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Abstract In the Tano River Basin, groundwater serves as a

crucial resource; however, its quantity and quality with

regard to trace elements and microbiological loadings

remain poorly understood due to the lack of groundwater

logs and limited water research. This study presents a

comprehensive analysis of the Tano River Basin, focusing

on three key objectives. First, it investigated the aquifer

hydraulic parameters and the results showed significant

spatial variations in borehole depths, yields, transmissivity,

hydraulic conductivity, and specific capacity. Deeper

boreholes were concentrated in the northeastern and

southeastern zones, while geological formations, particu-

larly the Apollonian Formation, exhibit a strong influence

on borehole yields. The study identified areas with high

transmissivity and hydraulic conductivity in the southern

and eastern regions, suggesting good groundwater avail-

ability and suitability for sustainable water supply. Sec-

ondly, the research investigated the groundwater quality

and observed that the majority of borehole samples fall

within WHO (Guidelines for Drinking-water Quality,

Environmental Health Criteria, Geneva, 2011, 2017. http://

www.who.int) limit. However, some samples have pH

levels below the standards, although the groundwater

generally qualifies as freshwater. The study further

explores hydrochemical facies and health risk assessment,

highlighting the dominance of Ca–HCO3 water type. Trace

element analysis reveals minimal health risks from most

elements, with chromium (Cr) as the primary contributor to

chronic health risk. Overall, this study has provided a key

insights into the Tano River Basin’s hydrogeology and

associated health risks. The outcome of this research has

contributed to the broader understanding of hydrogeologi-

cal dynamics and the importance of managing groundwater

resources sustainably in complex geological environments.

Keywords Groundwater � Unsupervised machine learning

technique � Hydrochemistry � Aquifer hydraulic parameter �
Health risk

1 Introduction

Ghana, a tropical savannah country, faces challenges in

meeting its water demands due to deteriorating quality of

rivers and streams. Consequently, more than 80% of water

supply comes from groundwater sources, primarily hand

dug wells and boreholes (WRC 2012).

The Tano River Basin, one of the basins in Ghana, is no

exception to this dependence on groundwater. However,

rising demands for water, driven by population growth and

industrial development like oil and gas and mining indus-

tries, have put tremendous pressure on the aquifers within

the basin (Ghana Statistical Services, GSS, 2013, 2021).

Sustainable Development Goal 6 emphasizes the need for
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providing portable water to all citizens by 2030. Achieving

this goal in the Tano River Basin proves to be a challenging

task, mainly due to insufficient hydrogeological informa-

tion regarding both the quantity and quality of groundwater

in the region. Important parameters like transmissivity,

hydraulic conductivity, specific capacity, borehole depth,

and yields are poorly known, hampering effective

groundwater management. Another significant concern in

the Tano River Basin is the degradation of groundwater

quality. Research on the hydrochemistry of groundwater

and its suitability for drinking is limited. The lack of data

on chemical quality controlling groundwater chemistry

further compounds the issue.

Insufficient understanding of groundwater contamina-

tion due to geogenic and anthropogenic activities hinders

the usage of groundwater for various socio-economic

purposes (Lutterodt et al. 2018; Affum et al. 2020; Cobbina

et al. 2015; Nkansah et al. 2010; Edjah et al. 2021; Gyamfi

et al. 2019; Doyi et al. 2018; Boateng et al. 2018). The

potential adverse health effects of consuming groundwater

contaminated with carcinogenic trace elements (e.g.,

chromium, arsenic), and nutrients (e.g., nitrate) are a cause

for concern. Extended exposure to minimal levels of these

contaminants can pose severe risks to human health

(Radfard et al. 2019). Several studies (e.g., Omeka and

Egbueri 2022; Obasi and Akudinobi 2020; Nganje et al.

2019; Rahman et al. 2017; Adamu et al. 2015) have

highlighted the toxicity of non-pathogens and pathogens

when ingested through water or dermal contact. However,

the specific impact on human health from drinking

groundwater in the Tano River Basin remains unknown,

despite studies conducted in other areas (e.g., Egbi et al.

2020; Anim-Gyampo et al. 2019; Doyi et al. 2018). The

necessity of risk assessment and groundwater remediation

before drinking is evident from the outcomes of these

previous studies.

To address the knowledge gaps and potential risks, this

study aims to comprehensively assess the quantity and

quality of groundwater from boreholes in the Tano River

Basin. The specific objectives include (1) estimation of the

aquifer’s hydraulic parameters using pumping test data, (2)

using hydrochemical data to characterize the groundwater,

and the controlling factors of the groundwater chemistry,

and (3) using trace element data to investigate the associ-

ated human health risks from drinking the groundwater.

The findings of this study can establish a critical

groundwater data bank for the Tano River Basin, providing

valuable insights into the quantity, quality, and health risks

associated with drinking ground water. Such knowledge is

essential for the development of effective policies and

measures to protect and sustainably manage the aquifers in

the Tano River Basin in Ghana and beyond.

2 Research area and geological background

The rocks of the Tano River Basin are part of the Birimian

Supergroup and the Apollonian Formation and are located

between longitudes 2�050 and 2�350 west of the Greenwich

meridian and latitudes 4�400 and 5�200 north of the equator.

The Tano River Basin is located in the southwestern zone

of Ghana and it is reachable from Takoradi, via the towns

of Axim and Elubo border, as well as from Esiama to

Bomuakpole and Teleku-Bokazo to Salman all in the

southwestern zone of Ghana.

The vegetation is classified as rainforest, and the main

occupations of the inhabitants are fishing and coconut oil

production. A limited number of young people work in the

oil and mining industries, while the majority are involved

in small-scale (illegal) gold mining activities. Tullow Oil,

ENI, and Adamus Mining Resources, among other busi-

nesses, are amid those in the study’s catchment area.

The research area’s geological map is shown in Fig. 1.

Geologically, the higher percentage of the study area is

where the Birimian Supergroup rocks are found (Fig. 1).

These rocks have several types of minerals (e.g., plagio-

clase, hornblende, micas, feldspars, ferromagnesian min-

erals, mafic minerals, sericite, and saussurite, among

others). The rocks have considerable folds, foliations,

joints, and weathering along fractures and other zones. The

lower part of the map (Fig. 1) shows the rocks of the

Apollonian Formation. These rocks overlay the Precam-

brian basement rocks of the western sedimentary basin of

Ghana. The studies by Leube et al. (1990), Hirdes et al.

(1992), and Taylor et al. (1992) provide more information

on the geological time series of these rocks as well as how

the rocks were formed. Generally, the transportation of

groundwater within the Tano River Basin is primarily

governed by the geological characteristics of the aquifer of

the Apollonian formation and the Birimian supergroup

rocks. The geological formation of these two aquifers often

consists of sedimentary rocks, volcanic rocks, and fractured

bedrock, which can have varying permeabilities and

porosities (Leube et al. 1990, Hirdes et al. 1992, and Taylor

et al. 1992). Hence, the flow of groundwater is influenced

by hydraulic gradients, where water flows from areas of

higher hydraulic head to areas of lower hydraulic head

which will be explained further in subsequent chapters. The

storage of groundwater in these two aquifers depends on

their geological properties. Porous sedimentary layers like

the rocks of the Apollonian can act as significant storage

reservoirs for groundwater in the basin. Additionally,

fractures and fissures in the bedrock of the Birimian

supergroup can store water. The capacity for groundwater

storage varies across different regions within the aquifer of

the Apollonian Formation and the Birimian Supergroup

123

326 Acta Geochim (2024) 43:325–353



due to variations in lithology and structural geology of the

Tano River Basin. The distribution of groundwater to

inhabitants of the study area is typically achieved through

the development of boreholes, which tap into the aquifers

of the Apollonian Formation and the Birimian Supergroup

(WRC 2010). The depth and design of the boreholes are

determined by the geological formations of the aquifer seen

during drilling. The boreholes are fully mechanized and

distribution networks are used to transport the borehole

water to various communities, through Ghana water com-

pany pipelines (WRC 2010).

Since there are no existing studies on the flow, storage

and distribution in the study area, this study being the first

of its kind in the basin, will illustrate the flow of ground-

water, and the outcome will contribute to the understanding

of groundwater movement, and storage and this will aid in

the development of groundwater management plans in the

Tano River Basin.

3 Methods

3.1 Borehole drilling

Geophysical borehole siting was carried out at 55 sites

across the study area (Fig. 1). 33 and 22 boreholes were

successfully drilled and developed in the aquifers of the

Apollonian Formation and the Birimian Supergroup of the

study area, respectively. During drilling, borehole logs

were recorded and each borehole was cased and screened at

water bearing zones.

3.2 Pumping test

In this study, pumping tests was conducted on the 55

developed boreholes to assess the characteristics of the

aquifers (transmissivity, hydraulic conductivity and speci-

fic capacity) in the study area. The purpose of this test was

to gain insights into the groundwater and make informed

decisions for sustainable groundwater management with

socio-economic implications. The methodology involved

the following steps:

1. Static water level measurement Before starting the

pumping tests, the initial static water level was

measured in each borehole using a calibrated water

level meter.

2. Constant discharge test For each borehole, a single

well pumping test method was adopted. A pump with a

specific horsepower per developmental yield was

installed at a considerable depth within the borehole.

The pump was powered by a generator to maintain a

consistent discharge rate during the test.

3. Data collection During the pumping test, a 100-L

calibrated bucket was used and a stopwatch was used

to measure the discharge rate of water from the

Fig. 1 Geological map of the study area with the borehole drilling points
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borehole. Simultaneously, the drawdown (change in

water level) at specified time intervals before and

during pumping was recorded.

4. Recovery phase Following the discharge stage, the

borehole was allowed to recover, and periodic water

level measurements were taken at the same frequency

as during pumping.

5. Theis solution model To analyze the data obtained

from the pumping tests, Theis (1934) solution model

was utilized. This model helped in the understanding

of the aquifer’s behavior and aided in the plotting of

recovery and time drawdown curves for each borehole.

6. Curve matching technique To match the type curves

(mathematical models) to the observed changes in

water level, the curve matching technique was

employed together with AQTESOLV 4.0 software.

