally controlled with borehole yields determined by
the extent and degree of fracturing. The success rate for drilling boreholes within the Oti-Pendjari
Group is about 56% with yields ranging between 0.41 m3/h and 9 m%/h and a mean yield of about
6.2 m3/h [25]. Recharge to the aquifer systems is generally by direct infiltration of precipitation while
some amount of recharge may also occur through seepage from ephemeral streams channels during
rainy seasons [26]. The recharge rate computed in the Voltaian ranges between 2.07 x 107> m/day and
2.85 x 10~* m/day which is about 0.3% to 4.1% of the annual precipitation in the area. Water quality
issues in the various rock units within the Oti-Pendjari group indicate that groundwater from the
sandstone units is often less mineralized as compared to groundwater from the mudstone and siltsone
units. However, as reported by Obuobie et al. [23], there is evidence that fluoride is more common in
the sandstone units than in the mudstones or the siltstones.

2.3. Data Acquisition

The hydrochemical data were acquired from Community Water and Sanitation Agency (CWSA),
Soboba, of the erstwhile Saboba-Chereponi District of Ghana. The dataset was generated from
groundwater samples that were collected from 28 drilled boreholes at different locations in the study
area (Table A1l). The distribution of boreholes in each geologic unit of the study area indicates:
Ten boreholes (36% of total boreholes) in the Bimbila formation, nine boreholes (32% of total boreholes)
in Chereponi sandstones and nine boreholes (32% of total boreholes) in the Afram formation as shown
in Figure 2 above. Observations during data acquisition suggest that, two sets of samples were collected
from each borehole in low-density polyethylene bottles: one set for major cations analysis and the
other set for major anions analysis. It was also observed that, standard protocols as contained in the
American Public Health Association (APHA) [27] and the United States Salinity Laboratory (USSL),
RiverSide, United States [28], were observed during the groundwater sampling and analysis.

2.4. Data Processing and Analyses

From the hydrochemical data acquired, a total of thirteen physico-chemical parameters comprising
pH, electrical conductivity (EC), total hardness (TH), calcium (Ca?"), magnesium (Mg2+), sodium
(Na*), potassium (K*), bicarbonate (HCO;~), sulphate (SO427), chloride (C17), nitrate (NO3"),
phosphate (PO437), and fluoride (F~) were considered for the assessment of groundwater quality in the
area. Electrical conductivity (EC) and potential for hydrogen ions (pH) were the only in-situ measured
parameters using Hach HQ40d. Total hardness (TH) was estimated from calcium and magnesium
concentrations. Information gathered on the hydrochemical data acquired suggests that, analyses of
the various parameters were carried out using the standard methods for water analyses as suggested
by APHA [27]. The results were then used to characterize the groundwater by comparing values of the
physico-chemical parameters with their respective World Health Organization (WHO) [13] standards.

There are several groundwater quality assessment methods available in the literature [8,29-36].
These methods are dependent on the physico-chemical parameters and are used in various ways to
assess the quality of groundwater for drinking purpose. Many studies have adopted the Water Quality
Index (WQI) method and successfully assessed the suitability of water for drinking purpose [37,38].
This current study adopted same, using the weighted arithmetic index approach [39] in conjunction with
other conventional graphical methods such as the Piper, Durov, and Stiff diagrams in characterizing
the chemistry of groundwater in the study area. The WHO [13] guidelines for drinking water were
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used as a yardstick for the computation of WQIs. Computation of the WQI to assess the suitability of
groundwater for drinking purposes is a four-step approach:

The first step involves assigning weight (wi) to each of the twelve parameters considered (pH,
TH, Ca?*, Mg?*, Na*, K*, HCO3~, SO4%~, C1~, NO;3~, PO, F7) for the computation of WQI based
on their relative importance to the overall quality of groundwater. Parameters, such as pH, NO;~,
and F~, were assigned a maximum weight of 5 due to their significant role in water quality assessment,
while weights between 1 and 5 were assigned to the remaining parameters on the basis of their relative
significant role in the water quality assessment.

Step 2 involves the computation of the relative weight (Wi) of each parameter (Equation (1))

Wi

W; =
Z?:l wj

)

where Wi is the relative weight, wi is the weight of each parameter and n is the number of parameters.
The third step is based on computation of the quality rating scale (qi) for each parameter
(Equation (2)).
Gi
g = = X100 &)
Si
where qi is the quality rating, Ci is the concentration of each parameter in mg/L, and Si is the WHO [13]
standard for each parameter in mg/L.
The fourth step is the determination of the sub-index (SI) for each parameter. This is then used to
calculate the WQI (Equation (3)).

