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Executive Summary

Coal is a valuable resource. It provides a significant amount of the World’s energy supply
and it is the basis for many industries. However, in areas where coal lies close to the Earth’s
surface and has been exploited by opencast techniques, radical alterations of landscape and
significant impacts on the environment have occurred. This report was prepared to provide
cuidance to those who are responsible for the prevention of environmental effects from surface
mining and for the restoration of the mining areas. Environmental problems of surface coal
mining and restoration of the mine sites are discussed in the report. Particular attention is given
to Eastern Europe, which continues to be a major centre of opencast lignite mining. Reclamation
of mined lands for forestry, agriculture and wildlife is briefly discussed. However, the shear
volume of coal removed from many mines in Eastern Europe is so vast, that there is often
insufficient overburden material to refill the pits. Consequently, the main focus of this report is
on the creation of lakes in these former surface mines. Many problems have to be overcome in
creating healthy lakes for recreation or wildlife. Guidelines for treating water quality problems
and further development of lakes are provided. Techniques for dealing with acidic waters,
eutrophication and contamination are discussed. Examples from different countries are included
in the report to help the reader to better understand different environmental problems associated

with the surface mining and to appreciate the methods for restoration of the surface mine sites.

Environmental Problems caused by Surface Coal Mining

The former state of East Germany was the largest producer of lignite in the World,
previously mining over 300 million tones per annum. Much of the lignite mining was centered in
two regions: the central states of Saxony / Saxony-Anhalt and the eé.stern Lusatian region. In
addition to tremendous destruction of the landscape, the mining caused massive alteration of
surface and groundwater. It swallowed up entire rural landscapes complete with towns and
villages and caused changes to the water table, e.g., causing the water table to drop by 30 m in
places. Further environmental problems were caused by the industry supplied by the coal:

sulphur dioxide and dust from power plants, emissions from chloride plants, organo-sulphuric
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and organo-nitrogenic compounds from pyrolysis. With lignite production now reduced to 100
million tons per annum many surface mines are closed. Many are being naturally flooded by the
rising water table, but are acidic due to oxidation of pyrite. Others are filled with industrial
wastes, often of poorly understood chemical speciation.

Massive lignite mines also exist in the northwestern region of the Czech Republic in the
North Czech Brown Coal Basin and in the Basin of Sokolov. For example, near the town of Most
in the North Czech Basin, there are six surface mines of total surface area 3.600 ha. These pits
are up to 200 m deep, and since coal seams are up to 50 m thick in places, there is not sufficient
overburden material to refill the mines. Environmental problems are similar to those in eastern
Germany, again being increased by the high population density and developed industry in the
mining region.

Poland is the third highest producer of lignite in Europe, mining around 65 million tons
per annum. The coal is exploited in four large basins: Belchatow, Konin and Adaméw in Central
Poland and Turoszéw in the southwest —a region close to the German and Czéch borders, known
as the Black Triangle of Europe due to environmental degradation. The area of impacted terrain
in Poland amounts to 60,000 ha. Much of the surface mining in Poland will continue to the
middle of the 21% century. However, in western Poland there is already an artificial lake district
of considerable size, containing over 100 man-made lakes. Several of these lakes are of
acceptable water quality, having been formed by the collapsing of underground mines.
Nevertheless, many of the lakes have established in former surface mines and are strongly acidic
with high concentrations of iron and sulphates.

The Slovak Republic is relatively poor in coal deposits, but has a long-history of mineral
mining, which has also given rise to environmental problems. All of the economically significant
brown coal deposits are located in the Neogene Basin. From 1981 to 1988, exploitation of the
open-pit mine Lehota in this region caused damage to agricultural land and 110 private houses.
Examples of environmental problems relating to the mineral mining in Slovakia include: the
collapse of a mining corridor between blocks of flats in a housing area located in the town
Rudiiany - Zapalenica; and damage to agricultural soil and forests by dust and gas emissions

during magnesite mining and processing in the region of JelSava.
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The UK is an example of a country outside of the focus region with notable surface
mining. The UK has a long history of coal mining, and though much of it is underground, the
percentage of opencast mining has increased in recent years, having reached 30% in 1985.
Generally possessing smaller mines with larger overburden to coal ratios, the environmental
problems in the UK are not as horrific as those in eastern Europe, but are nevertheless, of
concern. Much environmental awareness is shown in current reclamation schemes, with
attention, for example, to greenways and animal habitats of restored landscapes.

In North America, where extensive surface coal mining also occurs, the surface mining
reclamation schemes of Alberta, Canada were of particular interest to this study. During the
1970s, a few surface mines in the Alberta foothills were adopted as recreational lakes, rather than
being back-filled with soil at greater expense. Detailed study of several lakes found that the
artificial lakes were able to support sport fish populations and that growth rates of the fish were
superior to those in adjacent natural water bodies. New species of water-oriented birds were also

attracted to the area of lake development.

Alternatives for Reclamation

For impacted lands surrounding mining lakes, or for regions where lake formation is
difficult or disallowed, there are well-established alternative land-uses: forestry, agriculture, and
recreational areas. The choice of reclamation scheme depends primarily upon climate (including
microclimate), post-mining topography, existence of topsoil, proximity to urban centers and legal
restrictions.

Physical soil properties, especially bulk density, infiltration capacity, rock fragment
content and clay mineralogy are of importance to most reclamation alternatives. Soil compaction
is often a key problem to overcome; it impedes plant growth and reduces infiltration capacity,
potentially causing increased runoff and soil erosion. Consequently, the machinery used in
recontouring is important; dump trucks cause less compaction than rubber tyred earth moving
scrapers or dozers.

Chemical soil deficiencies can often be overcome with additives, e.g. fertilizers.

However, long term chemical application is undesirable. A successful reclamation scheme



should not require long-term intensive management to maintain a stable landscape.
Forestry

Forestry may be the predominant reclamation scheme for timber production, for aesthetic
reasons or where slopes are too steep for agricultural use. If trees can be planted without re-
grading the soil, then considerable cost savings can be achieved. Where soils are too compacted,
then techniques such as deep ripping are required, but re-grading may then be necessary to create
access for the decompacting ‘machinery. Soil chemistry, and in particular pH, is important in
species selection; knowledge of trees and shrubs that tolerate acid and alkaline conditions is well
established. Hardy, soil-building nurse-trees should be included in the establishment of mixed
forest, with additional consideration of soil moisture conditions. Choice of a single pine or
conifer species is economically preferable for commercial plantations, but selection of three or
more species reduces potential impacts of disease or insect damage. Herbaceous ground cover
may provide supplementary nitrogen and stabilize toxic soils, but it will also compete with trees
for essential nutrients, and so be detrimental to growth. Fertilizers, lime and mulches and fungi

cultures as rhizom symbiontes may be applied to improve growth during early years.
Agriculture

From an agricultural perspective, reclaimed lands may be used for pasture, cropland or
rangeland. Productive pasture can be established by planting a single grass species or simple
mix, with minimum effort and expense. In the seeding process there has to be a trade off between
the classical requirement of a firm seedbed and the desire to increase infiltration potential and
improve the rooting zone by tillage treatment. Chosen species should seed vigorously, be long-
lived, adaptable to a range of conditions and be resistant to disease, insects and drought.

Legumes are the primary -plant species used on reclaiming cropland as they improve soil
tilth, soil nitrogen and microbial activity. Other plant species include forage grasses, small-grain
crops, row-crops, fruits and vegetables. Wheat adapts particularly well to mined soils due to its

shallow root system.
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Reclaimed grange land has the potential to be more productive for livestock than pre-
mining. Establishment of grasses and forbs to supply high quality feed and erosion protection is
essential. In semi-arid regions, tillage tools, mulching and irrigation in early years may be
required to supply and control water. Trees and shrubs are planted on reclaimed rangeland to

enhance the utility of wildlife.

Wildlife

Other wildlife enhancement schemes used in any of the reclamation alternatives include
planting of fruit bearing shrubs, critical placement of brush piles, construction of water resources
and creation of boundaries. Choice of vegetation depends upon the habitat and food preferences

of the target wildlife species.

Generation of Lakes in Former Surface Mines

There are two distinct alternatives for developing mining lakes in former surface mines.
For human uses, such as drinking water, bathing or fisheries, the lake water should be as clean as
possible. This is most easily achieved with deep, steep-sided lakes with low shore development,
low nutrient inflow and phosphorus binding matter on the lake bottom. However, from the
perspective of nature protection, lakes should have a high diversity of biological species. Such a
target is achieved wiih a diverse morphometry. The lake should posses both deep and shallow
parts, a long shoreline relative to lake area, bays, islands and mixtures of steep and shallow

banks. High nutrient import and recirculation increase the bioproductivity.

Water Origin

In regions where the lignite and overburden have low sulphur content and sufficient
carbonate hardness for acid neutralization, groundwater is best suited as the filling water.
However, reliance on naturally rising groundwater can be disadvantageous due to the long filling

time and potential problems of slope stability. Where available and suitable, pumping of
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groundwater from the dewatering of nearby active mine sites is preferable. Such a scheme is
currently being used in the mining region south of Leipzig, Germany.

Filling of surface mines with surface water has the advantages of being relatively quick
and usually involving neutral waters. The first of these advantages furthermore aids slope
stability and causes the surrounding underground environment to become anoxic, which
immobilizes metals in a sulfidic form.

The potential disadvantages of filling with surface waters are that they may be highly
loaded with nutrients, oxygen consuming substances or hazardous substances. Subsequent
problems are the development of algae due to eutrophication, reduced habitat for fish in deep
water and contamination of groundwater below the pit, respectively.

To alleviate such problems a former surface mine near Bitterfeld, Germany is now used
as a flow through water treatment plant for the River Mulde. The exiting water is more
appropriate for lake filling water than the River Mulde upstream, since phosphorus is separated
by sedimentation in this new reservoir.

