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Abstract 
 

 
Lake Beseka is found within the volcanically active rift floor at the northern 
end of the Main Ethiopian Rift (MER). The lake water, which has a 
brownish-yellow color, is highly mineralized. In addition, its 
hydrogeochemistry has been changing due to the continuous expansion 
of the lake for the last four decades. Taking the above considerations in to 
account, it has been found important and necessary to investigate the 
current hydrogeochemistry of the lake water in terms of some selected 
parameters. The results reveal spatial variation in temperature, pH, TDS, EC 
and dissolved iron and cobalt concentration levels across the surface of 
the lake. The depth-profiles of pH, TDS, EC; and dissolved iron and cobalt 
levels of concentration show generally either decreasing, or increasing, or 
the combination of both, trends along down the depths of the lake. 
However, the dissolved concentration levels of the trace metals: Mn, Ni 
and Cr were below instrumental detection limits. The brownish-yellow 
color of the water is found out to be due to the relatively higher trace 
metal concentration of iron the lake water contains. It also appears that 
the iron is imparting the brownish-yellow color to the lake water either in 
the form of colloids of Fe(OH)3, or in the form of dissolved hydrated ferric 
ions.  
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1. Introduction 
The Main Ethiopian Rift (MER) valley system occupies very wide plain areas 

and is constituted by a number of surface water bodies, mainly lakes. It has

 been found out that both natural and anthropogenic causes for the pollu- 

tion of the lakes is becoming a growing concern (Tamiru, 2000). 

 

Lake Beseka is one of the surface water bodies found within the 

volcanically active rift floor at the northern end of the MER in the Awash 

Basin (Tessema, 1998 cited in Tamiru et al., 2005).  The lake is one of the 

most highly mineralized lake waters (Bedilu, 2005).  Moreover, it has been 

ever expanding in volume as a result of which serious social, economic and 

environmental factors have been under threat (Tenalem, 2005; Bedilu, 

2005; Tamiru, 2000; MoWR, 1999). During the last four decades the lake level 

and surface area have been increasing continuously (MoWR, 2000).  

 

In 1978, Sir William Halcrow and Partners studied the existing conditions of 

Lake Beseka. According to their study the lake was used to cover an area 

of 3 km2 up to the year 1964. By the year 1972, the area coverage had 

reached 11 km2 (Halcrow, 1978). In 1998 its coverage was about 40 km2 

with maximum depth of 11 m (MoWR, 1999). At present the lake area is 

expected to be more than 41.8 km2 corresponding to 4.2 m rise in level 

(Tenalem, 2005). Tenalem (2005) has evidently showed that this change in 

volume has been found to be related to a shift in water balance caused 

by ground water inflow through open rift faults from the surrounding over 

irrigated fields and the regulated Awash River. It has been found out that 

the nearby Metahara Sugar Estate and the Abadir Farm, which dispose 

their excessive irrigation water into the lake, and the presence of hot- and 

cold-springs which supply the lake with underground water are supposed 

to be responsible for the changing volume (Tenalem, 2005).  In line with the 
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lake’s level rise, the chemistry of the lake has also been changing (Tamiru 

et al., 2005).   

The chemical characteristics of the lake water is high in mineral content; 

and the concentrations of sodium(Na+), bicarbonate (HCO3-), chloride(Cl-), 

sulphate (SO42-) and fluoride (F-) are high. On the other hand, the lake 

water contains very low amount of divalent ions of calcium (Ca2+) and 

magnesium (Mg2+) (Bedilu, 2005; Tenalem, 2005; MoWR, 1999). 

 

2. Statement of the Problem and Justification 
Accelerated water quality changes due to anthropogenic and natural 

processes are one of the major environmental concerns throughout the 

world.  In Ethiopia, too, growing trend in the water quality of surface water 

bodies due to growing industrialization, agricultural activities, natural 

phenomena and others have raised concern about pollution of water 

bodies (Chapman, 1996).  

 

Naturally, the quality of surface waters in the MER is influenced by the 

complex geological activities which increase the concentrations of 

chemical constituents in surface waters to undesirable levels by transferring 

from deep ground water in thermal springs, geysers and fumaroles (Tamiru, 

2000).  As a result of this, the surface water bodies are characterized by 

high fluoride, bicarbonate and chloride concentrations far above the 

recommended levels (Bedilu, 2005; Zinabu & Pearce 2003; Tamiru, 2000; 

Berhanu, 1996).  In addition to this, lakes which get ground water supply in 

the form of hotsprings have been found containing higher concentrations 

of toxic trace metals (Zinabu & Pearce, 2003; Tamiru, 2000). For example, 

Tamiru (2000) has found out that the concentrations of Sr, Pb, and Cu are 

higher than the maximum permissible levels in lakes Langano and Shalla.  

Moreover, Zinabu & Pearce (2003) have investigated that some soda lakes 
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which are fed by hotsprings contain high concentrations of As, Cr, Hg and 

Mo. 

Areas around Lake Beseka and Langano are characterized by recent 

extensional faults, which are associated with geothermal fields discharging 

hotsprings and fumaroles (Tamiru et al., 2005). Besides, thermal springs carry 

trace metals and anions from deep ground water to the surface (Tamiru, 

2000; Förstner and Witmann, 1983).   

 

There are hotsprings situated at the southern and south-western end of 

Lake Beseka and it has already been argued that these hot springs can 

affect the physicochemical properties such as total dissolved ions (TDS);  

and physical properties (e.g. volume and temperature gradient*) of the 

lake (MoWR, 1999; Tenalem, 2005). However, trace metal hydrogeo- 

chemistry of the lake, which can potentially be affected by the presence 

of hotsprings and the on-going physical dynamism of the lake that involves 

interaction of the water of the lake with its surrounding geology, has not yet 

been well assessed. In addition to this, since some trace metals can affect 

water quality and change the natural color of water (APHA, 1992), and 

consequently affect aquatic ecosystem as well as humans, animals and 

birds in terms of toxicity, it has been found desirable to undertake the task 

of investigating the concentration levels and the distribution of some 

selected trace metals in the lake water. To this end, the result of this 

investigation will play a positive role in understanding the 

hydrogeochemisty of the lake further and thus contribution to future water 

resource management, utilization and environmental protection. 

 

The colour of the water of Lake Beseka is yellowish-brown (Bedilu, 2005 and 

personal observation).   Although  there  are  different  factors  such  as  the 
                                                 
*Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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presence of natural metallic ions like iron & manganese, and other organic 

substances which can impart colour to natural water (APHA, 1992), the 

reason why the colour of the water of Lake Beseka is yellowish-brown has 

not yet been analyzed. Since color can affect water quality in terms of 

changing the transparency of the water of the lake and hence its 

biological productivity potential (Wetzel and Gopal, 1999), it has also been 

found important to undertake the task of identifying the cause of the color 

of the lake water. The result of the color analysis will also advance further  

understanding of the hydrogeochemistry of the lake.  

 

3. Hypothesis 
1. Transition metals with possible d-d electronic transitions  can  impart 

       color to natural waters. 

 

4. Objectives  
General objective:  

The general objective of the research is to assess the hydrogeochemistry of 

the water of Lake Beseka with respect to some selected physicochemical 

parameters. 

Specific objectives: 

 1. To describe the physicochemical properties of the lake in terms of some 

       selected parameters; 

 2. To establish the concentration levels and the distribution of five trace 

      metals (Fe, Cr, Ni, Mn and Co); and  

 3. To identify a trace metal responsible for the brownish-yellowish color of 

      the water of Lake Beseka. 
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5. Review of Literature 
Trace Metals: natural waters contain primarily metals of group I such as 

Na+, and group II such as Ca2+ of the periodic table, but they also contain 

trace quantities of all naturally occurring metals and this includes most 

transition elements (Stumm and Morgan, 1981). The various forms in which 

metals are thought to occur in natural waters are: free metals ions, 

inorganic complexes (inorganic ion pairs), organic complexes (chelates), 

metal species bound to high molecular weight organic colloids, metals 

species sorbbed on colloids and precipitated of organic particles (Stumm 

and Morgan, 1981).  

 

Soluble hydroxo species are prevalent species in natural water systems: 

[Al(OH)4-]; [Sc(OH)3], and some rare earth ions [Ln(OH)3]; Fe(OH)2+, Fe(OH)3; 

ZnOH+. This is due the fact that OH- ions are ubiquitous in water and the 

strong affinity of metal ions for OH-. On the other hand, a few trace 

elements occur as free aquo ions: Rb+, Cs+, Ba2+, Ra2+ and some rare earth 

ions, and probably Mn2+, Ni2+, and Co2+ (Stumm and Morgan, 1996).  

 

Iron: it is the fourth abundant element in the earth’s crust, but exists 

generally in minor concentrations in natural water system. Surface waters in 

a normal pH range of 6 to 9 rarely carry more than 1mg of dissolved iron 

per liter (Buffle and De Vitre, 1994). This is due to the fact that most waters 

at the surface of the earth contain dissolved oxygen. As a result iron is 

highly insoluble (Lepp, 1975). However, values reported in the literature for 

iron dissolved in aerated waters, such as sea water, are much higher than 

the value expected for equilibrium with Fe(OH)3. Thus natural surface waters 

appear to be highly supersaturated with respect to ferric hydroxide and 

hematite. The supersaturation, however, is an artifact because the 

reported dissolved monomeric iron is actually the total iron that passes 
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through a filter size of a given pore size. Thus, most of the iron reported as 

simple monomeric species such as Fe3+ and Fe(OH)2+ is actually present in a 

polymeric or colloidal state and the values cited are only maximum values 

for dissolved iron (Lepp, 1975). 

 

In some waters usually reach in organic matter such as swamps, where 

humic acids which carry carboxyl and hydroxyl functional groups can be 

found, the formation of chelates with dissolved organic matter species may 

enable dissolved iron to be present at appreciable concentrations in the 

presence of oxygen. Such substances undoubtedly can bind ferric iron and 

at high concentrations are capable of preventing  the precipitation of ferr- 

ic iron (Stumm & Morgan, 1981; Lepp, 1975). As a result of this, it is difficult to 

distinguish operationally between dissolved and colloidally dispersed 

substances (Stumm & Morgan, 1981). Because of the problem cited above, 

the values for truly dissolved iron in natural aerobic waters are unknown 

(Lepp, 1975). 

