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Abstract 
 
        A general geochemical study has been performed within Lake Imandra situated in the 
industrial area in the central part of the Kola Peninsula. The impact of the main industries – 
mining and metallurgical enterprises - has been evaluated. The region is highly developed 
regarding mining and metallurgical industries. The main ones surrounding Lake Imandra are the 
“Severonickel” smelter, “Apatity” mining company and the Olenegorsk mining company. 
Analyses of water and sediment samples received from the Lake have been performed. Samples 
were taken in April, 1995 by Swedish and in August and October, 1995 by Russian researchers 
at the sampling station situated between Great and Yokistrovskaja Imandra. Water samples were 
collected down to a depth of 30 m, every second meter down to 24 m depth and thereafter every 
meter down to the sediment. The length of the sediment cores was 19 cm.  
       Analyses of the water column show high concentrations of trace elements representing the 
main pollutants. These enter the lake from mines and smelters via wastewaters and atmospheric 
deposition. 
       Interpretation of the sediment core suggests that the mining and metallurgical industry has a 
significant influence on the composition of the sediments and waters of Lake Imandra. Maxima 
and minima in metal concentrations coincide with peaks and recessions of the industry 
production. 
       The main elements of this investigation were the main pollutants coming from the major 
industrial plants. The distribution of trace elements is more controlled by the natural Mn cycle 
than by the Fe cycle. Trace metals released from Mn and Fe oxyhydroxides in the bottom water 
later form sulfides in the S-rich zone, several cm below the sediment interface. In this way Ni, 
Cu, Co, Mo, etc. are fixed in the sediments. 
       The chemical conditions of Lake Imandra have changed under the high anthropogenic load, 
and a release of elements from the sediment to the water column can be a possible future 
scenario. 
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1. Introduction 
 
 
        Nowadays one of the most important topics in geochemistry is the study of migration of 
elements under conditions of intense pollution. Natural geochemical cycles of many elements are 
changed by human activity. Mining and metallurgy disturb the cycles of elements which are 
mined and used for technical purposes. In that way, changes in natural geochemical cycles under 
the impact of human activity are one of the most important problems of modern geochemistry 
(Dauvalter et al., 1997). 
         So it is possible to say that the processes of the anthropogenic migration of elements are a 
main geochemical factor at the presence time. 
Arctic ecosystems are very sensitive to the anthropogenic pressure because of a low level of 
energy cycling at the cold latitudes. Water is the common denominator among all ecosystems 
and global biogeochemical cycles, and water reservoirs finally become collectors for all kinds of 
pollutions. 
         The location of big mines and smelters (e.g. in Monchegorsk, Apatity, Olenegorsk) in the 
vicinity of Lake Imandra makes this lake a primary recipient of pollutants. 
         The main theme in this thesis is the relation between the distribution of Mn and Fe and 
elements (mostly trace metals) entering the ecosystem of Lake Imandra by anthropogenic 
discharge. In this context processes like precipitation, dissolution of inorganic phases, oxidation 
and reduction are important. Special attention is paid to the evaluation of the role of mining and 
metallurgical industries in the contamination of the lake. 
         Another important part of this thesis is a sediment core study. Changes in the loading of 
metals to the lake over time are recorded in the sediments (Jaquet et al., 1982) and give 
information about the variability of metal fluxes.  Sediment chronology is a useful approach to 
evaluate the anthropogenic loading and contribution from mining and smelters. 
        Lake ecosystems can act as a crucible for the transformation of metals from one form to 
another. This can be of interest for studying the influence of anthropogenic inputs on the natural 
cycles of elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 5 

2. Geochemistry of lakes  
 
 2.1 Lakes 
 
         Lakes a re defined as inland bodies of water occupying depressions in the Earth’s crust, 
with salinities ranging from dilute to over 200 parts per thousands. Lakes can range in size from 
small ponds to huge bodies of water, but are usually large enough to have at least one wind-
swept beach (Sullivan, 2003).  
         Most lakes were created by geological events. Most lakes in Arctic latitudes were created 
by glaciers. Glaciers formed lake basins by gouging holes in loose soil or bedrock, by depositing 
material across stream beds, or by leaving buried chunks of ice whose melting shaped lake 
basins. More recently, humans and other animals have created lakes and reservoirs by damming 
rivers and streams. 
       Lakes and their surrounding watersheds are unique and valuable ecosystems. They support 
an abundance of animal life, including large numbers of endemic and threatened species. All 
around the world, lakes face similar management challenges. They are suffering from the loss of 
biodiversity, pollution, invasion of foreign species, decline in water levels as well as other 
problems stemming from competing resource uses such as hydroelectric power and watershed 
disposal. 
      Lakes constantly undergo evolutionary change. Most are destined to fill in with remains of 
lake organisms and with silt and soil washed in by floods and streams. These gradual changes in 
the physical and chemical components of a lake affect the development and succession of plant 
and animal communities. This natural process takes thousands of years. Human activities, 
however, can dramatically change lakes, for better or worse, in just a few years. 
      Lakes and their sedimentary sequences are data archives containing high-resolution records 
of past conditions. Lakes and their deposits are more widespread through space and time than 
formerly believed and have great potential as a new frontier in environmental and tectonic 
studies as well as in resource exploration for hydrocarbons, zeolites, salt and ores. 
The main science for lakes is limnology. Limnology is the study of lake systems and their 
deposits. “Limno” is based on the Greek word “Limne” meaning marsh, lake or pool. 
“Limnology” is the biologic, chemical and physical study of modern lakes and rivers.  
 
 
 
2.2 Temperature distribution and stratification  
 
 
       The greatest source of heat to lakes is solar radiation. In lakes of deep and moderate depth, a 
major part of the radiation is absorbed directly by the water and a minor part is transferred from 
the air and sediments. In shallow waters, sediments can absorb significant quantities of solar 
radiation and heat may be transferred to the water. Significant heating of lakes can also be 
caused by groundwater inflow and springs, especially in case of hot springs in certain volcanic 
lakes. Some amount of heat can also be received from surface runoff. 
       Some heat is lost from lakes by thermal radiation. However, due to the low thermal 
conductivity of water, heat loss by thermal radiation is mainly a surface phenomenon, restricted 
to the first few centimeters of water. Measurable amounts of heat can be lost by specific 
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conduction both to the air and, to some extent, to the sediments. Heat is also lost through 
evaporation, which increases with higher temperature, reduced vapor pressure, lower barometric 
pressure, and increased air movement over the water surface, and decreases with increasing 
salinity. Some amount of heat can be lost with outflow, which usually consists of warmer surface 
waters. The inputs and outputs of heat are therefore largely surface phenomena. 
      Thermal stratification, resulting from heating by the sun, is the most important physical event 
in a lake’s annual cycle and dominates most aspects of lake stratification (Fig. 1).  
 
 
               
 
 
 
 
 
 
 
 
             
 
 
 
 
 
 
 
 
Fig. 1. Typical thermal stratification of a lake during the summer period. 
 
  
     Heating decreases the density of the surface water, which, in combination with the wind, 
results in a three-layered system. If the lake is deep enough, summer stratification produces an 
upper warm, lighter layer – the epilimnion; a cool denser layer – hypolimnion; and a transitional 
zone between them – the metalimnion. The exact boundaries of these layers are not always easy 
to detect, and the layers are dynamic, with some fluctuation in the size of each layer occurring 
over a season. In lakes, the epilimnion may range from the surface to as little as 2 m to more than 
20 m. The metalimnion is often several meters thick, and the hypolimnion is thick only in deep 
lakes. 
    The regions of the greatest change in temperature with depth are called thermoclines. A 
thermocline is defined as a region where temperature changes are greater than 1oC per meter of 
depth. However, this definition is not valid for warm lakes with stable stratification, for instance 
tropical lakes, where the temperature change is not more than 1-3oC from surface to bottom. In 
addition, small, temporary density-stratified layers occur within the epilimnion on most calm, 
warm days, and these thermoclines show only a small difference in temperature with depth.  
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        The parent or seasonal thermocline always lies within the metalimnion. Temporary or daily 
thermoclines are shallower and may lie in the metalimnion or in the epilimnion. Lakes at mid -
latitudes form a thermocline in spring, if they are deep enough, and lose it in the autumn. 
At the end of thermal stratification when loss of heat exceeds heat inputs, surface waters of the 
epilimnion cool, become more dense, and are mixed with deeper strata of similar density by 
wind- induced and convection currents. The metalimnion is progressively eroded because the 
relative thermal resistance to mixing is reduced. Eventually, the entire volume of water is 
included in the circulation and fall turnover is initiated. Fall turnover continues with progressive 
cooling, often to the temperature of maximum density of 4oC or less. Ice cover forms on the 
surface under calm, cold conditions. Inverse stratification of the water column occurs under the 
ice, where colder, less dense water overlies warmer, denser water near the temperature of 
maximum density at 4oC. Some gradual heating of the water occurs during the winter due to the 
solar radiation penetrating through the ice cover, and the heat accumulated in the sediments 
during the summer. When the ice cover melts in the spring, the water column is nearly 
isothermal. If the lake receives sufficient wind energy, as is commonly the case, the lake 
circulates completely and undergoes spring turnover. 
      The heat budget of a lake is a measure of the heat storage capacity under existing conditions 
of morphometry and the climate to which it is exposed. The annual heat budget is the total 
amount of heat accumulated between the period of its lowest and its highest heat content 
(Wetzel, 2001). The annual income and loss of heat in tropical lakes is small in comparison to 
lakes at higher latitudes and altitudes. The annual heat budget of lakes of the temperate zone 
generally increases with mean depth, area and lake volume.  
 
 
 
2.3 Distribution of oxygen  
 
 
      Oxygen is one of the most fundamental parameters of lakes and streams. Oxygen dissolved 
in water is obviously essential to the metabolism of all aerobic aquatic organisms. The rates of 
supply of dissolved oxygen from the atmosphere and from photosynthetic inputs, and the hydro-
mechanical distribution of oxygen, are counter-balanced by consumptive metabolism by biota 
and nonbiotic chemical reactions. The resulting distribution of oxygen affects strongly the 
solubility of many inorganic nutritients. 
      The solubility of oxygen is affected by temperature and increases in cold water. The 
solubility of oxygen decreases somewhat with lower atmospheric pressures at higher altitudes 
and increases with greater hydrostatic pressures at depth within lakes. Salinity also affects the 
solubility of oxygen in water; it decreases exponentially with increases in salt content.  
      The distribution of oxygen in the water of thermally stratified lakes is controlled by a 
combination of solubility conditio ns, hydrodynamics, and inputs from photosynthesis, and losses 
to chemical and metabolic oxidations. 
      In unproductive oligotrophic lakes that stratify thermally in the summer, the oxygen content 
of the epilimnion decreases as the water temperatures increase. The oxygen content of the 
hypolimnion is higher than that of the epilimnion because the saturated colder water from spring 
turnover is exposed to limited oxidative consumption. Such a vertical distribution is called an 
orthograde oxygen profile (Fig. 2). 



 8 

      The loading of organic matter to the hypolimnion and the sediments of productive eutrophic 
lakes increase the consumption of dissolved oxygen. As a result, the oxygen content of the 
hypolimnion is reduced progressively during the period of summer stratification, usually most 
rapidly at the deepest portion of the basin where strata of less volume are exposed to the more 
intensive decomposition in surficial sediment. The resulting vertical distribution is termed a 
clinograde oxygen profile (Fig. 2). 
     Oxygen saturation at existing water temperatures is restored throughout the water column 
during fall circulation.  
     The exchange of oxygen with the atmosphere ceases for all practical purposes with the advent 
of ice formation. The oxygen content and saturation levels are reduced at lower depths in 
productive lakes, but not to the extent observed during summer stratification, because of 
prevailing colder water temperatures (greater solubility, reduced respiration).     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. Idealized vertical distribution of oxygen concentrations and temperature (? ) during     the  
            four main seasonal phases of an oligotrophic and eutrophic dimictic lake (from Wetzel,   
            2001). 
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2.4 Fe and Mn cycling  
 