The purpose of conducting a pumping test in this study

is to gather quantitative data and insights into the hydro-

geological properties and behavior of the aquifers of the

Apollonian formation and Birimian supergroup rocks of the

Tano River Basin. This information is vital for sustainable

groundwater management, borehole design, environmental

protection, and various other applications related to

groundwater resources in the Tano River Basin.

3.3 Sampling

After the pumping test, all 55 boreholes were sampled

following the sampling procedure described by Weaver

et al. (2007) for the cations, anions, silica and trace ele-

ments. Physical parameters including temperature (T, �C),

electrical conductivity (EC), total dissolved solids (TDS),

pH, and salinity were determined in the field using a cal-

ibrated portable field meter. Alkalinity (as HCO3
-) was

measured in the field by the titrimetric method. The sam-

ples were collected in plastic polyethylene bottles, which

were previously soaked in 10% nitric acid (HNO3) for 24 h

and rinsed severally with distilled water before sampling.

At each borehole site, the bottles were washed with some

of the borehole water before the bottles were filled. Five

groups of borehole water were taken with a sterilized

sampler at individually borehole location, together with

duplicate borehole water. A 0.45 lm membrane filters

were used to filter the borehole water into the sterilized

polyethylene bottles. The borehole water sampled for the

analysis of cation, silica and trace element was conserved

by acidifying with 3 drops of 0.2 M HNO3
- to achieve a

pH of B 2. All the bottles containing the borehole water

were labelled for cation, anion, and trace elements together

with the dates and times of sampling and placed in a cooler

with ice before being transported to the laboratories for

analysis. The borehole water for the analysis of

microbiological loadings was sampled in sterilised glass

bottles between 4:00 a.m. and 12:00 p.m. GMT in calm

atmospheric environments with no rain showers (Engström

et al. 2015). The bottles containing the water were kept in

an ice chest with ice and then sent to the laboratory for

microbiological analysis. At the laboratory, the borehole

water samples were processed within five hours, and to

prevent any external contamination, protective clothes

were worn together with gloves. Also, the borehole water

was collected through a sterilised tap attached to the

borehole, and the water was allowed to flow for a maxi-

mum of 15 min before sampling for microbiological

loading was done. The above-described methods aim to

ensure the accurate and reliable analysis of various

groundwater parameters, as well as to minimize the risk of

contamination during the sampling and laboratory

processes.

3.4 Analysis

Ion chromatography was used to analyzeanalyze cations

and anions, and an Inductively Coupled Plasma-Optical

Emission Spectrometer (ICP-OES, PerkinElmer Co. Ltd.,

USA) was used to quantify the trace elements, and this was

done at the laboratories of the Ghana Atomic Energy

Commission and Ca’ Foscari University of Venice,

respectively. Double-distilled water was used for the

preparation of the borehole water samples, and duplicates,

standards, and blanks were run to ensure analytical accu-

racy. With data duplicability within 5%, the overall accu-

racy was less than 8% RSC (percent relative standard

cations). To test the amount of silica in the water, a 410 nm

wavelength solution, oxalic acid, and ammonium molyb-

date reagent were used. Without using additional chemicals

to adjust for turbidity or colour, a blank was created.

Before analysing the absorbance of samples of water that

had been molybdate-treated, the analyser was set to zero

absorbance. At the SGS laboratory in Tema, Ghana, silica

concentration in borehole water was assessed using pho-

tometer calibration, and a control standard was developed

for QC and QA purposes. Microbiological testing was done

on the borehole water at the SGS Laboratory in Tema,

Ghana and analysis was done based on APHA (1998). To

stop microbial activity, samples were stored at 4 �C. Plate

count, total coliforms, and Escherichia coli were all

examined using the MPN approach. Analytical validation

was carried out using internal reference material, and QA/

QC was carried out using triplicate determinations.

Duplicate analysis was used to calculate accuracy, and the

%RSD was less than 8%. In order to evaluate the quality of

the borehole water in the study region, water chemistry

results, including trace elements, were used. Unsupervised

machine learning algorithms were used to classify the
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boreholes, and correlations between geology and anthro-

pogenic sources were established. The processes control-

ling the groundwater quality were interpreted using Piper

(1944) diagrams, bivariate plots, and principal component

analysis (after Zumlot et al. 2013; Qin et al. 2013; Ranjan

et al. 2013; Kolsi et al. 2013). The health risks of drinking

groundwater were evaluated using trace element data. The

effect of anthropogenic and natural activities on borehole

water quality was evaluated using principal component

analysis (PCA).

3.5 Data assessment procedure

3.5.1 Validation of data

To confirm the accuracy of the analytical findings, each

water sample’s ionic balance was assessed before analysis

of the obtained data. The following is the ionic balance

equation as stated by Freeze and Cherry (1979):

Ionic Balance ¼ ðSum of cations� Sum of anionsÞ
ðSum of cationsþ Sum of anionsÞ � 100

For analytical precision in cation and anion measure-

ment, the IBE (ionic balance error) for the measured

borehole water was computed based on the number of ions

represented in milliequivalents per litre. The computed

borehole water’s IBE value was within a tolerance of 10%

instead of 5%, which is likely a result of the absence of

components such as nutrients, organic anions, and trace

elements.

3.5.2 Data treatment

The data obtained from the laboratories were processed

using different statistical methods like standard deviation,

skewness, kurtosis, and mean. To determine whether the

sample borehole water originated from a normal distribu-

tion, the skewness and kurtosis studies were performed.

The hydrochemical, including trace element, concentra-

tions of the borehole water were compared with WHO

(2011) guidelines for drinking water quality. Using Kriging

in ArcGIS 10.5, the spatial distribution of the estimated

aquifer hydraulic parameters (transmissivity, hydraulic

conductivity and specific capacity) was depicted. The

underlying geology’s porosity and permeability of the

rocks led to the introduction of kriging. Additionally,

Kriging was employed to create the spatial distribution

maps because there was a very slim chance of drilling a dry

well, or a borehole devoid of water in the study area. The

creation of these maps will be a useful tool for managing

water resources, planning land use, and making choices

regarding aquifer utilisation. In addition, Microsoft Excel

2016 was used to perform the descriptive statistical

analysis.

3.5.3 Mapping of borehole flow direction

The importance of predicting groundwater flow direction in

advance was analysed using the Surfer 8 program and

ModFlow software. Surfer 8 was used to interpret the XYZ

data into clear surface map and ModFlow was used to

develop the contour map. A contour map of the study area

was generated using 55 XYZ data points of boreholes to

determine the flow direction of the borehole water. The

borehole contours (i.e., flow lines and equipotential lines)

were digitized with Arc GIS 10.5 software. In general, the

combination of Surfer 8 and ModFlow in predicting the

groundwater flow direction and groundwater contour

mapping enabled a comprehensive understanding of the

subsurface hydrogeological conditions, which is vital for

numerous applications in groundwater resources and

management.

3.5.4 Water quality index (WQI)

Water quality index is an important method used to rate

water quality. It covers the complex effect of several major

water quality characteristics on the total water quality (Wu

et al. 2005). The parameters employed reflect the impact of

geogenic effects, natural variables, and anthropogenic

activities on the quality of the borehole water. In calcu-

lating WQI for each drilled borehole, the measured phys-

ical parameters, cations, anions, and trace elements were

considered. The weight for each parameter in the borehole

water was allocated based on the relative importance of the

measured parameters in the total borehole water quality for

all socio-economic uses. Each measured parameter was

given a weight that ranged from 1 to 5. The following

equation was used to calculate relative weight:

Wi ¼ wi=
Xn

i¼1

wi ð1Þ

where Wi is the relative weight, wi is the weight of each

parameter, n is the number of parameters.

The quality ranking scale for each parameter was cal-

culated by dividing the content of each borehole water by

its respective WHO (2011) standard. After, the result was

multiplied by 100.

The above was represented by the equation

qi ¼ Ci

Si

� �
� 100 ð2Þ

where qi = quality rating, Ci = the concentration of each

parameter in each borehole water in mg/L. Si = the WHO
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standard for each chemical parameter in mg/L according to

the WHO (2011) guidelines.

The Si is computed for each parameter in the final stage

of WQI calculation. The WQI for each borehole is deter-

mined by adding the Sli values. Therefore, the following

equation yields the Sli:

Sli ¼ Wi � qi ð3Þ

WQI ¼
X

Sli ð4Þ

where Sli is the sub-index of the ith parameter. Qi is the

rating based on the concentration of the ith parameter; n is

the number of parameters.

In summary, the WQI will provide a single numerical

value that will represent the overall water quality in each

drilled borehole. Multiple water quality parameters, their

relative importance, and how they compared to the WHO

(2011) guidelines were taken into account. A higher WQI

value indicates a better water quality, while a lower value

suggests poorer water quality, which may require further

investigation or mitigation measures.

3.5.5 Unsupervised machine learning technique

Under this section, the data structure (description or com-

position) and the procedure for clustering the borehole

water based on the depth, yields, estimated aquifer

hydraulic parameters, field parameters, cations, anions,

trace elements, and microbiological loading were done

using an unsupervised machine learning algorithm.

3.5.5.1 Data description and structure The data structure

consists of a matrix-like structure where each row repre-

sents a borehole drilling point and each column represents

the above-mentioned parameters used. After, a K-means

algorithm is used for the classification of the parameters.