SI = Wi X q; (3)

The overall WQI was then computed by summing up all the sub-index values for each sample as
per the following equation:

WQI = Z SI ()
i=1

The computed WQIs were then classified using Sahu and Sikdar [40] classification model (Table 1).
For the other assessment indices mentioned earlier, the trilinear Piper diagram [41] is used in most
cases to display groundwater chemical association and water type. The Durov [42] diagram is another
popular graphical representation of hydrochemical data for classifying natural waters and for the
identification of their composition. It has additional advantage as compared to the Piper diagram due to
its ability to further reveal the hydrochemical processes that affect the groundwater as asserted by Lloyd
and Heathcoat [43]. With the use of Stiff diagram, a distinctive shape is defined for waters of similar
quality. Therefore, the data obtained from the analysis of the hydrochemical data were processed and
interpreted using WQI, Piper, Durov, and Stiff plots to characterize groundwater chemistry in the
study area.

Table 1. Water quality index (WQI) classification [40].

WOQI Status
<50 Excellent water
50-100 Good water
100-200 Poor water
200-300 Very poor water
>300 Water unsuitable for drinking

The quality of groundwater for irrigation purposes was determined using several assessment
indices. These include the United States Salinity Laboratory (USSL) [28] diagram and the Wilcox [44]
diagram together with EC values and other agricultural indices estimation methods such as SAR, TH,
MR and %Na. Table 2 contains the estimation methods adopted in this study for the computation of



Hydrology 2020, 7, 53 7 of 21

irrigation water suitability. These indices are considered an effective approach to assess the suitability
of water for irrigation purposes [34]. The corresponding classification of water types according to the
USSL [28] is presented in Table 3.

Table 2. Estimation methods for computation of irrigation water suitability (Sources modified by
researchers [32,35,45]).

Quality Parameters Abbreviation Adopted Formula Source
Sodium adsorption ratio SAR %(C§+1Mgz+) [28,34,46]
Total Hardness TH (Ca2+ —&;+Mg2+) x50 [32]
Magnesium hazard MR (Cazl%f—ngﬂ x 100 [35,47]
Sodium percentage %Na e +5<I\la+c+§ - 3—Mg2 +) %100 [34,44,48]

All ionic concentrations for computation of the indices are in meq/L.

Table 3. Classification of irrigation water types (Source modified by researchers [28,31]).

Parameter Range Water Type
<250 Excellent
250-750 Good
EC 750-2250 Permissible
2250-5000 Doubtful
>5000 Unsuitable
<10 Excellent
10-18 Good
SAR 18-26 Fair
>26 Poor
<75 Soft
TH 75-150 Moderately Hard
150-300 Hard
>300 Very Hard
<50 Suitable
MR >50 Unsuitable
<20 Excellent
20-40 Good
%Na 40-60 Permissible
60-80 Doubtful
>80 Unsuitable

3. Results and Discussion

3.1. Hydrochemical Characterization

A summary of basic statistical analysis of the various hydrochemical parameters for the three
distinct geologic units of the study area is presented in Table 4. Table 4 also includes contributions
of these units to the levels of hydrochemical parameters together with the WHO [13] guidelines for
comparative studies. Discussions of the characterization of the hydrochemical parameters are based
on the categorization of samples with respect to the existing geological units.
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Table 4. Descriptive statistical summary of hydrochemical parameters within the three geological units of the study area.

AFM BFM CFM Number Within WHO Limit  Total Number ~ Number Outside WHO 51 Number ~ WHO

Parameters Within WHO Limit Outside WHO  (2017)

MIN MAX MEAN MIN  MAX MEAN MIN MAX MEAN AFM  BFM  CFM Limit AFM  BFM  CFM Limit Limits