 

The formation of hydrated ferric oxide makes iron laden waters 

objectionable. This ferric precipitate imparts an orange stain to any setting 

surface including, laundry articles, cooking and eating utensils and 

plumbing fixtures. Additionally, iron imparts a yellowish colour and bitter 

taste to water. This coloration along with associated taste and odors can 

make the water undesirable for domestic use (Buffle and De Vitre, 1994). 

 

Manganese: this is also one of the most abundant metals in the Earth’s 

crust, usually occurring with iron. Manganese naturally occurs in many 

surface and groundwater sources, particularly in anaerobic or low 

oxidation conditions (WHO, 2004).  
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Chromium concentrations in natural waters are usually very small (1 to a 

few μg.l-1), except for waste waters coming from industries. In natural 

waters chromium exists essentially in Cr3+ and Cr6+ forms. The chromium 

distribution in natural waters is controlled by pH and redox processes 

(Quevauviller et al., 1995). 

 

Cobalt is a metal of low abundance in the earth’s crust but widely 

distributed and biologically important. The important oxidation states of 

cobalt are (II) and (III), although Co (I) complexes are known to occur 

(Stumm and Morgan, 1981).  

 

Nickel can be found in nature in combination with sulphur, arsenic and 

antimony ores. The metal is relatively unreactive towards water, air or 

fluorides; hence it is used, by electroplating, for protection of other metals. 

It is relatively toxic to most plants but much so to mammals, and it may 

pollute areas locally where it is mined or worked (Harrison and De Mora, 

1996).  

 

The most probable dissolved inorganic species in natural water of the five 

transition elements which are considered in this research are given in the 

table below (Table 1). 

pH:  pH  values for mineral-bearing waters are known to be generally within 

the narrow range of 6-9 and remain nearly constant for any given water. 

Besides, the composition of natural waters is influenced by the interaction 

of acids and bases (Stumm and Morgan, 1981). For example, pH can affect 

the complexation state and redox state of metal ions in natural waters 

(White, 1999).   
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Table 1: probable main dissolved inorganic species of five trace metals in n

atural waters (aerobic conditions).   

* Species prevalent in seawater.                                            Source: Stumm & Morgan, 1996. 

 

The control variable in any acid base equilibrium is pH. Consequently, [H+] 

of natural waters is of great significance in all chemical reactions 

associated with the formation, alteration and dissolution of minerals (Stumm 

and Morgan, 1981).  As a result, many of the aquatic reactions are pH 

dependent and, therefore, pH is sometimes called the master variable in 

aquatic system (White, 1999). The pH of many natural waters is controlled 

by a carbonate system by dissociating and providing hydrogen ions to 

solution, or associating and taking up free hydrogen ions (Stumm and 

Morgan, 1981; 1996 and White, 1999).  

Colloids: Colloids are usually defined on the basis of size, for example, 

entities having in at least one direction a dimension between 1nm and 1 

μm. They are ubiquitous in natural waters; they are present in relatively 

large concentrations (> 10-6cm-3) in fresh surface waters, in groundwaters, in 

oceans and in interstitial soil and sediment waters (Stumm and Morgan, 

1996).Colloids are dynamic particles; they are continuously generated (by 

physical fragmentation and erosion, by precipitation and nucleation from 

     Element  Probable main species 

     Chromium (Cr)  Cr(OH)3, CrO42- 

     Manganese (Mn)   Mn2+, MnCl+(s) * 

     Iron (Fe)   Fe (OH)2+ 

     Cobalt (Co)   Co2+, CoCO3 

     Nickel (Ni)     Ni2+, NiCO3 
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oversaturated solutions), undergo compositional changes, and are 

continuously removed from the water (by coagulation, by attachment and 

settling and by dissolution). Colloids usually remain suspended because 

their gravitational settling rate is less than 10cm s-1. For particles smaller than 

10μm, terminal gravitational settling will be less than about 10-2cm s-1 

(Stumm and Morgan, 1996).  

Iron (III) and manganese (III, IV) oxides are only the two types of colloids 

among many others present in natural systems. Colloids of iron (III) and 

manganese (III, IV) oxides, sulfur, and sulfide are often present at submicron 

particles that may not be retained by membrane filters (Stumm and 

Morgan, 1996). 

Color in natural waters: color in natural waters may result from the presence 

of natural metallic ions (iron and manganese), humus and peat materials, 

plankton, weeds, and industrial wastes (APHA, 1992). For instance, colored 

surface water in Norway usually contains 0.01-1.0mg iron/L. It is also 

believed that most of the iron in Norwegian surface waters occurs in soluble 

organic complexes and that these are responsible for the brownish-yellow 

color of the waters (Gjessing, 1964). In addition to this, the yellowish hue of 

the Tikur Wuha River in our country has also been attributed to have been 

originated from organic complexes of iron (Pitwell, 1972). 

Colored waters usually contain higher iron (III) concentrations. It might be 

more probable that the coordinated products formed between the color 

bases, OH-, and Fe (III) are insoluble and are present as highly dispersed 

colloids. The diameter of Fe(OH)3 can be smaller than 100 angstrom 

(Stumm and Morgan, 1981). 

 

 



 10

6. Description of the Study Area 
Lake Beseka (lat 39o51’-31o53’N and long 8o52’-8o54’E) is located in the 

northern half of the Ethiopian Rift Valley close to Metehara Town at the 

junction of the  Main Ethiopian Rift (MER) and the Afar Triangle  about 200 

kms East of Addis Ababa. Fringed either side of the main highway and 

railway line, the lake has been threatening Ethiopia’s only access to the 

Port of Djibouti. It covers an area of more than 40 km2 with a mean depth 

of 6 m and maximum depth of 11 m. Moreover, the surface area of the 

lake has been increasing continuously so much so that its size has changed 

from 3 km2 in 1964 to more than 42 km2 presently (Tenalem, 2005).  

 

The climate of the region is semi-arid. The mean annual temperature and 

rain fall over 35 years recorded at Metehara Town are 25oC and 550 mm, 

respectively. The mean annual pan evaporation for the same period is 2560 

mm. The rainy seasons are from July to September (major rain) and March 

to April (minor rain) (MoWR, 1999). The following table (Table 2) shows some 

morphometric data of the lake. 

 

Table 2:  Some morphometric data of Lake Beseka.    

                                                                                                                  Source: Tenalem, 2005; Tamiru et al., 2005.     

                                                                                        

The hydrochemistry of the lake from former studies shows that the 

concentrations of sodium, bicarbonate, chloride, sulfate and fluoride are 

high. On the other hand, the lake water contains very low amount of 

divalent ions, viz, calcium and magnesium. As a result of its hydrochemistry, 

the lake water is saline which is classified under brackish water type (MoWR, 

1999; Bedilu, 2005).  

  Lake Altitude    
  (m) 

Surface area (Km2) Max depth (m) Mean depth (m)      Vol. (m3) 

 

 Beseka  

   

   1200 

         

         540  

        

       11 

           

        6 

     

     240 x 106 
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Most of the lake catchments are flat and undulating. Its geology is 

characterized as highly permeable composed of volcanic ash, sub-recent 

basalt and young basalt (Tenalem, 2005). The main rock units of the area 

are fluvio-lacustine quaternary sediments and volcanic rocks highly 

variable in petrology and stratigraphic setting (mainly ignimbrite and 

basalts). The northern margin of the lake consists of fresh, non-vegetated 

aa-lava which earlier observers attributed to an eruption in the 1820’s 

(Tenalem, 2005). 

 

The dominant soils on the plains, hilly-plains, on mountains, hills and on 

elongated ridges are lepthosols having very dark brown to brown colors 

(MoWR, 1999). The lepthosols in the area are very shallow in depth (less 

than 30 cm). Other soil types in the different locations of the study area 

within a depth of 2 m are given in the table below (Table 3) with the 

corresponding colors and pH ranges. 

 

Table 3: Types, pH ranges and colors of soils of Lake Beseka area.     

                                                                              Source: Ministry of Water Resources, 1999. 

 

 

 

Soil types 

 

Depth (cm) 

 

pH range  

                    

       Color 

 

Cambisols 

  

  >100 

 

   7.5-9.0 

        

      Very dark grayish to brown to 

       dark yellowish-brown 

Luvisols   >150    6.0-7.0       Dark brown to dark yellowish-brown 

Podozol  100-150    6.5-8.5       Dark yellowish brown to brown 

Podzoluvisols   >150    8.0-8.5       Very dark gray to dark-brown 

Fulvisols   >150    7.5-9.0       Very dark yellowish brown to dark-brown 
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7. Materials and Methods 
7.1. Sampling 

7.1.1. Surface Water Sampling Strategy:  

The sampling strategy followed for the collection of water samples from the 

surface of the lake was a systematic random approach. This approach is a 

primary combination of the primary sampling approaches, namely, system-

atic sampling approach and random sampling approach (Lawrence, 

1990). The two most important reasons for applying the above strategy are:  

 

1) It would allow to systematically stratify the lake into different regions 

based upon considerations such as regions of the lake with similar depths; 

spatial gradient changes in the physical properties of the lake       (e.g. 

change in surface temperature); hydrogeological reasons (e. g. directions 

of underground inflow of hotsprings into the lake, and also underground 

outflow of water from the lake); and consideration of human interventions   

(e.g. direction of extraction of water into the Awash River). 

  

 2) The systematic random approach is also advantageous from statistical 

point of view that it will optimize the number of samples required with the 

amount of bias∗ introduced (Lawrence, 1990). In other words, with relatively 

small number of samples, a lesser amount of bias will be introduced.  

 

A combination of maps of Lake Beseka was used to carry out the above 

sampling strategy (see Appendices 5 to 7). 

                                                 
∗ Bias: a systematic error in data. It is introduced into the estimate by either the method (site selection, sampling, storage or   

   analysis) or the use of method (how the researcher interprets the method) (Lawrence, 1990). 
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In accordance with the above considerations, a total of seven surface 

sampling sites (points) were selected with their own specific criteria 

described below. 

