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ABSTRACT
Access to safe drinking water remains a critical public health concern worldwide, particularly in mining communities where heavy metals contamination is widespread. In Mirerani Tanzania, where mining and agricultural activities dominate, groundwater sources are increasingly at risk of Lead (Pb) pollution. This study aimed to establish current Pb levels in groundwater and to evaluate the efficiency of kaolinite as a natural treatment method. An experimental research design guided by a positivist philosophy was applied in this study. A stratified sampling approach was used to select 223 boreholes across the study area. Data were analyzed using descriptive, thematic, and inferential statistical methods. The findings revealed that mining areas recorded the highest mean Pb concentration of (0.026 mg/L), exceeding the World Health Organization (WHO) guideline value of 0.015 mg/L. Agricultural, residential, and commercial areas recorded mean concentrations of 0.016 mg/L, 0.014 mg/L, and 0.016 mg/L, respectively. Kaolinite treatment demonstrated significant effectiveness, reducing Pb levels from an initial mean of 0.019 mg/L at 95% Confidence level to 0.015–0.023 and finally to 0.004 mg/L. Thus, kaolinite consistently reduced Lead (Pb) levels with most reduction falling between 0.015 and 0.023 mg/L to 0.004 mg/L. The study concludes that Pb contamination in Mirerani’s groundwater poses serious health risks. It recommends continued monitoring, encourage wider adoption of the kaolinite method as a cost-effective remediation technique to ensure safe water consumption.
Keywords: Mirerani groundwater, Kaolinite reduction method, Lead (Pb) levels, Safe water consumption
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CHAPTER ONE
INTRODUCTION
1.1
Introduction
This chapter introduces the study by presenting the background to the research problem, the statement of the problem, objectives, research hypotheses, significance, scope, and organization of the study. It establishes the global and local context of Lead (Pb) contamination in water resources, highlights the knowledge gap, and justifies the need for assessing the effectiveness of the kaolinite natural method in reducing Lead concentrations in groundwater in the Mirerani area, Manyara Region, Tanzania.

1.2
Background of the Study

Globally, Lead (Pb) contamination in water is recognized as a serious environmental and public health concern. In recent decades, several studies have documented the extent of Lead contamination and its associated health effects such as in; Infants and Children: delays physical or mental development; Adults: kidney problems; and high blood pressure (Rabiel et al., 2023) For instance, in the United States, the Flint, Michigan water crisis revealed Lead concentrations in drinking water over 100 times higher than the Environmental Protection Agency (EPA) action level of 0.015 mg/L, caused by old Lead pipes and poor corrosion control measures (Ettinger et al., 2019). Such cases demonstrate that even in developed countries with advanced infrastructure, safe drinking water cannot always be guaranteed due to aging infrastructure, industrial pollution, or weak enforcement of regulations (Ruckart et al., 2019).

The situation is more severe in developing countries, where over 40% of the population lacks access to improved drinking water sources (UNICEF/WHO, 2019). In Sub-Saharan Africa, rapid urbanization, mining, industrialization, and poor waste management have significantly increased exposure to heavy metals, including Lead, in urban and peri-urban populations (Obeng-Gyasi, 2022). It is estimated that in 2017, Lead exposure accounted for 54.3% of deaths among all ages in the region, with children being the most affected due to high blood Lead levels (Bede et al., 2018).

In Tanzania, groundwater is the major source of drinking water, particularly in rural areas where piped water infrastructure is limited. However, studies have shown that in some locations, Lead concentrations in groundwater exceed the World Health Organization (WHO) guideline of 0.01 mg/L (Mwakalila et al., 2016). Communities relying on shallow wells for domestic and agricultural use are therefore at risk of chronic Lead exposure, which can damage the nervous system, kidneys, reproductive organs, and impair growth and cognitive development (Mbwette & Lupala, 2019; EWURA, 2020).

Recognizing these risks, Tanzania has developed regulations and standards to control heavy metal contamination. The Tanzania Bureau of Standards (TBS) has set the maximum acceptable limit for Lead in drinking water at 0.01 mg/L, aligning with international guidelines (TBS, 2020). 
Furthermore, government agencies such as the Ministry of Water and the National Environmental Management Council (NEMC) conduct regular monitoring of water quality to track contamination levels (Tarimo, 2007). In Mirerani, various government agencies, including the Ministry of Water and the National Environment Management Council (NEMC), conduct regular monitoring of water quality to facilitate prompt responses to contamination and Lead removal (Ibid, 2007; and Ahmad et al., 2022). There are natural remediation methods, such as utilizing natural materials like clay, sand, peat moss, and goethite, which can act as adsorbents. Banana peels and orange peels can also be used to remove lead through bio-adsorption as well as reverse osmosis (Rodriguez, 2022).
This study selected kaolinite clay, which is cost-effective solution for reducing lead concentrations, in rural areas lacking sophisticated water treatment infrastructure. Despite ongoing efforts, lead concentrations in Groundwater of Mirerani, where levels range from 0.015 to 0.91 mg/L, exceed both the WHO, 2020 and Tanzania's limits of 0.015 and 0.01mg/L, respectively. Lead affects multiple body systems, neurological, hematological, gastrointestinal, cardiovascular and renal systems, causing cancer (WHO, 2019). The Mirerani community faces severe health implications due to elevated lead levels in shallow wells. 
In addition, environmental policies targeting pollution control have been enacted, while investments in water supply infrastructure and sanitation facilities are being promoted to minimize contamination risks (Mosha et al., 2018). Despite these efforts, however, mining activities, poor waste management, and weak enforcement of regulations continue to contribute significantly to lead pollution (Tomasek et al., 2022).

Given the persistence of Lead contamination, there is an urgent need for affordable, environmentally friendly, and locally applicable solutions. One promising option is the use of kaolinite clay, a naturally occurring mineral with strong adsorption and ion-exchange properties that enable it to effectively remove heavy metals such as Lead from water (Nag & Cummins, 2021). Numerous studies have shown that natural materials, particularly kaolinite clay minerals, can serve as excellent sorbents for toxic substances, including heavy metals. Kaolinite has promises of recognition as an adsorbent. Because of the large adsorption ability, lower cost, abundant several continents globally and ability for ions exchange. Kaolin clays, which are made up of metal oxides such as Aluminum oxide, Silicon dioxide, Magnesium oxide and Calcium oxide (Al2Si2O5(OH)4), are globally abundant and naturally obtainable minerals (Rabiel et al., 2023). This study aims to assess lead (Pb) concentration in Groundwater sources in the Mirerani area in the first place. Thereafter, the application of the kaolinite natural method represents a sustainable approach that could be particularly beneficial in rural and mining-affected areas such as Mirerani, where advanced water treatment infrastructure is limited.
1.3
Statement of the Problem
Despite the government’s effort to reduce Lead concentrations, in such groundwater still a high concentration of Lead persists in several areas in Tanzania including Mirerani. Previous studies including one conducted by Tarimo revealed that Lead concentration conducted in both surface and groundwater in the Mirerani area were ranged from 0.015 to 0.9 mg/l, these levels exceeds both World Health Organization (WHO, 2019) guideline of 0.00 mg/L and Tanzania's Bureau of Standards (TBS, 2020) of 0.01mg/L. 
The residents in Mirerani area primarily depend on shallow wells typically 10 to 30 meters deep for their daily needs water continuous to elevated lead levels can result to severe health complications including damage to the nervous system, Heart, Kidney, cognitive development as well as increasing risk of mortality (Environmental Health Perspectives, 2018). Therefore, there’s an argent need to assess to effectiveness of Kaolinite natural method in reducing (Pb) concentration in groundwater in Mirerani area of Manyara Region, Tanzania as (Tarimo, 2025) found higher Lead (Pb) range of 0.025 mg/L vs WHO 0.001 mg/L guidelines. Mirerani ward, in Simanjiro District of Manyara Region, is home to approximately 21,250 residents as of the 2022 census City Population. Simanjiro District has an estimated population of 291,169 residents according to the 2022 national census this sizable population underscores the magnitude of the public health threats of high Lead (Pb) concentration in Infants and Children cause delays of physical and mental development and in adults it causes kidney problems and high blood pressure which highlights the urgent need for effective mitigation strategies.

Therefore, there is a pressing need to assess the effectiveness of the kaolinite natural method for reducing Pb concentrations in groundwater in the Mirerani area, Manyara Region, Tanzania. This evaluation is crucial to safeguarding the health of a community of over 21,000 people, and by extension protecting a broader population within Simanjiro District.
1.4
Objectives of the Study

1.4.1 
General Objective

The general objective of this study was to assess the reduction of Lead (Pb) concentration in groundwater using the kaolinite natural method in the Mirerani area of Manyara Region, Tanzania.

1.4.2
Specific Objectives

1. To assess the baseline levels of Lead (Pb) concentration in groundwater sources in the Mirerani area.

2. To evaluate the effectiveness of the kaolinite natural method in reducing Lead (Pb) concentrations in groundwater sources.

1.5
 Hypotheses
The following hypotheses were tested in this study.
1. H0: The kaolinite is not significant in reducing Lead concentration in groundwater.
2. H1: The kaolinite is significant in reducing Lead concentration in groundwater.
1.6
Significance of the Study

The purpose of this study was to assess the reduction of Lead (Pb) concentration in groundwater using the kaolinite natural method in the Mirerani area. This research is of significance as it enhances the understanding of Lead (Pb) concentration levels in groundwater sources in Mirerani and the effectiveness of the kaolinite natural method as a treatment system for lowering Lead concentrations. 
The findings would instrumental in increase awareness of the potential health risks associated with Mirerani community consuming water containing high levels of Lead and in formulating strategies to mitigate the adverse effects of Lead on public health. Additionally, this study offers valuable insights for enhancing water quality safety standards in Mirerani and other areas to protect the well-being of end users.
Furthermore, the findings of this study informed the development of effective strategies for reducing Pb contamination in groundwater sources in Tanzania and other regions facing similar challenges. The study provides valuable insights for policymakers to develop targeted interventions to mitigate the health risks associated with Pb exposure. On the other hand, the study provided valuable information for local communities, NGOs, and private companies operating in the area to develop sustainable solutions for mitigating Pb contamination. 
The findings informed decisions on the academics, the management like NEMC and Ministry of Water, Mining and other stakeholders in conservation of natural resources in the area. The study also contributes to meeting the Sustainable Development Goals (SDGs) especially SDG 3 (Good Health to the communities) and SDG 6 (Water and Sanitation for all) by the year 2030. Furthermore, this study contributed to the existing body of knowledge on the application of kaolinite as a natural method for removing contaminants from water sources. The results provided insights into the future academics and other researchers to get a turning point on the potential applications of kaolinite and other mentioned materials not yet researched on the same study area Mirerani or in other areas with similar environmental pollution concerns.
1.7
Scope of the Study

This study was geographically limited to Mirerani area in Simanjiro District, Manyara Region, Tanzania, which is widely recognized for its intensive tanzanite mining and the presence of naturally occurring Lead deposits. These characteristics make Mirerani highly vulnerable to groundwater contamination and therefore an appropriate case study site. In terms of content scope, the study specifically focused on assessing the baseline concentration of Lead (Pb) in groundwater sources and evaluating the effectiveness of kaolinite as a natural remediation method for reducing Lead levels to internationally accepted standards. Other heavy metals, contaminants, or pollutants outside Lead (Pb) were not included in the analysis, as the study was designed to address a specific health and environmental groundwater pollution concern that is most prevalent in the area. 

The time scope of the study was restricted to data collected during the 2023–2024 academic year, with 223 water samples analysed within this period. This timeframe was chosen to reflect the most current situation in Mirerani and to align with the requirements for the Master of Science in Environmental Science degree.

Methodologically, the study combined both doctrinal and empirical approaches. The doctrinal aspect involved reviewing national and international regulatory frameworks governing safe drinking water, particularly those set by the World Health Organization (WHO, 2022) and the Tanzania Bureau of Standards (TBS, 2019). The empirical aspect consisted of field-based data collection, where 223 groundwater samples were drawn from boreholes and shallow wells across different land-use sectors in Mirerani (residential, agricultural, commercial, and mining areas). Laboratory analysis using Atomic Absorption Spectroscopy (AAS) and statistical techniques provided the evidence base for evaluating kaolinite effectiveness.
The population scope included groundwater sources relied upon by residents of Mirerani for household and agricultural purposes. Findings from this research are intended to inform not only the local community but also policymakers, environmental regulators, and other stakeholders about the potential of kaolinite as a sustainable remediation, low-cost, and environmentally friendly solution for mitigating Lead contamination in groundwater.

1.8
Limitations of the Study

Although this study generated important insights into the reduction of Lead (Pb) concentration in groundwater using the kaolinite natural method in Mirerani, several limitations should be acknowledged:

Geographical limitation: The study was confined to the Mirerani area of Simanjiro District. While this site was chosen for its unique geology and high risk of Lead contamination, the findings may not fully represent other regions in Tanzania with different hydrogeological, geographical and socio-economic conditions.