pH 691 7.80 7.17 6.83 7.25 7.05 6.83 7.81 7.01 9 10 9 28 0 0 0 0 6.5-8.5

EC 57600 145600 1231.67  863.00  1398.00 1159.10 74600  2180.00 1164.44 9 10 9 28 0 0 0 0 2500
TH 4070 20489 10870 5500 17584 11863 8203 31030 15947 8 10 7 25 1 0 2 3 200
Ca®* 7.90 4780 2196 7.80 3880 2275 1300 10290  30.44 9 10 9 28 0 0 0 0 200
Mg?* 5.10 2580 1310 530 2380 1503 1120 3510 2029 9 10 9 28 0 0 0 0 150
Na* 8820 25000 19856 9620 26670 17606 7670 41380  169.97 4 7 7 18 5 3 2 10 200
K* 1.00 520 2.08 0.80 630 2.56 1.30 5.40 251 9 10 9 28 0 0 0 0 3000
HCO;~ 25100 62360  453.09  401.00 49500 45521 34500  831.00  487.70 0 0 0 0 9 10 9 28 150
5042 58 18010  36.62 471 19000 3736 7.10 6200 2254 9 10 9 28 0 0 0 0 250
ar- 480 22600  37.79 790 12000 2249 500 79200  112.49 9 10 8 27 0 0 1 1 250
NO;~ 0.01 2323 5.65 0.01 10.10 2.89 0.01 16.86 2.63 9 10 9 28 0 0 0 0 50
PO,3- <0001 0008 0003 0001 0940 009 0001 0008  0.002 9 9 9 27 0 1 0 1 0.7
F- 0.20 251 0.88 053 2.04 1.30 0.50 420 1.40 7 5 7 19 2 5 2 9 15

AFM: Afram Formation, BFB: Bimbila Formation, CEM: Chereponi Formation. All parameters are in mg/L except EC (uS/cm), pH (pH units).
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For the determination of suitability of water for various purposes, pH plays a very significant role.
The pH values in the samples from the various units range from 6.91 to 7.80, 6.83 to 7.25, and 6.83
to 7.81 for the Afram formation (AFM), Bimbila formation (BFM), and Chereponi formation (CFM)
respectively. The respective mean values are 7.17, 7.05 and 7.01 (Table 4). All the samples from the
three regions have pH values falling within the acceptable WHO [13] guidelines for drinking water
and domestic purposes. It therefore suggests that, out of the 28 boreholes for the entire study area,
contributions to the pH levels from the various geologic units are: Nine (n = 9) from AFM, ten (1 = 10)
from BFM and nine (n = 9) from CFM. The pH values are almost homogenous in the entire study area
suggesting similar geochemical processes. However, nearly all the samples from the CFM (7 samples)
are slightly acidic and majority from AFM (7 samples) and BFM (7 samples) are slightly alkaline.
Generally, the pH in the entire area can be characterized as slightly acidic to slightly alkaline.

The EC of water is indicative of the water’s purity. The purer the water, the lower the EC,
as exemplified by distilled water which is almost an insulator due to very low EC, but seawater is
a very efficient electrical conductor. In this study, the EC values are in the range of 576-1456 uS/cm
for AFM, 863-1398 uS/cm for BFM, and 746-2180 puS/cm for CEM (Table 4). All the samples from the
three units have EC values within the WHO limits for drinking water with contributions from the
various geologic units indicated in Table 4. Groundwater in the area is thus characterized as suitable
for drinking in terms of EC levels.

Consumption of hard water is generally safe. It has no known adverse health effect, having
health benefits including the fulfilment of dietary needs of essential minerals such as calcium and
magnesium [49-51]. The total hardness (TH) values in the study area range from 40.7 to 204.89 mg/L
for AFM, 55 to 175.84 mg/L for BHF, and 82.03 to 310.3 mg/L for CFM with mean values of 108.7 mg/L,
118.63 mg/L and 159.47 mg/L respectively (Table 4). This range of values in TH is an indication of
moderate contents of calcium and magnesium in groundwater of the area since TH is represented by
the co-participation of both cations [52]. Majority of the total samples (89%) are within the WHO [13]
acceptable limits for drinking water. Out of the 11% of the samples falling outside the WHO limits,
67% and 33% of this number are contributions from CFM and AFM respectively. This indicates that,
all the samples from BFM are within the WHO limits. However, the dominance of the higher TH
values from CFM could be coming from the sandstones of the Chereponi formation. Generally, the TH
can be characterized as good for drinking and domestic purposes.

Calcium is identified as one of the most abundant substances in water. Water described as “hard”
contains high levels of dissolved minerals, specifically calcium and magnesium. Even though hard
drinking water is not a health hazard, as it generally contributes to human dietary needs of calcium
and magnesium, high levels of these substances in water contribute to inefficient and expensive
operation of water-using appliances. Calcium and magnesium contents in groundwater of the area
studied indicate the following range of values: AFM (7.9 to 47.8 mg/L Calcium and 5.1 to 25.8 mg/L
Magnesium), BEM (7.8 to 38.8 mg/L Calcium and 5.3 to 23.8 mg/L Magnesium), and CFM (13 to
102.9 mg/L Calcium and 11.2 to 35.1 mg/L Magnesium). All the water samples have concentrations of
calcium and magnesium falling within the WHO acceptable limits. The respective contributions to
the contents of calcium and magnesium from the various geologic units are as indicated in Table 4.
From Table 4, generally, the calcium concentrations appear to be enriched more than the magnesium
concentrations. This may be due to partial dissolution of carbonate minerals in rocks of the study
area [53]. These substances are thus characterized as suitable for drinking and domestic uses.