The main water quality problems to consider when planning the lake filling water are:

e acidification — low pH, e.g., due to pyrite oxidation, is mainly a problem for

groundwater filling

e salinization

e contamination — e.g., where the mine has been used as a dumping site for industrial or

urban waste

e eutrophication

e saprobization

e infection with pathogens

Living Conditions

There is usually little growth of bacteria and algae on mining lake beds given the
existence of minerals with low organic carbon, but high phosphorus binding ability. Geogenic
sulphur acidification is one of the most important factors effecting living conditions. Oxidation

of pyrite has given rise to mining lakes with pH 2-3. Such lakes are only colonized by a few
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specialist algae and bacteria - those with mechanisms for detoxification. The pioneer plant
Juncus bulbosus can appear soon after the first quick filling stages of an acid lake. The few

animals found at low pH include rotifers.
Succession of Water Quality

The water quality of a mining lake may undergo considerable change during lake
formation. For example, in the first few years the succession from a shallow to a deep water lake
can cause oxygen depletion in the deep water. As a further case, when mining wells are first
turned off, a fast rising of groundwater can bring acidic waters in to the lake. If surface water is
then introduced the hydraulic gradient is reversed thereby avoiding acidification. However, when
the lake is full, the gradient between the water table and the lake level may switch again, causing
a second acidification.

When lake waters are contaminated with hazardous substances, each case is usually
unique. The nature of the contaminant must first be established: inorganic vs. organic,
degradable or not, solubility, possible introduction into nutrient chains. A key question then is
what special conditions have to be established for functioning degradation and to allow the

restoration of the contamination by in-situ self-purification.

Sediments

Investigation of sediment profiles can provide valuable information on the history of a
lake development, such as annual sedimentation rates and changes between anoxic and oxic
conditions. Analysis of the sediments in acid mine lakes has often shown a carbon content that is
too small for normally functioning aquatic ecosystems. It has consequently been hypothesized
that carbon is limiting the life starting processes in these cases, even when there are exposed coal
faces at the lake bottom. The importance of iron-reducing bacteria in enhancing microbial
alkalinity in sediments influenced by acid mine drainage has been confirmed with the help of

sediment profiles taken from a research lake in the Lusatian mining district of Germany.
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Costs / Benefits

There are many benefits that may offset the cost of developing mining pit lakes. Mining
regions are typically areas of high population with excellent infrastructure, but often high
unemployment. Against this background lakes provide possible nuclei, attracting water-oriented
tourism, including fisheries. To evaluate the economic suitability of alternative lake
developments, the following decision criteria may be used: a) natural fit of the landscape; b)
development for recreational purposes; and c) restrictions due to environmental and other
impacts. Recreational benefits can be expressed in a monetary form by accounting for the
number of recreational days (per year) created and the costs of one recreational day in an
artificially built open-air basin (e.g. outdoor swimming pool). A possible direct source of income

at mining lakes comes from the sale of sport fishing licenses.

Controlling and Improving Water Quality

Acid Mine Lakes

The creation of an acid lake can be avoided if actions are taken from the initial stages of
mining operations. Dewatering of the mined lignite can be controlled to minimize the exposure
time of pyritic minerals with oxygen. Acid causing overburden heaps should be placed
downstream of the future lake relative to the greater groundwater field. The initial filling of the
lake is important, and should be conducted so as to reduce hydraulic gradients of acidic waters
into the lake. Revegetation of acid heaps can be boosted by treatment with alkaline material such
as lime or ash, thereby reducing infiltration. Detergents, which kill acid forming bacteria, may be
applied to smaller heaps rich in sulfidic ores.

A number of in-lake approaches can be taken for neutralizing existing acid lakes. Lake

stratification is a desirable condition for acid reduction; it can be induced by placement of oil

barriers, floating reeds or submerged plastic sheets into the open water. Surface waters

containing neutralizing and buffering bicarbonate, nutrients and organic matter can be added, but
X



not in excessive amounts. The addition of phosphorus may also be required to promote natural
neutralization processes. A gentle fertilization may be useful for the restoration of the food web
in acidified lakes. Liming has been successfully applied in several countries to neutralize rain-
acidified lakes. The addition of organic matter, such as potato chips or waste from a sugér
factory may enhance the sulfide forming properties of the sediments. A further anaerobic
ecotechnology is the placement of a bale of straw, pumped through with nitrate rich surface
water and fatty acids as the food source.

Ex-situ treatment of acidic waters include fully or partially anaerobic systems and anoxic
biofilm chambers. Constructed wetlands or oxidation ponds may serve as the aerobic polishing

of anaerobic neutralized waters.
Eutrophication

Control of eutrophication is high priority in neutral mining lakes when good water quality
is sought. However, for shallow mining lakes in protected natural landscapes, where the aim is
high species diversity, eutrophication is not a drawback.

To protect against eutrophication, mining lakes can be designed with great depths and
steep banks, etc., although there has to be some trade-off with slope stability.

Once a lake has already formed, control of eutrophication is mainly achieved by reducing
the import of nutrients, and in particular phosphorus. This may be through sewage treatment
plants, storage reservoirs for nutrient elimination, or planting of forest strips to reduce nutrient
export from agricultural land. Phosphorus elimination facilities at lake inlets are available, but
due to the short operation for filling too expensive and currently at the research and development
stage.

A number of in-lake measures against eutrophication may be considered. Top-down
biomanipulation of the nutrient pyramid can lead, for example, to a reduction of phytoplankton

in a lake. Precipitation of nutrients, e.g., using aluminum sulphate, is a further alternative,

although it is expensive. Desludging is a further option, but it can be technically difficult. Further
methods include deep-water aeration, delivery of deep water and harvesting of macrophytes.

Application of copper sulphate should only be considered in extreme situations.
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Contamination

Opencast mining holes have been used for the deposition of a vast range of industrial and
municipal wastes. Each deposit is usually unique, requiring detailed chemical speciation. Besides
the chemical analysis, ecotoxicological effects should be investigated with help of an inventory
of indicator organisms. Liquid deposits are generally more critical than solid materials, as they
may potentially spread into the groundwater. The most important question for the assessment of
impacts is whether or not degradation takes place at all.

A scheme has been developed outlining different approaches for treating contaminants in
and around mining lakes in eastern Germany, using ecologically acceptable and economically
feasible methods. Contamination may be removed, isolated or restored, using in-situ or ex-situ
treatments, employing physical, chemical or biological methods. Examples of problems tackled
include the removal of a waste dump at Nachterstedt, isolation of a landfill at Halle-Kanena, and
subhydric incapsulation of a complex film factory sludge at Wolfen. Most ex-situ treatments are
expensive and generally not satisfactory.

A number of in-situ ecotechnologies have been demonstrated as pilot-scale experiments
and beyond. These approaches aim only to help the system help itself by metabolism and
cometabolism, incorporation, bioaccumulation, bioflocculation and sedimentation of the treated
materials. After conducting pilot scale tests at the Schwelvollert Lake in Germany, phenol,
ammonium and humus-like contaminants were finally treated in the whole water body by
flocculation, liming and addition of phosphorus. This was one of the first full-scale examples of

the bioattenuation/bioremediation of an industrial wastewater deposit.
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1.0 Introduction

It is generally accepted that significant degradation of the landscape occurs during the mining
of most raw materials. The extent of the impact depends on the type and scale of the mining
operation. Mining of coal and lignite, two of the most important materials for generating energy, has
been affecting large areas in many countries. Past coal and lignite mining carried out on a small scale
had little impact on the environment. Nature recovered from the negative influence of such small-
scale mining activities without any human help. However, in the 19® and 20" centuries gigantic open
pit coal and lignite mining has been introduced in many countries to generate sufficient energy for
an increasing world population. The technology of the large-scale open pit coal and lignite mining
has been accompanied by radical alterations of landscape and significant impact on the environment.

Many different transformations occur in the surface appearance, geochemical environment,
atmosphere, surface and ground water, soil and some components of the physical environment
during removal of overburden, mining the coal seam, construction of waste dumps and treatment of
the coal. Impacts on biotic components of the ecosystem involve not only flora and fauna, but also
mankind.

The effects of many years of open pit coal and lignite mining are well documented for the
area called “The Black Triangle of Europe™ located near the borders of Poland, Germany and the
Czech Republic. Following are selected examples of the effects of open pit coal and lignite mining
in this area.

Coal mining in the Upper Silesian Coal Basin in Poland started approximately 200 years ago.
By the end of the 1970's, the level of production of hard coal in this region reached 200 tons per
year. Many coal seams have been exploited over a largf_z area of the Basin. This has resulted in
subsidence in the area that averages several meters and in some regions has reached 30 m. In
addition to the deformation of the landscape, the coal industry has also had a detrimental impact on
grpundwater. It was estimated that the total volume of water draining Upper Carboniferous
formations is approximately 100 km’. From this water pumped from the coal basin, approximately
670 m’/min is used for coal processing while a further 450 m*/min is discharged to surface waters.
The total salt discharge (i.e., dissolved chloride and sulphate ions) is estimated to be approximately
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7,400 tons per day. In addition, there are over 140 waste dumps, which are subject to leaching and
wind erosion. Mining in the Basin has effect on surface waters, shallow subsoil waters and the deep
water-bearing horizon in the vicinity of the workings. All mines in the coal basin discharge sewage,
industrial waste and mine water to the surface waters.

The first small coal mines operated in the northern Czech Republic in the 15* century. In the
20" century, significant increases in coal mining commenced after a recommendation by the
government to replace expensive and fast diminishing wood supply by another heating source.
During the Second World War, new technology was implemented for open pit coal mining. The coal
was used to produce synthetic gasoline necessary for the war activities. The increase in coal mining
activities in the Czech Republic continued after the war to support the high-energy demanding
economy, particularly to produce electric power, steam and heat. This large increase in open pit coal
mining brought about considerable and irreversible negative impact on the ecosystem in the mining
areas.

