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Abstract 

Lake Cospuden is an open pit lake in the mining region of Middle Germany south 

of the city of Leipzig. The lake which will be used for recreation is filling with recovering 

groundwater, surface water, and groundwater pumped form the neighboring Zwenkau 

mine, and is projected to reach its final water level by 2000. 

The physical limnology of Lake Cospuden is changing during the filling period 

from an unstratified to a stratified lake with a hypolimnion that is approximately twice as 

large as the epilimnion. 

The water quality is typical for a mining lake with low pH and high metal 

concentration. Due to the filling with neutral surface water, recovery of the initially low 

pH lake water can be observed. The microbiological environment is attenuated by 

relatively high phosphorus and nitrogen concentrations, but low chlorophyll-a 

concentrations, which might be attributed to carbon limitation of photosynthesis due to 

the low pH. 

After a rev1ew of general lake models, two models COLQUAL and 

AQUAMODl, were chosen to simulated the eutrophication process. COLQUAL 

indicated phosphorus and light as the limiting factors. AQUAMODl , which was 

modified to incorporate carbon limited photosynthesis, indicated that the eutrophication 

process is governed by carbon limitation and a mechanism that keeps the soluble reactive 

phosphorus concentration low, despite of high total phosphorus concentrations. This 

mechanism was assumed to be related to binding of phosphorus by suspended matter (e.g. 

clays) which creates turbidity observed in the lake. 

This study has a preliminary character and identifies future research. Because of 

its mining history, Lake Cospuden is a unique system and will require alternative 

approaches in order to evaluate and predict the water quality. Some first steps were 

attempted in this study. 
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1. Introduction 

1.1 The Lignite Mining Area of Middle Germany 

The Lignite Mining Area Middle Germany comprises three parts: (1) the basin of 

the W eiBe Elster River south of the City of Leipzig, (2) the Bitterfeld Area north of 

Leipzig, and (3) the area west of Leipzig, as can be seen in Figure 1.1. To date 94 

abandoned open pits exist of which 34 will eventually be filled with groundwater. The 

total volume of all abandoned pits is about 1.9 billion m3 and the future surface area of 

the forming lakes will be 102 km 
2

• 

Mining of lignite has a 150 year long tradition in Middle Germany. In the 

beginning the lignite was mined in subsurface mines. From the beginning of the 20th 

century better technology made surface mining more economical. Groundwater levels of 

only a few meters under the surface made drainage of the pits necessary. The drainage of 

the pits influenced the groundwater regime strongly. Since the 1940's surface mining 

accounted for all of the mining activity. The energy policy of the East German regime 

focused on an energy autarkic economy with lignite as the main component. Therefore 

large areas in Middle Germany were mined between 1945 and 1989, devastating large 

areas. 

Because of the political changes in 1990 in Eastern Germany, the mining of 

lignite reduced drastically. The mining decreased from 105 million tons in 1985 to 17.5 

million tons in 1994. During this period the number of pits decreased from 20 to 3. The 

effects of such a sudden stop on the water budget of the region were tremendous. The 

groundwater table which had been drawn down for more than a century started to rise 

much faster than it would have with a tapering of the mining activity over decades. Many 

of the pits which will eventually become lakes are very unfavorable shaped. Slopes need 

to be flattened and millions of cubic meters of soil have to be moved. 
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Figure 1.1 Lignite Mining Area of Middle Germany with Contours of Future Lakes Forming in Pits. 
(from LMBV, 1995) 
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Since the mid 1980's the groundwater flow of the whole regton has been 

simulated by the Ingenieur Biiro fiir Grundwasser (IBGW), Leipzig (LMBV, 1995). For 

this purpose two large hydrogeological models north and south of Leipzig, the 

Hydrogeologic Large Area Model Nord and , the Hydrogeologic Large Area Model Sud 

were build (see Appendix B for description). These models provided insight into the 

groundwater budget including the filling of the formerly mined pits. The question of 

future water quality development however, will require other tools. For mining sites that 

are still operating, the time frame for filling the lakes will easily stretch to nearly a 

century. Lakes that are filling now will reach the final water level near the year 2000 and 

the last lake will be completely filled as late as 2090. The filling water consists of 

naturally inflowing groundwater, which is recovering from extensive drawdown, surface 

water from rivers of the region, and groundwater transported from operating mining pits. 

The most severe attenuation on general water quality can be attributed to sulfide 

oxidation. The inflowing groundwater moves through aerated areas of the aquifer taking 

up sulfuric acid formed by pyrite and marcasite oxidation. The inflow of groundwater 

through overburden dump areas very often accounts for the most of the acidity reaching 

the lake. 

1.2 Lake Cospuden 

Lake Cospuden is one of the first lakes forming in mining area south of Leipzig. 

Since it is close to Leipzig, a city with 500,00 inhabitants, as can be seen in Figure 1.1, 

the recreational use of the lake will be important in the future, and will require a water 

quality suitable for swimming and other recreational activities. In addition to health 

considerations such as pathogen content and contamination, aesthetic and emotional 

factors must also be considered, and a water quality sufficient to maintain an 

oligotrophic lake with neutral pH-values and a clear water due to low nutrient levels and 

low turbidity are currently the stated goals for Lake Cospuden. 
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The lake is now filled to approximately 30% of its projected final volume and has 

a mean depth of 13 m, a maximum depth of 29 m, a surface area of 2.5 km
2
, and a 

volume of32 million m3
. The contours of the lake with measuring points MP3 and MP7 

for which data were available (see 1.5) can be seen in Figure 1.2. The lake should be 

completely filled by the year 2000, with a mean depth of 27 m, a maximum depth of 53 

m, a surface area of3.9 km2
, and a volume of 108 million m3

. 

Mining of Lake Cospuden began in 1981 and continued until October 1992. 

During this time 85 million m3 of overburden were moved and 30 million m3 of lignite 

were mined. With the cessation of the mining activity in 1992, lake infilling was 

initiated. The filling water consists of groundwater, surface water, and water pumped 

from the neighboring Zwenkau pit. 

The initial concern will be the extent of acidification from sulfide oxidation and 

the consequent potential mobility of metals. In the future, the eutrophication of the lake 

due to high nutrient levels, contributed by surface water and recreational use, may 

become the more significant concern. 
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Lake Contours January 1 , 1997 
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Figure 1.2 Contours of Lake Cospuden. (Line corresponds with Geologic Cross Section in Figure 
1.3). 
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1.3 Hydrogeology 

The geologic cross section in Figure 1.3 gives an overview of the geologic conditions in 

the vicinity of Lake Cospuden. 

A series of 7 hydrogeologic sections (aquifers) overlay kaolinized graywacke and 

slate from the Precambrian period. During the Tertiary age, periods of land subsidence 

alternated with periods of no or little subsidence. The lower hydrogeologic sections 5, 3, 

and 2.6+2.7 (numbering in double circles in Figure 1.3) are Tertiary age sediments 

formed by alluvial deposits from the Erzgebirge mountains consisting of sand and gravel 

during subsidence periods. During periods with little subsidence, bogs were formed from 

which lignite seams developed over a period of several million years. In the Quaternary 

periods the upper portions of the aquifers were eroded, and three new aquifers, 1.8, 1.5, 

and 1.1 (numbering in double circles in Figure 1.3) were formed from newly transported 

sediments from the Saale River, Weifie Elster River, and melting water from glaciers. 

These aquifers consist forming of sand and gravel. 

Aquitards throughout the section consist of shell silt, glauconite and lignite. They 

are of varying thickness throughout the region. The aquitards are discontinuous, allowing 

flow between the aquifers, consequently some aquifers can be treated as a single unit. 

Spoil bank material has been backfilled forming artificially constructed aquifers 

(indicated by the shaded region in Figure 1.3). Mixing of clay and sand resulted in a more 

uniform material lowering total hydraulic conductivity below that of the original 

heterogeneous material. These aquifers, found in the south east of Lake Cospuden, are 

well aerated possessing a high potential for pyrite and marcasite oxidation, and can 

therefore effect the water quality though their volumetric contribution is small. 
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1.4 Governing Chemical and Limnological Processes in the Open Pit 

Lakes in Middle Germany 

22 

These manmade lakes of Middle Germany will have untque chemical and 

limnological characteristics which are determined by the quality of the inflowing water, 

the percentages of water from the different sources, the time of filling, and chemical 

reactions in the, lake during and after filling. Klapper ( 1994) has identified the most 

significant chemical and ecological stresses, resulting from groundwater and surface 

water contributing to a lake composition. The groundwater has the greatest potential for 

acidification, salination, and contamination, whereas the incoming surface water can 

initiate eutrophication, saprobization (oxygen depletion due to organic matter), and 

contribute agents of infection. As shown in Figure 1.4 and discussed below, in many 

circumstances groundwater and surface water counteract the effect of the other. 
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Figure 1.4 Stresses in Open Pit Mining Lakes by Filling Ground and Surface Water (after Klapper, 
1994) 
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1.4.1 Acidification 
The initial concern is lake acidification from groundwater with elevated acidity 

and high concentrations of F e2
+ as a result of pyrite oxidation. pH values as low as 3.1 

have been reported for parts of Lake Cospuden (UFZ, 1996), where a pH around neutral 

(6-8), which is typical for most natural lakes, is desirable for the intended use for 

recreation. 

Additional acidity created as iron oxidizes in the aerobic epilimnion and 

precipitates as iron hydroxide. The rate of the reactions are facilitated by microbes 

(Thiobacillus ferrooxidans) and can be described as follows: 

(1.1) 

3+ + 
Fe + 3H20 = Fe(OH) (s) +3H (1.2) 

Acidification strongly impacts the chemistry and biological character of lakes. A 

decreasing pH can elevate metal concentrations to levels, toxic to both human and biota. 

The dissolved inorganic carbon in the water decreases due to low pH and can become a 

limiting factor for primary production. 

Much research has been done on the effects of acid rain on lakes viability. 

Although the causative agent is different in acid rain, the net effect is analogous. Hendrey 

(1984) described both direct and indirect biotic responses to acidification as the result of 

acid rain. The most important are: 

- Inhibition of microbial activity 

-Decreased short-term stability of the plankton system 

- Decreased number algae species 

- Decreased diversity of marcophytes 

- Decreased or eliminated fertility of fish species 
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Even though these are general trends of the behavior of the ecosystem, a detailed 

prediction of the extend of acidification, the resulting chemical changes and the effect on 

lake biota is difficult. 

1.4.2 Salination 

The inflow of groundwater with high salt concentrations can cause meromictic 

lakes due to a saline layer at the bottom of the lake. Meromictic lakes as termed in 

Hutchinson (1937) have a monimolimnion, a perennially stagnant stratum at the bottom, 

which is overlaid by the mixilimnion, a periodically circulating stratum. The steep 

gradient in salinity between both is called the chemocline. The monimolimnion decreases 

the volume of the lake that overturns in spring and autumn. This results in less oxygen 

mass in the hypolimnion than would be present without the saline stratum. The oxygen 

depletes faster, creating anoxic conditions earlier than without monimolimnion. The 

monimolimnion allows no exchange between sediment and water column which can have 

implications on water quality because many processes in the sediment such as redox can 

influence pH and therefore ion concentrations in the water. Due to diffusion, the 

monimolimnion loses salinity to the water column above, increasing total salinity, which 

is already high due to inflowing groundwater. High salinity might have some influence 

on the biota of the lake by imposing osmotic stress to which the cells are unable to adapt 

(Wetzel, 1983 ). Salinity of the surface water is much lower than that of the groundwater 

lowering the total salinity in the lake. 

1.4.3 Contamination 

During mining, the overburden dumps were used occasionally as landfills. 

Unknown amounts of municipal and industrial waste materials are a potential source of 

contamination for the lakes. Continuous monitoring of the groundwater quality for 

evidence of landfill leachate is necessary to detect potential contamination and provide 
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sufficient time to enclose the source zone and install hydraulic barriers. Surface water 

can have a diluting effect on contaminant levels if the surface water is not contaminated 

also. 

1.4.4 Eutrophication 

Eutrophication refers to, as described by Harper ( 1992), " ... the biological effects 

of an increase in concentration of plant nutrients - usually nitrogen and phosphorous, but 

sometimes others such as silicon, potassium, calcium, iron or manganese - on aquatic 

ecosystems." Eutrophication is a part of the natural succession from an oligotrophic lake 

to an eutrophic lake with high productivity. Artificial eutrophication due to nutrients from 

point (waste water) and non-point sources (agriculture) is far more important because the 

slow natural processes occurring in thousands of years can occur in a few years. 

Eutrophication can significantly impact the water quality of a lake. Algal blooms can 

make the lake aesthetically and physically unusable for recreation, and some algae are 

toxic imposing a threat to public health. On the other hand, primary production increases 

the pH and counteracts acidification. 

1.4.5 Saprobization 

Saprobization refers to microbial decay of organic matter whether allochtounus 

such as waste water or autochtounus (Recknagel, 1989). Sabrobization lowers the 

oxygen content and can create anoxic conditions which are important for the increase in 

pH (see 1.4. 7). However, anoxic conditions are desirable only on the lower part of the 

hypolimnion. In extreme cases, total oxygen consumption during winter stagnation leads 

to anoxic conditions in the entire water body with deadly effects for fish. Groundwater 

has low concentrations of organic matter, hence improving water quality. 
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1.4.6 Infection 

Pathogens from waste water discharges can make a lake unsuitable for 

recreational uses. The surface water used for lake filling is partially polluted with waste 

water from small communities that is not or only mechanically treated. Even though more 

and more waste water treatment facilities have been build during he last years and more 

are to come in the near future it will take several more years or even decades to show 

effect due to not unlimited financial means of the communities. Here again groundwater 

is free of pathogens and helps to improve the quality of the lake water. 

1.4. 7 Hypolimnic and Sediment Redox Processes 

After oxygen depletion in the lower part of the hypolimnion because of aerobic 

microbial mineralization of organic matter, other substances will be used by 

microorganisms as electron acceptors for metabolism. The use of nitrate, manganese, 

iron, sulfate and carbon dioxide is governed by the redox potential and follows a redox 

sequence: 

Redox Potential 

Denitrification 

+ 100 ... +500 mV (1.3) 

Mn (IV)-Reduction 

+ 100 ... +250 mV (1.4) 

F e(III)-Reduction 

+ 2+ Corg + 4 Fe(OH)3 + 8H = 4Fe + C02 + 10 H20 0 ... +100mV (1.5) 
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Sulfate-Reduction 

0 ..... -200 mV (1.6) 

Methane formation 

<- 200 mV (1.7) 

Nitrate can be contributed by both surface water and groundwater providing a 

denitrification potential and hence raise pH. After sulfide mineral oxidation manganese, 

iron, and sulfate can occur in high concentrations in ground water. Organic matter which 

is necessary for the reduction reactions is contained in surface water or can origin from 

C02 fixation in plants during photosynthesis and subsequent settling of the organic 

matter. Plant nutrients such as nitrogen and phosphorus are necessary for primary 

production. 

Sulfate can be found in high concentrations in acid mine lakes. A negative redox 

potential is necessary to initiate sulfate reduction. Sulfate reduction and Fe(III) reduction 

consume protons which raises pH. Fe (III)-reductions provides Fe2
+ which can react with 

sulfate to form iron sulfates such as melanterite. The formation ofF eS2 and F eS may also 

be possible under anaerobic conditions. 

1.5 Data Sources 

Data used in this study are provided by the Ingenieurburo fiir Grundwasser 

(IBGW), Leipzig and the Umweltforschungszentrum (UFZ) Leipzig, Germany. 

The IBGW provided data on lake morphology; and calculated inflow rates from 

different aquifers, water level, lake area, and volume from 1994 to 2020 using a 

groundwater model (see Appendix B). Chemical analyses were also provided for samples 

collected from 13 observation wells over three sampling periods, ( 1) December 1995 and 
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January 1996, (2) May and June 1996, and (3) December 1996 and January 1997. One 

sample from each well was taken during this period. Parameters analyzed were pH, 

alkalinity, Ca, Mg, Na, K, Cl, TIC, S04, Mn, Fe(II,III), Si02, and Al. In addition for the 

two earliest sampling periods conductivity, acidity, DOC, CSB, NH4-N, NOrN, NOTN, 

ortho-phosphate, total phosphorus, floride, sulfide, and total iron were available. 

The UFZ provided physical, chemical and biological data. The samples were 

taken once a month from January through May, November and December; and every two 

weeks from May to October 1995, as well as May, July, and September 1996. Physical

chemical parameters such as temperature, oxygen, pH, and conductance were measured in 

one-meter steps throughout the water column. They were available from one measuring 

point only (MP3). 

Samples for chemical analyses were taken from 0 m depth, several centimeters 

above the sediment interface or as integrated samples in the upper layer ( epilimnion) and 

lower layer (hypolimnion) at two measuring points in 1995 only. Parameters measured 

include TIC, TOC, DOC, NH4, N02, N03, TN, SRP, TP, S04, Cl, Ca, Mg, K, Na, Si, Fe, 

Al, andMn. 

Sechii depth and chlorophyll-a concentrations were taken as integrated samples 

over the entire water column during turnover and as integrated samples in the epilimnion 

and hypolimnion during stratification. They were available for one measuring point 

(MP3) only in 1995. 

1.6 Objectives and Scope of Study 
The objectives of this study are as follows. (1) A short overview of the research 

on acid mine lakes. (2) An analysis of the physical, chemical, and biological water quality 

of Lake Cospuden. (3) A review of available eutrophication models in terms of their 

applicability to lake Cospuden. ( 4) A first application of models found appropriate for 

eutrophication simulation. 

This study has a preliminary character evaluating the current research and 

identifying future research needs. 
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2. Previous Research 

2.1 Strip Mine Lakes 

There are strip lakes in the Midwestern US that are somewhat comparable to the 

lakes forming in Middle Germany. 

Parsons (1964) investigated s1x strip m1ne lakes in the Cedar Creek Area, 

Missouri. The lakes ranged from 1.5 to 10 m in depth with areas of 1.33x1 04 m2 to 

5.8x104 m2
. After evaluation of turbidity, temperature, and chemical analyses he proposed 

the following classification scheme for the investigated strip-mine lakes. 

Table 2.1 Classification for strip-mine lakes (from Pearsons, 1969). 

Classification Turbidity Iron Thermal Acidity 
concentration stratification 

Type I: present in all high (>65 mg/1) present in high, pH 1.2-2.5, 
Red Lakes seasons, due to summer titratable acid 

ferric oxides 5550 mg/1 as 
H2S04 

Type II: present in spring high (130 mg/1), not present high, pH 2.5-3.5, 
Transitional only, due to low (15 mg/1) titratable acid 
Lakes ferric oxides remainder of year 3500 mg/1 as 

H2S04 

Type III: none low (<30 mg/) not present high, pH 3.0-4.0, 
Blue Lakes titratable acid 

3000 mg/1 as 
H2S04 (tends to 
drop) 

Type IV: present, low to low little to normal pH>4.0, titratable 
Gray Lakes normal, organic acid low, tends to 

and inorganic, in drop, alkalinity 
all seasons 30 mg/1 as 

CaC03 

Campbell and Lind (1969) describe five strip mine lakes with a pH range from 2.3 

to 8.1 located in Callaway County, Missouri. Three are acid and two are neutral or 

slightly alkaline. Even though the lakes are small and shallow (not deeper than 6 m) and 
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have flat bottoms, some parallels of chemical and biological behavior over time with the 

German lakes may be drawn. The lakes were intensively studied for a six year period 

from 1962 to 1967 and preliminary studied in 1940-41 and 1949-50. 

Both the comparison of lakes in different succession stages and successive 

measurements in the same lake were used to draw conclusions about lake aging. The 

most acid lake (pH as low as 2.1) had unique stratification with three distinct layers of 

clear water at the surface (0-80 em), a red middle layer ( 80 to 100 em) with suspended 

ferric acid and a milky bottom layer (> 100 em) rich in ferrous iron. The other two acid 

lakes (pH 3.0 to 4.1) appeared highly transparent. One of the alkaline lakes was turbid 

due to clay and the other alkaline lake had an intermediate transparency between the 

clear acid lakes and the turbid alkaline lake. 

The three acid lakes had been acid for 30 years due to continuing oxidation of 

sulfur-bearing waste coal in the watershed. The alkaline lakes had been alkaline for at 

least 18 years. 

The most acid lake demonstrated that pH is only a qualitative indicator for acidity 

in these highly buffered solutions and varies with the oxidation state of iron. The lower 

ferrous stratum had higher pH values than the layers above but much greater 

concentrations of acidity. The increase of acidity occurred in discrete steps associated 

with a distinct chemical strata. 

The lake aging was characterized by a decrease in acidity and appearance of 

bicarbonate alkalinity. Where the acid lakes had no alkalinity the alkaline lakes had 47 to 

80 mg/1 alkalinity as CaC03. Along with decrease of acidity went a decline in specific 

conductance. The mean values from 23,000 pS/cm for the most acid to 500 pS/cm for 

the most alkaline lake. Not only the total ionic concentration decreased with rising pH but 

also the ionic composition changed considerably. The concentration of S04, Ca, Mg, AI, 

Mn, Zn, Fe, and Si02 were approximately one order of magnitude greater in the most acid 

lake than in the alkaline lakes. The predominant anion in all of lakes was sulfate. 

Bicarbonate anions were found only in the alkaline lakes with S04 : HC03 ratios of 3:1 

and 1.6: 1. 
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The cations with greatest concentrations where Ca, Mg, Al, and Fe. The lake 

bottom concentration of all ions was equal to or greater than the surface concentration. 

The large increase of ionic concentrations with depth were observed in the most acid lake 

due to very high iron and sulfate concentrations. 

The acid lakes had a uniform near-saturation dissolved oxygen content. 

Only the acid lake was considered anoxic at the bottom. The dissolved oxygen regime in 

the alkaline lakes was found to be similar to dimictic temperate lakes. 

Due to the shallow depth (mean depth 0.9-2.6m and maximum depth 1.2 to 5.9m) 

no total stratification could be observed. Nevertheless, the deeper alkaline lakes had a 

metalimnion, where the shallower acid lakes were homothermos except the most acid 

lake with the above mentioned chemical stratification with winter and spring inversion 

due to trapped heat in the dense lower stratum. 

The light extension was caused by clay-turbidity in the alkaline lakes and by the 

color of the most acidic lake. Seasonal changes caused pulses of green algae 

(Chlamydomonas sp.). 

The classification proposed by Campbell and Lind (1969) has only two 

succession stages, acid or alkaline. After the alkaline stage, of a eutrophic stage was 

presumed. 

The mmn characteristics of the first acid stage are large concentrations of 

dissolved materials, with sulfate as the dominant anion, Ca, Mg, Al, and Fe as dominant 

cations, low pH and high acidity (2000 mg/1 CaC03). 

The aging process consists of a declining sulfuric acid content accompanied by 

less dissolved material and a decline in all values typical for the acid stage (only pH 

rises). 

The second alkaline succession stage is characterized by zero free acidity, the 

presence of bicarbonate, chemical similarity to natural waters, and persistence of 

S04:HC03 ratios greater than 1:1. 

The classification put forward by Campbell and Lind ( 1969) is based on their own 

study on comparative studies at the same lake (Crawford, 1942 and Heaton, 1951) and 
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other Missouri strip-mine lakes, e.g. the classification of Parsons (1955 and 1964) 

explained above. 

2.2 Lake Recovery 

Based on the presented work of Campbell and Lind (1969) a strategy for 

"accelerated aging" of strip mine lakes was developed by Decker (1971), Ogg (1972), 

Simmler (1973), and King et al. (1974). They recognized the role of organic matter in 

sulfate reduction. King et al. ( 197 4) conducted laboratory studies with acid coal mine 

water by adding raw waste water sludge. They found an increase in pH, and a decrease in 

acidity, iron and sulfate concentrations, which they explained by the activity of sulfate 

reducing bacteria. They proposed the sulfate reduction as follows: 

2HS04-= 2SO/- + 2H+ 

SO/-+ 2Corg. anaerobic bacteria= S
2
- + 2 C02 

2H+ + S2-=H2S(g) 

2HS04- + 2Corg. anaerobic bacteria= S04 
2
- + H2S(g) + 2 C02 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

The loss of H2S to the atmosphere would represent a direct loss of acidity. Where 

this may be true for the microcosm and an entirely mixed lake, in a stratified lake, the 

H2S would have to travel through several meters of an oxygenated water column and 

would reoxidize to H2S04. In stratified lake, the sulfate would be reduced to sulfide and 

react with iron by forming FeS or FeS2 as found by Cook et al. (1986) and Burgam et al. 

(1988). The establishment of reducing conditions was found to be prerequisite for the 

initiation of sulfate reduction. A correlation between depth of organic matter and 

initiation of sulfate reduction, rather than between organic matter to acid water present 

was found. This was explained with the formation of anaerobic zones in the deeper part 

of organic debris in the lake sediment and better conditions for bacteria that would 

establish under anaerobic conditions and provide metabolites that serve as substrate for 

sulfate-reducing bacteria. Dissolved aluminum retarded the rapid rise of pH by supplying 
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protons during hydrolyses while simultaneously serving as an electron buffer that tends to 

hold pH in the bulk of the solution at the level above that required for optimum sulfate 

reduction. They concluded from the small number of mine-lakes in mid-Missouri that are 

in the pH range from 4.5 to 6.0, that once recovery is initiated and a pH of 4.5 reached, a 

lake passes through this stage reasonably rapidly. 

The formation of bicarbonate was found to accelerate the recovery process. 

Bicarbonate formation, from C02 released by the bacteria, was found to increase very 

rapidly above a pH of 4.5. The similarity of the shape of the titration curve of acid strip 

mine water and that of a typical base titration curve and the incremental change of the pH 

with time in the laboratory experiments led the authors to suggest, " ... that the point in the 

recovery sequence occupied by any existing strip mine lake could be determined from a 

single titration curve." 
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Figure 2.1 Processes involved in acid strip mine lake recovery (redrawn from King et al., 1974). 



34 

The recovery process in a lake was summarized and is here presented in Figure 

2.1. The influence of the recovery process on nutrients in a lake is also included in Figure 

2.1. Nitrogen and phosphorus are released by bacterial use of organic carbon at the lake 

bottom. Photosynthesis is carbon-limited due to the low pH (King, 1970). In the 

laboratory experiment of King et al. (1974), however, algae developed a bloom at a pH as 

low as 3.5 because enough C02 was available due to limited atmospheric exchange. Such 

conditions would not occur in nature. As soon as bicarbonate alkalinity is formed algal 

activity and primary production will increase. The total phosphorus concentration in the 

laboratory experiment declined from 1.17 mg/1 to an undetectable level. The authors 

suggest that phosphorus precipitated with the metals. In the succession of the lake the 

bacterial activity at the bottom will release phosphorous and other nutrients after most 

metals have been precipitated and provide condition for an early eutrophic state of a lake. 

The available light was recognized as an important factor in the recovery process. 

After precipitation of clay turbidity, acid mine lakes are extremely transparent. In the 

further succession of the lake the pH rises and the metal concentration decreases which 

prevents rapid removal of clay. Hence, recovered strip mine lakes have turbidity and very 

limited available light for the photosynthesis. 

In order to accelerate recovery King et al. (1974) proposed the addition of organic 

matter to a lake. The ratio of carbon:nitogen:phosphorus should be high, so organic 

material with low phosphorous and nitrogen concentration should be used to avoid an 

accumulation of these nutrients in the lake and possible eutrophication with increasing 

alkalinity and change from carbon limited to phosphorus (perhaps nitrogen) limited 

photosynthesis. 

2.3 Lake Sediment 

The sedimentation process is very important in the aging of an acid lake. The 

investigation of the sediment of such lakes may give some insight into the processes 

determining lake water quality. Burgam et al. (1988) sampled the sediments of 36 lakes 
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on strip mine sites in Missouri, Illinois and Indiana. The lakes were 14 to 40 years old 

and had pH values ranging from 1.9 to 8.1. 

They found no or not very significant correlation between sediment metal 

concentration and water column pH. The sulfide content of the sediment was strongly 

correlated with the element concentration of the sediment. 

Burgam et al. (1988) divided the sediment into three layers which were separated 

by the neutralization horizon and the lacustrine horizon. The neutralization horizon is 

associated with the level in a sediment core at which the neutralization of lake water can 

be determined by microfossils of diatoms in the sediment (Burgam and Lusk, 1986). The 

change of diatom microfossils from species which prefer acid conditions to those which 

prefer alkaline environments has been successfully used to infer past lake pH (Smol et al., 

1986). The lacustrine horizon which underlies the neutralization horizon can be 

characterized as the dividing line between the post mining slump and the lacustrine 

sediment. The slumped material which was eroded rapidly directly after mining ceased 

contains no microfossils of aquatic organisms. 

