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Abstract



River basins are vulnerable to pollution from anthropogenic activities such as the disposal of waste from domestic, commercial, industrial, and agricultural activities.  The anthropogenic activities can be a source of contamination, consequently affecting the quality and quantity of groundwater.  The study aimed at assessing the impact of the Omaruru municipal dumpsite on groundwater quality. Ideal individual sampling sites were selected based on their positions relative to the municipal dumpsite. Water and soil samples were analysed onsite for physical and chemical parameters including Total Dissolved Solids (3036 mg/L), Turbidity (1.69 NTU) and Electrical Conductivity (20 mS/cm) by using HANNA, H19811-5 multi-meter instrument.  Heavy metals (lead, manganese, iron, copper, cadmium) that can impact groundwater quality were analysed in the laboratory using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and geochemical analysis of soil samples were was conducted in a laboratory using X-ray Fluorescence (XRF). High concentrations of heavy metals were measured in water from boreholes located downgradient of the river sub-catchment.   A strong correlation relationship was found between the concentration of chemical parameters found in the soil from the municipal dumpsite and groundwater from nearby water boreholes.  Chemical parameters that exceeded the Namibian water quality standards were Calcium (Ca) 100-300 mg/l > (90 mg/l), Chloride (Cl) 250> (64 mg/l), Iron (Fe) 0.3 mg/l > (0.1mg/l) and Copper (Cu) 1.3mg/l > (0.5mg/l). Chemical parameters that were found within Namibian water quality standards and Environmental Protection Agency (EPA) standards were Potassium (K) 0.2 mg/l < (1 mg/l), Magnesium (Mg) 0.07 mg/l < (25 mg/l), Barium (Ba) 0.03 mg/l < (0.5 mg/l), Lead (Pb) 0.015mg/l < (0.05) mg/l, Cadmium (Cd) 0.03 mg/l < 0.01 mg/l) and Nickel(Ni) 0.07mg/l< (0.25 mg/l).  Contamination Factor (CF) of the study area ranged between 0.8–2.7 indicating the degree of overall groundwater contamination of the sampled sites.   The Geo-accumulation Index (Igeo) values from the study were measured between
0.003-0.7, while the value of Pollution Load Index (PLI) of the study area was at 2.  The PLI value of

>1 is polluted whereas a value of <1 indicates no pollution.  A strong positive correlation existed between heavy metals found in water and soil from the municipal dumpsite. Concentrations of physical and chemical parameters were benchmarked with Environmental Protection Agency (EPA) and Namibian water standards for drinking water quality.
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Definition of key terms



Groundwater: is subterranean water that fills voids in the earth¶s crust and whose movement is

mainly determined by gravity.


Municipal Solid Waste (MSW): refers to all solid waste generated, collected, transported, and disposed of within the jurisdiction of a municipal local authority.

Physico-chemical parameters: The physical and chemical composition of water quality.


Sampling: The selection of dependent and independent variables.


Leachate: A liquid that has dissolved or entrained environmentally harmful substances that may then enter the environment.

pH: the logarithm concentration of hydrogen ions in the solution.


Total Dissolved Solids: are dissolved solids plus suspended and settleable solids in water.


Turbidity: a measure of water clarity how much the material suspended in water decreases the passage of light through the water.

Conductivity: a measure of the ability of water to pass an electrical current.


Anthropogenic effects: Man induced effects on groundwater contamination.
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Chapter 1

Introduction

1.1 General overview

Groundwater is an integral part of the water supply (WHO, 2006).  At times of low river flow, groundwater enters the rivers, maintaining river flow.  Although data on groundwater quality is limited, it is clear that, like other bodies of water, groundwater close to urban or industrial development is vulnerable to contamination (WHO, 2006).   The quality and quantity of groundwater can be influenced by the effects of natural and anthropogenic activities. Anthropogenic pollution of groundwater can originate from either point or diffuse (instantaneous and continuous) sources (WHO, 1996).  The effects emanating from pollution sources can impact groundwater  within  river  basins  affecting  the  biota  (WHO,  2006).    Groundwater,  which  is protected by layers of soils and other subsurface materials can become contaminated through infiltration from the surface, injection of contaminants through improperly constructed or defective injection water boreholes or wells (including septic systems), or by naturally occurring substances in the soil or rock through which it flows (WHO, 2006).

According to Wuana et al. (2011), the pollution of groundwater can be caused by four main sources: industrial, domestic, agricultural, and environmental.  A common anthropogenic source of pollution is municipal open dumpsites.   Municipal open dumpsite soils may become contaminated by contamination plumes which comprises of chemicals such as Iron (Fe), Manganese (Mn), Sodium (Na), Potassium (K), Magnesium (Mg) , Chloride ( Cl), Fluoride (F), Zinc (Zn), Lead (Pb), Copper (Cu), Arsenic(As), Lead (Pb), Chromium (Cr), Cadmium (Cd), Mercury (Hg) and Nickel (Ni) (Wuana & Okieimen, 2011).  Physical and chemical parameters such as pH, Total Dissolved Solids, Turbidity, Conductivity, and Temperature can also influence groundwater quality (EPA, 2016).  The contamination of groundwater from municipal dumpsites may pose public health risks and affects the biota (Wuana & Okieimen, 2011).  Pollutants can enter the aquifer by used waters which contain chemical compounds and trace elements such as metals or from rain infiltrating through waste disposal (Fried, 1975).  The vulnerability of the aquifer to pollution may depend on the human activity and land use in areas where rainfall or surface water may percolate into the aquifer (WHO, 1996).  A model can be designed to calculate accumulation and leaching of heavy metals in the ground, such as using multiple linear regression
techniques (Wilkens, 1962).
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Assessing the vulnerability of groundwater from water supplies is important for the protection of public health, the biota and for ensuring sustainable utilisation of groundwater resources to protect vital ecological systems.

1.2 Background to the research problem

Most municipal open dumpsites in developing countries are located or sited without proper Environmental Impact Assessments (EIAs).  Similar to the Omaruru dumpsite which is located within the Omaruru river sub-catchment. The river basin is the main source of groundwater supply to the community of Omaruru (Ministry of Agriculture, 2011).  Water is extracted by means of boreholes.  The river basin sustains the natural vegetation, aquatic ecosystem and provides water for human consumption.  The river basin is vulnerable to pollution from anthropogenic activities such as the disposal of waste from domestic, commercial, industrial, and agricultural activities. Vulnerability to contamination of groundwater occur when dumpsites are located without environmental impact assessments (Ministry of Agriculture, 2011).

The study assessed the potential impact of the municipal dumpsite on groundwater boreholes in the proximity of the Omaruru municipal dumpsite.  Evidently, there was no environmental impact assessment conducted prior to the siting of the municipal dumpsite.  No control or fencing and restriction of access or through permits control systems.  The volume of waste disposed into the landfill is not quantified due to lack of weighing facilities or waste estimation inventories.  No estimation or the quantification of the volume of waste disposed at the dumpsite.  The waste disposed at the open dumpsite originates mainly from household, industrial, commercial, and agricultural activities.  The study focused on groundwater pollution resulting from the presence of heavy metals in water and soil, occurring as a result of leachate processes from the municipal dumpsite.  Groundwater contamination has an impact on public health and the biota.  Therefore, there is a need for possible remedial measures to be taken to ensure the protection and conservation of water quality and quantity of the ecological system.
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1.3 Problem analysis/ statement

Water has a profound effect on human health both as a mean to reduce disease and as a medium through which disease-causing agents may be transmitted.  The impact of water on health derives principally from the consumption of water containing pathogenic organisms or toxic chemicals and the use of inadequate volumes of water that lead to poor personal and domestic hygiene (WHO,
2012).  Links between chemical quality and health are common.  Naturally-occurring chemicals in water are not often acutely dangerous to health, although nitrates in water may present a serious health risk to young infants (aged less than 6 months) (WHO, 2012).  Other naturally-occurring chemicals (such as fluoride and arsenic) can cause chronic health problems, when ingested over a long period (chronic effects) (WHO, 2012). Some heavy metals, such as iron or manganese, which may be present in water, are likely to affect the acceptability of water for drinking, but have limited direct health significance. Such chemicals may affect the aesthetic quality of water, and can cause methemoglobinemia or “blue baby syndrome´ birth defects, cancer, impair mental development of children to health (WHO, 2012).  Chemicals produced by human activities, mainly agricultural and industrial, are also known to contaminate water and present health risks (e.g. pesticides and heavy metals): such occurrences are usually location-specific and are identified by sanitary and environmental risk assessments (WHO, 2012).
Water quality can be compromised by chemical and biological pollutants (UNEP, 2002).   The study focused on the chemical pollutants resulting from the leachate from the municipal open dumpsite.  The concentration of heavy metals in water can impact the health of the community utilizing the groundwater and excessive nitrates in rivers and lakes may cause eutrophication in many regions, of the world (UNEP, 2002), which disrupts aquatic ecosystems through an oversupply of nutrients that cause the mass growth of algae and plants (eutrophication).  Arsenic causes skin cancer and gangrene of the internal organs and limbs.  Fluoride concentrations result in dental fluorosis and skeletal fluorosis (UNEP, 2002).   Increasing levels of development, urbanization, agriculture, mining, and industrialization pose a severe threat to the quality of the resource, both because of over-abstraction and contamination (Bredenhann et al., 2000).  Once groundwater is contaminated it may be difficult and costly to remediate, therefore, prevention of groundwater contamination is the most practical way of protecting groundwater quality and quantity (Bredenhann et al., 2000). To minimize adverse effects of dumpsites, the flow of leachate to groundwater must be reduced by lining the dumping site with the impermeable material (clay or plastic) (Bredenhann et.al, 2000).
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Dumpsites should be located in fine-textured soil materials with relatively deep water table to retard percolation of leachate from reaching groundwater (Mavropoulos, 2015).

Groundwater within Omaruru river basin can be vulnerable to contamination because of waste from the municipal dumpsite which is located within the Omaruru river basin. Groundwater within the basin flows from the North to the South-West of the ephemeral Omaruru river sub-catchment. Water pollution can affect public health, the habitat of aquatic organisms, and the ecological value of natural waters and the biota (EPA, 1984).  The study assessed the potential impact of Omaruru municipal dumpsite on groundwater within the Omaruru river sub-catchment.
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1.4 Objectives of the Study

1.4.1 General objective

The general objective of the study was to assess the impact of the municipal dumpsite on groundwater quality within Omaruru river basin.


1.4.2 Specific objectives

The following are the specific objectives of the study;

1.   Assess the implication of the siting of the dumpsite close to water boreholes.

2.   Assess the potential for abstraction of groundwater from water boreholes in the proximity of the dumpsite.
3.   Evaluate the physical and chemical characteristics of water boreholes and soil from the municipal dumping site.
4.   Analyse the correlation relationship between physical and chemical parameters of the soil from the municipal dumpsite site and the groundwater boreholes.


1.4.3 Ultimate objective

To assess the potential impact of open dumping on groundwater quality.


1.5 Research Questions

1.   How is the design and location of the Omaruru municipal dumpsite likely to affect the quality of groundwater within the river sub-catchment?
2.   What is the potential for abstraction of water from water boreholes in the proximity of the municipal dumpsite?
3.   What are the physical and chemical characteristics of water from groundwater boreholes on the upper gradient and down gradient of the municipal dumpsite?
4.   What is the correlation of chemical constituents of the soil from the dumpsite and groundwater boreholes?
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Chapter 2

Literature Review

2.1 Introduction

Groundwater is the water contained beneath the surface in rocks and soil, and is the water that accumulates underground in aquifers (WHO, 2006).Groundwater constitutes 97 per cent of global freshwater and is an important source of drinking water in many regions of the world (WHO, Protecting Groundwater for Health : Managing the Quality of Drinking-Water Sources, 2006).  In many parts of the world groundwater sources are the single most important supply for the production of drinking water ,particularly in areas with limited or polluted surface water sources (WHO, 2006).In Africa and Asia especially in rural and low income communities, groundwater may be the only economically viable option because groundwater is typically of more stable quality and better microbial quality than surface waters (WHO, 2006).Groundwater often requires little or no treatment to be suitable for drinking compared to surface water that need extensive treatment. Therefore it is important to protect groundwater quality not to compromise public health (WHO, 2006).

Groundwater has been termed the “hidden sea´; sea because of the large amount of it, and hidden

because it is not visible, thus pollution pathways and processes are not readily perceived (WHO,

2006). As groundwater flows through the ground, metals such as iron and manganese are dissolved and may later be found in high concentrations in the water (Roger, 1994).  Industrial discharges, urban activities, agriculture, groundwater pumping, and disposal of waste all can affect groundwater quality (Roger, 1994).  Contaminants can be human-induced, as from leaking fuel tanks or toxic chemical spills. Pesticides and fertilizers applied to lawns and crops can accumulate and migrate to the water table (Roger, 1994).  Leakage from septic tanks and waste disposal sites can introduce bacteria to the water, and pesticides and fertilizers that seep into farmed soil can eventually end up in water drawn from a well (Roger, 1994).  A well might have been placed in land that was once used for waste or chemical dump site.  Groundwater quality and quantity can be influenced by the effects of anthropogenic activities which cause pollution on the land surface, because most groundwater originates by recharge of rainwater infiltrating from the surface (WHO,
1996). Some contaminants enter groundwater directly from abandoned wells, mines, quarries and buried sewerage pipes which by-pass the unsaturated zone and therefore, the possibility of some natural decontamination processes (WHO, 1996).