The coal mining industry has a long tradition in eastern Germany. For example, records show
relatively intensive coal mining in the late 17® century in the area to the south of Leipzig. Brown
coal was the basis for the devélopment of local industry. Many open pit mines in the Leipzig/Halle
region were used for deposition of different industrial wastes. More than 20 open pit mines existed
in 1863 in the region around Borna. The open pit coal mine Espenhaim started in 1937. The total
amount of mined coal at this mine was approximately 568 million tons. Approximately 1,700 billion
tons of overburden was moved at the area. The average depth of the large pit was 90 m. During the
mining, approximately 3,980 ha of land were devastated. The mining had a significant negative
impact on the environment.

Due to recently improving mining techniques and new conceptions for preserving the
environment, the impact of open pit coal mining on landscape and the environment is decreasing.
Several countries have already implemented legislation to prevent or minimize of the negative
environmental impacts of open pit mining. As a result of efforts to rehabilitate areas where open pit
mining has terminated, farmers and foresters successfully use thousands of hectares of re-cultivated
land. Many abandoned open pits have been or are being changed into lakes. Additional design of

landscaping of areas adjacent to the generated lakes improve the remediation of the coal mining sites
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into areas which can be used for recreational activities and as wildlife, particularly waterfowl,
habitat.

The objectives of this project were to contribute to the prevention of environmental impacts
of surface coal and lignite mining, and to promote innovative technology for restoration and
remediation of the mining sites, in particular the generation of lakes in former open pit mines. This
1s done to support sustained economic and environmental benefits in NATO members and other
countries. Description of restoration/rehabilitation of the mining areas and design for development
and proper management of lakes generated from the mining pits given in this report are
complemented by case studies for different countries. Therefore the report will provide guidelines
to the countries which need to develop strategies for the rehabilitation of open pit coal mining areas
prior to the commencement of the mining activities, as well as to the countries experiencing
environmental problems at open pit coal mining sites. Many recommendations and observations
given in the report are additionally applicable to areas of surface metal mining.

The following topics are discussed in this report. Surface coal mining problems and some
examples of their solution in selected countries, Germany, the Czech Republic, Slovak Republic,
Poland, U.K. and Canada, are discussed in part 2. Restoration/rehabilitation options for mining areas,
particularly restoration for forestry, agriculture and wildlife, is described in part 3. Part 4 contains
a detailed description of methods for generating lakes at past surface coal mining areas. Problems
of acid mine drainage associated with the generation of the mining lakes, and the restoration of such

lakes, is discussed in part 5. Experience with solving problems of eutrophication and contamination

of mining lakes is also discussed in part 5 of the report.
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2.0 Overview of Problems of Surface Coal Mining and Examples of

Solutions in Selected Countries
2.1 Problems Resulting from Lignite Mining in Eastern Germany

The states of Saxony and Saxony-Anhalt in central Germany have a long history of
heavy industry. This tradition was continued following the foundation of communist East
Germany in 1949. However, throughout its lifetime, much of East German industry remained
of pre-war vintage. Until the regime collapsed in 1989, efforts were primarily directed
towards boosting industrial output, with scant attention being paid to the environmental
costs. A similarly negligent attitude prevailed in Poland, Czechoslovakia, and the other
Eastern Bloc countries.

East German industry greatly relied on lignite (brown coal). It was used to fire the
country’s power stations, producing the electricity needed, for example, by the chlorine-
based chemical industry and the country’s steelworks. Lignite was also decomposed by
heating it under the exclusion of air (a process known as pyrolysis) to produce raw materials
for the chemical industry.

After World War II the newly founded East German State (the GDR) built upon'its
industrial legacy by intensifying mining and industrial activities. Until its economic collapse
in 1989, the GDR was the world’s largest lignite producer, mining over 300 million tons
from 33 open pits per annum.

Lignite was mined in the areas surrounding the industrial centres (Figure 2.1.1). In
the east, the Lusatian mining district (about 60 x 60 km) was dominated by opencast mines,
while in the western GDR, the central German lignite-mining district, in particular the area

around the cities of Leipzig and Halle, measured about 90 x 40 km.
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Figure 2.1.1 Lignite mining areas in Germany (1: Saxony, 2: Lusatia; STOTTMEISTER ET AL.,
1999)



Lignite mining resulted not only in a tremendous destruction of the landscape, but
also in the massive contamination of surface water and groundwater. The mining had an
enormous ecological and sociological impact. It swallowed up entire rural landscapes
complete with towns and villages and caused the water table to drop by more than 30 m in
places, thereby affecting the water balance and destroying the landscape with little prospects
of adequate restoration in sight.

Moreover, emissions from the now obsolete industrial plants impaired the
population’s health and quality of life. Sulphur dioxide and dust from power plants and
domestic stoves, emissions from chlorinating plants, and organo-sulphuric and 0rgano-
nitrogenic compounds from pyrolysis were all widespread. Meanwhile the rivers served as
sewage pipes for untreated industrial effluent.

However, lignite mining and processing was not solely to blame for the harm
suffered by the environment. Other culprits included uranium mining, the potash mines and
copper extraction.

The upshot is that Germany now faces a number of colossal challenges — namely the
recultivation of ruined landscapes, and the decontamination of the soil, groundwater, rivers
and lakes. One especially formidable problem is posed by the clean-up of sites polluted by
organochlorines and hydrocarbons.

After German reuniﬁcation, lignite-mining was drastically reduced and lignite-
processing abandoned, causing the environmental situation to rapidly improve. A restoration
programme was set up by the Federal German Government to assess the impacts of the
former lignite mining. Within the space of just five years (1989-1 994), annual lignite
extraction totals in central Germany and Lusatia have dropped from about 330 million tons
to some 100 million tons. The current output target in these two districts is around 70—90
million tons per year.

The following three scenarios typify the current state of abandoned opencast lignite

mines in eastern Germany. (No consideration is given here to the lignite mining in the
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western Rhine River region of Germany, which has further conditions and problems.)

e Open pits are being or have been flooded to form recreational lakes, resulting in a new
type of landscape. The new lakes generally do not influence the groundwater levels, but
probably the microclimate. Problems include mechanical slope erosion in the shore zones
and the acidification of the water by natural oxidation processes (forming “acidic lakes™).

* Opencast mines are being naturally flooded, normally by the rising water table and by
rainfalls. However, the water is contaminated by uncontrolled municipal waste deposits
adjacent to the lake or by agrochemicals and fertilizers.

» Disused opencast mines were used for waste disposal, especially industrial waste without
any safety measures. The nature of the material dumped is often unknown and so it must
first be analysed. Studies have to be carried out into the chemical interactions and the
formation of metabolids so that proposals for remediation and protection can be drawn

up.

Many specific examples of mining lake problems in eastern Germany are discussed later in

Sections 4 and 5.

2.2 Reclaiming the Great Surface Coal Mines of the Czech Republic

Restructuring of the Czech coal industry is having a positive impact on the
environment in opencast mining areas. This has mainly resulted from the establishment of
new environmental legislation and incentive economic mechanism improving and preserving
the environment. Adequate planning and implementation of ecologically-sound practices is

considered a major pre-requisite for improving the environment and quality of life in the

Czech open-cast mining areas.
The Czech Republic has substantial reserves of high-energy brown coal. This natural

resource, exploited almost exclusively by opencast technology, occurs in two separate basins
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in the northwest part of the Czech Republic. The larger basin is called the North Czech
Brown Coal Basin, and the smaller is the Basin of Sokolov (SVOBODA, 1993).

The conditions and problems of mining in both basins are very similar and relate
mainly to the complex geological structure. The basins are characterized by the unevenness
of coal seams that are pervaded by many irregularities. The areas of the basins are deeply
disturbed by past underground mining operations. In addition there is a diverse composition
of overlying soils.

Furthermore, the coal is mined in an area with high population density, developed
industry, a dense transportation network and other different structures. Therefore, the mining
enterprise continuously required to solve problems regarding clashes of the mining activity
with other interests in the region.

With a high demand for coal, surface mining became the dominant technique used
in the coal exploitation. The strategy in the past was to concentrate the surface mining into
a small number of super-mines with modern continuous production technology. Prior to
1989, such intensive mining activities were the result of a national economy with a strategic
goal to develop a strong heavy industry and other sectors requiring high energy input.

A significant decrease in mining occurred in 1989 under the new market conditions
following the political/economical changes.

Nevertheless, as a legacy of the socialist past, the Czech Republic was left with
highly damaged territory on which the concentration of industrial production had exceeded
the ecological capacity of the region. Many historical buildings, villages and cities were torn
down to generate the large super-mines. Occasionally, buildings of special note were saved.
Figure 2.2.1 (#2) shows a historical cathedral that was transported over several hundred
meters to make space for the expansion of one of the super-mines. The opencast mines
generated in the Most area of the northern Czech Republic, where the cathedral is situated,
are also shown in Figure 2.2.1. The result of the mining is complete devastation of the

landscape.



Figure 2.2.1 Surface
mining in the Most
region of the Czech
Republic
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However, at present, the mining activity is organized in such way that the exploited
land will be restored at the earliest possible opportunity. This time period for full restoration
is estimated to be approximately 20 to 30 years, but, longer in some areas.

One of the most important tasks for the ecology, and also the economy, of the Czech
Republic is a gradual reduction of the area of the land devastated by the coal mining. This
is being achieved by a reduction in the number of mining sites and by the implementation
of fast and effective methods of land restoration in areas that are no longer used for coal
mining or spoil disposal. Presently, the effects of opencast mining on the landscape are being
addressed by different methods of re-cultivation, such as agriculture, forestry,' recreation and
amenities. Figure 2.2;2 (#1) shows a mining area restored into a recreational lake in the Most
area of the northern Czech Republic. A racecourse was built in the same area after filling a
large surface mining open pit with overburden material (Figure 2.2.2 #2).

There are six large pits of total surface area of 3,600 ha in the North Czech Basin.
The maximum depth of these pits is 200 m. Three further pits in the western basin have a
total area of | 2,000 ha. The coal seams in parts of these mines are up to 50 m thick.
Consequently there is not sufficient overburden material to refill the pits.

