
 i 

 

 

Assessing the state of the water quality, the challenges 

to provision, and the associated water development 

considerations in Ndola, Zambia 

 

 

 

 

 

Elisabeth Sarah Liddle 

 

 

 

 

 

 

A thesis submitted in partial fulfilment for the degree of Master of Science in Geography at 

the University of Otago, Dunedin, New Zealand. 

 

 

 

 

 

 

 

Date: March 2014 

  



 ii 

Abstract 

The Copperbelt Province of Zambia is marked by extensive surface water contamination as a result 

of heavy mining operations in the province over the past century. Both the World Bank (2009) and 

Republic of Zambia and Federal Republic of Germany (2007) have advised that Copperbelt 

communities turn to groundwater fields for drinking, domestic and irrigation water. Focusing on 

the city of Ndola, this research assesses the state of water provision in the city and the 

hydrogeochemcial viability of these resources in providing safe drinking, domestic and irrigation 

water for local communities. Water samples were collected from surface waters, shallow hand dug 

wells, and boreholes over a two-month period from April-June 2013. In-field measurements of pH, 

EC, Eh, temperature, and total coliform concentrations were taken, along with key informant 

interviews and local water-user questionnaire surveys. Water samples were analysed for a range of 

heavy metals, both in the total and dissolved forms, as well as dissolved cations. Statistical analysis 

of water quality data, and coding of key informant and water-user data highlighted key trends, 

differences, concerns, and challenges within the water supply systems of Ndola. Surface water 

contamination is evident in Ndola (primarily aluminium and total coliforms), whereby local users 

understand this and have turned from using these sources. However, access and the affordability of 

municipal supply as an alternative to surface waters are extremely limited in Ndola, forcing the 

majority of residents to rely on shallow wells. While distinct differences in water quality were 

observed between surface water and groundwater quality, shallow wells are not safe for human 

consumption (with concentrations of aluminium and total coliform exceeding recommended 

maximum values), primarily due to the lack of well protection and their vulnerability to 

contamination via surface water interactions and direct ingress from overland runoff. Borehole 

wells are protected from contamination due to their distance from the surface and subsurface 

filtration removing contaminants as water percolates through the phreatic zone. There was 

considerable spatial variation in water quality across the city, which is attributed primarily to 

variations in subsurface lithology and its role in metal mobility. For example, contamination was 

minimal in the dolomite-limestone areas, which is likely attributable to chemical buffering due to 

naturally high pH and hardness concentrations in dolomite aquifers. Furthermore, shallow wells in 

granite-gneiss areas were found to have lower levels of contamination, which was interpreted as a 

function of the low recharge rates into these rock types. Overall the groundwater resource is 

suitable for drinking and further development of this resource would substantially improve local 

access to safe drinking, domestic and irrigation water. However, the current reliance on shallow 

wells within informal communities needs to be urgently addressed, both to protect the health of 

those consuming this water and to protect the shallow aquifers from systemic contamination from 

pit latrines and poor well protection. 
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1.  Introduction 
Groundwater is widely held as being a safe source of clean drinking, domestic, and irrigation 

water, being largely protected from contamination that compromises surface waters. As a result, 

groundwater is extracted globally for drinking water, and in developing countries, it is widely held 

as the keystone for water security, particularly in water-poor countries (Morris et al. 2003). 

Groundwater has the advantage of being a safe source of water that can be developed to sustain 

remote communities and forego the challenges of collecting water from distant river sources or 

drinking holes, that are often contaminated by faecal matter and water-borne illnesses (Cobbing 

and Davies, 2008).  The challenge for developing countries is to harness their water resources, and 

central to this, is access to safe water, a fundamental human right, and a critical aspect to poverty 

alleviation (UN online, 2013).  

 

The short-term benefits of groundwater use include improved health, increased food security, job 

creation, and a broadening of economic opportunities (Cobbing and Davies, 2008). Communities 

within the South African Development Community (SADC) have embraced these benefits and 

today, groundwater is the primary water source (drinking, irrigation, and domestic) for 70% of the 

SADC population, much of this being sourced from hand dug shallow wells (von der Heyden and 

New, 2004; SADC online, 2008; Bird and Macklin, 2009).  However, the assertion that 

groundwater is safe is a deeply flawed premise, as shown by the tube well arsenic poisoning 

discovered in Bangladesh in the late 1990s, long after tube well use began in the 1940s (Smith et 

al. 2000). In Bangladesh, up to 100 million people were exposed to arsenic poisoning from 

naturally occurring arsenates that formed within the Brahmaputra delta (Rahman et al. 2001). 

During the development of the groundwater source, it was simply not considered that groundwater 

might contain dissolved metalloids that are undetectable to the human palate (Rahman et al. 2001).  

 

Numerous factors have the ability to adversely affect groundwater quality, including both natural 

and anthropogenic processes and contaminants. For instance, surface water interacts with 

groundwater via infiltration and percolation processes, and it is this surface water – groundwater 

interaction that is of considerable concern in regions marked by rampant surface water pollution 

(Morris et al. 2003). This is especially true in areas where shallow hand dug wells dominate 

supply, as is the case in many developing nations, as opposed to developed countries where 

groundwater is accessed through shielded borefields, and much less vulnerable to contamination. In 

developing countries where the water table is high, there is ready exchange with adjacent water 

bodies, where surface waters recharge groundwater resources, and along those recharge pathways 
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are the potential to draw contaminates from the surface into the ground (Gundry et al. 2004). 

Firstly, the method of abstraction may introduce contaminants into the aquifer and secondly, the 

hydrological connectivity between the surface and the aquifer may allow for contaminants to 

percolate through the water table and into the aquifer, both of which may lead to pre-use 

contamination (Onugba and Yaya, 2008; Msilimba and Wanda, 2013).  

 

The benefits of groundwater extraction, however, continue to drive groundwater use in many 

developing countries, where degraded surface waters, distance to these sources, lack of finance to 

pay for municipal supply, and failing colonial municipal water supply infrastructure have left many 

local communities with no alternate option to groundwater use.  The local communities of the 

Copperbelt Province in Zambia (Figure 1.1) have been advised to invest in groundwater 

development by two separate reports published by the World Bank (2009) and the Republic of 

Zambia and Federal Republic of Germany (2007). Surface water quality in this province is well 

documented as being adversely impacted by natural and anthropogenic contaminants that have 

arisen as a result of the mining and metal processing activities that have dominated the province for 

the past century (Pettersson and Ingri, 2001; World Bank, 2009; Kambole, 2003; Nyamber et al. 

ND).  However, little attention has been paid to groundwater quality in this province, which, 

coupled with the fact that groundwater use is not regulated in Zambia, led to both the World Bank 

(2009) and Republic of Zambia and Federal Republic of Germany (2007) reports advising that a 

crucial area for research is the quality of town water supplies, to assess the viability of turning from 

polluted surface waters to protected groundwater well-fields, one of these being the city of Ndola 

(British Geological Survey, 2001; Republic of Zambia and Federal Republic of Germany, 2007; 

World Bank, 2009). This research therefore aims to partially address this research gap, focusing on 

the suitability of groundwater sources in providing safe drinking, domestic and irrigation water in 

the city of Ndola.  
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Figure 1.1: Location of Ndola, the Copperbelt Province, and Zambia within sub-Saharan Africa (Source: ESRI ArcGIS® basemap). 
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1.1 Legacy and contemporary influences on the 

Copperbelt’s Water Quality  

The Copperbelt Province (Figure 1.1) holds 34% and 10% of global cobalt and copper reserves 

respectively, with the majority of Zambia’s mines located in this province, mainly along the Kafue 

anticline (Norrgren et al. 2000; Pettersson and Ingri, 2001; Dymond, 2007). Intensive copper and 

cobalt mining have dominated the Copperbelt Province over the past century and presently account 

for 80% of foreign exchange earnings (British Geological Survey, 2001; von der Heyden and New, 

2003; Li, 2010; Sracek et al. 2012). Ndola is the second largest city of the Copperbelt (population 

of 455,194) and developed as the leading industrial centre of Zambia, covering many sectors 

including manufacturing, consumer services, mining, tourism, transport, chemical, textiles, 

construction, and agriculture and forestry (PADCO, 2001). However, success in the Copperbelt 

was short lived, whereby a steep economic decline marked the 1990s, with per capita income 

falling by more than 50%, resulting in Zambia ranking bottom of the World Bank’s hierarchy of 

developing nations (Ferguson, 1999). Unfortunately this downturn coincided with the Structural 

Adjustment Programmes (SAP) of the 1990s, resulting in the closure of 75% of formal sector 

plants in Ndola, including its only active mine (Bwana Mkubwa), resulting in high levels of 

unemployment and under development (PADCO, 2001).  

 

By the late 2000s, the privatization of state mines led to renewed foreign investment in copper 

mining (DiJohn, 2010), including the re-opening of the Bwana Mkubwa Mine under the ownership 

of First Quantum Minerals (Hampwaye 2008). Foreign investment in mining across the Copperbelt 

has yielded little revenue to the Zambian Government due to the taxation incentives that were 

offered to attract foreign investment in the first place largely cutting out any profit-return.  For 

example, in 2006 the government received only $25 million in copper royalties from the $US2 

billion turnover in copper sales (DiJohn, 2010). Despite considerable mineral wealth and export 

turnover, 64.2% of the local population live below the poverty line, while current life expectancy is 

forty-nine years, and the Human Development Index (HDI) rank is 164/187 (UNDP, 2012). The 

local communities are left to deal with the environmental legacy of contemporary and past mining 

activities, where it is now estimated that 78 km
2 
of the Copperbelt is covered with mining wastes 

(World Bank, 2009). The vast area covered by tailing impoundments, residue heaps, high density 

informal settlements, contaminated soils, and extensive sulphidic ore deposits have led to 

significant adverse impacts on surface waters, especially due to the lack of tailing impoundment 

reclamation and the haphazard monitoring of discharge water from mines, whereby solid mine 

waste was disposed of directly into rivers (Petterson and Ingri, 2000; Kambole, 2003; Czech 

Geological Survey, 2003; von der Heyden and New, 2004). The level of environmental pollution in 
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the Copperbelt poses considerable threats to local communities in regards to accessing safe 

drinking, domestic, and irrigation water.  

 

1.2 Water Resources and Provisioning in Ndola 

Surface water resources in Ndola are characterised by the presence of two main rivers, the 

Kansenshi River in the northern zone and the Kafubu River in the southern, along with their 

respective tributaries (Figure 1.2). Flow in these rivers is perennial due to the strong wet and dry 

season climatology of the equatorial regions; and many of the tributaries cease to flow during the 

dry season. Surface water resources include the main wetland in the north east of the city, locally 

known as a dambo, and the Itawa Spring (Figure 1.2), a groundwater-fed spring located in Mapalo, 

covering approximately 2,000 m
2 

(Water Affairs, pers. comm. 2013). These features are both 

important for provisioning municipal water supply. While the water quality of Ndola’s surface 

waters remains unknown, previous surface water studies from other Copperbelt towns (see Section 

2.3.3) indicate widespread contamination, primarily a function of mining wastes.  

 

Ndola sits on three aquifers: the Bwana Mkubwa Aquifer in the southern zone, the Kakontwe 

Limestone Aquifer in the north-eastern zone, and the Skyways Industrial Area Aquifer, wedged 

between the first two. Like that of surface waters, the quality of Ndola’s aquifers remains 

unknown, however, a study in the mining town of Chambishi indicates the potential threat of 

decommissioned mine tailing dams to groundwater quality. Elevated levels of sulphate, calcium, 

magnesium, cobalt, nickel, and zinc were found, whereby it was estimated that this contamination 

has an annual progression of 40 metres per annum (von der Heyden and New, 2004). The vast 

number of these tailing impoundments across the Copperbelt therefore indicates considerable 

groundwater contamination potential. 

 

Surface water and groundwater resources are both used in state water provision in Ndola. Water 

and Sanitation Services (WSS) in Zambia have been subject to neoliberal reform and 

commercialisation, whereby, Kafubu Water and Sewage Company (KWSC) holds the 

responsibility WSS in Ndola. Commercialisation is similar to the process of privatisation, and is 

characterised by a contract between the public authority and a private company, from which the 

private company assumes the responsibility for the operation of water and sanitation systems in a 

given area (Hall and Lobina, 2006). Commercialisation has been used as a surrogate for 

privatisation in Zambia, a common theme throughout developing nations, as multinational 

companies cannot guarantee a high return on investment (Dagdeviren, 2008). WSS in the capital 

city of Lusaka was the first to undergo commercialisation in 1989, trialled as a pilot study for 
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determining whether commercialisation could be the way forward for other Zambian cities. 

Legislative changes for the entire country followed in 1992 (Dagdeviren, 2008). In 2000 the 

National Water Supply and Sanitation Council (NWASCO) was established as the regulatory body 

for WSS, as were nine additional companies, including KWSC in July 2000 (Dagdeviren and 

Robertson, 2008; Kafubu Water and Sewage Company online, 2013).  

 

KWSC assumed the responsibility for WSS provisioning in Ndola, which was previously held by 

the Ndola City Council; however, the ownership of infrastructure remains under the council 

(Dagdeviren and Robertson, 2008). The northern half of the city is supplied by a mixture of water 

abstracted from the Itawa Dam and 21 boreholes located in the Misundu area, while the southern 

half of the city is supplied solely from the Kafubu Dam (Figure 1.2). KWSC water kiosks are also 

located in 11 communities within Ndola, where locals can purchase 20 litre containers for KR50 

(US$10). KWSC water undergoes a treatment process consisting of chlorination, settling, and 

filtration, before being pumped out through the distribution network which consists of steel, 

concrete, asbestos cement, galvanized iron, and to a lesser extent, PVC piping (Water Affairs, pers. 

comm. 2013). However, with a distribution rate of 7% to Ndola’s population (32,217 people), the 

majority of Ndola residents are responsible for their own water supply. Private supply, defined as 

individuals supplying their own water, raises considerable concerns, especially in developing 

nations, where systems for private quality assurance are non-existent and where the water resources 

that locals do have access to, are highly vulnerable to pollution (Custodio, 2005).  
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Figure 1.2: The surface water network of Ndola and the location of the Kafubu Water and Sewage 

Company’s abstraction points, and sewage and water treatment plants. Adapted from: ESRI 

ArcGIS® basemap.  
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1.3  The importance of water in the realisation of the 

Millennium Development Goals 

International efforts to address the systemic lack of basic water provisioning in developing 

countries culminated in the development of the Millennium Development Goals (MDGs) (2000) 

and the declaration of water and sanitation as a human right under Resolution 64/292 of the United 

Nations General Assembly in July 2010 (UN online, 2013). Goal 7, Target C, of the MDGs directly 

focuses on water and sanitation, aiming to “halve, by 2015, the proportion of the population 

without sustainable access to safe drinking water and basic sanitation, compared to 1990 levels” 

(UNDP, 2013). Access to safe drinking water under the MDGs is defined as: 

 

“The proportion of the population using an improved drinking water source, total, urban, 

and rural, is the percentage of the population who use any of the following types of water 

supply for drinking: piped water into dwelling, plot or yard; public tap/standpipe; 

borehole/tube well; protected dug well; protected spring; rainwater collection and bottled 

water (if a secondary available source is also improved). It does not include unprotected 

well, unprotected spring, water provided by carts with small tanks/drums, tanker truck-

provided water and bottled water (if secondary source is not an improved source) or 

surface water taken directly from rivers, ponds, streams, lakes, dams, or irrigation 

channels” (UN Stats online, 2013).  

 

The human right to water and sanitation further expands on the need for access to safe water, 

declaring that states are to be responsible for the provision of this. States must firstly provide water 

of sufficient quality, whereby; water  

 

“must be free from microbes and parasites, chemical substances and radiological hazards 

that constitute a threat to a person’s health. Water must also be of an acceptable colour, 

odour and taste to ensure that individuals will not resort to polluted alternatives that may 

look more attractive. These requirements apply to all sources of water provision, including 

piped water, tankers, vendor-provided water and protected wells” (OHCHR, 2010:9).  

 

Secondly, adequate quantities must be supplied, including the needs of drinking, personal 

sanitation, washing of clothes, food preparation, and personal and household hygiene (OHCHR, 

2010). According to the World Health Organisation (WHO), the quantity required for the 

realisation of basic health targets is between 50 litres and 100 litres of water per person per day 

(OHCHR, 2010). Water must then be accessible, or within close proximity to homes and access 
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must be based on equality, whereby, women, people with disabilities, children, and nomadic 

communities must not be disadvantaged (Langford, 2005). In all, this water must be affordable, and 

while this does not necessarily imply that water should be free, states must implement suitable 

schemes to provide for the poorest sectors of society (Langford, 2005). 

 

The successful realisation of safe state water provision is not only expected to facilitate the 

achievement of Goal 7 of the MDGs, but will also act as a catalyst in achieving other goals in the 

strive towards poverty alleviation. For example, through reducing water collection time, hours can 

be freed up for other activities such as economic activities (Goal 1) and education (Goal 2). 

Furthermore, through improving water quality, infant mortality and disease will decrease (Goals 4 

and 6), maternal health will improve (Goal 5), and disease resistance will increase (Goal 6) 

(Cobbing and Davies, 2008). The cumulative nature of these goals then extends to achieving Goal 

8, whereby all of these measures will promote economic development through obtaining a more 

productive society (Cobbing and Davies, 2008). All of these aspects are crucial to the eradication 

of poverty alleviation in Ndola. 

 

For the Copperbelt, the realisation of the MDGs and the human right to water are both hindered by 

rapid urbanisation, environmental pollution from widespread mining activities and human waste, 

and the ageing colonial infrastructure. Zambia as a whole has plentiful water resources; therefore, 

physical water scarcity should not limit access (World Bank, 2009). However, Zambia has 

economic water scarcity (World Bank, 2009), characterised by inadequate municipal water supply 

systems and communities who cannot afford to purchase water. Exacerbating these issues is that of 

environmental pollution, which appears to be acting as a form of physical scarcity to the surface 

waters in the Copperbelt due to chemical substances (e.g. mining spoil) in rivers (Petterson and 

Ingri, 2000; Czech Geological Survey, 2003; Kambole, 2003; von der Heyden and New, 2004).  

 

The purpose of this research is, therefore, to characterise the level of economic and physical water 

scarcity in Ndola, focusing on how users access water, any limitations within this, their perceptions 

of their water quality, and the overall physical composition of these sources. The current role and 

state of both surface water and groundwater will be included in this, assessing the suitability of 

these sources in providing safe drinking, irrigation and domestic water. The level of these 

economic and physical water scarcity issues is expected to shape the extent to which the MDGs 

and the human right to water are being satisfied in Ndola. A coherent understanding of the current 

water access and water quality challenges in Ndola is crucial in determining an effective way 

forward for water provisioning in Ndola.  
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1.4 Thesis outline 

Chapter 2 provides an overview of the hydrogeological processes and the contaminant sources 

that may be affecting the water quality within Ndola. The current knowledge of surface water 

and groundwater quality in the Copperbelt will be outlined.  Chapter 3 outlines the research 

strategy and methods employed, including a detailed description of the study site, the in-field 

sampling techniques and analysis, and the laboratory and statistical analysis. The results of this 

thesis are presented in Chapter 4, followed by a discussion of the findings, and 

recommendations for future water provision in Ndola in Chapter 5. The key findings are 

summarised in Chapter 6. A detailed appendix is provided, including the human ethics 

application, interview and questionnaire information sheets, consent forms, and questions, raw 

data tables, and statistical testing outputs. 
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2. Natural and 

Anthropogenic Influences 

on Water Quality in 

Ndola 
 

Water quality is both a tangible, quantifiable characteristic of water as well as an intangible, 

subjective quality derived by sight, smell and taste. Water that appears clear may satisfy human 

judgment as being safe to drink, yet be laden with tasteless and potentially toxic metalloids. 

Conversely, water that appears murky may be conceived as being dirty, and unsuitable for use, but 

may not pose a risk to human health (Stauffer, 2004). As such, water quality is a highly subjective 

measure of a water body’s suitability for use, and safe use cannot be derived from sensory 

observations alone.  The factors that impact water quality are distinctive to the region which bears 

the water resource – that is, water quality is the integrated response of all the inputs, exchanges and 

fluxes within a catchment.  In terms of groundwater, this includes exchanges with surface water 

bodies, as well as the exchanges that occur between the aquifers physical properties and the 

chemical properties of the water (Schwartz and Zhang, 2003).  Thus, determining the influences on 

water quality for a region is a complex and highly localised phenomenon. The objective of this 

chapter is to first outline the need for safe water and then to characterise the natural and 

anthropogenic processes and contaminant sources that may be of a threat to the water quality, with 

particular reference to the case study location of Ndola. Based on known hydrogeological 

processes, much can be inferred about the potential contaminant sources the groundwater quality of 

Ndola. A theoretical framework will be developed to explore groundwater recharge processes and 

the roles of different rock types and land uses to frame an appropriate research strategy for 

assessing the provisioning and safety of water within Ndola. The potential for natural and 

anthropogenic contamination of groundwater will be outlined, including the role of lithology, 

mining, land use, and surface water. The specific conditions of Ndola will be considered 

throughout the chapter, outlining the potential areas of concern for the city’s groundwater quality.  
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2.1 Safe drinking, domestic and irrigation water: the 

impact on people’s health 

Contaminant sources (Table 2.1) have the potential to directly impact human health if they enter 

the water that people use for drinking, cooking, washing, cleaning and irrigation. Use of 

contaminated water may lead to the ingestion of toxic compounds and/or bacteria, and while many 

elements are essential parts of the human diet, for example, iron and zinc, others can cause 

significant human harm including morphological abnormalities, reduced growth, mutagenic effects, 

and increased mortality if consumed in excessive levels (Table 2.2) (Asubiojo, et al. 1997). For 

example, copper is crucial to human life; however, if safe levels are exceeded, copper may cause 

anaemia, liver and kidney damage, and stomach and intestinal irritation (Oves et al. 2012). Other 

metals like arsenic are not safe for the human consumption at any level (Bedient et al. 1994). 

Guidance for the safe levels of contaminants in water for human consumption are set by the WHO 

as well as other environmental protection agencies, based on prolonged exposure and toxicity risk 

(Table 2.2) (WHO, 2011). The secondary guideline values for appearance and taste are also shown 

in Table 2.2 for selected elements.  

 

While municipal supply companies are bound legally to provide water that meets a certain set of 

guideline values, the same cannot be said for private supply through surface water and groundwater 

abstraction. For example, the now known widespread arsenic poisoning in Bangladesh began in an 

effort to provide safe drinking water for all, abstracting what was thought to be ‘pure water’ from 

tube wells in shallow groundwater (Smith et al. 2003). Success through groundwater appeared 

abundant. Tube wells were installed by NGO installation and were then passed onto the 

communities for ownership. By 1997, UNICEF had already surpassed its goal to provide safe water 

to 80% of the population by the year 2000 (Smith et al. 2003). The unknown factor in this case was 

the extremely high natural level of arsenic in this region of the world, where it is now estimated 

that between 35-77 million people are at risk of drinking contaminated water in Bangladesh alone, 

leading to numerous cases of skin lesions, skin cancers, internal cancers, neurological effects, 

hypertension and cardiovascular disease, pulmonary disease, peripheral vascular disease, and 

diabetes mellitus (Smith et al. 2003). While the WHO guideline for arsenic is 10 μg/l, of the 2022 

tube wells sampled by the British Geological Survey and Mot MacDonald International Ltd (1999), 

51% exceeded 10 μg/l of arsenic, 35% exceeded 50 μg/l, 25% exceeded 100 μg/l, 8.4% exceeded 

300 μg/l, and 0.1% exceeded 1000 μg/l (British Geological Survey and Mot MacDonald 

International Ltd, 1999). While this case seems extreme, similar arsenic contamination has been 

documented in Argentina, Chile, Brazil, Peru, Bolivia, Mexico, Thailand, China, India, and the 

United States (Bocanegra et al. 2005). This indicates that groundwater cannot be assumed ‘safe’, 
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but rather caution must be taken in abstraction, especially in regions naturally rich in metallic 

resources, such as the Copperbelt. There is particular concern for the private supply users within 

Ndola, where water quality is untested and the groundwater quality is expected to vary depending 

on lithology type, its permeability and the extent of natural filtering during percolation, and 

potential metal mobility. Metal mobility is of key importance as this determines the form a 

particular metal takes (dissolved or particulate), which influences the bioavailability and hence, the 

level of toxicity (see Section 2.2.2). In assessing the impact of all of these factors, basic 

hydrogeological systems and processes must be understood, as outlined in the following section.  

Table 2.1: Potential natural and anthropogenic sources of groundwater contamination (Source: 

Bedient et al. 1994; WHO, 2011). 

Category Contamination Sources 

 

Sources designed to store, treat, and/or 

dispose of substances; discharged through 

unplanned release 

 

 Landfills 

 Open dumps 

 Surface impoundments 

 Mine tailings 

 Mine waste dumps 

 Aboveground storage tanks 

 Underground storage tanks 

 

Sources discharging as consequence of other 

planned activities 

 Irrigation practices 

 Pesticide applications 

 Fertiliser applications 

 Urban runoff 

 Sewage runoff 

 Percolation of atmospheric pollutants 

 Acid mine drainage 

Sources providing conduit or inducing 

discharge through altered flow patterns 

 Irrigation and drinking water wells 

 Well construction excavation 

Naturally occurring sources whose discharge 

is created and/or exacerbated by human 

activity 

 Groundwater-surface water interactions 

 Natural leaching 

 

 

Naturally occurring  Physical and chemical weathering of 

aquifer rock 
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Table 2.2: Maximum acceptable values and (secondary guideline values) for metals in drinking 

water and the associated health and taste risks.  

Element MAV
1 

Adverse effects for consumption Reference 

    

Aluminium         90 μg/l 

        (50 μg/l) 

Risk factor in the onset of Alzheimer disease 

(Discolouration) 

(WHO, 2011; 

USEPA, 2013) 

Arsenic         10 μg/l Dermal lesions, peripheral neuropathy, skin 

cancer, bladder and lung cancers, peripheral 

vascular diseases 

(WHO, 2011) 

Barium     2000 μg/l Increase in blood pressure (USEPA, 2012) 

Beryllium            4 μg/l Intestinal lesions (USEPA, 2012) 

Boron        500 μg/l Diarrhoea, vomiting, redness of the skin, 

ulcers in the throat 

(WHO, 2011; 

USEPA, 2012) 

Chromium           50 μg/l Lung cancer (WHO, 2011) 

Copper       1300 μg/l 

 

 (1000 μg/l) 

Short term exposure: Gastrointestinal distress 

Long term exposure: Liver or kidney damage 

(Metallic taste, blue-green staining) 

(USEPA, 2012; 

USEPA, 2013) 

Iron       No Value 

        (300 μg/l) 

N/A 

(Rusty colour, sediment, metallic taste, 

reddish-orange staining) 

(WHO, 2011;  

USEPA, 2013) 

Lead            10 μg/l Neurodevelopmental effects, cardiovascular 

disease, impaired renal function, 

hypertension, impaired fertility 

(WHO, 2011) 

Manganese          400 μg/l 

       (100 μg/l) 

Potential neurological problems  

(Undesirable taste, staining, black coating on 

pipes) 

(WHO, 2011; 

USEPA, 2013) 

Nickel          130 μg/l Dermatitis (WHO, 2011) 

Selenium            50 μg/l Hair or fingernail loss, numbness in fingers 

or toes, circulatory problems 

(USEPA, 2012) 

Strontium        4000 μg/l Infancy bone growth problems (USEPA, 2012) 

Thallium           0.5 μg/l Hair loss, kidney, intestine or liver problems (USEPA, 2012) 
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Element MAV
1
 Adverse effects for consumption Reference 

 

Zinc 

      

        3000 μg/l 

 

 

      (5000 μg/l) 

 

Skin irritation, stomach cramps, nausea, 

vomiting, anaemia, pancreatic damage, 

disruption to protein metabolism 

(Metallic taste) 

 

(WHO, 2011; 

Lentech, 2013; 

USEPA, 2013) 

 

Total 

Coliforms 

 

0 CFU/100 ml 

 

Not of a health concern in themselves, but 

are used as an indicator for potentially 

harmful bacteria 

 

(WHO, 2011; 

USEPA, 2012) 

1
 MAV= Maximum Acceptable Value as set by the relative reference for each element 

 

2.2 Hydrogeological processes and threats to water 

quality  

2.2.1 The zones of groundwater and their respective recharge 

potential, hence vulnerability to contaminants 

The interactions between surface water and groundwater and the level of protection provided for 

different areas of the groundwater zone are important determinants of water quality. Groundwater 

lies beneath the surface in the saturated zone below the water table, being stored in geologic 

formations known as aquifers (Freeze and Cherry, 1979; Bird and Macklin, 2009). Aquifers can be 

broadly divided into two types, unconfined and confined. Unconfined aquifers (also known as 

water-table aquifers) occur near the ground surface and are bounded by the water table at their 

upper level and are inherently influenced by overland hydrology (Figure 2.1) (Freeze and Cherry, 

1979). An unsaturated zone overlies the water table (Figure 2.2); hence the fluid pressure is equal 

to atmospheric pressure (Freeze and Cherry, 1979; Shaw et al. 2011). Confined aquifers occur at 

depth and sit between two aquitards, these being layers of impermeable strata (Figure 2.1) (Freeze 

and Cherry, 1979; Mays, 2011). The confining layer and the saturated zone that overlay these 

aquifers result in a greater pressure than atmospheric pressure (Mays, 2011). Due to this pressure, a 

borehole that penetrates into a confined aquifer will be characterised by borehole outflow that 

naturally rises above the top of the aquifer, and if the pressure is high enough, this may overflow at 

the surface level, and be known as an artesian well and a flowing artesian well respectively (Freeze 

and Cherry, 1979). The level to which this rise occurs defines the piezometric surface (Mays, 

2011). Artesian springs originate as the water under pressure within a confined aquifer is released, 

either at an outcrop of the aquifer or through an opening in the aquitard (May, 2011). Similar to 
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that of the flowing artesian well, the piezometric surface in the case of an artesian spring will 

always be at ground level therefore, there will be a continual discharge of water at this location 

(Mays, 2011). 

 

Figure 2.1: Schematic cross-section illustrating the location and properties of unconfined and 

confined aquifers. Adapted from Mays (2011).  
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Figure 2.2: The zones of groundwater, showing the unsaturated and saturated zone, separated by 

the water table. Adapted from Mays (2011).  

Groundwater recharge occurs as water enters the saturated zone and this differs in both extent and 

mechanism between unconfined and confined aquifers. In an unconfined aquifer water is 

exchanged across the water table, and hence the volume of water stored in unconfined aquifers is 

highly dependent on the rise and fall of the water table (Todd and Mays, 2005).  Precipitation fed 

recharge occurs when the effective precipitation (precipitation minus runoff) exceeds 

evapotranspiration and raises the soil moisture deficit to field capacity. Once the field capacity is 

attained, excess water cannot be held in the soil, this excess penetrating below the root zone of 

surface vegetation and percolating downward through the unsaturated zone until it crosses the 

water table, entering the saturated zone (Figure 2.3) (White et al. 2001; Fenwick, 2004). Seepage 

from rivers, lakes and wetlands also provide recharge mechanisms, however, these are much more 

complex due to the effect local geology and hydrologic pressures have on driving the flow (White 

et al. 2001). The impermeable strata overlaying a confined aquifer means that these aquifers are 



 18 

protected from overland recharge through percolation, hence, recharge only occurs where the 

confining bed rises to the surface, this being termed the recharge area (Figure 2.1) (Mays, 2011). 

 

 

Figure 2.3: The processes of the hydrological cycle, outlining the role of the groundwater recharge 

and discharge within this cycle. Adapted from Freeze and Cherry (1979). 

Unlike surface water, groundwater holds a certain level of natural protection because aquifers lie 

below the surface (Morris et al. 2003). However, the interaction of the above recharge waters with 

land use activities leads to the potential for pollutants to be transported into aquifers, hence, 

surrounding land use also plays a role in determining the possible levels of contamination (Foster et 

al. 2002; Morris et al. 2003). The rate that recharge affects groundwater quality is influenced by 

the natural filtering that occurs as infiltrating waters pass through layers of soil, ground, and aquifer 

material. The effectiveness of this filtration in removing contaminants is a function of the ground 

conditions (porosity, permeability, temperature, and chemical components) and the natural 

microbiological populations (Davies, 2001; Foster et al. 2002; Fenwick, 2004). Due to their 

interconnected nature with the water table, unconfined aquifers are at the greatest risk of pollution. 

On the contrary, confined aquifers hold greater levels of protection, as water does not readily 

percolate into them (Fenwick, 2004; Bird and Macklin, 2009; Shaw et al. 2011). Based on these 

recharge processes, the quality of drinking, domestic, and irrigation water being abstracted from 

groundwater sources in the developing world is of particular concern due to the tendency for wells 
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and boreholes to be in the upper limits of the saturated zone (the unconfined zone) (Orebiyi et al. 

2010). Vulnerability to contamination may be exacerbated if wells are hand dug and directly open 

to precipitation-fed recharge (as well as overland runoff recharge, as the case may be if washing is 

done near the open well) (see Section 2.3.2), increasing the ease for pollutants to enter the aquifer 

at the water table level (Gundry et al. 2004). Once groundwater becomes polluted, remediation is 

extremely difficult, if not impossible (Morris, et al. 2003; Shaw et al. 2011).  

 

Seasonal variations also play a role in groundwater recharge, and hence lead to seasonal variations 

in contaminant loadings. For Ndola specifically, recharge is expected to increase in the wet months, 

from November to April (see Section 3.3), due to excess soil moisture that cannot be transpired, 

although there is an approximate one month lag between the beginning of the wet season and the 

time when excess water is available to become recharge in Ndola and thus infiltrate into 

groundwater systems (Pettersson et al. 2000; Fenwick, 2004). The difference in surface discharge 

between the dry and rainy seasons is of the order of 100 times (Pettersson and Ingri, 2001), with 

peak discharge in March and minimum in October, thus greatly affecting groundwater recharge 

potential (Pettersson and Ingri, 2001; Sracek et al. 2010). Based on previous studies (von der 

Heyden and New, 2004), this increase in recharge is expected to decrease metal concentrations in 

groundwater due to dilution at this time. However, it could also be assumed that the intense 

recharge of the wet season could moreover increase loadings due to an increase in infiltration (due 

to increased water availability), thus greater leaching capacity from mine tailings and metal-

enriched soils may occur (Pettersson et al. 2000).   

2.2.2 Geogenic influences on Ndola’s groundwater quality 

The main determinant on groundwater quality is the lithology of the region (Schwartz and Zhang, 

2003). Firstly, the physical characteristic of the geology determines the rate that recharge (and by 

inference, potential contamination) enters an aquifer; secondly, by naturally filtering contaminants 

as they pass through the permeable media via processes of adsorption, attenuation, and redox 

reactions. Thirdly, the rock type also affects the mobility of these contaminants if they reach the 

saturated zone, and lastly, the composition of the geology also contributes natural levels of 

contaminants via chemical and physical weathering of the aquifer rock itself.   

Natural sources of pollutants in an aquifer 

The specific lithology that contains groundwater acts as a potential source of contaminants through 

chemical and physical weathering as water flows within the aquifer, as well as in determining the 

background chemistry of the groundwater, which is crucial in determining metal mobility (see 

Section 2.2.2). The main factors are pH, alkalinity and redox (Eh)  (Freeze and Cherry, 1979; Bird 

and Macklin, 2009; Kusimi and Kusimi, 2012). Natural contaminant sources must first be 
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considered, as when infiltrating waters enter an aquifer, there is a high possibility that the chemical 

composition of these waters will not be in equilibrium with the minerals and amorphous solids that 

comprise the aquifer rock (Deutsch, 1997). In order to reach a state of equilibrium, chemical 

weathering must take place, whereby the minerals within the aquifer rock undergo complete 

dissolution or partial alteration, resulting in elements leaching into groundwater (Deutsch, 1997). 

Weathering therefore, has the ability to naturally introduce contaminants into groundwater, 

whereby specific lithologies are known to introduce certain elements (Table 2.3). Major cations are 

also sourced from a range of different geology types, these being important in determining metal 

mobility (see Section 2.2.2) (Table 2.4).  

  



 21 

Table 2.3: Typical concentrations of selected trace elements in rocks (mg/kg) indicating the levels 

of contamination expected from different geogenic areas (Source: Drever, 1982). 

 
Granite Sandstone Limestone Basalt Shale 

      Lithium 30 15 5 17 66 

Beryllium 3 - - 1 3 

Boron 10 35 20 5 100 

Aluminium Major Major 4200 Major Major 

Chromium 10 35 11 170 90 

Manganese 450 50 1100 1500 850 

Iron Major Major Major Major Major 

Cobalt 4 0.3 0.1 48 19 

Nickel 10 2 20 130 68 

Copper 20 2 4 87 45 

Zinc 50 16 20 105 95 

Arsenic 2 1 1 2 13 

Selenium 0.05 0.05 0.9 0.05 0.6 

Strontium 250 20 600 465 300 

Molybdenum 1 0.2 0.4 1.5 2.6 

Silver 0.04 - - 0.1 0.07 

Cadmium 0.13 - 0.03 0.2 0.3 

Barium 600 - 10 330 580 

Lead 17 7 9 6 20 
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Table 2.4: Natural geogenic sources of major cations, indicating the levels of contamination 

expected from different geogenic areas (Source: Mazor, 1997). 

 
Groundwater composition - cations 

Sandstone Sodium, calcium, and magnesium - all in similar concentrations 

Limestone Calcium - dominant cation 

Dolomite Magnesium and Calcium – both in similar concentrations 

Granite Calcium and Sodium  

Basalt Sodium, calcium, and manganese - all in similar concentrations 

Schist Calcium and Sodium 

  

Geogenic influences on recharge   

The bedrock of Ndola is dominated by two key rock formations, carbonate (dolomite-limestone) 

and crystalline (granite-gneiss) (see Section 3.3.1) (Pettersson et al. 2000; Mendelsohn, 1969). 

Whether bedrock is carbonate or crystalline will have a major impact on permeability and the rate 

that groundwater recharge occurs (Table 2.5). Firstly, carbonate rocks are naturally characterised 

by large fractures and high permeability and have high recharge rates (Morris et al. 2003; Mays, 

2011). Furthermore, carbonates are primarily comprised of calcium carbonate, resulting in hard 

water that is difficult to wash with and produces scaling on heating elements. Calcium carbonate 

has a high solubility, particularly in the presence of dissolved carbon dioxide in water that 

dissociated to produce carbonic acid, which acts to dissolve the rock, increasing the pore space, 

thus the capacity to hold water (Mays, 2011). Conversely, crystalline rocks typically have low 

levels of permeability due to the low porosity within these rocks, and consequently low recharge 

rates due to their limited number of fractures and pore space (British Geological Survey, 2001; 

Morris et al. 2003; Mays, 2011). These recharge abilities and water storage capacities determine 

where high yield aquifers are located. For example, in Ndola, the three main aquifers are all located 

within the carbonate formations of dolomite, limestone, and quartzite  (see Section 3.3.1).  
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Table 2.5: Characteristics of carbonate and crystalline aquifers including formation and potential 

permeability (Source: Morris et al. 2003)  

Category Description 

Carbonate 

 

Deposited from skeletal material (shell fragments, reefs, reef detritus) in 

shallow sea. Solution enlargement of fractures can form well-developed 

cavities/conduit systems; porosity and permeability can be exceptionally high. 

 

Crystalline Decomposition of ancient igneous and metamorphic rocks produces a 

weathered mantle of variable thickness, with moderate porosity but generally 

low permeability; underlain by fresh rock, which may be fractured. The 

combination results in a low-potential, but regionally important, aquifer 

system. 

Geogenic influence on metal mobility 

In determining the impact of different metals on drinking and irrigation water, metal mobility is a 

major factor. This is directly controlled by the background chemistry of water (Fenemor and Robb, 

2001). Metals are found in two key forms, dissolved or particulate, which combined, form the total 

recoverable concentration. In the aquatic system the term ‘dissolved’ refers to the concentration of 

a particular metal that is dissolved into solution, while ‘particulate’ refers to that which is in a solid 

state and is able to combine with other species (Drever, 1982). The state of a metal is important 

when assessing the respective impacts on the physical environment, whereby state determines the 

bioavailability and the toxicity of the particular metal (Drever, 1982). These factors are positively 

correlated with mobility; hence bioavailability and toxicity are greater under dissolved conditions 

(Mulligan and Gibbs, 2001).  pH, alkalinity, and redox (Eh) act to determine this form, whereby the 

form a metal takes, depends on physical conditions: namely, advection, dilution, dispersion and 

sedimentation, and chemical conditions, including solution reactions, precipitation, co-

precipitation, adsorption onto the bedrock or suspended particles, and desorption back into solution 

(Drever, 1982; Salomons, 1995; Deutsch, 1997; Bird and Macklin, 2009). Of these controls, 

adsorption and desorption are of primary interest in terms of the role that pH, alkalinity, and Eh 

play. Adsorption is the removal from solution as a dissolved ion attaches to a solid species, whilst 

desorption occurs as a particulate ion precipitates off a solid species, transforming into a dissolved 

state (Drever, 1982; Deutsch, 1997).  

 

Firstly, with respect to pH, whilst acidic water in itself is not deemed dangerous, its resultant 

effects on metal mobilisation make it a concerning factor (Edmunds and Smedley, 1996). It is well 

documented that in waters characterised by low pH (highly acidic conditions) adsorption is 

significantly limited, leading to an increase in dissolved ions, hence higher metal mobility (Drever, 

1982; Lind and Hem, 1993; Stromberg and Banwart, 1998; von der Heyden and New, 2005; Smith, 
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2007). Metal adsorption increases from near zero to near 100% as pH increases through a critical 

range that is 1-2 units wide, where this critical range will differ for different metals, this critical 

range being referred to as the adsorption edge (Salomons, 1995; Smith, 2007). Therefore, an 

increase in pH is required to cause the adsorption of the dissolved metals onto solid particles in the 

water column (Figure 2.4). Solid particles may include matter such as clay minerals, carbonates, 

quartz, feldspar, and organic solids, all of which can be present naturally in water (Salomons, 

1995). The response is non-linear, whereby even the slightest change in pH can have profound 

impact on metal adsorption, either causing a sharp increase or decrease in the concentration of a 

dissolved metal (Salomons, 1995).  For example, concentrations of copper, nickel, cobalt, and zinc 

are stable and not harmful at neutral pH (7), but rapidly increase in both mobility and danger as pH 

decreases (Figure 2.4; Table 2.6) (Stollenwek, 1994; Smith, 2007). Conversely, aluminium tends to 

remain in solution at pH values < 4.5 – 5, however, in waters with pH > 5, aluminium will 

precipitate as a solid, whilst the same occurs for iron when pH > 4 (Table 2.6) (Smith, 2007). 

Arsenic is much more dangerous and its reactions more complicated, due to the fact that it varies 

from the general assumptions of higher metal mobility under low pH, whereby arsenic is mobile 

over a much wider range of pH conditions (Edmunds and Smedley, 1996). Hence, even water that 

is neutral to alkaline (pH 7 to 14) can contain high levels of arsenic (Yurkevich et al. 2012). 

Further examples of critical pH values for adsorption are shown in Figure 2.4 and Table 2.6.  

 

 

Figure 2.4: Sorption curves showing the critical pH range for select metals, indicating the relative 

amounts of metals that are expected to be in the dissolved form at different pH values. 

Adapted from Smith (2007). 
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Table 2.6: Critical pH values for the sorption of metals, for the transformation from dissolved to 

particulate form (Source: Smith, 2007).  