Fried et al. (1975), defined pollution as “a modification of the physical, chemical, and biological properties of water, restricting or preventing its use in various applications.´  Groundwater pollution is mainly caused by four main sources: industrial, domestic, agricultural, and environmental.   Each can be subdivided into continuous and accidental types (Fried, 1975). Industrial pollution is carried to the aquifer by used waters which contain chemical compounds and trace elements such as metals or from rain infiltrating through waste disposal (Fried, 1975). Domestic pollution contaminates aquifers through rain infiltrating through sanitary landfills or as a result of accidents such as the breaking of septic tanks (Fried, 1975).   Agricultural pollution enters aquifers (sources of groundwater) due to irrigation water or rain, carrying away fertilizers, minerals, salts, herbicides and pesticides (Pye & Kelly, 1984).  Physical and chemical parameters such as pH, Total Dissolved Solids, Turbidity, Conductivity, Temperature, Iron, Manganese, Sodium, Potassium, Magnesium, Chloride, Fluoride, Zinc, Lead, Copper, and Arsenic may affect groundwater quality (EPA, 2016).

The most common heavy metals found at contaminated sites were identified by Wuana & Okieimen (2011) in order of abundance as Lead (Pb), Chromium (Cr), Arsenic (As), Zinc (Zn), Cadmium (Cd), Copper (Cu), and Mercury (Hg).   These metals are important since they are capable of decreasing crop production due to the risk of bio-accumulation and bio-magnification in the food chain (Wuana & Okieimen, 2011).  There is also a risk of groundwater contamination. An understanding of basic chemistry, environmental and associated health effects of these heavy metals is necessary, especially their speciation, bioavailability, and remedial options (Wuana & Okieimen, 2011).  The fate and transport of a heavy metal in soil depends significantly on the chemical form and speciation of the metal.  Once in the soil, heavy metals are absorbed by initial fast reactions (minutes, hours), followed by slow adsorption reactions (days, years) and are, therefore, redistributed into different chemical forms with varying bioavailability, mobility, and toxicity (Wuana & Okieimen, 2011).  The distribution is believed to be controlled by reactions of heavy metals in soils such as (i) mineral precipitation and dissolution, (ii) ion exchange, (iii) adsorption and desorption, (iv) aqueous complexation, (v) biological immobilization and mobilization, and plant uptake (Wuana & Okieimen, 2011).




Anthropogenic pollution of groundwater may arise from either point or diffuse sources (WHO,

1996).   The common sources include domestic sewage and latrines, municipal solid waste, agricultural wastes and manure, industrial wastes (including tipping, direct injection, spillage, and leakage) (WHO, 1996).   The contamination of groundwater can be a complex process. Contaminants, such as agricultural chemicals, spread over large sections of the aquifer recharge area may take decades to appear in the groundwater and perhaps longer to disappear after their use has ceased (WHO, 1996).   Major accidental spills and other point sources of pollutants may initially cause rapid local contamination, which then spreads through the aquifer (WHO, 1996). Pollutants that are fully soluble in water and have equivalent density (such as chloride- contaminated water from sewage) will spread through the aquifer at a rate related to the groundwater flow velocity (EPA, 1994). Pollutants, less dense than water, will tend to accumulate at the water table and flow along the surface.  Dense compounds such as chlorinated solvents will move vertically downwards and accumulate at the bottom of an aquifer (WHO, 1996).

A delay may exist between a pollution incident and detection of the contaminant at the point of water abstraction, because movement in the unsaturated zone and flow in the aquifer are often slow (WHO, 2006).  The time needed to “flush out´ a pollutant is long and in some cases the degradation of groundwater quality may be considered irreversible (WHO, 2006).  Land use in areas surrounding boreholes and where aquifers are recharged should be carefully monitored as part of a pollution control programme (WHO, 1996).  The vulnerability of the aquifer to pollution may depend on the human activity and land use in areas where rainfall or surface water may percolate into the aquifer (WHO, 1996).  In these areas, contamination of surface water or of the unsaturated layer above an aquifer is likely to cause groundwater pollution (EPA, 1994).

In the infiltration systems, the pollutant concentration decreases rapidly to background levels within depths less than 1.5 meters (Mikkelsen et al., 1996).  The potential for groundwater contamination from infiltration of road run-off appears to be limited, but soil and run-off sludge found in infiltration systems can be heavily contaminated.  The run-off sludge plays an important role as pollutant source and sorbent (Mikkelsen et al., 1996). According to (Huisman et al., 1998), large amount of enrichments occur as a result of the presence of glauconite (Arsenic, Chromium, Nickel, Lead, Zinc), pyrite (Arsenic) or Fe-oxides (Arsenic, Barium, Nickel, Zinc), due to the interaction of organic-rich subsurface material with groundwater or as a result of anthropogenic pollution in top soil.  The contents of Aluminium, Iron, Potassium, and Sulfur are well suited to determine background values, and to identify the cause for accumulation of heavy metals, (Huisman et al., 1998).                                     8





A model can be developed to calculate accumulation and leaching of heavy metals in the fields. For example, based on the Freundlich adsorption equation, sorption characteristics can be achieved from the soil data, by using multiple linear regression techniques (Wilkens, 1962).  The required partition coefficients are therefore exclusively acquired from soil and groundwater observations (Wilkens, 1962).

Waste disposal in Namibia has been and still is a challenge especially in towns, villages or mining settlements (Department of Water Affairs, 2001).  All types of waste are being dumped at any open space, pit, or depression such as valleys, sand and gravel quarries and marginal lowlands. Many of the sites have been located near residential sites and water supply zones, resulting in high pollution and health risks (Department of Water Affairs, 2001).  During the planning of most of the waste disposal sites still in use, no ground investigations were conducted and either new pollution risks or environmental protection taken adequately into consideration (Department of Water Affairs, 2001).  An example is the Tsumeb municipal waste disposal site in Namibia. Tsumeb has three sites all situated to the south-west of the town.  All are located on top of heavily fractured and partially karstified dolomite rock outcrops forming a major aquifer throughout the Otavi mountain land.  Tsumeb receives a variable rainfall averaging 550-600 mm/a  and given the high infiltration rates typical for this karst area, groundwater is relatively high.  Thus, all three municipal solid waste sites in Tsumeb are at a risk of large–scale groundwater contamination (Department of Water Affairs, 2001).

Groundwater quality in the Nosib Anti-cline, is predominant and is characterised by the Mg/Ca-HCO₃, water type (Department of Water Affairs, 2001).  The Total Dissolved Solids (TDS) ranges from 150

mg/l to 1200 mg/l, elevated sodium chloride, and nitrated concentrations occur in the vicinity of boreholes used for livestock watering (Department of Water Affairs, 2001). The dolomite groundwater may be characterised as low mineralised (TDS500 mg/l, from 150 to 1300 mg/l), very hard, near neutral
Ca/Mg-HCO₃  water.   Within the irrigated areas of the Tsumeb Karst Aquifer, elevated sodium,
chloride,  sulphate  and  nitrate  concentrations  indicate  contamination  by  irrigation  return  flow

(Department of Water Affairs, 2001).
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Groundwater beneath irrigated land is subject to salination due to evaporation and the dissolution of fertiliser components.   In this partly karstic terrain, the high vulnerability of groundwater to agricultural pollutants is of concern (Department of Water Affairs, 2001).

Groundwater abstracted from the mines at Kombat is purified for drinking water purposes, including the water from Tsumeb mines (Department of Water Affairs, 2001). The water regularly tested for NamWater is suitable for drinking.  The groundwater is sufficiently buffered to prevent heavy metals from the mines dissolving to any harmful extent despite the relatively high proportion of oxidised ore (Department of Water Affairs, 2001).  The groundwater potential of fractured aquifers in the Swakop-Damara Sequence is generally low.   The carbonates (marbles and limestones) are of moderate potential and at properly selected targets like fractured zones and karstified contact zones ,even high yields can be found (Department of Water Affairs, 2001). This depends on the amount of rainfall and associated weathering and recharge.  The water supply scheme of Kalkfeld (40) is situated between Omaruru and Otjiwarongo in an area underlain by meta-sediments and granites of the Damara Sequence that have a low groundwater potential (Department of Water Affairs, 2001).  A small dam was built to provide additional recharge to boreholes and a well. Some 76 spring at Bernabé de la Bat, Waterberg Jürgen Kirchner production boreholes were drilled on fractures intersecting marble bands, but their yields were low and the capacity of the water scheme is still lagging behind the demand (Department of Water Affairs,
2001).


Windhoek municipal solid waste disposal sites are located in and around the city. There are seven sites of which six are for garden and building rubble and Kupferberg landfill site is the only class one landfill site capable of handling hazardous waste. The rainfall for the Windhoek area is highly variable but averages around 400 mm a year (Department of Water Affairs, 2001).  The geology of the area consists of schist and with quartzite.  None of these sites are located on the quartzite with a good groundwater potential.   Nevertheless, at most of the sites there is high risk of contaminating surface water resources.  The main risk pathways are river valleys and gullies through which contaminated runoff from open dumping sites can reach drinking water sources such as dams (Department of Water Affairs, 2001).

The Gobabis municipal dumpsite located south –west of the town and this dumpsite area receives around 300-400 mm of rain per annum (Department of Water Affairs, 2001). The geology consists of variable schist with quartzite.




The open dumping area can influence water quality because the wind can transport contaminants from the open dumping area to where waste can be transported further by surface runoff to open water supplies, such as dams (Department of Water Affairs, 2001).

Municipal waste disposal and other potential sources of water contamination such as septic tanks, fuel storage tanks at service stations and mines are a threat to water quality and quantity (Department of Water Affairs, 2001). Understanding the interactions of climate, environment, and geology is important for selecting an engineered waste disposal facility to minimise the risk of contamination (Department of Water Affairs, 2001). The research and development of knowledge based systems in waste management technologies can be an important tool for ensuring the protection of ground and surface waters and limit the risks and impacts of pollution (Department of Water Affairs, 2001).

2.2 The natural hydro-chemical conditions of groundwater movement

The hydrology of Namibia is characterized by the semi-arid climate, and very limited occurrence of surface waters (Angula, et al., 2011).  Namibia has no permanent rivers except for the border rivers of Kunene, Okavango, Zambezi, and Kwando-Linyati-Chombe in the north and the Orange River in the south (Angula, et al., 2011).  The Omaruru river stretches down to the Atlantic coast in the south-west (Angula, et al., 2011).  The hydrological features comprise of bands of marble and quartzite otherwise phyllic metamorphic rocks which are of hydrological importance (Angula, et al., 2011).  The carbonates (marbles and limestone) are found in fractured zones and karstified contact zones, depending on the amount of rainfall and groundwater recharge (Angula, et al.,
2011).  Sandstone in the Otjiwarongo area south of the Waterberg fault, belong to the flat-flying Aeolian Etjo formation of the Karoo sequence (Angula, et al., 2011). The most significant aquifer mostly utilized is the marble aquifer north and northeast of Otjiwarongo. The water supply scheme relies on a fractured and slightly Karsified marble band of the Karibib formation which allows high pumping rates (Angula, et al., 2011).  The water supply scheme of Kalkfeld located 40 km between Omaruru and Otjiwarongo is in an area lying beneath the meta-sediments and granites of the Damara sequence that have low groundwater potential, which resulted in low yielding capacity for the drilled boreholes (Angula et al., 2011).
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According to Angula et al. (2011), the rate at which groundwater can be abstracted from an aquifer is determined by the porosity and the permeability.  The quantity that can be abstracted depends on the rate of abstraction and the volume of water that can be abstracted is determined by the storage capacity of the aquifer (Angula, et al., 2011).

2.3. Groundwater chemistry

Groundwater chemistry determines the suitability of groundwater for drinking or for other uses. It can also identify the cause of pollution (Brassington et.al, 2007).  Groundwater composition consists of two general types: a typical recharge water of Ca-HCO3  type (<300 m depth) and a deeper Na-Ca-Cl type (>700 m depth) of high pH (8–10) that reaches a maximum of 1250 mg/L in Total Dissolved Solids (TDS) (Nordstrom et al., 1989).  Intermediate depths can indicate mixtures of the two types that are highly fracture-dependent rather than depth-dependent.  Any borehole can vary significantly and unpredictably in Total Dissolved Solids (TDS) for either a horizontal or vertical direction, (Nordstrom et.al, 1989).  The general transition from Ca-HCO3 type to Na-Ca-Cl type correlates with the depth profile for hydraulic conductivity that drops from
10í8 m/s to 10í11 m/s or lower (Nordstrom et al., 1989).  Thermo-mechanical stress (from heater

experiments) clearly shows an effect on the groundwater composition that could be caused by changing flow paths, leakage of fluid inclusions, or both (Nordstrom et al., 1989).
(Figure: 1) presents the groundwater chemistry on the Schoeller diagram and the Piper diagram. Two types of samples can be distinguished: A type of fresh groundwater and a type of mineralized groundwater.   The groundwater can be categorized into various groups: A (black), B (blue), C
(Green), and D (red).   Group A was the less mineralized group with the lowest Cl and SO₄
concentration of all groups (Figure: 1, Scholler graph), but it shows the highest percentages of
HCO₄ as indicated on the piper diagram (Figure: 1, Schoeller graph).  The curve of group B in
the Schoeller diagram is similar to that of group A, but more balanced with higher values of Cl
and SO₄ and a slight difference in Ca and Na+K concentrations.  Group C shows a parallel shift
of group A towards higher concentrations in the Schoeller diagram. Group D has high heavy metal
concentrations with the highest percentages of Cl and SO₄.  Group C and group D differ in the
composition of anions, but with similar concentrations of cations.
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Figure 1: The groundwater chemistry presented on the Schoeller and the piper diagram of groundwater samples  (Marx, 2009).