The slumped material is richer in iron than the lacustrine sediment above. The 

authors have no explanation for this phenomenon. A reason for the higher iron content 

could be the precipitation of iron oxides with the slumped material or a high iron content 

of the slump because of its pyrite and marcasite content. 

The neutralization of the lake caused little change in sediment chemistry. The 

increase of sulfide, iron and copper occurred before the neutralization horizon. 

Sediment accumulation rates were used to calculate influx of sulfate. The 

sedimentation can be obtained by dividing the sediment depth by the lake age which is 

known from mining records. Multiplication by the sediment concentration yields influx 

of the chemical constituent. The sulfide influx rate was converted to a sulfate loss rate 

from the water column. 

High sulfide concentrations determine the sediment chemistry of even acid lakes. 

This was interpreted as evidence that the overlying acid water was not mixed into the 

sediment. In deeper acid lakes the sediments are likely to have a moderate pH and 

contain high sulfide concentrations. On the other hand in shallow acid lakes no sulfide 
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was found in the sediment. Some mixing of acid lake water into the sediment may have 

occurred in those shallower lakes. 

The H2S produced by sulfate reduction was precipitated most in water column or 

the interstitial water of the sediment as PeS. The rate of sulfate lost to the sediment was 

found to be 3.6% or less. The authors suggest that even though this rate is small it may be 

significant for alkalinity production and hence controlling of lake pH. The alkalinity 

calculated from sulfide loss rates accounted only for 3 to 22% of the alkalinity in the 

water column. This shows that alkalinity production from sulfate reduction is less 

important for mine lakes than for experimentally acidified lakes as found by Schindler et 

al. (1980), who could account for 60% of the alkalinity by sulfate reduction (see below). 

Another study analyzing sediment found in lakes with acid mine drainage was 

performed by Wicks et al. (1991). 15 strip-mine lakes located in the Western Interior, 

Eastern Interior, and Appalachian Coal Basin with a wide range of pH , alkalinity, S04, 

and Fe concentration were analyzed. Sediment organic matter content, overburden 

lithology, and lake age were investigated with porewater and sediment samples. Though 

the ranking of the average parameters and the correlation against each other yielded no 

correlation between sulfur content in the sediment and iron content in the pore water, 

significant correlation was found between sulfur content and organic matter content of the 

sediment and lake age. Inorganic sulfur minerals were found in all lake sediments 

because the inorganic sulfur mineral pool is dominant for authigenic sulfur in Pe-rich and 

S04-rich sediments. Fe and S04 are abundant and hence mineral formation is not limited 

by Fe or by S04 but rather by quantity and quality of organic matter. They proposed the 

study of one lake over an extended time period to evaluate the lake aging effects on the 

amount of reduced sulfur minerals. 

The work of Fritz and Carslon (1981) on the paleolimnology of a 60-year-old acid 

strip mine lake in Tuscarawas County, Ohio, interpreted the stratigraphy of diatoms in the 

sediment and gave some more insight and conformation of theory put forward by King et 

al. (1970) regarding chemical and biological processes determining the lake 

aging/recovery over time. Sharp rises of concentrations of Al, Fe, Mn, carbonate, and Ca 
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in cores were interpreted as a direct process of precipitation of metals at pH of 4.5 as 

hypothesized by King et al. (1974). 

Biological development seemed to be directly correlated with the apparent pH 

shift indicated by the total number of diatom individuals per volume. Biological 

recovery, characterized by buildup of species-rich community and expansion into 

planktonic, epiphytic, and benthic habitats does not depend on chemical recovery (pH 

4.5). This was concluded from the occurrence of biological recovery at a lower sediment 

depth than chemical recovery. 

The data suggested the beginning of the recovery occurred at the sediment-water 

interface, concluded from the dominant benthic flora present near the base of the of the 

core. The lacking diversity in the early stage was clearly shown by the dominance of a 

single acidophilous species, Pinnulara biceps among few others. The years following 

were characterized by expansion of benthic flora and gradual colonization by epiphytes 

which indicates the development of macrophythes in the littoral zone, and finally 

plankton species. 

2. 4 Algal And Bacterial Activity 
The influence of low pH, its accompanying high metal concentrations, and low 

inorganic carbon content on organic production and mineralization was mainly 

investigated for lakes acidified by acid deposits with pH between 4.5 and 5.5 (e.g. 

Hendrey, 1984). If mine drainage enters a lake the pH can easily drop as low as 2.5 or 

even lower. One study examining the effects of those very low pH values on algal and 

bacterial activity is Gyure et al. (1987) which investigates two acid strip mine lakes. 

They found a unique characteristic different from other neutral or acid fresh-water 

systems. The low allochtonus carbon and nutrient input described the lakes as 

oligotrophic but the algal biomass was much higher than expected for this trophic state. A 

thin layer of algae or photosynthetic bacteria was located at the anoxic hypolimnion even 

though light intensity was low making them only minor contributors to overall primary 

production. 
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The reason for the low specific photosynthesis rates was presumed with low 

available nitrogen, phosphorus or C02 as limiting factor due to the low pH. The algae 

seemed to be adapted to the low pH because net uptake of C02 was highest at the lake 

pH in experiments with pH values ranging from 1 to 8. Also, findings by Kwiatowsky 

and Roff ( 197 6) mine on primary productivity in acidified lakes support the assumption 

that low pH itself does not reduce photosynthetic activity but rather secondary effect as 

such as C limitation and H2S presence. 

2. 5 Artificial Lake Acidification Experiments 
Artificial lake acidification experiments have been used to investigate effects of 

acid deposition of soft water lakes (see for example Schindler et al. , 1980, Cook et al. , 

1986, and Brezonik et al. 1993). Even though the conditions of the lakes are somewhat is 

different (soft water, higher nutrient content, established biota, higher pH after 

acidification than in early stages of mine lakes) and the process is reversed some findings 

may be helpful to evaluate processes in forming surface coal mine lakes. 

Cook et al. (range 1986) summarized the processes and biochemical processes 

involved in alkalinity production in a seven year lake acidification study of Lake 223 

(Experimental Lakes Area, northwestern Ontario). The processes that produce alkalinity 

in natural waters are given as: 

- denitrification 

- nitrate uptake during photosynthesis 

- dissimilatory sulfate reduction coupled with iron sulfides 

-assimilatory sulfate reduction coupled with net sedimentation of organic material 

- calcite dissolution 

- weathering of aluminosilicate minerals 

- cation exchange. 

Alkalinity consuming processes are: 



39 

- additions of strong acids (acidic deposition) 

- ammonium uptake during photosynthesis 

- nitrification 

- oxidation of reduced sulfur compounds. 

Since Lake 223 is a soft water lake, 85 % of the alkalinity was produced by 

sulfate reduction which is the determining process in the buffering of this lake. This is 

different in strip mine lakes were only 3 - 22% of the alkalinity are produced by sulfate 

reduction as shown above (Burgam and Lusk, 1986). Other process like Mn reduction 

and Fe precipitation are possible mechanisms for sulfate the differences in alkalinity 

production. 

Nevertheless, the sulfate reduction may give hints for parallels in other import 

processes. One important finding of Cook et al. ( 1986) was that the net mass of sulfate 

reduced in the epilimnion was greater than twice that reduced in the hypolimnion. This 

indicates that not only hypoliomnic processes sulfur are responsible for sulfate but also 

processes in epiliminc anoxic sediments which. Those littoral sediments had a greater 

area and could therefore reduced greater amounts of sulfate. The conclusion by Cook et 

al. (1986) is that " ... an anoxic hypolimnion is certainly not necessary for the occurrence 

of bacterial sulfate reduction". This may be also true for other reducing processes of 

importance of acid mine lake recovery. 

2.6 Chemical Modeling of Lake Water Chemistry 
There are different approaches in the literature to modeling the chemistry of mine 

lakes. One recent development of coupled oxygen diffusion, pyrite oxidation, equilibrium 

geochemistry, and groundwater transport modeling was made by Wunderly et al. (1996). 

This rather involved approach seemed necessary because of the limitation of pyrite 
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oxidation by oxygen diffusion into the subsurface and the spatial variability of 

geochemical processes. 

Oxygen diffusion and pyrite oxidation in a nonhomogeneous medium were 

simulated with PYROX, a finite element shrinking core oxidation model. Good 

agreements were found for modeling and field measurements of oxygen concentration 

and solid-phase sulfur content after 12 years of sulfide oxidation. The coupling of 

PYROX with MINTRAN (Walter et al., 1994 a, b), a reactive transport model, which 

uses a finite element scheme for transport modeling of contaminants and MINTEQA2 

(Allison et al., 1991) for equilibrium geochemistry. The resulting model MINTOX, can 

model kinetically limited oxidation of pyrite and the subsequent reactive transport of the 

oxidation products within the unsaturated and saturated zone. Local equilibrium is 

assumed for all reactions including acid neutralization and attenuation of dissolved 

metals. 

General trends in water chemistry in a tailings impoundment near Elliot Lake, Ontario 

could be matched. Unaccounted solid solutions or reaction kinetics not consistent with 

equilibrium assumptions may be responsible for discrepancies. 

Other modeling approaches which use established geochemical models are Bird et 

al. (1994) and Pillard (1996). Bird et al. used five models: BALANCE (Parkhust et al., 

1982), MINTEQA2 (Allison et al., 1991), PHREEQE (Parkhust et al., 1990), WATEQF 

(Plummer et al., 1984), and WATEQF4 (Ball and Nordstrom, 1991) in combination of 

forward and inverse modeling to simulate the water quality of the Cortez Mine Pit in 

central Nevada. Since inverse modeling (BALANCE) is not constrained by 

thermodynamics, thermodynamically impossible reactions have to be ruled out by use of 

forward modeling programs. The selection of mineral phase for inverse modeling is a 

very difficult aspect which requires detailed information on the mineralogy of the system 

and geologic common sense. It turned out that each program can be used for a subset of 

the overall pit water modeling processes. 

Pillard et al. (1996) used MINTEQA2 and PHREEQE to predict the future 

chemistry of the Santa Fe Pacific Gold Corporation's Mule Canyon Mine Lake in Lander 
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County, Nevada. They considered mixing, precipitation of solids, sorption, and 

evaporation over period of 20 years. 

A first modeling approach for lakes in the mining area of Middle Germany was 

conducted recently. Two other surface mine lakes south of Leipzig just a few kilometers 

east of Lake Cospuden were modeled chemically (DGFZ, 1996) using MINTEQA2 

(Allison et al., 1990) in the flux budget routine named RESTMIX (DGFZ, 1995). Lake 

Markleeberg and Lake Stormthal will start filling with groundwater in 1998 and 2004 

respectively. After the restoration of the pits is finished, the water table will rise. The goal 

of this study was a predictive evaluation of the water chemistry that can be expected in 

these lakes. 

The model is one dimensional with division into an upper layer, the epilimnion 

and a lower layer, the hypolimnion, where the hypolimnion might be subdivided into 

several parts depending on the water level and pit morphology. The inflows were added 

to the appropriate parts of the lake. The bank erosion due to storm events and wave 

erosion were considered a very important influence factors on acidity potential. 

The inflowing waters were mixed and then equilibrated with the help of 

MINTEQA2 (Allison et al., 1990). The epilimnion was considered in equilibrium with 

the atmosphere and atmospheric partial pressures of 0 2 and C02 were applied. Minerals 

were allowed to precipitate to the hypolimnion, where again equilibration was performed 

with precipitation of minerals to the sediment. In Figure 2.2 an overview of the model 

RESTMIX is given. 

All biologic processes are lumped in the function of organic carbon on dissolved 

inorganic carbon DOC/POC=f(DICepi) which is a reasonable approximation for the early 

stages of the lakes but might not yield good results for the later stages of lake recovery 

where biological processes become more and more important in comparison with 

chemical equilibrium and precipitation reactions. 
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Figure 2.2 Program RESTMIX- Flux Budgets of an Open Pit Mine Lake (from DGFZ, 1995). 
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Nevertheless, especially for the earlier forming phases some, reasonable 

predictions could be made. For the time from 1994 to 2004 pH values of 5. 0 and 5.1 for 

both lakes were predicted. If the bank erosion was considered with a 1 em layer the pH 

values from the calculation were 4.2 and 4.4. An increase of the eroded layer to 10 em 

further lowered the pH to about 3.0. On the other hand, an inclusion of carbonate 

containing layers into the erosion process yielded pH values of 5.0 and 4.6. 

Predictions for the time from 2004 to 2012 resulted in neutral pH values of both 

lakes due to high percentage of surface water. Acidity and alkalinity potential from bank 

erosion did not change the pH due to high buffering capacity of the filling water. 

The evaluation of the steady state after the year 2012 was considered to be very 

uncertain due to biological processes which were not accounted for. 



44 

3. Physical Limnology 

3.1 Morphology of the Final Lake Cospuden 

The final lake will have a total area of 393 ha at a water level of 110m above sea 

level. The maximum depth of the lake will be 53.6 m, the mean depth 27. 3 m and the 

volume 107.8 m3
. The increase of volume and area of the lake as a function of the water 

table are depicted in Figure 3.1. 
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The final water level will be reached in the year 2000. Groundwater will provide 

98% of the inflow at about 3m3/min, the remaining 2% is contributed by surface water 

runoff. 80% of the outflow will discharge into the Bratschke River and 20% will 

evaporate (minus precipitation). The retention time will be 63.5 years. In Figure 3.2 the 

water level change is shown. 
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Figure 3.2 Water Table Rise with Time. 
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3.2 Morphology of the Lake during the Study Period 

Because the lake is filling with water the morphology is changing over time. 

Figure 3.3 and Figure 3.4 show the development of the bathymetry from the beginning of 

the study period in January 1995 to the end in December 1996. At the beginning the lake 

consisted of two partial lakes. Both parts merged and formed one lake about April 1995. 

The smaller southern bay is still somewhat separated by a barrier which is overlaid by 

only 1-2 m of water. The separation of both parts is of importance for the mixing of the 

lake water, because the pH value at MP3 is in general one unit higher than at MP7. 

As can be seen in Figure 3.3 MP3 is located at the deepest point of the lake and is 

therefore more or less representative for the development of the lake in terms of 

stratification and resulting chemical and biological processes. Table 3.1 gives an 

overview of the change in the bathymetry during the two years of investigation calculated 

from topographic data (about 10,000 digitized points within the area of Lake Copsuden). 

Table 3.1 Change of Bathymetric Data over Study Period (calculated from IBGW, 1996). 

Date Water Level Mean Depth Max. Depth Volume Area 

m above sea level m m m3 m2 

1/1/95 75.6 5.5 19.2 10,038,463 1,832,205 

1/1/96 79.2 7.8 22.8 17,330,648 2,212,499 

1/1/97 85.4 13.0 29.0 31,937,086 2,456,046 

The volume increases during this period at about 318 % where the area of the lake 

only increases at about 21 %. Most of the lake is still rather shallow but gets deeper with 

increasing water level. One very important bathymetric parameter is the mean depth of 

the lake. The change of the mean depth/maximum depth relationship is depicted in Figure 

3.5. 
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Figure 3.5 Mean Depth/Maximum Depth Ratio Over Time. 

Where in the beginning the lake is characterized by large shallow areas and small 

deep parts (low ratio), at the final stage the mean depth will be approximately half of the 

depth. This development of the lake bathymetry has strong implications on stratification 

and hence water quality. 
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3.3 Comparison with Natural Lakes and Reservoirs 
The different shape of pit lakes from natural lakes was pointed out by Lyons et al. 

(1994) and Doyle (1996). The ratio of mean depth and surface area called the Peterson 

Scaling Parameter (PSP), was used by Lyons et al. (1994) to compare the morphological 

characteristics of pit mine lakes and natural lakes. Doyle ( 1996) found that two pit mine 

lakes in with a maximum depth of 26m and 55m have seasonal turnover, but two deeper 

pits with a maximum depth of 11Om and 240m undergo seasonal turnover only in the 

upper portion of the water column. The PSP for this lakes ranges from 0.6 to 9 and is two 

to three orders of magnitude smaller than the PSP of Lake Cospuden. 

In order to evaluate the morphology of Lake Cospuden some parameters of Lake 

Cospuden are compared with geometric means for 309 natural lakes and 109 U.S. Army 

Corps of Engineers reservoirs from Thornton et al. (1981). Table 3.2 gives a brief 

overview of the most important parameters. 

Table 3.2 Comparison of Geometric Mean of Selected Variables from Natural Lakes and Reservoirs 
from Thornton et al. (1981) and Lake Cospuden Variables. 

Variable Natural Lakes Reservoirs Lake Cospuden Lake Cospuden 

1/1/1996 Final State 

Surface area (km4
) 5.6 34.5 2.2 3.9 

Mean depth ( m) 4.5 6.9 7.8 27.3 

Maximum Depth (m) 10.7 19.8 22.8 53.6 

Hydraulic residence time (years) 0.74 0.37 (only inflow) 63.5 

Peterson Scaling Parameter (km) 1244 5000 282 143 

In the early stage the morphology of Lake Cospuden is more comparable with 

natural lakes and reservoirs where in the final stage the lake is deeper than natural lakes 

and reservoirs. On the other hand, the range of parameters is rather wide. The Luganer 

See, a deep lake in the Swiss/Italian Alps (maximum depth 288 m) has a PSP of 260 

(Karagounis, 1992) and only the upper 100 m undergo a seasonal turnover. The model 

LIMNMOD developed for this lake (Karagounis, 1992) is still general enough to be used 

for different much shallower lakes (cf. Chapter 7). 
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The retention time is two orders of magnitude higher in Lake Cospuden than in 

natural lakes due to low inflow rates from ground water and missing surface water 

inflow. Therefore inlake processes are of much more importance because flushing 

removes only a small portion of the lake volume every year (less than 2% ). Nutrients 

once in the lake will cycle in the water body and the sediment becomes the only major 

sink. Inflow concentrations during the filling phase have long-term effects. 

In conclusion Lake Cospuden can still be treated as a natural lake in terms of 

morphology because its, even though different from the geometric mean values presented 

in Table 3.2, are still in the range of natural lakes. Unless a chemocline develops due to 

salination by groundwater, a meromictic Lake Cospuden is not to be expected. The long 

residence time, and hence the little flushing effect, puts more importance on initial inflow 

concentrations of nutrients, because once high levels are established only inlake processes 

can change them. 

3.4 Stratification 

Stratification of a lake due to density differences of waters with different 

temperatures divide a lake into a well mixed upper epilimnion and a somewhat mixed 

hypolimnion. Both strata are divided by the metalimnion or thermocline which 

encompasses the layer with the steepest temperature gradient. The prerequisite for this 

stratification to occur is a certain depth at which the wind energy is not strong enough to 

mix the whole water body enabling temperature differences to occur. The depth of the 

thermocline depends on lake area and water depth. Lake Cospuden is probably only 

partially stratified due to the shallow depth of large parts of the lake. Figure 3.6 shows 

depth profiles of temperature, pH, and dissolved oxygen at MP3 (see Figure 3.3) for the 

summer 1996. 

The thermocline in July 1996 can be seen clearly and lies at 7.5 m depth. In July 

1995 the thermocline was at 5 m and did not show the steep gradient (see Figure 3.7). 

The increased depth of the thermocline in 1996 is due to the increase in water depth of 6 

m. The steeper gradient in 1996 can be contributed to the areas adjacent to MP3 which 
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are also deeper (see Figures 3.3 and 3.4) forming much greater areas with stratification 

than in 1995. Eventually the whole lake may be as stratified as MP3. Therefore MP3 

might be used as representation for the stratification of the future. 
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A time series of depth profiles for MP3 is given in Appendix B. Until April the 

lake is well mixed with a uniform temperature increase throughout the water column. The 

onset of stratification occurs in May and fully established stratification appears in July. In 

August the thermocline starts to lower and the temperature gradients starts to flatten. The 

last thermocline can be recognized in mid October at a depth of 16 m. Starting from 

November the lake shows well-mixed behavior as in the beginning of the year. 



54 

Another way to depict the temperature development are time-depth isotherms. 

Such a plot was produced for MP3 in 1995 from 17 sampling profiles with 1 m steps and 

is shown in Figure 3.8. The temperatures profiles from Appendix B were converted to 

isolines creating a continuous development of temperature over depth and time. The 

thern1ocline is located at the inversion points of the isolines. The thermocline begins at 

the bottom, moves to about 5m depth in summer and then declines to close to the bottom 

in November. 
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Figure 3.8 Time-Depth Isotherms at MP3 in 1995 in °C. 

Dissolved oxygen and pH are determined by stratification. This demonstrates the 

connection between physical, chemical, and biological characteristics. During the well

mixed period in the beginning of the year pH and oxygen are uniformly distributed over 

the whole water colutnn with slightly increasing oxygen values over depth due to 

increased solubility with increasing hydrostatic pressure. Oxygen saturation is around 

1 OOo/o. With the onset of stratification the hypolimnic oxygen content decreases and the 

hypolin1nic pH rises. The stratification cuts off oxygen supply to the hypolin1nion. 
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Microbial use of organic matter as energy source for dissimilation processes lowers 

oxygen concentration. 

The rise in pH can be explained by an anoxic sediment in which redox processes 

use inorganic substances as electron acceptors ( cf. Chapter 1) and raise pH. An anoxic 

sediment can be concluded from the deepest samples in January and February (Figure 

3.7) where the pH is close to neutral but the rest of the water column has values around 4. 

The water with higher pH diffusing from the sediment is mixed immediately with the 

whole water column during well-mixed conditions in the beginning of the year. During 

stratification this mixing process occurs only in the hypolimnion leading to an increased 

pH starting at the sediment. As soon as the fall turnover begins pH values drop again 

down to around 4. 

In order to visualize the development of the stratification of the lake an 

approximate prediction of the volume ratio of the hypolimnion and epilimnion was 

performed. Besides morphologic data, knowledge about the depth of the thermocline is 

necessary to calculate the volumes. Snodgrass (1974) used a relationship to estimate 

average thermocline depth: 

where 

zT = 1.6Z057 

thermocline depth (in meters) 

mean depth (in meters) 

(3.1) 

ZT and the volumes of the epilimnion and hypolimnion were determined for 0.5 m 

steps of change in mean depth. The thickness of the metalimnion was not considered but 

ZT was used as a sharp line between both layers. 
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This assumption is justified due to the lack of knowledge of the thickness of the 

metalimnion and use of the determined volumes in a ratio versus each other dividing the 

thermocline volume between the epilimnion and hypolimnion. The ratios are plotted in 

Figure 3.8. For the interpretation of this graph the assumptions are very important. The 

morphology was assumed to be regular which does not hold for water levels under 80 m 

above sea level. At shallower depths the lake is not totally stratified. Therefore, there 

might be no hypolimnion existent in a large part of the lake. During 1995, the year of the 

most data available, the ratio is approximately 0.5 which means that the epilimnion 
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volume is twice as large as the hypolimnion volume. This ratio will increase with rising 

water level and will reach about 1.8 at the end water level. A greater hypolimnion 

volume can store more oxygen and hence degrade more organic matter. This means more 

alkalinity producing redox processes can take place especially in the deeper part of the 

hypolimnion. The reduction of sulfate was found to occur also in littoral sediments 

(Cook et al, 1986, see Chapter 2). If this is also true for Lake Cospuden, the large 

sediment areas above which no stratification can be observed contribute to lake recovery 

in terms of pH increase. A quantification of this process is of great interest in order to 

estimate the time for lake recovery. 
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4. Water Chemistry of the Groundwater and the Lake Water 

4.1 Water Sources 

The amounts of inflowing groundwater calculated with the groundwater 

simulation program PCGEOFIM (see Appendix C) used. Predicted and measured 

groundwater levels for the last few years were only centimeters apart. For this reason the 

calculated inflowing water quantities can be assumed representative for the system. 

Every aquifer is divided into budget regions according to major groundwater flow 

directions and location of observation wells so that each budget region has one well, if 

possible. The budget regions with most water contributing to Lake Cospuden are shown 

Figure 4.1 , the remaining regions in Appendix D. 

The diagrams in Figure 4.2 shows the absolute amount of inflow water. The 

absolute inflow in 1995 was 7.43 million m3 and in 1996 14.78 million m3
. The 

percentages of inflowing water are depicted in Figures 4.3 and 4.4. The filling water 

accounts for 22% of inflow for 1995 and increases to more than 50% in 1996. The filling 

water consists of groundwater pumped from drainage wells of the still-operating 

Zwenkau mine, which is south of the lake, and surface water from the WeiBe Elster 

River. In 1995 surface water accounted for 70% of the filling water and in 1996 for 81% 

of the filling water. 

The major amount of inflow from groundwater (59% of total inflow in 1995 and 

42 % of total inflow in 1996) is contributed by the budget regions rco5, rco4, rco3, rco2 

and rco6 (see Figure 4.3). All other budget regions together contributed 15 % of total 

inflow in 1995 and 5.5% of total inflow in 1996. Even though the surface runoff provides 

only about 4% in 1995 and less than 2% in 1996 of the total inflow it might have a large 

impact on the water quality due to erosion of bank material containing clay and high 

concentrations of oxidized sulfur minerals and hence a high acidity. 

Rain water was also not considered as inflow because it is less than evaporation, 

which accounts for the only outflow from the lake during the study period. 

In the following discussion, the groundwater in the aquifers around the lake will 

be addressed as groundwater and the groundwater used from the Zwenkau mine as filling 

groundwater. 
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4.2 Groundwater Chemistry 

Data from 13 observation wells at three sampling dates, as explained in Chapter 1 

were available. The location of the sampling wells can be seen in Figure 4.1 and 

Appendix D. 

The measured concentrations in the observations wells located in the most 

important budget regions (rco2 ,rco3, rco4, rco5, and rco6, see Figure 4.1 and Figures 4.3 

and 4.4) vary not more than 50 % from the mean value where the concentrations 

measured in the observation wells located in the other budget regions (Appendix D) may 

vary more than 50% from the mean value (Table 4.1 ). The concentrations in all 

observation wells lied always in the same order of magnitude range for all constituents 

with the exception of iron and aluminum which varied about one order of magnitude 

between different wells. In general no trends in concentration over time could be 

observed. Minimum, maxim, and mean weighted concentrations for the groundwater as 

well as mean concentrations for the filling water are summarized in Table 4.1. 

Table 4 .1 Minimum, Maximum, and Mean Groundwater Concentrations, Mean Filling Water and 
Total Inflow Concentrations for 1995 in mgll. 

Cons- Minimum Maximum Weighted Filling Filling Mean Inflow 

tituent Groundwater Groundwater Mean Groundwater Surface Concentration 

Concentration Concentration Groundwater Concentration Water 

Concentration Concentration 

Fe 0.3 113.7 17.4 16.7 16.7 17.2 

AI 0.0 0.4 0.048 0.0027 0.0027 0.041 

Mn 0.1 3.9 1.5 0.6 0.6 1.4 

so4 43.0 2370.0 437.9 617.6 345.1 432.0 

Mg 19.2 203.0 37.9 24.4 32.5 36.9 

Na 32.6 199.1 59.4 12.5 63.3 58.6 

K 3.8 24.5 7.2 1.9 92.0 16.7 

Si 2.1 9.0 2.6 2.8 2.8 2.6 

Cl 26.0 94.0 56.2 20.4 68.1 56.6 

The weighted mean concentration for the groundwater was computed from the 

measured concentrations located in the budget regions and the inflow volumes from those 
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regions in 1995. All numbers in Table 4.1 are for 1995 and represent 89% of the water 

flowing water into Lake Cospuden in 1995. 

4.3 pH 

The observed pH in the groundwater observation wells varied between 5.43 (rco2) 

and 8.10 (rcom). The budget regions with the most inflow (rco3, rco4, rcoS, and rco6) 

range between 6.31 and 6.92. The pH of the filling groundwater and the filling surface 

was measured with 6.57 in 1995. The lake pH at MP3 ranged 3.8 to 4. 7 in 1995 and from 

4.5 to 5.1 in 1996. Unfortunately no pH values were available for MP7, only the range of 

3.1 to 3.9 in 1995 and the fact that these are the lowest values observed. The differences 

in pH in the inflowing water and the lake water can be contributed to the pyrite and 

marcasite oxidation in the aquifers close to the lake, which provides high loads of acidity 

especially if combined with bank erosion (Chapter 1 ). 

Figure 4.5 shows time-depth pH isolines at MP3 1n 1995 plotted from 17 

smnpling dates with 1 m depth resolution. 
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Figure 4.5 Time-Depth pH Isolines at Measure Point 3 in 1995. (Dots indicate Sample Locations). 

The depth structure of the pH in Figure 4.5 shows clearly the higher values in the 

deeper regions. The high values in February might be due to samples taken a little bit 

deeper and the stirring up of so1ne sediment. This suggests that the sediment is anoxic 

and the reduction process raises the pH in the sediment and by diffusion in the water 
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column, again supporting earlier findings that the recovery process starts at the sediment 

(Chapter 2). 

