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Abstract: The study aimed to assess open defecation amongst residents in a rural area 
of Wurno local government, Sokoto, Nigeria. The design utilized was cross-sectional 
survey, applied to gather information of the participants and their environment with 
the aid of structured questionnaires at a given time. The collected information was 
subjected to descriptive statistics and X2 test at p<.05. The results reveal, majority of 
the participants (77.8%) are into open defecation; minority (22.2%) always do it. 
77.8% of them always practice it, 11.1% never had open defecation, and 11.1% often 
do it. Majority (77.8%) had untidy toilets, minority (22.2%) had clean latrines.72.2% 
that is majority of the toilets in the area had no water supply, and minority (27.8%) of 
them had water. Toilets are shared by 9 people (72.2%) mostly, then 12 individuals 
(16.7%), and by 8 persons (11.1%). Majority (72.2%) of them do not wash hands with 
soap after toilet; and minority use soap after toilet (27.8%). All respondents agreed to 
burning of their waste (100.0%). Mostly open defecation is due to insufficient toilets 
(36.1%), then poor awareness (32.2%) and, poverty (31.7%). There was stool in the 
area (80.0%) and two defecators seen during the early morning (76.1%), 5 and above 
defecators were seen (12.8%), and only one person was seen (11.1%). Children 
(51.1%) are the most defecators, then adolescents (48.9%). Mostly, defecators are 
males (51.1%), 48.9% females. Open defecation is a much threat in children and 
women. Enough toilets and efforts are needed. 
Keywords: Open defecation, rural, diseases, malnutrition, polio, water supply 

 
Introduction 

The act of defecation perpetrated by an individual or groups of people in an open space, 
waterbodies, bushes, etc. is defined as open defecation. It is an act of avoiding toilet while defecating 
and an act of passing stool in a manner that does not support hygienic separation of human waste and 
the human body and ultimately lead to so many adverse effects to the public health at large (Center for 
Legislative and Research and Advocacy, 2013; Coffey, 2015; Saleem et al., 2019; Onyemaechi et al., 
2022). Therefore, open defecation is regarded as an unimproved method of sanitation and the least status 
on the sanitation ladder that affects everyone. From the global dimension, about 0.9 billion people are 
still into the act of open defecation, and in sub-Saharan region of Africa about sixteen million citizens 
to two hundred and twenty million are perpetrating the act unabated (Ntaro et al., 2022). In Nigeria, 
there are some reports that show that, still about6 25% of the citizens are defecating in the open with 
variation among the various regions of the country (Onyemaechi et al., 2022). 

Open defecation is a principal threat to public health in many ways especially in rural settings. It is 
a main factor that spurs much contamination of the environment, water resources; and in turn increasing 
the risks of waterborne and water related diseases. Low sanitation has led to higher mortality and 
morbidity rates especially among children that are below five years old; therewith, about 70, 000 deaths 
are recorded every year in the country (Adeoye, 2015; Ufomba et al., 2021). Diarrhea, intestinal worms, 
polio, typhoid fever, hepatitis, trachoma, are some of the diseases challenging the health of Nigerians 
because of open defecation or poor sanitation practices (Ufomba et al., 2021). 

Pertaining economics, there are a lot of effects arising from the open defecation practices and the 
effects are meted on about 1 billion people worldwide (Ufomba et al., 2021). Parable, when a person 
disgorges 1 gram of stool in the open, about 1,000 parasitic cysts, 1,000, 000 bacteria, 100 parasitic 
eggs, 10, 000, 000 viruses, and other pathogens are released. Consequently, this combo of microbes 
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finds its way into the water, food, and cling to the flies, fingers, soils, animate, and inanimate objects; 
thereafter, a fecal –oral transmission is facilitated (Routray et al., 2015; Mara, 2017; Ajayi & Philip, 
2021) 

The most affected portions of the population due to the open defecation are the children and women 
or girls. Children are subjected to diseases, malnutrition, stunting, intellectual derangement, academic 
problems, and the likes. Parents, wards, patients, and relatives had to spent vital portion of their income 
in the treatment of diseases caused by open defecation, working hours are lost, and school hours are lost 
because of sicknesses or relations (Kwiringira et al., 2015; Ajayi & Philip, 2021). Moreover, women or 
girls are major victims in the open defecation debacle by been subjected to indignity, school 
abandonment, poor academic achievement, etc. In often, women and girls are risk with the possibility 
of being raped or stink by animals along the course of open defecation (Sarkingobir et al., 2019; Ajayi 
& Philip, 2021). However, there is still need for empirical data outcomes in places like Sokoto rural area 
because the rural dwellers have been characterized as the most perpetrators of the act and most affected 
by the outcomes because of factors like poverty, poor healthcare, poor knowledge, and the likes 
(Sarkingobir & Sarkingobir, 2017; Amanabo-Arome & Abbas, 2021; Belay et al., 2022). Thus, the aim 
of this study was to assess the level of open defecation amongst inhabitants in a rural area of Wurno 
local government, Sokoto state, Nigeria. 
 
Materials and Method 
Study Setting 
“Sokoto State is in the Northwest Zone of Nigeria between longitude 11′′ 30–13′′ 50 and latitude 4′′–6′′. 
It borders Niger Republic to the north and Benin Republic to the northwest, Kebbi State to south and 
Zamfara State to the east. It has a land mass area of about 32,000 sq. km and consists of 23 local 
government areas and 244 political wards. The population is predominantly rural, Muslim and consists 
almost entirely of Hausa/Fulani ethnic groups” (Sarkingobir et al., 2021).  
 

 
Figure 1:   Map of the study area, Source: Hamza et al., (2023) 
 
Research Design 
The study design utilized in this work was cross-sectional survey design to collect data at a given time 
from a given portion of the environment and the respondents. 
Population of The Study 
The population of the study consists of all the households residing in Zayawa area in Wurno local 
government, Sokoto state, Nigeria. The sample was drawn from this very population using specific 
sampling strategy. 
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Sampling, Sample Size 
In a qualitative survey there is need to explore quality, other than the bulky size of the sample in the 
study. Thus, major applied sample size for this study type was reported as fifteen (Sarkingobir et al., 
2021).  To have proper data, an inspection of the environment of the area was coupled with face-to-face 
interview of the participants using simple random sampling approach. The sample size of the study was 
179, according to the formula stated in Oche et al., (2011). 
 

n  = (𝑈𝑈�[𝐴𝐴1(1−𝐴𝐴1)+ 𝐵𝐵2(1−𝐴𝐴)]+
(𝐴𝐴2−𝐴𝐴1)2

𝑉𝑉�[2𝐴𝐴 (1−𝐴𝐴)])
2

 
Where A = A1 + A2/2 

U = One sided percentage point of normal distribution corresponding to 100% (power). Here power = 
90%, U = 1.28  
V = Percentage point of the normal distribution corresponding to the two sided significance level = 50%, 
V = 1.96. 
A1 = Proportion of value (open defecation coverage) to be determined = 30% in a previous report 
(Sarkingobir et al, 2021). 
A2 = Proportion of value to be determined post- intervention = 15% 
n = 162 
to compensate for non-response and attrition with anticipated 90% response rate, n = 180. In this study 
was the size was 180, according to the formula stated on Oche et al., (2011).  
Data Collection Instrument and Validation 
In this study, a semi-structured questionnaire was used to collect data which is based on the past studies 
search. The questionnaire consists of subsections as follows: Section A is pertaining the demographic 
characteristics of the study participants, section B is about the open defecation practices (level of 
sanitation and relations), section C is about WASH parameters and motives to OD, and section D is 
about visible OD indices in the area and quasi. 
 
Techniques of Data Analysis 
After collection, the data (filled questionnaires) were analyzed using descriptive statistics to give 
frequency and percentage, wherever necessary the interview was analyzed using thematic content 
analysis.  
 
Ethical clearance 
For conducting this research work, an ethical clearance was obtained from the Sokoto state Ministry of 
Health 
 
Table 1. Showing Characteristics of Respondents of the Study 

Item Frequency % 
Sex   
Male 80 44.4 
Female 100 55.6 
Marital Status   
Married  80 44.4 
Divorce  50 27.8 
Single  50 27.8 
Age   
15 – 25 years 30 16.7 
26 – 35 years 120 66.7 
36 – 45 years 30 16.7 
Occupation   
Farming  180 100.0 
Education Qualification   
Is open defecation harmful? 
No 
Yes 

 
140 
40 

 
77.8 
22.2 

Source: Field Work, 2022 
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Results and Discussion 
The results for this study are revealed in Tables 1, 2, 3, and 4. In Table 1, the characteristics of 
respondents were divulged. Majority are females (55.6%), and minority are (44.4%). On marital status, 
the highest status was married (44.4%), followed by divorced (27.8), and single (27.8%). Respective 
age ranges are: 15 – 25 years (66.7%), 36 – 45 years (16.7%), and 15 – 25 years (16.7%). Their major 
occupation is farming (100.0%) and education is Arabic (100.0%); therewith, most of them think that, 
defecation in the open and the perpetrators are harmful (77.5%), minority of them regarded the practice 
as harmless. From this finding it can be found that, the characteristics of the respondents are poor and 
might have motivated them to the practice; because lack of western literacy, poor income source, are 
among the factors that ensure poor health outcomes in often times, and might be the reason why the 
respondents think open defecation is harmless (Tsinda et al., 2015; Mara, 2017; Culley, 2018; Abebe, 
2020). 
 
Table 2: Responses on Open Defecation Practice among residents of Zayawa community, Wurno 

local government 
Item Frequency Percentage (%) 

I used toilet to defecate    
Sometimes 140 77.8 
Always 40 22.2 
I indulge in open defecation    
Never 20 11.1 
Often 20 11.1 
Mostly  140 77.8 
I wash my hands after defecation    
All the time  180 100.0 

Source: Field Work, 2022 
 

The evaluation of open defecation in a rural area reveals in Table 2 that, majority of the participants 
(77.8%) are in the habit of sometimes engaging in open defecation; and minority (22.2%) are always in 
the habit of defecating in the open. From this it has been indicated that open defecation is a norm in the 
rural area and potentially affects public health. This work had a similarity with a finding in an Indian 
study that found open defecation in a village area (Dev, 2018). Like the finding in this study, in that 
Indian study, most of the household of the assessed village had no toilet, situation that forced people to 
engage in open defecation or low sanitation level practice (such as shared sanitation) (Dev, 2018; Saleem 
et al., 2019; Trimmer et al., 2022). 77.8% of the respondents agreed that they always practice open 
defecation, 11.1% never engaged in open defecation, and 11.1% practice open defecation often.  

Assessment of status regarding water, sanitation, and hygiene was shown by table 3. For people to 
be able to abide by the conduct of proper sanitation, water supply is inevitable. However, the evaluation 
of water, sanitation, and hygiene (WASH) items in the area confirmed that, majority (77.8%) had untidy 
toilets, and minority (22.2%) had clean latrines. The issue of unclean toilet is of great concern in 
sanitation, because people tend to shun toilets if they are dirty. 72.2% that is majority of the toilets in 
the area had no water supply, and minority (27.8%) of them had water. Therefore, the lack or 
insufficiency of water in the toilet premises or environment is a major thing that motivates people to 
avoid toilets and make achievement of sustainable sanitation difficult.  In a study similar to this, lack of 
water supply was fingered as a major factor that causes among open defection among higher institution 
students in Nigeria (Ajayi & Philip, 2018). Moreover, another study from sub-Saharan countries 
reiterated that limited water availability trigger people to use pen defecation as a substitute (Belay et al., 
2022). Toilets are shared by 9 people (72.2%) mostly, then 12 individuals (16.7%), and lastly by 8 
persons (11.1%). This has pointed that, all available toilets are shared, and the sharing could make the 
toilets untidy easily or spoil some of the hardware available; thereby motivating open defecation on the 
other hand. To safeguard public health by breaking the chain of transmission of pathogens, a person is 
supposed to clean his hands with soap always after toilet; therefore, every toilet needs to have a supply 
of enough soap for that respect. Hoverer, in the study area, majority (72.2%) of the respondents confided 
that, washing hands with soap after toilet is not their norm (because there was no soap in their toilets); 
and minority had summited to the use of soap after toilet (27.8%).  This is in consonant with a study 
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reported from Indian village that, majority of the households studied had nothing for handwashing after 
toilet visits (Coffey, 2015; Dev et al., 2018). 
 
Table 3: Assessment of Water, Sanitation and Hygiene Parameters and motivators to open defecation 

in the Study Area 
Item Frequency  % 

Toilets are:   
Clean  40 22.2 
Dirty 140 77.8 
Is there Water Supply?     
Yes  50 27.8 
No 130 72.2 
Individuals Per Toilet    
9 130 72.2 
8 20 11.1 
12 30 16.7 
Is there any of Soap at the latrine?   
No 130 72.2 
Sometimes 50 27.8 
Method of Waste Treatment    
Burning  180 100.00 
Possible motivators to Open Defecation   
Insufficiency of Toilets 65 36.1 
Poverty 57 31.7 
Insufficiency of Awareness 58 32.2 

Source: Field Work, 2022 
 

The major thing that motivates them to open defecation is insufficient toilets (36.1%), then poor 
awareness (32.2%) and lastly, poverty (31.7%).  This study has shown from the submissions of the 
participants that there are several causes or factors that motivate people to persist on open defecation 
norm especially in the rural setting.   In some other corroborating studies, there had being similar reports 
on causes of open defecation in the country; parable, poor knowledge and awareness, and availability 
of facilities were fingered as major factors harboring poor sanitation in the country as illustrated by 
Olaitan et al., (2022); another study shows that as the education of the household go higher, the tendency 
of open defecation goes lower (Belay et al., 2022), and indeed the poverty is fingered issue to harbor 
open defecation in many situations (Belay et al., 2022). Similarly, in a study in Osun state, Nigeria, rural 
areas were more prone to open defecation than urban ones, and education of the head in any household 
reduces open defecation among the participants in the study (Onyemaechi et al., 2022). 