For economic reasons, it is proposed to rehabilitate these pits by flooding with water.
The greatest technical i)roblem to be overcome in the proposed plan is establishing the
quality and quantity of the flooding water. The North Czech Republic coal basin is drained
by the river Bilina with an average discharge of 4 m*/sec. Furthermore, the river has poor
water quality, particularly at low flow rates. The situation in the West Czech coal basin is
better. There the river Ohre has a flow of 4 to 5 times that of the Bilina and its water is of a
better quality. Pumping of the water from the river Ohre to the North Czech mines is an

option under consideration.
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Figure 2.2.2 Reclamation schemes at Most, Czech Republic
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2.3 Environmental Impacts of Surface Coal and Mineral Mining in the Slovak Republic

The Slovak Republic is relatively poor in coal deposits in comparison with Germany,
the Czech Republic and Poland. All of the economically significant brown coal or lignite
deposits are located in the Neogene Basin. The only surface mine of economical importance
in this basin is the Lehota mine in the Novaky deposits. In addition to this mine, there are a
few smaller surface coalmines of local significance, from which the coal was exploited for
the local use in the past.
| Coal mining activities in the Handlova-Novaky coal basin are unfortunately affected
by water inflow from water-bearing systems in underlying beds. Water breakouts occurred
in the past.

Arsenic emission from coal incineration at the Novaky power station is of concern.
Conclusions of a mineralogical study showed that the main sources of arsenic in the coal are
the minerals realgar and auripigment. From a hydrogeochemical point of view, arsenic is
commonly observed in the region of Upper Nitra in the Slovak Republic, particularly in the
“old water” where its concentration reaches 1.2 mg/L. Fluorine compounds are also found
in high concentrations.

The exploitation of open-pit mine Lehota from 1981 to 1988 had a devastating
impact on the environment (Figure 2.3.1). Much of the damage was to agricultural land. Slip
faults of various sizes are common in the area as well as pits and terrain depressions, both
water bearing and dry. The physical and chemical properties of the soil have been changed .
after degradation by water, flooding and different chemical reactions. In addition to
degradation of the agricultural land, water regime changes have been observed. Also, there
was a considerable impact on the local Lehota community including damage to 110 private

homes.
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Figure 2.3.1 Lehota
pod Vtaénikom brown
coal deposit

h Figure 2.3.3 Rudnany: caved in
Figure 2.3.2 Bansk4 Stiavana “Drozdiak™ tonuge in the locality
“Terézia” tongue of Baniska '




Remediation of the Lehota mining area has so far involved recultivation. This began
in 1992 with the refilling of pits in the south part of the mine. In 1994, there were 399 ha of
agricultural soil recultivated at a cost of 153,090 Slovak korunas. In the future, there is the
possibility of lake development in the Novaky deposit, as well as in the abandoned local coal
mines of Backov, Liesek, Drienovec and Obyce.

In addition to the above environmental problems generated by surface coal mining
in the Slovak Republic, surface mineral mining has caused damage to the environment.
Several of the environmental effects of the surface mineral mining experienced in the Slovak
Republic are similar to those originating from the surface coal mining. Therefore, these
effects are discussed below.

Mineral mining results in devastation of the environment from the following:

e landscape morphology changes (quarries, settlement, mine dumps)

¢ changes of hydrogeological conditions (water table decreasing, inundation)

e changes of geochemical conditions (groundwater and surface water contamination and
contamination of surrounding soils)

e accumulation of solid wastes (heaps, sludges)

¢ influence of explosive works (seismic effects, pressure waves, noise etc.)

The Slovak Republic has a mining history lasting several centuries. In the past many
types of metal mining were undertaken. However, recently mining has been rapidly -
declining. Only two metallic mineral deposits are now in operation: a siderite deposit NiZna
Slan4 in the “Spissko-gemerské rudohorie" mountains situated in the east part of Slovakia;
and a gold deposit in Hodru$a in the central part of Slovakia. Nevertheless, over recent years
ecological problems relating to metal mining activities have occurred. Two serious
ecological accidents occurred in the districts of Sobovo and Smolnik (SUCHA ET AL., 1996).

When the metal minirig industry first developed, only surface deposits were mined for

the following reasons:
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e metal mineral outcrops have been easy to access and they could be mined without
expensive mining technology

e soft, oxidized hematite, an earthy ore that is easy to treat, could be easily exploited at
siderite deposits

e the oxidized zones were often enriched with gold and silver and were, therefore, of more

economic interest

The metallic mineral deposits were usually just mined down to the water table. Example
cases are: the “BoZi dar” tongue near Gelnica; the “Hruba” tongue at the Slovinky deposit;
the “Terézia” tongue in Banska Stiavnica (Figure 2.3.2); and the “Drozdiak” tongue in
Rudiiany (Figures 2.3.3 and 2.3.4).

Evidence of surface mining can be observed at almost every metal mineral outcrop in the
Slovak Republic. Abandoned mining pits of smaller dimensions covered by vegetation occur
in several areas.

Negative effects of mining can be observed at the well-known Rudfiany deposit in the
“SpiSsko-gemerska” area. There, the important “Drozdiak” tongue is located in the northern
part of the deposit connected with a prominent tectonic slip line in the West Carpathians
(length 6 km, average thickness 6 m, thickness at surface up to 30 m, depth down to 900 m
in places). Barite dominates in the tongue down to depths of 200 to 300 m. The barite content
decreases with depth, whereas the contents of siderite and quartz increase with the depth. In
the past siderite-sulphide ores have been mined there. Later, barite was mined at the surface
as can be seen at Baniska (Figure 2.3.3 and 2.3.4). Today, there is large abandoned quarry
in the past mining area. Many faults and large earth movements have also resulted. For
example, there is a mining corridor between blocks of flats in a housing area located in the
town Rudnany — Zapalenica, with mining activity down to depths of 80 m. During vertical
tongue mining by the means of an upper chimney at a depth of 25 m, the chimney caved in.

The pit that resulted endangered the housing area.

15



Figure 2.3.4 Ruddiany: caved in
“Drozdiak™ tonuge in the locality
of Baniska

Figure 2.3.5 Sobov: the countryside
damaged by acid waters below the
quartzite deposit




Tips containing spoil material and waste created from ore treatment, often concentrated
in sludges, are the most frequently occurring environmental problems associated with the
mineral mining. A study by SUCHA ET AL. (1996) has shown the risks associated with the pit
tips and sludges in the areas with higher concentrations of unstable sulphides. Rapid
decreases in soil pH values and accumulation of iron and aluminum oxihydroxides and
sulphates takes place as a result of the unstable sulphides (Figure 2.3.5 and 2.3.6). These
effects result in serious breakdown of the soil function and its properties, in cases, leading
to complete soil degradation and erosion. The underlying cause of this problem is the
oxidation of the sulphides present in pit tips. The oxidation rate mainly depends on the type
of the sulphide material. Pyrite and pyrrhotine can be broken down most rapidly. Products
of the oxidation transferred to the environment are often toxic.

Further information on the impacts of mineral mining on the environment at the localities
of Pezinok, Smolnik, Bansk4 Stiavnica - Sobov, Rud_any and Slovinky is presented by
SUCHA ET AL. (1996).

The mining and processing of magnesite has further negative influences on the biosphere,
particularly on the soil and vegetation. The magnesite industry in the Slovak Republic
includes units in Jel§ava, L'ubenik, Hazava and Hnust'a. Agricultural soil and forests are
damaged by dust and gas emissions in these regions during magnesite mining and
processing. Harmful manganese components are released into the atmosphere as solid
emissions, which can effect the microclimate of the nearby region that have an effect as
deposits under specific conditions. Included in the mixture of Mg-emissions is the very
reactive manganese oxide arising at temperature in the range of 800 to 1100 °C.

Surface and underground magnesite mining has further negative effects, such as
subsidence, landslides, microseismicity, erosion, etc., causing changes in the hydraulic
regimes of surface and groundwaters, as well as their quality. The

The mining activities in the regions described above have resulted in some spectacular
changes to the rock environment. The result of a collapse at a magnesite mine near Jel3ava

is shown in Figures 2.3.7 and 2.3.8.
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Figure 2.3.6 Sobov: the countryside
damaged by acid waters (foreground)
from a quartzite deposit (background)

- Figure 2.3.7 Magnesite deposit
: at JelSava




Figure 2.3.8 Collapse at the Jel§ava magnesite deposit -



2.4 The Mining Lakes of Western Poland

Poland is one of the main producers of lignite in the world. Annual exploitation
reaches 63 845 000 tons, constituting approximately 10% of the European production or
6.9% of the world production. This places Poland as the third highest producer of this raw
material in Europe and fourth in the world (STATISTICAL YEARBOOK, 1997). Lignite, along
with pit-coal, provides the basis for Polish industry. Consumption for energy supply amounts
to 62 887 000 tons.

2.4.1 Current Areas of Exploitation

Mining of brown coal in Poland developed on a large scale in the years after the
Second World War and is carried out by means of opencast techniques. This leads to darnage
of the landscape and biocoenosis of remarkable areas. Exploitation of brown coal causes a
complete devastation of soils. Hydrological relationships are subject to transformation, both
within the exploited terrain as well as in the surrounding catchment area.

Currently, brown coal is exploited in four large coal basins: Belchatow, Konin and
Adamoéw in Central Poland and Turoszéw in southwestern Poland near the confluence of
borders with Germany and the Czech Republic. Due to the environmental degradation, the
region close to the borders of these three countries is known as the “Black Triangle of
Europe.”