Alkalinity in the hypolimnion is in the same range as in the epilimnion (0.01 -

0.1 mmol/1) indicating that the pH rise is not well buffered. This is confirmed by the 

decline in pH as soon as mixing processes start at fall seasonal turnover. 

The higher pH values in the hypolimnion during the summer were accompanied 

by oxygen depletion (see Figure 3.6) 

The epilimnion shows a decrease in pH during 1995. Figure 4.6 is a plot of the 

measured pH at 0 m. The falling pH might be due to the inflowing groundwater and due 

to surface runoff containing eroded material with a high acid generating capacity. It 

appears that the acidification process is still progressing in the epilimnion while the 

sediment and the summer hypolimnion show clear recovery trends. 
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Figure 4.6 pH at 0 m at MP3 in 1995. 

Even though the data points in 1996 are somewhat scarce, a trend to higher pH 

values is obvious. Only three partial depth profiles up to a depth of 15 m under the water 
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surface with different resolutions during summer 1996 (May, July, and September) for 

MP3 were available. The water depth at MP3 during summer 1996 is about 21 to 25 m. 

The thermocline is very sharp in July, between 7 and 8 m (see Figure 3.5). Because only 

a partial depth profile of MP3 in terms of pH could be plotted from the available data for 

1996 it shows the epilimnion and the upper part of the hypolimnion. 
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Figure 4.7 Time-Depth Isophlets of pH for Summer 1996 at MP3. (Dots indicate Sampling Locations). 

Figure 4.6 is a time-depth plot of the pH in summer 1996. The values are nearly 

one unit higher than in 1995. The increase in the upper hypolimnion which occurred in 

1996 suggest that the pH is due to inflow ofbuffered surface water. Despite an increase in 

pH from 1995 to 1996 the alkalinity remains at 0.1 mmol/1, an indication that the lake 

water is not well buffered due to inflowing acidity. 

4.4 Ionic Composition of Lake Cospuden 

The concentrations often constituents (AI, Ca, Cl, Fe, K, Mg, Mn, Na, Si, SO/ ) 

were available, as explained in Chapter 1. Phosphorus and nitrogen (N03-, NH4+) are 

considered plant nutrients and will be investigated in Chapter 5, together with other 

biologic characteristics. Figure 4.8 to 4.11 show the concentrations of these ten 

constituents in a logarithmic scale for the epilimnion (sample at surface) and the 

hypolimnion (sample above ground) for MP3 and MP7. A comparison with the 

concentrations found in five strip mine lakes by Lind and Campbell (1969), from which 
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they developed a lake classification (Chapter 2) shows that Lake Cospuden can be placed 

in the acid stage. Concentrations of Ca, so/-, and Mg are in range of the concentrations 

of the more acid lakes (pH 2.3- 3.4), where AI, Mn, Fe and Si are in the range of the less 

acid lake (pH 3.2-4.1). The iron concentration in the hypolimnion of MP7 corresponds 

with concentration in more acid lakes. This correspondents with the classification from 

Lind and Campbell (1969) suggest that lake Cospuden is in the acid stage with significant 

signs of lake recovery, considering pH (3.1 - 6 .. 8) and ionic composition of Lake 

Cospuden. 

Figures 4.8 to 4.11 show no trend in concentration and no significant differences 

between epilimnic and hypolimnic concentrations for Ca, Cl, K, Mg, Mn, N a, and Si. 

Sulfate shows a slight falling trend at all four sampling locations at the end of the year, 

but this might be considered not significant. Figures E.1 to E.8 (Appendix D) show the 

concentrations of the mentioned constituents without trend in concentration with a linear 

scale. 

Iron and aluminum show trends in concentration as well as significant differences 

between epilimnic and hypolimnic concentrations, which will be discussed in the 

following sections. 
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Figure 4.8 Concentrations in the Epilimnion (0 m) at MP3. 
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Figure 4.9 Concentrations in the Hypolimnion (20 -22 m) at MP3. 
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Figure 4.10 Concentrations in the Epilimnion (0 m) at MP7. (pH 3.1- 3.9). 
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Figure 4.11 Concentrations in the Hypolimnion (20- 22m) at MP7. (pH 3.1-3.9) 
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The mean concentrations of iron in the groundwater (17.4 mg/1) and the filling 

groundwater (16.7 mg/L) are higher than the inlake concentrations at MP3 (0.086- 0.601 

mg/1), but lower than the concentrations at MP7 (1.255 - 54.900 mg/1). The change in 

concentration in 1995 at MP3 and MP7 is shown in Figure 4.8. 

The oxidation of iron sulfide minerals (pyrite and marcasite) in the aquifers, not 

only decreases pH (see above) but also increases iron concentrations in the water reaching 

the lake and in the erode materials from the lake shore (Chapter 1). 

The difference in iron concentrations between MP3 and MP7 can be attributed to 

the different pH values, which reach from 3.76 to 6.84 at MP3 and 3.1 to 3.9 at MP7. 
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Stability of iron minerals is pH dependent (Stumm and Morgan, 1996), leading to 

precipitation of iron minerals with increasing pH. 

The very high concentration above the sediment at MP7 might be explainable 

with anoxic conditions (UFZ, 1996). Assuming precipitation of Fe(OH)3 from the oxic 

epilimnion (Chapter 1), Fe(III) can be reduced to Fe(II) in the hypolimnion. Facilitated by 

low pH, iron concentrations up to 54.9 mg/1 are reached. If this explanation is valid 

hypolimnic iron concentrations are expected to decrease significantly after oxic 

conditions in the hypolimnion are established after fall turnover. However, data for winter 

1995/1996, the time after fall turnover, were not available and the explanation for 

observed iron concentrations developed here can not be confirmed. 

At MP3 low iron concentration could be observed in epilimnion and hypolimnion. 

The oxic hypolimnion (Chapter 3) and the much higher pH values (up two 6.84) than at 

MP7 might be responsible for this observation. Assuming iron mineral precipitation that 

reduces the iron concentration at MP3 compared with inflow (see also mass balance in 

Chapter 6), the sediment is expected to have high iron mineral concentrations. However, 

no data for sediment composition are available. 

MP7 can be considered as an example for the early stage in terms of iron 

characterized by high concentrations especially in an anoxic layer above the sediment. 

MP3 may represent a more advanced stage in lake recovery. Because of added surface 

water this stage is reached much earlier than it would be with the natural aging process 

only (Chapter 2). 

4.6 Aluminum 
The aluminum concentrations in the inflowing groundwater are low, with a mean 

concentration of 0.048 mg/1. Most of the sampling wells have no detectable aluminum, 

but at the well in budget region rco2 (Figure 4.3) and the well in the spoil bank aquifer 

rcok (Appendix D) concentrations of0.4 mg/1 could be found in 1995. The measurement 



70 

in December 1996 yielded no detectable aluminum in the well in rco2. The filling water 

has a mean aluminum concentration of0.0027 mg/1. 

The aluminum concentrations in the lake are shown in Figure 4.9. They are much 

higher than the inflow concentrations. Again pH is controlling aluminum concentrations. 

The low concentrations in the groundwater observation wells are accompanied by pH 

values of 6.3 to 6.9, where the lake has a pH values from 3.76 to 4.86 in the epilimnion 

and 3.91- 6.84 in the hypolimnion at MP3 and 3.1 to 3.9 at MP7, reflected by higher 

aluminum concentrations (Figure 4.9). 

4.7 Summary 

From the observed concentration in the ground water and lake water and from the 

filling water concentration it can be concluded that (1) pH governs the solubility and 

hence the concentration of the ions, (2) important chemical processes occur in the aerated 

aquifers close to the lake, (3) bank erosion might have a strong impact on water quality, 

and (4) MP7 may be considered as an earlier stage in lake recovery than MP3. In order to 

quantify the comparison of inflow and inlake concentration a mass balance was 

calculated in Chapter 6. 
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Figure 4.12 Iron Concentration at MP3 and MP7 in 1995. (Epilimnion = Surface Sample at 0 m, 

Hypolimnion = Sample above Ground at 20 - 22 m). 
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Figure 4.13 Aluminum Concentration at MP3 and MP7 in 1995. (Epilimnion = Surface Sample at 0 
m, Hypolimnion = Sample above Ground at 20 - 22 m). 
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). Biologic Characteristics 

The biology of acid mine lakes is uniquely different than other neutral or acid fresh 

vaters as described in Chapter 2. In Lake Cospuden the chlorophyll-a concentration was 

neasured at 17 sampling dates throughout 1995 at MP3. Integrated samples for the upper part of 

he water column ( epilimnion) and the lower part of the water column (hypolimnion) were taken 

luring the summer month (June to October) and integrated samples over the entire water column 

vere taken during the remaining time (January to May and November and December). Figure 5.1 

haws the epilimnic and hypolimnic chlorophyll-a concentrations in 1995. 
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i'igure 5.1 Epilimnic (0-7 m) and Hypolimnic (7-22 m) Chlorophyll-a in 1995 at MP3. 
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The concentrations vary strongly from about 1 to 7 pg/L in the epilimnion and 1 to 9 

1g/L in the hypolimnion. The rapid change in the concentration might be due to complex 

nteractions between important growth regulating factors like light, temperature, and nutrients 

Wetzel, 1983). At this sampling interval at least three blooms are interpreted for the summer 

early June, mid July, and early October); having a denser sampling scheme even more blooms 

night be observed. 

The hypolimnion concentration reflects the sinking of the phytoplankton and shows two 

>eaks in early August and early October. Because the samples are integrated it is not clear if a 

iense layer of algal biomass a few meters under surface existed (cf. Chapter 2). 

The Sechii disk depth ranges from 0.9 m to 2.6 m. The cause for this small depth despite 

he low phytoplankton concentration is turbidity from bank erosion due to rainstorms and wave 

!rosion (UFZ, 1996). Figure 5.2 shows the Sechii desk depth and the epilimnic chlorophyll-a 

:oncentration. 
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It appears that after the Sechii disk depth increases the chlorophyll-a concentration 

ncreases with a short time lag. In order to perform a regression analysis more values would be 

1ecessary because of the strong changes between measuring dates. A weekly sampling scheme 

night help to clarify if there is a causative connection between chlorophyll-a concentration 

~hange and Sechii Disk. However the hypothesis of light limitation will be investigated with the 

lelp of dynamic simulation (Chapter 8). 

).1 Nutrients 

i.l.l Phosphorus 

Phosphorus concentration are represented in several ways. SRP, also called, 

~rthophosphate, soluble inorganic, or dissolved inorganic phosphorus consists of the species 

J2P04-, HP04 
2

-, and PO/-. It is considered readily available for plant growth. 

3ecause data for total phosphorus (TP) and soluble reactive phosphorus (SRP) are available both 

hose categories will be used. Chapra ( 1997) used the term not soluble reactive phosphorus 

rsRP) to account for all other phosphorus forms such as particulate organic phosphorus, 

10nparticulate organic phosphorus, particulate inorganic phosphorus, and nonparticulate 

norganic phosphorous. Hence TP=SRP+ NSRP. 

The inflow concentration of total phosphorus is 163 mg/m3 and the inflow concentration 

)f SRP 45 mg/m3
. Values are weighted mean concentrations measured in the contributing 

Lquifers and the filling water. The total phosphorous concentration in the lake as shown in 

~igure 5.3 reflects the inflow concentrations, but the SRP concentration at MP3 in the beginning 

of the year is very low. 
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ote: Logarithmic Scale. (Epilimnion = Surface Sample at 0 m, Hypolimnion = Sample above Ground at 20 -

2m). 
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In the end of the year the total phosphorus and SRP concentrations lie in the same range 

lue to a falling trend in total phosphorus and increasing trend in SRP. The low summer 

:pilimnic SRP concentration is likely due to uptake by phytoplankton (Harris, 1986; Wetzel, 

983). 

Generally SRP constitutes less than 10% of TP in oligotrophic lakes and up to 100% in 

:utrophic lakes (Harris, 1986). Because the turnover rates of SRP increase considerably during 

he summer (Ketchum and Corwin, 1965, Wetzel 1983), the SRP pool in oligotrophic lakes is 

>ractically unmeasurable during the summer (Harris, 1986). Figure 5.3 shows this decrease in 

;RP concentration for the epilimnion of Lake Cospuden. The low SRP concentrations at MP3 in 

he epilimnion and hypolimnion might be attributed to another mechanism. Clay turbidity was 

>bserved in Lake Cospuden after a rain storms (UFZ, 1996). Phosphorus might be sorbed to clay 

naterials in the water (Wetzel, 1983; Harper, 1992; Chapra, 1997). Detenbeck and Brezonik 

1991) found a strong influence of pH on equilibrium phosphate concentrations in he water 

~olumn with the sediment. An decrease of the pH from 6.0 to 4.5 resulted in an decrease of 

>hosphate concentration by 90%. Considering the pH of 4.5 to 5.0 at MP3 this process has the 

>otential to yield in very low SRP concentrations during the begin of the year at MP3. 

)edimentation of clay materials might lower TP. The nearly identical TP and SRP 

oncentrations from August to September might be explained with the completion of 

edimentation of the clay materials with sorbed phosphorus. If phosphorus is not limiting SRP 

an constitute nearly 100% of TP (Harris, 1986). SRP concentrations at MP7 do not show the 

ehavior of SRP concentrations at MP3. No conclusive explanation can be given for this 

ifference in concentrations at both measuring points. Sampling and analyzing of concentrations 

nd sedimentation velocity of suspended materials as well experimental determination of 

orption isotherms at different pH values is recommended to clarify if the mechanism explained 

hove is the cause for the SRP and TP concentration observed in Lake Cospuden. If the 

edimentation of phosphorus bound to suspended material occurs, this mechanism might be 

other explanation for the observed changes in chlorophyll-a concentration. This hypothesis 

ill be investigated with the help of dynamic modeling (Chapter 8). 
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i.1.2 Nitrogen 

The mean nitrate concentration of the ground water is 5. 7 mg/L and the mean 

:oncentration of the filling water is 3.3 mg/1 yielding a measured nitrate inflow concentration of 

i.1 mg/L. The lake nitrate concentration is much lower with a general falling trend at both 

neasuring points as depicted in Figure 5.4. 

The mean ammonium concentration of the inflowing groundwater is 0.44 mg/1 and the 

nean filling water concentration is 0.12 mg/1, yielding a measured inflow concentration of 0.36 

ng/1. The ammonium concentration of the lake water as depicted in Figure 5.5 shows great 

lifferences between epilimnion and hypolimnion. 

Two important sources of nitrogen other than inflow are precipitation and nitrogen 

i.xation by microorganisms (Wetzel, 1983). The losses of nitrogen are (1) outflow, (2) 

lenitrification with loss of N2 to the atmosphere, and (3) permanent sedimentation losses of 

)rganic and inorganic nitrogen containing compounds (Wetzel, 1983). The input from inflow to 

~ake Cospuden amounts to 40 t/a in 1995. The mass of total nitrogen (nitrate nitrogen + 

tmmonium nitrogen) at MP3 and MP7 at the beginning and the end of 1995 was used to 

~alculate the mass change during 1995 by multiplying the concentration observed at MP3 and 

l1P7 with the total lake volume. The differences between the mass at the end of the year and the 

eginning of the year was considered the mass change that amounts to a gain of only 2.4 t/a at 

3 and even a loss of 7.2 t/a at MP7. Even though this approach assumes that the observed 

oncentration is uniformly distributed over the entire lake, which is not the case, it indicates that 

itrogen must be lost from the lake. 

The atmospheric input of nitrogen from precipitation varies strongly, having values 

etween 0.1 g Nm-2 and 1.0 g Nm-2 (Chapin and Uttormark, 1973; Wetzel, 1983). Applying these 

umbers to Lake Cospuden results in an atmospheric input of 0.2 to 2 t/a in 1995 which is 

early negligible compared with the input of 40 t/a Lake Cospuden received from inflow in 

995. 
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figure 5.4 Nitrate Concentration at MP3 and MP7 in 1995. (Epilimnion = Surface Sample at 0 m, 

Iypolimnion = Sample above Ground at 20 - 22 m). 
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iigure 5.5 Ammonium Concentration at MP3 and MP7 in 1995. (Epilimnion = Surface Sample at 0 m, 

Iypolimnion = Sample above Ground at 20 - 22 m). 
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Because no outflow which might influence nitrogen concentration occurred in 1995 from 

.-ake C~spuden, inlake processes and to a lesser degree sedimentation may account for the 

>bserved concentration changes. Stumm and Morgan (1996) give the following microbial 

nediated processes: 

~itrification 
NH4+ + 1.5 0 2 = N02- + H20 + 2H+ 

N02- + 0.5 0 2 = N03-

Denitrification 

~itrogen Fixation 

0.5 N2(g) + 1.5 H2(g) + H+ = NH4 + 

0.5 N 2(g) + 0.75 CH20 + 0.75 H20 + H+ = 0.75 C02 + NH4+ 

0 3- Reduction 

N03- + 2CH20 + 2H+ = NH4+ + 2C02(g) + H20 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

The decrease of nitrate (Figure 5.4) can be attributed to nitrogen uptake by 

>hytoplankton. They produce organic matter that sinks down into the hypolimnion where 

tmmonification, the release of ammonium from decomposing organic matter takes place, 

ncreasing the ammonium concentration (Wetzel, 1983, Chapra, 1997). Ammonification 

ncreases the ammonification during the summer in the hypolimnion in Lake Cospuden (Figure 

;.5). Ammonium is preferably taken up by phytoplankton and additionally can be converted to 

titrate under aerobic conditions (nitrification). Because the nitrogen cycle is very complex 

Wetzel, 1983) comprising many interrelated dynamic processes the observed concentrations in 

.-ake Cospuden will be simulated with a dynamic food chain model (Chapter 8). 
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;.1.3 Carbon 

Carbon is usually not considered as limiting nutrient due to is abundance in natural 

¥aters (Wetzel, 1983; Harper, 1986; Chapra, 1997). Dissolved inorganic carbon (DIC) is a 

unction of pH (Stumm and Morgan, 1996). At pH values of 5 and lower TIC has a value of 10-
5 

\.1 and has a value of 10-4 M at pH 7 in equilibrium with the atmosphere (pc02 = 10-3
.
5

, 25°C). 

)ue to the low pH carbon concentration in Lake Cospuden is very low. The epilimnic TIC 

:oncentration at both measure points is always lower than 1 mg/1, the detection limit. The 

lypolimnic TIC reaches concentrations during stratification of 12.5 mg/1 at MP3 and 19.8 mg/1 at 

\.1P7 indicating that organic matter is reduced by bacterial activity ( cf. Chapter 1 ). The inflow 

:oncentration of total inorganic carbon (TIC) is much higher than the observed in-lake 

:oncentrations with a value of 36 mg/1. Because primary production occurs in the epilimnion, 

he epilimnic TIC concentration appears to be limiting for phytoplankton growth. (see next 

lelow). 

i.2 Nutrient Ratios of the Lake Water 

The uptake of inorganic nutrients by plants from the water can be considered proportional 

~ their stoichiometry (Chapra, 1997). In general the average composition of algal biomass is 

tssumed to be expressible as the Redfield ratio of C:N:P = 106:16:1 (Redfield, 1934). This 

·elationship was developed for marine plankton which differs from freshwater plankton. Harris 

1986) gives a ratio of 166:20:1 for fresh water. This ratio can be confirmed by findings of Elser 

md Hassett (1994) who compared marine and freshwater phytoplankton and zooplankton and 

ound higher N :P ratios in the freshwater algal but an inverse trend in zooplankton. On the other 

tand algae taxa that are better adapted to the limited nutrient may account for the great majority 

>f algal biomass. In the case of carbon limitation algae might be adapted to high nitrogen and 

>hosphorus contents compared with carbon. 
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The concentration ratio of total nitrogen and total phosphorus in Lake Cospuden is about 

~8 which is higher than 16 or 20 indicating that phosphorus is the limiting nutrient. The ratio of 

norganic nitrogen (N03 + NH4) and inorganic (available) phosphorus is even higher because 

norganic nitrogen is 50% or more of the total nitrogen, but SRP ranges between 3 and 30% of 

otal phosphorus during the growing season. Therefore the C:P ratio is of interest. DIC 

~oncentrations as were calculated with MINTEQA2 using the measured pH at the surface and 

ttmospheric partial pressure of C02. The TIC:SRP ration in the epilimnion at MP3 never exceeds 

~ which is considerably smaller than 106, indicating carbon limited growth. 

The ratios of nutrients are only one indicator for possible limiting conditions. The growth 

)f phytoplankton as a function of nutrient concentration is also of great importance. A concept 

~idely applied for growth is Monod kinetics (Harris, 1986; J0rgensen and Gomiec, 1989; 

;tra5kraba and Gnauck, 1985, etc.). The Monod equation is evaluated for the minimum factor: 

klim =Min (c/(ki+ci)) 

, here N1im 

C· 1 

k 1 

minimum factor for nutrient limitation 

concentration of potentially growth limiting nutrient 

half-saturation coefficient for nutrient i 

(5.7) 

Half-saturation coefficients differ widely for different taxa. Since the majority of the 

>hytoplankton are flagellates, average values given by J0rgensen and Gomiec (1989) of 0.02 

ng/1 for phosphate and 0.1 mg/1 for carbonate for dinoflagelates were chosen to evaluate possible 

~rowth limitations for both nutrients. Using those values the minimum factor for the epilimnion, 

:arbon, is one to two orders of magnitude lower than that of phosphate. Phosphate becomes 

imiting for growth only if extreme values of 0.01 mg/1 for kc and 0.1 mg/1 for kp04 were used. 
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The concept of limiting nutrient will be followed in Chapter 8, where dynamic modeling 

)f eutrophication is performed. One model used was extended to incorporate carbon limited 

'hytoplankton growth. 

5.3 Trophic State 

The trophy or trophic state of a lake "... refers to the rate at which organic matter is 

;upplied by or to the lake per unit time" (Wetzel, 1983). Since Weber (1909) the terms 

'oligotrophe", "mesotrophe", and "eutrophe" were use for nutrient stages of plants from a low 

evel to a high level. Nauman (1919) applied these terms to limnology referring to 

'hytoplankton effects on transparency. The OECD defined boundary values (Anonymous, 1982) 

~hich are widely used (Table 5.1). 

fable 5.1 OECD Boundary Values for Trophic Categories (from Anonymous, 1982). 

'rrophic Category Total Chlorophyll-a Maximum Sechii Disk m Minimum 

Phosphorus in in p g/1 Chlorophyll-a m Sechii Disk m 

p g/1 in pg/1 m 

~ltra-o1igotrophic ::;; 4 ::;; 1 ::;; 2.5 ~ 12 ~ 6 

~ligotrophic ::;; 10 ::;; 2.5 ::;; 8 ~ 6 ~ 3 

IJesotrophic 10-30 2.5-8 8-25 6-3 3-1.5 

rutrophic 35-100 8-25 25-75 3-1.5 1.5-0.7 

!Iypertrophic ~ 100 ~ 8 ~ 75 ::;; 1.5 ::;; 0.7 

The trophic state of a lake is an important characteristic to evaluate the possible use for 

lifferent purposes. The question if trophic state classifications are applicable and provide a good 

ool for evaluating the lake will be tried to be answered in the following. 

There are numerous methods to determine the trophic state. Lambou et al. (1983) applied 

~9 methods and ranked 44 lakes against total phosphorus and chlorophyll-a. Total phosphorous 

s a standard nutrient driving force and chlorophyll-a is a eutrophication response standard 
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Harris, 1986). The methods may be divided into the categories of "in-lake" parameter methods 

phosphorus, Sechii disk, chlorophyll), loading models of nutrients (phosphorous, nitrogen), and 

lifferent phytoplankton methods, which take into account phytoplankton concentration, 

liversity, the ratio of different phytoplankton taxa, and algal assays (Lambou et al., 1983). Since 

Lll trophic state indices that base on total phosphorus assume phosphorus is the limiting nutrient, 

¥hich does not hold for low pH lakes with possible carbon limitation ( cf. Chapter 2), they might 

10t be appropriate for lake Cospuden. Also Sechii disk (SD) might not be a good representative 

>arameter. Suspended solids from erosion during the time of investigation in Lake Cospuden 

nfluence the correlation between transparency and chlorophyll-a content that is used for this 

ndex. The inclusion of suspended material transparency into the index (Walker, 1979) will 

~valuated in this Chapter. 

All methods used in lake ranking based on distribution patterns and community 

:tructure of phytoplankton were found to be especially ineffective (Lambou et al., 1983). The 

>nly remaining indices were those based on the eutrophication response parameter chlorophyll. 

\nother method which uses the hypolimnic oxygen depletion rate may of interest for lake 

=ospuden (Walker, 1979). In order to verify the methods one from each group mentioned above 

l as applied, except for the phytoplankton methods because required data are not available. 

I The main parameters used for determining the trophic state are summarized in Table 5 .2. 

['able 5.2 Main Parameters for Trophic State at MP3 in 1995. 

Sechii Disk (m) Chlorophyll (pg/L) Total Phosphorus (pg/L) 

\ verage (year) 1.6 3.6 32.6 

\ verage (summer) 1.9 3.1 28.2 

Using the trophic categories given by the OECD (Anonymous, 1982) given in Table 5.1 

he Sechii disk would describe the lake as eutrophic, the chlorophyll as oligo-mesotrophic, and 

he TP as meso-eutrophic. The differences show clearly that the Sechii disk and TP might not be 
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~ood indicators for the trophic state, because many authors give chlorophyll-a the main weight 

e.g. Carlson, 1977, Lambou, 1983). 

;.3.1 Trophic State Index (TSI) after Carlson (1977) 

A somewhat different approach for evaluating the trophic state was used by Carlson 

·1977), in which developed a numeric rather than a nomenclatoric scale was developed to avoid 

unbiguities and to make trophic state evaluations more easily comparable. A TSI of 0 means 

owest productivity and TSI of 100 indicates highest productivity. 

[able 5.3 Parameters of TSI after Carlson (1977). 

rsi Sechii disk (m) Surface phosphorus (mg/mj) Surface chlorophyll-a (mg/m"') 

SD TP Chl 

) 64 0.75 0.04 

lO 32 1.5 0.12 

~0 16 3 0.34 

)0 8 6 0.94 

w 4 12 2.6 

)O 2 24 6.4 

)O 1 48 20 

70 0.5 96 56 

w 0.25 192 154 

>O 0.12 384 427 

.00 0.06 768 1,183 

The index was constructed around algal biomass. Each doubling of the biomass 

~stablishes a new trophic state expressed as an increase of 10 in the numeric index. Hence there 

~e eleven theoretical values (0, 10, ... ,100). Carlson assumed a reciprocal relationship between 
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>iomass and Sechii disk, and used the halving of the Sechii disk value as representation of a 

rophic state change, starting with 64 m (greater than ever reported) at a TSI of 100 and ending at 

) em at a TSI of 0. Phosphorus and chlorophyll concentrations were related to transparency by 

·egression without accounting for suspended solids. Table 5.3 gives the index and the 

>arameters. 

Seasonal TSI for Lake Cospuden were calculated using the equations given by Carlson 

1977): 

Sechii Disk Index 

TSI(SD) = 1 0(6- lnSD) 
ln2 

:hlorophyll-a Index 

TSI(Chl) 1 0(6 _ 2.04 - 0.68lnSD) 
ln2 

l otal Phosphorus Index 

ln 48 

TSI(TP) = 10(6- TP) 
ln2 

(5.8) 

(5.9) 

(5.11) 

The results of the calculations are very much scattered throughout the year as can be seen 

n Figure 5.6. 

The difference between TSI(Chl) and TSI(TP) or TS(SD) are one trophic sate as defined 

~y Carlson. The yearly average values of the indices are: TSI(SD) = 53.4, TSI(Chl) = 40.9, and 

rSI(TP) = 48.2. The summer average values from May to September do not differ much with 

SI(SD) = 51.4, TSI(Chl) = 40.0, and TSI(TP) = 48.7. The TSI(Chl) would place the lake in an 

ligotrophic state close to the mesotrophic state if the conversion of the numerical scale to the 

omenclature from Katzer and Brezonik (1981) is used (<20 = ultraoligotrophic, 30-40 = 
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~ligotrophic, 45 -50= mesotrophic, 53 - 60 =eutrophic, and >70 =hypertrophic). TSI(TP) and 

rSI(SD) predict mesotrophic to eutrophic states of the lake. 

80.00 

60.00 

40.00 

Legend 

--t-- Sechii disk 

----- Chlorophyll 
----...- Total Phosphorus 

~ ~ ~ ~ ~ b ~ ~ ~ ru ~ ~ 

igure 5.6 Seasonal Distribution of the Carlson TSI at MP3 in 1995. 