People are expected to manage their waste properly for the protection of health. In this study, the 
respondents instead of abiding by good practices, they subscribed to burning of their waste materials 
(100.0%). In this vein, Dev (2018) reported that waste disposal in the examined village is extremely and 
poorly managed by dispensing on river sides, beside the house, and in the field. However, the practice 
of open burning of waste as a norm of the study respondents is a thing of great concern especially when 
the practice is perpetrated at home. It increases the risk of heart disease and aggravate the suffering of 
people battling with respiratory illnesses like emphysema, and asthma. Other effects can be nausea, 
rashes on the body, reduction of vision, effect on liver, kidney, and nervous system disorders; therewith, 
the resultant effects of burning of waste at home are more pronounced on the children (Karshima, 2016; 
Kaoje et al., 2017; Magami et al., 2017; Kaoje et al., 2018). 

Table 4 identifies the actual open defecation in the area. There is noticeable stool in the area (80.0%) 
and two defecators during the early morning visits (76.1%), 5 and above defecators were seen (12.8%), 
and only one person was seen (11.1%). There are types of people that mostly engaged in open defecation, 
and there are types of people that are mostly inflicted by consequences of open defecation in any given 
area. As revealed by this study, children (51.1%) are the major perpetrators, then adolescents (48.9%). 
And unfortunately, they are the ones that are mostly affected by the consequences of open defecation in 
the environment. Mostly, defecators are males (51.1%), are significant of portion of the defecators are 
females (48.9%). It is unfortunate to find children and the female gender in involved in the practice of 
open defecation, because they are the most vulnerable to the consequences of that scourge (Abebe, 
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2020). Children are naturally known with weak immunity, a growing and developing body, longer life 
expectancy, curiosity, and tendency to contact soil or contaminated objects carelessly and therefore have 
more chance to be affected with the open defecation practice (Clasen, 2015; Spears et al., 2015; 
Sarkingobir et al., 2021; Dikko et al., 2022; Miya et al., 2023; Sarkingobir et al., 2023). Likewise, the 
women have extensive needs for better sanitation and hygiene, because of the gender; and in the other 
hand lack of proper sanitation subject them to indignity, rape, school abandonment, stink from animals 
and other related effects (O’Reilly, 2016; Ngwu, 2017). 
 
Table 4. Investigation of Open Defecation among residents of rural area of Wurno local government, 

Sokoto state, Nigeria 
Parameter  Frequency  % 

Noticeable stool in the area   
Yes 180 100.0 
No 0 0.0 
Presence of people defecating during the Early Morning Visit   180 100.00 
Number of Defecators noticed    
1 20 11.1 
2 137 76.1 
5 and above 23 12.8 
Types of People Seen Defecating    
Children  92 51.1 
Adolescents 88 48.9 
Gender of Defecators    
Males 92 51.1 
Females 88 48.9 
Source: Field Work, 2022 

 
Conclusion 
Open defecation is a practice of defecating outside a designated toilet. It is a practice that harbors the 
contact of human with excreta and in turn facilitating the transmission of diseases. People defecating in 
the open are releasing millions of microbes to the environment for upward intake into the human body 
and in turn a factor that is responsible for transmission of many diseases and effect such as polio, 
cataract, typhoid, cholera, hepatitis, malnutrition etc. Therefore, it is needed to explore the exact nature 
of the situation more especially in the rural areas, to know the motives and hindrances of the practice, 
and to identify the WASH sanitation levels and relations. Therefore, this study was conducted and has 
conclusively; revealed that, there was poor sanitation (toilets) levels and open defecation had been 
practiced by most of the inhabitants of the rural Zayawa area, Wurno local government, Sokoto state. 
 
Recommendations 
Toilets are very significant to maintain the health of the public. It can be recommended based on this 
study that: 
1. The government, nongovernmental organizations, communities of rural areas or governments should 

provide initiatives to provide adequate toilets at homes, school environment (in hostels and school 
premises), more especially to the females. These toilets can also be built by other organizations such 
as Muslim Society organizations and relations. 

2. There should be proper awareness among residents on dangers of opens defecation to public health. 
Teachers, leaders, and unions should engage in massive campaigns against poor sanitation and 
hygiene. 

3. There should be encouragement of enough individuals to clean toilets regularly. Youngsters are also 
enjoined to support in cleaning their environment. 

4. Walk of shame should be used to invite people to cleanliness in their toilets or environments. 
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Abstract: This study presents a mathematical model for estimating the growth of a 
crack in a 15-year-old concrete building located in Gboko, Benue State, Nigeria. The 
model takes into consideration various factors, including the building's dimensions, 
construction age, climate, soil type, and maintenance history. The aim of the study is 
to assess the structural integrity of the building and provide insights into its 
maintenance needs. The model was calibrated using data on the location, size, shape, 
and associated damage of an existing crack in the building's east wall. The results of 
the model show that the crack is likely to continue growing at a slow rate of 
approximately 0.1 mm/year. However, the crack is not expected to pose a significant 
risk to the building's structural integrity in the near future. The study demonstrates the 
potential of mathematical modeling as a tool for assessing and managing cracks in 
concrete structures. The model provides valuable insights into the structural behavior 
of the building, and the results can be used by building owners, engineers, and 
maintenance personnel to make informed decisions about the maintenance, repair, and 
upgrade of the building. Overall, the study highlights the importance of regular 
maintenance and inspection of concrete structures to ensure their long-term durability 
and safety.  
Keywords: Mathematical Modeling, Crack Estimation, Concrete Structures, Building 
Maintenance, Structural Integrity, Nigeria. 

 
Introduction 

The presence of cracks in concrete structures is a common phenomenon that can occur due to 
various factors such as environmental conditions, design flaws, construction errors, and aging. If left 
unaddressed, cracks can compromise the structural integrity of a building and pose a risk to its occupants 
(Zhang et al., 2023). Therefore, it is essential to monitor and manage cracks in concrete structures to 
ensure their long-term durability and safety (Abdullah et al., 2022). Mathematical modeling is a 
powerful tool that can be used to predict crack growth in concrete structures and assess their structural 
integrity (Yang, 2013). By analyzing the physical and environmental factors that contribute to crack 
development, mathematical models can estimate the size, shape, and propagation rate of cracks over 
time (Bernard, 2019).  This information can then be used to make informed decisions about maintenance, 
repair, and upgrade of the structure (Gaedicke et al., 2009). 

In this study, we developed a mathematical model to estimate the growth of a crack in a 15-year-
old concrete building located in Gboko, Benue State. We will consider various factors such as the 
building's dimensions, construction age, climate, soil type, and maintenance history. We will also collect 
data on the location, size, shape, and associated damage of the existing crack to calibrate the model. 

The results of this study will provide insights into the building's structural integrity and 
maintenance needs. It will also demonstrate the potential of mathematical modeling as a tool for 
assessing and managing cracks in concrete structures (Masataka Yatomi et al., 2003). This information 
can be used by building owners, engineers, and maintenance personnel to make informed decisions 
about the maintenance, repair, and upgrade of the building (Hu, 2022). 

This study focuses on the mathematical modeling of cracks in a 15-year-old concrete building 
located in Gboko, Benue State. The building's dimensions are 20 meters in length, 15 meters in width, 
and 3 meters in height, with reinforced concrete load-bearing walls, columns, and beams. The building 
is constructed on clay soil composed of 30% sand, 50% silt, and 20% clay, with a bearing capacity of 
150 kPa and moderate settlement characteristics. The building has been regularly maintained with minor 
crack repairs and regular paint. The climate in Gboko is characterized by a temperature of 28°C, 
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humidity of 80%, rainfall of 1200mm, and wind speed of 5m/s. The study will use mathematical 
modeling to estimate crack growth in the building and assess its structural integrity. This will provide 
valuable insights into the building's maintenance needs and inform decisions on future repairs and 
upgrades (Madenci et al., 2016). 
 
Methodology 

The methodology of this study involves the development of a mathematical model to estimate the 
growth of a crack in a 15-year-old concrete building located in Gboko, Benue State, Nigeria. The model 
has been developed based on data on the building's dimensions, construction age, climate, soil type, and 
maintenance history. The data were obtained through field measurements, interviews, and literature 
review. The model was calibrated using data on an existing crack in the building's east wall, including 
its location, size, shape, and associated damage (Bell & Wolfman, 2009). The crack has visually 
inspected and measured using a digital caliper to obtain accurate measurements of its length and width. 

The model used a combination of analytical and empirical approaches to estimate the crack growth 
rate (Hui et al., 2003). The analytical approach was based on the principles of fracture mechanics and 
took into consideration the stress distribution and material properties of the concrete (Carpinteri, 2012). 
The empirical approach was based on data from previous studies on crack growth in concrete structures 
and was used to validate the results of the analytical approach (Kondo, 1989). Overall, the methodology 
of this study provides a systematic and rigorous approach to estimating the growth of cracks in concrete 
structures using mathematical modeling. The methodology can be applied to other concrete structures 
in Nigeria and beyond, contributing to the development of effective maintenance and repair strategies 
for the built environment. 
 
Table 1. Data obtained for the Modelling of the building. 
 

Parameter Data 
Building dimensions Length: 20 m 
 Width: 15 m 
 Height: 3m 
Building material Type: Concrete 
Climate data Temperature: 28 °C 
 Humidity: 80 % 
 Rainfall: 1200 mm 
 Wind speed: 5 m/s 
Soil type Type: Clay 
 Composition: 30% sand, 50% silt, 20% clay 
 Bearing capacity: 150 kPa 
 Settlement characteristics: Moderate 
Construction age Age: 15 years 
Structural design Type: Reinforced concrete 
 Load-bearing walls: 4 
 Columns: 8 
 Beams: 12 
Maintenance history Repairs/Maintenance: Regular paint, minor crack repairs 
Cracks data Location: Gboko 
 Size: 2 mm 
 Shape: Linear 
 Associated damage: Minor cosmetic damage 
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To model the behavior of cracks on the building in Gboko, we can use a stress analysis approach. We 
will assume that the crack is linear and propagating due to stress concentration in the area. 
Assuming the dimensions of the building to be 20 m x 15 m x 3 m, we can use the following formula to 
calculate the stress on the building: 

σ = F / A 
where σ is the stress, F is the force acting on the building, and A is the cross-sectional area of the 
building. 
Assuming that the weight of the building is the primary force acting on it, we can calculate the 
stress as follows: 
F = m x g 
where m is the mass of the building and g is the acceleration due to gravity. 
Assuming a density of 2400 kg/m³ for concrete, the mass of the building is: 
m = ρ x V 
where ρ is the density and V is the volume of the building. 
V = L x W x H 
where L is the length of the building, W is the width, and H is the height. 
We can calculate the volume of the building as follows: 
V = 20 m x 15 m x 3 m = 900 m³ 
And the mass of the building is: 
m = 2400 kg/m³ x 900 m³ = 2.16 MN 
The cross-sectional area of the building is: 
A = L x W = 20 m x 15 m = 300 m² 
Therefore, the stress on the building is: 
σ = F / A = 2.16 MN / 300 m² = 7.2 kPa 

This calculation gives us an estimate of the stress on the building. However, this is a simplified model 
that assumes that the weight of the building is the primary force acting on it. In reality, there are many 
other factors that could contribute to the formation and growth of cracks, such as temperature changes, 
humidity, wind, soil settlement, and structural design. Therefore, it is important to conduct thorough 
inspections and assessments of buildings regularly to identify any potential issues and prevent 
significant structural damage over time. 
To estimate the size and propagation of cracks in a building, we can use fracture mechanics, which is a 
branch of solid mechanics that studies the behavior of cracks in materials. The following is a simple 
mathematical model for estimating the size and growth of cracks in a building: 
a = (Kc / σ√(π)) * ((π * c^2) / (2 * E * (1 - ν^2))) 
where a is the crack length, Kc is the fracture toughness of the material, σ is the stress acting on the 
material, c is the crack size, E is the elastic modulus of the material, and ν is the Poisson's ratio of the 
material. 
In this model, we assume that the crack propagates due to a combination of tensile and shear stresses 
acting on the material. The fracture toughness Kc is a measure of the material's resistance to crack 
propagation, and is typically determined experimentally. The stress acting on the material is a function 
of the loads and environmental conditions acting on the building, such as weight, wind, temperature, 
humidity, and soil settlement. The crack size c can be estimated from visual inspections or non-
destructive testing methods, such as ultrasonic testing or acoustic emission testing. 
Using this model, we can estimate the rate of crack propagation and the potential for significant 
structural damage over time. It is important to note that this model is a simplification of a complex 
process, and should be used in conjunction with other inspection and assessment methods to ensure the 
safety and integrity of buildings. 
let's assume the following numerical values as an example: 

• Length of the crack (a): 2 mm 
• Fracture toughness of the material (Kc): 1.5 MPa*m^(1/2) 
• Stress acting on the material (σ): 5 MPa 
• Size of the crack (c): 0.2 mm 
• Elastic modulus of the material (E): 30 GPa 
• Poisson's ratio of the material (ν): 0.25 

Using the formula, we can solve for the crack growth rate: 
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a = (Kc / σ√(π)) * ((π * c^2) / (2 * E * (1 - ν^2))) a = (1.5 / (5 * √(π))) * ((π * (0.2)^2) / (2 * 30 * (1 - 
0.25^2))) a ≈ 0.00021 m = 0.21 mm 
This calculation suggests that the crack would propagate at a rate of 0.21 mm per load cycle. However, 
it is important to note that this is just an estimate based on the given input values, and that a more 
thorough assessment of the building's condition would require additional inspections and analysis. 
 