The occurrence of groundwater is closely associated with the rock formations making up the earth crust (Department of Water Affairs, 2001).  Aquifers are sources of groundwater.  Aquifers have unique properties dependant on internal and external factors controlling their size, capacity, the groundwater flow regime, the quality of the groundwater and their long-term sustainable safe yield potential (Department of Water Affairs, 2001).  The potential of an aquifer to yield a certain rate depends on its size, the volume of water that can be stored (or storage capacity), the chemical composition of the rocks that the water comes into contact with, the volume of water moving through the aquifer system per time unit (called the flux), the water available to replenish or recharge the aquifer and the water flowing out of the system (called the discharge) (Department of Water Affairs, 2001).  The recharge is normally from rainfall and runoff seeping into the aquifer while the discharge can be natural or man-made (anthropogenic) (Department of Water Affairs,
2001).  Natural discharge takes place at springs or seeps.  Man-made discharge is caused by collecting water from wells that have been hand dug by hand or by pumping the water out through boreholes drilled deep into an aquifer (Department of Water Affairs, 2001). An important variation in fractured hard rock aquifers are carbonaceous rocks in which the fractures have been enlarged by the chemical solution of the rock in the water percolating through the aquifer system.  These aquifers are called karstified aquifers, an example are the aquifers in the Grootfontein Tsumeb- Otavi Mountain Land (Department of Water Affairs, 2001).




Groundwater resources lying deeper underground are tapped or abstracted by boreholes or wells. Boreholes have a designed installation and are built to use groundwater on a long term basis hence their design (Department of Water Affairs, 2001).  Since the groundwater table generally follows the surface topography, it is clear that groundwater is found at more shallow depths in valleys while high up in the hills and the mountains groundwater is much deeper (Department of Water Affairs, 2001).  Groundwater is vulnerable to pollution from anthropogenic activities such as the disposal of waste from domestic, commercial, industrial, and agricultural activities.  Although, groundwater is a very precious source of water, it can be contaminated by natural and anthropogenic activities, consequently affecting the quality and quantity of water (Department of Water Affairs, 2001).

2.4 Soil contamination in relation to groundwater

Soils may become contaminated by the accumulation of heavy metals and metalloids through emissions from the rapidly expanding industrial areas, mine tailings, disposal of high metal wastes, leaded gasoline and paints, land application of fertilizers, animal manures, sewage sludge, pesticides, wastewater irrigation, coal combustion residues, spillage of petrochemicals, and atmospheric deposition (Wuana & Okieimen, 2011). Heavy metals constitute an ill-defined group of inorganic chemical hazards, and those most commonly found at contaminated sites are lead (Pb), chromium (Cr), arsenic (As), zinc (Zn), cadmium (Cd), copper (Cu), mercury (Hg), and nickel (Ni) (Wuana & Okieimen, 2011).

Soils are the major sink for heavy metals released into the environment by anthropogenic activities and, unlike organic contaminants which are oxidized to carbon (IV) oxide by microbial action, most metals do not undergo microbial or chemical degradation, and their total concentration in soils persists for a long time after their introduction (Wuana & Okieimen, 2011). Changes in heavy chemical forms (speciation) and bioavailability are possible.  The presence of toxic metals in soil can severely inhibit the biodegradation of organic contaminants (Wuana & Okieimen, 2011). Heavy metal contamination of soil may pose risks and hazards to humans and the ecosystem through; direct ingestion or contact with contaminated soil, the food chain (soil-plant-human or soil-plant-animal-human),  drinking  of  contaminated  ground  water,  reduction  in  food  quality (safety and marketability) through phytotoxicity, reduction in land usability for agricultural production causing food insecurity and land tenure problems (Wuana & Okieimen, 2011).





The adequate protection and restoration of soil ecosystems contaminated by heavy metals require their characterization and remediation (Wuana et al., 2011).  Contemporary legislation respecting environmental protection and public health at both national and international levels are based on data that characterize chemical properties of environmental phenomena, especially those that reside in our food chain (Wuana & Okieimen, 2011).   Soil characterization would provide an insight into heavy metal speciation and bioavailability, attempt at remediation of heavy metal contaminated soils would entail knowledge of the source of contamination, basic chemistry, and environmental and associated health effects (risks) of the heavy metals (Wuana & Okieimen,
2011).  Risk assessment is an effective scientific tool which enables decision makers to manage sites so contaminated in a cost-effective manner while preserving public and ecosystem health (Wuana & Okieimen, 2011).

2.5 Sources of heavy metals in contaminated soils

Heavy metals occur naturally in the soil environment from the soil formation processes of weathering of parent materials at levels that are regarded as trace (<1000 mg/kg) and rarely toxic (Wuana & Okieimen, 2011). Due to the disturbance and acceleration of nature`s slowly occurring geochemical cycle of metals by man, most soils of rural and urban environments may accumulate one or more of the heavy metals above defined background values high enough to cause risks to human health, plants, animals and ecosystem (Wuana & Okieimen, 2011).   Heavy metals essentially become contaminants in the soil environments because; (i) their rates of generation through man-made cycles are more rapid relative to natural ones; (ii) they get transferred from mines to random environmental locations where higher potentials of direct exposure occur; (iii) the concentrations of the metals in discarded products are relatively high compared to those in the receiving environment; and, (iv) the chemical form (species) in which metals discarded products are relatively high compared to those in the receiving environmental system may render it more bioavailable (Wuana & Okieimen 2011).


The natural hydro-chemical conditions that exists in a given aquifer system provides the baseline from which quality changes caused by human impacts can be determined (WHO, 2006).   The natural hydro-chemical conditions may also affect the behaviour of pollutants (WHO, 2006).




Groundwater movement is typically slow and residence times are longer, there is potential for interaction between the water and rock material through which it passes (WHO, 2006).  Water properties and the material are important, and natural groundwater quality vary from one rock type to another and within aquifers along groundwater flow paths (WHO, 2006).  Water is essentially a highly polar liquid solvent that dissolves ionic chemical species (WHO, 2006).  Rock material are mostly inorganic in nature and contact of flowing groundwater with a rock may dissolve inorganic ions into the water, resulting in rocks dissolution (WHO, 2006).  Major ions present in water are the anions such as nitrate, sulphate, chloride, and bicarbonate.  The carbons are sodium, potassium, magnesium and calcium (WHO, 2006).  Ions typically present in lower concentration or minor ions including anions are such as fluoride and bromide and a wide variety of metal ions. Once combined, the total inorganic concentration within the water is referred to as the total dissolved solids (WHO, 2006).

In arid and semi-arid regions, evapotranspiration rates are much higher; recharge rate is less, flow paths and residence times are longer, and high levels of natural mineralization, often dominated by sodium and chloride (WHO, 2006).  Major ion contents and total dissolved solids are often high.  Low pH promotes mobilization of metals and other parameters of health significance such as arsenic (WHO, 2006).  Thus, prevailing hydro-chemical conditions of the groundwater that are naturally present need to be considered when developing schemes for groundwater abstraction for various uses in protecting groundwater also considering the transport and attenuation of additional chemicals entering groundwater due to anthropogenic activities (WHO, 2006).

2.6 Movement of contamination plume in relation to groundwater

Contamination of groundwater depends on the physical and chemical properties of contaminants (Cheremisinoff, 1998).  Once a contaminant is released into the environment, it may move within the aquifer the same manner that groundwater moves, although not all contaminants follow the groundwater flow (Cheremisinoff, 1998).  It is possible to predict to some extent degree of transport, within an aquifer for substances that move along the groundwater flow (Cheremisinoff,
1998).   Contaminants move slowly with groundwater, resulting in contaminants remaining concentrated in a form of a plume, which flows along the path of groundwater (Cheremisinoff,
1998).  The size and speed of the plume depends on the amount and type of contaminant, its solubility and density, and the velocity of the surrounding groundwater (EPA, 1994).
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Once groundwater is contaminated, it is difficult to clean up and present problems for monitoring. Groundwater is more difficult to manage than surface water because it is not directly accessible (EPA, 1984).  Groundwater is slow-moving, with velocities in the range of 1.5 to 15 meter per year (EPA, 1984).  Large amounts of contaminants can enter an aquifer and remain undetected until a water well or surface water body is affected (EPA, 1984).  Contaminants in groundwater unlike those in surface water generally move in a plume with relatively little mixing or dispersion and concentrations remain high (EPA, 1984).  The plumes of concentrated contaminants move slowly through the aquifer and can be present for many years making the resource virtually unusable over periods of time (EPA, 1984).  Monitoring of groundwater is very expensive; particularly where depths are substantial and multiple wells must be drilled (EPA, 1984). Restoration after contamination is often complex and expensive with unpredictable success (EPA,
1984).  It is prudent to protect the resource from contamination in the first place rather than rely on clean up after contamination (EPA, 1984).

The formation of leachate depends on numerous complex interactions between the waste in the landfill and the water that penetrates into the dumpsite (Haluk Akgun, 2013).  The types of waste emplaced  vary considerably among different  dumpsites.   The resulting leachate will depend heavily on the waste types emplaced, and on waste-water interactions, considerable differences exist among leachates from different dumpsites (Haluk Akgun, 2013).  The composition of the leachate varies over time, as the reactions change, e.g. in response to the changing composition of the materials in the dumpsite (Haluk Akgun, 2013).  “Leachate may be composed of liquids that originate from a number of sources, including precipitation, groundwater, consolidation, initial moisture storage, and reactions associated with decomposition of waste materials (Haluk Akgun,
2013).  The chemical quality of leachate varies as a function of a number of factors, including the quantity produced, the original nature of the buried waste materials, and the various chemical and biochemical reactions that may occur as the waste materials decompose´ (Haluk Akgun, 2013).




If the dumpsite is situated on the upper gradient surface, leachate that is formed due to precipitation and surface runoff may infiltrate and contaminate the groundwater table, affecting the borehole and causing public health risks during groundwater abstraction (Pellenberg, 1997). Contamination also affects the flora and fauna and the surrounding vegetation.  Beneath the groundwater table, water flows very slowly, only a few meters or decimetres per year.  According to Darcy¶s law (Pellenberg, 1997):

q=kD*dh ࡵdx 	(1)



Where, q = flow per unit length,

kD = transmissivity, x=distance, and h=pressure head.


According to the World Health Organisation (1996), the chemical composition of groundwater mainly depends on the (i) composition of the initial pore water (ii) composition of infiltrating water (iii) subsurface inflow that replaces the pore water, (iv) the composition and physical properties of the soil and rock (v) the chemical interaction between the rock, pore water and infiltrating water and (vi) microbiological processes (WHO, 1996).  When the rain falls on the ground and begins to infiltrate and pass through the soil and rock, water dissolves the host materials, and minerals are added to the groundwater flowing through.  The amount of total dissolved solids (TDS) increases with the residence time of groundwater (Zaporozec, et al., 2002).

2. 7 Effects of groundwater contamination from municipal open dumpsite

The health effects of groundwater contamination from municipal dumpsites can result in poor drinking water quality, loss of water supply, degraded surface water systems and high clean-up costs (WHO, 2006).  According to the World Health Organization (WHO), substances of health concern include fluoride, arsenic, nitrate, selenium, uranium, metals, and radionuclides such as radon. Health problems associated with fluoride are dental fluorosis (staining of teeth) and skeletal fluorosis for concentrations exceeding 1.5 mg/l, problems of aesthetic quality and acceptance may be caused by iron, manganese, sulphate, chloride and organic matter (WHO, 2006).





High concentration of heavy metals in soils can adversely affect soil quality, reduce crop yield, and contaminate the agricultural products, resulting in potential health risks to humans (Adimalla,
2019).  Concentration of heavy metals in groundwater can be toxic to humans because of their physical and chemical properties i.e. cadmium (Cd), lead (Pb), nickel (Ni), chromium (Cr) and copper (Cu) (Wuana & Okieimen, 2011).  Cadmium has high renal toxicity, irreversible in the kidney.  The health-based guideline value for cadmium in drinking water is 3 µg/l (WHO, 2006). Lead is a strong neurotoxin in the unborn, new born and young children.  It affects the central and peripheral nervous system, causing cognitive and behavioural effects (WHO, 2006).  The WHO guideline value for lead in drinking water is 10 µg/l (WHO, 2006), Nickel has an allergic potential, its value is set at 20 µg/l (WHO, 2006).  Chromium is dominant in soils in two oxidation states namely, Cr (III) and Cr (VI) (WHO, 2006).  Chromate from anthropogenic sources can be toxicological and affects the gastrointestinal tract in high concentration (WHO, 2006). The health- based guideline value for Chromium is 50µg/l (WHO, 2006). Copper in high concentration causes liver cirrhosis in babies and nausea.  Health-based value for copper is 2 mg/l (WHO, 2006).

