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ABSTRACT 

Uganda is well endowed with economic quantities of mineral salts present in the interstitial 
brines and evaporite deposits of Lake Katwe, a closed (endorheic) saline lake located in the 
western branch of the great East African rift valley. Currently, rudimentally and artisanal 
methods continue to be used for salt extraction from the lake raw materials. These have 
proved to be risky and unsustainable to the salt miners and the environment and they have a 
low productivity and poor product quality. This work involves the investigation of the salt raw 
materials that naturally occur in the brines and evaporites of Lake Katwe. The purpose is to 
propose strategies for the extraction of improved salt products for the domestic and 
commercial industry in Uganda.  
 
The literature concerning the occurrence of salt and the most common available technologies 
for salt extraction was documented. Also, field investigations were undertaken to characterize 
the salt lake deposits and to assess the salt processing methods and practices. The mineral salt 
raw materials (brines and evaporites) were characterized to assess their quality in terms of the 
physical, chemical, mineralogical, and morphological composition through field and 
laboratory analyses. An evaluation of the potential of future sustainable salt extraction from 
the lake deposits was done through field, experimental, and modeling methods. Moreover, the 
mineral solubilities in the lake brine systems and dissolution kinetics aspects were 
investigated.  
 
The results reveal that the salt lake raw materials contain substantial amounts of salt, which 
can be commercialized to enable an optimum production. The brines are highly alkaline and 
rich in Na+, K+, Cl-, SO4

2-, CO3
2-, and HCO3

-. Moreover, they contain trace amounts of Mg2+, 
Ca2+, Br-, and F-. The lake is hydro-chemically of a carbonate type with the brines showing an 
intermediate transition between Na-Cl and Na-HCO3 water types. Also, the evaporation-
crystallization is the main mechanism controlling the lake brine chemistry. These evaporites 
are composed of halite mixed with other salts such as hanksite, burkeite, trona etc, but with a 
composition that varies considerably within the same grades. The laboratory isothermal 
extraction experiments indicate that various types of economic salts such as thenardite, 
anhydrite, mirabilite, burkeite, hanksite, gypsum, trona, halite, nahcolite, soda ash, and 
thermonatrite exist in the brine of Lake Katwe. In addition, the salts were found to crystallize 
in the following the sequence: sulfates, chlorides, and carbonates.  
 
A combination of results from the Pitzer’s ion-interaction model in PHREEQC and 
experimental data provided a valuable insight into the thermodynamic conditions of the brine 
and the sequence of salt precipitation during an isothermal evaporation. A good agreement 
between the theoretical and experimental results of the mineral solubilities in the lake brine 
systems was observed with an average deviation ranging between 8-28%. The understanding 
of the mineral solubility and sequence of salt precipitation from the brine helps to control its 
evolution during concentration. Hence, it will lead to an improved operating design scheme of 
the current extraction processes. The dissolution rate of the salt raw materials was found to 
increase with an increased temperature, agitation speed and to decrease with an increased 
particle size and solid-to-liquid ratio. Moreover, the Avrami model provided the best 
agreement with the obtained experimental data (R2 = 0.9127-0.9731). In addition, the 
dissolution process was found to be controlled by a diffusion mechanism, with an activation 
energy of 33.3 kJ/mol.  
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Under natural field conditions, the evaporative-crystallization process at Lake Katwe is 
influenced by in-situ weather conditions. Especially, the depth of the brine layer in the salt 
pans and the temperature play a significant role on the brine evaporation rates. With the 
optimal use of solar energy, it was established that the brine evaporation flux can be speeded 
up in the salt pans, which could increase the production rates. Moreover, recrystallization can 
be a viable technique to improve the salt product purity. Overall, it is believed that the current 
work provides useful information on how to exploit the mineral salts from the salt lake 
resources in the future. 
 
Keywords: Lake Katwe; salt extraction; brine; evaporites; saltpan; characterization; 
evaporation-crystallization; solubility; Pitzer’s ion-interaction model; PHREEQC software; 
dissolution kinetics; Avrami model. 
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1. INTRODUCTION 

1.1 Background  

Lake Katwe is a closed (endorheic) saline crater lake located on the northern side of Lake 
Edward within the western branch of the East African Rift system and about 15 km south of 
the equator in western Uganda (Fig.1). The lake lies at an elevation of about 885 m, with a 
maximum area of 2.5 km2, a depth ranging between 0.4 to 1.6 m, and it measures 9 km in 
circumference. The lake is flat bottomed and is the largest among the eight saline crater lakes 
within the Katwe-Kikorongo volcanic field. Climatic data around the lake indicates that the 
area is generally hot, dry and semi-arid with an average precipitation of 860 mm/year. 
Furthermore, the evaporation rates are as high as 2,160 mm/year. The relative humidity varies 
from 36% to 95%. Much of the rain falls during the short intense storms during the rainy 
seasons. There are intermittent wind regimes in the area with speeds ranging between 0 to 12 
m/s mainly from the south-western direction of the lake. The ambient temperature around the 
lake varies from 24 to 38oC throughout the year. There are four distinguished climate seasons 
every year, namely two dry seasons from February to April and July to September and two 
rainy seasons from May to June and October to January. The level of the lake falls about 3 
mm per day during normal hot dry weather, except when a significant part of the surface is 
covered by floating salt crystals. 
 

 
Fig.1. Location of Lake Katwe and the other saline crater lakes within the Katwe-

Kikorongo volcanic field, after Ma et al., (2011). 
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Preliminary investigative field studies showed that the lake’s mineral salt resources are 
present in its surface brines and evaporites (UDC, 1997). It has been estimated that there is a 
total of 20 to 30 million tonnes of crystalline salts present in Lake Katwe (Morton and Old, 
1968; Dixon and Morton, 1970). Geologically, the salt lake lies on the floor of an explosion 
crater formed in tuffs with about 230 meters of rock separating the Lake Edward from the 
crater at the closest point. The explosion crater ejected pyroclastics, tuffs with abundant 
granite and gneissic rocks, from the basement rock dominating the area. The volcanic rocks in 
the area are mainly composed of pyroclastics and ultramafic xenoliths. These are deposited on 
the extensive pleistocene lacustrine and fluvial Kaiso beds and in some places directly on 
precambrian rocks (Morton and Old, 1968; Dixon and Morton, 1970). Radiocarbon dating 
indicates that most of the evaporites have accumulated within the last 11,000 years (Nixon et 
al., 1971). 
 

Lake Katwe has attracted a large attention over the past century and a number of hypotheses 
have been proposed to explain its salinity. The lake is fed by numerous springs around its 
shores, which have a total flow of about 600 m3 per day (Dixon and Morton, 1970). These 
springs are saline or brackish and bring about 1,500 tons of salts per year to the lake. It is 
likely that they are the main source of salts in the lake. As the lake has no outlet, fluctuations 
of the water level in the lake are determined mostly by the hydrological balance between the 
water inflow from the springs and the intensive evaporation due to the aridity of the local 
climate. Earlier works have suggested that the salinity of the lake and the other closed saline 
lakes within the region is derived mainly by evaporative concentration of mineral spring 
waters (Arad and Morton, 1969). These saline spring waters filled the crater after pleistocene 
vulcanism. Other suggestions have also indicated that salt has been leached out of the 
surrounding tuffs by water percolating from the nearby Lake Edward into the Katwe crater, 
which lies about 24 m below the fresh lake level (Barnes, 1961).  
 

In Uganda and in the Lake Victoria basin region, Lake Katwe is of particular interest since it 
has for many years been the main source of salt extraction. In addition, it presents a promising 
deposit for a future commercial development. Presently, salt is extracted and processed at the 
lake using ancient traditional and artisanal methods yielding low qualities as well as a limited 
production. Moreover, this activity is done mainly during the dry seasons. There is no 
purification of the salt as the chemistry of the deposit prevents this from being done by simple 
physical sustainable methods. Since the 1960s, studies have been carried out to exploit and 
utilize the lake mineral resources. These studies have addressed the lake’s geological setting, 
chemistry of the mineral springs, and major elemental composition of the lake brines (Arad 
and Morton, 1969); feasibility of commercial production through estimation of the salt 
reserves (Morton, 1973); mineralogical composition of the evaporites (Nielsen, 1999); and 
devising techniques and concepts of improving salt mining and extraction from the lake 
resources (Kirabira et al., 2013). To materialize these studies, an attempt to mechanize the 
production of domestic and commercial grade salt from the lake was conceived in 1975, when 
a plant was commissioned. It operated for a short time, but later collapsed mainly due to 
technical reasons. Several initiatives to revamp salt production at the plant failed. Despite 
these initiatives, no scientific study has been done to back up and/or justify the economic 
investment venture. Thus, this study aims at proposing measures and strategies of improving 
the salt extraction from the raw materials of Lake Katwe. This study is based on scientific 
research with a view of producing improved mineral salt products for the domestic and 
commercial industry in Uganda. 
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1.2 Occurrence of salt 

Salt, also known as sodium chloride, is the most common evaporite salt. It is an ionic 
chemical compound, which has the chemical formula NaCl. It is an inexpensive bulk mineral 
also known as halite, which can be found in concave rocks of coastal areas or in lagoons 
where sea water gets trapped and deposits salt as it evaporates in the sun. Originally, salt was 
produced for human consumption purposes and later other significant applications were 
discovered. This has made salt one of the most important commodities for centuries, 
comparable to the importance of oil in the present times (Korovessis and Lekkas, 2009). The 
use of salt as a food preservative together with its economic significance began to decline 
after the industrial revolution. Instead, it began to be extensively used in the chemical industry 
and for other applications. Overall, there are more than 14,000 reported usages of halite. Thus, 
this salt type along with other salts, have played a very important role in human life (Kilic and 
Kilic, 2005). 
 
Today, the annual world production of salt is estimated at 269 million tonnes (U.S. Geological 
Survey, 2015). Statistics also indicate that the chemical industry accounts for about 60 percent 
of the total production, followed by 30 per cent for domestic consumption. Finally, 10 percent 
is used for other applications such as road de-icing, water treatment, production of cooling 
brines, and agriculture. The chemical industry uses the salt as a raw material for production of 
chlorine, caustic soda and soda ash for petroleum refining, petro-chemistry, organic synthesis, 
and glass production (Sedivy, 2009). 

 
1.2.1 Salt extraction technologies 

Today, there are three methods used to produce dry salt based on the method of recovery 
(Abu- Khader, 2006).  

(a) Underground mining: Also known as rock salt mining. This process involves 
conventional mining of the underground deposits through drilling and blasting, 
whereby solid rock salt is removed. The mining is carried out at depths between 100 m 
to more than 1500 m below the surface. 

(b) Solar evaporation method: This method involves extraction of salt from oceans and 
saline water bodies by evaporation of water in solar ponds leaving salt crystals, which 
are then harvested using mechanical means. Solar and wind energy is used in the 
evaporation process. The method is used in regions where the evaporation rate exceeds 
the precipitation rate.  

(c) Solution mining: Evaporated or refined salt is produced through solution mining of 
underground deposits. The saline brine is pumped to the surface where water is 
evaporated using mechanical means such as steam-powered multiple effect or electric 
powered vapour compression evaporators. In the process, a thick slurry of brine and 
salt crystals is formed. 

 
More than one third of the salt production worldwide is produced by solar evaporation of sea 
water or inland brines (Sedivy, 2009). In the salt crystallization plants, saturated brine or rock 
salt and solar salt can be used as a raw material for the process. A summary of the possible 
process routes for the production of crystallized salt based on rock salt deposits is shown in 
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Fig.2. In addition, processes that are used in the production of vacuum salt from sea water or 
lake brine as a raw material are shown in Fig.3.  
 

 
Fig.2. Processes for production of crystallized salt, based on rock salt deposits (Westphal et 

al., 2010).  

 
Fig.3. Processes for salt production from brine (Westphal et al., 2010). 

 

1.3 Objectives and overview of the research 

Through scientific research, the present work intends to contribute to the improvement of salt 
extraction from Lake Katwe raw materials suited for the production of standardized/quality 
salt products for domestic and commercial consumption in Uganda. The specific objectives 
were the following: 
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1. To develop an understanding of the salt extraction technologies and assessing their 
suitability in relation to the current processes at the Lake Katwe salt deposit. 

2. To investigate the main characteristics of the Lake Katwe salt raw materials in order to 
establish their quality for salt extraction for commercial and industrial applications. 

3. To evaluate the possibilities of an improved salt extraction from the lake raw materials 
through laboratory and scientific means.  

4. To investigate the thermodynamics and kinetic aspects of the salt raw materials. 
 
The outline of the present thesis is shown in Fig.4. Initially, a review and “state-of-the-art” 
study describing the most common available technologies for salt extraction was done. The 
study covered previous research and developments of these technologies, while also 
highlighting their benefits and limitations. In addition, an exploratory study of the Lake 
Katwe salt deposit was carried out in which the present salt production and extraction 
practices were assessed. Moreover, preliminary assessments and evaluations of the mine 
through field and raw material analyses were done. Detailed results are given in supplements I 
and II. 
 
Supplement III presents the results from the characterization of the brines and evaporites of 
Lake Katwe. Brine samples and solid salts (evaporites) were investigated to determine their 
physico-chemical properties, chemical composition, mineralogy, and morphology. Moreover, 
thermodynamic calculations were done using the PHREEQC software (Parkhurst and Appelo, 
2013) to determine the present saturation state of the lake brine with respect to possible 
dissolving or precipitating mineral phases. The calculations were were done based on the 
Pitzer’s ion-interaction model. 
 
Supplement IV contains results from a laboratory scale isothermal evaporation experiments 
conducted using Lake Katwe brine. It investigates the nature of mineral salts that can be 
extracted from the lake brine and the sequence of their precipitation. The mineralogy and 
morphology of the various precipitated mineral salts during brine evaporation was determined 
by using X-ray diffraction (XRD) and Field Emission Gun-Scanning electron microscopy 
(FEG-SEM) methods.  
 
Supplement V is an extension of supplement IV in which results from the geochemical 
simulation of the natural evaporation of the lake brine under isothermal conditions is 
presented. The evaporation simulations were conducted using the PHREEQC software and 
using the Pitzer’s thermodynamic model. The theoretical study results were compared with 
experimental results. The study was aimed at getting a better understanding of the evolution 
of the lake brine and mineral salts that form upon evaporation from the lake brine. 
 
Supplement VI presents results from a study demonstrating the potential of salt extraction 
from Lake Katwe using solar energy. A simulation model of a salt pan was developed on a 
lumped basis with the key parameters affecting the performance of the salt pan. These include 
heat losses due to convection, radiation, conduction, solar gain, and evaporation. Based on the 
pre-study results, an implementation of a system using concentrated solar thermal energy to 
increase the brine temperature, which significantly enhances the evaporation rate, was 
proposed. 
 
Supplement VII reports results from the determination and thermodynamic modeling of 
mineral solubilities in Lake Katwe brine systems. The solubilities of salts in the ternary 
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systems NaCl-Na2SO4-H2O, NaCl-KCl-H2O, Na2SO4-K2SO4-H2O, and KCl-K2SO4-H2O at 
303 K were determined using the synthetic method based on conductivity measurements. The 
measured solubility data were compared with calculated values based on Pitzer’s ion-
interaction model using PHREEQC solubility software. 
 