 

7.1. 2. Surface Sample Sites (Points) Selection Criteria: 

Surface sample site 1 (SS1): this location (see Figure 1) has been chosen 

since it represents the region of the lake with maximum depth 

(approximately up to 11 m) (see Appendix 5). It is also the part of the lake 

where the bulk of the water is found. This location could be the single most 

site that is recommended for sampling for the purpose of limnological or 

hydrogeochemical investigation of the lake water if only one sampling site 

were to be selected (Lawrence, 1990). 

Surface sample site 2 (SS2): this location is intended to represent the region 

of the lake with relatively similar depths between approximately 6 m and 

9 m (see Appendix 5). Therefore, it has the aim of representing the second 

region of the lake in terms of depth. 

 

Surface sample site 3 (SS3): this point stands for the region of the lake 

having relatively similar depths between 3 m and 6 m (see Appendix 5). 

 

Surface sample site 4 (SS4): this particular site has been chosen due to the 

following reasons: 

• it represents the eastern side of the lake water thus it enables to 

investigate the gradience in physicochemical parameters with 

respect to the western side of the lake; 

• it also represents the direction towards which underground water 

outflow path has been inferred (Tenalem, 2005); 

• in addition, it is the direction from which the MoWR has been 

undertaking an intervention by pumping out water from the lake into 
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the Awash River (personal observation) in order to regulate the ever 

increasing size of the lake; and 

• Moreover, it can also represent the colder region of the lake (see 

Appendix 6). 

 

Surface sample site 5 (SS5):  this location has been selected since it can 

represent the direction of the lake towards which water inflows from Abadir 

Farm (a fruit plantation) and from hotsprings (MoWR, 1999). 

Surface sample site 6 (SS6): this represents a site where water samples were 

collected just above the outlet of a hot spring. It is intended to get some 

physicochemical characteristics of the waters from hotsprings and their 

consequent difference from, and effect on the hydrochemistry of the main-

body of the lake water. 

Surface sample site 7 (SS7): the reasons for selecting this site are: 

• to represent the western side of the lake so as to compare its 

hydrochemistry with the eastern side of the lake;  

• it can also represent one of the hottest regions of the lake (see 

Appendix  6); and 

• it can also help to compare the physicochemical characteristics of 

the water of a hotspring with the lake water of its immediate vicinity. 

 

7.1.3. Location of Sampling Points (Sites) and Sample Collection 

The exact coordinates of the locations of the sampling points were marked 

with a GPS (Global Positioning System) (Garmin 12 Channel GPS, USA) (see 

Table 4 below) and the coordinates were exactly overlaid on the map of 

Lake Beseka (see Figure 1) by using ArcGIS 9.0 Software. 
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Table 4:  Surface sampling points and the corresponding locations. 

 

Surface sampling sites/ points 

      

  Altitude (m) 

                 GPS coordinates 
     Northing      Easting 

Surface sample site 1 (SS1)        1200    37N 0596571     0982542 

Surface sample site 2 (SS2)        1200              37N 0595208     0980510 

Surface sample site 3 (SS3)        1200        37N 0594156     0978454 

Surface sample site 4 (SS4)        1200      37N 0597551      0980199 

Surface sample site 5 (SS5)        1200      37N 0593487      0976541 

Surface sample site 6 (SS6)        1200      37N 0591622      0979243 

Surface sample site 7 (SS7)        1200      37N 0592674      0979386 

 

Grab Sampling method was found to be more appropriate for the study 

(APHA, 1998), and was employed to collect samples from the lake. 

Samples were collected in 1L Polyethylene vessels for all analytical 

purposes. All polyethylene bottles used in analytical work were soaked in 

detergent for 24 hrs, rinsed with tap water, soaked in 1.2 N nitric acid for 24 

hrs, and rinsed with distilled deionized water and then dried.  

 

7.1.4. Depth Water Sampling Strategy: the sampling strategy followed for 

the collection of the water samples from below the surface of the lake was 

interval sampling approach. According to this approach samples could be 

collected at pre-determined intervals of depths (Lawrence, 1990). 

Consequently, depth sampling points were randomly chosen at 3 m 

intervals.  

In line with the above considerations, the first location of Surface 

sample site 1 (SS1) was selected as the first depth sampling site since it 

represents the bulk and deepest (up to 11 m) region of the lake (Appendix 

5) and, therefore, it gives the opportunity to sample every possible depth of 

the lake. At this site D0 represents surface sample collected at the surface 

of the lake (depth = 0 m); and D3, D6 and D9 represent depth samples 
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collected at 3 m, 6 m and 9 m below the surface of the lake water, 

respectively.  

 

The second depth sampling site was selected to be the surface sample site 

2 (SS2) which represents the second deepest region of the lake 

(approximately 6-8 m) (see Appendix 5). At this site, D0, D3 and D6 represent 

depth sampling points at 0 m, 3 m and 6 m below the surface of the lake 

water, respectively. 

 

The number of depth sampling sites were determined to be equal to two so 

as to optimize the relatively large number of depth samples to be analyzed 

(totally 10) with statistical considerations and analysis cost 

requirements. The water samples at each specified depths were collected 

by a depth water sampler (Rutner Water Sampler, UK) connected to a 

plastic rope marked with specific depth lengths. 

 
7.2 Sample Preservation, Transport and Pretreatment: 

All the water samples were contained in an icebox with ice to preserve the 

samples in cool condition, while they were transported to Addis Ababa 

University, Department of Chemistry. Samples for dissolved trace metals 

analysis were carefully filtered through 0.45 μm Whatmann filter papers by 

using a vacuum filtration setup. Then filtered samples were transferred into 

150 ml volumetric flasks and acidified with few drops of conc HNO3 

(analytical grade) to bring the pH of the samples below 2 (APHA, 1998). 

After acidification, samples were stored in a refrigerator until they were 

analyzed. 

 

7. 3 Physicochemical Analysis  

All physicochemical parameters were analyzed within 48 hours after 

sampling except for trace metals and color analysis (APHA, 1998). Electrical 
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conductivity (EC), Temperature, Total dissolved solids (TDS), and pH for all 

water samples were measured on the field by using digital-portable 

Conductivity (JENWAY 4200, UK) and pH (JENWAY 430, UK) meters. The 

Secchi depth was measured by a white and black colored Secchi disc.                              

 

7.4 Trace Metal Analysis 

Trace metals were analyzed by using Vario-6 Flame Atomic Absorption 

Spectrometer at the Federal EPA laboratory, Addis Ababa. The detection 

limits of the instrument for the five trace metals under investigation are 0.05 

mg/l, 0.05 mg/l, 0.03 mg/l, 0.01 mg/l and 0.04 mg/l for Cr, Co, Fe, Mn and 

Ni, respectively. 

 

7.5 Color Analysis 
7.5.1 Collection of the Coloring Substance 

A raw lake water sample in 1.5 L beaker was treated with concentrated 

KOH solution (analytical grade) to precipitate trace metal ions according 

to the procedures mentioned in Linko and Lakshmi (1992). Then the alkali 

treated water was tightly covered and was allowed to stand for several 

days until a brownish precipitate was formed at the bottom of the beaker. 

The brownish precipitate was then collected in test tubes by centrifugation. 

The precipitate was washed with deionized water and centrifuged again. 

Finally, the precipitate was collected in a test tube and dried for further 

physical and chemical analyses. 
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Figure 1: Map of Lake Beseka showing the overlaid surface sampling points. 
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7.5.2 Physical Analysis of the Coloring Substance 

The color and odour of the collected brownish colored substance was 

determined through personal observation. The melting point was 

determined by putting a very small sample of the precipitate inside a 

capillary tube and reading the melting point  through a microscopic 

(Stuart, Melting Point, SMP3) instrument. A solubility test was done both at 

room temperature and warm conditions. In the first case the solubility of a 

small sample of the colored precipitate inside a test tube was tested with 

non-polar solvents (hexane and dichloromethane), with a polar aprotic 

solvent (acetone) and with polar protic solvents (ethanol, methanol and 

water) at room temperature conditions. In the second case, the solubility of 

a small sample of the colored precipitate in a test tube was tested with the 

same solvents mentioned above by keeping the test tube in a hot water 

bath. 

 

7.5.3 Chemical Analysis of the Coloring Substance 

The general procedure followed for the chemical analysis of the coloring 

substance was first the preparation of two different independent solutions 

(Solution I and Solution II) of the colored precipitate obtained from the raw 

water sample according to the procedure mentioned in Section 7.5.1 

above; and then  systematic and fractional chemical analyses of Group I 

up to Group V cations (Table 5) were performed according to the 

chemical analytical procedures mentioned in Vogel (1978) and Linko and 

Lakshmi (1992). The first solution (Solution I) was prepared by dissolving 1g of 

the dried colored precipitate  in 15 ml of deionized water in a test tube 

according to the analytical procedures of Vogel (1978). On the other case, 

the second solution (Solution II) was prepared by taking a 1g of the dried 

colored precipitate to undergo a nitric acid digestion process according to 

Method 3050B of EPA forming 15-20 ml final test solution (APHA, 1998). The 
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following tables (Tables 5 & 6) show the different cations for which 

chemical analyses were carried out; and the corresponding reagents used 

in accordance with Vogel (1978) and Linko and Lakshmi (1992) procedures. 
 

Table 5: Group I- Group V cations and the corresponding group reagents. 

 

 

 

 

Table 6: Selected trace metals and the corresponding confirmatory chemical test 

reagents. 

 

                    

 

                           

 

 

 

 

 

 
 

   
        Group 

       
      Cations 

     
Group reagents 

    
             I 

      
     Ag+ , Pb2+ , Hg22+ 

 

      
   2F HCl 

             II     Ca2+ , Sr2+ , Ba 2+ , Pb2+ 

 
   3F H2SO4 

            III      Al3+, Cr3+ , Zn2+ , Sn(II),  Sn(IV) 
 

   3F NaOH (excess) 

            IV      Bi3+, Fe2+,Fe3+,Mg2+,Mn2+ 

 
    6F NH3 

            V      Cd2+,Co2+,Cu2+,Hg2+,Ni2+     6F NH3  (excess) 

Parameters/  

trace metal cations 

Confirmatory fractional analysis reagents 

      Fe3+ 3F HCl and K4[Fe(CN)6] 

      Fe3+ 3F HCl and NH4SCN 

      Mn2+ Conc. HNO3, distilled water & NaBiO3 

      Co2+ 3F HCl, 3F NaAC, NH4F & NH4SCN 

      Ni2+ C4H6O6, 3F NH3, Dimethylglyoxime 

      Pb2+ K2CrO4 & NH4AC 

      Sn2+ Mg-powder, FeCl3 solution, tartaric acid & Dimethylglyoxime. 

