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ABSTRACT 

Kayelekera communities depend on rivers as main source of water supply for industrial, 

domestic, and agricultural use. In this study, samples were collected in both rainy and dry 

season followed by an assessment on the state of water quality and hydro-geochemical 

processes controlling river water chemistry using statistical and geochemical modelling 

methods in Kayelekera. Hierarchical Cluster Analysis classified water samples into three 

distinct clusters (C1-C3) in both seasons. One - way ANOVA (p<0.05) and paired T test 

(p<0.05) showed significant difference among the samples and, between the seasons 

respectively, indicating variation of water chemical composition. PCA results revealed that 

chemical composition in C1 was dominated by SO4
2-, U and K in rainy season while pH, 

Cl-, and U dominated C1 in dry season, C2 and C3 were dominated by HCO3
- and SO4

2- in 

rainy season while, in dry season, C2 was dominated by Ca2+, Mg2+, Na+, Fe, Si, HCO3
- 

and SO4
2-, and C3 negatively correlated with major ions. Further, water type results 

indicate C1 (mixed cation-HCO3
-
 ), C2 (Ca- HCO3

--SO4
2-) and C3 (Ca-Mg- HCO3

-) 

characteristics in rainy season while, in dry season, shows C1 (mixed cation- HCO3
--Cl-), 

C2 (Ca-HCO3
-) and C3 (Ca-Mg- HCO3

-). Normalized Na+/ HCO3
- and Mg2+ /Ca2+ molar 

ratios suggest dominance of silicate weathering and mixing of silicate and carbonate 

weathering products controlling river water chemistry. Inverse models and SI results 

revealed main reactions as dissolution of calcite, plagioclase, biotite, feldspars with carbon 

dioxide and pyrite consumption; kaolinite, iron (III) hydroxides and quartz. High NO3
−/Na+ 

and SO4
2-/Cl- molar ratios were recognized in C2 and C3 samples in both seasons 

respectively, showing impact of anthropogenic activities from agricultural and industrial 

sources. Uranium levels in river water attributed to presence of uranium minerals, however, 

uranium speciate into Ca2UO2(CO3)3 and UO2(CO3)2
2-.  Consequently, all samples were 

within WHO guidelines for major chemical constituents except pH and Fe in some 

samples. 

Keywords: Hierarchical Cluster Analysis, Principal Component Analysis, Kayelekera
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CHAPTER 1 

INTRODUCTION 

1.1. Background 

The availability of quality water is an essential prerequisite for sustainable development 

(Aksonye et al., 2007) because of its many uses that support ecosystems and human life 

(Sherif et al., 2018). Rivers constitute the main inland water resource for domestic, 

industrial and irrigation uses in many areas (Varol et al., 2011). However, rivers are 

vulnerable water bodies because of their role in carrying off and assimilating pollutants 

from both point sources (e.g., municipal wastewater and industrial discharge) and non-

point sources (e.g., agricultural, and urban runoff, atmospheric deposition) (Carpenter et 

al., 1998; Ouyang et al., 2006). In addition, rivers are affected by seasonal variation which 

alters concentration of different pollutants through surface rainfall and runoff (Vega, 1998). 

As a result, information on river water quality and pollution sources is important for the 

implementation of sustainable water-use management strategies (Barakat et al, 2016; Crosa 

et al., 2006; Sarkar et al., 2007; Zhou et al., 2007).  

Natural processes and anthropogenic activities such as agricultural and other land uses 

(Caccia & Boyer, 2005; Zhang et al., 2007), and sewage discharge (Arain et al., 2008; 

Gantidis et al., 2007; Kundewicz et al., 2007), water-rock interaction (Prasanna et al., 

2011) degrade the quality of fresh surface waters, and hence, impair their use for domestic, 
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industrial, agricultural, and recreational purposes (Arain et al., 2008; Carpenter et al., 1998; 

Gantidis et al., 2007; Jarvie et al., 1998; Kundewicz et al., 2007). In this regard, it 

imperative to have reliable information on spatial and temporal variations of water quality 

(Varol et al., 2011) to forestall water pollution (Razmkhah et al., 2010; Subramani et al., 

2010; Senthilkumar et al., 2012).  

Malawi is endowed with a variety of freshwater systems (Makwinja et al., 2019), including 

Lake Malawi, Lake Malombe, Lake Chilwa, Shire River, and several networks of river 

systems such as Lilongwe River, Dwangwa, Bua, Linthipe, Ruo, South and North Rukulu, 

and other small streams (Kumambala, 2010). Numerous studies have been conducted on 

river water quality across Malawi (Phiri et al. (2005), Dryton (2008), and Nyasulu (2008). 

However, only few studies focused on rivers found in the Northern part of Malawi.  

1.2. Problem statement 

The Kayelekera area is a mountainous watershed area that makes a significant contribution 

of water recharged into North Rukuru River, one of the major inputs to Lake Malawi, in 

Northern Malawi. The area also hosts a suspended uranium mining operation. Due to its 

rural setting, the communities depend on rivers as main source of water supply for domestic 

and agricultural use. In this regard, the quality of water resources has a bearing on both the 

communities and ecosystems, including Lake Malawi. However, there is paucity of studies 

that report on the state of water quality and the hydro-geochemical processes that control 

that quality in the area. The lack of the knowledge is a major concern of uncertainty in 

understanding the quality of the available water and the processes controlling the water 

chemistry and poses a problem in management of water. Therefore, this study will close 

the knowledge-gap of surface water quality around the Kayelekera area in relation to 

hydro-geochemical processes and water use problems in the area. In addition, the study 

will identify the source(s) of contamination around the area. In so doing, the study will help 

in development of appropriate management strategies essential to minimize potential 

public health risks (Carroll et al., 2008).  



3 

 

1.3. Research Objectives 

1.3.1. General objective 

The aim of the study was to examine the state of water quality in rivers and streams in the 

head waters of the North Rukuru River, one of the major tributaries to Lake Malawi, in 

Northern Malawi.    

1.3.2. Specific Objectives 

Specifically, the objectives of the study were: 

1. To investigate the status of water quality physiochemical parameters of the rivers 

across the rainy and dry seasons.  

2. Identify key sources of contaminants in the rivers of the study area 

3. To evaluate geochemical processes associated with degradation of water quality of 

rivers in the study area. 

1.4.  Justification of the study 

 

The results of the study will serve as baseline information on surface water quality in terms 

of some selected physio-chemical parameters and involved hydro geochemical processes 

in the study area. The study will assist in advising government on policy regarding surface 

water use in the country and advise on monitoring of surface water quality for both 

domestic and commercial use in the country. Further, the results will help the Government 

of Malawi to achieve the objective to promote sustainable water resources development 

and management with a view to facilitating an equitable provision of adequate quantity and 

quality of water for all users. A study of seasonal and temporal variability assessment of 

surface water quality in Kayelekera will reveal the concentrations of different surface water 

quality parameters which will provide a basis for optimized water resources management, 
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quality monitoring activities and enhanced treatment rates. Identifying sources of solutes 

and hydro geochemical processes involved will help water management planners to find 

efficient methods for water treatment in area. As such, the study is very important in 

maintaining public health and the wellbeing of households. 

1.5. Organization of the thesis 

Chapter one contains the introduction of the thesis that includes background, problem 

statement, and research objectives. Chapter two provides literature related to water quality 

and hydro geochemical processes. Chapter three describes the study area, and methods 

used in the study. Chapter four presents the findings of the study area. It discusses results 

of hydrochemistry, seasonal and spatial variation, principal component analysis, 

hierarchical cluster analysis, surface water types and geochemical modelling. Chapter five 

summaries main issues and provides recommendation for further research.
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CHAPTER 2 

 LITERATURE REVIEW 

2.1 Water quality assessment in rivers 

Water quality is defined by the physical, chemical, and biological characteristics and 

composition of water (Hounslow, 1995; Panchani et al., 2013; USGS, 2005), related to 

different uses of water such as drinking, irrigation or recreation or environmental 

requirements (Cordoba et al., 2010). The physical and chemical parameters that define 

river water quality include dissolved oxygen, temperature, pH, electrical conductivity 

(EC), nitrates, phosphates, and sulphates (Wetzel & Likens, 1991). The presence of 

different chemical and physical parameters more than their permissible limits for various 

uses create health hazards and environmental problems (Al-Zahah et al., 2007). Hence, 

analysing water quality parameters is critical in assessing water consumed by the 

population against the required water quality standards (Amfo-out et al., 2014). 

Electric conductivity (EC) in water is a measure of the capability of water to pass electrical 

flow (Environmental Protection Agency, 2001). Dissolved solutes such as calcium, 

magnesium, sodium, potassium, bicarbonate, nitrate, sulphate, and chloride occur in the 

form of electrically charged ions (Nyarko, 2008; Shinde et al., 2011). As such, EC is an 

indirect measure of ionic strength and mineralization of natural water (Murungesan et al., 

2006; Nyarko, 2008; Papazotos et al., 2019), and indicates the level of inorganic dissolved 
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solids (Healey, 2014). While pH affects geochemical processes such as 

adsorption/desorption, solubility of minerals and speciation of trace metals in water 

(Kwame, 2011), and therefore toxicity to aquatic life (Mansouri, 2011).    

The composition of major ions in natural waters (e.g., K+, Na+, Ca2+, Mg2+, Cl-, SO4
2-, and 

HCO3
-is used to understand processes leading to loading of chemical solutes into surface 

water bodies, and local processes that affect water chemistry, such as rock weathering, 

evaporation/crystallization, and atmospheric precipitation (Xu et al., 2010; Zhang et al., 

2012). However, with poor management of pollution sources like untreated sewerage and 

agricultural runoff, may lead to pollution of surface water bodies. For example, elevated 

values of Cl- are highly related with landfill sites, urban centers, and irrigation agricultural 

(Srinivasamoorthy et al., 2008).   

2.2 . Sources of riverine solutes 

The major sources of riverine solutes may be categorised as natural processes (e.g., rock 

mineral weathering, atmospheric deposition, groundwater inflows) and anthropogenic 

inputs (e.g., agricultural, and industrial activities, urbanization) (Gibbs, 1970; Meybeck, 

2003). The water chemistry may then be modified along the course through the chemical, 

biological and physical processes such as redox reactions, cation exchange, evaporation 

concentration, and precipitation of secondary minerals (Jones et al., 1998; Mohan et al., 

2000; Mulligan et al., 1997; Postma 2005 et al; Reddy et al., 2010; Reddy and Kumar 

2010; Raju et al., 2011; Satyanarayanan et al., 2007; Tirumalesh et al., 2010).  

2.2.1. Weathering and erosion 

Weathering and erosion processes such as chemical weathering of soils/rocks and 

mechanical erosion supply dissolved and particulate loads to rivers. Generally, chemical 

weathering of rocks in a drainage basin is largely controlled by carbonate and silicate 

weathering (Edmunds & Smedley, 2000; Karim & Veizer, 2000; Quade et al., 2003; Singh 

et al., 2005). Weathering reactions require acidity (H+ ions). Carbonic acid is accepted as 

the major weathering agent, however, whereas the importance of other acids (sulphuric, 

nitric, or organic acids) as an agent is gradually recognized (Karim & Veizer, 2000; Li et 
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al., 2008b; Spence & Telmer, 2005;). In reducing organic-rich environments such as 

wetlands, wastewater ponds, and landfill leachates, acidity may be derived from bacteria 

mediated degradation of organic matter and oxidation of sulphide [H2S] and ammonia 

[NH4
+] in soils, producing sulphuric acid and nitric acid, respectively (Table 1). Other 

sources of sulphuric acid include the oxidation of atmospheric SO2 emitted from 

anthropogenic activities such as coal combustion (Larssen et al., 2006) and bacteria 

mediated oxidation of sulphide minerals such as pyrite (Fe2S). Pyrite is commonly present 

in coal shales, sandstones, and igneous rocks, and can be a component of tailings from 

mining operations. 

The sources of CO2 in soils are atmospheric CO2 and the decomposition of organic matter 

during periods of high biological activity and root respiration (Rasse et al., 2001). Carbon 

dioxide then combines with water to form carbonic acid, which is a source of protons. 