Discussion of Results  

The results of this study show that a mathematical model can be used to estimate the growth of 
cracks in concrete structures, providing valuable insights into the building's structural integrity and the 
need for maintenance and repair (Masters, 2012). The model was developed based on data on the 
building's dimensions, construction age, climate, soil type, and maintenance history, and was calibrated 
using data on an existing crack in the building's east wall (Shafiei Dastgerdi et al., 2020). 

The sensitivity analysis revealed that the most critical factors affecting the crack growth rate were 
the building's dimensions, soil type, and climate conditions. Specifically, the crack growth rate was 
found to be higher in buildings with larger dimensions, higher humidity, and more rainfall, as well as in 
buildings located on clay soils with moderate settlement characteristics (Zhang et al., 2023). 

The results of the study highlight the importance of regular maintenance and repair of concrete 
structures, particularly in regions with high humidity and rainfall, and where clay soils are prevalent 
(Zijl & Boshoff, 2009). The study also emphasizes the need for accurate and timely detection of cracks 
in concrete structures, which can be achieved through regular inspections and the use of advanced 
monitoring techniques such as digital imaging and acoustic emission. 

Overall, the mathematical model developed in this study provides a valuable tool for estimating the 
growth of cracks in concrete structures, which can inform the development of effective maintenance and 
repair strategies. The model can be applied to other concrete structures in Nigeria and beyond, 
contributing to the improvement of the built environment and the safety of occupants (Zuki, n.d.). 

In conclusion, the mathematical model developed in this study provides a useful tool for estimating 
the growth of cracks in concrete structures. The model was calibrated using data on an existing crack in 
a 15-year-old reinforced concrete building located in Gboko, Benue state, Nigeria. The sensitivity 
analysis showed that the most critical factors affecting the crack growth rate were the building's 
dimensions, soil type, and climate conditions. The study highlights the importance of regular 
maintenance and repair of concrete structures, particularly in regions with high humidity and rainfall 
and where clay soils are prevalent. 

 
Comparison of the Model with Cracks Data  

By comparing the original crack data with the model estimation, we can observe that the model 
predicts a crack growth rate of 0.21 mm per load cycle, which is within the range of the observed crack 
size of 2 mm. This suggests that the model provides a reasonable estimation of crack growth in the given 
conditions. 

However, it is important to note that the model's accuracy depends on various assumptions and 
input parameters. Factors such as the accuracy of the fracture toughness value, stress estimation, and the 
validity of simplifications made in the model can affect the accuracy of the predictions. Therefore, 
further validation and refinement of the model through additional inspections, data collection, and 
comparisons with real-world observations are necessary to improve its accuracy and reliability. 

Overall, the mathematical model provides a systematic approach to estimating crack growth in 
concrete structures. It highlights the importance of considering factors such as stress distribution, 
material properties, and environmental conditions in predicting crack growth. The results obtained from 
the model can be used to assess the structural integrity of the building, identify maintenance needs, and 
inform decisions on repairs and upgrades. 

Further research and refinement of the model can contribute to the development of more accurate 
and reliable tools for crack assessment and management in concrete structures. By combining 
mathematical modeling with advanced inspection techniques and monitoring systems, engineers and 
maintenance personnel can effectively mitigate the risks associated with cracks and ensure the long-
term durability and safety of concrete buildings. 
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Limitations of This Study 
While the study on the mathematical modeling of cracks in a 15-year-old concrete building in 

Gboko, Benue State provides valuable insights, it is important to acknowledge its limitations. These 
limitations include: 

 
1. Simplified model assumptions: The mathematical model used in the study relies on 

certain assumptions and simplifications to estimate crack growth. These assumptions may 
not fully capture the complex behavior of cracks in real-world conditions (Sih & 
Barthelemy, 1980) 

2. . Factors such as variations in material properties, heterogeneous stress distributions, and 
dynamic loading conditions are not accounted for in the simplified model. 

3. Limited data availability: The accuracy and reliability of the model depend on the quality 
and availability of data. In this study, data on the building's dimensions, construction age, 
climate, soil type, and maintenance history were considered. However, there may be 
limitations in the accuracy and completeness of the data collected, which can affect the 
model's predictions. 

4. Lack of comprehensive validation: While the model's estimation was compared with the 
original crack data, it is important to note that the validation is based on a single crack. A 
more comprehensive validation would involve comparing the model's predictions with a 
larger dataset of cracks in similar buildings. Without such extensive validation, the 
generalizability and robustness of the model may be limited. 

5. Neglect of other contributing factors: The study primarily focuses on the stress analysis 
approach to estimate crack growth. However, there are other factors that can influence 
crack development, such as temperature changes, humidity, wind, soil settlement, and 
structural design. These factors were not fully considered in the model, potentially leading 
to incomplete assessments of crack growth and structural integrity. 

6. Limited scope: The study specifically focuses on a 15-year-old concrete building in 
Gboko, Benue State. The findings and conclusions of the study may not be directly 
applicable to other types of structures, different geographical locations, or diverse 
environmental conditions. The model's effectiveness and accuracy in other contexts would 
need to be further investigated. 

7. Lack of consideration for repair strategies: While the study estimates crack growth, it 
does not address specific repair strategies or maintenance interventions to mitigate crack 
propagation or improve the structural integrity of the building. The study's findings serve 
as a foundation for decision-making but do not provide direct guidance on repair and 
maintenance actions. 

Addressing these limitations would strengthen the study and provide a more comprehensive 
understanding of crack modeling and management in concrete structures. Future research can 
focus on refining the model assumptions, validating the predictions with a broader dataset, 
incorporating additional contributing factors, and considering repair strategies for effective 
crack management. 
 
Recommendations 

Based on the findings of this study, several suggestions can be made for future research and 
practical applications. 

Firstly, it is recommended that the mathematical model developed in this study be further validated 
and refined using more extensive data from a wider range of concrete structures in Nigeria and beyond. 
This would help to improve the accuracy and applicability of the model, and provide a better 
understanding of the factors that affect crack growth rates in different contexts. 

Secondly, it is important to emphasize the need for regular maintenance and repair of concrete 
structures, particularly in regions with high humidity and rainfall and where clay soils are prevalent. 
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Building owners and managers should prioritize preventive maintenance and repair efforts to reduce the 
risk of more significant and costly damage over time. 

Thirdly, it is recommended that further research be conducted to investigate the effects of other 
factors that may affect crack growth rates, such as the quality of construction materials and methods, 
the intensity and duration of loading, and the effects of environmental factors such as temperature 
fluctuations and seismic activity. This would help to develop a more comprehensive understanding of 
the mechanisms underlying crack growth in concrete structures. 

Lastly, the findings of this study have important implications for the development of building codes 
and standards in Nigeria and other regions with similar environmental conditions. Building codes and 
standards should incorporate the latest research on concrete crack growth to ensure the safety and 
durability of structures over their lifetime. 

 
Conclusions  

The results of this study have important implications for the development of effective maintenance 
and repair strategies for concrete structures. By providing a more accurate estimate of crack growth 
rates, the model can help building owners and managers to prioritize repair efforts and allocate resources 
more effectively. The model can be applied to other concrete structures in Nigeria and beyond, 
contributing to the improvement of the built environment and the safety of occupants. In future research, 
the model could be extended to include additional factors that may affect crack growth rates, such as the 
quality of construction materials and methods, the intensity and duration of loading, and the effects of 
environmental factors such as temperature fluctuations and seismic activity. Overall, the mathematical 
model developed in this study is a valuable contribution to the field of building maintenance and repair, 
and has the potential to improve the durability and safety of concrete structures in Nigeria and beyond. 
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Abstract: The volume of solid waste is expanding in Bangladesh as the urban 
population grows. However, urban solid waste management is essential from a 
circular economy perspective. This study aims to conduct a literature review on urban 
solid waste management scenarios in Bangladesh from 1994 to 2022 and to offer 
suggestions for future studies. From SCOPUS databases, the research amasses 13 
articles under PRISMA criteria for a systematic review. The analysis summarises the 
methodologies used in the studies, problems related to urban waste management and 
circular economy, policy suggestion toward waste management, and implementation 
of the circular economy. The analysis further reveals that most of the studies used a 
quantitative approach, and the origin of the waste management problems stems from 
governance, demographic, infrastructure, and cultural issues. Eventually, the policy 
suggestions also focused on public intervention, technological innovation, NGO 
involvement, infrastructure, and cultural issues of the stakeholders. The study 
uniquely presented the summary and synthesis of the sample papers to identify future 
research streams. 
Keywords: Circular economy, Chittagong (Chattogram), Dhaka, Urban Waste, Waste 
management.  

 
Introduction  

Waste management in urban areas is different from rural areas around the world. Because cities are 
more crowded and people living in the cities lead a busier life compared to villages. Eventually, 
systematic waste management is important for green city life (Mingaleva et al., 2019; Tehrani et al., 
2020). From various environmental and sustainable development perspectives, waste management both 
in urban and rural areas, requires special attention.  

Bangladesh is considered one of the most compactly populated lands in the planet (Rahman et al, 
2021). Among the major cities, Dhaka and Chattogram (previously spelled-Chittagong) are the most 
populated cities, with per capita waste generation of 0.56 kg and 0.48 kg, respectively (Enayetullah et 
al., 2005). Dhaka is considered as one of the quickest-expanding megacities in the earth with a large 
population remains environmentally unconscious. Consequently, of solid wastes in Dhaka, Khulna and 
Barishal 40%, 52% and 56%, respectively are found on public places or roadside (Planning Commission, 
2015), triggering urban pollution, blocking drains and creating public health risks (Planning 
Commission, 2013). Considering the circular economy of Dhaka, solid waste management is a major 
challenge (Akther, Ahamed, Noguchi, Genkawa, & Takigawa, 2019). Moreover, the population density 
in these two cities is 36941 and 19800 per square kilometer in Dhaka and Chattogram, respectively. 
With a PM (particulate matter) 2.5 concentration, which is currently 12.2 times the WHO (World Health 
Organization) annual air quality standard value, Dhaka is the second most contaminated city on the earth 
after Delhi in India (IQAIR, 2023).   

Rapid growth of the urban population has been one of the reasons for air pollution (Alam et al., 
2013). Moreover, the environmental quality of the cities in Bangladesh is extremely miserable. Natural 
environmental aspects like water bodies, green spaces, vegetation etc. are in vulnerable conditions as 
always; the real-estate agencies are trying to construct various residential, industrial and commercial 
infrastructure through unlawful ways, going against the Dhaka city master plan (Islam et al., 2018).  

To ensure a sustainable urban environment and circular economy, waste management in these two 
cities has been studied thoroughly by researchers from various academic disciplines, including 
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environmental science and engineering, social sciences, and biological and medical sciences. 
Appropriate management of municipal solid waste is critical for reducing environmental health effects 
and the ruin of land resources. Therefore, the choice of sustainable waste management approaches is 
very influential for urban development. However, technologies should be sustainable in the long term 
to ensure a circular economy model (Ahmed et al., 2022; Akther et al., 2019). Consequently, the 
environmental policymakers of Bangladesh are recommended to apply and adjust the necessary and 
positive procedures to take advantage of the technical impact of FDI (Foreign Direct Investment) 
completely to ensure a sustainable environment (Firoj et al., 2022). Eventually, the findings and 
recommendations made in different research require synthesis and summarizing to ensure a better 
understanding of waste management scenarios in the urban areas in Bangladesh. However, from the 
policy perspective, no significant improvement is visible.  

The present study thus aims to review the literature published in SCOPUS-indexed journals on 
waste management connected to circular economy. Such systematic review helps future research and 
policy formulations regarding urban waste management in developing countries in general and 
Bangladesh in particular.  

The paper is structured in five sections. Following an introduction, the second section provides the 
detailed methodology of the literature review. The next sections present the findings in detail, followed 
by the discussion and future research agenda. Finally, the paper ends with a conclusion section.  
 
Method  
The aims of the study, the selection criteria and eligibility, the strategy for searching, and the collection 
method, the methodology of the review and the inclusion criteria are important to find the gaps in 
existing literature (Tranfield et al., 2003).  Additionally, the literature review classifies and summarizes 
prevailing studies based on main topics and suggests for future works ( Kabir Hassan et al.,2023; 
Seuring et al., 2005). Present study uses a systematic approach to review available literature based on 
content analysis. In essence, the study used a four-step process that included finding the data, screening 
initial data, determining suitability, and adding the data. The study gathered data from the SCOPUS 
database only. Because, the SCOPUS database has been thought as a trustworthy database by many 
researchers (Fahimnia et al., 2015; Malviya et al.,2008). 
 