      Cd2+ KCN & H2S 

       Ag+ NH3 and KI 

      Cr+3 CH3COOH & PbAC solution. 
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8. Results and Discussions 
 
8.1 Physicochemical parameters 
The  average results for selected physicochemical  parameters 

for all the samples from across the surface sampling points/sites are given in 

Table 7 below. The raw field and laboratory data collected for the 

physicochemical parameters of all the surface samples are also annexed 

as appendices (see Appendices 1and 2). 

 

Table 7: Average results of physicochemical parameters of surface samples 
               collected from across the surface of the lake water. 

 n represents the replicate number of samples collected; Temp. is temperature;  and Pot. is potential. 

 
8.1.1 Temperature 
The temperature of the lake water across the surface sampling sites within 

the body of the lake varies between 25.0 ± 0.0°C and 37.0 ± 1.2 °C with a 

mean value of 30.7 ± 4.1°C. The average temperature value of the samples 

of a hotspring from surface sampling site 6 (SS6) is not calculated into the 

mean temperature value of the lake since the samples were collected just 

 

Parameters 

    

n 

                                                           Surface sampling  points/sites 

     SS1     SS2     SS3      SS4 SS5 SS6 SS7 

Temp. (oC) 2 28.5±0.4 33.1±0.1 31.0±1.7 25.0±0.0 29.6±0.2 41.4±0.3 37.0±1.2 

PH 2 9.48±0.03 9.52±0.00 9.52±0.01 9.64±0.00 9.52±0.06 8.36±0.01 9.42±0.03 

EC (mS/cm) 2 6.96±0.11 7.06±0.01 6.91±0.01 6.66±0.00 6.88±0.00 1.71±0.01 4.79±0.04 

TDS (g/l) 2 4.16±0.10 4.22±0.00 4.15±0.01 3.60±0.00 4.12±0.01 1.02±0.01 2.88±0.06 

Redox Pot. (mV) 2 -120.0±1.4 -122.0±0.4 -121.3±0.7 -157.6±0.1 -120.8±0.5 -61.0±0.7 -117.4±0.1 

Secchi depth(cm) 2 58± 0.0   57.5±0.7   58.5±0.0   56±0.0    58±0.0    ---     --- 

Fe(mg/l) 2 0.0995±0.002 0.0759±0.001 0.0757±0.000 0.1585±0.008 0.0975±0.008 0.0415±0.002 0.0802±0.003 

Mn (mg/l) 2   < 0.01   < 0.01   < 0.01   < 0.01   < 0.01   < 0.01   < 0.01 

Co (mg/l) 2 0.0506±0.002 0.0786±0.003 0.0551±0.014 0.0753±0.018 0.0696±0.012    < 0.05 0.0844±0.009 

Ni   (mg/l) 2  < 0.04     < 0.04    < 0.04     < 0.04    < 0.04   < 0.04    < 0.04 

Cr  (mg/l) 2  < 0.05     < 0.05     < 0.05    < 0.05    < 0.05    < 0.05    < 0.05 
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above the outlet of the hotspring which was out of the main body of the 

lake. Nevertheless, the implications of the presence of the hotspring(s) on 

the physicochemical characteristics of the lake water were not ignored 

since the effect of temperature on physicochemical parameters such as 

total dissolved solids (TDS), electrical conductivity (EC), pH, dissolved 

oxygen (DO), and other aquatic and limnological factors of natural waters 

is a widely reported phenomenon (Susan and Joy, 1997; APHA, 1998; White, 

1997; Wetzel and Gobal, 1999; Harrison and De Mora, 1996; Stumm and 

Morgan 1981; 1996). For example, at higher water temperatures, the levels 

of DO can be lower to an extent that can be disastrous for fish, insect 

larvae, and other aquatic life. Besides, oxygen is slightly soluble in water, 

only 8.32 mg/l at 25°C and 1 atmospheric air pressure, and the amount of 

DO in water must be above certain limit, with most fish requiring at least 5-6 

mg/l of DO for survival (Susan and Joy, 1997). 

 

The highest and lowest average temperatures recorded among all the 

surface sampling sites over the surface of the lake water  are 37.0 °C at SS7 

on the western side of the lake; and 25°C at SS4 which is near to a water 

pumping station on the eastern side of the lake, respectively. The 

temperature variation between the western and eastern sides is, therefore, 

very significant with a range value of 12 °C. 

  

The general trend in temperature variation across the surface of the lake is 

that the western side of the lake is hotter than the eastern side (Fig 2). In 

other words, in between the western (SS7) and eastern (SS4) sides of the 

lake, the surface temperature decreases as one moves from west to east 

side through the SS3, or SS2  sampling site of the lake. For example, the 

hotspring (SS6) at the western extreme has the highest average sample 

temperature value (41.4 ± 0.3 °C). Sampling site 7 (SS7), which is the most 
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immediate sampling site to the hotspring (SS6), has the second highest 

average sample temperature (37.0 ± 0.1°C); and then the temperature 

decreases gradually as on moves farther away from the hotspring through 

SS2 having a temperature of 33.1 ± 0.0 °C or through SS3 with a temperature 

average of 31.0 ± 1.7 °C towards the eastern extreme site of SS4 with 

average sample temperature value of 25 ± 0.0 °C. The same general trend 

in temperature variation over the surface of the lake has also been found 

out in the year 2004†. The observed trend seems to be due to the inflow of 

thermal water into the lake from hotsprings which have been reported by 

MoWR (1999) to be present on the western and south-western side of the 

lake. However, whether the general trend and/or the mean temperature 

value of the lake would likely amounts to a naturally induced ‘thermal 

pollution’ by the hotsprings on the western side of the lake needs to be 

further investigated. 

 
8.1.2 Hydrogen-ion Concentration (pH)  
The pH value of the surface water of Lake Beseka ranges between 9.42 ± 

0.03 and 9.64 ± 0.00 with a mean value of 9.52 ± 0.07. According to 

Chapman (1996), the pH of most natural waters is within the range of 6.0-

8.5 indicating that the water of Lake Beseka is very alkaline as it has a 

mean pH value beyond the pH range of most natural waters. The very 

alkaline nature of the lake water could be due to the fact that the lake 

water has been reported to be dominated by bicarbonate (HCO3-) 

ions, among others (Bedilu, 2005; Tamiru 2000; Berhanu, 1996; MoWR, 1999); 

and the bicarbonate ion is one of the most important component of a 

carbonate system which controls the pH of natural waters (White, 1999; 

Stumm and Morgan, 1981). MoWR (1999) had also classified the water of 

the lake as a sodium-bicarbonate type and evidently showed 

                                                 
†Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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the correlation of its higher pH value with its dominating bicarbonate ion 

(HCO3-) concentration. 

 

There is a spatial variability in pH (Fig 3) between the eastern and western 

sides of the lake. For instance, the western side of the lake represented by 

SS7 has a pH of 9.42 ± 0.03 which is less than the eastern side of the lake 

represented by SS4 having a pH of 9.64 ± 0.00.  The difference is of 0.22. 

Bedilu (2005) has also reported similar spatial variability trend in pH, but with 

greater degree of variability ranging between 9.35 and 9.65 for the western 

and eastern sides of the lake, respectively. The spatial variability in pH can 

possibly be attributed to the dilution effect of thermal water inflow from 

hotsprings into the western side of the lake. MoWR (1999) and others have 

reported the presence of hotsprings, which are believed to play a part in 

contributing to the ever expanding volume of the lake, on the western and 

south-western side of the lake. The effect of dilution as a factor for the 

spatial difference in pH can also be noted from the report of Bedilu (2005) 

which indicates a relatively lesser bicarbonate ion concentration with a 

corresponding lower pH value; but a relatively greater bicarbonate ion 

concentration with corresponding higher pH value between the eastern 

and south-western sides of the lake, respectively. 

 

The pH of the water samples taken directly from the outlet of a hotspring 

(SS6) is 8.36 ± 0.01. Even though it is also alkaline as the rest of the surface 

water of the lake, it shows a highly significant difference (1.16 less in pH) 

compared to the mean pH value of the lake water which is 9.52 ± 0.07. 

While on one hand, the alkaline nature of the hotspring waters in many 

Main Ethiopian Rift (MER) valley  has been attributed to a relatively high 

bicarbonate  (HCO3-) ions concentration resulting from high-

temperature water-rock interaction (Brehanu, 1996), on the other hand the 
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significance difference in pH between the hotspring and the lake could 

possibly be due to the effective role  evaporation  plays by concentrating 

dissolved ionic species such as HCO3- relatively more in the water of Lake 

Beseka than the hotsprings, since the concentrating effect of evaporation 

has been reported to be significant in other MER valley lakes (Tesfaye et al., 

2000).  Another different possible factor other than evaporative 

concentration (since the level of Lake Beseka is increasing indicating that 

evaporation is dominated by other processes) for higher pH value of the 

lake water relative to the hotsprings may possibly be due to the dissolution 

of the surrounding alkaline soils (pH of most soils ranging between 7.5– 9.0) 

in to the body of the lake water than the hotsprings owing to the physical 

dynamism of the lake as it expands itself inundating the surrounding area. 
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8.1.3 Total Dissolved Solids (TDS) 

The total amount of dissolved chemical species (TDS) over the surface of 

the lake water varies between 2.88 ± 0.06 g/l and 4.22 ± 0.00 g/l with a 

mean value of 3.86 ± 0.53 g/l. This is nearly between 2880 mg/l and 4220 

mg/l with a mean value of 3855 mg/l. Since natural waters with TDS values 

between 1500 mg/l and 5000 mg/l are classified as brackish (Susan and 

Joy, 1997); Lake Beseka’s water can also be classified as a brackish water 

type. In other words, the lake water is between the classes of natural waters 

known as fresh-waters and saline-waters whose TDS values are less than 

1500 mg/l, and greater than 5000 mg/l, respectively (Susan and Joy, 1997).   