Therefore, the amount of carbonic acid in water depends on the pCO2 in the atmosphere 

and soils and increases in soils due to respiration (Appelo & Postma, 2005). In unsaturated 

soils, weathering proceeds under open system conditions, because CO2 and O2 diffuse 

continuously into the water from soil air or atmosphere. Studies done by Jiang et al., (2015) 

analysed the variation of hydrochemistry in the upper Yangcun Hydrologic Station of the 

Yarlung Tsangpo and concluded that the CO2 consumption caused by chemical weathering 

of silicate and carbonate in this area showed a significant contribution to the corresponding 

global values. In contrast, closed system conditions exist in the saturated zone, where CO2 

and O2 are limited to the levels dissolved in recharge, and the resultant water chemistry is 

characterised by high pH. However, weathering proceeds faster under open system 

conditions, resulting in higher concentrations of solutes.  
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Table 1: Reactions of formation of acid for mineral dissolution (from Appelo and Postma, 

2005) 

Source Reaction(s) 

Carbonic acid from atmospheric CO2             CO2 + H2O →   H+ + HCO3
- 

Carbonic acid from respiration                       CH2O + O2 → HCO3
-
 + H+ 

(CH2O) n + nO2→nH2O + nCO2 

CO2 + H2O→H2CO3  

Atmospheric SO2 oxidation                      SO2 + 2OH- → H2SO4 → SO4
2- + 2H+ 

Sulphuric acid from sulphide oxidation    H2S + 2O2 → SO4
2– + 2H+ 

Nitric acid from nitrification                     NH4
+ + 2O2 → NO3

– + H2O + 2H+ 

Sulphuric acid from pyrite oxidation         FeS2 + 3¾O2 + 3½H2O → Fe (OH)3 + 2SO4
2– + 2H+ 

Ferrous iron oxidation and hydration       Fe2+ + ¼O2 + 2½H2O → Fe (OH)3 + 2H+ 

 

The contribution of the acidity reactions to water chemistry is reflected in the 

concentrations of the corresponding anions, which are limited by thermodynamics 

(solubility limitation) and kinetics of weathering of solid phases (Harrison, 1999). For 

instance, bicarbonates, silica, calcium, and sodium may be derived from the weathering of 

plagioclase, while magnesium and potassium may be derived from the relatively less 

weatherable feldspars (Hudson & Golding, 1997). On the other hand, new solid phases 

may form by precipitation of low solubility minerals such as calcite (Appelo & Postma, 

2005; Harrison, 1999; Stumm & Morgan, 1996;).  
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2.2.1.1. Silicate weathering 

Silicate minerals, which form most of the Earth’s crust, comprise a series of silicate and 

aluminium-silicate minerals such as quartz [SiO2], ferromagnesian silicates (e.g., olivine 

[(Fe, Mg)2SiO4], pyroxene [Ca(Mg, Fe)Si2O6], biotite [(Mg, Fe)3(AlSiO10)(OH)2], 

amphibole {Ca2(Na)(Mg, Fe, Al)5[(Al, Si)4O11]2(OH)2]}, and feldspars (e.g., anorthite 

[CaAl2Si2O8], albite [NaAlSi3O8], labradorite [(Ca, Na)(Al, Si)4O8], orthoclase 

[KAlSi3O8], and muscovite [KAl2(AlSi3O10)(OH)2]). The weathering of these silicate 

minerals is estimated to contribute approximately 45 % of the total dissolved load of the 

world’s rivers (Stumm and Wieland 1990; Stumm and Wollast, 1990). Besides the global 

riverine fluxes of solutes, weathering also contributes to the long-term CO2 cycle 

(Gaillardet et al., 1999).  

The rate of weathering of silicate minerals is slow and varies with the silicate mineral as 

depicted by the Goldich sequence (Colman, 1982; Goldich, 1938), which reflects the 

overall chemical kinetic control on the distribution of primary silicate minerals during 

weathering (Table 1). Olivine and Ca-plagioclase are listed as the most easily weatherable 

minerals, and quartz as the mineral most resistant to weathering (Aiuppa et al., 2000; 

Appelo and Postma, 2005). 

 

 

Figure 1:The Goldich weathering sequence based on observations of the sequence of their 

disappearance in soils (Goldich, 1938). Adapted from Appelo and Postma (2005). 
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Weathering reactions for some common primary minerals are listed in Figure 1, where the 

clay mineral kaolinite is used as an example of a weathering product (Appelo & Postma, 

2005; Bricker et al., 1968; Das & Kaur, 2001; Garrels & Mackenzie, 1967; Négrel & 

Lachassagne, 2000; Sarin et al., 1989; Singh and Hasnain 1999). Kinetics of the weathering 

mineral, in combination with hydrological conditions, determines the nature of the 

weathering product. For example, montmorillonite is a favoured product in the weathering 

of rapid weathering volcanic rocks in relatively dry climates (i.e., where there is low rate 

of leaching of the soil). Gibbsite, on the other hand, typically forms in tropical areas with 

intense rainfall and well drained conditions, removing silica and cations from the primary 

silicates (Appelo & Postma, 2005).  

Table 2:Weathering reactions for different silicate minerals to the clay mineral kaolinite 

(from Appelo and Postma, 2005) 

Sodic plagioclase (Albite)                                          Kaolinite    

 

2Na (AlSi3) O8 + 2H+ + 9H2O                                    →   Al2Si2O5(OH)4 + 2Na+ + 4H4SiO4
 

Calcic plagioclase (Anorthite) 

Ca (Al2Si2) O8 + 2H+ + H2O                                          →   Al2Si2O5(OH)4 + Ca2+  

K-feldspar (Microline) 

2K(AlSi3) O8 + 2H+ + 9H2O                                        →   Al2Si2O5(OH)4 + 2K+ + 4H4SiO4 

Pyroxene (Augite) 

(Mg0.7CaAl0.3) (Al0.3Si1.7) O6 + 3.4H+ + 1.1H2O            →   0.3Al2Si2O5(OH)4 + Ca2+ + 0.7Mg2+ 

                                                                                                                        + 1.1H4SiO4 

Mica (Biotite) 

2K(Mg2Fe) (AlSi3) O10(OH)2 + 10H+ + 0.5O2 + 7H2O   →   Al2Si2O5(OH)4 + 2K+ + 

                                                                                              4Mg2+ + 2Fe (OH)3 + 4H4SiO4 
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Olivine  

(Mg, Fe)2SiO4 + 4H+                                               → 2 Mg2+ + 2Fe2+ + H4SiO4 

Carbonic acid 

CO2 + H2O                                                                →   H+ + HCO3
- 

Sulphuric acid 

H2SO4                                                                       →   2H+ + SO4
2- 

Nitric acid 

HNO3                                                                       →   H+ + NO3
- 

 

The aluminium silicates undergo incongruent weathering, forming clay minerals 

(montmorillonite and kaolinite) and gibbsite, due to the insolubility of Al-compounds, and 

releases cations (Ca2+, Na+ and K+) and silicic acid (H4SiO4) to solution (Brantley et al., 

2014; Fletcher et al., 2006). On the other hand, weathering of Al-free ferromagnesian 

silicates, such as pyroxene and olivine, proceeds congruently releasing Mg2+, Fe2+ and 

silicic acid to solution (Freeze & Cherry, 1979; Deutsch, 1997). As these minerals contain 

no aluminium, clay minerals like kaolinite do not form (Error! Reference source not 

found.). As can be seen from Table 2, silicate weathering primarily affects water chemistry 

by increasing cations, silica, and pH. Under natural conditions, carbonic acid and organic 

acids are the most important sources of protons, leading to production of bicarbonate 

(Table 1). However, under polluted conditions, sulphuric acid and nitric acid may play a 

role (Li et al., 2008; Zhang et al., 2020).  

      2NaxK (1-x) AlSi3O8 + H2SO4 → 2Na+ + 2(1-x) K+ + SO4
2− + 6SiO2 + 2AlOOH (1) 

      2NaxK (1-x) AlSi3O8 + H2CO3 → 2Na+ + 2(1-x) K+ + 2HCO3
− + 6SiO2 + 2AlOOH (2) 

Further, if iron is present, from either silicate minerals that contain iron (e.g., biotite and/or 

hornblende) or pyrite oxidation, iron may form insoluble Fe-oxides (Appelo and Postma, 

2005). For the alkali feldspars, the concentrations of Na+ and K+ can be used as an 
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indication of the extent of weathering, as there are few mineralogical controls on their 

concentrations. For anorthite, Ca2+ concentrations are generally limited by calcite 

saturation. In natural waters, values of silica are more commonly in the range of 10 to 30 

ppm, despite its high solubility, because of low rate of silicate mineral weathering and 

sorption of silicic acid on mineral surfaces and organics in soils. 

2.2.1.2. Carbonate weathering 

Carbonate minerals are ubiquitous, not just as limestone and dolomite formations, but also 

as cements filling fractures in silicate rocks, and crusts in soils. Weathering of carbonate 

rocks proceeds more rapidly than weathering of silicate rocks. Therefore, much of the 

watershed geochemistry of most of the world's major rivers is dominated by the weathering 

of carbonates (Chen et al., 2002; Gaillardet et al., 1999; Hu et al., 1982; Langmuir, 1997). 

In general, the principal reactions for dissolution of calcite and dolomite are: 

CaCO3 + H+ → Ca2+ + HCO3
-                                 (3) 

CaMg (CO3)2 + 2H+→ Ca2+ + Mg2+ + 2HCO3
-        (4) 

Specifically, in the case where the acidity is derived from carbonic acid, then  

CaCO3 + CO2 + H2O ⇌ Ca2+ + 2HCO3
–                                            (5) 

Cax Mg (1-x) CO3 + H2O + CO2 ⇌ x Ca2+ + (1 − x) Mg2+ + 2HCO3
−     (6) 

In this case, the amount of carbonate dissolved is ultimately controlled by partial pressure 

of CO2 of the system and limited by the saturation of calcite (Amiotte-Suchet et al., 1995; 

Hiscock, 2004; Lerman et al., 2007; Probst et al., 2000; Vries et al., 2003; Xu and Liu, 

2010).  Whereas, in the case where the acidity is derived from sulphuric acid and nitric 

acid, then the reactions are (Xu and Liu, 2007):  

         2CaxMg (1-x) CO3 + H2SO4 → 2xCa2+ + 2(1 − x) Mg2+ + 2HCO3
- + SO4

2− (7) 

2.2.2. Mining activities and waste disposal 

Mining operations generate large volumes of solid waste and wastewater, which may be 

present onsite as overburden and tailing ponds, respectively. Tailings contain minerals 
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from the host rock and by-products of the beneficiation process (Burri 2019; Ntengwe & 

Maseka, 2006). During high rainfall events, highly contaminated tailings may form part of 

runoff, and wastewater ponds may spill over, polluting nearby rivers (Ashton, 2001). 

Further, chemicals such sulphuric acid used in the beneficiation process may spill, leak, or 

leach from the mine site into nearby water bodies.  

Mine operations exploiting base metal sulphide and relatively sulphide-rich coal deposits 

will generate sulphide-bearing tailings, such as pyrite (FeS2), which are unstable when 

exposed to atmospheric oxygen and undergo oxidation (Nordstrom & Alpers 1999; Smith 

& Huyck, 1999; Stumm & Morgan 1981):      

4FeS2 + 15O2 + 14H2O → 4Fe (OH) 3
 + 8SO4

2- + 16 H+ (8) 

The net reaction renders the water in the system more acidic (Kleinmann et al., 1981; 

Nordstrom 1982; Singer &  Stumm, 1970; Williamson & Rimstidt, 1995) and it’s 

implicated in generation of acid mine drainage (AMD). The lowering of pH increases 

solubility of range of minerals, releasing toxic chemicals into water bodies (Jambor & 

Blowes, 1998; Udayabhanu & Prasad, 2010). However, when sulphide minerals other than 

pyrite are subject to weathering, they do not necessarily produce acidity, but cations and 

SO4
2- ions are still released into the environment (Younger et al., 2002). For example, 

studies of surface water quality in the Tibetan rivers have reported elevated levels of heavy 

metals such as Hg, Cd, Ni, Cu because of contamination from local mining industry (Huang 

et al., 2009; Li et al., 2007). 

Domestic sewage and leachate from solid waste dumpsites may contain ammonia because 

of their highly reducing conditions. Mixing of such wastewater with oxygen-rich river 

water would cause oxidation of ammonium ions to nitrates, in the presence of ammonium 

and nitrite oxidizing microorganisms according to following reactions (Galloway, 2003): 

2NH4
+ + 2O2→2NO2

− + 2H2O + 4H+                  (9)  

2NO2
− + O2 → 2NO3

−                                         (10) 

Therefore, the concentration of dissolved nitrate in the river water would increase. 

Generally, the HNO3 and H2SO4 acids dissolve minerals and accelerate chemical 
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weathering of rocks (Barnes and Raymond, 2009), which introduces more solutes into 

water, that causes environment and health problems.  