Fe > 4.0 

Al  > 5.0 

Pb > 4.0 

Cu > 5.0 

Zn  > 6.5 

Ni > 7.0 

Co >6.5 

Mn >7.5 

Sr >9.0 

 

Different lithologies provide different natural background pH values for their respective waters. 

For example, carbonate aquifers are characterised by high levels of pH and thus act as a buffer to 

the metals, reducing mobility. However, crystalline rocks do not provide the same buffering, due to 

lower pH levels (Edmunds and Smedley, 1996; Pettersson et al. 2000; Pettersson and Ingri, 2001; 

von der Heyden and New, 2004). von der Heyden and New (2004) found this to be true across the 

Copperbelt Province. For instance, at some sites cobalt, nickel, and zinc concentrations were below 

guidelines for drinking water due to the adsorption within the aquifer and high buffering capacity 

as a result of high pH. However, sites within the crystalline bedrock geology showed higher 

concentrations of heavy metals, at levels that posed serious human health risk to communities using 

the water resources (von der Heyden and New, 2004). Further complications arise in relation to the 

fact that pH within the aquifer is not only a function of the natural bedrock geology, but also the 

pH of the infiltrating waters, whereby overland activities that result in highly acidic soil and waste 

water conditions, for example, mining, could play an important role in increasing the mobility of 

groundwater contaminants (see Section 2.3.1) (Stromberg and Banwart, 1999).  

 

Secondly, alkalinity (which is a measure of a water body’s ability to neutralise an acid) is important 

as a buffer against low pH levels (Ballance, 1996a; Rosen, 2001). The main components that 

contribute to alkalinity are carbonate, bicarbonate, and carbonic acid (Rosen, 2001). Carbonate 

rocks (limestone and dolomite) act as a major source of alkalinity due to the dissolution (or 

precipitation) of the rock as water flows through it. Carbonate rock is composed of CaCO3, thus 

dissolution causes the release of Ca
+2

 and CO3
-2

 into solution, whereby the latter increases alkalinity 

(Schwartz and Zhang, 2003). This increase provides a buffer against low pH values, therefore 

decreasing metal mobility (Edmunds and Smedley, 1996). On the contrary, flow through crystalline 

rocks offers poor buffering capacities, hence may be more likely to contain acidic waters and more 

conducive to the mobilisation of metals (Edmunds and Smedley, 1996). Hardness is the sum of 
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polyvalent cations (calcium and magnesium) dissolved in water and can be taken as an alternative 

measure of the buffering capacity of water to alkalinity. Hardness is expressed as milligrams of 

calcium carbonate equivalent per litre (CaCO3 mg/l) and takes two forms: carbonate hardness; and 

non-carbonate hardness (WHO, 2011; APHA, 2012). Carbonate hardness is due to the metals 

associated with HCO3-, whilst non-carbonate hardness is due to the metals associated with SO4
2-

, 

Cl-, or NO3
-
 (Shaw et al. 2011). Carbonate hardness is the equivalent to total alkalinity, whereby 

any excess hardness above total alkalinity is taken to be non-carbonate hardness (APHA, 2012). 

Carbonate hardness is assessed on a scale (Table 2.7), whereby the greater the hardness, the higher 

the buffering capacity.  

Table 2.7: The classifications of water hardness in water based on mg/l as CaCO3  (Source: WHO, 

2011).  

Hardness Rank 
Hardness 

(mg/l as CaCO3) 

Soft < 60   

Moderately Hard 60 – 120  

Hard 120 – 180  

Very Hard > 180  

 

Thirdly, Eh (redox potential) plays a critical role, this being the loss or gain of electrons in an atom, 

whereby the loss of electrons is called oxidization or an increase in oxidised state, and the gain of 

electrons is called reduction or a decrease in oxidisation state (Drever, 1982). Redox is determined 

by the dissolved oxygen concentration in water, whereby oxygen is sourced from the diffusion of 

oxygen from the atmosphere (Boyd, 2000). Theoretically, Eh varies between surface waters and 

groundwater, with a generally constant Eh level in surface water followed by depth dependence in 

groundwater. Water near the water table may still be enriched with dissolved oxygen and is hence 

oxidised, followed by a continual deprivation of oxygen, thus reducing conditions increase as depth 

increases (Boyd, 2000; McLaughlan, 2002). Metal mobility is strongly influenced by this state, 

whereby some metals increase in mobility under oxidising conditions, whilst others become more 

mobile under reducing conditions (Table 2.8) (Edmunds and Smedley, 1996). For example, iron 

and manganese will only be soluble in an aquifer if oxygen is fully depleted (Table 2.8). This is 

because the oxidised forms are virtually insoluble unless very acidic waters are present (Rosen, 

2001). In terms of copper, the influence of redox on mobility can be affected under both oxidising 

and reducing conditions, as different studies (Alowitz and Armstrong, 2011; Ayotte, et al. 2011) 

have resulted in different conclusions (Table 2.8).   
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Table 2.8: The impact of redox state (reducing or oxidising) on metal mobility for selected metals.   

 Increased mobility/toxicity  Reference 

Fe Reducing (Edmunds and Smedley, 1996) 

Mn Reducing (Rosen, 2001) 

Cd Reducing (Alowitz and Armstrong, 2011) 

Cu Reducing 

Oxidising 

(Alowitz and Armstrong, 2011) 

(Ayotte, et al. 2011). 

Mo Reducing (Ayotte, et al. 2011) 

Zn Oxidising (Ayotte, et al. 2011) 

Pb Oxidising (Ayotte, et al. 2011) 

Cr Oxidising (Alowitz and Armstrong, 2011) 

As A range (Edmunds and Smedley, 1996) 

   

2.3 Non-Geogenic Influences on Ndola’s groundwater 

quality 

Geogenic characteristics are not the only factors that need to be considered when determining the 

groundwater quality of Ndola (Moyo, 2013). Anthropogenic factors, namely point and non-point 

contamination sources from mining, manufacturing, domestic, and personal activities, are also 

expected to be impacting the groundwater quality of Ndola. These include waste water discharge 

from chemical processing plants, erosion and washout from mine tailings (both new and historic), 

washout and erosion from mine waste piles, seepage and discharge from active tailing ponds, 

detergents and soaps used in domestic washing and cooking, herbicides, pesticides, and fertilisers 

from crop growth, and bacterial contamination from pit latrines and animals (Carter and Bevan, 

2008; Sracek et al. 2012). Groundwater abstraction points, for example, wells and bores, may also 

be acting as polluters, whereby poor construction, such as inadequate sanitary seals, may result in 

polluted surface water and overland flow penetrating straight through to the water table (Carter and 

Bevan, 2008; Onugba and Yaya, 2008). It is therefore important to recognise the impact that 

mining and other land uses, coupled with surface water to groundwater interactions, may be having 

on the groundwater in Ndola.  
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2.3.1 Mining  

Mining and mineral processing have introduced an array of metal contaminants and acid mine 

drainage (AMD) to the Copperbelt environment over the past century (Section 1.1). Metals that 

were once part of impermeable rocks are broken up and exposed to runoff and percolating waters 

(Drever, 1982). This has impacted soils directly, whereby previous studies show pH in Copperbelt 

soils to range from 3.94 to 6.8, which is thought to be a function of carbonate rich dust fallout from 

tailing impoundments and ore crushers and from liming processes (Czech Geological Survey, 

2003; Ettler et al. 2012). Dust fallout is of particular concern, especially during windy periods 

when thick dust clouds can be seen over tailing impoundments; the effects of this can be seen in the 

Chambishi and Mufulira areas where fine particles from numerous dumps are being brought in by 

the prevailing north-westerly winds (Czech Geological Survey, 2003). The erosion of these soils, 

along with those of the waste dumps and tailings, acts to introduce metals into water bodies in the 

particulate form. However, whilst these particulate forms may have been stable in their original 

conditions, they then have the ability to be transformed to the dissolved form once introduced to 

the chemical composition of the receiving water body, potentially becoming dangerous (Section 

2.2.2) (Drever, 1982; Salomons, 1995). The wastewaters within underground mines are also of 

concern due to the capacity for seepage into nearby aquifers, whereby previous studies have shown 

high concentrations of heavy metals within these waters (Table 2.9) (Swedish Geological AB, 

2005). Mining practices not only expose potentially dangerous metals to transportation, but also 

increase the likelihood of transportation and mobility due to the highly acidic conditions that 

mining creates, both in the form of acid rain and AMD (Pettersson and Ingri, 2001; Bambic et al. 

2006).  
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Table 2.9: Composition of mine water from underground mines within the Copperbelt Province, indicating the dissolved concentrations of selected 

elements compared to the Zambian and WHO drinking water standards. (Source: Swedish Geological AB, 2005).  

 Mindolo Mine Shaft Konkola Mine Shaft Chibuluma Mine 

(Shaft 7) 

Chibuluma Mine 

(Shaft 2) 

Zambia Drinking 

Water Standard 

WHO Drinking 

Water Standard 

pH 8.1 8.1 7.0 4.0 6.5-8.5 N/A 

As (μg/l) <1.0 <1.0 <1.0 <1.0 50 10 

Cd (μg/l) 0.23 <0.05 <0.05 2.3 5 3 

Co (μg/l) 8.3 5.8 7 30200 500 N/A 

Cu (μg/l) 39 150 21 85800 1000 1300 

Ni (μg/l) 1.4 0.5 <0.5 644 20 130 

Pb (μg/l) <0.2 <0.2 <0.2 1.4 50 10 

Zn (μg/l) 2.7 8.1 <1 292 5000 3000 
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As a by-product of mining, smelters in the Copperbelt emit between 300,000 and 700,000 tons of 

sulphur oxide per year (Nyamber et al. ND). As this gas continues to increase in the atmosphere, 

more and more hydrogen ions are produced, leading to a decrease in rainwater pH, this generally 

being below 5.1 in the Copperbelt (Boyd, 2000; von der Heyden and New, 2004; Berner and 

Berner, 2008; Nyamber et al. ND). AMD then arises, as deposits containing sulphides (most 

commonly pyrite) are exposed to oxygen, and these deposits have the ability to be persistent in the 

physical environment for decades after mine closure (Salomons, 1995; Deutsch, 1997; Sheoran and 

Sheoran, 2006). Any fall in pH to below 5 is expected to result in elevated concentrations of 

copper, which is a serious problem in the Copperbelt where AMD results in pH values between 1.5 

and 3, the water of which then has the capacity to infiltrate into aquifers (Rosen, 2001; von der 

Heyden and New, 2005). Other metals for which elevated levels are expected include sulphur, 

arsenic, aluminium, iron, manganese, lead, and zinc. High sulphur is expected due to the 

accumulation and mineralisation of sulphur in organic material resulting from mining activities 

(Pettersson et al. 2000). Previous studies show that sulphur increases in surface waters in the rainy 

season, therefore indicating that sulphur originates primarily from washout of dry deposits. Arsenic 

problems are expected in areas of sulphide mineralization and iron rich sediments (mining areas), 

however this effect is expected to be limited to being a local phenomenon, with previous studies 

showing this to be within a few kilometres of the mineralized zone (British Geological Survey, 

2001). In terms of aluminium, iron, and manganese, previous studies have shown that due to the 

fact that aluminium is not redox sensitive, concentrations in the Copperbelt groundwater can be up 

to two orders of magnitude lower than iron and manganese, even though similar concentrations of 

all three were found in the mine tailings (von der Heyden and New, 2004). Furthermore, lead and 

zinc are expected to be elevated due to their close association with copper (Kusimi and Kusimi, 

2012). 

2.3.2 Residential land use 

Residential areas are also expected to generate an array of contaminants, which through seepage, 

leaching, and direct overland runoff into open or partially protected shallow wells, are expected to 

be contributing to groundwater contamination in Ndola (Morris et al. 2003). Residential areas in 

developing countries are rarely limited to having only a household focus, but rather encompass a 

range of industrial, agricultural, domestic, and waste disposal activities (Massone et al. 1998). 

Metal contamination is likely caused by old industrial waste that is left lying around, as well as 

from pipes and well casings, for example, lead, zinc, nickel, and copper (Egboka et al. 1989). 

However, metal contamination is not the only concern in the Copperbelt, whereby sewage and the 

associated contamination capacity is also a major factor, especially in residential areas without 

mains sewage systems (Nachiyunde et al. 2013). Pit latrines are generally abundant in developing 

countries, which, coupled with the animal excreta from roaming animals on properties, is of great 
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concern. Faecal pathogens from human and animal excreta pose the greatest waterborne disease 

risk, arising from poor sanitation and hygiene, coupled with poor protection of drinking-water 

sources (WHO, 2011). Seepage of human excreta between pit latrines and shallow wells, through 

bacteria migration through the subsoil, is of particular concern, along with overland runoff. It has 

been estimated that up to 90% of water supply from pit latrines ends up as groundwater recharge, 

carrying a number of contaminants into the aquifer with it (Morris et al. 2003; Nachiyunde et al. 

2013). Bacterial degradation of potable water is now having a profound impact in Zambia with 

reports of significant increases in cholera and other gastroenteric epidemics (Chanda, 2012).  Crop 

growth for food security and income generation is also common within residential areas in the 

Copperbelt, having increased greatly in the 1990s in response to the deteriorating economic state of 

the province (Hampwaye and Rogerson, 2010). Whilst this is beneficial for human nutrition, with 

the array of pesticides, herbicides, and fertilisers that may be applied to increase yield, surface 

water and groundwater contamination is likely (Egboka et al. 1989). Domestic activities are also of 

concern, whereby washing and bathing, which often take place in the open (and often near the 

water source), have the ability to introduce phosphates and boron from detergents (Egboka et al. 

1989). Exacerbating all of the above concerns is that of the soils themselves, within which 

percolation and runoff take place, due to possible contaminants and low pH within these (Section 

2.3.1).   

2.3.3 Contaminated surface waters 

Mining and land use contaminants not only affect groundwater, but also have a direct impact on 

surface water quality through runoff processes. Contaminated surface waters (rivers and dambos) 

then become a threat to groundwater systems due to recharge via seepage, as indicated in Section 

2.2.1. Copperbelt rivers are known to be highly contaminated. For example, increased 

concentrations of aluminium, barium, cobalt, copper, manganese, molybdenum, nickel, strontium, 

calcium, sulphur, magnesium, potassium, and sodium have been found in the Kafue River as it 

passes through the mining areas, whilst iron was the only major element to show no difference 

upstream and downstream of mining areas (Table 2.10)  (Pettersson and Ingri, 2001; British 

Geological Survey, 2001; von der Heyden and New, 2003; Kambole, 2003; Czech Geological 

Survey, 2003). Differences are evident between the dry season and the wet season and these vary 

between elements. Any increased concentrations in the wet season can be attributed to an increase 

in overland runoff and an increase in the acidity of these waters, while any decreased wet season 

concentrations can be attributed to the dilution affect (Pettersson and Ingri, 2001).  
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Table 2.10: The dry season and wet season dissolved concentrations for specific elements at three 

sites along the Kafue River to the west of Ndola. Raglans Farm indicates near natural 

state of the Kafue River, Kafironda indicates the Kafue Rivers water quality after 

effluent from the Konkola, Nchanga (Chingola) and Mufulira mines reach the Kafue, 

and Fishers Farm indicates the combination of the previous inputs, plus effluent from 

the Nkana mine (Kitwe) (Source: Pettersson and Ingri, 2001).  

 Raglans Farm Kafironda Fishers Farm  

 Dry Season Wet Season Dry Season Wet Season Dry Season Wet Season  

Ca (mg/l) 21.7 13.8 50.1 21.9 90.5 31.5  

Mg (mg/l) 9.7 5.8 20.7 7.3 19.7 7.1  

Na (mg/l) 6.5 3.6 7.1 3.5 13.0 4.5  

K (mg/l) 0.7 0.7 7.7 2.6 9.3 3.4  

Al (µgl/l) 3.5 8.3 4.6 76.1 21.3 29.3  

Ba (µgl/l) 21.9 16.4 71.2 50.7 72.6 45.2  

Co (µgl/l) 0.2 1.5 3.9 8.1 21.4 25.2  

Cu (µgl/l) 0.6 2.5 39.9 144.5 17.7 90.6  

Fe (µgl/l) 100.2 253.3 23.9 124.2 25.6 132.0  

Mn (µgl/l) 11.5 6.0 86.0 131.5 99.1 87.6  

Sr (µgl/l) 81.2 50.7 489.2 148.5 751.3 200.9  

 

Dambos also pose as a threat to groundwater, whereby seepage is likely due to their 

interconnectivity with the water table. Dambos cover 10% of the Copperbelt surface, or some 14.27 

km
2 
of Ndola. Their influence on groundwater quality is expected to vary based on their type, this 

being primarily determined by seasonality and the level to which mine waste is being dumped in 

these areas (Hampwaye and Rogerson, 2010). In the same way as wetlands, dambos are known to 

act as natural filters to contaminants, leading to the purification of polluted surface and sub-surface 

waters through plant uptake, sediment accumulation and denitrification as water enters these areas 

(Hemond and Benoit, 1988; van de Bergh et al. 2004; Dorido et al. 2008). These unique qualities 

have resulted in dambos becoming a dumping ground for mining waste in the Copperbelt Province, 

as indicated by von der Heyden and New (2003). Table 2.11 indicates the high concentrations of 

contaminants entering dambos in the mining town of Chambishi, and the low level of contaminants 

leaving these dambos. For example, the average concentration of aluminium entering dambos was 

970 μg/l  (well above the WHO drinking water guideline of 90 μg/l), while only 10 μg/l was 

recorded to be leaving the dambos and flowing into the Kafue River downstream. Contaminant 

retention by the dambo therefore appears highly successful; however, the presence of these 

contaminants within the dambo itself then becomes a threat to groundwater resources through 

seepage (von der Heyden and New, 2003). 
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Table 2.11: Dambo inflow and outflow water quality over a five week period corresponding to the 

beginning of effluent discharge following the dry season in the Copperbelt town of 

Chambishi. WHO drinking water guidelines are included. BDL indicates below the 

detection limit. Source: von der Heyden and New (2003). 

Element Dambo Inflow Dambo Outflow 
WHO drinking 

water guideline 

Al 970 μg/l 10 μg/l 90 μg/l 

Co 14510 μg/l 2940 μg/l No value 

Cu 6870 μg/l 10 μg/l 1300 μg/l 

Fe 370 μg/l BDL No value 

Mn 9220 μg/l 26 μg/l 400 μg/l 

Ni 230 μg/l 10 μg/l 130 μg/l 

Zn 200 μg/l 30 μg/l 3000 μg/l 

 

Dambos can be classified as either wet or dry. Wet dambos have a water table near or above 

ground level for most the year, while dry dambos are only waterlogged in the rainy season 

(Mendelsohn, 1969; Matiza and Chabwela, 1992; Pettersson et al. 2000; Sracek et al. 2011). Wet 

dambos are of the greatest concern due to their interconnectivity with the water table, hence their 

capacity for transporting contaminants into an aquifer, this being further exacerbated by the fact 

that they generally have higher acidity levels (Matiza and Chabwela, 1992). There is, therefore, an 

increased likelihood of metals being transported in solution through the infiltration process (see 

Section 2.2.2) (Matiza and Chabwela, 1992).  

 

While the rivers and dambos of Ndola have not been subjected to as high a level of mining in the 

areas surrounding the Kafue and Chambishi, Copperbelt mining impacts have been shown to be 

widespread. For example, von der Heyden and New (2005) estimated that mining has affected 

water quality as far as 700 km downstream from the Copperbelt (von der Heyden and New, 2005). 

There is therefore concern for the surface waters of Ndola. The health of dambos and rivers is not 

only critical for the protection of groundwater, but also the prevention of crop contamination, since 

these areas are surrounded by urban agriculture year round in Ndola (Hampwaye and Rogerson, 

2010).  
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2.4 Aims and Objectives 

Access to water and the quality of this water, are both integral aspects of the MDGs. Municipal 

supply appears to be low in Ndola, servicing only 7% of the population. It is, therefore, assumed 

that the majority of residents are accessing water by alternate means, the characteristics of which 

are unknown for Ndola. Based on the known surface water contamination across the Copperbelt 

Province, concern is raised as to the quality of privately accessed water. Therefore, the overarching 

agenda of this research is to characterise water access and quality in Ndola, focusing on local users 

perceptions of their water quality and the overall physical composition of their sources, in a way 

that is able to indicate safe water access techniques and locations within Ndola for the future. To 

address this research agenda the following research aims are posited. Firstly: how do local users 

access water and do they face any access challenges, both from the perspective of the local 

providers and the local users? Specific research questions under this aim include:  

 

 What is the prevalence of surface water, groundwater, and municipal water use in Ndola? 

 Why do people use the sources that they do?  

 In light of the low level of municipal supply, what impedes municipal water use in Ndola?  

 To what extent do local users understand their water quality, and does this understanding 

determine the sources that they use? 

 

In light of the consumption patterns identified through the first aim, the appropriateness of these 

different water sources for consumptive use must then be addressed. Therefore, the second research 

aim is to determine what is the physical state of water quality, specifically heavy metals and total 

coliforms, in Ndola? Do the water resources being used in Ndola have the ability to meet the 

definition of safe water under the MDGs? Specific research questions under this aim include:  

 

 What levels of heavy metals and total coliforms exist in the surface waters, groundwater, and 

municipal water in Ndola? Are there any water quality differences between these sources? 

 Are there spatial differences in groundwater quality across the city? What influence does land 

use, lithology, depth from the surface, and proximity to surface waters play in any quality 

differences observed? 
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3. Methods 

3.1 Introduction 

The methods chosen for any form of research greatly impact the quality and reliability of the 

results obtained, thus careful consideration must be given in the formulation of such methods. 

Within the research framework, there are two key types of data, qualitative and quantitative. 

Qualitative research aims to understand the social setting and processes that are operating in the 

chosen research field, whereby the views, perspectives and ideas of the people or groups that are of 

interest are investigated (Henn et al. 2006). Qualitative research methods therefore, aim to develop 

an understanding of the underlying motivations that people have for doing what they do (Henn et 

al. 2006). On the contrary, quantitative research is the means of gathering data that can be 

expressed in numerical form, whereby data is collected using a standardised approach across a 

range of variables, within which patterns of causal relationships between these variables are sought 

(Henn et al. 2006). In the context of water quality, both qualitative and quantitative measures are 

important, as quality is both a perception and a physical characteristic of any water body. 

Furthermore, Laws et al. (2003) states that the best research contains elements of both the 

qualitative and quantitative; hence, in order to sufficiently answer the objects of this study, this 

research entails both approaches.  

 

3.2 Research Design 

Due to the case study nature of this research, a field-based approach for data collection, followed 

by laboratory and data analysis, was undertaken. Within the field-based section, a triangulated 

research approach was adopted, incorporating open-ended qualitative key informant interviews, 

open-ended qualitative and closed-ended quantitative local water-user interviews, and quantitative 

water quality sampling (Figure 3.1) (Laws et al. 2003; Henn et al. 2006). Key informants were 

seen to be those people within the community who possessed specific knowledge about the water 

use and quality in Ndola (Tolich and Davidson, 2011). This process allowed the researcher to gain 

knowledge about the issues at hand and to understand local users’ perceptions of their water quality 

across a range of different sources. Sampling was used to gather data as this reduced the time and 

cost of obtaining data that represents the target population (Henn et al. 2006).  
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Figure 3.1: The triangulation approach of this research entailing a combination of qualitative and 

quantitative techniques (Source: Laws et al. 2003). 

When collecting the data in the field, the sampling approach is always highly dependent on the 

nature of the data being sought, the reliability level required, and any constraints in the field.  

Sampling can either be based on probability sampling or non-probability sampling. Probability 

sampling refers to sampling methods where a random sample is selected out of a population, 

whereby this sample is believed to be representative of the target population (Laws et al. 2003). 

Conversely, a non-probability sample is constructed through deliberately selecting units to be 

examined and therefore, cannot be taken to be representative of the target population (Tolich and 

Davidson, 2011). Within these sampling approaches there are numerous methods: for example, 

random sampling, stratified sampling, systematic sampling, and cluster sampling within probability 

sampling, and convenience sampling, purposive sampling, quota sampling, and snowball sampling 

within non-probability sampling (Tolich and Davidson, 2011).  

 

Both probability and non-probability sampling were used in this study. Stratified sampling was 

mixed with snowball sampling for the selection of water sample and individual water-user 

questionnaire sites, whilst the snowball approach was used for selecting the participants for the key 

informant interviews. Stratified sampling was used to divide Ndola’s geogenic areas and land use, 

within which a purposeful sample was then taken, whereby sites were deliberately selected based 

on them having an aspect that was of interest to the researcher (Laws et al. 2003; Tolich and 

Davidson, 2011). Sites were used to gather water samples for quality analysis, and to conduct 

water-user questionnaire surveys to determine the sources, uses, and concerns for water in Ndola 

from the users’ perspective. Within this evolved the snowball approach, as certain households 
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asked for their water to be sampled. This purposive approach was used in order to capture the 

features that were needed to be able to then compare water quality between the strata, these being 

different land uses and geogenic areas within Ndola (Tolich and Davidson, 2011). Snowball 

sampling was of key importance in selecting the key informant interview sample, as through this 

approach, the sample population was obtained through the use of a few key contacts who then 

recommended other participants who may have been useful to the study (Laws et al. 2003; Henn et 

al. 2006; Tolich and Davidson, 2011). Snowballing is commonly used when there is a lack of a 

sampling frame due to the target population being unknown or when it is difficult to contact 

people, as was the case in this research (Tolich and Davidson, 2011). 

 

The laboratory and data analysis phase was conducted in Dunedin, New Zealand where the water 

quality samples were analysed in the Department of Geography at the University of Otago (Section 

3.7). Statistical analysis was conducted to determine whether there were statistically significant 

trends across Ndola’s water sources, while interview and questionnaire data was coded and 

summarised into key themes (Section 3.8).  

 

3.3 Study Area  

Due to the case study nature of this research, the hydrogeological characteristics of Ndola were 

essential in the research design. The natural water resources of Ndola are strongly influenced by 

the climatic conditions of the province, whereby the humid subtropical climate drives a strong 

temporal precipitation pattern (Czech Geological Survey, 2003). Located at 13°S and bordering the 

Democratic Republic of Congo, the Copperbelt lies between the equator and the Tropic of 

Capricorn. During the formation of the super continent of Gondwanaland 500 million years ago, 

the Copperbelt area formed from the collision of two cratons, resulting in an area that is now 

approximately 1300 metres above sea level (Mendelsohn, 1969; Czech Geological Survey, 2003; 

von der Heyden and New, 2005). Although the Copperbelt lies in the tropics, the relatively high 

altitude determines the climatic conditions, whereby there are three key seasons: wet (November-

April), dry-cold (May-August) and dry-hot (September-October). The wet season is characterised 

by high intensity, short duration thunderstorms, and accounts for over 95% of annual rainfall 

(average of 1300 mm) (Figure 3.2) (von der Heyden and New, 2004; von der Heyden and New, 

2005; Sracek et al. 2010). Temperatures range between 6°C and 32°C across the year (Figure 3.2) 

(Czech Geological Survey, 2003).  
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Figure 3.2: The annual precipitation and temperature variability in Ndola, Zambia (Source: Climate 

Data online, 2012). 

3.3.1 Groundwater resources: Ndola’s hydrogeology 

Underlying Ndola are three main aquifers (Figure 3.3). The Bwana Mkubwa and Skyways aquifers 

have a north-westerly flow direction, whilst the Kakontwe aquifer flows south-west (ASTA, 2013). 

The Kakontwe aquifer is known as an extremely high-yielding aquifer due to the carbonate nature 

of this area, providing a rich source of groundwater to the Mapalo and Misundu areas  (Moore, 

1967; Adams and Kitching, 1979). The Bwana Mkubwa aquifer supplies the Itawa Springs area, 

whilst the Kakontwe supplies the main dambo area (Figure 3.3) (ASTA, 2013). 



 39 

  

Figure 3.3: The three regional aquifers of Ndola, the Bwana Mkubwa, Kakontwe Limestone, and 

Skyways Industrial. Adapted from ASTA (2013).  

Within the Ndola aquifer network, the geogenic structure is of importance due to its influence on 

groundwater quality (see Section 2.2.2). The Copperbelt lies in sedimentary deposits, including 

shales, siltstones and sandstone mixed with carbonates such as limestone and dolomite (Pettersson 

et al. 2000). In Ndola specifically, the bedrock is dominated by two key rock formations, 

carbonaceous rocks in the east, including dolomite-limestone, and crystalline rocks in the west, 

including gneiss, granite and argillitic deposits (Mendelsohn, 1969; Pettersson et al. 2000). The 
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western side and southern half of the city sits on limestone, a major source of calcium carbonate, 

which readily dissolves in contact with naturally-acidic waters, and produces a landscape 

susceptible to submerged lakes, springs, and deranged river networks.  The Kafubu Stream marks 

the edge of the limestone section, which emerges from a spring-fed natural wetland (Figure 3.4). 

Adjacent to the limestone is a band of carbonaceous dolomite conglomerate, comprised of silt and 

sandstones, with a further outcrop in the south-west. Adjacent to the dolomite of the central city 

area is a tight semi-circular band of chert, sandstone, siltstone and argillite, a band of greywacke, 

argillaceous and felspathic quartzite, and a thin band of felspathic quartzite and arkose 

conglomerate (Figure 3.4). The eastern half the city is dominated by crystalline gneiss and foliated 

granite, which extends up into the northern area (Figure 3.4) (Mendelsohn, 1969; Dixon, 1992). In 

the southwest, there is also a pocket of quartz-mica schist (Figure 3.4). The geology therefore 

transitions from deeply metamorphosed limestone in the east, through the different levels of 

metamorphosed sandstone, siltstone and greywacke in the central area, and further through to the 

plutonic area of gneiss and granite in the west (Figure 3.4).  
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Figure 3.4: The geogenic composition of Ndola and surrounds. Adapted from British Geological 

Society (1968). 
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3.4 Data Collection and Sampling Strategy 

3.4.1 Water Quality Sampling 

A core component of this research was to gain an understanding of the spatial variability in surface 

water and groundwater quality within Ndola. To analyse these spatial variations, the city of Ndola 

was divided into three different strata groupings based on land use, geology, and site type. The 

respective strata are described in Figure 3.5 and Table 3.1, Figure 3.6 and Table 3.2, and Figure 

3.7. The land use strata ensured that a variety of water-users were included under a range of 

possible pollutant areas, while the geological strata ensured that comparisons could be made with 

relevance to the geological influence on metal mobility. Within each of these strata, sites were 

identified based on accessibility, and these included streams, dams, dambos, hand dug shallow 

wells, boreholes, and tap water from the KWSC (Figure 3.7). Sites were selected based on their use 

for either irrigation or drinking water, after communicating with the local users. Groundwater 

samples were taken across a range of depths, up to 50 metres deep, and in the case of hand dug 

shallow wells, a range of well protection practices were included (Bartram et al. 1996). To assess 

surface to groundwater interactions, attempts were made to collect samples from surface water and 

groundwater sites adjacent to each other. Two hundred and forty sites were sampled in total, 

including five dam sites, two dambo sites, 34 stream sites, one spring site, 15 KWSC municipal 

supply sites, 123 hand dug shallow well sites, and 60 borehole sites (Figure 3.7). Of the 

groundwater samples, the majority (67%) were taken from the water table (shallow wells), within 

which the maximum depth was 12 metres. 
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Figure 3.5: Spatial representation of the land use classes within Ndola, including the strata for 

water quality analysis. Adapted from: ESRI ArcGIS® basemap. 

Table 3.1: A description of the land use strata used for the water quality analysis in Ndola.  

Stratum Land use Description 

1 High Density Informal Compound 

2 High Density Planned Township 

3 Low Density Informal Compound (Rural Settings) 

4 Low Density Residential 

5 Industrial/Business 

6 Rural 

7 Riparian Peri-Urban Agriculture 
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Figure 3.6: Spatial representation of the simplified geogenic classes within Ndola, including the 

strata for water quality analysis. Adapted from British Geological Society (1968). 

Table 3.2: A description of the geogenic strata sampled for the water quality analysis in Ndola.  

Stratum Lithology 

1 Dolomite-limestone 

2 Granite-gneiss 

3 Schist 

4 Undifferentiated 
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Figure 3.7: The location of all sampling sites in Ndola, indicating the site type strata, and also 

highlighting the location of all communities sampled. 

3.4.2 Overview of the Communities Sampled 

Seventeen communities were visited in Ndola (Table 3.3; Figure 3.7). These possessed different 

levels of household wealth, whereby the respective population, means of water access, and in-situ 

sewage systems are outlined in Table 3.3. Note that in Table 3.3, population figures are estimates 

based on a combination of data sources, including the 2010 Zambian Census, KWSC statistics, and 

field data. Some population statistics, for example George, remain unknown. In all cases there is 
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considerable uncertainty, due to illegal immigration over the Democratic Republic of the Congo 

border and the migration of people within these communities. Additionally, the community 

referred to as Mapalo is officially known as Chipulukusu, meaning ‘cursed land’. However locals 

have renamed this area Mapalo, to now mean ‘blessed land’. The latter will be used to describe this 

community in this study. 

Table 3.3: Overview of the communities sampled (Source: Field Data; Central Statistics Office, 

2011). 

 

Kaniki 

 

Residential Class: Low density informal compound (rural) 

Estimated Population: 275 (Field Data) 

Water Access: 1 shallow well, 1 stream 

Sewage System: 1 pit latrine 

Number of Water Samples: 2 

Number of Water-User Interviews: 1 

George Residential Class: Low density informal compound (rural) 

Estimated Population: Unknown 

Water Access: Household shallow wells, 1 hand pump 

Sewage System: Numerous pit latrines 

Number of Water Samples: 9 

Number of Water-User Interviews: 8 

Maria 

Chimona 

Residential Class: Low density informal compound (rural) 

Estimated Population: Unknown 

Water Access: Sporadic household wells, 1 hand pump 

Sewage System: Numerous pit latrines 

Number of Water Samples: 10 

Number of Water-User Interviews: 9 

Baluba Residential Class: High density informal compound 

Estimated Population: 3,408 (Census) 

Water Access: Household shallow wells, 1 hand pump, 1 stream 

Sewage System: Numerous pit latrines and private sewage tanks 

Number of Water Samples: 23 

Number of Water-User Interviews: 19 

 

Kantolomba Residential Class: High density informal compound 

Estimated Population: 13,000 (KWSC) 

Water Access: 2 hand pumps, 1 leaking KWSC pipe, 8 KWSC kiosks 

Sewage System: Numerous pit latrines and private sewage tanks 

Number of Water Samples: 3 

Number of Water-User Interviews: 3 
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MacKenzie 

 

Residential Class: High density informal compound 

Estimated Population: 9,000 (KWSC) 

Water Access: Household shallow wells, 4 hand pumps (only 1 working in 

May 2013), 1 spring, 3 KWSC kiosks  

Sewage System: Numerous pit latrines and private sewage tanks 

Number of Water Samples: 12 

Number of Water-User Interviews: 12 

Nkwazi Residential Class: High density informal compound 

Estimated Population: 45,000 (KWSC), 21,402 (Census) 

Water Access: Household shallow wells, 1 stream, 17 KWSC kiosks  

Sewage System: KWSC sewage coverage 

Number of Water Samples: 9 

Number of Water-User Interviews: 8 

Twapia Residential Class: High density planned township 

Estimated Population: 43,000 (KWSC), 29,135 (Census) 

Water Access: Household shallow wells, 12 hand pumps, 20 KWSC kiosks 

Sewage System: Numerous pit latrines and private sewage tanks 

Number of Water Samples: 11 

Number of Water-User Interviews: 0 

Kabushi Residential Class: High density planned township 

Estimated Population: 12,094 (Census) 

Water Access: Household wells, Kafubu River, numerous hand pumps in 

schools and churches, KWSC pipes but no water supply  

Sewage System: KWSC sewage coverage 

Number of Water Samples: 13 

Number of Water-User Interviews: 14 

 

Ndeke Residential Class: High density planned township 

Estimated Population: 49,029 (Census) 

Water Access: Household wells, KWSC pipes but no water supply 

Sewage System: KWSC sewage coverage 

Number of Water Samples: 7 

Number of Water-User Interviews: 7 

  

Mapalo Residential Class: High density planned township 

Estimated Population: 40,000 (KWSC), 37,340 (Census) 

Water Access: Household shallow wells, 22 KWSC kiosks 

Sewage System: Numerous pit latrines and private sewage tanks 

Number of Water Samples: 42 

Number of Water-User Interviews: 41 
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Chifubu 

 

Residential Class: High density planned township 

Estimated Population: 13,048 (Census) 

Water Access: Household shallow wells, KWSC pipes with sporadic supply, 

numerous hand pumps in schools and churches 

Sewage System: KWSC sewage coverage 

Number of Water Samples: 5 

Number of Water-User Interviews: 5 

 

Itawa Residential Class: Low density residential 

Estimated Population: 20,518 (Census) 

Water Access: KWSC pipes, private boreholes 

Sewage System: KWSC sewage coverage 

Number of Water Samples: 8 

Number of Water-User Interviews: 0 

Kansenshi Residential Class: Low density residential 

Estimated Population: 12,955 (Census) 

Water Access: KWSC pipes, private boreholes 

Sewage System: KWSC sewage coverage 

Number of Water Samples: 14 

Number of Water-User Interviews: 10 

Northrise Residential Class: Low density residential 

Estimated Population: Unknown 

Water Access: KWSC pipes, private boreholes 

Sewage System: KWSC sewage coverage 

Number of Water Samples: 8 

Number of Water-User Interviews: 0 

Misundu Residential Class: Rural 

Estimated Population: Unknown 

Water Access: Private boreholes 

Sewage System: Private sewage tanks 

Number of Water Samples: 2 

Number of Water-User Interviews: 2 

  

Kafakumba Residential Class: Rural 

Estimated Population: Unknown 

Water Access: Private boreholes 

Sewage System: Private sewage tanks 

Number of Water Samples: 8 

Number of Water-User Interviews: 0 
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3.4.3 Sample Collection 

Grab samples were collected from drinking, domestic, and irrigation water supplies in low-density 

polyethylene (LDPE) nalgene containers and in sterile whirl bags (Bartram et al. 1996; Pettersson 

et al. 2000; Pettersson and Ingri, 2001). Before collection, containers were triple rinsed in the 

sample water, as was the sampling equipment (von der Heyden and New, 2004; Kusimi and 

Kusimi, 2012). All containers were completely filled to avoid any exchange between air and the 

aqueous state (Kusimi and Kusimi, 2012; APHA, 2012). Two 30 ml samples were taken at each 

site (one was filtered through a 0.45 μm on site (for dissolved metal analysis) and one unfiltered 

(for total recoverable metal analysis)), along with one 100 ml sample (for total coliform analysis). 

Filters were flushed with 10 ml of sample before a sample was taken to ensure the filters were not 

adding contamination to samples.  

 

Surface water samples were collected from a PET bottle attached to a 2 metre boom and were 

collected in the thalweg if sampling a stream, or 1.8 metres from the bank if sampling a dam or 

dambo. All were at a depth of 0.3 metres. Tap water (KWSC) and borehole samples were taken 

directly into containers to avoid contamination. Before any tap water or borehole sample was 

collected, the tap was left to run for five minutes or until temperature and EC readings were stable 

(Bartram et al. 1996; Reinmann et al. 1999). When sampling boreholes, water was collected from 

the nearest tap to the borehole and was always taken before the water entered any storage tank. 

When sampling from shallow wells, water was abstracted via the users bucket and rope system and 

care was taken to not allow the sampling container to touch the bottom or the sides of the well, 

ensuring that settled particles and the rock material itself did not enter and contaminate the sample 

(Bartram et al. 1996).  The depth that groundwater samples were taken from depended solely on 

the depth of the well and this varied across sites, ranging from 0.3 metres to 60 metres (Bartram et 

al. 1996). Field blanks were collected and deducted from samples in the analysis (Pettersson and 

Ingri, 2001). Sampling was not carried out during precipitation events, which ensured that 

contamination of the samples with rainwater was avoided (Kusimi and Kusimi, 2012).  

 

Due to the constraints of the field location and transportation issues, the normal 

refrigeration/freezing of water samples to preserve elements was not feasible. Instead nitric acid 

(70% univAR) was added to samples until a pH <2 was reached, in order to prevent the 

precipitation of metal hydroxides and the absorption of metal ions onto the walls of the container 

(Marcovecchino et al. 2007). Under these conditions, these samples could be stored for six months 

and analysed for a range of metals (Bartram et al. 1996). In-situ measurements (Section 3.5) were 

taken and recorded before any chemical preservative was added to a sample.  
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3.5 In-situ measurements 

3.5.1 Basic Water Quality Indicators 

All in-situ measurements were taken and recorded immediately after a sample was collected, along 

with all supporting information about the site (Bartram et al. 1996). These measurements included 

water temperature, EC, pH, and Eh. Supporting information included any algae growth, any 

floating objects in the water, any unusual sights or smells, and where relevant, the well/borehole 

depth, and the type of well mouth casing, internal casing, cover, and surrounding pavement. 

Furthermore, any problems encountered or any adaptations made during sampling were also 

recorded (Bartram et al. 1996).   

 

In-field measurements of water temperature, EC, pH, and Eh were taken using an YSI Pro Plus 

multi-probe (Table 3.4) (Pettersson et al. 2000; Pettersson and Ingri, 2001; Bird et al. 2009). All 

measurements were taken and recorded immediately after the sample was taken, as temperature 

changes quickly and pH may change significantly within a few minutes (Table 3.4) (Bartram et al. 

1996; APHA, 2012). While Eh was measured, field conditions were not conducive to the accurate 

measurement of this, and the readings rarely stabilised, despite the probe being calibrated to the 

manufacturer’s specifications. In order to correctly measure Eh, there must be a continuous flow of 

groundwater through a closed chamber to prevent contact with the air. This circumstance was not 

met in hand dug wells, hence as this was not viable in the field, Eh was not included in any further 

analysis (Levins and Gosk, 2008).  
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Table 3.4: Summary of the in-field analytical methods used for temperature, pH and EC. 

Element Method Detection Limit/Range 

Temperature YSI Pro Plus multi-probe -5 – 45 °C 

pH YSI Pro Plus multi-probe -2 – 19.99 

EC YSI Pro Plus multi-probe 0 – 2000 μS/cm 

3.5.2 Total Coliform Analysis 

To determine the total coliform forming units (CFU/100 ml), a 100 ml sample was taken at every 

site and stored in a cool insulated container until returning from the field (Bartram et al. 1996). 

Within 24 hours of sampling, the samples were prepared and analysed for total coliforms following 

the Standard Method 9222: Membrane Filter Technique for Members of the Coliform Group. The 

Membrane Filtration was conducted using the POTATEST WAG-WE10005 field-testing kit 

(Wagtech International, Berkshire, UK). All testing equipment was sterilised over a flame, as per 

the manufacturer’s manual, and repeated between every test. Under a vacuum, a measured volume 

of water was filtered (either 10 ml or 100 ml for surface waters and groundwater, respectively) 

through a sterile 0.45 μm cellulose acetate membrane (Ballance, 1996b). Through this filtering, any 

bacteria present were retained on the surface of the membrane, which was then transferred onto 

broth-soaked absorbent membrane pads that had been prepared in a sterile petri dish (Ballance, 

1996b). A dehydrated Membrane Lauryl Sulphate Broth was used, which was dissolved in an 

appropriate volume of distilled water and sterilised before use, following the manufacturer’s 

manual (Ballance, 1996b). Once all samples had been prepared, the petri dishes were left to rest for 

one hour and then incubated at 37 °C for 14 hours and coliforms then detected and counted 

(Ballance, 1996b). 