        In pure inorganic chemical systems, oxidation-reduction (redox) reactions proceed with a 
flow of electrons between the oxidized and reduced states until equilibrium is attained.  
       Changes of the redox conditions near lake bottoms lead to the occurrence of redox-cycles. 
Fe and Mn behave in a similar fashion in freshwater systems, with similar redox cycles: Fe(III) 
<-> Fe(II), Mn(IV) <-> Mn(II). These processes occur due to aerobic oxidation by specific 
bacteria (chemoautotrophs) and ?anaerobic reduction (heterotrophs). 
      The spatial and temporal distribution of iron and manganese depends upon the balance of 
many physical, chemical, and biological parameters. Solar radiation and wind affect the 
hydrodynamic stability of stratification. Biologically mediated chemical processes regulate the 
redox conditions, the availability of electron acceptors and the extent of reduction to allow 
accumulation of sulfide and subsequent precipitation of metal sulfides (Wetzel, 2001). 
The vertical distribution of iron and manganese in lakes is reflected in the distribution of redox 
potentials. Under anoxic conditions near the bottom, Fe(II) and Mn(II)  (in dissolved form) rise 
up to oxic layers, where the metals are reoxidized and pass into insoluble forms. 
      Concentrations of ionic iron in oxygenated waters of oligotrophic lakes, epilimnia of more 
productive lakes and of circulating waters are exceedingly low. Manganese is somewhat more 
soluble. Ferrous ions diffuse readily from the sediments when redox potentials decline to about 
200 mV; migration of Mn2+ from the sediments occurs at somewhat higher redox potentials 
(Robbins and Callender, 1975; Ostendorp and Frevert, 1979). 
      Manganese is capable of accumulating in aquatic media mainly due to a lowering of Eh and 
pH. Unlike other heavy metals, Mn is characterized by a low degree of complexation and the 
lowest capacity for associating with low- and high-molecular organic compounds (Linnik and 
Nabivanets, 1986).  
      Fe has a high capacity for complexing with organic ligands, but most Fe (95-97% of Fetot) 
occurs in the surface fresh waters in suspended and colloidal forms (Linnik and Nabivanets, 
1986). At pH values greater than about 2.2, Fe oxyhydroxides commonly precipitate to form 
colloids, which affect the cycling of other metals by sorption (Smith et al., 1991). 
     The world average quantity of total iron (Fetot) in lakes is variable among continents, and is 
higher then would be generally expected among most oxygenated surface waters of lakes. The 
range of manganese concentrations is also highly variable in relation to lithology and drainage of 
the lake basin (Hutchinson, 1957; Livingstone, 1963; Hongve, 1980). 
      Release of Mn2+ precedes that of Fe2+. Released manganese will remain soluble if the oxygen 
saturation is less then 50% (Burns and Nriagu, 1976). Iron oxide can form in the absence of 
particulate matter, but it’s particle morphology depends upon the presence of particulates. In 
contrast, the formation of manganese oxide requires living microorganisms to catalyze the 
oxidation of manganous ions (Ghiorse, 1984; Tipping, 1984.) 
Under oxidized conditions, as in the epilimnia of lakes and most streams, large amounts of iron 
are found only in acidic water (pH < 3-4), such as in lakes of volcanic origin and influence 
(Yoshimura, 1936) or runoff streams from strip mining operations. 
     The cycling and settling of Fe and Mn to the sediments must be evaluated within redox 
conditions in the lake strata, the settling and focusing of particles, particularly Fe and Mn 
oxyhydroxides, and resuspension of surficial sediments. Because sediments of deeper areas tend 
to be more reducing than those of shallower areas, particulate sedimentation of Fe and Mn oxides 
tends to be greater in shallow-water sediments (Hamilton-Taylor and Morris, 1985). 
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      The cycling of iron and manganese is influenced by two processes (Kuznetsov, 1970; 
Ghiorse, 1984). First – reduction of the oxidized combined metal occurs under appropriate redox 
conditions as ferrous bicarbonate or is precipitated and sedimented as sulfide. Second, sheathed 
and stalked bacteria, algae, protozoan flagellates, and some true bacteria precipitate ferric and 
manganic oxides on their cells.  The true iron bacteria occur in iron-rich waters of neutral, or 
alkaline pH. 
     Although bacterial and photosynthetic metabolism greatly influences the oxidation-reduction 
conditions of the lakes, which indirectly regulate the states of Fe and Mn and their fluxes, certain 
bacteria utilize iron and manganese directly in energetic transformations. These transformations 
are usually minor (Ghiorse, 1984; Jones, 1986).  
 
 
 
2.5 Distribution of major ions in fresh waters 
 
 
       The spatial and temporal distribution of the major cations and anions are separable into (1) 
conservative ions, whose concentrations within the lake undergo relatively minor changes from 
biotic utilization or biotically mediated changes in the environment, and (2) dynamic ions, whose 
concentrations can be influenced strongly by metabolism.  Of the major cations, magnesium, 
sodium, and potassium ions are relatively conservative both in their chemical reactivity under 
typical freshwater conditions and their small biotic requirements. Calcium is more reactive and 
can exhibit marked seasonal and spatial dynamics. Of the major anions, inorganic carbon is of 
fundamental importance to the metabolism of fresh waters. Similarly sulphate is greatly 
influenced by microbial cycling and the chemical milieu. Chloride is relatively conservative 
(Wetzel, 2001). 
 
 
 
 
 
2.5.1 Calcium 
 
     Calcium influences the growth and population dynamics of freshwater flora and fauna both 
directly and indirectly (Smith, 1995).  
     The calcium content of softwater lakes remains well below saturation levels, and these 
concentrations exhibit only minor seasonal variations with depth. The amount of calcium utilized 
by the biota is usually so small in comparison to existing levels that reduction or depletion by 
biota normally cannot be seen in analytical data. Decomposition processes can lead to some 
calcium accumulation in the hypolimnion of productive softwater lakes during stratification.  
     The calcium content of hardwater lakes, however, undergoes marked seasonal changes.  
Calcium is present in ionic form and as suspended particulates, mainly CaCO3. Carbonate is more 
soluble in cold than warm waters (Wetzel, 2001).  
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    Rain and soil water contain weak carbonic acid, which is a major carbon source for receiving 
waters. Basic carbonate rocks, such as limestone in the lake watershed and sediments, neutralize 
this acid by the reaction: 
 
  CaCO3 + CO2 + H2O ⇔  CaCO3 + H2CO3 ⇔  Ca(HCO3)2 ⇔ Ca2+ + 2HCO3

-
      

 
     The loss of CaCO3 by precipitation influences the metabolism of hardwater lakes by 
coprecipitation of inorganic nutrients, such as phosphorous and selective removal of humic 
organic acids and other organic compounds by adsorption (Stewart and Wetzel, 1981). 
Epilimnetic decalcification is reflected simultaneously in the distribution of specific conductance 
of hardwater lakes. Because concentrations of Mg, Na, K, and Cl are relatively conservative the 
specific conductance follows changes in Ca2+ and HCO3

- concentrations in nearly a 1:1 
relationship (Otsuki and Wetzel, 1974). A portion of the precipitating CaCO3 is resolubilized in 
the hypolimnion, which is reflected in both the increased concentrations of Ca2+ and the specific 
conductance in hypolimnetic waters. Some of the CaCO3 is entrained permanently in the 
sediments and commonly constitutes >30 % of the sediments by weight in lakes with moderately 
hard waters (Wetzel, 1970). Adsorption of organic compounds to CaCO3 lowers the rates of 
dissolution in hypolimnetic strata of reduced pH. Further, calcium complexes with humic acids, 
especially in the sediments, alter exchange equilibria in the hypolimnion (Ohle, 1955; Stewart 
and Wetzel, 1981; Hering and Morel, 1988). 
 
 
2.5.2 Magnesium 
 
     Magnesium is required universally by chlorophyllous plants. The demands for magnesium in 
metabolism are minor in comparison to quantities generally available in fresh waters (Wetzel, 
2001).  
     Magnesium compounds, moreover, are much more soluble than their calcium counterparts. 
As a result, significant amounts of magnesium rarely precipitate. The monocarbonates of hard 
waters are usually > 95% CaCO3 under ordinary CO2 pressures (e.g., Murphy and Wilkinson, 
1980). MgCO3 and magnesium hydroxide precipitate significantly only at very high pH values 
(>10) under most natural conditions. Because of magnesium’s solubility characteristics and its 
minor biotic demand, concentrations of magnesium are relatively conservative and fluctuate little 
both in softwater lakes and in hardwater lakes. This attribute has been used to an advantage by 
employing magnesium to determine groundwater influxes to a lake by a magnesium mass 
balance (Otsuki and Wetzel, 1974). 
 
 
 
2.5.3 Sodium and Potassium 
 
    The monovalent cations sodium and potassium are involved primarily in cellular ion transport 
and exchange (Wetzel, 2001). 
    The spatial and temporal distribution of sodium and potassium in lakes is relatively uniform. 
Only small seasonal variations are observed, particularly for sodium, in accord with the 
conservative nature of these ions (Stangenberg-Oporowska, 1967). Moderate epilimnetic 
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reductions in potassium concentrations have been observed in productive lakes. This reduction is 
related to potassium utilization by the massive algal populations and by submersed macrophytes 
and their epiphytes (Micke and Wetzel, 1978; Barko, 1982). Potassium is actively assimilated 
into submersed plant tissues with a light-dependent exchange process of reciprocal sodium efflux 
(Brammer and Wetzel, 1984) Lake sediments are net sources of potassium during summer 
stratification, and some hypolimnetic enrichment and export occurs in stratified, eutrophic lakes 
(Stauffer and Armstrong, 1986). 
 
 
2.5.4 Chloride 
 
     Chloride is usually not dominant in open lake ecosystems. Streams and lakes near maritime 
regions, however, often receive significant input of chlorides from atmospheric transport from 
the sea. Pollutional sources of chlorides can modify natural concentrations greatly (Wetzel, 
2001).  
     Chloride is influential in the general osmotic salinity balance and ion exchange, but metabolic 
utilization does not cause large variations in the spatial and seasonal distribution within most 
lakes. Variations observed in many saline lakes are associated with the hydrology of the basin 
and seasonal fluctuations (e.g., Ownbey and Kee, 1967; Wetzel, 1964). 
 
 
 2.5.5 Silica 
 
     Silicon occurs in fresh water in two major forms of silicon dioxide or silica (SiO 2): 1) 
dissolved silicic acids, which form stable solutions of H4SiO 4, and 2) particulate silica, which is 
found in two forms - that in biotic material (in diatoms and a few other organisms) and that 
adsorbed to inorganic particles or complexed originally. The major source of silica is from the 
degradation of aluminosilicate minerals (Wetzel, 2001).  
     Concentrations of silica within lakes and reservoirs frequently exhibit marked seasona l and 
spatial variations. Even in oligotrophic waters a conspicuous decrease in silica is often found in 
the epilimnetic strata during early winter, as well as in the spring during circulation and during 
thermal stratification. In eutrophic lakes the silica gradient is rather steep. In most stratified 
lakes, silica concentrations increase in water immediately above the sediments (Conway et al., 
1977) 
     Interstitial water is enriched in dissolved silica at concentrations far in excess of those of 
water entering the lake (Tessenow, 1966; Harris, 1967). Interstitial concentrations increase as pH 
declines below 7, decrease between pH 7-9, and greatly increase above pH 9.         
    Concentrations also increase at higher temperatures within the range found in fresh waters.  
Exchange between sediments and water decreases the concentrations in interstitial waters and 
results in greater redissolution from the sediments. Sedimentary release rates of silica increase 
with rising temperatures (Rippey, 1983). The difference between silica of interstitial waters and 
in the overlying water is influenced by currents, movements produced by benthic organisms 
(Tessenow, 1966) and by bubbles escaping from the sediments. In unstratified lakes, the 
concentrations of dissolved silica can increase greatly in the spring, which is caused by release of 
silica from the sediments as the temperatures of the disturbed sediments increase (Gibson, 1981).  
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2.5.6 Sulfur cycling  
 
     The sulfur migration and geochemical cycling in waters contribute to altered conditions that 
affect the cycling of other elements. Sources of sulfur compounds to natural waters include 
dissolution from rocks and fertilizers as well as atmospheric precipitation and dry deposition. 
Because of chemical weathering of rocks and soils, in the presence of water, released sulfur is 
oxidized into sulfuric acid. The reaction leads to lower pH and Eh, which affects the oxidative 
weathering reactions of numerous other minerals (Wetzel, 2001). 
     Large quantities of sulfur in the form of H2S enter the atmosphere from volcanic gases, 
sediments, biota (plants and bacteria) and industrial sources, and suffer oxidative reactions such 
as H2S —> SO2 and SO3 —> H2SO4. Nowadays, the major global source of sulfur to the 
atmosphere is combustion of fossil fuels (Wetzel, 2001). Sulfur returns to land and surface water 
by precipitation and dry fallout of particles that exceeds inputs from rock and soil weathering, 
surface runoff and ground water in many natural waters. 
     The distribution and cycling of sulfur involves 1) the chemical species under various 
conditions, 2) biotic influence on the transformations of sulfur species and 3) sulfur transport to 
the system. 
      The dominant form of dissolved sulfur in oxic waters is sulfate. The usual concentration 
range of sulfate in lakes is about 5-30 mg liter-1, with an average of about 11 mg SO4

2- liter-1 

(Wetzel, 2001). Sulfur is assimilated in the form of sulfate, but during decomposition of organic 
matter, sulfur is released mostly as hydrogen sulfide. Under oxic conditions, H2S is oxidized 
quite rapidly. Therefore, hydrogen sulfide accumulates in anoxic zones of intensive 
decomposition in productive lakes. Although SO4

2-, H2S and HS - dominate, very low 
concentrations of S-2 may be found in strongly alkaline solutions because H2S is very soluble in 
water and dissociates weakly (k1=10-7; k2=10-15) (Hutchinson, 1957; Hem, 1960). Under certain 
conditions of low redox and pH, partial oxidation of sulfides occurs, and free S0 may be formed. 
     Metal sulfides are very insoluble under neutral and alkaline pH conditions, which occur in 
most natural waters. Iron (II) released from sediments reacts with H2S to form FeS. The removal 
of sulfide by the release of ferrous ions permits an increase in the migration of other metals from 
the sediments, such as Cu, Zn, and Pb, which form even more insoluble sulfides than FeS.    
     Organic volatile sulfur compounds (OVS) of biogenic origin are found in aquatic systems in 
quantities sufficient to contribute to the global sulfur cycle (Caron and Kramer, 1994; Kiene, 
1996). OVS includes in addition to H2S compounds such as dimethyl sulfide (CH3SCH3), 
methanethiol (CH3SH), carbonyl sulfide (COS) and others. OVS is wide-spread in surface 
waters, and OVS production does not depend on sulfate concentration. But volatilization and 
emissions of OVS from stratified lakes are usually very small and not considered as a major 
sulfur loss mechanism compared to processes such as sulfate reduction in the sediments.  
Under oxic conditions, as in many oligotrophic and mesotrophic lakes, and during periods of 
circulation, H2S is absent and SO4

2- concentrations change little with depth. Some release of 
SO4

2- occurs from the sediments, and the concentration often increases slightly in the 
hypolimnion. Reduction of sulfate occurs as the redox potential declines to less than 100 mV as a 
result of bacterial decomposition. Particularly near the sediments, much of the H2S reacts with 
Fe+2 ions to form insoluble FeS. In this way, considerable quantities of sulfur can be lost to the 
sediments (Ingvorsen et al., 1981; Jones et al., 1982). Lakes receiving large inputs of sulfate 
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from inflowing water often contain enormous concentrations of H2S in their anoxic 
monimolimnia (Fig. 3). 
     The reduction of SO4

2- to sulfide, some of which is lost to the sediments as insoluble metallic 
sulfides, and oxidation of H2S to sulfate play a significant role in the modification of conditions 
for mobilization of phosphate and some other nutrients (Wetzel, 2001).  
Sulfur is utilized by all living organisms in both inorganic and organic forms. Sulfate is reduced 
to sulfhydryl (-SH) groups during the protein synthesis by plants and animals. Transformation of 
HS- to H2S occurs upon decomposition of this organic material by heterotrophic bacterial 
metabolism. A number of bacteria reduce sulfate, sulfite, thiosulfate, hyposulfate, and elemental  
sulfur to H2S. Several groups of bacteria oxidize sulfide to elemental sulfur and vice versa. All 
sulfur-oxidizing bacteria consist of two general types: 1) chemosynthetic aerobes, which oxidize 
reduced sulfur compounds and elemental sulfur to sulfate, and 2) photosynthetic sulfur bacteria 
which utilize light as an energy source and reduced sulfur compounds as electron donors in the 
photosynthetic reduction of CO2.  
 