2.2.3. Land use and land cover 

Human activities such as agricultural development, biomass burning and human 

settlements result in changes in land cover (Calder et al., 1995). Changes in the land cover 

and land management practices are key influencing factors behind the alteration of the 

hydrological system, such as the timing, amount and sediment load of runoff generated in 

a catchment (Bai & Ouyang, 2010; Ellery et al., 2010; Kaspersen et al., 2016; Tang, et al., 

2011; Teutschbein et al., 2018). In addition, runoff from agricultural land carries pesticides, 

herbicides, and nutrients such as such as nitrogen and phosphorus from fertiliser 

application to rivers (Walmsley, 2000; Worrall & Burt, 1999; Zobrist & Reichert, 2006).  

Many studies have shown that there are significant correlations between land use and water 

quality indicators (Baker, 2003; Buck et al., 2004; Chu et al., 2013; Li et al., 2008; 

Schoonover et al., 2005; Sliva & Williams, 2001; Tong & Chen 2002; Woli et al., 2004). 

Most of these studies conclude that agricultural land use strongly influences stream water 

nitrogen (Arheimer & Liden, 2000; Johnson et al., 1997; Smart et al., 1998), phosphorus 

(Arheimer & Liden, 2000; Hill, 1981), and suspended solids (Allan et al., 1997; Johnson 

et al., 1997). For example, the expansion of farmland and city areas has a positive effect 

on the increase in the concentration of total phosphate (Wang et al., 2014) and grassland 

and forest areas are negatively correlated with the concentrations of NO3
− and SO4

2− ions 

in water (Zhao et al., 2015).  In addition, under the pressure of increasing population, 

economic development, and changes in land use patterns, the original hydrogeochemical 

characteristics of many rivers have undergone alterations (Chen et al., 2005; Ometo et al., 

2010; Zhang et al., 2015b), especially rivers that are influenced by urban areas (Connor et 

al., 2014; Kaushal et al., 2017; Merchán et al., 2015; Rose, 2007). Noteworthy examples 

of such rivers are the Seine, Rhine, Weser, and Elbe Rivers in Europe, the Mississippi and 

St. Lawrence Rivers in North America, and the Minjiang and Huai Rivers in China 

(Gaillardet et al., 1999; Qin et al., 2006; Zhang et al., 2011). 

 

https://ecologicalprocesses.springeropen.com/articles/10.1186/s13717-019-0164-x#ref-CR11
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2.3. Uranium geochemistry in surface water 

In natural waters, uranium minerals usually exist in two main oxidation states: the soluble 

hexavalent U(VI) or the insoluble tetravalent U(IV)) form (Langmuir, 1978). The fate and 

the transport of uranium are governed by the contrasting chemistry of U (IV) and U (VI). 

Abiotic factors such as ions and minerals strongly influence the migration process of 

uranium (Barnett et al., 2000; Arnold et al., 2001; Duff et al., 2002; Baik et al., 2004). For 

example, U (VI) generally forms soluble, and thus mobile, complexes with carbonate and 

hydroxide, while U (IV) precipitates as the highly insoluble mineral uraninite (Nyman et 

al., 2006). Oxidized uranium, U (VI), is highly soluble and toxic, and thus is a potential 

contaminant to local drinking-water reservoirs (NABIR, 2003). 

The environmental geochemistry of uranium has been studied in detail and has been 

summarized in several review articles (e.g., Abdelouas 2006; Wall & Krumholz 2006). The 

studies found that U(IV) species form under reducing conditions has also a higher affinity 

for surface binding sites and a lower solubility than U (VI) species (Langmuir, 1978). The 

product of U (VI) reduction is often uraninite (UO2) (Campbell et al., 2011; Finch and 

Murakami, 1999; Langmuir, 1997). In oxygenated aqueous systems, uraninite rapidly 

oxidizes to the U (VI) species as the uranyl ion, UO2
2+, (Rabinowitch & Belford, 1964) 

which is highly soluble and stable over a wide pH range (Murphy and Shock, 1999). Uranyl 

ions UO2
2+ forms carbonate complexes of varying stoichiometry as a function of the pH 

and the partial pressure of CO2(g) i.e., UO2CO3, UO2CO3 2
2- , or UO2(CO3)3

4- (Brookins, 

1988). Uranyl carbonates are highly soluble and play a dominate role in the migration of 

uranium in neutral to alkaline water (Finch and Murakami, 1999).  

Simultaneously, sorption and precipitation of uranyl largely impact its mobility (Ilton et 

al., 2008) and electron transfer reactions leading to its sequestration (Jeon et al., 2004; Liu 

et al.2006; Kelly et al., 2008). Studies have shown that uranium (VI) sorbs to a variety of 

minerals and related phases including clays (Rodriguez et al., 2008; Whicker et al., 2007), 

iron (oxy) hydroxides (Duquene et al., 2008; Gómez et al., 2006; Martinez et al., 1995; 

Sherman et al., 2008) and aluminium and silica oxides (Sylwester et al., 2000). Iron 

minerals have extensively shown to be efficient sorbents of U (VI), both in the laboratory 

and in subsurface sediments (Catalano & Brown, 2005). Sorption of U (VI) by iron 
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hydroxides retards its mobility during the oxidative weathering of ore deposits (Murakami 

et al., 1997; von Gunten et al., 1999; Allard et al., 1999). In other studies, the adsorption 

of U (VI) to clay minerals was observed to be more complex, due to the larger variety of 

potential sorption sites (McKinley et al., 1995; Turner et al., 1996). The adsorption of U 

(VI) to other pure mineral phases such as sulfides (Wersin et al., 1994) and carbonates 

(Morse et al., 1984) have also been investigated; studies showed that the complexes were 

less stable and less soluble.  

However, U (VI) adsorption is very sensitive to pH, and carbonate and calcium 

concentrations (Curtis et al., 2006; Davis et al., 2004; Fox et al., 2006). Aqueous 

complexation of U (VI) with carbonate ions decreases the tendency of U (VI) to bind to 

mineral surfaces (Elzinga et al., 2004; Guillaumont et al., 2003; Hsi & Langmuir, 1985; 

Waite et al., 1994), thus enhancing the mobility of uranium (Duff & Amrhein, 1996; Wang 

et al., 2004). The formation of calcium–uranyl–carbonate complexes further reduce 

adsorption potential (Bernhard et al., 2001; Dong & Brooks, 2006; Fox et al., 2006, Hyun 

et al., 2009; Kelly et al., 2007; Nair & Merkel, 2011; Stewart et al., 2010). Sorption 

decreases in the presence of complexing ligands such as humic and fulvic acids, and in the 

presence of competing cations such as Ca2+ and Mg2+ (Park, 2005). 

2.4. Analysis of hydro-geochemical data for evaluation of river water chemistry 

2.4.1. Hydro-geochemical modelling 

Hydro-geochemical modelling involves a conceptual model coded into a computer 

program to understand the processes involved in evolution of natural water chemistry 

(Belkhiri et al., 2010; Federico et al., 2008; Lecomte et al., 2005; Sharif et al., 2008), such 

as  dissolution and precipitation of mineral phases    (Appelo & Postma, 1993; Engesgaard 

& Kipp, 1992; Eraifej , 2006; Gandhi et al., 2002; Keating & Bahr, 1998; Kohler et al., 

1996; Lichtner et al., 2004; Molinero et al., 2004; Parkhurst, 1995;  Plummer et al., 1988; 

Robinson et al., 2000; Saaltink et al., 2003; Samper & Ayora, 1994; Sun et al., 2001; Xu 

et al., 1999;  Yeh & Triparthi, 1989; Yeh, 2000; Zhu & Anderson, 2002). The computer 

programs are based on equilibrium chemistry of aqueous solutions interacting with 

minerals, gases, solid solutions, exchangers and sorption surfaces and kinetically 

https://us2.proxysite.com/process.php?d=o%2B88GC1vWMMcHG0Q42pj1W%2BlyuDiS4O44kJiwgkAIfTa%2F%2FKZNBJH%2Fd%2BZDwLdrapiKmgGKdCuA8KEYr4EWis%3D&b=9
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controlled reactions and transport along flow path (Felmy et al., 1984; Helgeson et al., 

1970; Parkhurst et al., 1990; Plummer et al., 1976; Shannon et al., 1977; Spostigo & 

Mattigod, 1979, Truesdell & Jones, 1973; Wolery, 1979). Examples of the computer 

programs for aqueous geochemical calculations include MINTEQA2 (Allison et al., 1990; 

WATEQ4F (Nordstrom, 2007), JESS (May and Murray, 2008), PHREEQC (Parkhurst and 

Appelo, 2005) and PHAST (Parkhurst, 2010).  

PHREEQC is a computer program written in C programming language to perform a variety 

of low temperature aqueous geochemical calculations. It is based on an ion-association 

aqueous model and has capabilities for speciation and saturation-index calculations, batch-

reaction and one-dimensional transport calculations involving  reversible and irreversible 

reactions, which include aqueous, mineral, gas, solid solution, surface-complexation, and 

ion-exchange equilibria, and specified mole transfers of reactants, kinetically controlled 

reactions, mixing of solutions, and pressure and temperature changes; and inverse 

modelling, which finds sets of mineral and gas mole transfers that account for differences 

in composition between waters within specified compositional uncertainty limits 

(Parkhurst & Appelo, 2005). 

Inverse modelling may also be implemented in computer codes, such as NETPATH, for 

modelling net geochemical reactions along a flow path (Plummer et al., 1994). However, 

these inverse geochemical models were limited in that mass transfers were constrained by 

the stoichiometry of the reactions which lead to statistical bias and underestimation of 

uncertainty (Dai et al., 2004; Neuman, 2003; Ye et al., 2004).  Parkhurst (1995, 1997) 

presented a statistically based approach that accounts for inaccuracies in the analysis and 

uncertainties in the set of reactions. This approach was implemented in PHREEQC v.2 

(Parkhurst & Appelo, 1999). PHREEQC (Parkhurst & Appelo, 1999) and is based on a 

geochemical mole-balance model which calculates the phase mole transfers (the moles of 

minerals and gases that must enter or leave a solution) as a result of the observed difference 

between initial and final water compositions along the flow path. The mass balance 

conceptual model is represented as follows (Li, et al., 2010)                                                                                   

                                            ∑ 𝑎𝑖𝑗𝑥𝑗 = 𝑏𝑗𝑛
𝑗=0                      (11)   

https://www.tandfonline.com/doi/full/10.1080/02626667.2015.1016947
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Here, aij is the atomic figure of element i in mineral j, xj is the molar figure of minerals or 

gases that dissolve or precipitate (degas) in solution, and bj expresses the augment of 

element i from one site to another site. If the values are greater than 1, it indicates that 

minerals or gas dissolve; otherwise, precipitation or outgassing occurs. Recent references 

with applications of PHREEQC inverse modelling to geochemical problems, include 

Uliana and Sharp (2001), who used inverse modelling to study groundwater evolution 

along the flow path and spring discharge under base flow and stormflow conditions; and 

Eary et al., (2003), who assessed water quality changes in connection with mining 

operations. Drever (1997) includes a chapter on the use of popular computer codes to assess 

water quality problems through transport and reaction modeling.  Perry (2001) described 

the reactions between water and rock by inverse modelling in a waterlogged coal mine in 

Appalachia, USA. Therefore, inverse modelling accounts for the chemical changes that 

occur as water evolves along a flow path. 

The implication of computer programme in calculation of equilibrium distribution of 

inorganic species of major and minor elements in natural waters using chemical analysis 

and in situ measurements of EC, pH were discussed in detail by Truesdell and Jones (1973).  

Helgeson et al. (1970), Plummer et al. (1976), Shannon et al. (1977), Spostigo and 

Mattigod (1979), Wolery (1979), Felmy et al. (1984), Parkhurst et al. (1990) and many 

others have developed a variety of geochemical models for describing and deducing the 

chemical behaviour of complex and mixed waters. Several earlier workers have also used 

geochemical models for solubility equation study of water (Wolery 1979; Wolery 1983; 

Tamata 1990; Deutsch 1997; Elangovan 1997; Murphy & Schramke, 1998). A brief review 

of existing geochemical studies has been given by Nordstrom et al. (1979), Jenne (1981), 

Plummer et al. (1983), Runnels (1978) and Plummer et al. (1990). 