High sodium levels can be associated with the dissolution of soluble salts such as halite, or ion
exchange [54]. High intake of sodium has been reported to cause problems of blood pressure
and arteriosclerosis, and very low intakes may also cause dehydration and general numbness [55].
The concentrations of sodium in the groundwater samples of the study area show values in the range of
88.2 to 250 mg/L for AFM, 96.2 to 266.7 mg/L for BFM, and 76.7 to 413.8 mg/L for CEM. Though sodium
is characterized as good for drinking as majority of the samples (64%) have concentrations of sodium
falling within the WHO acceptable limits for drinking water, 36% of the samples have concentration
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of sodium higher than the acceptable limit. Contribution to the values of sodium outside the WHO
limits indicates the AFM recording the highest number of samples (18%) followed by BEM and CFM
contributing 11% and 7% respectively.

The values of potassium in water samples from AFM, BFM, and CFM are 1-5.2 mg/L, 0.8-6.3 mg/L,
and 1.3-5.4 mg/L respectively (Table 4). All the values are within the acceptable limits for drinking
water. This signifies that, contributions from all the geologic formations are within the WHO acceptable
limits. The water is said to be good for drinking with respect to potassium levels. Generally, levels of
potassium in drinking water are not much of health concerns. Though may cause some health effects
in susceptible individuals, intake of potassium from drinking water is mostly well below the level that
may cause adverse effect [56].

Bicarbonate is present in all body fluids and organs and plays a very significant role in the
acid-base balances in the human body. Groundwater in the study area has bicarbonate values ranging
from 251 to 623.6 mg/L for AFM, 401 to 495 mg/L for BEM and 345 to 831 mg/L for CFM with respective
mean values of 453.09 mg/L, 455.21 mg/L, and 487.7 mg/L (Table 4). All the samples have values
exceeding the WHO threshold value. This implies the water is not suitable for drinking in terms of
bicarbonate concentration. The possible sources of bicarbonate could be the presence of organic matter
in the aquifer. This is oxidized to produce carbon dioxide which promotes dissolution of minerals [57].
The bicarbonate concentration may also result from the interaction of precipitation with rocks in
the area. Atmospheric reaction of precipitation and carbon dioxide forming weak carbonic acid is
introduced into the soil system as the precipitated water infiltrates through the weathered material.
Carbonic acid contributes to the dissolution of feldspar particularly in the sandstones of the geologic
formations resulting in the release of HCO3™ into groundwater [53].

Some of the main physiological effects resulting from the consumption of considerable amounts of
sulphate include dehydration and gastrointestinal irritation [58]. Sulphate may also be a contributory
factor to the corrosion of water distribution systems [59]. The sulphate values in groundwater within
the three units (AFM, BEM, and CFM) range from 5.8 to 180.1 mg/L, 4.71 to 190 mg/L, and 7.1 to 62 mg/L
respectively. All the samples are within the WHO standard limits for drinking and domestic purposes.
Contributions to the concentrations of sulphate from the various geologic units are as indicated below
(Table 4). The water is suitable for drinking and domestic purposes in terms of sulphate concentration
in groundwater of the study area.

The respective chloride concentration in the three geologic environments: AFM, BFM and CFM
range from 4.8 to 226 mg/L, 7.9 to 120 mg/L and 5 to 792 mg/L. Twenty-seven of the total samples are
within the WHO limits for drinking water. The lone sample with chloride level beyond the WHO limit
might have resulted from the influence of poor insanitary conditions or runoff of chemical fertilizers
from farmlands.

On the other hand, nitrate concentration ranges from 0.01 to 23.23 mg/L for AFM, 0.01 to 10.1 mg/L
for BFM and 0.01 to 16.86 mg/L for CFM. All the samples have NO3;~ values within the permissible limit.
Generally, nitrates occur in trace contents in surface water but may occur in high levels in groundwater.
Groundwater in the area can be characterized as good for drinking in terms of NO3 ™~ levels.

Twenty-seven of the total samples (representing 96%) have marginal phosphate levels falling
within the range of 0 to 0.008 mg/L with only one sample (4%) having phosphate level of 0.94 mg/L,
from the BFM beyond the WHO threshold value (Table 4). The high value could be a local influence of
anthropogenic activities such as the use of detergent for washing of clothes and utensils.