In supplement VIII, the dissolution kinetics of natural halite from Lake Katwe salt deposits 
was investigated. The influence of various reaction parameters on the dissolution rate 
including particle size, agitation speed, reaction temperature, and solid-to-liquid ratio was 
studied. The experimental data were analyzed according to heterogeneous and homogeneous 
models to determine the rate controlling mechanism of the dissolution process. The activation 
energy of the process was also determined. 
 
  
 

 

 

  

    

 

 

 

  

 

 

 

 

 

 
 
 
 
 
 
 

 
 

Fig.4. Conceptual framework of the present thesis 
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2. METHODOLOGY 

2.1 Field studies 

Field studies were conducted to collect information on how to characterize the salt lake 
deposit, to assess the current salt mining and processing practices, and to study the 
meteorological conditions of the area. To account for the seasonal changes in the composition 
of the salt lake brines, field sampling was undertaken twice. First in January 2012, towards 
the end of the rainy season and later in March 2012 during the dry season.  
 

 
Fig.5. Map of Lake Katwe showing the sampling locations and codes in the present study. 
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Eleven sampling locations, named A1 to A11, were selected. Brine samples were also taken 
randomly from four salt pans around the lake, namely at the Nambawu, Kakindo, Kakukuru 1, 
and Kakukuru 2 locations. In total, 30 brine samples were collected for chemical analyses. 
The locations of the sampling points are shown in Fig.5. Solid salt grades produced at the lake 
were also collected for analyses. These grades were sampled as three sets. The first set 
involved a grade 1 salt (G-1), which is a high quality crystallized salt extracted from the clean 
salt pans during the long dry season. It is primarily used for human consumption. The second 
set involved a grade 2 salt (G-2), which is extracted from the mud-lined salt pans towards the 
end of the dry season. The third set involved a grade 3 salt or a rock salt (G-3), extracted from 
the lake bed. The salt samples were kept away from any atmospheric conditions until further 
analyses were made. At each location, the time of sampling, depth of sampling, and the GPS 
coordinates were recorded. Also, in-situ measurements of the sample pH, and temperature 
were done using an Electrode probe field meter (HANNA instruments HI 98127, 
Woonsocket, RI, USA) and a rotary digital thermometer (Omega Engineering TPD36, 
Delaware, NJ, USA) respectively. A sediment sample from the salt pans was also taken for 
characterization of its chemical constituents. 
 
The meteorological conditions in the salt lake basin were measured using a Davis Vantage 
Pro 2 weather station, installed onsite while the evaporation rates were measured with a 
standard class A evaporation pan (model 255-200 Novalynx, USA). The experimental pan 
was installed on level ground at the end of the cause-way into the salt lake in order to 
investigate the parameters affecting the evaporation rates and the perfomance of the solar 
evaporation process. It was inspected for leaks before the start of the experiments followed by 
filling it with natural brine to within 2.5 inches of the top. The brine drop in the pan due to 
evaporation was measured by a meter stick. Also, Type K thermocouples (TJ1-CAXL-
IM45U-1000/5000) and a smart Reader Plus 6 data logger (SRP-6-1.5M) were used for brine 
temperature measurements with an accuracy of ± 0.5% and a resolution of 0.3oC. The brine 
evaporation rates were computed using the level readings in the pan and rainfall figures 
reported from the weather station. The accuracy of the integrated sensor suite (ISS) of the 
weather station for measuring each climatic variable was 0.5oC for the ambient temperature, 
±5% for the wind speed, ±5% for the rainfall, ±4% for the solar insolation, and ±3% for the 
relative humidity. 
 
 
2.2 Experimental methods 
2.2.1 Characterization of the salt raw materials 
A number of techniques were used to characterize the salt raw materials. The details of each 
of these methods are given in supplement III. In addition, the laboratory analytical techniques 
are summarized in Table 1. 
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Table 1:  Analytical Methods for characterization of the brine and mineral salt raw materials 
Parameter Units Method/Equipment 
Ca2+, Mg2+, Na+, K+, Cl-, Br- g/l Inductively Coupled Plasma-Atomic 

Emission Spectrometry (ICP-AES). 
(Precision ± 5%). 

Trace elements (Al, As, B, Ba, Cd, Co, Cr, Cu, 
Hg, Mn, Mo, Ni, Pb, Sr, Si, Zn, Ag, I) 

µg/l Inductively Coupled Plasma-Atomic 
Emission Spectrometry (ICP-AES). 
(Precision ± 5%). 

F- , SO4
2- g/l Ion chromatography. (Precision ± 4%). 

HCO3
-, CO3

2- g/l Alkalinity determined by potentiometric 
titration 

Brine density g/ml Gravimetry 
Brine electrical conductivity at 25oC µS/m Conductometer 
Chemical composition of evaporites mg/kg Inductively Coupled Plasma-Sector Field 

Mass Spectrometry (ICP-SFMS). (Precision 
± 5%). 

Mineralogy - X-Ray Diffraction (XRD) analysis 
Morphology - Scanning Electron Microscopy (SEM) 

 

2.2.2 Isothermal evaporation of Lake Katwe brine 
The purpose of the laboratory evaporation experiments was to model the brine evolution. The 
dry season surface brine was sampled from Nambawu salt pans at Lake Katwe in August, 
2012. Thereafter, the samples were stored in plastic bottles at room temperature prior to the 
present study in October, 2012. In the laboratory, one liter of the natural brine was filled in a 
glass beaker. Thereafter, the beaker was placed in a thermostatic water bath, which was 
maintained at 30±1 ⁰C in a ventilated environment with a continuous air flow of 1 m/s. The 
evaporation conditions were close to those existing at Lake Katwe. Thereafter, the brine was 
left to evaporate without stirring. The evolution of the brine evaporation was monitored on a 
daily basis for newly precipitated solid salts. When a sufficient amount of the solid salts 
appeared, they were separated from the solution by filtration. The salts were then dried and 
stored in small plastic sample bags and subsequently characterized at each evaporation stage. 
At the same time, a 10 ml brine sample was taken from the liquid phase, diluted with distilled 
water to a final volume of 50 ml. Measurements of physical properties were done for this 
sample. The isothermal evaporation experiment was repeated until all the brine dried up. A 
number of methods were used to characterize the liquid and solid phases during the 
experiment and these are summarized in Table 2. In addition, more details are given in 
supplement IV.  
 
Table 2:  Analytical Methods for characterization of liquid and solid phases formed during 
the isothermal evaporation experiments 
Parameter Units Method/Equipment 
Density g/cm3 Densito-meter  
Electrical conductivity  
salinity 

µS/m 
g/l 

Eletrode probe meter 
Eletrode probe meter 

pH - PC Titrator 
Mineralogy - X-ray diffraction (XRD) analysis 
Morphology - Field Emission Gun-Scanning Electron 

Microscopy (FEG-SEM) 
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2.2.3 Solid-liquid equilibrium 
The phase equilibria in the salt lake brine systems was investigated by measuring the 
solubilities in the NaCl-Na2SO4-H2O, NaCl-KCl-H2O, Na2SO4-K2SO4-H2O, and KCl-K2SO4-
H2O ternary systems at 303 K using the isothermal synthetic method (Tenu et al., 1979; 
Berthet et al., 1983; El-Goundali et al., 2011). The principle of this method is based on the 
variation of the electrical conductivity of solutions according to their dilution and mixing. 
Also, the global composition of each mixture is known and changed progressively by the 
continuous and regular addition of solvents at a constant temperature and pressure. In all 
experiments, deionized water was used to prepare the series of artificial synthesized brines. 
The analytical reagent grade salts used in this work were supplied by VWR international with 
the following purities given in mass percent: KCl 99.6%, K2SO4 99.9%, Na2SO4 99.9%, and 
NaCl 99.9%.  
 
For each experiment to determine the solid-liquid equilibrium data in a given ternary system, 
a sample mixture of salts of a known bulk composition was weighed and transferred into a 
Pyrex glass beaker. Thereafter, a small amount of water was added to the salt mixture such 
that a small excess of solids remained in solution. The super saturated solution was 
maintained at 30oC using a hot plate under a moderate agitation at 300 rpm.  Then, small 
quantities of water were added to the solution through a syringe at regular intervals until all 
traces of crystalline material dissolved and a clear solution was visually observed. After each 
addition of water, the electrical conductivity of the solution was measured. The curve of 
conductivity versus the mass of pure solvent added was plotted for each mixture in order to 
determine the solubility limit, which corresponds to the transition between the dissolution and 
dilution phenomena that was characterized by the dissolution of the last crystal of the 
saturated solution. Finally, the solubility limit at the experimental conditions was calculated 
from the initial mass of salts and the initial mass of water together with the mass of water 
added until the transition point. 

2.2.4 Dissolution kinetics   

The dissolution/leaching kinetics of natural halite from the lake deposit in aqueous solutions 
was investigated at different conditions using various reaction parameters. A halite crust 
sample was obtained from Lake Katwe. The mineral was cleaned and thereafter dried 
overnight in an oven at 70 oC. Then, it was cooled to room temperature. After crushing and 
grinding, the material was separated into nominal particle size fractions of -150+75, -212+150, 
-300+212, and -425+300µm in diameter, using ASTM standard sieves. In a typical 
experimental procedure, a flask containing 250 mL of deionized water was immersed in a 
thermostatic water bath followed by heating to the required temperature. When the water 
temperature was stabilized, a weighed quantity of the crushed solid sample was added to the 
solution and the contents agitated. This time was recorded as the starting time. At pre-
determined time intervals, the concentration of halite in solution was measured in order to 
evaluate the degree of conversion. During the experiments, the effect of one parameter at a 
time was studied, while keeping the other parameters constant. The experiments were 
conducted under atmospheric pressure conditions. The fraction dissolved (x) was calculated as 
follows: 
 

                       
 ,        (1) 
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x 



 

11 

 

The parameters expected to affect the dissolution rate were chosen and their ranges are 
presented in Table 3. In addition, the experimental data were fitted to dissolution reaction 
models in order to determine the rate controlling mechanism and to estimate the apparent 
activation energies. 
 
Table 3: Experimental parameters chosen and their ranges 
Parameter Values 
Particle size (µm) -425 +300, -300 +212, -212 +150, -150 +75 
Reaction temperature (K) 303, 313, 318, 323 
Agitation speed (rpm) 120, 130, 140 
Solid-to-liquid ratio (g/250 mL) 4, 8, 12, 16 

 

2.3 Thermodynamic modeling  

2.3.1 Saturation state of lake brine 
The present saturation state of the lake brine was investigated through thermodynamic 
modeling based on Pitzer’s theoretical model, which is suitable for highly concentrated 
solutions having ionic strengths in the range of natural brines beyond the range of application 
of the Debye-Hückel theory (Harvie et al., 1984). The mean brine compositions of the 
sampling locations during the rainy and dry sampling seasons were used to compute the 
saturation state of the possible dissolving and precipitating mineral phases. The saturation 
indices (SI) for the dissolved mineral phases were calculated by using the PHREEQC version 
3.0 software (Parkhurst and Appelo, 2013). This is an interactive geochemical modeling code 
which uses the PITZER thermodynamic database. The SI of a mineral salt in an aqueous 
solution is defined as log (IAP/Ksp), where IAP is the ion activity product and Ksp is the 
equilibrium constant of the solubility product. When the SI value is 0, an equilibrium situation 
exists. If SI > 0, a super-saturation condition exists and if SI < 0, an under-saturation 
condition exists. Moreover, the PHREEQC software uses an ion association and the Pitzer 
expressions to account for the non-ideality of aqueous solutions.  

2.3.2 Simulated brine evaporation 
The concentration process of the lake brine by isothermal evaporation was modeled in 
PHREEQC software using the Pitzer.dat database. The simulated brine evaporation by 
PHREEQC is widely used because of its capability of removing moles of water from a 
solution (Parkhurst and Appelo, 2013). In a simulation, an increasing amount of water is 
removed from the brine solution in a number of steps while allowing for a precipitation of 
mineral salts. The output from the model includes the new brine volume and the resulting 
composition from each evaporation step. For the simulation, just as for the experiments, the 
dry season brine from the Nambawu salt pans was used. The ions with the highest 
concentration in the brine and of major interest were used as the input parameters in the code. 
Also, the model was designed to simulate the evaporative concentration of one liter of natural 
brine at a constant temperature of 30oC. Moreover, a temperature of 30oC represents the mean 
temperature for the dry and rainy seasons in the lake basin region. Also, the development of 
the saturation indices for the major mineral phases was studied to show the most dominant 
mineral phases and when they begin to precipitate from solution. The following minerals were 
allowed to precipitate out when (and if) they became over-saturated in the brine solution: 
arcanite, burkeite, glaserite, halite, kalicinite, mirabilite, natron, soda ash, sylvite, thenardite, 
thermonatrite, and trona. Also, the obtained results from the modeling were compared with 
experimental data.  
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2.3.3 Solid-liquid equilibrium calculations 
According to thermodynamic principles, the solubility of a hydrated salt in a concentrated 
electrolyte solution at a given temperature and pressure can be calculated if the solubility 

equilibrium constant 
 

of the salt is known and if the activity coefficients of the 

electrolytes can be conveniently obtained. Considering a hydrated salt , 

the equilibrium constant at the definite temperature and pressure for the dissolution reaction:   
 

  (2) 
 

can be expressed by the following relationship: 
 

  (3) 
 

where  and  represent the concentration (mol/kg) and the activity coefficient of the 

hydrated ions in solution, respectively.  
 
The activity of water is related to the osmotic coefficient 

 
by the equation:

  

                           
 

    (4) 
 

where  is the molar mass of water with the sum that covers all solute species. The activity 

coefficients,  and the osmotic coefficients, 
 

can be calculated using Pitzer’s ion-

interaction model (Pitzer, 1973; Harvie et al., 1984). Hence, the solubility of any mineral of 
interest can be determined. 
 
In the present work, the solid-liquid equilibrium of the mixed electrolyte solutions was 
calculated using the PHREEQC software and using the PITZER thermodynamic database 
(“Pitzer.dat”). In this database, the temperature dependence of the appropriate mass-action 
law constants and Pitzer mixing parameters for the calculation of activity coefficients in 
aqueous solutions of high ionic strengths are implemented. Moreover, the database is largely 
based on the Harvie-Muller-Weare speciation model, which utilizes the Pitzer activity model 
(Harvie et al., 1984). It includes a number of ion groups whose stability constants are 
determined by correlations based on Pitzer’s approach. In a simulation, the solution 
concentration was changed by step-wise additions of water until the saturation index of the 
mineral phases arrived at zero. Thus, until an equilibrium situation was obtained. Thereafter, 
this concentration (mol/kg) was accepted as the solubility value. Also, the predicted 
solubilities were compared to the experimental data. 

2.4. Evaporative solar salt pan model  
The evaporative solar salt crystallization process at Lake Katwe was studied using brine 
evaporation rates and thermal, convection, and radiation energy losses as well as reported 
meteorological data from the region around the salt lake basin. A simulation model of the salt 
pan was developed. Thereafter, the behavior and effects of various parameters affecting the 
evaporation process over time were investigated. A schematic cross section of the studied 
solar evaporation pan system is shown in Fig.6. The depth of the brine layer was very thin. 
Therefore, it was appropriate to apply the lumped heat capacity analysis as the governing 
equation of the system. For the system equilibrium calculation, it was also assumed that 
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temperature and salinity are uniform. The thermal energy balance equation (5) was 
represented by a time and temperature dependence. It should be noted that the mathematical 
model was developed according to the suggestions by Chiasson et al., 2000. 
 

 
Fig.6. Schematic diagram of the physical model of the salt pan system. 