 

3.6 Interview and questionnaire strategy 

Through conducting interviews with key informants, as well as questionnaires with individual 

water-users, both qualitative and quantitative data was collected. Key informants included those 

people within the local authorities and community groups who are considered experts, or known to 

have specific knowledge on the water resources of Ndola city, whilst individual water-users were 

the local people within each stratum who use water resources for drinking, domestic, and irrigation 

water purposes. 

3.6.1 Ethical Considerations 

Due to the interactions with people that this research entailed, ethical issues were addressed and 

accounted for within the interview process. Through this process the following factors were 
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ensured. Firstly, professional integrity was maintained, whereby the researcher along with a local 

research assistant explained the research in full to all facilitators and research participants. 

Secondly, it was ensured that the interests of the research participants were protected through the 

use of informed consent. Thirdly, it was guaranteed that sufficient procedures were in place and 

carried out to allow for the privacy, anonymity and confidentiality of the participants (Laws et al. 

2003; Henn et al. 2006). In order to achieve these ethical considerations, ethics approval was 

sought and accepted from the University of Otago prior to commencing the research. Due to the 

fact that this research was undertaken overseas, and with personal information being collected, a 

Category A Ethics Approval form was submitted to the Human Ethics Committee (Appendix A). 

When conducting interviews, the ethical procedures as outlined in the ethics application, were 

adhered to.  

3.6.2 Interview and questionnaire process 

All interviews and questionnaires were conducted one-on-one with the participants, as this made 

the interview more personal and put the participant at ease about the information they were 

providing (Tolich and Davidson, 2011). These interviews and questionnaires provided an in-depth 

knowledge about the state of water use and quality in Ndola, whereby through verbal discourse, 

descriptions and explanations about the situation became clearer, hence increased the reliability of 

the data collected (Henn et al. 2006). Through the use of one-on-one communication any confusion 

over the questions being asked was resolved in the field by the interviewer (Tolich and Davidson, 

2011). Both closed-ended and open-ended questions were included in the individual water-user 

questionnaire, while the key informant interviews were limited to open-ended questions. Closed-

ended questions were useful as they provided data that can be coded for analysis. However, open-

ended questions were also included as these allowed people to give data-rich answers and meant 

that they were not forced to answer in a certain way, hence increasing the wealth of knowledge 

gained (Tolich and Davidson, 2011).  

 

Interviews were conducted with 14 key informants and these took place in their offices. Using the 

snowball approach (Section 3.2), this process started with interviewing an employee of the 

Ministry of Agriculture, based in Ndola. Interviews with key informants were of a semi-structured 

nature, whereby only the initial interview questions were pre-written, with the remaining 

discussion developing as the interview advanced (Appendix B). Through using a semi-structured 

approach, the interviewer was able to mould the interview as it progressed, exploring particular 

issues or topics that arose through the interview. This was useful in order to develop specific 

knowledge based on the issues that each key informant raised, much of which was not known until 

beginning the interview (Henn et al. 2006). Participants were also allowed to express themselves 

and were not limited to the information they were able to provide due to a structured set of 
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questions. Furthermore, the semi-structured approach was useful as it allowed the structure of the 

interview to evolve as new knowledge was gained once in the field (Henn et al. 2006). The overall 

aim of these interviews was to gather information on the policies/programmes that are in place to 

help the local people access sufficient water supplies and to manage these resources, as well as any 

associated problems. 

 

Questionnaires were then carried out with individual water-users at the sites where water samples 

were collected. One hundred and fifty two questionnaires were completed. These were structured, 

hence the questions to be asked were known prior to the start of the interview (Henn et al. 2006), 

the key questions being detailed in Appendix C. The overall aim of these interviews was to 

understand the main sources and uses of water in Ndola, how the local people perceive their water 

supply, and any problems they see. Taste and colour were used to assess users’ perceptions, as 

these are the factors that they use on a daily basis, in the absence of formal scientific knowledge as 

to their water quality.   

 

All key informant interviews were conducted in English by the researcher. Throughout the water-

user questionnaire process, a graduate from the Copperbelt University who is fluent in Bemba (the 

local language) was present, in order to provide translation support where needed and to ease any 

worries the participant may have had. Due to language constraints, all water-user questionnaires 

were in Bemba (the local language) and then translated. Before any interview or questionnaire 

began, details about the research were provided to the participants by way of an information sheet 

that outlined the purpose of the research, the questions that were to be asked, their rights as a 

participant, and what would happen to the information they provided (Appendix D; Appendix E) 

(Laws et al. 2003; Tolich and Davidson, 2011). This process was designed to ensure that the 

participants understood that their participation was entirely voluntary and that their anonymity and 

confidentiality would be maintained throughout the research process (Tolich and Davidson, 2011). 

This ensured a safe environment was created, within which participants were able to contribute 

freely and without concern about any negative consequences from offering their opinions (Tolich 

and Davidson, 2011). Before the interviews and questionnaires commenced, participants were 

asked to sign a consent form stating that they understood their involvement in the research 

(Appendix F; Appendix G). Participants were also made aware that a copy of the thesis could be 

made available after completion. With the permission of the participant, key informant interviews 

were recorded using a dictaphone. Notes were also taken to act as a backup data source. Before the 

interview was closed, the participants were shown the researcher’s notes in order to ensure that 

they have recorded the correct information (Laws et al. 2003). Participants understood that the data 

collected was to be securely stored for five years in a locked cabinet at the University of Otago in 
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the Department of Geography, in line with the University requirements. After this time, all data 

will be destroyed.  

3.6.3 Possible limitations in the interview process/positionality 

Due to the fact that the researcher was a foreign female, several issues were expected to arise when 

conducting these interviews. Firstly, while English is an official language in Zambia, translation 

support was required. This was especially the case in the poorer communities. In this process, it is 

possible that some aspects of the questions and answers may have been lost in translation. 

Secondly, while all participants were informed that their answers are confidential and that their 

anonymity was to be protected, some participants may not have been completely forthcoming in 

their answers. Thirdly, participants, especially male participants, may have been reserved in 

wanting to participate considering that both the researcher and research assistant were females. 

Although the field assistant was a female, having her in the field helped to address the above 

problems. Being an educated and local woman, she was able to gain the respect needed to conduct 

the interviews and collect samples.  Overall, the researcher has allowed for any remnant issues in 

the final data analysis, realising that some data collected may not reveal all aspects of user’s 

opinions.  

 

3.7 Laboratory Methods 

3.7.1 Sample Preparation 

The Department of Geography laboratory at the University of Otago was used to analyse the 

dissolved and total recoverable loads of heavy metals in the Ndola samples. All samples were 

analysed using the Inductively Couple Plasma – Optical Emission Spectroscopy (ICP-OES). All in-

field filtered samples were placed straight into hydrochloric acid washed polypropylene tubes (8 

ml), ready for dissolved metal analysis, while the dissolved cation samples had 0.45 ml of caesium 

chloride added before analysis. The unfiltered samples, intended for total recoverable metal 

analysis, underwent an acid digestion to release any heavy metals that had bonded to particulate 

matter in the sample, for example, organic matter (Marcovecchino et al. 2007; APHA, 2012). Ten 

millilitres of sample was transferred into 25 ml polypropylene digest tubes (APHA, 2012). The 

nitric acid required was already in the samples from the preservation technique, therefore only 

hydrochloric acid was added at a 2:1 ratio of HNO3 to HCl (USEPA, 1999). These samples were 

then digested by placing them on a hot plate, where they were concentrated by sub-boiling 

evaporation for two hours at 95 °C. The evaporation process ensured that all organic matter was 

completely eliminated and that all analytes that were available for recovery were soluble and 

relatively stable in the sample (USEPA, 2004; Marcovecchino et al. 2007). The samples were then 
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left to cool and were diluted back to 10 ml (to allow for the concentration that occurred during the 

digest) before they were ready for the ICP-OES analysis. For the total recoverable cation analysis, 

0.45 ml of caesium nitrate was automatically added by the ICP-OES. In both the dissolved and 

total recoverable cases, the caesium chloride and caesium nitrate, respectively, was added to 

supress ionization, as both elements are susceptible to being partially ionized in the nitric acid 

(Morishige and Kimura, 2008).  

3.7.2 ICP-OES 

A total of 18 elements were measured on the ICP-OES and three measurements were taken on each 

sample and then averaged. Field blanks and digest blanks were also analysed and duplicates were 

spread throughout the runs, as well as control samples, in order to allow for quality control between 

each run and each day of analyses. IV-Stock 6 and IV-Stock 8 were used as the stock standards for 

preparing working standards for each metal ion analysed. The samples were ejected and pumped 

into an argon gas stream through an inductive radio frequency couple region where plasma formed. 

The desolvation, ionisation, excitation and characteristic radiative emissions for the analytes then 

took place in this plasma and the resultant emitted radiation was then directed through the 

spectrometer where the samples were dispersed into component wavelengths, indicating the 

specific elements present in the respective plasma (USEPA, 2004; APHA, 2012). 

3.7.3 Laboratory Calculations 

Laboratory data was corrected for blank values based on the replicate field blank samples analysed. 

This ensured that any sampling, equipment, laboratory, and digest contamination was eliminated. 

The precision, accuracy, and instrument detection limit are all noted in Table 3.5, Table 3.6, and 

Table 3.7. Precision was calculated as the standard deviation of all standards, whilst the accuracy is 

the average of all standards minus the known standard concentration (Kegley and Andrews, 1998).  

 

Carbonate hardness was calculated using Equation 1.  

                                               Equation 1 
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Table 3.5: Accuracy, precision, and instrument detection limit for all total recoverable metals analysed on the ICP-OES. 

 Al 

(μg/l) 

B 

(μg/l) 

Cd 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Zn 

(μg/l) 

Pb 

(μg/l) 

Ba 

(μg/l) 

Sr 

(μg/l) 

Se 

(μg/l) 

Accuracy 13.0 2.9 1.6 0.1 0.2 3.3 0.4 0.6 0.7 3.2 0.4 0.7 1.0 3.4 

Precision 15.2 2.1 1.9 1.6 1.6 1.9 2.9 1.5 1.6 4.1 1.6 1.8 1.3 2.5 

Instrument Detection Limit 10.0 1.0 0.1 0.6 1.0 2.0 1.0 2.0 0.1 3.0 3.0 0.1 0.1 10.0 

 

Table 3.6: Accuracy, precision, and instrument detection limit for all dissolved metals analysed on the ICP-OES. 

 Al 

(μg/l) 

B 

(μg/l) 

Cd 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Zn 

(μg/l) 

Pb 

(μg/l) 

Ba 

(μg/l) 

Sr 

(μg/l) 

Se 

(μg/l) 

Accuracy 8.1 4.8 7.0 4.5 6.1 3.8 4.3 1.4 3.7 10.1 5.9 2.2 4.1 7.5 

Precision 1.7 1.4 1.6 1.2 1.6 1.3 1.5 1.0 1.0 1.6 1.4 0.7 0.9 7.5 

Instrument Detection Limit 1.0 2.0 0.2 0.6 1.0 4.0 3.0 0.6 0.3 6.0 4.0 0.7 0.7 3.0 

 

Table 3.7: Accuracy, precision, and instrument detection limit for all dissolved cations analysed on the ICP-OES. 

 Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

Accuracy 15.6 0.6 0.8 0.4 

Precision 6.8 0.5 0.2 0.4 

Instrument Detection Limit 1.0 3.0 2.0 4.0 
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3.8 Data Analysis 

3.8.1 Statistical Testing 

Due to the trace element nature of the data set, a high proportion of elements were not detected, 

implying that their true value is known to lie somewhere between zero and the instrument detection 

limit of the ICP-OES (Table 3.8). Statistically, this type of data is known as censored data and it is 

essential that statistical analysis allows for the correct treatment of these values, whereby excluding 

or deleting these values will introduce a strong bias to any descriptive statistics and tests (Helsel, 

2012). The methods of Helsel (2012) were used for the following statistical analysis using two 

statistical programmes, Minitab 16® and R. Following blank corrections, a preliminary assessment 

of the data was conducted in order to eliminate elements that had more than 90% of values below 

the instrument detection limit (Table 3.8), as the statistical methods are not robust enough to 

calculate descriptive statistics when the proportion of censored data is this high. 

Table 3.8: Elements analysed on the ICP-OES and the percentage that were below the instrument 

detection limit, indicating those that were used in further analysis. 

 
Dissolved 

Analysis 

Total 

Recoverable 

Analysis 

Used in further 

analysis? 

Al 30% 8% Yes 

As 87% 93% No 

B 96% 47% No 

Cd 96% 99.6% No 

Co 32% 78% Yes 

Cr 88% 52% Yes 

Cu 63% 81% Yes 

Fe 43% 12% Yes 

Li 0% 46% Yes 

Mn 8% 0.5% Yes 

Zn 20% 20% Yes 

Pb 98% 99% No 

Ba 0% 0% Yes 

Sr 0.4% 0% Yes 

Se 10% 100% No 

Ca 0% N/A Yes  

Na 0% N/A Yes 

K 0% N/A Yes 

Mg 0% N/A Yes 
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The descriptive statistics were calculated using the Kaplan-Meier (K-M) method, which avoids all 

assumptions about the shape of the data distribution, hence is the standard non-parametric method 

(Lee and Helsel, 2007; Helsel, 2012). There are three techniques within the K-M method, whereby 

bootstrapping was used in this instance, as it provides reliable parametric estimates of confidence 

intervals for data with censored values (Helsel, 2012). Bootstrap estimates are based on repeated 

random samples taken with replacement from the observed data (Efron, 1979), whereby in this 

case, the descriptive statistics were computed for each random sample using the K-M method. The 

statistical distribution was estimated using the percentiles of the collection of computed values 

(Helsel, 2012). The K-M method was used to generate the median and mean, and the associated 

95% confidence intervals, for each class within the geogenic, land use, and site type strata. The 

KMBoot Minitab 16® macro and the BootKM Minitab 16® macro, respectively, were used to 

calculate these statistics, both of which are explained in detail in Appendix I (Helsel, 2012). Whilst 

the K-M method is designed for right-censored data (data with greater values), a data 

transformation technique known as flipping, is available to transform left-censored data (data with 

less than values) into right censored data (Helsel, 2012). This transformation was embedded within 

the Minitab® macros used (Appendix I) (Helsel, 2012). Upon investigation of the respective 

median and mean results, the mean values were chosen for further analysis as they were more 

robust in dealing with the censored data, especially in cases where there was a large proportion of 

censored values. Conversely, the total coliform data was analysed using the median and median 

average deviation techniques due to the extreme outlier nature of this data.  

 

The Kruskal-Wallis test was applied to determine whether there was a statistically significant 

difference in the concentrations between each class within the geogenic, land use, and site type 

strata. Kruskal-Wallis is based on ranks within the data, and is appropriate for non-parametric data. 

When applied to censored data, all censored values are set to the instrument detection limit for each 

element (Table 3.5, Table 3.6, and Table 3.7), and when ranked, these observations become tied at 

the lowest rank (Helsel, 2012). This test was conducted in Minitab 16® using the macro censKW, 

as explained in Appendix I (Helsel, 2012). The results from these tests indicated whether there 

were statistically significant differences between classes and if so, which classes were significantly 

higher or lower than others (Kitchin and Tate, 2000). The Dunn’s Multiple Comparison test 

indicated which classes were responsible for these differences, whereby the subcommand APLHA 

0.05 (Appendix I) was included to show these results (Helsel, 2012). 

 

Correlation analysis was conducted to determine whether there were any associations between two 

variables, whereby the strength of any association is measured by a correlation coefficient (Corder 

and Foreman, 2009). Spearman’s rho (ρ) was used to assess the association between selected 

dissolved and total recoverable metal concentrations with both pH and hardness, due to its robust 



 59 

nature with non-parametric data (Helsel, 2012). Spearman’s rho is computed by calculating 

Pearson’s r (an alternate correlation coefficient) on the ranks of data, whereby censored values are 

considered ties (Helsel, 2012). These correlations were conducted using R based on the NADA 

package developed by Helsel (2012) (Appendix I).  

 

Principal Component Analysis (PCA) was then used to identify trends within the geogenic, land 

use, and site type stratums. PCA reduces the dimensionality of data in order for variations within a 

data set to be visualised, highlighting the variables that capture the majority of the variation 

(Dunteman, 1989). Therefore, PCA has been used to indicate the processes responsible for the 

varying element concentrations observed between sites within each of the three stratums (Levins 

and Gosk, 2008). Minitab 16® was used, whereby censored data was set as the instrument 

detection limit value for each respective element. Factor loadings were obtained, whereby these 

indicate the correlation of a particular element with that factor (Dunteman, 1989) (Appendix I).  

3.8.2 Spatial Mapping 

Spatial mapping of the laboratory results was conducted for specific elements of interest to visually 

analyse spatial differences using ArcGIS. Spatial trends were analysed over land use, and geogenic 

base maps. The land use map was based on a mapping exercise carried out in the field, whilst the 

geogenic and accompanying aquifer maps were based on information provided by the British 

Geological Survey (1968) and the Deutsche Gesellschaft fur Internationale Zusammenarbeit (GIZ), 

ASTA (2013), respectively.  

3.8.3 Key Informant Interview and Water User Questionnaire Data 

Analysis 

The process of analysing the interview and questionnaire data was cyclical, whereby the analysis 

began in parallel with data collection. For example, the information provided by one participant led 

to additional questions being asked in subsequent interviews (Kitchin and Tate, 2000). After the 

interviews and questionnaires had been carried out, the data was compacted into a manageable 

form. This began with transcribing audio recordings of interviews/updating the notes taken at each 

interview (Kitchin and Tate, 2000). In terms of the information gathered from the key informant 

interviews, the data was summarised and grouped into key themes. Theme headings included the 

current systems for water provision in Ndola, the historical, current, and predicted future water 

supply and water quality issues for Ndola, the water policies of Zambia and the strengths and 

weaknesses of these, the level to which users understand water quality from the key informants 

experience in the field, and the priorities from the key informants perspective as to the future of 

water provisioning and water quality assurance in Ndola. A coding system was then used for the 

open-ended questions from the water-user interviews, whereby key themes were assigned a code 



 60 

and answers were allocated respectively within each stratum (Kitchin and Tate, 2000). These 

themes included user’s source of water, their use of water, their concerns for quality and quantity, 

their irrigation use and any associated problems, their level of government and NGO support, and 

their requests for future help. Patterns and trends within each stratum were then found and these 

were compared to others, to conclude whether there were differences in use and perceived quality. 

To quantitatively analyse the water-user questionnaire data, the answers for closed questions were 

entered into dummy tables corresponding to each question and descriptive statistics were obtained 

and charts produced (Kitchin and Tate, 2000). 

 

3.9 Conclusion 

Researching water and any associated challenges cannot be viewed as simply qualitative or 

quantitative research. A combination of both must be allowed for if a coherent understanding of all 

challenges is to be attained. A combination of qualitative and quantitative methods was used in this 

research in order to address the research aims and questions outlined in Section 2.4. Physical water 

samples, water-user questionnaire, and key informant interviews in the field work phase, plus 

laboratory analysis, interview analysis, and statistical analysis of the final data sets were all 

necessary steps within this research. These methods obtained the data that the following chapters 

will now explore.  
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4. Results 
A range of water sources are used across Ndola, including municipal supply, private boreholes, 

NGO boreholes, hand dug shallow wells, leaking municipal supply pipes, dambos, and streams. 

The hydrochemical properties of these different water sources across Ndola are described in this 

chapter, coupled with the relative use and water-user perceptions of these. A combination of 

hydrochemical, key informant, and water-user data is presented to identify water quality concerns 

in Ndola. Firstly, an overview of the hydrochemical characteristics of these KWSC supply, surface 

waters, shallow wells, and boreholes will be used to show the quality of supply available, and any 

differences between these (Section 4.1). The hydrochemical characteristics of groundwater are 

described, with particular attention paid to the spatial variations across differing lithologies within 

the subsurface zone, to elucidate contamination concerns across the city and the influence of 

lithology, in relation to both shallow wells and boreholes (Section 4.2). The relative use of different 

sources and the accompanying perceptions of quality will be presented (Section 4.3). Thereafter, 

the challenges to both municipal and private supply will be addressed (Section 4.4). The chapter 

concludes with an overall summary of the results, highlighting points for further discussion 

(Section 4.5). 

 

4.1 The hydrochemical characteristics of the water 

sources in Ndola 

4.1.1 Municipal supply: Kafubu Water and Sewage Company’s 

treated and delivery water 

Water abstracted from the Kafubu Dam and treated at the Kafubu Treatment Plant was analysed. 

Pre-treatment water was characterised by total coliform concentrations, while all other elements 

were below the WHO guideline values for health (Table 4.1; Table 4.2). The addition of chlorine 

during the treatment process appears successful, reducing the total coliform count from 86 

CFU/100 ml to 0 CFU/100 ml, pre- to post-treatment (Table 4.1). Total coliform concentrations 

remained at 0 CFU/100 ml through the delivery process (Table 4.1). Treatment led to little change 

in the EC, pH, cations, and the subsequent hardness of the water that is distributed (Table 4.1; 

Figure 4.1). For example, despite the addition of chlorine, water hardness barely decreased from 

185 mg/l as CaCO3 pre-treatment to 174 mg/l as CaCO3 post-treatment (Table 4.1). On delivery, 

hardness continued to increase, averaging 245 mg/l as CaCO3 (Table 4.1). Filtration and settling 
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during the treatment process had a minimal effect on the removal of total recoverable metals, 

whereby aluminium, barium, and manganese were the only tested metals to show nominal 

decreases in concentration. Both iron and zinc showed marked increases post-treatment (Figure 

4.1). For example, iron increased from 172 μg/l to 262 μg/l, pre- to post-treatment, and zinc 

increased from 4 μg/l to 72 μg/l (Figure 4.1; Table 4.2). On delivery, iron decreased, however zinc 

continued to increase, with an average total recoverable concentration of 126 μg/l (Table 4.2).  
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Table 4.1: The EC, pH, total coliform (TC), and major dissolved cation concentrations for Kafubu Water and Sewage Company (KWSC) water supply in 

Ndola taken from the Kafubu Dam, including pre-treatment, post-treatment, and mean delivery concentrations.  

 

 
EC 

(µS/cm) 
pH 

TC 

(CFU/100 ml) 

Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

Hardness 

mg/l as CaCO3 Classification 

WHO Guideline Value - - 0 - - - - - - 

Pre-Treatment 320.0 7.8 86 43.4 1.9 18.7 5.0 185.4 Very Hard 

Post-treatment 336.4 7.2 0 40.3 1.9 17.8 4.9 173.9 Hard 

Pipe Delivered Water 400.0 7.7 0 244.7 1.3 26.1 2.6 244.7 Very Hard 

 

Table 4.2: The total recoverable metal concentrations for Kafubu Water and Sewage Company (KWSC) water supply in Ndola taken from the Kafubu 

Dam, including pre-treatment, post-treatment, and mean delivery concentrations. BDL indicates that all sites within that class were below the 

instrument detection limit, hence in the case of pre and post-treatment, a single value could not be derived, and in the case of delivered water, 

bootstrapping could not be used to estimate the mean concentration.  

 Al 

(μg/l) 

Ba 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Sr 

(μg/l) 

Zn 

(μg/l) 

WHO Guideline Value 90.0 2000.0 - 50.0 1300 - - 400.0 4000.0 3000.0 

Pre-Treatment 25.0 73.2 BDL 11.7 BDL 171.9 BDL 23.5 159.4 3.5 

Post-treatment 11.9 72.9 BDL 12.4 BDL 261.6 BDL 11.6 159.2 71.6 

Pipe Delivered Water 11.2 53.2 BDL 5.7 2.4 16.2 5.6 2.9 158.5 125.8 
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Figure 4.1: The impact of water treatment at the KWSC Kafubu Treatment Plant on the concentrations of select total recoverable metals and cations. 
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4.1.2 Private supply: surface waters, shallow wells, boreholes 

Surface waters showed high total coliform contamination in comparison to shallow wells and 

boreholes, with median values of 101 CFU/100 ml, 7 CFU/100 ml, and 0 CFU/100 ml respectively 

(Table 4.3). Furthermore, surface waters had significantly higher total recoverable metal 

concentrations of aluminium, copper, iron, and manganese compared to shallow wells and 

boreholes (Table 4.4). For example, aluminium contamination varied from 176 μg/l to 150 μg/l to 

20 μg/l between surface waters, shallow wells, and boreholes respectively (Table 4.4). Both surface 

water and shallow well concentrations were of concern, as they exceeded the WHO drinking water 

guideline values of 90 μg/l and the USEPA secondary guideline of 50 μg/l (Table 4.4). Surface 

water contamination continued to exceed shallow well and borehole contamination within the 

dissolved metal concentrations for aluminium, iron, and manganese (Table 4.4). However, surface 

water dissolved aluminium no longer exceeded the WHO health guideline value (Table 4.4). 

Additionally, in the dissolved form, surface waters were no longer characterised by the highest 

concentrations. In the dissolved form, boreholes showed significantly higher copper concentrations 

to surface waters and shallow wells (Table 4.4).  

 

Subsurface contamination was, on average, a magnitude lower relative to surface waters. Firstly, 

elevations of metal concentrations that were of statistical significance within shallow wells 

compared to boreholes were limited to aluminium and manganese. These trends were evident in 

both total recoverable and dissolved concentrations (Table 4.4). For example, shallow well total 

recoverable manganese had an average concentration of 92 μg/l compared to 25 μg/l in boreholes 

(Table 4.4). The hydrochemical composition of shallow wells is well characterised by principal 

component analysis, where high shallow well contamination (manganese and barium) is 

represented by Factor 1, although this high barium concentration in relation to surface waters and 

boreholes was not deemed statistically significant (Table 4.4; Figure 4.2). However, borehole 

quality showed significantly higher concentrations of total recoverable and dissolved zinc and iron 

in relation to both shallow wells and surface waters (Figure 4.3). Copper was also significantly 

higher in boreholes, but only in relation to shallow wells (Table 4.4). Principal component analysis 

further exemplifies these hydrochemical properties, where Factor 2 shows zinc, lithium, and copper 

and all have high factor loadings, compared to the low factor loadings of aluminium and strontium 

(Figure 4.2). Zinc for example, had an average total recoverable concentration of 140 μg/l in 

boreholes, compared to 12 μg/l and 16 μg/l in shallow wells and surface waters, respectively (Table 

4.4; Figure 4.3).  

 

When comparing the dissolved form to the total recoverable concentration of metals between 

surface waters, shallow wells and boreholes, it is evident that the majority of the total recoverable 
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metal concentrations were as the dissolved form. The percentage of dissolved metals relative to 

totals, increased as water moved from surface waters, to shallow wells, and finally to boreholes. 

This pattern was particularly strong for aluminium, cobalt, chromium, manganese, zinc, strontium, 

and iron (Table 4.4). For example, the dissolved form for cobalt increased from 57% to 84% to 

92% between surface waters, shallow wells and boreholes, whereas the dissolved form for iron 

increased from 17% to 21% to 36% (Table 4.4). There was also considerable variability between 

metals as to the solubility across all site types; for example aluminium, which appears to have had 

much lower dissolved percentages (9%, 11%, and 22% in surface waters, shallow wells and 

boreholes, respectively) compared to strontium (97%, 99%, and 100% in surface waters, shallow 

wells and boreholes, respectively) (Table 4.4). Note that in Table 4.4, some dissolved 

concentrations are greater than the total recoverable concentration; however this is simply a 

function of analytical accuracy and in these cases, it is assumed that the dissolved form is 

responsible for 100% of the total recoverable concentration, for example, borehole strontium.   
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Table 4.3: The means for EC, pH, major dissolved cation concentrations, and medians for total coliform (TC) in boreholes, shallow wells, and surface 

waters within Ndola. Values in red indicate those that exceed the thresholds shown in Section 2.1.  

 
EC 

(µS/cm) 
pH 

TC 

(CFU/100 ml) 

Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

Hardness 

mg/l as CaCO3 Classification 

WHO Guideline Value - - 0 - - - - - - 

Surface Waters (Dams, dambos and rivers) 245.5 7.5 101 28.2 3.7 14.0 8.4 128.4 Hard 

Shallow Wells (0.3 – 12 metres) 270.7 6.5 7 23.3 6.6 14.1 11.1 116.3 Moderate 

Boreholes (20 - 60 metres) 218.8 6.6 0 21.3 2.7 13.5 5.8 109.2  Moderate 

Statistically Significant Difference?
1 No Yes Yes No No No Yes No N/A 

1
Statistically significant difference between site type at the p = 0.05 level 
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Table 4.4: The mean total recoverable and dissolved metal concentrations and the percentage of total that is in the dissolved form for surface waters, 

shallow wells, and boreholes within Ndola, shallow well sites only. Values in red indicate those that exceed the thresholds shown in Section 2.1.  

  
Al 

(μg/l) 

Ba 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Sr 

(μg/l) 

Zn 

(μg/l) 

WHO Guideline Value  90.0 2000.0 - 50.0 - - - 400.0 4000.0 3000.0 

Surface Waters (dams, dambos and rivers) 

Total 175.5 81.7 2.1 3.8 8.5 888.0 3.2 83.1 117.0 16.0 

Dissolved 15.1 69.1 1.2 0.9 4.2 152.7 2.2 53.9 113.4 14.4 

%
1
 9% 85% 57% 24% 49% 17% 69% 65% 97% 90% 

Shallow Wells (0.3 – 12 metres) 

Total 150.0 103.4 1.9 2.7 2.6 207.3 2.6 92.2 111.6 12.4 

Dissolved 10.7 92.1 1.6 1.0 4.2 42.5 1.2 84.1 110.1 11.4 

%
1
 7% 89% 84% 37% 100% 21% 46% 91% 99% 92% 

Boreholes (20 - 60 metres) 

Total 19.7 85.9 2.4 2.4 7.8 1135.0 7.6 25.4 78.0 139.6 

Dissolved 4.4 79.0 2.2 1.0 5.3 404.0 8.0 22.3 79.4 - 

%
1
 22% 92% 92% 42% 68% 36% 100% 88% 100% - 

Statistically significant difference
2 Yes No No No Yes Yes Yes Yes No Yes 

1 
Dissolved form as a percentage of the total recoverable concentration 

2 
Statistically significant difference between site type at the p = 0.05 level 
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Figure 4.2: The factor loadings assigned to Factor 1 and Factor 2 for total recoverable metals based 

on the site types sampled in Ndola under principal component analysis. Factor 1 

represents shallow wells, while Factor 2 represents boreholes. 

 

 

Figure 4.3: Total recoverable iron and zinc across surface waters, shallow wells, and boreholes in 

Ndola, indicating high borehole contamination.  



 70 

4.2 Spatial variations in the hydrochemical 

characteristics of water sources in Ndola 

Spatial variations were expected between the land uses of Ndola, and between the different 

geogenic areas. However, Kruskal-Wallis testing between the land use categories (outlined in 

Section 3.8.1) indicated no clear trends within the results, possibly due to the confounding factor 

that geogenic processes introduce to water quality analysis. However, statistically significant 

spatial variations between lithologies were found. Henceforth, results will focus on these geogenic 

differences only. Within these differences, analysis has been split into shallow wells and boreholes 

in order to reduce the confounding influences of the significant differences seen in some elements 

between shallow wells and boreholes (see Section 4.1.2). 

4.2.1 Spatial geogenic variations: shallow wells 

It was expected that the shallow well analysis could be used as an indicator of surface water to 

groundwater contamination due to the water table nature of these wells. Overall, the key trend 

observed within the shallow wells was low metal concentrations within the granite-gneiss areas, 

relative to the high metal concentrations in the schist areas. For example, within total recoverable 

metal concentrations, granite-gneiss was significantly lower than both dolomite-limestone and 

schist in strontium, manganese, iron, and aluminium, and significantly lower than schist in barium 

(Table 4.5; Figure 4.4; Figure 4.5). Taking iron as an example, average total recoverable 

concentrations decreased from 317 μg/l in schist to 240 μg/l in dolomite-limestone, and further 

decreased to 69 μg/l in granite-gneiss (Table 4.5; Figure 4.4). Furthermore, in the case of 

aluminium, granite-gneiss was the only geogenic class to have an average value below the WHO 

health guideline value of 90 μg/l (Table 4.5; Figure 4.4). Principal component analysis further 

identified the trend of low granite-gneiss contamination, whereby Factor 2 shows low values for 

aluminium, strontium, and zinc, although the low granite-gneiss zinc concentration was not 

regarded as being statistically significant (Figure 4.6; Table 4.5). Chromium was the only element 

to be significantly higher in the granite-gneiss areas (Table 4.5; Figure 4.6). Dissolved 

concentrations continued to follow a similar trend with significantly lower granite-gneiss 

concentrations in manganese, iron, and barium (Table 4.5). However, dissolved aluminium was 

significantly lower in the schist areas in comparison to granite-gneiss and dolomite-limestone 

(Table 4.5). Similarly, strontium was significantly lower in the dolomite-limestone areas in 

comparison to granite-gneiss and schist (Table 4.5).  

 

High levels of strontium, iron, manganese, lithium, and barium were evident in schist, across both 

total recoverable and dissolved concentrations (Table 4.5; Figure 4.5). For example, the average 
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total recoverable concentration of barium in schist was 213 μg/l, compared to 102 μg/l and 94 μg/l 

for granite-gneiss and dolomite-limestone, respectively (Table 4.5).  

 

Granite-gneiss however, had the lowest pH and hardness values (pH = 6.5, 5.7, and 6.7, hardness = 

157 mg/l, 30 mg/l, 114 mg/l, in dolomite-limestone, granite-gneiss and schist, respectively) (Table 

4.6), which are associated with the differing dissolved versus total recoverable trends outlined 

above, and the high percentages of the total recoverable found to be in the dissolved form across a 

range of elements. For example, cobalt, zinc, and strontium are all 100% dissolved, whilst barium 

is 93% dissolved (Table 4.5). However, only cobalt was seen to have a significant correlation with 

pH and hardness correlations. For example, Spearman rho correlations showed a strong negative 

correlation of cobalt with pH and a weak negative correlation of cobalt with hardness (p value’s of 

0.000 and 0.0131, respectively). Contrarily, strontium showed a significantly strong and very 

strong positive correlation respectively with pH and hardness, (p value’s of 0.0000 and 0.0000, 

respectively) (Appendix I).  
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Table 4.5: The mean total recoverable and dissolved metal concentrations and the percentage of total that is in the dissolved form for the main geology 

classes within Ndola, shallow well sites only. Values in red indicate those that exceed the thresholds shown in Section 2.1. BDL indicates that 

all sites within that class were below the instrument detection limit, hence censored value bootstrapping could not be used to estimate the mean 

concentration.
 
N/A indicates that either the total recoverable or dissolved metal concentrations for all sites within that specific class were below 

detection limit. 

  
Al 

(μg/l) 

Ba 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Sr 

(μg/l) 

Zn 

(μg/l) 

WHO Guideline Value 
 

90.0 2000.0 - 50.0 1300.0 - - 400.0 4000. 3000.0 

Dolomite-limestone 

Total 187.0 94.1 2.0 2.1 2.9 240.4 2.7 126.0 139.6 11.1 

Dissolved 11.6 83.4 1.6 1.0 4.2 59.7 1.0 115.6 1.3 9.9 

%
1 6% 91% 80% 48% 100% 25% 37% 92% 1% 89% 

Granite-gneiss 

Total 69.1 102.1 1.5 4.3 BDL
 

111.9 2.5 10.5 38.8 8.7 

Dissolved 10.0 94.5 1.5 BDL BDL 6.1 1.8 9.2 38.9 8.7 

%
1
 14% 93% 100% N/A

 
N/A 5% 72% 88% 100% 100% 

Schist 

Total 131.0 212.5 2.4 0.9 BDL 317.2 2.4 127.7 175.0 46.1 

Dissolved 5.2 180.9 1.8 BDL BDL 55.9 0.6 111.7 152.0 40.3 

%
1
 4% 85% 75% N/A N/A 18% 25% 13% 87% 87% 

Statistically significant difference?
2
 No Yes No Yes No Yes Yes Yes Yes No 

1 
Dissolved form as a percentage of the total recoverable concentration 

2 
Statistically significant difference between lithologies at the p = 0.05 level 
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Figure 4.4: Geogenic spatial variations in total recoverable aluminium, manganese, strontium, and iron, indicating low granite-gneiss contamination, 

shallow well sites only. 
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Figure 4.5: Geogenic spatial variations in total recoverable manganese, indicating low granite-

gneiss contamination in Ndola, shallow well sites only. 
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Figure 4.6: The factor loadings assigned to Factor 1 and Factor 2 for total recoverable metals, 

shallow well sites only, based on the different simplified geogenic areas within Ndola 

under principal component analysis. Factor 1 represents schist, while Factor 2 represents 

granite-gneiss. 
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Table 4.6: The means for EC, pH, major dissolved cation concentrations for the different simplified geogenic areas within Ndola, shallow well sites only.  

 
EC 

(µS/cm) 
pH 

Na 

(mg/l) 

Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 
Hardness 

       mg/l as CaCO3 Classification 

Dolomite-limestone 336.8 6.5 12.1 31.0 6.9 19.1 156.9 Hard 

Granite-gneiss 101.3 5.7 6.7 6.3 2.8 3.4 30.1 Soft 

Schist 376.5 6.7 23.3 23.4 22.6 13.4 113.8 Moderate  

Statistically significant difference?
1 Yes Yes Yes Yes Yes Yes Yes N/A 

1 
Statistically significant difference between lithologies at the p = 0.05 level 
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4.2.2 Spatial geogenic variations: boreholes 

The borehole geogenic categories analysed include dolomite-limestone, granite-gneiss, and 

undifferentiated. It was expected that boreholes would indicate the natural weathering processes of 

different lithologies and also that the different buffering of these would affect the solubility of 

metals, and hence the dissolved metal concentrations. Boreholes were characterised by a high 

proportion of the total recoverable concentration being in the dissolved form across a range of 

metals (Section 4.1.2). Once broken down into the lithology classes, the high dissolved trend 

continued, whereby >75% of cobalt, chromium, copper, lithium, manganese, barium, and strontium 

were in the dissolved form (Table 4.7). Therefore, the dissolved form will be the focus of the 

current section.  

 

Firstly, the only variable to show statistically significant differences across both total recoverable 

and dissolved metals between geogenic classes was barium, where dolomite-limestone had the 

lowest concentration in comparison to both granite-gneiss and undifferentiated (Table 4.7; Figure 

4.7). For example, dissolved barium concentrations varied from 206 μg/l in undifferentiated to 80 

μg/l in granite-gneiss, and down to 42 μg/l in dolomite-limestone (Table 4.7; Figure 4.7). Similar 

trends were observed for aluminium, cobalt, lithium, and manganese, although none of these 

differences were statistically significant (Table 4.7). Contamination within the undifferentiated 

geogenic areas of Ndola was further highlighted by principal component analysis, indicated by the 

high factor loadings of cobalt, barium, manganese, copper and aluminium on Factor 1 (Figure 4.8).  

 

Spearman’s rho correlations indicated statistically significant associations between three elements 

with both pH and hardness, whereby pH varied from 6.7, to 6.6, to 6.0 and hardness varied from 

121 mg/l as CaCO3, to 98 mg/l as CaCO3, to 68 mg/l as CaCO3 between dolomite-limestone, 

granite-gneiss, and undifferentiated, respectively (Table 4.8; Figure 4.9). For dissolved 

concentrations with pH, moderate (aluminium) to strong (cobalt and manganese) negative 

correlations were seen (p values of 0.0261, 0.0002, and 0.0001 respectively); hence as pH 

increases, metal mobility decreases. By comparison, lithium showed moderate positive correlations 

with both pH and hardness (p values of 0.3323 and 0.0341, respectively) (Appendix I).  
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Table 4.7: The mean total recoverable and dissolved metal concentrations and the percentage of total that is in the dissolved form for the main geology 

classes within Ndola, shallow well sites only. BDL indicates that all sites within that class were below the instrument detection limit, hence 

censored value bootstrapping could not be used to estimate the mean concentration.
 
N/A indicates that either the total recoverable or dissolved 

metal concentrations for all sites within that specific class were below detection limit. 

  
Al 

(μg/l) 

Ba 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Sr 

(μg/l) 

Zn 

(μg/l) 

WHO Guideline Value  90.0 2000.0 - 50.0 1300.0 - - 400.0 4000.0 3000.0 

Dolomite-Limestone 

Total 14.5 45.7 BDL 1.9 7.3 1084.0 7.6 18.0 72.8 69.4 

Dissolved 3.4 42.1 0.9 BDL 5.4 443.0 8.0 16.3 74.5 - 

%
1
 23% 92% N/A N/A 74% 41% 100% 91% 100% - 

Granite-Gneiss 

Total 26.2 86.1 BDL 4.0 5.5 1090.0 7.0 17.5 95.6 312.0 

Dissolved 3.7 80.2 1.0 1.1 4.4 202.7 7.1 15.3 97.3 - 

%
1
 14% 93% N/A 28% 80% 19% 100% 87% 100% - 

Undifferentiated 

Total 31.8 232.1 10.6 0.8 5.5 866.0 9.2 62.8 43.0 28.3 

Dissolved 9.8 205.8 11.2 BDL 8.3 BDL 9.7 55.6 44.3 - 

%
1
 31% 89% 100% N/A 100% N/A

4
 100% 89% 100% - 

Statistically significant difference?
2
 No Yes No No No No No No No No 

1 
Dissolved form as a percentage of the total recoverable concentration 

2 
Statistically significant difference between lithologies at the p = 0.05 level 
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Figure 4.7: Geogenic spatial variations in dissolved barium, indicating low dolomite-limestone 

contamination in Ndola, borehole sites only. 
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Figure 4.8: The factor loadings assigned to Factor 1 and Factor 2 for dissolved metals, borehole 

sites only, based on the different simplified geogenic areas within Ndola under principal 

component analysis. Factor 1 represents undifferentiated geology. 
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Table 4.8: The means for EC, pH, major dissolved cation concentrations for the different simplified geogenic areas within Ndola, borehole sites only. 

 EC 

(µSc/m) 
pH 

Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

Hardness 

mg/l as CaCO3 Classification 

Dolomite-limestone 222.4 6.7 21.7 2.0 16.1 3.7 120.6 Hard 

Granite-gneiss 216.8 6.6 22.8 2.7 10.0 8.4 97.9 Moderate 

Undifferentiated 173.1 6.0 10.6 4.6 9.9 6.1 67.5 Moderate 

Statistically significant difference?
1 No Yes No Yes No Yes No - 

1 
Statistically significant difference between lithologies at the p = 0.05 level 
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Figure 4.9: Geogenic spatial variations in hardness and pH, indicating high hardness and pH values 

in the dolomite-limestone areas of Ndola, borehole sites only.  

 

4.3 Water abstraction and use within Ndola, and users’ 

perceptions  

The relative use of KWSC, surface waters, shallow wells, and boreholes varied spatially across 

Ndola, primarily dependent on location and relative wealth. For instance, KWSC use was limited 

(Table 4.9), servicing only 7% of Ndola’s population (2010 statistics). Abstraction from private 

boreholes was also limited (Table 4.9), whereby boreholes appeared to be limited to wealthier areas 

such as Itawa, Northrise and Kansenshi (Table 4.10). Shallow well use was prevalent, accounting 

for 69% of drinking water (Table 4.9), however, once averaged across all communities, use varied 
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between different residential classes, for example, reaching 100% in Baluba, while being absent in 

others (Table 4.10). Table 4.9 further shows that across all communities, shallow wells accounted 

for 75% and 82% of domestic and irrigation water abstractions, respectively. Shallow wells were 

located in the less wealthy areas, particularly those where KWSC supply did not extend, such as 

Maria Chimona, George, and Nkwazi (Table 4.10). River use appeared to be limited and locals 

tended to use shallow wells over rivers (Table 4.9). The latter would typically only be used when a 

well was not able to provide sufficient supply, for example in the dry season, as found in Kabushi 

(Water-User # 25) and Kaniki (Water-User #109) (Table 4.10).  