 

FAO (1998) classified water resources with TDS values greater than 2000 

mg/l under ‘severe’ degree of restriction for the use of irrigation based 

agriculture. Lake Beseka’s mean TDS value (3857 mg/l) is well above the 

FAO guideline limit and thus cannot be recommended for irrigation 

purpose. Besides, especially since the lake water has been reported to be 

sodium-bicarbonate type (Bedilu, 2005; MoWR, 1999); the application of 

the water for irrigation purpose may cause sodicity problem to agricultural 

soils. On the other hand, the pumping out of the lake water into the Awash 

River as it is being practiced by the Ministry of Water Resources to regulate 

the ever expanding volume of the lake may also have possible negative 

implications on one of the most vital rivers of the country.  

 

Comparison of the western side (SS7) with the eastern side (SS4) shows that 

the eastern side with TDS = 3.6 ± 0.00 g/l (ca. 36000 mg/l) has a significantly 

greater value than the western side (SS7) with TDS = 2.88 ± 0.06 g/l (ca. 2880 

mg/l) (Fig 4). This significant spatial variation in the TDS values seems to be 

due to the dilution effect the hotsprings are inducing on the western side 

since dilution can obviously have a decreasing effect on the amount of 
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dissolved solids per unit volume. A relatively lower TDS value of the south-

western side (SS5) with TDS = 4.12 ± 0.01 g/l (ca.  4120 mg/l) could also be 

attributed to the same dilution effect since this side of the lake is also 

exposed to thermal-water inflow from hotsprings as well as surface run-off 

from Abadir Farm, a fruit plantation (MoWR, 1999). 

 

A relatively smaller TDS value of the eastern side (SS4) with any of the 

relatively western sampling sites (middle ranging sampling sites): sampling 

site1 (SS1) with TDS = 4.16 ± 0.10 g/l (ca. 4160 mg/l); or sampling site 2 (SS2) 

with TDS = 4.22 ± 0.00 g/l (ca. 4220 mg/l); or sampling site 3 (SS3) with TDS = 

4.15 ± 0.01g/l (ca. 4150 mg/l) seems apparently contradictory and 

inconsistent with an expected decreasing effect of dilution from hotsprings  

has on the TDS’s of  any of these three sites: SS1, SS2 or SS3 which are 

relatively closer to the hotsprings than SS4.  

 

Considering the above observations in to account, the apparently 

contradictory looking significant spatial variability in TDS values between 

SS4 and any of SS1, SS2, SS3 or SS5 seems to result from the significant 

difference in average surface water temperatures existing between the 

eastern side (SS4 = 25.0oC) and any of the relatively western sites: SS1 = 

28.5OC, SS2 = 33.1OC and SS3 = 31.0OC and the southern site, SS5, having 

29.6oC. Therefore, it may be possible to suggest that the higher surface 

water temperatures of any of the sites: SS1, SS2, SS3 or SS5 is an over-riding 

factor for these sites to acquire greater TDS values than the western side 

(SS4).  
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Taking the above results into consideration, the trend of TDS variation 

across the surface of the lake from western side to eastern side is that it first 

commences with smaller values; then it increases towards the middle of the 

lake; and finally it declines down as one progress to the eastern extreme 

side (Fig 4). This trend is also similar to the TDS trend variation reported by 

Bedilu (2005) from an eight-month-long (September to April) investigation 

of the seasonal physicochemical characteristics of the lake carried out for 

the month of April, the same month in which the current investigation was 

done. Although spatial variation in major cations and anions concentration 

of the lake water could possibly be a primary factor for the actually 

observed TDS variation; the general effect of temperature on the chemical 

equilibria of natural waters favouring higher concentrations of dissolved 

ionic species and consequently inducing greater TDS values is also a widely 

reported phenomenon (Stumm and Morgan, 1981; 1996; White, 1999; 

APHA, 1998; Harrison and De Mora, 1996). 

 

The samples from the hotspring (SS6) have the least average TDS value 

than the mean TDS value of the lake, or any other single TDS value of any of 

the sampling sites. For example, comparison of the hotspring water (SS6), 

which possesses average TDS = 1.02 ± 0.01 g/l (ca. 1020 mg/l), even with its 

immediate vicinity sample site (SS7) having TDS = 2.88 ± 0.06 g/l (ca. 2880 

mg/l) shows a sharp, an abrupt and highly significant increment in TDS 

value. It appears that the water from the hotspring is fresh-water type while 

the rest of the lake is a brackish-water type.  This abrupt and sharp change 

in TDS values seems to strengthen the argument of either the effect of high 

evaporation in this semi-arid environment on cumulated and increased 

relative concentrations of dissolved chemical species in the body of the 

lake than the hotspring itself, since the effective role of high evaporation 

rate in the semi-arid environment of the MER valley on the physicochemical 
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properties of the lakes has been reported to be significant (Tesfaye et al, 

2001; Berhanu, 1996); or the role of other processes which may dominate 

over evaporation such as an inevitable dissolution of the surrounding 

alkaline soils into the body of the lake than the hotsprings owing to the 

physical dynamism of Lake Beseka which is indicated by the ever 

increasing level of the lake defying the effect of evaporative concetration; 

or the combination of both arguments. 

  

In conclusion, the general increasing trend in TDS values (Fig 4) starting from 

the hot spring (TDS = 1.02 ± 0.0 g/l) then to the most immediate sampling 

site, SS7, with TDS = 2.88 ± 0.06 g/l, and next to any other farther away 

sampling sites, for example, SS1 or SS2 or even to the eastern extreme site, 

SS4, with TDS = 3.60 ± 0.0 g/l seems to clearly  demonstrate the impact of 

the hotsprings have, among other factors, on an important 

physicochemical characteristic of the lake such as TDS values and its 

spatial variability.   
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8.1.4 Electrical Conductivity (EC)     
The electrical conductivity (EC) across the surface of the lake water varies 

between 4.79 ± 0.04 mS/cm and 7.06 ± 0.01 mS/cm. The mean EC value is 

6.54 ± 0.87 mS/cm. In other words, it is approximately between the range of 

4790 μS/cm and 7060 μS/cm with a mean value of 6520 μS/cm. Although 

variation in the EC values of unpolluted natural waters depends on the 

underlying geology, it generally ranges between 30-400 μS/cm (Susan and 

Joy, 1997). However, the mean EC value of Lake Beseka is remarkably out 

of the 30-400 μS/cm range. It has been noticed by different authorities that 

there is a natural pollution concern in the lakes of the MER such as Lake 

Beseka (Tamiru, 2000; Berhanu, 1996; Zinabu and Pearce, 2003) driven by 

high-temperature-water to rock interaction from the underlying geology 

(Darling et al., 1996 and MoWR, 1999).  

 

The spatial variation in EC across the surface of the lake appears to be 

affected by the spatial variation in surface temperature and TDS values (Fig 
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5 and Fig 6). For instance, the ratio of TDS to the corresponding EC [TDS/EC] 

values for all but one sampling sites is 0.60 which indicates similar trend 

variation between EC and TDS across the surface sampling points. The ratio 

also demonstrates internal in-situ field data consistency between the EC 

and the corresponding TDS values since the ratio falls within the generally 

accepted range of 0.55-0.90 TDS/EC for natural waters (APHA, 1998).  

 

On the other hand, keeping other existing influential factors as they are, the 

impact of variability in surface temperature on the spatial variability of EC 

values can be uncovered by using the relation:  

                            C25= Ct (1- 0.025Δt) ---------------------------------   (1) 

In equation (1), from Susan and Joy (1997), C25, Ct and Δt represent EC at 

25°C; EC at any given temperature; and the change in temperature 

between the given temperature and 25°C in terms of degree Celsius, 

respectively. Changing all the average EC values of all samples from across 

all the surface sampling sites with their corresponding field temperature 

measurements by using equation (1) into a secondary EC values at 25°C 

produces the following result tabulated below (Table 8).  

 

Table 8:  Impact of surface temperature on EC spatial variation. 

Parameters     SS1   SS2    SS3      SS4      SS5    SS6    SS7 

Field temp.(oC)    28.5   33.1    31.0     25.0     29.6   41.4   37.0 

EC*(mS/cm)    6.96   7.06    6.91     6.66     6.88   1.71   4.79 

EC **(mS/cm)    6.35   5.63    5.87     6.66     6.09   1.01   3.35 
EC* is EC of surface water at field temperatures, and EC** is calculated EC at 25°C. 
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The significance of the secondary calculated EC results in Table 8 is that it 

reveals the indispensable role temperature variation plays on EC across the 

surface of the lake. Temperature is one of the most important factors; 

among others such as TDS, mobility and valence; which can affect 

electrical conductivity (APHA, 1998). For example, from the results in Table 

8, had the lake had a uniform surface temperature of 25°C across the 

surface samplings sites; SS4 with EC = 6.6 mS/cm would have had the 

highest EC value of all sampling stations. However, in reality each of the 

surface sampling sites: SS1 (EC = 6.96 mS/cm); SS2 (EC = 7.02 mS/cm); SS3 

(EC = 6.91 mS/cm); or SS5 (EC = 6.88 mS/cm) has higher EC values than SS4 

(EC = 6.88 mS/cm). Therefore, it seems possible to argue that the eastern 

colder part of the lake has a lower EC value not only owing to other 

influential unaccounted factors in this investigation other than TDS, but also 

the relatively cold surface water temperature per se the eastern side of the 

lake possesses due to its farness from the comparatively immediate heating 

impact of the hotsprings from the west and south-west sides of the lake. 

Hence, the result from Table 8 can be an indication that spatial variation in 

physicochemical parameters such as EC of Lake Beseka is affected by the 

presence of the hotsprings via induced spatial variation in surface water 

temperatures due to thermal-water heating effect. The influence of an 

induced temperature variation due to the presence of the   hotsprings 

on the physicochemical characteristics of the lake was also pointed out by 

a group of researchers from Germany in the year 2004‡.   