 

 ,                                                                            (5) 

 
where qin is the heat transfer to the pan (Wm-2), qout is the heat transfer from the pan (Wm-2), v 
is the pan volume (m3), ρ is the density of the brine (kgm-3), cp is the specific heat capacity of 
the brine (kJkg-1K-1), and dT/dt is the rate of change of temperature of the brine (Ks-1). Based 
on the heat transfer mechanisms shown in Fig.6, equation (6) can be expressed to describe the 
rate of change in average pan temperature as: 
 

                        (6) 

 
Heat losses due to ground water seepage were negligible compared to the other thermal losses 
in the analysis. The solar radiant heat gain (qsolar) was found to be the major contributor of 
energy to the system. It was assumed that the fraction of the solar energy reaching the brine 
layer is affected by the brine reflectance (p) taken as 10% according to Tamimi and Rawajfeh, 
2007. Considering a circular pan area as the physical model studied in this work, the solar 
radiant heat gain was computed as follows: 
 

 ,                                                                                           (7) 

 
where I  is the solar radiation flux (Wm-2) and Apan is the area of the evaporation pan (m2). 
 
The heat transfer at the pan surface due to the long wave or thermal radiation (qthermal) was 
modeled as follows: 
                     skypanpanrthermal TTAhq   (8)                                                               

where hr is the linearized radiation heat transfer coefficient (Wm-2K-1), Tsky is the sky 

temperature, and Tpan is the pan temperature (K). The parameter  was calculated as follows:  
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where  is the Stefan-Boltzmann constant (5.67 * 10-8 Wm-2K-4) and Ɛ  is the emissivity 
coefficient of the brine solution.

  
 
Convection losses (qconvection) depend directly on the temperature difference between the air 
and the brine in the pan as well as the air flow velocity through the convection coefficient, hc 

(Wm-2K-1). Equation (11) was used to model the convective heat losses. 

  ,                                                                                              (11)

                                            
where Tair is the ambient temperature (K) and   is calculated as follows:  

                          
  ,                                                                                    (12) 

For wind velocities, the convective heat loss coefficient is based on the following relationship 
(Duffie and Beckman, 2006) 

        00.38.2 Uhc 
                                (13)

 

where Uo stands for the air flow velocity in ms-1 
 
To consider the free convection (no wind), two empirical relations for the Nusselt number 
(Nu) were used in the model: 

 

Laminar flow (14a) 

 

  Turbulent flow (14b) 

 
The calculation of the evaporation losses (qevaporation) was determined by the following 
expression: 

,
                                                                             (15) 

where  is the mass transfer of water (kgs-1m-2) due to evaporation, which is calculated as 

follows: 

  ,                                                                  (16) 

where wair and wsurf  are the humidity ratios in the ambient air and saturated air at the pan 
surface respectively. Also,  is the mass transfer coefficient (Wm-2K-1) was calculated as 

follows:  

  ,                                                                                       (17) 

where cp is the specific heat capacity at the pan film temperature (Jkg-1k-1). 
 

 is the Lewis number determined by the following equation:  
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        ,                                                                                                       (18) 

The heat gain from the ground (qground) by conduction was determined as follows:  
 bsoilpondcgground TTAHq 

                                                   (19) 
where Hcg is the heat transfer coefficient at the ground surface (Wm-2K-1), Tsoil is the ground 
temperature (K), and Tb is the temperature of the pan solution layer (K) .  
 
The parameter Hcg was computed as follows:                             

074.03
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Pr069.0  Ra
d

k
H

b

g

cg                      (20) 

where kg is the ground thermal conductivity (Wm-1K-1) , db is the depth of the brine layer in 
the pan (m), Ra is the Raleigh number, and Pr is the Prandtl number. 
 
The mass of the theoretical crystallized salt, ms (kg) is given by the following expression: 

            (21) 
 

 
where mw is the mass of water evaporated (kg) and S is the initial salt concentration of the 
brine in wt% of sodium chloride. 
 
2.4.1  Method of solution 
To solve the overall energy balance equation, a differential equation was integrated using the 
initial brine temperature measured at 303 K. The heat transfer equations required the mean 
brine temperature at each particular run as input in order to compute the respective heat 
transfer quantities. The brine temperature was determined iteratively with a convergence 
criterion of 8.9×10-3 K. The configuration of the salt pan model is shown in Fig.7. The model 
equations were solved iteratively using the Engineering Equation Solver (EES) simulation 
software (Alvarado and Klein, 2012).  

 

Fig.7. Salt pan model component configuration 
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3. SUMMARY OF RESULTS 

3.1 Current salt production practices at Lake Katwe 

Salt is traditionally mined and extracted from the lake during the dry seasons of February to 
April and July to September every year. Two methods are used to harvest salt at the lake: 
 

a) Rock salt also known as “mahonde” in the local dialect is extracted manually from the 
lake bed. Iron poles are used to physically break and lift the rock salts from the bottom 
of the lake. The broken salts are then placed on a floating wooden rafter, which is 
manually pulled to the shoreline. The salts are unloaded, stacked in 100 kg pieces and 
sun dried before being sold. 

b) Salt is also produced from over 10,000 individually owned salt pans around the lake 
also known locally as “amaziba” in the local dialect (Fig.8). The pans are linked with 
the lake by a series of channels, which allow brine to be driven into them. The pan sizes 
vary between 300-400 m2 in area having a depth of about 1 meter. Their mud-lined 
walls are shored up by wooden stakes and woven with grass. Brine is allowed to 
concentrate through solar evaporation followed by crystallization. The salt crystals are 
harvested by hand and mainly by women (Fig.9), and thereafter they are bagged and 
sold. The pans are maintained by removing mud from the bottom every 2-3 weeks 
followed by thorough cleaning every three years.  
 

 

Fig.8. Google Earth © Satellite image of Lake Katwe showing the surrounding salt pans  
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Fig.9. Women salt miners cleaning the traditional salt pan at Lake Katwe (They provide over 
70 per cent of the labour). 

Today, three grades of salt are produced at the lake. These are classified as grade 1, 2, and 3 
respectively, based on the level of visible impurities (Fig.10). Grade 1, as will be shown 
shortly, is a high quality crystallized salt which is extracted from clean salt pans. It is mainly 
used mainly for domestic consumption. This grade is extracted during the long dry season. 
Grade 2 is also known as “kiwabule” in the local dialect. It is extracted from the bottom of 
the mud-lined salt pans in preparation for the end of the dry season. It is mainly used for 
animal consumption. 

 

 

 
Fig.10. Three salt grades produced at Lake Katwe. a) Grade 1, b) Grade 2, and c) Grade 3 

 a) b) 

c) 
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Grade 3 is mainly the rock salt which is extracted from the lake bed below the surface brine. It 
is mainly used for animal consumption as cattle lick and for a few other industrial uses mainly 
in the processing of animal hides, textiles, as well as for soap manufacturing. This rock salt is 
stratified, which indicates a variable composition of various salts. This is due to the layers that 
are formed by different constituents due to their sequential crystallization (Fig.11).  

 

 
                        Fig.11. Rock salt crust mined from the lake bed 

 
 

3.2 Characterization of salt raw materials 

3.2.1 Physical and chemical analyses of the brine 
Tables 3 and 4 give the results of the physical and chemical analyses of the lake brines 
sampled during the rainy season in January 2012 and during the dry season in March 2012, 
respectively. It should be observed that the concentrated lake brines are highly alkaline for 
both samplings, with average pH levels of around 9.7. Also, other measured parameters 
showed a significant variation. The density varied from 1.13 to 1.17 g/ml during the rainy 
season and from 1.17 to 1.28 g/ml during the dry season. Furthermore, the salinity varied 
from 128 to 149 ppt during the rainy season and from 144 to 159 ppt during the dry season. 
The electrical conductivity varied from 13,600 to 15,200 µS/m and from 14,800 to 15,900 
µS/m during the rainy and dry seasons, respectively. Furthermore, the brine sampled from the 
salt pans had significantly higher values of the physical parameters (pH, density, salinity, and 
electrical conductivity) than the lake brine. The pH varied from 9.9 to 10.1 and from 10.1 to 
10.5 during the rainy season and dry season, respectively. The brine density varied from 1.19 
to 1.29 g/ml during the rainy season and from 1.29 to 1.30 g/ml during the dry season. The 
salinity varied from 164 to 196 ppt and from 174 to 198 ppt for the two sampling periods, 
respectively. Also, the electrical conductivity varied from 16,300 to 18,700 µS/m and from 
17,000 to 18,700 µS/m the two sampling periods, respectively. Higher values of the physical 
parameters of the brines sampled from the salt pans imply that they were already enriched in 
dissolved mineral salts and other alkaline minerals. The seasonal variation can also be 
explained by the precipitation during the rainy season and an enhanced evaporation during the 
dry season.  
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Table 3: Physical and chemical characteristics of Lake Katwe brines during the rainy season in January 2012. The sample locations refer to the sites shown 
in Fig.5. Im is the ionic strength of the brines and %CBE is the percentage charge balance error of the analyses.  
Sample 
location 

Sampling 
Depth (m) 

pH Brine 
Temp. 
(oC) 

Density 
(g/ml) 

Electrical 
conductivity 

(µS/m) 

Salinity 
(ppt) 

Major ions (g/l)                                                                                     Im % 
CBE Na+ K+ Mg2+ Ca2+ Cl- Br- SO4

2- HCO3
- CO3

2- F- 

A1 1.49 9.70 23.6 1.16 14,100 135 67.6 11.3 0.0486 0.00409 42.6 0.447 31.6 17.4 37.1 0.032 4.260 -2.37 

A2 1.34 9.72 24.5 1.15 14,100 134 66.7 11.2 0.0495 0.00415 44.9 0.472 31.7 19.3 42.2 0.031 4.458 -6.80 

A3 1.40 9.72 25.0 1.14 13,600 128 68.6 11.4 0.0492 0.00380 44.3 0.470 32.3 16.3 36.0 0.02 4.284 -1.87 

A4 1.31 9.72 25.4 1.14 14,000 133 66.2 11.2 0.0505 0.00379 43.0 0.442 32.0 16.7 34.6 0.029 4.154 -2.23 

A5 1.31 9.72 25.3 1.14 13,800 132 66.9 11.0 0.0493 0.00427 43.3 0.439 31.5 18.8 41.3 0.028 4.400 -5.45 

A6 1.34 9.72 25.9 1.14 14,100 135 66.0 11.0 0.0491 0.00418 43.1 0.445 31.5 18.1 36.5 0.025 4.212 -3.61 

A7 1.19 9.72 24.3 1.14 14,000 133 69.0 11.4 0.0576 0.01250 38.7 0.398 31.8 18.0 37.7 0.027 4.264 -0.18 

A8 1.43 9.72 24.5 1.14 14,100 135 68.0 11.3 0.0516 0.00457 44.1 0.454 32.3 18.2 37.0 0.038 4.324 -3.22 

A9 1.22 9.72 24.7 1.14 14,100 134 70.7 11.8 0.0512 0.00401 43.5 0.447 31.9 17.6 37.7 0.031 4.367 -0.92 

A10 0.60 9.68 26.7 1.17 15,200 149 88.2 14.8 0.0662 0.00359 54.8 0.605 41.9 21.0 49.2 0.037 5.572 -2.28 

A11 0.85 9.72 27.0 1.13 14,100 135 67.4 11.2 0.0479 0.00406 44.4 0.448 31.6 18.6 37.6 0.027 4.313 -3.89 

Mean (Lake) 1.23 9.72 25.2 1.15 14,109 135 69.6 11.6 0.0519 0.00482 44.2 0.461 32.7 18.2 38.8 0.030 4.419 -2.98 

Kakindo 0.60 10.1 26.6 1.28 18,400 194 139 39.4 0.0016 0.00029 145 1.60 39.9 11.8 61.7 0.08 8.565 -1.01 

Kakukuru 1 0.60 9.94 26.2 1.29 18,600 196 144 34.4 0.0022 0.00075 143 1.50 58.1 12.2 48.8 0.05 9.935 16.74 

Kakukuru 2 0.60 9.93 27.8 1.27 16,300 164 137 30.6 0.0165 0.00076 96 1.310 67.4 17.3 68.3 0.047 8.558 0.398 

Nambawu 0.60 10.1 26.6 1.19 18,700 168 136 33.8 0.0005 0.00024 136 1.44 44.3 15.8 50.6 0.112 8.055 0.34 

Mean (Pans) 0.60 10.0 26.8 1.26 18,000 181 139 34.6 0.0052 0.00051 130 1.46 52.4 14.3 57.4 0.072 8.780 4.117 
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Table 4: Physical and chemical characteristics of Lake Katwe brines during the dry season in March 2012. The sample locations refer to the sites shown in 
Fig.5. Im is the ionic strength of the brines and %CBE is the percentage charge balance error of the analyses.  
Sample 
location 

Sampling 
Depth (m) 

pH Brine 
Temp. 
(oC) 

Density 
(g/ml) 

Electrical 
conductivity 

(µS/m) 

Salinity 
(ppt) 

Major ions (g/l)                                                                                     Im % 
CBE Na+ K+ Mg2+ Ca2+ Cl- Br- SO4

2- HCO3
- CO3

2- F- 

A1 1.23 9.68 30.4 1.17 15,000 146 80.5 13.4 0.0582 0.00423 46.3 0.472 38.0 20.8 44.5 0.028 5.023 -0.96 
A2 1.25 9.69 26.6 1.17 15,000 146 80.6 13.3 0.0584 0.00464 49.1 0.472 37.8 20.9 45.0 0.025 5.016 -0.66 

A3 1.5 9.69 26.4 1.18 15,100 147 81.0 13.2 0.0560 0.00424 47.0 0.519 37.1 21.3 44.6 0.030 4.962 0.81 
A4 1.24 9.69 27.0 1.18 15,000 146 81.6 13.4 0.0574 0.00414 47.2 0.520 37.6 20.8 44.5 0.023 4.993 0.95 
A5 1.23 9.69 31.4 1.18 15,100 148 82.2 13.5 0.0588 0.00476 48.4 0.541 37.5 22.6 42.7 0.023 4.973 1.46 

A6 1.22 9.69 32.8 1.17 15,100 148 80.5 13.4 0.0636 0.00461 48.3 0.537 38.1 21.3 44.5 0.026 5.000 -0.27 
A7 1.17 9.68 30.0 1.18 15,100 148 82.3 13.4 0.0633 0.00489 47.5 0.529 38.0 21.5 44.6 0.025 5.031 1.01 
A8 1.35 9.69 26.6 1.17 15,100 148 84.1 13.9 0.0613 0.00484 47.6 0.532 40.3 22.0 44.6 0.023 5.129 1.47 

A9 1.26 9.69 30.5 1.18 14,800 144 85.1 13.9 0.0677 0.00466 47.0 0.518 38.4 22.1 44.0 0.023 5.080 2.95 
A10 0.45 9.68 32.0 1.28 15,900 159 139 27.5 0.0661 0.00443 81.1 0.991 63.3 26.2 68.2 0.059 8.256 4.52 
A11 1.1 9.68 35.8 1.18 15,200 148 82.8 13.7 0.0639 0.00513 49.7 0.538 38.6 23.0 44.1 0.023 5.078 0.43 

Mean (Lake) 1.18 9.69 30.0 1.19 15,127 148 87.3 14.8 0.0613 0.0046 50.8 0.561 40.4 22.1 46.5 0.028 5.322 1.07 

Kakindo 0.4 10.4 35.0 1.30 17,300 178 143 42.9 0.0037 0.00396 134 1.91 31.9 15.9 81.4 0.115 9.022 -0.196 
Kakukuru 1 0.12 10.5 35.2 1.30 17,000 174 152 51.1 0.0057 0.00107 131 2.12 27.9 16.1 85.8 0.118 9.345 3.84 

Kakukuru 2 0.1 10.2 34.4 1.29 18,400 193 149 40.2 0.0036 0.00052 143 1.9 42.6 16.2 59.5 0.076 8.732 2.86 
Nambawu 0.3 10.1 37.5 1.29 18,700 198 146 46.1 0.0004 0.0001 148 1.93 44.5 15.2 60.8 0.138 8.906 1.31 

Mean (Pans) 0.2 10.3 35.5 1.30 17,850 189 148 45.1 0.0033 0.0014 139 1.97 36.7 15.9 71.9 0.111 9.00 1.96 
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The spatial variation of salinity and electrical conductivity of the lake brine showed that these 
parameters were fairly homogeneous. Specifically, they only showed a small variation 
throughout the lake with the exception of sample A10 (See Tables 3 and 4). This sample 
showed anomalously high values of these parameters. This is attributed to the intense 
evaporation that takes place in the shallow regions of the lake and at the inlet brine discharge 
from a large underground saline spring located on the north-eastern section of the lake. The 
effect of the saline spring was also observed when the ratio Ca2+/Mg2+ was considered, which 
10-40% was smaller for sample A10 compared to the average of all other sample locations. 
Another deviation in this ratio was observed for sample A7 during the rainy season with a 
value of 0.22, which was considerably higher than the mean lake value of 0.093. This is 
caused by human activities such as trading and storage of rock salt close to the Kakukuru 2 
location. Hence, this results in an inflow of ions of different compositions. 
 