Generally, fluoride concentrations in groundwater vary with the type of rock water interacts with
during its flow, and usually do not exceed 10 mg/L. Elevated levels of fluoride are associated with dental
and skeletal fluorosis with fluoride deficiency leading to dental caries. The fluoride concentrations in
the study area range from 0.2 to 2.51 mg/L, 0.2 to 4.2 mg/L, and 0.5 to 4.2 mg/L, respectively, for AFM,
BFEM, and CFM (Table 4). A majority of the groundwater samples (67.86%) are within the WHO limits
for drinking water. The remaining 32.14% of the samples have fluoride values beyond the WHO
threshold limit with the BFM contributing the greatest portion (Table 4). It is possible that the fluoride
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might have been released from the sandstones of the Oti-Pendjari group as evidenced by the fact that
fluoride is more common in the sandstone units than in the mudstones or the siltstones [23].

3.2. Hydrochemical Facies

In order to understand and identify the dominant ionic constituents and water types in the aquifer
of the study area, the hydrochemical data were subjected to various conventional graphical plots.
The idea of plotting data in various diagrams as corroborated by Tadesse et al. [8] is to confirm the
effectiveness of the data for drinking and irrigation waters quality assessment.

A convenient and widely used method to classify water types on the basis of ionic constituents has
been proposed by Piper [41]. By plotting the hydrochemical data on a trilinear diagram, the relative
abundance of chemical constituents and water types can be identified. Figure 3 shows all the 28 samples
falling in zone 1 indicating sodium dominance for the cations, and bicarbonate dominance in zone 5 for
the anions. Two types of water can be identified, Na-HCOj3 type with 26 samples falling in Zone B and
a mixed Ca-Na-HCOj type in Zone F with only 2 samples. It can be determined from the graph that
alkalies exceed alkaline earths. Na and K are common constituents of minerals such as bentonite, biotite,
muscovite and illite which form the bedrock of the area under study. The samples also demonstrate
that weak acids exceed strong acids in the groundwater of the study area.

CATIONS DIAMOND-SHAPED FIELD
1. Sodium type

2. Calcium type

3. Magnesium type
4. No dominant type

A. CaHCO3 type

B. NaHCO3 type

C. NaCl type

D. CaCl type

E. Mixed CaMgCl type

F. Mixed CaNaHCO3 type

G. Alkaline earths exceed alkalies
H. Alkalies exceed alkaline earths
1. Weak acids exceed strong acids
J. Strong acids exceed weak acids

ANIONS

5. Bicarbonate type
6. Chloride type

7. Sulfate type

8. No dominant type

80 / 20

100 100 &
0.

0 20 40 60 80 100

Cl

Figure 3. Piper diagram of groundwater samples in the study area showing
diamond-shaped subdivisions.

Durov [42] plot showed similar hydrochemical facies as the Piper [41] plot, whereby the cations
field shows Na* + K* enrichment with HCO3;~ dominance in the anions field (Figure 4). The plot
also suggests reverse ion exchange to be the main hydrochemical processes affecting groundwater
chemistry in the study area. This may have been influenced by the dissolution of phyllosilicates such
as micas and clay minerals which are common constituents of the geology of the study area (Figure 2),
and the subsequent replacement of alkaline earths with the alkalis.



Hydrology 2020, 7, 53 12 of 21

CATIONS

1. Sodium type

2. Magnesium type
3. Calcium type

4. Intermediate type

ANIONS

5. Chloride type 27
6. Sulfate type 77
7. Bicarbonate type 55
8. Intermediate type 22 /
7 55
\ . 100
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= T 25
=
2
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Figure 4. Durov diagram showing hydrochemical facies and processes (Modified from Singh and
Kumar [60]).

A pattern diagram for representing hydrochemical data using four parallel horizontal axes and
one vertical axis was first suggested by Stiff [61]. In this diagram, as described by Singh and Kumar [60],
ionic concentrations expressed in meq/L of the major cations (Na*, K*, Ca?*, Mg?") are plotted to the
left of a vertical zero axis and major anions (C1~, S042~, HCO;~, NO3~, PO4%7) plotted to the right
yielding points which when connected, form an irregular polygonal pattern. A distinctive shape is thus
defined for waters of similar quality. In this present study, average concentrations of the cations (Ca®*,
Na* + K*, Mg?*) and anions (SO42~, C1~, HCO3 ™) were instead considered for the plot. From the Stiff
diagram (Figure 5), the abundance of cations and anions is consistent with the results obtained from
both Piper and Durov diagrams which showed sodium and bicarbonate being the dominant cation
and anion respectively.
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Ca2+ a2 L HCO3-

Na+ + K+ [ [ Cl-

Mg2+ a—e S0O42
| | | I | | | | I | 1

100 80 60 40 20 0 20 40 60 80 100

Concentraion (meq/1)

Cations Anions
Figure 5. Stiff diagram created from average concentrations of major ions.