The K-means cluster is a type of unsupervised learning

process that learns from the data itself rather than from the

labelled data. The K-means approach, which uses centroid-

based clustering, establishes the distance between each of

the aforementioned data sets and then assigns a centroid to

the cluster. The rationale was to obtain the k-number of

groups within each dataset. The procedure for using the

K-means entails three stages, namely: (a) the pre-process-

ing stage, (b) model building stage, (c) model evaluation

stage. The pre-processing stage for this study involved the

K-means algorithm being initialized using the Python

programming language, based on the importations of rel-

evant modules. The data set was imported and cleaned. In

the model-building stage, the K-means algorithm needs the

number of clusters, k, before the model can be built com-

pletely. Hence, for the determination of k, the specified

range of values to estimate the inertia and silhouette scores

was assigned. The elbow plot (i.e., to find the optimal K for

the dataset, where the elbow method is used, and the point

where the decrease in inertia begins to slow) was con-

structed. Inertia and silhouette scores against the number of

clusters were plotted. After determining the k clusters, the

measured parameters were fitted to determine which cluster

each of the 55 developed borehole points falls into. The

labels (predictions) for each of the above-mentioned data

sets were obtained from the pipeline. For the model eval-

uation stage, the principal component analysis (PCA) was

used as the basis for evaluating the fitted model. The

purpose was to ascertain whether the number of clusters

used was appropriate given the dimensionality of the

dataset.

3.5.6 Health risk assessment index

According to Li and Zhang (2010), Wu et al. (2009), De

Miguel et al. (2007), and the USEPA (2004), a human

health risk assessment is a technique used to assess the type

and likelihood of harmful health consequences in persons

who may be exposed to chemicals in polluted environ-

ments. The process is completed by employing the fol-

lowing four steps:

3.5.6.1 Identification of hazard No matter how haz-

ardous some trace elements are, contaminants are thought

to have an impact on human health. In this study, the

measured trace elements are divided into two sections

namely carcinogenic and non-carcinogenic.

3.5.6.2 Investigation of dose-respond Under this section,

the reference dose (RfD) was used to identify the precise

relationship between the contaminant exposure dose and

their influences. The United States Environmental Protec-

tion Agency’s (USEPA 2004) publications served as the

origin for the reference dosage (RfD) values used in this

study.

3.5.6.3 Valuation of exposure The above was the process

of estimating exposure factors quantitatively or qualita-

tively, including exposure pathways, body features, expo-

sure occurrence, exposure period, etc. (USEPA 1986). In

this study, dermal absorption and ingested exposure to

groundwater were assessed. The standards for choosing the

appropriate exposure frequency for people of the Tano

River Basin have not yet been published because there

have been no studies on dangers and environmental pol-

lutants. As a result, data from US Environmental Protection

Agency (USEPA 1986, 2004) were used as part of this

study to determine exposure occurrence, body weight,

ingestion rate, exposure period, and exposure time for

individuals. Exposure dose for defining human health risk
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through two pathways (ingestion and dermal) have been

described in literature and could be calculated using Eqs. 5

and 6 as modified from the USEPA.

EXPingestion ¼
Cwater � IR� EF � ED

BW � AT
ð5Þ

EXPdermal
Cwater � SA� Kp� ET � EF � ED� CF

BW � AT
ð6Þ

where, EXP is the exposure dose contacted through

ingestion of borehole water (EXPingestion) and dermal

absorption (EXPdermal) and both are in units of mg/Kg/day.

Cwater is the average concentration of trace elements in the

borehole water measured in mg/L. IR is the drinking water

ingestion rate, which is considered 5 L/day (3.5 L/day for

adult, 1.5 L/day for children) for this research. EF is the

exposure frequency, which is assumed to be 365 days/year

for this work. ED is the exposure duration, which is

76 years (70 years for adults and 6 years for children) for

this study.

BW is the average body weight, that is, 85 kg (15 kg for

children and 70 kg for adults). AT is the averaging of

27,740 days (2190 days for children and 25,550 days for

adults) for both carcinogenic and non-carcinogenic. SA is

the exposed skin area, which is 24,600 cm2 (6600 cm2 for

children and 18,000 cm2 for adults). Kp is the dermal

permeability constant measured in cm/h and the Kp for the

elements are 0.002 for Cr, 0.0027 for As, 0.002 for Ni,

0.0004 for Co, 0.0006 for Zn: 0.001 for Ba, Cu, B, Mn, Fe,

Ni, Pb, Cd, Se, Ag, Sr, Ti, V, and Al, ET is the exposure

time of 0.2 h/day, selected for this study. CF is the unit

conversion factor, with the borewater chosen as

1L = 1000 cm-3.

3.5.6.4 Description of risk By integrating the data gath-

ered from earlier steps, a quantitative description of the

risk’s magnitude and uncertainty was undertaken. By

contrasting the predicted contaminant exposures from each

exposure pathway (ingestion and dermal) with the refer-

ence dose (RfD) using Eq. 7, potential non-carcinogenic

concerns resulting from exposure to parameters were

identified.

HQing=derm ¼
EXPing=derm

RfDing=derm
ð7Þ

RfD is the reference dose for diverse analyses (inges-

tion/dermal toxicity reference dose), which is based on US

risk-based assessment and it is computed in mg/kg/day.

Values for HQ is shown in Table 1.

11 trace element values out of the 18 analysed elements

were computed for the reference dose (RfD) and the cal-

culations were done based on US risk–based assessment,

and the units are in mg/kg/day (Table 2).

4 Results and discussion

4.1 Estimation of aquifer hydraulic parameters

In this section, the results of the computed aquifer hydraulic

parameters are discussed, and Table 3 gives the statistical

summary. According to Table 3, the minimum and maximum

borehole depths are 18 and 62 m, respectively. From the

spatial distribution map (Fig. 2) it is observed that the bore-

holes drilled in the northeast and south-eastern zones of the

research region, with a few in the southwestern and northwest

zones, have the deepest depths (D = 49–62 m). The rock

formation of these boreholes belong to the rocks of the Bir-

imian Supergroup with a few in the rocks of the Apollonian

Formation (Fig. 1) of the study area and these rocks are con-

solidated or well fractured. The yields of the drilled boreholes

range from 10 to 800 L/min (Table 3), and the boreholes with

the highest yields (Y = 463–800 L/min) are situated in the

coastal zone of the study area and are underlain by the rocks of

the Apollonian Formation (Fig. 3). These rocks contain

limestones, marl. mudstones with intercalated sandy beds

(Fig. 1) and are highly porous and permeable. Figure 3 also

suggests that a correlation exist between the drilling locations

of the high yielding boreholes and the underlying geology.

Additionally, a plot of the yields versus the borehole depths

(Fig. 4) demonstrates a likely potential for decreased yields

when the boreholes are drilled deeper, and this is likely related

to the regional geological formations or conditions of the Tano

River Basin.

For the aquifer hydraulic parameters, specifically

transmissivity, hydraulic conductivity and specific capac-

ity, the transmissivity values range from 1.73 to

1219.70 m2/day (Table 3). This suggests that the Tano

River Basin have a high potential for groundwater flow and

abundant borehole water. The highest transmissivity zone

(T = 545–1219.70 m2/day) is found in the southern, and

south-eastern areas, with other high varying values

(T = 113–545 m2/day) across the study location (Fig. 5).

The variability in transmissivity values across the study

location indicates that different areas within the basin may

have varying levels of groundwater productivity. Overall,

the aquifers in the Tano River Basin seem to be highly

productive, making them valuable for water supply

purposes.

Table 1 Hazard quotient (HQ)

HQ Risk

\ 1b The risk is acceptable

C 1b The risk is not acceptable

bEPA is the Drinking water standards and health risk (USEPA 2004)
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The hydraulic conductivity values for the drilled bore-

holes range from 0.04 to 44.35 m/day (Table 3) indicating

spatial heterogeneity in the subsurface properties. In

average, the subsurface materials in the study area allow

water to flow at a rate of approximately 5.70 m/day

(Table 3). The lowest hydraulic conductivity

(0.04–6.02 m/day) are observed in various locations across

the study area (Fig. 6). The observed hydraulic

Table 2 The RfD of non-

carcinogenic and carcinogenic

parameters

Non-carcinogenic Ba Pb Se Zn Carcinogenic Cd Cr Co Cu Mn Fe Ni

RfDingestion (mg/Kg/day) 70 1.4 5 300 0.5 3 0.3 40 5 300 20

RfDdermal (mg/Kg/day) 14 0.4 2.2 60 0 0 0 12 0.8 45 5.4

Table 3 Descriptive statistics of the estimated aquifer hydraulic parameters

Parameters Specific capacity

(L/min/m)

Aquifer

thickness (m)

Hydraulic

conductivity (m/day)

Static water level

(a.m.s.l)

Transmissivity

(m2/day)

Depth

(m)

Yields (L/

min)

Number of

samples

55 55 55 55 55 55 55

Mean 18.80 45.45 5.70 5.17 205.96 37.67 205.33

Minimum 0.72 19.00 0.04 - 0.80 1.73 18.00 10.00

Maximum 122.24 59.00 44.35 20.70 1219.70 62.00 800.00

Sum 545.28 1318.00 165.39 599.72 5972.91 1959.00 10,677.00

Confidence level

(95.0%)

11.57 4.36 3.39 0.78 102.48 4.29 51.70

Fig. 2 Spatial distribution map showing the depth of the borehole
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conductivity values in this range suggest the southern,

middle, south-eastern, northern, northeastern, western,

southern, southwestern and north western areas of the Tano

River basin have relatively impermeable subsurface

materials. These areas are less capable of transmitting

groundwater efficiently and are likely locations where

groundwater discharge occurs. In other words, they

represent zones where groundwater is more likely to be

extracted. Additionally, the highest hydraulic conductivity

(14.79–44.35 m/day) zones are present in the southern, and

south-eastern (Fig. 6), suggesting highly permeable sub-

surface materials. In addition, groundwater flows more

easily through these zones, and they are considered suit-

able for groundwater recharge. This means that when

rainwater or other sources of water infiltrate the ground,

these zones allow for efficient replenishment of the

aquifers.

The specific capacity values of the boreholes in the

study area range from 0.72 to 122.24 L/min/m, with an

average of 18.80 L/min/m (Table 3). According to the

classification by Johnson et al. (1966), the boreholes are

categorized into three groups: those yielding enough water

for domestic use only (SC \ 12 L/min/m). These bore-

holes which are less productive are seen across the study

location (Fig. 7) and are less productive meaning they yield

less water per unit drawdown. The second group are

boreholes which offer a slightly higher water yield (12 L/

min/m B SC B 17 L/min/m) compared to the previous

group but are still limited in capacity. These boreholes are

observed in the north western, north eastern, eastern, south

eastern, middle and south western zone of the study area

(Fig. 7). In addition, these boreholes can be used for small-

scale irrigation or other modest water requirements. The

final group are boreholes which are capable of providing

water (SC C 17 L/min/m) for all socio-economic uses.