 

On the other hand, however, the eastern side (SS4) of the lake has a higher 

EC value (6.66 mS/cm) than the western side (SS7) of the lake although the 

western side of the lake has higher temperature (37°C at SS7) which can 

potentially favour higher EC values than the eastern colder part (25°C at 
                                                 
‡ Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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SS4). Therefore, the higher EC value of the eastern side appears to seem 

being owing to its greater TDS value which the western side lacks due to its 

exposure to a more immediate dilution effect.  

 

 

Finally, the hotspring (SS6) has the least average EC value (1.71 ± 0.01 mS/ 

cm) of all the samples although it has the highest average sample 

temperature (41.4 °C). The low EC value of the hotspring seems, therefore, 

to be primarily due to the relatively lowest TDS value (1.02 ± 0.01g/l) it also 

possesses than the relatively highest temperature it measured for. 

 

8.2 Dissolved Trace Metals 
8.2.1 Dissolved Iron 
The concentration level of dissolved iron across the surface sampling sites 

varies between 0.0415 ± 0.002 mg/l and 0.1585 ± 0.008 mg/l (see Table 7).  

The mean value of dissolved iron in the lake water is 0.0979 ± 0.0315 mg/l. 

Figure 7 shows the distribution of the concentration levels of dissolved iron 

among the surface sampling points. MoWR (1999) has also reported a 

concentration range of total iron in Lake Beseka ranging between 0.01-0.16 
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mg/l among a large number of different samples taken from eight different 

sampling locations over the surface of the lake. On the other hand, Tamiru 

(2000) has reported up to 0.063 mg/l and 4.2 mg/l total iron for Lake 

Langano and Lake Shall, respectively. Although the values of true dissolved 

iron in natural waters are unknown (Lepp, 1975) due to operational 

difficulty (Stumm and Morgan, 1981; 1996 and Lepp, 1975); the 

concentration value is generally less than 0.50 mg/l in fully aerated waters 

(Susan and Joy, 1998).  

 

Iron is practically insoluble in ionic form at the pH and redox potential (Eh) 

values prevailing in the epilimnion of most lakes (Lepp, 1975). At the pH and 

Eh values of Lake Beseka, OH- ions are ubiquitous. Therefore, iron is thought 

to occur primarily in ferric hydroxide [Fe(OH)3]  form  which is colloidal in its 

properties (Stumm and Morgan, 1996; Buffle and De Vitre, 1994). On the 

other hand, the prevalent dissolved ionic forms of iron in natural water 

systems are believed to be Fe(OH)4- and Fe(OH)2+ (Stumm and Morgan, 

1981; 1996). 

 

The effect of more than a 0.1 mg/l iron in natural waters is the prevalent 

formation of colloidal hydrated ferric oxide after exposure to air which can 

cause turbidity and orange-yellow color to natural waters (Buffle and De 

Vitre, 1994; Susan and Joy, 1998; Lepp, 1975). For instance, colored surface 

waters in Norway usually contain 0.01-1.0 mg iron/ L. It is also believed that 

most of the iron in Norwegian surface waters occurs in soluble organic 

complexes and that these are responsible for the brownish-yellow color of 

the waters (Gjessing, 1964). In addition to this, the yellowish hue of the Tikur 

Wuha River in Awassa has also been attributed to have been originated 

from organic complexes of iron (Pitwell, 1972).                                                                          
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Colored waters usually contain higher iron (III) concentrations; and it might 

be more probable that the coordinated products formed between the 

color bases, OH-, and Fe (III) are insoluble and are present as highly 

dispersed colloids since the diameter of Fe(OH)3 can be smaller than 100 

angstrom (Stumm and Morgan, 1981). However, APHA (1992) has 

mentioned the presence of manganese in addition to iron and other 

organic substances as possible causes for color in natural waters. Since 

inorganic complexes rather than organic complexes of iron are thought to 

occur at the very high pH value of Lake Beseka (Stumm and Morgan, 

1981), it seems that the yellowish-brown color of the lake water may 

possibly be due to inorganic complexes of iron, probably colloidal Fe(OH)3. 

Moreover, the absence of any detectable dissolved manganese (see 

Table 7) in any of the water samples of Lake Beseka, and the results from 

the section color analysis (see Section 8.4) also strengthens this notion. 

However, it will be very imperative if complimentary and supportive 

analytical investigations other than the ones carried out in the current 

investigation are performed to strengthen and support the above 

conclusion. 

The average dissolved iron concentration level from the samples of the 

hotspring (SS6) is 0.0415 ± 0.002 mg/l (see Table 7). MoWR (1999) has also 

reported up to 0.12 mg/l of total iron among seven different hotsprings 

around the lake. On the other hand, Tamiru (2000) has reported varying 

concentration levels of total iron for other different hotsprings in the MER 

areas: 0.091mg/l for Edu Geyer; 1.3 mg/l for East Shall Spring; 0.02 mg/l for 

Oitu Spring (Langano); 0.04 mg/l for Gerged Spring; 0.02 mg/l for Wonji 

Bulbula Spring; and 0.05 mg/l for Buku Steam (Nazareth). Owing to the 

presence of dissolved iron and other trace and sometimes toxic metals 

such as Pb and Hg (Tamiru, 2000; Zinabu and Pearce, 2003) in the 

hotsprings; a high-temperature water-rock interaction is believed to be the 
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main deriving force behind the existence of trace metals in the hotsprings, 

rivers and lakes of the MER valley (Tamiru, 2000). Since there is no any 

known anthropogenic trace metal pollution source in and around Lake 

Beseka, the natural transportation mechanism for the movement of iron 

into the lake from thermal water-rock interaction may also hold true for 

Lake Beseka. Since the lake is also under dramatic physical dynamism as it 

has been expanding from only 3 km2 to more than 42 km2 only within a 

span of about 40 years, this process may also enhance the physical 

dissolution of the surrounding soils (see Table 2 for the soil types) which may 

contribute to the movement of colloidal iron into the lake. To this end, 

however, a complete investigation which involves the identification of the 

source(s); the dissolution and movement mechanism including the 

hydrogeochemical reaction(s) and other related hydrogeochemistry of the 

metal needs to be studied further.  

 

8.2.2 Dissolved Cobalt and the Others  

The concentration level of dissolved cobalt across the surface sampling 

sites varies between 0.0506 ± 0.002 mg/l and 0.0844 ± 0.009 mg/l with a 

mean value of 0.0689 ± 0.0134 mg/l. However, dissolved cobalt is below 

detection limit for the samples from the hotsprings (SS6) (see Table 7 for 

dissolved trace metal results). Figure 7 shows the distribution of the 

concentration levels of cobalt among the surface sampling points. The 

major inorganic species of cobalt in natural waters are Co2+ and CoCO3 

(Stumm and Morgan, 1996). The concentration levels of the three other 

trace metals, namely; manganese, nickel and chromium which were under 

consideration in this investigation were found to be below the 

corresponding detection limits of the instrument, Vario-6 AAS, used for the 

analysis. Therefore, the overall result shows that iron is the dominant 
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dissolved trace metal in Lake Beseka water among the other four trace 

metals considered in this study. 

Since ions of d-elements in aqueous solutions being hydrated have specific 

colors: Ni2+ is green or bluish-green, Cr3+ is bluish-violet, Co2+ is pink, Mn2+ is 

colorless, Fe3+ is yellow to brown and Fe2+ is light green owing to their 

‘finger-print’ type of d-d electronic transitions (Linko and Lakshmi, 1992); the 

brownish-yellow color of the water of Lake Beseka also seems to be due to 

the relatively high iron it contains, and thus the yellow to brown color the 

metal imparts to aqueous solutions. The results of the color analysis (see 

Section 8.4) also support this notion. However, it is highly recommended 

that other supportive physical, or chemical, or instrumental or otherwise 

analyses; which could be beyond the financial, time or analytical scope of 

the current investigation, need to be further undertaken to compliment the 

above conclusion. 
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8.3 Depth-Profiles 
The average  results  for  selected  physicochemical  parameters  for all the  

samples from below the surface of Lake Beseka down to the depth 

sampling points/sites are given in Table 9. The raw field and laboratory data 

collected for all physicochemical parameters for all the depth samples are 

annexed as appendices (see Appendices 3 and 4). 
 
Table 9: Average physicochemical parameters results along down the depth 
                sampling points of the lake water.  
 

n represents the replicate number of samples collected; Temp. is temperature; and Pot. is potential. D0 is from the 
surface of the lake (0m); and D3, D6 and D9 are depths at 3m, 6m and 9m below the surface of the water, 
respectively. 
 

 
8.3.1 Physicochemical Depth-profiles 
The pH depth-profiles (fig 8a and fig 8b) at both SS1 and SS2 depth 

sampling sites; respectively, show a general gradual decreasing trend from 

the surface down to the depths of the lake. However, the EC depth-profiles 

(fig 8c and fig 8d) and the TDS depth-profiles (fig 8e and 8f) at both SS1 

and SS2; respectively, show a general gradual increasing trend. Mathew 

and Hill (1983) had also found similar trends in terms of pH, EC and TDS 

depth-profiles for Lake Texoma in Oklahoma-Texas. The factors  which  can  

affect  physicochemical parameter depth-profiles could be: temperature 

trend, dissolved oxygen (DO) trend and other hydrogeochemical 

    

Parameters 

 

n 

                                                     Depth   Sampling  points/sites 

                              At     SS1                      At   SS2 

D0 (0m) D3 (3m) D6 (6m) D9 (9m) D0(0m) D3(3m) D6(6m) 

Temp(oC) 2 28.5±0.4 28.2±0.3 28.0.±0.4 28.0±0.0  31.0 ±1.7 30.45 ± 0.9 30.5 ± 0.0 

PH 2 9.48±0.03 9.44±0.02 9.34±0.12 9.32 ±0.00  9.52±0.01 9.51±0.01 9.50±0.05 

EC(mS/cm) 2 6.96±0.11 6.98±0.06 7.01±0.01 7.03±0.01  6.91±0.01 7.01±0.00 7.01±0.02 

TDS(g/l) 2 4.16±0.10 4.19±0.04 4.19±0.01 4.21±0.00  4.15±0.01 4.20±0.01  4.20±0.01 

Redox Pot(mV) 2 -120.0±1.4   -118.4±0.1 -116.8±0.8 -115.3±0.2 -121.3±0.7 -119.7±0.3 -118.6±0.3 

Fe (mg/l) 2  0.0995±0.002 0.1050±0.006     0.163±0.004 0.207 ±0.003 0.075±0.0001 
 

0.1010±0.008 

 

0.185±0.006 

Co (mg/l) 2  0.0506±0.003 0.0889±0.001 0.0874±0.005 0.078±0.0001   0.0551±0.01 0.0735±0.007 0.06035±0.0006 

Ni (mg/l) 2 < 0.04 < 0.04 < 0.04 < 0.04 < 0.04 < 0.04 < 0.04 

Cr (mg/l) 2 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

Mn (mg/l) 2 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
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processes taking place in side the lake water (Mathew and Hill, 1983; 

Stumm and Morgan, 1996). 
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Figure 8: Depth-profiles of physicochemical parameters: (a) and (b) pH; (c) 
                and (d) EC; and (c) and (d) TDS.  
 