Table 4.9: Water abstraction methods in Ndola, all communities combined. The table indicates the 

percentage for the use of shallow wells, boreholes, different types of surface waters, and 

KWSC sources, and the relative use of each within drinking, domestic and irrigation 

supply.  

 Drinking Water (%) Domestic Water (%) Irrigation Water (%) 

Shallow Well 68.6 75.4 82.3 

Borehole 11.0 4.3 6.5 

River  0.7 0.7 1.6 

Spring  0.7 0.7 1.6 

KWSC Leaking Pipe 0.7 0.7 0 

KWSC  9.7 8.7 4.8 

Dambo 0 0 1.6 

A combination of the above 9.7 9.4 1.6 
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Table 4.10: Drinking water abstraction sources across the sampled communities of Ndola, 

indicating the relative percentage of each source for differing residential classes. 

Community Residential Class Drinking Water Source Percentage 

Kaniki Low density informal compound (rural) Shallow Well + River 100 

George Low density informal compound (rural) 
Shallow Well 88 

NGO Borehole 12 

Maria 

Chimona 
Low density informal compound (rural) 

Shallow Well 89 

NGO Borehole 11 

Baluba High density informal compound Shallow Well 100 

Kantolomba High density informal compound 
KWSC Leaking Pipe 33 

NGO Borehole 67 

MacKenzie High density informal compound 

Shallow Well 82 

Spring 9 

KWSC 9 

Nkwazi High density informal compound Shallow Well 100 

Twapia High density planned township NGO Borehole 100 

Kabushi High density planned township 

Shallow Well 17 

Shallow Well + River 25 

Shallow Well + KWSC 17 

River 8 

NGO Borehole 33 

Ndeke High density planned township 
Shallow Well 86 

Borehole 14 

Mapalo High density planned township 

Shallow Well 88 

Shallow Well + KWSC 7 

KWSC 5 

Chifubu High density planned township 

Shallow Well 20 

KWSC 40 

KWSC + Shallow Well 20 

NGO Borehole 20 

Itawa Low density residential Borehole 100 

Kansenshi Low density residential 
Borehole 46 

KWSC 54 

Northrise Low density residential Borehole 100 

Misundu Rural Borehole 100 

Kafakumba Rural Borehole 100 
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Safe supply of drinking, irrigation, and domestic water were all important for local users within 

Ndola. Interviewees rated the provision of drinking and domestic water supplies as most important, 

whereas irrigation use was limited to certain communities (e.g. Baluba and Mapalo) where 43% of 

households visited were practicing urban agriculture. In the areas practising urban agriculture, 

crops were grown primarily for personal food, although 41% also identified crop production as an 

additional source of income (Figure 4.10). The majority of water-users did not have, or were not 

aware of, any issues with poor water resulting in crop contamination, and only 9% reported health 

problems as a result of what they believed was crop contamination (Figure 4.10). Shallow wells 

were the main source of irrigation water supply in Ndola, accounting for 82% of supply, irrigation 

water (Table 4.9). In contrast, those who had access to boreholes primarily used these for drinking 

water as opposed to domestic and irrigation water. Dambos were only used for irrigation (Table 

4.9). KWSC supply was rarely used for irrigation, accounting for only 5% of supply (Table 4.9) 

reportedly due to its cost (Water-User #50). 

 

 

Figure 4.10: Summary of urban agriculture practices in Ndola, outlining the purpose of growing 

crops, and whether growers have experienced crop contamination, and any resultant 

health problems from this.   

 

Of interest was whether the perceived levels of varying quality between available sources dictated 

the ways that users used different sources. Varying results were found. For example, surface waters 
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are known by locals to be of poor quality, as 75% of surface water-users complained of poor taste. 

These poor quality reports parallel well with the minimal use of surface water, causing water-users 

to turn to shallow wells. However, the apparent high use of shallow wells across Ndola does not 

correspond well with the perceived quality of this water, whereby these sources continued to be 

characterised by poor taste (46%), poor quality reports (Table 4.11), and concerning levels of 

contamination. For example, in Nkwazi, a household had moved from using stream water to a 

shallow well; however, the shallow well was highly contaminated with aluminium (444 μg/l), 

which was much higher than the aluminium in the stream (191 μg/l), hence their water quality did 

not improve (Case Study 4.1) However, these users had no other option, as piped KWSC supply 

was not delivered to their community and kiosk supplied water was sold for KR50 per 20 litres 

(US$10). For other communities, purchasing KWSC water was not an option at all, for example in 

the rural village of Kaniki, where KWSC pipes and kiosks did not operate. The community of 

Kaniki therefore relied on one shallow well and one stream, and although they believed their 

quality was not good, they were forced to use these sources (Case Study 4.2). Furthermore, while 

users perceived streams to be of poor quality, and the use of these was mostly avoided, limited 

shallow well supply, especially in the dry season, was reported to force users to return to surface 

water use, for example in Kabushi (Case Study 4.3). Boreholes were found to be the most preferred 

source, whereby only 12% of borehole users reported poor taste, and many communities begged 

for pumps to be installed (Water-User #130).  
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Table 4.11:  Examples of water-user statements regarding the quality of their shallow well water. 

Comment Community 
Water 

Source 

“In the dry season the water changes colour. It becomes reddish and 

has an odour”  

(Water-user #108) 

 

Nkwazi 
Shallow 

well 

“In the hot season the water colour changes brownish”  

(Water-user #116) 

 

MacKenzie 
Shallow 

well 

“The water colour changes from clear to yellowish because the 

water level is lower in hot season”   

(Water-user #52) 

 

Mapalo 
Shallow 

well 

“It doesn’t have any taste. It just tastes like water. So the water is 

not stinking, there’s no colour, not any. It’s just in [the] rainy 

season there is just some insects. That’s why in the rainy season we 

think this is not good water”  

(Water-user #152) 

 

Baluba 
Shallow 

well 

“Water from the well has bacteria, before we use [it] as drinking 

water we have to add chlorine. We also had filters to sieve our 

water, but the filters are broken and the sand is ruined”  

(Water-user #52) 

 

Mapalo 
Shallow 

well 

“Right now (early in the dry season) the water is better because the 

water level is still high, however, when the water level reduces the 

colour and taste changes”  

(Water-user #146) 

 

Mapalo 
Shallow 

well 

“The scariest thing is that any one is able to throw anything in the 

well without us knowing”  

(Water-user #148) 

 

Mapalo 
Shallow 

well 

“When we use the filters and sunlight to treat our water for drinking 

we reduce the occurrence of diarrhoea and other water borne 

diseases. And then the taste is different because [the] water direct 

from the river and the well feels thicker in the mouth than the water 

from the filters, which has a unique, better and lighter taste”   

(Water-user #109) 

 

Kaniki 

Shallow 

well and 

river 

“The well is not secured making it easy for anyone to throw 

something [in] that can contaminate the water, especially during the 

night when we are asleep”  

(Water-user #123). 

Ndeke 
Shallow 

well 
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Case Study 4.1: Comparison between stream and shallow well use in Nkwazi, Ndola. Users have 

retreated from using the stream as they believe that it is unsafe, hence are now using the 

shallow well that is perceived to be a better source of water.  
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Case Study 4.2: Comparison between stream and shallow well use in Kaniki, Ndola. The entire 

community are dependent on these two sources, although they believe they are not safe 

sources of water.  
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Case Study 4.3: Comparison between stream and shallow well use in Kabushi, Ndola. 42 

households are dependent on one shallow well, and when this runs dry, are forced to use 

the Kafubu River, although they believe that it is not safe for consumption.  

 

 

With respect to shallow well use, water taste also varied spatially, both between communities and 

between the differing geogenic areas. For example, the poor water taste areas of Ndola included 

Chifubu, Kabushi, Kaniki, Mapalo, Ndeke, and Nkwazi (based on where more than 50% of 

respondents reporting that taste was unacceptable for drinking) (Table 4.12). These six 

communities include high density planned townships, high-density informal compounds, and low 

density informal compounds.  Lithology also appeared to have an impact on taste, as 73% of users 

who sourced water from dolomite-limestone reported that water was ‘not acceptable’, compared to 

57% and 26% in the schist, and granite/gneiss areas, respectively (Table 4.13).  
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Table 4.12: Water-users’ assessment of whether the taste of their water was acceptable for drinking 

across the different communities sampled in Ndola. Groundwater sites only.  

Community Yes No 

Baluba 63% 37% 

Chifubu 40% 60% 

George 100% 0% 

Kabushi 50% 50% 

Kaniki 0% 100% 

Kansenshi 67% 33% 

Kantolomba 100% 0% 

MacKenzie 82% 18% 

Mapalo 41% 59% 

Maria Chimona 78% 22% 

Ndeke 43% 57% 

Nkwazi 43% 57% 

 

Table 4.13: Water-users’ assessment of whether the taste of their water was acceptable for drinking 

across the different lithologies sampled in Ndola. Shallow well sites only. Excludes the 

undifferentiated lithology due to small sample size.  

Lithology class Yes No 

Dolomite-limestone 27% 73% 

Granite-gneiss 74% 26% 

Schist 43% 57% 

 

The perception of KWSC supply, where delivered, was found to be poor (Table 4.14). Both pipe-

delivered water and kiosk-sold water were characterised by reports of poor water quality (Table 

4.14), whereby 57% of KWSC respondents reported that the taste of the municipal water supply 

was unacceptable for drinking. “Sometimes the water is green by the time it gets to us, you put it in 

a bucket, let it settle for 24 hours and things have settled on the top, and that is the town supply” 

(Key Informant #2). As a result, in 39% of the KWSC use cases, users supplemented supply with 

their own wells, or refused KWSC altogether, and for those who could afford it, private boreholes 

have been installed. For example in Ndeke, one water-user stated that “[the shallow] well water is 

better than Kafubu [supply]” (Water-User #128), and in Kabushi, “the [KWSC] tap is dirty and 

gives us stomach aches, but the [shallow] well is good for drinking” (Water-User #32). However, 

for those who choose to turn from KWSC to shallow well supply, their quality is not expected to 

improve, whereby shallow wells were shown to have significantly higher levels of aluminium, iron, 

manganese, sodium and total coliform contamination (Table 4.15; Table 4.16).  



 92 

Table 4.14: Examples of water-user statements regarding the quality of Kafubu Water and Sewage 

Company (KWSC) water. 

 

Comment 

 

Community Water Source 

“The water from Kafubu kiosks has a bad smell and is 

muddy/greenish sometimes and people get sick”  

(Water-user #139) 

 

 

Kantolomba 

 

NGO borehole, 

KWSC Kiosk 

“Water colour changes and water has particles, such as 

stones. The Kafubu source could be the problem” 

(Water-user #141) 

 

Chifubu KWSC 

“[The] water colour changes often, every month, the colour 

changes and particles are found in the water”  

(Water-user #143) 

 

Chifubu KWSC 

“[The shallow] well is better than Kafubu [supply]”  

(Water-user #128) 

 

“The [KWSC] tap is dirty and gives us stomach aches, but 

the [shallow] well is good for drinking” 

(Water-user #32). 

Ndeke 

 

 

 

Kabushi 

Shallow well 

(previously 

used KWSC) 

 

KWSC and 

shallow well 
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Table 4.15: The mean total recoverable metal concentrations for shallow wells and Kafubu Water and Sewage Company (KWSC) delivered water in 

Ndola. BDL indicates that all sites within that class were below the instrument detection limit, hence censored value bootstrapping could not be 

used to estimate the mean concentration.
 
 Values in red indicate those that exceed the thresholds shown in Section 2.1.  

 Al 

(μg/l) 

Ba 

(μg/l) 

Co 

(μg/l) 

Cr 

(μg/l) 

Cu 

(μg/l) 

Fe 

(μg/l) 

Li 

(μg/l) 

Mn 

(μg/l) 

Sr 

(μg/l) 

Zn 

(μg/l) 

WHO Guideline Value 90.0 2000/0 - 50.0 1300.0 - - 400.0 4000.0 3000.0 

Shallow Wells (0.3 – 12 metres) 150.0 103.4 1.9 2.7 2.6 207.3 2.6 92.2 111.6 12.4 

KWSC Delivered Water 11.2 53.2 BDL 5.7 2.4 16.2 5.6 2.9 158.5 125.8 

Are shallow well concentrations 

statistically higher than KWSC supply?
1 

Yes No - No No Yes No Yes No No 

1 
Statistically significant difference between shallow wells and KWSC delivered water at the p = 0.05 level 

Table 4.16: The means for EC, pH, major dissolved cation concentrations and the medians for total coliform for shallow wells and Kafubu Water and 

Sewage Company (KWSC) delivered water in Ndola. Values in red indicate those that exceed the thresholds shown in Section 2.1.  

 
EC 

(µS/cm) 
pH 

TC 

(CFU/100 ml) 

Ca 

(mg/l) 

K 

(mg/l) 

Mg 

(mg/l) 

Na 

(mg/l) 

Hardness 

mg/l as CaCO3 Classification 

WHO Guideline Value - - 0 - - - - - - 

Shallow Wells (0.3 – 12 metres) 270.7 6.5 7 23.3 6.6 14.1 11.1 116.3 Moderate 

KWSC Delivered Water 400.0 7.7 0 244.7 1.3 26.1 2.6 244.7 Very Hard 

Are shallow well concentrations statistically 

higher than KWSC supply?
 1
 

No No Yes No No No Yes No  

1 
Statistically significant difference between shallow wells and KWSC delivered water at the p = 0.05 level 



 94 

4.4 Challenges for water supply in Ndola 

The main challenges observed in Ndola regarding the supply of adequate clean water for both 

KWSC and private supply, were related to infrastructure. For example, according to employees 

within KWSC, the infrastructure is seriously crippled, with uneven delivery and treatment systems. 

“Now our systems are failing us, maybe you don’t fully treat it here, and maybe you don’t fully 

treat it here, and these are the challenges” (Key Informant #3), hence “by the time water gets to end 

user it is simply not as safe at it needs to be” (Key Informant #1). Up to 60% of the water that 

enters the piping network is lost (Key Informant #6). While this is seen as an infrastructural failure, 

some residents were using these leaks to their advantage, for example in the community of 

Kantolomba, where the rocky terrain made shallow well construction near impossible (see Case 

Study 4.4). Further KWSC infrastructural concerns were highlighted by the unreliable reports of 

KWSC supply, with some communities having had their supply turned off completely, for example 

in Kabushi, where water has not come through the tap in five years, while supply is limited to 

certain hours of the day for others (Table 4.17).  

Case Study 4.4: Hydrochemical properties of a leaking KWSC pipe in Kantolomba, Ndola, 

indicating the way that local communities use pipe leaks to their advantage, however 

poor the quality of these.  
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Table 4.17: Examples of water-users’ statements regarding the inadequate quantities of supply 

from Kafubu Water and Sweage Company (KWSC). 

 

Comment 

 

Community Water Source 

“My neighbours who are on town supply currently don’t 

have any water; it has been turned off until June. They 

may get a little in the morning but then come to us to get 

water during the rest of the day”  

(Water-User #1) 

 

 

Itawa 

 

Private 

borehole 

“We cannot get water from Kafubu street pipes for 

sometimes over 6 months so instead buy from the stall” 

(Water-User #74) 

 

Mapalo Shallow well 

and KWSC 

“Water supply to our community has been stopped by 

Kafubu since December 31 last year. Our area councillor 

said that they are working on the pipes. We have been 

promised boreholes and even wells but we have not seen 

them. We are just suffering because the borehole at the 

school has a lot of people drawing water from there, with 

long lines and we have to walk long distances to get 

water” (Water-User #138) 

 

“Water from Kafubu is not very dependable due to 

inconsistencies in supply”  

(Water-User #76) 

Kantolomba 

 

 

 

 

 

 

 

 

Mapalo 

 

 

Leaking KWSC 

pipe 

 

 

 

 

 

 

 

Shallow well 

and KWSC 

“10 years ago we had town supply, but not anymore” 

(Water-User #127) 

Ndeke Shallow well 

 

Infrastructural challenges were also faced by private supply users, especially in the case of shallow 

wells and the level of well protection attributed to these constructs. Many shallow well users 

identified that the lack of well protection was compromising the quality of their well water, often 

leading to colour changes, especially in the rainy season (Table 4.11). However, “water is life, we 

have no option but to drink bad water” (Water-User #144). Well protection was generally of a low 

level and often comprised of whatever materials were available. There was no internal casing (0% 

of sites has any form) and 58% of wells simply had a metallic mouth casing, much of which was 

old and oxidised (Table 4.18; Figure 4.11). The type of surrounding pavement also varied, 44% of 

wells having a low lying, yet solid, concrete structure surrounding the well, whilst 44% had no 

protection whatsoever (Table 4.18; Figure 4.11). Furthermore, 18% of wells had no mouth casing 

and 22% had no cover, making these wells highly susceptible to influent surface runoff and 

atmospheric deposition (Table 4.18; Figure 4.11).  
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Table 4.18: Extent of shallow well protection in Ndola including type of mouth casing, type of 

internal casing, type of cover, and type of surrounding pavement. 

Protection Feature Materials  Percentage 

Internal Casing Earth 100 

Mouth Casing 

Metallic 57.6 

Concrete 8.1 

Plastic 5.1 

Tyre 11.1 

None 18.2 

Cover 
Metallic 

Wood 

64.6 

4.0 

 

Plastic 8.1 

Bricks 1.0 

None 22.2 

Surrounding Pavement 
Earth 

Concrete 

44.4 

44.4 

 Tyre 4.0 

Plastic Sheeting 2.0 

Bricks 4.0 

Metallic 1.0 
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Figure 4.11: Examples of well protection techniques in Ndola: a) simple concrete pavement, b) no 

pavement, no internal casing, c) simple metallic cover, d) no pavement, no internal 

casing, no cover, e) no internal casing, scrap metal cover, f) simple metallic mouth 

casing, no cover.   
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4.5 Summary of key results 

Private supply dominates water abstraction in Ndola due to the failing capacity of municipal supply 

under KWCS. These deficiencies have arisen as colonial infrastructure has not been maintained 

and systems have not been expanded as Ndola’s population has grown. Evidence for this has been 

provided in the form of water-user and providers’ perceptions and hydrochemical characteristics of 

the treated water. Shallow wells, boreholes, and surface waters are now the dominant source of 

drinking, domestic and irrigation abstraction in Ndola, all of which have certain concerns 

associated with their use.  

 

Overall, shallow wells and boreholes have been shown to be superior sources over surface waters, 

as borne out by hydrochemical analysis and water-users’ perceptions. Aluminium and total 

coliform contamination were of particular concern in surface waters. Shallow wells showed marked 

reductions across all metals analysed in comparison to surface waters. However, aluminium was 

still above the WHO health guideline value of 90 μg/l. Overall, boreholes showed the lowest 

concentrations across the majority of metals analysed, although elevated levels of iron, lithium, and 

zinc were evident. The percentage of total recoverable metals that were in the dissolved form 

generally increased as depth from surface increased.  

 

Geogenic spatial variations were evident in both shallow wells and boreholes. Shallow well 

contamination was highest in the schist areas of Ndola and lowest in the granite-gneiss areas. Both 

the schist and dolomite-limestone areas were of concern in terms of aluminium, as both had 

average concentrations exceeding the health guideline value. However, granite-gneiss was 

characterised by the lowest pH and hardness values, both of which are of concern in terms of metal 

mobility, as seen in the high dissolved form percentages in these areas. Borehole geogenic 

variations were reported based on the dissolved form, whereby dolomite-limestone was 

characterised by the lowest concentrations. Barium was the only element for which this 

characteristic was statistically significant; however upon correlation analysis, this overall trend 

appears to be valid for aluminium, cobalt, and manganese, based on the high pH and hardness 

values in these areas.  

 

These results provide insight on how locals access water in Ndola and what challenges need to be 

addressed as water provisioning moves forward. Within these results, there appear to be specific 

hydrogeological processes that are determining spatial variations in subsurface water quality that 

can be used in future decision-making processes. The results presented here have been directed by 

the research objectives posed in Chapter 2, while the following chapter will discuss these results in 

greater detail and outline their implications in terms of the research objectives. 
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5. Discussion 

5.1 Introduction 

The results presented in the previous chapter indicate that there are significant challenges to water 

provisioning in Ndola and that, in terms of the quality of this water, results vary. Key limitations 

within the municipal supply system have resulted in KWSC water being inaccessible for the 

majority of citizens. The extent to which the key elements of the human right to water are being 

observed within Ndola is therefore limited, as is the potential for halving the number of people 

without safe access to water by 2015 under the MDGs. Private supply, defined in this case as 

individuals supplying their own water, is the only option for many; however, significant water 

quality differences between surface waters, shallow wells, and boreholes are evident, as well as 

differences within these between different geogenic types. These variations provide a basis for 

illustrating the impact that natural and anthropogenic processes and activities are having on the 

water supply within Ndola, specifically the processes of weathering, recharge, and buffering 

(Section 2.2).  

 

Coupled with these processes and their impacts are the perceptions of the water-users themselves. 

Marked differences were seen in people’s perceptions of different water sources and abstraction 

from different geogenic types. Shallow wells dominate water access in Ndola as users perceive 

these to be a safer option to surface waters. However, there is a strong desire amongst citizens for 

reliable and safe municipal supply or boreholes, as they understand that their current shallow wells 

are not adequate.  

 

The following chapter will explore these aspects in more detail, focusing on the original research 

questions outlined in Section 2.4. How the water-users perceive their water quality will be 

intertwined throughout this, as will be the level of satisfaction attributed to the human right to 

water in Ndola. Subsequently, the recommendations for future water supply in Ndola will be 

outlined, entailing the need for increased aquifer protection, water-user education, improved and 

sustainable infrastructure expansions, increased WSS investment, and above all, the need for 

overall water governance at a formal level. In light of these recommendations, future research 

needs will also be outlined, entailing the necessity of an assessment as to the yield and long-term 

sustainability of the aquifer systems in Ndola.  
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5.2 Water availability challenges for locals: the current 

state of municipal water supply in Ndola  

Access to water is a challenging task for the majority of Ndola’s residents. Private supply through 

surface waters, shallow wells, and boreholes dominates access, while public supply via the local 

water utility (KWSC) is limited. The basic human right of adequate supply to all (provided by the 

state authorities under the human right to water) is evidently failing in Ndola as 93% of the 

population do not use KWSC supply, either because supply is not delivered to their community, or 

they choose not to use it because of perceived poor quality, lack of supply throughout the day, and 

cost. Reports of green smelly water, or water that is full of particles is of great concern to 

consumers. However, this study has revealed that these claims cannot be attributed to the treatment 

process. Chlorination, settling, and filtering appear successful at the Kafubu Treatment Plant, 

whereby the requirement for the delivery of water that is free from microbes, parasites, chemical 

substance, and radiological hazards appears to be satisfied (see Section 4.1.1). All pre-treatment 

total coliforms were removed, and although metal concentrations were generally unaffected by the 

treatment process, no elements exceeded health guideline values. Iron and zinc both showed 

marked increases in concentration during the treatment process; however, this is believed to be a 

function of the corrosion of the galvanised iron and zinc pipes within the treatment process (Alam 

and Sadiq, 1989). Delivery contamination was limited to zinc concentrations, which is a further 

function of the deterioration of the delivery pipes (Alam and Sadiq, 1989; Sangodoyin, 2007). 

Delivery corrosion appears limited at this stage; however, there is considerable future concern due 

to the age of the network. For example, a Nigerian study by Sangodoyin (2007) found that delivery 

pipes less than 15 years old did not cause quality issues; but water quality and colour diminished 

significantly when transmitted through pipes greater than 30 years old (Sangodoyin, 2007). The 

piping materials used in Ndola consisting of steel, concrete, asbestos cement, and galvanized iron 

all pose significant health concerns, whereby the corrosion of these materials is expected to 

increase as pH decreases (Alam and Sadiq, 1989; Sangodoyin, 2007).  

 

Water-users’ perceptions of their water quality are highlighted in the disparities between the poor 

quality reports and chemically safe water being delivered. Users appear to base their assumptions 

of poor quality on colour. Users reported the worst KWSC quality to be in the dry season. 

However, bacteria (based on total coliform analysis) do not appear to be a problem in this delivered 

water. According to Key Informant #6, 80% of the water in the dam at this time of year is from the 

sewage treatment plant, hence marked by excessive algal blooms, and while the chlorination 

process appears successful in the removal of algae, the treatment process is unable to remove 

colour. Colour is held responsible in this case for the users’ perceptions of poor quality. These 
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perceptions tarnish the previous indications of ‘safe’ state supply through KWSC, whereby an 

extension of the state’s responsibility under the human right to water is that water must be of “an 

acceptable colour, odour and taste to ensure that individuals will not resort to polluted alternatives 

that look more attractive” (OHCHR, 2010:9). Evidently the colour, odour and taste of KWSC water 

is forcing residents to resort to what they believe to be more attractive and safe options, mostly in 

the form of shallow wells. For example, one water-user believed that, “well water is better than 

Kafubu” (Water-User #128). As indicated in Section 4.3, water from shallow wells is not of 

superior quality, being characterised by significantly elevated concentrations of aluminium, 

barium, iron, and manganese in comparison to delivered KWSC water.  

 

Infrastructural challenges are responsible for the downfalls of KWSC supply and hinder water 

provisioning in Ndola, a city characterised by insufficient investment in the maintenance and 

expansion of the public water utility service. Ndola is not unique in this regard. Failing colonial 

systems are central to the crippled water distribution systems observed in many developing 

countries. These have arisen as a result of rapid rural-urban migration and the inability of existing 

water governance systems and infrastructural investment rates to cope with these population 

increases (Tecco, 2008; Orebiyi et al. 2010). Under decentralisation policies in Zambia, the 

overseeing of water distribution has been delegated from the central government to the Ndola City 

Council, who has further delegated this task to KWSC through a management contract. 

Nevertheless, the core responsibility for delivery and financing remains a function of the national 

government, as stated under the Dublin Water Principles. However, as in the case of Ndola, neither 

the local authority, nor central government has the capital needed to expand and rehabilitate current 

water utility services (Rogers and Hall, 2003; Davis, 2005). Public sector water supply is typically 

financed through a combination of public borrowing, taxation, and water-user charges; however, 

for Ndola it is impossible for these funding pools to cover the magnitude of costs associated with 

the delivery of safe and adequate water to all, as many citizens do not work, or if they do work, 

many earn under the taxable amount and consequently are not contributing to public sector 

finances (Rogers and Hall, 2003; OHCHR, 2010).  

 

These infrastructural failures are of great concern to delivery contamination issues in the future. 

The excessively high proportion of unaccounted for water, 60%, is not uncommon in developing 

nations. Developing countries are generally marked by unaccounted water loss rates of 40% or 

more; however, according to WHO, wastage should be limited to 10% (WHO online, 2003). These 

leakages are well known throughout the city and some communities even use them to their 

advantage, for example in Kantolomba (see Case Study 4.4). However, leaks require immediate 

attention due to the threat of network contamination. For example, when supply flow through the 

piped network decreases, backflow may occur, a process that is thought to be the most common 
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cause of post-treatment contamination worldwide (Trussell, 1998). When water supply is turned off 

in Ndola, or sufficient quantities are lost through leakages, a negative hydraulic pressure may arise 

within the piping network, causing flow to reverse. If the pressure falls low enough, this backflow 

could lead to a vacuum effect, whereby contaminants sourced from leakage points, for example, 

those of the Kantolomba site including an aluminium concentration of 690 μg/l, may then be drawn 

into the pipe and mixed with supply (Herrick, 1997). A negative loop is therefore apparent, 

whereby the greater the number of leaks, the greater the opportunity for water loss, resulting in 

greater negative pressure, and subsequently an increased risk of post-treatment contamination 

(Monhanty et al. 2003). 

 

Further quality concerns due to leakages and the intermittent nature of supply in Ndola are evident 

due to the potential for micro-organism growth in stagnant water (Lee and Schwab, 2005). Total 

coliform increases during distribution do not appear to be a current problem in Ndola, but should 

be monitored in the future. Furthermore, limited supply in Ndola has led to 93% of KWSC users 

storing water in containers for future use, not dissimilar to the 90% that practice similar methods in 

East Africa as found by Thompson et al. (2000). Additional health threats arise through this 

process, as storage containers are infrequently cleaned (Gadgil, 1984; Geldreich, 1997), leading to 

the storage contamination issues faced by 64% of those who store water in Ndola (qualitatively 

from their perspectives).  

 

Leak detection and repair must become a priority for the on-going delivery of the KWSC supply 

system, along with continual maintenance of supply pressure (Trussell, 1998; Lee and Schwab, 

2005).  Ameliorating these issues will not only decrease the potential backflow and 

recontamination as water is delivered, but unaccounted for water will be reduced, which has 

resulted in major financial gains for utilities in other developing cities. For example, leak detection 

and recovery in Thailand in the 1980s saved water utilities US$8 million every year for every 10% 

reduction in unaccounted for water (World Resources Institute et al. 1996). The financial benefits 

evidently outweigh the cost of repair, not to mention the reduction in the risk of the delivery of 

substandard water quality.  

 

Further water quantity issues arise surrounding the issue of disconnection in Ndola. For those who 

do have access to KWSC pipe delivery, many experience intermittent supply, characterised by 

supply being turned off for a large majority of the day or in severe cases, supply has been turned 

off permanently. Under General Comment No.15 on the right to water, released by the Committee 

on Economic, Social and Cultural Rights in November 2002, it was stated that, “the quantity of 

safe drinking water a person can access may be reduced, but full disconnection may be permissible 

only if there is access to an alternative source which can provide a minimum quantity of safe 
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drinking water needed to prevent disease” (OHCHR, 2010:34). If disconnection is related to 

inadequate payments, the person’s capacity to pay must be considered before disconnection takes 

place (OHCHR, 2010). This stance to disconnection is crucial if the success of safe access under 

the MDGs is to be realised, as this relies on consumers actually receiving and using clean water. 

Connecting users will only impact health if users can actually access this water (Langford, 2005).  

 

Additional problems in regard to the human right to water arise based on the cost of KWSC water, 

especially in the case of the kiosks placed in communities where the piping network does not 

extend. For example, a 20 litre container costs KR50 (US$0.10), whilst the daily rate for a farm 

worker, manual labourer, or maid in Ndola (as of 2013) is KR32 (US$6), hence there is a disparity 

between the cost of 20 litres and the amount that most families earn. To understand the magnitude 

of this, take the following example. The minimum daily requirement for water is 50-100 litres per 

person according to WHO (OHCHR, 2010), whereby use in developed nations ranges from 350-

850 litres per person per day (Gadgil, 1998).  Based on 50 litres for a family of 11 (average per 

household sampled in this study), a total of 550 litres is required, totalling US$2.75 every day for 

purchasing water. Obviously use does not reach these limits currently in Ndola, but if the health-

related MDGs are to be realised in Ndola, a minimum of 50 litres per day is required per person 

(OHCHR. 2010). In many cases, only one family member will be working within a household, or 

even worse, no one, especially in the case of grandparents who have been left with the 680,000 

HIV/AIDS orphans in Zambia in their care (UNICEF, 2011). The recommended price for water 

according to the UN should equate to 3% of household income (OHCHR, 2010), hence for the 

urban poor in Ndola, water should on average cost KR0.96 (US$0.18) per day. However, this rate 

is unable to cover the daily treatment costs, let alone the infrastructural upgrades needed in Ndola, 

hence the reasons why kiosk prices are so excessive. While households are not able to afford to 

purchase this water, the government is also not in a financial position to be able to provide 

subsidised prices. High kiosk prices in the poorest areas are common throughout the developing 

world (Galiani et al. 2005; Langford, 2005; Davis, 2005), for example, in Nairobi where those 

living in slums pay 5 to 10 times more for water than those in high-income areas, making purchase 

unattainable for the majority of the urban poor (UN online, 2013). Additionally, while KWSC see 

kiosks as a way to expand supply, kiosks do not count as improved access under the MDGs (see 

Section 1.3).  
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5.3 Water supply challenges: the state of private 

supply in Ndola 

The inaccessible nature and the poor perceptions of KWSC water have resulted in private supply 

being the only option for many, consisting of abstraction from streams, shallow wells, and 

boreholes. Firstly, boreholes are unattainable for most residents due to cost, whilst NGO supplied 

boreholes are also limited in number. The community of MacKenzie for example, with a 

population 9000, contained two NGO working hand pumps, leaving the majority of residents 

reliant on shallow wells and a nearby spring. Boreholes are simply not an option for communities 

where aid is limited, for example, the rural community of Kaniki, which is limited to one shallow 

well and one stream (see Case Study 4.2). Water quality awareness has increased in Ndola via 

NGOs, and this has resulted in the majority of residents believing that surface waters are no longer 

safe for human consumption (as indicated by the low use of this source, 0.7% use for drinking 

water, 0.7% use for domestic water, and 1.6% use for irrigation water), leading to the prevalence of 

shallow wells. Perceptions of taste and the acceptability of shallow well quality were relatively 

equal, whereby 49% of shallow well users believed that their well was not acceptable, whilst 51% 

believed it was. The risks that users identified were all related to bacterial contamination, while no 

water-user in Ndola had considered the impact that natural and mining sourced metals in the 

bedrock could be having on their drinking, domestic, and irrigation water. Household water 

treatment is a known necessity; however, many users reported that they simply forget or do not 

have time to do so. For those who do treat their water, this primarily consists of chorine addition, 

and in some case bio-sand filtering if an NGO supplied filter has been donated. The users believe 

that treatment through these means will make their water safe.  

 

The perception of ‘if water is underground it is good’ was evident across Ndola. Based on the 

filtering processes that occur during infiltration these assumptions may be correct; however, self-

provision in developing countries is generally characterised by low quality and quantity, due to the 

water table nature of these wells (Galiani et al. 2005). In the case of Ndola, the proximity of some 

wells to surface waters, for example the case study of Nkwazi (see Case Study 4.1), and the level of 

well protection surrounding many of these shallow wells, led to concerns for the quality of these 

sources. The lack of well protection was concerning, due to the impact that poor well construction 

has not only on the quality of the water abstracted for drinking, domestic, and irrigation purposes, 

but on the aquifer as a whole, allowing for polluted shallow groundwater to then percolate into the 

deeper areas of the subsurface (Morris et al. 2003). Water from an unprotected well could firstly be 

subjected to subsurface horizontal migration of bacteria from pit latrines, due to the lack of an 

internal casing, demonstrated by Figure 5.1 (Foster et al. 2002). Furthermore, direct ingress from 
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overland runoff will inevitably result in contaminants entering wells that do not have sufficient 

mouth casing and covers, whereby waste and animal excreta could be transported into a well 

through direct entrance at the top of the hole (Figure 5.1) (Foster et al. 2002; Morris et al. 2003). 

Locals understood that protection was necessary, but many lacked the resources and motivation to 

put protection measures in place. According to Key Informant #8, well protection knowledge and 

motivation has been lost though rural-urban migration, whereby well protection is a cultural 

practice in villages that has today been lost in the cities. Well protection is essential to the relation 

of improved safe water access under the MDGs, as the unprotected wells in Ndola do not suffice 

within the definition of safe access (see Section 1.3). The impact of these factors on shallow well 

contamination will be outlined in Section 5.4, and the validity of user perceptions of surface water, 

shallow well, and borehole quality will be explained.  

 

Figure 5.1: Pathways for shallow well contamination due to a lack of well protection. Adapted 

from Morris et al. (2003).  

The quantity of water available from shallow wells was a further issue raised by local users, 

especially in the dry season, whereby there were many reports of wells drying up and users having 

to retreat to what they believed to be contaminated surface waters. For example, a well in Kabushi 

that 42 households depend on regularly dries up, forcing families to use the Kafubu River, located 

approximately 500 metres away, although the use of river water is not allowed under the MDGs 

definition of safe access to water (see Case Study 4.3). The perception of degraded quality in the 

Kafubu River in comparison to their shallow well is correct, especially based on high aluminium 

(river = 262 μg/l, shallow well = 42 μg/l) and total coliform concentrations (river = 127 TCU/100 

ml, shallow well = 11 TCU/100 ml). However, these residents believe that they have no other 

option since the KWSC supply has not been delivered to their taps for five years. Further quantity 

issues arise as a function of the undifferentiated metamorphic nature of the rock that some of the 

communities are built on, for example Kantolomba. Kantolomba has a population 13,000, but is 
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limited to two NGO boreholes (and a leaking KWSC pipe, as explained in Section 4.4), as the 

rocky nature of the bedrock makes the digging of a shallow well impossible for these residents. The 

two boreholes were clearly in constant demand (Figure 5.2).  

 

 

Figure 5.2: Residents queue for water at one of the two NGO boreholes in Kantolomba. 

User concerns are not only limited to drinking water, but also their general livelihoods, especially 

for the 43% of those surveyed who practice urban agriculture. Urban agriculture is abundant in 

Ndola and was introduced as a survival method in the 1990s as economic conditions of the 

province led to job losses and the desperate need to supplement household food supplies and 

income. Evidence for this growth was outlined by Hampwaye (2008), who stated that natural 

vegetation cover was reduced by 53% between 1990 and 2000 as locals cleared land for agriculture 

and charcoal burning (Hampwaye 2008). Common crops include maize, sweet potatoes, tomatoes, 

beans, banana, okra, and sugar cane.  Of the 43% of sites practicing urban agriculture in this study, 

100% were reliant on it for household food, whilst 41% additionally used it to supplement income. 

Urban agriculture is, therefore, crucial for poverty alleviation in Ndola; however, many growers 

reported a lack of water, especially in the dry season, which limits their ability to expand their 

crops. KWSC water use for irrigation was extremely limited, even in the areas where water is 

delivered, primarily based on the high financial costs associated. “We cannot afford to pay for 

irrigation water” (Water-User #50). Users did not appear to be concerned as to the quality of 

irrigation water, whereby few users complained of health concerns regarding crop contamination. 

However, the prevalence of riparian agriculture is of concern, as these areas are assumed to be 

vulnerable to surface water uptake. The Kafubu River for example, is surrounded by agricultural 

growth (Figure 5.3); however, this water was characterised by high aluminium and total coliform 

concentrations, which could lead to Alzheimer’s disease and diarrhoeal problems (if total coliforms 
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were found to be faecal bacteria) respectively (WHO, 2011). Spring irrigation in Mapalo appears 

beneficial, whereby no elements exceeded guideline values in this water and agricultural success is 

evident (Figure 5.3).  

 

Figure 5.3: Different levels of riparian urban agriculture in Ndola: a) Urban agriculture along the 

Kafubu River, b) Urban agriculture up on the banks of the Kafubu River, c) Spring fed 

urban agriculture in Mapalo.   

5.4 The water quality and interaction of surface 

waters, shallow wells, and boreholes 

Surface water analysis has confirmed that these sources are unacceptable for human consumption 

in Ndola, agreeing with users’ perceptions, primarily based on high aluminium and total coliform 

concentrations. For example, aluminium was highly elevated with a mean concentration of 176 

μg/l, while one site contained a concentration of 690 μg/l, well above the guideline health value of 
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90 μg/l (risk of Alzheimer’s disease) and secondary guideline value of 50 μg/l (risk of 

discolouration) (WHO, 2011; USEPA, 2013). Aluminium is expected to be in waters naturally, due 

to its abundance in soils, being the third most prevailing element in the earth’s crust and the most 

abundant metal (Butcher, 1998). However, these high concentrations indicate that other sources 

may be existent in Ndola’s soils, including a build up from mining processes, as was attributed to 

the high concentrations of aluminium in the Kafue River in a study conducted by Pettersson and 

Ingri (2001). Ndola’s dissolved aluminium concentrations are comparable to that of the Kafue 

River, whereby after having passed through a mining area, the Kafue’s dissolved concentration 

average of 4.6 μg/l (Pettersson and Ingri, 2001), while Ndola’s surface water concentrations 

average 15.1 μg/l (Table 5.1). High total coliform concentrations in Ndola’s surface waters are also 

of concern, indicating that adverse bacteria may be present. Total coliform are used as an 

assessment of potential bacteria concern, as they include a wide range of bacteria, incorporating 

those that occur in the natural environment in soils, plant matter, and aquatic environments, plus 

those of the faecal form (the type that may lead to diarrhoeal disease) (Ballance, 1996b; Chigbu 

and Sobolev, 2007). Total coliform are expected to be entering Ndola’s surface waters through 

direct runoff from animal excreta, human defecation in waterways, and the release of incompletely 

treated sewage waters from KWSC treatment plants (WHO, 2011; Nachiyunde et al. 2013).  
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Table 5.1: A comparison of the average dissolved concentration of elements within the surface waters of Ndola in the dry season to that of the Kafue River 

(dry season and wet season) at three sites. All located along the Kafue River, Raglans Farm indicates near natural state of the Kafue River, 

Kafironda indicates the Kafue River’s water quality after effluent from the Konkola, Nchanga (Chingola) and Mufulira mines reach the Kafue, 

and Fishers Farm indicates the combination of the previous inputs, plus effluent from the Nkana mine (Kitwe) (Pettersson and Ingri, 2001). 

Within Ndola surface waters, blue values indicate those that are above the natural state of the Kafue River in the dry season, while red values 

indicate the Ndola values that are greater than, or equal to, Kafue River’s Kafironda concentration in the dry season i.e. after the Kafue River 

has been subjected to mining effluent.  

 Raglans Farm Kafironda Fishers Farm  Ndola 

 Dry Season Wet Season Dry Season Wet Season Dry Season Wet Season  Dry Season 

Ca (mg/l) 21.7 13.8 50.1 21.9 90.5 31.5  28.2 

Mg (mg/l) 9.7 5.8 20.7 7.3 19.7 7.1  14.0 

Na (mg/l) 6.5 3.6 7.1 3.5 13.0 4.5  8.4 

K (mg/l) 0.7 0.7 7.7 2.6 9.3 3.4  3.7 

Al (µgl/l) 3.5 8.3 4.6 76.1 21.3 29.3  15.1 

Ba (µgl/l) 21.9 16.4 71.2 50.7 72.6 45.2  69.1 

Co (µgl/l) 0.2 1.5 3.9 8.1 21.4 25.2  1.2 

Cu (µgl/l) 0.6 2.5 39.9 144.5 17.7 90.6  4.2 

Fe (µgl/l) 100.2 253.3 23.9 124.2 25.6 132.0  152.7 

Mn (µgl/l) 11.5 6.0 86.0 131.5 99.1 87.6  53.9 

Sr (µgl/l) 81.2 50.7 489.2 148.5 751.3 200.9  113.4 
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Surface waters were also susceptible to high concentrations of iron (total recoverable average=888 

μg/l), greatly exceeding the 300 μg/l secondary value for rusty colouring, sediment, metallic taste, 

and reddish-orange staining (USEPA, 2013), as well as high level of copper and manganese. 

Similar elevations have been found in the Kafue River (Table 5.1), these being attributed to wash 

out from mining waste rich soils (Pettersson et al. 2000; Pettersson and Ingri, 2001). None of the 

Ndola concentrations exceeded health guideline values, and dissolved concentrations were 

generally low; however, there is concern as to expected levels in the wet season. The results 

presented in this study are characteristic of dry season concentrations. It is expected that a higher 

pH was observed than could be anticipated in the wet season as acid rain and washout from acid 

rich soils are expected to lower the pH of surface waters, as found in the Kafue River in the wet 

season (Pettersson et al. 2000; Pettersson and Ingri, 2001). Table 5.1 indicates the relative 

increases in dissolved form contamination in the Kafue in the wet season as a function of decreased 

pH. Wright (1982) confirmed this process in the River Jong, Sierra Leone; therefore increases in 

the dissolved concentration are expected in Ndola’s surface waters in the wet season. Thus, there is 

concern that the washout and acid rain processes of the wet season will have a greater impact of 

water quality in Ndola than dilution processes (see Section 2.2.1). Furthermore, these findings 

should be treated as a warning for the likely impact that an increase in intensive mining in the 

future in Ndola could have on the water quality of surface waters.   