 
      
     
  
 
  
    
 
 
 
 
 
 
 
 
 
 
Fig. 3. General distribution of sulfate and hydrogen sulfide in lakes of very low and very  
             high productivity (from Wetzel, 2001). 
 
 
 
2.6 Nitrogen cycling 
 
 
     A major source of nitrogen of the biosphere originates from fixation of atmospheric molecular 
nitrogen (N2). The nitrogen cycle is a complex biochemical process in which nitrogen in various 
forms is altered by nitrogen fixation, assimilation, and reductio n of nitrate to N 2 by 
denitrification (Fig. 4). 
    The nitrogen cycle in lakes is microbial in nature: bacterial oxidation and reduction of nitrogen 
compounds are coupled with photosynthetic assimilation and utilization by algae, photosynthetic 
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bacteria, and larger aquatic plants. The direct role of animals in the nitrogen cycle is very small; 
under certain conditions, however, their grazing activities can influence microbial populations 
and nitrogen transformation rates as well as nitrogen utilization rates by photosynthetic 
organisms.   
     Nitrogen occurs in fresh waters in numerous forms: dissolved molecular N2; a large number 
of organic compounds from amino acids, amines, to proteins and recalcitrant humic compounds 
of low nitrogen content, ammonia (NH4

+), nitrite (NO2
-), and nitrate (NO3

-).  
    The nitrogen cycle consists of a balance between nitrogen inputs to and losses from an aquatic 
ecosystem. Sources of nitrogen include: 1) precipitation falling directly onto the lake surface,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Biochemical reactions that influence the distribution of nitrogen compounds in water.    
           (after Stadelmann, 1971, and Kuznetsov, 1970.) 
 
 
2) nitrogen fixation both in the water and the sediments, and 3) inputs from surface and 
groundwater drainage. Losses of nitrogen occur by 1) effluent outflow from the basin, 2) 
reduction of NO3

- to N2 by bacterial denitrification with return of N2 to the atmosphere, and 3) 
permanent sedimentation loss of inorganic and organic nitrogen-containing compounds to the 
sediments. 
       Microbial fixation of molecular N2 in soils by bacteria is a major source of nitrogen. In 
lakes, N2 fixation by heterotrophic bacteria and certain cyanobacteria is quantitatively less 
significant, except under certain conditio ns of severe depletion of combined inorganic nitrogen 
compounds (Wetzel, 2001). 
     The N2 content of water is usually in equilibrium with the N2 of the atmosphere during the 
periods of turbulent mixing. In stratified, productive lakes, concentrations of N2 may decline in 
epilimnion because of reduced solubility as temperatures rise and increase in the hypolimnion 
from denitrification of NO3-N (Fig. 5). 
     N2 fixation by cyanobacteria is usually much greater than fixation by heterotrophic bacteria. 
In cyanobacteria, N2 fixation is light-dependent and usually coincides with the spatial and 
temporal distribution of these microbes. NH4-N assimilation requires less energy expenditure 
than NO3-N, and NO3-N less than N2-N. N2 fixation by cyanobacteria increases when NH4-N and 
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NO3-N concentrations decrease in the trophogenic zone. Bacterial N2 fixation in wetlands 
surrounding lakes can add significant amounts of combined nitrogen to freshwater ecosystems. 

 
Fig. 5.  General vertical distribution of ammonia and nitrate nitrogen in stratified lakes of very      
            low and very high productivity (after Wetzel, 2001). 
  
     Ammonia is generated by heterotrophic bacteria as the primary nitrogenous end product of 
decomposition of proteins and other nitrogenous organic compounds. Ammonia is present 
primarily as NH4

+ ions and is readily assimilated by plants in the trophogenic zone. 
     NH4-N concentrations are usually low in aerobic waters because of utilization by plants in the 
photic zone. Additionally, bacterial nitrification occurs, in which NH4

+ is oxidized through 
several intermediate compounds to NO2

- and NO3
-. When the hypolimnion of a eutrophic lake 

becomes anaerobic, bacterial nitrification of ammonia ceases. The oxidized microzone at the 
sediment-water interface is also lost, which reduces the adsorptive capacity of the sediments for 
NH4-N. A marked increase in the release of NH4

+ from the sediments then occurs. As a result, 
the NH4 concentrations of the hypolimnion increase. 
     Bacterial nitrification proceeds in two stages: (1) the oxidation of NH4

+ to NO2
-, and (2) the 

oxidation of NO2
- to NO3

-. Nitrite (NO2
-) is readily oxidized and rarely accumulates except in the 

metalimnion, upper hypolimnion, or interstitial water of sediments of eutrophic lakes. 
Concentrations are usually very low (< 100 ? g liter-1) unless organic pollution is high (Wetzel, 
2001). 
     Nitrate is assimilated and aminated into organic nitrogenous compounds within organisms. 
This organic nitrogen is bound and cycled in photosynthetic and microbial organisms. During the 
normal metabolism of these organisms, and at death, much of their nitrogen is liberated as 
ammonia. Additionally, organisms release a variety of organic nitrogenous compounds that are 
resistant to proteolytic deamination and ammonification by heterotrophic bacteria to varying 
degrees. 
      Nitrate (NO3

-) is the common form of inorganic nitrogen entering fresh waters from the 
drainage basin in surface waters, ground water, and precipitation. It can be reduced by bacterial 
denitrification: NO3

- à NO2
- à N2O à  N2 . Nitrous oxide (N2O) is rapidly reduced to N2 and 

has rarely been found in appreciable quantities. Denitrification occurs in anaerobic 
environments, such as in the hypolimnia of eutrophic lakes or in anoxic sediments. 
     Dissolved organic nitrogen (DON) often constitutes over 50% of the total soluble nitrogen in 
fresh waters. Over half of the DON occurs as amino nitrogen compounds, mostly as polypeptides 
and complex nitrogen compounds(Wetzel, 2001). 
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     Organic carbon-to-nitrogen ratios (C:N) indicate an approximate state of resistance of 
complex mixtures of organic compounds to decomposition, because proteolytic metabolism by 
fungi and bacteria removes proportionally more nitrogen than carbon. Higher C:N ratios 
commonly occur in residual organic compounds, which are more resistant to decomposition. 
Organic material from wetland sources commonly has C:N ratios from 45:1 to 50:1 and contain 
many humic compounds of low nitrogen content. Organic matter produced by the decomposition 
of plankton tends to have higher protein content and C:N ratios of about 12:1. A C:N ratio of 
>14.6 often indicates a severe nitrogen deficiency in phytoplankton, between 8.3 and 14.6, a 
moderate deficiency, and <8.3, no nitrogen deficiency (Wetzel, 2001).   
      The distribution of nitrogen in a lake can change rapidly. Examples of the depth-time 
distributions of the different forms of nitrogen show that as lakes become more productive from 
nutrient loading, concentrations of NO3-N and NH4-N in the trophogenic zone can be severely 
reduced and depleted by photosynthetic assimilation. Cyanobacteria with the capability of 
nitrogen fixation may then come to dominate. In anaerobic hypolimnia, NO3-N is rapidly 
denitrified to N2, which is either fixed or lost to the atmosphere. NH4-N concentrations 
accumulate from decomposition of organic matter and release of NH4-N from sediments under 
anaerobic conditions. A general nitrogen cycle for fresh waters and lakes is presented in Fig. 6. 
 
 

 
Fig. 6. Generalized nitrogen cycle for fresh waters. PS = photosynthesis. (after Kuznetsov, 1970) 
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2.7 Phosphorus cycling 
 
      Phosphorus plays a major role in biological metabolism. In comparison to other 
macronutritients required by biota, phosphorus is the least abundant and commonly is the first 
element to limit biological production. 
     Orthophosphate (PO4

-3) is the only directly utilizable form of soluble inorganic phosphorus. 
Phosphate is extremely reactive and interacts with many cations (e.g., Fe3+ and Ca2+) to form, 
especially under oxidizing conditions, relatively insoluble compounds that precipitate out of the 
water. Availability of phosphate is also reduced by adsorption to inorganic colloids and 
particulate compounds (e.g., clays, carbonates, and hydroxides). 
      A large proportion of phosphorus is bound in organic phosphates and cellular constituents of 
organisms, both living and dead, and within or adsorbed to organic colloids. 
The range of total phosphorus in fresh waters is large, from <5 ? g liter-1 in very unproductive 
waters to >200?? g liter-1 in highly eutrophic waters. Most uncontaminated fresh waters contain 
between 10 and 50 ? g total P liter-1 (Wetzel, 2001). 
      Although concentrations of total and soluble P of oligotrophic lakes exhibit little variations 
with depth, eutrophic lakes with strongly clinograde oxygen profiles commonly show a marked 
increase in phosphorus content in the lower hypolimnion. Much of the hypolimnetic increase is 
from soluble phosphorus near the sediment-water interface.  
     Exchanges of phosphorus across the sediment-water interface are regulated by redox 
interactions dependent on oxygen supply, mineral solubility and sorptive mechanisms, the 
metabolic activities of bacteria and fungi, and turbulence from physical and biotic activities. In 
the upper few millimeters of sediments, exchange is slow and controlled by low diffusions rates. 
If water above the sediments is oxygenated (approximately >1 mg O 2 liter-1), an oxidized 
microzone is formed below the sediment-water interface (0 to 5 mm), below which the sediments 
usually become extremely reducing. The oxidized microzone effectively prevents phosphorus 
(which is solublized under reducing conditions in the sediments) from migrating by diffusion 
upwards into the water column. As the hypolimnion becomes anoxic in productive lakes, the 
oxidized microzone is lost. The release of phosphate and ferrous iron into the water occurs 
readily when reducing conditions reach a redox potential (E7) of about +200 mV. 
      Soluble phosphorus can accumulate in large quantities in anaerobic hypolimnia. With the 
advent of autumnal circulation, ferrous iron is rapidly oxidized and precipitates much of the 
phosphate as ferric phosphate. 
      Movement of phosphorus from sediment interstitial water can be accelerated by physical 
turbulence and by biota. If light reaches sediments, photosynthetic activity of algae can create a 
highly oxidized microzone in the surficial sediments and regulate phosphorus release to 
overlying water on a diurnal basis. 
 
2.8 Cycling of trace metals  
 
 
      The cycling and availability of trace metals – for example zinc, copper, cobalt, molybdenum, 
vanadium, nickel, and selenium – are governed largely by biogeochemically mediated redox 
processes: organic matter production and degradation, Fe and Mn redox cycling, and sulfide 
precipitation.  In sediments, metals occur in different forms: in insoluble products of chemical 
weathering of rocks and minerals (metals in crystal lattices of minerals); adsorbed on the 
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surfaces Fe and Mn oxides, clay minerals, and organic material; bound with organic matter; 
bound with autigenic sulfides; in crystal lattices of secondary minerals or amorphous oxides and 
hydroxides of Fe and Mn. The elevated concentrations of metals bound with amorphous oxides 
and hydroxides of Fe and Mn are biologically the most toxic (Nakhshina and Belokon’, 1990). 
      In most natural waters, trace metal concentrations and availability are usually adequate to 
meet metabolic requirements within the constraints of light, temperature, and macroelement 
availability. The dynamics of copper are strongly affected by redox conditions. Cobalt, zinc, and 
molybdenum dynamics are more closely related to microbial metabolism and transport of the 
seston and to the effectiveness of complexing with organic compounds. Molybdenum exhibits 
greater mobility than do the other trace ions (Wetzel, 2001).    
      In the near-bottom layer, under conditions of anoxia, reduction and desorption of elements 
are observed. High positive correlations between several trace metals and Mn and Fe in 
suspended and dissolved fractions testify to their joint turnover in the near-bottom horizons. This 
may provide high concentrations of ionic forms of trace metals in the near-bottom layers. With 
developing eutrophication of the lake, the process of desorption of metals can be enhanced. This 
process may be induced by changes in the physicochemical conditions in the drainage area and 
in the water body itself (for example changes in pH, Eh, concentration of dissolved O2 in water, 
and bacterial activity) or by weakening of the anthropogenic load. Changes in the hydrological 
conditions (wind- induced resuspension or spring flood) also can contribute to the transfer of 
trace metals from bottom deposits into the water mass (Dauvalter et al., 1999). 
     Inputs of many trace elements and heavy metals to fresh waters are increasing as a result of 
pollution from industrial and combustion emissions to the atmosphere and subsequent deposition 
via precipitation. 
 