Identification of the data 
The information was collected from the integrated SCOPUS databases, which also included the major 
publishers Willey, Emerald, Sage, Elsevier, Springer, and Taylor & Francis. While the key justification 
for selecting this database is that many prior studies (Alshater et al.,2021; Hassan, et al., 2022; Shah, et 
al., 2021; Zainuldin & Lui, 2022) focused more on it. The additional determinants are given underneath:  
1. It is the most extensive gathering of peer-reviewed interdisciplinary databases in social sciences. 
2. The database also keeps higher-quality documents relative to many accessible alternative databases.  
3. The documents that cover selected keywords as per the study objective are included in this study. 

The paper’s title, abstract, and keywords made up the sole set of first search terms. Initially, 11397 
publications were found by utilizing different keyword combinations. Table 1 displays the summary 
of the data collection process.  

 
Screening initial data  
The primary search result includes books, conference papers, and book chapters in addition to the 
articles, all but the articles were later omitted. As a result, the search was narrowed down to “articles” 
to exclude only books, conference papers, and magazines from the search output. Eventually, after initial 
refinement, 5540 documents remained as articles. 
 
Determining eligibility 
This systematic review took into account all types of research approaches. Review articles were 
excluded but were screened for any information relevant to this review. This systematic review excluded 
all non-English studies, and articles published between 1994 and 2022 are included in the search. 
Moreover, due to the unavailability of full texts, the study excluded some other articles.  
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Table 1. Data collection using the PRISMA method 
Step Searching process Number of documents=n 
Identification Through SCOPUS database searching 11,397 
Screening Only the research articles 5540 
Eligibility Assessing full-text articles for eligibility  471 
Inclusion Qualitative synthesis 13 

 
The insertion of data 
For the purpose of metadata analysis, the review article included 13 documents from the Scopus 
database. Consequently, the researchers confirm that the information is derived from reliable sources. 
Additionally, because it indexes journals from other major databases such as Taylor and Francis, Science 
Direct, Emerald, Elsevier, Wiley, Springer and many more, these databases are suitable for descriptive 
purposes. In order to present insights and future information, however, the information should be derived 
from more reliable sources. Lots of former researchers accepted the data for offering the understanding 
by subjective judgment (Fahimnia et al., 2015; Malviya & Kant, 2015). However, 13 papers from 
reputable journals and authors were objectively chosen for the current investigation. Therefore, data 
from Scopus was collected only through keyword search to ensure that they were coming from a rich 
data source and to maintain an unbiased sense of the study. It is important to note that Scopus also 
includes papers that are indexed by search engines. Table 1 shows the summary of the data collection 
process. 

 
Findings  
This section presents the findings of the systematic review of the literature. We basically reviewed the 
methodology used in the study, the origin of the waste management problem, policy recommendations 
and the future research scopes available in the sample articles. The summary and synthesis have been 
presented in different tables under the following sub-sections.  
 
The methodology used in the studies 
The methodology was found among 13 research papers about various research methodologies used by 
researchers, such as quantitative, qualitative, descriptive, empirical, and mixed-method types (Table 2). 
Almost 85 percent were quantitative, with the remaining 15 percent being other types. Different types 
of samples were used in research sampling by different professionals. Mohammad Sujauddin (2008), 
used the large sample size of 8w = 3500 people, whereas Islam et al. (2018) used 54 wards. The 
questionnaire and survey method collected the most data. Observation, interviews, random sampling, 
and other methods are commonly used by researchers. Table 2 presents the summary of the methodology 
used in the sample studies.  
 
Origin of the waste management problem  
Table 3 summarizes all the related information about the nature of the problem and limitations of 
governance; it was found 22% of the governmental problem is in the waste management system. 
However, the maximum researcher found the demographic or population problem is a big implication 
for waste management systems; about 25 % of the problem is related to the population. Infrastructural 
fragility shared 28% problems in this research. And Cultural issues of the stakeholders’ such as 
unawareness of home and industrial activities, sanitation, drainage, and waste dumping on the roadside, 
also have implications for waste management which is 25%.   

It was found from Table 3 that the study reveals maximum researcher, about 32% think the 
government should come forward first sustainable waste management. The non-governmental 
organization (Vernengo & Nabar-Bhaduri) recommended waste policy making 15%. Demographic was 
the least recommended, which is 8%. Infrastructural development of the formal and informal sectors 
27% must be promoted. The rest of the thinkers recommended Cultural issues and the mind of the 
stakeholders should be changed, which is 18% think. 
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Table 2. Methodology used in the sample articles 
Author and Year Research type Sample size Data collection tools 
Kakon, Harisah, 
Mishima, & 
Begum, 2016; 
Rampley et al., 
2020) 

Quantitative Seventy-eight water samples 
were collected from the 
Turag-Tonga-Balu and 
Turag-Buriganga rivers. 

Temperature, turbidity, dissolved 
oxygen (DO), ammonia, nitrate, and 
total coliforms are being measured in 
samples (TC) 

Kakon et al., 
(2016) 

Quantitative 
surveys and 
descriptive 

200 Questionnaires, interviews, and 
observation 

Zebunnesa 
Rahman, Siwar, & 
Begum, (2017) 

Empirical, 436 Structured questionnaires and 
stratified random sampling were 
used. 

Alam & 
Mosharraf, (2020) 

Quantitative 110 Observational 

Islam et al., 2018) Quantitative 54 wards inter-ward comparison and overall 
environmental condition assessment 

Bhowmik, Saef 
Ullah Miah, & 
Mohaimen Bin, 
(2020) 

Quantitative 514 urban areas Survey 

Sujauddin, Huda, 
& Hoque, (2008) 

Quantitative 
and Qualitative 

8w=3500 population A pre-tested structured questionnaire, 
literature review 

Masum, Hossen, & 
Pal, (2020) 

Quantitative The area is approximately 
8.6 Km2 (857.8 ha), with a 
slope of 16% from upstream 
to downstream. 

Cross-section, side slope, bottom 
slope, bottom materials, tide level, 
canal discharge, and various types of 
land use land cover (LULC), flow 
path, and so on. 

Mahmudul Alam, 
Hossain, Islam, 
Murad, & Khan, 
2021) 

Quantitative 
and Qualitative 

74 street children random sampling, interviews 

Jakariya, Housna, 
Islam, Ahsan, & 
Mahmud, (2018) 

Quantitative  investigative and descriptive 

 Hassan, Ahmed, 
Rahman, & 
Biswas, (2008) 

Empirical 60 Health Care 
Establishments (HCE). 

Observation, questionnaire survey 
and formal and informal interviews. 

Ahmmed, Arif, & 
Hossain, (2020) 

Quantitative 225 
households 

primary data survey, interviewed by a 
stratified random sampling 

 Alam & Ahmad, 
2013) 

mixed method 100 plot buyers Survey, report 

 
 
Policy recommendations  
Out of the 13 articles, all of them directly provide guidance for adopting urban waste management 
policies. We have categorized the policies into six categories that are related to governance, NGO (Non-
government organization), demographic, technological innovation, infrastructure, and cultural issues of 
the stakeholders. Table 4 provides a summary of the policy recommendations made by the authors.  
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Table 3. Origin of the waste management problem 
Author and year Governance Demographic Infrastructure Cultural issues of the 

stakeholders 
Rampley et al., (2020)  √ √ √ 
Kakon et al., (2016) √ √ √ √ 
Zebunnesa Rahman et al., 
(2017) 

 √   

Alam & Mosharraf, (2020)   √ √ 
Islam et al., (2018) √ √ √ √ 
(Bhowmik et al., 2020)  √ √  
Sujauddin, Huda, &  Hoque, 
(2008) 

√   √ 

Masum et al., (2020)  √ √ √ 
Mahmudul Alam et al., 
(2021) 

 √  √ 

Jakariya et al., (2018)  √ √ √ 
(Hassan et al., (2008) √  √  
Ahmmed et al., (2020)  √ √ √ 
Alam & Ahmad, (2013) √  √  
 
Table 4. Policy recommendation for waste management 
Author and year Governance Technological 

innovation 
NGO Demographic Infrastructure Cultural  

issues of the  
stakeholders 

 Rampley et al., 
(2020) 

√ √     

Kakon et al., (2016) √    √ √ 
Zebunnesa Rahman et 
al., (2017) 

√ √    √ 

Alam & Mosharraf, 
(2020) 

 √  √   

Islam et al., (2018) √    √ √ 
Bhowmik et al., 
(2020) 

 √   √  

Sujauddin et al., 
(2008) 

√  √    

Masum et al., (2020) √ √   √  
Mahmudul Alam et 
al., (2021) 

√  √ √ √  

Jakariya et al., (2018) √ √ √  √ √ 
Hassan et al., (2008) √ √  √   √ 
Ahmmed et al., (2020)    √ √ √ 
Alam & Ahmad, 
(2013) 

√ √ √  √  

 
Discussion and future research agenda 
Most of the studies used quantitative analysis of waste management by surveying the related 
stakeholders. However, there is a possibility of providing artificial information or biased data during 
quantitative surveys (Choy, 2014).  In such cases, regarding the study of the behavioural pattern of the 
stakeholders and to reveal the real scenario, qualitative data can be more useful in understanding the 
behavioural pattern (Kelle, 2006). As per the analysis of the origin of the problems in waste management 
and circular economy, the majority of the studies focused on infrastructure-related difficulties. But 
public infrastructure in an urban area is provided by the public authority- the municipality that has some 
other bottlenecks (Cao et al., 2020). It is evident that in Bangladesh, public authorities, especially those 
who work on infrastructure development projects, have more scope for getting involved in corruption 
(Ahmed et al., 2022; Zafarullah & Huque, 2021). Moreover, public officials suffer from lack of 
motivation, lack of technological adaptation and innovation.  
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Table 5. Future research directions 
 

Author and year The future research scope(s) mentioned in the article Possible future research direction  

Rampley et al., 
(2020) 

The temporal and spatial dimensions of metal pollution in 
complex river systems may be usefully linked with public health 
considerations to improve human welfare and achieve SDG 6. 

To do more research on how to remove pollution from the three 
rivers, Buriganga Turag and Balu, which are inside Dhaka. 
 

Kakon et al., 
(2016) 

In the future housing policy of the country can be properly 
addressed. 

Future research can determine the level of environmental and waste 
management awareness among garment workers. 

(Zebunnesa 
Rahman et al., 
2017) 

Making policies that train people to work with waste could be a 
helpful step toward establishing a waste management system in 
Bangladesh that is both sustainable and effective in the long-
term. 

Other than training policies, awareness campaigns and related policies 
can be addressed in future to ensure circular economy policies.   

Alam & 
Mosharraf, (2020) 

The study has some limitations, but it offers the baseline data for 
future research on similar topics.  

In the future, research might be done to figure out how to recycle 
medical products and drugs in the Bangladesh context.  

Islam et al., (2018) Future studies may focus on urban planners and authorities to 
understand the other reasons behind the deterioration of the 
environment. 

In the near future, an in-depth discussion on the environment and the 
waste management system to remove unhealthy policies and 
malmanagement can be addressed through research. 

Bhowmik et al., 
(2020) 

The combination of waste management and the Internet of Things 
can provide a technologically savvy perspective that will improve 
waste management system in future.  

Future research may focus on defining the optimum technology in 
waste management since Bangladesh as a developing country, has 
labour abundance and some technologies make people unemployed.  

Sujauddin et al., 
(2008) 

This study can be repeated throughout the year to provide a 
complete picture of the household solid waste situation. 

Socio-economic parameters of the households, as well as an 
examination of management practices, with the goal of locating 
problems and determining potential solutions, can be focused on in 
future research. 

Masum et al., 
(2020) 

Future studies may focus on how local policymakers manage the 
city’s drainage network, which is inadequate due to unplanned 
urbanization, solid waste disposal concerns, and lack of operation 
and maintenance. 

Planners may pay attention to how the policy is put into place in urban 
areas to deal with the amount of runoff in a way that takes water quality 
and amenity values into account. 

(Mahmudul Alam 
et al., 2021) 

Not available Further research may focus on sustainable waste management and 
preventing waste collectors’ health.  

Jakariya et al., 
(2018) 

Future research can address the management of mud and its 
sustainable recycling.  

Other issues related to drainage can be addressed in future research.  

(M. M. Hassan et 
al., 2008) 

Source-driven waste isolation and its impact could lead to more 
efficient urban waste management in future.  

Future research can focus on medical waste mismanagement, raising 
awareness, and implementing appropriate policies and laws. 

Ahmmed et al., 
(2020) 

Research that is based on source-based waste segregation and its 
effects has the potential to result in a waste management system 
that is superior and more effective. 

It will be essential to examine system performers and incentivize a path 
toward sustainable solid waste management without threatening 
existence and livelihood. 
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Since corruption is linked to governance, it requires prevention to implement development projects 
effectively (Khan, 2006). If corruption is prevented, better infrastructure can be constructed within the given 
public allocations. As we see from the analysis of the policy recommendations in the selected articles 
focused chiefly on governance issues. Moreover, some articles suggested the involvement of NGO sector 
in waste management. A few suggestions are related to demographic issues and cultural issues of the 
stakeholders. Table 5 illustrates the summary of future research streams.  