The concentration of the major ions indicates that the brines are dominated by Na+, K+, Cl-, 
SO4

2-, CO3
2-, and HCO3

- ions and that they are depleted of Mg2+ and Ca2+ ions. Moreover, the 
brines are also depleted of Br- and F- ions. Na+ and Cl- are the predominant ions in the brines, 
which explain the strong saline water impact. The low mean SO4

2-/Cl- ratio (0.74 in the rainy 
season and 0.8 in the dry season) also reflects the excess of chloride ions in the lake brine. 
The high CO3

2- and SO4
2- contents in the brine are attributed to the geological setting of the 

region, namely the high content of trona (Na2CO3·NaHCO3·2H2O), thermonatrite 
(Na2CO3·10H2O), and burkeite (Na2CO3·2Na2SO4) in the evaporites deposited at the lake bed. 
In the salt pans, the concentration of the major ion species showed strong seasonal variations 
for all parameters. This relative physical and chemical composition of the brines from the salt 
pans compared to the lake is also shown in Figures 12 and 13. The physical and chemical 
parameters are higher in the salt pans than in the lake. This variation is explained by multiple 
processes such as pumping lake brine into the pans, varying temperatures of the pans and the 
lake. Hence, this results in the intensity of evaporation. Notable exceptions are the SO4

2-  

contents in the dry season and the HCO3
- contents in both sampling occasions. The relatively 

low HCO3
- value implies that bicarbonate bearing mineral salts are under-saturated with 

respect to the salt pan brines compared to the lake brine. Furthermore, it is in agreement with 
the higher pH value of the salt pan brine compared to the lake. The higher pH value drives the 
dissociation of HCO3

-  into CO3
2- according to the reaction:  HCO3

-  CO3
2- + H+. 

 
Fig.12. Ratio of the physical parameters of the salt pan brine to that of the lake brine for the 

rainy and dry season samplings. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

pH Temperature Density Conductivity Salinity

Rainy Season
Dry Season

Physical Parameters



 

23 

 

 
Fig.13. Ratio of the major ion concentrations in the salt pan brine to that of the lake brine for 

the rainy and dry season samplings. 
 
To classify the lake hydrochemistry, the concentrations of the major ion species of the 
sampled brines were plotted in the Piper tri-linear diagram for the rainy and dry seasons 
(Fig.14). The results from the present study were compared with reported literature data of the 
brine chemistry of a similar saline lake, Lake Kitagata, located 10 km away from Lake Katwe 
within the Katwe-Kikorongo volcanic field (Russel et al., 2007). The saline mineral spring 
water feeding the Lake Katwe (taken from Arad and Morton, 1969) was also plotted. 
 

 
Fig.14. Chemical composition representation of Lakes Katwe and Kitagata brines in a Piper 

tri-linear diagram. 
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The results indicate that Lake Katwe and Lake Kitagata brines with high sulfate content are 
intermediate between Na-Cl and Na-HCO3 water types based on the hydro-geochemical 
characteristics. The saline spring waters feeding the lake show similar characteristics. The 
results of the brine analyses were further used to identify the processes and mechanisms 
affecting the lake brines. A Gibbs plot (Gibbs, 1970) was used to determine the mechanism 
controlling the brine chemistry (Figs 15 and 16). The results show that evaporation-
crystallization is the main mechanism controlling the surface brine chemistry. This supports 
the earlier suggestions made by Arad and Morton, 1969. Moreover, under arid and dry 
conditions, continuous evaporation has an effect on the brine chemistry of Lake Katwe 
resulting in higher levels of Na+ and Cl- ions. 
 

 
Fig.15. A Gibbs plot showing the variation of Na/(Na + Ca) as a function of the salinity for 

the Lake Katwe brines. 

 
Fig.16. A Gibbs plot showing the variation of Cl/(Cl + HCO3) as a function of the salinity for 

the Lake Katwe brines. 
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Previous characterization studies of the brines from other notable saline lakes within the East 
African rift valley region revealed similarities and differences in their brine concentration, as 
shown in Table 5. The high fluoride content in the brines from lakes Magadi and Natron is 
mainly due to the volcanic activity and geological setting of the regions (Nanyaro et al., 
1984). These regions are characterized by high fluoride contents in the volcanic rocks found 
within the eastern rift valley (Gerasimovskiy and Savinova, 1969). The bromine contents of 
Lake Katwe brines are higher than what has been found in other similar deposits within the 
region (Lefond, 1969). 
 
Table 5: The chemical composition of Lake Katwe brines in comparison to notable saline 
lakes in East Africa. 
Parameter Lake Katwe (Uganda) Lake Magadi (Kenya) Lake Natron (Tanzania) 
Cl/TAL 0.7-0.8 0.23-1.0 0.23-1.0 
Br (g/l) 0.46-0.56 1.3*10-5 - 6.7 *10-5 - 
F(g/l) 0.03 1.98 0.072 
Reference This study Nielsen  1999; Jones et 

al., 1977 
Jones et al., 1977; Edmunds 

and Smedley, 2013 

 
As shown in Table 6, the composition of different types of brine differs significantly and this 
affects the composition of the salts that can be recovered. In comparison to the other notable 
salt lakes, the brine from Lake Katwe is rich in sulfate and carbonate while depleted in 
calcium and magnesium. Hence, its high alkalinity compared to sea water and other notable 
salt lakes. 
 
Table 6: Comparative chemical composition of natural brines (g/l) (Aral et al., 2004) 
Parameter(g/l) Seawater Great Salt Lake 

(USA) 
Dead Sea 
(Israel) 

Salar de 
Atacama 
(Chile) 

Lake Katwe* 
(Uganda) 

Na+ 10.56 80.1 39.15 93.18 78.41 
K+ 0.38 5.22 7.26 21.95 13.19 
Mg2+ 1.27 5.19 39.15 12.26 0.06 
Ca2+ 0.40 NR 16.86 0.30 0.005 
Cl- 18.98 139.12 212.40 192.0 47.54 
Br- 0.065 NR 5.12 NR 0.51 
SO4

2-  2.65 18.74 0.47 23.29 36.58 
HCO3

- 0.14 NR 0.22 NR 20.11 
CO3

2- NR NR NR NR 42.65 
F- NR NR NR NR 0.029 
Specific Gravity 1.03-1.04 1.164 1.220 1.226 1.17 
NR = Not reported 
   *  = This study (Average values) 

3.2.2 Trace metal concentration 

Results of the trace metal concentration of the brine samples over the two samplings are given 
in Tables 7 and 8. The brines from the lake and salt pans showed a significant enrichment in B 
and I. Furthermore, trace metals that were moderately enriched in the lake included Sr, Fe, 
Mo, Mn, and Ba. The analysis results also indicate that the brines had very low mean 
concentrations of Cd, Ni, and Ag in both sampling periods. 
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Table 7: Trace metal concentration of Lake Katwe brines during the rainy season in January 2012. The sample locations refer to the sites shown 
in Fig. 5. 
Sample  
location 

Trace metals (µg/l) 

Ag Al As Ba Cd Co Cr Cu Fe Hg I Mn Mo Ni Pb Si Sr Zn B 
A1 <5 27.7 24.6 296 1.52 4.46 5.28 <10 1,020 1.97 7,440 119 319 <5 25.6 13.9 1,220 35.5 9,620 
A2 <5 30.1 20.5 290 1.58 3.48 3.29 <10 852 1.98 6,740 108 316 <5 9.23 14.0 1,240 38.9 9,460 
A3 <5 30.3 22.2 292 1.34 3.17 2.94 <10 965 1.27 7,130 115 316 <5 10.7 14.0 1,260 34.7 9,450 
A4 <5 78.3 21.8 295 1.22 2.53 2.78 10.7 948 1.75 7,130 113 319 <5 7.64 14.4 1,270 34.0 9,780 
A5 <5 73.3 23.2 289 1.37 4.53 2.54 <10 883 1.69 7,290 108 314 <5 7.63 14.3 1,220 26.7 9,560 
A6 <5 34.4 26.7 289 1.34 3.07 3.18 <10 862 <1 7,170 107 324 <5 10.1 13.9 1,240 28.2 9,780 
A7 <5 85.5 27.5 371 0.936 4.69 3.08 10.8 1,880 1.82 5,540 157 321 <5 8.06 18.9 1,380 32.1 9,850 
A8 <5 60.2 21.7 303 0.754 3.80 3.70 <10 839 1.49 5,620 109 329 <5 8.29 14.4 1,300 28.0 10,100 
A9 <5 110 25.2 304 0.905 3.17 1.72 <10 903 1.27 6,840 108 330 <5 5.05 14.3 1,260 25.8 10,100 
A10 <5 25.6 32.4 259 0.902 3.70 <1 <10 468 <1 9,340 89.7 383 <5 3.69 14.8 1,430 35.7 12,400 
A11 <5 32.4 18 289 1.51 2.49 2.66 <10 804 1.38 5,340 97.6 327 <5 5.52 13.9 1,220 42.7 10,000 
Mean (Lake) <5 53.4 30 298 1.22 3.55 2.83 1.95 947.6 1.33 6,222 112 327 <5 9.23 14.6 1,276 32.9 11,767 
Kakindo <5 79.4 105 <1 1.6 2.82 2.02 <10 282 5.59 24,800 25.0 586 <5 6.31 25.7 33.2 34.9 41,900 
Kakukuru 1 <5 159 118 2.69 1.97 6.05 6.54 14.2 837 8.18 20,500 32.8 355 <5 6.38 25.3 57.7 53.7 37,000 
Kakukuru 2 <5 285 91.4 3.49 2.21 3.63 4.80 12.9 687 6.65 20,500 76.7 1,640 <5 6.34 9.19 414 38.0 29,100 
Nambawu <5 <20 125 <1 0.666 <0.5 <1 <10 <40 9.36 22,100 <3 1,930 <5 <1 28.0 9.84 <20 52,600 
Mean (Pans) <5 131 110 1.55 1.61 3.13 3.34 6.78 452 7.45 21,975 33.6 1,128 <5 4.78 22.1 128.5 31.7 40,150 
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Table 8: Trace metal concentration of Lake Katwe brines during the dry season in March 2012. The sample locations refer to the sites shown in 
Fig. 5. 
Sample  
location 

Trace metals (µg/l) 

Ag Al As Ba Cd Co Cr Cu Fe Hg I Mn Mo Ni Pb Si Sr Zn B 
A1 <5 408 29.6 360 1.07 4.04 1.06 <10 864 3.67 7,580 119 419 8 3.44 18.4 1,350 27.7 12,600 
A2 <5 584 32.0 347 1.33 4.78 4.29 11.9 1,020 2.33 8,280 130 397 7.48 4.74 18.9 1,360 36.9 12,500 
A3 <5 606 34.7 324 1.47 4.06 <1 10.6 1,080 2.91 9,040 130 368 <5 4.90 18.4 1,310 50.3 11,400 
A4 <5 590 31.3 332 1.43 4.20 5.16 <10 1,070 2.49 8,570 122 375 8.02 4.31 19.5 1,350 36.0 11,900 
A5 <5 551 30.8 330 0.671 3.24 2.16 <10 856 2.60 8,780 122 369 <5 3.25 19.3 1,330 55.3 10,900 
A6 <5 571 32.1 349 0.946 4.38 4.95 <10 811 2.43 8,830 126 402 9.41 3.38 20 1,470 26.1 12,200 
A7 <5 471 38.0 366 0.719 5.53 4.15 <10 896 2.31 8,730 135 420 6.4 2.05 21.1 1,490 29.2 12,800 
A8 <5 558 29.6 361 1.60 5.51 1.08 13 1,020 1.38 9,130 126 400 9.14 4.40 20.4 1,360 37.2 11,800 
A9 <5 461 35.0 366 1.42 3.54 <1 <10 922 1.79 8,870 136 438 10.3 3.78 21.5 1,590 34.7 13,200 
A10 <5 1,670 63.7 349 1.23 5.40 8.13 27.2 2,820 1.58 16,600 129 597 13.4 4.29 27.5 1,220 69.3 23,400 
A11 <5 651 34.0 369 1.11 4.98 4.88 10.4 859 3.19 8,950 129 419 11.7 3.15 21.9 1,510 26.2 13,100 
Mean (Lake) <5 647 29.2 350 1.18 4.52 3.26 6.7 1,110 2.43 9,396 128 419 7.6 3.79 20.6 1,395 39.0 13,255 
Kakindo <5 333 109 <1 1.08 3.78 <1 <10 453 3.31 32,400 18.2 831 7.7 1.73 32.5 29.4 30.4 52,200 
Kakukuru 1 <5 1,330 134 6.28 1.49 3.46 8.01 12.4 1,980 4.21 36,800 39.8 2,120 15.2 3.22 19.3 42.1 38.3 51,100 
Kakukuru 2 <5 398 142 2.84 1.24 4.56 4.43 <10 582 7.95 30,600 29.9 463 17.9 1.67 34.5 54.6 43.1 49,700 
Nambawu <5 21.4 134 <1 0.785 <0.5 <1 <10 <40 5.32 32,900 <3 3,310 8.06 <1 33.1 19.1 <20 65,500 
Mean (Pans) <5 521 130 2.28 1.15 2.95 3.11 3.1 754 5.20 33,175 22.0 1,681 12.2 1.66 30.0 36.3 28.0 54,625 
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3.2.3 Chemical analysis of the salt samples 
Table 9 gives the chemical composition of the sampled salts (evaporites) from the salt lake 
deposits. The results indicate that the total weight of the salts is dominated by Na and Cl 
alongside other elements. Summing up the concentrations of these two species, nominally, 
salts G-1 and G-2 contain 90% and 86% NaCl, respectively, while salt G-3 contains about 
70% NaCl. This is in accordance to S, K, Fe, Ca, and trace metals that make up the bulk of the 
rest of the constituents in the salts. Among the salts, G-1 has a high concentration of Cl and 
the smallest concentration of Na whereas G-3 is rich in Na but has the smallest concentration 
of Cl . This is probably caused by a high amount of carbonates which were not detected in the 
analysis. Considering the Na/Cl ratio, G-1 and G-2 have a value of 1.2 while G-3 differs 
considerably with a value of 65.5. 
 