Most of the metals of concern occur in groundwater mainly as cations such as lead, copper, nickel, and cadmium, which become insoluble as pH increases (WHO, 2006).  Neutral pH limits the solubility of most metal cations in groundwater, e.g. oxide, hydroxide, carbonate, or phosphate mineral or by their strong adsorption by hydrous metal oxides, clay, or organic matter in the aquifer matrix (WHO, 2006).   Metals are mobile and can travel long distances in natural or anthropogenically acidified groundwater, (WHO, 2006).  However, no studies were executed regarding the level of heavy metals contamination and its associated human health risks in urban soils (WHO, 2006).   Therefore, it is vital to understand the heavy metal contamination of groundwater quality.

2.8 Factors contributing to poor waste management from municipal open dumpsites

According to Chatterjee et al. (2010), factors contributing to large volume of waste in municipal dumping sites are; (i) lack of suitable facilities (equipment and infrastructure), (ii) underestimation of waste generation rates, and (iii) inadequate management and technical skills.   The effective management of municipal solid waste is a challenge in towns with high population density and experiencing the problem of rapid urbanization (Chatterjee, 2010).
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To achieve a cleaner environment and prevent groundwater pollution, it is vital to create efficient, reliable, and holistic systems for management of municipal solid waste such as the conversion of open dumping sites into sanitary landfills with protective liners of preventing leachate (Chatterjee et al., 2010).  Dumpsites may produce pollution streams such as leachate, offensive odour, dust, noise, litter and storm water runoff.  The pollutants can lower the quality of surrounding surface water bodies, groundwater, soil, and air (Chatterjee et al., 2010).  Dumpsite activities have the potential to affect local amenity, and they may also affect threatened species of flora and fauna, native vegetation and items of aboriginal heritage (Chatterjee et al., 2010).  Risk of leachate contamination increases where the site is in poor hydrogeological conditions, near sensitive water bodies such as wetlands or near sources used for drinking, irrigation, industrial use or stock watering (EPA, 2016).  Pollutants have the potential to degrade the quality of groundwater and may migrate through the strata to any water source near the disposal site (EPA, 2016).

For anthropogenic activities, the extent of human impact depends on; (1) how potential contaminants are handled, (2) the physical-chemical characteristics of such materials once introduced to the ground, and (3) the hydrologic characteristics of the location where a release occurs (Smith, 1999). When the soil has a low hydraulic conductivity, contamination may be very limited, even if the application (e.g., oil spills or herbicides) is relatively intense (Smith, 1999). When conductivity is high and there is a direct contact with an aquifer, a small release may have a large impact (Smith, 1999). A further human impact is the presence of abandoned wells or other underground workings that provide conduits through low-conductivity soils (Smith, 1999). Effective water supply management of groundwater source (and avoiding unnecessary treatment) depends on adequate local understanding and responsible utilization of the groundwater system (Smith, 1999).

2.9. Groundwater contamination modelling

Water quality models try to simulate changes in the pollutants concentration as they move through the environment.  A pollutant entering the environment may increase or decrease its concentration due to a large variety of mechanisms. The fate of pollutants depends on Interactions between mass transfer and kinetic processes.  Groundwater quality models can be used to describe both the contaminant transport and the potentiometric flow lines that represent the spread and transport of the plume (Keshari, 2003).




Physico-chemical parameters are selected on the basis of use, solubility persistence in the environment, sorption, biological degradation, toxicity, and expected breach of any standards or emerging regulatory concerns (Keshari, 2003).  Parameters such as pH, dissolved oxygen (DO), total organic carbon (TOC), chemical oxygen demand (COD), and reduction/oxidation potential all have significant value in interpreting the groundwater contamination patterns (Keshari, 2003). Once a contamination plume enters the natural environment, processes such as biodegradation, absorption, dispersion and dilution, chemical reactions, and volatilization occur (Keshari, 2003). Several models/methods are commonly used for approximating the partial differential equations of the flow and contaminant transport of equations.  These include the Method of Characteristics (MOC), Finite Difference Method (FDM), and the Finite Element Method (FEM) and GIS models (Keshari, 2003).  The GIS (ArcView) model was used in the study.

The multivariate statistical techniques such as cluster analysis (CA), factor analysis (FA), principal component analysis (PCA) and discriminant analysis (DA) have widely been used in analysis of water-quality data matrices to better understand the water quality of the studied systems (Yang,
2009).  Multivariate statistical techniques for classification, modelling and interpretation of large data sets from environmental monitoring programs, allow the reduction of the dimensionality of the data matrices and the extraction of information that can be helpful for the water quality assessment and the management of water resources (Yang, 2009). Water quality is considered the main factor controlling health and the state of disease in both man and animals (Yang, 2009). Surface and groundwater water quality in a region is largely determined both by the natural processes, such as precipitation inputs, erosion, weathering of crustal materials, as well as the anthropogenic influences viz. urban, industrial and agricultural activities, and increasing exploitation of water resources (Yang, 2009).Due to spatial and temporal variations in water quality, a monitoring program that will provide a representative and reliable estimation of the quality of waters is necessary. Thus, monitoring programs including frequent water samplings at many sites and determination of a large number of physical and chemical parameters are usually conducted resulting in a large data matrix, which requires complex data interpretation (Yang,
2009).





The best solution to the potential leachate problem is to prevent leachate development (Akgun & Daemen, 2013).  Leachate control measures for groundwater and surface-water quality protection must be incorporated in the site design and monitoring started before operation (Akgun & Daemen,
2013).  A water balance for the landfill disposal facility should be established to serve as a basis for the design of leachate control and surface runoff systems, taking into consideration heavy rainfall, landfill, and cap construction, in addition to runoff, infiltration, and evapotranspiration (Akgun & Daemen, 2013).  A good practice is to develop good strategies for solid waste disposal and identify the riskiest dumpsites and proceed with their closure (Mavropoulos, 2015).  The geographical siting of municipal dumpsites is an important factor in determining environmental risks and the single most effective environmental management tool (Mavropoulos, 2015).  It is also important to adjust factors enhancing anaerobic biodegradation that leads to leachate stabilization and to continuously monitor the groundwater and leachate treatment processes (El- Salam & Abu-Zuid, 2015).  Municipal open dumpsites need to be well designed and sealed off if possible.   They should be relocated to prevent the future pollution of the groundwater aquifer (Montgomery et al., 1998).





Chapter 3

Methodology


3.1 Location and physical characteristics of a study area

Omaruru municipal open dumpsite is located West of Omaruru town within the Omaruru river sub-catchment at - 21.421350 latitude and 15.932237 longitude; at an altitude of more than 2100 meters above sea level. The area receives an annual rainfall of 200-450 mm per year. Evaporation rate is very high, over 2000 mm per year, exceeding precipitation (Christelis & Struckmeier,
2001).The safe yield is estimated to be 4.5 x 10^6 and the abstraction volume of groundwater is

6.5-8.5 x 10^6 (Geyh & Ploethner, 1995).  The municipal open dumpsite has a size capacity of

156,379 square meters.  It is not fenced, poorly managed, it is an un-engineered open dumping site, accommodating municipal solid waste (MSW); mainly from domestic, industrial, commercial and agricultural activities. According to Geyh et al. (1995), groundwater flows within the Omaruru river sub-catchment that feeds the Omaruru Delta (OMDEL) dam.


3.2 Climate

The Omaruru Basin is characterised by variable rainfall and high evaporation rate of over 2000 mm per year which greatly exceeds precipitation.  An average rainfall of 350 mm per year is recorded along an east-west gradient of the river sub-catchment (Atlas of Namibia, 2007).  The rainy season is very short and lasts from November to April.  This has a significant impact on the amount of water stored in the soil.  The heat becomes oppressive only in months of October and November before the rainy season (Atlas of Namibia, 2007).
3.3 Population

The population of people in Omaruru town is approximately 6000 people (NSA, 2012).  Most people live in the urban town of Omaruru.  The main activities are farming, agriculture, and tourism.  The town relies on Omaruru unconfined aquifer as a source of water supply.
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3.4 Vegetation

The vegetation within the basin is characterized by Dwarf and Acacia shrubs.   The common riparian vegetation tree species are Acacia reficiens, A. Mellifera, Tamarix and Camelthorn (Jacobson, Jacobson, & Seely, 1995).  A number of alien species are found within the basin, the most common being the Prosopis trees from the south-western USA.  Prosopis trees have high rates of evapotranspiration and use large amounts of underground water.  They are aggressively invasive species and outcompete indigenous species.  (Atlas of Namibia, 2007)


3.5. Geological features

The geology of the basin is dominated by marbles schists, dolomites, and granite rocks.  In the schists, the marble beds are the best formation of sources of underground water.  The majority of water boreholes in the area, are generally on the banks or broad sandy river beds.  The beds of the Omaruru river sub-catchment and its tributaries are wide and filled with sand and gravel. According to Geyh et al. (2007), groundwater flows within the Omaruru river sub-catchment that feeds the Omaruru Delta (OMDEL) dam.  (Atlas of Namibia, 2007)

3.6. Sampling

A descriptive correlation study was conducted.  Data was collected and analysed to determine the correlation relationship between soil and water quality¶s physico- chemical parameters.   Water samples were collected from boreholes along the Omaruru river sub-catchment.  The boreholes were selected based on their proximity to the municipal dumping site.   Non-probability convenience sampling was used, because water reservoirs were readily available and convenient to sample.   Primary data collection was obtained from onsite observations with the aid of mechanical devices (digital cameras), multi-meter equipment, and the results from laboratory of the samples analysed.  Secondary data was obtained by reviews of records from the division of hydrology - Department of Water Affairs in the Ministry of Agriculture, Water, and Forestry (MAWF).Groundwater sampling was conducted following standard procedures that are designed to ensure that the water chemistry is not changed in the sampling process.  The protocol covered all aspects of sampling, including sample storage, transportation to the laboratory and the use of the equipment and on-site measurements.




The physical and chemical parameters were assessed from four sampled water boreholes which were in the proximity of Omaruru municipal open dumpsite.  Thirty water samples and eight soil samples were collected for a period of six months, covering both dry and wet seasons.  The concentration of physico-chemical parameters including heavy metals (Cadmium, Chromium, Copper, and Iron) were analysed to determine whether there is a correlation relationship between heavy metals in groundwater and dumpsite soil and to provide an indication as to whether the soil is affecting groundwater by leachate percolation and further provide evidence for groundwater contamination.

3.7 Sampling methods

3.7.1 Onsite/ field sampling

The Global Positioning System (GPS) was used to geo-reference each sampling point. A portable HANNA, H19811-5 multi-meter instrument was used to measure the physical parameters such as temperature, pH, turbidity, electrical conductivity and total dissolved solids (TDS). A camera, for photographic evidence, was used onsite.  A borehole is a hydraulic structure that permits the abstraction of water from an underground water bearing formation.   The production boreholes which are used for large scale abstraction; the correct aquifer parameters were scientifically determined and access to water level design were sampled.  A flowmeter was used to record discharge and were purged before sampling.  During sampling, contact between the sampling line and bottled water was avoided, including turbulence and exposure of the sample to air.  Before sampling, water was purged from water boreholes and representative groundwater samples were obtained from the portion of aquifer of interest.  However, the act of pumping had a potential to disrupt any vertical stratification of water quality in the aquifer.  Pumping rates and drawdowns were kept as low as practically possible during purging to prevent turbulence and disruption of any bottom sediments from the borehole yield is; the volume of water per time unit that is discharged from the borehole.
The borehole water samples from productive boreholes were taken after pumps were allowed to run for fifteen minutes. Thirty water samples were collected from boreholes and eight soil samples from the dumpsite.  Boreholes water samples were collected from municipal and privately owned boreholes within the municipal open dumpsite area, using 500 ml sampling bottles labelled with sample identification number, date, place, and time.  Samples were placed in the cooler box with ice for preservation and transported for laboratory analysis.   Non-probability; convenience sampling was used because water reservoirs were readily available and convenient to sample.
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Two reference samples were taken from the boreholes (both up gradient and down gradient) which are not in the vicinity of the dumpsite for correlation analysis.  The physico-chemical parameters and the major ions on a representative selection of samples from a site were analysed.  The parameters were selected because they dominate the water chemistry and may influence how other elements or species behave.   The parameters also provide hydro-chemical context for the groundwater, by providing information of groundwater water chemistry.  The physico-chemical parameters allow quality control and validation of analytical results from the sample. The physico- chemical parameters are such as pH, temperature, electrical conductivity, total dissolved solids and for groundwater anions and cations since groundwater is dominated by calcium and bicarbonate.   Major anions and cations in groundwater considered in the study are sodium, potassium, calcium, magnesium, chloride, magnesium, potassium, ferrous iron, fluoride.


3.7.2 Sample labelling and packaging

The sample labels used were water-resistant, and writing was done in a clear waterproof ink. Samples were kept cool (4 °C) and stored in a cool box or portable for transportation to the laboratory.  Ice packs were used to chill a cool box, and direct contact with sampled bottles was avoided to prevent freezing of the samples.  A µmaximum-minimum¶ thermometer was included in the cool box to verify that the sample temperature did not rise above a certain level during transit. Samples were ideally packed upright and secure. They were properly packed and protected to prevent damage during transportation.  Transport of samples was arranged prior to commencing the sampling project, and the laboratory was informed about the arrival date and time of the samples.  A request for analysis and a sample list was packed with each sample shipment and was also emailed ahead to the laboratory.  The sample list provides details of all samples contained in the cool box. On each sample in the list, the following information was recorded: sample number; type of sample (e.g., groundwater sample); information on sample which had relevance to selection of analytical method: for example, pH, and electrical conductivity












26





3.7.3 Quality control

Water samples were rinsed with sampled groundwater before refilling.  Samples for measuring heavy metals were collected in 500g polyethylene bottles and preserved using 2ml concentrated
HNO₃  nitric acid.   All samples were preserved at 4 ÛC  and transported to the laboratory for
analysis.  Physico-chemical analyses of sampled water followed standard analytical methods.