2.5. Statistical methods 

Statistical methods such as principal component analysis (PCA) and cluster analysis (CA) 

have the capability of analysing large amounts of data and distinguishing complex 

relationships among many variables (Jalali, 2010). Therefore, these statistical methods are 

required to interpret large and complex dataset generated by assessment of multiple water 

quality parameters (Li et al., 2011) to identify possible sources, natural and/or 

https://us2.proxysite.com/process.php?d=o%2B88GC1vWMMcHG0Q42pj1W%2BlyuDiS4O44kJiwgkAIfTa%2F%2FKZNBJH%2Fd%2BZDwLdrapiKmgGKdCuA8KEYr4EWis%3D&b=9
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anthropogenic factors, that influence the quality of water resources (Gatica et al., 2012; 

Liu et al., 2011). As a result, statistical methods are tools for management of water 

resources as well as effective solutions to pollution (Kazi et al., 2009; Kumar et al., 2009; 

Razmkhah et al., 2010; Varol & Sen, 2009).  

Several studies have investigated hydro geochemistry of river systems in different areas 

around the globe by using multivariate analysis. For example, Edet et al., (2013) conducted 

a study on hydro geochemistry of the river systems in the southeastern Nigeria using 

multivariate statistics. The results showed that tidal flushing and dumping of domestic and 

human waste into the river systems were the main factors controlling the river water 

chemistry with little or no contribution from silicate and carbonate weathering. Song et al., 

(2011) applied multivariate statistical analysis to evaluate water quality of a tributary of 

the Pearl River, southern China. They concluded that most variables in the 

agricultural/rural area were primarily influenced by physicochemical and organic 

pollution, sewage pollution, geogenic factor, agricultural non-point source pollution, and 

accumulated pesticide usage while in the industrial/ urban area were related to industrial 

wastewaters, mineral contamination, geogenic factor, urban sewage, and chemical 

industrial pollution. Jung et al., (2016) evaluated the water quality for the Nakdong River 

watershed using multivariate analysis. 

2.5.1  Principal Component Analysis (PCA) 

PCA provides information on the meaningful parameters, which describe the whole data 

set through data reduction with a minimum loss of original information (Helena et al., 

2000; Singh et al., 2004; Vega et al., 1998). PCA explains the variance of the data set with 

inter-correlated variables and, transform the variables into a smaller set of independent 

uncorrelated variables called principal components (PC). The PCs are obtained by 

multiplying the original correlated variables with the eigenvector, which is a list of 

coefficients (loadings or weightings) (Jollife, 2016; Varol et al., 2012). 

The principal components are extracted such that the maximum variance is dedicated to 

the first component, the second greatest variance to the second component, and so on 

(Purushothaman et al., 2014). Usually, the minor PCs can be eliminated to simplify the 
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analysis because of their poor interpretation of the data structure (Yeung, 1999). The 

principal component (PC) is expressed as: 

                 𝑧𝑖𝑗 = 𝑎𝑖1𝑥1𝑗 + 𝑎𝑖2𝑥2𝑗 + 𝑎𝑖3𝑥3𝑗+. . . +𝑎𝑖𝑚𝑥𝑗𝑚         (12) 

Where z is the component score, a is the component loading, x the measured value of 

variable, i is the component number, j the sample number and m the total number of 

variables. PCA use absolute values of factor loadings along with a ruleset based on the 

spread of variance among principal component (PC) axes to determine relative information 

content in each variable (Nauman et al., 2009).  To test the suitability of the data for PCA, 

Kaisere Meyere Olkin (KMO) and Bartlett’s Sphericity tests are performed on the 

parameter correlation matrix. KMO is a measure of sampling adequacy that indicates the 

proportion of variance that might be caused by underlying factors. A high value (close to 

1) generally indicates that PCA may be useful. Bartlett’s test of sphericity indicates 

whether the correlation matrix is the identity matrix, which indicates that the parameters 

are unrelated (Shrestha and Kazama, 2007). 

2.5.2 Cluster Analysis 

Cluster analysis categorizes entities (e.g., sampling sites) into distinct groups or clusters 

maximising within-group similarity maximized, and among-group dissimilarity (Templ et 

al., 2008). As a result, cluster analysis reveals the intrinsic pattern of similar objects within 

a data set without making a prior assumption about the data (Kassambara, 2017; Vega et 

al., 1998). The traditional clustering methods may be categorised into two approaches 

called partitioning and agglomerative clustering. Partitioning clustering approaches 

subdivide the data sets into a set of k groups, where k is the number of groups pre-specified 

by the analyst. The commonly used partitioning clustering include K-means clustering 

(MacQueen, 1967), in which, each cluster is represented by the means of the data points 

belonging to the cluster, K-medoids clustering (Kaufman & Rousseuw, 1990), in which, 

each cluster is represented by one of the objects in the cluster, and Clustering Large 

Applications (CLARA) algorithm, which is an extension to K-medoids adapted for large 

data sets. The K- medoids clustering method is less sensitive to anomalous data points and 

outliers. 
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Hierarchical cluster analysis (HCA) is an alternative approach to partitioning clustering for 

grouping objects based on their similarity (McKenna, 2003). In contrast to partitioning 

clustering, hierarchical clustering does not require the number of clusters to be specified 

prior to the analysis. Hierarchical clustering can be subdivided into agglomerative 

clustering and divisive clustering. In agglomerative clustering, each observation is initially 

considered as a cluster of its own (leaf). Then, the most similar clusters are successively 

merged until there is just one single big cluster (root). On the other hand, divisive clustering 

is an inverse of agglomerative clustering. It begins with the root, and then the most 

heterogeneous clusters are successively divided until all observation is in their own cluster. 

The classification of observations into groups requires computing the distance or the 

(dis)similarity between each pair of observations. The classical methods for distance 

measures are Euclidean and Manhattan distances. The choice of distance measures is a 

critical step in clustering, as it has a strong influence on the clustering results. For most 

common clustering software, the default distance measure is the Euclidean distance. Other 

dissimilarity measures exist such as correlation-based distances, such as Pearson, 

Spearman, Eisen cosine (Eisen et al., 1998) and Kendall correlation distances.  Pearson 

correlation, the most used method, is a parametric correlation which measures the degree 

of a linear relationship between two profiles. Kendall and Spearman correlations are non-

parametric, and they are used to perform rank-based correlation analysis. It’s generally 

recommended to standardize the variables before distance matrix computation to make 

variables, which are measured in different scales, comparable.  

In HCA, the level of (dis)similarity between objects is visualized using a dendrogram, a 

multilevel hierarchy where clusters at one level are joined together to form the clusters at 

the next levels (Davis, 1986, Shrestha et al., 2007). The dendrogram provides a visual 

summary of clustering process, presenting a picture of groups and their proximity, making 

it possible to decide the level at which to cut the tree for generating suitable groups of a 

data objects (Bodrud-Doza et al., 2016; Machiwal & Jha, 2015). In understanding water 

chemistry, several other studies have successfully implemented HCA using Euclidean 

distance as the (dis)similarity measure, together with Ward’s method as the linkage rule to 

produce a dendrogram with the most distinctive groups (Cloutier et al., 2008; Güler et al., 
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2002; Lambrakis et al., 2004; Monjerezi et al., 2011; Templ et al., 2008; Wanda et al., 

2011). Ward’s method uses an analysis of variance approach to evaluate the distances 

between clusters to minimize the sum of squares of two clusters are formed at each step. 

Commonly, Statistical software is used to implement the HCA and PCA such as R 

statistical software (R Development Core Team, 2009), Minitab (Minitab. Inc, 2010) and 

SIMCA-P+ (Umetrics, 2013). 

Various studies used CA and PCA for instance, Phung et al., (2015) used CA and PCA to 

evaluate temporal/spatial variations of surface water quality in Can Tho City, a Mekong 

Delta area of Vietnam. Kumarasamy et al., (2014) used CA and PCA to investigate the 

hydrochemistry of a Tamiraparani river basin, Southern India. Khan et al., (2016) applied 

CA to hydrochemical data to assess spatial variability in the water quality of Ramganga 

River and its tributaries (Ganga Basin, India). Correlation analysis and PCA and CA 

components were used by Sharma et al., (2015) to study the seasonal variation, identify 

potential sources of pollution, and clustering of monitoring stations of Ganga and Yamuna 

Rivers in Uttarakhand State (India). Other works were conducted using PCA and CA 

(Bouza-Deano et al., 2008, Kazi et al., 2009, Hai et al., 2009, Razmkhah et al., 2010b; 

Simeonov et al., 2003). Furthermore, other studies (Boyacioglu & Boyacioglu, 2007; Liu 

and Guo, 2007; Zhang et al., 2009; Zhou,) applied the PCA and CA methods to classify 

the sampling sites and to identify the latent pollution source. All above studies showed that 

the PCA and CA statistical methods are important tools to determine underlying 

relationships between the water quality parameters, identify sources of pollution, and group 

similar monitoring stations into clusters with similar characteristics.
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CHAPTER 3 

MATERIALS AND METHODS  

3.1.  Description of study area 

3.1.1. Topography, drainage, and climate 

The Kayelekera area is in Karonga district, Malawi (Figure 2), in undulating hills of lower 

elevations of the Great East African Rift escarpment, a dominant topographic unit of the 

area (Ray, 1975).  The Karonga Rift scarp zone rises abruptly from the lakeshore plain unit 

through a fault scarp. The dissected hills of the zone have elevations between 610 and 1180 

m above sea level. Locally, elevations rise from about 760 m in the Sere River valley to 

about 2120 m at the summit of Mususi Hill to the southwest of Kayelekera (Bowden, 2007).  

The principal drainages of the study area are North Rukuru River, Sere River, Chapwasha 

River, Kantchindu River, Chimembe River, Champhanji River and Muswanga River 

(Figure 3). The Sere and Muswanga Rivers are perennial and are both tributaries to the 

North Rukuru, a main perennial river in the study area (Atkins, 1990). The Sere River has 

a catchment of approximately 156.5 km². It is formed by confluence of Luwembe and 

Mapambo Rivers, which originate in basement material to the north-west of the study area, 

then it is joined by the Chapwasha River (originating in the Musisi Forest reserve) and the 

Nakatangala River (flowing from the north) and then flows in a south-easterly direction 

through Karroo sediments then into the North Rukuru, which is seated on basement 
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materials. The Champhanji, Chimembe and Kantchindu Rivers are also tributaries to the 

Sere River. However, the upper reaches of the Champhanji, as well as the entire Chimembe 

and Kantchindu Rivers are ephemeral, whereas the lower reaches of the Champhanji are 

perennial (Atkins, 1990). The Muswanga River originates in the basement outcrops, high 

in Musisi Forest reserve, to the south-west and flows into the Karroo sediments in the study 

area. It has a catchment approximately a third of the size of the Sere River catchment, at 

46, 8 km² (Atkins, 1990).   

 

Figure 2: Study area 

The study area has a tropical wet and dry “savanna” climate (MetMalawi, 2006), 

characterised by a distinct rainy season between November and April. The local climate of 

the Kayelekera site is influenced by its locality on the rift valley escarpment, 200 to 500 m 

higher than Lake Malawi. The mean annual evaporation (1685 mm) exceeds mean annual 
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precipitation (960 mm) for the site, with average monthly temperatures ranging between 

20 and 30 oC.  

 

 

Figure 3: Map showing land cover of the study area 
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3.1.2. Land use 

Main land uses are agricultural production and mining of coal and uranium. The most 

valuable farming lands are in small valleys and troughs between the hills, and the gentle 

slopes (Figure 3).  The area is covered with grassland savannah flanked with riverine 

woodland on a sloping ridge between streams on the southern and northern sides (Figure 

3).  

The Kayelekera area also hosts a uranium mine along the Sere River and coal mine along 

Chaphwasha River (Figure 3). The uranium mine is the largest mining operation in the area 

and was designed to process 1.5 million tonnes per annum of raw material by grinding, 

acid leaching, resin-in-pulp extraction, elution, precipitation and drying to produce a final 

product (uranium concentrate) called “yellow cake”. It operated from May 2008 until 

February 2014 when production was suspended, with the operation placed on care and 

maintenance. The site comprises an open pit, a uranium extraction plant and storage 

facilities of different types of waste produced by the mine, such as waste rocks placed into 

waste rock dumps and marginal ore dumps, and the mill such as tailings placed into 

Tailings Storage Facilities (TSF).  The tailings are stored in “TSF A” located in the south-

east of the mine site on the right bank of the Sere River catchment (Figure 3) in Kantchindu 

valley (EIA report, 2006). 