An even more obvious result can be yielded by using a modified form of the Carlson 

1ndex by Walker (1979). He gives following equations: 

=:hlorophyll-a Index 

Is= 20 + 33.2logiOChl (5.12) 

>hosphorus Index 

lP = -15.6+46.1logiOTP (5.13) 
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[ransparency Index 

h = 75.3 + 44.8logw(l I SD- a) (5.14) 

Nhere: 

ex term representing nonalgal influences on transparency (m-1
) 

Walker (1979) used an estimated value for ex of 0.08 m-1 for 30 lakes as an average value 

o derive ( 5.14 ). Calculations with different values for ex showed rather small influence on the 

ndex IT. Value above 0.2 m-1 yield virtually no effect on the calculation result, hence the value 

)f 0.2 m-1 for ex was used to represent the maximum influence of suspended material on 

ransparency. The results of the calculations are summarized in Table 5.3. 

fable 5.4 Results of Trophic State after Walker (1979) at MP3 in 1995. 

lr Is lp 

~verage Year 58.6 35.1 61.4 

3ummer Average 54.4 33.8 61.8 

Once again according to the nomenclature given by Walker (1979) the chlorophyll-a 

dex yields oligo-mesotrophic conditions and the SD and TP indicate eutrophic conditions. 

alkers indices were developed under different conditions than found in Lake Cospuden and can 

herefore not be applied to this lake . 

. 3.2 Hypolimnion Oxygen Depletion Rate as Trophic State Index 

Walker ( 1979) also proposed the use of the aerial hypolimnic oxygen depletion rate as a 

rophic state index. The oxygen-based trophic state index I0 was found by correlating the oxygen 

epletion rate of 30 lakes against the mean trophic index I from the indices explained above I= 

Ip+Ir+T B)/3. In addition morphometric effects were taken into account. A multiple regression of 

with the aerial hypolimnic depletion rate yielded the following relationship: 

I0 = 175 + 49log10~HOD- 223log10Z + 100(log10Z)2 (5.8) 



Where: 

~HOD= 

z 

oxygen-based trophic state index 

oxygen depletion rate in g/m2/day 

mean depth in m 

90 

The oxygen depletion rate was calculated for MP3 in 1995. The hypolimnion depth was 

~onsidered to be 10 m which is somewhat lower than the observed thermocline at MP3 of 6 m 

bd gives the hypolimnion less volume and hence a greater depletion rate because of greater 
I 

nfluence of oxygen reducing sediment. The hypolimnion was divided into 1 m strata and the 

~hange in total oxygen mass from May 17 to August 21 was calculated from the measured 

)Xygen concentration and the strata volumes. The change in total oxygen mass of the 

1ypolimnion was divided by the elapsed time between both sampling dates and yielded an 

~xygen depletion rate of 0.0897g/m2/day. 

The use of a mean depth of 5.5 m (cf. Chapter 3) in (5.14) resulted in an 10 of 13.4, which 

s very low and indicates oligotrophic conditions. The even lower trophic state found with this 

nethod may be due to the discrepancy of biomass concentration and photosynthetic activity in 

tcid strip mine lakes (Guyre et al., 1987). 

Another parameter, the effective number of days of oxygen supply present 1n the 

1ypolimnion at spring turnover, T 00, was expressed by Walker as: 

Where: 

Q. 
1 

effective number of days of oxygen supply present in the 

hypolimnion at spring turnover in days 

oxygen concentration at spring turnover in g/m3 

mean hypolimnion depth in m 

(5.16) 
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The use of values of 10.8 mg/ for Oi and a mean hypolimnion depth of 4.5 m yields a 

r DO of 535 days, which is much longer than the approximately 200 days of stratification. 

\ccordingly the lake hypolimnion is considered oxic with a high degree of certainty on a scale of 

ogT DO presented by Walker. 

;.3.3 Loading Plots 

The phosphorus loading concept as developed by Vollenweider (1968 and 1975) can only 

'e applied for the final lake conditions. The increasing volume of the lake which dilutes the 

oading is not included into the loading plots. Using mean depth of27 m and a residence time of 

53 years yields a permissible loading in order to maintain oligotrophic conditions of 0.1 gP m-2 

~{ 1 from the Vollenweider loading plot (Vollenweider, 1975). Dangerous loading leading to 

~ossible eutrophic conditions are loading above 0.2 gP m-2 y{1
• Assuming the groundwater total 

! hosphorus concentration observed in 1995 of 163 mg/1 the loading would be about 0.075 gP m-2 

r-1 which puts the lake in the oligotrophic range. 

Atmospheric contribution of phosphorus ranges from 0.01 to 0.1 gP m-2 yr-1 (Wetzel, 

~ 983) with the higher values in the vicinity of urban-industrial aggregations. Since Lake 

Cospuden is very close to the industrial center of Leipzig, a measurement of atmospheric 

lhosphorus concentration is recommended because atmospheric loading might have a 

~onsiderable influence on the future water quality of Lake Cospuden. 

).4 Summary 

Lake Cospuden is characterized by low Sechii disk depth and low chlorophyll-a 

;oncentration, considering the relatively high total phosphorus and nitrogen concentrations. The 

·atio of TP and SRP suggest an mechanism lake phosphorus bonding to observed clay turbidity. 

rhe nutrient ratio in the lake water indicates carbon limited phytoplankton growth. 



92 

The typically used trophic state indicators Sechii disk and total phosphorus are not useful 

or Lake Cospuden. Furthermore even chlorophyll-a concentrations give a slightly higher trophic 

.tate than the hypolimnion oxygen depletion index indicates. It might be necessary to define an 

ndex somewhat different to the trophic state evaluation methods presented here. The influence 

>f pH might be considered to normalize the index. Further work and the use of data from 

lifferent lakes is necessary for such a task. 
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6. Chemical Modeling 

6.1 Mass Balance of Lake Cospuden 

In order to evaluate the chemical reactions a mass balance for 1995 was 

performed. The inflow concentrations were multiplied with the amount of inflow in 1995: 

Mass Influx = Inflow Concentration * Inflow Volume (6.1) 

For 89% of the inflowing water concentration data were available and therefore 

could be included into the calculation. For the surface runoff, representing approximately 

3% of the inflow and the remaining 8% of inflow that came from budget regions with no 

observation wells, no concentration data were available. The change of mass in the lake 

was computed from the change in lake concentration from the beginning to the end of the 

year and the change in lake volume over this period. 

Mass Change= (Cone.* Volume)END- (Cone.* Volume)BEGINNING (6.2) 

Because the lake can be considered vertically well mixed during the winter ( cf. 

Chapter 3) and observed concentrations in the hypolimnion and epilimnion show only 

slight differences (Chapter 4 and 5) mean concentrations calculated from measured 

epilimnic and hypolimnic concentrations can be assumed as a reasonable approximation 

for the mean concentration of the entire water column. 

The influx mass (column II in Table 6.1) was set in relation to the mass changes at 

MP3 (column III) and MP7 (column IV) yielding percent values of mass change 

(columns V and VI) accounted for by influx from the 89% of the inflowing water with 

known concentrations. Values smaller than 89% mean some other source must contribute 

mass and values greater than 89% mean there must be some sort of sink for constituent 

mass. 

The results show a general trend rather than an exact mass balance. However, the 

large differences between some results display at least an order of magnitude of the mass 

balance. In general, MP3 has more importance because it represents the major part of the 

lake. MP7 is more or less isolated and represents the extreme of the lake in terms of pH 

and metal concentrations. Another interpretation could be considering MP7 as 
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representing the young lake and MP3 as representing the middle-aged lake in terms of 

recovery. 

Table 6.1 Mass Balance for 1995 for Lake Cospuden (for 89o/o of the inflow water). 

I II Ill IV v VI 

Constituent Mass Influx in mol Mass Change cal. at Mass Change cal. %of MP3 %of MP7 

(6.1) MP3 in mol (6.2) at MP7 in mol (6.2) 

AI 9,037 157,643 99,928 6 9 

Ca 20,790,978 61,598,575 87,490,674 34 24 

Cl 10,673,789 12,080,893 8,775,233 88 122 

Fe 2,049,833 71,646 6,647,511 2861 31 

K 4,064,820 1,919,166 2,582,046 212 157 

Mg 9,895,744 25,597,961 31,436,279 39 31 

Mn 152,632 263,239 352,333 58 43 

Na 16,765,298 27,899,633 15,193,281 60 110 

Si 623,764 2,539,288 2,172,679 25 29 

S04 23,003,274 22,491,667 43,359,468 122 64 

TIC 20,024,816 607,682 512,585 3295 3907 

The assumption that chloride is a conservative constituent can be supported by the 

mass balance. During 1995 89% of the inflow water accounted for 88% of the chloride 

mass change at MP3 and 122 % at MP7. The agreement gives reassurance that the 

computation is at least conceptually reliable. Considering the assumption that samples for 

one point of the lake are used the represent the entire lake sodium might be considered 

conservative with 60% accounting at MP3 and 110% accounting at MP7. 

Calcium, chloride, magnesium, manganese and silicon are underpredicted by the 

mass balance calculations indicating that another source might contribute some mass. 

Since concentrations in the lake of these constituents do not change considerably in 1995 

(Chapter 4) in-lake processes might be ruled out to account for the missing mass in the 

influx. Bank erosion can be a major contributor of this constituents. Also mineral solution 

processes on the path from the observation wells (measured concentrations) to the lake 

due aeration, sulfide mineral oxidation and resulting low pH (Chapter 1) might contribute 

mass to lake Cospuden. 
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The aluminum mass balance for MP3 and MP7 suggests that the majority of 

aluminum (>90%) comes from other sources. Again bank erosion mineral dissolution 

might be consider as sources. 

The iron mass balance is very different for MP3 and for MP7. Where MP7 shows 

a underprediction of the its iron concentrations (31% ), the MP3 iron concentration nearly 

30 times overpredicted, indicating some sort of sink. Precipitation of iron minerals due to 

the higher pH at MP3 (about one unit higher than at MP7) could be responsible for the 

mass balance discrepancy. Sediment analyses for iron are recommended to check this 

hypothesis by including sediment concentrations into the mass balance. 

Total inorganic carbon is about 30 to 40 times overpredicted because of 

differences in pH in the inflowing waters and lake water. The dissolved inorganic carbon, 

which is a function of pH (Stumm and Morgan) decreases due to low pH values. 

Important chemical changes occur when groundwater passes through the aerated aquifer 

close to the lake (Chapter 1). Bank erosion also cause chemical changes by introducing 

high amounts of acidity into the lake. 

6.2 MINTEQA2 Simulation 
The model MINTEQA2 was used examine the saturation state of the lake water 

for key elements such as iron, manganese, aluminum, and phosphate. 

Because pH values were available for MP3 only, simulations could not be run for 

MP7 because exact values are necessary to run simulations with meaningful results. 

Two different methods for examination of the saturation state were 

applied: ( 1) 15 complete chemical analyses for the epilimnion and hypolimnion of the 

water column at MP3 taken between January and August 1995 were equilibrated with 

MINTEQA2 in order to determine saturation indices and identify possible precipitating 

minerals during this period. (2) The sample of the epilimnion taken at the 21 of August 

1995 was used for an incremental increase of the pH value to simulate an expected pH 

rise from the observed value of 3.83 in 0.3 units steps up to a value of 7.13 in order to 

attain information about the possible mineral precipitation in the future when the pH 

rises. The indices of all minerals forth coming from the MINTEQA2 runs for both 

simulation approaches are enclosed in Appendix F. 
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6.2.1 Aluminum 

The simulations yielded 18 possible mineral phases of which 8 are likely to occur 

(Table 6.2). Alunite and kaolinite are oversaturated over total simulation period of 8 

month in simulation (1). The differences between epilimnion and hypolimnion are not as 

great as expected. But during the summer stagnation period the saturation indices of all 

minerals increase and are higher than in the epilimnion. This is due to the higher pH in 

the hypolimnion caused by reduction processes. Indicators for the microbial facilitate 

reduction of organic matter are low dissolved oxygen and elevated TIC concentrations. 

The saturation indices of aluminum minerals in the hypolimnion and epilimnion are 

shown in Table 6.2. 

Table 6.2 Saturation Indices of Al-Minerals from MINTEQA2 calculations. 

Date Al20 3 AL4(0H)1oS04 ALOH3(A) ALOHS04 ALUM K ALUNITE GIBBSITE (C) KAOLINITE 

Epilimn. 1/12/95 -4.5 2.4 -2.8 0.6 -7.9 6.5 -0.9 3.6 
2/16/95 -5.6 0.4 -3.2 0.3 -8.2 5.1 -1.4 2.7 
3/14/95 -4.2 2.9 -2.4 0.6 -8.3 6.5 -0.6 4.3 
4/10/95 -4.7 2.0 -2.6 0.5 -8.3 5.9 -0.7 4.0 
5/17/95 -8.4 -4.2 -4.0 -0.2 -8.5 2.2 -2.2 0.8 
6/21/95 -7.4 -2.6 -3.0 0.0 -8.3 3.4 -1.3 2.5 
7/19/95 -9.2 -5.6 -3.7 -0.3 -8.5 1.4 -2.0 0.9 
8/21/95 -4.9 1.5 -1.5 0.4 -8.5 5.7 0.1 5.2 

Hypo I. 11/12/95 -5.7 0.5 -3.4 0.5 -7.9 5.4 -1.5 2.4 
2/16/95 -5.4 0.8 -3.1 0.4 -8.2 5.4 -1.3 2.9 
3/14/95 -3.7 3.7 -2.2 0.7 -8.3 7.0 -0.3 4.8 
4/10/95 -4.6 2.1 -2.5 0.5 -8.3 6.1 -0.7 4.1 
5/17/95 -4.8 1.7 -2.6 0.4 -8.2 6.0 -0.8 3.8 
7/19/95 -2.4 5.6 -1.1 0.6 -8.6 8.0 0.7 6.6 
8/21/95 -0.9 7.8 -0.3 0.6 -9.0 9.2 1.4 8.1 

Van Bremen (1973) found the solubility relationship from analytical data of acid 

mine to be: 

pAl+ pOH + pS04 = 17.23 (6.1) 
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To see if this relationship is also applicable for Lake Cospuden the activities of 

aluminum, sulfate, and hydronium were determined from the runs described as method 

(1) above. After plotting the calculated activities of AI, OH, H, and S04 in a pAl + 3pOH 

vs. 2pH + pS04 diagram (Figure 6.2) as proposed by van Breemen (1973), all data were 

found to lie very close to the solubility line of jubarite (ALOHS04), which supports van 

Breemen's findings that jubarite is the solubility determining mineral in acid mine 

waters. The saturation indices forthcoming from MINTEQA2 around 0 have the same 

meaning as Figure 6.1. 

32.00 

34.00 gibbsite 

0 
0. 

("") kaolinite 
+ 

~ 36.00 

Legend Title 

38.00 + 2-7°C 

• 10-12°C 

e 20-23°C 

40.00 

I 

6.00 8.00 10.00 12.00 14.00 
2pH + pS04 

Figure 6.1 Values for pAl+ 3pOH and pS04 + 2pH for MP3 in 1995. 
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Results from the MINTEQA2 runs with increasing pH (method(2)) confirmed the 

fmdings of simulation (1). In addition to alunite and kaolinite other minerals such as 

AL4(0H)10S04 and ALOH3(A) become more and more oversaturated with rising pH. This 

trend could also be seen in the hypolimnion results of simulation ( 1) because the pH 

reaches higher values in August just above the sediment where the sample was taken. 

Table 6.3 shows the change of saturation indices with increasing pH. 

Table 6.3 Saturation Indices of Aluminum Minerals with increasing pH. 

pH 3.83 4.13 4.43 4.73 5.03 5.33 5.63 5.93 6.23 6.53 6.83 7.13 
NAME 
Al 20 3 -10.2 -8.4 -6.7 -4.9 -3.2 -1.7 -0.6 0.1 0.4 0.5 0.5 0.3 
ALiOH)10S04 -7.3 -4.3 -1.3 1.6 4.3 6.7 8.3 9.1 9.2 8.8 8.1 7.1 
ALOH3(A) -4.1 -3.2 -2.3 -1.5 -0.6 0.1 0.7 1.0 1.2 1.2 1.2 1.1 
ALOHS04 -0.5 -0.2 0.1 0.4 0.6 0.8 0.7 0.5 0.0 -0.5 -1.1 -1.8 
ALUM K -8.5 -8.5 -8.5 -8.5 -8.6 -8.7 -9.1 -9.6 -10.4 -11.2 -12.1 -13.1 
ALUNITE 0.4 2.2 4.0 5.7 7.3 8.7 9.4 9.6 9.2 8.4 7.5 6.3 
GIBBSITE (C) -2.5 -1.6 -0 .7 0.2 1.0 1.7 2.3 2.6 2.8 2.9 2.8 2.7 
KAOLINITE -0.1 1.7 3.4 5.2 6.9 8.4 9.5 10.2 10.5 10.6 10.6 10.4 

The simulation results suggest that the precipitation of aluminum minerals is 

already in process and will increase in pH range between 5 and 6. The recovery process, 

which requires years and decades if only acid mine water fills the pit, is accelerated 

considerably by the addition of surface water to the lake. The percentage of surface water 

will remain on the same level over the next years and hence the aluminum concentration 

in the water column will decrease considerably. 

6.2.2 Iron 

The MINTEQA2 simulation yielded 16 possible iron minerals of which five 

Fe(OH)2_7Cl0_3, goethite, hematite, and magnetite were found to be always oversaturated 

during the 8 months of simulation (1). The three jarosite minerals (H, K, Na) and 

monmorillonite are oversaturated for parts of the simulation indicating a possible 

precipitation during this period. Table 6.4 shows the saturation indices for the iron 

minerals. 
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Table 6.4 Saturation Indices for Iron-Minerals from MINTEQA2 calculations. 

NAME ANNITE FE2(S04)3 FE3(0H)g FEOH)2.7 CL3 FERRI- GOETHITE GREEN- HEMATITE 

HYDRITE ALITE 

Epi1imn. 1/12/95 -23.6 -32.1 -8.3 6.1 0.4 3.9 -23 .8 12.7 

2/16/95 -16.8 -34.7 -9.6 4 .2 -1.5 2.1 -16.5 9.1 

311 4/95 -15.1 -36 .9 -10.3 3.7 -1.9 1.7 -15.9 8.3 

4110/95 -15 .6 -34 .9 -9.3 4.4 -1.3 2.4 -16.4 9.7 

5117/95 -20.9 -32.5 -12.7 3.5 -2.4 1.5 -20.3 8.0 

6/21 /95 -17.2 -30.4 -10.1 4.5 -1.3 2.9 -18.9 10.8 

7/19/95 -19.3 -29.8 -12.3 3.7 -2.2 2.1 -20.0 9.2 

8/21 /95 -15.4 -28.8 -6.7 6.1 0.4 4.7 -19.2 14.5 

Hypo!. 1/12/95 -17.2 -34.7 -9.7 4.2 -1.5 2.0 -16.6 8.9 

2116/95 -35 .0 -31.7 -12.5 5.9 0.2 3.7 -34.9 12.4 

3/14/95 -13 .7 -33 .8 -6.3 5 .5 -0.1 3.5 -14.7 12.0 

4/ 10/95 -15.3 -33 .8 -8.1 4 .9 -0.7 3.0 -16 .2 10.8 

5117/95 -16.8 -34.9 -9.6 4.4 -1.2 2.4 -17.9 9.8 

7/19/95 -13.4 -35.3 -7 .2 5.3 -0.2 3.6 -16.7 12.2 

8/2 1195 -6.3 -36.1 -3 .8 5.9 0.5 4.4 -10.9 13.7 

NAME JAROSITE JAROSITE JAROSITE MAGHEMITE MAGNE- ME LAN- Montmori1- STREN-
H K NA TITE TERITE onionite GITE 

Epi1imn. 1/12/95 1.0 6.0 3.3 4.2 5.1 -7 .8 4. 1 1.6 

2116/95 -3 .8 0.9 -1.8 0.5 4.0 -5 .2 2.8 -1.2 

3/14/95 -6.0 -1.2 -3 .6 -0.4 3.5 -5.5 4 .3 -1.4 

4/10/95 -3 .5 1.1 -1.4 0.8 4.7 -5.5 4.1 -0 .9 

5117/95 -3 .5 0.2 -2.3 -1.4 2.1 -5.6 -0.2 -1.0 

6/21 /95 0.0 3.8 1.1 0.8 5.7 -5.6 1.1 0.7 

7/1 9/95 -1.0 2.0 -0.5 -1.1 3.9 -5 .3 -1.1 -1.0 

8/21195 4 .0 7.8 5.3 4.2 9.5 -6.5 3.8 1.0 

Hypo!. 1112/95 -4.0 0.9 -1.8 0.4 3.7 -5 .1 2.5 -0.8 

2/16/95 0.9 5.7 3.1 3.7 1.2 -11.4 3.4 1.5 

3/14/95 -0.9 4.0 1.6 3.2 7.5 -5.3 5.2 0.2 

4110/95 -1.9 2.8 0.3 1.9 5 .9 -5.5 4 .3 -0.4 

5117/95 -3.5 1.5 -1.3 0.9 4.4 -6.0 3.8 -0 .3 

7/ 19/95 -1.9 3.3 0.6 3.0 7.4 -6.7 6.5 -0.7 

8/21195 -1.2 4.3 1.6 4.4 10.8 -5 .5 8.2 -0 .3 

The calculations according to method (2) confirmed the simulation results from 

method (1). All of the above mentioned iron minerals were found to be oversaturated 

with increasing saturation indices with increasing pH. In addition ferrihydrite becomes 

oversaturated if the pH exceeds values of 4.3. Table 6.5 shows the saturation indices 

versus pH. 
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Table 6.5 Saturation Indices of Iron Minerals with increasing pH. 

pH 3.83 4.13 4.43 4.73 5.03 5.33 5.63 5.93 6.23 6.53 6.83 7.13 
NAME 
ANNITE -24.3 -21.4 -18.4 -15.4 -12.5 -9.6 -7.0 -4.5 -2.2 -0.1 2.0 4.0 
FE2(S04h -25.8 -26.7 -27.7 -28.8 -30.0 -31.2 -32.4 -33.6 -34.8 -36.0 -37.2 -38.5 
FE3(0H)8 -10.9 -9.3 -8.0 -6.7 -5.5 -4.2 -3.0 -1.8 -0.6 0.5 1.7 2.9 
FEOHh_7CL3 5.2 5.6 5.8 6.1 6.3 6.5 6.8 7.0 7.2 7.4 7.6 7.8 
FERRIHYDRITE -0.8 -0.3 0.1 0.4 0.7 1.1 1.4 1.7 2.0 2.3 2.5 2.8 
GOETHITE 3.6 4.0 4.4 4.8 5.1 5.4 5.7 6.0 6.3 6.6 6.9 7.1 
GREENALITE -24.5 -22.7 -20.9 -19.1 -17.3 -15.5 -13.7 -11.9 -10.1 -8.3 -6.5 -4.7 
HEMATITE 12.1 13.1 13.8 14.5 15.1 15.8 16.4 17.0 17.6 18.1 18.7 19.3 
JAROSITE H 4.1 4.3 4.2 4.0 3.8 3.5 3.2 2.9 2.6 2.3 2.0 1.6 
JAROSITE K 7.0 7.5 7.7 7.8 7.9 7.9 7.9 7.9 7.9 7.9 7.9 7.8 
JAROSITE NA 4.4 4.9 5.1 5.3 5.3 5.3 5.4 5.4 5.4 5.3 5.3 5.2 
MAGHEMITE 1.9 2.8 3.6 4.3 4.9 5.5 6.1 6.7 7.3 7.9 8.5 9.0 
MAGNETITE 5.4 6.9 8.3 9.6 10.8 12.0 13.2 14.4 15.6 16.8 18.0 19.1 
MELANTERITE -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 -6.5 
Montmorillon -1.8 0.1 2.0 3.8 5.6 7.3 8.6 9.5 10.2 10.6 10.9 11.1 

The precipitation of iron minerals is in a more advanced stage than the aluminum 

mineral precipitation. Hypolimnic summer concentrations of iron are approximately half 

those of the epilimnion and the saturation indices of several minerals are well above zero 

suggesting even more decline due to precipitation. 

The recovery process in regard to iron concentrations has already reached a high 

level and will stay about the same according to the simulations with increasing pH. 

6.2.3 Manganese 

The results of both simulation ( 1) and (2) for saturation indices of manganese 

minerals yielded very similar results. From 12 minerals possible in MINTEQA2 five, 

birnessite, bixbyite, managnite, nsutite, and pyrolusite were found always oversaturated 

and the remaining minerals always undersaturated in both simulations. Table 6.6 shows 

the saturation indices for manganese minerals from simulation (1). 

The increasing pH yielded a general increase in saturation indices but only 

hausmanite switches from undersaturated conditions to oversaturated conditions at a pH 
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around 6.55. The results of simulation for saturation indices of manganese minerals are 

summarized in Table 6.7. 

Table 6.6 Saturation Indices for Manganese Minerals from MINTEQA2 calculations. 

NAME BIRNESSITE BIXBYITE HAUSMANNITE MANGANITE MN2(S04h MN3(P04b 

Epilom. 1/12/95 13.7 18.0 -11.1 9.4 -13.9 -25.9 

2/16/95 11.8 14.5 -8.0 7.6 -16.4 -24.8 

3/14/95 12.7 16.6 -6.5 8.7 -15.7 -23.0 

4/10/95 11.0 13.5 -9.7 7.1 -18.1 -26.4 

5/17/95 9.4 11.8 -10.4 6.1 -15.9 -25.5 

6/21/95 8.6 11.7 -9.0 5.9 -16.8 -23.2 

7/19/95 8.3 11.8 -11.0 5.9 -14.5 -26.8 

8/21/95 11 .7 18.6 -10.8 9.3 -12.0 -28.0 

Hypo I. 1/12/95 10.2 14.2 -11.5 7.5 -16.5 -24.3 

2/16/95 11 .7 17.3 -10.7 9.0 -13.9 -22.5 

3/14/95 4.6 17.2 -22.7 8.9 -15.6 -22.8 

4/10/95 3.6 15.6 -26.4 8.1 -16.2 -26.4 

5/17/95 3.5 15.3 -23.6 7.9 -16.6 -22.5 

7/19/95 5.8 19.0 -18.6 9.7 -15.7 -22.3 

8/21/95 14.6 21.2 -0.9 10.8 -15.8 -20.8 

NAME MNCL2, 4H20 MNHP04(C) MNS04 NSUTITE PYROLUSITE RHODOCHROSIT 

Epilom. 1/12/95 -13.4 -1.2 -12.1 14.3 14.2 -10.0 

2/16/95 -12.2 -1.1 -10.8 12.3 12.4 -9.0 

3/14/95 -12.2 -0.5 -10.7 13.3 13.4 -8.5 

4/10/95 -13.2 -1.7 -11.5 11.6 11.8 -9.6 

5/17/95 -12.6 -1.0 -10.4 10.0 10.7 -9.8 

6/21/95 -12.9 0.0 -10.1 9.2 10.4 -9.4 

7/19/95 -13.1 -1.5 -10.0 8.9 10.4 -10.1 

8/21/95 -14.5 -2.1 -11.4 12.3 13.8 -10.0 

Hypo I. 1/12/95 -12.1 -0.8 -10.8 10.8 10.7 -7.1 

2/16/95 -12.2 0.0 -10.7 12.3 12.3 -6.9 

3/14/95 -12.2 -0.5 -10.7 5.2 5.3 -6.3 

4/10/95 -13.2 -1.7 -11.6 4.2 4.4 -7.6 

5/17/95 -12.3 -0.2 -10.6 4.1 4.3 -5.7 

7/19/95 -12.5 -0.6 -10.5 6.4 6.9 -4.1 

8/21/95 -12.5 -0.2 -10.5 15.2 15.7 -3.5 
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Table 6. 7 Saturation Indices of Manganese Minerals with increasing pH. 

pH 3.83 4.13 4.43 4.73 5.03 5.33 5.63 5.93 6.23 6.53 6.83 7.13 
NAME 
BIRNESSITE 9.0 9.9 10.8 11.7 12.6 13.5 14.4 15.3 16.2 17.1 18.0 18.9 
BIXBYITE 13.2 15.0 16.8 18.6 20.4 22.2 24.0 25.8 27.6 29.4 31.2 33.0 
HAUSMANNITE -16.2 -14.4 -12.6 -10.8 -9.0 -7.2 -5.4 -3.6 -1.8 0.0 1.8 3.6 
MANGANITE 6.6 7.5 8.4 9.3 10.2 11.1 12.0 12.9 13.8 14.7 15.6 16.5 
MN2(S04h -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 -12.0 
MN3(P04h -31.6 -30.4 -29.2 -28.0 -26.8 -25.6 -24.5 -23.4 -22.3 -21.3 -20.4 -19.6 
MNCL2, 4H20 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 -14.5 
MNHP04(C) -3.0 -2.7 -2.4 -2.1 -1.8 -1.5 -1.3 -1.0 -0.8 -0.6 -0.4 -0.3 
MNS04 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 -11.4 
NSUTITE 9.6 10.5 11.4 12.3 13.2 14.1 15.0 15.9 16.8 17.7 18.6 19.5 
PYROLUSITE 11.1 12.0 12.9 13.8 14.7 15.6 16.5 17.4 18.3 19.2 20.1 21.0 
RHODOCHROSIT -11.8 -11.2 -10.6 -10.0 -9.4 -8.8 -8.2 -7.6 -7.0 -6.4 -5.8 -5.2 

The saturation indices are relatively high and not strongly dependent upon pH if 

compared with aluminum minerals. The results from both simulations ( 1) and (2) suggest 

that precipitation already occurs and will not change much with increasing pH. 