3.8 Analyses methods

Laboratory methods were used to analyse chemical parameters in water and soil from the sampled sites.  ICP-OES method was used for water analysis and XRF method was used for soil analysis. The analysed chemical parameters are potassium, aluminium, barium, cadmium, chloride, copper, magnesium, nickel, manganese, lead, and iron.  Laboratory analysis was conducted at Namibian Water laboratory and the Ministry of Mines and Energy laboratory which are accredited laboratories in Namibia with standard analytical procedures.

3.8.1 Water samples analysis using ICP-OES

Collected water samples were analysed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), designed for ultra-trace analysis by analytical atomic spectroscopy. ICP-OES is a multi-elemental analytical technique used for detection of trace metals in parts per million (ppm) or parts per billion (ppb).  The ICP-OES has high sensitivity (or lower detection limit), wide dynamic range, multi-element detection capability and less analytical interferences. The spectrometer is used for analysis of geochemical and environmental samples.

Inductively coupled plasma (ICP) techniques introduce a small portion of a sample into an inert carrier gas (such as argon) which is then heated to generate a plasma.  In optical/atomic emission spectrometry (ICP-OES or ICP-AES), the excited plasma generates emission spectra of electromagnetic radiation.   The wavelengths of the various lines in the emitted spectrum correspond to a given element, and the intensity of the line is related to the element's concentration. Thus, a large number of elements (typically around 30) can be analysed simultaneously on a single sample to relatively low detection limits.  The technique is also relatively robust.  In mass spectrometry (ICP-MS) techniques, the charged particles of the plasma are accelerated in a curve through an electromagnetic field. According to the mass-to-charge ratio of the particles, they will strike a detector in different locations.  The method is very sensitive and can analyse a large number of elements (or even individual isotopes of elements) to extremely low detection limits.
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The instrument can be calibrated in a number of different ways to suit differing element suites.  It is, however, subject to interferences between some elements which generate particles of similar mass- to-charge ratios; for example, interferences between chlorine and arsenic, or between silicon and scandium.

3.8.2 Groundwater flow

Strong hydraulic gradients ensuing from abstraction can induce the formation of preferential flow paths, reducing the efficacy of attenuation processes, and thus leading to elevated concentrations of contaminants in groundwater (WHO, 2006).  Furthermore, changes in groundwater levels induced by abstraction may change conditions in the subsurface environment substantially, e.g. redox conditions, and thus induce mobilization of natural or anthropogenic contaminants (WHO,
2006).  Water contained within the interconnected voids of soils and rocks is capable of moving, and the ability of a rock to store and transmit water constitutes its hydraulic properties.  In 1856, Henry Darcy studied the flow of water through porous material contained in a column and found that the total flow, Q, is proportional to both the difference in water level, h1  í h2, measured in manometer tubes at either end of the column and the cross-sectional area of flow, A, and inversely proportional to the column length, L.  When combined with the constant of proportionality, K,
Darcy equation can be applied as:
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Q= íKA

dh 	(2)
dl



Where: dh/dl represents the hydraulic gradient, with negative sign indicating the flow in the direction of decreasing hydraulic head.  K is the hydraulic conductivity of the porous material.
A municipal waste disposal facility is situated in an unconfined aquifer, Figure 3. The waste is in contact with the water table and is directly contaminating the aquifer. In order to estimate the time taken for dissolved solutes to reach a borehole discharge area located down-gradient of the municipal dumpsite.  Assuming that the contaminant is unreactive and moves at the same rate as the steady, uniform groundwater flow, then from a consideration of equation 2 and the information given in Figure 1, the average linear velocity is calculated as follows:






[image: ]

Source:  (Hiscock & Bense, 2014)

Figure 2: Municipal dumpsite predicting the movement of contaminant plumes.
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0.2ହ
V = 1 x 10ିହ  m sି1
Therefore:

t = 	200
1 ୶ 10షఱ

= 2 x 10଻  s = 230 days.



Groundwater controls the transport of contaminants and a hydraulic gradient causes water to move. The hydraulic gradient is defined as a change in total head divided by the distance over which change occurs.






3.8.3 Soil samples analysis using X-ray Fluorescence (XRF)


An X-ray Fluorescence (XRF) is an analytical technique that can be used to determine the geochemical composition of soil, rock, and sediments.  It can be used to test metals, minerals, and petroleum products-ray forming part of the magnetic spectrum, it measures energy in kilo-electron volts or wavelength in nano-meters (nm). X-RF can analyse elements such as potassium, calcium, titanium, chromium, manganese, iron, nickel, cobalt, copper, zinc, lead, arsenic, antimony and barium concentrations ranging from parts per million to high percentages in solids liquids and powder or natural soil in situ.

3.8.4 Soil sample preparation

At the field sampling site, debris such as leaves, twigs, grass, and stones, were removed from the measurement soil surface.  The soil was loosened to a depth of 2 meters over an area of at least 60 cm diameter.  The loosened soil was mixed to achieve some homogenization and to improve accuracy in findings, allowed to dry in the sun for a few hours before the measurement. Furthermore, for accuracy, the loose soil was screened or combed with a 2 mm mesh to remove stones, roots, broken glass, metal fragments, paint chips, and other such objects.  A sand auger device was used to collect the sample to a well-defined depth, which was 2 meters.  The collected soil samples were stored in 500 grams plastic bags which were labelled with sampling points and transported for analysis with the XRF analyser.  A block digester machine was used for soil digestion.  The machine uses graphite heating area enclosed within temperature metallic box, allowing the soil samples to be in situ.
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3.9 Catchment Assessment

An assessment of groundwater vulnerability to pollution from the dumpsite was undertaken to describe and understand the impact of waste disposal on groundwater quality and quantity within Omaruru river sub-catchment.  The geological features such as rock types, landscape and the potential water abstraction, the physical and chemical properties of the water catchment, as well as their ecological functions were assessed.  The GIS (ArcView) model was implemented in Geographical Information System (GIS) to identify the geographic area, for a better understanding of the ecological and hydrological functioning of the water catchment and its riparian habitat. The GIS (ArcView) within which image analysis, landscape ecological analysis, spatial interpolation and numerical process is integrated, provides a single environment within which a study was conducted.    The  results  describe  the  catchment  of  the  upper  and  lowland  indicating  the groundwater flow.  The catchment is subjected to a number of land uses, mainly agriculture, industrial, domestic activities and residential development.  Catchment implications identified are that, the basin management committee was found inactive (in the integrated water management perspective), that serve as a basis of assuring the regulatory management of the basin.


3.10 Data Analysis

Data was analysed using Statistical Package for Social Sciences (SPSS10 software) and interpreted into meaningful information.  Pearson correlation analysis was used to determine the correlation between heavy metals in soil and water quality physico-chemical parameters. Variables measured or observed in groundwater quality were physico-chemical parameters such as pH, temperature, and turbidity and Electrical conductivity.   The parameters were measured with a HANNA, H19811-5 multi-parameter instrument.  Other physical parameters considered were the depth of water boreholes.  Heavy metals such as total dissolved solids Copper (Cu), Lead (Pb), Cadmium (Cd), Aluminium (Al), Calcium (Ca), Iron (Fe), Manganese (Mn), Magnesium (Mg), Zinc (Zn), Potassium (K).  The parameters were selected based on their relative importance in municipal dumpsite. The variables were measured or observed and benchmarked with Namibia water quality drinking standards and further compared with the World Health Organization guidelines for drinking water quality and the Environmental Protection Agency (EPA) standards of water quality. The variables provided an indication of the water quality index from the boreholes within the proximity of the municipal dumpsite under study.
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In order to assess heavy metal presence and degree of contamination in soil, analytical data were subjected to pollution calculation methods from equation 2 to 6 below; with the aim of deriving realistic estimates for the amount of contamination that has impacted soils around the Omaruru Municipal dumping site.

3.10.1 Enrichment factor (EF)

The enrichment factor is calculated using the formula originally introduced by Buat –Menard and

Chesselet (Likuku, Mmolawa, & Gaboutlo, 2013) as shown in equation 4.

EF ൌ

ሺCn⁄Crefሻsample
ሺBn⁄Brefሻ


(4)



Where Cn (sample) is the concentration of examined chemical element.  Cref (sample) is the concentration of the examined chemical element in the reference environment, Bn is the concentration of the reference chemical element in the examined environment, and Bref is the concentration of the reference element in the reference environment.

3.10.2 The Contamination Factor (CF)
The contamination factor is used to measure the degree of overall contamination of surface layers in a sampled site and is calculated (Gupta, 2014) as shown in equation 5:

CF ൌ

Cm sample
Cm Background


(5)




Where, Cm sample is the concentration of a given metal at contamination of a given metal at contaminated site.   Median Cm Background is median concentration of an element in the background soil sample.





3.10.3 Pollution Load Index (PLI)

The PLI is able to give an estimate of the metal contamination status and the necessary action that should be taken. A PLI <1 denote perfection. PLI=1 present that only baseline levels of pollutants are present and PLI>1 indicates deterioration of site quality.  When the PLI ≥1, it indicates an immediate intervention to reduce pollution, while 0.5≤PLI<1 requires site monitoring and further study.  But, when PLI<0.5 there is no need for taking remedial action. The pollution load index is calculated (Gupta, 2014) using equation 6:
PLI = (CF1x CF2xCF3x … x CFΝ ).1/N 	(6)
Where N is the number of metals studied and CF is the contamination factor of the degree of

contamination in soil by metals.  The Modified degree of contamination can also be calculated

(Gupta, 2014) as shown in equation 7.
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mC 	1

N
෍ CF୧


(7)

d = N

୧=1



Where N is the number of elements analysed and CF is the contamination factor.


3.10.4 Geo-accumulation index (Igeo)
The index of geo-accumulation enables the assessment of contamination by comparing the current levels of metal concentrations and the original concentrations in the soils (Gupta, 2014).

Ige୭ ൌ log2  ቀ

��୫ ��a୫୮୪e

ቁ 	(8)

ሺ1.ହ ୶ ��୫Bac୩g୰୭୳୬dሻ


The factor 1.5 is introduced in equation 8 to minimize the effect of possible variations in the background values Cm Background, which may be attributed to lithogenic variations in soil.




3.10.5 Geo-accumulation index, Enrichment factor, Contamination factor, and Pollution load index

3.10.6 Geo-accumulation Index

The geo-accumulation index (Igeo) is used to quantify the metal pollution in the soils and aquatic sediments (Gupta, 2014). It can be used to assess the influence of the anthropogenic input of heavy metals.  The geo-accumulation index (Igeo) for soil samples was calculated (Gupta, 2014) using
the following equation 9.



33

Ige୭ ൌ log2  ቀ

��୬ ��a୫୮୪e

ቁ 	(9)

ሺ1.ହ ୶ ��୬Bac୩g୰୭୳୬dሻ


Where Cn is the metal (n) concentration measured in soil samples in the study site, Bn is the background value of the corresponding metal (n) and the factor of 1.5 is the background matrix correction due to lithogenic effects.   Igeo has six classes (0-6) namely, uncontaminated (<0),uncontaminated to moderately contaminated (1),moderately contaminated (2),moderately to highly contaminated (3),highly contaminated (4),highly to very highly contaminated (5) and very highly contaminated (6) (Rajmohan, Prathapar, Jayaprakash, & Nagarajan, 2014).





3.10.7 Enrichment factor

In  addition  to  Igeo,  the  enrichment  factor  (EF)  is  generally  employed  to  understand  the contribution of metals other than lithogenic origin.  The concentration of Iron (Fe) or Aluminium (Al) in the upper continental crust (UCC) is used as conservative element for geochemical normalization of the heavy metal data in Enrichment Factor calculation.   Iron is used as conservative element for EF calculation.  Enrichment factor is calculated (Likuku, Mmolawa, &

Gaboutlo, 2013) using the following equation 10.
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EF ൌ

ሺm⁄Feሻsample
ሺm⁄Feሻ UCC

(10)


Where (m/Fe) sample, represents the metal/Fe ratio of the samples and (m/Fe) UCC, is the corresponding element/Fe ratio in the UCC.  The UCC values were obtained from McLennan (2001). When the EF is <1, the soil is free from pollution or no enrichment. While, EF<3 is minor;
3-5 is moderate; 5-10 is moderately severe; 10-25 is severe; 25-50 is very severe; and >50 is extremely severe.   The EF values and classes calculated are in the range from 0.6-20; for Manganese 0.66, Copper 1.41, Lead 2.20, Zinc 0.93, Iron 1.22, Magnesium 2.34, Nickel 1.54 and Potassium 1.59 and Calcium 0.78, respectively.   This shows that there is minor enrichment especially for Potassium and Calcium as presented in Table 6.


3.10.8 The Contamination factor

Just like Igeo and EF, contamination factor (CF) is employed to assess the level of contamination of metals in soil and sediments.  Contamination factor is the ration between the metals in the samples and the background value of corresponding metal.   UCC values are used for the contamination factor calculations.  Contamination factor can be classified into four groups: low (CF>1), moderate (1<CF<3), considerable (3<CF<6) and very high (CF>6) .Contamination factor is calculated (Gupta, 2014) as shown


CF =   Concentration of element in soil 	(11) Background concentration




3.10.9 Pollution Load Index

The Pollution Load Index (PLI) is obtained as Concentration Factors (FC).This CF is the quotient obtained by dividing the concentration of each metals.  The PLI of the place are calculated by obtaining the n root from the CFs that where obtained in all metals and is

Calculated (Gupta, 2014) as shown in equation 12.