 

3. Study area 

3.1 Lake Imandra  
 
      Lake Imandra is the largest water body in the Kola Peninsula (Fig. 7). The lake area 
including islands amounts to 880.5 km2, and the length of the lake is 109 km. The water volume 
is 10.9 km3, and its water residence time is more than 2 years. The drainage area is about 12 300 
km3, and includes 1379 streams. Only the Niva River flows out of the lake. Lake Imandra 
consists of three relatively independent sub -basins: Bolshaya Imandra (Great Imandra), 
Yokostrovskaya Imandra, and Babinskaya Imandra (Fig. 7). They are relatively isolated and 
joined by narrow straits (salms). The lake trough lies within a meridional depression, which 
separates the Kola Peninsula from the continental part of Fennoscandia (Dauvalter et al., 1997). 
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Fig. 7. Map of Lake Imandra and location of the monitoring station (after Dauvalter    
           et al.,1997) 
 
 
       The Bolshaya Imandra is surrounded by the Chibiny Mountains to the east and the Monche, 
Chuna and Volchye – mountain massifs to the west. The Bolshaya Imandra covers a smaller area 
then Yokostrovskaya Imandra, but in contrary it is the deepest sub-basin in the lake, with a 
maximum depth of 67 m. The major part of the water catchment consists of mountain tundra and 
forest tundra. In the southern part, northern-taiga forest occurs (Moiseenko et al., 1996). 
     By its natural conditions Lake Imandra was a typical Arctic water basin - oligotrophic and 
ultrafresh with a water transparency of 8m. A specific feature of the lake was its well-oxygenated 
water, which was saturated with oxygen throughout the year due to inflow of many non-freezing 
stormy mountain rivers during the winter. In the pre- industrial period, before the development of 
the natural resources in Northern Kola, the chemical composition of the lake water largely was 
determined by the regime of the feeding rivers. From the ratios of base cations the water was 
referred to as the hydrocarbonate-sodium type (Moiseenko et al., 1996). 
      At present, anthropogenic factors dominate in the water supply compared with elements 
supplied by natural chemical weathering. Turbidity, conductivity and the concentration of salts 
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have been increased. The alkalinity has also increased. Biogenic pollution spreading 
simultaneously with industrial pollution causes eutrophication of the water, resulting in 
decreasing water transparency, increasing alkalinity and decreasing oxygen concentration in 
bottom waters (Moiseenko et al., 1996). 
 

3.2 Bedrocks in the drainage area  
 
      The bedrock in the Imandra area consists of crystalline formations of Archean and Early 
Proterozoic age. The lake depression is connected with a system of concentric and radial 
fractures, formed as result of Early Carboniferous intrusions of alkali magmas forming the 
Chibiny Mountains (Moiseenko et al., 1996). 
      Thick layers of granite-gneiss of Early Archean age and gneiss and shale of Late Archean 
age occur on the northern, north-western and north-eastern shores of the Lake Imandra. Gabbro-
norite, tuff, shale and carbonate rocks of Late Archean age occur on the western lake shore. The 
area is covered with glacial deposits. 
      The alkaline rocks of Chibiny Mountains, which occur in the eastern part of the Lake 
Imandra watershed, are connected with deposits of apatite-nepheline ores. These contain 35-40% 
nepheline, 45-50% apatite, as well as egerine, pyroxene, feldspar, titanomagnetite, ilmenite, 
halcoperite, etc. Some of these minerals, for example apatite, also contain different valuable 
trace elements. Besides phosphorus pentaoxide (16-18%), this mineral also contains 1.5% 
strontium oxide, 3% oxides of rare-earth elements, Ga and other elements. Typical trace 
elements of the Chibiny massif are Ti, Zr, Sr, Nb, and rare-earth elements. Mn, Ta, Th, V, Cu, 
Ca, Y, Ba and Pb are also common elements. 
      The western watershed of Imandra is represented by hills of the Monche and Volchye 
Tundras. The basic and ultrabasic rocks, which build up these massifs, are enriched in Ni, Cu, 
Cr, Se and elements of the Pt group. One of the major Ni-Cu ore deposits was located here. 
Deposits of ferrous quartzite with high iron content occur in the northern watershed of Lake 
Imandra (Moiseenko et al., 1996). 
 
 

3.3 Industries and pollution sources in the catchments area 
 
      The Kola Peninsula is a center for mining and smelting industry (fig. 7) and also a region 
facing ecological problems in the northwestern part of Russia. The Lake Imandra basin, where 
half of the population of the Murmansk region resides, is subject to an increased anthropogenic 
impact (Dauvalter et al., 1999). 
     The largest industrial objects of the Murmansk Region are located on the shores of Lake 
Imandra. 
      Since 1938, the “Severonikel” plant has been discharging its wastewater through the Nyudai 
River into the northwestern part of the lake - the Monche Bay. From 1938 and up to the end of 
1941, and from 1943 through 1960, the plant used the local ore (from the Nittis-Kumuzh’e mine)  
with an extremely high metal content and low  (about 1,5%) S content (Kryuchkov and 
Makarova, 1989). In addition, from 1946 the ore with about 6,5% of S from the Kaula mine in 
the Pechenga region near the Russian-Norwegian border was also used (Poznyakov, 1993). After 
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the extension and reconstruction in 1960, the plant production increased 2.7 times as compared 
with that of the 1950s. In 1970, the volume of wastewater amounted to 25 million m3/year. Since 
1973, the ore from Norilsk (400 000 ton/year) has mostly been used. The S content of this ore is 
up to 30%. In parallel to production growth, the volume of discharged heavy metals increased. 
Simultaneously, pollution of the drainage area through atmospheric fallout of heavy metals 
increased as well. In 1976-1992, the volume of wastewater varied from 22 to 27 million m 
3/year. In the 1980s, the pollution of Lake Imandra with heavy metals reached its peak (Year 
books of surface water quality). Beginning in 1976, a number of wastewater treatment facilities 
and recirculating water supply systems were put into operation at certain works of the plant. 
However, despite the above measures, the wastewater discharged into the Nyuduai River remains 
highly polluted with heavy metals (Dauvalter et al., 1999). 
      Waste water from copper-nickel smelters and airborne pollution from the catchment contains 
Ni, Cu, and other metals. Typical elements originating from the industry are: Ni, Cu, Mo, Zn, Pb, 
Hg and others (Moiseenko et al., 1996). 
       In 1929 the company “Apatite” was started and in 1931 the first treating factory was in 
production. Since that period tailings were dumped without any purification into the eastern part 
of  Lake Imandra through the Bolshaya Belaya River. The apatite mining industry reached 
maximum production during 1956-1965 when the Yukspor, Rasvumchor and Central mines were 
exploited. In 1964, the second treatment factory (ANOF-II) was started with a capacity of 10 
million tonnes of concentrates per year. Simultaneously with the building of ANOF-II, a large 
settling storage with an area of 3.4 km2 was constructed in order to separate the Belaya outlet 
from the lake. In 1976-1978 the amount of tailings dumped into lake accounted for 240 million 
m3 of wastewater per year (or 447 000 m3/day from both factories). With wastewater coming into 
the lake there were thousands of tonnes of suspended particles, sulfate, chloride, tonnes of 
phosphate, oil products and other polluting matters. Besides, wastewaters also contained remains 
of toxic organic matters used during flotation of apatite- nepheline ores. In late 1978 a partial 
recycling water supply was introduced which allowed a reduction of the amount of dumped 
wastewaters by more than 50%. During 1984-1992 the amount of dumped wastes was within the 
range of 150-180 million m3 /year. Because of the economic crisis in Russia, waste dumping was 
reduced by 50% (to 80 million m3/year) from 1992 to 1994. Therefore, the water quality in  Lake 
Imandra had improved when this study was carried out (Moiseenko et al., 1996). 
Waste from the apatite production and leaching of apatite-nepheline tailings contains elements 
from the eastern catchment of Lake Imandra, which is composed of nepheline syenite. Typical 
elements from the eastern catchment and the apatite industry are: Ti, Zr, Sr, Nb, Ta, V, Ba, Y 
and others (Moiseenko et al., 1996). 
       In 1955, the Olenegorsk mining and concentration plant, which extracts and concentrates 
iron ores (magnetite-hematite quarzites), started to operate. In 1955-1975, waste products from 
this plant entered directly into the northern part of the Bolshaya Imandra. Tailings from the 
Olenegorsk plant included an enormous amount of fine-grained hematite in suspension. In 1975, 
a 100% recirculating water supply was put into operation at the Olenegorsk mining and 
concentration plant (Dauvalter et al., 1999). 
      Wastewater from the treatment process of iron-bearing ores and leaching of elements from 
tailings of this production typically contains Fe, Mn, Mo and other elements. A number of 
elements referred to the iron treatment may be typical also for the apatite industry and visa versa 
(Moiseenko et al., 1996). 
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       The southeastern part of the Yokostrovskaya Imandra is being polluted by wastewater from 
the Afrikanda mine and concentration plant. It treats the ores with increased concentrations of 
heavy metals (Dauvalter et al., 1999). 
        In1973, the Kola Nuclear Power Station constructed on the shore of Lake Imandra was put 
into operation (Fig. 7). The station withdraws water from the Yokostrovskaya Imandra to coo l 
off the reactors. The wastewater, heated by 10-120C, is discharged into the Babinskaya Imandra 
(Dauvalter et al., 1999). 
 
 
4.  Sampling and analytical methods 
 
      The monitoring station in Lake Imandra was located at 67034´N and 32059´E, 5 km south of 
the strait between two sub-basins of the lake: Great and Yokostrovskaya Imandra (Fig. 7). 
Samples of bottom sediments, water and suspended matter were taken from the ice between 
April 25 and 29, 1995 (Peinerud and Ingri, 2000). At the sampling point, the water depth was 
approximately 30 m. From the lake surface down to 24 m depth, water was sampled every 
second meter, and below that depth every meter. The deepest sample was taken at 29.5m. Water 
was pumped up into acid-cleaned 25 l plastic cans using a Mas terflex pump and Tecalan tubing. 
The water was filtered through 0.45 µm Millipore filters. Two pairs of filters were used for each 
sample. The analytical procedures are described in Ödman et al., (1999). One of the filter pairs 
was digested in 8 ml of 14 M suprapur HNO3  in Teflon bombs and heated in a microwave oven. 
An addition of 1 ml 30% H2O2 completed the oxidation of organic matter. Analysis of Fe, Mn, 
Ba, Cu, Mo, and S was performed with ICP-AES (ARL 3560, ARL 3580) and analysis of Co and 
Ni with ICP-QMS (VG Plasma Quad 2). The second filter pair was wet-ashed in 14 M HNO3  in 
Pt crucibles, and then dry-ashed at 5500C. The ash was fused with LiBO2 in graphite crucibles at 
10000C, and the bead thus formed was dissolved in HNO3. The major elements (Si, Al, Ca, Mg, 
K, Na, and P) were then determined by ICP-AES. The suspended load was determined by 
collecting suspended matter on pre-weighed Millipore polyvinylidence fluoride membrane 
filters. After sampling, the filters were dried at 500C and weighed. 
      For analysis of particulate C, water was filtered through Whatman GF/F filters (pore size 
0.7µm) that had been combusted in 5000C for 1h. The analyses were performed using an 
elemental analyzer (EA 1108) (Peinerud and Ingri, 2000). 
     A sediment core was collected using a modified Kajak gravity corer (Blomqvist and 
Abrahamsson, 1985). The core was sliced in 1cm sections. Porewater was extracted and filtered 
immediately after sampling (0,45 ? m filters), and analyzed similarly as water samples from the 
water column. The preparation of the sediment samples followed Burman et al. (1978).   
Subsamples (0.125 g) of the dried and homogenized sediment were fused with LiBO 2 at 10000C. 
The bead thus formed was dissolved in 0.7 M HNO3. Analyses of Fe, Mn, Si, Al, Ca, Mg, K, Na, 
and P were performed with ICP-AES (ARL 3560, ARL 3580). For analysis of S and trace 
metals, 0.5 g of sediment was digested in 10 ml 7M HNO3 in Teflon bombs and heated in a 
microwave oven. After centrifugation and dilution, Ba, Cu, Mo, Sr, Ni and S were determined by 
ICP-AES (ARL 3560, ARL3580), while Co was determined by ICP-QMS (VG Plasma Quad 2). 
Carbon and N were determined with an elemental analyzer (EA 1108) (Peinerud and Ingri, 
2000). 
      Filtered Ca, K, Mg, Na, and Si from the water column were determined by FAAS (Perkin-
Elmer 460). Further, filtered Fe and Ni were determined by GFAAS (Perkin-Elmer 5000) and 
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Mn, Ba, Co, Cu, and Mo were determined by ICP-QMS (VG Plasma Quad 2). Filtered Fe and Ni 
in the porewater were likewise analyzed by GFAAS, while Cu in the porewater was analyzed by 
liquid chromatography (Millipore Waters 430). 
      Temperature, pH, conductivity, and O2 saturation were measured in situ using a Hydrolab 
(Surveyor II) water quality probe (Peinerud and Ingri, 2000). 
 
 
 
5. Results and discussion 
 
5.1 Main water parameters 
 

Temperature 
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Fig. 8. Distribution of temperature throughout the water column in different seasons: ∆-April;  ð- 
           August; Ο-October 1995. 
 
       In the distribution of temperature, we can notice a small but significant increase towards the 
bottom in April, from 1.150C to 2.97oC (Fig. 8) during spring stratification. If we also evaluate 
Russian data from 3 August and 23 October 1995, we can see that the distribution of water 
temperature corresponds to the usual temperature distribution in lakes (Moiseenko et al., 1996).  
      Due to water heating in the summer, the temperature in August decreases towards the 
bottom, from 15.330C to11.99oC. In October, during the period of autumn turnover, the 
temperature is uniform in the entire water column (3.9oC). 
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Conductivity 
 
 
        The conductivity reflects the level of water salinity (Moiseenko et al., 1996). It can be 
noticed that in April, the maximum value of conductivity (up to 0.126 mS/cm) occurred in the 
upper part of the water column (2-7m) at the monitoring point (Fig. 9). Below this level, 
conductivity decreases sharply in the interval 7-11m.A further increase occurs towards the 
bottom. The increasing conductivity close to the bottom indicates that there is a flux of dissolved 
ions from the sediment to the bottom water (Peinerud, 2000).  
       In August and October, when wind mixing of the water occur s, conductivity is relatively 
constant in the entire water column, and lower than in April. 
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Fig. 9. Distribution of conductivity throughout the water column in different seasons: ∆-April;  
            ð-August; Ο-October 1995. 