Focus on a single contaminant: The research focused exclusively on Lead (Pb) contamination. Other heavy metals and pollutants (e.g., cadmium, chromium, arsenic, etc.) that may also be present in groundwater were not considered. This restricts the broader applicability of the findings to heavy metal contamination in general.

Temporal scope: Data collection and analysis were conducted within a limited period (2023–2024). Seasonal variations in rainfall and groundwater recharge, which could influence Lead concentration levels, were not comprehensively addressed.

Laboratory-based treatment conditions: The Kaolinite natural method was tested under controlled laboratory conditions. While this provided reliable results, the efficiency of the method may differ under real-life community settings due to variability in water chemistry, kaolinite availability, and community handling practices.

Regulatory and enforcement aspects: The study reviewed regulatory frameworks but did not empirically assess the level of enforcement or compliance by industries, communities and other stakeholders which could influence ongoing contamination trends and remediation strategies.
1.9
Organization of the Study
The study is divided into five chapters. Chapter one presents the study by setting the background for the problem, followed by the problem statement, study objectives, research hypothesis, significance of performing the study, scope of the study, and finally the study organisation. Chapter two is a critical literature review that begins with conceptual definitions and then proceeds on to a theoretical assessment of the study, followed by a remedial review, knowledge gap, and conceptual framework. The third chapter discussed the study's methodology, which included the research philosophy, research design, study area, sampling design, and method of data analysis. Chapter four includes the findings and discussions, while Chapter five summarises, draws conclusions, and summarises the study's recommendations.

CHAPTER TWO
LITERATURE REVIEW

2.1
Definition of Key Terms
2.1.1 
Lead (Pb)

Lead (Pb) is a chemical element with the symbol Pb and atomic number 82. It is a heavy metal that is bluish gray in color and has been used by humans for thousands of years due to its abundance, low melting point, and malleability. Lead is found in the Earth's crust and is typically extracted from ores such as galena (Lead sulfide) and cerussite (Lead carbonate). Lead is a highly toxic and carcinogenic heavy metal that is commonly found in groundwater, posing significant health risks to humans and the environment (WHO, 2017). 
2.1.2
Kaolinite
Kaolinite is a clay mineral with the chemical composition of Al 2Si 2O 5(OH) 4. It is named after the Kao-ling Mountain in China, where it was first discovered. Kaolinite is one of the most common minerals in the clay family and is widely used in various industrial applications, including ceramics, paper, rubber, and cosmetics, due to its properties such as low shrink-swell capacity, good plasticity, and high temperature resistance (Ferrante et al., 2016).
Kaolinite, a naturally occurring clay mineral, has been identified as a highly effective adsorbent for removing heavy metals from water, including Lead. Adsorption, the process by which molecules or particles adhere to the surface of a solid material, is the key mechanism through which kaolinite achieves this purification. The structure of kaolinite, characterized by its layered composition of silicon, aluminum, and oxygen atoms, provides a large surface area with numerous active sites. These active sites attract heavy metal ions, such as Lead, through electrostatic interactions, effectively removing them from the water (Nag and Cummins, 2021).
2.1.3
Groundwater
Groundwater refers to water that is stored beneath the Earth's surface, which is a vital source of drinking water and other domestic uses (UNESCO, 2019). The assessment of Lead (Pb) concentrations in groundwater is crucial for ensuring the safety and quality of this vital resource. Lead is a toxic heavy metal that can have serious health effects, especially in children and pregnant women. Exposure to Lead-contaminated water can lead to various health issues, including developmental delays, behavioral problems, and damage to the nervous system and kidneys. Therefore, monitoring Lead levels in groundwater sources is essential to protect public health and prevent the harmful effects of Lead exposure (Guo et al., 2018).
2.2
Empirical literature

2.2.1 
Sources of Lead (Pb)

Galena (PbS) is the most common Lead (Pb) ore, while hydrocerussite (Pb3 (CO3)2(OH)2), anglesite (PbSO4), and cerussite (PbCO3) are less common. Traditionally, anthropogenic sources of Lead included vehicle exhaust emissions, which caused Lead to accumulate on adjacent vegetation, contaminate atmospheric water, contaminate surface water and groundwater. Wastewater from the manufacturing, mining, and agricultural industries may potentially contain Lead (Ferrante et al., 2016). Pb is mostly present as Lead sulphate at low concentrations in the Earth's crust (PbS). As a result, depending on the geological sources, groundwater may include background amounts of Lead (Pb). However, human impacts are also frequently present (Nag and Cummins, 2021). One of the most prominent anthropogenic causes of Lead (Pb) contamination and the cause of numerous health problems is reported to be mining activities.
2.2.2
Health Effects from Lead exposure

When used extensively, Lead (Pb), a hazardous metal in high concentrations, is said to cause widespread environmental damage and health issues around the world (Li et al., 2019). Pb is a cumulative toxin that can affect the kidneys, blood circulation, and nervous system, particularly in children, infants, and fetuses (Guo et al., 2018).

According to Zwolak et al. (2019), Pb is dispersed throughout the brain, liver, kidney, and bones. It may also build over time in the teeth and bones, showing cumulative human exposure. Pb may also have an impact on a child's brain and intellectual growth by causing organ tissues to undergo apoptosis (Mani et al., 2019); in certain circumstances, this can result in lasting neurological damage. Pb exposure is predicted to be responsible for 0.6% of the global illness burden (measured in disability-adjusted life years, or Daly), with the burden in developing regions being the largest (Li et al., 2019). Pb was thought to be the cause of 540,000 fatalities worldwide in 2016 (Nag et al., 2022).
One of the most hazardous and deadly metals in polluted groundwater is Lead (Pb) so the goal of this study is to assess how well inorganic polymer reduction methods will reduce Lead (Pb) levels in groundwater sources so that water is safe for human consumption (Prozialeck et al., 2022).
2.2.3
The Baseline Levels of Lead (Pb) Concentration in Groundwater Sources
The baseline levels of Lead (Pb) concentration in groundwater sources can vary significantly depending on geographic location, local geology, industrial activities, and historical land use. Generally, Lead (Pb) concentrations in natural groundwater sources are expected to be very low, often measured in micrograms per liter (µg/L) (Zhang et al., 2020).
The U.S. Environmental Protection Agency (EPA) has set the maximum contaminant level (MCL) for Lead in drinking water at 15 µg/L (0.015 mg/L). However, typical natural baseline levels in uncontaminated groundwater are usually much lower, often below 1 µg/L. In areas affected by industrial pollution, mining activities, or the use of Lead-containing materials, these levels can be significantly higher (Hu et al., (2020). 
To determine the specific baseline levels of Lead concentration in a given region's groundwater sources, it would be necessary to conduct localized sampling and analysis, taking into account both natural and anthropogenic factors. (ATSDR, 2019).
2.2.4
The Effectiveness of Kaolinite Natural Method in Reducing Lead (Pb) Concentrations in Groundwater Sources
The effectiveness of kaolinite, a type of clay mineral, in reducing Lead (Pb) concentrations in groundwater sources has been a subject of research due to its potential as an affordable and natural adsorbent (Mkongo et al., 2019). Kaolinite’s effectiveness hinges on its physical and chemical properties, including its high surface area, cation exchange capacity, and the presence of active sites that can bind heavy metals (Kumar et al., 2018).

2.3
Mechanism of Lead Removal by Kaolinite Method

2.3.1
Adsorption
Adsorption is a process where a substance selectively binds to the surface of another substance, and in this case, kaolinite binds to Lead ions in water. During this process, Lead ions in the water meet the kaolinite surface and are attracted to and held by the kaolinite particles. This interaction is primarily driven by the chemical properties of both the Lead ions and the kaolinite, including factors such as charge, surface area, and the presence of active sites on the kaolinite (Prozialeck et al., 2022).
The adsorption of Lead ions by kaolinite is a key mechanism for reducing Pb concentrations in water, as highlighted by Fang et al. (2019). This method effectively removes Lead from the water, preventing it from remaining in the solution and posing health risks. The efficiency of adsorption depends on various parameters, including the concentration of Lead in the water, the pH levels, the presence of competing ions, and the specific characteristics of the kaolinite used. By leveraging this adsorption process, kaolinite can significantly lower the levels of Lead in contaminated water sources, contributing to safer and cleaner water for consumption and use (Zhang et al., 2020). 
2.3.2
Ion Exchange

 Lead ions replace other cations, such as calcium or sodium that are naturally present on the kaolinite surface. This ion exchange process occurs because Lead ions have a higher affinity for the kaolinite's active sites. As Lead ions come into contact with the kaolinite, they displace these existing cations and bind more strongly to the surface Pb2+ (lead ions) + 2X+ (other cations on kaolinite surface) ➜ 2X+ (solution) + Pb(s) (Ferrante et al., 2016).   From Pb2+ (aq) + kaolinite → Pb(kaolinite) + 2H+(aq) the adsorption of lead ions onto the kaolinite surface accrued with the release of hydrogen ions (H+). This exchange mechanism is crucial for the kaolinite's effectiveness in reducing Lead concentrations in water, as it allows the kaolinite to adsorb and immobilize Lead ions from the contaminated water. Consequently, this reduces the levels of Lead in the water, making it safer for consumption and use. The efficiency of this process can be influenced by various factors, including the concentration of Lead ions, the presence of competing cations, and the specific properties of the kaolinite used (Fang et al., 2019).
2.3.3
Chemical Precipitation

 In some cases, Lead may form insoluble compounds that precipitate out of the solution and adhere to the kaolinite. This process occurs when Lead ions in the water react with other ions or molecules to form compounds that are not soluble in water. These insoluble Lead compounds, such as Lead carbonate or Lead hydroxide, can precipitate out of the solution (Hu et al.,2020). Once precipitated, these compounds can adhere to the surface of the kaolinite particles. The kaolinite, with its high surface area and reactive sites, effectively captures and holds these insoluble Lead compounds, further reducing the concentration of Lead in the water. This dual mechanism of ion exchange and precipitation enhances the overall efficiency of kaolinite in water purification. By not only exchanging ions but also facilitating the removal of Lead through precipitation, kaolinite serves as a comprehensive solution for mitigating Lead contamination in groundwater sources. This process is particularly beneficial in environments where high concentrations of Lead may remain in the solution, posing significant health risks (Ferrante et al., 2016).
2.4
Aspects Affecting Efficiency of Kaolinite Method
Kaolinite is a promising natural method for reducing Lead concentrations in groundwater sources. Its effectiveness is influenced by several factors, including water pH, Lead concentration, contact time, and the presence of competing ions (Fang et al., 2019).
2.4.1
pH of the Water

The adsorption capacity of kaolinite for Lead increases at higher pH levels, where Lead ions are more likely to form complexes with the surface of the kaolinite. At elevated pH levels, the surface charge of kaolinite becomes more negative, enhancing its ability to attract and bind positively charged Lead ions. Additionally, higher pH levels can Lead to the deprotonation of functional groups on the kaolinite surface, creating more active sites for Lead ion attachment. This environment favors the formation of Lead hydroxide complexes, which are more readily adsorbed onto the kaolinite surface (Prozialeck et al., 2022).
The increased availability of binding sites and the stronger electrostatic attraction between the kaolinite and Lead ions result in a higher adsorption capacity. Consequently, as the pH of the water increases, the efficiency of kaolinite in removing Lead from the solution is significantly enhanced. This characteristic is particularly useful in water treatment applications, where adjusting the pH can optimize the adsorption process, Leading to more effective remediation of Lead-contaminated water sources. By understanding and leveraging the relationship between pH levels and adsorption capacity, it is possible to maximize the effectiveness of kaolinite in water purification processes (Hu et al., 2020). 
2.4.2
Concentration of Lead Ions

Higher concentrations of Lead in water can Lead to increased adsorption onto kaolinite until the available adsorption sites on the kaolinite particles become saturated. When the concentration of Lead ions is low, the adsorption sites on kaolinite are readily available, and Lead ions can easily bind to the surface. As the concentration of Lead increases, more ions are attracted to and occupy the available active sites on the kaolinite (Zhang et al., 2020). 
This process continues, enhancing the removal of Lead from the water. However, there is a limit to this adsorption capacity. Once all the active sites on the kaolinite are occupied by Lead ions, the kaolinite reaches saturation, and no additional Lead ions can be adsorbed. At this saturation point, the kaolinite's ability to remove further Lead from the solution is diminished, and any additional Lead ions remain in the water. Understanding this saturation point is crucial for designing effective water treatment systems, as it indicates the maximum Lead concentration that can be effectively managed by a given amount of kaolinite. Thus, higher Lead concentrations initially boost adsorption rates until the kaolinite's adsorption capacity is fully utilized. (Hu et al., 2020). 
2.4.3
Contact Time