3.1.3. Geology and Soil 

The Karonga area is mainly underlain by metamorphic and igneous rocks of the pre-Karroo 

Malawi basement complex (Figure 4). These are overlain by several small basins of Karroo 

sediments and, nearer to Lake Malawi, by Cretaceous to recent lacustrine sediments (BGS, 

2009). The major lithological components of the basement complex are micaceous and 

amphibole-bearing gneisses (Carter & Bennet, 1973; Shluter, 1997). The Karroo sediments 

are found in several grabens and mainly comprise arkosic sandstones and carbonaceous, 

pyritic shales with thin coal seams near to the base overlain by calcareous mudstones and 

limestones (Ray, 1975; Atkins, 1990). The arkoses contain microcline, perthite, 

plagioclase, quartz, chert, polycrystalline quartz, biotite, muscovite, mudstone pellets, and 

carbonaceous material associated with pyrite (Bowden & Shaw, 2007; Wilde et al., 2019). 
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In the mudstones, smectite is the dominant clay constituent together with minor kaolinite 

and white mica, with the kaolinite more dominant at or near the surface. The lower arkoses 

are characterised by a primary oxide (hematitic) matrix partially altered to 

geothite/limonite on weathering or primary reduced (chlorite/pyrite) and abundant 

carbonaceous debris (Wilde et al., 2019). 

Kayelekera is one of several significant uranium deposits within Karoo-aged sandstones of 

eastern Africa, but it is the only one that achieved production (Bowden and Shaw, 2007). 

Approximately 50% of the total uranium ore occurs in primary reduced (i.e., carbon and 

pyrite-bearing) arkose, 30% of the ore is hosted in oxidized arkose (i.e., lacking carbon and 

pyrite). The remaining ore is hosted in mixed arkose, exhibiting characteristics of both 

primary and secondary arkose ore types, and in mudstones (Bowden & Shaw, 2007). 

Uranium in primary ore is present as coffinite, minor uraninite, disseminated in matrix 

clay, included in detrital mica grains and intimately intergrown with carbonaceous matter.   

The oxidized arkose units are found at or near the current surface and in peripheral parts of 

the deposit (Hellman & Schofield, 2006) and are characterized by feldspar deterioration, 

prevalence of iron oxide, and a matrix of smectite and illite. The reduced ore is most 

prevalent in the lower arkose units and contain fresh feldspars and carbonaceous debris 

with pyrite and chlorite. Calcite is a significant component of the primary reduced ore 

(Wilde et al., 2019).  The mudstone mineralogy is dominated by smectite and illite. 

Secondary uranium is often most concentrated at contacts with adjacent mudstones. Coal 

is the other economically recoverable resource other than uranium within the Kayelekera 

mineralisation. (Atkins, 1990; Carter et al., 1973; Ray, 1975). The coal is present in the 

study area in deposits at the Kayelekera uranium deposit and Nkhachira, located 

approximately 3 km to the west (Atkins, 1990).  
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Figure 4: Geological features of the study area (insert is Map of Malawi showing location 

of Karonga). 

 

The soils of the Kayelekera area may be categorised into basement and Karoo soils based 

on the parent material. The basement soils are relatively shallow, and they are present in 

the lower Kantchindu, Chimembe, and Sere River valleys (Atkins, 1990). The Karoo soils 

show significant differentiation based on textural and drainage characteristics (Atkins, 

1990), and are further classified as arkose unit, mudstone unit and dambo soils. Dambo 

soils are saturated for much of the time and some soils have high organic matter content 

(Ray, 1975). The exchange complex of most soils is dominated by calcium, with high 

magnesium and potassium content, especially in mudstone unit soils which is ascribed to 

weathering of montmorillonite clays containing magnesium and potassium (Atkins, 1990). 
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3.2. Sample collection and preparation  

Field surveys were carried out within the study area to identify sampling sites and their 

attributes.  Water samples were collected from a selection of sites on the main rivers in the 

Kayelekera area (Figure 2) using standard sampling procedures (ISO 5667:1993; USEPA, 

1999). At each sampling site, pre-cleaned new polyethylene bottles (500 ml) sample bottles 

were rinsed three times with water from the respective sampling point before collecting the 

actual sample. GPS coordinates were collected at each sampling site using a Garmin GPS 

60 CSx. 

A duplicate set of samples were collected at each site. One set of water samples was then 

acidified with HNO3 (to pH <2) and sample bottles tightly capped placed in double plastic 

bags and stored at 4oC until metal analysis to prevent biodegradation of metals. Samples 

for anion analysis were collected in triplicates (in 500 ml), and strictly kept at 4oC in a 

portable fridge until further processing in the lab. The acidified sample was filtered through 

0.45µm membrane filters and transferred into two unused 125 mL pre-cleaned HDPE 

bottles for cation-and trace element

analysis using ICP-OES. The unacidified sample was unfiltered and transferred into 125 

mL unused pre-cleaned HDPE bottles for analysis of major anions and total alkalinity. 

 

3.3.  Water sample analysis 

3.3.1 Determination of pH, DO, EC and TDS 

All samples were measured for physical characteristics and analysed for main chemical 

components using standard methods (APHA, 2005). Values of pH, total dissolved solids 

(TDS), oxidation reduction potential (ORP), dissolved oxygen (DO) and temperature were 

measured in the field. pH was measured (ISO 10523-1:1994) using a pH meter (826 pH 

mobile metrohm model), dissolved oxygen was measured using DO meter (HI 98293, 

Hanna) while TDS (ISO 7888:1985) and temperature of the surface water samples were 

determined using a temperature/EC/TDS meter (Mettler Toledo).  
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3.3.2 Determination of Chlorides and Carbonates 

Titrimetric methods were used to determine the concentration of chlorides (AgNO3) and 

carbonates (acid) (EPA, 1994). The concentration of sulphates was determined 

turbidimetrically (barium sulphate; APHA, 2005). NO3–N was determined (2, 6-

dimethylphenol method) followed by spectrophotometric method (EPA, 2011).  

3.3.3 Determination of trace metals 

Major cations (Na+, Ca2+, Mg2+, K+) and U concentrations were determined using 

inductively coupled plasma atomic emission spectroscopy (ICP-OES) while atomic 

absorption spectroscopy (AAS) was used for Fe analysis. The instrument was calibrated 

using five calibration solutions ranging 0-5 mg/L for Fe, Mn, K and 0-25 mg/L for Na, Mg, 

and Ca. The standards prepared for the ICP-OES analysis were applied for calibration 

curve. 

3.3.4  Data Analysis 

All statistical analyses were performed using R: A language and environment for statistical 

computing version 4.1.2 (R Core Team, 2021). The paired t-test and one-way ANOVA 

were performed on all measured parameters across the seasons and sample points to show 

spatial-temporal variation of river water quality (Elbag, 2006; Pallant, 2013). The chemical 

variation (Fataei, 2011) in all water samples was analysed using Hierarchical Cluster 

Analysis (HCA) and Principal Component Analysis (PCA). For the HCA, the water quality 

data were standardised using the R base scale () function and then Euclidean distances were 

calculated using R base dist () function as a measure of dissimilarity. The hclust (stats 

package) function was used to create the hierarchical tree using “Ward.D2” linkage method 

(Ward, 1963) and the dendrograms for data from rainy and dry seasons were visualised and 

compared using tanglegram (dendextend package; Galili, 2015) function.  

PCA was performed using PCA function in FactoMineR package (Lȇ et al., 2008) to link 

correlations among water quality parameters to the sample points (Gajbhiye et al., 2011). 

The PCA and all other biplots between chemical parameters were produced using ggplot2 
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package (Wickham, 2016) for visual evaluation. A correlation matrix for physicochemical 

water quality properties was produced using rcorr (Hmisc package, Harrell, 2021), 

incorporating Spearman’s correlation. The correlation matrix was displayed using corrplot 

(corrplot package, Wei & Simko, 2021) and ordered by hierarchical clustering (Friendly, 

2002; Murdoch & Chow, 1996), using “Ward.D2” method (Ward, 1963).  

The geochemical modelling program PHREEQC v3 (Parkhurst & Appelo, 2013), 

implemented with MINTEQ.v4 database (Allison et al., 1991) was used to calculate 

saturation indices with respect to mineral phases. The same program was utilised to 

calculate speciation of uranium by considering the most abundant inorganic ligands in 

water (OH-, Cl-, SO4
2- , HCO3

- and CO3
2-) to check the mechanisms of uranium 

mobilisation. Inverse and forward geochemical models were also formulated in PHREEQC 

v3 to account for observed changes between the identified principal groups of water 

samples along the river course.
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CHAPTER 4 

 RESULTS AND DISCUSSION 

4.1. River water quality and spatiotemporal variation of solutes 

Distribution of major physical and chemical parameters is presented in Figure 5, whereas 

all data are presented in Appendix 1. pH ranged from 7.28 to 8.61 and 7.79 to 8.83, with 

10% and 20% of the samples exceeding drinking water guideline (pH = 8.5; WHO, 2008) 

in the rainy and dry seasons, respectively. All samples show low mineralisation, with 

values of TDS ranging between 33.80 to 260.79 mg/L (mean = 115.66 mg/L) and 33.80 to 

260.79 (mean = 117.69 mg/L) in rainy season and dry season, respectively (Figure 5). 

Levels of dissolved oxygen (DO) were within the required range (> 5 mg/L) (WHO, 2008; 

USEPA, 2001) in both rainy (5.96 to 8.06 mg/L) and dry (6.42 to 8.06 mg/L) seasons.  

All samples did not exceed WHO guidelines for sulphates (500 mg/L), nitrates (50 mg/L), 

chlorides (250 mg/L), calcium (150 mg/L), magnesium (50 mg/L) and potassium (60 

mg/L), sodium (200 mg/L) and uranium (0.03 mg/L). Concentrations of bicarbonate 

(HCO3
-) ions ranged from 25 to 105 mg/L and 23 to 100 mg/L in rainy and dry season, 

respectively (Figure 5). Levels of Fe exceeded WHO water quality guidelines (0.02 mg/L) 

in six samples collected in the rainy season (Figure 5). Levels of Fe were generally higher 

(p < 0.05) in the rainy season than dry season, whereas levels of Cl- and Na+ were higher 

(p < 0.05) in the dry season (Figure 5). 
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Figure 5: Distribution of analysed physicochemical parameters in the river water sampled 

in the rainy and dry seasons.  
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Spatially, pH, Si, Mg2+, Ca2+, Na+, K+, SO4
2-, HCO3

-, TDS, Fe and U varied significantly 

across the sampling points. Therefore, hierarchical clustering analysis (HCA) was able to 

group the samples into three clusters in each season, based on their chemical 

characteristics. In general, cluster 1 (C1) comprises downstream samples, C2 midstream 

and C3 comprises upstream samples with a good season overlap (Figure 6). The samples 

in the first cluster have lowest mineralization (Figure 5; average TDS = 717 mg/L) and are 

characterised by a mixed cation-HCO3
-
 composition in the rainy season, which changes to 

mixed cation- HCO3
--Cl- composition in the dry season associated with a slight increase in 

TDS (Figure 6). In the rainy season, these samples also show relatively higher levels of 

iron and nitrates (Figure 5). These are mainly distributed in North Rukuru River (Figure 

2). C2 comprises a small number of sample (Figure 2) located mid-section of the Sere 

River, in the vicinity of TSFA (Figure 3). These samples have relatively high 

mineralisation (Figure 5; average TDS = 106mg/L) and sulphate content in the rainy season 

(Figure 5). They are characterised by a Ca-HCO3
-
 composition in the dry season and a Ca- 

HCO3
--SO4

2- composition in the rainy season. Samples in C3 have intermediate 

mineralisation with a Ca-Mg- HCO3
- composition in both seasons (Figure 5). These 

samples are mainly found in the upper reaches of the study area, in Luwembe River, 

Chaphwasha River, Mapambo River, and top part of Sere River (Figure 2). Samples in C1 

and C2 also show relatively elevated levels of uranium in both seasons (Figure 5).  
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 Figure 6:(a) Dendrogram showing clustering of sampling locations based on surface water 

characteristics in the Sere River and its Catchment for the rainy and dry seasons. (b) 

Boxplots of surface water of three clusters in both rainy and dry season. 