 
8.3.2 Dissolved Metals Depth-profiles 
The dissolved iron depth-profiles (fig 9a and fig 9b) at SS1 and SS2; 

respectively, show an increasing trend in the concentration of dissolved 

iron from the surface down to the depths of the lake demonstrating a 

general trend in redox  sensitivity (Stumm and Morgan 1981, 1996). 

However, the depth-profiles for dissolved cobalt (fig 9c and fig 9d) for both 

SS1 and SS2; respectively, show a gradual increasing trend up to a certain 

depth distance followed by an opposite gradual decreasing trend up to 

the rest of the depth distance. Dissolved trace metal concentration depth-

profiles for natural waters such as lakes can be affected by 

physicochemical processes such as sedimentation, dissolution, adsorption, 

assimilation, scavenging; and other physicochemical parameters such as 

redox potential (Stumm and Morgan, 1996). 
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Figure 9: Dissolved metal depth-profiles: (a) and (b) for dissolved iron; and 
                (c) and (d) for dissolved Co. 
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8.4 Color Analysis 
8.4.1 Physical analysis of the coloring substance  

The physical parameters used for the physical characterization of the 

coloring substance, which was collected from the raw lake water sample 

according to Section 7.5.1, were: odour, color, melting point and solubility. 

The results are given in Table 10 and Table 11 below. 
 

Table 10: Odour, colour and melting point test results of the coloring substance. 

 

 

 

 

 

Table 11: Solubility test results of the coloring substance. 

 
 

From the above solubility test results in Table 11, it seems that the coloring 

substance has quite an inorganic property since it is soluble inorganic 

substances which can dissolve in polar solvents such as water and 

methanol. Therefore, the solubility results seems to exclude the notion that 

the color of the lake water might be due to organic substances such as 

humus, peat, plankton or any other possible organic material(s)  which  can 

Parameters        Results      Remarks 

Odour       No odour     Carried out by smelling 

Color       Brownish          -------------- 

Melting point      > 350o C     Three trials were done 

Solvents  Results from room temp. 
  condition 

Results from hot water bath    
 condition 

Non-polar 
  a) hexane 
  b)dichloromethane 
 

      
   Not soluble 

   
    Not soluble 

   Not soluble     Not soluble  

 Polar aprotic  
   a) acetone 
 

 
   Not soluble 

  
     Not soluble 

 Polar protic 
   a) ethanol  
   b) methanol 
   c) water  

 
   Not soluble 

             
     Not soluble   

   Not soluble      Slightly soluble 
   Soluble      Soluble 
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impart color to natural waters (APHA, 1992). In addition, unlike the Tikur 

Wuha River of Awassa which acquired its color due to organic 

complexation of iron since the river has a swampy source up-stream which 

serves as a source of organic complexing ligands for iron Pitwell (1972) ; the 

surroundings of Lake Beseka is a semi-arid environment which is poor in 

vegetations and swaps.   

 

With regard to the brownish color result (see Table 10) of the coloring 

substance, Vogel (1978) has listed the following substances to have 

brownish appearance: PbO2, CdO, Fe3O4, Ag3AsO4, SnS, Fe2O3 and 

Fe(OH)3(reddish-brown). However, the fractional semi-micro chemical 

analyses results in Section 8.4.2 below have confirmed the presence of 

iron(Fe), but the absences of  manganese(Mn), cobalt(Co), nickel(Ni), 

chromium(Cr), lead(Pb), cadmium(Cd), silver(Ag) and tin(Sn). To this end, 

the results obtained so far appears to support that iron is the most likely 

candidate as a cause for the brownish-yellow color of the lake water. 

 

8.4.2 Chemical Analysis of the Coloring Substance 
The systematic and fractional chemical analyses results for Solution I and 

Solution II, which were prepared from the collected brownish colored 

precipitate according to Section 7.5.3, are given in Table 12 and Table 13 

below. 

Table 12: Systematic cation analyses results.  

                 *Negative results imply no cation was detected in the test solutions. 

Group             Cations       Test solutions                  Analyses results       Remark 

    
     I 

  
  Ag+ , Pb2+ , Hg22+ 

 
Solution I and Solution II 
 

 
Negative* to all 

 
No Group I cations 

    II  Ca2+ , Sr2+ , Ba 2+ , Pb2+ Solution I and Solution II 
 

Negative to all No Group II cations 

    III  Al3+, Cr3+ , Zn2+ , Sn(II), Sn(IV) Solution I and Solution II 
 

Negative to all No Group III cations 

    IV  Bi3+, Fe2+,Fe3+,Mg2+,Mn2+ Solution I and Solution II 
 

Negative to all No Group IV cations 

    V  Cd2+,Co2+,Cu2+,Hg2+,Ni2+ Solution I and Solution II 
 

Negative to all No Group V  cations 
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The systematic analysis results show negative to all groups of trace metal 

cations, however, the fractional analysis result (Table 13 below); which is 

confirmatory test to a cation under investigation (Linko and Lakshmi (1992), 

shows the presence of iron and the absence of other nine trace metal 

cations. 

 

The results in Table 13 below show the fractional analyses results performed 

for ten different trace metal cations for both the test solutions: Solution 

I and Solution II. Fractional analysis is used to confirm the existence of an ion 

irrespective of the presence of other ions. This technique of analysis is a 

confirmatory test for an ion under investigation; and it is done by 

performing analysis on separate portions of a test solution with the 

appropriate specific confirmatory test reagents (Vogel, 1978; Linko and 

Lakshmi, 1992). The test for iron was double-checked by performing two 

different independent confirmatory tests for iron with two different sets of 

reagents (See Table 6); and it has been observed that the tests are positive 

for iron confirming its presence in the test solutions which were prepared 

from the brownish colored precipitate collected from the raw water 

sample of Lake Beseka. 

 

On the other hand, the confirmatory fractional analyses tests were 

negative for all the trace metals other than iron listed in Table 13 confirming 

their absences.  

 

Therefore, the results collected so far exclude the notion of the color of the 

lake water may be caused by manganese since manganese could be one 

of the trace metals which impart color to natural waters (APHA, 

1992). Besides, no detectable dissolved manganese concentration was 
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found in any sample (surface as well as depth samples) of the lake water in 

this investigation.  

 

Table 13: Fractional analyses results of 10 trace metal cations. 

 

 

 

However, the results of this section supports the notion of a possible 

coloration of the lake water due to none but one of the compounds of the 

trace metals, i.e., iron listed by Vogel (1978) to be the commonly occurring 

brown colored substances. On the other hand a possible notion of the 

coloration of the lake water due the presence of detectable 

concentration level of dissolve cobalt (see Section 8.2.2) in the lake water 

samples can also be excluded since the presence of cobalt was not 

confirmed during the chemical color analysis of the brownish precipitate 

collected from the raw water of the lake. Moreover, cobalt is not among 

one of the commonly brownish color forming trace metals listed by Vogel 

Cation Test solution Expected    
 result 

Test result Remark Conclusion 

Fe3+ Solution I & II Blue solution Blue solution Positive test   Fe3+ is present 
 

Fe3+ Solution I & II Red solution Red solution Positive test Fe3+ is present 
 

Co2+ Solution I & II Blue solution Colorless to sol. II 
and no change 
to sol. I 
 

Negative test Co2+ is not present 

Ni2+ Solution I & II Red-rose ppt. No ppt. Negative test Ni2+ is not present 
 

Mn2+ Solution I & II Pale-purple solution Colorless to sol. II 
and no change 
to sol. I 

Negative test Mn2+ is not present 

Pb2+ Solution I & II Yellow ppt. No ppt. Negative test Pb2+ is not present 
 

Sn2+ Solution I & II Red solution Colorless to sol. II 
and no change 
to sol. I 
 

Negative test Sn2+ is not present 

Cd2+ Solution I & II Yellow ppt. No ppt. 
 

Negative test Cd2+ is not present 

Ag+ Solution I & II Pale-yellow ppt. No ppt. 
 

Negative test Ag+ is not present 

Cr3+ Solution I & II Yellow ppt. No ppt. Negative test Cr3+ is not present 
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(1978). In addition to this, hydrated cobalt ions (Co+2) imparts pink color in 

aqueous solutions (Linko and Lakshmi, 1992) which is in contrast to the 

brownish-yellow color of the lake water that seems evidently to be caused 

due to  the presence dissolved ferric ions in the lake water (Vogel, 1978; 

Linko and Lakshmi, 1992; APHA, 1992; Pitwell,1972; Gjessing, 1964); or due to 

the presence of highly dispersed colloids of iron most probably in the form 

of Fe(OH)3 since Lake Beseka is highly alkaline (pH> 9) and since hydroxide 

ions (OH-) are ubiquitous (Stumm and Morgan, 1981, 1996; Lepp, 1975; 

Vogel, 1978). 