Manganese concentrations show a slight decreasing trend indicating that precipitation is 

somewhat higher than influx. 

6.2.4 Phosphate 

Phosphate plays a major role as a nutrient for phytoplankton ( cf. Chapter 5 and 8). 

Co- precipitation with minerals, especially calcium, can influence the phosphorous cycle 

considerably which can be of great importance if at higher pH enough TIC is available 

and the turbidity decreases, letting in more light and triggering more phytoplankton 

growth. 

The only mineral of importance found for phosphate concentrations 1s 

hydroxyapatite. According to MINTEQA2 results, hydroxyapatite will start precipitating 

at pH values of 6.8. Phosphate will be very likely the limiting nutrient for phytoplankton 

growth at a pH of 6 or higher. Inflowing acid mine water mixed with surface water and 

internal pH raising processes can keep the pH for prolonged periods of time in the range 

where phosphate is the limiting nutrient but hydroxyapatite precipitation does not yet 



103 

occur the danger of increased eutrophication arises. The sink phosphate precipitation 

might be ineffective to limit phytoplankton growth and phosphorus input should be 

limited as much as possible. 
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7. Review of Eutrophication Models 

Dynamic models (or analytical models) are " ... based on theoretical knowledge of 

)rocesses involved, deterministic in nature." (Stra8kraba, 1982). System dynamics are described 

Nith a system of nonlinear differential equations, having many variables. Dynamic models can 

~e distinguished from empirical model which are "... empirical - based on data analysis, 

l
tochastic in nature" (Stra8kraba, 1982). Rates of change between defined compartments (state 

ariables) can be simulated with dynamic lake models (Harper, 1992). 

Eutrophication has been simulated by means of dynamic models for over 30 years. Hence 

t great many different models have been developed. Even though there are considerable 

[ifferences between natural lakes and constructed reservoirs they are usually modeled with the 

lame assumptions and procedures (French, 1984). Since the man-made lakes in Middle 

bermany are somewhat different from lakes and reservoirs in terms of morphologic ( cf. Chapter 

f), chemical (cf. Chapter 4), and biological (cf. Chapter 5) properties, the applicability of 

~xisting models for water quality is not clear. In this Chapter a brief review of some models is 

lresented with special attention paid to the application at Lake Cospuden. Because Lake 
I 