3.3. Assessment of Groundwater Quality for Drinking Purposes

Hydrochemical characterization, as the first step in water quality assessment in this study;,
identified the concentration of individual parameters and assessed the quality of groundwater by
making reference to the WHO guidelines. However, WQI plays an important role in the assessment
of the overall quality of groundwater. Because it provides the composite influence of the chemical
parameters of groundwater on the overall water quality. Based on the calculated values in Table 5,
the WQI for each sample was computed. Using the water classification model by Sahu and Sikdar [40]
as present in Table 1, the overall assessment of groundwater for drinking purpose is provided in Table 6.
The classification scheme shows that 39% of the samples are within the “excellent water” category,
57% in the “good water” type and 4% considered as “poor water” type. It therefore suggests that,
except one sample that is of poor water category, groundwater in the study area is generally suitable
for drinking. The composite spatial distribution of water types as represented by the WQI map in
Figure 6 suggests that, the entire area is covered by the “good water” type.

Table 5. Standards, weights and relative weights used for WQI computation.

Parameter WHO (2017) Standard (Si) (mg/L) Weight (wi) Relative Weight (Wi)
pH 8.5 5 0.1282
TH 200 4 0.1026

Ca?* 200 2 0.0513
Mg+ 150 2 0.0513
Na* 200 2 0.0513
K* 3000 2 0.0513
HCO;™~ 150 2 0.0513
S04 250 3 0.0769
Cl- 250 3 0.0769
NO;~ 50 5 0.1282
PO,3- 0.7 4 0.1026
F~ 15 5 0.1282

2 wi =39 Ywi=1
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Table 6. Classification of groundwater quality based on WQL

WOQI Water Type Number of Samples Percentage of Samples
<50 Excellent water 11 39
50-100 Good water 16 57
100-200 Poor water 1 4
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Figure 6. Water Quality Index Map.

3.4. Assessment of Groundwater Quality for Irrigation Purposes

14 of 21

The suitability of groundwater for irrigation has been assessed through the use of USSL [28]
and Wilcox [44] diagrams (Figures 7 and 8), together with some irrigation water indices. A statistical

summary of the irrigation assessment indices is shown in Table 7.
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Table 7. Statistical summary and classification of groundwater quality parameters for irrigation
purposes (Source modified by researchers [28,31]).

Parameter Range Water Type Number of Samples Percentage of Samples Min Max Mean
<250 Excellent 0 0
250-750 Good 2 7.1
EC 750-2250 Permissible 26 92.9 576 2180 1184.14
2250-5000 Doubtful 0 0
>5000 Unsuitable 0 0
<10 Excellent 22 78.6
10-18 Good 6 214
SAR 18-26 Fair 0 0.0 2.88 15.15 7.43
>26 Poor 0 0.0
<75 Soft 5 17.9
75150 ~ Moderately 14 50.0
TH Hard 40.70 31030 128.57
150-300 Hard 8 28.6
>300 Very Hard 1 3.6
<50 Suitable 11 39.3
MR >50 Unsuitable 17 60.7 1724 8342 5347
<20 Excellent 0 0
20-40 Good 0 0
%Na 40-60 Permissible 3 10.7 55.00 91.47 74.80
60-80 Doubtful 16 57.1
>80 Unsuitable 9 32.1

The USSL [28] developed a relation between SAR and EC used for the determination of irrigation
water suitability. In this present study, most of the groundwater samples (26 samples) plotted in the
C3-51-52-53 column (Figure 7), indicating high salinity and low to high sodium hazard respectively.
Groundwater belonging to these groups can be used for irrigation activities with salinity control.
Very few of the samples (2 samples), however, fell within the C2-51 category, indicating medium
salinity (C2) and low sodium hazards (S1). Groundwater belonging to this category can be used for
irrigation activities without any serious salinity control. A high amount of salt in irrigation water can
alter the osmotic pressure in the root zone, which will result in limiting the amount of water taken by
the plant and consequently hindering the plant growth [31].