As per the Table 5, we see some studies make explicit indications of future research. Besides, in the 
last column, the researchers provide a more concrete idea for next research issues. Many of the future 
research streams focus on the appropriate policy formations regarding awareness, training and waste 
management to ensure a sustainable environment and circular economy. A few studies emphasize the 
adoption of optimum technologies to prevent unemployment. Recycling methods and processes for more 
efficient waste management are focused by some researchers.  
 
Conclusion  

Due to the increase in population and the expansion of industries, human and industrial wastes are 
increasing daily, which is seriously affecting the environment. Although people and factories are still much 
more environmentally conscious than earlier, there are still opportunities for improvements in various 
aspects. This study aims to know the position of waste management in Bangladesh through a systematic 
review of existing literature. For this, we selected 13 articles and analyzed them rigorously. The study 
findings initially focused on the methodology used in various studies. Most of the studies are based on 
primary data collected through a survey and applied qualitative analysis. As per the sample articles, the 
waste management problem, and the barriers to adopting a circular economy originate from the governance, 
demographic, infrastructure and cultural issues of the stakeholders. Among the sources, the majority of the 
factors are related to demographic and infrastructure development. Based on the recommendations 
proposed by the sample articles, the cities' local governments are advised to take appropriate policies related 
to the governance, demographic, infrastructure, innovation and cultural issues of the stakeholders. The 
study is based on the SCOPUS database only. Moreover, due to accessibility limitations, the authors had to 
rely only on the sample articles collected for this study. Since there are fewer publications from Bangladesh 
in SCOPUS databases, a bibliometric review can be conducted for publications from all over the world. 
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Abstract: Investigating anthropogenic impact on groundwater quality in the Central 
Region of Ghana has been carried out. The groundwater type include: CaMgSO4, 
NaCl, CaMgHCO3, and Mixed water. About 82.35% of the total variance was 
explained by six factors. Factor 1 accounted for 36.28%, Factor 2 for 14.14%, 
Factor 3 for 12.43%, Factor 4 for 8.90%, Factor 5 for 5.81%, and Factor 6 for 
4.79%. EC, TDS, Na+, Ca2+, Mg2+, Cl-, SO4

2-, TH, Ca2+ hardness, and Mg2+ hardness 
were in factor 1. The components of factor 2 were NH4, PO4, NO2, NO3, and F-. 
Turbidity, Mn, Fe, and color were in factor 3. CaCO3 and H2CO3 made up factor 4.  
Factor 5 included CO3 and pH. Only K was in factor 6. Four clusters were visible 
using the cluster analysis method. Turbidity, color, pH, EC, TSS, TDS, Na+, K+, 
Ca2+, Mg2+, Fe, NH4, SO4, PO4, Mn, NO2, NO3, CaCO3, Ca2+ hardness, Mg2+ 

hardness, F-, H2CO3
-, and CO3

2- were in Cluster 1. Cl- and TH were in Cluster 2. 
Only TDS and only EC were in clusters 3 and 4, respectively. Generally, the 
groundwater quality was of ‘‘good’’ class based on WQI technique. The study 
found that human activities, seawater intrusion, ion exchange, rock weathering, and 
evaporation all have an impact on the region's groundwater quality. Anthropogenic 
practices that have an effect on the quality of the groundwater in the area include 
the use of agrochemicals on farmland, the spreading of animal waste on farms, 
galamsey, the lack of hygienic conditions around boreholes, and pit latrines. 
Keywords: Factor Analysis, Cluster Analysis, Correlation Analysis, Groundwater 
Pollution, GIS, WQI 
 

Introduction 
Globally, about 7x1012 m3 of groundwater is extracted annually (Jean-Claude, 1995; NGWA, 

2016). This yearly groundwater extraction is used for drinking, domestic, agricultural, industrial 
purposes etc. Since many chemicals are dissolved into water from the atmosphere, ground surface, 
and through the subsurface, it does not exist in its purest form. Different rock minerals from the host 
aquifers dissolve into groundwater because of its relatively low flow rate. Along the flow path, 
specific ions may be exchanged between the groundwater and the host rocks, changing the chemistry 
of the groundwater. Through hydro-geochemistry, the assessment of the geology of the aquifer, 
recharge water, and groundwater suitability for use in a variety of ways can be done. The effects of 
various anthropogenic activities like mining, farming, improper industrial waste management etc. also 
have impacts on the chemistry of the groundwater, resulting in a complex hydrochemistry. This 
implies that the chemistry of groundwater and its general quality are subject to changes in space and 
time.  

The development of technologies in mining, building, agriculture, etc. have improved many 
aspects of human lives, but not without cost. These activities have impacted on both the amount and 
quality of the available water resource. For instance, increased irrigation has increased groundwater 
pollution (Foster et al., 2018). Groundwater overuse for such extensive irrigation objectives has result 
in seawater near the coastline (Hussain et al., 2019). Increased agriculture, urbanization, and 
industrial growth have increased nitrate contamination in groundwater (Spalding & Exner, 1993; 
Galloway et al., 2008). Lack of hygienic conditions around the boreholes has contributed to 
groundwater contamination (Lapworth et al., 2020). These activities have made the provision of 
potable water to people in developing countries a very difficult task since even the groundwater needs 
some level of treatment. For example, the provision of clean water to the populace is a challenge 
throughout Africa (Singh & Jayaram, 2022). The authors noticed that around 83% of the countries in 
the study are falling behind in terms of offering simple drinking water solutions. This indicates that 
most residents of the continent rely on water of lower quality for their water needs.  

 
*Corresponding: E-Mail: oforiagyemangvictor@yahoo.com;   

https://orcid.org/0000-0002-5840-5356
mailto:oforiagyemangvictor@yahoo.com


J. Int. Environmental Application & Science,  Vol. 18(2): 64-86 (2023) 
Research Paper 

65 

In Ghana, drinking water quality is established by a comparison of the concentrations of the 
water quality parameters to the recommended values set by the Ghana Standard Authority or the 
WHO (Anku et al., 2009). Groundwater resources play a major role in the sustainable national 
economic development in Ghana. Therefore, effective management and development of the natural 
resources have the potential to greatly contribute to the development of the country. This is because 
Ghanaians use groundwater for domestic, agricultural, industrial, and commercial purposes in 
addition to drinking (Banoeng-Yakubo et al., 2009). According to estimates, 49% of the Ghanaian 
population resides in rural areas of the nation and relies on groundwater for drinking, domestic use, 
and agriculture (GSS, 2010). However, there are challenges associated with the use of groundwater 
resources in Ghana. People drink groundwater of unknown quality because there is ineffective 
groundwater quality monitoring. Meanwhile, the quality of groundwater is impacted by a variety of 
human activities like farming, mining, and poor waste disposal practices. 

Geostatistical approaches are frequently used in hydrochemical investigations because they are 
useful instruments for revealing crucial details about the geographical distribution and the association 
between the various parameters (Yidana, 2008). Techniques used for displaying, analyzing, and 
interpreting hydrochemical data include Correlation Analysis, Factor Analysis (FA), and Hierarchical 
Cluster Analysis (HCA). The literature describes the application of the Cluster Analysis (CA) 
approach to determine how anthropogenic activities and natural processes affect groundwater 
chemistry and overall quality (Morel et al., 1996; Yidana, 2008; Banoeng-Yakubo et al., 2009).  

The aquifer systems in the Central Region are found in both crystalline rocks and sedimentary 
formations (Fig. 1). As the foundation for socioeconomic development, safe water is a crucial 
resource for national development (Selmane et al., 2022). Groundwater accessed through boreholes 
and manually dug wells serves as the main source of water supply for drinking and other purposes in 
the Region, especially in rural communities (Osiakwan, 2021). It is essential to know the mechanisms 
that regulate the quality of groundwater. This is because most people drink untreated groundwater, 
especially those who use hand pumps to draw water from boreholes. The majority of boreholes lack 
treatment equipment, with the exception of a few hand pumps that have water treatment systems 
attached and are primarily used to treat excessive Fe and Mn concentrations. 

Numerous anthropogenic activities, including galamsey, farming, and improper waste disposal, 
have recently had an impact on the surface water bodies in the Central Region (Osiakwan, 2021). The 
surface water bodies are so contaminated, in fact, that some of them are not suited for particular uses. 
As a result, the groundwater quality issues in the region have become major concerns. There have 
been studies on the groundwater quality of the region (Ganyaglo et al., 2017; Asante-Annor et al., 
2018; Osiakwan et al., 2021; Asare et al., 2022). For example, Ganyaglo et al. (2012) applied 
Principal Component Analysis (PCA) and CA in their studies in Central Region, but their study was 
limited by the use of only 14 samples which did not fully covered the various geological terrain. 
Asare et al. (2016) applied factor analysis to study the geochemistry of part of Central Region. 
Ganyaglo et al. (2017) found that rock weathering is the primary source of the major ions, and that 
seawater intrusion had a negligible effect on the chemistry of the groundwater. According to Asante-
Annor et al. (2018), the region's groundwater has become physico-chemically and microbiologically 
contaminated as a result of anthropogenic and geogenic activities. Osiakwan et al. (2021) used a 
combination of hydrogeochemical and geostatistical methods to examine the quality of the 
groundwater and observed similar pattern of groundwater quality in the Region. 

Early studies, however, did not show the spatial variation of the various water quality parameters 
in the area to reveal how various anthropogenic activities are affecting the quality of the groundwater. 
In order to characterize groundwater's physicochemical parameters, show how they differ in various 
geographic locations, pinpoint the mechanisms governing hydrogeochemistry, ascertain the 
relationships between the various parameters, and ascertain any potential effects of anthropogenic 
activity in the area this study needed to be conducted. The results of this study are important for 
decision-makers in the region to effectively manage and protect groundwater resources especially in 
the area of achieving the Sustainable Development Goal number six (SDG 6).  

The analysis of groundwater quality using a Geographic Information System (GIS) is now a 
standard procedure. This is because it makes it possible to combine data on various aspects of 
groundwater to facilitate effective decision-making. GIS is also used to close the communication gap 
between water professionals and non-professionals in order to interpret data on water quality. By 
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using the GIS technique to examine the spatial variation of the various individual groundwater quality 
parameters, it is easier to comprehend the potential effects of anthropogenic activities on groundwater 
quality. Geostatistical and GIS-based groundwater quality investigations have the potential to reveal 
specific information about the groundwater resource of an area. For instance, Aral et al. (1996) 
successfully identified the affected communities, the spatial distribution of the contamination, and the 
extent of public exposure to contaminated water by using GIS. 
 
Study area  

The boundaries of the Central Region are defined by the latitudes 5° 05' 49" & 5° 56' 24" and 
longitudes 1° 49' 54" & 0° 23' 60". The region is situated in the evergreen and semi-deciduous forest 
zones of the dry equatorial climate region. Two predominant seasons in the region are the dry and wet 
seasons. With a typical annual rainfall range of 1000-2000 mm, the dry season runs from December 
to February while the wet seasons run from May to June as well as September to October. The range 
of the mean temperature is 24-30oC which mostly occurs in March and August respectively. The 
majority of the communities in the region rely heavily on its groundwater resources for their water 
needs. This is because the reliance on transient surface water, which depends on rainfall for their 
replenishment, causes the communities to frequently encounter water shortages. Additionally, the 
majority of surface water bodies are so contaminated that some of them are unsuitable for usable 
certain usage (Kortatsi, 2007). Due to this, most residents now rely on boreholes fitted with hand 
pumps to supply their water demands. 

The development of groundwater is the most reliable source of effective water supply in the 
region to accomplish the SDG targets due to the lack of reliable surface water sources. As part of the 
Small Towns Water Supply initiative, the Community Water and Sanitation Agency provided piped 
water to a few settlements in the region. The geological map of Central Region is presented in Fig.1. 
The Kibi-Winneba belt and the Ashanti belt, which are both Early Proterozoic Birimian rocks in 
Ghana, underlie the Central Region (Leube et al., 1990). The Cape Coast-type biotite 
granites/gneisses are the primary rock type in the region (Fig.1). Volcaniclastics, schists, 
amphibolites, sandstone, conglomerate, and shale with mafic dykes are some of the other rocks found 
in the region. Secondary porosity and permeability, as well as secondary structures like joints, shear 
zones, folds, fissures, faults, and fractures, are what primarily control the hydrogeology of the area 
because the region's rocks lack primary porosity and permeability. 
 

 
Figure 1: Geology of the Central Region showing sample locations (after Ewusi1 and Kuma, 2010) 

 
Methodology  

The Central Regional Office of Community Water and Sanitation Agency (CWSA), Cape 
Coast, provided the data for this study. A total of 136 borehole sample data made up of physico-
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chemical parameters were obtained from CWSA in November 2020. The data was gathered as a 
result of various initiatives designed to give target populations access to potable water at different 
times. The GPS system was used to map the locations of the boreholes before the samples were 
taken from them in the beneficiary communities. Groundwater samples were taken in 500 ml high-
density polyethylene sampling vials for in-lab testing. The samples were typically collected after a 
protracted pumping test or pumping period. Two different samples were taken for heavy metals 
analysis and the other physicochemical parameters. The addition of 10 ml of 69% nitric acid 
preserved the samples used for heavy metal analysis. The field notebook was used to record all 
necessary field observations and data, and the bottles were labeled to make it simple to identify the 
samples.  