These boreholes are seen in the southern, south east and

Fig. 3 The research area’s spatial distribution of borehole yields

Fig. 4 Plot of borehole yields against the depths
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western zones of the study area (Fig. 7). Also, these

boreholes are considered to have excellent groundwater

productivity and are suitable for a sustainable groundwater

extraction. They can also meet the demands of a variety of

socio-economic activities, including agriculture, industrial

processes, and domestic.

The direction of groundwater flow can be understood in

the fact that groundwater always moves in the direction of

decreasing hydraulic head. In this study, the measured

static water levels ranged from - 0.8 b.m.s.l to 20.70

a.m.s.l., with an average of 5.17 a.m.s.l. A hydraulic head

map (also known as a water contour map) was produced

using the static water levels (hydraulic heads) (Figs. 8, 9).

The maps (Figs. 8, 9) show a regional groundwater flow

from the recharge area around the north-west, southern and

western (These areas have higher hydraulic head values

compared to their locations) and flows towards the dis-

charge areas around the south-east, and western. These

areas have lower hydraulic head values compared to the

recharge areas. In general, the groundwater flow direction

in the Tano River Basin is from the higher hydraulic head

recharge areas as stated above to the lower hydraulic head

discharge areas. This flow pattern replicates the ground-

water flow within the aquifers of the Apollonian formation

and the Birimian supergroup. This is a fundamental aspect

of the Tano River basin hydrogeology which is unknown.

Hence, this will aid in the effective and sustainable man-

agement of groundwater resources in the basin.

With a perfect correlation coefficient of 0.98, a graph of

the computed hydraulic heads against the surface elevation

provides an illustrative knowledge of the aquifer’s beha-

viour (Fig. 10) in the study location. In addition, the slope

(0.8) (Fig. 10) and the direction of flow revealed that the

groundwater in the Tano River Basin is flowing from a

topographically higher elevation to a lower elevation. As

such, the groundwater in the lower elevation that is areas

underlain by the rocks of the Apollonian formation might

be at risk of leachates and pathogens due to the uncon-

solidated rocks of the Apollonian and the deposition

environment. Overall, a specific groundwater flow pattern

being the first to be determined in the study location has

been identified, and the obtained results is valuable for the

understanding of aquifer behaviour of the Tano River

Basin as well as identifying potential risks to the ground-

water quality which will be discussed in subsequent

chapters.

In conclusion, the assessment of aquifer hydraulic

parameters within the Tano River Basin provides vital

Fig. 5 Spatial distribution map of transmissivity for the study area
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insights into the dynamic nature of the region’s hydroge-

ology. The observed changes in these hydraulic parameters

signify a notable transformation in the groundwater,

reflecting changes in local groundwater productivity,

extraction patterns, and flow dynamics. Notably, the indi-

cation of good permeability and favourable hydraulic

characteristics in especially areas underlain by the rocks of

the Apollonian formation suggests potential opportunities

for sustainable water supply. Conversely, areas underlain

by the rocks of the Birimian Supergroup displaying lower

hydraulic values necessitate careful planning to optimize

groundwater utilization.

4.2 Hydrochemical characteristics of groundwater

and its suitability for drinking

Under this specific objective, the characteristics of borehole

water in the Tano River Basin is discussed. From the result of

the analysed field parameters for the borehole water samples,

it was seen that the pH data showed a mean of 6.69 and a

median of 6.91 (Table 4), and the overall data indicates

acidic to slightly basic water. A small percentage (4.8%) of

boreholes had pH values below the WHO (2011) drinking

water limit of 6.5–8.5. The borehole water’s acidity is

attributed to the oxidation and hydrolysis of pyrite (Preda

and Cox 2000) in the study area. Luebe et al. (1990) and Atta-

Peters and Garrey (2014) discovered nodules of pyrite in the

underlying geology of the study area. Another contributor is

rainwater infiltration. In the Tano River Basin, Edjah et al.

(2015, 2019) observed that the source of groundwater

recharge was of meteoric origin. CO2 gas from cellular res-

piration (Isa et al. 2012) in the forested canopy of the study

area is also another contributing factor. Additionally, clay

minerals acting as H ? buffers (Sjöström 1993) are also

another contributing factor to the low pH recorded in the

groundwater. In the underlying geology of the study area,

clay minerals such as kaolin, silica, etc. exist. The total

dissolved solutes (TDS) in the groundwater had an average

concentration of 114.11 mg/L, and the overall data (Table 4)

indicates fresh groundwater. According to WHO (2011),

groundwater is typically categorised into three groups: fresh

water (TDS \ 1000 mg/L), salt water (3000 \ TDS \
10000 mg/L), and brackish water (1000 \ TDS \ 3000

mg/L). From the above divided, the TDS data for the bore-

holes are all below 1000 mg/L. This might be attributed to

minimal contamination from anthropogenic sources or

geologic weathering, and short residence time. In general,

lower TDS values are linked with decreased mineral content

Fig. 6 Spatial distribution map of hydraulic conductivity for the study area
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in groundwater. This mineral content cannot clog pore

spaces, thereby increasing the hydraulic conductivity of the

aquifer (Fig. 6) as discussed previously, making the pore

spaces more easier for water to flow through the aquifers of

the Apollonian formation and the Birimian supergroup of the

Tano River Basin.

The electrical conductivity (EC) values of the borehole

water had a mean of 237.60 S/cm and the overall data

(Table 4), indicates low salt enrichment. However, none of

the EC values met the WHO (2011) acceptable limit of

1500 lS/cm for drinking water. The results of the above

physical parameters are consistent with previous research

conducted on existing groundwater in the same location

(Edjah et al. 2019, 2021) and related geological formations

in Cameroon (Nganje et al. 2019). Based on the above

physical parameters, it can be concluded that the borehole

water in the Tano River Basin is suitable for consumption,

but attention should be given to the minimum proportion of

the boreholes with pH levels below the WHO (2011) limit.

The borehole water analysis in the Tano River Basin

revealed the presence of various cations and anions

(Table 5). Calcium (Ca2?) was the most represented cation,

with levels ranging from 4 to 143 mg/L (Table 5). In one

borehole developed in the rocks of the Birimian

Supergroup, Ca2? content exceeded the WHO (2011)

permissible limit of 75 mg/L for drinking water, and this is

due to the slow weathering of silicate minerals (horn-

blende, feldspars, and plagioclase) in the underlying geol-

ogy. Magnesium (Mg2?) concentrations were below the

WHO (2011) limit of 50 mg/L, except in the same borehole

which had elevated calcium content, and this might be due

to weathering of ferromagnesium minerals (biotite, horn-

blende, and mica), which also exist in the Birimian

Supergroup rocks. Sodium (Na?) content was within the

WHO (2011) permissible limit of 200 mg/L in all bore-

holes. Potassium (K?) was within WHO (2011) limits of

12 mg/L, except in two boreholes with high levels due to

weathering of clay minerals in the underlying geology

(Fig. 1) where these boreholes were drilled. The most

abundant anion was bicarbonate (HCO3
-), with levels

within the WHO (2011) limit of 500 mg/L, and this is

attributed to carbonate mineral dissolution and silicate

mineral weathering (Gastmans et al. 2010), which exist in

the underlying geology of the Tano River Basin (Fig. 1).

Sulphate (SO4
2-), chloride (Cl-), and nitrate (NO3

-) were

all within WHO (2011) permissible limits (Table 5).

In summary, while the majority of borehole water

samples conformed to WHO (2011) drinking water

Fig. 7 Spatial distribution map of specific capacity for the study area
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standards for cations and anions, the occurrences of ele-

vated calcium and potassium levels in some borehole water

samples underscore the significant impact of underlying

geological compositions on water quality, highlighting the

need for targeted monitoring and management strategies in

areas characterized by the rocks of the Apollonian forma-

tion and the Birimian supergroup.

Also under this section, a Pearson correlation matrix is

used to examine the relationships between the field

parameters, cations, and anions. The results are shown in

Table 6 and remarkable correlations which are highlighted

are seen among the variables. Notably from the Table 6, the

good correlation between TDS and pH indicates a car-

bonate aquifer, stable geological settings, water–rock

interaction, physicochemical influences such as oxidation

reactions and hydrochemical processes (Subba 2002). The

perfect correlation between TDS and EC reveals the suit-

ability of the groundwater for all socio-economic uses

since the study recorded low EC and TDS values in the

sampled groundwater. The good correlation between TH

and (pH, EC, TDS) shows that the geochemical interac-

tions of the ions specifically calcium and magnesium may

be influenced by the potential dissolution of carbonate and

weathering of silicate minerals from the underlying geol-

ogy likely leading to a karst aquifer even though the

aquifers are unconfined to confined. In addition, the

aquifers where these boreholes were drilled may be likely

influenced by sea water intrusion leading to the above

corelation. Cl- is a significant contributor to groundwater

mineralization as it is a highly mobile anion (Subba 2002),

leading to the moderate connection between Cl- and (EC,

TDS). In addition, geogenic and anthropogenic sources

might influence the moderate correlation between Cl- and

(EC, TDS). The moderate relationship between Cl- and

TH are affected by natural geochemical processes occur-

ring within the aquifers of the Tano River Basin, as well as

anthropogenic influences. The perfect correlation between

HCO3
- and TH and the strong correlation between HCO3

-

and (pH, EC, and TDS) suggests that the groundwater in

the Tano River Basin is significantly influenced by car-

bonate minerals (limestones) (Drever 1988), which exist in

the underlying geology. It also indicates the potential for

karst features in the Tano River Basin. Since gypsum or

anhydrite are absent in the underlying geology, the mod-

erate correlation between SO4
2- and EC might be linked to

redox conditions (oxidation–reduction) in the aquifers, and

anthropogenic influences. The moderate correlation

between Na? and pH suggests probable weathering of

silicate minerals (such as hornblende, plagioclase, feldspar,

etc.) from the underlying geology, water–rock interaction,

anthropogenic sources etc. Further evidence that Na? is

important in the mineralization of groundwater in the Tano

Fig. 8 Borehole contour map of the study area in 3 dimensions
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River basin comes from the perfect correlation between

Na? and (EC and TDS). The perfect relationship between

Na? and Cl- reveals ion exchange processes, geochemical

influences or seawater intrusion. The strong relationship

between K? and pH points to the chemical weathering of

silicate minerals (K-feldspars, biotite, mica etc.) from the

underlying geology (Fig. 1), residence times of the

groundwater, and the conditions of groundwater flow. The

strong correlation between K? and (EC and TDS) indicates

that the presence of K? in groundwater of the study area is

linked to the overall mineralogical composition of the

aquifer. Additionally, the strong relationship between K?