Similarly, the computed %Na versus EC values have also been plotted on the Wilcox diagram
(Figure 8). Results from the Wilcox diagram show most of the groundwater samples falling within the
“permissible to doubtful” category followed by “doubtful to unsuitable” category, with two samples
falling within the “excellent to good, whiles only one sample plotted within good to permissible category.

For irrigation purposes, EC values of water can have great influence on the level of salinity hazard
to crops. With excess salinity, the osmotic activity of plants is reduced thereby interfering with the
absorption of water and nutrients from the soil [62]. The values of EC in this study range from 576
to 2180 uS/cm. Based on irrigation water classification (Table 7), it can be observed that, out of the
28 analyzed samples, while 7% of the samples are within the range 250 to 750 uS/cm described as
good for irrigation, the remaining samples (93%) have EC values within the 750 to 2250 uS/cm range
which is described as permissible water. By this irrigation suitability index (EC), the two types of
groundwater identified in the study area suggest that, groundwater under the good water category is
not hazardous and thus, needs no restriction in its use for irrigation and can be used for almost all crops
and on all types of soils without soil or cropping problems arising. However, groundwater under the
permissible category needs slight restriction in its use for irrigation, as very little salinity hazard may
develop but under normal irrigation practices, it is permissible for use except in extreme cases of soils
of low permeability [8]. The EC results are corroborated by the SAR-EC plots as observed in the USSL
diagram in Figure 7 for which 26 samples representing 92.9% falling within the C3-column depicting
high salinity hazard and two samples falling within the C2-column depicting medium salinity hazard.
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Sodium adsorption ratio is an important irrigation water index for determining the suitability
of groundwater for irrigation. It is a measure of sodium or alkali hazard to crops. Irrigation water
with high SAR value is suggestive of high Na* and low Ca?*. Ion exchange favours the abundance of
Na* thereby destroying the soil structure arising from the dispersion of clay particles [62]. The SAR
values range between 2.88 to 15.15 with a mean value of 2.88 (Table 7). It can be observed that 78.6% of
all the samples have SAR value less than 10 and the remaining 21.4% have values in the range of 10
to 18. Two water types can thus be realized based on the range of SAR values, with excellent water
being the dominant type followed by the good water type. The SAR classification system to assess
the suitability of groundwater for irrigation purpose can also be determined with the USSL diagram.
The results as presented in Figure 7 show 11 samples falling in the S1 field, indicating low sodium
hazards, 12 samples falling in the S2 field, indicating medium sodium hazard, and five samples falling
in S3 field, an indication of high sodium hazard.

Generally, hardness of water causes building up of scales in irrigation pipes thereby limiting the
effective operation and performance of the entire irrigation system. TH values range from 40.7 to
310.3 meg/L (Table 7). Based on the TH values of groundwater in the area, five types of water can be
recognized (Table 7): Soft water with 18% of samples falling within this category, moderately hard
water, hard water, and very hard water with the respective representation of groundwater samples as
500/0, 29% and 4%.

Magnesium ratio or magnesium hazard (MR or MH) is a measure of the effect of magnesium in
irrigation water proposed by Paliwal [47]. Excess magnesium content in groundwater results in the
dispersion of clay particles thereby damaging the soil structure. Groundwater with MR value less
than 50 is considered suitable for irrigation, while MR value greater than 50 is considered unsuitable
for irrigation. The present study shows MR values ranging from 17.24 to 83.42. It can be observed
that 39.3% of all the sampled water have MR values below 50, indicating that, the water is suitable for
irrigation. However, the remaining samples (60.7%) have MR values greater than 50, an indication
that, the water is unsuitable for irrigation.

Wilcox’s [44] percentage of sodium (%Na) irrigation water parameter is widely used for assessing
the suitability of water for irrigation purposes. With this parameter, Na* is expressed as soluble sodium
percentage (%Na), which is computed using the formula as presented in Table 3. The present study
shows %Na values in the range of 55.00% to 91.47%. Three types of water can be recognized using
this approach: permissible with three samples, doubtful with sixteen samples, and unsuitable water
having nine samples falling within this category.