It is predicted that the brown coal exploitation in Poland will continue until the
middle of next century. However, currently recultivation of the destroyed terrain is
conducted on a wide scale. This mainly involves forestation of arising waste-tips and partial
filling of opencast pits in the course of further exploitation. However, the problem of
recultivation of these environments will not take place in its final form until exploitation of |
the currently active mines is finished. It is therefore necessary for Poland to follow intently

the world experiences in this field to help formulate its reclamation plans for when the
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mining is finished. Such plans will be of a large dimension for the area of degraded terrain

in Poland amounts to 60 thousands ha (GUZIEL, 1988).
2.4.2 Areas of Abandoned Exploitation

Within today’s Polish borders there are some areas where brown coal was exploited
in the 19™ century. These are generally in the western region of the country, which was part
of Germany prior to the Second World War II. The main region is situated in the province
of Zielona Géra under the name of Luk Muzakowski. Lignite was exploited there by means
of underground methods in addition to opencast mining. After the underground mining, there
was no back filling of the mine. Only wooden supports were left, many of which have now
collapsed. Consequently, the soil surface has settled forming long kneading-troughs or
funnels, which have filled with water. Natural forest stands and arable land in these places
have been destroyed (JEDRCZAK, 1992). In this post-mining area there are now a little over
100 artificial lakes of total area over 150 ha. The lakes range from about 25 to over 100 years
in 'age and the area has become known as the “Anthropogenic Lake District” (KOZACKI,
1976). There is further degraded terrain on the other side of the border with Germany, where
330 artificial reservoirs of total area 535.3 ha are situated (PIETSCH, 1970).

Polish scientists have investigated the characteristics of this water environment, in
respect to both hydrochemistry (MATEICZUK, 1986; JEDRCZAK, 1992) and hydrobiology
(MATEICZUK, 1989; KOPROWSKA, 1995).

2.4.3 Hydrochemical Characteristics

The chemical properties of the waters in the many of the reservoirs differ from those
of natural waters in the catchment basin. The concentrations of iron, and sulphates are
increased and the waters are strongly acidic. The cause of this strong acidification is pyrite

(FeS,) associated with the lignite deposits.
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Pyrite is subject to chemical and biological processes of decay in three stages (BAKER
& WILDSHIRE, 1970):

I. chemical oxidation
2FeS, + 70, + 2H,0 = 2Fe™ + 45807, + 4H*
or biological oxidation

2FeS* + 7.5 0, + H,0 = 2Fe” + 48072, + 2H"

II. cyclical degradation
4Fe™ + 0, +4H" = 4Fe*” + 2H,0
FeS, + 14Fe” + 8H,0 = 15Fe" + 280?, + 16H"

ITI. precipitation of iron III compounds

Fe*® + 3H,0 = Fe(OH), + 3H*

The speed of the decay process depends upon the pH. At pH > 4.5 this process takes place
more quickly by chemical means. When the pH decreases below 4.5, oxidation runs more
quickly by microbiological processes. At a pH between 3.5 and 4.5 oxidation takes place
with participation of bacterium from genus Metalogenium, and at pH below 3.5 with
participation of bacterium Ferrobacillus ferrooxidans (Thiobacillus ferrooxidans).

The most complete hydrochemical investigations in the area of the Polish
“Anthropogenic Lakeland” were conducted by JEDRCZAK (1992). This physico-chemical
research considered 63 of the 100 or so existing lakes. Two groups of lakes were

distinguished:

¢ Acidotrophic with pH from 2. 6 to 3. 7 and redox potential from 605 to 755 mV.
e Near neutral lakes with pH from 5. 2 to 7. 4 and redox potential from 380 to 600 mV.



The low pH lakes formed where brown coal had been exploited by opencast methods and
those with higher pH were created in depressions of soil where underground mines had
collapsed. In the latter case the soil surface was not removed in the course of coal extraction.

In the group of acidotrophic reservoirs, of which 30 were examined, concentrations
of sulphates ranged from 101 to 1260 mg/l. Content of iron was from 0.3 - 182 mg/l. These
waters were poor in organic matters, their oxygen demand was in the range of 1.2 - 21.6 mg
O, per litre. Concentrations of nitrogen amounted to 0.14 - 11.6 N-NH, mg/l and 0.05 - 1.81
N-NO, mg/l.

Most of the remaining artificial lakes had waters that were of class I or Il purity.

The small river Chwaliszéwka, which drains the lake district region had strongly acid
waters of pH 3.5 - 4.2. The content of organic matter is low (COD 6.5 - 27.2 mg O, per litre).
The quantity of sulphates is 108 - 155 mg/l1, while the concentration of iron is very high (8.3

- 32.0 mg/1); such values are rarely met in freshwaters (JEDRCZAK, 1992).
2.4.4 Hydrobiological characterization

The physico-chemical water parameters of the acidotrophic reservoirs mentioned
above do not allow the possibility for good development of biocoenoses. Only extreme
biotopes and a small number of organisms are able to colonize such waters. This is further
evident from the small number of algae taxa and invertebrates that were found.

A list of algae taxa identified in four acidotrophic lakes, in different phases of
succession, and where pH was 2.8 - 3.2, contains only 19 taxons, of which 13 were diatoms
(KOPROWSKA, 1995). In all four lakes the diatom Eunotia exigua was predominate. Most of
the species of this genus are recognised as acidobionts. Other species were found in smaller
numbers. There were diatoms - Melosira granulata, Nitzschia palea and Cyclotella
meneghiniana, green algea - Ulothrix sp, cyanobacteria - Lyngbya ochracea and

euglenophyte - Euglena mutabilis. The remaining species were adominants (KOPROWSKA,
1995).



The list of animals is yet poorer. Only one species, Brachionus sp., was found in the
seston. In the benthos were two species of Chironomidae - Chironomus plumosus and
Limnophyes pusillus and one species of Simulidae - Sialis lutaria (KOPROWSKA, 1995).

Not all species found were represented in each lake. In the lake of the most primary
state of succession, the number of algal species amounted only to five and of the animals
only Chironomus plumosus was found. In two lakes of more advanced succession 15 to 17
species of alga and 3 of larvae of insects were found. The larvae Chironomus plumosus did
not attain large sizes (maximum 14 mm; KOPROWSKA, 1995). This confirmed the
investigations by RYHANEN (1961).

Overall, it is important for Poland to address the problems of its relatively small acid
lakes in the west, for when the far greater current lignite mines are closed down, they will

constitute a considerable environmental problem.
2.5 Development of Lakes in Alberta, Canada

This contribution is a summary of an extensive report “Development of Sport
Fisheries in Lakes Created by Coal Mining Operations in the Eastern Slopes™ prepared in
1994 by Luscar, Ltd., Luscar-Sterco (1973), Ltd., Cardinal River Coals, Ltd., Pisces
Environmental Consulting Services, Ltd., and Bighorn Environmental Design, Ltd.,
Edmonton, Alberta, Canada. We would like to express our thanks to the staff members of
Luscar, Ltd., Edmonton, Alberta, for responding to our request and releasing the report to
the members of our project team.

The Land Surface Conservation and Reclamation Act (LSCRA) was promulgated in
Canada in 1973. Prior to 1973, the major goal of reclamation of surface coal mining areas
in Alberta, Canada, was to stabilize the land surface and establish a vegetative cover. The
reclamation did not consider returning the mining areas to their previous land uses or
establishing specific land use goals. However, following the 1973 LSCRA, the primary

objective for the reclamation has been the return of the mining areas to their pre-mining
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values and capabilities. The goal of all companies participating on the reclamation of surface
coal mining areas in Alberta has been the creation of post-mining landscape suitable for
multiple use. Creation of the lakes for recreational activities and potential fisheries has been
added to regular reclamation activities that focus on returning productive forestry or wildlife
land uses. These reclamation activities have also been supported by the following
considerations. For mines operating at high topographic locations, such as those in Alberta,
the cost involved in re-handling overburden for back-filling of mined out pits is often
prohibitive. Therefore the creation of pit lakes may be the only economically feasible
reclamation alternative. Lakes are preferred by the public because of their recreational
potential for fishing, boating, swimming, etc., as well as for their aesthetic value. In addition,
generated lakes are beneficial to the overall ecology of the rehabilitated mining area by
providing wetland habitat for waterfowl and wildlife.

In the past, several ponds have been created by coal mining operations in Alberta.
However, only few records exist about most of these water bodies. For example, in 1977, a
mine pit near Forestburg, Alberta, was converted to a 7 m deep pond with a surface area of
6.2 ha. The pond was first stocked with rainbow trout in the spring of 1980. Data obtained
from 1979 to 1981 did not identify any trends in water quality of the pond. Although the
content of dissolved solids was high (in the range of 2,000 mg/l), it did not affect trout
survival and growth. Due to intensive fishing, the lake is stocked on an annual basis.

Black Nugget Pond located near Round Hill, Alberta, was created by the Dodds Coal
Mine. The pond was first examined in 1957 for sport fishing potential. The pond has a
surface area of approximately 7.3 ha with a maximum water depth of 5.4 m. It was formed
by a series of abandoned mine pits, which created irregular lagoons. The 1957 investigation
revealed that the concentration of oxygen in surface water was 6.4 mg/l, and the
concentration of dissolved solids was greater than 900 mg/l, with unusually high
concentrations of sulphates accounting for half of the dissolved solids. Plankton and benthic
fauna were scarce. Despite these poor habitat characteristics, the pond was stocked with fish

the same year. Since 1970 the pond has been stocked with rainbow trout on an annual basis.
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Detail chemical analysis of the water conducted in 1985 showed high concentrations of
dissolved solids (826 mg/l), sulphate (397 mg/l) and nitrate (1.3 mg/l). The range of the
concentrations of cations was also unusual for lakes in Alberta with sodium being the
dominant cation (167.4 mg/l) followed by calcium, magnesium and potassium. Other
measured parameters were within the natural range occurring in surface waters. Occasionally
recorded concentrations of dissolved oxygen varied between 6.2 and 9 mg/l. In the summer
of 1986 five rainbow trout measuring approximately 340 to 390 mm in length were
submitted for mercury analysis. The results showed that the concentration of mercury in the
fish tissue was well below the recommended standard of 0.5 pug/g, and varied between 0.088
and 0.225 ng/g.

Little information is available on the generation of the Pleasure Island Pond near
Camrose, Alberta. Alberta Fish and Wildlife recorded that the pond used to support good
recreational fisheries on a “put-and-take” basis for rainbow trout. However, stocking of the
pond with fish was discontinued in 1979 due a dispute over the pond access between a
private land owner and the public.