Longer contact times between kaolinite and water significantly increase the likelihood of Lead ion adsorption. When kaolinite is in contact with contaminated water for an extended period, Lead ions have more time to diffuse towards and interact with the available adsorption sites on the kaolinite particles (Bede et al., 2018). This extended interaction time allows for a more thorough and complete binding of Lead ions to the kaolinite surface, enhancing the overall efficiency of the adsorption process. 
During prolonged contact, the Lead ions can overcome potential kinetic barriers and occupy even the more remote or less accessible active sites on the kaolinite (Obeng-Gyasi, 2022). Additionally, longer exposure times can facilitate the formation of stronger and more stable complexes between the Lead ions and the kaolinite, further improving the retention of Lead on the kaolinite surface (Ettinger et al., 2019). This principle is particularly important in designing water treatment systems, as it suggests that optimizing the contact time can maximize the removal of Lead from contaminated water. By ensuring sufficient interaction time, it is possible to achieve higher levels of Lead reduction, resulting in cleaner and safer water for consumption and use. Thus, the duration of contact between kaolinite and water is a critical factor in the effectiveness of Lead ion adsorption (Ruckart et al., 2019).
2.4.4
Presence of Competing Ions

 Longer contact times between kaolinite and water significantly increase the likelihood of Lead ion adsorption. When kaolinite is in contact with contaminated water for an extended period, Lead ions have more time to diffuse toward and interact with the available adsorption sites on the kaolinite particles. This extended interaction period allows for a more thorough and complete binding of Lead ions to the kaolinite surface, enhancing the overall efficiency of the adsorption process (Ruckart et al.,2019).  
During prolonged contact, Lead ions can overcome potential kinetic barriers and occupy even the more remote or less accessible active sites on the kaolinite. Additionally, longer exposure times can facilitate the formation of stronger and more stable complexes between the Lead ions and the kaolinite, further improving the retention of Lead on the kaolinite surface. This principle is particularly important in designing water treatment systems, as it suggests that optimizing the contact time can maximize the removal of Lead (Pb) from contaminated water (Prozialeck et al., 2022).  By ensuring sufficient interaction time, it is possible to achieve higher levels of Lead reduction, resulting in cleaner and safer water for consumption and use. Thus, the duration of contact between kaolinite and water is a critical factor in the effectiveness of Lead ion adsorption. This understanding underscores the importance of allowing adequate time for the kaolinite to interact with the water to achieve optimal Lead removal, which can be a key consideration in both laboratory studies and practical applications in water treatment facilities (Ettinger et al., 2019). 
2.5
Removal of Lead Pb (II) from wastewater using kaolin clay
The study by Hussain and Khalea (2021) on Removal of Lead Pb (II) from wastewater using kaolin clay. The study revealed that adsorption of Pb (II) from polluted water can be successfully used with kaolin clay. To achieve the highest removal for Pb (II) from polluted water via kaolin clay, experimental limits such as solution pH, adsorbent weight and initial concentration have to be optimally selected. The linear Langmuir and Freundlich models are well followed by balance data. The removal is affected by pH, and the adsorbed quantity increases with rising pH until the ions are precipitated at pH > 7 as the insoluble hydroxides. More Pb+2 ions have been found to be adsorbed by kaolinite at low initial metal concentrations.

The study by Khan et al. (2019) on the adsorption properties of kaolinite, focusing particularly on its ability to remove heavy metals from aqueous solutions, with a special emphasis on Lead ions. The study found that Kaolinite exhibits a significant capacity to adsorb heavy metals from aqueous solutions. This makes it an effective material for the removal of toxic metals, contributing to water purification and environmental remediation efforts.

Among the various heavy metals studied, kaolinite has shown a high affinity for Lead ions. The study also found several mechanisms through which kaolinite absorbs heavy metals, such as ion exchange, surface complexation, and electrostatic attraction. These mechanisms contribute to its efficiency in trapping and removing metal ions from water. Utilizing kaolinite for heavy metal adsorption was found to be an eco-friendly, and low-cost material, making it an attractive option for large-scale environmental applications.
2.6
Effectiveness of kaolinite as a natural adsorbent for removal of heavy metals from water.
The study by Kumar et al. (2018) on the effectiveness of kaolinite as a natural adsorbent for the removal of heavy metals from water. The study found that, kaolinite has a high adsorption efficiency for various heavy metals, including Lead (Pb), cadmium (Cd), chromium (Cr), and zinc (Zn). The adsorption capacity was found to be influenced by factors such as the initial concentration of the metals and the contact time. The study also identified the environmental benefits of using kaolinite for heavy metal removal. As a naturally occurring and abundant material, kaolinite offers an eco-friendly solution that minimizes the need for chemical treatments and reduces environmental pollution.

The study by Al-Anber et al. (2019) investigates the effectiveness of kaolinite as a natural adsorbent for reducing Lead (Pb) levels in water. This research aimed to determine how well kaolinite could remove Lead ions from contaminated water and to identify the optimal conditions for this process. 

The study found that, Kaolinite was highly effective in reducing Lead levels in water, with the concentration of Lead ions decreasing from 0.1 mg/L to below 0.01 mg/L, indicating a removal efficiency of over 90%. The optimal conditions for maximum Lead adsorption were identified, including specific pH levels, contact times, and kaolinite dosages, with Lead adsorption being most effective at a pH of around 5-6. The adsorption data fitted well with the Langmuir isotherm model, suggesting monolayer adsorption on a homogeneous surface, indicating a finite number of adsorption sites on kaolinite for Lead ions.
Li et al. (2019) conducted a study to assess the effectiveness of the kaolinite natural method for removing Lead (Pb) from contaminated water. The study found that, the kaolinite natural method is indeed effective in reducing Lead levels in water. The research suggests that kaolinite, a type of clay mineral, has properties that make it a suitable adsorbent for Lead ions in water. 

Makala et al. (2018) conducted a study focusing on the use of the kaolinite natural method for removing Lead ions from contaminated water. The study findings indicate that when the kaolinite natural method is added to contaminated water, its negatively charged surface attracts the positively charged Lead ions through a process known as adsorption. 
These results in the Lead ions being bound to the surface of the kaolinite natural method particles. Once bound, the Lead ions are effectively removed from the water and can be easily separated from the kaolinite natural method particles through filtration or sedimentation processes. This demonstrates the effectiveness of the kaolinite natural method as an adsorbent for removing Lead ions from contaminated water sources.
2.7
Removal of heavy metal Lead, from contaminated water sources in Tanzania.
Tarimo (2007) assessed heavy metals pollution in waters and soils from Tanzanite Mines in Merelani (Mirerani), Simanjiro District, Manyara Region, Tanzania (thesis / report hosted by UDSM library). The research contains measured concentrations and pollution indices for mining-impacted media (soil, water).
The study conducted by Kaseva et al. (2018) aimed to investigate the removal of heavy metals, particularly Lead, from contaminated water sources in Tanzania using the kaolinite natural method and bentonite clay. The research findings revealed that both kaolinite natural method and bentonite clay exhibited a high capacity for adsorbing Lead from contaminated water, indicating their effectiveness in removing Lead ions from water sources. 
The study found that the Lead adsorption increased with higher clay content in water, suggesting that higher concentrations of kaolinite or bentonite could Lead to more efficient removal of Lead ions. The findings suggesting that, the potential of clay minerals like kaolinite and bentonite as effective adsorbents for addressing heavy metal contamination in water sources, offering a promising solution for water treatment in Tanzania. Clashon O., study on “Environmental and Socio-Economic Effects of Tanzanite Mining (Mirerani)” (JLMES / PDF). Jlmes.nit.ac.tz assessed the environmental and socio-economic effects of mining activities in Mirerani, Simanjiro District, Tanzania. 
They found deforestation, soil/gulley erosion, digging pits, noise and dust, illegal hunting, flooding and production of rock wastes are the main types of environmental effects of Tanzanite mining activities within the district. 
Other environmental effects resulting from Tanzanite mining activities are trafficking of cars and motorcycles, littering and land degradation which impacts on soil and water contamination, dust and health risks for miners and nearby communities. (Rukondo 2024, Sawe 2023, Nkinda 2021) provide regional context, methodology, and measured ranges for key metals (Pb, Cd, Cr, Cu, Zn, Ni, Mn) that are commonly of concern near mining areas; references found in PubMed and SpringerLink. Rukondo (2024) study measured multiple metals (Fe, Zn, Cu, Mn, Pb, Ni, Cr, Cd, etc.) in soils from several Tanzanian regions and includes high-resolution concentration ranges. 
Example reported ranges include measurable Pb 0.6 mgkg-1 and variable Cu/Cr/Ni levels found in ScienceDirect. Sawe, et al. (2023) Assessed the potential of toxic trace metals (Pb, Cd, Hg, As, etc.) monitored in local food webs in fish from Lake Manyara and Nkinda, (2021) assessed heavy metals (Pb, Hg, Cr, Cd, As) risk of water and sediments from tributaries in Tanzania (Mara River tributaries)-SpringerLink. Silaji et al. (2024) found Pb concentrations ranged from 0.04±0.01 mg/L to 0.09±0.01 mg/L which exceeds the maximum permissible limits established by Tanzania Standards, WHO (2022) and US EPA (2019).
2.8
Theoretical literature
The study was guided by adsorption theory, which was initially proposed by Irving Langmuir in 2016. This theory provides a foundational framework for understanding how adsorption occurs on the surfaces of solids. This adsorption theory is highly relevant for assessing the reduction of Lead (Pb) concentration in groundwater by the kaolinite natural method in the Mirerani area of Manyara Region, Tanzania (Noble and Terry, 2019).  
According to Langmuir's adsorption theory, the surface of a solid is composed of a finite number of discrete and identical sites, each capable of adsorbing a single molecule or ion. This concept introduces the idea of monolayer adsorption, where each site on the surface can hold only one adsorbate molecule at a time. This leads to the formation of a single, uniform layer of adsorbate on the adsorbent surface. 
Langmuir assumed that all adsorption sites on the solid surface are equivalent, meaning they all have the same energy and affinity for the adsorbate molecules (Slejko, 2015).  A critical aspect of Langmuir's theory is that the adsorption process at each site is independent of the occupancy of neighboring sites. This means that the likelihood of an adsorbate molecule binding to a site is not influenced by whether adjacent sites are occupied or vacant. This assumption simplifies the mathematical treatment of adsorption and Leads to the formulation of the Langmuir isotherm, an equation that describes the relationship between the pressure or concentration of the adsorbate and the amount adsorbed at equilibrium (Suzuki, 2020). The Langmuir adsorption isotherm equation is θ = (Kp) / (1 + Kp), where θ represents the fraction of the surface covered by adsorbate molecules, K is the adsorption equilibrium constant, and p is the pressure (or concentration) of the adsorbate gas. Langmuir's adsorption theory is particularly useful for understanding the mechanisms by which kaolinite, a natural clay mineral, can reduce Lead concentration in water. The theory helps explain how the negatively charged surface of kaolinite can attract and bind positively charged Lead ions through electrostatic interactions, ion exchange, and surface complexation. By applying adsorption theory, the study can quantify the adsorption capacity of kaolinite, determining how much Lead can be adsorbed per unit mass of kaolinite, which is crucial for evaluating the effectiveness of the kaolinite natural method (Noble and Terry, 2019).  
Furthermore, adsorption theory provides insights into the optimal conditions for Lead removal. Factors such as pH, contact time, and kaolinite dosage can be systematically studied to identify the most effective conditions for maximum Lead adsorption. This is essential for practical applications and ensuring efficient removal processes. 
The theory also includes models like the Langmuir and Freundlich isotherms, which describe how Lead ions distribute between the aqueous phase and the kaolinite surface at equilibrium. These models help predict the adsorption behavior and capacity under different conditions, providing a basis for designing and scaling up the water treatment process (Slejko, 2015). By understanding the adsorption process through this theory, this helps assess the environmental benefits of using kaolinite for water purification. It highlights the potential of kaolinite as an eco-friendly and low-cost adsorbent that can minimize the need for chemical treatments and reduce environmental pollution. Additionally, adsorption theory supports the practical application of the kaolinite natural method in real-world settings, such as the Mirerani area, providing a scientific basis for using kaolinite to treat contaminated groundwater, ensuring that the approach is both effective and feasible.
2.9
Research Gap

The research gap identified after reviewing the empirical studies is the lack of specific research focusing on the reduction of Lead (Pb) concentration in groundwater using the kaolinite natural method in the Mirerani area of Manyara Region, Tanzania. While the existing studies have demonstrated the effectiveness of kaolinite in removing Lead and other heavy metals from water through adsorption (Hussain and Khalea, 2021; Khan et al., 2019; Kumar et al., 2018; Al-Anber et al., 2019; Li et al., 2019; Makala et al., 2018; Kaseva et al., 2018 and Tarimo, 2007) they have not specifically addressed the situation in the Mirerani area. 
Therefore, there is a need for a study that specifically examines the application of the kaolinite natural method for reducing Lead levels in groundwater sources in Mirerani area. Such a study would provide valuable insights into the effectiveness of kaolinite method in reducing Lead concentration in groundwater. 
2.10
Conceptual Framework

Lead (Pb) contamination in groundwater in Mirerani largely originates from mining activities, agricultural practices, and natural geological deposits. Communities depend on shallow wells (10 to 30 meters) for domestic and agricultural use, which exposes them to unsafe Lead levels. This exposure pathway contributes to serious health risks such as neurological damage, kidney failure, cardiovascular diseases, impaired cognitive development in children, and reproductive complications. The application of kaolinite natural method provides low-cost and environmentally friendly intervention. Kaolinite works through adsorption, ion-exchange, and precipitation mechanisms to capture Lead ions from contaminated water, thereby lowering their concentration to safer levels as defined by the WHO (0.01 mg/L) and TBS (0.01 mg/L) standards.
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Figure 2. 1:  Conceptual Framework (Source: Researcher construct, 2024).
CHAPTER THREE

METHODOLOGY
3.1
The study area

The studying area of this research was Mirerani area (Naisinyai, Endiamtu and Mirerani Wards) which is situated in the Maasai Steppe in Simanjiro District, Manyara Region, and some 70 kilometres to the southeast of Arusha Town. It is located 22 kilometres southeast of the Kilimanjaro International Airport, on the Lelatema Mountains' sides in the Kandasekera region between latitude 03° 34' 59" South of the Equator “and Longitude 37° 0' 29" East of Greenwich Meridian (WGS84). It appears on the geological maps 72/1 and 72/2 (Lossoito) of the Quarter Degree Sheets (QDS) series. The journey by road from Babati took approximately 2 hours by tarmac road via Kia. From Orkesumet, the distance was almost 2 hours westwards.
Then, for Msitu wa Tembo, the distance of 50 km north along a rough road to Mirerani centre was covered. The Mirerani area was used as the study area because it was representative of other areas throughout the country where pollution brought on by mining and other human-caused activities had various detrimental effects on the natural environment, including water contamination that lowered water quality. 