Cospuden is typical for most of the lakes found in Middle Germany it might be used as example 

~~~hat can be generalized. Models that work for Lake Cospuden are very likely to be applicable for 

lhe other mine lakes in Middle Germany. 

1 Stra8kraba and Gnauk (1985) listed 51 different eutrophication models. Since 

:hen, many of those models nave been developed further and new models have been created. The 

nodels are different in hydrodynamic and ecological complexity. Many models are specific 

nodels for one geographic application and are difficult to use for other lakes, where other models 

tre intended as general models which can be easily applied to other lakes with different 

)roperties. Generalized models contain features which might not be necessary for the problem 

md can be therefore too complex, which contradicts the principle that a model should have only 

ts much complexity as necessary for the problem. 

On the other hand some important processes might not be included in a general model 

1 hich makes an expansion of the model necessary. Since the chemical and biochemical 
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>rocesses 1n m1ne lakes are rather complex a model that reflects this complexity seems 

tppropriate. The main processes that determine the water quality of Lake Cospuden which can 

>e concluded from the data evaluated in Chapter 4 and 5, are (1) phosphorus and carbon limited 

>hotosynthesis depending on pH, (2) sedimentation of phosphorus with suspended material, (3) 

lissolved oxygen concentration and redox reactions in the hypolimnion, ( 4) sediment redox 

·eactions, and ( 5) mineral precipitation. 

Hydrodynamics can be difficult in the beginning of the filling phase of the mine lakes in 

v1iddle Germany because of the possibility of several water bodies, calling for a two 

iimensional approach. But in later stages when eutrophication becomes of more importance one 

iimensional models, which are mostly used for natural lakes and reservoirs, might represent the 

Jrocesses of the mine lakes in Middle Germany appropriately. 

As noted by Kragounis ( 1992) many models are poorly documented which makes a 

1pplication difficult and a correspondence with the author necessary. This problem was 

~ncountered while searching for general models which could be of possible use for the modeling 

)fLake Cospuden and furthermore mine lakes in Middle Germany in general. 

Only more or less generalized models with good documentation and manuals were used 

ln the following review. It was attempted to include models of all complexity levels in both 

I ydrodynamic and ecological regard. Since the ecological complexity level is more important 

han the hydrodynamic for the purpose of the review, the models were divided into different 

cological representation categories. A simpler category does not necessarily mean the model is 

f lesser value. On the contrary simpler models can be better suited for solving problems because 

omplexity only adds more effort in terms of data preparation, computation and calibration, and 

ot always more accuracy of the result. 

. 1 Simple Ecological Models 

Models which account only for the bare essential process necessary to describe the 

ystem were classified as simple models. No stratification is included into the models. Therefore 

simulation is restricted to a shallow unstratified lake or the epilimnion of a stratified lake. One 
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;imple ecological model, AQUAMOD1, which was used with success for reservoirs (Stra.Skraba, 

l982) will be presented here. 

7.1.1 AQUAMODl 

AQUAMOD1 (Stra.Skraba and Gnauk, 1985) models only the well-mixed epilimnion 

;vith three state variables: phytoplankton, filtering zooplankton, and phosphate phosphorus. 

t emperature, light intensity, and photoperiod are approximated by functions of time (see also 

l hapter 8). No software is available for this model but the three differential and four numerical 

lquations can be modeled without programming by means of visual programming tools like 

~tella (Cherwell Scientific Publisher, 1995), ModelMaker (High Performance Systems, 1997), or 
I 

VSS (Oregon State University, 1996) which solve differential and numerical equations 

;imultaneously (Stra.Skraba, 1996; personal communication). No stratification or other 

1ydrodynamics are considered. Except for inflow and outflow, only the photoperiod, light and 

:emperature, which are represented by simple numerical approximations, are influence factors for 

tlgae growth. Five constants describe the water body and the inflow. Eight parameter are 

ilecessary for the model. 

A comparison of AQUAMOD 1 with a highly complex model with 31 state variables 

rLEANER (PARK et al., 1974), as conducted by Stra.Skraba (1982) for the Slapy Reservoir in 

3ohemia yielded no better results with the complex model than with the simple model for the 

:wo most important variables in terms of eutrophication, which are algae and phosphorus. The 

Jarameter optimization for the simple model made reasonable results possible. CLEANER was 

ilOt optimized which is more or less typical for very complex models because optimization effort 

ncreases geometrically, with number of parameters. 

Only phosphorus limited phytoplankton growth 1s modeled. All other processes 

nentioned above are not included. In Chapter 8 an attempt was made to use this model and to 

nclude some more of the main processes utilizing the advantage of easy expandability of the 

)rogram. The equations were solved with the Virtual Systems Simulator, VSS (Oregon State 

Jniversity, 1996). 
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r.2 Intermediate Complex Models 

The great majority of models encountered in the literature can be put in this category. 

rhree typical representatives are presented here. All of them are one-dimensional. The water 

>ody is divided into two layers, the hypolimnion and the epilimnion, which have fixed thickness 

hroughout the stratification period. 

7.2.1 AQUAMOD2 and 3 

The two- and three-layer models AQUAMOD2 and 3 (Stra8kraba and Gnauk, 1985), are 

:tn extension of AQUAMOD 1. The two-layer model, AQUAMOD2, simulates the epilimnion 

md hypolimnion with 3 state variables adding hypolimnic phytoplankton and hypolimnic 

Jhosphate phosphorus to AQUAMOD1. The three-layer model AQUAMOD3 includes sediment, 

:tdding the state variables organic matter in the sediment, dissolved phosphorus in the sediment, 

md absorbed phosphorus in the sediment to AQUAMOD2 resulting in 6 state variables. Due to 

:he higher number of state variables the feedback between them is increased. 

Even though the models are much more complex than AQUAMODl , the 

~ifferential equations are still not that numerous with 5 and 8 for the models respectively. No 

joftware is available but the equations can still be solved without to great an effort by using 

raphical programming tools as explained for AQUAMOD 1. 

AQUAMOD2 does not include more main processes of Lake Cospuden than 

QUAMOD 1. AQUAMOD3 includes sediment processes which might be used to include redox 

eactions in the sediment. 

COLQUAL 

The model COLQUAL (Colorado Water Quality Modeling) in its Version 1.0 (Chapra 

d Church, 1995) was developed as a shareware version at the University of Colorado at 

oulder. No model documentation was available but the model theoretical background 1s 

escribed in Chapra and Reckhow (1983) and Chapra (1997). Furthermore the program is self

xplanatory due to its interactive Windows environment making nearly immediate use possible. 

OLQUAL contains five basic surface water models: continuous stirred tank reactor, one 
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iimensional estuary, stream Streeter Phelps dissolved oxygen, stratified lake nutrient food chain, 

1nd toxicants. Only the food chain model is of interest here. 

The stratification is empirically model by input of characteristics that describe the lake 

mch as surface area, thermocline area, epilimnion volume, hypolimnion volume, thermocline 

:hickness, epilimnion thickness, hypolimnion thickness, inflow and outflow, start of summer 

;tratification, time to establish stratification, onset of the end of stratification, and the end of 

;tratification. The epilimnion temperature which is a required input acts as forcing function. The 

r1ypolimnion temperature is calculated by using the given summer and winter diffusion 

~oefficient. The light conditions are characterized by mean light, peak light fluctuation 

lmplitude, mean photoperiod, and peak photoperiod fluctuation amplitude. The nutrients that can 

)e limiting are phosphorous and nitrogen. One algae taxa, herbivorous and carnivorous 

~ooplankton, is modeled. 31 parameters are necessary for the model. The model can be run for up 

:o one year with freely defined time steps, e.g. 0.5 days. 

The output of the eight state variables chlorophyll-a, herbivorous and carnivorous 

~ooplankton, dissolved organic carbon, ammonium, nitrate, and SRP for the epilimnion and the 

1ypolimnion is given in tabular form or as graphics. In edition to the state variables output the 

1ypolimnion temperature, the light intensity, and the epilimnic and hypolimnic concentrations of 

)articulate organic carbon as a function of time results are given as tables and graphs. 

COLQUAL includes only phosphorus-limited photosynthesis of the main processes 

nentioned above. In order to check how much of the water quality can be simulated with these 

)rocesses and because the program can be considered a typical representative of eutrophication 

nodels with intermediate complexity it was used for some preliminary simulations of Lake 

:ospuden ( cf. Chapter 8). 

7.2.3 SALMO 

The Simulation by means of an Analytic Lake Model, SALMO (Benndorf, 1979a; 

tecknagel, 1989) is another two-layer model. Eight state variables (dissolved orthophosphate, 

iissolved inorganic carbon, two phytoplankton groups, zooplankton, fish, detritus, and dissolved 

Dxygen) are simulated. The maximal possible complexity regarding ecological control 
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nechanisms (feedback loops) was implemented in order to establish a representative model with 

1 limited number of state variables. 

Driving variables have to be prepared as annual time series of 10 day steps. The driving 

variables are incident solar radiation, water temperature and temperature stratification, external 

oad of nutrients, water inflow, water outflow, mean and maximum water depth, and volume of 

:he water body. Also the extinction coefficient is calculated daily from water-specific parameter 

values of the maximum transmission of light. 

In opposition to the limited number of state variables used, 117 parameters are necessary, 

vvhich were determined by field and laboratory experiments (Benndorf, 1979b ). They are kept the 

;arne for different waters without calibration. 

A previous version of the model with only three state variables was used for lakes and 

~eservoirs with very different trophic state and morphometry, from oligothrophic to 

1ypereutrophic and shallow to deep (Benndorf and Recknagel, 1982). The results were not worse 

:han those of other authors using models with much greater numbers of state variables. 

SALMO simulates phosphorus-limited photosynthesis, phosphorus sedimentation and 

iissolved oxygen of the main processes in Lake Cospuden. 

7.3 Intermediate Complex Models with Coupled Stratification 

Another category of models is coupled biological and physical models. The added 

)hysical part of those models consists of thermal stratification in the vertical direction due to 

neteorological factors such as wind and heat. This yields in moving thermocline and different 

:hickness of epilimnion and hypolimnion throughout the year which adds more realism to the 

nodel improving the above mentioned models. 

7.3.1 LIMNMOD 

The one-dimensional vertical model LIMNMOD Kargounis (1992), Kargounis (1993), 

md Kargounis et al. (1993) was developed for the northern branch of the Lunganer See, a deep 

.ake in the Alps at the border between Switzerland and Italy. Increased nutrient load until the 
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~arly 1980 deteriorated the water quality considerably and chemical stratification allowed 

umover only to a depth of 60 - 80m. 

The model is based on the nutrient model SEEMOD (Imboden and Gachter, 1978) and a 

;implified MIT -wind-mixing-model (Wiiest, 1987). Since coupling of both codes is very 

iifficult due to lack of knowledge of program details, Kargounis used the theoretical background 

)f both models and programmed a new code. 

The physical simulation encompasses temperature and conductivity (driving forces for 

~hemical stratification) and is coupled to a biochemical model with phosphorus as the limiting 

1utrient. The state variables of the biological model part are particulate organic carbon, dissolved 

)Xygen, and dissolved and particulate phosphorus. The biological model imposes feedback on 

:he physical model by light extinction of biomass on heat input into the lake and sedimentation 

)f particular material which transports carbonates and other conductivity influencing materials 

_nto the deep water of the lake on density structure and chemical stratification. 

An extensive calibration for the physical part and the coupled part as well as a validation 

)f the coupled model over a two year period are very helpful to understand the model and its 

~eactions in greater detail which is essential for an eventual use for other lakes by other 

;cientists. The feedback of the biological model on the physical models is also investigated. 

In conclusion of the calibration and validation of the model the following advantages 

Nere found: 

modeling of conductivity is improved by feedback of biological processes 

chemical stratification can be represented well with model which was conclude from 

profiles of conductivity, dissolved phosphorus, and oxygen 

the simplified MIT model (Wuest, 1987) including in and outflow yields good results 

over several years 

the biological model works also with totally changed physical basis which could not be 

assumed in the beginning 

calibration of the biological model part is not more difficult or tedious than the 

original biological model SEEMOD 

prognoses have a physical foundation 



the computational time is only about 50% bigger than for SEEMOD alone 

internal lake restoration methods can be modeled close to reality 

model extension is possible due to addition of preprocessor models and modular 

pro gram structure 

)n the other hand some unsolved problems remain: 

strong feedback of biomass light extinction on heat budget 

still very tedious calibration with many parameters 

modeling of particulate substance is unsatisfactory (several explanations are 

possible) 
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for long-term modeling the incorporation of physical processes did not yield better results 

the rigid division into stratified and turnover period and in epilimnion, metalimnion, and 

hypolimnion for decay rates and sedimentation velocity is unsatisfactory. 

Even though the model includes only phosphorus-limited photosynthesis, phosphorus 

'edimentation, and dissolved oxygen of the important processes in Lakes Cospuden it gives a 

very good example for the use of other model parts and their incorporation into a new model. An 

adaptation and extension of the model for the conditions found in Lake Cospuden might be one 

rossibility for the development of a model. 

7.4 Complex one-dimensional Models 

~.4.1 MINLAKE 

The Minnesota Lake Water Quality Management Model (MINLAKE) (Riley and 

Stefan, 1988) is also a dynamic, one-dimensional, unsteady lake water simulation model. The 

tratification is modeled by horizontal layers of time variable thickness. The advective and 

iffusive transport is included. Besides temperature, algae (up to three forms), several forms of 

hosphorus and nitrogen, detritus, zooplankton, inorganic suspended sediment, and dissolved 
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)Xygen are the water quality variables simulated. The time step is 1 day, excluding diurnal and 

1octurnal processes. 

The model is intended for shallow temperate lake management but use for deeper lakes 

night be feasible. The model is designed for use on different lakes with minimal alteration and 

for simulation of a wide range of treatment options. The intention was (1) to incorporate the 

iominant physical, chemical, and biological processes, (2) the simulation of those processes with 

1 similar order of detail to avoid a possible weak link, and (3) that the model can be run 

~conomically as a management tool. 

The hydrodynamic component includes a heat balance us1ng the integral energy 

1pproach, an wind mixing model and a density current model. 

The complexity was limited as much as considered possible to still represent the system. 

fhis was achieved by e.g. limiting the trophic levels to two algae groups and zooplankton and 

lumping some processes like mortality and growth together into bulk rate coefficients. The 

Jhytoplankton model can be run with three levels of complexity with either ( 1) a single algal 

5fOUp as a function of light and phosphorus in the epilimnion, (2) with a single algal group but 

iifferent growth term for each layer using Monod kinetics; again light and phosphorus are 

limiting, respiration, mortality and settling are modeled or (3) with up to three algal groups, 

.vhere growth limitations are light and internal nutrients in each layer, grazing by zooplankton 

md in addition two algal groups can be limited by nitrogen. 

Zooplankton is not modeled with settling and diffusion as transport mechanisms but 

~ather by a vertical migration pattern from deep depth during the day to shallower depth during 

:he night to avoid visual predation. 

Dissolved oxygen and biological oxygen demand are also included. Sources for dissolved 

)xygen are atmospheric exchange at the surface and production by photosynthesis. Two 

.mportant processes for Lake Cospuden, phosphorus limitation and dissolved oxygen, are 

;imulated. 

The model runs in an interactive operation mode enabling the user to follow intermediate 

~esults by graphical output. The model allows restarts after each output with parameters, which 

~ase calibration. 
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.4.2 CE-QUAL-Rl 

One of the most complex models IS the U.S. Army Corps of Engineers reservOir model 

E-QUAL-R1 (WES, 1986). It has 27 state variables in the water column and 11 in the sediment 

1d requires an extensive data base. Figure 7.1 gives an overview over the program organization. 
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gure 7.1 Program Organization of CE-QUAL-R1, including CE-THERM-R1 in large dashed box. (from 

ES, 1986). 
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CE-THERM-R1 is a thermal analysis program which can be run separately to simulate 

;vater budgets and temperature profiles. Utilities such as a preprocessor, two graphic utilities, 

;tatistics for comparing measured and predicted data, and a flux model are included in the 

)rogram package. The flux model might be of interest for improving the complicated and 

:edious calibration process. Wlosinski (1985) used the flux model with an earlier version of CE

~UAL-R1 to improve predicted dissolved oxygen values. He pointed out that good matches of 

;tate variable concentrations can be achieved with different flux values and that validation does 

ot always show big enough differences to identify wrong parameters. Reasonable flux values 

rom measurements or literature values may help to improve the parameters. 

The model is one dimensional with several layers of varying thickness. The possibility of 

erging and dividing of layers makes the modeling of water table changes possible, a feature 

hat might be of interest for Lake Cospuden. However the longitudinal and lateral averaging and 

he instantaneous dispersion through out the horizontal layer make predictions most reliable for 

he deepest portion of the reservoir. But all one-dimensional models, treated so far, have this 

rawback in common. The extensive, very detailed manual gives the following capabilities: 

hysical factors considered: 

short-wave and longwave solar radiation at the water surface 

net heat transfer across the air-water interface 

convective and radiate heat transfer within the water body 

convective mixing due to density instabilities 

placement of inflowing water at depths with comparable density 

withdrawal of outflowing waters from depths influenced by the outlet structure, 

discharge rate, and density stratification 

conservative substance routing 

suspended solids routing and settling 

hemical and biological factors considered: 

accumulation, dispersion, and depletion of growth dissolved oxygen through 

aeration, photosynthesis, respiration, and organic decomposition 

uptake-excretion kinetics and regeneration of nitrogen and phosphorus and 

nitrification-denitrification processes under aerobic conditions 



carbon cycling and dynamics and alkalinity-pH -C02 interactions 

dynamics and trophic relationships of phytoplankton and macrophytes 

transfer through higher trophic levels of the food chain 

accumulation, dispersion, and decomposition of detritus and sediment 

coliform bacteria mortality 

accumulation, dispersion, and reoxidation of manganese, iron, and sulfide when 

anaerobic conditions prevail. 
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This impressive list includes most of the processes possible and describable in a lake. The 

irawback of such a comprehensive approach is the resulting complexity which makes using the 

~rogram a lot of work. A multi disciplinary group is recommended by the program authors for 

Llsing this model. Very important processes like carbon limited photosynthesis, C02 exchange 

with the atmosphere and COT pH -alkalinity relationship as well as reducing conditions in the 

llypolimnion are not found in other models which makes it interesting for use for Lake 

Cospuden. The only process not included is the precipitation of minerals as a function of pH. On 

the other hand many features like withdrawal from different depths and pumpback from an 

1fterbay are not necessary and make the model unnecessarily complex for the intended 

:tpplication. 

7.5 Two and Three Dimensional Models 

Models with more than one dimension are usually used for estuaries of reservoirs where 

lateral and longitudinal difference in water quality are great due to fast flowing water in 

~omparison to lakes. However due to the irregular morphology of some mine lakes in Middle 

3-ermany models of more than one-dimension might be of interest especially in the early stages 

)flake filling. On the other hand during the early phase the chemical processes dominate the lake 

water quality and biological processes are of lesser importance. Nevertheless two 

nultidimensional models are presented here that might also be of interest for coupling with 

~hemical models to represent the processes in the early lake stages. 
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7.6 CE-QUAL-W2 

CE-QUAL-W2 (Cole and Buchak, 199S) is a two-dimensional laterally averaged, 

1ydrodynamic and water quality model which stresses more hydrodynamics and has less 

~omplexity in terms of water quality compared with CE-QUAL-Rl. But still, 21 state variables 

for water quality are used. They include tracer, inorganic suspended solids, coliform bacteria, 

total dissolved solids, labile DOM, refractory DOM, algae, detritus phosphorus, ammonium, 

t1itrate-nitrate, dissolved oxygen, sediment, total inorganic carbon, alkalinity, pH, carbon dioxide, 

bicarbonate, carbonate, iron, and CBOD. 

The program is well documented and applications to estuary and reservoirs are provided 

tn a reference list. Only redox processes and mineral precipitation out of the five important 

processes for Lake Cospuden are not simulated in CE- -W2. This makes the program interesting 

for lakes in which hydrodynamic transport processes are of great importance. 

7.7 WASP5 

The Water Quality Analysis Simulation Program, WASPS (Ambrose et al., 1993) is a 

:lynamic compartment modeling program for aquatic systems. The basic system of WASPS is 

~hown in Figure 7 .2. It consist of two computer programs, that can be run separately or in 

~onjunction, the hydrodynamic program DYHHYDS, which simulates the water movement and 

the water quality program WASPS, which simulates the movement and the interaction of 

Jollutants within the water. The hydrodynamic model is of interest for fast hydrodynamic 

~ystems like rivers and estuaries but not for lake because the water quality model is capable of 

~orne transport modeling also. 

The submodel EUTROS which addresses the problem of eutrophication will be 

lnvestigated in the following. The pollutant model TO XIS might be of interest for other problems 

~onnected with the open pit lakes in Middle Germany like contamination with pollutants from 

1nknown landfills or coliforms as a water quality parameter for recreational use. 
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THE BASIC WASP 4 SYSTEM 

INPUT DATA MODEL OUTPUT DATA 

/ 
I D~HW4 ___...[J 

TRACER 

TOXIC ORGANICS 

EUTROPHICATION 

Figure 7.2 Basic System of WASPS. 

Since WASPS may be used for ponds, streams, lakes, reservoirs, rivers, estuaries, and 

~oastal waters it is very general in nature. A water body can be represented by a one-, two- or 

:hree-dimensional model. Four types of horizontal layers can be defined: epilimnion, 

1ypolimnion, upper benthic, and lower benthic layer. 
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The submodel EUTR05 is capable of modeling nutrient enrichment, eutrophication and 

)0 depletion processes. Figure 7.3 shows the eight state variables used in the model and their 

~inetic interactions. In general three levels of complexity for simulating eutrophication can be 

1sed: (1) simple eutrophication kinetics (growth and death of phytoplankton interacting with one 

)f the nutrient cycles, N, P or light limitation), (2) intermediate eutrophication kinetics (plus 

iissolved oxygen), and (3) intermediate eutrophication kinetics with benthos (all state variables 

nodeled in benthos). Four interacting systems as can be seen from Figure 7.3 consider: (1) 

Jhytoplankton kinetics, (2) phosphorus cycle, (3) nitrogen cycle, and (4) dissolved oxygen 

Jalance. 

DO 

igure 7.3 State Variables and their Kinetic Interactions in WASPS. 

Phosphorus as a nutrient was considered in the form of dissolved inorganic phosphorus 

DIP). Phytoplankton phosphorus which depends on a C:N:P ratio is returned to dissolved and 

articulate organic phosphorus and to dissolved inorganic phosphorous through endogenous 
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·espiration and nonpredatory mortality. The conversion of organic phosphorous to dissolved 

norganic phosphorus follows a temperature-dependent minrealization rate. 

The nitrogen kinetics are analogous to the phosphorus kinetics. The uptake rate of 

nnmonia and nitrate depends on a function of their concentration relative to the other. 

~itrification and denitrification are temperature- and oxygen dependent. 

Sources of dissolved oxygen are reaeration and evolution by phytoplankton growth. As 

;inks are considered algal respiration oxidation of detrital carbon and carbonaceous material 

rom waste effluents and nonpoint discharges, and nitrification. 

Even though only phosphorus, phosphorus sedimentation, and dissolved oxygen are 

.ncluded from the five important processes in Lake Cospuden WASPS, might be of interest due 

:o its structure allowing extension of the system without changing other parts. A submodel 

L\.CID5 that includes all important chemical processes in acid mine lakes might be one possibility 

:o model the water quality. The program is very well documented. 

7.8 Summary 

All mentioned models are assembled in Table 7.1 with evaluation of some features. The 

able might be used as guidance for choosing a model that incorporates the desired processes. In 

evaluation of Table 7.1 it can be concluded that in order to account for all processes recognized 

s important for Lake Cospuden the simulation program CE-QUAL-R1 seems appropriate. On 

he other hand the use of this model is a very involved task in terms of data collection and 

imulation evaluation. An alternative would be the coupling of a one-dimensional programs that 

s capable or is made cable of carbon limited photosynthesis simulation with a chemical 

quilibration model such as MINTEQA2 to account for redox reactions and mineral 

recipitation. The result could be a model that is considerably smaller and easier to handle than 

E-QUAL-R1 but the development of such a code could be a very big task. The advantage of the 

se of CE-QUAL-Rl is that it is established program that has been used extensively. 
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rable 7.1 Eutrophication Models and their Main Features. (E- Epilimnion, H- Hypolimnion, zmix- Mixing 

)epth, ****very good,*** good,** fair,* poor,- no information) 

.1odel AQUAMOD AQUAMOD COLQUAL SALMO LIMNMOD MINLAK.E CE-QUAL- CE-QUAL- WASP5/EU 

I 2,3 Rl W2 TR05 

)imension 10 10 10 10 10 10 10 20 1,2,30 

)tratification E,zmix E,H E,H E,H E with n layers n layers n layers + n layers + 

MIT,H segments segments 

)tate Variables 3 5, 8 7 8 6 11 37 21 8 

'IJ'utrients p p P, N P,N p P,N P,N,C P, N, C P, N 

)edimentation no no no yes no no yes yes yes 

)f p 

)issolved no no no yes yes yes yes yes yes 

)xygen 

)hytoplankton 1 1 1 2 1 3 3 1 1 

:Jroups 

~ooplankton 1 1 1 1 1 1 1 no no 

:Jroups 

::ish no no no yes no no yes no no 

<\lkalinity/pH no no no no no no yes yes no 

{educing no no no no no no yes no no 

:::onditions 

\.1ineral no no no no no no no no no 

=>recipitation 

Pathogens no no no no no no yes no yes 

f-Ontamination no no no no no no yes yes yes 

luxes no no no no no no yes yes yes 

jraphics no no yes - yes yes yes - yes 

>re/Post N/A N/A N/A - yes N/A yes - -

>rocessor 

)ocumentation ** ** ** ** *** ** **** *** *** 

~ode **** **** - - * - * * * 
~xpandable 
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8. Dynamic Modeling of Eutrophication 
Since modeling of the eutrophication processes can be a very great task if 

complex models are used, two not-so-complex models which could be applied in the 

frame of this work were used to build a model for MP3 in 1995 for Lake Cospuden. The 

models COLQUAL (Chapra and Church, 1995) and AQUAMOD1 (Stra5kraba and 

Gnauck, 1985) were chosen rather for feasibility in terms of time and available data than 

for best representation of the system. This drawback is very typical for applications 

because of limited data and modeling effort. 

Even though both models are of the simplest of types presented in Chapter 7, the 

model building and calibration becomes tedious and time consuming, giving a slight hint 

of the effort necessary for very complex models. Due to the fact that sufficient data were 

available for 1995 only, the simulation was limited to calibration runs. Validation and 

verification need more data for other years in order to yield reasonable results. 

Nevertheless, some insight into the system could be gained by applying the models. 

Sensitivity analyses helped to determine parameters to which the systems responded 

sensitive or insensitive. 

While the model COLQUAL was available as software in a user-friendly 

WINDOWS environment, the model AQUAMOD1 was only available as differential 

equations. In order to save programming effort and make the model easily understandable 

and expandable for others, the Virtual Systems Simulator, VSS, (Oregon State 

University, 1996), a visual program that solves numerical and differential equations 

simultaneously , was used. 

8.1 Simulation with the Program COL QUAL 
The simulation procedure was conducted in two parts, (1) modeling of 

stratification and (2) food chain modeling. Both steps are independent in the model so 

that once a stratification was calibrated it was used for all food chain runs. 
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8.1.1 Stratification 

The physical stratification was established by providing lake characteristics as 

given in Table 8.1 and epilimnic temperatures throughout the year. Volumes and areas 

were taken from the volume depth and area depth function (cf. Chapter 3).The diffusion 

coefficients were estimated by calculation of heat transfer (Chapra and Reckhow, 1983). 

Table 8.1 Input Values for Lake Characteristics for COLQUAL-Simulation. 

Lake Characteristics Value Unit Lake Characteristics Value Unit 

Epilimnion Volume 9.0x10° m"' Hypolimnion Thickness 12 m 

Epilimnion Thickness 5 m Lake Surface Area 2.04x10° m4 

Thermocline Area 1.0x10° mL Flow (In=Out) 7.2x10° m"'lyr 

Thermocline Thickness 4 m Beginning Stratification 100 day of year 

Winter Diffusion Coefficient 1 cmL/s Time to full Stratification 40 days 

Summer Diffusion Coefficient 0.005 cmL/s Beginning Destratification 280 day of year 

Hypolimnion Volume 4x10° m-' Time to full Destratification 20 days 

The values in Table 8.1 yielded a stratification expressed by epilimnion and 

hypolimnion temperature in Figure 8.1. The solid line shows the measured epilimnion 

temperatures, the dashed line shows the modeled hypolimnion temperature, and the 

triangles represent means of measured values of hypolimnion temperature. 

~15 r---+---~--~---+---+-~~--~~-~ 
2. 
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E 

~ 10 r---+---~~~~~~-r---+---4-,-~--~ 

o ~--+---4---~---+---+--~--~--~ 

0 50 100 150 200 250 300 350 40 

Time (days) 

Figure 8.1 Measured Epilimnion (solid line), Hypolimnion (triangles), and Simulated Hypolimnion 
Temperature(dashed line). 



123 

8.1.2 Input for the Food Chain Modeling 

The second steps consisted of food chain modeling. A important driving variable 

for phytoplankton growth is light. The light conditions as used for the simulations are 

given in Table 8.2. 

Table 8.2 Light Conditions for COLQUAL Simulation. 

Light Conditions Value Unit 

Mean Light 460 langley/d 