PLI = (CF1x CF2xCF3x … x CFȃ  ).1/N 	(12)
PLI =9√( 0.79 ∗ 1.65 ∗ 2.55 ∗ 1.05 ∗ 1.46 ∗ 2.74 ∗ 1.92 ∗ 0.85 ∗ 0.81) = 2.0
The PLI value of >1 is polluted, whereas a value of <1 indicates no pollution.

From the calculation shown in equation 12, the PLI is >1, an indication of pollution of the study site by heavy metals.
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Chapter 4

Results and Discussion


4.1 Assessing the implication of locating the dumpsite near groundwater sources

[image: ]The Omaruru municipal dumpsite was located without an Environmental Impact Assessment (EIA).An EIA is an assessment tool that identifies significant impacts on the socio-economic and the ecological environment, to ensure compliance to environmental requirements.  It is an un- engineered municipal open dumpsite.  The volume of waste that is disposed of at the dumpsite is not quantified, there are no weighing facilities.  The type of waste disposed at the dumpsite is municipal solid waste (MSW).  It was observed that medical waste is disposed at the dumpsite through dig and bury methods when the health facility`s incinerator is not functional.  Burning practices occur at the dumpsite and the product of combustion becomes part of leachate process, especially during the rainy season.






















Source: (Andreas, 2018)                                                                                                                             Scale: 1: 10000

Figure 3: Map of Omaruru town showing the locations of sampling points that have been sampled for heavy metals analysis.  The municipal open dumpsite (light blue), sewage ponds (yellow).  Blue and Green labels show water borehole located up gradient and down gradient of the Omaruru river sub- catchment.
The dumpsite is situated near sewerage ponds and may have an impact on groundwater through seepage or sewerage pond overflows during the rainy season, creating a public health risk.  The downgradient boreholes namely, Erongo mountain winery borehole is situated 3 km, from the municipal dumpsite and the Chicken farm borehole is situated 2.5 km from the dumpsite.
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The private-owned boreholes are situated downgradient of the Omaruru river sub-catchment and while the two municipality boreholes are situated on the upper gradient of the river sub-catchment. All four boreholes are in the proximity of the Omaruru municipal dumpsite.


Event –based runoff coefficients can provide information on watershed response.  They are useful for catchment comparison to understand how different landscapes filter rainfall into event based runoff and to explain the observed differences with catchment characteristics and related runoff mechanisms.  Figure 4, illustrates the relationship between event volumes recorded on the upper gradient and downgradient of the river basin.  The chart shows that high volumes occur upper gradient that downgradient of the sub-catchment.
[image: ]

Figure 4:  Runoff Event Correlation (Upper gradient and downgradient of the river sub-catchment).



The average specific volume and runoff coefficient are given in Table 1.

Table 1

Specific runoff and runoff coefficient.

	
	Units
	Upper gradient
	Downgradient

	Specific volume
	mm/m²
	7.6
	0.1

	Runoff coefficient
	%
	2.2
	0.0



Event based runoff coefficients are determined using the ratio of total flow over total rainfall or after hydrograph separation, the ratio of event –flow volume over total rainfall, i.e. the percentage of the rainfall amount that appears as runoff during or directly following a rainfall event.
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4.2 Assessing the potential for groundwater abstraction of borehole water

Omaruru Municipality operates its own bulk water supply scheme.  All its water is obtained from Omaruru aquifer by means of production borehole installations.   Water is extracted from four boreholes in the immediate vicinity of Omaruru (high yield of boreholes of 0.1 to 80 m³/per hour) (Christelis, et al., 2001), mainly from three boreholes of the Kranzberg scheme east of the town. Two of the water boreholes feed directly into the municipal reservoir and the other two in the reticulation system.   There are two private owned water boreholes which were included in the study, because of their proximity to the dumpsite and the groundwater flow of the aquifer.


Table 2

The depth, water levels and coordinates of sampled groundwater boreholes in Omaruru.

Kranzberg 	Turenda 	Erongo 	Chicken   farm borehole 	borehole 	mountain 	borehole
winery borehole

Original 	8.0 meters 	8.0 meters 	6.5. meters 	7.0 meters

Borehole

Approx. depth



Water 	Rest- 3.13 meters 	2.60 meters 	3.20 meters 	3.0 meters

Level1



Water 	Rest 2.90 meters 	2.40 meters 	2.7 meters 	2.5 meters

Level 2



Average 	Water 2.90 meters 	2.40 meters 	2.70 meters 	2.6 meters

Rest-Level



	Coordinates
	Latitude:
	Latitude:
	Latitude:
	Latitude:

	
	21º25`35.53``S Longitude:
15º56`52.98``E
	21º25`30.93``S Longitude:
15º54`58.62``E
	21º25`18.24``S Longitude:
15º54`28.27``E
	21º26`13.94``S Longitude:
15º55`5.25``E
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The Municipality operates two water boreholes that has a reserve of 4.4 Mm³and supplied 55,555 m³ according to their abstraction figures of the year 2015, but this is significantly lower than their historic demand.  The sub-catchment comprises of the upper and lowland indicating the groundwater flow.
Table 3
Water demand from users, abstraction volume, and sustainable yield of the Omaruru aquifer. Water demand 	12 Mm³/a
Abstraction volume 	1 Mm³/a
Sustainable Yield 	3 Mm³/a


The catchment is subjected to a number of land uses, mainly agriculture, industrial, domestic activities as indicated in Figure 5.   Catchment implications identified are that, the basin management committee was found inactive (in the integrated water management perspective), that serve as a basis of assuring the regulatory management of the basin.


[image: ]

Figure 5: Presenting the percentage of water abstraction for different activities within the river- subcatchment.





4.3 Evaluation of the physical and chemical characteristics of water and soil from boreholes

Water samples were collected from upper gradient and down gradient water boreholes in the proximity of the dumping site over a six months period.  The upper gradient boreholes are located
2 kilometers from the municipal dumpsite with a depth of 8 meters each, while the down gradient boreholes are 2.5 kilometers and 3 kilometers; respectively and have a depth of 6.5m and 7 meters, respectively.  All groundwater sampling points were within Omaruru river sub-catchment.  The physico-chemical parameters that were measured onsite over six months are presented in Table 4.

Table 4
The physico-chemical parameters measured at water boreholes near Omaruru municipal dumpsite, Jan
2018 to June 2018

	
Parameter
	
Unit
	
WHO Guide level
	
EPA Standards
	
Namibian Water quality Standards
	
Kranzberg Water borehole
	
Turenda
Borehole
	
Chicken farm borehole
	
Erongo borehole

	Temperature
	⁰C
	*
	*
	Ambient
	29 ⁰C
	29 ⁰C
	29 ⁰C
	29 ⁰C

	
	
	
	
	temperature
	
	
	
	

	pH
	pH units
	*
	6.5 to 8.5
	6 to 9
	11.6
	8
	7.8
	8

	Turbidity
	NTU
	*
	*
	< 2 NTU
	0.60
	1.39
	2.29
	1.39

	Conductivity
	µS cm–1 at
	400
	*
	<300 mS/cm
	1190
	1190
	1190
	1210

	
Total dissolved
	20°C
mg L–1
	
*
	
500
	
<2000
	
3626
	
610
	
590
	
817

	solids
Aluminium
	
mg L–1 Al
	
*
	
0.05 to
	
0.15
	
0.01
	
0.01
	
0.01
	
0.01

	
	
	
	0.2
	
	
	
	
	

	Barium
	mg L–1 Ba
	1.3
	0.003
	0.5
	0.02
	0.02
	0.04
	0.02

	Cadmium
	mg L–1 Cd
	0.005
	0.003
	0.01
	0.01
	0.01
	0.1
	0.01

	Chloride
	mg L–1 Cl
	0.05
	250
	0.25
	85
	88
	23
	87

	Copper
	mg L–1 Cu
	2
	1
	0.5
	0.01
	0.01
	0.01
	0.01

	Chromium
	mg L–1 Cr
	0.05
	0.1
	0.1
	0.01
	0.01
	0.01
	0.01

	Nickel
	mg L–1 Ni
	0.07
	*
	0.25
	0.01
	0.01
	0.01
	0.01

	Calcium
	mg L–1 Ca
	100-300
	100
	0.15
	105
	195
	193
	155

	Magnesium
	mg L–1 Mg
	*
	*
	0.07
	63
	58
	38
	63

	Sodium
	mg L–1 Na
	
	20
	200
	
	
	
	

	Potassium
	mg L–1 K
	*
	*
	0.2
	5
	4
	4
	5

	Iron
	mg L–1 Fe
	*
	0.3
	0.1
	0.01
	0.01
	0.01
	0.01

	Manganese
	mg L–1 Mn
	0.1
	0.05
	0.05
	0
	0
	0
	0

	Lead
	mg L–1 Pb
	0.01
	0.015
	0.05
	0.02
	0.02
	0.02
	0.02


* No standards set for the parameters.
Based on WHO, EPA and Namwater Standards.

40




The measured physical parameters were pH, temperature, electrical conductivity, turbidity and the concentration levels of Total dissolved solids (TDS) was 703.5 mg/l at downgradient water boreholes.   The concentration of Total Dissolved Solids makes water unpalatable pH concentration not in the range of 6 to 9, makes water alkaline which affects the solubility of heavy metals in water.  Electrical conductivity was 1190mS/cm>300mS/cm.  The downgradient water boreholes also recorded high turbidity which exceeded the WHO guideline levels. Turbidity was recorded at 2.29 NTU; exceeding the permitted local standard of less than 2 nephlometric turbidity units at downgradient water boreholes.

4.4 Physical parameters in groundwater

(a) The pH

The pH results of water samples (Table 4) recorded the concentration values of 11.7 for Kranzberg (up gradient borehole), implying that the water from the borehole is very alkaline while the downgradient boreholes pH ranged between 7.9 to 8, which is in the range of national standards of 6 to 9.  The degree of acidity (pH) affects the solubility and toxicity of chemicals and heavy metals in water.  There are many factors, natural and of human origin that can affect pH in water. Most natural changes occur due to interactions with surrounding rock (particularly carbonate forms) and other materials.  The pH can also fluctuate with precipitation (especially acid rain) and wastewater or leachate discharges.  Low pH levels can encourage the solubility of heavy metals. As the level of hydrogen ions increases, metal cations such as aluminium, lead, copper, and cadmium are released into the water instead of being absorbed into the sediment. As the concentrations of heavy metals increase, their toxicity also increases.  The pH value of groundwater is a vital index of acidity and alkalinity and the resulting value of the acidic –basic interaction of a number of its mineral and organic components.


(b) Electrical Conductivity (EC).

Electrical conductivity is a measure of the ability of water to pass an electrical current. Conductivity in water is affected by the presence of inorganic dissolved solids such as chloride, nitrate, sulfate, and phosphate anions (ions that carry a negative charge) or sodium, magnesium, calcium, iron, and aluminium cations (ions that carry a positive charge).  Conductivity is also affected by temperature: the warmer the water, the higher the conductivity.  Results in (Table 4) indicates that downgradient boreholes had high conductivity than the upper gradient boreholes.




(c) Total Dissolved Solids (TDS).

Total dissolved solids are dissolved solids plus suspended and settleable solids in water. In-stream water, dissolved solids consist of calcium, chlorides, nitrate, phosphorus, iron, sulfur, and other ions particles that will pass through a filter with pores of around 2 microns (0.002 cm) in size.  A high concentration of total solids makes drinking water unpalatable and might have an adverse effect on people who are not used to drinking such water. The upper gradient boreholes have high concentration of Total Dissolved Solids (TDS) than down gradient boreholes.   Total dissolved solids are an indicator of the effects of runoff from the municipal dumpsite as indicated in Table4.

(d) Turbidity.

Turbidity is a measure of water clarity.  The more the material suspended in water, the greater the decrease in the passage of light through the water.  Turbidity can affect the colour of the water. Higher turbidity increases water temperature because suspended particles absorb more heat. Analysis shows that the samples from the down gradient boreholes were more turbid than the samples upper gradient of the municipal dumping site.

4.5 Chemical parameters in groundwater

Chemical parameters were analysed using Induced Coupled Plasma-Optical Emission Spectrometry (ICP-OES) in order to determine the elemental composition of heavy metals from groundwater  samples.    Chemical  parameters  analysed  from  water  boreholes  were  Calcium, Copper, Aluminium, Chromium, Potassium, Magnesium, Zinc, Manganese, Chloride, Iron, Zinc, Lead, Nickel, and Cadmium.  The down gradient water boreholes had high concentration of the chemical parameters.  Calcium was recorded high with (193 mg/l) to 155 mg/l).  It was found that high concentration levels of heavy metals occurred during rainy season than dry season.  This was an indication that leachate migration occurred in the form of underground plumes at the municipal dumping site, thus contaminating groundwater quality.  The concentration levels of heavy metals exceeded local (NamWater) and international (EPA) standards of drinking water quality.