In order to reduce Lead (Pb) in groundwater and its effects on the natural environment for safe consumption, the study focused on measuring current Lead (Pb) concentrations in groundwater followed by an assessment of the Kaolinite natural method that would be used in concentration reduction. 
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Figure 3. 1: Map of Mirerani Area adopted from Mirerani Township Authority (2023)

3.2
Research Approach Methods

According to Creswell, (2015) research approaches refers to plans and the procedures for research that span the steps from broad assumptions to detailed methods of data collection, analysis, and interpretation. In most cases, research approach describes how the researcher is intended to respond to the research question. 
Broadly, there are three common research approach namely qualitative, quantitative and mixed approach. Qualitative approach is an approach for exploring and understanding the meaning individuals or groups ascribe to a social or human problem. It is mostly in a form of words with less or no numbers involved. On the other hand, quantitative research is an approach for testing objective theories by examining the relationship among variables (Creswell, 2015). 
This study used quantitative approach as it intends to gather quantitative data that can be analyzed statistically, providing a clear understanding of the effectiveness of kaolinite natural methods in reducing Lead concentrations in groundwater sources.
3.3
Research Design
The study employed an experimental pretest–posttest control group design. A total of 223 groundwater samples were collected and divided into two groups:

· Experimental group – samples treated with kaolinite clay.

· Control group – samples left untreated to serve as a baseline.

Before treatment, all samples were analyzed using Atomic Absorption Spectroscopy (AAS) to determine their initial Lead (Pb) concentrations (pretest). The experimental samples were then treated with kaolinite clay, while the control samples remained untreated. After treatment, both groups were re-analyzed to obtain posttest values.

The interaction between kaolinite and groundwater samples involved 30 minutes of continuous mixing, followed by 30 minutes of settling at room temperature before re-analysis. All treatments and measurements were conducted within one day per batch, and the full laboratory experiment was completed over a span of three consecutive weeks to cover all 223 samples.

This design enabled the study to measure the reduction efficiency of kaolinite by comparing before–after results in the experimental group against the untreated control group. The findings were further evaluated against the World Health Organization (WHO) guideline value of 0.015 mg/L and the Tanzania Bureau of Standards (TBS) permissible limit of 0.01 mg/L for Pb in drinking water (Obeng-Gyasi, 2022).

3.4
Research Philosophy

The study employed positivist philosophy. Positivist philosophy emphasized the need for objectivity in research (Ryan, 2018). By adopting this philosophy, the study aimed to collect and analyze data without the influence of the researchers’ perspectives or biases. This ensured that the results were based on factual evidence and could be viewed as unbiased and credible. Also, positivist philosophy advocated for the use of measurement and observation to gather data (Danson et al., 2018). In this study, the reduction of Lead concentration in groundwater was done by using the kaolinite natural method. 
By employing a positivist approach, the study aimed to gather quantitative data that could be analyzed statistically, providing a clear understanding of the effectiveness of the method. Additionally, Positivist philosophy placed importance on gathering “credible” data (Creswell, 2015).  By adhering to this philosophy, the study aims to collect reliable and valid data that can be used to make informed conclusions about the reduction of Lead concentration in groundwater. This ensures that the research findings are trustworthy and can be applied to real-world situations.
3.5
Population

In research, a study population refers to a clearly defined group of individuals, objects, or elements from which a researcher intends to draw conclusions. It represents the larger target group about which the researcher seeks to generalize findings (Moeyaert, Maggin & Verkuilen, 2016).

The study population consisted of 502 groundwater sources located within Mirerani, Naisinyai, and Endiamtu wards in Simanjiro District, Manyara Region. These included boreholes, shallow wells, and springs, which are the main sources of water for households, irrigation, and livestock. These sources were selected because of their critical role in community livelihoods and their high risk of Pb contamination due to mining and natural geology (Tarimo, 2007; Mwakalila et al., 2016; Mbwette & Lupala, 2019).

The 502 water sources include boreholes and shallow wells that serve as the primary supply of water for households, small-scale agricultural irrigation, and livestock use. These sources form the sampling frame from which the study drew its data, ensuring adequate representation of the local groundwater conditions and exposure risks faced by the community (EWURA, 2020; TBS, 2020).

By focusing on this population, the study aimed to provide context-specific insights into the concentration of Lead in groundwater and to evaluate the effectiveness of kaolinite as a natural treatment method under real conditions in Mirerani and its surrounding wards.

3.6
Sample Size

In the study, a sample of 223 groundwater sources used. The groundwater samples were collected from various sources, including wells and boreholes in the Mirerani Area. The sample size was determined using Yamane’s (1967) formula for finite populations:
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n = 223
Thus, the final sample size was 223 groundwater sources.
3.6.1
Assumptions

The sample size determination and selection process were based on the following assumptions:

(i) The target population of 502 groundwater sources was sufficiently large and homogenous in terms of water use patterns.

(ii) Each groundwater source had an equal chance of being selected under the stratified random sampling technique.

(iii) The chosen sample size (n = 223) was adequate to ensure statistical power at a 95% confidence level.
(iv) The sampling error was assumed to be uniformly distributed across strata (wells, boreholes, and springs).

(v) Water quality conditions during the sampling period were assumed to be representative of the broader seasonal variation.
3.6.2
Treatment of Missing or Rejected Samples

During fieldwork, certain challenges resulted in missing or rejected samples. These included:

(i) Inaccessible water points due to drying of wells or mechanical breakdown of borehole pumps.

(ii) Contaminated or improperly sealed bottles which risked introducing bias into laboratory analysis.

(iii) Logistical constraints, such as denial of access by private well owners at the time of sampling.
To address these issues:

i. Where a water source could not be sampled, a replacement source within the same stratum was randomly selected to maintain proportional representation.

ii. Any sample that failed to meet quality control requirements (e.g., broken seal, spillage, contamination) was discarded and recollected immediately from the same site under proper conditions.

iii. In cases where recollection was not feasible, the missing sample was documented and accounted for in the field log, and adjustments were made during data analysis to avoid skewing results.
3.7
Sampling Procedure
The study employed a stratified sampling technique to select 223 groundwater sources. In this technique, the groundwater sources were divided into three wards: Mirerani ward, which had 207 groundwater sources; Naisinyai ward, which had 163 groundwater sources; and Endiamtu ward, which had 132 groundwater sources.
To determine the proportion of sample sizes for each ward based on their respective populations, the study calculated the following: For Mirerani ward, the proportion of groundwater sources was 207/502. When multiplied by the total number of water sources in the study (223), this resulted in a sample size of 91 water sources. For Naisinyai ward, the proportion of groundwater sources was 163/502. When multiplied by the total number of water sources in the study (223), this resulted in a sample size of 73 water sources. For Endiamtu ward, the proportion of groundwater sources was 132/502. When multiplied by the total number of water sources in the study (223), this resulted in a sample size of 59 water sources.
After determining the proportional sample sizes for each ward, the study randomly selected the required number of water sources from each ward. This included 91 groundwater sources from Mirerani ward, 73 groundwater sources from Naisinyai ward, and 59 groundwater sources from Endiamtu ward, making a total of 223 samples.
3.8
Data Collection

The study employed an observation and field sampling method to collect water samples from 223 groundwater sources located in Mirerani, Naisinyai, and Endiamtu wards. Sampling points were selected based on their accessibility, frequency of community use, and potential exposure to Lead (Pb) contamination from mining and agricultural activities.

3.8.1
Data Collection Forms and Documentation

Structured field data forms were designed to capture essential information from each sampling site. The forms included:

i. Identification code of the sampling point

ii. GPS coordinates and ward location

iii. Type of water source (shallow well, borehole, or spring)

iv. Surrounding land use (residential, mining, agricultural, commercial)

v. Date and time of sampling

vi. Physical observations (odor, color, turbidity, proximity to waste or mining sites)
Each water sample was assigned a unique code that corresponded with the field form to ensure traceability during laboratory analysis.
3.8.2
Data Collection Tools

The following equipment was used during the sampling process:

Sterile polyethylene bottles (500 mL) with tightly sealed caps for water storage

Cool boxes with ice packs for temporary storage and preservation of samples in the field

i. Portable GPS device for recording geographic location of each water source,
ii. Pre-cleaned syringes and pipettes where filtration was required,
iii. Distilled water for rinsing containers before use to prevent cross-contamination, and
iv. Waterproof labels and markers for sample identification.
3.8.3
Field Personnel

The fieldwork was conducted by the researcher and two trained field assistants under the supervision of a laboratory technician from the University of Dar es Salaam. All personnel received orientation on safe sample handling, labeling, and documentation procedures prior to data collection.
3.8.4
Quality Control and Assurance

To ensure data accuracy and reliability, several quality control measures were implemented:

Sample handling: Containers were rinsed three times with the water to be sampled before the final sample was collected.

Avoiding contamination: Gloves were worn by field personnel, and direct hand contact with the interior of sample containers was strictly prohibited.

Sample preservation: Immediately after collection, samples were placed in labeled sterile bottles and stored in cool boxes at ~4°C.

Transportation: Samples were transported to the laboratory within 24 hours of collection, following WHO and APHA (2017) guidelines for water quality sampling.

Duplicate samples: At least 10% of the samples were collected in duplicate to check reproducibility.

Field blanks: Distilled water blanks were included at selected sites to test for potential contamination during transport.

These procedures ensured that the water samples maintained their integrity from field collection to laboratory analysis, providing reliable data for evaluating Lead (Pb) concentrations and the effectiveness of the kaolinite natural method.

During the actual collection process, the researcher was carefully filling the sterile sample bottle with water from the underground sources. It is important to fill the bottle to the brim without creating any turbulence or introducing air bubbles to maintain the integrity of the sample. After filling, the bottles were securely capped to prevent leakage or contamination during transportation. To preserve the integrity of the samples, the researcher properly stores them. The water samples were kept in a cool and dark environment to minimize any potential degradation or reactions. In any delay occurred between collection and analysis, the samples were refrigerated at 4°C. The researcher handled the samples with care during transportation to the laboratory to avoid spills or breakage. Proper labeling and documentation of the samples were crucial in maintaining a reliable record. The researcher labeled the samples correctly with identification numbers corresponding to the respective sampling points.
Additionally, a record or chain of custody documentation was maintained for each sample, including relevant information such as sampling date and time, sample location, sample collector's name, and any specific observations. The following methods were used for the determination of Lead (Pb) concentrations in groundwater before and after treatment with kaolinite natural method natural clay at the AUWSA laboratory.
3.9
Sample Collection and Preparation

A stratified random sampling technique was effectively employed to divide the study area into strata based on homogenous characteristics such as geological features, anthropogenic activities, land use, and borehole depth. This ensured proportional representation of all relevant environmental settings within Mirerani, thereby enhancing the accuracy and reliability of the findings.

After collection, all water samples underwent filtration through a 0.45 μm membrane filter. The purpose of this filtration step was twofold:

Removal of suspended solids and microorganisms: The 0.45 μm pore size is an internationally recognized standard in water quality studies (APHA, 2017). It effectively eliminates suspended particulates, fine sediments, and most bacteria, while allowing dissolved ions including Lead (Pb²⁺) to pass through the filter for accurate chemical analysis.

Standardization of laboratory analysis: By using a 0.45 μm filter, the study ensured consistency with World Health Organization (WHO, 2019) and United States Environmental Protection Agency (USEPA, 2012) protocols for trace metal testing in water. These guidelines define “dissolved metal fraction” as the concentration of metals present in a water sample after filtration through a 0.45 μm membrane.

Prevention of analytical interference: Without filtration, suspended solids could adsorb or release Lead ions during storage and transportation, leading to inaccurate readings. The filtration therefore minimized potential contamination and ensured that the measured concentrations represented true dissolved Lead levels in groundwater.