Table 9:  Analysis of the chemical constituents of Lake Katwe salts, mg/kg. 
Element Sample  

G-1 G-2 G-3 

Dry Solid (%TS) 96.7 95.2 73.3 

Al <200 517 462 

As 0.32 0.278 0.146 

Ba 2.09 12.5 12.1 

Ca 841 1,100 1,320 

Cd 0.0157 0.0625 0.052 

Cl 316,000 314,000 7,050 

Co 0.118 0.665 0.269 

Cr <10 11.6 <10 

Cu 1.91 2.48 1.83 

Fe 1,070 4,030 <900 

Hg 0.118 0.09 0.0749 

K 2,360 14,400 3,700 

Mg <100 1,890 2,430 

Mn <20 57.9 <30 

Na 367,000 385,000 462,000 

Nb <5 <5 <7 

Ni 0.889 2.77 1.84 

P 42.3 98.5 210 

Pb 0.443 1.04 0.93 

S 47,300 44,800 7,440 

Sc <1 <0.9 <1 

Si 931 3,740 3,010 

Sr 4.86 56.8 54.2 

Ti 12.5 90 77.4 

V <2 3.66 <3 

W <0.4 <0.4 <0.5 

Y <2 <2 <3 

Zn 5.37 17.5 12.6 

Zr 4.92 3.32 3.58 
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3.2.4 Mineralogical characterization of the evaporites 

The XRD analyses revealed that several mineralogical phases are present in the Lake Katwe 
evaporites. Salt sample G-1 (Fig.17) is predominantly composed of hanksite, burkeite, and 
sylvite while salt sample G-2 (Fig.18) is predominantly composed of halite, natrite, and 
sylivite. Salt sample G-3 (Fig.19) is predominantly composed of trona, arcanite, kieserite, and 
natron. It contains the highest number of impurities and is in form of a stratified solid with 
different layers. The presence of burkeite and sylvite explains the detergent taste of the salts. 
Some of the mineralogical phases in the Lake Katwe evaporites that were found in the present 
study were observed also in earlier studies: Trona, burkeite, hanksite, tychite, halite, and 
northupite have been reported by Arad and Morton (1969) while Nixon et al., (1971) have 
observed the phases tychite and northupite. Furthermore, Vancina et al., (1986) reported the 
existence of northupite and Nielsen (1999) has reported the existence of halite and burkeite in 
the lake evaporites. Due to that, the Mg2+ and Ca2+ concentrations are extremely low in Lake 
Katwe brines (See Tables 3 and 4), the Mg and Ca bearing minerals were not observed in the 
analyses. 
 

 
Fig.17. Photo and X-ray diffraction pattern of salt sample G-1 (A-Arcanite, B-Burkeite, H-

Hanksite, Ha-Halite, M-Magnesite, S-Sylvite, T-Tychite, Th-Thernadite, Tr-Trona). 
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Fig.18. Photo and X-ray diffraction pattern of salt sample G-2 (A-Arcanite, G-Gypsum, H-

Hanksite, Ha-Halite, Na-Natrite, No-Northupite, S-Sylvite, Th-Thernadite). 
 
 

 
Fig.19. Photo and X-ray diffraction pattern of salt sample G-3 (A-Arcanite, B-Burkeite, G-

Gypsum, Gl-Glaserite, H-Hanksite, Ha-Halite, K-Kieserite, N-Natron, Ni-Nitratite, T-Tychite, 
Th-Thernadite, TH-Thermonatrite, Tr-Trona). 
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3.2.5 Morphological composition of the evaporites 

The morphology of Lake Katwe evaporites is shown in Fig.20. It is observed that hexagonal 
crystals of hanksite are the dominating phases in all samples. In addition, long tubular crystals 
of burkeite are observed in salts G-1 and G-3. Salts G-2 and G-3 contain gypsum in the form 
of rossettes or lenticular and needle-like crystals. In all samples, halite is identified as small 
cubic crystals which grow together with other minerals. Salt G-3 contains trona in the form of 
blade-like crystals while salt G-2 contains northupite in the form of octahedral crystals.  
 

 
Fig.20.  SEM photomicrographs of the A-B salt sample (G-1), the C-D salt sample (G-2) and 

the E-F salt sample (G-3). 
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3.3 Isothermal evaporation of Lake Katwe brines  

3.3.1 Composition of the brines during the isothermal evaporation experiment 
The brine sample used in the evaporation experiment was a dry season brine from the 
Nambawu salt pans at Lake Katwe. The chemical composition of the brine is shown in Table 
10. 
 

Table 10: Nambawu salt pan brine composition 
Ion Composition (g/l) 

Na+ 137 
K+ 39.1 
Mg2+ 0.00143 
Ca2+ 0.005 
Cl‾, 124 
SO4

2‾ 43 
HCO3‾ 3.39 
CO3

2‾ 61 

F‾ 0.082 

 
In the course of the isothermal evaporation experiment, twelve-brine and twelve-solid salt 
samples were collected. The physico-chemical parameters of the original brine (sample Lo) 
and the mother liquors (sample Ln, n representing the corresponding evaporation stage) are 
presented in Table 11. The evolution of the physico-chemical parameters given in Table 11 is 
shown graphically (Fig.21). The original brine (sample L0) is under-saturated. Hence, upon 
evaporation of water, both the density and conductivity increase until the first salt precipitate 
is harvested in sample L1. 
 

Table 11: Physico-chemical parameters of the liquid brine samples 
Sample Evaporation 

Time (days) 
Electrical 

Conductivity 
(mS/cm) 

pH Salinity 
(g/l) 

Density 
(g/cm3) 

Lo 0 140.1 10.2 70.0 1.306 
L1 6 147.3 10.7 73.8 1.315 
L2 12 138.3 10.7 69.2 1.316 
L3 15 133.5 10.7 66.6 1.322 
L4 20 132.3 10.7 66.1 1.326 
L5 25 134.5 10.8 67.4 1.320 
L6 29 130.5 10.9 65.3 1.325 
L7 33 123.6 10.9 62.1 1.336 
L8 36 116.6 10.8 58.4 1.343 
L9 40 99.6 11.1 49.8 1.360 

L10 43 95.2 11.1 47.4 1.361 
L11 47 93.0 11.2 44.0 1.355 
L12 50 - - - - 

 
The density and conductivity follow a different trend, where the density tends to increase and 
the conductivity tends to gradually decrease with the brine evaporation. This indicates a 
change in the ionic composition of the brine as different ionic species contribute differently to 
the density and conductivity values. Furthermore, the local maxima of the density, 
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respectively the local minima of conductivity, observed for sample L4 indicates a change in 
the salt precipitation sequence. 
 

 
Fig.21. Evolution of the brine density (square symbols), conductivity (circles), and pH (inset). 

Note: the x axis shows the collected brine samples at each evaporating stage. 
 
The inset in Fig.21 shows the evolution of pH as a function of time during evaporation. After 
a sharp increase when moving from the original brine to the first sample, the pH assumes a 
constant value that lasts until sample L4. Thereafter, a further increase is observed. This 
second period of increase culminates in a local maximum at samples L6 and L7, followed by a 
local minimum at sample L8. Thereafter, a third increase is observed leading to a plateau at 
samples L9 and L10. Likewise to the local extrema in density and conductivity, the different 
regions in the evolution of pH are related to the salt precipitation sequence. 

3.3.2 Mineralogical and morphological composition of the solid phases  

The mineralogical and morphological compositions of the recovered solid salts were analyzed 
by using XRD and FEG-SEM. These analyses indicate the presence of various solid phases in 
each salt sample.  
 
Table 12: Mineralogical composition of the solid salts  
Mineral phase  Sample 
  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 
Thenardite (Then) Na2SO4 X X X X X X X X X X X X 
Mirabilite (Mir) Na2SO4·10H2O  X   X  X  X  X  
Burkeite (Bur) 2Na2CO3·Na2SO4  X X  X X X X     
Hanksite (Han) 9Na2SO4·2Na2CO3·KCl  X X  X  X X X  X  
Gypsum (Gy) CaSO4·2H2O   X  X X X  X    
Anhydrite (An) CaSO4 X   X         
Trona (Tr) Na3(CO3)(HCO3)·2H2O     X X  X X X X X 
Nahcolite (Nah) NaHCO3           X X 
Thermonatrite (Th) Na2CO3·H2O            X 
Soda ash (S) Na2CO3           X  
Halite (Ha) NaCl      X X X     
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Fig.22. Photo and X-ray diffraction (XRD) results for salt sample S1 (Then-Thenardite, An-

Anhydrite).  
 
A typical XRD measurement for salt sample S1 showing several characteristic peaks is shown 
in Fig.22. Analyzing the XRD spectra allowed for an identification of the different solid 
phases in each sample. Table 12 above gives an overview of the identified solid phases. From 
the data, we can identify several precipitation stages. A first stage lasting from sample S1 to S4 
is dominated by the precipitation of sulfates only. More specifically, the XRD of the first four 
samples indicated the presence of the sodium sulfates thernardite and mirabilite, the carbonate 
containing sulfates burkeite and hanksite, as well as the calcium sulfates gypsum and 
anhydrite. The corresponding mother liquors (sample L1 to L4 in Fig.21) assumed a constant 
pH value of 10.7, while the density increased and the conductivity decreased with the brine 
evaporation. 
 
SEM micrographs of the salt samples in this first stage are shown in Fig.23 (S1 to S4). Well 
faceted crystals having either elongated or platelet like shapes together with long tubular 
crystals are seen in sample S1. In addition, similar shapes and sizes are seen in sample S2 
which also contains some smaller less developed structures. By comparing the XRD 
measurements of the first two samples, the additional structures seen in the SEM results of 
sample S2 can be related to the presence of hanksite, burkeite, and mirabilite in this sample. 
By considering the samples S3 and S4, it is observed that the crystal sizes decrease in 
comparison to samples S1 and S2. Moreover, well faceted and elongated crystals together 
with platelets are also found in these samples. 
 
In a second precipitation stage, lasting from sample S6 to S8, sodium chloride crystallizes as 
halite and precipitates together with sulfate minerals. In the physico-chemical parameters of 
the brine shown (Fig.21), this stage is characterized by a strong increase in the liquid density 
combined with a weak decrease in conductivity. The pH value during this second stage goes 
through a local maxima as seen in the inset of Fig.21. Also, SEM micrographs are shown in 



 

34 

 

Fig.23 (S6 to S8). Small hexagonal crystals together with needles and some less well 
developed particles are observed. The typical cube like crystal shape of pure halite was not 
observed. 
 
A third precipitation stage, lasting from sample S9 to S12, is characterized by the formation of 
sodium carbonates precipitating together with sulfates. Several sodium carbonates were 
identified by the XRD measurements, namely trona, nahcolite, thermonatrite, and soda ash. 
The mother liquors at this precipitation stage assumed fairly high densities, i.e. around 1.36 
g/cm3 (see Table 11). This can be explained by the relatively high solubility of the involved 
salts. On the other hand, the conductivity was low while the pH values were larger than 11. 
The SEM micrographs of this last precipitation stage are shown in Fig.23 (S9 to S12). While 
sample S9 still shows many small crystals of various shapes, sample S10 shows few large 
crystals together with some bulky material, identified as thenardite and trona, respectively. 
Sample S11 shows small prismatic crystals together with large indistinguishable crystals, 
which were identified as nahcolite and trona, respectively.   
 
The SEM investigations indicate that burkeite had small grain sizes with an intimate 
intergrowth with the other salt minerals. Furthermore, XRD and SEM studies indicate that the 
precipitation sequence of the mineral salts from the lake brine are in the order of thenardite, 
anhydrite, mirabilite, burkeite, hanksite, gypsum, trona, halite, nahcolite, soda ash, and 
thermonatrite. Furthermore, there is a difference between the mineral salt precipitation 
sequence from the brines of Lake Katwe and that of modern sea water. The path of seawater 
concentrated by evaporation follows the sequence in the order of gypsum, halite, magnesium 
sulfates, and potassium salts (M’nif and Rokbani 2004, Kilic and Kilic 2005).  
 

 
Fig.23. SEM photomicrographs of the recovered salts (S1-S12) during the isothermal 

evaporation experiment. Scale bars = 10µm. 
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3.4 Thermodynamic modeling  

3.4.1 Saturation state of the lake brine 
The thermodynamic solubility calculations demonstrate that the brine of the lake is under-
saturated with respect to the major mineral phases. The saturation indices (SI) of the mineral 
phases are less than 0 with the exception of Nahcolite, a carbonate bearing mineral which is 
slightly saturated in the brines (Fig.24). However, the SI values exceeding 0 do not 
automatically result in a precipitation of a mineral phase, because the precipitation kinetics 
can be very slow. These results indicate that these minerals do not precipitate from the 
solution at the present concentration of the solutes in the brines. Therefore, this implies that 
the brines need to be concentrated many fold before saturation with respect to the soluble salts 
occurs. It is in this context that isothermal evaporation experiments of the lake brines were 
done, in order to ascertain the nature and precipitation sequence of mineral phases dissolved 
in the lake brine. 
 

 

 
Fig.24. Saturation indices for the major mineral phases in Lake Katwe brines as modeled 
using the PHREEQC software and using the database based on the Pitzer’s ion interaction 

model at a concentration factor equal to 1. 
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3.4.2 Evaporation simulations 
The ion composition of Nambawu salt pan brine (Table 10) was entered into the PHREEQC 
code with a starting pH value of 10.2 and a temperature value of 30oC, which represent 
average values for a day at Lake Katwe. The saturation indices of the dissolved mineral 
phases in Nambawu salt pan brine are shown in Fig.25. 
 

 
Fig.25. Saturation indices obtained through the thermodynamic modeling when using the 

brine composition of Nambawu salt pans as input and using a concentration factor equal to 1. 
 
The development of the saturation indices for the most important mineral phases was modeled 
to show which mineral phases dominate in the solution and to estimate the point at which the 
precipitation of certain minerals begin (Fig.26). Although the mineral precipitation from a 
natural brine under an isothermal evaporation is controlled by kinetic and thermodynamic 
factors, it should be noted that only the latter aspect was taken into consideration in the 
modeling. A mineral phase with a saturation index (SI >1) is considered to precipitate until its 
degree of saturation reaches an SI value <1. At a saturation index (SI = 0), the solution is in 
equilibrium with a mineral phase. At each stage of the precipitation, the mineral phase with 
the largest SI value will precipitate. 
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Fig.26. Development of the saturation indices for the major mineral phases with an increased 
evaporation of the brine from Nambawu salt pans as modeled with the PHREEQC software. 

 
The ionic evolution of the brine modeled at different degrees of evaporation is shown in 
Fig.27. It is assumed that the considered mineral phases precipitate from a solution, as soon as 
reaching a positive SI value.  