Fig. 9 An illustration of the borehole water’s flow direction in the research region

Fig. 10 An experiential connection between surface elevation and

hydraulic heads

Table 4 Descriptive statistics of the physical parameters of the

drilled boreholes

Parameters EC (ls/cm) TDS (mg/L) pH

Number of samples 55 55 55

Mean 237.60 114.11 6.69

Standard error 22.00 10.65 0.07

Median 212.00 106.50 6.91

Mode 219.00 108.00 6.99

Standard deviation 152.40 73.82 0.52

Sample variance 23226.77 5448.76 0.27

Kurtosis 28.12 24.39 1.65

Skewness 4.79 4.29 - 1.41

Minimum 101.00 34.20 5.20

Maximum 1150.00 542.20 7.70

Sum 11404.70 5477.10 321.02

Confidence level (95.0%) 44.25 21.43 0.15
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and Cl- may be due to human activity such as the appli-

cation of fertilisers by the coconut farmers in the study

catchment or a common geochemical process. The mod-

erate correlation between K? and SO4
2- might result from

anthropogenic sources or ion exchange reactions, or geo-

chemical influences. Furthermore, the strong correlation

between K? and Na? suggests the possibility of cation—

exchange processes or a common geochemical origin

within the aquifer (Drever 1988) or weathering of feldspars

and micas from the underlying geology or water–rock

interactions or anthropogenic influences etc. The strong

correlation between Ca2? and pH indicates that water–rock

interactions, particularly the dissolution of calcium-bearing

minerals (e.g. hornblende) from the underlying geology,

have a significant influence on groundwater chemistry and

pH levels. The strong correlation between Ca2? and TH

indicates calcium hardness in the borehole water or dis-

solution of carbonate minerals from the underlying geology

or water- rock interactions. Further, the strong correlation

between Ca2? and HCO3
- reveals the dissolution of

limestones from the underlying geology or that the aquifers

in the Tano River Basin are being recharged by extensive

rainfall (Khashogji and El Maghraby 2013). This is pos-

sible because the study area record high rainfall amounts in

Ghana and studies conducted by Edjah et al. 2019 indicates

the that the groundwater recharge in the study area is of

meteoric origin.. The moderate correlation between Mg2?

and pH suggests that magnesium-bearing minerals (e.g.

Table 5 The statistical analysis of hydrochemical parameters for the sampled borehole water in the research area

Parameters Ca2? (mg/

L)

Mg2 mg/

L)

TH (mg/

L)

Na? (mg/

L)

K? (mg/

L)

HCO3
-(mg/

L)

SO4
2-(mg/

L)

NO3
-(mg/

L)

Cl-(mg/

L)

Number of samples 55 55 55 55 55 55 55 55 55

Mean 52.75 28.25 97.73 22.49 3.08 68.12 7.36 1.20 36.67

Standard Error 4.63 3.57 7.62 8.37 0.91 17.58 0.76 0.08 5.46

Median 56.00 23.00 89.00 14.00 1.80 31.72 6.86 1.09 26.65

Mode 15.00 23.00 37.00 1.10 197.64 10.00 1.09 5.50

Standard Deviation 32.06 24.76 52.77 35.51 3.85 74.60 5.26 0.42 37.84

Sample Variance 1027.55 613.28 2785.18 1261.15 14.86 5565.26 27.64 0.18 1431.82

Kurtosis 2 0.18 2 1.04 2 0.84 16.38 4.65 2 0.21 11.38 1.74 12.01

Skewness 0.25 0.55 0.42 3.97 2.24 1.25 2.59 1.37 2.88

Minimum 4.00 0.70 19.00 3.40 0.20 6.10 0.01 0.54 0.04

Maximum 143.00 79.00 205.00 162.00 14.60 208.62 33.00 2.31 224.00

Sum 2532.00 1356.10 4691.00 404.80 55.40 1226.10 353.06 34.83 1759.98

Confidence level

(95.0%)

9.31 7.19 15.32 17.66 1.92 37.10 1.53 0.16 10.99

Table 6 Correlation matrix of

the physicochemical parameters

of the borehole water samples

pH EC TDS TH Cl- HCO3
- SO4

2- Na? K? Ca2? Mg2? NO3
-

pH 1.0

EC 0.4 1.0

TDS 0.5 1.0 1.0

TH 0.6 0.6 0.6 1.0

Cl- 0.3 0.7 0.7 0.5 1.0

HCO3
- 0.8 0.7 0.7 1.0 0.4 1.0

SO4
2- 0.0 0.5 0.4 0.3 0.2 0.3 1.0

Na? 0.5 0.9 0.9 0.4 1.0 0.4 0.3 1.0

K? 0.6 0.7 0.7 0.3 0.8 0.3 0.5 0.8 1.0

Ca2? 0.7 0.1 0.3 0.8 0.2 0.9 0.1 0.1 0.1 1.0

Mg2? 0.5 0.1 0.2 0.7 0.4 0.6 0.0 0.8 0.6 0.8 1.0

NO3
- 0.3 0.1 0.1 0.3 0.0 0.1 - 0.2 0.1 0.1 0.2 0.3 1.0

With the exception of 25 �C, all parameters are in milligrams per litre (mg/L) and EC is in lS/cm

The bold shows the strong or perfect correlation between the variables
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dolomites, biotite, ferromagnesium minerals) from the

underlying geology and water–rock interactions are sig-

nificant contributors to the chemistry of groundwater in the

study area. Magnesium hardness in the groundwater is also

revealed by the strong correlation between Mg2? and TH.

Additionally, the strong relationship between Mg2? and

HCO3
- suggests a potential location for recharge as well as

the potential for carbonate mineral dissolution (Khashogji

and El Maghraby 2013) and weathering of silicate minerals

(plagioclase, hornblende, etc.) (Gastmans et al. 2010) from

the underlying geology. The likelihood of cation-exchange

processes at the soil–water interfaces or weathering of

silicate minerals (hornblende, plagioclase, feldspar, etc.)

from the underlying geology is revealed by the strong

relationship between Mg2? and Na? (Gastmans et al.

2010). Furthermore, the chemical weathering of biotite and

granitic rocks in the underlying geology is revealed by the

strong relationship between Mg2? and K?. Additionally,

the strong correlation between Mg2? and Ca2? points to the

dissolution of limestones as well as the weathering of

hornblende and granitic rocks from the underlying geology.

4.2.1 Groundwater suitability for drinking purposes

4.2.1.1 Bacteriological parameters The data are nor-

mally distributed, as shown in Table 7 where the kurtosis

and skewness were within ? 7 to - 7 and ? 2 to - 2,

respectively. In addition, the borehole water’s Escherichia

coli (E. Coli) content ranges from 101.40 MPN/100 mL to

below the non-detect threshold (Table 7). Escherichia coli

levels in 7 of the 55 boreholes that were drilled in areas

underlain by the rocks of the Apollonian Formation are

greater than what WHO (2011) recommends. When

increased E. coli values are found in drinking water, they

constitute a major disease concern since they are potential

pathogens, along with Campylobacter coli, Vibrio cho-

lerae, Campylobacter jejuni, and Yersinia enterocolitica

(WHO 2017). The total plate count ranged from the non-

detection limit to 7380 MPN/CPU, while the total coliform

concentration in the borehole water ranged from the non-

detection limit to 2419.6 MPN/100 mL, as shown in

Table 7. Both the total coliform and total plate counts are

high in 18 (n = 55) of the boreholes, all of which were

drilled and developed in regions covered by rocks of the

Apollonian Formation. High organic loadings, untreated

faecal pollution, and seawater intrusion may all be likely

contributing factors to the high E. coli levels in 7 of the

boreholes and the elevated coliform counts in 18 of the

boreholes, respectively. In addition, the elevated coliform

counts could be a result of storage runoff getting into the

study area as a result of the significant flooding (https://

allafrica.com/stories/202207060262.html), and leachate

could be blamed for the high coliform loads. The under-

lying geology of the Tano River Basin have a high

potential for infiltration and in a fractured aquifer with

carbonate rocks, contamination of groundwater with

microbiological loadings can be of particular concern. This

is due to the fact that in such an aquifer, groundwater can

flow relatively quickly (see Figs. 8, 9). Through a number

of geochemical mechanisms, the increase in microbial

activity in some of the boreholes especially those drilled

and developed in areas underlain by the rocks of the

Table 7 Statistical summary of the microbiological loads in the borehole water with MPN/100 denotes coliform forming units per 100 mL of

borehole water

Parameters E. coli (MPN/100 mL) Total coliform (MPN/100 mL) Total plate count (MPN/100 mL)

Number of samples 55 55 55

Mean 15.89 881.90 4455.11

Standard error 7.77 215.72 684.95

Median 0.00 488.40 5650.00

Mode 0.00 1986.30 7380.00

Standard deviation 32.97 915.24 2905.98

Sample variance 1087.23 837662.80 8444748.58

Kurtosis 2.55 - 1.33 - 1.64

Skewness 2.00 0.65 - 0.50

Range 101.40 2417.60 6825.00

Minimum 0.00 2.00 555.00

Maximum 101.40 2419.60 7380.00

Sum 286.10 15874.20 80192.00

Confidence level (95.0%) 16.40 455.14 1445.11
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Apollonian Formation may have an impact on the mobility

of specific elements in the borehole water (Bowell et al.