 
 

  Dissolved oxygen  
 
          In April, oxygen was present in the entire water column. But from a depth of 6-7 m, the 
concentration begins to decrease sharply (Fig. 10). Therefore, it appears that close to anoxic 
conditions occur at the sediment-water interface during winter-spring period. The upper layer at 
2-7m is well oxygenated, with dissolved O2 up to 12.5 mg/l. 
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Fig. 10. Distribution of dissolved oxygen throughout the water column in different seasons: ∆-  
             April; ð-August; Ο-October 1995. 

 
           In August and October, fully oxygenated conditions were present in the entire water 
column. Therefore, the oxic/anoxic boundary moves into the sediment. In August, we can 
observe a small decrease of the O 2 concentration towards the bottom, while in October there is 
no difference in the oxygen concentration in the water column. 
 
 

 pH 
 
      The general pattern of the pH (Fig. 11) distribution is similar to the O2 distribution (Fig. 10). 
The lowest average pH (6.7) occurred in April. In October, pH was rather uniform in the water 
column, while a decrease in pH towards the bottom could be observed in August. 
      In April, high values of some parameters (conductivity, pH, O2) can be noticed in the upper 
part of the water column (2-7m). This is probably related to inflow of polluted waters from 
industrial sources. This suggestion is supported by a comparison with the distribution of sulfate 
and some trace metals (Cu, Ni) throughout the water column (see section 5.2.2)  
Snow had started to melt in the area at the time of sampling in April (Peinerud, 2000). As snow 
is rather polluted by air-borne pollutants, this suggests that melt waters can be responsible for the 
rise of these parameters. 
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Fig. 11. Distribution of pH throughout the water column in different seasons:∆-April; ð-  
             August; Ο-October 1995. 
 

 Alkalinity 
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Fig. 12. Distribution of alkalinity throughout the water column in different seasons:∆-April;  
             ð-August; Ο-October 1995. 
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      In the distribution of alkalinity, a smooth increase close to the bottom can be noticed, 
followed by sharp increase in the deepest 50 cm (Fig. 12). The highest value occurs in the 
deepest sample (604 µeq/l). It is probably related to sulfate reduction in the sediment according 
to the reaction (Peinerud, 2000):  
       2CH2O+SO4

2- → H2S + 2HCO3
-  

    In August and October, the distribution of alkalinity was relatively uniform throughout the 
entire water column. 

 
 
5.2 Water geochemistry 

 
     To assess the geochemical situation in Lake Imandra we can compare the present 
concentrations of elements reported in Table 1 with the background concentrations reported in 
Table 2. 
    There is no data for pre-industrial values of metal concentrations in Lake Imandra (Moiseenko 
et al., 1996). For the determination of relative background concentrations, investigations of 50 
lakes were performed by Russian scientists from Kola Scientific Center (Moiseenko et al., 1996). 
Samples were taken from 50 lakes on the Kola Peninsula, which are not directly affected by 
industrial sources and have similar geochemical conditions and characteristics. Water was 
sampled at different points in the lakes and at different seasons (Tab le 2). 
 

Table 1. Present concentrations of metals in Lake Imandra. 
 

      Al     Sr    Fe      Ni       Cu       Mn       Zn   Co, Cr, 
Cd, Pb 

Average 
      concentrations 

(µg/l) 

 
     22.3 

 
     66.7 

 
     19.5 

 
     10.9 

 
       3.9 

 
      49.4 

 
      21.2 

 
     <1 

 
 

 
   Ca 

 
    Mg 

 
     Na 

 
     K 

 
       SO4

2- 
 

      Cl- 

Average           
    concentrations 

(mg/l) 

 
     4.97 

 
    1.38 

 
      15.43 

 
     2.61 

 
      23.37 

 
       6.09 

 
 
Table 2  Relative background concentrations of metals in lakes in Kola Peninsula (µg/l).  
           (Moiseenko et al., 1996). 
 

 Al    Sr    Fe    Ni     Cu   Mn   Zn Co, Cr, 
Cd, Pb 

Average 
  concentrations  

(µg/l) 

 
30 

    
26 

  
 34 

  
  0.9 

    
0.8 

 
  5.6 

  
 2.0  

   
<2 

Standard  
deviation  

   12    16    25    0.5    0.4   4.3   1.0  
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      This data represents the total content of metals in the lake waters, including dissolved and 
suspended phases (Moiseenko et al., 1996). 
      It can be noticed that the concentrations of heavy metals in Lake Imandra are several times 
higher than the relative background concentrations. We can see that the metals whose 
concentrations exceed the relative background concentration several times are the main 
pollutants from the mining and metallurgical industry.  
 
 
5.2.1 Distribution of main elements  
 
     Ca, Mg, Na and K are the main dissolved cations in natural waters. In the Earth’s crust these 
elements exist mainly as insoluble aluminosilicates. However, a slow dissolution of these 
minerals occurs. These components usually migrate in dissolved form, and have a low ability for 
adsorption on suspended matter (Linnik and Nabivanets, 1986). 
 

  Calcium and magnesium 
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                Fig. 13. Distribution of dissolved a), and suspended b) phases of Ca throughout the water    
                              column in different seasons:∆-April; ð-August; Ο-October 1995. 
 

 



 30 

Mg, dissolved phase

-30

-25

-20

-15

-10

-5

0

1,05 1,1 1,15 1,2 1,25 1,3 1,35 1,4 1,45 1,5 1,55

Mg, diss (mg/l)

D
ep

th
 (

m
)

Mg, suspended phase

-35

-30

-25

-20

-15

-10

-5

0

40 50 60 70 80 90 100

Mg, susp (icrokg tot / g susp)

D
ep

th
 (

m
)

 
 b) 

 
            Fig. 14.  Distribution of dissolved a), and suspended b) phases of Mg throughout the water  
                            column in different seasons:∆-April; ð-August; Ο-October 1995. 

 
         The main process controlling fluxes of alkaline-earth elements in the water column is 
probably dissolution of carbonates from precipitated particles and sediments (Moiseenko et al., 
1996). That is why we can observe the high concentrations of dissolved Mg and Ca in the deeper 
part of water column (Fig. 13 a) and 14 a)). 
        These processes are more intensive in the spring when the amount of CO2 is high, and 
CaCO3 dissolves according to the reaction: 
     CaCO3 + CO2 + H2O ⇒ Ca2+ + 2HCO3

- 

        A comparison with the data of alkalinity showing high values in the bottom layer (Fig. 
5.1.5) also supports this suggestion.  
       In the distribution of suspended Mg and Ca (Fig 13 b) and 14 b)), it is possible to notice 
rather high concentrations in the upper part of the water column (2-7m). This is probably related 
to inflow of carbonates with meltwater and/or groundwaters and wastewaters from industrial 
sources. In the deepest part of water column, the concentrations of Ca and Mg reflect the 
presence of suspended carbonates (Moiseenko et al.,1996). 
      In August and October, the distribution of dissolved calcium and magnesium is uniform in 
the entire water column. It is probably an indication that the water column was well mixed from 
surface to bottom, which leads to a uniform distribution of Ca and Mg in the entire water 
column.  
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Sodium and potassium 
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a) b) 

            Fig. 15. Distribution of dissolved a), and suspended b) phases of Na throughout the water  
                           column in different seasons:∆-April; ð-August; Ο-October 1995. 
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                                           a)                                                                                b) 

             Fig. 16. Distribution of dissolved a), and suspended b) phases of K throughout the water column    
                          in different seasons:∆-April; ð-August; Ο-October 1995. 
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     The distribution of Na and K is rather uniform throughout the entire water column (Fig. 15 
and 16). It is possible to notice small increases in the upper part of the water column (2-7m). 
This is probably related to inflow of polluted waters from the industrial sources. The main source 
for the alkali elements is the plant of the “Apatit” Company. 
     It can also be noticed that the distribution of these elements is relatively uniform in all 
seasons. Only a small increase of the average dissolved  concentrations can be observed in April, 
in accord with the conservative nature of these ions (Stangenberg and Oporowska, 1967). 

 
 Sulfate 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  Fig. 17. Distribution of sulfate throughout the water column in different seasons:∆-April; ð-   
               August; Ο-October 1995. 
 
       Sulfate enters Lake Imandra with industrial influxes (with flows of waste waters and from 
discharges to the air), and is the dominant anion in the water (Moiseenko et al., 1996). In the 
distribution of sulfate in April, a high concentration can be noted in the upper 2-7m of the water 
column (Fig. 17). At deeper levels, a relatively uniform SO4

2- distribution is evident with a 
sharply decreasing of SO4

2- concentration in the deepest one-meter interval (29-30m depth). 
        High values in the upper part are caused by inflow of polluted waters from the 
“Severonikel” plant. In the deepest interval, with anoxic conditions, reduction of sulfate to 
sulfide occurs (Peinerud,2000).  This explains the sharply decreasing SO4

2- concentration. It is 
also supported by a comparison with the distribution of sulfate in the pore waters (Fig. 28 b)). 
In August and October, the distribution of SO4

2- is uniform throughout the entire water column, 
due to wind mixing of the lake water. 
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Chloride 
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a) b) 
 

      
           Fig. 18. Distribution of the chloride throughout the water column a) down to the 19 cm depth,    
                           and in pore water b) down to the 19 cm depth in different seasons:∆-April; ð-August;  
                          Ο-October 1995. 

 
        Chloride has a distribution (Fig. 18 a)) in the lake similar to that of sulfate (Fig. 17). 
Because of the higher mobility of Cl- (the element is not involved in biological and /or redox 
processes) and lower anthropogenic loads of Cl- (Moiseenko et al., 1996), no large fluctuations 
in the distribution of chlorides are observed in the water column (except in the upper 2-7m). 
Similarly, no large fluctuations were observed in the porewater (Fig. 18 b)). 
        In the upper layer (2-10m), an increase of Cl- occurs in April, probably due to wastewater 
inflow. 
       In August and October, the distribution of chloride is uniform throughout the entire water 
column.  
 

5.2.2. Distribution of trace elements  
 
       The distribution of trace elements in Lake Imandra is more controlled by the natural Mn 
cycle, than by the Fe cycle. Several trace elements interact with Mn and Fe oxyhydroxides, and 
reach high concentration to the bottom water where they released from Mn and Fe rich particles. 
Some elements are fixed with sulfides in the sediments (Peinerud, 2000). 
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a)                                                                             b) 

 
    Fig. 19. Distribution of dissolved a), and suspended b) phases of Fe throughout the water  
                  column in the different seasons:∆-April; ð-August; Ο-October 1995. 
 

       In the distribution of iron, we can notice an increase of the concentration from a depth of 26-
27m in both the dissolved and suspended phases (Fig. 19 a) and b)). In the bottom layer the 
content of elements is controlled by redox processes and diffusion of elements to and from the 
sediments (Peinerud, 2000). 
       Close to the sediment-water interface at 28-30m, suspended Fe decreases and high values of 
dissolved Fe occur. The high content of dissolved Fe can be explained by diffusion of Fe2+ from 
sediment pore waters. Most of the Fe in pore waters (85-95%) is present in noncomplexed forms 
with high mobility (Krasinceva et al., 1982). The increase of dissolved Fe most likely is caused 
by the deficiency of dissolved oxygen in the bottom waters of Lake Imandra, especially below  
the ice-cover (Fig. 10). This prevents the oxidation of iron and hence sedimentation of Fe 
hydroxides. Another reason can be that Fe-rich particles reaching the anoxic bottom water and 
sediments are reduced and dissolve.  
      We can also consider the seasonal variations of the concentrations of suspended and 
dissolved iron (Table 3). Average data for these seasonal variations are from Moiseenko, et al., 
(1997). 
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Table 3. Average values of Fe concentration in Lake Imandra in 1995. 
 

Fe 25 April 3 August 23 October 
Suspended (µg/l) 9.2 21.2 20.5 
Dissolved(µg/l) 3.5 1.7 2.5 

 
      From Table 3 it is evident that the highest concentrations of suspended Fe occur in the 
summer period when the water is well oxygenated. The reason for that can also be intensive 
biological adsorption of Fe by living organisms (Moiseenko et al., 1996). The concentration of 
dissolved Fe increases in winter-spring (April).  
      It is also evident that the main form of Fe is suspended particles, particularly during the ice-
free period (Table 3). 
      It can also be noted that the total concentration of Fe is higher during the ice-free period, 
possibly caused by pollution from air and soil, and inflowing melt-waters in spring. 
 
 Manganese 
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Fig. 20. Distribution of dissolved a) and suspended b) phases of Mn throughout the water  
             column in different seasons:∆-April; ð-August; Ο-October 1995. 
 