Water quality samples were collected during rainy season and the results displayed high concentration of heavy metals at down gradient boreholes.  The Chicken Farm borehole had high concentration level of calcium at 193 mg/l and Erongo Mountain Winery recorded the calcium level of 155 m/gl.
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The concentration of Potassium, Magnesium, and Chloride were also detected.  Groundwater concentration levels were found to be higher during rainy season than dry season.  This can be an indication that leachate seeps into the ground resulting in a plume, which affects the water quality. The concentrations were above Namwater standards and World Health Organization guidelines (WHO). The geological features of the dumpsite soil also determine the ability of leachate seepage
into groundwater, causing contamination.
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Figure 6: Elemental composition of heavy metals in water from four (4) water boreholes within the

Omaruru river sub-catchment during rainy season (Jan to March 2018)


During the dry season, collected water quality samples indicated high concentrations of Calcium, Chloride, and Magnesium.   However, high levels were also observed in the down gradient boreholes, as shown in (Figure 7).  Heavy metals such Chromium, Aluminium, Zinc, Copper, Cadmium, Nickel, Lead, Iron, and Potassium were detected in the boreholes, they appeared in low concentration levels and within the World Health Organization (WHO), Environmental Protection Agency Standards (EPA), and Local NamWater standards.
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Figure 7: Elemental composition of heavy metals in water from four water boreholes within the Omaruru sub-catchment during the dry season (April-June 2018).

Water quality results (Figure 8) of secondary data was obtained from the down gradient borehole (Erongo mountain winery), indicating high calcium concentration and detectable concentration levels of Potassium, Iron, Magnesium, Chloride, Lead, Nickel, Cadmium, Copper, Zinc, Aluminium and Chromium.  The secondary data sample was obtained from Erongo mountain winery in July 2017.
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Erongo winery waterborehole, July 2017
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Figure 8: Elemental composition of heavy metals from the downstream water borehole, July 2017.


The down gradient boreholes had higher concentration of chemicals than the upper gradient as indicated on a piper plot (Figure: 9). the concentrations of cations and anions were found high in boreholes down gradient of the municipal dumpsite.  The down gradient water boreholes had high concentration of Sodium (Na), Potassium (K), Calcium (Ca) and Magnesium (Mg) exceeding than the upper gradient boreholes, this can be attributed to the leachate processes occurring from the municipal dumpsite, especially during rainfall season. An indication of possible contamination of groundwater contamination plumes from the municipal open dumpsite.

Groundwater chemistry determines the suitability of groundwater for drinking or for other uses, or help identify the cause of pollution.  It provides insight on groundwater flow system, particularly the relationship between different aquifers, recharge mechanisms and the relationship between groundwater and surface-water bodies.  To assess the groundwater quality, analysis of water samples were taken from each sampling point (water boreholes) for cations and anions to indicate the groundwater chemistry and whether any pollution is present.  The results are as indicated in Figure 9.Major ions Calcium, Magnesium, Sodium, and Potassium, Minor ions Aluminium,Cadmium,Arsenic,Iron,Barium,Cromium,Nickel,Lead,Cupper,Zinc,Manganese.
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[image: ]


Figure 9: The trilinear graph indicating the concentration of cations and anions of sampled water boreholes. They are plotted as the percentage of the total of each when expressed in milli-equivalent


The trilinear graph examines the relative proportion of the major ions to show the effect of mixing two waters that have similar chemical composition. The cations such as Sodium-Potassium (Na +K), Calcium (Ca) and Magnesium (Mg) have the concentration level exceeding 5.44 Meq/L in all water
boreholes. The downgradient water boreholes had the anions such as Chlorine (Cl), Sulfate (SO₄)
and Carbonates (HCO₃+CO₃), which can be attributed to the leachate processes occurring from the
municipal  dumpsite,  especially during rainfall  season. Other activities  observed  that may have

contributed to the chemistry was pesticides that are used at chicken farm as an agricultural activity.
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Wastewater from the ponds near the municipal dumpsite were analysed to determine the composition of heavy metals in wastewater effluent discharge and further provide evidence of groundwater leachate concentration from the dumpsite.   Sodium, Kjeldahl Nitrogen, Ammonia and Sulphates were within permissible limits of effluent discharge into the environment, except chlorine levels which were in high concentration as observed in Table 5.


Table 5

Presenting the results of the waste water pond near the dumpsite, with discharge standards into the environment.

	Phsico-chemical parameter
	Measurement
Unit
	Concentration level
	Namibian water standards
	Environmental Protection agency standards

	Temperature
	⁰C
	29.5 ⁰C
	35 ⁰C
	<30 ⁰C

	pH
	
	6.9
	5.5 -9.5
	6-9

	Turbidity
	NTU
	61 NTU
	1 NTU
	75 NTU

	Total dissolved solids
	Mg/l
	536 mg/l
	<1000 mg/l
	1500 mg/l

	Total Suspended
Solids
	Mg/l
	90 mg/l
	25 mg/l
	50 mg/l

	Electrical
Conductivity
	mS/cm
	100 mS/cm
	150 mS/cm
	750 mS/cm

	Dissolved Oxygen
	Mg/l
	0.1 mg/l
	A Saturation of
at least 75%
	1 mg/l

	Redox Potential
	mV
	-122 mV
	*
	*

	Chemical Oxygen
Demand (COD)
	Mg/l
	294 mg/l
	75 mg/l
	250-800 mg/l

	Biological Oxygen
Demand (BOD)
	Mg/l
	102 mg/l
	No value given
	100-300 mg/l

	Absorbed Oxygen as O2
	Mg/l
	25 mg/l
	10 mg/l
	*

	Sulphate (SO₄)
	Mg/l
	45 mg/l
	200 mg/l
	*

	Ortho-
Phosphate(PO₄)
	Mg/l
	13 mg/l
	3 mg/l
	*

	Chloride (Cl)
	Mg/l
	55 mg/l
	1.5 mg/l
	*

	Nitrate (NO-3)
	Mg/l
	0.5 mg/l
	<6 mg/l
	*

	Nitrite (NO-)
	Mg/l
	0.03 mg/l
	<0.1 mg/l
	*

	Ammonia
Nitrogen(NH₃-N)
	Mg/l
	49 mg/l
	10 mg/l
	10-30 mg/l

	Sodium (Na)
	Mg/l
	72 mg/l
	<90 mg/l
	<100 mg/l

	Kjeldahl Nitrogen
(TKN)
	Mg/l
	50 mg/l
	33 mg/l
	20-85 mg/l

	Fats, oil and grease
	Mg/l
	20 mg/l
	2.5 mg/l
	*


*No standard value set.
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4.6 Geochemical parameters of the soil samples

Heavy metal composition from the dumpsite soil and areas surrounding the water boreholes were analysed with the X-Ray Fluorescent (X-RF) analytical technique in order to establish whether there is a correlation between heavy metals concentration found in groundwater and soil from the dumpsite and further assess the impact of the dumpsite on nearby groundwater sources within the Omaruru river sub-catchment.

Eight  soil  samples  were analysed  at the department  at the Geochemistry  department  of the

Geological Survey, Windhoek, Namibia.  Soil samples were analysed using XRF analyser in




order to indicate the chemical composition of heavy metals from the soil at the dumpsite.  The mass weight of the samples were obtained from different cardinal points of the dumpsite (North, East, West & South); East (mass 646 g), West (mass 658 g), North (mass 296g), South (mass
924g).


The soil from the dumpsite was sampled as follows: Chicken farm (mass 258g), Erongo mountain winery (mass 502g), Kranzberg borehole (mass 852 g), and Turenda borehole (mass720 g).  All soil samples were collected at a depth of 2 meters. The elements were analysed in parts per million (ppm), which can be expressed as mg/kg (e.g. 1 ppm of Cu is equal to 1 mg/kg of Cu; in 1 kg of the analysed there is 1 mg of Cu).  1% = 10 000 ppm.  The list of elements analysed were Aluminium (Al), Barium (Ba), Cadmium (Cd), Calcium (Ca), Chloride, Chromium (Cr), Copper (Cu), Iron (Fe), Mercury (Hg), Potassium (K), Magnesium (Mg), Manganese (Mn), Nickel (Pb), Phosphorus (P), Silicon (Si), Strontium (Sr), Antimony (Sb), Sulphur (S), Titanium (Ti), Zinc (Zn) and Zirconium.

[image: ]

Figure 10: Collected soil samples and their corresponding weights in (500g bags) from the dumpsite and surrounding water boreholes.



The results from laboratory analysis indicated the concentration of heavy metals as follows; Aluminium (6.82%), Potassium (5.72%), Calcium (7.87%), Iron (2.46%), Magnesium (2.63%), Phosphorus  (0.56%),  Manganese  (3.57%),  Titanium  (0.31%),  Selenium  (0.14%),  Chloride (0.09%), Barium (0.04%), Zirconium (0.0118%), Strontium (0.0258%), Chromium (0.0099%),
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Zinc (0.0073%), Copper (0.0083%), Lead (0.0022%) and Nickel (0.0035%).  Silicon was high at the up gradient boreholes (30.83%) and the municipal dumpsite (19.92%) as it is the most abundant element in the earth crust. The high concentration of heavy metals that were found in the leachate from municipal dumping site, may be attributed to the disposal of waste materials from residential, agricultural, and industrial activities within the river sub-catchment.   The upper gradient water boreholes had higher concentration levels of heavy metals than down gradient water boreholes.

Results from the Geochemistry laboratory (Ministry of mines and energy, Namibia) indicated that high concentration levels of heavy metals were mainly Calcium, Fluoride, Aluminium, Potassium, Zinc, Copper, Lead, and Nickel as presented in (Figure 11).  Aluminium, Potassium, Calcium, Iron, Phosphorus, Magnesium, and Titanium were observed in all sampled areas, the high concentrations were found in the soil from down gradient boreholes.
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[image: ]Figure 11: Concentration of heavy metals in soil for sampled points.

Additional soil samples were obtained before and after the municipal dumpsite and were analysed at the Geochemistry laboratory for heavy metals concentration.  The samples were analysed and no sample preparation (crushing and pulverizing) was done on them before analysis.  The results were valid only for the samples analysed with a potable XRF analyser.  The
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parameters found in high concentrations were Iron (2.64%), Calcium (4.22%), Magnesium (0.85%), Titanium (0.34%), Phosphorus (0.12%), Zirconium (0.0417%), Manganese (0.0451%), Strontium  (0.024%),  Barium  (0.018%),  Zinc  (0.0042%),  Copper  (0.0026%)  and  Nickel  (0.
0027%).The  instruments  used for analysis  were  the Portable  XRF:  XL3t GOLD  and a 950

Thermoscientific Niton portable XRF spectrometer.  The handheld XRF analyser uses the energy dispersive x-ray fluorescence technique, to detect the elemental concentration of heavy metals in soil samples.  Results indicate that soil samples after the dumpsite have higher concentration of chemical parameter than soil samples before the dumpsite.


4.7 Correlation matrix of the heavy metals in soil from the dumpsite, sewage ponds and soil after the dumpsite

Pearson  correlation  coefficient  examine  the  strength  and  direction  of the  linear  relationship between two continuous variables.  The correlation coefficient can range in value from -1 to +1. The larger the absolute value of the coefficient, the stronger the relationship between the variables. (Table 6) indicates a strong correlation of elements from the soil taken after the dumpsite and the leachate from the municipal dumpsite (0.99) and elements from sewer ponds and leachate from the dumpsite (0.95).

Table 6

Correlation matrix of heavy metals in soil from the dumpsite and sewage ponds

Leachate   from 	elements 	from 	Elements in the soil from the dumpsite 	sewerage ponds 	after the dumpsite
Leachate 	from 	the  1

dumpsite

elements 	from  sewerage  0.950558067 	1

ponds

Elements in the soil from 	0.990554275 	0.950798 	1

after the dumpsite
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Majority of the samples plots near the proportionality line and the concentration increases on both the y and x axis.   However, there is a variation of proportionality  between leachate from the dumpsite and soil elements from sewage ponds as shown in (Figure 12).  There is a strong correlation between leachate from
[image: ]dumpsite and elements in the soil from after the dumpsite (Figure 13, &14).
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Figure 12: The correlation relationship between leachate from the dumpsite and elements from sewage

ponds.
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Figure 13: The correlation relationship between elements from soil after the dumpsite and elements from sewerage ponds.
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[image: ]Figure 14: The correlation between leachate from the dumpsite and elements in soil after the dumpsite.



4.8 The Pearson correlation coefficient analysis between leachate from the municipal dumpsite and borehole water

The correlation matrix was also used to describe the interrelationship between variables of the physico-chemical parameters found in groundwater and soil from Omaruru municipal dumpsite. Karl Pearson`s measure, known as Pearson`s correlation coefficient between two variables series X and Y, is defined as the ration of the covariance between X and Y, written as cov (X, Y), to the
product of the standard deviations of X and Y.



𝒓 ൌ

𝑪𝒐��ሺ��ᦳ𝒚̲ሻ
𝛅𝐱 𝛅𝐲

(7)






Where r is the correlation coefficient

x and y are the two variables

dx is the deviation from the x-mean of the x-variable.

dy is the deviation from the y-variable.