1996). The results of this study, which is the first to

examine the microbiological loadings in groundwater

across the entire study area, are consistent with the results

obtained by Armah (2014), who assessed groundwater

quality in relation to bacterial load in a Ghanaian gold

mining village. Ultimately, the above discussion has served

as an important contribution to the understanding of

groundwater quality with respect to microbiological load-

ings in the Tano River Basin and has provided valuable

insights for informed decision-making and sustainable

groundwater resource management practises.

4.2.1.2 Trace element This section discusses the trace

element concentrations in groundwater from the various

developed boreholes. The majority of the borehole water

contains low median concentrations of 18 trace elements,

all below the permissible values for drinking water

according to WHO (2011) standards (Table 8). However, a

few boreholes exhibit high concentrations of certain trace

elements which will be explained further. The dominant

trace element is iron (Fe), which suggests the presence of

ferromagnesium minerals like biotite and sulphide-bearing

minerals (pyrite, arsenopyrites, chalcopyrite, etc.), which

exist in the underlying geology of the study area (Leube

et al. 1990). Some boreholes show elevated levels of Fe,

Cr, Al, Ni, Sr, As, and Pb, which exceed the WHO (2011)

permissible limits of 0.3, 0.05, 0.2, 0.05, 0.015, 0.01, and

0.01 mg/L, respectively, for drinking water. These ele-

ments can be toxic (Bowell et al. 1996), with Al potentially

linked to Alzheimer’s disease (Martyn et al. 1989). The

elevated trace elements might be associated with acidic

borehole water (Smedley and Kinniburgh 2002), influenced

by anthropogenic or microbial activities. Strontium (Sr)

content is high in boreholes located in areas underlain by

the rocks of the Apollonian formation. Extreme exposure to

Sr may lead to health issues (Health Canada 2018). Saxena

et al. (2004) suggested Sr values of \ 1.6 mg/L for fresh

groundwater, 1.6 to 5 mg/L for brackish water, and [ 5

mg/L for saline groundwater in a coastal aquifer. Per

Saxena et al.’s (2004) classification, all boreholes drilled

and developed in the Tano River Basin are fresh (Sr \
1.6 mg/L). Arsenic (As) content is also notable in bore-

holes developed in areas underlain by the rocks of the

Birimian supergroup. The Birimian Supergroup rocks in

the Tano River Basin is known to contain various geo-

logical formations and mineral deposits like arsenopyrite

(FeAsS2). Previous geological studies conducted by Luebe

et al. (1990) and Dzigbodi-Adjimah and Asamoah (2009)

have identified arsenic as one of the trace elements hosted

within sulphide minerals found in the rocks of the Birimian

Supergroup. Their studies provided important geological

evidence of the presence of arsenic-bearing minerals in the

upper part of the study region (Fig. 1). Hence, when sul-

phide minerals like arsenopyrite are exposed to oxygen

(O2) and water (H2O), they undergo a process known as

sulphide mineral oxidation. This process leads to the

chemical transformation of these minerals and the release

of their constituent elements, including arsenic. During

sulphide mineral oxidation, arsenic is released from the

arsenopyrite mineral. The chemical reactions involved in

this process can convert arsenic into soluble forms, such as

arsenate (H2AsO4
-) or arsenite (H3AsO3

-), which can then

be mobilized into the groundwater. The mobilized arsenic

can likely contaminate the aquifer, resulting in elevated

arsenic levels in the sampled borehole water that tap into

the aquifer of the Birimian supergroup of the Tano River

Basin. The elevated arsenic concentrations in the borehole

water can have significant health implications, as long-term

exposure to high levels of arsenic is associated with various

health risks, including cancer and other health disorders

(Edmunds and Smedley 1996). Lead (Pb) concentrations

are higher in boreholes located in areas underlain by the

rocks of the Apollonian formation. This is likely due to

groundwater recharge from surface water in contact with

sulphide minerals. In the study area, Dzigbodi-Adjimah

and Asamoah (2009) discovered Pb as one of the trace

elements hosted by sulphide minerals in the underlying

geology of the study area. High levels of Pb can cause

various health problems (WHO 2011). Nickel (Ni) con-

centrations are high in boreholes related to the rocks of the

Apollonian Formations, suggesting surface water recharge

from contact with sulphide minerals. Luebe et al. (1990)

discovered Ni, As, Zn, Pb, etc. as host elements in sulphide

minerals in the underlying geology of the study area.

Human exposure to nickel can lead to health issues.

4.2.1.3 Determination of the overall suitability of borehole

water for drinking using WQI (water quality index) The

Tano River Basin’s groundwater’s suitability for drinking

is assessed using the drinking water quality standards

recommended by WHO (2011). Based on the field

parameters, cations, anions, and trace elements, the water

quality index is calculated. The following is a representa-

tion of the water quality index (WQI) equation (Magesh

et al. 2013), utilised in this study:

WQI ¼
X

Sli ð8Þ

Sli ¼ Wi� qi ð9Þ

qi ¼ ci

si

� �
� 100 ð10Þ

Wi ¼ wiPn
i¼1 wi

ð11Þ
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Tables 9, 10, 11 shows both the computed relative

weights and the weights given to each parameter. In order

to evaluate the various levels of water quality at each

drilling location for drinking purposes, including excellent

(WQI \ 50), good (50 \ WQI \ 100), fair

(100 \ WQI \ 200), bad (200 \ WQI \ 300), and extre-

mely poor (WQI [ 300), Fig. 11 shows the water quality

index map developed using ArcGIS 10.5 software. The

Water quality index map of the study region (Fig. 11)

indicates that boreholes drilled and developed in the

northern, north western, north eastern along with few

developed in the middle, southern, south eastern and south

western yields excellent water and excellent to good water

for drinking, respectively. Also, boreholes drilled in the

eastern, southwestern, north eastern, middle and south-

western zone of the study area along with few drilled in the

southern zone yields good to fair water for drinking. Fur-

thermore, boreholes drilled in the middle, southern and

south western zone of the study area, gave out fair to poor

water for drinking. Additionally, drinking water quality

was low to extremely bad from boreholes that were drilled

in the southern region of the research area. Further to the

map (Fig. 11), it can be seen that the boreholes drilled in

the coastal zone of the study area where they are underlain

by the rocks of the Apollonian formation have quality

issues. This is probably due to the high porosity and per-

meability rocks of the Apollonian formation (Kesse 1985;

Fig. 6). This feature could facilitate groundwater contam-

ination in the Tano River Basin due to greater volume of

pore space available to store groundwater. This negatively

affect the groundwater quality in these areas.

4.2.1.4 Unsupervised machine learning technique This

study uses unsupervised machine learning algorithms (k-
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3 Table 9 The assigned weights and relative weights of trace elements

Trace

elements

(mg/L)

WHO (2011) Permissible

Standards for drinking

water

Weight

(wi)

Relative

weight (Wi)

Cr 0.05 5 0.23

Mn 0.4 4 0.18

Fe 0.3 4 0.18

Co 0.05 1 0.05

Ni 0.006 1 0.05

Cu 0.05 2 0.09

Zn 5 1 0.05

As 0.01 5 0.23

Cd 0.003 5 0.23

Pb 0.01 5 0.23

Al 0.2 2 0.09
P

wi = 72
P

Wi = 3.02
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means clustering) to classify the groundwater in the study

region based on the estimated aquifer hydraulic parameters,

results of the physical parameters, cations, anions, micro-

biological loadings, and trace elements. Results obtained

from the K-mean algorithms are compared using the sil-

houette method (Figs. 12, 13), with Table 12 showing the

outcome. The silhouette coefficient assesses cluster quality

and distance, with ? 1 indicating well-positioned data, 0

indicating close proximity, and - 1 indicating incorrect

cluster position. With ? 1 being the best and - 1 being the

worst, clustering uses the K-mean technique to evaluate the

average silhouette score. The study makes use of four

clusters of overlapping data points (Fig. 14), and the

highest loadings of an all-inclusive parameters as stated

above were found in twenty boreholes located in the

Apollonian Formation aquifer (Table 13). With the use of

principal component analysis (PCA), the fitted K-model is

evaluated (Fig. 14). Two primary loadings are present in

Table 10 The assigned weights

and relative weights of chemical

parameters

Chemical Parameters WHO standards (2011) Weight (wi) Relative weight (Wi)

pH (on scale) 6.5–8.5 4 0.18

EC (lS/cm) 500 4 0.18

TDS (mg/L) 500 4 0.18

Ca2? (mg/L) 75 2 0.09

Mg2? (mg/L) 50 2 0.05

TH (mg/L) 500 2 0.09

HCO3
- (mg/L) 500 3 0.14

SO4
2- (mg/L) 250 4 0.18

NO3
- (m/L) 50 5

Cl- (mg/L) 250 3 0.14

Na? (mg/L) 200 2 0.09

K? (mg/L) 12 2 0.09

Table 11 Water quality index

results and water types of the

samples

Samples WQI values Classification Samples WQI values Classification

BH1 32.48 Excellent BH25 24.03 Excellent

BH2 57.67 Good BH26 28.87 Excellent

BH3 50.31 Good BH27 31.54 Excellent

BH4 36.33 Excellent BH28 59.69 Good

BH5 31.73 Excellent BH29 35.07 Excellent

BH6 44.61 Excellent BH30 26.34 Excellent

BH7 56.00 Good BH31 248.68 Poor

BH8 38.15 Excellent BH32 96.43 Good

BH9 104.62 Fair BH33 285.08 Poor

BH10 23.15 Excellent BH34 296.46 Poor

BH11 26.19 Excellent BH35 161.78 Fair

BH12 21.80 Excellent BH36 111.39 Fair

BH13 37.32 Excellent BH37 264.73 Poor

BH14 39.07 Excellent BH38 242.92 Poor

BH15 24.24 Excellent BH39 154.37 Fair

BH16 52.05 Good BH40 134.57 Fair

BH17 33.18 Excellent BH41 133.43 Fair

BH18 33.37 Excellent BH42 229.26 Poor

BH19 39.81 Excellent BH43 174.34 Fair

BH20 26.98 Excellent BH44 62.22 Good

BH21 47.90 Excellent BH45 171.70 Fair

BH22 28.95 Excellent BH46 234.71 Poor

BH23 40.15 Excellent BH47 378.50 Very poor

BH24 66.51 Good BH48 95.22 Good
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the data set: the second-dominant in six boreholes in cluster

3 and the lowest in three boreholes in cluster 2 (Table 13).