At Whitewood Mine near Wabamum Lake, Alberta, a lake was created as a
replacement for two shallow lakes that had to be drained during the mining operations.
Construction for the replacement lake started in 1987, and was scheduled to be completed
in 1990. The replacement lake covers 18.5 ha, has a shoreline of 3,500 m and water depth
of approximately 7.8 m. The lake site has been designed to have the potential for
development as a “put-and-take” fishery, day use recreation and nature viewing. Special
features planned to be incorporated in the lake design were a picnic area, campsite, boat
launching ramp and beach.

A mine cut near Canmore, Alberta, was successfully developed into a sports fisheries
lake. The development of the lake was a part of a joint program conducted by Alberta
Environment’s Land and Reclamation Project and Alberta Fish and Wildlife Division.
Reclamation activities involved re-sloping of steep banks to less than 30° and re-contouring

of old spoil pile into the surrounding landscape. A ramp for canoes and rowboats was
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developed. The lake has a 2 ha surface area, and maximum water depth of approximately 30
m with an average depth of 18 m. The site is extensively used for fishing and picnicking.
The lakes generated in surface coal mining areas in Alberta have unique physico-
chemical properties and are located in a mountainous area characterized by restricted climatic
and physical conditions. For theses reasons, the Coal Valley Mine and the Luscar Mine,
Alberta, conducted a research program to examine and evaluate construction and
management guidelines for creating lakes in this environmentally-sensitive region. The

program was divided into the following phases.
1. Review of the North American literature pertinent to the development and characterization
of lakes and ponds created by surface coal mine operations (survey was conducted in 1991

by Luscar Ltd.).

2. Limnological and fisheries investigation of study lakes (conducted by Luscar Ltd. and

Pisces from 1991 to 1993).

3. Fisheries enhancement program implementation and assessment (conducted by Coal

Valley Mine from 1992 t01993).

4. Cost-benefit analysis of lake construction and development (conducted by Coal Valley and

Luscar mines in 1994).
5. Ecological benefits of lake development (conducted by Bighorn in 1994).
Four lakes were selected for the study: Silkstone Lake, Lovett Lake, Lac Des Roches,

and Fairfax Lake. Silkstone and Lovett Lakes are located within the Coal Valley Mine area
about 80 km south of Edson, Alberta (Figure 2.5.1). These two lakes, constructed from 1985
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to 1986, were the first mine lakes designed specifically for fisheries and recreational uses in
the Alberta Foothills. They represent water bodies produced following dragline mining
operations. The third lake, Lac Des Roches, is located in the Cardinal River Mine area about
40 km south of Hinton, Alberta. This lake was formed in 1987 in one of the mine’s pits and
represents water bodies produced by truck and shovel mining. The limnological investigation
also included naturally formed Fairfax Lake. This lake, located near the Silkstone and Lovett
Lakes, served as a “baseline” and a source of biological material for transplanting and

inoculation for these other two lakes.

During the project the following issues were addressed:
1. Characterization of existing habitat conditions in three coal mine lakes created in pits

produced by two surface mining methods: dragline, and truck and shovel, to establish

specific considerations for the region.

2. Evaluation of various habitat enhancement alternatives to maintain or improve the

characteristics of surface mine lakes for fisheries habitat.

3. Examination and establishment of pit lake development and management guidelines for

optimum management practices.

4. Documentation of the benefits of lake development to wildlife and the areas ecosystem.

5. Analysis of economic benefits of lake development.

2.5.1 Construction of the Lakes

The initial development of Silkstone and Lovett Lakes involved re-sloping and

leveling operations on the shore line and bottom configuration, top soil replacement and
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seeding of the surrounding area. The construction of the lakes was completed and the final,
stable water levels were achieved in 1985 and 1986 for Lovett Lake and Silkstone Lake,
respectively. Both lakes are dependent on inflow from groundwater sources and runoff from
their surrounding drainage basins to maintain lake levels. Silkstone Lake has an outflow to
the nearby Lovett River, with exit flows dependent upon lakes levels. In the case of Lovett
Lake, underground seepage out of the lake maintains the shore line at a constant level.
Littoral zones (i.e.,area less than 3 m deep) were constructed to account for over 30% of the
lake areas. The shoreline and bottom configuration were left irregular to increase habitat
diversity and minimize wave action. Additional development activities involved introduction
of macrophytes, transplanted from Fairfax Lake and an isolated ox-bow of the Lovett River
located in close proximity to the mine site. Physical and hydrological characteristics of the
lakes are summarized in Table 2.5.1. The morphometry of Silkstone and Lovett Lakes is

shown in Figure 2.5.2, and Figure 2.5.3 is an areal view of both lakes.

Parameter Lovett Silkstone Fairfax Lac Des
Lake Lake Lake Roches

Surface Area (ha) 6.0 6.4 28.4 16.2

Maximum Depth (m) 18.0 14.8 7.6 70

Mean Depth (m) 535 4.7 3.2 37

Volume (m’®) 330,000 300,800 909 6,000,000

Watershed Area (ha) 161.6 146.2 153.7 No information

Outflow Channel No : Yes Yes Yes

Shoreline Length 1.34 1:35 No information 1.98

(km)

Littoral Zone (%) 32 37 63 5

Elevation (m) 1,360 1,360 1,360 1,593

Table 2.5.1 Physical and Hydrological Characteristics of Lac Des Roches and Lovett,
Silkstone and Fairfax Lakes



SILKSTONE LAKE
Area: 6.4 heclores (158 ccrea)

. Maximum Depth: 14.8 meters (48.0 fest)
Contour intervals In maters

LOVETT LAKE
Arec: 6.0 hectores (14.8 ocres)
Maximum Depth: 18.0 metres (59.0 feet)

Contour intervols in maters

Figure 2.5.2 Morphometry of the Silkstone and Lovett Lakes



Figure 2.5.3 Aerial view of Silkstone and Lovett Lakes



The third study lake, Lac Des Roches, was created by Cardinal River Coals, Ltd. in
an open pit formed bj truck and shovel operations. The decision to create the lake originated
from the prohibitive reclamation costs associated with re-handling sufficient overburden for
backfilling of the pit, according to the governmental specifications. As the pit was located
in a natural creek valley and water supply could be guaranteed, the approval from the
government agency was granted (LUSCAR LTD. ET AL., 1994). The development of the lake
was initiated in 1985. It involved construction of 0.7 ha of littoral zone, re-sloping of
overburden, placement of top soil and re-vegetation of the sprrounding area. The majority
of the littoral area of the lake was constructed at the east end, where the lake water exits to
the natural channel of Jarvis Creek West. A berm was built at the final water elevation, to
separate the warmer, more productive shallow area from the main body of the lake. The berm
also sefves to intercept heavy wave action during windy periods. The littoral zone area
represents only approximately 5% of the total lake surface area. Any further development
of the littoral zone would have involved placement of backfill at a prohibitive cost. The
remedial work focused, therefore, on providing accessible shoreline and habitat
enhancement. Physical and hydrological characteristics of the lake are summarized in Table
2.5.1. The morphometry of the lake is shown in Figure 2.5.4, and Figure 2.5.5 is an areal
view of Lac Des Roches.

A number of measures were taken to promote wildlife at Lac Des Roches. A large
number of truck tires were placed in the shallow safety bench to offer an area for periphyton
attachment and fish cover. Organic soil and partially decomposed hay were placed in the
littoral zone to provide suitable habitat for benthic invertebrate and macrophyte communities.
Macrophytes from nearby Mary Gregg Lake were transplanted. Reclamation activities also
included seeding of high walls and the construction of benches for bighorn sheep and mule
deer which regularly utilize the lake area (LUSCAR LTD. ET AL., 1994).

The lake development program was finalized in 1987 when a full water supply level

was reached. The source of water included ground water, the diverted flow from upstream

Luscar Lake and surface runoff.
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Figure 2.5.5 Aerial view of Lac des Roches



An extensive habitat improvement program of the lake outflow channel was
undertaken in 1987 to improve the spawning potential immediately downstream of the lake.
The program included the construction of a gabion mat and a 4-m deep plunge pool to ensure
a constant water level. Small step dams placed at 8-m intervals over a 75-m distance created
numerous small pools. Fine washed gravel was placed behind each dam to provide spawning
areas. Rainbow and brook trout were observed in these areas since 1988 (LUSCAR LTD. ET
AL., 1994).

2.5.2 Results of Lake Studies

Results of the limnological investigation indicated that the lakes are capable of
supporting fish populations suitable for sport fishing. Initially, the water in all three
generated lakes was turbid. However, it reached an excellent clarity within three years, and
it continues to exhibit very low turbidity. The concentrations of compounds potentially toxic
to aquatic life, such as metals, phenols, nitrites and cyanides, are very low and remained
below the federal and provincial freshwater quality guidelines and objectives.

Several water quality indica.ltors, such as sodium, sulphate, alkalinity, bicarbonate,
and dissolved solids, are present at greater concentrations in the pit lakes than in the naturally
formed lakes in the area (i.e., Fairfax Lake). However, the levels of these parameters are
within the natural variation for surface waters and are not high enough to adversely affect
aquatic life. Elevated levels of these parameters are expected in areas filled with
groundwater. Nitrites, typically found at high concentrations in mine pit lakes, have no
apparent effects on the primary productivity of the lakes.

Based on their chemical and biological characteristics, Lovett and Silkstone Lakes
are oligo-mesotrophic. Both lakes have a high density and diversity of benthic invertebrates,
comparable to those observed in Fairfax Lake. These characteristics remained unchanged
after the introduction of fish to the lakes in 1991 and 1992. The main impact of fish predation

appears to be a decrease in the number of zooplankton larger than 1 mm. This is common in
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Jakes following the introduction of fish (LUSCAR, LTD. ET AL., 1994).

Lac Des Roches is oligotrophic. The low productivity of the lake is regulated to a
large extent by its morphometric characteristics, i.., the relatively large size and water depth,
with limited mixing of the deeper part of the lake, prevents recycling of nutrients. Another
factor limiting the lake productivity appears to be the relatively small littoral zone. There was
no substantial change in chemical and biological character of the lake due to fish predation
over the 1991 to 1993 period of investigation.