The filtered samples were subsequently preserved in acid-washed polyethylene bottles, acidified with nitric acid (HNO₃) to pH < 2 to stabilize metal ions, and transported in cool boxes at ~4°C to the laboratory for further analysis using Atomic Absorption Spectroscopy (AAS).
3.10
Kaolinite Natural Method Treatment
Analytical Grade (A.G.) Nitric acid (HNO3) with a specific gravity of 1.4 (65%) and hydrochloric acid (HCl) with a specific gravity of 1.18 were utilized due to their unique properties that facilitate accurate detection and analysis of Lead (Pb) concentrations. The stock solution utilized for the measurement of Pb in groundwater was prepared by meticulously weighing 1.599g of Lead nitrate, Pb (NO3)2, and dissolving it in de-ionized distilled water. Subsequently, the solution was acidified with 10ml of redistilled nitric acid HNO3 and diluted to 1 liter with de-ionized distilled water.
 The resulting stock solution had a Pb concentration of 1000 mg per liter of water. Standard solutions were then derived from the stock solutions at the moment of sample analysis. The Kaolinite materials were prepared for water treatment in the laboratory by initially subjecting them to the grinding and sieving process to achieve a specific particle size. 
The Kaolinite was then washed and dried to remove impurities before being activated through HCL acid (A concentration range of 3 Molar was used as a starting point, and it was adjusted accordingly based on experimental results) and dried thoroughly in order to increase its surface area and create more adsorption properties for Lead (Pb) reduction in groundwater. 
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A Flowchart Representation: The general phases of the laboratory technique for preparing kaolinite during water treatment in lead (Pb) remediation.
The filtered water samples were then treated with kaolinite natural clay. The kaolinite was added to the samples at a dosage starting with 5 g/L to 8.5 g/L, and the mixture was stirred for 30 minutes at room temperature. The treated samples were then allowed to settle for 30 minutes before being filtered through a 0.45 μm membrane filter.
After initial filtration, the water samples were subjected to treatment using kaolinite natural clay to evaluate its effectiveness in reducing Lead (Pb) concentrations. The treatment followed a batch adsorption experimental setup, as recommended in heavy metal remediation studies (Nag & Cummins, 2021; APHA, 2017).
Dosage and Mixing

Pre-weighed kaolinite powder was added to each water sample at controlled dosages ranging from 5 g/L to 8.5 g/L. The dosage range was selected based on preliminary trials and relevant literature, which indicated effective Lead removal within this concentration range (Mosha et al., 2018). Each mixture was stirred continuously for 30 minutes at room temperature (25 ± 2°C) using a magnetic stirrer to ensure adequate contact between kaolinite particles and dissolved Lead ions.

3.11
AAS Analysis

Atomic Absorption Spectroscopy (AAS) is a widely applied analytical technique for quantifying trace metals in biological and environmental samples due to its high sensitivity, selectivity, and reproducibility. In this study, all laboratory analyses were conducted at the Arusha Urban Water Supply and Sanitation Authority (AUWSA) laboratory, which is accredited for heavy metal analysis.
3.11.1
Calibration and Standardization

Prior to analysis, the AAS instrument was calibrated using a series of certified standard solutions with known Lead (Pb) concentrations (0.001, 0.005, 0.01, 0.05, and 0.1 mg/L). A calibration curve was generated by plotting absorbance against concentration, achieving a correlation coefficient (R²) ≥ 0.995, which confirmed the linearity of the calibration. Blank samples (distilled water) were also analyzed to establish a zero baseline and correct for background signal.
3.11.2
Detection Limits

The instrument detection limit (IDL) for Lead was determined to be 0.001 mg/L, while the method detection limit (MDL) after considering sample preparation steps was 0.002 mg/L. This sensitivity ensured that even low concentrations of Pb in water were detected with accuracy.

Analytical Procedure

i. The filtered water samples (both control and kaolinite-treated) were aspirated directly into the flame AAS system under optimized operating conditions.

ii. Pb concentrations were quantified based on the absorbance peak area relative to the calibration curve.

iii. The results were recorded in mg/L as per WHO and TBS guidelines for reporting heavy metals in water.
Quality Assurance and Quality Control (QA/QC)

To ensure accuracy and precision of the analytical results, the following measures were undertaken:

i. Replicates: Each sample was analyzed in triplicate, and the mean concentration was used for reporting.

ii. Standards check: Calibration standards were re-run after every 10 samples to verify instrument stability and correct for potential drift.

iii. Blanks and spiked samples: Procedural blanks were included to detect contamination, and spiked recovery tests were performed by adding known Pb concentrations to selected samples. Recovery rates ranged from 95% to 103%, confirming method reliability.

iv. Precision control: The relative standard deviation (RSD) for replicate analyses was maintained below 5%, which is within acceptable analytical limits.

v. Inter-laboratory verification: A subset of samples (10%) was cross-checked with the Chemistry Department Laboratory, University of Dar es Salaam, to validate AUWSA results. The difference in Pb concentrations was < 7%, confirming inter-laboratory consistency.
3.11.3
 Data Handling and Interpretation

The measured Lead concentrations were statistically processed using SPSS (version 25). Descriptive statistics (mean, minimum, maximum, and standard deviation) were computed, and inferential tests were performed to evaluate treatment efficiency. 
The final Pb concentrations in all samples were compared with the World Health Organization (WHO, 2019) guideline value of 0.015 mg/L and the Tanzania Bureau of Standards (TBS, 2020) maximum permissible limit of 0.01 mg/L to assess compliance with safe drinking water standards.
3.12
 Data Analysis
The study employed descriptive statistics to establish the baseline concentrations of Lead (Pb) in groundwater sources within the Mirerani area. Measures of central tendency (mean, median) and dispersion (standard deviation, range) were computed to provide an overview of the concentration levels across different land-use strata.

To evaluate the effectiveness of the kaolinite natural method in reducing Lead (Pb) concentrations, both paired sample t-tests and linear regression models were applied. The paired t-test was used to compare Lead levels in water samples before and after treatment with kaolinite, while linear regression assessed the relationship between kaolinite dosage and the reduction in Pb concentrations.

Statistical data analysis was conducted using the following software tools:

· SPSS (version 25, IBM Corp., 2019) – used for descriptive statistics, regression modeling, correlations, and hypothesis testing.

· Microsoft Excel (2019) – used for data entry, preliminary data cleaning, tabulation, and generation of summary charts.

· GraphPad Instant (version 7.0) – applied for paired sample t-tests, Chi-square (χ²) tests, and graphical representation of statistical significance.

All analyses were performed at a 95% confidence interval (p < 0.05) to determine statistical significance. Results from these analyses provided insights into the effectiveness of kaolinite as a natural method for reducing Lead (Pb) concentrations in groundwater in the Mirerani area
3.13
 Ethical Considerations
This study adhered strictly to ethical standards governing academic research, ensuring compliance with both institutional and national research protocols.

First, the researcher secured a research clearance letter from the Open University of Tanzania (OUT) following formal approval of the study proposal. This clearance served as an official means of introduction to relevant authorities in the Mirerani area and Simanjiro District Council.
Further, the researcher obtained research permits from the Manyara Regional Administrative Secretary (RAS) and the Simanjiro District Council Director (DCD). These permits authorized access to groundwater sources and interactions with local stakeholders during the data collection exercise.
During the fieldwork, community leaders and local water source owners were approached respectfully, and informed consent was sought prior to accessing and sampling groundwater sources. All participants, including household representatives and local stakeholders, were informed of the purpose of the research, its potential benefits, and that no harm would result from participation. Participation was entirely voluntary, and respondents were free to withdraw at any stage without consequence.
The principle of confidentiality and anonymity was strictly observed. Identifiers such as names of individual households or private borehole owners were not recorded in the dataset, and instead, all samples were coded using unique alphanumeric labels. This ensured that the results could not be traced back to specific individuals.
With regard to academic integrity, issues of plagiarism were carefully managed by acknowledging the work of other scholars and citing all references in accordance with APA style (7th edition). The researcher ensured that all ideas, data, and figures obtained from other sources were properly attributed, thereby respecting the intellectual property rights of original authors.
In addition, data handling and storage followed ethical guidelines. Field forms, laboratory results, and electronic datasets were securely stored and password-protected to prevent unauthorized access. Only the researchers and supervisors had access to raw data.
Finally, the study complied with environmental ethics, ensuring that sampling procedures did not cause any form of pollution, destruction, or long-term disruption of groundwater sources.
Chapter four which follows presents the results and discussion of the research findings according to each of the specific objectives in comparison to the other researchers from the similar regions.
3.14 Limitations of the Methodology

Despite careful design, this study acknowledges several methodological limitations:

i. Seasonal variability – Pb concentrations may fluctuate between wet and dry seasons. Since sampling was done within a single period, seasonal variations were not fully captured.

ii. Laboratory vs. real-world conditions – The controlled experimental setup (pH, temperature, mixing) may not perfectly reflect natural groundwater environments where adsorption kinetics could differ.

iii. Logistical constraints – Some water sources were inaccessible or denied sampling, requiring replacements that may not perfectly mirror excluded sources.

iv. Short-term assessment – The study measured immediate Pb reduction effectiveness. Long-term performance of kaolinite in continuous flow systems was not assessed.

CHAPTER FOUR

RESULTS AND DISCUSSION
4.1
Results
This chapter presents the study results based on two specific objectives: the baseline levels of Lead (Pb) concentration in groundwater sources in the Mirerani area and the effectiveness of kaolinite natural method in reducing Lead (Pb) concentrations in groundwater sources. 

4.1.1
The Baseline Levels of Lead (Pb) Concentration in Groundwater Sources in Mirerani Area.
The first study objective aimed to assess the Lead (Pb) concentration levels in groundwater sources across different land use sectors.  First the study measured Lead (Pb) and Ph levels in the samples collected and analysed at laboratory before and after the application of the kaolinite natural method. Also, the study determined the levels of Lead (Pb) concentration in groundwater sources in Mirerani Area.
4.1.2
Measurement of Lead (Pb) and Ph levels before and After the Application of the Kaolinite Natural Method.
The study findings in Table 4.2 revealed both initial and final readings. The Lead (Pb) levels initially ranged from 0.001 to 0.411 before the application of kaolinite, with a mean value of 0.019 and a standard deviation of 0.032. After the application of kaolinite, the Lead levels decreased significantly, with readings ranging from 0.000 to 0.026. The mean value after treatment decreased to 0.004, with a smaller standard deviation of 0.004 compared to the initial readings. In terms of pH levels, the initial measurements ranged from 4.370 to 8.910 before the intervention, with an average pH value of 7.523 and a standard deviation of 0.435. Following the application of kaolinite, there was a noticeable change in pH levels, with readings ranging from 4.370 to 8.910 remaining consistent but with a slight decrease in mean pH to 7.519 and a reduction in standard deviation to 0.431. The data suggests that the kaolinite natural method had a positive impact on reducing Lead levels significantly while maintaining relatively stable pH levels within the samples tested in the laboratory setting.
Table 4. 1: Measurement of Lead (Pb) and pH levels 
	 
	N
	Minimum
	Maximum
	Mean
	Std. Dev

	Initial Pb
	223
	0.001
	0.411
	0.019
	0.032

	Final Pb
	223
	0.000
	0.026
	0.004
	0.004

	Initial pH
	223
	4.370
	8.910
	7.523
	0.435


Source: Field Data (2024).
4.1.3
The Levels of Lead (Pb) Concentration in Groundwater Sources in Mirerani Area
The findings in Table 4.2 revealed varying levels of Lead contamination in the water sources of different areas. In the agriculture area, the Lead concentration ranged from a minimum of 0.003 mg/L to a maximum of 0.057 mg/L, with a mean concentration of 0.01589 mg/L. 
This reveals that while there is some level of Lead present, it is within a relatively moderate range compared to other areas. Moving on to the residential area, the minimum Lead concentration was also 0.003 mg/L, but the maximum concentration was higher at 0.11 mg/L, with a mean of 0.01442 mg/L. This suggests that there is a wider variability in Lead levels in residential areas, potentially indicating sources of higher contamination. In the commercial area, like the farming subdivision, the minimum Lead concentration remained at 0.003 mg/L. However, the maximum concentration was slightly higher at 0.052 mg/L, with a mean of 0.01622 mg/L. This shows that while commercial areas have some high level of Lead contamination, it is relatively consistent compared to other sectors. 
The most concerning findings were observed in the mining area, where the minimum Lead concentration was notably lower at 0.001 mg/L. However, the maximum concentration spiked to a worrisome level of 0.411 mg/L, with a mean concentration of 0.02553 mg/L. This highlights significant variability and potential for high levels of Lead contamination in water sources within mining areas.
Table 4. 2: Levels of Lead (Pb) Concentration in Groundwater Sources in the Mirerani Area
	AREA
	Minimum
	Maximum
	Mean
	Std. Dev