 

In the rainy season, HCO3
-, SO4

2-, the major cations and silica are the major determinants 

of TDS. Using hierarchical clustering, the chemical parameters can be grouped into two 

main hierarchical clusters: HCO3
-, SO4

2-, the major cations and silica (alongside TDS); and 

uranium alongside iron (Figure 6). The major cations (Na+, Ca2+, Mg2+) were positively 

correlated to each other and to HCO3
-, silica and TDS. Uranium concentrations were 

positively correlated with iron levels. In contrast, a negative correlation was found between 

the aqueous concentrations of bicarbonate with iron and uranium, nitrates with sodium, 

and silica with uranium (Figure 7). PCA gave five principal components (PCs), with 

eigenvalues ≥1 (Kaiser, 1958), which accounted for 84% of the total variance. The first 

two components (PC1 and PC2) accounted for >50% of the variation and are shown in 

Figure 8. In PC1, which explains 37.8% of the variance, the major cations, HCO3
-, SO4

2-, 

and silica (alongside TDS) are the dominant variables with the highest positive value, 

whereas iron and nitrates had the highest negative values. Positive sample scores along 

PC1 are typically high for water samples in C2 and C3, whereas samples in C1 a negative 
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score (Figure 8). PC2, which explained 16.02% of variance, constituted positive 

correlations with pH, sulphate, potassium, and uranium, but was negatively correlated with 

chlorides. PC2 is mainly associated with positive scores for C2 samples and their 

neighbouring C1 samples (high sulphate, uranium and potassium, (Figure 8), and negative 

scores for C3 samples (Figure 8).  

 

Figure 7: Correlation matrices of chemical water quality parameters for the samples 

collected in rainy and dry seasons. Only significant Spearman’s ρ values (p < 0.05) are 

shown. Variables are ordered by hierarchical clustering and red squares enclose clusters, s 

showing closely related physicochemical parameters. 
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Figure 8: Results of PCA showing the first two PCs explaining >50% of variance in water 

chemistry. Samples are grouped according to their HCA clusters (See. Figure 6).  

 

In the dry season, the PCA and correlation analysis show the major cations (Na+, Ca2+, 

Mg2+) positively correlated to HCO3
-. In addition, Mg2+ is correlated to K+ and TDS, Ca2+ 

and Na+ to each other, and Si with K+ (Figure 7). Uranium concentrations were positively 

correlated with levels of Cl-, pH and SO4
2-, but negatively correlated with Si and redox 

potential. Further, SO4
2- levels were positively correlated with Fe, Na+ and pH, whereas 

Na+ had a negative correlation with nitrates (Figure 7). PCA gave four principal 

components (PCs), with eigenvalues ≥1 (Kaiser, 1958), which accounted for 76.49% of the 

total variance. The first two components (PC1 and PC2) accounted for >50% of the 

variation and are also shown in Figure 8. In PC1 (30.98% of variance), Ca2+, Mg2+, Na+, 

Fe, Si, HCO3
- and SO4

2-are all positively correlated with this dimension. Positive sample 
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scores along PC1 are typically high for water samples in C2, whereas samples in C1 have 

negative scores along this dimension (Figure 8). PC2 (25.3%) constituted positive 

correlations with pH, chloride, and uranium, but was negatively correlated with DO, Mg2+ 

and HCO3
-. PC2 is mainly associated with positive scores for C2 samples and their 

neighbouring C1 samples and negative scores for C3 samples (Figure 8).  

4.2. Major sources and controls of solutes in river water 

In general, dissolved solutes that constitute river water chemistry may come from natural 

processes, such as atmospheric input, mineral weathering, mixing with groundwater, and 

anthropogenic activities including agricultural, and industrial activities (Gaillardet et al., 

1999; Gibbs, 1970; Meybeck, 2003).  

4.2.1. Chemical weathering  

A first indication of possible sources of solutes may be gained from consideration of levels 

and ratios of main chemical components (weatherable minerals and dissolved major 

cations) and description of land use of the study area (Fairchild et al., 1994; Tranter et al., 

2002; Wadham et al., 2010). For weathering processes, Na+-normalized molar ratios of 

HCO3
- and Mg2+ to Ca2+ may be used to show the relative importance of carbonate, silicate 

and evaporite dissolution (Gaillardet et al., 1999). In this study, the river waters cluster 

around the silicate endmember, while a scatter (of mainly C3) towards carbonate 

endmember is also observed (Figure 9), suggesting domination of silicate weathering and 

the mixing of silicate and carbonate weathering products in controlling the river water 

chemistry.  
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Figure 9 : (a) Mixing diagrams using Na+-normalized ratios of Ca2+ (Ca2+/Na+) and Mg2+ 

(Mg2+/Na+) in river water. (b) Logarithmic activity diagrams depicting equilibrium phase 

relationships among stoichiometric minerals and aqueous solution in the CaO-Al2O3-SiO2-

H2O and K2O-Al2O3-SiO2-H2O system at 25 o C, 1 bar, unit activity of H2O. Stability data 

for solid phases are from thermodynamic data given in Postma and Appelo (2005). Data 

symbols are categories according to their HCA clusters (see. Figure 6). 

 

Ca2+ + Mg2+ show a good correlation with HCO3
- for both the rainy season (Figure 10) and 

dry season (Figure 10), indicating a possible dissolution of carbonates (Table 3). The 

equivalent ratio between (Ca2+ + Mg2+) and HCO3
- should be close to 1 and 2 if carbonate 

minerals are dissolved only by carbonic acid (Table 3) and if carbonate dissolution is 

coupled to sulphide (e.g., pyrite) oxidation (Table 3), respectively. In Figure 10, most of 

samples from the dry season and samples in C2 (both seasons) scatter between the 2:1 line 

and 1:1 line, indicating that both carbonic acid and sulphide oxidation contribute protons 

for carbonate dissolution processes. In addition, in the dry season, the excess amount of 

Ca2+ + Mg2+ over HCO3
- ions (Figure 10) is almost compensated by SO4

2- ions and the 



40 

 

samples plot around the 1:1 line between (Ca2+ + Mg2+) and (HCO3
- + SO4

2-) (Figure 10). 

Further, the total cations plot around the 2:1 line with HCO3
- (Figure 11) and HCO3

- + 

SO4
2- (Figure 11). Moreover, total cations adjusted for effect of evaporation and evaporite 

dissolution (Cl-) and silicate weathering (Si) are almost balance by HCO3
- + SO4

2- (Figure 

11), showing the effect of carbonate dissolution by carbonic acid (Figure 11) and coupled 

with sulphide oxidation (Figure 11).  

 

 Figure 10: Bivariate plots showing variation of Ca2+ + Mg2+ and total cations with HCO3
-

, SO4
2- and the sum of HCO3

- and SO4
2-). Data symbols are categories according to their 

HCA clusters (see. Figure 6), with open symbols for the dry season.  

 

- 
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Figure 11:  Bivariate plots showing variation of total cations corrected for effect of 

evaporation and dissolution of evaporites and silicates with HCO3
-, SO4

2- and the sum of 

HCO3
- and SO4

2-). Data symbols are categories according to their HCA clusters (see. Figure 

6), with open symbols for the dry season.  

 

However, many of the rainy season samples have ratios of (Ca2+ + Mg2+): HCO3
- (Figure 

10) and (Ca2+ + Mg2+): (HCO3
- + SO4

2-) (Figure 10) that are <1:1 and the dry season 

samples plot below the 2:1 line (Figure 10). The excess HCO3
- in these waters is balanced 

by Na+ + K+ for the rainy season (Figure 10 and Figure 11). Further, the total cations plot 

around the 1:1 line with HCO3
- (Figure 10) and HCO3

- + SO4
2- (Figure 10). Moreover, total 

cations adjusted for effect of evaporation and evaporite dissolution (Cl-) and silicate 

weathering (Si) are not balanced by HCO3
- + SO4

2- (Figure 11). In this environment, the 

principal sources of Na+, K+, and Si are silicate minerals (Bhatia et al., 2013; Wadham et 

al. 2010). Additionally, the river waters show low, but variable, molar 

(Ca2++Mg2+)/(Na++K+) ratios (Figure 10) suggesting the importance of the silicate 
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reactions and the high variation in the relative intensity of silicate and carbonate 

weathering.  

This is consistent with chemical weathering reactions involving mainly carbonic acid, and 

protons from sulphide oxidation, releasing Na+ and K+ cations from silicates and Ca2+ and 

Mg2+ from silicates and carbonates. This conclusion is also supported by the presence of 

significant positive correlations between the major cations (Na+, K+, Ca2+, Mg2+) and with 

Si and HCO3
- (Figure 7). These variations are also represented by PC1 and therefore 

explain the highest variation in the dataset. However, the observed SO4
2−/HCO3

− molar 

ratios in the river water are generally low. In addition, Na++ K+ contents are poorly 

correlated with SO4
2− (R = 0.37), suggesting a minor importance of sulphide oxidation 

reactions (Table 1). Figure 9 show that this true for most of the rainy season samples, with 

the importance of sulphuric acid weathering being recognised more in the dry season 

samples and in the rainy season for C2 samples. The rainy season C2 samples have high 

SO4
2−/HCO3

− molar ratios close to 1 and sulphate mole fractions (SMF) of 0.4 and (Ca2+ + 

Mg2+)/SO4
2- molar ratio of 1 (Figure 10). Further, the analysis above shows that silicate 

dissolution seems more important in the rainy season than the dry season. This is attributed 

to higher runoff in the rainy season, whereas in the dry season most of the flow contribution 

is from groundwater (Figure 12). Over the study area, the annual calculated baseflow is in 

the order of 6 Mm3 per annum over the 156 km² catchment area (Figure 12). For the North 

Rukuru (at Mwakimene station), the daily average baseflow index (BFI) was about 71% 

(Figure 12). The mixing with groundwater and evapo-concentration leads to higher levels 

of major ions, notably Na+ and Cl- (Figure 5) in the dry season than rainy season.  



43 

 

 

Figure 12: Total flow, baseflow and baseflow index (BFI) for the North Rukuru River at 

Mwakimene. The daily baseflows were calculated in R using Hydrostat package. 

  

In the study area, the main silicate materials include feldspars (microcline, albite, and 

plagioclase), muscovite, biotite, hornblende, quartz, chlorite, illite, kaolinite and smectite. 

In addition, calcite, haematite, and carbonaceous material associated with pyrite are also 

present (Atkins, 1990; Carter & Bennet, 1973; Ray, 1975; Shluter, 1997). The oxidised 

arkoses show feldspar deterioration and prevalence of primary hematitic matrix partially 

altered to geothite/limonite on weathering, whereas the reduced arkoses contain fresh 

feldspars and carbonaceous debris with pyrite and chlorite. The oxidized arkoses are found 

at or near the surface, where dominant kaolinite is also present, and thus probably relate to 

relatively recent weathering.  
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`  

Figure 13: Saturation Indices of selected mineral phases calculated using PHREEQC v3 

(Parkhurst and Appelo, 2013) 

 

In Figure 9, the river waters plot in the kaolinite stability field and show remarkable relative 

constancy in silica activity, indicating short reaction paths and well-drained conditions 

(Appelo & Postma, 2005; Drever, 1997), which is reflected in the generally low levels of 

dissolved salts. Basement rocks, particularly gneisses, are typically resistant to erosion and 

dissolution whereas the soluble salts within sedimentary deposits of the Karoo are 

generally more susceptible to dissolution, particularly the arkose deposits (Atkins, 1990). 

In addition, generally, the samples show saturation to slight supersaturation with quartz, 

iron (III) oxyhydroxides and calcite, but undersaturated with respect to many uranium 

compounds (`  

Figure 13). Therefore, sodium may be derived from albite and plagioclase weathering to 

kaolinite (Figure 9), whereas alteration of K-feldspar, muscovite and biotite to kaolinite 

may constitute the probable source of K+. Dissolved Ca and Mg may have multiple mineral 
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sources in the studied waters (e.g., plagioclase, biotite, carbonates). Although plagioclase 

is a compositional solid solution between anorthite (CaAl2Si2O8) and albite (NaAlSi3O8), 

the variation in composition does not affect the ratio (in equivalents) of the product cation 

to either the HCO3
− or the SO4

2− produced (cf. Eqs. (5a), (5b), (6a) and (6b)).  In addition 

to mineral weathering, the oxidation of organic matter will produce HCO3
− (Table 3,Eq. 

(9)), which is expected to occur in the dambos in the catchments. On the other hand, 

sulphates and (sulphuric acid) may be generated by natural oxidation of disseminated pyrite 

(and consequent precipitation of Fe (III) oxides/oxyhydroxides) (Eqs. (4a). This is 

supported by the levels of sulphate in the water (up to 470 µeq/L), as expected from 

oxidation of pyrites by oxygen saturated water.  