     Manganese can exist in different oxidation states, from Mn0 to Mn4+. In natural waters       
manganese usually exists as Mn2+ (dissolved phase) and Mn4+ (mostly suspended phase) 
(Moiseenko et al., 1997). 
      The distribution of Mn (Fig. 20) in Lake Imandra is basically similar to that of Fe (Fig. 19), 
with background concentrations in the upper layers and high concentrations in the lower part of 
the water column. 
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      As it was mentioned earlier, the distribution of Mn strongly depends on pH and Eh. 
Laboratory experiments show that a decrease of pH from 8.5 to 7.5 leads to an increase of the 
Mn concentration in waters by 4 times due to release from sediments (Delfino and Lee, 1971). 
Therefore, we can consider high concentrations of Mn in the bottom water to be partly coupled 
to the pH (Fig. 11) of the water. A deficiency of oxygen in the bottom water will also lead to 
reduction of particulate Mn oxides, and hence an increase of the concentration of dissolved Mn. 
       A correlation between suspended Mn and biomass of diatoms has been noticed (Fritz, 1993). 
This appears to be due to adsorption of Mn by microorganisms. In this case, the maximum of 
content of Mn in the suspended phase coincides with the maximum production of phytoplankton.   
The seasonal variations of suspended and dissolved Mn are similar to those of Fe. 
      The average concentration of suspended Mn is higher at spring and in the summer period 
(Table 4). It can be explained by an influx of oxygen and oxidation of soluble manganese forms 
to insoluble hydroxides.  In April, oxygen is present mostly in the upper part of the water column 
due to oxygen consuming processes in the hypolimnion and surface sediment (Fig. 10).  
Therefore, the average concentration of dissolved Mn is higher in April. This is possibly caused 
by the low oxygen concentration in the bottom layer, compared with the oxygen concentrations 
in August and October. It is also possible that the evolution of the phytoplankton biomass 
controls the partitioning of Mn between the dissolved and suspended phases. 
 
  Table 4. Average values of Mn concentrations in Lake Imandra in 1995. 
 

 25 April 3 August 23 October 
Suspended Mn (µg/l)  45.1 26.9 6 
Dissolved Mn (µg/l) 64.6 5.3 0.4 

 
    
Aluminum 

 
       Al is a component of nepheline, which is one of the main minerals in the Chibiny Massif 
(Moiseenko et al., 1997). Al also enters Lake Imandra with wastewaters from plants of the 
“Apatity” company. The concentration of Al at the monitoring point in April didn’t exceed the 
background level (Table 2).  
       The dissolved Al concentration varies throughout the water column from 3 to 8 µg/l (Fig. 21 
a)). Significant increases of the dissolved Al concentration can be observed in the upper part (2-5 
m) and in the deepest part (28-30 m) of the water column. The upper maximum can be explained 
by inflow of Al with wastewaters from industrial sources. The lower maximum is probably 
caused by diffusion of dissolved Al from porewater.  The reason can also be dissolution of Al-
rich particles, which also could explain the decrease in the concentration of suspended Al in the 
deepest 2 meters. 
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                                            a)                                                                                  b) 
Fig. 21. Distribution of dissolved a), and suspended b) phases of Al throughout the water column  
               in different seasons: ∆-April; ð-August; Ο-October 1995. 
 
    
   In August and October the distribution of dissolved Al is rather uniform. The average values of 
the concentration of suspended Al are higher in those months (Moiseenko at al., 1997). This is 
probably caused by stormy weather resulting in resuspension of bottom sediments during that 
period. 
 
 
Nickel  
 
       Nickel is one of the main contaminants in Lake Imandra. In small amounts this element is 
needed by living organisms, but in high concentrations (the limit for Ni concentrations in water 
reservoirs of the fishing industry - 10µg/l), it is very toxic (Sidorenko and Itskova, 1980).  

     The distribution of Ni in the water column of Lake Imandra shows an increase of the 
concentration of both phases (dissolved and suspended) in the deeper layer (from 25 m to the 
bottom, (Fig. 22 a); b)). The concentration of suspended Ni has two peaks at 27 and 29 m and 
decreases at the sediment surface. The concentration of dissolved Ni increases uniformly, with 
the maximum value at the bottom of the water column. A small increase of the concentration of 
dissolved Ni can also be seen in the upper layer at 2-7m. 
     This increase can probably be explained by inflow of Ni in wastewaters from industrial 
sources, mostly from the “Severonikel” plant. 
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                                             a)                                                                                b) 
Fig. 22. Distribution of dissolved a), and suspended b) phases of Ni throughout the water  
                    column in different seasons: ∆-April; ð-August; Ο-October 1995. 
 
    
       One reason for the increase of dissolved Ni towards the bottom and the maximum value at 
the water-sediment interface can be reduction of Fe and Mn oxyhydroxides in the lower layer. 
Possible forms of migrating Ni are dissolved complexes with organic matter and particulate 
hydroxides of Fe, Mn and Al. Hydroxides can adsorb up to 30 % of  the Ni concentration 
(Volkov, 1968; Chudaeva et al., 1982). Therefore, another reason for such a position of the 
maximum Ni concentration could be a release of Ni caused by reduction of Mn- and Fe-rich 
particles in the surface sediment.  
         Ni circulating in the lake in the winter-spring period is mainly found in the dissolved phase. 
This suggestion is supported by a hypothesis predicting an insignificant role of suspended phases 
for Ni circulation in water reservoirs with slow drainage (Nriagu et al., 1981). But the amount of 
the suspended phase is rather high probably due to coagulation or adsorption (Moiseenko et al., 
1997).  
       In August and October, the average concentration of Ni in the suspended phase is higher 
than during the winter-spring period (Moiseenko et al., 1996). It can be caused by the activity of 
living organisms and hence good conditions for binding of Ni with organic matter. Also, in the 
summer and autumn, an activation and increase of processes of coprecipitation may be possible 
(Moiseenko et al., 1997). 
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Copper 
 

Cu, dissolved phase

-30

-25

-20

-15

-10

-5

0

2,3 2,8 3,3 3,8 4,3 4,8

Cu, diss (microg/l)

D
ep

th
 (

m
)

 

Cu, suspended phase

-35

-30

-25

-20

-15

-10

-5

0

2 4 6 8 10 12 14 16 18 20

Cu, susp (microg tot / g susp)

D
ep

th
 (m

)

 
                                                                                            a)                                                                                           b) 

 
Fig. 23. Distribution of dissolved a) and suspended b) phases of Cu throughout the water column  
              seasons: ∆-April; ð-August; Ο-October 1995. 
 
       Copper is related to nickel (Moiseenko et al., 1997) and forms Cu-Ni ores in the Kola 
Peninsula. 

       The main source of Cu and Ni in Lake Imandra is the “Severonikel” plant. Cu enters the lake 
mostly with inflow of water from the catchment area (around 90%) (Moiseenko at al., 1997). 
       The distribution of dissolved Cu is more uniform than that of Ni. The maximum value of 
dissolved copper occurs in the upper layer at 2-7m (Fig. 23 a)). It is probably related to 
emissions from the “Severonikel” plant. The dissolved Cu concentration does not increase in the 
bottom layer as the Ni concentration does (Figs. 23 a) and 22 a)).  
       This is probably due to the existence of Cu complexes with low mobility in the pore waters 
(Krasinceva et al., 1982). Hence, almost no Cu diffuses from the pore waters to the water 
column.  
      The distribution of suspended Cu is rather similar to the distribution of suspended Ni, with 
peaks of high concentrations at 27 and 29 m (Fig. 5.2.2.4 b and 5.2.2.3 b)). 
      Cu forms complexes with organic matter and some algae (Moiseenko et al., 1996). This 
probably explains why the average concentration of suspended Cu is highest in August 
(Moiseenko et al., 1996), i.e., during the period of maximum activity of living organisms.       
The distribution of dissolved Cu is rather uniform in Lake Imandra during all seasons. 
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Molybdenum  
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                                                                                                      a)                                                                                        b) 

 
Fig. 24. Distribution of dissolved  a), and suspended b) phases of Mo throughout the water  
              column in   different seasons: ∆-April; ð-August; Ο-October 1995. 
 
        The most abundant species of Mo in aquatic environments is the anion MoO4

2- (Wedepohl, 
1978). 
       Molybdenum enters Lake Imandra with wastewaters from the metallurgical industry 
(Moiseenko et al., 1997). In that way the general pattern of Mo distribution is similar to that of 
Ni (Fig. 24 and 22), with a high concentration in the upper 6 meters in April. In the distribution 
of Mo throughout the water column we can also observe a peak in the concentration at a depth of 
28 m, in contrast to the peak at the water-sediment interface for the Ni concentration. Thus, we 
can assume that movement of Mo from the upper part of the water column influences the level of 
dissolved Mo more than the flux of Mo from sediments.  
       The high concentrations in the upper part of water column are probably caused by inflow of 
wastewaters from the “Severonikel” and Olenegorsk plants.  
        The distribution of suspended Mo (Fig. 24 b)) is rather uniform from the top of the water 
column to a depth of 24 meters. Mo can be associated with Al, Fe and Mn oxides and 
hydroxides. Therefore, the increase of the of suspended and dissolved concentrations of Mo at 
the same depth as Mn (Fig. 20) may be due to adsorption of Mo on hydroxides of Mn and Al, 
reduction of Mn hydroxides and hence release of Mo in the deeper part of the water column. 
The distribution of dissolved Mo in August and October is uniform when the water column is 
well mixed by wind. 
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Cobalt 
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                                            a)                                                                                 b) 
Fig. 25. Distribution of dissolved  a), and suspended b) phases of Co throughout the water    
                 column  in different seasons: ∆-April; �-August. 
 
       It is well known that redox-cycling of Co is controlled by the level of oxygen saturation 
(Moiseenko et al., 1997) 
     The distribution of Co in April is rather uniform throughout entire water column, except for 
maximum concentrations of dissolved Co at a depth of 6-7 meters, and suspended Co at 29 
meters depth (Fig. 25 a); b)) There is no increase of dissolved of Co in the deepest layer, which 
indicates that Co does not diffuse to the water from sediments. The maximum dissolved 
concentration at the 6-7 meters can be explained by inflow of wastewaters from the 
“Severonikel” plant. 
      The maximum concentration of suspended Co can be caused by Co associated with Fe- and 
Mn-rich oxyhydroxide particles.  
 
 
 Strontium and Barium 
 
     These elements occur in minerals which are common in rocks of the Chibiny Massif 
(Moiseenko et al., 1997). Thus, we can assume that these elements can enter Lake Imandra from 
natural sources and with wastewaters from plants of the“Apatity” company.  
    The distribution of dissolved Sr and Ba is rather uniform and varies between 60 – 70µg/l and 
1-3µg/l respectively (Fig. 26 a); 27 a)) The dissolved forms of Ba are very toxic (Moiseenko et 
al., 1997). 
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 a)                                                                            b) 

 
Fig. 26. Distribution of dissolved  a), and suspended b) phases of Sr throughout the water  
             column in different seasons: ∆-April; ð-August; Ο-October 1995. 
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                                                                                                 a)                                                                                   b) 

 
Fig. 27. Distribution of dissolved  a), and suspended b) phases of Ba throughout the water             
            column in different seasons: ∆-April; ð-August 1995.    
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        In the suspended phase we can observe an increase of the concentration in the deepest part 
of the water column (25-29 meters). The average amount of suspended Sr is not very high 
probably due to a high solubility (Fig. 27 b)). 
       The distribution of Sr and Ba in different seasons is relatively uniform, although with a 
marked increase of the dissolved Sr concentration in October. 
   
 

5.3. Sediment geochemistry 
 
 
        The sediment core was sampled down to 19 cm depth. Based on water content and loss on 
ignition (LOI) values, the sediment core can be divided into three parts: 1) the deepest core 
sections (11-19 cm) with pre- industrial background values (H2O≈80%, LOI≈14%); 2) an interval 
(9-11 cm) with lower values of these parameters (H2O≈75%, LOI≈10%), which, evidently, 
marks the onset of pollution with waste rock material and dumping from the “Apatit” Company; 
3) a surface interval, where steady increases of water content (from 86 to 97%) and LOI (from 18 
to 29%) can be seen. In this interval the accumulated sediment shows high concentrations of 
elements entering with pulp from treatment plants (Moiseenko et.al., 1996). 
       Changes in the distribution of some element concentrations coincide with the intervals 
described above, with some variations. Significant increases of concentrations of some elements 
are observed from a depth of 11 cm (Cu, Ni, Mn, Sr). It can be related to an increasing 
productivity and a high waste input from the “Apatit” Company, “Severonikel” plant and 
Olenegorsk mining and concentration plant. In the deeper layers, the concentrations reflect 
background, pre-industrial levels.  
     We can compare concentrations of some trace metals in the upper part of the sediment, down 
to the 9-10 cm depth with background levels of their concentrations assessed for Swedish lakes 
by Naturvårdsverket in 2000 (Table 5). From this table it is evident that the background 
concentrations of Cu and Ni are exceeded by factors of 20 and 140, respective ly, in Lake 
Imandra. 
 

 
Table 5. Comparison between concentrations of some trace metals in sediment of Lake Imandra    
            and background concentrations in Swedish lakes. 
 

 Cu Ni Co Zn 
      Average concentrations in Lake  

Imandra sediment (0-9 cm), mg/kg DW 
310 1400 20 103 

      Background concentrations,  
        mg/kg DW* 

15 10 15 100 

 
* Data from Naturvårdsverket, 2000. 
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5.3.1 Distribution of main elements 
 
 Sulfur 
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Fig. 28. Distribution of  S in sediment core (a) down to the 19 cm depth  and dissolved SO4

2- in  
               pore water (b) down to the 9 cm depth in April, 1995. 
 