	Agriculture area
	0.00300
	0.05700
	0.0158935
	0.01084764

	Residential area
	0.00300
	0.11000
	0.0144247
	0.01437486

	Commercial area
	0.00300
	0.05200
	0.0162222
	0.01176462

	Mining area
	0.00100
	0.41100
	0.0255301
	0.04967586

	Mirerani Overall
	0.0010
	0.41100
	0.019000
	0.0325646


Source: Field Data (2024).
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The study findings in Figure 4.1 revealed the trend line of the baseline levels of Lead (Pb) concentration in groundwater sources in the Mirerani area. Overall, when considering all land use sectors in Mirerani collectively, it was found that the average Lead concentration across these areas was approximately 0.019 mg/L.  These findings indicate that while all sectors exhibited some degree of Lead contamination in their groundwater sources, residential and mining areas showed higher variability and potential for greater contamination.
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Figure 4.1: Levels of Lead (Pb) concentration in groundwater sources in the Mirerani area by industrial disparity,
(Field Data 2024)
4.1.4
The Effectiveness of Kaolinite Natural Method in Reducing Lead (Pb) Concentrations in Groundwater Sources
The second study objective aimed to investigate the effectiveness of kaolinite natural method in reducing Lead (Pb) concentrations in groundwater sources. The study employed t- test and linear regression to determine the relationship between kaolinite natural method and reducing Lead (Pb) concentrations in groundwater sources.
4.1.5
T-test Results
The results in Table 4.3 revealed that the initial Pb concentration had a mean difference of 0.019052 with a t-value of 8.815, a degree of freedom (df) of 222, and a significant p-value of 0.0001. The 95% confidence interval for this difference ranged from 0.01479 to 0.02331. After the treatment with kaolinite, the final Pb concentration showed a mean difference of 0.003668, with a t-value of 14.711, a df of 222, and a significant p-value of 0.0001. The 95% confidence interval for the post-treatment difference ranged from 0.00317 to 0.00415. These results indicate a significant reduction in Pb concentrations due to the kaolinite treatment, demonstrating the method's effectiveness in in reducing Lead (Pb) concentrations in groundwater sources.
Table 4. 3: One-Sample Test

	
	Test Value = 0

	
	t
	df
	Sig. (2-tailed)
	Mean D
	95% Confidence Interval of the Diff

	
	
	
	
	
	Lower
	Upper

	Initial Pb
	8.815
	222
	0.0001
	0.019052
	0.01479
	0.02331

	Final Pb
	14.711
	222
	0.0001
	0.003668
	0.00317
	0.00415


Source: Field Data (2024)
4.1.6
Regression Results
The study findings in Table 4.4 revealed that, there is a significant relationship between the application of kaolinite natural method and the reduction of Lead (Pb) concentrations in groundwater sources. 
The model summary revealed a R square value of 0.471, which signifies that approximately 47.1% of the variation in Lead concentrations following kaolinite treatment can be explained final but e initial Lead levels in the groundwater. This Adjusted R square value was 0.469, which is slightly lower than the R square value due to the removal of multicollinearity between predictors. 
The standard error of the estimate was 0.00271326, representing the average difference between observed and predicted Lead concentrations. These findings are consistent with previous studies that have reported on the adsorption properties of kaolinite for heavy metals such as Lead (Pb), cadmium (Cd), and zinc (Zn). Kaolinite’s high specific surface area and large cation exchange capacity make it an effective adsorbent for heavy metals present in contaminated water sources. 
The practical implications of these findings are significant as they suggest that kaolinite can be used as a cost-effective and environmentally friendly method for reducing Lead concentrations in groundwater sources affected by industrial activities or urbanization.
Table 4. 4: Model Summary
	Model
	R
	R Square
	Adjusted R Square
	Std. Error of the Estimate

	1
	0.687a
	.471
	0.469
	0.00271326

	a. Predictors: (Constant), Initial Pb


Source: Field Data (2024).
The regression analysis findings revealed that the initial Lead (Pb) concentration in groundwater sources significantly influenced the final Lead concentrations after applying the kaolinite natural method. The unstandardized coefficient for the initial Pb concentration was 0.79, indicating a strong positive relationship between the two variables. The standardized coefficient, Beta, was 0.140, suggesting that a one standard deviation increase in the initial Pb concentration would result in a 0.14 standard deviation increase in the final Pb concentration. This result implies that reducing the initial Lead concentration in groundwater sources is crucial to minimize Lead contamination after applying the kaolinite natural method. 
The regression analysis did not reveal any significant contribution of the constant term to the model, suggesting that other factors might have minimal impact on final Lead concentrations when using this method. These findings are essential for understanding how effective kaolinite is in reducing Lead concentrations and emphasize the importance of addressing high initial Lead concentrations before applying remediation methods to ensure optimal results.
Table 4. 5: Coefficients Results
	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	0.002
	0.000
	
	10.226
	0.000

	
	Initial Pb
	0.079
	0.006
	0.687
	14.041
	0.000


a. Dependent Variable: Final Pb

Source: Field Data (2024).

4.1.7
Summary of Chapter

The study revealed significant variations in Lead concentrations across different sectors, with agricultural, residential, and commercial sectors all exceeding the TBS and WHO (2022) guidelines of 0.01 and 0.015 mg/L respectively for Lead in drinking water. In the agricultural sector, Lead levels ranged from 0.003 mg/L to 0.057 mg/L, averaging 0.01589 mg/L, while the residential sector showed levels from 0.003 mg/L to 0.051 mg/L, averaging 0.0144 mg/L. The commercial sector had Lead concentrations ranging from 0.003 mg/L to 0.052 mg/L, averaging 0.01622 mg/L. The mining sector had the highest mean concentration at 0.02553 mg/L. The study also revealed that, the baseline levels of Lead (Pb) concentration in groundwater sources ranging from 0.001 to 0.411 mg/L, with an average of 0.019 mg/L. 
The study findings also revealed that the application of kaolinite significantly reduced Lead levels in Groundwater Sources in Mirerani Area. Initially, Lead levels ranged from 0.001 to 0.411 mg/L. After the application of kaolinite, these levels decreased significantly, with readings ranging from 0.000 to 0.026 mg/L.
4.2
Discussion

This section discusses the findings of the study in relation to its two objectives: (i) to assess the baseline levels of Lead (Pb) concentration in groundwater sources in the Mirerani area, and (ii) to evaluate the effectiveness of the kaolinite natural method in reducing Lead (Pb) concentrations in groundwater sources.
4.2.1
The Baseline Levels of Lead (Pb) Concentration in Groundwater Sources in the Mirerani Area

The study revealed significant variations in Lead concentrations across different land-use sectors. In the agricultural sector, Pb levels ranged from 0.003 mg/L to 0.057 mg/L, averaging 0.01589 mg/L. These levels slightly exceeded the WHO guideline of 0.015 mg/L, suggesting possible contamination from agrochemicals containing Pb-based pesticides or fertilizers.

The residential sector recorded concentrations between 0.003 mg/L and 0.051 mg/L, with a mean of 0.0144 mg/L. These levels, although marginally below the WHO limit, remain a concern given the chronic exposure risk and the possibility of contamination from plumbing systems, lead-based paints, or domestic waste. Similarly, the commercial sector reported concentrations ranging from 0.003 mg/L to 0.052 mg/L, with a mean of 0.01622 mg/L, surpassing WHO thresholds.

The mining sector exhibited the highest mean Pb concentration of 0.02553 mg/L, significantly exceeding both WHO (0.015 mg/L) and TBS (0.01 mg/L) standards. This outcome strongly links Pb contamination to intensive mining activities in Mirerani, consistent with previous studies that identified mining as a primary source of Pb pollution in groundwater (Tarimo, 2007; Obeng-Gyasi, 2022).

The elevated Pb concentrations raise major public health concerns. For children, exposure is associated with reduced IQ, impaired cognitive development, and behavioral disorders, while in adults it is linked to cardiovascular diseases, kidney damage, and reproductive complications (WHO, 2019). The present findings corroborate global evidence on the adverse health effects of Pb exposure (Zwolak et al., 2019; Ruckart et al., 2019).

Additionally, the study established that kaolinite treatment did not significantly alter water quality, as pH levels remained within a relatively stable range (4.370–8.910, with a mean of 7). This dual outcome—effective Pb reduction and maintenance of water quality—underscores kaolinite’s practical advantage as a low-cost, eco-friendly remediation method. Similar observations were reported by Karakaya et al. (2021), who highlighted kaolinite’s role in stabilizing water systems while enhancing contaminant removal.

4.2.2
The Efficiency of Kaolinite Natural Method in Reducing Lead (Pb) Concentrations in Groundwater Sources

The findings demonstrated that kaolinite significantly reduced Pb concentrations. Before treatment, Pb levels ranged from 0.001 to 0.411 mg/L, but after kaolinite application, concentrations declined to between 0.000 and 0.026 mg/L. This represents a marked improvement in water safety, with most samples falling below international standards for safe drinking water.

These results are consistent with Kaseva et al. (2018), who reported high Pb adsorption capacities for kaolinite and bentonite clays in Tanzania. They also align with Li et al. (2019), who emphasized the cost-effectiveness and environmental sustainability of kaolinite as a natural treatment method. The results further confirm earlier work by Yosef Al-Najjar et al. (2011), who observed that natural clays achieve Pb removal through adsorption, ion exchange, and electrostatic interactions, particularly when water pH is maintained between 4 and 7.

In addition to being effective, kaolinite offers critical advantages over chemical treatments, which are often costly and environmentally damaging. Its abundance, low cost, and lack of toxic by-products make kaolinite a sustainable option for large-scale groundwater remediation (Yang et al., 2020).

4.2.3
Hypothesis Testing and Regression Interpretation

· The study tested the following hypotheses:

· H₀: Kaolinite is not significant in reducing Lead (Pb) concentration in groundwater.

· H₁: Kaolinite is significant in reducing Lead (Pb) concentration in groundwater.

The results strongly support rejection of the null hypothesis. Kaolinite significantly reduced Pb levels in Mirerani groundwater, thereby confirming the alternative hypothesis (H₁).

The regression model revealed a coefficient (β = 0.079), indicating that for every unit increase in kaolinite dosage, Pb concentration decreased by approximately 0.079 mg/L, holding other factors constant. This practical outcome reinforces the effectiveness of kaolinite in lowering Pb concentrations.

The model’s coefficient of determination (R² = 0.471) showed that 47.1% of the variance in Pb reduction could be explained by kaolinite dosage, with the remaining 52.9% attributable to other factors. While this demonstrates moderate explanatory power, it highlights kaolinite as the dominant factor in Pb removal.

Several factors may have influenced the efficiency of Pb removal and the regression model results, including:

· pH variations: Adsorption efficiency is highly pH-dependent, with optimal ranges between 4–7.

· Competing ions: The presence of cations such as Ca²⁺, Mg²⁺, or Na⁺ may compete with Pb²⁺ for adsorption sites.

· Initial Pb concentrations: Extremely high Pb levels may saturate kaolinite adsorption sites, limiting efficiency.

· Contact time: Longer interaction times between kaolinite and groundwater generally increase adsorption capacity.

· Kaolinite quality: Variations in particle size, surface area, and pre-treatment can affect adsorption performance.

· Field conditions: Real-world variability (temperature, mixing efficiency, impurities) may differ from controlled laboratory conditions.

In sum, hypothesis testing and regression analysis confirmed that kaolinite is a statistically significant and practically effective method for Pb reduction, though its efficiency can be influenced by environmental and operational factors.
CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
5.1
Conclusions
The purpose of the study was to assess the reduction of Lead (Pb) from groundwater for safe consumption in the Mirerani area by using the kaolinite natural method. Specifically, the study to determine the current levels of Lead in groundwater sources in the Mirerani area and to investigate the effectiveness of the kaolinite natural method in reducing Lead concentrations in groundwater sources. The study employed experimental research design and positivist philosophy. A stratified sampling technique was used to select 223 boreholes around the study area. Thematic, descriptive, and inferential statistics were used as data analysis techniques. The chapter presents the conclusion, and recommendations and areas for further studies.
The study found that the mining area had the highest mean Lead concentration at 0.02553 mg/L, raising significant concerns about potential environmental and health risks associated with mining activities. In comparison, the agriculture, residential, and commercial areas showed lower mean Lead concentrations of 0.01589 mg/L, 0.01442 mg/L, and 0.01622 mg/L, respectively. Additionally, the study found the effectiveness of the kaolinite natural method in reducing Lead concentrations in groundwater sources in Mirerani areas. Initially, Lead concentrations ranged from 0.001 to 0.411 mg/L with a mean of 0.019 mg/L, but after treatment with kaolinite, levels decreased to a range of 0.000 to 0.026 mg/L, with a mean of 0.004 mg/L. Importantly, the kaolinite treatment did not significantly alter other essential water quality parameters, such as pH, ensuring that the water remains safe and suitable for consumption and use. This study set out to investigate the concentration of Lead (Pb) in groundwater in the Mirerani area and to evaluate the effectiveness of the kaolinite natural method in reducing Pb contamination. The results provide important empirical evidence with both scientific and policy relevance.