        
Fig.27. Evolution of the major ion species with an increased evaporation of the brine as 

modeled with the PHREEQC software. Note: the y axis is a log scale. 
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The results show that until an evaporation rate of 10% is reached, sodium, chloride, 
potassium, and sulfate ions show a decrease in concentration. Thereafter, these ions behave 
differently. Sodium and potassium show a conservative behavior during a further evaporation, 
while the chloride and sulfate concentrations decrease further during the later stages of the 
evaporation. The continuous depletion of sulfate and chloride is explained by the continuous 
precipitation of thenardite and halite, respectively. Also, carbonate and bicarbonate ion 
concentrations show a steady increase in concentration with a constant slope. The 
conservative behaviour of these ions indicates that the carbonate and bicarbonate bearing-
mineral phases stay in solution until a high degree of evaporation is reached, due to their high 
solubility in the brines. Moreover, it should be noted that the (HCO3 + CO3) concentration is 
not significantly lowered during the evaporations because of the high alkalinity of the Lake 
Katwe brines. In Fig.28 the results from the geochemical modeling of the mineral evolution 
are shown.  
 
 

 
      

Fig.28. Predicted mineralogical evolution during evaporative concentration of the lake brine 
showing the masses of major mineral salts precipitated as a function of evaporated water. 

 
The results above show that as the evaporation progresses, new mineral species are 
precipitated at the expense of some previously precipitated salts, which are reabsorbed back 
into the solution. Once the least soluble minerals begin to precipitate, a chemical divide is 
created where the composition of the remaining solution changes as minerals are removed 
from the system. Therefore, the solution evolves along a new pathway until the next mineral 
phase reaches a saturation level before a new chemical divide is established (Eugster, 1980). 
In contrast to the other minerals, which are predicted to precipitate from the brine, only 
arcanite, burkeite, glaserite, halite, sylvite, and thenardite were predicted to precipitate with 
halite being the predominant mineral formed. Because of their high solubility in the brine, all 
carbonate bearing minerals contained in the brines remain in solution, even after 60% of the 
water is evaporated. 
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3.5 Evaporative solar salt pan model 

3.5.1 Brine evaporation rates 
The brine physico-chemical parameters were used to determine the analytical evaporation 
rates, which were compared to the experimental rates (Fig.29). The results show that the 
analytical and measured evaporation rates are within the same range with the exception of the 
first four days. This discrepancy is attributed to the uncertainty in the determination of the 
brine physico-chemical properties, the measurement of the meteorological data, the 
characteristics of the evaporation pan model, and the local conditions at the evaporation pan 
site. 
 

       
Fig.29. Evaporation rates as a function of time including both analytical predictions and 

observed data. 
 

A comparison between the theoretical crystallized salt and brine evaporated during the test 
period is shown in Fig.30. The results show that less salt is crystallized compared to the brine 
being evaporated. 
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Fig.30. Mass of evaporated brine and the theoretical crystallized salt value as a function of 
time. 
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3.5.2 Brine temperature variation 
Fig.31 shows the measured and calculated brine temperatures in the salt pan over the test 
period. As can be seen, the peaks depicted in the temperatures correspond to daytime hours 
with an intense insolation while the troughs correspond to night hours with a low insolation. 
In comparison to the measured brine temperatures, the maximum brine temperature predicted 
by the model was 306.9 K compared to 307.4 K. Moreover, the minimum predicted 
temperature was 294 K compared to a measured value of 301 K. The brine temperatures fell 
considerably during the night because the brine layer depth was small which implied that a 
sufficient amount of energy was not stored in the brine. It can also be observed that the model 
temperatures are lower than the measured temperatures, but they follow a similar pattern with 
the exception of the two troughs. The latter are a result of the model iteration at these points 
where the problem is not solved using the set tolerance. However, the differences between the 
measured and predicted brine temperatures could probably be due to the assumption of a one- 
dimensional and time-dependent steady state heat flow in the evaporation pan. Another reason 
for the discrepancy could be due to the difference between the theoretical value of the solar 
radiation in the brine and the experimentally observed value.  

280

285

290

295

300

305

310

0 20 40 60 80 100 120 140 160

Actual_temperature
Model_results

T
em

pe
ra

tu
re

 (
K

)

Time (hours)

Day time hours

Night time hours

 
Fig.31. Comparison between measured and predicted brine temperatures as a function of 

time. 

3.5.3 Effect of brine evaporation losses 

Fig.32 shows the thermal losses due to evaporation and a comparison to the reported solar 
insolation values. The results show that most of the evaporation takes place during the day 
time. During this time, most of the incident solar insolation received by the pan is used for 
evaporation and little energy is stored. This can be explained by the presence of a thin brine 
layer in the present study. A thin brine layer implies a small thermal capacitance and a 
thermal storage capacity, which leads to a shorter response time to a solar insolation (Zhang et 
al., 1993). The brine layer is heated up immediately and the absorbed radiation is used to 
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evaporate the brine immediately. A negative evaporation (condensation) is observed during 
the night, owing to a low ambient temperature and a high relative humidity. This is explained 
by the possibility of the vapour pressure of the water being less than the partial pressure of the 
water in the air, which stops the evaporation or the reversal of the flow of vapour. Moreover, 
it should be noted that some evaporation occurred overnight because of the heat storage in the 
pan. 
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Fig.32. Heat loss due to brine evaporation as a function of time. 

 

3.5.4 Effect of convection 

Fig.31 shows the convection heat rate as a function of time. The results show that the heat loss 
due to convection is dependent on the variation of the onsite wind regimes. It should be noted 
that during the experimental period, the wind regimes at Lake Katwe were intermittent 
ranging from 0 m/s to peak speeds of up to 10 m/s. In addition, the convective heat losses 
increased sharply with increasing wind speeds and this especially observed during the 
daytime. To explain this, some parts of the ground are heated up more than others or are 
shadowed by clouds during the daytime period. This effect leads to a temperature gap, which 
causes movements of air masses expressed as wind. During the night hours, the temperature 
gaps are not wide which imply that the displacement of air is not noticeable. Hence, the 
convective losses are low. However, there is convective heat loss during the night as the 
ambient temperatures are lower than during daytime.  At night, most of the energy stored by 
the brine is most likely to be lost by convection and radiation rather than by evaporation.  
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Fig. 33. Heat loss due to convection and the observed wind speeds as a function of time 

3.5.5 Effect of heat flow rate from the ground (pan base)  

Fig.34 shows the variation of the heat gain from the ground with time. The average soil 
temperature at this locality was higher than the brine temperature, which resulted in a net heat 
gain in the pan.  
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Fig.34. Variation of heat gain from the ground with time 
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The heat gain to the pan from the ground can be explained in relation to the absorptance of the 
soil surface. An increment in the absorptance of the soil surface of the evaporation pan 
intensifies the evaporation process. It has been demonstrated by Zhang et al., 1993 that the 
soil absorptance plays a significant role on evaporation rates for a thin brine layer. In a salt 
pan with a thin brine layer, the fraction of solar radiation absorbed by the brine layer is very 
small. Hence, most part of it is absorbed by the soil surface. On the other hand, when the 
brine layer is deep, most of the solar radiation is absorbed by the brine. Hence, the fraction of 
solar radiation reaching the soil surface of the salt pan is small.  

3.5.6 Radiation effect 
Fig.35 shows the thermal heat variation with time. The pan surface radiated heat to the 
surroundings because the sky temperature was always higher than the brine temperature. This 
was more pronounced at night when the brine temperatures were significantly higher than the 
sky temperature. At this locality, which is semi-arid, the skies are open during the night. This 
leads to a drop in the sky temperature during the night and to an increment during the day. 
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Fig.35. Thermal heat variation with time in the pan. 
 

3.5.7 Solar energy gain variation with time 
Fig.36 shows the solar energy gain variation with time. The solar radiation incident on the 
brine surface was highest during the daytime between 1200 and 1500 hours, when the 
sunshine is most intensive, the ambient temperature highest and the relative humidity lowest 
in comparison to the peaks. The low values close to zero correspond to night hours with a low 
ambient temperature and an insolation.  
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Fig.36. Solar energy gain variation with time 
 

3.6 Solid-liquid equilibrium in Lake Katwe brine systems 

3.6.1 NaCl-Na2SO4-H2O system 
The experimental and calculated solubility data for the system are presented in Fig.37. As can 
be seen, there is a good agreement between the experimental and calculated results. The 
average deviation between the experimental solubilities and the calculated values is around 
11%. The solid-liquid equilibrium behaviour of this ternary system at 303 K shows a 
possibility of the precipitation of three different stable solid phases in contact with the 
aqueous solution. These phases are the following: sodium chloride (halite), sodium sulfate 
(thenardite), and hydrated sodium sulfate (mirabilite). The comparison of the available 
solubility data for the ternary system in the temperature range between 288 to 323 K and the 
data for the present work at 303 K is shown in Fig.38. The patterns for the solubilities differ at 
different temperatures. It is observed that the formation of mirabilite and thenardite in the 
ternary system is dependent upon temperature changes. At lower temperatures, previous 
investigations (Nicolaisen et al., 1993) have shown that only solid halite or solid mirabilite 
may be formed in this system. A further increment in temperature to about 290.9 K may cause 
a precipitation of a third salt type, namely thenardite (Sidell and Linke, 1965). If the 
temperature is increased further to over 323 K, only a formation of the two different solid 
phases halite and thenardite occurs. Moreover, mirabilite is the stable solid phase in the binary 
system Na2SO4-H2O. An addition of NaCl lowers the activity of H2O and hence stabilizes the 
thenardite phase.  
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Fig.37. Experimental and calculated solid-liquid phase diagrams for the NaCl-Na2SO4-H2O 
system, Temperature = 303 K. 

 

 
Fig.38. A comparison of the solid-liquid phase diagrams for the NaCl-Na2SO4-H2O system at 
different temperatures. The experimental data from the literature are taken from Seidell and 

Linke, 1965. 

3.6.2 NaCl-KCl-H2O system 
The experimental and calculated solubility data values for the system are presented in Fig.39. 
The average deviation between experimental and calculated solubility data is around 8%, 
which is considered to be a good agreement. Moreover, the results show that there is no 
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formation of salt hydrates or double salts in this system. Also, a comparison of the 
experimental solubility data from the present work with reported literature data in the 
temperature range from 293 to 353 K is shown in Fig.40. The patterns for the solubility data 
at different temperatures are similar. There is a formation of only two stable phases; halite and 
sylvite in the ternary system. The system contains one invariant point (a eutonic point). 
Moreover, the solubilities in this system increase with a rising temperature. 
 

 

Fig.39. Experimental and calculated solid-liquid phase diagrams for the NaCl-Na2SO4-H2O  
system, Temperature = 303 K. 

 

 

Fig.40. A comparison of the solid-liquid phase diagrams for the NaCl-KCl-H2O system at 
different temperatures. The experimental data from the literature are taken from Seidell and 

Linke, 1965. 
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3.6.3 Na2SO4-K2SO4-H2O  system 
The experimental and calculated solubility data for the system are presented in Fig.41. The 
results show a satisfactory agreement between the experimental and calculated solubility data 
with an average deviation of around 28%. The larger deviations of around 40% between the 
experimental and calculated data on the thenardite rich side can be explained by the less 
reliable thermodynamic data for the mineral phases in the Pitzer.dat database as well as by 
experimental uncertainties in the measurements. A comparison of the experimental data from 
the present work with available literature data for temperatures between 298 to 328 K is done 
(Fig.42). The results show that a formation of three stable solid phases, arcanite, glaserite, and 
thenardite occurs over this temperature range. Note, that no hydrates are formed in this 
system. 
 

 
Fig.41. Experimental and calculated solid-liquid phase diagrams for the Na2SO4-K2SO4-H2O 

system, Temperature = 303 K. 

 
Fig.42. A comparison of the solid-liquid phase diagrams for the Na2SO4-K2SO4-H2O system 

at different temperatures. The experimental data from the literature are taken from Seidell and 
Linke, 1965. 
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3.6.4 KCl-K2SO4-H2O system 
The experimental and calculated solubility data for the system are presented in Fig.43. The 
average deviation between the experimental and calculated solubility data is around 8%, 
which is considered to be a good agreement. At this investigated temperature, it is observed 
that there is formation of two stable solid phases in equilibrium with the aqueous solution 
namely; arcanite and sylvite. The experimental solubility data for this system at 303 K is 
compared with literature data for the temperatures between 288 to 343 K (Fig.44). The 
solubility pattern shows similarities at different temperatures. Specifically, the component 
solubility increases with an increased temperature. The results also show a 9% average 
deviation between the experimental data at 303 K reported from the present work in 
comparison to the experimental solubilities given by Seidell and Linke, 1965. This is 
considered to be a good agreement. Hence, this shows that the isothermal synthetic method is 
consistent and reliable in determining the solid-liquid equilibrium data in aqueous systems. 
Moreover, a comparison with reported literature data shows that there is no formation of salt 
hydrates or double salts in this system for a temperature range from 273 to 373 K.  
 

 

Fig.43. Experimental and calculated solid-liquid phase diagrams for the KCl-K2SO4-H2O 
system, Temperature = 303 K. 
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Fig.44. A comparison of the solid-liquid phase diagrams in the KCl-K2SO4-H2O system at 
different temperatures. The experimental data from the literature are taken from Seidell and 

Linke, 1965. 
 

3.7 Dissolution kinetics 
3.7.1 Characterization of the crust sample  
The chemical composition of the particle size fractions of the original halite mineral crust 
used in the present work is given in Table 13. As seen, the material is mainly composed of 
Na, S, and Cl with other elements. The difference in the chemical composition of the particle 
size fractions can be explained by the presence of small quantities of gangue minerals in the 
different size fractions. Moreover, a representative SEM micrograph of a sample of the 
smallest size fraction is shown in Fig.45. 
 

 
Fig.45. SEM micrograph of the -150+75 µm sample used in the present study 
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Table 13: Elemental analysis of the particle size fractions, mg/kg. 
Element Particle size (µm) 

-150+75 -212+150 -300+212 -425+300 
Al 1,250 800 742 715 
As 0.313 0.198 0.224 0.324 
Ba 25.7 19.1 20.3 19.9 
Ca 3,270 1,450 1,680 1,530 
Cd 0.0107 <0.01 <0.01 <0.01 
Cl 17,000 15,000 13,100 12,100 
Co 0.999 0.672 1.38 0.604 
Cr <10 <10 <10 <10 
Cu 6.66 5.56 4.14 6.27 
Fe 4,320 1,450 1,680 2,560 
Hg <0.04 <0.04 <0.04 <0.04 
K 4,320 4,020 3,600 3,490 
Mg 3,710 2,910 2,110 2,560 
Mn 50 35.6 28.8 45.2 
Na 391,000 368,000 386,000 378,000 
Nb <5 <5 <5 <5 
Ni 3.05 2.17 3.23 2.5 
P 500 211 231 264 
Pb 0.616 0.41 0.506 0.357 
S 32,600 36,500 43,900 47,500 
Sc <1 <1 <1 <1 
Si 7,380 5,960 4,980 5,650 
Sr 105 61.3 57.6 60.6 
Ti 275 151 134 158 
V 4.95 3.58 2.38 3.27 
W <0.4 0.53 0.386 0.422 
Y <2 <2 <2 <2 
Zn 13.1 12.8 8.05 4.31 
Zr 8 6.32 6.26 7.05 

3.7.2 Effect of reaction parameters on the halite dissolution rate 
The dissolution rate of halite was investigated as a function of time by varying the different 
reaction parameters. The effect of particle size was investigated using four particle size 
fractions: -425 +300, -300 +212, -212 +150, and -150 +75 µm, respectively (Fig.46). The results 
show that the dissolution rate increases with a decreasing particle size. This can be explained 
by an increment in the particle surface area. Specifically, finer particles have a high contact 
surface area in relation to the volume ratio which increases the reaction rates when being in 
contact with a solution. Moreover, according to the Gibbs-Thomas equation, finer particles 
have a relatively higher solubility than the larger particles (Mullin, 1992). 
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Fig.46. Effect of particle size on the dissolution rate (Temperature: 313 K; Agitation 

speed: 130 rpm; solid-to-liquid ratio: 12 g/250 mL). 
 