 

Surface water interaction with shallow wells is evident in Ndola as indicated by quality 

comparisons. These wells lie directly on the water table, hence appear highly susceptible to 

contamination via infiltration and direct ingress from overland runoff (Freeze and Cherry, 1979; 

Morris et al. 2003; Orebiyi et al. 2010). Shallow wells continued to be of concern due to the risk of 

Alzheimer’s disease and discolouration (WHO, 2011), characterised by an average aluminium 

concentration of 150 μg/l, though the highest shallow well concentration was 2640 μg/l, recorded 

in Mapalo. Further contamination as a result of surface water interactions is evident in manganese 

and total coliform concentrations, both of which were significantly elevated in surface waters and 

shallow wells, in comparison to deeper boreholes. The lack of well protection is thought to be the 

main cause of this contamination (Morris et al. 2003). The case of Kaniki is a prime example (see 

Case Study 4.2), where the shallow well appeared to be a poorer water source in comparison to the 

nearby stream, whereby the shallow well was highly contaminated in aluminium. The Kaniki 

shallow well was severely vulnerable to overland runoff due to the overall lack of protection (see 

photo in Case Study 4.2). In this case, the users’ perception of their shallow well being safe for 

drinking by comparison to the stream, did not align with the hydrochemical analysis. Furthermore, 

the concern for interactions between surface waters and shallow wells is indicated in Nkwazi (see 

Case Study 4.1). Users in this community understood the benefit of underground protection to their 

water quality; therefore a shallow well has been constructed, as it is believed to be safer than the 
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stream. However, construction was only one metre from the stream (see Case Study 4.1). In this 

case, seeping surface water from the stream is likely affecting the shallow well quality, whereby 

aluminium and iron concentrations are significantly elevated in the shallow well (see Case Study 

4.1). This particular shallow well’s aluminium (444 μg/l) and iron (737 μg/l) concentrations 

exceeded that of all other shallow wells in this community, whereby the next highest aluminium 

and iron concentrations were 192 μg/l and 424 μg/l, respectively. Increasing the distance between 

surface waters and shallow wells therefore appears successful in improving well quality in Nkwazi, 

and this was further indicated in Kabushi (see Case Study 4.1). Users there were forced to use the 

Kafubu River, especially in the dry season, as their well dries up. Their concerns of degraded 

stream quality are supported by the hydrochemical analysis with aluminium, iron, and total 

coliform contamination, while their well appears to be protected from this high surface water 

contamination based on the 500 metre distance between the two sources.  For example, aluminium 

decreased from 262 μg/l to 42 μg/l between the river and the well, while iron decreased from 466 

μg/l to 34 μg/l, and total coliforms also decreased from 127 TCU/100 ml to 11 TCU/100 ml.    

 

Similar to that of surface waters, the shallow well results found in this study are expected to be the 

‘best case scenario’ due to the impact that the wet season is expected to have in increasing overland 

runoff, and hence the ability for surface contaminants to be transported into shallow groundwater, 

while also decreasing the pH due to the acidic nature of rain in the Copperbelt Province (Wright, 

1986; von der Heyden and New, 2004). Furthermore, infiltration through the unsaturated zone is 

expected to be at its lowest state during the dry season, hence a reduction in surface water to 

shallow well interactions (Wright, 1986; White et al. 2001; Fenwick, 2004). Increases are expected 

in the wet season, hence the potential to decrease water quality (if the increase in infiltration 

exceeds the potential dilution effect), as indicated by Howard et al. (2003) in the rapid increase of 

microbiological contaminants in shallow wells in Uganda in the 24 hours following rainfall. 

Shallow well contamination is of great concern, as it is the poor who depend on these sources for 

their health and livelihoods, the same people for whom the fulfilment of the water related MDGs is 

crucial for improvement in quality of life (Morris et al. 2003). 

 

Boreholes appear protected from surface water and direct surface ingress contamination, indicating 

the successful process of filtering as water penetrates from the water table to the deeper areas of the 

aquifers, and the benefit of appropriate surface protection construction. Filtering of particulate 

metal concentrations is demonstrated by aluminium concentration differences between surface 

waters and boreholes. For example, within surface waters, concentrations were mainly in the 

particulate form due to the fact that aluminium is highly insoluble, whereby at any pH value of 5 or 

above, any dissolved aluminium will be forced into the particulate form (Butcher, 1998; Smith, 

2007). As these waters penetrate through the saturated zone, the majority of this particulate form is 
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removed (Davis, 2001; Fenwick, 2004), resulting in overall low total recoverable concentrations in 

boreholes, the majority of which is in the dissolved form. Aquifer filtering is further validated by 

barium, cobalt, lithium, manganese, and strontium, all of which were 88% or more in the dissolved 

form in boreholes. Overall this is beneficial, as total recoverable metal concentrations generally 

decrease within this process. As particulate form decreases, the total also decreases (Drever, 1982). 

 

However, the dissolved form that then remains is the form that is most bioavailable to humans in 

terms of toxicity (Drever, 1982). Although no boreholes exceeded guideline values for health, this 

could be of concern in the future if surface activities intensified, especially if these involved an 

overall decrease in pH, hence more acidic infiltrating water. Under this scenario, dissolved 

concentrations could be higher in surface waters than they currently are (Drever, 1982; Lind and 

Hem, 1993; Stromberg and Banwart, 1999; von der Heyden and New, 2005; Smith, 2007), leading 

to an overall increase in the dissolved form entering the saturated zone of the subsurface, thus the 

consumption of higher dissolved form by users. This is of particular concern for highly soluble 

metals, such as strontium and lithium, all of which were close to 100% dissolved across Ndola. 

These solubility characteristics are due to these elements’ high critical pH values for precipitation 

into the particulate form (Smith, 2007). For example, a pH of 9 or more must be obtained for 

dissolved strontium to be forced into the particulate form (Smith, 2007). However, the buffering 

capacity (naturally high pH and hardness) of the bedrock in Ndola appears sufficient currently for 

the removal of the dissolved form. 

 

The only elements to show significantly elevated concentrations in boreholes were zinc and iron, 

thought to be a function of the corrosion (average borehole pH=6.6) of the galvanised iron and zinc 

borehole pipes (Alam and Sadiq, 1989; Sangodoyin, 2007). Furthermore, iron may be from natural 

sources, as it is a highly common element in the earth’s crust, often in the dissolved form. Once 

exposed to oxygen it precipitates leaving a brown-red colour in water (bin Jusoh et al. 2005), as 

found in Ndola. Overall, boreholes appear the superior source in Ndola, as confirmed by water-user 

perceptions. However, within both boreholes and shallow wells spatial variations were present 

across Ndola, as will be explained in the following section.   

5.5 Influence of geology on metal mobility 

Spatial variations in the water quality of both shallow wells and boreholes were noted across 

Ndola, which is likely attributable to the underlying rock types. Lithology influences natural 

contamination via weathering, recharge contamination, and the processes that buffer against 

contamination (see Section 2.2.2). Specific contamination trends were expected across Ndola as a 

function of natural weathering (Table 5.2) founded on the known relative outputs of each element 
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within different rock types (Drever, 1982). For example, schist shallow wells in Ndola were 

characterised by high levels of barium, manganese, and strontium (Table 5.2). However, according 

to Drever (1982) barium is more commonly associated with granite-gneiss, whilst manganese and 

strontium output is expected to be greater in dolomite-limestone (Table 5.2). Thus the higher than 

expected levels of barium might signal a non-geological additional input into the system, for 

example, surface water contribution. 

Table 5.2: The relative outputs expected from different geogenic areas based on Drever (1982) 

compared to the contamination levels across shallow wells in Ndola, indicating the 

discrepancy between expected and observed contamination levels 

 
Scale of assumed contamination levels 

based on known geogenic outputs 

(Drever, 1982) 

Scale of observed contamination levels 

in Ndola’s shallow wells (total 

recoverable concentrations) 

 

Sr 

Dolomite-limestone  

> Schist 

> Granite-gneiss  

Schist 

>Dolomite-limestone 

>Granite-gneiss 

 

 

Mn 

Dolomite-limestone  

> Schist 

> Granite-gneiss 

Schist  

> Dolomite-limestone 

>Granite-gneiss 

 

 

Fe 

 

Major across all lithologies 

Schist 

>Dolomite-limestone 

>Granite-gneiss 

 

 

Al 

Granite-gneiss, Schist 

> Dolomite-limestone 

Dolomite-limestone  

> Schist 

>Granite-gneiss 

 

 

Ba
 

Granite-gneiss 

>Schist 

> Dolomite-limestone 

Schist 

>Granite-gneiss 

>Dolomite-limestone 

 

 

Recharge also affects contamination levels, particularly in relation to dolomite-limestone, which is 

likely to have a much higher permeability than other rock types around Ndola; however the 

mobility of metals is offset by the higher pH and hardness associated with carbonate lithologies 

(Drever, 1982; Salomons, 1995; Smith, 2007). Relative levels of contamination are also expected 

to follow the same pattern as recharge potential, e.g. dolomite-limestone >> granite-gneiss. Across 

all shallow wells there were similar concentrations of strontium, manganese, barium, and 

aluminium to surface water concentrations, despite differences in the underlying geology. Thus, it 

suggests that some interaction with surface water may be occurring. The difficulty in assessing the 
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influence of surface water interaction with shallow wells is the confounding effects of potential 

contamination from well structure and well protection. However, once allotted to different 

geogenic types, wells in granite-gneiss appear to be more protected from these interactions, based 

on the low contamination concentrations in these areas. For example, manganese contamination 

averaged 11 μg/l in granite-gneiss shallow wells, compared to 126 μg/l in dolomite-limestone and 

128 μg/l in schist shallow wells. Furthermore, aluminium in granite-gneiss shallow wells had an 

average concentration of 69 μg/l, compared to 187 μg/l in dolomite-limestone and 131 μg/l in 

schist shallow wells. This apparent protection against aluminium is especially important, as 

granite-gneiss wells were the only to have an average concentration below the 90 μg/l guideline 

value for health (WHO, 2011).  

 

However, the characteristics of low granite-gneiss contamination compared to dolomite-limestone 

and schist changed significantly once the dissolved form was analysed. The supposed protection 

was counteracted by the high percentage of contamination in the dissolved form in these areas. For 

example, the percentage of barium (93%), cobalt (100%), lithium (72%), strontium (100%), and 

zinc (100%) in the dissolved form were all greater than that of the dolomite-limestone and schist 

areas. A lack of buffering, characterised by low pH (5.7) and hardness (30.1 mg/l as CaCO3) values 

among the granite-gneiss lithology, is the likely cause of these high dissolved portions. Basic water 

quality theory explains this phenomenon, whereby the portion of total recoverable metal that is in 

the dissolved form is expected to increase as water pH and hardness both decrease, as appears to be 

the case in the granite-gneiss lithology of Ndola (Drever, 1982; Salomons, 1995; Smith, 2007). 

Therefore, while granite-gneiss total recoverable metal concentrations appears safe in comparison 

to those of dolomite-limestone and schist, this may not be the case, as the dissolved form was the 

greatest in this lithology, this being the form that is the most toxic to humans if ingested (Drever, 

1982).  

 

Similarly, shallow well contamination was greatest in the schist areas, which have very low 

permeability and low buffering capacity compared to the dolomite-limestone formations. 

Regardless of assumed recharge rates, concentrations were lower in the dolomite-limestone wells 

due to the attenuating effect that high pH and hardness has on metal mobility (Mazor, 2007). The 

exception is aluminium, which is significantly elevated in total recoverable concentrations in the 

dolomite-limestone lithologies. The majority of aluminium was found in the particulate form, a 

function of the low critical pH value of 5 required for the precipitation into the particulate form 

(Smith, 2007). The buffering capacity of dolomite-limestone seems to have little effect in reducing 

overall aluminium concentrations infiltrating into these high recharge areas, as the majority of the 

concentration is not affected by pH and hardness. Therefore, in the case of aluminium, the recharge 

processes that transport excessive surface water aluminium concentrations (see Section 5.4) into 
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the shallow subsurface zone are dominant over the buffering processes. It appears that while the 

carbonate nature of dolomite-limestone seems to be relatively successful at buffering against 

mobility across the majority of elements at present, dolomite-limestone systems could become 

vulnerable due to their high permeability and porosity that may permit the rapid ingress of surface 

water and movement within the subsurface (Morris et al. 2003).  

 

Recharge processes are not solely responsible for the spatial trends in boreholes within Ndola; 

there is a risk of anthropogenic contamination with continued development of groundwater 

extraction. However to date, the variations in hydrochemistry noted in this study are primarily the 

products of natural weathering processes. The borehole concentrations of barium, aluminium, 

cobalt, and manganese all align with the natural weathering outputs expected from dolomite-

limestone, and granite-gneiss (Table 5.3). Furthermore, whilst iron was significantly elevated in 

boreholes compared to shallow wells and surface waters, no significant geogenic differences were 

observed, which is validated by the fact that iron is common across all lithologies (Table 5.3) 

(Drever, 1982). The undifferentiated class has been excluded from these rock type analyses as little 

is known about the natural outputs expected from these areas, other than the fact that they are 

clusters of metamorphosed rock (Mendelsohn, 1969). The undifferentiated rock groundwater 

samples were significantly lower in both pH, which may explain the high dissolved barium, 

aluminium, cobalt, lithium, and manganese concentrations observed (Drever, 1982; Salomons, 

1995; Smith, 2007). On the other hand, the lower concentrations seen in dolomite-limestone were 

due to higher pH and hardness values, especially hardness, whereby dolomite-limestone areas were 

the only to be classified as ‘hard water’ (WHO, 2011). It therefore appears that the carbonate 

aquifer of Ndola (the Kakontwe Limestone Aquifer) possesses a natural capacity to attenuate 

contaminants, therefore mitigating all health concerns associated with metal toxicity (Morris et al. 

2003).  
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Table 5.3: The expected relative outputs from different geogenic areas based on Drever (1982) 

compared to the contamination levels across boreholes in Ndola, indicating an 

agreement between expected and observed contamination levels 

  

Scale of assumed contamination levels 

based on known geogenic outputs 

(Drever, 1982) 

 

 

Scale of observed contamination levels 

in Ndola’s boreholes (dissolved 

concentrations) 

 

Ba Granite-gneiss 

> Dolomite-limestone 

Granite-gneiss 

> Dolomite-limestone 

 

Al Granite-gneiss 

> Dolomite-limestone 

Granite-gneiss 

> Dolomite-limestone 

 

Co Granite-gneiss 

> Dolomite-limestone 

Granite-gneiss 

> Dolomite-limestone 

 

Mn Dolomite-limestone 

> Granite-gneiss 

Dolomite-limestone 

> Granite-gneiss 

 

Fe Major across all lithology’s No significant difference 

   

Both shallow wells and boreholes in the dolomite-limestone rock areas are the best for abstraction, 

based on the hydrochemical analysis; however water-users’ perceptions of taste disagreed. 

According to water-users, dolomite-limestone was the most undesirable to drink, while granite-

gneiss was the best. Taste is a subjective measure; however it would appear that Ndola residents do 

not like the taste of ‘hard’ water, hence they prefer to drink ‘softer’, which in the case of Ndola, is 

the more contaminated water. A challenge arises here, as consumers cannot see or taste the 

dissolved contaminants in granite-gneiss water; they simply taste high mineral content (calcium 

and magnesium) or see particulate materials and assume that their water is not good. The same 

trend can be seen in the delivered KWSC water, where a high hardness value of 245 mg/l as CaCO3 

has led users to believe that this water is not good. According to Key Informant #10, getting users 

to understand their water quality is the biggest challenge to water provision: “they only judge 

cleanliness on how the water looks” (Key Informant #10). Furthermore, “most residents have no 

idea about the quality of the water unless they can either see or taste that is it not suitable for 

drinking. Often the first indication of poor water quality is diarrhoea or vomiting” (Key Informant 

#12). These perceptions are of concern, especially as the legacy of mining appears to be 

influencing Ndola’s water supplies, for which the majority of concern is that of the dissolved form. 
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5.6 Is there a legacy of mining related surface water 

contamination in Ndola?  

The Kafue River, west of Ndola, is known to be impacted by mining processes as it passes through 

the main mining areas of the Copperbelt, Chingola, Mufulira, and Kitwe, due to direct mine waste 

discharge and the erosion and leaching of mining waste from tailings (Table 5.1) (Pettersson and 

Ingri, 2001; Pettersson et al. 2003). The Kafue River water quality has, therefore, been used as a 

baseline to indicate whether a legacy of mining surface water contamination exists in Ndola. Table 

5.1 indicates the contamination levels of the Kafue River downstream from mining towns 

compared to what is expected to be the near natural state of the river; hence what could be expected 

of the natural state of surface waters in Ndola. The average dissolved concentrations for Ndola 

surface waters have been compared to those of the Kafue, indicating that, in every case, Ndola 

exceeds the natural state of the Kafue (Table 5.1). Furthermore, sodium, aluminium, and iron all 

exceed the Kafue River’s values post mine effluent discharge (Table 5.1). While the current impact 

of mining in Ndola at the Bwana Mkubwa Mine was not within the scope of this study, a legacy of 

mining in Ndola, and the impact of this on surface water contamination is evident. This can be seen 

in the comparison to the Kafue, and is likely to be a function of remnant waste in Ndola’s soils that 

continues to be available for erosion and subsequent transportation into Ndola’s surface waters, as 

concluded by Pettersson and Ingri (2001) and von der Heyden and New (2004). 

 

5.7 Planning for the future: the way forward for water 

provisioning in Ndola 

The future of water provision in Ndola rests on three key aspects, all of which need major reform. 

Firstly is the case of where future water should be sourced from; there must be a shift from surface 

water and unprotected shallow wells to deeper boreholes, as indicated by the findings of this 

research. Secondly, KWSC, and the formal capacity of state water provisioning, needs major 

restructuring and refocusing if affordable and safe water provision is to ever be a reality for all of 

Ndola’s citizens. Thirdly, water governance must be central to water provisioning, marked by a 

“range of political, social, economic and administrative systems that are in place to develop and 

manage water resources and the delivery of water services, at different levels of society” (Rogers 

and Hall, 2003:7). 
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5.7.1 Changes needed to water abstraction methods in Ndola 

The spatial variations identified in Ndola indicate numerous aspects that must be considered when 

assessing the safest areas within Ndola to access future water supply. Firstly, it is evident that 

boreholes are the safest source of water in Ndola due to their protection from surface water 

interactions (see Section 5.4). Borehole protection appears to guard against the three key threats to 

shallow well abstraction in Ndola: contaminated surface water percolation, direct ingress as a result 

of overland runoff, and an assumed increase in dissolved concentrations in the wet season as a 

result of the decrease pH due to the acid rain experienced in the Copperbelt Province (von der 

Heyden and New, 2004). Additionally, the total recoverable concentrations in boreholes are 

significantly lower than surface waters and shallow wells due to the removal of the particular form 

as waters infiltrate through the saturated zone.  

 

Borehole construction should be concentrated in the dolomite-limestone areas of Ndola, over the 

Kakontwe Limestone Aquifer, as this rock formation provides naturally low contamination outputs 

and offers superior buffering capacities against the remaining dissolved concentrations that reach 

these depths of the saturated zone, in comparison to the granite-gneiss and undifferentiated areas of 

Ndola (Section 5.5). Furthermore, the Kakontwe Limestone Aquifer is locally reported as having 

the highest yield within Ndola, as expected due to its high permeability, hence recharge capacity. 

Borehole construction should be restricted in the undifferentiated areas of Ndola due to the low pH 

and hardness values, both of which lead to high dissolved loads. Granite-gneiss areas should also 

be avoided at this stage, largely due to the reported low yield within these areas (Key Informant 

#6), and based on the low recharge capacity of this crystallised rock (von der Heyden and New, 

2004). Abstraction from these areas may not suffice and rapid abstraction is likely to be at a rate 

that exceeds the replenishment of these resources through recharge; however further research as to 

the extent of this is required (Section 5.9).  

 

Surface water use should be avoided under all circumstances, including by KWSC. Additionally, 

shallow well use should be limited due to the interaction between contaminated surface waters and 

the water table in Ndola (Section 5.5). If shallow wells are to be used, construction should be 

restricted to the dolomite-limestone areas, for the reasons explained for boreholes. Although 

granite-gneiss areas in Ndola appear to be characterised by the lowest levels of contamination, their 

low buffering capacity against the dissolved form, coupled with low recharge capacity (low yield), 

indicate that shallow wells in these areas should be avoided. Shallow well construction should also 

be avoided in schist areas as contamination was consistently found across a range of elements in 

these areas. Despite these recommendations, shallow well abstraction unfortunately remains the 

only viable option for most Ndola residents. Immediate action must be focused on improving the 
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water quality abstracted from these wells with the assistance of local NGOs, and promoting better 

well protection is a priority.  

 

Improved access to water, in the form of digging shallow wells, has not resulted in safe water for 

many users in Ndola. Access is only one aspect to water supply. Coupled with this, must be 

education, the resources, and the motivation for well protection if the MDG of safe access is to be 

realised (Gadgil, 1998). Current NGO work in Ndola primarily focuses on post-collection water 

treatment through low cost filtering methods, such as bio-sand filters. These have proven highly 

successful in removing microbiological contamination (Key Informant #1). However, the source of 

much of this microbiological contamination, and in addition the metallic contamination, could be 

avoided if simple well protection was in place, whereby the benefits of protection are two-fold, 

facilitating both short-term and long-term benefits for the aquifer users of Ndola.  

 

In the short-term, well protection would protect against overland runoff, mitigating the direct 

ingress of contaminants. Shallow wells must have a sealed opening, concrete preferably, and 

abstraction must be sought through a hand pump of some form, in order to prevent abstraction 

contamination from bucket and rope systems (Gélinas et al. 1996; Orebiyi et al. 2010). A concrete 

lining of the well is also an important aspect if subsurface microbiological migration from nearby 

pit latrines is to be minimised (Orebiyi et al. 2010). However, direct ingress pathways are expected 

to be the major source of contamination to unprotected wells, as asserted by Gélinas et al. (1996), 

whereby well lining was worthless in the case of shallow wells in Conakry, Guinea, if the well 

remained open to the surface atmosphere. Protection also guards against the long-term quality of 

the aquifer as a whole, whereby any contamination that influences the water table also has the 

inevitable potential to continue to infiltrate deeper into the saturated zone (Mays, 2011). Well 

protection is only the beginning of the overall solution for improved water quality and access in 

Ndola. Under these circumstances, the majority of water-users in Ndola remain responsible for 

their own water supply, an aspect that contravenes the state’s responsibility for water provision 

under the human right to water.  

5.7.2 State water provision for all: what could this look like in Ndola? 

Future strategies for water provisioning in Ndola must be founded on one key facet: business as 

usual will not suffice for the successful realisation of the MDGs in Ndola. As Key Informant #12 

said, “it has been said that the last seven words of any failing institution are, we have always done 

it this way”. As outlined in Section 5.2 immediate attention must be given to the leaking pipes in 

Ndola. Future water management provisioning strategies need to be different to what has been done 

before: they must be sustainable, they must focus on the community, its needs and its citizens’ 

ability to pay for water, and they must be founded upon the five requirements of the human right to 
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water. The continuation of the same policies, strategies, funding levels, implementation levels, and 

distribution cannot be the reality for Ndola’s residents as this will not result in halving the 

population without access to safe water under the MDGs by 2015.  

 

Local conditions must be at the forefront of any infrastructural development in developing nations. 

The need for bottom-up planning is well known within the development context. Top down, 

dictatorial solutions from developed countries have been shown to be highly unsuccessful in many 

cases of attempted development (Binns et al. 2012). Water provisioning is no exception to this, 

whereby “achieving effective water governance cannot be undertaken hastily using blueprints 

imported from overseas; it needs to be developed to suit local conditions with the benefit of lessons 

learned from all over the world” (Rogers and Hall, 2003:38). The piped water dream for water 

provision relies on public investment, and whether through taxation or water-user charges, the 

public sector is responsible for the costs of expanding and repairing the current pipe networks 

(Davis, 2005; Hall and Lobina, 2006). The problem in Ndola is that the poor cannot afford either of 

these, and the public sector does not have the incoming finances to be able to invest (Gadgil, 1998; 

Hall and Lobina, 2006). Even if initial investment for expansion were to come from international 

development organisations, the long-term sustainability of this infrastructure would not be 

attainable. Infrastructure requires maintenance, treatment, and delivery, all of which cost. What 

will happen to these aspects once aid money dries up and the public sector cannot finance these 

high costs? Ndola must therefore, move to a much simpler and more achievable solution, one that 

is founded upon self-sufficiency and long-term sustainability by the public sector alone, and 

characterised by affordability for all.  

 

Central to any future water provisioning development in the future for Ndola must be the 

hydrogeological conditions of the area. Alongside any development project must come a scientific 

analysis of the conditions, if long-term sustainability of the resource is to be achieved. Therefore, a 

comprehensive analysis must precede any borehole drilling to ensure that safe and sustainable 

water is being abstracted and delivered. As a result of the current study, a small-scale approach is 

advised for Ndola’s water provisioning (Table 5.4), moving away from the current distribution 

system and focusing on decentralisation (Gleick, 2000). Geogenic differences across Ndola 

indicate a heterogeneous environment, marked by different levels of water quality and yield. 

Assuming the current knowledge of this environment, a system of water abstraction nodes could 

firstly be established across the dolomite-limestone areas of Ndola, those indicated as ‘safe’ areas 

(Figure 5.4). A similar scheme could also be established in the non dolomite-limestone areas; 

however further research to ensure the water quality and the yield of these areas is needed (see 

Section 5.9). The Ndola City Council or KWSC, could be responsible for the establishment of a 

series of deep boreholes (> 50 metres) in each of these nodes, the number of which would depend 
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on the respective populations and the sustainable yield of water in these areas (which remains 

unknown, see Section 5.9). The need for treatment would be low, as indicated by the protection of 

these deep areas of the aquifer from pollution. Consumers would be provided with collection 

containers and there could be a minimal rate charged per container in order to cover operating costs 

(the mechanism for which is explained below). Community members would be employed by the 

council/KWSC to oversee the running and maintenance of the boreholes within their node and 

training would be provided for this. The council/KWSC would be responsible for on-going water 

quality audits.  

Table 5.4: The factors that must be central to any new water provision system in Ndola if it is to be 

attainable for residents and successful in achieving the water related MDGs.   

Low investment cost 

Low maintenance cost 

Resilient to future rapid population growth - easily replicated as new communities arise 

Easily established in high density areas without disturbing current dwellings 

Accessible to all citizens (within 1000 metres of homes) 

Affordable for all citizens 

Ability to provide sufficient quality and quantity of water 
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Figure 5.4: Illustration of a decentralised node system for water supply in Ndola through 

community boreholes, removing the need for piped water supply expansions. 

A noded system satisfies each and every requirement in Table 5.4. The initial investment cost for 

borehole construction would be minimal, as would on-going maintenance costs. Replication would 

be simple, as it needs to be in Ndola where informal settlements are continually growing as rural 

populations migrate to the city in search for work (Dagdeviren, 2008). Furthermore, borehole 

construction would not disrupt current settlements, whilst the laying of new pipes would, and 

construction is applicable even in the most densely settled areas of Ndola. The single community 

approach means that water would be accessible to all communities, not just those on the receiving 

end of a piping network, and boreholes could be centrally placed around communities to ensure 

walking distance is less than 1000 metres for all, this being a requirement of the human right to 

water (OHCHR, 2010). The payment system that is advised (see below) would make water 

affordable to all, and finally, due to the deep borehole nature of this supply, sufficient quality and 

quantity could be assured for all users.  

 

Community management is a crucial aspect, following the theory of participatory planning, also 

known as bottom-up development (Chambers, 1983). In any water distribution and quality 
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assurance planning for Ndola, communities must be involved in the planning, design, and 

implementation, to ensure that the gap between the authorities and the communities is avoided 

(Head, 2007). Authorities must understand the societal structure and hence the social and cultural 

issues that will need to be accounted for in the design of this project (Chambers, 1983; Webb, 

1991). NGOs could play a crucial role in this relationship, being the spokespeople for the 

community members. Strong systems will need to be in place to ensure that the communities’ 

capacity and motivation to participate in the scheme are held high (Head, 2007). Education as to 

the need for safe water will help with this, as will a sense of ownership from the communities’ 

point of view. Local communities have a readiness and willingness to experiment and innovate on 

their own, and this must be included in this project (Chambers, 1983). Through their inclusion, 

mutual respect between locals and authorities will be established (Binns et al. 2012). Users will 

begin to recognise groundwater as a common good and they will develop a sense of self-interest in 

the protection and management of this resource (Morris et al. 2003).  

Should noded water cost? 

A noded system may be able to make water accessible to all, but the overall success of such and the 

subsequent realisation of the water related MDGs for Ndola, lies in the affordability of the water 

provided (Davis, 2005). The debate over whether water should be provided free of charge has long 

existed; however, though water is critical to human life, there is the reality that delivery does cost, 

a cost that has to be covered at some point (Tecco, 2008). As stated by the Secretary of State for 

Urban Development in Cameroon in 1971, “the notion that water is, or should be, free lingers on. 

This misconception must be removed. It has to be emphasised that although the water is free to 

collect in its natural state at the source, the modern piped water supply system involves capital 

expenditure running into millions of francs which must be met by the consumers to whom the 

service is provided” (Page, 2005:299). Furthermore, the human rights framework does not provide 

a right to free water (OHCHR, 2010). As a result there will always be a cost associated with water 

delivery. The question is not should users pay, but rather, how should this burden be divided 

amongst the different members of communities (Page, 2005)?  

 

According to the human right to water, “water services must be affordable to all. No individual or 

group should be denied access to safe drinking water because they cannot afford to pay” (OHCHR, 

2010:10). In order to satisfy this requirement, an increasing block tariff structure (IBTs) is 

suggested for Ndola (Figure 5.5). An IBTs would be based on volumetric consumption, whereby 

the price per unit would increase as consumption increases (Figure 5.5) (Davis, 2005). For 

instance, 20 litres per day per person could be offered at a minimal charge and if consumption 

exceeded this rate, the user would incur a higher cost. A tariff system allows for costs to be 

recovered and also aims to discourage excessive use (Davis, 2005). Assuming that low-income 
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households use less water than high-income households, IBTs can be a way of providing water for 

low-income users without the crippling rate, whilst still recovering operating costs, primarily from 

high-income areas that consume greater amounts of water (Davis, 2005). All communities must be 

included in this system. Experiences from other developing countries show that profit driven 

companies often have more incentive to provide water to wealthier areas that fall in the upper 

blocks of the tariff structure (Davis, 2005), an aspect that must be guarded against in Ndola, 

through the implementation of effective water governance procedures (see Section 5.7.3).  

 

 

Figure 5.5: Illustrative example of an increasing block tariff structure for water pricing in Ndola. 

Adapted from Davis (2005).  
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Public versus private water provisioning in Ndola: who should be responsible? 

Water provision under KWSC is a form of privatisation, as explained in Section 1.2. Whilst 

advocates for privatisation often believe that it will increase efficiency and introduce new sources 

of finance, resulting in widespread improvements in delivery and quality of water, the realisation of 

this success is often founded upon the type of contract entered into between the local authority and 

the private company. There are three types of contracts: concession, lease, and management, each 

of which are defined by different levels of responsibility and financial investment (Hall and 

Lobina, 2006). The contract between the Ndola City Council and KWSC is a management contract, 

one that does not require any financial investment for connection extensions by the private 

company (Hall and Lobina, 2006). Public funding is therefore a much needed aspect in any 

privatisation scheme (Hall and Lobina, 2006). This explains the current state of KWSC in Ndola 

today, whereby according to Key Informant #10, “the central government is not funding KWSC 

well, they decentralise but they do not equip”. Furthermore, reporting on privatisation of water 

utilities across Zambia as a whole, “water and sanitation system access is similar to pre-reform 

levels, commercial utilities remain reliant on external support, and levels of investment are 

insufficient to improve infrastructure or expand networks” (Dagdeviren and Robertson, 2008:2). 

Table 5.5 indicates the extremely low governmental capital expenditure on water and sanitation in 

comparison to the original budget allocations for Zambia as a whole (Dagdeviren, 2008). 

Discrepancies are obvious, further exemplified by the fact that, between 1998 and 2002 the 

government invested between 2% and 12% of its budgeted capital spending for the water and 

sanitation sector (Dagdeviren, 2008). Furthermore, high unaccounted for water rates suggest that 

KWSC does not have the capacity to invest in improving infrastructure itself (Dagdeviren, 2008). 

Additional failings of the private system can be seen across the developing world as a whole, 

whereby between 1997 and 2006, only 600,000 new household connections were made as a result 

of private sector investment across sub-Saharan Africa, South Asia and East Asia (excluding 

China), equating to 3 million people, an average of 900 per day (Hall and Lobina, 2006). This can 

be compared to the average annual population growth rate of 1.12% within these regions between 

1995 and 2005 (UN data online, 2014).  
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Table 5.5: Government capital expenditure in the water and sanitation sector in Zambia, 1998-2002 

(Source: Dagdeviren, 2008).  

 Budget (B) 

US$ million 

Actual (A) 

US$ million 
A/B (%) 

1998 12.1 0.4 3.1 

1999 7.4 0.2 2.4 

2000 3.4 0.1 3 

2001 3.5 0.4 12.3 

2002 6.1 0.5 8.8 

 

Does this lead to the need for public water supply under the Ndola City Council? In reality, there 

would largely be no change in the operating success if current systems were maintained under the 

public system. Water provision would remain reliant on public funding, as it is under the 

management contract with KWSC, as would the monitoring of the performance of this supply 

(OHCHR, 2010). Due to the inability of the majority of the population to contribute significantly to 

water provisioning revenue, the onus is now on the Zambian Government, whereby investment in 

this sector must become a priority. These views were held strongly by Key Informant #8, stating, 

“if the government were serious enough it is not complicated to resolve, just a matter of 

restructuring it and having a group in charge. We need to set a certain amount of tax revenue aside 

and direct that straight into water supply”. These are costs that will then act as catalysts to every 

other aspect of poverty eradication. One aspect is certain though: if any form of provision is to 

succeed, good governance must be the central focus, whereby “without the necessary governance 

framework for regulation, water utilities, whether publically or privately supplied, will remain 

inefficient” (Rogers and Hall, 2003:33). 

5.7.3 What does coherent water governance look like? 

Coherent water governance is a crucial aspect to any water provisioning service, both for the 

realisation of successful delivery, and for the protection of the groundwater resource itself. As 

defined by the Global Water Partnership, “water governance refers to the range of political, social, 

economic and administrative systems that are in place to develop and manage water resources, and 

the delivery of water services, at different levels of society” (Rogers and Hall, 2003:7). 

Organisation, records, maintenance, and enforcement of policy are therefore all core aspects of this, 

all of which are currently lacking in Ndola. Firstly, any new system that is implemented in Ndola 

must ensure that it covers the seven requirements outlined in Table 5.4. Regulations must be made 

regarding these and those responsible for each must be outlined. However the establishment of 

these policy frameworks will not necessarily lead to successful water provisioning, as enforcement 

must then follow (Morris et al. 2003). Specific attention must be given to the payment schemes, 
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and policy must be in place to ensure that the price of water does not escalate in Ndola. Cost should 

always equate to no more than 3% of a household’s income (OHCHR, 2010). Transparency must 

also be an integral aspect, working to counteract the tendencies for water provision to result in sub-

optimal quality and quantity of water services to their customers, especially where supply is in the 

hands of a single group (Tecco, 2008). Furthermore, the maintenance of any new system must also 

be valued if the system is to remain sustainable for the long-term. Maintenance, or a lack of, is 

rampant across Ndola according to Key Informant #11, whereby “in Africa they do not know the 

word maintenance, it does not exist. In Zambia there are 13 languages, 64 dialects, and not one 

word for maintenance. Replace and repair exist, but to strip something down and check it to make 

sure it is going to be okay for the next 12 months, it just doesn’t exist”.  

 

Within provision, systems and records must also be a central aspect, especially in regards to the 

overall health of the aquifers from which water is being abstracted. The mentality of ‘out of sight, 

out of mind’ must be obliterated in Ndola (Morris et al. 2003). While the deep carbonate 

groundwater of Ndola is a valuable resource able to provide safe water for human consumption and 

irrigation, the protection of this, especially through ensuring over-exploitation is not occurring, 

must be a central feature. Current records of aquifer abstraction do not exist in Ndola. Those 

responsible for systems admit themselves that “we are not good at keeping [borehole] records” 

(Key Informant #3). While the new Water Resources Management Act (2011) requires all borehole 

users and companies to register these, the implementation of this Act is still pending (Key 

informant #3). The establishment and maintenance of such a database would ensure that people 

were abstracting water from the known ‘safe areas’ (see Section 5.7.1), and would also protect 

against over exploitation of the aquifers, limiting the number of boreholes within close proximity 

of each other (Calow et al. 1997). As explained by Key Informant #3, Ndola has been plagued by 

the urgent need for water, allowing the African mentality of rapid, short-term responses to 

problems (i.e. the rapid sinking of boreholes for water distribution, not ensuring correct processes 

are taken to provide safe sustainable water abstractions, as this adds time to the completion 

schedule) to thrive. To this, Ndola is not immune. For example, Calow et al. (1997) identifies a 

major problem across developing nations as being the desire to deal with the immediate problems 

in search of immediate benefits, although these will only remain in the short-term. In order to 

mitigate the negative aspects of aquifer exploitation, control must be placed on the quantity of 

water abstracted and where this is done (Morris et al. 2003), whereby overall planning for 

groundwater resources is a necessary sustainability aspect that is absent in Ndola. As stated by 

Morris et al. (2003), “the general neglect of groundwater resources in terms of national planning, 

monitoring and surveillance will only be overcome once effective monitoring is regarded as an 

investment rather than merely a drain on resources” (Morris et al. 2003:vii). 
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5.8 Limitations 

Best efforts were made to limit the number of errors within this study; however, due to the 

logistical constraints of fieldwork in a developing nation, not all error was eliminated. Error can be 

split into four categories, water sampling and analytical error, strata simplification error, data 

availability as to the known physical conditions of Ndola, and miscommunication within the 

interview and questionnaire process. Firstly, sampling contamination was inevitable given the 

sampling conditions. Samples were always collected using the user’s technique: for example, 

shallow well water was collected using the bucket and rope system established by each household, 

therefore indicating the high potential for contamination from dirty buckets. Furthermore, the 

shallow well or borehole construction materials will have added contamination to samples. These 

facets were unavoidable and it must be understood that the results presented in this study do not 

aim to characterise the overall make-up of the natural water within the aquifers of Ndola, but rather 

the quality of the final product that local communities are consuming. Further contamination may 

have arisen from the filtering process and the addition of nitric acid for preservation, whilst a 

change in the concentration of chemical species may have occurred during collection, transport, 

and shelf life before laboratory analysis was conducted. Within the laboratory process, error may 

also have resulted primarily via sample handling, the digest process, including the addition of HCl, 

and through the addition of caesium chloride and caesium nitrate to the dissolved and total 

recoverable samples, respectively. Precautions were taken to mitigate these errors and field blanks 

were deducted from the final data set to allow for any contamination that arose through the 

sampling and analytical methods.  

 

The second category of error lies within the deduction method used to simplify the strata for 

grouping sites within Ndola. Firstly, the site type strata were simplified to KWSC, surface waters, 

shallow wells, and boreholes, each of which included a range of differing conditions. For example, 

surface waters included streams, dams, and dambos, all of which have differing characteristics, 

hence potentially different contamination processes. The shallow well and borehole classes both 

included differing levels of protection, construction materials, and depth. Confounding factors are 

therefore evident, however these were deemed unavoidable due to the sampling conditions. Further 

concerns are found in the grouping of the geogenic types, whereby the classes used within this 

stratum are a simplified version of the overall detailed geology of the region. Figure 2.4 and Figure 

3.3 display these differences, describing the detailed geogenic make up and the simplified version 

used in this study, respectively.  

 

Data accessibility was also problematic, especially in the case of the detailed geological data, and 

the characteristics of the three aquifers in Ndola. Limited research has been conducted in this area, 
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thus the geology maps were drawn based on colonial information provided by the British 

Geological Survey. Additionally, the aquifer maps were based on a relatively recent study 

conducted by ASTA (2013). Obtaining this data was a difficult task and potential errors may have 

been introduced in the process of remapping. Land use and surface water maps were also 

unavailable and were drawn from satellite images of the city, supported by field notes and ground 

truthing.  

 

The final known source of error lies within the interview and questionnaire process, the potentials 

for which were explained in Section 3.6.3. Translation issues were evident in the questionnaire 

process as users did not always understand the question being asked and some answers will have 

therefore been lost in translation. Some questions were also rather subjective, such as ‘how good do 

you think your water quality is’, whereby different respondents had differing opinions as to what 

defined good and bad water.  Furthermore, respondents were sometimes reluctant to say how they 

really felt about their water provision for fear of authorities finding out what their answers were. 

Truth was also of concern within the key informant interviews; some respondents may not have 

been comfortable telling the researcher their concerns. Every effort was made to reduce these 

limitations and the use of a local and well-educated translator certainly added a reliability and 

accuracy to the research that would not have been achieved if the questionnaire process were 

conducted by the foreign researcher alone.  

 

5.9 Scope for future research in Ndola  

There are multiple opportunities for future research into the state and sustainability of the Ndola 

aquifers, all of which would enrich the recommendations for future water provisioning for the local 

communities. The current research presents a limited analysis of the water quality in Ndola, 

reduced to the dry season and certain areas of the city. Further water quality research assessing the 

temporal variations throughout the year, across both the dry season and the wet season, would be 

beneficial in assessing whether similar increases in surface water contamination are present in the 

wet season, as found in other Copperbelt towns (see Section 5.4). Based on previous studies 

(Pettersson and Ingri, 2001; Pettersson et al. 2003), it is expected that overland runoff will increase 

in the wet season, leading to increased total recoverable metal concentrations, while an expected 

decrease in pH and hardness as a result of acid rain will lead to an increased percentage of 

contamination being in the dissolved form. Such findings in Ndola could have significant impacts 

on shallow well quality, based on the interactions assumed between surface waters and shallow 

wells in this study. Furthermore, the analysis of a wider range of variables would also be beneficial, 

including total suspended sediment (TSS) and common anions, such as nitrates and phosphates. 
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TSS would assist with the analysis of the particulate versus dissolved loads in waters, while anions 

would assist in analysing the impact that roaming animals and the use of pesticides and fertilisers 

in urban agriculture are having on surrounding water bodies.  

 

The assumptions that surface water to shallow well interactions are occurring, versus the absence 

of surface water to borehole depth interactions, could be further validated through isotopic analysis 

in Ndola. For example, a study involving the stable isotopes of oxygen-18 (
18

O) and deuterium (
2
H) 

could indicate whether recharge is derived from river sources or from precipitation (Dincer and 

Davis, 1984). These are ideal tracers as they are incorporated within the water molecule and 

display spatial and temporal variations within the atmosphere as a result of isotope fractionation, 

which occurs under water-cycle phase changes, and diffusion (Dincer and Davis, 1984; Stewart and 

Morgenstern, 2001; Dingman, 2002; Gibson et al. 2005). Furthermore, the age of the shallow 

groundwater abstracted from shallow wells could be determined through these isotopes, whereby 

their concentrations reflect the temperature at which water condensed, hence it is expected that 

there will be large differences in isotopic concentrations between seasons (Dincer and Davis, 1984; 

Clark and Fritz, 1997). 