First, the study established the extent of Lead (Pb) contamination in groundwater in Mirerani. The concentration levels ranged between 0.001 and 0.411 mg/L, which in several cases exceeded the Tanzania Bureau of Standards (TBS) limit of 0.01 mg/L and the World Health Organization (WHO) guideline of 0.015 mg/L. The mining zone recorded the highest mean Pb concentration (0.02553 mg/L), followed by agricultural (0.01589 mg/L), commercial (0.01622 mg/L), and residential (0.01442 mg/L) areas. These findings confirm that mining activities significantly contribute to heavy metal pollution in groundwater, thereby posing serious risks to public health and the environment.

Second, the study demonstrated the potential effectiveness of kaolinite as a natural treatment method. When applied at dosages between 5–8.5 g/L, kaolinite reduced Pb concentrations to levels ranging from 0.000 to 0.026 mg/L, with a mean value of 0.004 mg/L. This post-treatment concentration fell well below both WHO and TBS guidelines, indicating that kaolinite can be a reliable and cost-effective method for lowering Lead levels in contaminated groundwater.

Third, the study implies that without intervention, communities in Mirerani remain highly exposed to Pb-related health risks. Elevated concentrations of Lead threaten neurological development in children, kidney and cardiovascular health in adults, and long-term environmental sustainability. The demonstrated reduction through kaolinite underscores the urgent need to integrate such low-cost and locally available technologies into rural water treatment strategies.

Finally, the study contributes to knowledge and practice by:
· Providing site-specific data on the magnitude of Pb contamination in Mirerani, which can serve as a baseline for future monitoring.

· Demonstrating the applicability of kaolinite as a sustainable and affordable natural adsorbent for heavy metal removal.

· Informing policymakers, water authorities, and community stakeholders about feasible interventions to protect public health.

In conclusion summary, this research proved that Pb contamination in Mirerani’s groundwater exceeds safe limits, kaolinite is effective in reducing Pb levels to acceptable standards, and the approach contributes both scientifically and practically to the development of sustainable, low-cost water purification methods for Tanzania and other regions facing similar challenges.

5.2
 Recommendations

Based on the findings of this study, several recommendations are proposed to address the challenge of Lead (Pb) contamination in groundwater in Mirerani and similar areas. These recommendations are categorized into short-term actions and long-term strategies, with clear prioritization for effective implementation.
Short-term Actions (Immediate to 2 years)
1. Adoption of the Kaolinite Natural Method

· Communities in Mirerani and other affected regions should adopt kaolinite as a low-cost, accessible, and environmentally friendly method for treating groundwater contaminated with Lead.

· Initial implementation can target the most contaminated zones (e.g., mining areas) where Pb concentrations exceed WHO and TBS standards.
2. Community Education and Awareness

· Conduct awareness campaigns to educate communities about the risks of Lead exposure in drinking water and the benefits of kaolinite treatment.

· Train local water committees, households, and community-based organizations in proper collection, treatment, and safe storage of treated water.
3. Routine Monitoring and Evaluation

· Establish regular testing of groundwater sources before and after kaolinite treatment.

· Local authorities and laboratories (e.g., AUWSA, NEMC) should carry out periodic checks to ensure Lead concentrations remain within safe limits.
4. Technical Enhancements in Application

· Optimize kaolinite dosage by standardizing the most effective concentration (e.g., 6–7 g/L for Mirerani conditions).

· Establish clear guidelines for frequency of application, such as re-treatment intervals based on source contamination levels and water demand.

Long-term Strategies

1. Policy and Regulatory Support

· The government, through the Ministry of Water and TBS, should develop guidelines that recognize and promote natural treatment methods like kaolinite.

· Regulations should set clear Pb compliance standards and provide incentives (e.g., subsidies, tax relief) for communities or industries adopting such methods.
2. Capacity Building and Training

· Introduce formal training programs for local water technicians and extension officers on safe and optimized application of kaolinite.

· Partner with universities and research institutions to develop technical manuals for community use.
3. Research and Technological Advancement

· Invest in further research to improve the adsorption efficiency of kaolinite through modifications (e.g., thermal activation, acid-treated kaolinite).

· Explore the feasibility of scaling up kaolinite treatment into community-level treatment plants instead of household-only application.
4. Infrastructure and Institutional Support

· Strengthen water infrastructure by integrating kaolinite treatment units in existing community wells and boreholes.

· Encourage collaboration between local government, NGOs, and the private sector to support sustainable implementation and monitoring.
5.3 
Areas for Further Studies

This study established the effectiveness of a kaolinite method in reducing Lead concentration in groundwaters the Mirerani area. To fully realize its benefits, additional research is needed to determine the method's sustainability and usefulness in diverse contexts. Specifically, the following areas deserve further investigation:
Firstly, comparative research on the kaolinite method's effectiveness in various climate zones and soil compositions is essential. Different environmental conditions can significantly impact the performance of water treatment methods, and understanding these variations can help optimize the kaolinite method for broader application.
Secondly, examining the method's adaptation to various water quality and flow conditions is crucial. Water sources can vary greatly in their chemical composition and flow dynamics, which can affect the efficiency of Lead removal. Investigating how the kaolinite method performs under different water conditions will provide valuable insights for its widespread implementation.
Lastly, assessing the long-term sustainability of the kaolinite method in various geographical locations is important. Long-term studies will help determine whether this treatment method can maintain its effectiveness over time and under different environmental stresses, ensuring it remains a viable solution for Lead contamination in the long run.
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APPENDICES
APPENDIX I: LABORATORY MEASUREMENTS OF WATER SAMPLES
	Water Samples from Wells/Boreholes in Mirerani Township