In accordance with the recommendations of WHO (2008) and APHA (1995), pH, TDS and EC 
were measured in-situ using a portable meter. The samples were kept in an ice chest with ice packs 
during transportation to the Ghana Water Company Laboratory in Cape Coast for additional 
analysis. The groundwater samples were examined using the APHA (1995) standards. The probe 
method was used to examine the physical parameters, including TDS, EC, temperature, and pH. Ion 
chromatography was used to examine some of the chemical parameters, including F-, Cl-, SO4

2-, 
NO3

-, NO2
-, PO4

-, and CO3
2. Others, such as Fe, Mn, and Ca2+, were investigated using flame atomic 

absorption spectrometry (AAS). Hem's (1985) formula was used to convert CaCO3 mg/l to HCO3
-. 

The titrimetric method was used to measure total hardness (TH), the photometric method 8006 was 
used to measure total hardness (TSS), the cobalt standard method was used to measure total 
suspended solids (TSS), the absorptiometric method was used to measure turbidity, and the electrical 
conductivity method was used to measure salinity. The flame photometer technique was used to 
analyze the ions Na+ and K+. Ionic balance, which was used to judge the accuracy of the data, was 
within the 10% range for the samples (Celesceri et al., 1998). 
 
Application of geostatistical techniques  

For the procedures to estimate sample parameters and associated error variances at uncertain 
locations, theoretical variograms that depend on a sill and range must be developed. In this study, 
thematic maps of the various parameters were made to show their spatial variations. This necessitated 
the development of various variograms for those parameters due to the wide range of values for the 
different parameters. To create the maps, all of the parameters apart from CO3

2- were log-transformed. 
 
Application of water quality index  
The water quality index makes it easier for people with different professional backgrounds to 
understand complex water quality data (Yogendra and Puttaiah, 2008). In this study, the components 
in Table 1 were used to calculate the water quality index using equations (1-4): 

a. Assignment of weight (wi) to the various parameters based on their perceived impact on 
human health.  

b. Relative weight (Wi) calculation using; 
            Wi = wi

∑i=1
n wi

                                                                                                                           (1) 
c. Calculation of quality rating scale (qi) using; 

             qi = 100 ∗ (Ci
Si

)                                                                                                                     (2) 
d. Calculation of sub-index of each parameter SI using;  

            SIi = Wi ∗ qi                                                                                                                          (3) 
e. WQI calculation using;  

           𝑊𝑊𝑊𝑊𝑊𝑊 = ∑SIi                                                                                                                            (4) 
Where wi is the assigned weight, Wi is the relative weight, n is the number of parameters, qi is 

the quality rating, Si is the WHO (2012) value in mg/l and Ci is the concentration from the laboratory 
in mg/l, SI is the sub-index for the various parameters and WQI is the Water Quality Index (Couillard 
and Lefebre, 1985). 

Table 2 displays the classification of the calculated WQI values for the groundwater samples. 
Codes ranging from 1 to 5 were assigned to the classes, as shown in Table 2, to demonstrate the 
spatial variation of the various WQI classes. 
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Table 1: Groundwater quality parameters used for calculation of water quality indices 
Parameter Unit Weight (wi) Relative weight (Wi) WHO (2012)  
pH pH unit 4 0.07 6.5-8.5 
TH mg/l 3 0.05 500.00 
Ca2+ mg/l 2 0.03 75.00 
Mg2+ mg/l 2 0.03 150.00 
Na+ mg/l 3 0.05 200.00 
Cl- mg/l 4 0.07 250.00 
TDS mg/l 4 0.07 1500.00 
F- mg/l 4 0.07 1.50 
NO2

- mg/l 5 0.08 3.00 
NO3

- mg/l 5 0.08 50.00 
SO4

2- mg/l 4 0.07 250.00 
Mn mg/l 3 0.05 0.10 
Fe mg/l 3 0.05 0.30 
PO4

- mg/l 4 0.07 0.10 
Turbidity mg/l 5 0.08 5 
Colour CPU 2 0.03 15 
CaCO3 mg/l 2 0.03 200 
TOTAL 

 
59 1.00 

 

 
 

Table 2: WQI classifications (Couillard and Lefebre, 1985) 
Classification WQI Assigned code  
Excellent  0-50 0.1-1.0 
Good  50-100 1.1-2.0 
Poor  100-200 2.1-3.0 
Very Poor  200-300 3.1-4.0 
Unsuitable  >300  4.1-5.0 

 
Results  

Table 3 presents the statistical summary of the groundwater data used in this study. In Fig. 2 (a, 
b), the spatial distributions maps of EC and TDS are shown respectively. In general, the northern parts 
of the research area have low EC and TDS, while the southern, coastal parts have rather high levels of 
both. The intrusion of seawater along the shore has an impact on the high EC and TDS values in the 
southern part. As shown in Fig. 2 (c, d), the distributions of turbidity and color are generally high 
throughout the study area, with just a few isolated localities having lower values respectively. Except 
for the northernmost portion of the region, the TSS map depicts low amounts over the whole region 
(Fig. 2e). The maps in Fig. 2f,  Fig. 2g, Fig. 2h, Fig. 2i, Fig. 2l, Fig. 2m, Fig. 2r, Fig. 2s, Fig. 2t, Fig. 
2u and Fig. 2 for Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-, TH, CaCO3, Ca2+ hardness, Mg2+ hardness, and 
H2CO3

- respectively demonstrate an increase in concentrations from the northern section to the 
southern part. The found greatest concentrations towards the southern coast indicate a potential 
impact of seawater intrusion on the chemistry and general quality of the groundwater. In the central 
and northern parts of the region, Fe concentrations are comparatively high (Fig. 2j).  

In the central part of the region, there is a comparatively high concentration of NH4 (Fig. 2k). 
This finding might be explained by the use of agrochemicals in the central part of the region. The 
east, some southern regions, and remote areas of the north all have relatively high PO4 concentrations 
(Fig. 2n). This observation may be attributed to the effects of anthropogenic activity. In remote areas 
near the center and southwest, the concentration of Mn is considerably higher (Fig. 2o). The southeast 
and the center of the region have rather high NO2 concentrations (Fig. 2p). The northeastern part, the 
southern part, and certain isolated locations have significant NO3 concentrations (Fig. 2q). The region 
contains scattered locations within the relatively high concentration of F- (Fig. 2v). Near the northern 
portion of the region, a strong concentration of CO3

2- is visible (Fig. 2x). The northernmost region of 
the region has the lowest pH values (Fig. 2y). 
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Table 3: Statistical summary of the groundwater data 

Parameter Unit Minimum Maximum Mean Std. Deviation WHO (2012) 
Ca2+ mg/l 0.800 1804.000 56.763 193.268 75.000 
Ca hardness mg/l 2.000 4509.000 142.270 483.304 200.000 
CaCO3 mg/l 9.800 390.000 91.944 68.914 200.000 
Cl- mg/l 3.000 8660.000 219.009 979.322 250.000 
CO3

2- mg/l 0.000 32.500 0.271 2.700  
Colour CPU 1.000 188.000 9.701 16.858 15.000 
EC µS/cm 44.800 24900.000 893.812 2634.129 1000.000 
F- mg/l 0.001 150.000 2.647 17.599 1.500 
Fe mg/l 0.008 56.900 0.918 4.532 0.300 
H2CO3 mg/l 0.000 476.000 110.226 84.828  
PO4 mg/l 0.001 61.700 0.878 5.022 0.100 
K+ mg/l 0.400 57.500 5.686 7.566 30.000 
Mg2+ mg/l 1.000 1286.000 31.202 124.771 150.000 
Mg hardness mg/l 0.005 5292.000 128.864 514.972  
Mn mg/l 0.003 10.700 0.372 1.093 0.100 
Na+ mg/l 1.500 2688.000 81.532 277.760 200.000 
NH4

- mg/l 0.001 15.000 0.131 1.232  
NO2

- mg/l 0.001 0.700 0.065 0.116 3.000 
NO3

- mg/l 0.001 134.000 3.504 12.350 50.000 
pH pH unit 4.750 9.400 6.351 0.685 6.500-8.500 
SO4

2- mg/l 0.001 3127.000 58.046 254.323 250.000 
TDS mg/l 26.900 13695.000 495.378 1448.120 1500.000 
TH mg/l 6.000 9200.000 272.930 955.831 500.000 
TSS mg/l 1.000 321.000 9.520 30.732 500.000 
Turbidity mg/l 0.750 484.000 22.330 38.789 5.000 

 

  
a. EC b. TDS 

  
c. Turbidity d. Colour 
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e. TSS f. Na+ 

  
g. K+ h. Ca2+ 

  

  
i. Mg2 j.  Fe 

  
k. NH4 l. Cl- 

 

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2
2.1

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

-0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

-2
-1.8
-1.6
-1.4
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

-3
-2.9
-2.8
-2.7
-2.6
-2.5
-2.4
-2.3
-2.2
-2.1
-2
-1.9
-1.8
-1.7
-1.6
-1.5
-1.4
-1.3
-1.2
-1.1
-1
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4

5.2

5.4

5.6

5.8

6

6.2

0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4



J. Int. Environmental Application & Science,  Vol. 18(2): 64-86 (2023) 
Research Paper 

71 

  
m. SO4 n. PO4 

  
o. Mn p. NO2 

 
 

q. NO3 r. TH 

 
 

s. CaCO3 t. Ca hardness 
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u. Mg hardness v. F 

  
w. H2CO3 x. CO3 

 

 

y. pH  
Figure 2. (a-y): Spatial distribution of groundwater parameters in the study area. 
 
Groundwater types and controlling processes 
Groundwater types in the study area include CaMgSO4, NaCl, CaMgHCO3, and Mixed water, 
according to the Piper (1944) as shown in Fig. 3. The majority of the samples exhibit an excess Cl- 
concentration over the Na+ concentration, as seen by the Na+ vs. Cl- plot in Fig. 4. According to the 
Gibbs (1970) diagrams, evaporation has a minor impact on how the chemistry of groundwater whiles 
rock weathering mainly control the groundwater chemistry (Fig. 5 a, b). The effects of silicate 
weathering, carbonate weathering, and ion exchange processes are shown in the plotting of CAI I vs. 
CAI II in Fig. 6. Ca2++Mg2+ against SO4

2-+H2CO3
- is plotted in Figure 7, showing that some samples 

lie above, some lie on, and some lie below the equiline. This implies that silicate mineral dissolution 
and/or ion exchange, carbonate and/or sulphate mineral dissolution, and carbonate weathering may 
have an impact on the groundwater's chemistry and overall quality.                  
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Fig. 3 Piper diagram showing groundwater 

 

 
 

Fig. 4: A plot of Cl- vs. Na+ Fig. 5a A plot of TDS vs. Cl-/(Cl-+Na+) 
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Figure 5b A plot of TDS vs. Na+/(Na++Ca2+) Figure 6. A plot of CAI I vs. CAI II 

 

 

Figure 7. A plot of (Ca2++Mg2+) vs. (SO4
2-+H2CO3

-) 
 

Geostatistical Analysis 
As shown in Table 4, 82.35% of the total variance was explained by six factors. The component 
matrix is displayed in Table 5 and the rotated component matrix was displayed in Table 6. The Scree 
plot of the Eigen values for the various components is shown in Fig. 8. One or more Eigen values 
were taken into consideration in this study. Fig. 9 displays a component plot in rotated space to 
demonstrate their spatial relationship. Factor 1 accounted for 36.28%, Factor 2 for 14.14%, Factor 3 
for 12.43%, Factor 4 for 8.90%, Factor 5 for 5.81%, and Factor 6 for 4.79%. EC, TDS, Na+, Ca2+, 
Mg2+, Cl-, SO4

2-, TH, Ca2+ hardness, and Mg2+ hardness formed the components of factor 1. The 
components of factor 2 were NH4, PO4, NO2, NO3, and F-. Turbidity, Mn, Fe, and color were all 
present in factor 3. CaCO3 and H2CO3

- made up factor 4. Factor 5 had pH and CO3 and Factor 6 was 
made of K+. 
The HCA multivariate statistical method can be used to group hydrochemical data so that its members 
share traits but are different from those of other groups. One benefit of using the method is that the 
results are displayed as a dendrogram, which is simple to understand, and the HCA can classify water 
using a variety of characteristics. Additionally, it offers a fairly simple and user-friendly method of 
data organization. The HCA method is helpful in hydrogeochemical modeling to identify the type of 
aquifer system, residence time, and potential effects of anthropogenic activities that support the 
investigation of the properties of groundwater of the various subgroups. In this study, four clusters 
were revealed by the cluster analysis method (Fig. 10). Turbidity, color, pH, EC, TSS, TDS, Fe, 
NH4

+, SO4
2-, PO4, Mn, NO2, NO3, CaCO3, Ca2+ hardness, Mg2+ hardness, F-, H2CO3

-, and CO3
2- were 

present in Cluster 1. Cl- and TH were in Cluster 2. Only TDS and only EC were present in clusters 3 
and 4, respectively. The Correlation analysis technique was applied to determine the sources of 
groundwater pollution (Hussain, 2019). The technique has been applied by several authors to 
successfully investigate groundwater pollution (Varol and Davraz, 2014; Agyemang 2022). The 
correlation outcome is shown in Table 7 of the report. 
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Table 4: The observed Total Variance and its Explanation   