 

The age of deeper groundwater, and consequently the expected recharge rates of this, could be 

determined through the analysis of radioactive isotopes, such as tritium (
3
H) and carbon-14 (

14
C). 

These are unstable isotopes and thus decay over time. For example, 
3
H has a half-life of 12.43 

years, whilst 
14

C has a half-life of 5568 years, therefore, the concentration of these in groundwater 

can be used to determine the time that has elapsed since water entered an aquifer (Stewart and 

Morgenstern, 2001; Younger, 2007; Leibundgut et al. 2009). The determination of the age of 

Ndola’s groundwater, especially the deeper water that has been tentatively recommended in this 

research for future supply, is of significant importance in determining the sustainability of the 

groundwater resource, hence validating the recommendations made (Freeze and Cherry, 1979; 

Stewart and Morgenstern, 2001).  

 

The determination of recharge rates is crucial in ensuring that current and future abstraction rates 

do not demise the long-term sustainability of these resources. For example, a more rapid rate of 

groundwater decline is expected in a fractured aquifer characterised by low storativity compared to 

an extensive intergranular aquifer characterised by high storativity. However, these conditions are 

currently unknown in Ndola (Morris et al. 2003). Abstraction that exceeds the recharge capacity of 

an aquifer is firstly of concern as this can cause a draw down in the water table, therefore impacting 

shallow wells that rely on the shallow depth of this water table in Ndola, and secondly, as water 

levels may continue to decline over decades, thus affecting the long-term use of groundwater in the 

area (Morris et al. 2003). Furthermore, over-abstraction may affect groundwater quality in some 
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unconsolidated aquifers due to the potential for pumping induced subsidence, whereby subsidence 

can cause damage to underground pipes by increasing leakages (Morris et al. 2003).  

 

5.10 Conclusion 

This research has provided an insight as to the current state of water quality and has highlighted the 

potential for a noded borehole system, especially in the high-buffering dolomite-limestone 

formations. Surface waters and shallow wells must be avoided, however, this will only become 

possible if abstinence education increases, and if the local authorities take responsibility for 

providing alternate safe sources. Before any future planning begins for Ndola, knowledge as to the 

yield and age of the differing aquifers is crucial to ensuring the long-term sustainability of these 

resources. Further, and more extensive research will be of great value in adding to the current 

knowledge of Ndola’s water resources, especially in the non dolomite-limestone formations of the 

city.  
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6. Conclusion 
Drinking, domestic and irrigation water sources in Ndola include the use of surface waters, shallow 

wells, boreholes and municipal supply provided by KWSC. The overall use of each of these water 

sources varies as a function of physical access, cost, and the perceived quality of each source. 

Municipal supply under KWSC was unattainable for most, either because supply did not reach their 

community or if it did, users simply could not afford it. Therefore, private supply, as defined in this 

study as individuals supplying their own water, was the only option for many residents of Ndola. 

Cost was the main barrier to the installation and utilisation of capped private boreholes, while 

surface water use was also limited in use due to its perceived poor quality. As a consequence of the 

limited uptake of water use from private bores, and the poor surface water quality, the majority of 

private water supply was primarily shallow well use. The two aims of this research were to 

determine how do local users access water and consider any challenges to access, both from the 

perspective of the local providers and the local users; and to determine the physical state of water 

quality, specifically heavy metals and total coliforms, in Ndola.  As such, the intention was to 

assess whether the water resources being used in Ndola have the ability to meet the definition of 

safe water under the MDGs. Specifically this research has identified:   

 

 There is low use of KWSC municipal supply water in Ndola, which is attributed to a 

limited and aging colonial piping network that has not been able to meet the demand of the 

growing city. Furthermore, treatment shortfalls have led to water-users not trusting the 

quality of this water.  

 

 Local water-users’ perceptions of their water quality varied. There was an overall 

consensus that surface waters were not safe for drinking water supply and that boreholes 

were the best option. The perceptions of shallow wells varied, however, it was widely held 

that because these sources were ‘underground’ they were better than surface waters. In 

some cases this was true, although in many it was not, primarily due to the lack of well 

protection, leaving shallow wells directly open to overland activities and contaminants. 

The majority of water-users realised that this was an issue, but lacked the resources and/or 

motivation to improve their well protection. Little regard was given to the distance of 

shallow wells from contaminated surface waters and to the ways that surface – 

groundwater interactions may be affecting wells in these areas.  
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 Surface waters in Ndola are not safe for human consumption. Aluminium and total 

coliforms exceeded the WHO guideline values. The state of shallow well quality varies 

across communities; and appears to be being affected by surface water interactions and 

direct ingress from overland runoff, once again characterised by levels of aluminium and 

total coliforms that exceeded the WHO guidelines. While shallow wells appear to be 

vulnerable to anthropogenic contaminants, boreholes protected from these contaminants 

due to their distance from the surface and the natural filtering processes that occur within 

the aquifer that removes contaminants as water percolates through the subsurface zone. 

KWSC water appears safe on delivery, however, the colour and taste led to users refusing 

to consume this water.   

 

 Spatial variations in water quality were found between the different rock types in Ndola, 

indicating that lithology likely influences metal mobility. High pH and hardness values 

were crucial in transforming elements from the dissolved to particulate form, consequently 

decreasing the toxicity of contamination. These processes were the strongest in the 

dolomite-limestone areas due to the carbonate nature of this bedrock, this being the only 

rock type to be under the WHO guideline for aluminium. Further impacts of different 

geology on water quality were found to be a function of the relative permeability of 

different aquifers. For example, shallow wells in granite-gneiss areas were found to have 

low levels of contamination, due to the probable low recharge rates of these areas.  

 

 A legacy of mining, partly from the Bwana Mkubwa mine and partly from potential dust 

fallout from other Copperbelt mines, appears to be the source of the deterioration of 

surface water quality, where dissolved concentrations of calcium, magnesium, sodium, 

potassium, aluminium barium, cobalt, copper, iron, manganese, and strontium were similar 

to those found in previous studies of the mining affected Kafue River, west of Ndola 

(Pettersson and Ingri, 2001). 

 

Overall, the requirements of the human right to water are not being met in Ndola, primarily due to 

the malfunctioning systems within KWSC. While the quality of KWSC delivered water is currently 

satisfactory, the limited access and affordability make this source unattainable for most. State 

supplied water is not available for all Ndola residents and the MDGs to halve those without safe 

access by 2015 is currently unattainable. Residents have had to take water access into their own 

hands, the methods for which are concerning due to a lack of shallow well protection across the 

city.  
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Action is needed in the water-provisioning sector of Ndola if water related MDGs are to be 

achievable. Well protection is an immediate step that must be taken, and it is believed that this will 

greatly improve the quality of water for the vast majority of residents who are consuming water 

from shallow well sources. Shallow well protection education, construction resources, and 

motivation must be a crucial part of NGO operations in Ndola. However, shallow well protection 

can only be seen as a quick fix to the overall solution, whereby state supply must become available 

and attainable for all. A restructure is needed, one that operates on a smaller, more local scale, and 

one that is sustainable in the long-term. A noded supply network, comprised of numerous 

boreholes spread throughout the dolomite-limestone communities of Ndola is recommended for 

future KWSC supply, as large-scale piping investments are evidently unaffordable and 

unsustainable for the level of public sector financial support available in Ndola. Non dolomite-

limestone areas require further assessment to determine whether the aquifers in these areas are safe 

and sustainable for long-term water abstraction. A noded system would allow for: a low investment 

and maintenance cost; resilience to future rapid population growth; easily established in high 

density areas without disturbing current dwellings; provide water to all of the community at an 

affordable price; and provide plentiful water to a drinking standard that is protected from surface 

water contamination.  

 

Water provisioning for all must become a central focus of the Zambian Government and this must 

be reflected in the relative spending allocated to this need. For Ndola, development should be 

focused in the construction of protected boreholes (>50 metres) in the carbonate areas of the city, 

primarily over the Kakontwe Limestone Aquifer. Further research is required to assess the long-

term sustainable yields of the groundwater sources in Ndola, the results of which would greatly 

enhance the recommendations for the way forward for Ndola’s residents.  
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8. Appendices 

Appendix A: Ethics Application 

 

Application to the University of Otago Human Ethics Committee for Ethical Approval of 

a Research or Teaching Proposal involving Human Participants 

PLEASE read carefully the important notes on the last page of this form.  Provide a 

response to each question; failure to do so may delay the consideration of your 

application. 

 

 

1. University of Otago staff member responsible for project:   

  

   Mager              Sarah               Dr 

   Nel            Etienne          Associate Professor 

 

2. Department:  

Geography 

  

3. Contact details of staff member responsible:   

Email: sarah.mager@otago.ac.nz 

Extn: 4222 

Email: eln@geography.otago.ac.nz 

Extn: 8548 

 

4. Title of project: 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns 

for development in Ndola, Zambia 
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5. Brief description in lay terms of the purpose of the project:  

Access to safe drinking and irrigation water is a pressing issue in many developing nations. As 

anthropogenic activities continue to degrade surface waters, many communities are rapidly 

turning to groundwater to meet their drinking water and irrigation needs, including in Zambia. 

Zambia lies within Africa’s two largest basins, the Zambezi and the Congo and has an 

estimated total annual renewable water resource of 105 km
3
 available (The World Bank, 2009). 

This equates to an average annual resource quantity per person of 8700 m
3
, which is 

considerably higher than the average amount available to people in other parts of Sub-Saharan 

Africa, which has an annual average of approximately 7000 m
3
 (The World Bank, 2009). 

However, due to the degradation in surface water quality and the lack of infrastructure for 

groundwater access, Zambia is regarded as having economic water scarcity (The World Bank, 

2009). Regardless, there is currently a push for increased agricultural production; hence an 

increased demand for irrigations sources. Of particular concern is where this water is to come 

from and to what level the quality will be acceptable.  

 

Heavy mining operations over the last eighty years have resulted in widespread environmental 

degradation, including that of surface waters, hence the concern for sustainable and safe 

sources. An estimated 78 km
2
 of the Copperbelt is covered in tailing dams, waste rock dumps, 

and highly contaminated soils, whereby hydrological processes then act to carry these 

pollutants to surface waters, leading to degradation (The World Bank, 2009). Previous research 

in the Copperbelt has found this to be true, whereby heavy metal concentrations within surface 

waters have been shown to have increased concentrations of aluminium, barium, cobalt, 

copper, manganese, molybdenum, nickel, strontium, calcium, sulphur, arsenic, magnesium, 

potassium and sodium as the surface waters pass through the mining areas (Pettersson and 

Ingri, 2001; Kambole, 2003).  Sracek et al. (2012) identified key contamination sources to be 

point source discharges from processing plants, erosion and washout from old tailings, slag 

deposits from mining waste piles and seepage and overflow from active tailing ponds of 

suspended sediments (Sracek et al. 2012).  

 

Due to this degradation making surface waters unacceptable for agricultural use and drinking 

water, documents released by both The World Bank (2009) and Republic of Zambia and 

Federal Republic of Germany (2007) urge Zambians to turn to groundwater supplies. However, 

to date there is limited knowledge on the quantity and quality of these groundwater stores, 

whereby no formal research on either has been conducted in Ndola. In terms of quantity, 

concern is raised as quantity is a function of precipitation and surface water stores, and with 

increasing extraction rates there will be effects on other systems, dependent on where this 

recharge is coming from. Furthermore, groundwater quality is then of concern due to the 
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potential interaction between surface water and groundwater, and the ability for these 

contaminated surface waters to then enter groundwater stores. Therefore, a crucial area of 

research is the suitability of the groundwater resources in the Copperbelt region for further 

development for both drinking water and irrigation (The World Bank, 2009; British Geological 

Survey, 2001; Republic of Zambia and Federal Republic of Germany, 2007).  

 

6. Indicate type of project and names of other investigators and students:  

Staff Research    Names  

 

 

 

Student Research         Names   

   

 

7.  

8. Is this a repeated class teaching activity? 

  Yes   No 

  

 

If applying to continue a previously approved repeated class teaching activity, please provide 

Reference Number: 

  

9. Intended start date of project: 

1
st
 April 2013 

10. Projected end date of project: 

31
st
 March 2014  (Fieldwork is planned for April/May 2013) 

 

11. Funding of project.    

 Is the project to be funded: 

(a) Internally 

  

(b) Externally 

  

Funded by NZAid, New Zealand Federation of Graduate Women, and the Sasakawa Young Leaders 

Fellowship Fund. 

 

No commercial use will be made of the data.   

x 

x 

 X 

 

X 

Sarah Mager & Etienne Nel 

Elisabeth Liddle  
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12.  Aim and description of project:  (Clearly specify aims)     

This study will examine the current state of groundwater sources in Ndola, Zambia and its 

suitability for further development.  In particular, this study will examine the availability and purity 

of the groundwater resources for drinking water and irrigation uses, and determine whether there is 

an alignment between the physical properties of the water and consumers’ 

 perceptions of the state of the groundwater resource. 

 

13.  Researcher or instructor experience and qualifications in this research area: 

The researcher (Sarah Mager) is a Physical Geographer with a research focus on water quality and 

geochemistry, and has worked in this field for the past 12 years.  Sarah has supervised topics on 

groundwater, surface water and their interaction, as well as undertaking research into the factors 

that drive and attenuation water chemistry and pollutants in southern New Zealand. 

 

The researcher (Etienne Nel) was born in Zambia and has undertaken research work in Zambia and 

Southern Africa in general for the last 20 years, having a specific focus on local development / 

community development issues, including Urban Agriculture. He has also participated in a recent 

UNDP funded study of Urban Agriculture in Zambia. 

 

The student researcher (Elisabeth Liddle) is in her thesis year of a Master of Science, having 

already completed a BAppSci in Environmental Management. Course work such as GEOG475 

(Sustaining Rural Livelihoods in Developing Countries), GEOG228 (Uneven Development in 

Contemporary India) and GEOG382 (Transformations in Developing Countries) have assisted in 

an appreciation of issues facing developing countries.  

 

14. Participants   

14(a) Population from which participants are drawn:  

Local water users, and key informants, including government officials and members of 

organisations (such as NGO’s and community-based organisations) who are involved in 

supplying water resources to local users will be interviewed. Water users participating in 

the study will be drawn from focus areas (such as an inner-urban area and a peri-urban 

area) to be determined on advice from council staff and local researchers with thorough 

local knowledge of water resources in Ndola.  

 

 

 



 155 

14(b) Specify inclusion and exclusion criteria: 

The nature of the research involves voluntary consent from officials/employees and water 

users who are deemed relevant to the research. Only English (the Zambian national 

language) speaking participants will be selected. Once identified participants are free to 

decline to participate in the study. 

 

14(c) Number of participants:  

Approximately 60 water users will be sought for the study.  

The exact number of key informants is not known as snowball sampling will be employed, 

but it is anticipated that at least 10 interviews will be held. 

 

14(d) Age range of participants: 

Participants will all be over 18 years of age. 

 

14(e) Method of recruitment: 

Key informant participants will initially be recruited through dialogue with the relevant 

departments at the City Council and NGOs. Snowball sampling will be employed to 

expand upon the number of participants and seek out further participants. A thorough 

selection process utilising local knowledge will be used to select participants representing 

individual water users within Ndola. These participants will be recruited randomly using 

guidance from staff at Seeds of Hope, Zambia (a local NGO).  

 

14(f) Please specify any payment or reward to be offered: 

None will be offered. 

 

15. Methods and Procedures:  

The research design will include semi-structured key informant interviews with officials/employees 

of the City Council, NGO experts, and community groups. It will also include structured 

questionnaires with individual water users.  

 

Where permission has been granted, interviews will be audio-recorded. Transcripts from the 

interviews will be analysed thematically through description, coding, classification and the 

categorisation of responses. 
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16. Compliance with The Privacy Act 1993 and the Health Information Privacy Code 1994 imposes 

strict requirements concerning the collection, use and disclosure of personal information.  These 

questions allow the Committee to assess compliance. 

 

16(a) Are you collecting personal information directly from the individual concerned? 

YES 

Information regarding the age and gender of water users and whether they receive 

government or NGO support will be sought. However, this information will not be linked 

to individual people and participants will remain anonymous.  

 

If you are collecting the information indirectly, please explain why: 

N/A 

 

16(b) If you are collecting personal information directly from the individual concerned, specify the 

steps taken to make participants aware of the following points:  

• The fact that you are collecting the information: 

Participants will be informed prior to an interview that they will be asked personal information and 

that they may choose not to participate in the interview, or not to answer any questions that they 

feel uncomfortable responding to. They will also be informed that the identity of participants will 

remain anonymous in data, transcripts and in any direct quoting used in reports or papers regarding 

the study. 

 

• The purpose for which you are collecting the information and the uses you propose to make of it: 

Participants will be informed prior to the interview commencing that this information is being 

collected to assist with understanding the quantity and quality of water resources in Ndola, and its 

importance in the lives and livelihoods of residents. Individuals will remain anonymous at all times 

during the processing and writing up of information gathered, and it will not be possible to identify 

participants in any reports or articles of the findings. 

 

• Who will receive the information: 

Information will be collected by the researchers, with assistance from local NGO staff (Seeds of 

Hope) where necessary. The collected data will only be dealt with by the researchers, however, the 

final reports will be made publically available as theses and potentially a journal article, however, 

no personal details will be discernable within this. Participants will be informed of this prior to 

interviews commencing. 

 

•The consequences, if any, of not supplying the information: 

Prior to the commencement of interviews participants will be informed of their right to decline to 

answer any questions without disadvantaging themselves in any way. 
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•The individual's rights of access to and correction of personal information: 

Participants will be provided with the researchers contact details should they wish to remove, alter 

or add to their initial responses. It will be emphasised to participants that their individual 

information or identity will not be disclosed in any publication generated from the research. 

 

16(c) If you are not making participants aware of any of the points in (b), please explain why: 

 N/A 

 

16(d) Does the research or teaching project involve any form of deception?   
 NO. 

 

16(e) Please outline your storage and security procedures to guard against unauthorised access, use 

or disclosure and how long you propose to keep personal information:   

The data will be stored on the researcher’s university computer login profile; this has a secure login 

and is password protected. Hard-copy data will be stored in a locked cabinet in Dr Sarah Mager’s 

office at the University of Otago. In line with University requirements, this information will be kept 

for five years, after which time it will be destroyed by Dr Sarah Mager. At the completion of the 

project all identifying personal information will be destroyed. 

 

16(f) Please explain how you will ensure that the personal information you collect is accurate, up to 

date, complete, relevant and not misleading: 

Clarification of information will be done with the participants before concluding the interview. 

 

16(g) Who will have access to personal information, under what conditions, and subject to what 

safeguards against unauthorised disclosure?  

Information will only be available to Dr Sarah Mager, Associate Professor Etienne Nel, and 

Elisabeth Liddle. It will only be accessible via a secure login and password or in the locked cabinet. 

Participants will be informed prior to consent that they may request a copy of the completed 

research project when the project is completed. 

 

16(h)Do you intend to publish any personal information and in what form do you intend to do this? 

No. 

 

16(i) Do you propose to collect information on ethnicity?  

No. 

 

17. Potential problems:  
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It is not expected that any conflicts or issues will arise out of this research project. Participants will be 

provided with the researchers contact details should they wish to discuss any issues raised in the process of 

participating in the research. The topic is not controversial in Zambia where there is recognition of the role 

water plays in livelihoods. 

International SOS considers Zambia as a ‘low travel risk’ country. Countries with this risk rating are 

considered secure with adequate security and emergency services and sound infrastructure. The border 

areas with Congo in the Northern and Luapula provinces are noted as a ‘medium travel risk’, however, the 

research will be confined to the cities of Ndola and Kitwe and the researchers will not be visiting these 

other areas. 

In medical terms, SOS rate the country risk as ‘extreme’. We, however, believe that it is safe for us 

to work in the country, because: 

1) The current measles outbreak is confined to the city of Lusaka where we the researchers will 

not be working. 

2) The University travel insurance covers work in Zambia and includes emergency evacuation 

should the need arise. 

3) We will take all the required inoculations as listed by SOS and will also take the recommended 

malarial drugs. 

4) We both will consult with travel doctors prior to our trip in April to establish that it is safe to 

travel. 

5) As we will travel at the end of the wet season (April/May 2013), the disease risk is significantly 

reduced, particularly in the case of malaria. 

6) Contacts will be established with a private medical practice, which has emergency facilities in 

Ndola.  

7) A field assistant from Seeds of Hope will be used during the fieldwork to assist in local 

communication and will provide translation is required.  

 

18. Informed consent   

Please attach the information sheet and the consent form to this application.  The information sheet and 

consent form must be separate.  
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19. Fast-Track procedure   

 Do you request fast-track consideration? (See Important Notes to Applicants attached) 

NO. 

 If yes, please state specific reasons:- 

20. Other committees 

 If any other ethics committee has considered or will consider the proposal, which is the 

subject of this application, please give details:  N/A 

 

21. Applicant's Signature:   ....................................................................   

 

 Date:  ................................ 

 Please ensure that the person signing the application is the applicant (the staff member responsible 

for the research) rather than the student researcher. 

22. Departmental approval:  I have read this application and believe it to be scientifically and ethically 

sound.  I approve the research design. The Research proposed in this application is compatible with the 

University of Otago policies and I give my consent for the application to be forwarded to the University 

of Otago Human Ethics Committee with my recommendation that it be approved. 

 

 Signature of *Head of Department: .......................................................................... 

 

 Date: ...................................... 

 *(In cases where the Head of Department is also the principal researcher then the 

appropriate Dean or Pro-Vice-Chancellor must sign) 
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Appendix B: Key Informant Interview 

[Ethics Reference Number 12/302] 

 

  

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

KEY INFORMANT INTERVIEW 

Date: 

Name of department/organisation: 

1. What are the main water sources in Ndola? Percentage of each? 

2. Have these changed over the last ten years? 

3. What regulations/legal policies are in place for water sources? Both surface water and 

groundwater? How do these protect quality and abstraction rates? 

4. Do you measure extraction rates? How? 

5. Does your department/organisation help people access water? In what way? 

6. If sinking wells, what processes do you use before doing so? 

 Practical location for users? 

 Locate shallow water table? Methods for this? 

 Assess groundwater flow? 

 Assess recharge rates? 

 Assess chemical composition? 

7. Is there any time in the year that you have issues supplying water? 

8. What problems do you see with water quality in the past, present and future? 

9. Are these problems being addressed/how do you think these problems should be addressed? 

10. Do you see a need to improve water quality in Ndola? 

11. NGOs and community groups dealing with water sources and quality: 

 Do you know of any NGOs that are involved with helping improve water quality/supply? 

 What are they doing? 

 How important are such groups? 

 Is there potential for an increase in the number of these groups? 

 What sort of this would you like to see them do more of? Less of? Example? 

 How could such groups assist with poverty reduction? 
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Appendix C: Water-User Questionnaire 

[Ethics Reference Number 12/302] 

 

 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

WATER USER QUESTIONARE 

Date: 

Adjacent sample site number: 

 

Personal Details 

1. Age [under 20] [20-29] [30-39] [40-49] [50-59] [60-69] [70-79] [80+] 

2. Gender 

3. Head of household/relationship to head? 

4. Number in household who are dependent on this water source? 

Sources of water 

5. Type of water source: [tap from bore] [tap from surface water] [standpipe in house] [standpipe 

in street] [surface water] 

6. Has this always been how you have accessed water? [Yes] [No] 

7. If no, how did you access water in the past? 

8. If using a street standpipe for access, who paid for this? 

9. If using a street standpipe for access, who owns this? 

 

Uses of water 

10. What do you use water for? [drinking] [irrigation] [food preparation] [other-please explain] 

11. Do you have enough water to meet your needs? [yes] [no] 

12. How important are these water sources to your household?  

13. When do you use groundwater? [all year] [dry season] [other-please explain] 

Quality 

14. If using for drinking water, is the taste of the water acceptable? [Yes] [No] 

15. If using for washing clothes, is it acceptable (no discolouration)? [Yes] [No] 

16. How good do you think your water is?  

17. Does water quality vary during the year? [Yes] [No] 
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18. If yes, in what months is water quality bad? [Jan] [Feb] [Mar] [Apr] [May] [June] [July] [Aug] 

[Sept] [Oct] [Nov] [Dec] 

19. Why do you think it is bad in these months? 

Quantity 

20. Does water supply vary during the year? [Yes] [No] 

21. If yes, what months do you not have enough water? [Jan] [Feb] [Mar] [Apr] [May] [June] 

[July] [Aug] [Sept] [Oct] [Nov] [Dec] 

22. Why do you think it varies? 

Problems 

23. What is the biggest problem you face regarding water? [Supply] [Quality] 

24. Do you have any concerns for your future water use? 

Support 

25. Assistance for water (from government, NGOs, community groups) 

a. Do you get any support from the government (local or national) for collecting water? 

[Yes] [No] 

b. If yes, from who? [National Government] [Local Government]  

c. Do you know of any NGOs/community groups that support or help you to access 

water? [Yes] [No] 

i. Are you currently receiving assistance from any? [Yes] [No] 

ii. If yes, which organisation? 

d. Would you like to receive more support in the future? [Yes] [No] 
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Appendix D: Information Sheet for Key 

Informant Interviews 

 [Ethics Reference Number 12/302] 

 

  

 
 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

INFORMATION SHEET FOR KEY INFORMANT INTERVIEWS 

 

Thank you for showing an interest in this research project. Please read this information sheet 

carefully before deciding whether or not to participate in this interview. If you decide to participate 

we thank you. If you decide not to take part, there will be no disadvantage to you of any kind and 

we thank you for considering our request.  

 

What is the aim of the project? 

This project is being undertaken as part of the requirements for a Master of Science degree at the 

University of Otago. The project aims to investigate the sustainability of water resources in Ndola. 

A part of this research is therefore to understand how government agencies, water agencies, local 

authorities, NGOs, and community groups are assisting in protecting and supplying water for locals 

and how this can be enhanced in the future to reduce poverty in Ndola. It is hoped that this research 

will highlight the sustainability of groundwater extraction and the areas within Ndola that have the 

ability to supply safe water for drinking and irrigation in the future. 

 

What type of participants are being sought? 

The participants in this study are mainly officials or employees of the government agencies, water 

suppliers, Ndola City Council, NGOs and community groups.  

 

What will participants be asked to do? 

If you take part in this project, you will be asked several questions about the city’s water sources 

and use, and how your department/organisation is assisting local communities water use. The 

amount of time involved will vary depending on your position, but discussions may last up to one 

hour.  
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Please be advised that if you decide not to take part, there will be no disadvantage to you of any 

kind and we thank you for considering our request.  

 

Can participants change their mind and withdraw from the project? 

Yes, you may withdraw from the project at any time without any disadvantage to of any kind and 

we thank you for considering our request.  

 

What data or information will be collected and what use will be made of it? 

Information about water sources and their main use in Ndola will be collected, along with any 

information regarding policies and/or regulations that are in place to protect the quality of these 

water sources.  

 

If participants agree the interview will be audio-taped to help the researcher understand the 

information. All tapes will be destroyed at the end of the project.  

 

This project involves a semi-structured interview technique. The general line of questioning 

includes information about the main water sources in Ndola and how your organisation is involved 

in supply and protection of these sources. Topics may include the policies/programmes in place to 

help communities access water, policies/programmes in place to ensure that clean water is 

provided, your concerns for future water sources, and whether or not you know of any other 

organisations assisting in this area. The precise questions that will be asked have not been prepared 

in advance, but will depend on the way in which the interview develops. Consequently, although 

the University of Otago Human Ethics Committee is aware of the general ideas to be explored in 

the interview, the Committee has not been able to review the precise questions to be used. 

 

If the questions that do develop through the interview make you feel uncomfortable you have the 

right to not answer any particular question(s) and you may withdraw from the project at any time 

without any disadvantage to you and your family of any kind and we thank you for considering our 

request. 

 

Information is being collected to understand water use and quality in Ndola city to determine how 

future sources can be sustainable and safe for use.  

 

During the processing and writing up of this information, all participants will remain anonymous 

and it will not be possible to identify participants in any reports or articles of the findings. The data 

will only be available to the researchers and all participants will remain anonymous.  

 

The results of this project may be published and will be available in the University of Otago 

Library (Dunedin, New Zealand) but you will not be identifiable in these publications. If you 

would like, a copy of the final report can be made available to you. 

 

The data collected will be securely stored and only those mentioned below will be able to use it. At 

the end of the project any persona information will be destroyed immediately except that, as 

required by the University’s research policy, any raw data on which the results depend will be kept 

in secure storage in the University of Otago, Department of Geography for five years, after which it 

will be destroyed.  
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All precautions will be taken to protect and destroy data gathered by email. The security of 

electronically transmitted information cannot be guaranteed. Caution is advised in the electronic 

transmission of sensitive material.  

 

What if participants have any questions? 

If you have any questions about our project, either now or in the future, please feel free to contact 

either:- 

Elisabeth Liddle                       and/or                            Dr  Sarah Mager 

Department of Geography                         Department of Geography  

+64 27 310 7080                                                                         +64 3 479 4222 

lidel864@student.otago.ac.nz                                                 sarah.mager@otago.ac.nz  

       

This study has been approved by the University of Otago Human Ethics Committee. If you have 

any concerns about the ethical conduct of the research you may contact the Committee through the 

Human Ethics Committee Administrator (ph 03 479 8256). Any issues you raise will be treated in 

confidence and investigated and you will be informed of the outcome. 
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Appendix E: Information Sheet for Water-

User Questionnaire 

[Ethics Reference Number 12/302] 

 

 
 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

INFORMATION SHEET FOR WATER USER QUESTIONNAIRE 

 

Thank you for showing an interest in this research project. Please read this information sheet 

carefully before deciding whether or not to participate in this interview. If you decide to participate 

we thank you. If you decide not to take part, there will be no disadvantage to you of any kind and 

we thank you for considering our request.  

 

What is the aim of the project? 

This project is being undertaken as part of the requirements for a Master of Science degree at the 

University of Otago. The project aims to investigate the spatial variability in surface water and 

groundwater quality in Ndola. A part of this research is therefore looking at how people source 

water, what these sources are used for, and individuals’ perception on the quality of their water. It 

is hoped that this research will highlight the sustainability of groundwater extraction and the areas 

within Ndola that have the ability to supply safe water for drinking and irrigation in the future.  

 

What type of participants are being sought? 

Local people who use water are also being sought. If preferable English participants are being 

sought, however if you do not speak English a translator is available.  

 

What will participants be asked to do? 

If you take part in this project, you will be asked several questions about your water sources and 

use, and how you view the quality of the water you use. It should only take about 20 minutes of 

your time.  

 

Please be advised that if you decide not to take part, there will be no disadvantage to you of any 

kind and we thank you for considering our request.  
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Can participants change their mind and withdraw from the project? 

Yes, you may withdraw from the project at any time without any disadvantage to you and your 

family of any kind and we thank you for considering our request. 

 

What data or information will be collected and what use will be made of it? 

Information is being collected to understand water use and quality in Ndola city to determine how 

future sources can be sustainable and safe for use.  

 

Information about the water sources you use and how you view the quality of these will be 

collected, as well as any support you receive from the government, local authorities, NGOs or 

community groups.  

 

If participants agree the interview will be audio-taped to help the researcher understand the 

information. All tapes will be destroyed at the end of the project.  

 

This questionnaire involves a structured questionnaire technique. Questions will be about your 

specific water use and where you source your water from. Questions will also address any help that 

you receive from your local authorities, NGOs and community groups. You will also be asked what 

you think of the quality of your water sources and how local authorities, NGOs and community 

groups could better assist you in the future. The University of Otago Human Ethics Committee has 

reviewed and given permission for these questions to be asked.  

If any of the questions that you are asked in this interview make you feel uncomfortable you have 

the right to not answer any particular question(s) and you may withdraw from the project at any 

time without any disadvantage to you and your family of any kind and we thank you for 

considering our request. 

 

During the processing and writing up of this information, all participants will remain anonymous 

and it will not be possible to identify participants in any reports or articles of the findings. The data 

will only be available to the researchers and all participants will remain anonymous.  

 

The results of this project may be published and will be available in the University of Otago 

Library (Dunedin, New Zealand) but you will not be identifiable in these publications. If you 

would like, a copy of the final report can be made available to you. 

 

The data collected will be securely stored and only those mentioned below will be able to use it. At 

the end of the project any persona information will be destroyed immediately except that, as 

required by the University’s research policy, any raw data on which the results depend will be kept 

in secure storage in the University of Otago, Department of Geography for five years, after which it 

will be destroyed.  

 

Reasonable precautions will be taken to protect and destroy data gathered by email. However, the 

security of electronically transmitted information cannot be guaranteed. Caution is advised in the 

electronic transmission of sensitive material.  
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What if participants have any questions? 

If you have any questions about our project, either now or in the future, please feel free to contact 

either:- 

 

Elisabeth Liddle                         and/or                   Dr  Sarah Mager 

Department of Geography                 Department of Geography                    

+64 27 310 7080                                                                 +64 3 479 4222 

lidel864@student.otago.ac.nz                                         sarah.mager@otago.ac.nz  

       

This study has been approved by the University of Otago Human Ethics Committee. If you have 

any concerns about the ethical conduct of the research you may contact the Committee through the 

Human Ethics Committee Administrator (ph 03 479 8256). Any issues you raise will be treated in 

confidence and investigated and you will be informed of the outcome. 
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Appendix F: Consent Form Key Informant 

Interviews 

[Ethics Reference Number 12/302] 

 

 

 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

CONSENT FORM KEY INFORMANT INTERVIEWS 

I have read the Information Sheet concerning this project and understand what the project is about. 

All my questions have been answered to my satisfaction. I understand that I am free to request 

further information at any stage.  

I know that:- 

1. My participation in the project is voluntary 

 

2. I am free to withdraw from the project at any time without any disadvantage to me  

 

3. Personal identifying information (audio-tapes) will be destroyed at the conclusion of the 

project but any raw data on which the results of the project depend will be retained in 

secure storage for five years, after which they will be destroyed 

 

4. I understand that this interview may involve questions addressing the policies/programmes 

that my department/organisation has in place to help communities access water, 

policies/programmes that my department/organisation has in place to ensure that clean 

water is provided, my concerns for future water sources, and whether or not I know of any 

other organisations assisting in this area 

5. I understand that this is a semi-structured interview, whereby the precise questions that will 

be asked have not been prepared in advance, but will depend on the way in which the 

interview develops. Consequently, although the University of Otago Human Ethics 

Committee is aware of the general ideas to be explored in the interview, the Committee has 

not been able to review the precise questions to be used. 

6. If I feel uncomfortable at any time I may decline to answer any particular question(s) 

and/or may withdraw from the project at any time without any disadvantage to me  
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7. The results of this project may be published and will available in the University of Otago 

Library (Dunedin, New Zealand) but I will not be identifiable in these publications.  

 

I agree to take part in this project. 

 

 

 

      (Signature of participant)                                                        (Date) 

 

This study has been approved by the University of Otago Human Ethics Committee. If you have 

any concerns about the ethical conduct of the research, you may contact the Committee through the 

Human Ethics Committee Administrator (ph 03 479 8256). Any issues you raise will be treated 

with confidence and investigated and you will be informed of the outcome.  
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Appendix G: Consent Form Water-User 

Questionnaire 

[Ethics Reference Number 12/302] 

  

 

 

Assessing the state of the water quality, challenges to provision, and the subsequent concerns for 

development in Ndola, Zambia 

 

CONSENT FORM WATER USER QUESTIONNAIRE 

I have read the Information Sheet concerning this project and understand what the project is about. 

All my questions have been answered to my satisfaction. I understand that I am free to request 

further information at any stage.  

I know that:- 

1. My participation in the project is voluntary 

 

2. I am free to withdraw from the project at any time without any disadvantage to me  

 

3. Personal identifying information (audio-tapes) will be destroyed at the conclusion of the 

project but any raw data on which the results of the project depend will be retained in 

secure storage for five years, after which they will be destroyed 

4. I understand that this questionnaire will ask questions about my specific water use, where I 

source my water from, any help that I receive from local authorities, the government, 

NGOS, or community groups, as well as what I think of my water quality and what I think 

could help me in the future  

 

5. If I feel uncomfortable at any time I may decline to answer any particular question(s) 

and/or may withdraw from the project at any time without any disadvantage to me  

 

6. The results of this project may be published and will available in the University of Otago 

Library (Dunedin, New Zealand) but I will not be identifiable in these publications.  
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I agree to take part in this project. 

 

 

     (Signature of participant)                                                          (Date) 

 

This study has been approved by the University of Otago Human Ethics Committee. If you have 

any concerns about the ethical conduct of the research, you may contact the Committee through the 

Human Ethics Committee Administrator (ph 03 479 8256). Any issues you raise will be treated 

with confidence and investigated and you will be informed of the outcome. 
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Appendix H: Chemical Data 

Basic Water Quality Indicators 

Site Site Type EC pH Temperature Eh CFU/100 ml 

3 Shallow Well 136.80 5.20 24.70 162.20 23 

4 Shallow Well 38.00 5.17 24.60 188.30 0 

5 Shallow Well 41.40 5.27 23.40 255.30 12 

6 Surface Water 19.00 5.60 22.60 281.00 4 

7 Shallow Well 35.70 5.27 23.60 152.10 121 

8 Shallow Well 35.70 5.27 23.60 152.10 0 

9 Shallow Well 62.10 5.30 23.90 228.30 1 

10 Borehole 128.20 5.95 24.20 158.30 18 

11 Shallow Well 24.10 5.74 24.10 191.10 1 

12 Shallow Well 88.60 5.48 24.20 238.00 2 

13 Shallow Well 92.50 5.53 24.20 219.80 7 

14 Shallow Well 72.00 5.41 24.40 196.10 1 

15 Shallow Well 119.30 5.44 24.10 274.60 2 

16 Shallow Well 90.90 5.40 24.80 195.60 9 

17 Shallow Well 175.70 5.04 24.90 185.10 1 

18 Shallow Well 130.70 5.28 25.00 207.10 0 

19 Shallow Well 177.70 5.22 24.50 203.14 Unknown 

20 Shallow Well 95.20 5.85 24.60 199.60 Unknown 

21 Shallow Well 127.80 5.11 24.90 191.60 Unknown 

22 Surface Water 51.00 6.55 24.20 191.60 15 

23 Shallow Well 92.40 5.51 24.30 233.40 Unknown 

24 Shallow Well 49.60 5.40 24.00 220.10 Unknown 

25 Shallow Well 55.40 5.36 23.90 232.50 Unknown 

26 KWSC 426.20 7.81 24.60 -513.30 Unknown 

27 Shallow Well 142.10 6.71 25.50 228.90 11 

28 KWSC 248.50 7.57 23.80 217.50 Unknown 

29 Shallow Well 199.60 6.52 26.10 212.70 11 

30 Surface Water 320.00 7.76 25.90 152.30 86 

31 KWSC 336.40 7.24 27.00 324.60 0 

32 Borehole 426.10 8.36 24.00 181.20 0 

33 Borehole 413.40 7.57 24.20 194.80 0 

34 Borehole 115.30 6.29 22.40 300.60 0 

35 Surface Water 38.00 7.77 21.00 284.30 116 

36 Borehole 33.40 5.76 23.90 278.00 8 

37 Shallow Well 70.10 5.66 24.40 303.80 0 

38 Surface Water 32.50 6.64 23.00 236.80 9 

39 Shallow Well 232.70 6.14 26.10 255.40 84 

40 Shallow Well 222.90 6.00 25.40 222.70 9 

41 Shallow Well 253.80 6.25 25.60 231.80 86 
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Site Site Type EC pH Temperature Eh CFU/100 ml 

42 Borehole 319.20 6.29 26.00 152.20 Unknown 

43 Borehole 461.70 7.17 25.70 189.30 9 

44 Borehole 282.10 6.77 27.40 188.40 Unknown 

45 Shallow Well 747.00 6.45 24.90 258.80 8 

46 Shallow Well 502.80 6.02 24.50 251.80 0 

47 Shallow Well 144.90 6.35 25.00 241.90 136 

48 Shallow Well 272.40 6.34 24.60 243.10 18 

49 Surface Water 283.10 6.52 24.80 200.30 6 

50 Surface Water 455.70 7.53 24.20 207.20 127 

51 Borehole 258.40 6.32 25.70 258.30 0 

52 KWSC 414.70 7.55 24.80 248.50 Unknown 

53 Shallow Well 280.60 6.70 24.20 226.00 134 

54 Borehole 512.00 7.10 23.80 254.00 0 

55 KWSC 445.70 7.64 24.20 235.90 Unknown 

56 KWSC 427.50 7.76 25.40 178.20 Unknown 

57 KWSC 375.80 7.23 25.50 203.60 Unknown 

58 KWSC 415.40 7.50 29.40 192.10 Unknown 

59 KWSC 419.20 7.75 24.90 214.90 Unknown 

60 Borehole 333.40 7.00 27.30 212.50 34 

61 KWSC 408.00 7.58 23.30 217.60 Unknown 

62 Surface Water 467.60 7.36 26.70 137.00 7 

63 Surface Water 451.80 7.95 27.00 182.90 9 

64 Shallow Well 553.00 6.95 24.90 224.80 2 

65 Shallow Well 1126.00 7.02 24.90 219.50 3 

66 Shallow Well 85.90 6.42 23.00 54.60 Unknown 

67 Shallow Well 46.80 6.47 23.40 302.40 0 

68 Shallow Well 389.30 7.24 23.60 216.80 Unknown 

69 Shallow Well 440.20 7.25 23.20 230.40 Unknown 

70 Shallow Well 431.80 7.33 23.20 188.90 3 

71 Shallow Well 389.80 7.37 21.90 168.10 15 

72 Shallow Well 441.60 7.54 22.60 174.70 27 

73 Shallow Well 399.80 7.41 23.50 362.10 0 

74 Shallow Well 449.60 7.24 23.80 235.90 0 

75 Shallow Well 391.60 7.33 23.80 200.80 Unknown 

76 Shallow Well 118.70 7.27 22.70 389.80 2 

77 Shallow Well 102.00 6.58 22.60 216.40 7 

78 Shallow Well 293.30 7.13 24.10 204.30 36 

79 Shallow Well 226.60 7.32 23.40 227.60 6 

80 Shallow Well 150.20 6.84 22.70 207.00 Unknown 

81 Shallow Well 77.30 6.47 23.70 206.80 13 

82 Shallow Well 60.80 6.10 23.90 332.60 0 

83 Shallow Well 148.00 6.48 23.50 229.10 Unknown 

84 Borehole 427.90 7.24 25.70 189.00 3 

85 Borehole 267.00 6.77 27.40 185.90 0 

86 Borehole 45.40 6.11 21.10 109.80 1 
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Site Site Type EC pH Temperature Eh CFU/100 ml 