         The distribution of S in the sediment core displays three sections with different S 
concentrations (Fig. 28). In the deeper part of the core, background concentrations occur 
(approximately 0.2 %DW). However, higher concentrations are found in the deepest 2 cm 
interval. Increasing concentrations with a maximum value of 0.941%DW are found in the 11-4 
cm layer. Above 4 cm follows a sharp decrease of the concentration. 
        Deeper, in the anoxic sediment with a deficiency of oxygen sulfate is reduced to insoluble 
sulfides. This can explain the maximum value of S concentration in the 5-7 cm interval. We also 
can see that under anoxic conditions, the concentration of SO4

2- in the porewater decreases 
sharply, simultaneously with an increase of the S concentration in the sediment. 
        The significant increase of the S concentration from 10 cm and its maximum can probably 
also be explained by the start of “Severonikel” and hence input of wastewaters from this plant, 
which uses ores from Norilsk with a high content of S (Dauvalter et al, 1999). 
       This assumption is supported by a comparison with the distribution of heavy metals emitted 
from this plant, e.g. Ni, Co and Cu. The concentrations of these metals increase from 10 cm 
depth, with maximum values in the upper part (Section 5.3.2).  
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 Manganese and Iron 
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                                                                             a)                                                                           b) 

 
        Fig. 29. Distribution of Mn (a) and Fe (b) in sediment core in April, 1995.  
 
        An insignificant increase of the Mn concentration occurs in the lowest layers. This increase 
becomes significant from a depth of 11 cm (Fig. 29). It can be related to the activity of the 
Olenegorsk plant. The concentration of manganese rises dramatically from 0.19%DW at a depth 
of 4 cm to 0.5%DW in the 0-1cm core section. This is 4-5 times higher then the background 
concentration, and is probably caused by redox cycling of Mn.  
       The concentration of Fe increases from a depth of 14 cm. A significant increase can be 
noticed from a depth of 10-11 cm, and the concentration reaches a maximum value of 3.48%DW 
at 9 cm (Fig. 29). 
      The decrease of the Fe concentration in the interval 2-7 cm can be related to the start of a 
100% recycling system at the Olenegorsk plant in 1975. But input of wastewaters still occurs, 
and Fe exists in the pulp from Apatit Company, so the concentration of iron is about 1.5 times 
higher than the background concentration below 14 cm. 
      It is also possible to notice an increase of the Fe concentration at 0-2 cm. It can be caused, as 
for manganese, by molecular diffusion of dissolved Fe from the deeper sections characterized by 
anoxic conditions and reduction of oxides. In the upper layers, where oxygen is present during 
the ice-free period, Fe and Mn form non-soluble compounds (Moiseenko et.al.,1996), enriching 
the surface layer with Fe and Mn. These non- soluble compounds of Mn and Fe are present as 
oxyhydroxides of these metals (Peinerud, 2000).  
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5.3.2 Distribution of trace elements 
 
Copper and Nickel 
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                                                                           a)                                                                            b) 

 
  Fig. 30. Distribution of Cu (a) and Ni (b) in sediment core in April, 1995. 
 
       The distribution of these elements is similar in the sediment core (Fig. 30). In the deepest 
part (11-19 cm), background concentrations of Cu and Ni are found. A sharp increase follows in 
the interval 6-9 cm, which can be coupled to the increasing productivity of the “Severonikel” 
plant. 
      Towards the surface concentrations rise slightly, up to 3 cm, where maximum values are 
reached  (Cu-353 mg/kg DW; Ni-1488 mg/kg DW). Most likely, these maxima are caused by the 
very high productivity of the “Severonikel” plant in the 1960-70s.  
      The decrease of the concentrations in the 0-2 cm core section can be explained by a 
decreasing productivity of the plant from 1987, and the start of a number of wastewater treatment 
facilities and recirculating water supply systems at certain work operations of the plant in 1976 
(Dauvalter et.al.,1999).  
 
Zinc, Cobalt and Molybdenum 
 
 
        The distribution of these elements in the sediment core (Fig. 31) is closely correlated with 
the Cu and Ni distribution (Fig. 30), with maximum concentrations at 9-10 cm and decreasing 
concentrations from 3 cm to the surface. This can probably be explained by the fact that these 
elements are the most important pollutants of Lake Imandra, emitted from the “Severonikel” 
plant.   
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Fig. 31. Distribution of Zn (a), Co (b), and Mo (c) in the sediment core in April, 1995. 
 
Strontium  
 
     The distribution of Sr is similar to some of the other trace elements, particularly Zn and Co. 
The highest concentrations occur in the upper part of the sediment core (0-8 cm) (Fig. 32). The 
average concentration in that layer is 768 mg/kg DW in the 0-6 cm interval. After a sharp 
increase from 11 cm, the concentration of strontium reaches its maximum value of 1407 mg/kg 
DW in the 7-8 cm interval. 
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Fig. 32. Distribution of Sr in the sediment core in April, 1995. 

 
      This maximum is probably re lated to the start of the “Apatit” Company and its maximum 
productivity. The decreasing concentration at a depth of 5-7 cm is probably caused by 
construction of a set of large settling dams in the mid-1960s (Moiseenko et al., 1996). The  
decreasing concentration at 2-4 cm can e caused by a decreasing  productivity at the “Apatit” 
Company. 
 
Barium 

 
 

  
 
Fig. 33. Distribution of Ba in the sediment  
              core in April, 1995. 
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    Ba is another significant pollutant entering Lake Imandra with wastewaters from the “Apatit” 
Company. Thus, Fig. 33 shows that the distribution of Ba in the sediment core is correlated to 
that of Sr, which was described above. 
    The high concentration of Ba in the upper layers (330 mg/kg DW at the 0-5 cm layer) of the 
sediment core is 2 times higher than the average background concentration in the deepest part 
(170 mg/kg DW at the 9-19 cm layer). 
 
5.4 Discussion 
 
    The chemical composition of the waters and sediments of Lake Imandra are a result of 
interactions between different processes: climatic, hydrological, mechanical, physical, chemical, 
biological and other.  
    The sediments sampled in this study represent hundreds of years and consist of material coming 
from different sources. Terrestrial input from the watershed, anthropogenic input from the 
watershed and atmospheric and autochthonous materials are deposited together, making it difficult 
to differentiate the relative importance and exact volume of material coming from each different 
source. 
      But from interpretations made in this thesis it is possible to see that mining and metallurgical 
industry have had a significant influence on the chemical composition of Lake Imandra sediments 
in the past and lake water at the present. 
     As a result of the processes mentioned above, elements exist in different forms in the water 
column.  Biogenic and polluting elements are adsorbed by suspended particles, which occur in all 
lakes. Colloids form non-soluble particulate compounds   by processes of coagulation due to 
physico-chemical and biological processes (Tarnovsky, 1980). 
      The particulate material of the lake can be subdivided into three main constituents: 

• Mineral particles that are produced by weathering and erosion within the drainage area 
and the pathways of wastes, and within the lake itself (calcite, opal, fluorite, apatite, 
vivianite, etc.). 

• Suspended organic particles, which consist of phytoplankton and detritus. 
• Mn and Fe hydroxides, which are formed under oxidising conditions. 
•  

 
5.4.1 Control of trace metals by Mn and Fe 
 
      The formation of Mn and Fe hydroxides depends on the redox conditions in the water 
reservoir, which control the degree of Mn and Fe oxidation (Fe2+? Fe3+ and Mn2+? Mn4+) 
(Peinerud, 2000). As was mentioned earlier (Section 2.4) Mn and Fe play an important role in the 
distribution of pollutants, which are involved in the redox cycles of Mn and Fe and co-vary with 
the hydroxides. 
    Interactions between dissolved metals with particles rich in Mn and Fe can be the result of at 
least two processes: 

• Adsorption by coagulated hydroxide particles. 
• Adsorption by organic material covering Fe and Mn hydroxides. 

    Particulate Fe and Mn oxyhydroxides are used as electron acceptors during the oxidation of 
organic matter (Peinerud, 2000), and high concentrations of dissolved Fe and Mn are therefore 
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found in the sediments (Fig.29). Dissolved Fe (II) and Mn (II) ions diffuse upwards through the 
sediment and into the water column, where they are reoxidized at higher redox potentials. 
Whereas Fe dominates over Mn in some lakes (Sholkovitz and Copland, 1982; Balistrieri et al, 
1992), Mn is more important in others (Baccini and Joller, 1981). In Lake Imandra the 
concentration of suspended Mn is several times higher then the concentration of suspended Fe 
(Fig. 19, 20). This is particularly evident in April (Tables 3 and 4). Another important thing is that 
Mn has a higher mobility in seasonally anoxic systems than Fe (Peinerud , 2000). So it is possible 
to say that the natural cycling of Mn has a crucial role in transporting trace metals.  In the bottom 
water metals are released from dissolving Mn- and Fe-rich particles, and in the sediment they are 
fixed by sulfides formed by reduction under anoxic conditions. Trace metals diffuse into the 
sediments and become associated with sulfides in the S-rich zone several cm below the sediment 
surface (Fig. 28). This substantial sulfide formation in the sediment can be a consequence of the 
increased SO4

2- loading into Lake Imandra (Fig. 17). However, it also it makes possible efficient 
fixation of metals in the sediment. 
 
 

5.4.2 Impact of mines and smelters 
 
       To evaluate the role of industries in the contamination of Lake Imandra, not only heavy metals 
such as Ni, Cu, Co, etc., but also nutrition elements such as K, Na, etc. were analysed in this study 
(the multi-element approach (Breulmann, 1998)). This approach also makes it possible to 
understand which sources and processes are influencing the concentrations of elements and 
changes in natural cycles. 
      This is important because it can show that contaminants may have an adverse effect on biota 
and that the sediment might provide a continuous source of heavy metals to the aquatic 
environment under changeable conditions in the far future, even after close-down of the industries. 
The present-day distribution of pollutants in the water and sediments of Lake Imandra can be 
explained by emissions from the metallurgical and mining plants. 
      The distribution of elements in the sediment and their correlation with the activity of the plants 
can be evaluated from Fig. 29 - 33, which show the distribution of Fe, Mn, Cu, Ni, Co, Mo, Zn, Sr 
and Ba in the sediment. In the deepest layer up to a depth of 11cm, the concentrations reflect 
background, pre-industrial levels. From these figures we can also see an increase of the 
concentrations of Ni, Cu, Zn, Co and Mo, from a depth of 11 cm, due to the start of the 
«Severonickel» plant. The increase of the concentrations of Mn and Fe from the same depth is 
related to the activity of the Olenegorsk plant. Fe also exists in the pulp of the “Apatit” Company. 
The main pollutants in the wastewaters of the “Apatit” plant are Sr and Ba, and increasing 
concentrations of these elements occur from a depth of 11 cm. 
       The decrease of concentrations of examined elements towards the surface is related to 
decreasing activities of the companies during period of economic crisis in Russia in1987-1992. In 
addition, the start of a recycling system at the Olenegorsk plant, a number of wastewater treatment 
facilities at the «Severonikel» plant (Moiseenko et.al., 1996) and construction of a set of large 
settling dams at the «Apatit» plant (Dauvalter et.al.,1999)  have reduced the emissions of 
pollutants. 
       In the water column (Fig. 19 - 27) increased concentrations of the dissolved phases of  trace 
elements in the deepest layer can be caused by diffusion from the sediments. Slight increases of the 
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concentrations of examined elements in the upper water column (0-7 m) can be related to 
horizontal transfer of wastewaters from the polluted areas near plants. 
The study of the distribution of metals and processes in the lake, give us a scientific basis for an 
understanding of changes of the whole ecosystem of Lake Imandra that may result from pollution 
of metals. 
       The main pollutants of Lake Imandra are Ni and Cu, due to their high toxicity. The main 
source for these metals is the “Severonickel” plant. But Cu and Ni can enter the lake in different 
ways. As an argument we can use results of the assessment of the inflow and outflow of pollutants 
into and out of Lake Imandra during 1988-1991 presented in Table 6 (Moiseenko, et al., 1997). 
The influx of Ni with the wastewaters exceeds by eight times its influx from the drainage area, 
whereas the influx of Cu from the drainage area is 7.5 times larger than with wastewaters. 
According to the above calculation, the accumulation of Ni in the lake is 5.7 times larger than that 
of Cu (Table 6). 

 
Table 6.  Estimated input and output of Ni and Cu in Lake Imandra during 1988-1991 
(Moiseenko, et al., 1997). 
 

Components Ni, tonnes/year Cu, tonnes/year 
       Input 
               from the drainage area 
               with wastewaters 

 
15.3 

123.4 

 
34.5 
4.6 

        Total input into the Lake 138.7 39.1 

       Output with the Niva runoff 50.2 23.6 
        Accumulation in the Lake 88.5 15.5 
        Accumulation in per cent of the total influx 63.8 39.6 

 
 
           This mass balance for the lake shows that most of the Cu in Lake Imandra is received from 
flushing of the watershed, where it is deposited from the air. So it is necessary to think about 
reducing the overall emissions and treating not only waste waters, but also other fluxes of pollution 
from mining and smelter plants. 
 