A correlation is a mutual relationship between two variables (Shroff, Vashi, Champaneri, & Patel, 2015).  A direct correlation exists when there is an increase of soil heavy metals in soil which corresponds to an increase of the same chemicals in groundwater.
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The correlation is positive because there is an increase of parameter in water, due to an increase of parameter in soil.  The correlation coefficient (r) has a value between +1 and -1.  The correlation between parameters is characterized as strong, when it is in the range of ±0.8 to ±1.0, moderate in the range of ±0.5 to ±0.8 and weak when in the range of 0.0 to ±0.5.  The correlation coefficient among water quality parameters was calculated and the values of the correlation coefficients are presented in (Table 5).  A direct correlation exists when there is an increase of heavy metal concentration in soil, which corresponds to an increase of the same chemicals in groundwater.
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Table 7

Correlation coefficient matrix of leachate from dumpsite and borehole water within the
[image: ]Omaruru river sub-catchment (Jan 2018 to June 2018).Parameter

Calcium
Calcium

0.180403
Potassium

1
Manganese
Iron
Magnesium
Chloride
Lead
Nickel
cadmium
Fluoride
Copper
Zinc
Potassium
-0.93616
-0.08996
1









Manganese
-0.70587
-0.01266
0.604295
1








Iron
0.808471
0.233378
-0.84797
-0.62341
1







Magnesium
0.628581
0.237595
-0.70774
-0.52415
0.957948
1







Chloride

-0.81821

0.441408

0.882969

0.698979

-0.70812

-0.56181

1





Lead
-0.90797
-0.14301
0.863876
0.771342
-0.80136
-0.6736
0.877769
1




Nickel
-0.26688
-0.1687
0.371735
0.472696
-0.48477
-0.58046
0.225686
0.37964
1



Cadmium
-0.17625
-0.0.29432
-0.341457
-0.37543
0.232816
0.433499
-0.62661
0.188212
0.228753
1



Fluoride

-0.94448

-0.13267

0.956446

-0.694067

-0.84448

-0.70728

0.881791

0.947817

0.421913

0.230159

1


Copper

-0.94449

-0.12779

0.936505

0.779934

-0.84235

-0.70614

0.839512

0.970333

0.429834

0.358438

0.982829

1
Zinc
-0.90418
-0.13092
0.842906
0.850039
-0.79909
-0.6711
-0.856341
-0.978119
0.480922
-0.24503
0.937088
0.962087

Aluminium

-0.899096

-0.10518

0.839255

0.916828

-0.79063

-0.66357

0.80935

0.944357

0.423102

-0.284

0.893687

0.952018
Chromium
0.338553
-0.1448
0.697679
-0.82224
-0.31619
-0.215764
-0.3051
-0.36557
-0.12942
-0.705462
-0.06709
-0.63264
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There is a strong correlation between Manganese and Chloride (0.88), Lead (0.87), Calcium (0.18) Fluoride (0.950), Copper (0.98), Zinc (0.96), Aluminium (0.96).A moderate correlation exists between Calcium and Manganese (0.6), Iron (0.61), Chloride (0.56), and Chromium (0.7).  Potassium, Nickel, Cadmium, and Fluoride showed weak correlation with other parameters.  Metals such as Cadmium, Chromium, Copper, Lead, Nickel, Zinc, Arsenic, and Mercury can be associated with leachate composition.  Factors that could increase the concentration of heavy metals in soil can be the dumping of electronic devices which contain a number of heavy metals such as Copper and Zinc.  Many heavy metals occur naturally in the environment and could leach into groundwater in high concentrations. The results from the study showed that downstream water boreholes were contaminated because the concentration of most physical and chemical parameters were above World Health Organisation standards for drinking water quality.  It is evident that the open dumping impacts groundwater quality and quantity of nearby water sources and the surrounding environment.


Table 6 depicts the Igeo values and classes of soil samples collected at different study sites. Igeo values from the study are 0.003-0.7.  0.24 for Manganese, 0.003 for Copper, 0.0025 for Lead, 0.04 for Zinc,
1.35 for Iron, 0.75 for Magnesium and 0.006 for Nickel.   In the study site all the metals fall under uncontaminated to moderately contaminated (1).  Heavy metals such as Nickel, Lead, Magnesium, and Iron have Igeo less than one throughout the depth which indicates moderate concentration of contaminants.  The metals have positive Igeo index which indicates the enrichment of these metals by other than lithogenic origin.

Table 8

Geo-Accumulation Index, Enrichment Factor, and Contamination Factor for Soil samples from the study site

Mn 	Cu 	Pb 	Zn 	Fe 	Mg 	Ni 	K 	Ca

Geo-accumulation index

Minimum 	0.02 	0.0017 	0.0017 	0.0012 	0.59 	0.78 	0.002 	3.2 	0.91

Maximum 	0.03 	0.002 	0.0357 	0.0073 	2.46 	2.63 	0.0035 	5.72 	7.87

Mean 	0.24 	0.003 	0.0025 	0.004 	1.35 	0.75 	0.006 	4.5 	1.78

STD 	5.500	2.748 	1.985 	2.379 	0.66 	1.02 	1.429 	0.825 	2.552

Enrichment factor

Minimum 	0.02 	0.25 	1.18 	0.10 	0.82 	0.78 	0.78 	0.47 	0.26

Maximum 	0.06 	2.41 	5.12 	1.81 	1.97 	4.80 	0.94 	2.72 	1.72




	Mean
	0.66
	1.41
	2.20

0.99
	0.93

0.50
	1.22

0.32
	2.34

0.94
	2.34

0.48
	1.59

0.48
	0.78

0.45

	
STD
	
0.18
	
0.58
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	Contamination factor
	
	
	
	
	
	
	
	

	
Minimum
	
0.53
	
0.45
	
1.19
	
0.17
	
0.79
	
1.16
	
0.48
	
0.37
	
0.24

	
Maximum

Mean

STD
	
1.35

0.79

0.27
	
4.23

1.65

1.65
	
3.99

2.55

0.82
	
1.92

1.05

0.51
	
2.26

1.46

0.44
	
4.29

2.74

0.90
	
2.61

1.92

0.59
	
1.51

0.85

0.31
	
0.52

0.81

0.43

	
	
	
	
	
	
	
	
	
	




[image: ]Some  heavy  metals  are  naturally  occurring  in  the  environment  and  could  leach  into  the groundwater.   Results showed that downgradient water boreholes were contaminated.   The concentrations of physico-chemical parameters were above acceptable standard levels required by local and international standards for drinking water quality.  It is quite evident that open dumping present potential threats to the surrounding environment.  Leachate from refuse migrates into underlying groundwater zones since it may travel many hundreds of meters, which can cause serious deterioration of aquifers used for groundwater supply. The study found a strong correlation coefficient of heavy metals form the municipal dumpsite and groundwater boreholes down gradient of the river sub-catchment., which can be attributed to leachate processes occurring from the municipal dumpsite.  Increased concentration of heavy metals can result in public health risks, especially when the concentration level of heavy metals exceeds the recommended WHO water quality guidelines.  Heavy metals such as Lead (Pb), Zinc (Zn), Copper (Cu), Cadmium (Cd) in high concentration can be carcinogenic and may affect human health and the biota that thrives in the river sub-catchment.  When leachate moves through aerated soils, the concentration of potential contaminants in the percolating leachate becomes progressively diminished, until leachate reaches groundwater.  Leachate is normally acidic in nature, because of dissolved organic acids, which are able to carry contaminants such as heavy metals, and ammonia polluting groundwater.  Depending on the natural groundwater composition and the flow regime, contaminants may spread more or less rapidly and develop contamination plumes in the aquifer.

An increase in concentration levels of heavy metals such as aluminium, cadmium, chromium, copper, lead, nickel, and zinc can be introduced into the ground system by human activities and exceeded the maximum permissible limits, when benchmarked with the Namibian water quality standards, WHO and Environmental Protection Agency standards.
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The study found that the municipal dumpsite is contaminating groundwater because of leachate processes.  Comparatively contamination is higher during rainfall season than dry season.  This can be attributed to the accelerated biochemical processes occurring within the dumpsite that infiltrates or percolates into underground water.  Open dumping contaminates groundwater through the formation of leachate. It can be affirmed by the concentration levels of heavy metals which were found exceeding the local and international standards for water quality, mainly the Nam Water standards, and the Environmental Protection Agency Standards (EPA).  A strong positive correlation was also found between heavy metal concentration in water and in soil from the municipal dumpsite.
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CHAPTER 5

Conclusions and Recommendations

This chapter provide conclusions, recommendations from the study and areas for further research. The main objective of the study was to assess the impact of Omaruru municipal dumpsite on groundwater within Omaruru river sub-catchment and identify appropriate interventions for the protection of water quality and quantity within the river basin.

5.1 Conclusions

The Omaruru municipal dumpsite impacts the groundwater within the river basin.  Evidence is attained from the high concentration of physical and chemical parameters.  Pollution occur mostly during the rainy season because of leachate processes.  It is evident that leachate processes occur during wet season creating contamination plumes. Soil samples from the dumpsite contained high concentration levels of heavy metals.  A strong correlation exists between heavy metals found in soil and heavy metals found in groundwater boreholes within the river sub-catchment. Contamination Factor (CF) of the study area ranged between 0.8–2.7 indicating the degree of contamination.  The Geo-accumulation Index (Igeo) values from the study were found at 0.003-
0.7 of the lithogenic origin and the value of Pollution Load Index (PLI) was at 2 which is >1, indicating contamination of the study area.  Groundwater is abstracted from Omaruru aquifer by means of boreholes installations, with a high yield of 0.1 to 80m³ /per hour.  Water demand from users is approximately 12Mm³/a.  The water boreholes at the lower gradient of the municipal dumpsite indicated higher concentrations of physico-chemical parameters above WHO and EPA standards for drinking water quality.   The study found that municipal open dumping site contaminates ground water sources, thereby making the water unsafe for domestic use and the biota that depends on the river sub-catchment.
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5.2 Recommendations

The municipal  open dumpsite should be converted  into a sanitary landfill,  which should be properly engineered with adequate lining, collection, and storage systems.  The liners are crucial as they act as barriers, preventing the leachate generated from the landfill to drain into the environment or groundwater aquifer.  There should be a permit for the disposal facility, outlining the technical approaches for designing, constructing, and the operational requirements of sanitary landfills.  An Environmental Impact Assessment (EIA) should be conducted to minimize the impacts and provide short and long term remedial solutions to groundwater resources.   An integrated water resources management is required to efficiently manage the resources within the Omaruru river sub-catchment and ensure sustainable utilization of natural resources.

To improve water quality, alternative sources of water supply such as oxidation ponds should be improved for water re-use, such as converting wastewater ponds to wastewater treatment plants. The public should be encouraged to practise rain-water harvesting to reduce the abstraction of water from the groundwater aquifer.  Alternative solutions may also include geological solutions to prevent leaching of contaminants, nanotechnology-based solutions, microbiological solutions and techniques to follow the natural biological/hydrological cycles of nature (Aditya & Gangopadhyay, 2018).  A number of technologies for the management of environmental risks to human health have been developed.  These include plans and technologies for water safety, household water treatment, safe sanitation, vector control (including environmental management), solid and medical waste management.  Groundwater is vital for the livelihoods of majority of the people, it provides almost entire water resource for domestic, agriculture, and industrial use. Groundwater also supports many ecosystems that provide a wide range of benefits to the people.


5.3 Areas for further study

Further research is required to research the hydrological and geological features of the Omaruru river sub-catchment and to determine whether there is water contamination caused by surface water flows because of natural or anthropogenic activities.  An in-depth study is required to determine the contributing factors of physio-chemical composition of parameters detected in the upper gradient water boreholes of the Omaruru river sub-catchment.
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Figure A1: Map of Omaruru town showing the water borehole locations within the river sub­
catchment.
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Figure A2: Water quality results forK ranz/Jerg water borehole.·crn: lllcmt



























































[image: ]Figure A3: Water quality results for Chicken farm water borehole
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Figure A4: Wafer qualify results for Erongo Winery wafer borehole
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Figure A5: Water quality results for Turenda Water borehole

71





[image: ]



a




















••	•	•·
A


·
'•	•







[image: ]


[image: ][image: ]



Figure A6: Secondary  water quality results for Erongo Winery water borehole
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Figure 81: Analytical report for soil samples from the municipal dumpsite.
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Figure B2: Submitted dumpsite and water borehole samples with their corresponding weights.
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Figure 83: Analytical results for dumpsite soil and borehole soil samples with their corresponding weights.
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Figure 84: XRF result comments for the dumpsite soil and borehole soilsamples.
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Figure C1: Quotation for payment at the Geologica/laboratory.
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Figure C1: Two samples (before and after the municipal dumpsite) submitted at the
Geological laboratory.  Ministry of Mines and energy.
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Figure C2: Letter of consent from Ministry of Agriculture, Water and Forestry (MoAWF).
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Figure C3: One of the sampled water borehole (Chicken farm) located down gradient of the

Omaruru municipal dump site.
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Figure C4: View of the Omaruru municipal dumpsite.
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The Handheld Nifon XRF Analyzer uses the energy dispersive x-ray fluorescence
technique. This mefhod is used by the Geochemistry Laboratory mainly o give a semi-
quaniitative scan of samples submitted by clients

The resulfs obiained using this method indicates fhe chemical composifion of the
submitted sample and approximate concentration of the elements present in the
sample. The results obtained are only indicative of the scanned spot and not necessarily
the enfire sample or specimen. More representative results can be obiained if the sample:
homogenized by pulverizing.

Two samples were received (Fig.1). The samples were analyzed as received; no sample
preparation (crushing and pulverizing) was done on them before analyzing. The results
are valid only for the samples tested and this report may only be quoted as presented.
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