Peak Light 171 day of year 

Light Fluctuation Amplitude 275 langley/d 

Mean Photoperiod 0.5 day 

Photo Fluctuation Amplitude 0.2 day 

Peak Photoperiod 175 day of year 

Parameters for phytoplankton and zooplankton growth from Chapra (1997) were 

used as basis (default) for the calibration of the model, which represent average values for 

Lake Ontario. Many of the parameters were found to be rather insensitive during 

calibration. If no significant influence of a change in a parameter was obtained, the 

default parameter was used. Table 8.3 shows all parameters obtained by calibration and 

used for further simulation (see next paragraphs). 

The extinction coefficient was derived from the Sechii depth using a relationship 

from Williams (1980): 

(8 .1) 

Where extinction coefficient in m-1 

Sechii depth in m 
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Table 8.3 Parameters for COLQUAL Simulation from Calibration. 

Parameter Value Unit Parameter Value Unit 

Phytoplankton Herbivorous Zooplankton 

Growth Rate ( @20C) 2 dail Grazing Rate (@20C) 5 dai
1 

Growth Rate Temp. 1.066 - Grazing Rate Temp. 1.08 -

Correction Correction 

Respiration Rate (@20C) 0.025 hr Grazing Efficiency 0.6 fraction 

Respiration Temp. 1.08 - Respiration Rate (@20C) 0.1 hr 

Correction 

Light Extinction Coefficient 0.8 m-1 Respi. Temp. Correction 1.08 -

Settling Rate 0.2 m/d Algal Half-Saturation Rate 10 mg Chl-a!m"' 

Optimal Light Rate 350 langley/d Carnivorous Zooplankton 

Phosphorus Half-Saturation 2 mg!m"' Grazing Rate ( @20C) 5 dail 

Rate 

Nitrogen Half-Saturation 15 mg!m"' Grazing Rate Temp. 1.08 -

Rate Correction 

Particulate Organic Carbon Grazing Efficiency 0.7 fraction 

Settling Rate 0.2 m/d Respiration Rate (@20C) 0.04 hr 

Dissolution Rate to DOC 0.1 dail Respi. Temp. Correction 1.08 -

Dissolution Temp. 1.08 - Death Rate 0.04 day-1 

Correction 

Dissolved Organic Carbon Death Rate Temp. 1.08 -

Correction 

Hydrolysis Rate to Inorg C 0.075 dail Carnivore-Herbivore Half 0.4 gC/m .) 

Sat. Rate 

Hydrolysis Temp Correction 1.08 - Nitrogen 

Nitrogen Nitrification Rate 0.05 dail 

(NH4 ->N03) 

Ammonia Preference Factor 0.5 fraction Nitrification Temp. 1.08 -

Correction 
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The initial and boundary conditions (loading) for the simulation are summarized 

in Table 8.4. Initial and boundary conditions for DOC, ammonium, nitrate, and SRP as 

well as initial conditions for phytoplankton are measured quantities (Chapter 5). The 

other values, for which no data were available were taken from Chapra (1997). 

Table 8.4 Initial and Boundary Conditions for Lake Cospuden. 

Constituent Loading Initial Conditions Initial Conditions Unit 

Epilimnion Hypolimnion 

Phytoplankton 1 1 1 mg Chl-a/mj 

Herbivorous 0 0.005 0.005 gC!m-' 

Zooplankton 

Carnivorous 0 0.005 0.005 g C/m 5 

Zooplankton 

Particulate Organic 1 0.12 0.12 g Clm
5 

Carbon 

Dissolved Organic 1 0.12 0.12 gC!m-' 

Carbon 

Ammonium 510 140 140 mgN/m5 

Nitrate 36 230 220 mgN!m-' 

Soluble Reactive 45 2 2 mgP!m-' 

Phosphorus 

8.1.3 Phytoplankton and Soluble Reactive Phosphorus 

The main focus of modeling was put on phytoplankton and soluble reactive 

phosphorus as two major indicators of eutrophication. 

The use of soluble reactive phosphorus is important because its concentrations 

seem to be somewhat independent from the total phosphorus. The SRP does not change 

between the measurements in mid January and mid February. On the contrary the total 

phosphorus concentration declines from 170 mg/m3 to 13 mg/m3
, more than one order of 

magnitude (see also Chapter 5). 
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The result of the simulation for chlorophyll-a as a measure for phytoplankton 

concentration can be seen in Figure 8.2. 
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Figure 8.2 Chlorophyll-a Concentration Simulated in Epilimnion (solid line), Measured in 
Epilimnion (squares), Simulated in Hypolimnion (dashed line), and Measured in Hypolimnion 
(triangles). 

40 

The variation of parameters did not yield a better fit with the measured values. 

The early onset of phytoplankton growth could be simulated with some time lag. This 

effect has been found by other authors (e.g. Recknagel, 1989). It was not possible to 

simulate the peaks of chlorophyll-a concentrations later in the year. This might be due to 

other mechanisms not included in the model such as carbon limitation of phytoplankton 

growth, variations of SRP inflow during the year, and chemical reactions. 

Since the growth of phytoplankton is P-limited (the change of the nitrogen half 

saturation coefficient in the range of one order of magnitude up or down yielded no 

change in phytoplankton and SRP concentration and calculations of N :P ratios in Chapter 

5) chlorophyll a concentrations simulated can be explained by simulated SRP 

concentrations. Figure 8.3 shows the simulated and measures SRP concentrations. 
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Figure 8.3 Soluble Reactive Phosphorus Simulated in Epilimnion (solid line), Measured in Epilimnion 
(squares), Simulated in Hypolimnion (dashed line), and measured in Hypolimnion (triangles). 

From Figure 8.3 it can be seen that in order to have fast growth of phytoplankton 

(chlorophyll-a) in the beginning of the year the simulated SRP concentration must be 

higher than the measured one. On the other hand, the simulated epilimnic SRP 

concentration in summer is lower than measured values, producing lower chlorophyll-a 

concentrations as the measured peaks. This effect can be explained by the fact that SRP is 

an operational category from the chemical analysis (reactivity with molybdate) and does 

not necessarily correspond with chemical species of phosphorus or to their role in biotic 

cycling of phosphorus (Wetzel, 1983). This finding is supported by independence of SRP 

from total P concentrations ( cf. Chapter 5) . In the beginning of the year when SRP is 

overpredicted TP is nearly two orders of magnitude higher than SRP. In summer, when 

SRP is underpredicted SRP and TP lie nearly in the same range or differ only by one 

order of magnitude. This suggest that the SRP /TP ratio is determined by other processes 

not included in the model. One potential cause for this change in ratio could be the 

content of suspended minerals such as clay which might be capable of binding SRP and 
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make it unavailable for the chemical analysis. This bond phosphorus might be in 

equilibrium with the SRP providing a source of SRP. That is, even though SRP 

concentrations are low, the pool of SRP is large, enabling the phytoplankton to grow 

faster than can be concluded from the SRP concentration. Sechii desk is mainly a 

function of suspended materials ( c.f. Chapter 5). The extinction coefficient, calculated 

from the Sechii disk (Equation 8.1 ), might be used as an indicator of suspended material 

concentration. High extinction coefficients in winter indicate high suspended material 

content and low values in summer indicate low content (Figure 8.4). More suspended 

material can bind more phosphorus, reducing SRP in the water which explains the lower 

concentration in winter and higher concentrations in summer in the epilimnion. The SRP 

in the hypolimnion is very much overpredicted in the summer supporting the hypothesis 

that SRP binding suspended material that sinks down during the summer provides a sink 

ofSRP. 

In conclusion photosynthesis might not be limited by SRP because its pool is 

great. This hypothesis can not be investigated with this simulation program. 

AQUAMOD1, which allows changes to its modeling structure, will be used later in this 

chapter to gain more insight into this topic. 

8.1.4 Light Limitation 

Another factor strongly influencing phytoplankton growth is the available light. 

The extinction coefficient of 0.8m-1 is the average value for the year 1995. Since the 

value changes considerably as can be seen from Figure 8.4 the disadvantage of the use of 

an average value for the whole year becomes obvious. 
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Figure 8.4 Annual Distribution of Extinction Coefficient for MP3 in 1995 calculated with Equation 
(8.1). 

The large extinction coefficient in the beginning of the year helps to explain the 

fast growth of phytoplankton. In addition the low extinction coefficients during the 

summer period can explain the lower productivity. 

In order to evaluate the influence of the extinction coefficient, simulations with 

the highest value (1.2 m- 1
) and the lowest (0.5 m-1

) were performed. The results as 

chlorophyll-a concentration and SRP concentration can be seen in Figures 8.5 and 8.6. 

Even though the use of the maximum values gives only the upper and lower limit 

of possible simulations, the results suggest that the extinction coefficient might be an 
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important driving variable. The highest extinction coefficient of 1.2 produces maximal 

chlorophyll-a concentrations that are very similar to the measured values. Also SRP in 

early summer is very well predicted. The lowest extinction coefficients of 0.5 yield a 

very early onset of phytoplankton growth but the peak does not reach measured values. 

The SRP in the beginning of the year is predicted better with the high coefficient. The 

SRP concentration in the hypolimnion is still very much overpredicted. 

8.1.5 Nitrogen 

The nitrate and ammonium concentrations were found to be rather independent 

from chlorophyll-a concentration and extinction coefficient because of the phosphorus 

limitation of the photosynthesis. The nitrification rate, which is a constant value in this 

program, actually seems to change during the year. A simulation with a nitrification rate 

of 0.1 day-1 could reproduce the nitrate concentration in the beginning of the year, where 

a value of0.01 day-1 could predict the nitrate concentration in the end of the year. Figures 

8.7 and 8.8 show the results from the simulations with different nitrification rates. 

The predictions for ammonium with a nitrification rate of 0.01 day-1 match the 

data somewhat better than the prediction with a nitrification rate of 0.1 day-1
• An 

experimental determination of the nitrification rates recommended. Because nitrification 

is mediate by bacteria (nitrosomonas) that grow optimal under pH values near neutral 

(Wetzel, 1983) different nitrification rates for different pH might be expected. An 

implementation of a pH depending nitrification rate into COLQUAL or another 

eutrophication model might be necessary to simulated the nitrate and ammonium 

concentrations reasonably. 
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Figure 8.5 Comparison of Chlorophyll-a from Simulations with different Extinction Coefficients 
Simulated in Epilimnion (solid line), Measured in Epilimnion (squares), Simulated in Hypolimnion 
(dashed line), and Measured in Hypolimnion (triangles). 
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8.1.6 Other State Variables 

For the other state variables simulated, no measured values were available so that 

simulation results could not be compared and no evaluation could be made. Nevertheless, 

to present the full output from the COLQUAL runs, the results for herbivorous and 

carnivorous zooplankton and particulate and dissolved carbon are shown in Figure 8.7. 

These results might be of use if more measured values become available. 
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8.2 Simulation with Model AQUAMOD1 
The model AQUAMOD1 (Stra8kraba and Gnauck, 1985) was programmed in the 

Virtual Systems Simulator, VSS (Oregon State University, 1996), a visual programming 

40 

40 
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tool which solves numerical and differential equations simultaneously. The equations of 

the model used are slightly modified, including an extension of equation (8.5) from 

AQUAMOD2 as follows: 

Phytoplankton, A in mg Chl-a!m3 

dA/dt = G- RESP*TEMP*A- FRZ*Z*A- UA*A*f(t) (8.2) 

G = (2*FOTOP* A *PMAX(T))/(EP*zmix)*(arctan(II(FOTOP*2*IK)) 

-arctan(! *exp((-EP*zmix)/(FOTOP*2*IK))*F/(F+KS)) (8.3) 

PMAX(T) = 0.0193*exp(0.09*TEMP) 

Filtrating zooplankton, Z in g C!m3 

dZ/dt = FRZ*Z*AZP*A*CA*KSA/(KSA+A)- MORT*Z+ZO 

Phosphate-Phosphorous, F mg P!m3 

dF/dt = QNE(FIN)+FRZ*A*Z*(1- AZP)*KSA/(KSA+A) 

+ RESP*TEMP* A - G 

Water-specific disturbance variables 

I = 1840 + 1673 * sin(t +240) (J/cm2*d) 

FOTOP = 12 - 4*cost(h) (h) 

TEMP = 12 + 1 O*sin(T + 240) (C) 

(8.4) 

(8.5) 

(8.6) 

(8.7) 

(8.8) 

(8.9) 



f(t) 

Where: 
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= 0.8 + 0.25*cost- 0.12*cos2t (8.10) 

G 
RESP 
TEMP 
FRZ 
UA 
f(t) 
FOTOP 
PMAX(T) 
EP 

Zmix 
IK 
I 
KS 

AZP 
CA 

MORT 
zo 
QNE 
KSA 

3 Phytoplankton Growth (mg Chl-a/m ) 
Phytoplankton Respiration (C-1

) 

Epilimnion Temperature (C) 
Zooplankton Filtration Rate (m3 /gC*d) 
Phytoplankton Sinking Parameter 
Sinking Function 
Photoperiod (hr) 
Max. Photosynthesis as Function of Temperature 
Extinction Coefficient (m-1

) 

Epilimnion Depth (m) 
Light Intensity Parameter (J/( cm2*d) 
Light Intensity (J/( cm2*d) 
Phosphate Phosphorous Half-Saturation Rate 
(mgP/L) 
Zooplankton Filtration Efficiency 
Zooplankton Mass per ingested Phytoplankton 
(gC/mg Chl-a) 
Mortality Rate of Zooplankton (d-1

) 
3 Zooplankton Inflow (gC/m ) 

Inflow/Epilimnion Volume Ratio ( d-1
) 

Phytoplankton Half-Saturation Rate (mgChl-a/m3
) 

The parameters used in the simulations are summarized in Table 8.5. 

Table 8.5 Parameter for AQUAMODl Simulation. 

Parameter Value Parameter Value Parameter Value 

EP 0.8 AZP 0.6 KS 2 

QNE 0.00253 IK 0.1 UA 0.005 

zo 0.0001 KSA 60 RESP 0.005 

FIN 45 MORT 0.075 CA 0.05 

ZMIX 5 FRZ 0.9 

The early onset of phytoplankton growth could be simulated using an IK around 

0.1. In AQUAMODl the photosynthesis is integrated over the depth zmix with EP and IK 
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as parameters (see (8.3)). If EP changes the area under the integral, and hence the 

absolute value of photosynthesis (smaller EPs yield higher photosynthetic rates), IK 

moves the maximum of the photosynthetic activity into greater depth. A change of IK 

changes the absolute value of photosynthesis only slightly. 

8.2.1 COLQUAL and AQUAMODl Simulation Comparison 

First the COLQUAL simulations described early in this chapter were performed 

with AQUAMOD1 to ensure consistency of simulation with both programs. The use of 

the parameters in Table 8.5 yielded similar results in terms of chlorophyll-a and SRP, as 

can be seen from Figure 8.10. 
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Figure 8.10 Results from AQUAMODl Simulation for Phytoplankton (a) and Soluble Reactive 
Phosphorus (b) with Parameters from Table 8.3. 

350 

A comparison of Figures 8.2 and 8.3 with Figure 8.10 shows that both models 

simulate very comparable concentrations of chlorophyll-a and SRP. Only the increase of 

SRP in the end of the year could not be simulated with AQU AMOD 1. 
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8.2.2 Light Limitation 

The change of the extinction coefficient, EP, to the lowest observed value of 0.5 

m-1 and highest observed value of 1.2 m-1 yielded the same trends in change of 

chlorophyll-a concentration as in COLQUAL. Using the opportunity to modify 

AQUAMOD1, a step function ofEP, approximating the observed values in 15 steps over 

the course of 1995 was implemented into the program. The results of the run with this 

modification can predict the chlorophyll-a concentration somewhat better, but the high 

scatter in the measured values can not be simulated. Figure 8.11 shows the chlorophyll-a 

concentration and the SRP concentration from this simulation. 
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Figure 8.11 Chlorophyll-a (a) and SRP (b) Concentration for AQUAMOD1 Run with EP-Step 
Function (Line- Simulated, Points Measured Values). 

The elevated phosphorus concentration during the summer could not be simulated 

with the change of all parameters. Even though the light limitation influences the 

chlorophyll-a and SRP concentrations it can not be considered the determining factor. 

This conclusion could not be drawn from the COLQUAL runs because of the constant 

extinction coefficient. 
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8.2.3 SRP/TP Ratio 

The hypothesis that SRP is bound to suspended material which provides a large 

pool of SRP even though the actual concentrations are low stated earlier in this chapter 

was incorporated into AQUAMOD1 by not allowing the SRP concentration to drop 

under the value of 1 mg/m3
. This minimum value was considered the equilibrium value of 

SRP to bound phosphorus. Figure 8.12 show the results from this simulation. 

The chlorophyll-a concentration can be simulated much better than without the 

lower limit of SRP. The magnitude of blooms and the frequency can be simulated 

reasonably, suggesting that the hypothesis of a phosphorus pool in the suspended matter 

is applicable, but the SRP concentration could not be simulated in a satisfactory way 

because the SRP concentration limitation restricts SRP only at the lower limit and does 

not account for the possible change of the SRP /TP equilibrium value due to lower 

concentrations of suspended matter. 
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Figure 8.12 Chlorophyll-a (a) and SRP (b) Concentrations for Run with lower Limit of SRP of 1 
mg/m3

• (Line- Simulated, Points Measured Values). 
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8.2.4 Carbon Limitation 

The hypothesis of carbon limitation was considered and the model was changed to 

include the capability to simulate inorganic carbon as a limiting nutrient. For this purpose 

the Michaelis-Menten equation as presented in Chapter 5 was used. The term FI(F+KS) 

in equation (8.3) was replaced by the minimum of FI(F+KS) and TICI(TIC+KSC). 

Equation (8.3) was changed to: 

G = (2*FOTOP* A *PMAX(T))I(EP*zrnix)*(arctan(II(FOTOP*2*IK)) 

-arctan(! *exp((-EP*zmix)I(FOTOP*2*IK)) 

Where: 

*Min( (F I (F + KS) ),(TI Cl (TIC+ KSC)))) (8.12) 

G 
FOTOP 
A 
PMAX(T) 
EP 

Zmix 
IK 
I 
F 
KS 

TIC 
KSC 

3 Phytoplankton Growth (mg Chl-a/m) 
Photoperiod (hr) 
Phytoplankton Concentration (mg Chl-a/m3

) 

Max. Photosynthesis as Function of Temperature 
Extinction Coefficient (m-1

) 

Epilimnion Depth (m) 
Light Intensity Parameter (II( cm2*d) 
Light Intensity (II( cm2*d) 
Phosphate-Phosphorus Concentration (mgPil) 
Phosphate-Phosphorous Half-Saturation Rate 
(mgPil) 
Total Inorganic Carbon Concentration (mg Cll) 
Carbon Half-Saturation Rate (mg Cll) 

The TIC concentration was calculated with the program MINTEQA2 for 

conditions of atmospheric pressure of carbon dioxide. The results were converted into 

TIC as a function of pH and temperature which approximates the TIC concentration in 

the water of Lake Cospuden. The relationship was formulated as: 

TIC= 1.80- 0.01688*TEMP + l0-10
·
3

+pH * 1.2*107 . I 3 1nmgm (8.13) 
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Values for the half-saturation rates for carbon (KSC) in the literature vary widely 

from 30 to 1,000 mg/m3 (WES, 1986). J0rgensen and Gromiec (1989) give 100 mg/m
3 

for flagellates, the group which provides the majority of phytoplankton in Lake 

Cospuden. 
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Figure 8.13 AQUAMODl Simulation with Carbon as Limiting Nutrient for Phytoplankton (a) and 
Soluble Reactive Phosphorus (b). (Bold Line in Upper Part Indicates Periods with Carbon 
Limitation). 

Calibration runs with different KSC values yielded best result with a value of 30 

mg/m3
. The simulation results of the carbon limited simulation when SRP was allowed to 

drop under 1 mg/m3 are shown in Figure 8.13. The line in the upper part of the graphs 

shows carbon limited periods. Periods without the line are phosphorus limited. The 

simulation results during the carbon limited periods for chlorophyll-a and SRP are similar 

to the measured values. The increase of the SRP concentration in the end of the year 

could be simulated with the carbon limitation of photosynthesis. Also the decline of 

chlorophyll-a in the end of the year could be reasonably calculated in comparison with 

the measured values. 

3.".0 
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The carbon limitation and the lower limit of SRP concentration was combined in 

one model. This modification yields carbon limited conditions during most of the year, 

and simulates the chlorophyll-a concentrations and phosphorus concentration reasonably 

during the course of the whole year. The results are shown in Figure 8.14. 
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Figure 8.14 Chlorophyll-a (a) and SRP (b) Concentration for Carbon Limitation and Lower Limit of 
the SRP Concentration (Bold Line in Upper Part Indicates Periods with Carbon Limitation). 

The chlorophyll-a concentration calculated with AQUAMOD1 and the measured 

values correspond closely, only the last bloom could not be simulated. The SRP 

concentration trends could also be calculated in good comparison to the measured values. 

The concentrations in the beginning of the year are overpredicted which might be due to 

the previously mentioned bonding of phosphorus to suspended material but which is very 

rapidly available as SRP for phytoplankton growth. The elevated SRP concentration in 

the summer and fall could be simulated even though the values are somewhat smaller 

than the measured values. 
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8.3 Model Verification 
In order to verify the models much more data is necessary. Only three samples for 

1996 were available. Chlorophyll-a data could be predicted with both models within the 

same limits as the calibration data presented in the preceding paragraphs. However, the 

dynamic behavior of the lake can not be verified with this limited number of samples. 

8.4 Conclusion 
The use of existing models might lead to apparently reasonable results, but the 

mechanisms determining the behavior of the system might not be the ones incorporated 

into the system. The COLQUAL simulation predicts the chlorophyll-a and SRP 

reasonably and suggests that light limitation is the determining factor for photosynthesis. 

Very comparable results could be yielded with the AQUAMOD1 simulations. But 

modifications of the program provided new insight: (1) The light limitation was found 

not to be the most significant parameter for observed chlorophyll-a concentrations. (2) 

The hypothesis of bonding of SRP to suspended material could be justified, calling for an 

experimental work on SRP bonding. (3) The limitation of photosynthesis by inorganic 

carbon in low pH lakes (Chapter 2) could be confirmed. 



145 

9. Conclusions and Recommendations 

9. 1 Conclusions 
Lake Cospuden will be used for recreation and therefore requires a water quality 

characterized by near neutral pH values, an oligotrophic to mesotrophic state, and no 

contamination. In order to evaluate the likelihood that these objectives will be attained, 

water quality modeling is necessary. Modeling can make predictions regarding the future 

water quality and the influence of different measures, especially the filling with surface 

water. Furthermore, Lake Cospuden might be used as an example in terms of water 

quality modeling for other lakes forming later in the region. 

A literature review of lakes fed by acid mine drainage yielded the following: (1) 

chemical recovery of a lake is characterized by increase of pH due to sulfate reduction 

and other reducing processes that use organic matter as electron acceptors, (2) reducing 

processes take place in an anoxic hypolimnion but also in the anoxic sediment, (3) the 

high metal concentrations found in acid mine lakes decrease with increasing pH due to 

precipitation processes, and ( 4) the chemical recovery, characterized by a certain pH 

value (e.g. 4.5) at which alkalinity production by the reducing processes increases greatly, 

leading to steep gradient of pH increase, can be independent from biological recovery, 

which is characterized by an increase in species and in primary and secondary 

productivity. 

The physical limnology of Lake Cospuden is time dependent during the filling 

phase. While in the beginning the lake consisted of several somewhat separate water 

bodies, in the final stage the lake will be one water body, allowing a one dimensional 

approach in terms of water quality. The epilimnion comprised the largest part of the lake 

volume in 1995 (twice the hypolimnion volume), but will be only 50% of the 

hypolimnion volume in the final filling stage. The ratio of mean depth and surface area 

nutrients will also increase with time, leading to less relative primary production because 

of less light availability per volume unit of the lake. The residence time will be high (63 

years), making inlake processes very important. Lake Cospuden is dimictic with a 
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temperature distribution that seems to become more stable with increasing water depth in 

time. Physically Lake Cospuden can be treated as a natural lake, even though it is deep in 

relation to its surface area. 

The chemical recovery process in Lake Cospuden follows a somewhat different 

pattern than the recovery process described in the literature due to the mixture of acid 

mine drainage with surface water and neutral groundwater pumped from another mine. 

The spatial variation of chemical conditions can be characterized by using data from the 

point with highest measured pH values (MP3) and the point with the lowest measured pH 

values (MP7). Where MP7 might be considered the early stage the of the lake with high 

iron and manganese concentrations and a pH under 4, MP3 might be considered in the 

stage of recovery with rising pH in the hypolimnion due to reducing processes in the 

sediment. Iron precipitation at MP3 has already lowered the iron concentration several 

orders of magnitude. 

A mass balance for the inflowing water and the lake water at both measured 

points yielded that the 11% per cent of water not accounted for in the mass balance 

together with chemical changes occurring in the aerated aquifers close to the lake are very 

important. Data for bank erosion were not available but the mass balance indicated that 

this surface water run off has a dramatic influence on the lake pH and hence its water 

quality. Simulations with MINTEQA2 help to identify potentially precipitating minerals. 

Where iron precipitation was found to be already in an advanced state, the precipitation of 

aluminum and manganese was found to be in the beginning stages, increasing with rising 

pH. 

The biology of Lake Cospuden is characterized by relatively low chlorophyll-a 

concentrations compared with the high phosphorus concentrations. The Sechii disk 

seemed to have a strong influence on chlorophyll-a, but no conclusive statement could be 

made. SRP, the soluble reactive phosphorus, was found to be very low compared with 

total phosphorus in the beginning of the year, but both had very similar concentrations in 

the end of the year. One possible explanation is the bonding of SRP to suspended 

materials, such as clays. The nutrient ratios of the lake water suggest that carbon is the 

limiting nutrient. 
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The application of different trophic state variables demonstrated the uniqueness of 

Lake Cospuden. Trophic state indices on the basis of chlorophyll-a put the lake in the 

oligotrophic to mesotrophic range, where trophic state indices on the basis of total 

phosphorus and Sechii disk indicate eutrophic conditions. The use of the oxygen 

depletion rate in hypolimnion yielded oligotrophic conditions, supporting the finding that 

total phosphorus and Sechii disk are not useful for trophic state evaluations. 

A review of eutrophication models found that most models in the literature were 

developed for one specialized application came without extensive documentation or a 

manual. General models were divided into different ecological complexity categories and 

evaluated against the important processes in Lake Cospuden, identified by the data 

analysis in the preceding chapters. Only one complex model, CE-QUAL-R1, was found 

to incorporate four of the five important processes. The other programs considered one to 

three important processes in Lake Cospuden. 

The application of two eutrophication models, COLQUAL and AQUAMOD1 , 

helped to gain more insight into the processes governing phytoplankton growth in Lake 

Cospuden. Where the simulations with COLQUAL suggested a phosphorus and light 

limited system, the use of AQUAMOD 1 and its extension yielded different results. light 

limitation was identified as not so important, but the SRP bonding to suspended matter 

and the carbon limitation of photosynthesis were found to be determining factors for the 

system. 

9.2 Recommendations 

The high temporal variability of chlorophyll-a concentrations calls for an even 

denser sampling pattern. If economically feasible, weekly samples should be taken during 

the summer. Furthermore, the suspended material should be analyzed for phosphorus to 

check the hypothesis of bonded phosphorus. 

Sediment samples should be taken on a regular basis to evaluate the role of the 

sediment in lake recovery. Eh sediment values can be used as indictors for redox reactions 
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in the sediment. Strategraphic sampling might help to identify periods with increased 

precipitation of clay materials that might contain high phosphorus concentrations. 

Measurement and modeling of bank erosion seems important for the chemical 

lake recovery because of high acidity in the eroded material and possible influence on 

phosphate concentration in the lake. The correlation of storm events and suspended 

materials in the lake water can be a first approach to this problem. 

The sedimentation process of suspended materials in the lake needs to be 

described in detail. Modeling of the sedimentation process can help to predict water 

quality because phosphorus content might be very much influenced by it. An equilibrium 

model of SRP and TP as a function of suspended material should be developed. 

A eutrophication model applied at Lake Cospuden should contain the capability of 

carbon limited. The comparison of simulations with CE-QUAL-Rl and a simpler one

dimensional model such as SALMO or LIMNMOD modified to include carbon limited 

photosynthesis and coupled with a chemical equilibrium model to account for reduction 

reactions in the hypolimnion and the sediment and mineral precipitation, should be 

performed. Even though this is a very involved task, the possibility to apply the model 

which performs best to many other lakes in Middle Germany justifies the effort. 

The half-saturation rate for carbon was found to be very influential on simulation 

results. Since the literature values vary widely, an experimental determination of the half

saturation constant is recommended. 

In general the application of a one-dimensional model is recommended. If other 

lakes require a horizontal spatial resolution the model might be expanded to a two

dimensional system. The module-like structure of WASPS which allows one-, two-, and 

three-dimensional modeling can be used as an example for such an expansion. 

The conclusions and recommendations presented here are based on a preliminary 

study. Therefore, not all findings might tum out to be not important or even not right. 

Nevertheless, hypotheses and conclusions put forward here might help to initiate further 

research. 
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Appendix A Glossary of Terms 

chemocline 
steep salinity gradient between mixolimnion and monimolimnion (Wetzel, 1983) 

dimictic 
refers to the type of stratification of lakes, lakes are called dimictic if" ... they circulate 
freely twice a year in the spring and fall and are directly stratified in summer and 
inversely stratified in winter." (Wetzel, 1993) 

eutrophic 
a eutrophic lake is high in nutrients with high primary production 

epilimnion 
upper layer of a dimictic lake during summer stratification, uniformly warm, freely 
circulating, turbulence due to wind (Wetzel, 1993) 

homothermos 
the same temperature can be observe throughout the water column of homothermos lakes 
due to mixing processes induced by wind that are strong enough to mix the entire lake, 
homothermos lakes are typically shallow, i.e. they only have an epilimnion and no 
hypolimnion 

hyperthrophic (polytrophic) 
hypertrophic lakes are very high in nutrients and have a very intensive primary 
production, e.g. lakes receiving waste water 

hypolimnion 
lower layer of dimictic lakes during summer stratification, uniformly cold, little 
circulation and no turbulence (Wetzel, 1993) 

metalimnion 
layer between epilimnion and hypolimnion 

meromictic 
meromictic lakes do not undergo circulation of the entire water column, but the lower 
portion does not mix (monimolimnion), i.e. saline water at the bottom of the lake cause 
density changes that are larger than the density changes associated with temperature and 
thus prevent mixing (Wetzel, 1983) 



mesotrophic 
lake in the trophic state between oligotrophic and hypertrophic, i.e. moderate nutrients 
and primary production 

mixolimnion 
layer above monimolimnion in meromictic lakes, circulates periodically 

monimolimnion 
lower layer in a meromictic lake, does not mix 

oligotrophic 
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oligotrophic lakes are low in nutrients and low in plant production (primary production) 

thermocline 
" ... plane of maximum rate of decrease in temperature with respect to depth", sometimes 
used synonymous with metalimnion, the layer between epilimnion and hypolimnion 
(Wetzel, 1983) 

ultraoligotrophic 
a lake with very low nutrient levels and very low primary production is ultraoligotrophic 



Appendix B Depth Profiles of MP3 in 1995 
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Figure B.1 Depth Proftle at MP3 January 12, 1995. 
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Figure B.2 Depth Proftle at MP3 February 3, 1995. 