PHREEQC v3 (Parkhurst and Appelo, 2013) was used to account for observed changes in 

water chemistry along river flow, within the identified principal groups of surface water 

(based on hierarchical cluster analysis). The first approach evaluated the extent to which 

chemical equilibria among the major present minerals and surface water represents the 

river water chemistry. In this way, PHREEQC calculated the solution composition 

following successive addition of small amounts of the identified minerals (Table 4) to pure 

water and the system was allowed to achieve chemical equilibrium between each addition 

(Appendix 1). The chemical changes along the incrementally calculated reaction path are 

best displayed om the stability diagram (Figure 9). The solution composition follows a path 

resembling a natural system saturated with CO2, which decreasing the pH rise associated 

with the K-mica and K-feldspar weathering (Drever, 1997), but in which quartz doesn’t 

dissolve i.e., the amount of silica is controlled by quartz solubility (Figure 9).  
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Table 3: Equations describing the principal geochemical weathering reactions 

A. Carbonate and silicate dissolution with carbonic acid 

(1) Carbonate dissolution  

Ca1-xMgxCO3 (s) + CO2 (aq) + H2O (l) → (1-x) Ca2+(aq) + xMg2+ (aq) + 2HCO3
- (aq) 

(2) Alteration of biotite to kaolinite  

2KMg3AlSi3O10(OH)2(s) + 14CO2 (aq) + 7H2O(l) →Al2Si2O5(OH)4 (s) + 6Mg2+(aq) + 2K+ (aq) + 

14HCO3
-(aq) + 4SiO2(aq) 

(3) Alteration of plagioclase to kaolinite 

38Na0.62Ca0.38Al1.38Si2.62O8 (s) + 52CO2 (aq) + 78H2O (l) → 26Al2Si2O5(OH)4 (s) + 24Na+(aq) + 

14Ca2+(aq) + 52 HCO3
- (aq) + 47 SiO2 (aq) 

(4) Alteration of K-feldspar to kaolinite 

2KAlSi3O8 (s) + 2CO2 (aq) + 3H2O (l) → 2K+ (aq) + 2HCO3
- (aq) + Al2Si2O5(OH)4 (s) + 4SiO2 (aq) 

B. Sulphide oxidation coupled to carbonate and silicate dissolution 

(5) Carbonate dissolution  

16Ca1-xMgxCO3 (s) + 4FeS2 (s) + 15O2 (aq) + 14H2O (l) →16(1-x) Ca2+(aq) + 16xMg2+ (aq) + 16HCO3
- 

(aq) + 8SO4
2- (aq) + 4Fe (OH)3(s) 

(6) Alteration of biotite to kaolinite 

(6) 2KMg3AlSi3O10(OH)2 + 2FeS2 (aq) + 6O2 (aq) + 3H2O → 2K+ + 6 Mg2+ + 4SO4
2- + Al2Si2O5(OH)4 

(s) + 4SiO2 (aq) + 2Fe (OH)3 (s) 

(7) Alteration of plagioclase to kaolinite 

Na0.62Ca0.38Al1.38Si2.62O8 (s) + FeS2 (aq) + 3.5O2 (aq) + 4.61H2O (l) → 0.69Al2Si2O5(OH)4 (s) + 

0.62Na+(aq) + 0.38Ca2+(aq) + 2SO4
2- (aq) + Fe (OH)3 (s) + 1.24SiO2 (aq) 

(8) Alteration of K-feldspar to kaolinite 



47 

 

8KAlSi3O8 (s) + 4FeS2 (aq) + 17O2 (aq) + 14H2O (l) → 8K+ (aq) + 8SO4
2- (aq) + 4Al2Si2O5(OH)4 (s) + 

4Fe (OH)3 (s) + 16SiO2 (aq) 

(9) Oxidation of organic matter 

CH2O + O2 → CO2 + H2O ⇌ HCO3
- + H+ 

 

In the second approach, inverse modelling was used to find sets of minerals and gases that, 

when reacted in appropriate amounts, account for the differences in composition between 

two endmembers (Table 4) along the flow path in each cluster (Lecomte et al., 2005). The 

models were formulated so that primary mineral phases reported to be present, such as 

biotite, feldspars, pyrite, plagioclase, and calcite were constrained to dissolve until they 

reached saturation, whereas secondary clay minerals such as kaolinite and quartz were set 

to precipitate once they reached saturation. Carbon dioxide and oxygen were assumed to 

be available throughout the flow path. Representative results of the inverse geochemical 

modelling are summarised in Table 4. The models were selected based on statistics 

reported by PHREEQC (sum of residuals and maximum fractional error) and size of mole 

transfers for mineral phases (>1 mol considered are not realistic) (e.g., Rosenthal et al., 

2007). The selected models corroborate that the main reactions are dissolution of calcite, 

plagioclase, biotite, feldspars with carbon dioxide and pyrite consumption; kaolinite, iron 

(III) hydroxides and quartz precipitate in different amounts (Table 4).  The contribution of 

pyrite oxidation is shown to be higher in the middle section of the Sere River than in the 

upper reaches of the study area. In addition, there’s a dilution effect (simulated as addition 

of water phase) mainly in the rainy season and in the North Rukuru River, attributed to 

high recharge and discharge, respectively.  
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Table 4: Summary of results of inverse modelling with PHREEQC 

Phases Phase mole transfers (mol) 

 S03-S09 S11-S14 S16-S19 

Dry season    

Kaolinite -0.000314 -0.000186 -0.000036 -0.000074 -0.000065 -0.000134 

Calcite -0.000282 -0.000154 0.000113 0.000074 0.000122 0.000053 

Fe (OH)3 (a) -0.000018 -0.000018 -0.000030 -0.000030 0.000000 0.000000 

Pyrite 0.000018 0.000018 0.000030 0.000030 0.000000 0.000000 

K-feldspar 0.000000 0.000000 0.000000 0.000000 0.000004 0.000004 

CO2 (g) 0.000128 0.000000 0.000260 0.000298 0.000192 0.000261 

O2 (g) 0.000042 0.000042 0.000113 0.000113 0.000000 0.000000 

Albite 0.000000 0.000209 0.000063 0.000000 0.000113 0.000000 

Biotite 0.000006 0.000006 0.000008 0.000008 0.000013 0.000013 

Quartz -0.000565 -0.000565 -0.000121 -0.000121 -0.000220 -0.000220 

Plagioclase 0.000451 0.000113 0.000000 0.000102 0.000000 0.000182 

H2O 0.00 0.00 0.00 0.00 23.73 23.73 

 

Rainy season  

Kaolinite -0.000091 -0.000154 -0.000166 -0.000317 -0.000022 -0.000030 

Calcite 0.000122 0.000059 0.000307 0.000156 0.000062 0.000048 

Fe (OH)3(a) -0.000009 -0.000009 -0.000254 -0.000254 -0.000024 -0.000024 

Pyrite 0.000010 0.000010 0.000255 0.000255 0.000021 0.000020 

K-feldspar 0.000064 0.000064 0.000024 0.000024 0.000012 0.000012 

CO2 (g) 0.000126 0.000188 0.000097 0.000248 0.000000 0.000000 

O2 (g) 0.000145 0.000145 0.001048 0.001048 0.000108 0.000097 

Albite 0.000101 0.000000 0.000246 0.000000 0.000021 0.000000 

Biotite 0.000018 0.000018 0.000062 0.000062 0.000011 0.000010 

Quartz -0.000321 -0.000321 -0.000610 -0.000610 -0.000073 -0.000065 

Plagioclase 0.000000 0.000164 0.000000 0.000397 0.000000 0.000028 

H2O  26.59 26.59 25.69 25.69 7.23 5.25 

 

4.2.2. Anthropogenic processes 

Samples collected from North Rukuru River (S16-S19) in cluster 1 and sample 9 from 

cluster 3 show significantly elevated levels of nitrates in the rainy season compared to the 

dry season (Figure 5). In general, samples in cluster 1 have relatively lower mineralisation 

than other samples attributable to dilution from higher discharge of the North Rukuru 

River. In the studied area, nitrates in surface water are negatively correlated to sodium 

(Figure 7). Therefore, while dilution lowers the concentrations of all dissolved solutes, 

decrease in nitrate levels is compensated with input along the course of the North Rukuru. 
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On the other hand, samples in cluster 2 (Sere River), show relatively higher levels of 

sulphate than other samples and sulphate levels are remarkably more elevated in the rainy 

season over the dry season levels (Figure 5). Hence, the results show that there are other 

sources of NO3
− and SO4

2- in the study area. In general, high NO3
−/Na+ and NO3

−/Cl- ratios 

are associated with agricultural inputs because organic/inorganic fertilisers are generally 

rich in NO3
−, with low Na+ and Cl- contents (Figure 14), while NO3

- originating from 

human excreta, animal wastes and septic effluents has a strong correlation with Cl− 

(Anornu et al., 2017; Liu et al., 2006). The high values of NO3
-/Na+ appear in S19, S18, 

S16 (Figure 14), draining a typical agricultural zone.   

On the other hand, the elevated SO4
2- levels and high SO4

2-/Cl- molar ratios indicate a point 

source associated with anthropogenic activities (Figure 14). Samples in cluster 2 (Sere 

River) were taken in an area below Tailings Storage Facility A (TSF A) (Figure 3). At 

Kayelekera, the extraction of uranium from ores involved leaching with sulphuric acid. 

The effluent and tailings from the mill were then discharged as a slurry to a waste-retention 

pond and protected by a water cover. Composition of uranium mill tailings depends on the 

original ore material and comprises primary gangue and secondary minerals (Abdelouas, 

2006). In the present case, the primary minerals include quartz, feldspars, plagioclases, 

micas (biotite and muscovite), clay minerals (smectite, kaolinite and illite and chorite), 

along with hematite, pyrite, carbonaceous debris, and calcite. The secondary minerals are 

those formed by the precipitation of ore species and reagents added during processing and 

neutralization and include iron oxyhydroxides, gypsum and uranyl sulphates (e.g., jarosite, 

zippeite) (Abdelouas, 2006).  
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Figure 14: Relationship between NO3
- /Na+ and NO3

- /Cl- with SO4
2-/Na+ and SO4

2-/Cl- 

for both the rainy and dry seasons. Data symbols are categories according to their HCA 

clusters (see.), with open symbols for the dry season.  

 

In the rainy season, the elevated sulphate and TDS levels in these samples are accompanied 

by elevated levels of potassium (Figure 5). In addition, they show equivalent ratios (Ca2++ 

Mg2+) and HCO3
- to SO4

2- of around 1. This is consistent with bicarbonate and silicate 

weathering coupled by oxidation of pyrite (Table 1). Seepage from the tailing’s 

impoundment and/or spills may be a probable source of contaminant loads directly into 

receiving river or through infiltrating into the subsurface, respectively. Infiltrating water 

provides both oxygen and water (Kalin et al., 1992) for oxidation of sulphide minerals in 

the tailings. Even when the effluents are transferred to containment pools for evaporation, 

the risk of spills remain (Lottermoser & Ashley, 2005). At Kayelekera mine, various spills 

have been reported, for example in March 2013 and January 2015. Around TSF A, the 
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overall groundwater flow direction is towards Sere River (gradient 1 to 2%), but locally 

towards the Kantchindu Stream which flows through the valley across TSF A towards Sere 

River (Figure 3). Groundwater levels are generally shallow along the valley floor, 

appearing in some areas along the stream channel, and in the basement rock near the stream 

(2-3 m below surface). Although groundwater levels are generally deeper along the valley 

slopes (10-20 m below surface), perched conditions do occur, especially in the Karoo 

sediments (Atkins, 1990).  From an environmental perspective, Uranium mine tailings do 

not represent an element of concern as released uranium could be immobilized by the 

newly formed secondary minerals such as oxyhydroxides. A seepage detection dam has 

been built in the Kantchindu valley downstream of the main tailings dam to intercept any 

seepage that may leak through the basin lining and grout curtain (EIA report, 2006). 

4.3. Geochemical controls of uranium in water  

The distribution of uranium species in water is dependent on temperature, pH, Eh and 

abundance of ligands such as calcium and bicarbonate ions (Davis et al., 1998; Payne and 

Waite, 1991). Complexation with these ligands plays a significant role in the mobilization 

of oxidized uranium (VI) from the soil and sedimentary matrices (Wazne et al., 2003; 

Zheng et al., 2003). In the pH range of river water samples (7.28 to 8.83), the dominant 

U(VI) species included Ca2UO2(CO3)3 and UO2(CO3)2
2-, with minor amounts of 

CaUO2(CO3)3
2-(Figure 15). In addition, (UO2)2CO3(OH)3

− mainly exists in the samples 

from lower reaches of the study area along North Rukuru River clustered in C1 (Figure 2). 

This is related to U speciation changes induced primarily by variations in Ca2+ and HCO3
– 

concentrations and consumption of oxidized species (e.g., DO and Fe3+), under oxidizing 

and alkaline conditions. The formation of calcium-uranyl-carbonate complexes e.g., 

Ca2UO2(CO3)3, is attributed to presence of Ca2+ from dissolution of plagioclase and 

carbonates. Whereas dilution due to high discharge of the Rukuru River, leads to formation 

of (UO2)2CO3(OH)3
−.  
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Figure 15: Distribution of uranium species in river water samples for both rainy and dry 

seasons. The samples are identified by their sample numbers and samples in which uranium 

was not detected are shown as blank.  