The effect of the temperature on the dissolution rate was investigated in the temperature 
interval 303 to 323 K, as shown in Fig.47. As can be seen, the higher the reaction 
temperature, the faster the dissolution rate. Moreover, raising the temperature of the reactants 
speeds up a chemical reaction since the activation energy is reached. This is also expected 
from the exponential dependence of the rate constant in the Arrhenius equation. See equation 
28. 
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Fig.47. Effect of temperature on the dissolution rate (Particle size: -150+75 µm; Agitation 
speed: 130 rpm; solid-to-liquid ratio: 12 g/250 mL). 

 
Experiments were carried out at 120, 130, and 140 rpm agitation speeds to observe the effect 
of agitation on the dissolution rate (Fig.48).  
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Fig.48. Effect of agitation speed on the dissolution rate (Particle size: -150+75 µm; 
Temperature: 313 K; solid-to-liquid ratio: 12 g/250 mL). 

 
The results plotted in Fig.48 show that the dissolution rate increases with an increased 
agitation speed. An increase of the agitation speed causes a decrease in the thickness of the 
fluid boundary layer in the vicinity of the particles, which in turn increases the dissolution 
rate. The dependence of the agitation speed on the dissolution rate implies that diffusion 
rather than surface reaction may be the rate-controlling step in this dissolution reaction. The 
effect of the solid-to-liquid ratio was investigated by performing experiments using four 
different solid-to-liquid ratios in the range of 4/250-16/250 g/mL as shown in Fig.49. The 
results show that the dissolution rate decreases as the solid-to-liquid ratio increases. This 
situation is explained by the reduction in the driving force for mass transfer from the particle 
surface to the bulk of the solution. 
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Fig.49. Effect of solid-to-liquid ratio on the dissolution rate (Particle size: -150+75 µm; 
Temperature: 313 K; Agitation speed: 130 rpm). 
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3.7.3 Kinetic analysis 
The reaction rate between a solid and a fluid can be expressed by homogeneous and 
heterogeneous models, as noted by Levenspiel, 1999. The heterogeneous model assumes that 
the reaction rate may be controlled by diffusion through the fluid film, by diffusion through 
the ash or product layer, or by a surface chemical reaction. Moreover, the model assumes that 
the dissolution occurs at the outer surface of the unreacted particle. As the reaction proceeds, 
the unreacted core of the particle shrinks, which leaves behind a layer of leached material 
(Demirkiran and Künkül 2008). For spherical particles, the dissolution rate equations for each 
of the control mechanisms can be written as follows: 
 

 (film diffusion control),                                       (22) 

                 (chemical reaction control),                                                       (23)         

                          (product layer diffusion).                                (24) 

 
In addition, the homogeneous reaction model assumes that the reactant fluid enters the solid 
particle and reacts throughout the particle at all times. The rate equations for these control 
mechanisms can be written as follows: 
 

                  (first order pseudo homogeneous model),                                 (25) 

                      (second order pseudo homogenous model),                             (26) 

                    (Avrami model).                                                                       (27) 

where x is the fraction dissolved, k is the reaction rate constant, and t is the dissolution time.  
 
The experimental data was applied to the above models to determine the rate controlling step 
and the kinetic parameters of the dissolution process. The data did not fit to the film diffusion 
control, the product layer diffusion control, and the chemical reaction control models (Fig. 
50). Therefore, it was concluded that the shrinking core model is not valid for the description 
of the dissolution process. Moreover, the data did not fit the first and second order pseudo 
homogeneous models (See Fig. 51). 
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Fig.50. Kinetic analysis using the shrinking core model (Temperature: 313 K; Particle size -
150+75 µm: Agitation speed: 130 rpm; solid-to-liquid ratio: 12 g/250 mL). The figure shows 

the left hand side of Eq. (22), (23), and (24) plotted vs. time. 
 

 
Fig.51. Kinetic analysis using the first and second order pseudo homogeneous models 

(Temperature: 313 K; Particle size -150+75 µm: Agitation speed: 130 rpm; solid-to-liquid 
ratio: 12 g/250 mL). The figure shows the left hand side of Eq. (25) and (26) plotted vs. time. 

 
The Avrami model predictions were found to have a satisfactorily good agreement with the 
experimental data, with R2 values of 0.9731 for the temperature, 0.9716 for the particle size, 
0.9208 for the solid to liquid ratio, and 0.9127 for the agitation speed. Therefore, this model 
can be used to adequately describe the kinetics of the studied dissolution processes. The plots 
of  against  displayed linear relationships for temperature, particle size, 

agitation speed, and solid-to-liquid loading are shown in Fig.50. The dissolution rate constants 
for the Avrami model examined at different process variables were calculated from the plots 
in Fig.52. Also, these values and their corresponding correlation coefficients are presented in 
Table 14. The results showed that the temperature and particle size are the most effective 
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parameters of the dissolution process, with the highest average correlation coefficient values 
of 0.9731 and 0.9716, respectively. 
 
 
 

 

Fig.52. Variation of  as a function of    at different reaction temperatures 

(A), particle sizes (B), solid to liquid ratios (C), and agitation speeds (D). The experimental 
data are the same as presented in Fig.48. 
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Table 14: Dissolution rate constants and their correlation coefficients, fitted by using the  
Avrami model. 

 

 

3.7.4 Activation energy 
To estimate the activation energy of the dissolution process, the Arrhenius equation 
expressing the temperature dependence of chemical reactions was used: 
 

                                                                                                            (28) 

 
From the apparent rate constants given in Table 14, the Arrhenius plot of  lnk against 1/T  was 
generated. The results showed a linear relationship, as seen in Fig.53. The slope of this line 

gives the value of  ratio and the intercept . Also, the apparent activation energy of 

the dissolution process was calculated to be 33.3 ± 3.6 kJ/mol and the frequency factor was 
calculated to be 1.5 x 105 min-1. It is reported that the typical activation energy for a diffusion 
controlled mechanism is <40 kJ/mol, while the activation energy for a chemically controlled 
process is >40 kJ/mol (Veibel, 2004; Espiari et al., 2006, Demirkiran, 2008). Based on the 
calculated activation energy value, it can be concluded that diffusion control is the rate 
determining process in the current dissolution process. However, it should be noted that 
Olanipekun, 1999 has shown that some diffusion-controlled reactions can have unexpectedly 
higher activation energies >40 kJ/mol. 
 
 

),exp( RTEkk ao 

REa ok

Parameter n k (min-1) R2 
Temperature (K)    
303 0.3437 0.2824 0.9833 
313 0.3062 0.4065 0.9691 
318 0.2507 0.4832 0.9612 
323 0.1828 0.6602 0.9786 
Particle size  (µm)    
-150+75 0.3062 0.4065 0.9691 
-212+150 0.5170 0.1021 0.9557 
-300+212 0.5427 0.0743 0.9671 
-425+300 0.5748 0.0446 0.9943 
Solid to liquid ratio (g/250 mL)    
4 0.4769 0.4352 0.9007 
8 0.2791 0.5219 0.9696 
12 0.3062 0.4065 0.9691 
16 0.2385 0.3163 0.8437 
Agitation speed (rpm)    
120 0.3062 0.4065 0.9691 
130 0.2590 0.5070 0.9668 
140 0.0737 0.8527 0.8022 
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Fig.53. Arrhenius plot of lnk as a function of 1/T. 
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4.  DISCUSSIONS 

The extraction of salts from brine is generally considered to be similar for most operations. 
Differences may exist due to local factors, but the amount, quality, and nature of salts 
produced depends on the chemical composition of the initial solution and any processing 
methods that may be applied. The results of the analyzed brines from Lake Katwe over two 
sampling periods show that they may be characterized as Na-Cl types enriched in  K+, SO4

2-, 
CO3

2-, and HCO3
- (Supplements II and III). This is a typical composition found in sodium 

carbonate lakes. In general, brines of this kind are typically found in marine and deep ancient 
ground waters. While Lake Katwe surface brines are rich in Na+, K+, Cl-, SO4

2-, CO3
2-, and 

HCO3
-, earlier studies have reported that the deeper brines are depleted in K+, Cl-, and Br- 

(Arad and Morton, 1969). Such brines were probably trapped when the evaporites around 
them were precipitated. Such features of their composition reflect earlier stages in the 
evolution of the present lake brine composition. Over the years, mixing and diffusion factors 
have brought their compositions much closer to the surface brines. Also, the low 
concentration of calcium and magnesium in the brine is attributed to the precipitation of 
carbonates and sulfates. In addition, weathering and biological activity produces a CO2 

charged water and thus a carbonate and a bicarbonate brine. 
 
Considering the source of ions in the lake, the salts in Lake Katwe brines were presumably 
precipitated by evaporating brines. These may have been juvenile brines, or the result of 
groundwater leaching salts from the nearby volcanic tuffs or a combination of the two. 
Carbonate lakes are the most stable naturally occurring alkaline environments, for which pH 
values of 10 and above are common. These environments are characterized by large amounts 
of carbonates (sodium carbonate, or complexes of this salt), which are formed primarily by 
evaporative concentration (Grant 1992; Grant and Jones, 2000). Other salts, especially sodium 
chloride, may be concentrated due to evaporation which leads to the formation of alkaline 
saline lakes. Likely explanations for the alkalinity of such lakes were reviewed by Hardie and 
Eugster (Hardie and Eugster 1970; Eugster and Hardie 1978). These theories assume a 
contribution of Na2CO3 via pleistocene volcanism, i.e. soda-rich lava as observed in the 
southern part of the East African Rift Valley (Eugster 1970). This factor plays a crucial role in 
determining the amounts of Ca2+ and Mg2+ in the surrounding geological areas. Considering 
these species in solution, i.e. a brine containing Na+, Ca2+, Mg2+, CO3

2- and (due to the 
carbonate equilibrium) HCO3

-, it occurs that the evolution of the brine and the sequence of 
precipitation is primarily a function of the HCO3

-/(Ca2+ + Mg2+) ratio (Eugster and Hardie, 
1978). In this context, brines which are high in Na+, Cl-, and HCO3

- /CO3
2- will evaporate. 

Moreover, if the concentration of HCO3
-/CO3

2- greatly exceeds that of any Ca2+ and Mg2+ 
ions, these cations precipitate as insoluble carbonates. This leaves behind an alkaline brine 
that develops as a consequence of a shift in the CO2/HCO3

-/CO3
2-/OH- equilibrium towards 

CO3
2-. Hence, this causes a development of carbonate lakes with pH values over 9 (See 

Fig.54). In the presence of significant amounts of Ca2+ and Mg2+, a buffering occurs by the 
constant removal of alkaline carbonates. This, in turn, leads to neutral hyper-saline lakes such 
as the Great Salt Lake. Furthermore, in the case of very high Mg2+  levels, it leads to the 
formation of a slightly acid, hyper-saline lake. One example is the Dead Sea, where the 
acidity is generated by the chemistry of precipitation of Mg minerals. It should also be noted 
that the alkaline lake development is dependent on low levels of Ca2+ and Mg2+. Also, neutral 
lakes develop where Ca2+ and Mg2+ levels are high. High Mg2+ lakes are more acidic, which is 
due to reactions involving sepiolite precipitation (Grant 2004). 
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Fig.54. Schematic representation of the genesis of saline and alkaline lake brines. The center 

box indicates the leaching of minerals by CO2-charged waters.  

The Katwe-Kikorongo volcanic region, in which Lake Katwe and other similar saline lakes 
lie, is a semi-arid tropical zone where volcanic and tectonic activities have created a series of 
shallow depressions. These depressions are closed with no outflow. Thus, the ground water 
mainly from the saline and freshwater springs that flow from the surrounding areas has been 
collected to form semi-permanent standing bodies of water. In these areas, high rates of 
evaporation exceed the inflow. Hence, mineral salts are accumulated by an evaporative 
concentration (Jones et al., 1994). Moreover, the prevailing hot and dry climatic conditions 
strengthen the evaporation crystallization trends, as observed from the Gibbs plots (Figs 15 
and 16). As a result of evaporation in these regions, a saturation of the alkaline earth cations is 
rapidly achieved. The concentration of ions results in Na+, Cl-, and HCO3

-/CO3
2- as the major 

ion species in solution. In addition, the total salinity varies based on seasonal factors as shown 
in Supplement III.  

There is no doubt that similar to what is found in the majority of saline lakes, carbonate lakes 
harbor a significant proportion of micro-organisms. Such organisms occur in brines which are 
poor in Ca2+ and Mg2+ ions. These micro-organisms grow optimally or very well at pH values 
above 9 and they often have a pH optima for growth around 10. However, they show little or 
no growth at near neutral pH values. This also explains the green and dark pinkish-red colour 
of the brines from Lake Katwe. Moreover, the halophilic content in the lake and salt pan 
brines was reported to have values of 1.4 x 102 and 1.3 x 103 CFU/ml with a Total Plate Count 
of 8.4 x 102 and 1.7 x 102 CFU/ml, respectively. 

The chemical analysis of the crude salt samples shows that halite is the major mineral phase 
in the salt samples (Supplement III). This is in accordance with results from Morton (1969), 
who reported the following average proportion of halite:  92% in grade 1, 64% in grade 2, and 
65% in grade 3. Moreover, the salts from Lake Katwe are made up of mixed products of a 
generally low quality as compared to the standard requirements for food grade salts (Codex, 
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2006). This also agrees with the results of the mineralogical analysis of the salts by XRD 
studies (Figs 17, 18, and 19). Thus, there exists a need to improve the quality of the crude 
salts through an appropriate technological intervention in the present extraction process. 
According to the international Codex legislation (2006), the available standards for the 
maximum tolerated amounts of trace metals in salts are 0.5 mg/kg of As, 0.1 mg/kg of Cd, 2 
mg/kg of Cu, 2 mg/kg of Pb, and 0.1 mg/kg of Hg. From the present investigation, the results 
(Table 9) indicate that the concentration of toxic trace metals in Lake Katwe salt grades are 
well below the maximum limits. This is with the exceptions of Hg and Cu, which have 
concentrations of 0.118 and 2.48 mg/kg in salt samples (G-1) and (G-2), respectively. Thus, 
the refinement of Hg and Cu in the salts needs to be addressed in the future.  
 
In relation to the morphology of the crude salts from the SEM studies (Fig.20), it is observed 
that it varies considerably even within the same grade. The variation in composition within 
the salt grades is due to the presence of a number of different salts. This was also confirmed 
by Morton (1969) in an investigation where a sample chemical analysis of the crude salt 
grades sampled from different locations of the lake was done. In that study, the sodium 
chloride content within each salt grade was varied. In salt grade 1, NaCl was reported as 
94.62, 93.94, and 88.08 %, respectively. In salt grade 2, it was reported as 50.6, 75.42, and 
66.37%, respectively. In salt grade 3, it was reported as 77.50, 58.59, and 55.78%, 
respectively. 
 