 

In conclusion, it seems evident (from within the analytical scope of the 

current investigation) that the brownish-yellow color of Lake Beseka water is 

due to the relatively significant amount of the dominating iron trace metal 

it contains. And, it seems also most likely that the iron is imparting the 

yellowish-brown color to the lake water either in the form of highly 

dispersed colloids of Fe(OH)3, or in the form of hydrated ferric ions in the 

lake water.  However, since the current investigation had limitations such as   

financial and time constrains as well as analytical scope requirements; it is 

pretty indispensable and recommended that other supportive physical, or/

and chemical, or/and instrumental, or otherwise analytical investigations 

are undertaken further to compliment, or/and support, or/and strengthen 

the conclusion that the color of the lake water is due to iron. Lastly but not 

least, the suggestions from the MoWR (1999) in its Draft Final Report on the 

Study of Lake Beseka that the cause of the color of the lake water might 

be due to trace metal complexes of the likes of Mn-NH3, Ag-NH3, or others 

mentioned therein are quite an unempirical and thus simply conjectural 

and, therefore, it seems an unfounded suggestion and, hence it may not 

be acceptable. 
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9. Conclusions 
 

   I. Lake Beseka shows spatial variation in terms of its physicochemical 

    properties across the  surface of the water. 

- The eastern side of the lake has a higher average pH, total 

dissolved solids (TDS), and electrical conductivity (EC) values 

than the western side of the lake. However, the western side of 

the lake has a higher average temperature than the eastern 

side of the lake. 

- The lake also shows a spatial variation in terms of dissolved iron 

concentration and dissolved cobalt, however, the spatial 

variation of dissolved cobalt is less significant than that of 

dissolved iron. 

 

II. The lake also shows gradual variation in its physicochemical properties   

     along down to the depths of the lake water. 

- The pH depth-profiles show gradual decreasing tendencies 

while the EC and TDS depth-profiles show general increasing 

tendencies along down to the depths of the lake water. 

- The dissolved iron depth-profiles show general increasing 

trends along down to the depths of the lake. However, the 

dissolved cobalt depth-profiles show increasing tendencies up 

to certain depth levels, and then followed by decreasing 

trends down to the rest of the depth of the lake water. 

 

III. The presence of the hotsprings on the western side of the lake seems to 

      affect the pH, TDS, EC and Temperature values; and their spatial 

      variations across the surface of the lake water. 
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IV. The mean dissolved concentration levels of the trace metals of iron and 

      cobalt across the surface of the lake water are 0.0979 ± 0.0315mg/l and 

      0.0689 ± 0.0134mg/l, respectively. However, the concentration levels of 

      the other three trace metals, viz, manganese, nickel and chromium are 

      below instrumental detection limits. 

 

V. The brownish-yellow color of the water of Lake Beseka is found out to be 

     due to the trace metal iron. It is also most likely that the iron imparts the 

     brownish-yellow color to the lake water either in form of dissolved 

     hydrated ferric ions, or in the form of highly dispersed colloids of Fe(OH)3.    
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Appendix 1: Raw physicochemical field data collected from surface 
                       sampling points. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Surface 
sample 
sites/points 

 
Sample 
code 

 
Temp. 
( oC ) 
 

 
   pH 

 
Redox  
Potential 
  (mV) 

 
     EC 
(mS/cm) 

 
  TDS 
 (g/l) 

 
Salinity  
 (g/l) 

 
Secchi 
Depth 
   (cm) 

          #1    28.2   9.50  - 119.0    6.89    4.09     2.9     58 
       1   #2    28.8   9.46  - 121.0   7.04    4.23     3.0     58 
         
   #1    33.0   9.52  - 122.5   7.06    4.22     3.0     58 
       2   #2    33.2   9.52  - 122.0   7.05    4.22     3.0     57 
         
                  #1    32.2   9.53  - 120.8   6.90    4.14     3.0     58.5 
       3   #2    29.8   9.52  - 121.8   6.91    4.16     3.0     58.5 
         
   #1    25.0   9.64  - 157.7    6.66    3.60      3.0      56 
       4   #2    25.0   9.64  - 157.5    6.66    3.60      3.0      56 
         
   #1    29.7    9.48   -120.4   6.88    4.12     2.9      58 
       5   #2    29.4    9.56  - 121.2   6.88    4.13     2.9      58 
         
   #1    41.6    8.36   - 60.5   1.712    1.02     0.9       --- 
       6   #2    41.2    8.35   - 61.5   1.703    1.01     0.9       --- 
         
    #1    36.2    9.44  - 117.5    4.82    2.93     2.1       --- 
       7 
 

   #2    37.9    9.40  - 117.4    4.76    2.84     2.1       --- 
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Appendix 2: Raw laboratory data for dissolved trace metal analysis result 
                        for water samples from the surface sampling sites. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Surface 
sample     
site/point 

 
Sample 
 code 

 
 Fe (mg/l) 

 
Mn (mg/l) 

 
Co (mg/l) 

 
Ni (mg/l) 

 
Cr (mg/l) 

        
      1 
 

    #1     0.1010    < 0.01   0.0525  < 0.04    < 0.05 
    #2     0.0980    < 0.01   0.0487  < 0.04    < 0.05 

        
       2 
 

    #1     0.0758    < 0.01   0.0806  < 0.04    < 0.05 
    #2     0.0759    < 0.01   0.0765  < 0.04    < 0.05 

                
       3 
 

    #1     0.0758    < 0.01    0.0456  < 0.04    < 0.05 
    #2     0.0756    < 0.01    0.0646  < 0.04    < 0.05 

       
       4 
 

    #1     0.1640    < 0.01    0.0881  < 0.04    < 0.05 
    #2     0.1530    < 0.01    0.0625  < 0.04    < 0.05 

       
       5 
 

    #1     0.1030    < 0.01    0.0778  < 0.04    < 0.05 
    #2     0.0920    < 0.01    0.0614  < 0.04    < 0.05 

       
       6 
 

    #1     0.0400    < 0.01    < 0.05  < 0.04    < 0.05 
    #2     0.0430    < 0.01    < 0.05  < 0.04    < 0.05 

       
       7 
 

    #1     0.0783    < 0.01    0.0907  < 0.04    < 0.05 
    #2     0.0821    < 0.01    0.0780  < 0.04    < 0.05 
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Appendix 3: Raw physicochemical data collected in the field for the depth 
                        samples.  
 
 
 
 

 

Parameters 

 

Sample 

code 

                                                               Surface sampling  points/sites 

                                                At SS1                At SS3 

D0 (0m) D3 (3m) D6 (6m) D9 (9m) D0 (0m) D3 (3m) D6 (6m) 

 

Temp(oC) 

#1    28.2     28.0     28.3     28.0      32.2      29.8    30.5 

#2    28.8     28.4      27.7     28.0      29.8       31.1    30.5 

Av. 28.5±0.4 28.2±0.3 28.0.±0.4 28.0±0.0  31.0 ±1.7 30.45 ± 0.9 30.5 ± 0.0 

 

PH 

#1    9.50     9.43      9.42      9.32     9.53      9.50    9.46 

#2    9.46     9.46      9.25      9.32     9.52      9.52    9.53 

Av. 9.48±0.03 9.44±0.02 9.34±0.12 9.32 ±0.00  9.52±0.01 9.51±0.01 9.50±0.05 

 

EC(mS/cm) 

#1    6.89     7.02      7.00     7.04     6.90      7.01    6.99 

#2    7.04     6.94      7.02     7.02     6.91      7.01    7.02 

Av. 6.96±0.11 6.98±0.06 7.01±0.01 7.03±0.01  6.91±0.01 7.01±0.00 7.01±0.02 

 

TDS(g/l) 

#1    4.09     4.22       4.20      4.22     4.14      4.20     4.19 

#2    4.23     4.16       4.18       4.22     4.16      4.21     4.20 

Av. 4.16±0.10 4.19±0.04 4.19±0.01 4.21±0.00  4.15±0.01 4.20±0.01  4.20±0.01 

  

Redox Pot 

   (mV) 

#1  - 119.0    - 118.6     - 116.2   - 115.3    - 120.8  - 119.5   - 118.4 

#2  - 121.0    - 118.4     - 117.4   - 115.6   - 121.8   - 119.9   - 118.8 

Av. -120.0±1.4   -118.4±0.1 -116.8±0.8 -115.3±0.2 -121.3±0.7 -119.7±0.3  -118.6±0.3 
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Appendix 4: Raw laboratory data for dissolved trace metal analysis result of 
                       the depth samples. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Parameters 

 

Sample 

code 

                                                              Depth sampling  points/sites 

                                               At SS1                     At  SS3 

  D0 (0m) D3 (3m) D6 (6m) D9 (9m) D0 (0m) D3 (3m) D6 (6m) 

 

Cr (ppm) 

   #1    < 0.05  < 0.05 < 0.05  < 0.05  < 0.05  < 0.05  < 0.05 

   #2    < 0.05  < 0.05 < 0.05  < 0.05  < 0.05  < 0.05  < 0.05 

 

Mn (ppm) 

   #1    < 0.01  < 0.01 < 0.01  < 0.01  < 0.01  < 0.01  < 0.01 

   #2    < 0.01  < 0.01 < 0.01   < 0.01  < 0.01   < 0.01  < 0.01 

 

Fe (ppm) 

   #1    0.1010  0.1004 0.166   0.209   0.0758   0.0951   0.181 

   #2    0.0980  0.1096 0.160   0.205   0.0756   0.107   0.189 

 

Ni (ppm) 

   #1    < 0.04  < 0.04 < 0.04  < 0.04   < 0.04   < 0.04  < 0.04 

   #2    < 0.04  < 0.04 < 0.04  < 0.04   < 0.04   < 0.04  < 0.04 

 

Co (ppm) 

 

   #1    0.0525  0.0898 0.0870   0.0782   0.0456    0.0782   0.0608 

   #2    0.0487  0.0880 0.0879   0.0780   0.0646    0.0689   0.0599 
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Appendix 5: Depth below lake level profile of Lake Beseka. 
 

 
 
Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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Appendix 6: Temperature map of Lake Beseka. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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Appendix 7: Stratified map of Lake Beseka. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Source: http://www.rsg.tu-freiberg.de/twiki/bin/view/Main/ProjectBeseka, accessed January, 2006. 
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