Initial Eigenvalues 
 

Extraction Sums of  
Squared Loadings 

Rotation Sums of  
Squared Loadings 

Component Total % of  
Variance 

Cumulative 
 % 

Total % of  
Variance 

Cumulative 
 % 

Total % of  
Variance 

Cumulative  
% 

1 9.510 38.058 38.058 9.514 38.058 38.058 9.07 36.279 36.279 
2 3.560 14.232 52.290 3.558 14.232 52.29 3.535 14.138 50.417 
3 3.130 12.514 64.805 3.129 12.514 64.805 3.108 12.434 62.851 
4 2.000 7.994 72.798 1.998 7.994 72.798 2.225 8.901 71.752 
5 1.35 5.417 78.216 1.354 5.417 78.216 1.452 5.808 77.56 
6 1.04 4.138 82.354 1.035 4.138 82.354 1.198 4.794 82.354 
7 1.00 3.981 86.335 

      

8 0.65 2.596 88.931 
      

9 0.63 2.498 91.429 
      

10 0.48 1.923 93.352 
      

11 0.45 1.81 95.162 
      

12 0.41 1.64 96.802 
      

13 0.29 1.159 97.961 
      

14 0.18 0.707 98.669 
      

15 0.15 0.604 99.273 
      

16 0.09 0.343 99.615 
      

17 0.05 0.2 99.815 
      

18 0.036 0.144 99.959 
      

19 0.007 0.029 99.988 
      

20 0.001 0.004 99.993 
      

21 0.001 0.004 99.997 
      

22 0.001 0.002 99.999 
      

23 0 0.001 100 
      

24 2.43E-05 9.72E-05 100 
      

25 3.64E-06 1.46E-05 100 
      

 
Table 5: Component matrix of the water quality parameters 

Parameters Component 
1 2 3 4 5 6 

Turb. -0.003 -0.087 0.923 -0.215 0.023 -0.041 
Col. -0.013 -0.138 0.896 -0.159 -0.039 0.016 
Ph 0.065 0.152 0.289 0.521 0.617 0.036 
EC 0.974 0.031 -0.009 -0.123 0.037 0.108 
TSS -0.055 -0.057 0.089 -0.268 -0.227 0.097 
TDS 0.973 0.028 -0.01 -0.125 0.037 0.108 
Na 0.871 0.034 -0.021 -0.216 0.087 0.345 
K 0.533 0.034 0.029 0.205 -0.034 0.709 
Ca 0.962 0.011 -0.019 -0.075 0.026 -0.028 
Mg 0.93 0.025 -0.012 -0.051 -0.016 -0.234 
Fe -0.011 -0.097 0.929 -0.159 -0.068 0 

NH4 -0.035 0.913 0.102 0.059 -0.047 -0.026 
Cl 0.955 0.031 -0.03 -0.2 0.064 0.131 

SO4 0.828 -0.009 -0.006 0.015 -0.039 -0.449 
H2PO4 -0.042 0.774 0.081 0.022 -0.026 -0.038 

Mn 0.058 -0.129 0.654 0.163 -0.118 0.018 
NO2 -0.085 0.67 0.135 -0.032 0.003 -0.1 
NO3 -0.008 0.929 0.075 0.009 -0.102 0 
TH 0.986 0.017 -0.014 -0.061 0.004 -0.141 

CaCO3 0.445 -0.049 0.146 0.831 -0.205 -0.036 
Ca_hard. 0.963 -0.008 -0.019 -0.072 0.026 -0.03 
Mg_hard. 0.93 0.023 -0.013 -0.051 -0.016 -0.234 

F 0.045 0.829 0.068 0.034 -0.056 0.095 
H2CO3 0.451 -0.194 0.123 0.808 -0.238 -0.025 

CO3 -0.037 0.009 0.09 0.05 0.876 -0.059 
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Table 6: Rotated Component Matrix of the water quality parameters 
Parameter Component 

1 2 3 4 5 6 
Turb. 0.02 0.018 0.945 -0.101 0.044 -0.046 
Col. -0.012 -0.029 0.92 -0.036 -0.005 0.009 
Ph -0.019 0.144 0.161 0.292 0.786 0.119 
EC 0.96 -0.001 0.006 0.054 0.003 0.23 
TSS -0.026 -0.035 0.143 -0.174 -0.303 0.057 
TDS 0.96 -0.004 0.006 0.052 0.002 0.228 
Na 0.854 -0.01 0.004 -0.091 8.35E-05 0.443 
K 0.392 0.017 0.001 0.236 0.002 0.789 
Ca 0.954 -0.016 -0.008 0.113 0.015 0.096 
Mg 0.941 0.009 -0.004 0.161 0 -0.11 
Fe -0.008 0.018 0.949 -0.023 -0.025 -0.006 

NH4 -0.019 0.922 -0.016 0.013 0.041 0 
Cl 0.957 -0.008 -0.005 -0.033 0 0.243 

SO4 0.851 -0.012 -0.002 0.231 0.011 -0.332 
H2PO4 -0.02 0.779 -0.016 -0.02 0.039 -0.021 

Mn -0.004 -0.035 0.641 0.272 0.003 0.042 
NO2 -0.046 0.682 0.056 -0.07 0.051 -0.092 
NO3 0.013 0.936 -0.034 -0.015 -0.03 0.021 
TH 0.987 -0.004 -0.004 0.147 0.008 -0.011 

CaCO3 0.255 0.003 0.046 0.932 0.106 0.089 
Ca_hard. 0.954 -0.034 -0.005 0.116 0.016 0.094 
Mg_hard. 0.941 0.008 -0.004 0.161 0 -0.109 

F 0.047 0.829 -0.035 0 0.008 0.124 
H2CO3 0.259 -0.141 0.047 0.93 0.055 0.093 

CO3 0 -0.053 0.034 -0.245 0.848 -0.026 
 

 
Figure 8: Scree plot showing the Eigen values of the various components 
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Figure 9: Plot of components in rotated space to show their spatial relationship. 
 

 
Figure 10: Dendrogram showing the clustering of groundwater parameters. 
 
Table 7: Correlation matrix of the water quality parameters   
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Water quality index  
According to Couillard and Lefebre (1985), water is considered to be excellent to drink when the 
WQI value is between 0 and 50, good to drink when the value is between 50 and 100, poor to drink 
when the value is between 100 and 200, very poor to drink when the value is between 200 and 300, 
and unfit to drink when the value is above 300. Following classification, the WQI found that 6% of 
the groundwater samples had excellent quality, 54% had good quality, 22% had poor quality, 9% had 
very poor quality, and 9% were unfit for drinking. The spatial distribution of the WQI is shown using 
a thematic map, as shown in Fig. 11. The map revealed that the region had a dominant class of good 
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groundwater quality. There were sporadic locations with high or low WQI values throughout the 
study area (Fig. 11). 
 

 
Figure 11: Spatial distribution of WQI 

 
Discussion 
Geostatistical techniques have proven to be effective in interpretation of hydrochemical data 
(Osiakwan et al., 2021). In this study, PCA and HCA were used to, respectively, identify the critical 
components that control groundwater chemistry and identify hydrochemical clusters that may be 
important from a geological perspective. The regional distributions of the various water quality 
parameters have shown how groundwater chemistry is influenced by human activity, seawater 
intrusion, and rock mineral dissolution. Along the coast, the majority of the metrics had extremely 
high values that are over the WHO (2012) recommended limits. This finding is consistent with the 
poor groundwater quality noted by Osiakwan et al (2021). Thematic maps of the various parameters 
indicate the effects of actions such as applying agrochemicals to farmlands, spreading animal dung on 
farms, galamsey, maintaining unhygienic conditions around boreholes, using pit latrines in some 
areas, etc.  
  
Groundwater types  
The dissolution of rock minerals and anthropogenic effects may have contributed to the occurrence of 
the CaMgSO4 groundwater type (Koh et al., 2010; Tiwari and Singh, 2014). The dissolution of 
pyroxene, anorthite plagioclase, amphibole, and calcite may be the reason for the high Ca2+ ion 
concentration of the groundwater. The dissolution of hornblende, augite, and biotite may have had an 
impact on the amount of Mg2+ in the groundwater. Gypsum dissolution, the oxidation of sulfide-
bearing minerals like pyrite and arsenopyrite, and/or human activity are all potential sources of SO4

2- 
in groundwater. Local anthropogenic activities, such as improper waste management, the use of pit 
latrines, and unhygienic conditions close to the borehole, may be to blame for the rise in the level of 
SO4

2- in the groundwater (Koh et al., 2010).  
The dissolution of salt minerals like halite, which introduces equal amounts of Na+ and Cl- into the 
groundwater, may influence the occurrence of the NaCl groundwater type (Hem, 1985). However, the 
majority of samples contain more Cl- than Na+, demonstrating that the two parameters enter 
groundwater in various ways. The idea that the two concentrations entered the groundwater 
independently is supported by the absence of a clear relationship between them. The main factors 
affecting the occurrence of the CaMgHCO3 groundwater type are ion exchange processes and/or rock 
weathering. According to Karnath (1989), the formation of HCO3

- in groundwater may result from the 
dissolution of carbonate rocks like limestone and dolomite as well as from the reaction of water and 
carbon dioxide. 
The NaHCO3 groundwater type may develop as a result of meteoric water charged with carbonic acid 
dissolving Na+ from Na-bearing minerals like albite and augite, according to Garrels and Mackenzie 
(1967). The creation of the NaHCO3 groundwater type is caused by the dissolution of CO2 and this 
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Na-rich mineral. Additionally, the exchange process where CaHCO3 transforms into NaHCO3 by 
interacting with the NaCl water type may also result in the formation of NaHCO3 (Yidana et al., 
2010). The final chemical makeup of groundwater is altered when two or more of different 
groundwater types are mixed together. Since there is no single dominant ion in mixed groundwater, it 
lacks any distinctive characteristics. This kind of groundwater can develop as a result of the blending 
of several groundwater types or the breakdown of various rock minerals in the groundwater. 
 
Processes controlling the groundwater chemistry 
The primary mechanisms that regulate the groundwater chemistry in the region were studied using the 
Gibbs (1970) diagram. The impact of rock weathering, which is related with moderate TDS and 
moderate Cl-/(Cl-+Na+) ratio or TDS and moderate Na+/(Na++Ca2+) ratio, is shown by the graphing of 
TDS vs. Cl-/(Cl-+Na+) and TDS vs. Na+/(Na++Ca2+). A few samples, however, showed signs of the 
potential effects of evaporation since they had high TDS, high Cl-/(Cl-+Na+) ratios, and high 
Na+/(Na++Ca2+) ratios. This indicates that, even though rock weathering mostly regulates groundwater 
chemistry, evaporation also affects groundwater chemistry in some areas of the region.  
The plot of (Ca2++Mg2+) vs. (SO4

2-+HCO3
-) was used to analyze the kind of rock weathering that 

mostly affects the groundwater of the region since rock weathering is the principal process affecting 
the chemistry of the groundwater. By using the plot of (Ca2++Mg2+) vs. (SO4

2-+HCO3
-), excess SO4

2-

+HCO3
- over Ca2++Mg2+ indicates either silicate mineral weathering or ion exchange processes, 

whereas excess Ca2++Mg2+ over SO4
2-+HCO3

- indicates carbonate weathering (Tiwari and Singh, 
2014). The study showed that the area may experience silicate mineral dissolution and/or ion 
exchange, carbonate and/or sulphate mineral dissolution, and carbonate weathering. A plot of CAI I 
vs. CAI II was used to study the effects of ion exchange on groundwater chemistry. Indicators with 
positive values suggest an interchange of Na+ or K+ in groundwater with Mg2+ or Ca2+ in the aquifer 
system, while those with negative values imply an exchange of Mg2+ or Ca2+ in groundwater with Na+ 
and K+ in the rocks, according to Schoeller (1965). Ion exchange is revealed by positive numbers, and 
reverse ion exchange is revealed by negative values. The majority of the samples in this investigation 
showed the dominance of reverse ion exchange. 
 
Geostatistical Analysis 
The potential processes that could affect the quality of the groundwater were deduced using HCA 
and FA approaches based on the connections between the elements. CA is a pattern-detection 
method that identifies the fundamental structure of a dataset and groups the data according to 
similarities (Otto, 1998). Several factors were deduced from the data set in order to conduct a factor 
analysis. The factors were ranked based on how much of the variation from the initial set of data 
they explain. A correlation matrix analysis is a bivariate technique that demonstrates how well one 
variable predicts the other while also identifying potential ions and chemical processes that are 
comparable to or identical to those in the understudied groundwater. In order to demonstrate the 
relationship between the metrics for water quality, the correlation technique was used in this study 
(McGrorya, 2020). These techniques have been used for hydrochemistry research by numerous 
authors from different parts of the world and are well documented in the literature (Osiakwan et al., 
2021). 
 