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Figure B.3 Depth Profile at MP3 April March 14, 1995. 
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Figure B.5 Depth Profile at MP3 May 5, 1995. 
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Figure B.6 Depth Profile at MP3 June 1, 1995. 

~.00 25.00 

"-' 
Vl 
+::-. 



p-i 

.--------, I 

400 500 600 700 
Ds.cd'Jffl ~in rrg'l 

0.00 4.00 8.00 1200 16.00 

0.00 ~ I I , I I I • I I ... I I 

4.00 

8.00 
E 
.~ 
.c: a. 
~ 

1200 

~ 

16.00 ~ ... ma -+- TEJTlBCtLre 

-EI- P""i 
-e-- Ds.cd'Jffl ~ 

a>.OO -+--.....-------,----r---r--.-------r---.---.-----.-----. 

0.00 5.00 10.00 15.00 a>.OO 25.00 
T EJT{:'ffitLre in CC 

Figure B.7 Depth Profile at MP3 June 21, 1995. 
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Figure B.8 Depth Profile at MP3 July 5, 1995. 
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Figure B.9 Depth Proftle t MP3 July 19, 1995. 
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Figure B.10 Depth Profile at MP3 August 8, 1995. 
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Figure B.11 Depth Profile at MP3 August 21, 1995. 

E 
,£;; 
..c 
'5. 
~ 

0.00 

I I I 
~00 ~00 ROO 

Dssdvoo Oxyge1 in rrg/1 
4.00 8.00 12.00 

7.00 

16.00 

0.00 L 1,11 I I I I + I I I 

4.00 

8.00 

12.00 

16.001 { ~ 
Legerd 

-+- Terrperature 

-8- pH 

20.00~--~--~--~~--~--~--~--~--~~ 

0.00 5.00 10.00 15.00 20.00 
T errperatLre in OC 

Figure B.12 Depth Profile at MP3 September 9, 1995. 
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Figure B.13 Depth Profile at MP3 September 20, 1995. 
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Figure B.14 Depth Profile at MP3 October 5, 1995. 
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Figure B.15 depth Profile at MP3 October 15, 1995. 

E 
-~ 

~ 

pH 

I I I I I I I I 
400 ~oo aoo 

Dssolvai Oxygen in rrg'l 
0.00 4.00 8.00 12.00 

7.00 

16.00 

0.00 • I . 11 I I + I •1 I I I 

4.00 

8.00 

12.00 

16.00 Legend 

Temperature 

pH 

Dissolved Oxygen 

20.00 I • I I I I + I -===1 II I I I I 

0.00 5.00 10.00 15.00 20.00 25.00 
T~LreinOC 
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Appendix C Description of the Hydrogeologic Large-Area 
Models Nord and Siid 

Both models base on the model PCGEOFIM, a three-dimensional finite element 

model for saturated flow. Groundwater recharge and evapotranspiration is calculated 

from a routine depending on soil type, land use, potential evapotranspiration, and 

precipitation. The thickness of each volume element can be adjusted according to the 

thickness of the hydrogeologic unit. Migration processes can be simulated. 

A special feature of this model is the possibility of incorporation of pit holes. The 

pits are digitized and the pit bottom surface is than triangulated. The pit is coupled 

horizontally as well as vertically to the finite elements of the rest of simulation domain. 

The filling of the pit with groundwater and the influence of this filling on the 

groundwater table are simulated. The surface are of the lake is calculated as a function of 

the water table in the pit from which the volume of the lake and the evaporation from the 

lake surface are calculated. For every pit a water budget is calculated and volume and 

surface are of the forming lake as function of water level are available as output. 

The Hydrogeologic Large-Area Models Nord and Siid use a 500 by 500- m grid 

with several areas of higher interest with grids of 250 by 250 m, 125 by 125 m, and 62.5 

by 62.5 m. Model Siid (south) comprises an area of about 2,300 km2 and the model Nord 

(north) of about 1,800 km2
• Six aquifers are used in the models and all open pits were 

digitized and incorporated into the models. 
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Appendix D Budget Regions of Lake Cospuden 
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Figure D.l Budget Regions of Aquifer 1.1. 
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A Observation Well 

-+522000 -+523000 ~52-+000 -+525000 

Figure D.2 Budget Regions of Aquifer 2.5. 
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A. Observation Well 

45:?.3000 ~5:?.~000 45.!..5000 

Figure D.3 Budget Regions of Aquifer 2.7. 
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A Observation Well 

522000 4523000 -+52~000 ~525000 

Figure D.4 Budget Regions of Aquifer 3.0. 



167 

4 Observation Well 

452:!000 452.3000 4524000 4525000 

Figure D.S Budget Regions of Aquifer k. 



Appendix E Concentrations of Ca, Cl, K, Mg, Na, Si, and 504
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Figure E.l Calcium Concentration at MP3 and MP7 in 1995. 
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Figure E.2 Chloride Concentration at MP3 and MP7 in 1995. 
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Figure E.3 Potassium Concentration at MP3 and MP7 in 1995. 
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Figure E.4 Manganese Concentration at MP3 and MP7 in 1995. 
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Figure E.S Magnesium Concentration at MP3 and MP7 in 1995. 
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Figure E.6 Sodium Concentration at MP3 and MP7 in 1995. 
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Figure E.7 Silicium Concentration at MP3 and MP7 in 1995. 
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Figure E.8 Sulfate Concentration at MP3 and MP7 in 1995. 
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Appendix F Saturation Indices from MINTEQA2 
Simulations 
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Saturation Indices from Simulation 1- Epilimnion 
EPILIMNION 

ID NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 6/21/95 7/19/95 8/21/95 
DATE 

8015005 AKERMINITE -38.528 -38.937 -37.088 -37.233 -39.866 -37.188 -38.717 -34.436 

3003000 Al203 -4.528 -5.637 -4.157 -4.707 -8.414 -7.400 -9.243 -4.936 

6003001 AL4(0H)1 OS04 2.376 0.418 2.901 1.975 -4.242 -2.606 -5.632 1.522 

2003000 ALOH3(A) -2.804 -3.219 -2.417 -2.555 -3.979 -2.956 -3.659 -1.485 

6003000 ALOHS04 0.629 0.335 0.597 0.497 -0.161 -0.045 -0.307 0.386 

6041000 ALUM K -7.906 -8.243 -8.333 -8.341 -8.473 -8.312 -8.534 -8.527 

6041001 ALUNITE 6.523 5.094 6.492 5.949 2.164 3.402 1.363 5.680 
8450003 ANAL BITE -3.972 -4.440 -3.292 -3.391 -5.740 -4.610 -5.818 -3.039 
8450001 ANALCIME -3.849 -4.350 -3.206 -3.348 -5.584 -4.400 -5.571 -2.771 
6015000 ANHYDRITE -0.446 -0.495 -0.416 -0.433 -0.382 -0.308 -0.319 -0.355 
8641001 ANNITE -23.610 -16.797 -15.113 -15.565 -20.868 -17.184 -19.255 -15.439 
8415001 ANORTHITE -11.331 -12.311 -10.100 -10.390 -14.313 -11.557 -13.559 -7.815 
5015000 ARAGONITE -8.520 -8.834 -8.279 -8.475 -9.627 -9.164 -9.833 -8.407 
5046000 ARTINITE -21.648 -21.977 -20.797 -21.095 -23.240 -21.815 -23.012 -20.153 
2047001 BIRNESSITE 13.702 11.762 12.736 10.979 9.434 8.599 8.324 11.709 
3047100 BIXBYITE 17.965 14.510 16.644 13.546 11.761 11.659 11.772 18.604 
2003001 BOEHMITE -1.068 -1.477 -0.673 -0.806 -2.212 -1.168 -1.863 0.312 
2046000 BRUCITE -11.691 -11.798 -11.182 -11.274 -12.169 -11.243 -11.751 -10.313 
8615000 CA-NONTRONIT 22.788 18.995 18.498 19.777 16.565 18.971 16.613 22.798 
8015001 CA-OLIVINE -30.546 -30.875 -29.642 -29.732 -31.338 -29.508 -30.483 -27.617 
8015007 CA3SI05 -62.939 -63.330 -61.432 -61.472 -63.462 -60.254 -61.512 -57.185 
5015001 CALCITE -8.281 -8.606 -8.055 -8.261 -9.442 -9.008 -9.687 -8.263 
2077000 CHALCEDONY 0.295 0.319 0.318 0.352 0.212 0.124 0.073 0.050 
8646000 CHRYSOTILE -22.377 -22.732 -20.921 -21.210 -24.426 -22.124 -23.878 -19.622 
8246000 CLINOENSTITE -9.391 -9.481 -8.868 -8.932 -9.987 -9.171 -9.740 -8.326 
2077001 CRISTOBALITE 0.413 0.432 0.430 0.459 0.305 0.200 0.141 0.118 
2003002 DIASPORE 0.851 0.423 1.220 1.069 -0.393 0.584 -0.139 2.033 
8215000 DIOPSIDE -15.222 -15.530 -14.331 -14.487 -16.618 -15.175 -16.361 -13.534 
5015002 DOLOMITE -17.151 -17.672 -16.545 -16.933 -19.293 -18.289 -19.631 -16.783 
6046000 EPSOMITE -2.839 -2.833 -2.762 -2.824 -2.978 -2.990 -3.070 -3.113 
6028100 FE2(S04)3 -32.077 -34.719 -36.891 -34.872 -32.501 -30.372 -29.804 -28.830 
2028101 FE3(0H)8 -8.276 -9.621 -10.283 -9.302 -12.702 -10.080 -12.325 -6.717 
4128100 FEOH)2. 7CL.3 6.068 4.246 3.740 4.369 3.470 4.496 3.656 6.091 
2028100 FERRIHYDRITE 0.403 -1.462 -1.896 -1.300 -2.377 -1.291 -2.234 0.422 
8046000 FORSTERITE -21.411 -21.594 -20.360 -20.503 -22.410 -20.618 -21.673 -18.819 
8015006 GEHLENITE -35.013 -36.134 -33.281 -33.610 -37.948 -33.932 -36.253 -29.034 
2003003 GIBBSITE (C) -0.935 -1.372 -0.580 -0.739 -2.231 -1.289 -2.026 0.145 
2028102 GOETHITE 3.911 2.121 1.720 2.389 1.542 2.905 2.079 4.745 
8628000 GREENALITE -23.753 -16.506 -15.866 -16.385 -20.255 -18.908 -20.012 -19.159 
6015001 GYPSUM 0.011 -0.059 0.010 -0.027 -0.040 -0.043 -0.087 -0.125 
8441003 H SANIDINE -2.319 -2.924 -1.977 -2.056 -4.440 -3.085 -4.496 -1.610 
4150000 HALITE -7.022 -7.045 -6.953 -6.948 -6.980 -6.957 -7.025 -7.092 
8603000 HALLOYSITE 0.017 -0.794 0.798 0.563 -2.647 -0.874 -2.424 1.874 
3047000 HAUSMANNITE -11.082 -8.023 -6.497 -9.716 -10.410 -9.015 -10.998 -10.830 
3028100 HEMATITE 12.715 9.145 8.347 9.695 8.031 10.793 9.155 14.489 
3028001 HERCYNITE -12.130 -10.451 -8.585 -8.950 -12.658 -9.700 -11.268 -6.606 
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Saturation Indices from Simulation 1 - Epilimnion (continued) 

EPILIMNION 
ID NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 6/21/95 7/19/95 8/21/95 

DATE 
5015003 HUNTITE -39.191 -40.097 -37.813 -38.553 -43.230 -41.005 -43.631 -37.932 

7015003 HYDRAPATITE -10.819 -15.260 -11.972 -13.301 -16.586 -12.715 -18.571 -13.483 

5046001 HYDRMAGNESIT -55.627 -56.548 -53.639 -54.479 -60.142 -56.939 -60.083 -52.950 

6028101 JAROSITE H 0.965 -3.823 -5.959 -3.539 -3.504 0.026 -1.040 4.047 

6041002 JAROSITE K 6.035 0.858 -1.189 1.062 0.163 3.813 1.992 7.840 

6050000 JAROSITE NA 3.277 -1.767 -3.614 -1.388 -2.266 1.144 -0.482 5.259 

8641002 K-NONTRONITE 16.604 12.778 12.238 13.535 10.339 12.870 10.442 16.650 

8441000 KALSILITE -7.971 -8.595 -7.635 -7.755 -9.771 -8.137 -9.401 -6.465 

8603001 KAOLINITE 3.556 2.723 4.304 4.047 0.766 2.454 0.868 5.163 
8015002 LARNITE -32.193 -32.509 -31.271 -31.347 -32.913 -31.035 -31.989 -29.121 
8415002 LAUMONTITE -6.148 -7.137 -4.953 -5.229 -9.608 -7.237 -9.430 -3.740 
8415000 LEONHARDITE 1.081 -0.977 3.357 2.725 -6.278 -1.834 -6.346 5.022 
3028102 LEPIDOCROCIT 3.923 2.058 1.624 2.220 1.143 2.230 1.286 3.942 
8441001 LEUCITE -4.648 -5.261 -4.306 -4.402 -6.595 -5.091 -6.424 -3.513 
2015000 LIME -28.645 -28.735 -28.081 -28.058 -28.528 -27.252 -27.579 -26.122 
8450002 LOW ALBITE -2.899 -3.381 -2.239 -2.351 -4.741 -3.661 -4.890 -2.113 
3046001 MAG-FERRITE -3.564 -7.189 -7.349 -6.042 -8.444 -4.565 -6.631 0.148 
8450000 MAGADIITE -8.210 -8.038 -7.635 -7.330 -8.412 -8.169 -8.674 -8.141 
3028101 MAGHEMITE 4.202 0.473 -0.396 0.797 -1.358 0.816 -1.071 4.240 
5046002 MAGNESITE -9.319 -9.524 -8.952 -9.141 -10.340 -9.779 -10.441 -9.018 
3028000 MAGNETITE 5.133 4.048 3.501 4.738 2.139 5.724 3.886 9.532 
2047100 MANGANITE 9.380 7.613 8.662 7.075 6.062 5.865 5.860 9.270 
6028000 MELANTERITE -7.825 -5.195 -5.474 -5.524 -5.619 -5.616 -5.339 -6.504 
8015004 MERWINITE -54.495 -55.075 -52.607 -52.809 -56.159 -52.503 -54.486 -48.759 
8646005 MG-NONTRONIT 22.439 18.661 18.165 19.441 16.213 18.626 16.265 22.450 
8441002 MICROCLINE -1.754 -2.370 -1.427 -1.516 -3.930 -2.613 -4.039 -1.155 
6050001 MIRABILITE -5.447 -5.601 -5.459 -5.576 -5.904 -6.175 -6.481 -6.619 
6047100 MN2(S04)3 -13.867 -16.418 -15.667 -18.117 -15.936 -16.757 -14.475 -12.006 
7047000 MN3(P04)2 -25.925 -24.809 -22.955 -26.433 -25.547 -23.173 -26.847 -28.040 
4147000 MNCL2, -13.406 -12.217 -12.235 -13.203 -12.592 -12.944 -13.091 -14.520 
7047001 MNHP04(C) -1.214 -1.149 -0.470 -1.655 -1.045 -0.028 -1.509 -2.130 
6047000 MNS04 -12.092 -10.754 -10.700 -11.541 -10.401 -10.115 -10.028 -11.424 
8015003 MONTICELLITE -23.144 -23.411 -22.183 -22.310 -24.101 -22.332 -23.365 -20.506 
8646006 Montmorillon 4.125 2.830 4.310 4.081 -0.215 1.102 -1.082 3.799 
8641000 MUSCOVITE 1.455 -0.027 2.503 2.103 -3.272 -0.043 -2.932 4.294 
8650000 NA-NONTRONIT 15.936 12.145 11.667 12.948 9.733 12.154 9.778 15.949 
3050000 NATRON -17.269 -17.664 -17.035 -17.308 -18.772 -18.580 -19.514 -18.189 
8450004 NEPHELINE -8.471 -8.965 -7.807 -7.955 -9.960 -8.578 -9.651 -6.824 
5046003 NESQUEHONITE -11.704 -11.912 -11.340 -11.531 -12.736 -12.182 -12.848 -11.424 
2047002 NSUTITE 14.289 12.349 13.323 11.566 10.021 9.186 8.911 12.296 
8215003 P-WOLLSTANIT -11.666 -11.839 -11.232 -11.280 -12.217 -11.421 -11.966 -10.548 
2046001 PERICLASE -17.037 -17.090 -16.451 -16.491 -17.223 -16.100 -16.525 -15.079 
8646001 PHLOGOPITE -51.924 -52.878 -50.095 -50.478 -55.633 -51.602 -54.580 -47.385 
2015001 PORTLANDITE -17.573 -17.744 -17.125 -17.181 -17.898 -16.919 -17.373 -15.927 
2047003 PYROCROITE -13.118 -12.004 -11.454 -12.436 -12.378 -11.566 -12.080 -12.011 
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Saturation Indices from Simulation 1 - Epilimnion (continued) 

EPILIMNION 

ID NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 6/21/95 7/19/95 8/21/95 
DATE 

2047000 PYROLUSITE 14.152 12.363 13.403 11.794 10.713 10.434 10.395 13.802 
8603002 PYROPHYLLITE 6.013 5.093 6.614 6.294 2.318 3.333 1.433 5.663 
2077002 QUARTZ 0.876 0.891 0.887 0.913 0.747 0.629 0.564 0.540 
5047000 RHODOCHROSIT -10.017 -9.007 -8.502 -9.584 -9.844 -9.413 -10.089 -10.034 
8646004 SEPIOLITE(A) -15.954 -16.293 -15.149 -15.422 -18.234 -17.367 -18.842 -16.064 
8646003 SEPIOLITE( C) -14.750 -14.948 -13.742 -13.877 -16.256 -14.869 -16.124 -13.325 
5028000 SIDERITE -12.065 -9.650 -9.430 -9.612 -10.764 -10.203 -10.515 -10.213 
2077003 SI02(A,GL) -0.220 -0.196 -0.196 -0.161 -0.299 -0.383 -0.433 -0.456 
2077004 SI02(A,PT) -0.561 -0.534 -0.533 -0.495 -0.624 -0.698 -0.744 -0.766 
3046000 SPINEL -16.637 -17.527 -15.286 -15.609 -19.206 -16.059 -17.899 -12.107 
7028100 STRENGITE 1.608 -1.178 -1.427 -0.911 -1.044 0.717 -0.994 0.989 
8646002 TALC -19.196 -19.547 -17.756 -18.018 -21.646 -19.677 -21.601 -17.397 
6050002 THENARDITE -7.572 -7.625 -7.439 -7.457 -7.475 -7.373 -7.520 -7.644 
5050001 THERMONATR -19.834 -20.133 -19.462 -19.641 -20.811 -20.265 -21.050 -19.711 
8215001 TREMOLITE -43.179 -44.162 -39.978 -40.568 -48.505 -43.707 -48.025 -38.171 
7028001 VIVIANITE -19.850 -14.562 -13.580 -14.394 -16.306 -13.689 -16.332 -16.788 
8415003 WAIRAKITE -11.332 -12.256 -10.043 -10.255 -14.431 -11.819 -13.909 -8.210 
8215002 WOLLASTONITE -10.720 -10.902 -10.298 -10.354 -11.315 -10.550 -11.108 -9.690 
2028000 WUSTITE -11.411 -9.042 -8.762 -8.847 -9.696 -8.775 -8.950 -8.575 
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Saturation Indices from Simulation 1 - Hypolimnion 

HYPOLIMNION 

ID NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 7/19/95 8/21/95 
DATE 

8015005 AKERMINITE -39.683 -38.604 -36.610 -37.098 -37.316 -33.364 -31.300 
3003000 Al203 -5.652 -5.405 -3.670 -4.605 -4.829 -2.370 -0.851 
6003001 AL4(0H)1 OS04 0.512 0.809 3.707 2.146 1.673 5.555 7.846 
2003000 ALOH3(A) -3.365 -3.110 -2.174 -2.504 -2.616 -1.096 -0.336 
6003000 ALOHS04 0.451 0.378 0.673 0.515 0.378 0.571 0.583 
6041000 ALUM K -7.904 -8.174 -8.343 -8.277 -8.154 -8.649 -9.005 
6041001 ALUNITE 5.401 5.394 6.968 6.116 6.015 8.014 9.178 
8450003 ANALBITE -4.748 -4.297 -2.980 -3.325 -3.615 -1.738 -0.680 
8450001 ANALCIME -4.620 -4.185 -2.889 -3.278 -3.517 -1.569 -0.510 
6015000 ANHYDRITE -0.443 -0.435 -0.421 -0.417 -0.457 -0.382 -0.438 
8641001 ANNITE -17.217 -34.997 -13.661 -15.286 -16.783 -13.356 -6.326 
8415001 ANORTHITE -12.845 -12.010 -9.461 -10.246 -10.586 -6.379 -4.169 
5015000 ARAGONITE -6.901 -6.701 -6.116 -6.426 -5.536 -3.895 -3.338 
5046000 ARTINITE -20.418 -19.723 -18.472 -19.007 -18.275 -15.285 -14.055 
2047001 BIRNESSITE 10.230 11.696 4.635 3.633 3.484 5.806 14.611 
3047100 BIXBYITE 14.223 17.293 17.169 15.562 15.263 19.011 21.161 
2003001 BOEHMITE -1.629 -1.369 -0.430 -0.755 -0.867 0.665 1.425 
2046000 BRUCITE -12.076 -11.674 -11.020 -11.231 -11.317 -9.969 -9.287 
8615000 CA-NONTRON IT 18.731 22.232 22.202 20.911 19.676 22.176 23.991 
8015001 CA-OLIVINE -31.312 -30.644 -29.322 -29.637 -29.718 -27.029 -25.647 
8015007 CA3SI05 -64.087 -62.980 -60.949 -61.327 -61.424 -57.110 -55.036 
5015001 CALCITE -6.662 -6.472 -5.892 -6.212 -5.322 -3.701 -3.144 
2077000 CHALCEDONY 0.291 0.297 0.314 0.349 0.299 0.208 0.207 
8646000 CHRYSOTILE -23.540 -22.398 -20.444 -21.086 -21.447 -17.753 -15.708 
8246000 CLINOENSTITE -9.780 -9.377 -8.710 -8.892 -9.029 -7.784 -7.103 
2077001 CRISTOBALITE 0.409 0.411 0.425 0.456 0.405 0.306 0.305 
2003002 DIASPORE 0.289 0.532 1.463 1.120 1.008 2.502 3.262 
8215000 DIOPSIDE -15.997 -15.319 -14.015 -14.402 -14.604 -12.198 -10.825 
5015002 DOLOMITE -13.917 -13.409 -12.220 -12.839 -11.131 -7.819 -6.714 
6046000 EPSOMITE -2.841 -2.775 -2.766 -2.813 -2.924 -2.921 -2.986 
6028100 FE2(S04)3 -34.719 -31.698 -33.778 -33.848 -34.934 -35.339 -36.129 
2028101 FE3(0H)8 -9.678 -12.471 -6.289 -8.126 -9.643 -7.180 -3.762 
4128100 FEOH)2. 7CL.3 4.232 5.870 5.522 4.928 4.412 5.301 5.905 
2028100 FERRIHYDRITE -1.494 0.168 -0.089 -0.738 -1.244 -0.210 0.516 
8046000 FORSTERITE -22.186 -21 .368 -20.040 -20.419 -20.643 -18.022 -16.658 
8015006 GEHLENITE -36.903 -35.689 -32.475 -33.413 -33.719 -27.911 -25.009 
2003003 GIBBSITE (C) -1.497 -1.262 -0.336 -0.688 -0.800 0.674 1.434 
2028102 GOETHITE 2.015 3.747 3.526 2.951 2.445 3.634 4.361 
8628000 GREENALITE -16.591 -34.878 -14.732 -16.234 -17.852 -16.744 -10.854 
6015001 GYPSUM 0.013 0.002 0.006 -0.011 -0.051 -0.019 -0.076 
8441003 H SANIDINE -3.097 -2.782 -1.667 -1.936 -1.915 -0.229 0.908 
4150000 HALITE -7.021 -6.963 -6.952 -6.930 -6.992 -6.927 -7.035 
8603000 HALLOYSITE -1.116 -0.618 1.275 0.658 0.334 3.138 4.656 
3047000 HAUSMANNITE -11.524 -10.693 -22.736 -26.367 -23.561 -18.581 -0.893 
3028100 HEMATITE 8.923 12.396 11.960 10.819 9.807 12.206 13.659 
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Saturation Indices from Simulation 1 - Hypolimnion (continued) 

HYPOLIMNION 

10 NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 7/19/95 8/21/95 

DATE 
3028001 HERCYNITE -10.863 -16.350 -7.718 -8.796 -9.526 -5 .828 -2.345 

5015003 HUNTITE -32.727 -31.577 -29.164 -30.373 -27.026 -20.306 -18.105 

7015003 HYDRAPATITE -14.380 -11.469 -11.595 -13.119 -11.593 -10.454 -8.089 

5046001 HYDRMAGNESIT -49.552 -47.907 -44.827 -46.261 -43.072 -34.998 -32.123 

6028101 JAROSITE H -3.957 0.903 -0.872 -1.921 -3.488 -1.866 -1.181 

6041002 JAROSITE K 0.910 5.688 3.979 2.761 1.477 3.268 4.333 

6050000 JAROSITE NA -1.845 3.065 1.556 0.257 -1 .338 0.635 1.621 
8641002 K-NONTRONITE 12.543 16.025 15.941 14.688 13.549 16.013 17.839 

8441000 KALSILITE -8.740 -8.412 -7.316 -7.627 -7.505 -5.581 -4.441 

8603001 KAOLINITE 2.423 2.900 4.781 4.142 3.817 6.574 8.092 
8015002 LARNITE -32.959 -32.279 -30.950 -31.252 -31.333 -28.617 -27.235 
8415002 LAUMONTITE -7.671 -6.876 -4.322 -5 .093 -5.533 -1.625 0.583 
8415000 LEONHARDITE -1.964 -0.449 4.618 2.997 2.117 9.767 14.183 
3028102 LEPIDOCROCIT 2.027 3.688 3.431 2.782 2.276 3.310 4.037 
8441001 LEUCITE -5.422 -5.098 -3.991 -4.278 -4.207 -2.397 -1.258 
2015000 LIME -29.025 -28.614 -27.918 -28.009 -28.025 -26.457 -25.765 
8450002 LOW ALBITE -3.675 -3.237 -1.926 -2.285 -2.575 -0.726 0.332 
3046001 MAG-FERRITE -7.741 -3.818 -3.573 -4.875 -5.974 -2.120 0.016 
8450000 MAGADIITE -8.441 -8.095 -7.585 -7.330 -7.708 -7.439 -7.144 
3028101 MAGHEMITE 0.409 3.732 3.218 1.920 0.908 2.976 4.429 
5046002 MAGNESITE -7.703 -7.395 -6.789 -7.097 -6.278 -4.601 -4.053 
3028000 MAGNETITE 3.730 1.184 7.495 5.914 4.396 7.402 10.819 
2047100 MANGANITE 7.509 9.007 8.925 8.083 7.933 9.726 10.801 
6028000 MELANTERITE -5.051 -11.377 -5.260 -5.505 -6.035 -6.706 -5.489 
8015004 MERWINITE -56.032 -54.616 -51.967 -52.624 -52.859 -47.506 -44.751 
8646005 MG-NONTRONIT 18.381 21.897 21.869 20.575 19.328 21.828 23.642 
8441002 MICROCLINE -2.533 -2.227 -1 .117 -1.395 -1 .374 0.290 1.428 
6050001 MIRABILITE -5.464 -5.468 -5.460 -5.555 -5.634 -5.765 -5.911 
6047100 MN2(S04)3 -16.458 -13.862 -15.642 -16.201 -16.574 -15.678 -15.771 
7047000 MN3(P04)2 -24.268 -22.457 -22.759 -26.419 -22.543 -22.317 -20.820 
4147000 MNCL2, -12.083 -12.160 -12.237 -13.202 -12.335 -12.463 -12.537 
7047001 MNHP04(C) -0.846 -0.019 -0.452 -1.658 -0.188 -0.573 -0 .196 
6047000 MNS04 -10.788 -10.742 -10.704 -11.556 -10.645 -10.495 -10.500 
8015003 MONTICELLITE -23.915 -23.182 -21.863 -22.221 -22.373 -19.742 -18.369 
8646006 Montmorillon 2.543 3.365 5.184 4.299 3.762 6.456 8.243 
8641000 MUSCOVITE -0.447 0.335 3.300 2.325 2.122 6.751 9.408 
8650000 NA-NONTRONIT 11.876 15.393 15.372 14.083 12.841 15.348 17.148 
3050000 NATRON -15.670 -15.459 -14.869 -15.254 -14.403 -12.923 -12.455 
8450004 NEPHELINE -9.238 -8.781 -7.486 -7.881 -8.071 -5 .970 -4.910 
5046003 NESQUEHONITE -10.089 -9.782 -9.178 -9.488 -8.669 -6.996 -6.448 
2047002 NSUTITE 10.817 12.283 5.222 4.220 4.071 6.393 15.198 
8215003 P-WOLLST AN IT -12.052 -11.734 -11.075 -11 .234 -11.300 -10.044 -9.353 
2046001 PERICLASE -17.422 -16.969 -16.289 -16.448 -16.534 -15.076 -14.393 
8646001 PHLOGOPITE -53.857 -52.362 -49.299 -50.227 -50.466 -44.795 -41.610 
2015001 PORTLANDITE -17.954 -17.618 -16.963 -17.132 -17.148 -15.747 -15.055 
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Saturation Indices from Simulation 1 - Hypolimnion (continued) 

HYPOLIMNION 

ID NAME/SAMPLING 1/12/95 2/16/95 3/14/95 4/10/95 5/17/95 7/19/95 8/21/95 
DATE 

2047003 PYROCROITE -12.198 -11.920 -11 .292 -12.417 -11.481 -10.219 -9.477 

2047000 PYROLUSITE 10.680 12.289 5.303 4.448 4.299 6.934 15.740 
8603002 PYROPHYLLITE 4.872 5.234 7.082 6.380 5.956 8.251 9.768 
2077002 QUARTZ 0.872 0.870 0.883 0.910 0.859 0.752 0.751 
5047000 RHODOCHROSIT -7.097 -6.917 -6.340 -7.566 -5.725 -4.142 -3.534 
8646004 SEPIOLITE(A) -16.738 -16.098 -14.838 -15.346 -15.670 -13.652 -12.289 
8646003 SEPIOLITE( C) -15.533 -14.761 -13.431 -13.801 -14.125 -11.814 -10.451 
5028000 SIDERITE -7.674 -13.761 -7.049 -7.559 -7.159 -6.165 -4.336 
2077003 SI02(A,GL) -0.225 -0.217 -0.201 -0.165 -0.215 -0.303 -0.304 
2077004 SI02(A,PT) -0.565 -0.555 -0.537 -0.498 -0.549 -0.631 -0.632 
3046000 SPINEL -18.146 -17.189 -14.638 -15.463 -15.774 -11.288 -9.086 
7028100 STRENGITE -0.841 1.490 0.235 -0.370 -0.341 -0.691 -0.329 
8646002 TALC -20.368 -19.253 -17.287 -17.902 -18.362 -14.938 -12.894 
6050002 THENARDITE -7.590 -7.498 -7.440 -7.436 -7.516 -7.436 -7.582 
5050001 THERMONATR -18.235 -17.933 -17.296 -17.587 -16.737 -15.056 -14.589 
8215001 TREMOLITE -45.901 -43.445 -38.879 -40.281 -41.147 -32.942 -28.153 
7028001 VIVIANITE -13.783 -30.810 -12.727 -14.278 -14.726 -16.348 -11.184 
8415003 WAIRAKITE -12.855 -11.998 -9.412 -10.119 -10.559 -6.514 -4.306 
8215002 WOLLASTONITE -11.106 -10.795 -10.140 -10.308 -10.374 -9.134 -8.444 
2028000 WUSTITE -9.167 -14.830 -8.393 -8.795 -9.274 -8.576 -6.678 
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Saturation Indices from Simulation 2 
pH 3.83 4.13 4.43 4.73 5.03 5.33 5.63 5.93 6.23 6.53 6.83 7.13 

ID# NAME 
8015005 AKERMINITE -39.806 -38.007 -36.208 -34.408 -32.608 -30.809 -29.009 -27.210 -25.410 -23.610 -21.810 -20.011 

3003000 Al203 -10.221 -8.433 -6.657 -4.909 -3.234 -1.744 -0.621 0.055 0.392 0.508 0.456 0.256 

6003001 AL4(0H)10S04 -7.260 -4.284 -1.330 1.566 4.315 6.696 8.345 9.097 9.171 8.803 8.098 7.098 

2003000 ALOH3(A) -4.128 -3.234 -2.346 -1.472 -0.635 0.110 0.672 1.010 1.179 1.237 1.211 1.110 

6003000 ALOHS04 -0.468 -0.173 0.116 0.390 0.628 0.774 0.736 0.475 0.044 -0.498 -1.125 -1.825 

6041000 ALUM K -8.489 -8.492 -8.503 -8.528 -8.589 -8.743 -9.079 -9.640 -10.371 -11.213 -12.139 -13.140 

6041001 ALUNITE 0.433 2.217 3.983 5.706 7.318 8.655 9.442 9.557 9.163 8.437 7.459 6.258 

8450003 ANAL BITE -6.577 -5.383 -4.195 -3 .021 -1.884 -0.839 0.023 0.661 1.129 1.487 1.760 1.959 

8450001 ANALCIME -6.309 -5.115 -3.927 -2.753 -1.616 -0.571 0.291 0.929 1.398 1.755 2.029 2.228 

6015000 ANHYDRITE -0.357 -0.356 -0.355 -0.355 -0.354 -0.354 -0.353 -0.352 -0.352 -0.352 -0.352 -0.352 

8641001 ANNITE -24.347 -21.354 -18.367 -15.393 -12.456 -9.612 -6.950 -4.512 -2.244 -0.087 1.986 3.984 

8415001 ANORTHITE -14.890 -12.503 -10.127 -7.779 -5.505 -3.415 -1.691 -0.416 0.521 1.237 1.784 2.183 

5015000 ARAGONITE -10.198 -9.598 -8.998 -8.398 -7.798 -7.198 -6.599 -5.999 -5.399 -4.799 -4.199 -3.599 

5046000 ARTINITE -23.733 -22.534 -21.334 -20.134 -18.934 -17.735 -16.535 -15.335 -14.135 -12.935 -11 .735 -10.535 

2047001 BIRNESSITE 9.023 9.923 10.823 11.723 12.623 13.523 14.424 15.324 16.224 17.124 18.024 18.924 

3047100 BIXBYITE 13.231 15.032 16.832 18.632 20.432 22.233 24.033 25.834 27.634 29.434 31 .234 33.034 

2003001 BOEHMITE -2.331 -1.437 -0.549 0.325 1.162 1.907 2.469 2.807 2.976 3.034 3.008 2.908 

2046000 BRUCITE -12.103 -11.503 -10.904 -10.304 -9.704 -9.104 -8.504 -7.904 -7.304 -6.704 -6.104 -5.504 

8615000 CA-NONTRON. 19.286 20.596 21 .749 22.814 23.827 24.790 25.682 26.494 27.243 27.947 28.607 29.208 

8015001 CA-OLIVINE -31 .1 97 -29.998 -28.798 -27.598 -26.398 -25.199 -23.999 -22.799 -21.599 -20.399 -19.199 -18.000 

8015007 CA3SI05 -62.556 -60.757 -58.957 -57.158 -55.358 -53.558 -51 .759 -49.959 -48.159 -46.359 -44.559 -42.760 

5015001 CALCITE -10.053 -9.453 -8.854 -8.254 -7.654 -7.054 -6.454 -5.854 -5.254 -4.654 -4.054 -3.454 

2077000 CHALCEDONY 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.049 

8646000 CHRYSOTILE -24.993 -23.194 -21 .394 -19.595 -17.795 -15.995 -14.196 -12.396 -10.596 -8.796 -6.997 -5.197 

8246000 CLINOENSTIT. -10.116 -9.517 -8.917 -8.317 -7.717 -7.117 -6.517 -5.917 -5.317 -4.717 -4.118 -3.518 

2077001 CRISTOBALIT. 0.118 0.118 0.118 0.118 0.118 0.118 0.118 0.118 0.118 0.118 0.118 0.117 

2003002 DIASPORE -0.609 0.285 1.173 2.047 2.884 3.629 4.191 4.529 4.697 4.755 4.729 4.629 

8215000 DIOPSIDE -17.115 -15.915 -14.716 -13.516 -12.316 -11 .116 -9.917 -8.717 -7.517 -6.317 -5.117 -3.918 

5015002 DOLOMITE -20.363 -19.164 -17.964 -16.764 -15.565 -14.365 -13.165 -11 .965 -10.765 -9.565 -8.365 -7.165 
6046000 EPSOMITE -3.116 -3.114 -3.114 -3.113 -3.113 -3.112 -3.112 -3.111 -3.111 -3.111 -3 .111 -3.111 

6028100 FE2(S04)3 -25.811 -26.691 -27.728 -28.848 -30.008 -31 .188 -32.378 -33.575 -34.780 -35.993 -37.223 -38.487 

2028101 FE3(0H)8 -10.852 -9.336 -7.975 -6.697 -5.459 -4.242 -3.034 -1.833 -0.638 0.548 1.718 2.854 
4128100 FEOH)2.7CL.3 5.188 5.556 5.846 6.095 6.324 6.543 6.757 6.967 7.175 7.378 7.573 7.751 
2028100 FERRIHYDRI. -0.751 -0.293 0.088 0.427 0.746 1.055 1.358 1.659 1.956 2.250 2.535 2.803 
8046000 FORSTERITE -22.400 -21 .200 -20.001 -18.801 -17.601 -16.401 -15.201 -14.002 -12.802 -11 .602 -10.402 -9.202 
8015006 GEHLENITE -37.899 -34.912 -31.936 -28.989 -26.115 -23.425 -21 .101 -19.226 -17.689 -16.373 -15.225 -14.226 
2003003 GIBBSITE (C) -2.498 -1 .604 -0.716 0.158 0.995 1.740 2.302 2.640 2.809 2.867 2.840 2.740 
2028102 GOETHITE 3.572 4.030 4.411 4.750 5.069 5.378 5.682 5.982 6.280 6.573 6.858 7.126 
8628000 GREENALITE -24.529 -22.730 -20.931 -19.131 -17.331 -15.532 -13.732 -11 .932 -10.132 -8.333 -6.534 -4.736 
6015001 GYPSUM -0.127 -0.126 -0.125 -0.125 -0.125 -0.124 -0.123 -0.123 -0.123 -0.123 -0.123 -0.123 
8441003 H SANIDINE -5.148 -3.954 -2.766 -1.592 -0.455 0.590 1.452 2.090 2.558 2.916 3.189 3.388 
4150000 HALITE -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 -7.092 
8603000 HALLOYSITE -3.411 -1 .624 0.153 1.900 3.575 5.065 6.189 6.864 7.202 7.317 7.264 7.064 
3047000 HAUSMANN IT. -16.201 -14.401 -12.602 -10.802 -9.003 -7.203 -5.403 -3.603 -1 .803 -0.003 1.797 3.596 
3028100 HEMATITE 12.144 13.060 13.821 14.499 15.137 15.755 16.362 16.963 17.558 18.145 18.71 5 19.251 
3028001 HERCYNITE -13.681 -11.293 -8.917 -6.570 -4.295 -2.205 -0.482 0.794 1.731 2.447 2.995 3.394 
5015003 HUNTITE -45.093 -42.694 -40.295 -37.895 -35.496 -33.096 -30.697 -28.297 -25.897 -23.497 -21 .097 -18.697 
7015003 HYDRAPATIT. -19.773 -17.653 -15.547 -13.450 -11.363 -9.291 -7.245 -5.247 -3.329 -1.531 0.115 1.607 
5046001 HYDRMAGNE. -61 .901 -58.903 -55.903 -52.904 -49.904 -46.905 -43.906 -40.906 -37.906 -34.906 -31.906 -28.906 
6028101 JAROSITE H 4.105 4.282 4.225 4.043 3.801 3.529 3.242 2.945 2.638 2.318 1.973 1.577 
6041002 JAROSITE K 7.003 7.480 7.723 7.842 7.899 7.928 7.941 7.944 7.936 7.916 7.871 7.776 
6050000 JAROSITE NA 4.422 4.899 5.142 5.260 5.318 5.347 5.360 5.362 5.355 5.335 5.290 5.195 
8641002 K-NONTRONI. 13.138 14.448 15.600 16.666 17.679 18.642 19.534 20.345 21 .095 21 .799 22.459 23.060 
8441000 KALSILITE -10.003 -8.809 -7.621 -6.447 -5.310 -4.265 -3.403 -2.765 -2.297 -1.939 -1 .665 -1 .466 
8603001 KAOLINITE -0.122 1.665 3.442 5.189 6.864 8.354 9.478 10.153 10.490 10.606 10.553 10.352 
8015002 LARNITE -32.701 -31 .502 -30.302 -29.102 -27.902 -26.703 -25.503 -24.303 -23.103 -21.903 -20 .703 -19.504 
8415002 LAUMONTITE -10.816 -8.428 -6.052 -3.705 -1.430 0.660 2.383 3.659 4.596 5.311 5.858 6.257 
8415000 LEONHARDIT. -9.128 -4.354 0.399 5.094 9.643 13.822 17.270 19.821 21 .695 23.126 24.220 25.016 
3028102 LEPIDOCROC. 2.769 3.227 3.608 3.947 4.266 4.575 4.879 5.179 5.477 5.770 6.055 6.323 
8441001 LEUCITE -7.051 -5.857 -4.669 -3.495 -2.358 -1 .313 -0.451 0.187 0.656 1.013 1.287 1.486 
2015000 LIME -27.912 -27.313 -26.713 -26.113 -25.513 -24.913 -24.314 -23.714 -23.114 -22.514 -21 .914 -21 .314 
8450002 LOW ALBITE -5.651 -4.457 -3.269 -2.095 -0.958 0.087 0.949 1.587 2.056 2.413 2.687 2.885 

3046001 MAG-FERRITE -3.987 -2.471 -1 .110 0.168 1.405 2.623 3.831 5.032 6.227 7.413 8.583 9.720 
8450000 MAGADIITE -9.036 -8.736 -8.436 -8.136 -7.837 -7.537 -7.237 -6.937 -6.637 -6.338 -6.039 -5.742 

3028101 MAGHEMITE 1.895 2.811 3.572 4.250 4.888 5.506 6.113 6.714 7.309 7.896 8.466 9.002 
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Saturation Indices from Simulation 2 (continued) 
pH 3.83 4.13 4.43 4.73 5.03 5.33 5.63 5.93 6.23 6.53 6.83 7.13 

10# NAME 
5046002 MAGNESITE -10.808 -10.208 -9.608 -9.008 -8.408 -7.809 -7.209 -6.609 -6.009 -5.409 -4.809 -4.209 

3028000 MAGNETITE 5.397 6.913 8.273 9.551 10.789 12.007 13.214 14.415 15.610 16.797 17.967 19.103 

2047100 MANGANITE 6.584 7.484 8.384 9.284 10.184 11.084 11.985 12.885 13.785 14.685 15.585 16.485 

6028000 MELANTERIT. -6.506 -6.505 -6.504 -6.504 -6.503 -6.503 -6.502 -6.501 -6.501 -6.501 -6.501 -6.502 

8015004 MERWINITE -55.919 -53.521 -51.121 -48.722 -46.322 -43.923 -41 .524 -39.124 -36.724 -34.324 -31.924 -29.525 

8646005 MG-NONTRO. 18.937 20.247 21.400 22.466 23.479 24.442 25.333 26.145 26.894 27.599 28.258 28.859 

8441002 MICROCLINE -4.693 -3.499 -2.311 -1 .137 0.000 1.045 1.907 2.545 3.014 3.371 3.645 3.843 

6050001 MIRABILITE -6.621 -6.620 -6.619 -6.619 -6.618 -6.617 -6.616 -6.616 -6.616 -6.616 -6.616 -6.616 

6047100 MN2(S04)3 -12.015 -12.010 -12.007 -12.006 -12.004 -12.002 -11.998 -11 .996 -11 .995 -11.995 -11 .995 -11 .995 

7047000 MN3(P04)2 -31 .637 -30.423 -29.219 -28.022 -26.830 -25.649 -24.485 -23.352 -22.274 -21.275 -20.378 -19.584 

4147000 MNCL2, 4H20 -14.519 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 -14.520 

7047001 MNHP04(C) -3.034 -2.727 -2.425 -2.126 -1.830 -1 .539 -1.257 -0.991 -0.752 -0.552 -0.404 -0.307 

6047000 MNS04 -11.426 -11.425 -11.424 -11.424 -11.424 -11.423 -11.422 -11.422 -11.422 -11.422 -11.422 -11.422 

8015003 MONTICELLIT. -24.086 -22.887 -21 .687 -20.488 -19.288 -18.088 -16.888 -15.689 -14.489 -13.289 -12.089 -10.889 
8646006 Montmorillon -1.846 0.074 1.967 3.827 5.620 7.253 8.571 9.506 10.151 10.605 10.913 11 .091 

8641000 MUSCOVITE -4.529 -1.547 1.417 4.339 7.151 9.686 11.671 12.985 13.791 14.264 14.485 14.484 

8650000 NA-NONTRON 12.436 13.746 14.899 15.965 16.978 17.941 18.833 19.644 20.394 21.098 21.758 22.358 

3050000 NATRON -19.980 -19.380 -18.780 -18.180 -17.580 -16.980 -16.380 -15.780 -15.180 -14.580 -13.980 -13.380 
8450004 NEPHELINE -10.361 -9.168 -7.979 -6.806 -5.668 -4.623 -3.761 -3.123 -2.655 -2.297 -2.023 -1 .824 

5046003 NESQUEHONI -13.215 -12.615 -12.015 -11.415 -10.815 -10.215 -9.616 -9.016 -8.416 -7.816 -7.216 -6.616 
2047002 NSUTITE 9.610 10.510 11.410 12.310 13.210 14.110 15.011 15.911 16.811 17.711 18.611 19.511 

8215003 P-WOLLSTANI -12.338 -11.738 -11 .138 -10.538 -9.939 -9.339 -8.739 -8.139 -7.539 -6.939 -6.339 -5.740 
2046001 PERICLASE -16.869 -16.270 -15.670 -15.070 -14.470 -13.870 -13.270 -12.670 -12.070 -11.470 -10.870 -10.270 
8646001 PHLOGOPITE -56.293 -53.300 -50.313 -47.339 -44.402 -41 .558 -38.896 -36.458 -34.190 -32.032 -29.959 -27.960 
2015001 PORTLANDIT -17.717 -17.118 -16.518 -15.918 -15.318 -14.718 -14.119 -13.519 -12.919 -12.319 -11 .719 -11 .119 
2047003 PYROCROITE -13.801 -13.201 -12.601 -12.001 -11.402 -10.802 -10.202 -9.602 -9.002 -8.402 -7.802 -7.202 
2047000 PYROLUSITE 11.116 12.016 12.916 13.816 14.716 15.616 16.517 17.417 18.317 19.217 20.117 21 .017 
8603002 PYROPHYLLIT 0.378 2.166 3.942 5.690 7.364 8.854 9.978 10.654 10.991 11 .106 11 .053 10.851 
2077002 QUARTZ 0.540 0.540 0.540 0.540 0.540 0.540 0.540 0.540 0.540 0.540 0.540 0.540 
5047000 RHODOCHRO -11 .825 -11.225 -10.625 -10.025 -9.425 -8.825 -8.226 -7.626 -7.026 -6.426 -5.826 -5.226 
8646004 SEPIOLITE(A) -19.644 -18.444 -17.245 -16.045 -14.845 -13.645 -12.446 -11 .246 -10.046 -8.846 -7.647 -6.448 
8646003 SEPIOLITE( C) -16.905 -15.706 -14.506 -13.306 -12.106 -10.907 -9.707 -8.507 -7.307 -6.107 -4.908 -3.709 
5028000 SIDERITE -12.003 -11.403 -10.804 -10.204 -9.604 -9.004 -8.404 -7.804 -7.204 -6.604 -6.004 -5.405 
2077003 SI02(A,GL) -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.456 -0.457 
2077004 SI02(A,PT) -0.766 -0.766 -0.766 -0.766 -0.766 -0.766 -0.766 -0.766 -0.766 -0.767 -0.767 -0.767 
3046000 SPINEL -19.182 -16.795 -14.418 -12.071 -9.796 -7.706 -5.983 -4.707 -3.770 -3.054 -2.506 -2.106 
7028100 STRENGITE 0.703 0.869 0.951 0.989 1.004 1.004 0.990 0.957 0.894 0.786 0.620 0.385 
8646002 TALC -22.767 -20.968 -19.168 -17.369 -15.569 -13.769 -11.970 -10.170 -8.370 -6.571 -4.771 -2.973 
6050002 THENARDITE -7.646 -7.645 -7.644 -7.644 -7.643 -7.642 -7.641 -7.641 -7.641 -7.641 -7.641 -7.641 
5050001 THERMONAT -21.501 -20.901 -20.301 -19.701 -19.101 -18.501 -17.901 -17.301 -16.701 -16.101 -15.501 -14.901 
8215001 TREMOLITE -50.701 -46.504 -42.305 -38.106 -33.906 -29.707 -25.508 -21 .309 -17.109 -12.910 -8.712 -4.515 
7028001 VIVIANITE -20.385 -19.172 -17.968 -16.770 -15.579 -14.397 -13.233 -12.101 -11 .022 -10.024 -9.127 -8.334 
8415003 WAIRAKITE -15.285 -12.898 -10.522 -8.174 -5.900 -3.810 -2.086 -0.810 0.127 0.842 1.389 1.787 
8215002 WOLLASTON I -11.480 -10.881 -10.281 -9.681 -9.081 -8.481 -7.881 -7.282 -6.682 -6.082 -5.482 -4.882 
2028000 WUSTITE -10.365 -9.766 -9.166 -8.566 -7.966 -7.366 -6.766 -6.166 -5.566 -4.966 -4.367 -3.767 
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