The studies showed that the three mine lakes, Lovelett and Silkstone Lakes and Lac
Des Roches, can support sport fish population and that the growth rates of the fish are
superior to those in adjacent natural water bodies. Lovelett and Silkstone Lakes have been
approaching maturity and stability with aquatic communities that are similar to those in the
neighbouring natural lakes. Both lakes are productive, with abundant and diverse invertebrate
populations that are able to sustain high fish growth rates. Both lakes were stocked with
hatchery rainbow trout in the spring of 1991 and 1992. The follow-up fisheries investigation
revealed that the fish growth in the lakes exceeded that of the natural lake in the immediate
vicinity. This was due to the abundance in food organisms that had accumulated in the 4- to
6-year period prior to fish introduction. However, both lakes lacked escape cover for fish at
the time of stocking and fish were susceptible to predation, which considerably reduced
survival rates. The low survival rate of fish in Silkstone Lake was additionally caused by fish
escaping through the outflow channel. These problems were mitigated in 1993 by
introducing additional escape cover (i.e., rock and brush piles) and modifying the outflow
channel. Maintenance stocking of rainbow trout will be required in both Silkstone and
Lovelett Lakes.

Lac Des Roches is unique to Alberta because it may be the first created mountain
lake that has become occupied by native fish from downstream. The lake is relatively cold
and deep with a small littoral zone relative to its area. These features make the lake an
oligotrophic water body with limited fish production capabilities. However, the lake

approaches the ideal objective - it has become occupied by native fish and is a self-sustaining
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recreational sport fishery lake. Two native fish species occupy the lake: rainbow trout and
bull trout. Both species are of 'particular interest. Bull trout are a species of concern in North
America and the Athabasca strain of rainbow trout has recently been noted as a unique
population with possible future subspecific status. Enhancement of spawning habitat in the
outlet stream from the lake has been effective and it is intensively used by rainbow trout.

All three lakes are a valuable addition to the lake ecosystem and to the diversity of
fish habitats in the eastern Slopes of Alberta, particularly for their ability to support self
reproducing populations of native species. These man-made features add new waterbodies
to a region that is not typically characterized by standing water. The addition of new
waterbodies to the region has augmented or provided habitats for many species. Generally,
the lakes provide staging areas for migrant shore birds and waterfowl, with feeding on
invertebrates on the route to the Arctic. Further, the lakes provide breeding habitats for local
amphibians, which establish another link in the food chain. The lakes are a source of water
for many animals living in the area, such as elk, mule deer, white-tailed deer and moose, and
are habitat for aquatic fur-bearers, such as muskrats and mink, as well as for marsh birds.

Eighteen new species of water-oriented birds, which had not been observed prior to
the development of the lakes, were noted during the period of the study of the lakes.
Occurrence of many of the birds was attributed largely to the presence of the man-made
lakes.

2.5.3 Costs of Lake Developments

The reclamation of coal mine dragline pits and truck/shovel pits to lake habitat has
proven to be a desirable economic alternative to upland forest reclamation. The cost savings
are associated with less backfilling and earthmoving costs than would be required to reclaim
the mining area to accepted standards of upland forest. The cost of a lake development can
be relatively consistent from one area to the other. However, due to the amount of backfilling

and sloping/leveling required, the cost of generating dry land is quite variable. Mining
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conditions that affect the relative reclamation cost, i.e., dry land vs. lake, are: thickness of
coal seam, down-dip angle of coal, depth of overburden, and width of final cut.

The cost analysis conducted by the Coal Valley Mine in Alberta, which compared the
lake development in dragline operations to upland forest reclamation, showed that the
savings ranged between Can $50,000/ha and Can $135,000/ha or approximately Can $0.85
per clean metric tone (CMT). The cost analysis conducted by the Luscar Mine, Alberta,
showed that the lake development in truck/shovel operations in mountainous settings may
result in savings ranging between Can $151,000/ha and Can $416,000/ha or Can $0.80 to
Can $3.00 per CMT, depending on lake configuration and coal recovery.

2.5.4 Management of the Lakes

The study of the three mine lakes contributed significantly to the development of a
working model for post-mining land use that will have applications to other mining
operations in Alberta’s eastern slope region. The results of the study will be used to improve
the recreational potential of the area. From the fishery management perspective, the
following components need to be evaluated and implemented in the development of further
lakes: lake water supply (hydrology), which must be considered in the pre-construction
planning stage; watershed reclamation, erosion control and basin stabilization activities; lake
morphometry and habitat enhancement; post construction lake monitoring and management.

The results of the habitat investigation and literature review suggested that there are
many critical habitat components that must be considered when establishing viable sport
fisheries in mine pit lakes. Some of these components, such as size and depth of the lake and
orientation of the lake, will be pre-determined by excavation practices and other mining
operations. However, many important factors in lake habitat design, such as shoreline
contour and slope, litoral zone, substrate type and composition, can be manipulated. The
most important factor appears to be the establishment of adequate littoral zone, provision of

escape cover for fish, introduction of invertebrates and macrophytes from local sources, and
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the delayed introduction of fish to allow biological communities in the lake to approach
stability. It takes approximately 2 to 5 years to establish aquatic vegetation after the lake is
filled with water. The establishment of aquatic plants in lakes is ecologically important. The
plants form the base of a complex food web and have a major impact on wildlife by
providing food and cover for wetland mammals, such as muskrats, nesting structures for
marsh birds, food and cover for aquatic invertebrates, amphibians and fish, cover for nesting
waterfowl and food for migrating waterfowl. It is desirable to promote self reproducing
populations and avoid the potentially expensive long term commitment associated with fish
stocking program. However, this may only be possible in lakes with features similar to those

of Lac Des Roches.
2.6 Overview of Opencast Coal Mining and Reclamation in the UK

The UK has a long tradition of coal mining and although overall production has
decreased in the past half-century, there has been an increase in opencast mining since 1970.
The main regions of shallow coal are the Scottish lowlands, the Northeast of England, the
central East (including Yorkshire and Nottinghamshire), the Northwest (Cumbria, Lancashire
and North Wales), the Midlands and South Wales (Figure 2.6.1). Opencast mining in these
areas is of particular environmental concern due to the high population densities.
Furthermore, since UK surface mines are generally small by world standards, averaging only
200 hectares in surface area, site lives average 5 to 6 years only and consequently 10 to 12
new pits must be opened each year to maintain current capacity.

Opencast mining began in 1942 to meet the War demand and reached a local
production peak of 15 million tones per year prior to the 1958 Opencast Coal Act. With the
shift in responsibility to local planning authorities, production dropped, until in 1974 the
Plan for Coal, sparked by the Oil Crisis, set a target of 15 million tones again. This target
was reached by 1982. Despite a recommendation by the Flowers commission in 1981 for

a reduction in opencast mining, by 1992 the production reached 19 million tones.
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Relative to total coal output, the increase in opencast activity is quite dramatic. From
1965 to 1985 the percentage of opencast coal increased from 5% to 30%. This increase can
be attributed to the profitability of opencast coal during a period that saw coal subsidies
reduced and market forces encouraged. The miners strike of the early 1980s may also have
been important, since it only involved workers from underground mines.

Opencast lands have been predominantly restored for agricultural use in the UK,
although there has been a shift away from this policy in recent years (PROCTOR, 1990). As
UK surface mines have a high ratio of overburden to coal (on average 19 to 1) it is possible
to restore most areas close to their original contours. From 1942 to 1990 of the 60,000 acres
of worked land, 90% was restored for agriculture. However, since the late 1980s there has
been a change in practice away from agricultural restoration due to massive European food
surpluses and perhaps also criticism of environmental impacts of capital intensive farming
techniques in the UK. In manjf cases, restoration of mining areas to the natural environment
is now considered. In the early 90s hedgerows were being planted at the rate of 40 km /year
on former mining lands. Habitats are now being designed with woodlands, ponds, ditches,
wetlands and sanctuaries for birds and wildlife. PROCTOR (1990) reports on the return of a
river to its natural sinuous path and the creation of heather moorland in a former upland
mining area.

Alternative reclamation strategies now include the formation of leisure areas, country
parks, golf courses and ski slopes, as well as refuse disposal sites. At one site near Shipley,
an area of former industrial dereliction has been transformed, post surface mining, to a
commercial theme park and country park. The country park includes a series of lakes for
sailing, windsurfing, water-skiing, fishing and wildlife (BRoOK, 1989).

A proposed development scheme for the Windsor opencast mine in West Yorkshire
highlights the attention to nature conservation that is considered in UK mine reclamation
(R.J.B. MINING U.K. LTD., 1997). While the plan is to recreate a sustainable agricultural

landscape, which contributes to the rural economy, the development includes:
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e an increase in species and habitat diversity

e the accommodation of locally occurring protected species
e an increase in open and running water habitat

¢ adoubling of woodland cover in the district

e the protection and enhancement of green corridors

e an increase in public rights-of-way to encourage countryside recreation.

The Windsor restoration scheme includes the planting of at least six categories of woodland,
four categories of grasses, four categories of herbs and further categories of hedgerow plants

and reeds, with five to ten different species per category.
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3.0 Alternatives for the Reclamation of Surface Mined Lands

While the main focus of this report is the formation of lakes from former surface
mines, this chapter briefly considers other alternatives for surface mine reclamation. The
reasons for discussing other after uses, such as forestry, agriculture, natural wildlife and
recreation, are twofold. Firstly, formation of lakes from former mine excavations will not
always be the best strategy, and may even be difficult under some geological conditions.
Secondly, in cases where the generation of lakes is the chosen approach, consideration
will often still be required for impacted lands immediately surrounding the water body. In
many existing reclamation schemes a mix of alternatives is chosen.