6. Conclusions 
 
        Water quality (the physical, chemical and biological properties of water) within Lake Imandra 
is important both to the organisms living within Lake Imandra and to the human population, living 
around the lake.  
      Kola Peninsula is a region with highly developed mining and metallurgical industry. Most of 
the enterprises are situated at the shoreline of Lake Imandra and discharge wastewaters into the 
lake.  Analyzes of samples from Lake Imandra reveal that mining and smelters are the main 
sources of pollution of the lake. Maxima and minima in the concentration of elements in the lake 
sediment coincide with peaks and recessions in the productivity of the enterprises. 
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     It is important and possible (from published studies) to demonstrate to the governing authorities 
that unsafe industrial activities may influence the future health of the population via the quality of 
the lake water. 
     An important aspect is the necessity to prevent emission of pollutants into Lake Imandra not 
only throughout waste water systems but also via atmosphere. A lot of contaminants (e.g. Cu) 
enter the water via the apmosphere, and from the lake watershed.  
Geochemical studies of Lake Imandra have provided a basis for future research and investigations 
dealing with measures to prevent contamination and returning the lake into a more natural state. 
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Depth, T, Apr, T,Aug, T,Oct, Cond, Apr, Cond, Aug, Cond, Oct, O2, Apr, O2, Aug, O2, Oct, pH, Apr pH, Aug pH, Oct Alk, Apr, Alk, Aug, Alk, Oct,
m ºC ºC ºC mS/cm mS/cm mS/cm (mg/l) (mg/l) (mg/l) µeq/l µeq/l µeq/l
-1 1.15 15.13 3.9 0.118 0.102 0.106 11.3 14.8 15.4 6.69 7.45 7.34 349 345
-2 1.04 0.126 11.88 6.72 375
-3 1.01 0.126 12.5 6.76
-4 0.96 0.126 12.46 6.84 372
-5 0.95 15.05 3.9 0.126 0.103 0.107 12.4 14.6 15.4 6.85 7.44 7.3 350 344
-6 0.92 0.126 12.5 6.86 375
-7 1.23 0.118 11.66 6.84
-8 1.49 0.114 11.13 6.79 365
-9 1.62 0.114 10.64 6.75
-10 1.71 14.15 3.9 0.114 0.104 0.107 10.06 13.8 15.4 6.71 7.33 7.32 371 354 346
-11 1.83 0.113 9.58 6.69
-12 1.84 0.115 9.32 6.67 373
-13 1.88 0.115 8.96 6.66
-14 1.99 0.114 8.65 6.65 381
-15 2.05 13.08 3.9 0.116 0.106 0.107 8.27 13.4 15.4 6.63 7.26 7.29 357 343
-16 2.06 0.116 6.78 6.66 384
-17 2.11 0.115 6.42 6.65
-18 2.15 0.115 6.07 6.64 394
-19 2.23 0.115 5.65 6.62
-20 2.25 12.65 3.9 0.115 0.106 0.107 5.56 12.9 15.4 6.62 7.21 7.29 394 354 343
-21 2.3 0.116 5.23 6.61
-22 2.35 0.117 4.73 6.6 402
-23 2.39 0.116 4.56 6.59
-24 2.47 0.117 4.22 6.57 409
-25 2.53 12.19 3.9 0.117 0.106 0.107 3.97 12.2 15.4 6.56 7.14 7.29 417 360 344
-26 2.62 0.117 3.48 6.55 426
-27 2.68 12.07 3.9 0.117 0.106 0.107 3 11.9 15.4 6.54 7.13 7.3 432 368 343
-28 2.73 0.117 2.53 6.54 455
-29 2.79 0.118 2.14 6.54 448

-29.5 2.83 11.99 3.9 0.119 0.107 0.107 1.6 11.5 15.4 6.52 7.04 7.29 456 365 345
-30 2.97 0.121 0.98 6.49 604

Depth, Ca,Apr, Ca,Aug, Ca,Oct, Mg,Apr, Mg,Aug, Mg,Oct, Na, Apr, Na, Aug, Na, Oct, K, Apr, K, Aug, K,Oct, SO4,Apr, SO4,Aug, SO4,Oct,
m (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)
-1 4.52 4.45 1.08 1.1 13.6 13.5 2.41 2.39 22.7 22.6
-2 4.67 1.33 17.3 2.67 27.4
-4 4.67 1.38 17.1 2.71 27.4
-5 4.52 4.3 1.1 1.12 13.4 14 2.43 2.46 22.7 22.8
-6 4.61 1.35 17.4 2.67 27.4
-8 4.61 1.31 15.5 2.54 23.8
-10 4.72 4.56 4.3 1.29 1.1 1.12 15.1 13.6 14.2 2.54 2.45 2.42 22.9 23 22.8
-12 4.72 1.27 15.1 2.54 22.5
-14 4.78 1.28 14.9 2.58 23
-15 4.52 4.4 1.16 1.13 13.6 14.2 2.47 2.41 23.6 22.8
-16 4.83 1.29 15.1 2.61 23
-18 4.99 1.31 15.3 2.59 22.9
-20 5 4.52 4.45 1.35 1.13 1.13 15.3 13.8 14 2.59 2.47 2.38 23.2 23.3 22.8
-22 5.06 1.36 14.9 2.62 22.9
-24 5.17 1.38 15.1 2.59 22.7
-25 4.94 4.68 4.48 1.31 1.16 1.12 14.4 13.6 13.9 2.52 2.47 2.39 21.6 23.2 22.8
-26 5.28 1.4 15.2 2.61 22.5
-27 5.33 4.56 4.3 1.4 1.13 1.12 15 13.8 13.4 2.65 2.47 2.38 22.9 23.3 22.8
-28 5.22 1.42 15 2.65 22.8
-29 5.22 1.44 15.1 2.65 22.8

-29.5 5.28 4.6 4.45 1.46 1.13 1.1 15.1 13.4 13.7 2.65 2.49 2.39 22.3 23.3 22.8
-30 5.5 1.52 15.2 2.71 20

Cl,Apr, Cl,Aug, Cl,Oct,
(mg/l) (mg/l) (mg/l)

5.38 5.5
6.8
7.4

5.38 5.44
6.75
5.78
6.64 5.46 5.56
5.67

6
5.52 5.5

5.89
5.78
5.94 5.49 5.5
5.89
5.75
5.56 5.46 5.5
6.53
5.89 5.49 5.44
5.89
5.89
5.86 5.57 5.44
5.89

Appendix I

of Lake Imandra in different seasons (April, August, October), 1995
Appendix I - II: Distribution of main elements in dissoved phase throughout the water column

Appendix I - I : Distribution of the main water parameters (temprerature, conductivity, dissolved oxygen, pH, alkalinity)  
throughout the water column of Lake Imandra in different seasons (April, August, October), 1995



Depth, Ca, Apr, Mg, Apr, Na, Apr, K, Apr, Depth, Fe, Apr, Mn, Apr, Al, Apr, Ni, Apr, Cu, Apr, Mo, Apr, Co, Apr, Sr, Apr, Ba, Apr,
m µg tot µg tot µg tot µg tot m µg tot µg tot µg tot µg tot µg tot µg tot µg tot µg tot µg tot

-2 252 60.2 200 159 -2 159 81.2 225 9.4 6.5 0.8 0.32 8.4 3.5
-4 271 65.6 182 173 -4 176 84.8 235 10.2 8.6 0.1 0.36 9.2 4.8
-6 226 58.6 205 155 -6 148 64 186 8.2 5.6 0.6 0.3 7.7 3
-8 156 42.8 130 118 -8 132 57.6 132 6 4.3 0.2 0.14 5.4 2.4

-10 185 51.7 134 133 -10 156 74.3 171 10 6.3 0.3 0.21 8.2 6.5
-12 206 57 142 154 -12 185 90.6 209 9.3 5.7 0.2 0.18 7.4 3.5
-14 229 63.5 159 164 -14 305 139.3 237 13.1 6.2 0.7 0.25 7.9 3.9
-16 232 62.1 161 168 -16 229 136.3 242 13.7 6.3 0.2 0.21 7.4 3.7
-18 196 51.7 138 142 -18 211 158.1 219 11.2 5 0.7 0.17 6.1 3.1
-20 220 57.7 145 139 -20 271 223.1 278 15.4 6.3 0.7 0.26 8.6 4.7
-22 217 55 142 127 -22 478 310.5 255 17.9 6 1 0.22 7.6 4.4
-24 246 62.1 154 136 -24 294 728.7 295 21.6 7.2 2.2 0.26 8.6 6.6
-25 280 68 129 141 -25 406 1571.8 336 34.3 7.9 4.5 0.27 8.2 9.3
-26 358 73.6 140 160 -26 485 3753.9 357 125 18.6 13.2 0.4 13.2 22.2
-27 418 79 201 175 -27 509 4669.7 307 163 11.5 10.1 0.35 8.6 15.5
-28 329 78.3 158 192 -28 1347 2078.8 483 34.8 7.5 3.9 0.48 9.7 13.2
-29 446 93.1 165 202 -29 916 11503 357 154 15.9 25.6 1.05 13.3 41.5

-29.5 225 53.4 131 113 -29.5 541 4791.4 189 89.9 5.3 7.5 0.98 6.5 16.8
-30 -30

Depth, S, Apr, Mn, Apr, Fe, Apr, Cu, Apr, Ni, Apr, Zn, Apr, Co, Apr, Mo, Apr, Sr, Apr, Ba, Apr,
cm mg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DWmg/kg DW
-0.5 0.333 0.5104 3.09 303 1238 93 16.7 17.1 727 302
-1.5 0.365 0.3746 2.65 330 1277 94 17.4 20.8 765 305
-2.5 0.564 0.255 2.67 353 1488 99 20.9 33 778 315
-3.5 0.759 0.2035 2.56 323 1442 93 19.1 27.4 732 295
-4.5 0.929 0.1932 2.79 310 1407 94 20.4 27.6 742 300
-5.5 0.941 0.1917 2.78 308 1452 94 19.7 26.4 865 330
-6.5 0.883 0.1981 2.9 195 1128 101 17.9 25.5 1231 419
-7.5 0.59 0.1948 2.86 105 543 96 20.4 27.9 1407 377
-8.5 0.506 0.1952 3.44 73 340 120 29.7 30.5 656 259
-9.5 0.212 0.1465 3.48 54 128 117 17.3 18.1 185 144
-10.5 0.165 0.1159 2.29 79 68 73 12.4 6.7 70 176
-11.5 0.19 0.1107 1.95 81 68 66 12.6 9.6 82 185
-12.5 0.279 0.1033 1.95 83 65 86 10.9 14 72 192
-13.5 0.225 0.0921 1.61 81 51 66 11.3 12.6 58 183
-14.5 0.23 0.0846 1.53 85 50 65 10.4 17.5 57 178
-15.5 0.224 0.0867 1.59 89 47 66 10 12.1 60 181
-16.5 0.229 0.0838 1.58 87 50 65 10.2 11.8 61 180
-17.5 0.577 0.0811 1.95 84 48 64 10.3 10.6 60 176
-18.5 0.534 0.0761 1.94 82.7 51.2 67.6 9.8 60 172

6.05

5.62

5.94

-1.5

Appendix I - VI: Distribution of elements in the pore water 
in Lake Imandra in April, 1995

Cl, Apr,
mg/l

SO4, Apr,
mg/l

Depth,
cm

-5

-9

4.95

2.22

0.46

in April, 1995

in suspended phase throughout the
Appendix I - III: Distribution of main elements 

water column of Lake Imandra in April, 1995

                                                                                     Appendix I

Appendix I - IV: Distribution of trace elements in suspended phase
throughout the water column of Lake Imandra in April, 1995

Appendix I - V: Distribution of elements in sediment core fron Lake Imandra 



Depth, Fe, Apr, Fe, Aug, Fe, Oct, Mn, Apr, Mn, Aug, Mn, Oct, Al, Apr, Al, Aug, Al, Oct, Ni, Apr, Ni, Aug, Ni, Oct, Cu, Apr, Cu, Aug, Cu, Oct,
m µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l

-1 1.1 2.6 0.3 0.42 4.5 6 8 6.9 3.2 4.1
-2 2.8 0.81 6.5 10.4 4.3
-4 1.7 1.05 6.5 11.1 4.6
-5 1.5 2.4 0.25 0.61 6.3 6.5 8.2 6.3 3.8 3.6
-6 1.5 1.16 5 10.9 4.3
-8 2.1 0.65 4.5 7.5 3.5

-10 3.2 1.5 2.4 0.65 0.35 0.42 4.5 5.3 5.5 6.5 8.1 6.5 3.2 3.2 3.9
-12 2.2 0.57 3.5 6.2 3.6
-14 2.9 1.12 4.5 6.9 3.3
-15 1.1 2.3 0.3 0.35 6.5 5.7 8.3 6.3 3.7 3.5
-16 3.5 0.89 6.5 7.3 3.3
-18 4 2.74 6 7.9 3.5
-20 4.8 2.1 2.5 6.98 0.35 0.31 7 4.4 5.5 8.4 9.2 6.1 3.2 4.4 3.5
-22 3.5 3.3 5.5 10 2.8
-24 3.9 9.5 7.5 13 2.9
-25 3.1 1.9 2.4 10.5 2.5 0.31 5 8.7 4.9 12.6 10.3 6.1 2.6 3.7 3.4
-26 2.5 0.98 5 16 2.7
-27 3 2.1 2.3 0.73 6 0.31 5 4.4 4.8 15.5 11.8 5.9 2.5 3.9 3.4
-28 5.8 5 21.5 3
-29 3.5 3.5 22.5 2.6

-29.5 3.8 2.3 2.7 4 4.6 5.3 22.6 14.5 6.2 2.8 3.4 3.4
-30 12 8 34 3.1

Mo, Apr, Mo,Aug, Mo, Oct, Co. Apr, Co, Aug, Sr, Apr, Sr, Aug, Sr, Oct, Ba, Apr, Ba, Aug,
µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l

1.7 1.91 0.032 60 64 3.1
1.9 0.06 64 1.6
1.9 0.1 63 1.6

1.7 1.79 0.034 59 65 3.8
1.9 0.45 61 1.5
1.5 0.56 59 2
1.2 1.8 1.75 0.06 0.081 60 58 66 2.6 2.8
1.2 0.04 61 2.6
1.2 0.04 62 2.7

1.79 1.67 0.049 59 67 2.6
1.1 0.04 63 2.6

1 0.11 65 2.8
1 1.78 1.84 0.13 0.036 65 59 67 2.9 2.5

0.85 0.09 66 2.6
0.75 0.08 68 2.5
0.78 1.98 1.72 0.04 0.068 68 59 67 2.5 4.2
0.51 0.06 69 2
0.41 2.26 1.65 0.07 0.041 70 59 68 1.4 2.7
1.3 0.08 69 3

0.43 0.06 70 60 69 1 3.2
0.66 1.98 1.71 0.06 0.033 70 1.2

Appendix I - VII: Distribution of trace elements in dissolved phase throughout 
the water column of Lake Imandra in different seasons (April, August, October), 1995
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