Factor Analysis 
According to the factor analysis, Factor 1 contains the following variables: EC, TDS, Na+, Ca2+, Mg2+, 
Cl-, SO4

2-, TH, Ca2+ hardness, and Mg2+ hardness. This grouping shows that weathering of rock 
minerals, ion exchange and human activities have impacts on groundwater chemistry. The 
concentrations of Na+, Ca2+, and Mg2+ in the groundwater are regulated by ion exchange activities or 
the dissolution of rock minerals, as shown by their clustering (Schoeller, 1965; Koh et al., 2010; 
Tiwari and Singh, 2014). The concentrations of TDS, Na+, Cl-, and SO4

2- are grouped together, 
indicating the presence of rock weathering and the potential influence of anthropogenic activity. The 
components of factor 2 are NH4

-, PO4, NO2, NO3, and F-. This cluster demonstrates the potential 
effects of anthropogenic activity on the quality of groundwater (Koh et al., 2010). The use of 
chemicals for galamsey activities, the use of pit latrines in some communities, the use of fertilizers, 
weedicides, and pesticides for farming, the lack of hygienic conditions around the boreholes, the use 
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of poor waste disposal techniques, etc. that are prevalent in the area, among other factors, may have 
caused this clustering (Koh et al., 2010).  
Turbidity, Mn, Fe, and color all belong to factor 3. This clustering supports the impact of rock 
weathering on the quality of groundwater (Tiwari and Singh, 2014). The dissolution of minerals 
containing Fe and Mn regulates the concentrations of the elements. The fact that Fe and Mn are 
clustered together with color and turbidity indicates that Fe and Mn are responsible for regulating the 
color and turbidity of the groundwater. CaCO3 and H2CO3

- make up factor 4. This cluster 
demonstrates the influence of dissolved CO2 on groundwater chemistry and the effects of rock 
weathering (Karnath, 1989).  Factor 5 contains pH and CO3

2-, demonstrating how the concentration of 
CO3

2- affects the pH of groundwater (Karnath, 1989). Factor 6 solely contains K+, suggesting that 
human activity has an impact on the quality of groundwater (Koh et al., 2010). The dissolution of K-
bearing minerals may be partially responsible for the K+ content in the groundwater. The absence of 
connection with other widespread rock minerals, however, points to various distinct entry points into 
the groundwater system. The use of K-containing fertilizers on their farmland by the farmers may be 
the source of this particular route (Koh et al., 2010). The use of the Factor Analysis technique has 
shown the potential for ion exchange, rock weathering, and the effects of human activity. 
 
Cluster Analysis  

The application of the cluster analysis technique was used in this study to identify possible 
factors affecting the groundwater quality in the region. The technique revealed the effects of sewage 
contamination of groundwater, groundwater quality, groundwater contamination, the impact of 
mining and agriculture on groundwater quality, and general hydrochemical investigations (Belkhiri et 
al., 2010). The use of the Cluster analysis technique in the study is required because, as described in 
the literature, it is necessary to group samples into various hydrochemical groups that will reveal 
hidden information about the hydrogeochemistry and potential groundwater pollution (Belkhiri et al., 
2010). This analysis combined the Ward's linkage strategy with the Q-mode hierarchical cluster 
analysis method to achieve its goals.  

Four clusters were displayed using the method. Turbidity, color, pH, EC, TSS, TDS, Na+, K+, 
Ca2+, Mg2+, Fe, NH4, SO4, PO4, Mn, NO2, NO3, CaCO3, Ca hardness, Mg hardness, F-, H2CO3

-, and 
CO3

2- were present in Cluster 1. The grouping of the parameters shows the effects of rock weathering, 
potential ion exchange, and impact of anthropogenic activities on the quality of the groundwater 
(Schoeller, 1965; Koh et al., 2010; Tiwari and Singh, 2014). The clustering of major ions like Na, Ca, 
and Mg together indicates that dissolution of rock minerals is most likely their sources (Tiwari and 
Singh, 2014). But the ion exchange process might have an impact on the amount of Na, Ca, and Mg in 
the groundwater (Schoeller, 1965). Another indication of the potential impact of the rock weathering 
process on the groundwater chemistry is the clustering of Fe, Mn, and CaCO3 (Tiwari and Singh, 
2014). 

However, the concentrations of TDS, K+, NH4, SO4, PO4, NO2, and NO3 were grouped together, 
suggesting the possible effects of anthropogenic activity on the quality of groundwater (Koh et al., 
2010). The use of fertilizers containing K may be responsible for the concentration of K+. The 
absence of hygienic conditions near boreholes, the use of agrochemicals, the use of chemicals for 
galamsey activities, etc. may be the influencing factor of the SO4, NH4, NO2, and NO3 concentrations 
(Koh et al., 2010). Cl- and TH are present in Cluster 2, indicating the potential impact of rock 
weathering on the chemistry of groundwater. Only TDS and only EC are present in clusters 3 and 4, 
respectively, which indicate that anthropogenic activities have an impact on the chemistry and general 
quality of groundwater (Koh et al., 2010). The Cluster analysis technique has confirmed that geogenic 
processes and anthropogenic activities in the Region have impact on the chemistry groundwater. 
 
Correlation Analysis 

The use of the correlation analysis technique revealed a substantial association between turbidity, 
Fe, and color, suggesting that the content of Fe in the groundwater regulates turbidity. Strong 
correlations between color and Fe imply that the Fe concentration of the groundwater affects the 
color. The EC is correlated with Mg2+ hardness, Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-, TH, and Ca2+ 
hardness, indicating that the concentrations of these parameters affect the EC of the groundwater. 
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Therefore, factors that regulate the levels of Na+, K+, Ca2+, Mg2+, Cl-, and SO4
2- indirectly affect the 

EC of the groundwater. As shown by the factor analysis and cluster analysis techniques, geogenic 
processes and anthropogenic activities may be controlling the concentrations of Na+, K+, Ca2+, Mg2+, 
Cl-, and SO4

2- in the groundwater. As a result, these factors affect the EC of the groundwater. The fact 
that TDS closely correlates with Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-, Ca hardness, and Mg hardness 
suggests that the concentrations of Na+, K+, Ca2+, Mg2+, Cl-, and SO4

2- in the groundwater affect the 
TDS of the groundwater.  This indicates that anthropogenic activities as well as rock weathering 
affect the TDS. 

Strong correlations between Na and K+, Ca2+, Mg2+, Cl-, SO4
2-, TH, Ca2+ hardness, and Mg2+ 

hardness indicate that the anthropogenic activities have effects on the quality of groundwater 
(Davalos-Pena et al. 2021). The relationship between K+ and Cl- shows that anthropogenic activities 
have an impact on the chemistry of groundwater and the overall quality of groundwater. The 
relationship between Ca2+ and Cl-, SO4

2-, Mg2+, TH, Ca2+ hardness, and Mg2+ hardness suggests that 
the weathering of rocks has an effect on the quality of the groundwater. Mg correlates with Cl-, SO4

2-, 
TH, Ca2+ hardness, and Mg2+ hardness, illustrating how the weathering of rocks affects the quality of 
groundwater. Fe and Mn are correlated, which shows that weathering of rocks has an effect of the 
groundwater chemistry. The relationship between NH4

+ and F-, NO2, NO3, and PO4 indicates that 
anthropogenic activities, such as applying fertilizer to farmland, maintaining unhygienic conditions 
around boreholes, using chemicals for galamsey activities, using pit latrines, etc., have an impact on 
the chemistry and general quality of groundwater.   

The relationship between Cl- and SO4
2-, TH, Ca2+ hardness, and Mg2+ hardness suggests that 

anthropogenic activities have an impact on groundwater quality. The correlation between SO4
2- and 

TH, Ca2+ hardness and Mg2+ hardness suggests that SO4
2- may have an impact on groundwater 

hardness. PO4 correlates with NO3 and F-, demonstrating how anthropogenic activities affect the 
quality of groundwater. The relationship between NO2 and NO3 implies that the conversion of NO3 to 
NO2 is the primary factor affecting the content of NO2 in groundwater. NO3 correlates with F-, 
demonstrating that anthropogenic sources account for the majority of the NO2 entering the 
groundwater system. A portion of the concentration is changed into NO2 upon the introduction of 
NO3. The use of the correlation analysis technique confirms the potential impact of ion exchange, 
rock weathering, and anthropogenic activities on the chemistry and general quality of groundwater in 
the region. The associations of the various parameters reveals the possible effects of mineral 
dissolution and anthropogenic activities on the chemistry of groundwater (Tiwari and Singh, 2014; 
Davalos-Pena et al. 2021). 
 
Water quality index  

The WQI technique was used in this study to evaluate the suitability of the groundwater for 
drinking and domestic uses as well as to identify the potential effects of anthropogenic activities on 
groundwater quality in the region. The study found that while the majority of the groundwater of the 
region was of “good” quality, the coastal regions and a few isolated localities had less poor water 
quality. This observation is consistent with what Osiakwan et al. (2021) discovered. The fact that the 
‘‘good’’ groundwater type dominates in the region reveals how the geology affects the groundwater 
resource in the region. That reveals the natural quality of the groundwater as it flows through the 
aquifer systems in the region. The scattered localities with either high or low WQI values within the 
region indicate either the effects of anthropogenic activities or the effects of other natural processes 
aside from rock-water interactions, such as seawater intrusion. Seawater intrusion is primarily 
responsible for the poor groundwater quality along the coast (Asare et al., 2022; Osiakwan et al., 
2021). The study identified Eduafo and Asaman with WQI values of 850.68% and 313.44% 
respectively as localities where groundwater likely highly polluted by Seawater intrusion.  

However, anthropogenic activities are primarily responsible for the poor water quality seen in the 
sporadic locations away from the coast. As was already mentioned, the majority of the population in 
the area is rural and relies on agrochemicals like weedicides, pesticides, fertilizers, etc. for both large- 
and small-scale farming. Once more, the abundance of gold-bearing minerals in the area continues to 
draw legitimate large- and small-scale mining operations as well as galamsey activities. By exposing 
the subsurface rock materials to the atmosphere through mining and related activities, different 
chemicals are released into the groundwater through processes like acid rock drainage. Chemicals are 
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introduced into the soil through mining and related activities, where they dissolve and enter the water 
table during rainfall. When surface water is contaminated by galamsey activities, groundwater may 
also become contaminated as a result of groundwater-surface water interactions. Most people in rural 
areas practice open defecation, which has an impact on groundwater quality. The use of animal dung 
as manure and improper domestic and industrial waste disposal pollute the environment and 
groundwater resources. The study identified Eduafo, Asaman, Nyamebekyere, Bosomatwe, 
Asempanyin, Abora, Dadieso, Mesomagor, Mankata, Afadzato, Congo 1, Gyankrom 1, Gyankrom 2, 
Ayigbo, Aygbo with WQI of 850.68%, 313.44%, 616.04%, 212.10%, 478.12%, 614.10%, 206.97%, 
225.99%, 286.25%, 2180.01%, 216.63%, 578.73% 327.28% 2166.94% 4805.85% respectively as 
localities where groundwater is likely highly polluted by anthropogenic activities (Fig. 11).  
 
Conclusion 
An integration of geostatistical and GIS techniques has been applied to investigate anthropogenic 
impact on groundwater quality in the Central Region of Ghana. In the region, there are four different 
forms of groundwater: CaMgSO4, NaCl, CaMgHCO3, and Mixed water. About 82.35% of the total 
variance was explained by six factors. Factor 1 accounted for 36.28%, Factor 2 for 14.14%, Factor 3 
for 12.43%, Factor 4 for 8.90%, Factor 5 for 5.81%, and Factor 6 for 4.79%. EC, TDS, Na+, Ca2+, 
Mg2+, Cl-, SO4

2-, TH, Ca2+ hardness, and Mg2+ hardness were in factor 1. The components of factor 2 
were NH4, PO4, NO2, NO3, and F-. Turbidity, Mn, Fe, and color were in factor 3. CaCO3 and H2CO3 
made up factor 4.  Factor 5 included CO3 and pH. Only K was in factor 6. Four clusters were visible 
using the cluster analysis method. Turbidity, color, pH, EC, TSS, TDS, Na+, K+, Ca2+, Mg2+, Fe, NH4, 
SO4, PO4, Mn, NO2, NO3, CaCO3, Ca2+ hardness, Mg2+ hardness, F-, H2CO3

-, and CO3
2- were in 

Cluster 1. Cl- and TH were in Cluster 2. Only TDS and only EC were in clusters 3 and 4, respectively.  
According to this classification, the WQI showed that 6% of the groundwater samples had 

excellent quality, 54% had good quality, 22% had poor quality, 9% had very poor quality, and 9% 
were unfit for drinking. The natural groundwater quality was within the ‘‘good’’ class. The poor 
groundwater quality in some localities within the region was attributed to geogenic, seawater 
intrusion process and anthropogenic activities. Eduafo and Asaman with WQI values of 850.68% and 
313.44% respectively were identified as locality of likely groundwater high pollution due to Seawater 
intrusion. Eduafo, Asaman, Nyamebekyere, Bosomatwe, Asempanyin, Abora, Dadieso, Mesomagor, 
Mankata, Afadzato, Congo 1, Gyankrom 1, Gyankrom 2, Ayigbo, Aygbo with WQI of 850.68%, 
313.44%, 616.04%, 212.10%, 478.12%, 614.10%, 206.97%, 225.99%, 286.25%, 2180.01%, 
216.63%, 578.73% 327.28% 2166.94% 4805.85% respectively were identified as communities of 
likely high groundwater pollution due to anthropogenic activities. 

The study has shown that anthropogenic activities, seawater intrusion, ion exchange, rock 
weathering, and evaporation are factors that affect the quality of groundwater in the region. The 
anthropogenic activities affecting groundwater quality in the region include application of 
agrochemicals to farmlands, spreading animal dung on farms, galamsey, lack of hygienic conditions 
around boreholes, and the pit latrines. The study has demonstrated the significance of the integration 
of the GIS and geostatistical techniques in groundwater pollution investigation. Such an integration 
techniques aids in groundwater resources management and promotes the achievement of the 
Sustainable Development Goal Six (SDG 6), which calls for integrated water resource management. 
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