Clusters 0 and 1 have the largest and lowest loadings,

respectively. In terms of quantity and quality using the

K-means algorithm, it can be seen that boreholes drilled in

the aquifer of the Apollonian formation of the Tano River

Basin account for the highest groundwater with similar

characteristics.

Fig. 11 Shows a spatial distribution map for the study area’s water quality index

Fig. 12 Optimized Statistics

Chart for K- means algorithm
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4.3 Factors controlling the groundwater chemistry

The Piper (1944) diagram has been extensively used to

illustrate groundwater classification and trends in hydro-

geochemistry. In this study, the groundwater classification

is shown in Fig. 15, which shows that the sampled borehole

water has a dominant hydrochemical facies of Ca–HCO3

type of water. Out of the 55 drilled boreholes, six boreholes

exhibit the Na–Cl type of water, fourteen boreholes belong

to the Ca–SO4
2- type of water, ten boreholes belong to the

mixed Ca–Mg–Cl type of water, and twenty-five boreholes

belong to the Ca–HCO3
- water type.

The Ca–HCO3 water types suggest that the dissolution

of carbonate minerals in the underlying geology likely

results in active groundwater recharging areas (Appelo and

Postma 2005). Consequently, the geological formations

(Rocks of the Apollonian) in these zones are favourable to

water infiltration and percolation. Additional research by

Edjah et al. (2015, 2019) suggests that the groundwater

recharge in the study area is of meteoric origin, which is

consistent with the identified recharge zones (Fig. 7) and

supports the assertion made above.

The boreholes clustering in the Na–Cl zone of the Piper

(1944) diagram were all drilled in the aquifer of the

Apollonian formation, and this is indicative of high sodium

(Na?) and high chloride (Cl-). This chemical composition

is a characteristic of seawater intrusion or ion exchange

processes, which suggest their occurrence in the aquifer. It

might be seawater intrusion due to the proximity to the sea

and the high porosity and permeability of the unconsoli-

dated rocks of the Apollonian formation. It can also be an

ion exchange process due to the dissolution of carbonate

minerals (limestones) from the rocks of the Apollonian

formation.

The Ca–SO4
2- reveals contaminated borehole water

since gypsum is absent in the underlying geology of the

study area.

The Ca–Mg–Cl water type frequently denotes the

impact of carbonate mineral dissolution (calcium and

magnesium) in limestones which exist in the underlying

geology, as well as the potential for groundwater interac-

tion with chloride-bearing sources. An occurrence of a

karst aquifer in the Tano River Basin is also conceivable.

This is due to the possibility of high groundwater con-

centrations of calcium and magnesium in a karst landscape

(Appelo and Postma 2005), but further investigations are

required.

Fig. 13 Optimized Statistics

Chart for K mean algorithm

Table 12 Silhouette and inertia scores for the borehole data set

Column1 Silhouette scores Inertia_errors

0 0.590872345 1309.994795

1 0.405931329 946.1520136

2 0.388172485 832.4460253

3 0.090831684 751.5011473

4 0.091249141 655.5834043

5 - 0.209085049 597.6684146

6 0.201500504 510.2191438

7 - 0.104732655 458.1976387

8 - 0.076043382 418.4900226

9 - 0.284849075 378.0220061

10 - 0.180273544 338.045292
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Comparing Fig. 9 with Fig. 15, it is observed that the

predominance of the CaHCO3 water type could be linked

to the lithology of the aquifers. This is because as

groundwater flows from northward to southward (Fig. 9), it

interacts with more carbonate (limestone) formations,

thereby enhancing the dissolution of Ca2? and HCO3
-,

which enriches the chemistry of the groundwater. This

therefore suggests that the hydrogeological conditions of

the Tano River Basin and the underlying geology likely

influence the chemistry of the groundwater.

The aforesaid hydrochemical processes are further

explained in this study using bivariate plots, which are

shown in Figs. 16a–d. The majority of the borehole water

samples fall over the 1:1 equiline, with a few falling below

it, as seen in Fig. 16a, where the plot of Ca2? ? Mg2?

versus Cl- demonstrates an ion exchange process involv-

ing Ca2?, Mg2? and Na? ions (Belkhiri et al. 2012). As

groundwater flows through the aquifer of the Apollonian

formation and the Birimian supergroup which contains

limestones and silicate minerals (Biotite), respectively,

they encounter minerals containing Ca2? and Mg2? which

likely releases into the groundwater through dissolution. At

the same time, the groundwater might come into contact

Fig. 14 PCA representation of

Clusters

Table 13 Total number of boreholes for each cluster for K-means algorithm

Cluster Number K-means K-means

Total number of boreholes Percent (%) Rock formations Total number of boreholes Percent (%) Rock formations

0 10 18.2 Apollonian 20 36.36 Birimian

1 10 18.2 Apollonian 6 10.91 Birimian

2 3 5.45 Apollonian 0 0 Birimian

3 6 10.91 Apollonian 0 0 Birimian

Fig. 15 Piper (1944) diagram used in classifying the boreholes of the

study areas
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with solid phase materials that contains exchangeable ions.

In addition, Fig. 16a reveal a strong correlation between

Ca2? ? Mg2? and Cl- which explains the above

prevalence.

As can be seen in Fig. 16b, the majority of the borehole

water samples are above the 1:1 equiline, while a small

number are below and fewer cluster along the equiline.

Additionally, the figure (Fig. 16b) displays a strong cor-

relation, suggesting possible groundwater contamination

which requires further investigations to identify the exact

sources and nature of contamination. To further explain the

occurrence of carbonate dissolution or silicate mineral

weathering, a plot of Ca2? ? Mg2? versus SO4
2--

? HCO3
- is employed (Fig. 16c). According to Elango

and Kannan (2007), the dominance of Ca2? ? Mg2? is a

sign of carbonate dissolution and the abundance of

SO4
2- ? HCO3

- over Ca2? ? Mg2? is a sign of silicate

weathering. In this study, the majority of the boreholes

show an abundance of Ca2? ? Mg2? over SO4
2--

? HCO3
-. As can be observed in Fig. 16d, Cl- dominates

over Na?, suggesting anthropogenic sources or seawater

intrusion as the cause of the chloride concentrations in the

borehole water. Additionally, Na? ion exchange activities

are related to the potential Na? deficiency in Fig. 16d

(Belkhiri et al. 2012). Generally, this part of the study has

provided valuable insights into the hydrochemical

processes controlling the groundwater chemistry in the

Tano River Basin. The understanding of these processes is

essential for effective groundwater management and pro-

tection, as well as for addressing potential issues related to

groundwater quality and sustainability. However, it is

essential to continue monitor and further investigate the

above identified trends and correlations in order to develop

a comprehensive groundwater resource management strat-

egy and ensure the availability of safe and sustainable

groundwater.

Further investigations are aided by the use of principal

component analysis (PCA), which is computed using

physical parameters, cations, anions, and trace elements.

The Kaiser criterion (Kaiser 1960) is used to calculate the

total number of significant principal components, and only

principal components with eigenvalues greater than or

equal to 1 are retained as potential sources of variation in

the data set. Table 14 displays each principal component’s

variance expression as well as its relative relevance to the

other principal components. From Table 14, PC1 represents

34.16% of the variance of the data set, and that is attributed

to a strong positive correlation with EC, Cu, Pb, Zn, Na, K,

HCO3
-, and a strong negative correlation with Ca2?,

Mg2?, NO3
-, CO, and Cd. Groundwater with high PC1

loading is likely from the underlying geology which con-

tains sulphide minerals (Ni, Pb and Zn) or effluents from

Fig. 16 Bivariate plots of a (Ca2? ? Mg2?) against Cl-, b SO4
2- against Ca2?, c (Ca2? ? Mg2?) against (SO4

2- ? HCO3
-), d Cl- against

Na?
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the oil and gas, and mining industries. Also, ion exchange

processes (Na? and K?) or anthropogenic sources and

HCO3
- enrichment could likely influence the high PC1

loadings. PC2 (26.52%) as shown in Table 15 combines

pH, EC, TDS, TH, Cl, Cu, Ca2?, Mg2?, Na?, Co, and Ni

due to the strong positive relationship between PC 2 and

the above-mentioned variables. This indicates high mineral

composition (Ca2? and Mg2?), with moderate EC and pH.

PC 3 exhibits a strong correlation with Fe and Al and

accounts for 8.74% of the variable in water quality. This is

likely attributed to the geological influences or anthro-

pogenic sources.

PC 4 shows an excellent connection with TH and Mn by

taking 7.26% of the variance in water quality suggesting

geological factors influencing the chemistry of the

groundwater. PC 5 accounts for 5.07% of the fluctuation in

water quality, which shows a strong relationship with As

which might be of health concern. PC 6 shows a strong

association with Cr and P and accounts for 3.74% of the

variance in water quality which could originate from

anthropogenic sources or natural mineral dissolution.

Geogenic processes, which are in conformity with the

underlying geology and have fewer anthropogenic origins,

are one of the potential factors regulating the chemical

quality of the groundwater chemistry in the Tano River

Basin, according to the information shown above. In con-

clusion, the integration of PCA in this study and its inter-

pretation have enhanced the understanding of complex

relationships controlling the groundwater chemistry in the

Tano River Basin. By recognising the predominant influ-

ence of geogenic processes, groundwater resources can be

better protected and sustained for both current and future

uses.