The concentration and behaviour of the trace elements in the lake brine are controlled by 
several factors, which can be related to the brine chemistry and the geological setting of the 
region. The high concentration of I in the lake is likely due to its high geochemical mobility. 
The concentrations of Sr and Si can be related to the high concentration of carbonates in the 
brines. In general, the carbonate concentrations promote silicate dissolution (Jones et al., 
1977). The same also applies to Cd and Zn, which can be associated with sediments rich in 
carbonates such as those found at Lake Katwe. For other elements, such as Mn, Pb, Cu, Co, 
and Ni, the major factor in their enrichment in the lake is due to the formation of stable 
chloride complexes which prevent their removal from the sediments. According to Ntale et 
al., 2004, the existence of Pb in Lake Katwe can also be explained by a lead complexation as 
a result of the presence of natural inorganic ligands that exist in Lake Katwe. Furthermore, the 
chloride content in the lake also increases the metal solubility since it enhances the formation 
of soluble chloro-complexes of some trace metals. The high concentration of B in the brines 
may also indicate high concentrations of borax. However, this was not detected in the present 
study. Since the lake has no outlet, it is also probable that the bottom sediments have a great 
potential of serving as a sink for the trace metals in the salt lake basin. Also, Olubunmi and 
Olorunsola (2010), has reported that the mobility of heavy metals depends not only on the 
total concentration in the sediments but also on the soil or sediment properties, metal 
properties, and environmental factors.   
 
The chemical characterization of a sediment sample from the salt lake is compared to the 
recommended sediment quality guideline values in Table 15. As can be seen, the 
concentrations of the trace elements in the Lake Katwe sediments are lower than the values 
recommended in the Consensus-Based Sediment Quality Guidelines (Wisconsin Department 
of Natural Resources, 2003). This is true with the exception for Cr, which has a concentration 
of 59.8 mg/kg but the allowable limit is 43 mg/kg. 
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Table 15: Trace element concentration (mg/kg) in a sediment sample from Lake Katwe 
compared to the recommended allowable limits  

Element Concentration Allowable limits 
Ag <0.04 1.6 
As 0.702 9.8 
Cd 0.0478 0.99 
Cr 59.8 43 
Cu 18.3 32 
Fe 18,500 20,000 
Pb 2.87 36 
Mn 337 460 
Hg 0.178 0.18 
Ni 17.6 23 
Zn 22.6 120 

 
Physico-chemical processes including the solubility or deposition of various salts in brines are 
known to be determined by the ionic composition of the brine solutions (Krumgalz and 
Millero, 1989). Since the early experimental works of Van’t Hoff, scientists have, as a 
common practice, compared the results of natural brine ion analyses with calculated saturation 
levels in order to obtain information about mineral precipitation and dissolution in natural 
brines. Moreover, the semi-empirical approach developed by Pitzer and his co-workers 
(Pitzer, 1973) has allowed for estimations of mineral salt saturation in very concentrated 
electrolyte solutions including hyper saline brines. Considering Lake Katwe brine, the over-
saturation of nahcolite can be explained by a high concentration of solutes in the brine, where 
the ion activity product exceeds the solubility product of nahcolite. The results of the 
modeling of the mineral phases in PHREEQC can also be compared to the results of the 
mineralogical analysis of the rock crust sample G-3 (Supplement III). The lake brines are 
clearly under-saturated with regard to some detected mineral phases such as arcanite, 
burkeite, gypsum, glaserite, halite, natron, thenardite, thermonatrite, and trona (Fig.25). The 
strongly negative saturation indices of these mineral phases, as calculated using PHREEQC 
do not reflect the mineralogical results reported by XRD (Figs 17, 18, and 19). The reason 
could be the uncertainty of the stoichiometric calculation of the mineral phases from the 
chemical element concentrations. The possible cause of the under-saturation of the lake brines 
could probably be due to dilution from water inflows coming from a number of fresh water 
springs around the lake. Moreover, due to the differences in the precipitation and evaporation 
patterns across the lake. 
 
When considering the recovery of mineral salts from brine, the first step is the evaporation of 
the solution where different salts precipitate stepwise according to their solubility product as 
was performed in Supplement IV. This gives a rough understanding of the processes that occur 
during the evaporation of the brine. The results from the evaporation simulations in 
Supplement V indicate that glaserite, thenardite, and halite are slightly over-saturated in the 
original brine solution. Hence, they have higher saturation indices (SI>0). This also explains 
the existence of these minerals in the salts from the mineralogical analysis. The precipitation 
of these mineral salts is dominant during the concentration of the brine. The evaporation 
simulations also show that the composition of the brine during concentration is controlled 
primarily by the precipitation of sulfates and chlorides. The saturation indices of the carbonate 
salts reduce during the evaporation and do not even reach saturation (Fig.24). This implies 
that most carbonates have very high solubilities in the brine. This is also observed from the 
conservative behavior of CO3

2- and HCO3
- ions in solution during the progressive evaporation 
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of the brines (Fig.27). Their concentrations show a steady increase with the brine evaporation 
with a constant slope. Hence, the modeling results agree with the laboratory evaporation 
experiments. 
 
The mineralogical analysis of the recovered salts in Table 12 could not detect some of the 
mineral phases, as observed from the model calculations in Fig.26. Minerals predicted to 
form, but not observed experimentally may be present in minor amounts possibly not 
detectable using XRD. Moreover, it should be noted that the model calculations in 
Supplement V only considered ideal thermodynamic conditions which do not exist in a natural 
setting. Under natural conditions, the influence of kinetic factors and the formation of over-
saturated solutions may explain the delayed precipitation of some minerals or their absence 
from solution. 
 
According to the numerical model of the evaporative solar salt pan, an intensification of the 
brine evaporation for improved salt productivity is enhanced essentially by the difference in 
the humidity ratio of the ambient air and the saturated air at the brine surface. Therefore, for a 
given time step, an increment in the brine evaporation rate can be achieved by: (1) heating of 
the brine to promote a decrease in the latent heat of vaporization and hence an increase of the 
saturated vapour pressure at the brine temperature, (2) an increment in the convection heat 
transfer coefficient, which increases the air flow velocities over the air/brine contact layer, 
and (3) a reduction of the relative humidity implying a proportional increase of the saturated 
vapour pressure through the heating of air. In regard to the present traditional solar salt 
extraction process at Lake Katwe, it is characterized by low productivities due to the 
dependence on daily ambient temperature and prevailing winds. Thus, a further enhancement 
in the brine evaporation rate is required to improve the thermal efficiency and overall 
performance of the salt pans. A strategy for using a concentrated thermal energy system 
coupled with the salt pan was proposed and discussed in supplement VI. 
 
A comparison between the brine evaporation flux resulting from the enhanced system and the 
present traditional methods over time is presented in Fig.55. The average evaporation flux 
from the traditional system is about 0.02 kg/m2-hr, while that of the enhanced system is about 
1.68 kg/m2-hr. This corresponds to a brine temperature increment from 30oC to 50oC. The 
analysis in Supplement VI shows that brine evaporation is increased with the implementation 
of concentrated solar thermal systems as compared to the natural process. The increment in 
the evaporation flux implies a reduction in the number of days for the crystallization process 
and an improved productivity. The added heat would provide evaporation even during periods 
where a simple solar radiation does not suffice. Moreover, it should be noted that the brine 
temperature increment in the salt pan is accompanied by an increment in the thermal energy 
losses. 
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Fig.55. The evaporation rates of the enhanced system versus the conventional system. 

 
In relation to the kinetics of the dissolution/leaching of natural halite from Lake Katwe 
(Supplement VIII), the results showed that the Avrami model produced the best fit with the 
experimental data (R2 = 0.9127-0.9731). Hence, it was found to be the most suitable model to 
describe the dissolution process. Furthermore, by considering the activation energy of the 
reaction mechanism, it was showed that the interface transfer and diffusion across the leached 
support layer affects the rate of the dissolution reaction. Overall, it was found that the 
temperature and particle size are the most effective parameters of the dissolution process with 
the highest correlation coefficient values of 0.9731 and 0.9716, respectively (Table 14). 
Therefore, this implies that the dissolution rate of the natural halite from the lake deposit can 
be improved by increasing the temperature and by decreasing the particle size. Moreover, 
according to Aydogan et al., 2007b, it has been demonstrated that diffusion-controlled 
processes are characterized by having a slight dependence on the temperature, while 
chemically controlled processes are strongly dependent on the temperature. The reason for 
this occurrence is based on the fact that the diffusion coefficient, D, is linearly dependent on 
the temperature, T, according to the Stokes-Einstein equation formulated as D=kT/6ΠρRH. 
However, the chemical velocity constant, k, is exponentially dependent on the temperature, 
formulated as k=Ae-Ea/RT. In comparison to other halite dissolution kinetics studies, the 
activation energy calculated from the present study slightly differs from that of Alkattan et al., 
1997 who reported activation energy values in the range of 16 ± 4kJ. Their study investigated 
the dissolution rates from the weight loss of halite disks dissolved in a NaCl solution. Also, it 
should be noted that the disks were produced from a pure analytical grade NaCl powder. 

Although a number of techniques are available to improve the quality of the extracted salts, it 
is important to propose measures within the context of the characteristics of the raw materials 
from Lake Katwe. Based on the study results, the following steps are proposed: (a) a 
dissolution/leaching of the raw salts in water at a given temperature, (b) a filtering of the 
leaching solution after a time step, (c) an addition of a precipitant to remove impurities from 
the filtrate, and (d) a stepwise evaporation crystallization of the filtrate to obtain high purity 
salt products. 
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5.  CONCLUSIONS 

The main objective of the present work was to contribute to the improvement of the salt 
extraction from Lake Katwe raw materials for the domestic and commercial industry in 
Uganda. Based on the study findings, the following conclusions can be drawn: 

 Results from the field studies revealed that salt production is still a major economic 
activity in the area, despite the low qualities and limited production rates. A good 
number of the local population earns their living as key-players in the traditional salt 
extraction industry. However, with more technological interventions, the salt raw 
materials have the capabilities of meeting the salt needs of the commercial and 
domestic industry in Uganda; 

 The characterizations of the salt lake raw materials reveal that the lake brine is hydro-
chemically of a carbonate type, highly alkaline, and rich in Na+, K+, Cl-, SO4

2-, and 
CO3

2- + HCO3
- ions. Moreover, the brine contains trace amounts of Mg2+, Ca2+, Br-, 

and F- ions. Also, the lake brine is under-saturated with respect to the major dissolved 
mineral salts and is classified as being an intermediate water between the Na-Cl and 
Na-HCO3 water types; 

 The evolution of the lake brine chemistry and precipitates with an increasing 
evaporation is a function of the HCO3

-/(Ca2+ + Mg2+) ratio. The inflow with a high 
HCO3

-/(Ca2+ + Mg2+) ratio produces an alkaline brine, which is  rich in Na+-CO3
2--Cl--

SO4
2-. The evaporative-crystallization is the main mechanism controlling the evolution 

of the Lake Katwe brine; 
 The crude salt products from the lake deposit indicate a strong presence of Na and Cl 

(70-90% in the salt grades) alongside with other impurities present in significant 
quantities. This presents a great challenge in the current mining and processing of salts 
from the lake brines. The salts are generally low in K, Ca, and Mg. Overall; the salts 
do not meet the required standards of a 97% NaCl content. Also, the quality of the 
salts varies even within the same grades;  

 The mineralogical and morphological analyses of the evaporites indicate that they are 
mainly composed of halite, but they also contain other salts such as hanksite, burkeite, 
trona etc;  

 As the natural brine undergoes a concentration through evaporation, the potential for 
saturation of the dissolved mineral constituents increases and solid minerals 
precipitate from the solution. The results showed that besides halite, Lake Katwe has 
the potential to produce other salts of great economic value. These include thenardite, 
anhydrite, mirabilite, burkeite, hanksite, gypsum, trona, nahcolite, soda ash, and 
thermonatrite;  

 The mineral assemblage of the salts precipitating from the lake brines indicates that 
they follow the sequence; sulfates→chlorides→carbonates. This result differs from 
that of modern sea water. During the evaporative concentration process, the brines 
become enriched in Na+, K+, and HCO3

- + CO3
2-. Also, the Cl- and SO4

2- 
concentrations are lowered due to a precipitation of halite, thenardite, sylvite, 
glaserite, arcanite, and burkeite; 

 A combination of Pitzer’s ion-interaction model results and the experimental data 
provided a valuable insight into the thermodynamic conditions of the brine during 
evaporation. A good agreement between theoretical and experimental investigations of 
the mineral solubilities in the lake brine systems was observed with an average 
deviation ranging between 8-28%. An understanding of the sequence of salt 
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precipitation from the brine helps to control its evolution during concentration. Hence, 
this new knowledge will lead to an improved operating design scheme of the current 
extraction process. It was also found that the isothermal synthetic method and the ion-
interaction model are reliable to use for solubility determinations as well as for 
predictions in the Lake Katwe brine systems; 

 Under natural field conditions, the evaporative crystallization from the Lake Katwe 
salt pans is affected by in-situ weather conditions. The brine evaporation rates increase 
with increasing brine temperatures, while a negative evaporation or condensation 
occurs due to a low relative humidity. The depth of the brine layer plays a significant 
role on the evaporation rate of brine. Moreover, the soil surface absorptance and 
insolation have significant effects on the evaporation process for salt extraction; 

 The brine density affects evaporation rate in a predictable manner most especially 
during the dry seasons. In addition, condensation occurs on heavier brines during the 
rainy season and during the nights with low ambient temperatures and high humidities. 
The high humidity and low ambient temperature create an inverted vapour pressure 
gradient. A thin salt crust on the brine surface may retard evaporation from heavy 
brines. Moreover, a wave action in the salt pans helps to prevent such crusts from 
forming;  

 The optimization of solar energy resource has a great potential to improve the salt 
production from the salt pans at Lake Katwe through a reduction of the salt 
crystallization days;  

 The dissolution rate of Lake Katwe raw materials increases with an increase in 
temperature and agitation speed and decreases with an increased particle size and 
solid-to-liquid ratio. The kinetic data using different models showed that the 
dissolution process can be described by the Avrami model with an activation energy of 
33.3 kJ/mol. Furthermore, it was found that the dissolution process is controlled by a 
diffusion mechanism and that the temperature has the largest influence on the 
dissolution process.  
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6.  FURTHER RESEARCH  

Owing to this research, various aspects have been identified and proposed for further 
investigations in order to facilitate a full exploitation of the Lake Katwe mineral salt 
resources. These include: 
 

 Further evaporation investigations aimed at: (1) increasing the knowledge of the phase 
chemistry of the lake brine, particularly taking into account the effects of temperature 
changes and (2) a precise definition of the crystallization fields of the different salts 
through the concentration process.  

 To develop and implement the process scheme for the extraction of high purity 
mineral salts from Lake Katwe raw materials including the use of solar radiation 
energy to intensify the brine evaporation. Further investigations to consider reducing 
the concentrations of trace elements in the mineral salts. Moreover, a detailed 
economic assessment of the processing of the brines to consider a payback analysis 
and a return on investments following the implementation of the process at an 
industrial scale. 

 To conduct an economic feasibility and marketing study for various mineral salt 
products (thenardite, anhydrite, mirabilite, burkeite, hanksite, gypsum, trona, 
nahcolite, soda ash, and thermonatrite) that can be recovered from the Lake Katwe 
brines. 
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