87 Borehole 97.70 5.77 25.90 115.40 0 

88 Borehole 45.70 5.26 25.20 116.00 0 

89 Borehole 84.80 5.15 24.90 155.70 0 

90 Borehole 123.60 6.11 25.20 266.10 0 

91 Borehole 253.20 6.84 22.90 170.20 11 

92 Borehole 411.60 7.28 25.80 158.10 0 

93 Borehole 240.80 6.73 25.90 224.00 0 

94 Borehole 189.30 6.03 23.70 221.00 0 

95 Borehole 186.30 6.35 21.30 192.90 0 

96 Borehole 139.00 6.66 22.90 231.40 0 

97 Borehole 212.60 6.69 25.10 192.70 0 

98 Borehole 70.50 6.15 24.40 109.30 0 

99 Borehole 152.30 7.22 24.50 94.90 0 

100 Borehole 284.00 7.37 24.70 69.30 1 

101 Borehole 13.90 6.18 24.70 94.70 0 

102 Borehole 144.50 6.80 24.20 122.70 1 

103 Borehole 88.00 6.78 23.90 174.40 Unknown 

104 Borehole 200.00 7.03 24.10 103.60 Unknown 

105 Borehole 181.90 6.32 24.50 54.60 0 

106 Borehole 227.60 6.53 24.10 93.60 Unknown 

107 Borehole 250.90 6.73 23.40 70.60 0 

108 Shallow Well 387.70 6.81 23.40 151.20 Unknown 

109 KWSC 467.60 7.93 21.30 138.40 Unknown 

110 Shallow Well 731.00 7.17 23.60 169.30 Unknown 

111 Shallow Well 831.00 7.17 23.50 140.50 Unknown 

112 Shallow Well 153.90 5.92 23.60 268.90 Unknown 

113 Shallow Well 430.90 6.50 23.20 210.50 Unknown 

114 Shallow Well 780.00 7.15 22.80 182.90 Unknown 

115 Shallow Well 1315.00 7.23 20.70 178.20 Unknown 

116 Shallow Well 904.00 7.21 21.30 164.30 Unknown 

117 Shallow Well 42.20 5.98 25.20 65.20 Unknown 

118 Shallow Well 219.90 6.87 24.80 102.90 Unknown 

119 Shallow Well 81.40 6.19 24.40 128.10 Unknown 

120 Shallow Well 94.40 6.15 24.00 142.90 Unknown 

121 Shallow Well 71.10 6.10 23.90 167.50 Unknown 

122 Shallow Well 44.70 5.67 23.30 153.20 Unknown 

123 Shallow Well 53.00 5.58 23.20 160.80 Unknown 

124 Shallow Well 49.00 5.60 23.20 176.30 Unknown 

125 Shallow Well 89.80 5.88 22.90 108.30 Unknown 

126 Borehole 293.40 6.54 23.50 205.40 12 

127 Borehole 116.60 5.91 24.30 280.00 33 

128 Borehole 322.60 7.90 24.40 251.30 0 

129 Borehole 297.20 7.88 23.20 120.00 6 

130 Borehole 96.50 5.55 24.40 298.30 11 

131 Borehole 230.00 6.45 23.80 193.10 0 
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Site Site Type EC pH Temperature Eh CFU/100 ml 

132 Borehole 270.20 6.35 23.60 364.70 0 

133 Borehole 117.10 6.32 25.50 409.70 0 

134 Borehole 80.40 5.23 24.10 220.90 0 

135 Borehole 393.30 6.63 23.30 250.20 0 

136 Borehole 161.80 6.42 24.20 166.30 0 

137 Borehole 290.70 6.85 23.70 131.70 1 

138 Borehole 76.90 6.72 23.90 182.30 0 

139 Borehole 177.40 6.60 23.80 300.80 0 

140 Borehole 185.50 6.79 23.90 175.60 0 

141 Borehole 200.00 6.02 23.60 256.70 0 

142 Shallow Well 448.00 6.76 23.40 250.00 0 

143 Shallow Well 404.20 6.43 24.20 201.80 314 

144 Shallow Well 404.50 6.52 24.00 172.40 Unknown 

145 Shallow Well 379.80 6.48 23.30 225.80 21 

146 Shallow Well 507.30 6.46 23.70 216.60 52 

147 Shallow Well 570.00 6.82 23.80 137.40 16 

148 Shallow Well 590.00 6.77 24.20 205.30 0 

149 Shallow Well 528.00 6.50 23.70 231.80 44 

150 Shallow Well 551.00 6.77 24.00 206.40 1121 

151 Shallow Well 528.00 6.31 23.90 202.40 22 

152 Shallow Well 272.30 6.55 23.90 236.60 7 

153 Shallow Well 85.30 6.16 23.90 252.60 658 

154 Shallow Well 147.20 6.44 23.40 270.50 Unknown 

155 Shallow Well 305.40 6.60 22.90 190.10 1 

156 Surface Water 321.10 7.14 25.60 232.60 Unknown 

157 Surface Water 479.30 8.23 23.70 206.30 11 

158 Surface Water 533.00 7.75 23.10 216.80 912 

159 Surface Water 483.30 8.19 24.10 207.40 876 

160 Surface Water 471.00 8.00 23.70 135.60 Unknown 

161 Surface Water 291.50 8.23 22.60 121.50 Unknown 

162 Surface Water 218.50 8.15 24.10 201.30 Unknown 

163 Surface Water 398.50 7.61 21.80 130.00 Unknown 

164 Surface Water 171.40 7.03 22.90 137.40 Unknown 

165 Surface Water 215.70 7.60 21.90 105.30 Unknown 

166 Surface Water 53.30 7.34 20.60 170.90 Unknown 

167 Surface Water 217.80 7.60 21.40 200.80 Unknown 

168 Shallow Well 90.30 6.58 22.00 272.80 Unknown 

169 Surface Water 231.40 7.50 21.30 124.20 Unknown 

170 Surface Water 260.40 6.97 23.00 108.60 30 

171 Surface Water 49.90 7.50 18.80 57.50 320 

172 Surface Water 54.50 7.37 19.90 118.10 110 

173 Surface Water 108.60 7.79 23.60 349.90 2400 

174 KWSC 110.60 7.80 22.50 242.60 Unknown 

175 Surface Water 175.00 7.63 19.40 172.10 190 

176 Surface Water 228.70 8.14 21.20 226.70 470 
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Site Site Type EC pH Temperature Eh CFU/100 ml 

177 Shallow Well 555.00 6.70 23.70 657.70 Unknown 

178 Shallow Well 599.00 6.21 24.40 269.00 Unknown 

179 Surface Water 433.50 7.26 23.10 199.50 2200 

180 Shallow Well 343.70 6.68 21.50 203.50 50 

181 Shallow Well 294.20 6.76 22.50 252.10 60 

182 Shallow Well 309.20 6.70 22.10 238.70 40 

183 Surface Water 425.70 7.15 23.50 188.30 360 

184 Shallow Well 347.80 6.89 23.10 166.60 Unknown 

185 Shallow Well 267.50 6.68 23.70 103.00 Unknown 

186 Shallow Well 295.30 6.82 23.70 207.50 3400 

187 Shallow Well 181.00 7.21 21.00 1914.80 30 

188 Surface Water 222.80 7.63 22.80 166.20 210 

189 Surface Water 333.30 7.99 22.50 48.00 50 

190 Borehole 266.30 7.71 24.20 471.60 0 

191 Shallow Well 267.00 7.56 23.70 139.20 3 

192 Shallow Well 182.00 7.01 23.20 219.10 17 

193 Shallow Well 198.60 6.92 23.20 170.20 Unknown 

194 Shallow Well 205.10 8.85 Unknown 1063.10 Unknown 

195 Shallow Well 160.50 7.47 Unknown 554.50 Unknown 

196 Shallow Well 220.80 7.33 Unknown 380.90 Unknown 

197 Surface Water 300.10 7.16 Unknown 337.10 0 

198 Shallow Well 216.40 7.20 Unknown 310.00 4 

199 Shallow Well 299.20 7.13 Unknown 308.60 8 

200 Shallow Well 375.10 7.17 Unknown 314.60 Unknown 

201 KWSC 322.30 8.10 Unknown 208.70 Unknown 

202 Shallow Well 392.00 6.91 Unknown 227.80 6400 

203 Shallow Well 182.50 5.31 Unknown 448.20 0 

204 Shallow Well 253.20 6.75 Unknown 153.00 44 

205 Shallow Well 159.90 6.59 Unknown 169.30 0 

206 Shallow Well 50.90 5.92 Unknown 197.80 7 

207 Shallow Well 234.80 5.84 Unknown 204.90 0 

208 Shallow Well 317.80 6.94 Unknown 177.90 Unknown 

209 Shallow Well 289.90 7.51 22.00 286.10 Unknown 

210 Shallow Well 146.60 7.62 22.50 218.20 Unknown 

211 Shallow Well 156.80 7.28 22.80 208.40 Unknown 

212 Shallow Well 136.00 6.27 21.10 207.50 Unknown 

213 Shallow Well 214.90 7.44 22.10 185.80 Unknown 

214 Shallow Well 86.40 7.44 21.60 229.60 Unknown 

215 Shallow Well 362.40 7.84 23.00 173.60 Unknown 

216 Shallow Well 106.90 7.49 21.00 65.70 Unknown 

217 Borehole 397.90 7.61 24.10 141.50 Unknown 

218 Shallow Well 290.70 7.48 20.40 211.80 Unknown 

219 KWSC 378.30 8.20 22.40 199.50 Unknown 

220 Borehole 220.20 6.16 25.50 45.60 Unknown 

221 Borehole 400.50 7.05 Unknown 279.80 Unknown 
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Site Site Type EC pH Temperature Eh CFU/100 ml 

222 KWSC 429.90 8.13 24.30 176.40 Unknown 

223 Shallow Well 255.80 6.55 24.00 230.10 0 

224 Shallow Well 199.50 6.34 25.60 193.70 7 

225 Shallow Well 113.20 5.64 24.60 252.30 3 

226 Shallow Well 138.80 5.91 24.30 272.40 Unknown 

227 Borehole 154.80 6.82 27.90 -194.30 0 

228 Borehole 161.10 6.77 24.40 -153.30 0 

229 Borehole 157.00 6.69 23.70 -191.10 0 
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Total Recoverable 

Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

3 Shallow Well 17.53 31.92 <0.60 <1.00 <2.00 <1.00 2.40 5.40 11.21 0.34 

4 Shallow Well 34.65 23.25 <0.60 7.35 <2.00 60.16 2.14 6.13 8.64 5.45 

5 Shallow Well 145.45 7.95 <0.60 4.78 <2.00 14.40 <2.00 3.92 1.79 <3.00 

6 Surface Water 146.81 5.93 <0.60 9.26 <2.00 313.61 <2.00 19.65 2.40 1.63 

7 Shallow Well 115.58 9.00 <0.60 4.84 <2.00 <1.00 <2.00 4.12 2.38 1.34 

8 Shallow Well 102.87 19.73 <0.60 2.53 <2.00 12.87 2.24 6.68 5.58 <3.00 

9 Shallow Well 60.02 101.34 <0.60 4.14 <2.00 39.54 2.58 5.75 16.49 1.45 

10 Borehole 13.74 69.72 <0.60 5.68 10.35 1523.14 7.30 30.75 57.55 21.65 

11 Shallow Well 41.18 41.88 <0.60 2.59 <2.00 <1.00 <2.00 0.99 21.74 <3.00 

12 Shallow Well 17.37 98.58 <0.60 6.46 <2.00 22.50 2.85 3.16 31.69 6.62 

13 Shallow Well 28.40 99.89 <0.60 6.39 <2.00 <1.00 2.36 9.34 27.80 3.22 

14 Shallow Well 15.05 73.07 <0.60 <1.00 <2.00 <1.00 <2.00 4.59 27.79 2.74 

15 Shallow Well 46.74 158.16 <0.60 3.63 <2.00 19.21 <2.00 9.43 36.69 2.77 

16 Shallow Well 45.87 101.91 <0.60 8.72 <2.00 8.16 2.31 4.35 33.07 2.27 

17 Shallow Well 96.86 318.13 9.54 6.74 <2.00 9.84 5.61 79.16 35.74 11.94 

18 Shallow Well 25.54 104.02 3.22 10.77 <2.00 11.57 2.96 7.10 49.16 1.10 

19 Shallow Well 17.58 257.43 6.13 11.59 <2.00 15.04 4.96 10.83 96.53 4.62 

20 Shallow Well 32.29 81.16 <0.60 8.05 <2.00 6.36 2.72 1.11 48.04 3.22 

21 Shallow Well 65.90 218.67 7.19 5.99 <2.00 3.51 4.42 37.20 45.22 3.95 

22 Surface Water 98.01 25.27 <0.60 8.47 <2.00 1022.04 <2.00 72.10 21.63 <3.00 

23 Shallow Well 6.86 73.25 <0.60 4.38 <2.00 <1.00 <2.00 1.05 33.69 4.17 

24 Shallow Well 57.42 20.20 <0.60 9.50 <2.00 7.02 <2.00 4.69 10.11 <3.00 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

25 Shallow Well 53.54 23.87 <0.60 6.98 <2.00 2.51 <2.00 4.53 11.63 <3.00 

26 KWSC 12.00 60.24 <0.60 6.11 <2.00 4.07 5.05 3.16 179.83 33.24 

29 Shallow Well 41.72 50.15 <0.60 10.14 <2.00 34.29 <2.00 3.46 39.05 20.57 

30 Surface Water 25.01 73.18 <0.60 11.65 <2.00 171.89 <2.00 23.50 159.40 3.51 

31 KWSC 11.95 72.91 <0.60 12.42 <2.00 261.61 <2.00 11.59 159.22 71.63 

32 Borehole 12.64 51.39 <0.60 11.39 <2.00 4.52 7.55 0.15 152.30 90.93 

33 Borehole <10.00 40.56 <0.60 6.22 <2.00 <1.00 5.29 <0.10 119.53 116.04 

34 Borehole 16.07 104.87 <0.60 12.90 14.30 87.59 7.57 2.19 49.81 35.10 

35 Surface Water 78.96 21.16 <0.60 12.27 <2.00 820.25 <2.00 53.35 18.42 5.23 

36 Borehole 19.68 18.12 <0.60 7.31 5.89 845.95 5.84 42.72 11.51 9.69 

37 Shallow Well 18.60 49.32 <0.60 7.74 <2.00 19.44 <2.00 11.15 24.08 11.57 

38 Surface Water 27.70 28.42 4.41 11.44 <2.00 1146.34 <2.00 108.38 18.68 0.70 

39 Shallow Well 194.31 56.17 <0.60 9.30 <2.00 258.52 <2.00 7.06 50.90 2.96 

40 Shallow Well 29.40 42.74 <0.60 9.53 <2.00 54.17 <2.00 5.44 46.21 3.13 

41 Shallow Well 67.50 43.79 <0.60 6.53 <2.00 40.21 <2.00 5.04 53.86 1.58 

42 Borehole 29.10 39.14 5.12 9.69 13.57 16609.54 5.11 144.49 41.76 46.08 

43 Borehole 4.47 21.99 <0.60 8.93 <2.00 167.44 17.72 10.18 64.48 106.19 

44 Borehole 5.55 37.73 <0.60 8.66 <2.00 59.07 6.39 1.30 39.46 3.37 

45 Shallow Well 68.07 141.22 <0.60 8.64 <2.00 46.79 <2.00 5.80 228.87 4.26 

46 Shallow Well 36.15 159.31 4.73 5.56 <2.00 4.51 <2.00 14.15 117.03 3.71 

47 Shallow Well 137.07 42.02 <0.60 10.06 <2.00 123.15 <2.00 4.12 29.32 3.85 

48 Shallow Well 127.13 49.59 <0.60 11.11 <2.00 95.25 <2.00 7.62 50.24 12.43 

49 Surface Water 19.18 63.00 <0.60 9.47 <2.00 2.69 4.37 0.11 93.67 4.80 

50 Surface Water 261.98 77.15 <0.60 9.46 6.10 467.98 2.37 38.57 210.36 4.30 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

51 Borehole 35.01 123.41 4.47 9.75 7.77 30.33 <2.00 42.05 64.55 2801.75 

52 KWSC 5.40 45.70 <0.60 7.18 6.38 <1.00 6.85 0.63 130.67 390.89 

53 Shallow Well 145.39 83.59 <0.60 11.75 <2.00 128.97 <2.00 12.32 63.84 21.07 

54 Borehole 106.49 177.91 <0.60 6.46 6.62 4.58 <2.00 1.40 320.53 490.06 

55 KWSC 11.66 56.07 <0.60 10.96 <2.00 22.97 4.07 1.41 175.26 44.83 

56 KWSC 2.87 48.01 <0.60 7.44 <2.00 <1.00 7.06 <0.10 144.87 47.73 

57 KWSC <10.00 53.18 <0.60 8.73 <2.00 <1.00 5.98 <0.10 130.96 60.38 

58 KWSC 2.15 47.90 <0.60 9.75 <2.00 3.50 6.66 <0.10 138.50 117.44 

59 KWSC 29.69 46.24 <0.60 9.15 <2.00 7.51 6.79 0.62 138.97 66.63 

60 Borehole <10.00 80.56 <0.60 <1.00 <2.00 <1.00 <2.00 3.22 125.56 115.67 

61 KWSC 0.07 45.18 <0.60 0.26 <2.00 <1.00 6.55 <0.10 175.18 314.51 

62 Surface Water 12.87 80.65 <0.60 1.30 <2.00 409.15 2.65 287.68 210.78 4.52 

63 Surface Water 209.42 87.67 <0.60 23.63 5.94 450.40 <2.00 29.30 193.94 13.13 

64 Shallow Well 25.09 54.05 <0.60 1.50 <2.00 19.78 <2.00 33.44 321.60 6.12 

65 Shallow Well 28.57 57.68 <0.60 <1.00 <2.00 68.43 <2.00 26.02 357.20 10.45 

66 Shallow Well 195.87 311.16 14.26 <1.00 <2.00 84.61 5.04 422.67 36.10 35.60 

67 Shallow Well 175.57 23.84 <0.60 2.67 <2.00 245.54 <2.00 61.78 20.51 26.21 

68 Shallow Well 141.17 82.30 <0.60 0.29 <2.00 71.31 <2.00 7.11 164.22 1.98 

69 Shallow Well 42.88 74.24 <0.60 0.51 <2.00 6.20 <2.00 4.94 180.41 21.53 

70 Shallow Well 98.70 84.73 <0.60 <1.00 <2.00 48.20 <2.00 11.50 190.46 6.84 

71 Shallow Well 1176.53 80.08 <0.60 1.79 <2.00 509.06 <2.00 37.96 152.27 4.13 

72 Shallow Well 170.04 72.89 <0.60 4.29 <2.00 76.71 <2.00 109.20 187.44 4.11 

73 Shallow Well 134.45 78.29 <0.60 2.21 <2.00 104.70 <2.00 23.82 155.39 2.44 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

74 Shallow Well 51.25 73.34 <0.60 2.13 <2.00 22.02 <2.00 2.82 185.77 1.81 

75 Shallow Well 954.00 77.21 <0.60 4.27 <2.00 359.46 <2.00 10.72 170.84 2.42 

76 Shallow Well 1243.33 202.55 <0.60 0.64 <2.00 463.07 <2.00 14.37 49.03 2.66 

77 Shallow Well 242.60 43.30 <0.60 <1.00 <2.00 214.78 <2.00 51.63 44.80 2.49 

78 Shallow Well 189.45 45.19 <0.60 2.96 <2.00 85.08 <2.00 16.34 131.22 4.09 

79 Shallow Well 103.06 21.90 <0.60 <1.00 <2.00 44.40 <2.00 2.26 157.90 14.52 

80 Shallow Well 631.07 78.76 <0.60 0.29 <2.00 250.74 <2.00 32.61 89.88 3.04 

81 Shallow Well 123.52 24.04 <0.60 <1.00 <2.00 16.86 <2.00 10.30 41.66 13.41 

82 Shallow Well 37.67 97.29 <0.60 <1.00 <2.00 253.89 <2.00 126.30 30.74 3.02 

83 Shallow Well 386.46 102.72 <0.60 2.26 <2.00 237.04 <2.00 10.69 113.73 3.26 

84 Borehole 5.11 37.35 <0.60 0.83 <2.00 6.81 5.15 0.50 163.90 23.81 

85 Borehole 16.20 42.75 <0.60 <1.00 <2.00 22.00 9.05 2.20 47.43 16.70 

86 Borehole 27.11 22.17 <0.60 <1.00 15.19 284.22 4.68 42.49 6.08 28.67 

87 Borehole 11.92 52.05 4.77 1.78 4.95 33.46 <2.00 43.00 10.61 5.51 

88 Borehole 16.02 29.41 <0.60 0.18 18.66 9.51 2.19 28.88 7.26 32.13 

89 Borehole 17.99 68.95 6.53 0.58 8.66 4.82 3.71 108.31 5.03 9.53 

90 Borehole <10.00 99.72 <0.60 0.14 <2.00 <1.00 4.61 6.39 14.44 5.62 

91 Borehole 3.85 14.93 <0.60 1.57 <2.00 325.82 3.92 4.55 175.60 11.71 

92 Borehole 2.78 60.97 <0.60 <1.00 <2.00 <1.00 18.49 1.01 195.68 5.89 

93 Borehole 1.53 41.87 <0.60 <1.00 <2.00 10.53 11.21 0.25 62.11 7.28 

94 Borehole 2.25 139.85 <0.60 2.34 <2.00 1.95 <2.00 0.99 54.34 6.51 

95 Borehole 19.41 21.05 <0.60 4.88 <2.00 41.82 4.63 12.43 82.81 96.14 

96 Borehole 4.45 52.54 <0.60 0.50 <2.00 54.15 6.91 3.49 70.19 3.32 

97 Borehole 38.61 218.21 <0.60 <1.00 7.50 4386.69 6.18 34.21 72.90 224.54 



 184 

Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

98 Borehole 5.33 39.69 <0.60 <1.00 24.94 853.86 2.65 13.99 7.85 124.56 

99 Borehole 3.60 26.28 <0.60 <1.00 <2.00 1114.79 6.71 9.83 106.47 110.94 

100 Borehole 5.27 103.07 <0.60 <1.00 6.84 855.14 23.56 7.16 76.53 133.19 

101 Borehole 17.53 2.06 <0.60 <1.00 19.48 249.23 <2.00 3.81 0.25 153.97 

102 Borehole 11.07 51.08 <0.60 <1.00 <2.00 482.13 12.64 7.94 62.34 5.34 

103 Borehole 7.76 34.70 <0.60 <1.00 36.30 3361.19 5.40 45.08 10.83 575.57 

104 Borehole 119.42 163.68 <0.60 <1.00 21.50 141.13 8.84 9.19 200.68 563.89 

105 Borehole 42.14 143.00 <0.60 <1.00 <2.00 1245.89 19.09 21.34 66.13 65.01 

106 Borehole 90.15 138.50 <0.60 <1.00 38.98 4984.79 21.94 66.64 51.55 <3.00 

107 Borehole 23.04 238.41 6.51 0.61 <2.00 10059.79 3.55 82.39 61.10 52.08 

108 Shallow Well 16.07 193.34 <0.60 <1.00 <2.00 23.82 <2.00 26.27 144.74 6.98 

109 KWSC 1.89 77.30 <0.60 1.62 <2.00 26.09 3.27 3.56 221.34 145.83 

110 Shallow Well 132.05 146.10 <0.60 <1.00 <2.00 153.75 <2.00 64.03 202.92 8.44 

111 Shallow Well 202.03 178.43 <0.60 <1.00 <2.00 87.89 <2.00 27.86 268.23 3.75 

112 Shallow Well 57.82 190.11 4.23 <1.00 <2.00 108.32 <2.00 42.77 123.94 10.57 

113 Shallow Well 386.10 72.00 <0.60 2.78 <2.00 328.30 <2.00 51.74 144.91 5.66 

114 Shallow Well 112.25 230.99 <0.60 0.38 <2.00 100.69 <2.00 140.57 256.24 38.79 

115 Shallow Well 2638.13 294.89 <0.60 4.55 6.57 589.75 4.79 200.58 419.55 20.44 

116 Shallow Well 30.76 284.14 3.36 1.00 <2.00 331.06 <2.00 541.34 306.81 2.88 

117 Shallow Well 59.73 24.42 <0.60 <1.00 <2.00 57.46 <2.00 12.90 9.93 3.41 

118 Shallow Well 279.97 54.07 <0.60 <1.00 <2.00 330.64 <2.00 15.40 189.58 149.35 

119 Shallow Well 12.35 23.53 <0.60 <1.00 <2.00 15.16 <2.00 0.69 16.80 4.01 

120 Shallow Well 34.51 36.74 <0.60 <1.00 <2.00 31.00 <2.00 1.88 26.47 1.03 

121 Shallow Well 71.64 30.65 <0.60 <1.00 <2.00 33.98 <2.00 3.36 18.82 8.18 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

122 Shallow Well 25.58 50.57 <0.60 <1.00 <2.00 72.98 <2.00 7.71 15.37 2.59 

123 Shallow Well 44.60 53.90 <0.60 <1.00 <2.00 26.87 <2.00 7.92 18.19 3.46 

124 Shallow Well 34.14 95.62 <0.60 <1.00 <2.00 26.70 <2.00 10.36 13.40 2.12 

125 Shallow Well 35.14 93.39 3.90 1.52 <2.00 2267.89 <2.00 47.69 29.14 4.21 

126 Borehole <10.00 70.94 <0.60 <1.00 48.80 <1.00 9.00 17.22 74.15 31.15 

127 Borehole 30.98 72.64 <0.60 <1.00 <2.00 3788.59 <2.00 34.05 44.65 1.42 

128 Borehole 0.76 13.85 <0.60 <1.00 <2.00 <1.00 <2.00 <0.10 91.40 18.24 

129 Borehole <10.00 13.87 <0.60 <1.00 <2.00 146.58 <2.00 <0.10 103.85 100.82 

130 Borehole 11.97 79.85 <0.60 <1.00 <2.00 165.18 5.41 28.54 21.72 35.92 

131 Borehole <10.00 126.10 11.46 <1.00 <2.00 3.29 <2.00 23.07 105.27 5.66 

132 Borehole <10.00 93.21 <0.60 <1.00 <2.00 <1.00 4.80 40.06 103.51 6.95 

133 Borehole 12.98 85.51 <0.60 0.07 <2.00 27.98 7.41 0.24 119.73 2.46 

134 Borehole 11.67 153.92 7.79 <1.00 <2.00 23.17 2.14 33.36 18.44 15.17 

135 Borehole 11.82 88.45 <0.60 0.58 8.27 475.58 11.71 4.76 144.53 13.60 

136 Borehole 5.79 31.83 <0.60 <1.00 11.40 77.44 13.41 3.18 29.99 1.67 

137 Borehole 2.86 51.12 <0.60 <1.00 <2.00 101.97 12.41 72.99 176.35 11.18 

138 Borehole 5.97 25.85 <0.60 <1.00 <2.00 54.76 15.75 3.58 34.19 0.42 

139 Borehole <10.00 4.35 <0.60 <1.00 <2.00 14.95 2.04 0.56 73.04 2.16 

140 Borehole 134.99 17.60 <0.60 0.65 5.90 161.28 2.20 13.24 78.98 34.92 

141 Borehole 3.44 63.32 <0.60 0.32 9.50 15.22 <2.00 14.79 72.30 7.37 

142 Shallow Well 127.44 59.56 <0.60 <1.00 12.70 150.28 <2.00 9.27 311.78 22.55 

143 Shallow Well 217.38 57.32 6.74 0.41 5.91 122.14 <2.00 29.80 275.77 18.39 

144 Shallow Well 55.20 50.32 2.91 <1.00 <2.00 18.83 <2.00 42.45 257.67 11.84 

145 Shallow Well 85.97 48.03 4.19 0.73 <2.00 104.51 <2.00 64.78 227.69 3.59 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

146 Shallow Well 25.42 224.59 1.19 <1.00 <2.00 1.20 2.30 43.52 206.80 <3.00 

147 Shallow Well 53.78 34.88 <0.60 <1.00 <2.00 10.19 <2.00 33.12 339.75 19.84 

148 Shallow Well 86.13 35.80 <0.60 <1.00 <2.00 91.18 <2.00 75.14 349.12 2.33 

150 Shallow Well 101.68 36.43 <0.60 <1.00 <2.00 527.44 <2.00 184.50 279.80 4.15 

151 Shallow Well 37.57 24.45 4.66 <1.00 <2.00 3.62 <2.00 78.59 348.95 2.23 

152 Shallow Well 43.76 135.96 <0.60 <1.00 <2.00 22.85 <2.00 14.14 221.42 6.73 

153 Shallow Well 39.24 182.27 3.31 <1.00 <2.00 278.82 <2.00 36.05 131.77 142.19 

154 Shallow Well 185.51 120.82 3.86 <1.00 <2.00 401.57 <2.00 94.66 192.03 108.13 

155 Shallow Well 186.47 149.86 <0.60 <1.00 <2.00 99.98 <2.00 17.95 264.10 3.50 

156 Surface Water 711.16 131.34 <0.60 <1.00 48.36 1137.69 10.32 73.42 149.18 23.64 

157 Surface Water 17.83 77.57 <0.60 <1.00 <2.00 70.34 <2.00 31.36 213.57 <3.00 

158 Surface Water 213.61 84.99 4.54 <1.00 12.32 1389.99 5.07 135.52 144.02 4.96 

159 Surface Water 47.19 46.61 <0.60 <1.00 <2.00 159.10 6.52 45.22 213.07 0.51 

160 Surface Water 17.61 71.04 <0.60 <1.00 <2.00 167.47 2.49 57.48 217.58 8.40 

161 Surface Water 615.63 93.60 <0.60 <1.00 <2.00 704.88 <2.00 29.15 126.71 8.66 

162 Surface Water 690.06 130.53 <0.60 0.36 <2.00 668.02 <2.00 26.74 132.65 3.47 

163 Surface Water 158.93 84.82 <0.60 <1.00 <2.00 1269.59 <2.00 61.61 115.93 8.76 

164 Surface Water 844.99 136.72 14.06 <1.00 29.03 9909.79 <2.00 557.66 64.92 232.09 

165 Surface Water 185.29 63.53 <0.60 <1.00 11.57 706.31 <2.00 52.48 106.40 86.08 

166 Surface Water 55.37 26.19 <0.60 <1.00 <2.00 1053.39 <2.00 99.80 23.87 4.94 

167 Surface Water 114.02 59.98 <0.60 <1.00 <2.00 984.39 <2.00 68.28 90.13 3.56 

168 Shallow Well 17.54 26.21 <0.60 <1.00 14.97 189.56 7.87 8.04 36.96 17.43 

169 Surface Water 104.20 58.98 <0.60 <1.00 <2.00 836.88 <2.00 64.52 99.24 0.66 

170 Surface Water 69.49 49.82 3.65 <1.00 6.65 1257.01 3.00 79.84 57.73 3.15 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

171 Surface Water 92.23 28.34 1.11 <1.00 4.95 638.63 2.99 19.28 27.65 <3.00 

172 Surface Water 73.31 28.83 1.02 <1.00 5.78 669.86 2.80 17.05 29.78 <3.00 

173 Surface Water 309.94 38.38 1.45 1.97 25.37 901.75 2.96 259.94 61.66 <3.00 

175 Surface Water 21.84 50.07 <0.60 3.86 9.27 82.15 3.09 68.19 93.01 <3.00 

176 Surface Water 242.55 55.79 <0.60 2.16 <2.00 414.88 3.32 27.65 122.04 <3.00 

177 Shallow Well 53.67 191.51 <0.60 0.05 <2.00 17.81 2.76 2.33 148.43 3.33 

178 Shallow Well 20.68 174.57 1.49 <1.00 <2.00 117.54 2.54 137.43 167.23 <3.00 

179 Surface Water 191.52 219.21 2.38 <1.00 <2.00 423.50 3.86 182.65 176.59 27.05 

180 Shallow Well 443.53 145.75 1.08 <1.00 <2.00 737.25 2.46 87.03 166.06 9.34 

181 Shallow Well 185.86 177.61 <0.60 <1.00 <2.00 107.53 2.29 10.14 164.18 4.68 

182 Shallow Well 55.07 156.36 <0.60 <1.00 <2.00 104.35 2.32 13.14 168.33 202.63 

183 Surface Water 87.75 215.28 2.21 <1.00 <2.00 290.32 3.75 169.74 174.71 18.16 

185 Shallow Well 8.02 226.69 2.06 1.71 <2.00 17.15 2.36 116.34 177.19 <3.00 

186 Shallow Well 144.88 404.02 10.54 <1.00 <2.00 1080.71 2.38 531.98 231.30 86.31 

187 Shallow Well 244.67 90.72 <0.60 <1.00 39.18 10.62 3.41 5.09 81.26 <3.00 

188 Surface Water <10.00 412.35 <0.60 <1.00 4.85 86.21 6.56 13.84 66.17 <3.00 

189 Surface Water 90.68 35.78 19.40 0.52 86.09 356.89 5.26 148.06 259.96 7.93 

190 Borehole <10.00 12.78 <0.60 <1.00 9.65 462.68 8.90 8.00 139.38 <3.00 

191 Shallow Well 10.81 9.54 <0.60 <1.00 <2.00 <1.00 7.71 2.74 156.58 <3.00 

192 Shallow Well 17.43 20.78 <0.60 <1.00 <2.00 <1.00 3.53 8.71 81.94 <3.00 

193 Shallow Well 51.58 23.36 <0.60 <1.00 <2.00 18.25 3.04 6.10 96.03 <3.00 

194 Shallow Well 178.88 24.65 <0.60 <1.00 <2.00 48.69 3.32 10.96 95.32 <3.00 

195 Shallow Well 29.33 20.93 <0.60 <1.00 <2.00 <1.00 3.13 1.63 82.10 <3.00 

196 Shallow Well 45.10 39.31 1.89 <1.00 5.46 48.28 3.55 96.12 109.35 <3.00 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

197 Surface Water 33.31 18.87 <0.60 <1.00 <2.00 55.95 4.74 10.30 108.35 <3.00 

198 Shallow Well 23.92 79.84 <0.60 <1.00 <2.00 54.85 3.02 55.45 134.41 <3.00 

199 Shallow Well 96.05 78.48 <0.60 4.84 <2.00 61.31 3.24 28.52 144.31 <3.00 

200 Shallow Well 22.25 75.67 <0.60 <1.00 <2.00 4.51 2.58 88.17 180.58 <3.00 

201 KWSC 35.08 75.06 <0.60 <1.00 4.39 109.42 3.74 23.14 193.43 145.59 

202 Shallow Well 22.62 414.99 26.44 <1.00 <2.00 7734.91 2.04 4241.21 103.79 <3.00 

203 Shallow Well 161.85 92.45 15.12 <1.00 <2.00 28.54 6.02 39.21 12.32 5.70 

204 Shallow Well 10.06 89.53 4.83 <1.00 <2.00 1264.61 <2.00 663.60 85.81 <3.00 

205 Shallow Well 66.82 8.63 <0.60 <1.00 <2.00 20.98 2.10 21.01 41.86 <3.00 

206 Shallow Well 382.06 45.80 7.54 <1.00 <2.00 356.40 6.76 24.39 5.82 <3.00 

207 Shallow Well 57.66 112.56 9.66 <1.00 <2.00 52.91 11.47 26.56 28.24 <3.00 

208 Shallow Well 18.25 223.18 <0.60 <1.00 <2.00 <1.00 3.75 2.95 145.06 <3.00 

209 Shallow Well 417.21 60.41 <0.60 <1.00 <2.00 494.40 <2.00 414.11 52.88 <3.00 

210 Shallow Well 33.42 3.02 <0.60 <1.00 <2.00 19.87 <2.00 13.84 12.62 74.01 

211 Shallow Well 179.52 59.98 <0.60 0.81 <2.00 118.89 <2.00 231.65 18.48 <3.00 

212 Shallow Well 370.65 347.69 <0.60 3.39 <2.00 237.46 3.77 511.81 43.10 11.95 

213 Shallow Well 32.47 15.31 <0.60 <1.00 <2.00 1.33 <2.00 70.64 36.04 <3.00 

214 Shallow Well 69.01 16.58 <0.60 <1.00 <2.00 <1.00 <2.00 2.76 12.54 <3.00 

215 Shallow Well 29.33 3.97 <0.60 <1.00 <2.00 <1.00 <2.00 6.10 66.51 <3.00 

216 Shallow Well 67.00 112.84 <0.60 <1.00 <2.00 107.24 <2.00 79.95 20.94 <3.00 

217 Borehole <10.00 18.94 <0.60 <1.00 <2.00 278.48 4.54 2.85 77.42 238.92 

218 Shallow Well 50.88 14.26 <0.60 0.48 <2.00 10.90 <2.00 34.30 42.74 <3.00 

219 KWSC 689.86 70.78 1.15 5.89 9.45 378.93 4.03 42.27 189.88 33.71 

220 Borehole 37.35 988.17 64.98 <1.00 27.47 10.60 3.85 180.69 69.14 66.32 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cr μg/l Cu μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l 

221 Borehole 5.13 160.99 0.74 3.53 5.06 8200.81 15.38 107.28 110.93 76.52 

222 KWSC <10.00 31.04 <0.60 <1.00 <2.00 <1.00 5.67 <0.10 112.67 25.57 

223 Shallow Well 223.13 252.12 <0.60 <1.00 <2.00 139.36 2.07 3.81 146.94 <3.00 

224 Shallow Well 123.84 551.17 1.34 1.41 <2.00 134.70 2.09 3.12 113.97 <3.00 

225 Shallow Well 80.25 175.07 2.27 <1.00 <2.00 163.28 3.54 8.60 40.11 7.65 

226 Shallow Well 196.47 141.46 1.26 0.33 <2.00 135.55 3.77 11.51 63.20 <3.00 

227 Borehole <10.00 68.84 <0.60 <1.00 <2.00 18.70 16.96 8.97 55.02 1407.05 

228 Borehole <10.00 50.77 <0.60 <1.00 <2.00 3279.11 16.93 26.53 51.11 13.73 

229 Borehole <10.00 58.47 <0.60 <1.00 <2.00 <1.00 17.56 1.44 54.76 <3.00 
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Dissolved Form: 

Site Site Type Al μg/l Ba μg/l Co μg/l Cu μg/l  Cr μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l Na mg/l Mg mg/l K mg/l Ca mg/l Hardness 

3 Shallow Well 5.45 24.56 1.10 <4.00 <1.00 6.16 1.81 4.92 9.82 0.69 3.53 1.33 0.85 0.67 7.16 

4 Shallow Well 6.62 21.16 0.86 <4.00 <1.00 <3.00 1.87 4.68 8.34 7.93 4.14 1.02 1.43 0.68 5.91 

5 Shallow Well 20.73 7.02 0.97 <4.00 <1.00 0.51 1.17 3.18 1.24 1.72 4.15 0.50 1.09 0.05 2.17 

6 Surface Water 12.42 5.47 0.89 <4.00 <1.00 34.29 1.04 16.82 1.85 4.96 2.98 0.37 0.64 0.17 1.95 

7 Shallow Well 32.75 7.61 0.90 <4.00 <1.00 <3.00 1.19 2.84 1.54 <6.0 4.22 0.54 1.06 0.08 2.42 

8 Shallow Well 36.48 16.62 0.71 <4.00 <1.00 <3.00 1.74 5.55 4.62 <6.0 4.13 0.60 1.90 3.39 10.96 

9 Shallow Well 16.51 29.12 0.76 <4.00 <1.00 <3.00 2.35 4.01 13.60 3.21 5.91 1.52 1.95 1.71 10.54 

10 Borehole <1.00 60.32 0.09 <4.00 <1.00 339.04 6.64 27.64 53.89 20.63 9.46 4.21 2.46 8.37 38.22 

11 Shallow Well 1.50 39.34 <0.5 0.44 <1.00 <3.00 1.03 0.17 21.68 <6.0 6.66 3.61 1.64 3.71 24.11 

12 Shallow Well 3.25 93.89 1.70 <4.00 <1.00 <3.00 2.72 2.45 32.04 7.94 8.70 3.35 2.62 2.02 18.83 

13 Shallow Well 7.40 96.17 1.70 22.25 <1.00 <3.00 2.26 8.14 28.45 2.95 7.78 3.50 4.33 2.38 20.36 

14 Shallow Well 2.12 67.01 1.32 <4.00 <1.00 <3.00 1.75 3.76 27.32 1.47 6.98 2.86 1.82 1.95 16.64 

15 Shallow Well 3.79 144.86 2.11 <4.00 <1.00 <3.00 1.72 7.88 35.87 2.28 12.07 4.73 3.41 2.11 24.74 

16 Shallow Well 5.69 98.99 2.32 <4.00 <1.00 <3.00 2.26 3.24 34.03 1.28 8.88 3.23 2.88 1.92 18.10 

17 Shallow Well 35.81 296.28 8.88 <4.00 <1.00 <3.00 6.07 71.87 35.23 11.88 9.35 7.93 10.65 3.01 40.19 

18 Shallow Well 5.57 99.11 3.08 <4.00 <1.00 <3.00 3.03 5.93 50.71 1.12 10.04 4.34 4.93 4.05 28.00 

19 Shallow Well 5.24 286.95 5.90 <4.00 <1.00 <3.00 5.78 9.42 119.77 4.21 10.66 8.14 3.67 6.34 49.36 

20 Shallow Well 3.79 75.48 0.03 <4.00 0.20 10.86 2.61 0.91 47.66 4.01 6.09 4.06 3.06 5.34 30.05 

21 Shallow Well 12.75 208.30 5.49 <4.00 <1.00 <3.00 4.65 34.12 46.37 4.08 9.03 4.47 6.98 2.83 25.48 

22 Surface Water 10.83 22.49 1.10 <4.00 <1.00 278.33 0.47 57.54 21.72 <6.0 1.97 1.33 0.41 4.07 15.64 

23 Shallow Well <1.00 65.52 0.56 <4.00 <1.00 <3.00 1.23 0.90 32.00 <6.0 7.05 3.50 3.01 3.70 23.65 

24 Shallow Well 15.51 18.19 0.71 <4.00 <1.00 <3.00 1.34 3.58 9.31 <6.0 4.38 1.14 2.08 1.13 7.53 

25 Shallow Well 13.45 20.33 0.74 <4.00 <1.00 7.47 1.32 3.36 10.41 <6.0 4.53 1.31 1.93 1.29 8.63 

26 KWSC 3.12 53.27 <0.5 <4.00 <1.00 11.80 4.31 0.31 171.96 23.16 2.13 25.16 0.68 59.79 252.89 

29 Shallow Well 2.54 48.71 0.27 <4.00 <1.00 <3.00 0.18 1.48 39.51 0.15 8.58 12.54 2.47 12.39 82.57 

30 Surface Water <1.00 69.92 <0.5 <4.00 <1.00 10.78 1.92 2.31 168.34 <6.0 4.96 18.71 1.89 43.41 185.42 

31 KWSC 14.22 68.45 <0.5 0.11 0.07 24.33 1.87 7.09 162.22 48.93 4.86 17.77 1.90 40.33 173.86 
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32 Borehole 3.25 47.10 <0.5 2.21 1.35 11.39 8.97 <0.3 151.62 84.19 2.59 28.73 1.42 51.31 246.44 