The study employs a mineral stability diagram (Fig. 17)

to better understand the chemistry of groundwater in the

Tano River Basin. The underlying geology in the study

region contains different clay minerals. The diagram

reveals that 42 boreholes fall within the Kaolinite stability

field (Fig. 17). This suggests that the borehole water in

these areas has experienced a dilution of calcium ions and

indicates the presence of kaolinite. Kaolinite has a low

cation-exchange capacity (1–15 meq/100 g) (Appelo &

Table 14 Principal

components, Eigen values and

total variance for the quality of

the borehole water

PC1 PC2 PC3 PC4 PC5 PC6

pH - 0.32 0.79 - 0.20 - 0.01 - 0.03 - 0.09

EC 0.59 0.78 0.03 0.10 - 0.10 - 0.04

TDS 0.44 0.85 0.08 0.11 - 0.13 - 0.07

TH - 0.09 0.73 - 0.18 0.58 - 0.03 0.07

Cl- 0.25 0.72 0.28 - 0.07 - 0.08 0.14

Cu 0.63 0.65 0.14 - 0.37 - 0.01 - 0.01

Mn 0.31 0.07 - 0.26 0.60 0.26 - 0.11

Fe 0.32 - 0.25 0.78 0.35 0.06 - 0.07

SO4
2- 0.37 0.27 0.06 0.31 0.22 0.08

Cr - 0.07 0.04 0.14 - 0.12 0.06 0.70

Pb 0.69 - 0.40 - 0.29 - 0.07 0.08 0.16

Ca2? - 0.60 0.59 - 0.10 0.38 - 0.01 0.01

Mg2? - 0.61 0.55 0.07 0.22 0.12 0.20

NO3
- - 0.78 0.41 0.07 - 0.03 0.08 0.23

As 0.49 0.21 - 0.08 - 0.37 0.62 - 0.01

Al 0.28 - 0.36 0.83 0.21 0.09 - 0.03

P - 0.42 0.28 0.06 0.18 0.15 0.60

Zn 0.86 - 0.42 - 0.03 0.13 0.07 0.06

Na? 0.79 0.50 0.19 - 0.23 - 0.10 0.04

K? 0.83 0.34 0.05 - 0.25 0.29 0.04

HCO3
- 0.74 0.24 - 0.24 0.45 - 0.15 - 0.02

Co - 0.52 0.71 - 0.04 - 0.02 0.36 - 0.17

Cd - 0.88 0.42 0.06 - 0.09 0.04 - 0.12

Ni 0.21 0.91 0.02 0.03 - 0.04 - 0.13

Eigen value 10.59 8.22 2.71 2.25 1.57 1.16

Variability % 34.16 26.52 8.74 7.26 5.07 3.74

Cumulative % 34.16 60.68 69.42 76.68 81.74 85.48

The bold shows the strong or perfect correlation between the variables
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Postma 2005), which promotes ion exchange processes in

the groundwater. On the other hand, the remaining 13

boreholes lie in the Gibbsite stability field. This implies

that as kaolinite forms in these areas, the pH of the bore-

hole water is reduced, leading to more acidic conditions

(Belkhiri et al. 2010). The presence of Gibbsite indicates a

different chemical environment in these boreholes com-

pared to those in the Kaolinite stability field. Also, the flow

of groundwater in the Tano River Basin appears to be

unrestricted. This means that groundwater movement is not

hindered or obstructed significantly. One possible reason

for this unrestricted flow could be the unconsolidated rocks

in the area where the boreholes were drilled. Unconsoli-

dated rocks are loose and allow water to flow more easily

compared to consolidated rocks. Additionally, incongruent

mineral dissolution might be another factor influencing the

chemistry of groundwater in the Tano River Basin.

Incongruent mineral dissolution refers to the process where

Table 15 Hazard quotients of all trace elements and cancer risks of Pb, Cr, and Cd in the study catchment

Elements Cwater EXPing EXPderm RfDing RfDderm HQderm HQing HI = HQing ? HQderm

As 0.003 0.000 0.005 0

Ba 0.014 0.001 0.008 70 14 0.001 1.18E-05 0.001

B 0.05 0.003 0.029

Cd 0.0002 0.000 0.000 0.5 0 0.024 2.47E-05 0.02

Cr 0.006 0.000 0.007 3 0 0.463 1.18E-04 0.46

Co 0.0024 0.000 0.001 0.3 0 0.185 4.71E-04 0.19

Cu 0.0083 0.000 0.005 40 12 0.000 1.22E-05 0.00041

Pb 0.025 0.001 0.014 1.4 0.4 0.034 1.05E-03 0.04

Mn 0.04 0.002 0.023 5 0.8 0.029 4.71E-04 0.03

Ni 0.006 0.000 0.007 20 5.4 0.001 1.76E-05 0.001

Se 0.008 0.000 0.005 5 2.2 0.002 9.41E-05 0.002

Ag 0.0002 0.000 0.000

Sr 0.15 0.009 0.087

Ti 0.007 0.000 0.004

V 0.004 0.000 0.002

Zn 0.03 0.002 0.010 300 60 0.0002 5.88E-06 0.0002

Al 0.14 0.008 0.081

Fe 0.28 0.016 0.162 300 45 0.004 5.49E-05 0.04

Fig. 17 Mineral Stability

diagram for the CaO–H2O–

SiO2–Al2 O3 system in

groundwater developed in the

study area
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minerals dissolve in water, leading to the release of some

ions into the water while others remain as solid residues

(Belkhiri et al. 2010). This can affect the overall chemical

composition of the groundwater. In general, the distribu-

tion of diverse clay minerals (kaolinite and gibbsite),

unrestricted groundwater flow caused by unconsolidated

rocks, incongruent mineral dissolution, and the combined

impacts of the mineral stability diagram all work together

to define the groundwater chemistry in the Tano River

Basin. The total hydrogeochemical properties of the

groundwater are influenced by interactions between these

components. Understanding the above is essential for

managing water resources, identifying possible problems

with groundwater quality, and selecting appropriate land-

use and water management strategies.

4.4 Groundwater and human health risk

This section compares carcinogenic and non-carcinogenic

health hazards associated with drinking groundwater

(Table 15). The hazard quotient (HQ), which is determined

by contrasting contaminant intake through skin contact and

ingestion (Li and Zhang 2010; Wu et al. 2009; De Miguel

et al. 2007; USEPA 2004), is used to quantify potential

non-carcinogenic risks. Concerns over non-carcinogenic

health effects may surface if HQ exceeds 1. In order to

calculate potential non-carcinogenic risks from all relevant

pathways, the health Index (HI) is used. The study found

that 18 trace elements pose little hazard in borehole water

for both adults and children, with HQing and HQderm values

below 1 (Table 15). The highest contributor to chronic risk

is Cr for both children and adults, with a HQderm value of

0.46. Chromium, an element linked to gold deposits (Fu

et al. 2017), is a significant contributor to chronic risk in

the Tarkwa mining area (Seidu and Ewusi 2020). The high

toxicity of Cr makes it crucial to use it for groundwater

contamination control and public health in the study area.

Drinking Cr-contaminated borehole water can cause severe

skin rashes, lung cancer, and other serious illnesses (WHO

2011).

5 Conclusion

In conclusion, this study has identified significant spatial

variations in borehole depths, with deeper boreholes pri-

marily concentrated in the northeastern and southeastern

zones. The borehole yields have revealed a strong rela-

tionship with geological formations, particularly in areas

overlying the Apollonian Formation, characterized by

highly porous and permeable rocks. The obtained trans-

missivity values have highlighted high transmissivity zones

in the southern, southeastern, eastern, and southwestern

regions, and low transmissivity zones in the northeastern,

central, and southern areas, signalling lower groundwater

availability. The hydraulic conductivity values have

demonstrated the suitability of various areas across the

basin for groundwater recharge, with high hydraulic con-

ductivity zones in the southern, southeastern, eastern, and

southwestern areas. The highest specific capacity values

were seen in the southern zone of the study area. The

groundwater flow direction revealed a consistent pattern of

flow from higher hydraulic head recharge areas in the

north-west, southern, and western regions toward lower

hydraulic head discharge areas in the south-east and

western regions. The study has also demonstrated that the

groundwater in the Tano River Basin generally falls within

the category of freshwater based on its low total dissolved

solutes (TDS) and electrical conductivity (EC) values,

indicating minimal contamination and favourable hydraulic

parameters (hydraulic conductivity, etc.) in the aquifers.

Microbiological analysis identified areas of concern, with

elevated levels of E. coli and coliforms in certain bore-

holes, particularly those developed in the aquifer of the

Apollonian Formation. Additionally, trace element analysis

detected elevated concentrations of elements such as iron,

chromium, aluminium, nickel, arsenic, and lead in some

boreholes, exceeding WHO (2011) standards. Overall, the

study’s water quality index (WQI) assessment revealed

spatial variations in groundwater quality, ranging from

excellent to extremely poor, with areas underlain by the

Apollonian Formation exhibiting lower groundwater qual-

ity. The PCA results revealed geogenic processes, associ-

ated with the underlying geology, significantly influencing

the chemistry of the groundwater. In addition, anthro-

pogenic sources and mineral dissolution played a vital role

in the chemistry of the groundwater. According to the

health risk assessment, 18 trace elements (As, Ba, B, Cd,

Cr, Co, Cu, Pb, Mn, Ni, Se, Ag, Sr, Ti, V, Zn, Al, and Fe)

in the borehole water samples are of low concern for both

adults and children, as their HQ values were below the

threshold of 1, signifying a minimal risk of non-carcino-

genic health effects from these contaminants. Notably,

chromium (Cr) emerged as the most significant contributor

to chronic health risk for both age groups, with an HQderm

value of 0.46.

6 Recommendation

• Moving forward, continued research and monitoring

are necessary to deepen the understanding of ground-

water contaminants and their potential health impacts in

the Tano River Basin.

• Additionally, the development and application of

innovative technologies for groundwater remediation
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and risk mitigation should be pursued by policymakers

in Ghana to safeguard human health and preserve the

quality of this vital natural resource.

• Collaboration with local stakeholders and the adoption

of a multidisciplinary approach is required in order to

ensure the success of future groundwater studies and

pave the way for informed decision-making in the

pursuit of achieving SDG 6 in the Tano River Basin in

Ghana.
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