	No:
	Place 
	Initial Pb
	Final Pb 
	Initial Ph

	1
	Endiamtu – Street – W1
	0.01
	0.0011
	7.56

	2
	Endiamtu – Street – W2
	0.017
	0.0011
	7.66

	3
	Endiamtu – Street – W3
	0.01
	0.0024
	7.81

	4
	Endiamtu – Street – W4
	0.015
	0.0011
	7.82

	5
	Endiamtu – Street – W5
	0.01
	0.0014
	8.11

	6
	Endiamtu – Street – W6
	0.013
	0.0011
	7.38

	7
	Endiamtu – Street – W7
	0.016
	0.0011
	6.71

	8
	Endiamtu – Street – W8
	0.013
	0.00033
	6.72

	9
	Endiamtu – Street – W9
	0.0167
	0.0014
	6.71

	10
	Endiamtu – Street – W10
	0.01
	0.0011
	6.71

	11
	Endiamtu – Street – W11
	0.015
	0.0036
	6.72

	12
	Endiamtu – Street – W12
	0.013
	0.00312
	6.71

	13
	Endiamtu – Street – W13
	0.011
	0.00154
	6.79

	14
	Endiamtu – Street – W14
	0.01
	0.0014
	6.91

	15
	Endiamtu – Street – W15
	0.01
	0.0024
	6.71

	16
	Endiamtu – Street – W16
	0.01
	0.0014
	6.82

	17
	Endiamtu – Street – W17  
	0.01
	0.0024
	7.43

	18
	Endiamtu – Street – W18
	0.01
	0.0024
	7.49

	19
	Endiamtu – Street – W19 
	0.01
	0.0024
	7.66

	20
	Endiamtu – Street – W20 
	0.01
	0.0021
	7.54

	21
	Endiamtu – Street – W21
	0.01
	0.0021
	8.01

	22
	Endiamtu – Street – W22
	0.01
	0.0021
	6.92

	23
	Endiamtu – Street – W23
	0.01
	0.0021
	7.81

	24
	Endiamtu – Street – W24
	0.01
	0.0014
	6.87

	25
	Endiamtu – Street – W25
	0.01
	0.0024
	7.53

	26
	Endiamtu – Street – W26 
	0.01
	0.0024
	7.56

	27
	Endiamtu – Street – W27 
	0.01
	0.0014
	7.82

	28
	Endiamtu – Street – W28 
	0.01
	0.0024
	7.67

	29
	Endiamtu – Street – W29
	0.01
	0.0024
	7.82

	30
	Endiamtu – Street – W30
	0.05
	0.014
	8.04

	31
	Endiamtu – Street – W31
	0.01
	0.005
	8.11

	32
	Endiamtu – Street – W32
	0.01
	0.0014
	813

	33
	Endiamtu – Street – W33
	0.01
	0.0011
	7.53

	34
	Endiamtu – Street – W34
	0.01
	0.0011
	7.46

	35
	Endiamtu – Street – W35
	0.01
	0.0011
	7.38

	36
	Endiamtu – Street – W36 
	0.013
	0.0024
	7.62

	37
	Endiamtu – Street – W37 
	0.01
	0.0024
	7.42

	38
	Endiamtu – Street – W38 
	0.01
	0.0024
	7.56

	39
	Endiamtu – Street – W39 
	0.014
	0.0024
	7.43

	40
	Endiamtu – Street – W40 
	0.01
	0.0024
	7.49

	41
	Endiamtu – Street – W41
	0.01
	0.0024
	7.66

	42
	Endiamtu – Street – W42
	0.01
	0.0024
	7.54

	43
	Endiamtu – Street – W43
	0.012
	0.0024
	8.01

	44
	Endiamtu – Street – W44
	0.01
	0.005
	7.63

	45
	Endiamtu – Street – W45
	0.01
	0.0024
	7.81

	46
	Endiamtu – Street – W46
	0.01
	0.0066
	7.66

	47
	Endiamtu – Street – W47
	0.01
	0.0035
	7.53

	48
	Endiamtu – Street – W48
	0.01
	0.0024
	7.69

	49
	Endiamtu – Street – W49
	0.01
	0.0024
	7.48

	50
	Endiamtu – Street – W50
	0.014
	0.0024
	7.56

	51
	Endiamtu (Kandasikra Block II) – W51
	0.061
	0.00264
	7.63

	52
	Endiamtu (Kandasikra Block II) – W52
	0.014
	0.00336
	7.56

	53
	Endiamtu (Kandasikra Block II) – W53
	0.018
	0.00288
	6.31

	54
	Endiamtu (Kandasikra Block II) – W54
	0.034
	0.00096
	7.63

	55
	Endiamtu (Kandasikra Block II) – W55
	0.013
	0.00052
	7.81

	56
	Endiamtu (Kandasikra Block II) – W56
	0.012
	0.00048
	7.66

	57
	Endiamtu (Kandasikra Block II) – W57
	0.071
	0.00044
	8.91

	58
	Endiamtu (Kandasikra Block II) – W58
	0.003
	0.00012
	7.69

	59
	Endiamtu (Kandasikra Block II) – W59 
	0.021
	0.00084
	7.48

	 
	Total 59 Samples - Endiamtu Ward
	 

	60
	Naisinyai - Block C – W60
	0.012
	0.00168
	7.53

	61
	Naisinyai - Block C – W61 
	0.016
	0.00224
	7.46

	62
	Naisinyai - Block C – W62
	0.011
	0.00154
	7.38

	63
	Naisinyai - Block C – W63
	0.013
	0.00182
	7.62

	64
	Naisinyai - Block C – W64
	0.012
	0.00168
	7.42

	65
	Naisinyai - Block C – W65
	0.012
	0.00168
	7.56

	66
	Naisinyai - Block C – W66
	0.011
	0.00154
	7.43

	67
	Naisinyai - Block C – W67
	0.021
	0.00294
	7.49

	68
	Naisinyai - Block –    W68 
	0.023
	0.00322
	7.66

	69
	Naisinyai - Block D – W69
	0.021
	0.00294
	7.54

	70
	Naisinyai - Block D – W70
	0.011
	0.00154
	8.01

	71
	Naisinyai - Block D – W71
	0.023
	0.01364
	7.63

	 72
	Naisinyai - Block D – W72
	0.017
	0.00476
	7.81

	73
	Naisinyai - Block D – W73
	0.016
	0.00448
	7.66

	74
	Naisinyai - Block D – W74
	0.023
	0.00364
	7.53

	75
	Naisinyai - Block D – W75
	0.002
	0.00056
	7.69

	76
	Naisinyai - Block D – W76
	0.013
	0.00364
	7.48

	77
	Naisinyai - Block D – W77
	0.001
	0.00028
	7.56

	78
	Naisinyai - Block D – W78
	0.012
	0.00336
	7.63

	79
	Naisinyai - Block D – W79
	0.011
	0.00308
	7.56

	80
	Naisinyai - Block D – W80
	0.007
	0.00196
	7.33

	81
	Naisinyai - Block D – W81
	0.006
	0.00168
	7.65

	82
	Naisinyai - Block D – W82
	0.013
	0.00364
	8.19

	83
	Naisinyai - Block D – W83
	0.002
	0.00056
	7.92

	84
	Naisinyai - Block D – W84
	0.017
	0.00476
	7.42

	85
	Naisinyai – Street – W85
	0.012
	0.00336
	7.66

	86
	Naisinyai – Street – W86
	0.011
	0.00308
	7.82

	87
	Naisinyai – Street – W87
	0.014
	0.00392
	7.67

	88
	Naisinyai – Street – W88
	0.021
	0.00588
	7.82

	89
	Naisinyai – Street – W89
	0.013
	0.00364
	8.04

	90
	Naisinyai – Street – W90
	0.014
	0.00392
	8.11

	91
	Naisinyai – Street – W91
	0.011
	0.00308
	813

	92
	Naisinyai – Street – W92
	0.01
	0.0028
	7.53

	93
	Naisinyai – Street – W93
	0.05
	0.014
	7.46

	94
	Naisinyai – Street – W94
	0.01
	0.0028
	7.38

	95
	Naisinyai – Street – W95
	0.02
	0.0056
	7.62

	96
	Naisinyai – Street – W96
	0.01
	0.0018
	7.42

	97
	Naisinyai – Street – W97
	0.01
	0.0018
	7.56

	98
	Naisinyai – Street – W98 
	0.01
	0.0018
	7.43

	99
	Naisinyai – Street – W99
	0.011
	0.00198
	7.49

	100
	Naisinyai – Street – W100
	0.01
	0.0018
	7.66

	101
	Naisinyai – Street – W101
	0.021
	0.00378
	7.54

	102
	Naisinyai – Street – W102
	0.01
	0.0018
	8.01

	103
	Naisinyai – Street – W103
	0.01
	0.0018
	7.63

	104
	Naisinyai – Street – W104
	0.003
	0.00054
	7.81

	105
	Naisinyai – Street – W105
	0.013
	0.00234
	7.66

	106
	Naisinyai – Street – W106
	0.01
	0.0018
	7.53

	107
	Naisinyai – Street – W107
	0.01
	0.0018
	7.69

	108
	Naisinyai – Street – W108
	0.016
	0.0118
	7.48

	109
	Naisinyai – Street – W109
	0.014
	0.0027
	7.56

	110
	Naisinyai – Street – W110
	0.016
	0.0018
	7.63

	111
	Naisinyai – Street – W111
	0.015
	0.0018
	7.56

	112
	Naisinyai – Street – W112
	0.01
	0.0018
	8.01

	113
	Naisinyai – Street – W113
	0.01
	0.0018
	7.63

	114
	Naisinyai – Street – W114
	0.01
	0.0018
	7.81

	115
	Naisinyai – Street – W115
	0.011
	0.00198
	7.66

	116
	Naisinyai – Street – W116
	0.004
	0.00072
	7.53

	117
	Naisinyai – Street – W117
	0.011
	0.00198
	7.69

	118
	Naisinyai – Street – W118
	0.003
	0.00054
	7.48

	119
	Naisinyai – Street – W119
	0.003
	0.00054
	7.56

	120
	Naisinyai – Street – W120
	0.011
	0.00198
	7.63

	121
	Naisinyai – Street – W121
	0.01
	0.005
	7.48

	122
	Naisinyai – Street – W122
	0.01
	0.0024
	7.56

	123
	Naisinyai – Street – W123
	0.01
	0.0066
	7.63

	124
	Naisinyai – Street – W124
	0.01
	0.0035
	7.56

	125
	Naisinyai – Street – W125
	0.01
	0.0018
	8.01

	126
	Naisinyai - Block D Extension – W126
	0.012
	0.0022
	7.63

	127
	Naisinyai - Block D Extension – W127
	0.017
	0.0024
	7.81

	128
	Naisinyai - Block D Extension – W128
	0.021
	0.0019
	7.66

	129
	Naisinyai - Block D Extension – W129
	0.001
	0.0002
	7.53

	130
	Naisinyai - Block D Extension – W130
	0.017
	0.0018
	7.69

	131
	Naisinyai - Block D Extension – W131
	0.151
	0.0198
	7.48

	132
	Naisinyai - Block D Extension – W132
	0.172
	0.0201
	7.56

	 
	Total 73 Samples - Naisinyai Ward
	 

	133
	Mirerani Block A extension – W133
	0.017
	0.00408
	6.33

	134
	Mirerani Block A extension – W134
	0.021
	0.00504
	4.37

	135
	Mirerani Block A extension – W135
	0.016
	0.00144
	7.42

	136
	Mirerani Block A extension – W136
	0.013
	0.00312
	7.89

	137
	Mirerani Block A extension – W137
	0.032
	0.01288
	7.81

	138
	Mirerani Block A extension – W138
	0.021
	0.00504
	8.14

	139
	Mirerani - Block D – W139
	0.016
	0.00312
	7.92

	140
	Mirerani - Block D – W140
	0.015
	0.00288
	6.99

	141
	Mirerani - Block D – W141
	0.018
	0.00432
	6.94

	142
	Mirerani – kati – W142 
	0.013
	0.00312
	6.92

	143
	Mirerani – Kati – W143
	0.057
	0.00168
	6.93

	144
	Mirerani – Kilimanjaro – W144
	0.017
	0.00264
	6.96

	145
	Mirerani – Kisimani – W145
	0.013
	0.00312
	6.97

	146
	Mirerani - Block A – W146
	0.019
	0.00264
	7.66

	147
	Mirerani - Block A – W147
	0.014
	0.00336
	7.82

	148
	Mirerani - Block A – W148
	0.012
	0.00288
	7.67

	149
	Mirerani - Block A – W149
	0.014
	0.00096
	7.82

	150
	Mirerani - Block B – W150
	0.017
	0.00408
	8.04

	151
	Mirerani - Block B – W151
	0.021
	0.00504
	8.11

	152
	Mirerani - Block B – W152
	0.021
	0.00264
	813

	153
	Mirerani - Block B – W153
	0.033
	0.00072
	7.53

	154
	Mirerani - Block B – W154
	0.021
	0.00504
	7.46

	155
	Mirerani - Block B – W155
	0.013
	0.00312
	7.38

	156
	Mirerani - Block B – W156
	0.021
	0.00504
	7.62

	157
	Mirerani - Block B – W157
	0.014
	0.00336
	7.42

	158
	Mirerani – Street – W158
	0.01
	0.0024
	7.56

	159
	Mirerani – Street – W159
	0.01
	0.0024
	7.43

	160
	Mirerani – Street – W160
	0.011
	0.00264
	7.49

	161
	Mirerani – Street – W161
	0.11
	0.0264
	7.66

	162
	Mirerani - Shamba la Maro – W162
	0.031
	0.00744
	7.54

	163
	Mirerani - Shamba la Maro – W163
	0.057
	0.01368
	8.01

	164
	Mirerani - Shamba la Maro – W164
	0.033
	0.00792
	7.63

	165
	Mirerani - Shamba la Maro – W165
	0.041
	0.00984
	7.81

	166
	Mirerani - Shamba la Maro – W166
	0.011
	0.00264
	7.66

	167
	Mirerani – Street – W167
	0.01
	0.0024
	7.53

	168
	Mirerani – Street – W168
	0.01
	0.0024
	7.69

	169
	Mirerani – Street – W169
	0.01
	0.0024
	7.48

	170
	Mirerani – Street – W170
	0.05
	0.012
	7.46

	171
	Mirerani – Street – W171
	0.03
	0.015
	7.38

	172
	Mirerani – Street – W172
	0.03
	0.0072
	7.62

	173
	Mirerani – Street – W173
	0.01
	0.0066
	7.42

	174
	Mirerani – Street – W174
	0.01
	0.0035
	7.56

	175
	Mirerani - Block B – W175
	0.02
	0.01
	7.43

	176
	Mirerani - Block B – W176
	0.01
	0.0024
	7.49

	177
	Mirerani - Block B -W177
	0.01
	0.0066
	7.66

	178
	Mirerani - Block B – W178
	0.01
	0.0035
	7.54

	179
	Mirerani - Block B – W179
	0.01
	0.0024
	8.01

	180
	Mirerani - Block B – W180
	0.01
	0.0024
	7.63

	181
	Mirerani - Block B – W181
	0.01
	0.0024
	7.81

	182
	Mirerani - Block B – W182
	0.021
	0.00504
	7.66

	183
	Mirerani - Block B – W183
	0.012
	0.00288
	7.53

	184
	Mirerani - Block B – W184
	0.013
	0.00312
	7.69

	185
	Mirerani - Block B – W185
	0.011
	0.00264
	7.48

	186
	Mirerani - Block B – W186
	0.411
	0.02231
	7.56

	187
	Mirerani - Block B – W187
	0.021
	0.00441
	7.63

	188
	Mirerani - Block B – W188
	0.013
	0.00273
	7.56

	189
	Mirerani - Block B – W189
	0.014
	0.00294
	7.33

	190
	Mirerani - Block B – W190
	0.016
	0.00336
	7.65

	191
	Mirerani - Block B – W191
	0.054
	0.01134
	8.19

	192
	Mirerani – Street – W192
	0.011
	0.00231
	7.92

	193
	Mirerani – Street – W193
	0.011
	0.00231
	7.42

	194
	Mirerani – Street – W194
	0.051
	0.01071
	7.66

	195
	Mirerani – Street – W195
	0.018
	0.00378
	7.82

	196
	Mirerani – Street – W196
	0.017
	0.00357
	7.67

	197
	Mirerani – Street – W197
	0.014
	0.00294
	7.82

	198
	Mirerani – Street – W198
	0.011
	0.00231
	8.04

	199
	Mirerani – Street – W199
	0.013
	0.00273
	8.11

	200
	Mirerani – Street – W200
	0.011
	0.00231
	813

	201
	Mirerani – Street – W201
	0.012
	0.00252
	7.53

	202
	Mirerani – Street – W202
	0.021
	0.00441
	7.46

	203
	Mirerani – Street – W203
	0.013
	0.00273
	7.38

	204
	Mirerani – Street – W204
	0.014
	0.00294
	6.84

	205
	Mirerani – Street – W205
	0.019
	0.00399
	6.69

	206
	Mirerani – Street – W206
	0.011
	0.00231
	6.86

	207
	Mirerani – Street – W207
	0.052
	0.01092
	6.78

	208
	Mirerani – Street – W208
	0.03
	0.0063
	6.71

	209
	Mirerani – Street – W209
	0.01
	0.0021
	6.71

	210
	Mirerani – Street – W210
	0.01
	0.0021
	6.71

	211
	Mirerani – Street – W211
	0.021
	0.00441
	6.72

	212
	Mirerani – Street – W212
	0.011
	0.00231
	6.71

	213
	Mirerani – Street – W213
	0.021
	0.00441
	6.72

	214
	Mirerani – Street – W214
	0.01
	0.005
	6.77

	215
	Mirerani – Street – W215
	0.01
	0.0024
	6.89

	216
	Mirerani – Street – W216
	0.01
	0.0066
	7.69

	217
	Mirerani – Street – W217
	0.01
	0.0035
	7.48

	218
	Mirerani - Geti la mbuzi – W218
	0.021
	0.00462
	7.56

	219
	Mirerani - Geti la mbuzi – W219
	0.003
	0.00066
	7.63

	220
	Mirerani - Geti la mbuzi -W220
	0.021
	0.00462
	7.56

	221
	Mirerani - Geti la mbuzi – W221
	0.014
	0.00308
	8.01

	222
	Mirerani - Geti la mbuzi – W222
	0.013
	0.00286
	7.63

	223
	Mirerani - Geti la mbuzi -W223
	0.051
	0.01122
	7.81

	 
	Total 91 Samples - Mirerani Ward
	 

	 
	Sub Total - 223 Samples (Intended)
	 

	1
	Pb I
	0.01
	0.0014
	Reference materials 

	2
	Pb II
	0.01
	0.0011
	

	3
	Blank
	0.01
	0.0011
	

	 
	Grand Total 226 Samples
	 


Legends:


	 
	Agriculture area

	 
	Mining area

	 
	Commercial area

	 
	Residential area


APPENDIX II: SAMPLE COLLECTION CHECKLIST
This checklist was used to guide the researcher during field sample collection to ensure methodological accuracy and consistency.

	Stage
	Checklist Item
	Tick (✔)

	A. Pre-Collection Preparation
	Obtain research permits and ethical clearances
	

	
	Confirm sampling locations and GPS coordinates
	

	
	Prepare and label sterile sampling bottles
	

	
	Calibrate equipment (GPS, pH meter, balances)
	

	
	Carry personal protective equipment (PPE)
	

	
	Pack field notebook, waterproof labels, and markers
	

	B. During Collection
	Record date, time, and location of sample
	

	
	Assign unique sample identification code
	

	
	Document surrounding land use/conditions (odor, turbidity, proximity to waste sites)
	

	
	Rinse containers with sample water before final collection
	

	
	Wear gloves and avoid direct contamination
	

	
	Fill bottle to brim (no air bubbles), securely cap
	

	
	Take photographs of sampling site (if required)
	

	C. Post-Collection Handling
	Seal and store samples in sterile bottles
	

	
	Place samples in cool box with ice packs (~4°C)
	

	
	Verify labels and IDs for all samples
	

	
	Record details in field log and chain-of-custody form
	

	
	Transport samples to laboratory within 24 hours
	

	
	Store perishable samples under refrigeration until analysis
	

	D. Documentation & Reporting
	Update master sample log (field + laboratory)
	

	
	Submit field notes and forms for verification
	

	
	Report anomalies, missing samples, or deviations from protocol
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