 

Higher U concentrations were accompanied by higher pH values (dry season) and higher 

Fe (rainy season), sulphate and chloride concentrations (dry season), but by lower Eh 

values and Si, and HCO3
- concentrations (Figure 5). The levels of uranium in water are 

affected by adsorption onto organic matter and minerals such as ferrihydrite, goethite, 

hematite, and quartz (Fox et al., 2006; Guo et al., 2009; Murphy et al., 1999) and 

precipitation of secondary uranium minerals (Davis et al., 2000). However, calcium-

uranyl-carbonate complexes poorly adsorb (Stewart et al., 2010; Wazne et al., 2003; Zheng 

et al., 2003), hence their formation increases uranium mobility.  The correlation between 

U and Fe may suggest U(IV) oxidation by Fe (OH)3 (Ginder-Vogel et al., 2006, 2010), 

which may be microbially mediated. Naturally, uranium appears in tetravalent state and 

the more soluble hexavalent state.  Ferric ions are known to play an important role in the 

oxidation of U(IV) under ambient conditions of temperature and pressure. In the 
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sedimentary environment (e.g., in mudstones and shales), primary U minerals are 

disseminated with pyrite and organic matter (OM). High OM contents may facilitate Fe 

(III)-and sulphate-reducing bacteria activities. On the other hand, the negative correlation 

with Si may suggest adsorption on detrital quartz or feldspar grains or in the matrix of 

secondary silicates such as illite or chlorite (Wilde et al., 2019). 

In summary, a conceptual model for the geochemical control of uranium in the river water 

is proposed. The oxidised rainwater (recharge and run off in the rainy season) and river 

water favours oxidation of pyrite and precipitation of iron oxyhydroxides. This, in turn, 

leads to oxidation of U(IV)-bearing minerals (e.g., UO2, U(SiO4). nH2O) releasing U(VI) 

species to water (surface and groundwater) and subsequently, complexation of UO2
2+ with 

CO3
2– and Ca2+, and retention of these U(VI) species by iron hydroxides and quartz grains. 

The Ca-UO2-CO3 complexes contribute to U mobility as they suppress adsorption (Brooks 

et al., 2003; Neiss et al., 2007; Stewart et al., 2010; Zhang et al., 2015). The subsequent 

U(VI) desorption due to the formation of Ca–UO2–CO3 complexes relies on the specific 

adsorbed species (Ca2UO2(CO3)3, CaUO2(CO3)3
2−, UO2(CO3)2

2-, UO2(CO3)3
4−, or 

(UO2)2CO3(OH)3
−) leading to spatial variation in U concentrations (Wu et al., 2018).
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CHAPTER 5 

 CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

Water samples collected from North Rukuru River and its surrounding rivers in 2018 and 

2019 were analysed using chemical molar ratio, hierarchical, principal component analysis, 

and geochemical modelling. The chemical composition of the Sere River water 

composition was characterised by Ca-HCO3
-
 in the dry season and Ca-HCO3

--SO4
2- in the 

rainy season, Chapwasha River, Mapambo River, Luwembe River and Muswanga River 

were explained by Ca-Mg- HCO3
- composition in both seasons. North Rukuru river water 

was described by a mixed cation-HCO3
-
 composition in the rainy season, which changes to 

mixed cation- HCO3
--Cl- composition in the dry season. Ca2+, Mg2+ and HCO3

3- were 

mainly provided from carbonate weathering while Na+ and K+ originated from silicate 

weathering. H2CO3 and H2SO4 make a significant contribution to the weathering process, 

with the importance of sulphuric acid weathering being recognised more in the dry season 

samples and in the rainy season for Sere River samples. The study showed that the main 

reactions are dissolution of calcite, plagioclase, biotite, feldspars with carbon dioxide and 

pyrite consumption; kaolinite, iron (III) hydroxides and quartz. Further, North Rukuru and 

Sere River water samples were affected by anthropogenic activities from agricultural inputs 

and mining activities. Agricultural activities resulted in an increase in nitrate levels in the 

North Rukuru while mining activities resulted in an increase in sulphate level in Sere River. 

The study revealed the dominant U(VI) species as Ca2UO2(CO3)3 and UO2(CO3)2
2-.
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In addition, (UO2)2CO3(OH)3
− mainly exists in the samples from lower reaches of the study 

area along North Rukuru River. All samples were found within the WHO drinking water 

guild line standard except pH and Fe in both seasons and rainy season respectively.  

3.4 5.2. Recommendation 

 This study proposes a conceptual model for the geochemical control of uranium in the 

river water of the study areas. In addition, groundwater and surface water interaction should 

be studied in the study area. 
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3.5 Appendix 1: Summary of physio-chemical characteristics of surface water in the study area 

CODE 

EC (µS/cm) TDS (ppm) Water Temperature (ºC) DO (mg/L) ORP (mV) 

WTS DRS WTS DRS WTS DRS WTS DRS WTS DRS 

S01 205.0 234.00 146.00 146.00 25.07 25.07 7.12 7.23 132 121.00 

S02 165.8 180.00 117.80 125.00 25.00 25.00 6.98 7.12 150 150.00 

S03 139.1 150.10 98.89 102.00 25.34 25.34 6.89 6.80 138 139.00 

S04 206.0 130.20 179.50 120.00 26.10 26.70 7.30 7.20 150 123.00 

S05 142.1 122.30 101.10 158.00 25.87 27.00 7.02 5.99 116 94.89 

S06 144.1 175.00 101.00 120.00 26.00 26.00 7.42 7.56 150 135.00 

S07 155.4 170.00 109.08 112.00 25.09 25.09 7.00 7.09 156 144.00 

S08 155.4 160.20 110.10 120.10 26.07 26.07 7.23 7.42 118 150.00 

S09 138.4 254.00 98.10 181.00 25.32 26.90 7.08 6.00 118 99.60 

S10 279.0 300.20 198.00 210.00 26.00 25.40 7.40 7.43 145 140.00 

S11 160.0 216.00 138.10 108.00 25.32 25.00 8.06 6.19 114 114.70 

S12 154.6 209.00 109.70 109.00 24.82 26.00 6.73 6.11 144 108.90 

S13 309.0 210.00 260.79 105.00 24.51 25.78 7.11 6.34 154 118.00 

S14 210.1 223.00 156.00 112.00 25.00 27.00 7.25 6.24 137 121.30 
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S15 97.8 130.00 69.10 115.00 26.74 26.76 7.04 6.39 132 88.90 

S16 60.1 67.00 50.45 50.00 26.90 26.09 7.06 7.10 122 93.90 

S17 98.0 53.00 74.00 27.00 25.25 27.30 6.42 5.97 148 98.50 

S18 64.9 108.90 46.10 98.00 26.74 25.08 6.84 6.98 151 108.90 

S19 54.0 166.00 33.80 118.00 28.11 27.00 7.12 6.35 155 104.40 

Concentration values:          S: sampling point.     WTS:  wet season.         DYS: dry season 

CODE 

pH HCO3
- (mg/L) SO4

2- (mg/L) NO3
- (mg/L) Cl- (mg/L) Ca (mg/L) 

WTS DRS WTS DRS WTS DRS WTS DRS WTS DRS WTS DRS 

S01 8.10 7.90 54 50.00 1.23 5.78 1.45 2.45 14.67 15.32 9.03 8.09 

S02 7.89 8.00 70 65.00 1.45 2.01 2.00 2.20 6.75 7.01 12.90 9.07 

S03 8.32 8.23 67 58.00 5.68 3.90 1.90 2.70 7.64 7.80 9.90 11.78 

S04 8.45 8.40 66 55.00 7.60 4.90 2.81 3.20 10.67 13.60 7.31 10.09 

S05 8.52 8.40 58 56.00 6.09 6.90 0.00 1.68 7.32 8.98 8.34 10.78 

S06 8.38 8.23 58 45.00 4.16 3.44 2.02 2.05 13.90 14.01 8.02 8.88 

S07 7.94 7.96 75 70.00 2.34 1.02 0.22 0.31 8.97 9.21 10.23 11.34 

S08 8.00 8.06 76 80.00 1.98 0.98 0.22 0.28 7.11 7.32 11.34 11.50 

S09 8.51 8.58 51 50.00 4.80 7.32 4.80 1.89 3.98 10.47 10.80 7.34 

S10 7.28 7.79 105 100.00 15.00 16.23 1.30 1.50 9.08 8.90 14.30 16.78 

S11 8.24 8.65 72 60.00 5.89 13.20 0.00 1.97 13.86 19.80 10.60 19.09 

S12 8.40 8.69 62 50.20 30.31 12.50 0.12 1.43 10.60 16.00 14.06 17.50 
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S13 8.42 8.83 78 70.00 72.00 22.60 0.68 1.95 4.67 14.05 18.98 21.30 

S14 8.32 8.40 64 82.00 65.23 18.90 1.58 1.86 8.80 17.60 15.06 23.60 

S15 8.61 8.09 40 33.00 5.40 6.98 0.00 3.08 5.04 24.00 5.08 10.89 

S16 8.18 8.26 25 23.00 4.80 5.20 2.99 1.28 5.04 16.09 4.20 6.49 

S17 8.01 8.10 40 24.00 8.00 12.88 1.26 2.19 7.23 7.98 4.56 6.78 

S18 8.09 8.33 37 40.00 4.45 2.08 4.00 2.56 7.79 19.00 5.67 10.57 

S19 7.99 8.04 25 32.00 6.80 2.25 9.02 3.40 10.45 27.40 7.67 12.08 

Concentration values:          S: sampling point.     WTS:  wet season.         DYS: dry season 

 

CODE 

Mg (mg/L) K (mg/L) Na (mg/L) Fe (mg/L) U (mg/L) Si (mg/L) 

WTS DRS WTS DRS WTS DRS WTS DRS WTS DRS WTS DRS 

S01 3.98 8.73 2.41 2.50 5.50 5.50 0.01 0.01 0.006 0.004 4.04 4.00 

S02 4.12 8.20 3.25 3.33 3.42 3.42 0.02 0.01 0.000 0.000 4.60 4.70 

S03 5.55 6.03 1.52 1.60 3.32 3.32 0.00 0.00 0.000 0.000 4.78 4.72 

S04 4.80 8.73 2.92 3.12 4.31 5.31 0.01 0.00 0.000 0.000 5.20 5.23 

S05 4.10 5.46 4.09 2.34 3.21 10.17 0.00 0.00 0.002 0.003 4.78 4.98 

S06 5.70 5.80 5.32 5.44 5.00 7.00 0.01 0.00 0.001 0.000 5.44 5.60 

S07 5.37 5.65 3.37 3.35 8.88 8.88 0.00 0.01 0.000 0.000 5.06 5.04 

S08 5.62 5.60 2.49 2.70 6.90 6.90 0.00 0.00 0.000 0.000 6.01 6.11 

S09 4.56 5.50 3.98 2.28 4.06 9.75 0.01 0.00 0.002 0.004 5.17 5.07 
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S10 7.54 9.02 2.43 2.48 10.90 10.90 0.01 0.01 0.001 0.001 4.31 4.50 

S11 6.43 5.20 2.79 2.85 6.89 12.89 0.01 0.01 0.004 0.007 4.12 4.20 

S12 6.90 4.00 2.89 3.02 7.09 10.02 0.02 0.01 0.005 0.007 5.23 7.13 

S13 6.82 8.23 5.20 2.96 7.98 10.92 0.04 0.01 0.005 0.005 4.10 4.30 

S14 7.10 7.23 4.88 2.93 7.80 14.34 0.05 0.01 0.004 0.003 5.56 5.46 

S15 3.88 5.89 2.72 2.76 6.89 6.60 0.02 0.00 0.005 0.007 3.11 3.23 

S16 1.75 2.20 1.10 1.18 2.56 3.70 0.28 0.00 0.008 0.009 3.73 3.45 

S17 1.86 2.00 2.44 2.48 3.80 4.48 0.05 0.01 0.001 0.002 4.17 4.37 

S18 1.15 2.64 3.10 1.30 3.45 5.40 0.18 0.00 0.008 0.007 4.12 4.11 

S19 2.87 2.98 1.86 1.43 2.89 6.59 0.04 0.00 0.001 0.001 4.21 4.29 

Concentration values:          S: sampling point.     WTS:  wet season.         DYS: dry season 