4. Conclusions

The major hydrochemical species and suitability of groundwater resources within the mudstones,
sandstones, and siltstones aquifer units underlying the Saboba and Chereponi Districts have been
assessed. The preliminary results reveal that, with the exception of HCO3~, considerable number
of the physico-chemical parameters fell within the WHO guidelines for potable water, whereas only
few showed slight deviations. Sodium and bicarbonate ions are the predominant cations and anions
respectively that account for more than 50% of the total ions in groundwater of the study area.
The dominance of Na* and HCO;~ suggests the groundwater is predominantly fresh, influenced
mainly by precipitation as revealed by the HCO3~, and ion exchange by the Na* dominance, as revealed
by the Na-HCO; water type in the study. Results of the WQI suggest that groundwater is suitable
for drinking. All the graphical methods and estimated indices (USSL and Wilcox diagrams, SAR, TH,
MR, %Na) used in irrigation suitability assessment, suggest groundwater within the two districts is of
acceptable quality for irrigation purposes with varying degrees of acceptability in each method and
index used. It can therefore be inferred that, with the exception of isolated cases, groundwater in the
study area is generally suitable for drinking, domestic, and agricultural purposes.
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Appendix A

Table A1. Hydrochemical dataset used to support the findings of this study.

Borehole  Latitude Longitude

D (DD) (DD) pH EC Ca** Mg Nat K*' HCO3;7SO42 CI- NO3~ POs3~ F-

WVI 2005 9.71859 0.30910 7.01 1014 79 51 1778 19 438 168 11.7 012 0.001 251
WVI2009  10.14298 0.28035 7.33 847 144 112 1227 13 375 277 5 1.15 0.001 121

WVI 2012 10.1419 0.28226 7.81 1159 154 153 211 1.5 407 212 147 129 0.001 212
WVI 2019 9.71283 0.31868 7.8 1415 83 74 249 52 6236 106 17 59 0.001 238
WVI 2021 9.69902 0.31560 7.3 1392 149 17 2099 22 442 180.1 454 11.04 0.001 0.51
WVI 2022 9.70332 0.31650 7 1122 209 188 151 25 534 567 101 2323 0.003 0.51

WVI 2023 9.69907 0.32291 7.14 1352 478 208 198 1.3 4421 101 9 0.01 0.002 0.21
WVI 2026 9.71477 0.31179 7.07 576 8.5 65 832 1.8 251 166 48 0.01 0002 027
WVI 2027 9.71444 0.31069 7.07 1418 154 74 250 1 4259 216 52 0.01 0.008 0.2
WVI 2031 9.70772 0.18609 7.16 1154 133 53 1665 1 4873 456 111 0.01 0.007 175
WVI 2032 9.70335 0.19145 7.19 1260 108 156 2205 0.8 470 228 85 0.01 0.001 204
WVI 2033 9.69224 0.19726 7.06 1252 233 206 184 4.8 438 265 13 025 0.001 1.51
WVI 2034 9.80603 0.05903 6.93 938 991 185 1316 1.6 430 471 208 0.69 0.001 0.8
WVI 2038 9.63028 0.24072 6.85 838 13 251 1603 14 4067 261 169 022 0001 42
WVI 2040 9.63135 0.24876 6.87 1305 311 351 1323 2 527 775 129 005 0.001 05
WVI2048  10.20754 0.13049 7.03 1145 229 99 1602 25 495 419 139 099 0001 195
WVI2051  10.21693 0.15164 711 863 307 132 962 24 401 1283 109 896 0.002 1.01
WVI2052  10.15314 0.26471 6.85 746 318 134 767 17 345 7.1 89 0.01 0.001 0.62
WVI2064  10.27143 0.11188 6.84 1080 235 151 141 24 492 20.1 79 067 0001 1.13
WVI2068  10.30286 0.06432 6.84 1140 27 253 124 54 532 177 129 16.86 0.001 1.24
WVI2070  10.14729 0.25916 6.83 2180 1029 13 4138 28 831 132 792 015 0.001 1.03
WVI2075  10.00100 0.30977 6.87 1020 388 19.2 97 3 4875 6.6 109 101 0.001 053
WVI 2077 9.69896 0.32741 6.91 1340 268 258 2301 17 430 113 109 058 0.001 0.25
WVI 2081 9.61017 0.24717 6.85 1185 149 291 1479 41 4736 62 89 323 0.008 055
WVI 2083 9.63811 0.19094 6.83 1191 78 238 1781 6.3 435 177 79 411 094 053
WVI 2166 9.69191 0.33070 7.21 1456 471 9.1 233 1.1 4912 58 226 9.95 0.006 1.07
WVI 2167 9.81751 0.30042 7.25 1370 36.7 154 2598 14 4783 5 120 191 0.003 1.1
WVI 2170 9.76759 0.24996 7.1 1398 333 88 2667 1.8 430 190 79 189 0001 18

DD: Degree Decimal. All parameters are in mg/L except EC (uS/cm), pH (pH units).
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