33 Borehole 3.14 39.86 <0.5 3.88 <1.00 <3.00 6.52 <0.3 124.37 116.44 2.12 28.38 1.03 54.30 252.44 

34 Borehole 0.82 98.23 <0.5 2.21 1.70 32.95 7.78 0.63 48.68 7.36 7.30 4.55 3.62 9.40 42.21 

35 Surface Water 10.77 19.32 0.65 <4.00 0.19 232.48 0.46 48.33 18.50 3.30 1.96 1.25 0.67 3.47 13.80 

36 Borehole 13.77 15.99 1.18 4.89 1.24 24.90 4.22 36.60 10.58 7.06 1.56 1.25 0.72 2.79 12.11 

37 Shallow Well 6.27 49.65 0.65 <4.00 <1.00 8.13 0.83 9.87 25.50 14.65 3.26 4.18 3.67 3.36 25.61 

38 Surface Water 7.68 24.61 2.19 <4.00 <1.00 257.84 0.41 86.95 18.76 2.48 1.71 1.29 0.61 3.20 13.29 

39 Shallow Well 15.47 40.33 0.48 <4.00 <1.00 0.60 1.59 2.88 50.42 0.41 11.88 15.98 1.75 13.37 99.20 

40 Shallow Well 2.03 37.52 0.11 <4.00 <1.00 14.81 1.84 3.87 47.77 1.92 11.20 12.59 2.39 14.65 88.43 

41 Shallow Well 1.88 39.20 0.00 <4.00 0.04 11.46 1.70 0.79 52.13 0.03 10.99 17.72 1.32 14.40 108.94 

42 Borehole 19.81 36.55 3.67 0.72 <1.00 12392 5.98 127.36 42.62 43.46 16.18 16.57 1.33 13.51 101.96 

43 Borehole <1.00 18.48 0.02 2.67 1.61 133.97 20.37 8.22 60.99 90.17 6.48 34.70 3.29 42.03 247.87 

44 Borehole <1.00 33.99 1.93 <4.00 0.24 11.15 7.01 0.78 38.11 1.31 6.56 26.89 2.03 13.99 145.66 

45 Shallow Well 2.76 129.37 0.60 <4.00 <1.00 <3.00 0.68 4.20 224.90 2.52 48.74 32.78 16.55 49.36 258.25 

46 Shallow Well <1.00 142.94 3.03 <4.00 <1.00 3.92 1.17 11.74 112.58 1.93 27.89 27.51 14.99 16.80 155.23 

47 Shallow Well 4.38 37.26 0.04 <4.00 <1.00 4.83 0.11 1.30 28.22 0.21 5.56 10.24 2.98 7.40 60.65 

48 Shallow Well 1.08 46.26 0.14 <4.00 <1.00 5.72 0.10 5.71 49.72 9.85 12.15 18.79 3.15 14.83 114.39 

49 Surface Water <1.00 58.28 <0.5 <4.00 <1.00 <3.00 4.81 <0.3 93.76 0.64 4.86 22.43 2.71 22.44 148.41 

50 Surface Water 6.19 70.55 0.14 <4.00 <1.00 76.05 2.59 31.96 208.58 <6.0 7.29 27.24 0.81 67.94 281.82 

51 Borehole 7.22 106.09 2.90 0.36 <1.00 15.19 0.56 36.53 62.94 2627.0 15.51 7.86 3.01 20.60 83.81 

52 KWSC 1.54 41.62 <0.5 3.72 0.18 7.84 6.89 0.30 128.62 345.29 2.02 27.31 0.94 53.36 245.72 

53 Shallow Well <1.00 77.72 0.06 <4.00 0.26 7.82 0.02 8.85 62.71 16.66 9.24 11.44 7.11 28.27 117.68 

54 Borehole <1.00 180.18 <0.5 0.96 <1.00 <3.00 1.43 <0.3 333.07 505.77 9.89 14.27 5.00 91.29 286.73 

55 KWSC 2.13 52.79 <0.5 6.74 <1.00 7.46 4.90 <0.3 175.07 40.72 2.14 25.76 0.71 61.89 260.61 

56 KWSC <1.00 42.63 <0.5 <4.00 <1.00 <3.00 8.20 <0.3 140.46 41.04 2.19 28.32 1.24 53.16 249.35 

57 KWSC 10.78 47.73 <0.5 <4.00 0.10 6.63 6.70 <0.3 127.28 55.82 3.17 23.24 1.37 43.35 203.93 

58 KWSC 5.54 44.07 <0.5 2.26 <1.00 1.13 7.79 <0.3 137.29 107.89 2.42 27.46 1.28 49.93 237.76 

59 KWSC <1.00 42.70 0.00 <4.00 <1.00 3.80 8.01 <0.3 138.74 62.02 2.13 27.57 1.27 51.89 243.09 

60 Borehole 5.71 69.41 0.04 <4.00 <1.00 4.96 0.15 3.21 119.35 101.26 3.57 21.28 2.20 37.00 180.04 
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61 KWSC 0.89 42.04 <0.5 <4.00 <1.00 4.14 7.67 <0.3 134.56 274.17 2.27 27.00 1.06 51.09 238.74 

62 Surface Water <1.00 68.80 0.03 <4.00 <1.00 77.51 2.59 193.57 205.54 0.88 4.50 25.38 0.70 67.44 272.92 

63 Surface Water 3.50 87.42 0.02 3.46 0.13 17.22 1.44 1.02 220.88 <6.0 14.55 24.95 2.70 51.65 231.71 

64 Shallow Well <1.00 41.95 0.85 <4.00 1.06 11.33 0.15 27.85 303.96 0.41 10.98 25.25 18.95 52.59 235.33 

65 Shallow Well 1.24 48.38 0.20 <4.00 <1.00 <3.00 0.05 21.80 341.21 6.55 60.82 23.70 103.21 99.80 346.80 

66 Shallow Well 86.24 286.76 11.30 <4.00 <1.00 15.69 3.50 381.80 36.07 26.96 3.91 1.53 0.73 5.49 20.00 

67 Shallow Well 3.48 21.56 1.00 <4.00 <1.00 53.37 1.05 57.28 21.01 20.20 1.39 2.09 0.74 4.70 20.34 

68 Shallow Well 4.73 75.12 <0.5 <4.00 <1.00 0.54 0.15 4.03 166.74 <6.0 5.44 25.47 2.03 41.52 208.54 

69 Shallow Well 2.04 68.47 0.00 <4.00 0.31 7.50 0.30 3.37 185.87 16.17 5.59 28.84 1.80 45.85 233.27 

70 Shallow Well 4.39 75.59 <0.5 <4.00 <1.00 <3.00 0.59 9.34 188.67 2.54 9.05 27.26 2.25 48.69 233.84 

71 Shallow Well 73.13 74.35 0.06 <4.00 <1.00 34.22 0.02 32.51 161.83 <6.0 7.43 24.21 2.25 42.20 205.08 

72 Shallow Well 7.43 67.73 <0.5 <4.00 <1.00 <3.00 0.18 79.52 193.17 <6.0 6.21 30.70 3.02 50.00 251.24 

73 Shallow Well 3.83 74.54 <0.5 <4.00 <1.00 <3.00 0.57 0.41 162.80 <6.0 8.65 25.66 2.62 39.67 204.75 

74 Shallow Well <1.00 71.27 <0.5 <4.00 <1.00 <3.00 0.48 1.68 197.47 <6.0 5.43 31.54 2.01 49.98 254.68 

75 Shallow Well 74.33 70.61 <0.5 <4.00 <1.00 2.31 0.15 0.80 181.03 <6.0 4.41 30.83 1.57 47.94 246.67 

76 Shallow Well 41.76 184.10 0.18 <4.00 1.88 16.75 0.17 2.93 50.43 <6.0 1.11 1.97 6.44 15.01 45.62 

77 Shallow Well 9.69 37.70 0.43 <4.00 <1.00 15.02 0.03 46.11 44.60 <6.0 2.54 5.66 0.56 10.18 48.72 

78 Shallow Well 6.93 39.24 0.03 <4.00 0.81 12.80 0.04 11.77 131.32 <6.0 5.72 16.26 1.01 32.39 147.82 

79 Shallow Well 15.44 17.20 <0.5 <4.00 0.33 36.07 0.07 1.97 145.74 8.43 3.59 8.45 0.51 32.46 115.85 

80 Shallow Well 25.47 67.75 <0.5 <4.00 <1.00 8.57 0.02 21.51 89.77 <6.0 3.39 6.55 0.35 19.90 76.67 

81 Shallow Well 15.58 20.96 <0.5 <4.00 <1.00 <3.00 0.07 8.57 40.89 8.53 1.33 3.47 0.26 9.63 38.33 

82 Shallow Well 1.57 84.47 1.46 <4.00 <1.00 81.40 0.25 115.30 30.14 0.60 1.50 2.42 0.49 6.41 25.97 

83 Shallow Well 26.15 95.01 0.04 <4.00 <1.00 1.13 0.25 7.19 119.12 <6.0 3.34 6.87 0.90 16.87 70.42 

84 Borehole <1.00 34.69 <0.5 <4.00 <1.00 <3.00 5.90 <0.3 169.39 19.86 7.05 25.68 1.65 54.24 241.19 

85 Borehole <1.00 37.39 0.36 1.36 <1.00 1.13 9.57 0.71 47.36 12.62 3.85 20.12 1.89 22.66 139.45 

86 Borehole 13.93 19.91 1.23 13.19 <1.00 21.43 4.00 37.53 5.56 23.97 1.98 2.70 1.59 2.00 16.11 

87 Borehole 10.89 48.39 3.24 5.61 <1.00 18.52 1.05 39.58 10.39 1.73 6.59 5.56 1.40 2.45 28.99 

88 Borehole 14.28 27.07 1.63 18.49 <1.00 <3.00 1.67 26.16 6.84 27.34 3.89 1.31 1.03 2.09 10.62 

89 Borehole 18.90 59.06 4.78 6.95 0.43 13.13 3.08 95.09 4.23 5.65 6.73 4.24 0.88 0.89 19.69 
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90 Borehole <1.00 87.47 1.72 1.81 <1.00 <3.00 4.14 4.97 13.62 1.99 1.88 10.74 3.56 4.70 55.96 

91 Borehole <1.00 13.46 <0.5 <4.00 <1.00 <3.00 3.93 1.17 184.02 8.69 2.88 12.36 0.94 37.38 144.25 

92 Borehole 1.95 53.10 <0.5 <4.00 <1.00 <3.00 21.31 0.52 188.88 2.14 3.30 34.91 3.89 36.15 234.03 

93 Borehole <1.00 37.88 <0.5 <4.00 <1.00 <3.00 12.13 <0.3 62.92 4.72 5.22 20.72 1.58 19.73 134.58 

94 Borehole <1.00 120.51 0.44 0.91 0.66 7.16 1.64 0.47 52.24 2.81 7.52 13.06 3.11 11.22 81.81 

95 Borehole <1.00 19.78 <0.5 <4.00 <1.00 <3.00 4.80 10.48 88.65 81.72 5.02 8.26 1.84 24.17 94.39 

96 Borehole <1.00 45.64 <0.5 <4.00 <1.00 15.38 6.91 2.31 68.89 0.97 7.76 6.47 2.60 13.35 59.97 

97 Borehole <1.00 201.32 0.53 <4.00 <1.00 <3.00 6.68 32.03 76.86 168.16 3.78 13.97 4.30 20.17 107.90 

98 Borehole <1.00 38.42 1.17 13.25 <1.00 <3.00 2.35 7.75 7.83 125.68 1.62 6.49 0.95 2.57 33.15 

99 Borehole <1.00 25.22 0.35 <4.00 <1.00 <3.00 7.23 8.85 113.99 94.21 1.27 5.17 0.64 25.97 86.12 

100 Borehole <1.00 101.96 <0.5 0.37 <1.00 <3.00 28.97 6.81 86.59 103.67 1.31 28.44 2.75 20.87 169.22 

101 Borehole 4.74 1.66 0.25 17.80 <1.00 97.62 0.47 2.75 <0.7 140.19 0.84 0.49 0.10 -0.05 1.89 

102 Borehole <1.00 47.98 1.85 <4.00 <1.00 12.12 13.20 7.02 65.63 2.95 2.93 14.15 2.40 10.40 84.26 

103 Borehole <1.00 31.18 1.78 2.66 <1.00 <3.00 5.10 45.25 10.90 524.84 1.39 7.08 1.27 4.31 39.92 

104 Borehole 2.20 157.55 <0.5 23.35 <1.00 <3.00 10.19 4.66 213.30 539.16 6.39 5.73 3.21 28.73 95.34 

105 Borehole <1.00 141.07 <0.5 0.08 <1.00 <3.00 21.67 18.97 72.16 56.04 2.04 14.97 2.47 12.07 91.81 

106 Borehole <1.00 124.16 0.60 0.84 <1.00 <3.00 23.83 60.50 53.31 5060.9 6.45 13.17 2.19 12.03 84.27 

107 Borehole <1.00 206.66 5.01 <4.00 <1.00 1022.1 3.70 76.44 62.49 26.05 16.84 12.28 2.37 4.19 61.02 

108 Shallow Well <1.00 180.14 0.11 <4.00 <1.00 6.05 0.15 23.54 147.50 4.53 26.10 19.86 6.88 23.45 140.33 

109 KWSC <1.00 76.50 <0.5 0.89 <1.00 <3.00 2.43 1.00 241.03 146.19 2.39 26.89 0.27 78.95 307.87 

110 Shallow Well <1.00 134.27 0.31 <4.00 <1.00 <3.00 0.09 55.95 207.69 5.08 26.93 25.59 85.02 46.97 222.66 

111 Shallow Well <1.00 183.24 0.09 <4.00 <1.00 <3.00 0.24 26.17 304.19 0.87 63.74 44.09 10.64 56.73 323.20 

112 Shallow Well 2.29 243.00 4.12 <4.00 <1.00 <3.00 1.05 56.01 150.76 9.51 9.79 11.91 0.48 15.88 88.69 

113 Shallow Well 5.85 69.66 0.65 <4.00 <1.00 <3.00 0.33 48.88 159.85 1.43 11.67 16.42 50.71 24.30 128.29 

114 Shallow Well <1.00 220.31 0.24 <4.00 <1.00 <3.00 0.20 107.74 272.32 24.66 37.20 41.27 31.31 64.47 330.92 

115 Shallow Well 10.78 283.78 1.09 <4.00 <1.00 <3.00 0.37 192.78 445.01 <6.0 107.77 72.64 14.40 97.21 541.86 

116 Shallow Well <1.00 279.95 1.76 <4.00 <1.00 <3.00 0.52 523.43 327.43 0.21 70.85 47.80 16.41 70.69 373.36 

117 Shallow Well <1.00 21.81 0.82 <4.00 <1.00 <3.00 0.66 11.54 8.45 0.98 3.46 0.88 1.66 1.54 7.46 

118 Shallow Well <1.00 38.77 0.48 0.13 <1.00 <3.00 1.41 11.58 202.48 143.46 2.82 2.52 1.58 45.84 124.82 
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119 Shallow Well <1.00 28.76 0.01 <4.00 <1.00 <3.00 0.64 0.55 21.72 3.40 3.04 4.60 0.43 6.61 35.48 

120 Shallow Well 5.85 35.39 <0.5 <4.00 <1.00 4.47 0.29 1.42 27.53 <6.0 2.33 5.44 0.63 9.03 44.95 

121 Shallow Well 3.19 30.05 <0.5 <4.00 <1.00 <3.00 0.54 2.28 19.77 4.30 3.26 3.53 0.60 5.76 28.95 

122 Shallow Well 2.70 52.06 0.73 <4.00 <1.00 <3.00 0.65 8.05 16.95 0.02 3.12 1.54 1.90 2.15 11.70 

123 Shallow Well 2.11 51.29 0.75 <4.00 <1.00 <3.00 0.85 6.95 18.68 0.47 4.62 1.77 1.51 2.65 13.90 

124 Shallow Well 27.82 59.12 <0.5 <4.00 <1.00 <3.00 0.84 9.21 11.28 <6.0 3.71 2.04 2.95 2.09 13.61 

125 Shallow Well <1.00 91.98 2.76 <4.00 <1.00 <3.00 0.64 49.29 30.57 0.49 4.50 4.14 2.84 4.84 29.12 

126 Borehole <1.00 73.80 <0.5 18.71 <1.00 <3.00 10.21 17.84 85.73 23.21 7.48 13.02 5.38 37.17 146.44 

127 Borehole 1.84 68.39 1.84 0.02 <1.00 84.02 1.27 29.89 47.80 3.78 11.83 2.56 1.99 5.68 24.75 

128 Borehole <1.00 13.44 <0.5 <4.00 <1.00 2.95 1.16 <0.3 97.27 20.58 1.05 19.02 0.56 43.86 187.84 

129 Borehole <1.00 13.66 <0.5 <4.00 <1.00 <3.00 1.52 <0.3 114.25 93.92 0.80 16.97 0.23 46.40 185.75 

130 Borehole 9.33 74.31 0.96 <4.00 <1.00 <3.00 4.14 26.11 21.58 29.84 7.30 3.20 0.53 6.10 28.40 

131 Borehole <1.00 116.40 9.12 1.25 <1.00 0.63 1.07 21.32 108.13 3.77 8.93 13.87 2.22 17.85 101.69 

132 Borehole <1.00 87.98 0.85 2.37 <1.00 <3.00 5.41 38.22 108.31 4.93 10.62 18.06 2.25 22.41 130.34 

133 Borehole <1.00 90.78 <0.5 <4.00 <1.00 3.37 8.83 <0.3 139.74 0.26 8.73 3.15 2.64 11.19 40.92 

134 Borehole 11.62 134.36 6.23 <4.00 <1.00 9.10 1.78 31.05 18.21 11.72 6.59 3.23 1.51 1.83 17.88 

135 Borehole <1.00 81.76 0.19 6.69 <1.00 2.41 14.53 1.32 154.75 10.52 3.83 33.35 3.76 31.88 216.93 

136 Borehole <1.00 29.17 0.05 9.99 <1.00 <3.00 14.55 2.44 31.56 <6.0 3.04 15.47 2.03 9.08 86.36 

137 Borehole <1.00 44.74 0.00 <4.00 <1.00 7.53 14.25 69.37 185.95 9.18 4.29 23.99 2.50 22.09 153.96 

138 Borehole <1.00 23.30 0.85 1.05 <1.00 3.78 16.57 2.23 34.22 <6.0 1.43 15.43 1.67 13.55 97.36 

139 Borehole 3.58 3.93 <0.5 <4.00 <1.00 <3.00 1.86 0.59 76.88 2.49 1.85 10.56 0.37 22.28 99.11 

140 Borehole <1.00 13.85 0.04 4.18 <1.00 4.73 1.88 1.21 81.83 26.97 2.04 8.91 0.50 24.36 97.53 

141 Borehole 1.35 59.44 1.31 8.51 <1.00 8.55 1.46 14.43 76.87 8.24 16.60 8.19 2.66 10.78 60.67 

142 Shallow Well 2.17 56.17 1.53 7.70 <1.00 <3.00 0.22 8.42 322.49 16.25 8.32 27.23 2.06 53.12 244.77 

143 Shallow Well 3.35 50.27 6.04 7.02 <1.00 <3.00 0.68 26.91 279.69 10.83 8.96 25.94 0.09 36.45 197.82 

144 Shallow Well 2.77 51.46 2.82 3.50 <1.00 <3.00 0.39 43.21 288.72 9.66 8.70 26.02 0.14 43.11 214.78 

145 Shallow Well 2.96 44.41 3.55 1.63 <1.00 30.69 0.36 61.80 236.67 1.58 9.53 23.75 0.71 34.96 185.08 

146 Shallow Well 7.93 33.66 0.77 3.09 <1.00 11.73 0.37 38.45 215.49 22.23 16.68 28.72 0.29 45.65 232.25 

147 Shallow Well <1.00 31.33 1.59 3.56 <1.00 <3.00 0.31 29.44 329.02 15.44 12.82 36.30 1.23 64.15 309.66 
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148 Shallow Well <1.00 34.35 0.21 1.81 1.06 12.04 0.19 24.95 357.61 <6.0 10.08 32.03 3.21 65.71 295.95 

150 Shallow Well <1.00 32.86 0.73 0.10 <1.00 <3.00 0.16 163.81 285.92 0.82 9.43 29.73 17.72 54.84 259.35 

151 Shallow Well <1.00 24.22 3.36 2.14 <1.00 <3.00 0.50 75.46 366.50 0.25 8.32 25.67 4.05 73.68 289.71 

152 Shallow Well 3.20 127.02 0.78 2.96 <1.00 <3.00 0.30 12.78 229.80 4.05 7.08 18.42 0.10 23.89 135.49 

153 Shallow Well <1.00 169.70 2.98 0.99 <1.00 16.86 0.88 34.35 136.37 134.59 5.78 12.28 0.89 12.79 82.53 

154 Shallow Well 8.03 106.24 3.03 2.78 <1.00 167.78 0.52 88.30 191.66 95.82 7.80 14.54 0.52 22.69 116.55 

155 Shallow Well 4.79 134.68 0.84 <4.00 <1.00 3.39 0.23 15.17 263.86 0.97 6.59 19.64 0.22 29.83 155.37 

156 Surface Water 13.64 107.33 0.65 1.07 <1.00 168.00 9.65 63.60 150.49 3.54 6.21 22.55 3.44 29.00 165.28 

157 Surface Water 6.85 76.35 0.01 0.33 <1.00 24.94 2.24 11.65 234.06 <6.0 2.22 25.21 0.40 72.85 285.71 

158 Surface Water 11.41 62.78 2.23 <4.00 <1.00 283.90 6.26 121.74 147.25 <6.0 50.92 21.40 2.63 29.14 160.88 

159 Surface Water 7.52 42.57 0.25 2.31 <1.00 52.98 8.16 38.54 217.25 <6.0 11.17 33.03 3.49 46.59 252.35 

160 Surface Water 8.09 64.48 <0.5 0.78 <1.00 53.10 2.78 52.48 223.25 19.06 5.08 26.85 1.19 68.71 282.11 

161 Surface Water 16.73 82.00 <0.5 0.76 <1.00 19.57 0.64 21.09 131.94 20.94 6.36 18.02 3.36 37.25 167.20 

162 Surface Water 37.07 115.73 0.04 <4.00 <1.00 55.24 0.74 19.20 136.08 12.97 7.34 9.94 4.28 29.84 115.46 

163 Surface Water 29.96 60.05 0.39 0.80 <1.00 364.61 0.79 54.70 126.58 13.26 14.82 10.59 7.13 30.98 120.97 

164 Surface Water 9.51 99.16 1.62 9.07 <1.00 29.90 0.66 94.26 69.59 144.22 9.58 14.51 6.08 14.59 96.18 

165 Surface Water 29.35 49.85 0.55 3.66 0.19 250.21 0.67 46.67 106.25 68.17 6.62 10.71 6.07 30.40 120.00 

166 Surface Water 3.44 24.20 0.66 0.33 <1.00 139.23 0.14 96.86 25.04 15.31 2.53 2.24 1.74 5.15 22.08 

167 Surface Water 20.58 46.07 0.36 0.24 <1.00 447.02 0.66 57.89 90.60 2.29 6.86 8.40 3.17 22.68 91.23 

168 Shallow Well 1.36 24.31 0.29 14.55 <1.00 <3.00 6.80 7.77 37.33 24.40 4.18 3.55 0.73 10.61 41.09 

169 Surface Water 28.71 49.55 0.28 <4.00 <1.00 422.85 0.63 59.15 105.42 1.53 6.96 9.27 2.93 26.46 104.22 

170 Surface Water 25.33 34.71 2.79 1.78 <1.00 522.14 0.50 64.66 47.19 13.16 13.31 7.44 4.89 12.09 60.81 

171 Surface Water 29.57 24.82 0.51 0.28 <1.00 268.01 0.50 15.55 23.83 3.46 3.06 2.21 0.64 4.05 19.21 

172 Surface Water 29.73 26.27 0.36 0.69 <1.00 316.80 0.49 12.18 25.98 4.16 3.37 2.43 0.75 4.26 20.66 

173 Surface Water 3.75 25.94 <0.5 0.93 <1.00 13.63 0.57 1.42 54.26 <6.0 3.24 4.75 2.11 12.25 50.16 

175 Surface Water 1.54 45.16 <0.5 5.88 <1.00 13.75 1.00 39.91 81.52 0.55 5.44 6.57 3.52 18.70 73.73 

176 Surface Water 13.42 48.41 0.08 <4.00 0.03 46.07 1.17 9.13 107.12 24.87 5.08 13.02 1.72 26.61 120.06 

177 Shallow Well 6.40 171.37 0.05 <4.00 <1.00 8.01 1.07 0.84 130.85 2.20 37.76 15.43 34.30 25.97 128.38 

178 Shallow Well 3.21 161.53 0.79 <4.00 <1.00 55.81 0.80 118.86 152.23 4.12 47.02 18.56 36.28 30.24 151.95 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cu μg/l  Cr μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l Na mg/l Mg mg/l K mg/l Ca mg/l Hardness 

179 Surface Water 23.66 176.41 1.58 <4.00 <1.00 155.93 2.32 143.52 144.43 16.96 26.42 14.24 21.27 30.61 135.09 

180 Shallow Well 9.29 126.34 0.59 <4.00 <1.00 133.85 0.44 72.25 146.75 7.08 18.81 11.95 23.82 23.27 107.30 

181 Shallow Well 12.66 150.78 <0.5 0.10 <1.00 <3.00 0.53 6.55 138.47 8.68 17.10 11.64 17.72 21.65 102.01 

182 Shallow Well 3.13 129.06 0.20 0.21 0.55 64.57 0.41 10.21 137.48 168.99 16.10 11.26 17.51 21.17 99.20 

183 Surface Water 75.37 189.62 1.76 0.14 <1.00 253.59 2.47 149.62 152.42 21.49 27.12 15.99 21.82 35.72 155.05 

185 Shallow Well <1.00 205.45 1.43 <4.00 <1.00 <3.00 0.68 101.81 160.16 <6.0 13.16 11.57 14.23 19.01 95.12 

186 Shallow Well <1.00 330.44 9.08 <4.00 <1.00 121.91 0.54 466.97 196.71 77.61 12.71 13.49 13.30 22.18 110.95 

187 Shallow Well 37.87 84.70 0.11 25.36 <1.00 <3.00 1.23 3.96 74.26 0.14 1.11 20.28 0.51 9.14 106.34 

188 Surface Water 2.02 363.74 <0.5 3.43 <1.00 3.70 5.73 10.56 60.54 10.69 1.93 22.93 3.12 16.77 136.29 

189 Surface Water 14.36 31.80 13.78 46.61 <1.00 92.04 4.04 113.93 233.81 12.96 6.28 19.11 4.28 38.70 175.36 

190 Borehole 2.16 12.08 <0.5 9.73 <1.00 396.65 8.76 5.68 125.51 1.12 1.73 15.24 12.66 32.22 143.21 

191 Shallow Well <1.00 7.54 <0.5 <4.00 <1.00 <3.00 6.31 <0.3 130.57 <6.0 1.49 16.34 0.81 36.30 157.92 

192 Shallow Well 0.82 19.88 <0.5 <4.00 <1.00 <3.00 1.92 3.83 75.74 1.39 2.12 14.41 1.44 19.27 107.44 

193 Shallow Well 1.91 21.23 <0.5 <4.00 <1.00 0.25 1.25 4.03 83.26 <6.0 1.42 14.60 0.94 22.15 115.44 

194 Shallow Well 5.52 22.62 <0.5 <4.00 <1.00 <3.00 1.32 6.87 84.72 2.52 3.34 13.55 2.78 20.71 107.50 

195 Shallow Well 2.48 19.66 <0.5 <4.00 <1.00 <3.00 1.43 1.07 72.24 5.01 1.66 11.65 1.94 19.01 95.43 

196 Shallow Well 2.79 38.87 0.11 <4.00 <1.00 <3.00 2.04 83.81 101.47 <6.0 2.12 17.49 1.21 29.88 146.63 

197 Surface Water <1.00 18.09 <0.5 <4.00 <1.00 22.08 3.19 8.37 96.24 <6.0 1.14 17.66 1.11 25.90 137.39 

198 Shallow Well 1.50 70.42 <0.5 0.75 <1.00 15.41 1.38 46.59 114.18 <6.0 6.77 19.60 5.10 34.30 166.36 

199 Shallow Well 62.14 70.49 <0.5 <4.00 <1.00 <3.00 1.58 23.21 122.59 2.01 5.48 19.31 4.41 36.32 170.20 

200 Shallow Well <1.00 68.09 <0.5 <4.00 <1.00 <3.00 0.96 73.26 158.51 0.61 7.22 21.42 4.56 48.67 209.72 

201 KWSC 35.79 60.45 0.03 <4.00 <1.00 7.03 2.51 2.97 172.53 120.81 6.52 20.10 2.43 40.68 184.35 

202 Shallow Well 7.45 311.35 21.88 <4.00 <1.00 3502.1 0.32 4238.5 88.82 3.20 21.84 21.30 12.06 20.74 139.48 

203 Shallow Well 123.34 81.84 12.47 1.23 <1.00 <3.00 4.86 31.23 10.07 9.80 17.32 8.73 3.72 1.53 39.77 

204 Shallow Well <1.00 84.54 4.21 <4.00 <1.00 64.14 0.25 658.52 81.22 <6.0 14.33 14.46 5.95 18.90 106.72 

205 Shallow Well <1.00 8.71 <0.5 <4.00 <1.00 <3.00 0.41 17.82 37.37 7.86 9.01 5.18 1.51 17.67 65.45 

206 Shallow Well 13.99 42.12 6.36 <4.00 <1.00 <3.00 4.92 18.14 4.61 0.53 0.73 2.90 3.07 0.54 13.30 

207 Shallow Well 15.82 99.56 8.52 <4.00 <1.00 <3.00 11.33 21.17 23.24 0.15 14.06 13.37 4.37 6.73 71.85 

208 Shallow Well <1.00 190.51 <0.5 <4.00 <1.00 4.68 2.32 2.14 122.76 <6.0 7.66 22.76 6.77 27.18 161.59 
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Site Site Type Al μg/l Ba μg/l Co μg/l Cu μg/l  Cr μg/l Fe μg/l Li μg/l Mn μg/l Sr μg/l Zn μg/l Na mg/l Mg mg/l K mg/l Ca mg/l Hardness 

209 Shallow Well 11.06 52.65 0.18 <4.00 <1.00 44.31 0.09 345.63 44.82 0.93 1.06 18.97 5.50 35.56 166.94 

210 Shallow Well 1.89 3.14 <0.5 <4.00 <1.00 10.25 0.05 11.61 10.23 69.19 2.99 9.24 0.57 15.71 77.25 

211 Shallow Well 41.54 56.83 0.15 <4.00 <1.00 33.46 0.05 186.08 15.97 4.16 0.79 9.78 0.38 18.43 86.29 

212 Shallow Well 9.25 323.59 0.16 <4.00 <1.00 <3.00 1.20 446.34 39.71 14.15 8.47 3.26 4.78 9.62 37.43 

213 Shallow Well 5.00 14.13 <0.5 <4.00 <1.00 <3.00 0.06 3.14 31.71 <6.0 1.53 14.80 0.57 28.64 132.43 

214 Shallow Well 14.70 15.54 <0.5 <4.00 <1.00 <3.00 0.07 1.36 10.56 <6.0 3.91 3.64 2.59 6.94 32.32 

215 Shallow Well 3.89 2.80 <0.5 <4.00 1.09 11.90 0.00 0.78 57.68 <6.0 1.18 25.45 1.42 45.34 218.04 

216 Shallow Well 2.62 43.55 <0.5 <4.00 <1.00 <3.00 0.30 49.95 16.06 <6.0 9.90 3.71 0.94 7.48 33.97 

217 Borehole <1.00 21.33 <0.5 1.09 <1.00 172.34 2.59 1.48 77.46 245.60 0.79 30.05 0.67 58.17 268.98 

218 Shallow Well 2.69 15.71 <0.5 <4.00 <1.00 <3.00 0.05 10.40 42.00 6.83 1.15 22.61 1.11 40.27 193.66 

219 KWSC 87.98 49.06 0.28 3.83 <1.00 47.06 3.05 10.25 166.32 11.02 19.54 20.97 6.61 38.96 183.63 

220 Borehole 38.87 847.09 60.20 25.93 <1.00 <3.00 2.82 162.20 63.75 68.40 12.16 10.31 16.02 5.70 56.68 

221 Borehole 11.05 159.14 0.15 <4.00 <1.00 6482.1 19.06 101.89 106.44 83.33 8.36 17.76 8.36 54.20 208.47 

222 KWSC 0.79 33.27 <0.5 0.31 <1.00 <3.00 5.79 <0.3 109.27 29.34 1.75 28.07 3.49 58.95 262.80 

223 Shallow Well 1.73 229.17 0.14 <4.00 0.30 11.30 0.47 2.87 134.02 2.45 14.10 8.71 3.72 21.66 89.94 

224 Shallow Well 2.87 517.57 0.78 <4.00 <1.00 <3.00 0.64 1.93 112.00 0.66 15.02 4.07 3.04 18.47 62.88 

225 Shallow Well 45.89 171.18 1.83 <4.00 <1.00 43.17 2.31 7.98 37.93 13.93 12.31 1.04 2.38 5.91 19.03 

226 Shallow Well 9.91 132.34 0.59 <4.00 <1.00 38.57 2.54 9.15 57.81 2.05 10.97 2.15 2.26 14.39 44.78 

227 Borehole 15.49 66.14 <0.5 <4.00 <1.00 <3.00 18.00 8.08 49.73 1362.2 9.20 7.21 4.41 13.61 63.70 

228 Borehole 3.69 47.56 <0.5 <4.00 <1.00 2062.1 17.77 22.48 44.71 20.99 8.66 7.44 3.90 12.75 62.48 

229 Borehole <1.00 51.62 <0.5 1.46 1.36 13.88 17.18 1.39 45.89 5.29 8.47 7.20 3.57 12.86 61.77 
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Appendix I: Statistical Analysis 

KMBoot Macro 

KMBoot.mac    v. 2.1 

 KMBoot computes the median and confidence interval for the median of censored data by 

bootstrapping the nonparametric Kaplan-Meier method.  1000 estimates of the median are 

computed using Kaplan-Meier.  The mean of these 1000 estimates is the K-M bootstrap median.  

This estimator has no advantage over the K-M estimate of median for the original column of data.  

The 2.5th and 97.5th percentiles of the estimates comprise the ends of a two-sided, nonparametric 

95% confidence interval on the median.  The upper 95% confidence bound (UCL95) and 99% 

confidence limits are also calculated.   

 The command structure is: 

 %KMBoot c1 c2 

    where c1 is the column of data and c2 is the censoring indicator (the default is 0 for detects and 1 

for nondetects, but this can be changed using the CENS subcommand). 

  Optional subcommands: 

 UCL; Plots the 1-sided UCL95 instead of 2-sided confidence intervals. 

 REPS 2000; Uses an alternate number (here 2000) instead of the default 1000 number of repetitive 

estimates of the median. 

 DIR "R". Changes the default direction from left-censoring (nondetects) to right-censoring 

(greater-thans).  Censored values are one or the other. 

 

Example of the output obtained 
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BootKM Macro 

BootKM.mac    v. 1.9   (formerly KMBMean.mac) 

 BootKM computes the mean and confidence intervals for the mean of censored data by 

bootstrapping the nonparametric Kaplan-Meier method.  1000 estimates of the mean are computed 

using Kaplan-Meier.  The mean of these 1000 estimates is the K-M bootstrap mean.  This is not of 

much use and has no advantage over the K-M mean of the original column of data.  However, 

bootstrapping provides confidence intervals, without assuming a  distributional shape, that are 

otherwise not available.  The 2.5th and 97.5
 
th percentiles of the 1000 estimates comprise the ends 

of a two-sided 95% confidence interval on the mean.  The upper 95% confidence bound (UCL95) 

and 99% confidence limits are also calculated.  The command structure is: 

 %BootKM c1 c2 

    where c1 is the column of data and c2 is the censoring indicator (the default is 0 for detects and 1 

for nondetects, but this can be changed using the CENS subcommand). 

  Optional Subcommands: 

 UCL; Plots the 1-sided UCL95 instead of 2-sided confidence intervals. 

 DIR "R". Changes the default direction from left- (nondetects) to right-censoring (greater-thans).  

Censored values are one or the other. 

 

Example of the output obtained 
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 CensKW Macro 

CensKW.mac   v. 3.9 

 CensKW computes the nonparametric Kruskal-Wallis test for comparing the medians (or more 

generally, the distributions) of three or more groups of censored data, using tied ranks for all 

observations below the highest reporting limit.  This is less powerful for data with multiple 

reporting limits than is a score test, but may be desirable in several situations. It is most applicable 

to data with one reporting limit.  The command structure is: 

 %CensKW c1 c2 c3 

    where c1 is the column of data, c2 is the censoring indicator (0/1), and c3 is a group identifier.   

  Subcommands: 

 Dunn's multiple comparison test can be added by specifying the overall (family) error 

rate as the argument to the ALPHA subcommand.  For example, an overall 5% MC test 

results from the subcommand ALPHA 0.05. 

 

Example of the output obtained 

 

Kruskal-Wallis: Multiple Comparisons  
 
Kruskal-Wallis Test on the data 

 

Group      N  Median  Ave Rank      Z 

BH        58   68.26     104.9   0.06 

SW        32  553.30     158.7   5.54 

W        118   50.80      89.6  -4.09 

Overall  208             104.5 

 

H = 33.22  DF = 2  P = 0.000 

H = 33.25  DF = 2  P = 0.000  (adjusted for ties) 

 

 

Kruskal-Wallis: All Pairwise Comparisons  
---------------------------------------- 

Comparisons:                     3 

Ties:                            19 

Family Alpha:                    0.05 

Bonferroni Individual Alpha:     0.017 

Bonferroni Z-value (2-sided):    2.394 

 

---------------------------------------- 

Standardized Absolute Mean Rank Differences 

|Rbar(i)-Rbar(j)| / Stdev 

 

Rows:    Group i = 1,...,n 

Columns: Group j = 1,...,n 

 

1. Table of Z-values 

 

BH  0.00000        *  * 

SW  4.05823  0.00000  * 

W   1.58997  5.76299  0 

---------------------------------------------------------- 

Adjusted for Ties in the Data 
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1. Table of Z-values 

 

BH  0.00000        *  * 

SW  4.06003  0.00000  * 

W   1.59067  5.76555  0 

 

2. Table of P-values 

 

BH  1.00000        *  * 

SW  0.00005  1.00000  * 

W   0.11168  0.00000  1 

 

---------------------------------------------------------- 

 

Sign Confidence Intervals controlled at a family error rate of 0.05 

 

Desired Confidence:    90.951 

 

Sign confidence interval for median 

 

                                       Confidence 

                            Achieved    Interval 

               N  Median  Confidence  Lower  Upper  Position 

Fe μg/l._BH   58    68.3      0.8514   30.3  161.3        24 

                              0.9095   28.1  164.9       NLI 

                              0.9122   28.0  165.2        23 

Fe μg/l._SW   32   553.3      0.8898  409.2  706.3        12 

                              0.9095  398.5  729.5       NLI 

                              0.9499  356.9  820.3        11 

Fe μg/l._W   118   50.80      0.8824  33.98  72.98        51 

                              0.9095  32.01  75.45       NLI 

                              0.9197  31.00  76.71        50 

 

 

Kruskal-Wallis: Conclusions  
The following groups showed significant differences (adjusted for ties): 

 

       Groups                  Z-value vs. Critical value   P-value 

 

     SW vs. W                      5.76555 >= 2.394          0 

     BH vs. SW                     4.06003 >= 2.394          0 
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Spearman Correlation Analysis 

The following significant correlations with hardness and pH were found using the cor.test 

command in R. For example: cor.test(Co, pH, method= ‘spearman’) 

 

Statistically significant correlations with pH and hardness for dissolved elements, shallow well 

sites only. 

 pH p value Hardness p value 

Co -0.5  0.0000 -0.2  0.0131 

Sr 0.5  0.0000 0.9  0.0000 

 

Statistically significant correlations with pH and hardness for dissolved elements, borehole sites 

only. 

 pH p value Hardness p value 

Al -0.3  0.0261 -0.3  0.0155 

Co -0.5  0.0002 -0.5  0.0003 

Mn -0.5  0.0001 -0.5 0.0002 

Li 0.3  0.0108 0.3  0.0341 
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Principal Component Analysis 

The following factor loadings were obtained from principal component analysis using Minitab 

16®.  

 

Factor loadings given for site type analysis, total recoverable concentrations.  

 

Variable     PC1     PC2     PC3     PC4     PC5     PC6     PC7     PC8 

Al         0.135  -0.393  -0.321   0.386  -0.413  -0.233   0.135  -0.532 

Ba         0.526  -0.186   0.083   0.059   0.327  -0.063   0.347  -0.113 

Co         0.563   0.036   0.156  -0.040   0.330  -0.227  -0.020  -0.007 

Cr        -0.123   0.118   0.455   0.620  -0.106  -0.324   0.293   0.398 

Cu         0.248   0.325  -0.474   0.098   0.015  -0.474  -0.454   0.254 

Fe         0.314   0.329   0.058   0.037  -0.639   0.149  -0.042   0.062 

Li         0.033   0.507  -0.403  -0.122   0.007   0.114   0.699   0.012 

Mn         0.445  -0.027   0.291  -0.125  -0.294   0.372  -0.116   0.089 

Sr         0.108  -0.499  -0.415   0.136  -0.009   0.297   0.095   0.649 

Zn         0.040   0.273  -0.108   0.634   0.326   0.547  -0.239  -0.218 

 

Variable     PC9    PC10 

Al         0.177   0.133 

Ba        -0.256  -0.607 

Co        -0.038   0.702 

Cr         0.137  -0.008 

Cu         0.180  -0.265 

Fe        -0.592   0.037 

Li         0.232   0.096 

Mn         0.661  -0.135 

Sr        -0.098   0.143 

Zn        -0.017   0.027 

 

  

Factor loadings given for borehole analysis, dissolved concentrations.  

 

Variable     PC1     PC2     PC3     PC4     PC5     PC6     PC7     PC8 

Al         0.234  -0.034   0.331   0.564  -0.388  -0.384  -0.299  -0.349 

Ba         0.548  -0.136  -0.110  -0.184  -0.114  -0.309   0.271   0.352 

Co         0.620  -0.042   0.124  -0.047   0.093  -0.055   0.135   0.121 

Cr         0.070   0.325   0.211  -0.340  -0.742   0.401  -0.076   0.111 

Cu         0.282  -0.151   0.465  -0.296   0.414   0.302  -0.495  -0.142 

Fe         0.149   0.586  -0.331   0.220   0.167  -0.043  -0.532   0.405 

Li        -0.050   0.571   0.151  -0.449   0.147  -0.511   0.129  -0.385 

Mn         0.390   0.196  -0.443   0.150   0.045   0.425   0.197  -0.590 

Sr         0.019  -0.378  -0.523  -0.413  -0.232  -0.241  -0.479  -0.216 

 

Variable     PC9 

Al        -0.084 

Ba        -0.574 

Co         0.742 

Cr         0.022 

Cu        -0.256 

Fe        -0.016 

Li         0.003 

Mn        -0.144 

Sr         0.157 
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Factor loadings given for shallow well anlaysis, total recoverable concentrations.  

 

Variable     PC1     PC2     PC3     PC4     PC5     PC6     PC7     PC8 

Al         0.056  -0.417   0.257  -0.629   0.094  -0.029  -0.566   0.048 

Ba         0.367  -0.203   0.110  -0.248  -0.329   0.066   0.468   0.634 

Co         0.506   0.169   0.163   0.115  -0.162   0.076   0.034  -0.194 

Cr        -0.098   0.411   0.014  -0.589  -0.248  -0.455   0.288  -0.348 

Cu        -0.015  -0.166   0.497   0.219   0.480  -0.607   0.246   0.102 

Fe         0.530   0.090  -0.175  -0.030   0.237  -0.137  -0.187  -0.098 

Li         0.096   0.123   0.746   0.138  -0.268   0.274  -0.091  -0.271 

Mn         0.544   0.110  -0.165   0.000   0.213  -0.089  -0.061  -0.081 

Sr         0.076  -0.643  -0.117  -0.066   0.060   0.176   0.439  -0.577 

Zn         0.063  -0.333  -0.139   0.332  -0.623  -0.530  -0.277  -0.064 

 

Variable     PC9    PC10 

Al         0.156  -0.066 

Ba        -0.121   0.051 

Co         0.777   0.035 

Cr        -0.048   0.001 

Cu         0.083   0.002 

Fe        -0.309   0.682 

Li        -0.413   0.004 

Mn        -0.276  -0.725 

Sr        -0.045   0.026 

Zn        -0.069  -0.032 

 

 
 

 