Reclamation of surface mined lands has been undertaken for over a century or
more; however, it would seem that over the last 20 or so years there has been increased
interest in reclamation strategies. RICHARDSON (1977) notes that tree plantations were
used to restore acid shale tips in Cumbria, England in 1898. Forestation of mine spoils in
North America started in Indiana in 1928 (MEDVICK, 1980). Increasing concern over
restoration practices in recent decades has resulted in tougher regulations, such as the
U.S. Surface Mining and Reclamation Act of 1977. Consequently, methods of surface
mine reclamation continue to be studied and developed.

Given the large amount of previous work on the subject of reclamation, much of
which is undertaken by the mining industry itself, no attempt will be made here to cover
the topic in its entirety. Rather, an overview of surface reclamation activity will be given,
with slightly more emphasis on practical methodology, as opposed to scientific
principles. This chapter draws heavily upon a two-volume text on the subject edited by

HOSSNER (1988), which is a good general source for further information.

3.1 Climate

The first consideration in any reclamation plan is the climate of the impacted
region (U.S. NRC, 1981). Precipitation, evapotranspiration, air temperatures and the
length of the growing season are particularly important for the establishment of a new

environment. Sufficient moisture is required for the establishment and maintenance of
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vegetation. The timing of rainfall should also be a consideration; it is clearly beneficial
that the majority of annual precipitation occurs during the growing season. The frequency
and intensity of storms also affect surface run-off and consequently the potential for soil
erosion. Air temperatures, and in particular annual extreme values, influence the rate of
plant growth, species formation and the rate of soil formation. Plant species diversity and
the rate of soil formation will generally be greater at sites with long growing seasons.
While a choice of vegetation native to the region of the reclaimed lands should
clearly alleviate concerns over suitability for the climate, consideration should also be
given to microclimate effects. Air temperatures close to the ground surface are influenced
by soil colour, surface aspect relative to the sun, soil moisture content and shading by

existing plant communities (HADLEY, 1961).
3.2 Soil Reconstruction

Soil properties are of importance to possibly all reclamation alternatives, so some
general discussion of soil reconstruction may be given here, before specifically focussing
on forestry, agriculture, and wildlife environments. Postmining establishment and growth
of plants is often more limited by physical aspects of soil, rather than chemical problems
(DOLLHOPF & POSTLE, 1988); thus, the discussion here will give more emphasis to the
former. Common physical problems include erosion, crusting, infiltration, compaction,
excessive swelling and structural degradation. Generally speaking it is easier to correct
for chemical defects, e.g. by the addition of fertilizer, than overcome physical soil
problems. However, this generality should be clarified. The objective of reclamation is to
create an environment that in the long run does not depend on intensive management in
order to maintain a stable landscape (U.S. NRC, 1981). A reclamation scheme that
requires long-term chemical applications is therefore inadequate.

Arguably the primary physical problem in soil reconstruction is overcoming the
effects of compaction. Soil compaction impedes plant growth by restricting water
movement, nutrient intake and oxygen; accumulating carbon dioxide; and hindering root
development. Further discussion of these problems by KENDLE & SCHOFIELD (1992) is

summarized in Table 3.2.1 A particularly crucial consequence of soil compaction is that
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it results in reduced infiltration capacity, leading to lower water availability, and

increased run-off with associated problems of soil erosion. One of the greatest challenges

of reclamation is to reestablish a landscape with a sustainable infiltration runoff

relationship (U.S. NRC, 1981).

One measure of the effect of soil compaction on root growth is the critical bulk

density of soil at which root penetration is prevented or severely restricted. Table 3.2.2

provides a summary of critical bulk densities for non-mined soils reported by BARNHISEL

(1988); the data comes from several sources with differing experimental conditions.

Increased mechanical
impedance

Inhibits the ability of roots to push through the soil

Reduced aeration

Larger soil pores are compressed, restricting the
movement of water. Oxygen takes longer to enter the
soil and carbon dioxide escapes more slowly

Changes in moisture
availability

Water is gradually forced from between soil particles.
Remaining water is in smaller pores where it is bound
tightly to soil particles making it unavailable to plants.
Slower flow paths through the soil causes reduced
infiltration. Run-off is greater over compacted soil
potentially causing erosion of top-soil.

Changes in thermal
conductivity

Closer packing of soil particles may give rise to
increased thermal conductivity. This has both beneficial
and detrimental potential implications

Changes in nutrient availability

Changes in moisture level and oxygen content may

effect nutrient availability in several ways:

- reduced absorption of nutrients by roots

- less nitrogen mineralized from organic matter

- increase the exchange of nutrient ions with solid
particles

- change the valence state of iron or manganese
potentially leading to toxic levels of these metals

- reduce sulphur to phytotoxic hydrogen sulphide

- increase the solubilisation of soil phosphate

-  cause the anaerobic decomposition of soil nitrate
leading to loss of nitrogen

Microbial population changes

Compaction can greatly reduce microbial activity, e.g.
inhibiting the mineralisation of soil nitrogen.

Some pathogenic diseases are more aggressive on wet,
poorly drained soils.

Table 3.2.1 Effects of soil compaction (based on KENDLE & SCHOFIELD, 1992)
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Plant species Critical bulk density  Soil texture

Alfalfa 175 Sandy loam
Corn 1.69-1.80 Silty clay

Com 1.80 Silty clay loam
Comn 1.67 Sandy clay loam
Com 1.90 Sandy clay loam
Corn 1.80 Silty clay
Cotton 1.70 Sandy clay loam
Cotton 1.87 Sandy loam
Cotton 1.78 Sandy loam
Cotton 1.88 Sandy loam
Grain sorghum  1.60 Silt loam
Soybeans 1.60 Silty clay loam
Sunflower 1.75 Sands
Sunflower 1.46-1.63 Clays

Wheat 1.60 Silt loam

Table 3.2.2 Effect of bulk density on root penetration for various plant species
(BARNHISEL, 1988).

In addition to bulk density, several other soil properties may be measured to
determine the suitability of overburden material for use as topsoil or subsoil: particle size
distribution, rock fragments, clay mineralogy, hydraulic conductivity or infiltration rate,

plant available water holding capacity and erodibility potential (DOLLHOPF & POSTLE,
1988). '

Suitable values for infiltration rates and plant available water are given in Tables
3.2.3 and 3.2.4. Two common methods of measuring infiltration rates are the use of ring
infiltrometers and rainfall simulators (BERTRAND, 1965; DINGMAN, 1994). Plant available

water holding capacity is determined by desorbing the soil in a pressure plate apparatus
(RICHARDS, 1965).
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Descriptive term Infiltration rate
mm/hr

Very rapid >254

Rapid 127-254

Moderately rapid 63-127

Moderate 2-63

Moderately slow 5-20

Slow 1-5

Very slow <]

Table 3.2.3 Classification of infiltration rates (U.S. SOIL CONSERVATION SERVICE, 1951)

Rating Aquic and perudic | Udic and ustic Aridic and xeric
cm/100 cm cm/150 cm cm/150 cm

Very low <5 <7.6 <6.4

Low 5.1-7.6 7.6-15.2 6.4-12.7

Moderate 7.6-10.2 15.2-22.9 12.7-19.0

High >10.2 22.9-30.5 19.0-25.4

Very high >30.5 >25.4

Table 3.2.4 Rating of plant available water-holding capacities for varidus moisture
regimes potential (DOLLHOPF & POSTLE, 1988).

Topsoil for crop use should ideally consist of medium-grained materials such as
silt loams, loams or silty clay loams (JANSEN & MELSTED, 1988). Clays and organic
matter provide nutrients and stabilize soil structure, but too much of these materials will
give poor tilth, low conductivity and poor aeration. In particular, soils with a high content
of smectite clay may be prone to shrink-swell, cracking, crusting, high saturation
percentages and reduced infiltration; these effects are further increased by the presence of
sodium salts (DOLLHOPF & POSTLE, 1988). JANSEN & MELSTED (1988) suggest that 20 to
30% clay or organic content is suitable for the surface and perhaps 20 to 35 % for the
subsurface. Soils that are low in organic matter may seal over during heavy precipitation,
resulting in low infiltration and crusting upon drying.

Rock fragments are not necessarily undesirable in all reclamation schemes. Many
types of rock may hold water at low tension, thus making it more easily available for
plant use (ASHBY ET AL., 1984). Rock fragments may additionally reduce evaporation,

alter soil temperatures and store additional nutrients (LUTZ, 1952). Nevertheless, coarse
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materials do cause difficulties if the end-use of the land is agricultural and requires tillage
or mowing.

In well-planned mining operations it is usual to save and store separately the A-
horizon of the topsoil when it is rich in organic matter and microorganisms. Placement of
A-soil over less nutritious mine spoils yields obvious benefits. Studies in North Dakota
showed that vegetation yields increased in proportion to the depth of the topsoil up to a
depth of 75 cm (POWER, 1978). Mixing of A-horizon with sub-soil overburden dilutes
beneficial effects.

There may be benefits to segregating and storing other original soil layers. For
instance when the A-horizon is too thin, or contains toxic material, it may be worth
stockpiling a fertile B-horizon. In areas of the Indiana coal region, deeper Lacustrine
sediments were found with organic matter comparable to or surpassing that in the A-
horizon (BYRNES ET AL, 1980).

Following the identification of suitable soils, the recontouring of the landscape is
a key component of the soil reconstruction process. In addition to improving the aesthetic
appearance of land, the primary objective of recontouring is to establish a landscape with
a stable infiltration runoff relationship, thereby reducing the potential for erosion. This
involves the control of ponding and encouragement of natural drainage. Further
objectives of recontouring may be to eliminate landslide potential, control water pollution
and eliminate hazards such as high cliffs and deep pits (U.S. EPA, 1973)

The recontouring process can in cases improve the utility of the landscape beyond
its pre-mining condition. For example grading can remove obstacles and create more
favorable slopes for agricultural machinery. Nevertheless, in some countries legislation
dictates that landscapes should be returned as near as possible to original contours.

A number of recontouring strategies can be used to combat increased runoff rates,
which result from compaction and breakdown of soil structure. One approach is to reduce
slopes below their pre-mining gradients to make water flow more slowly over the surface.
This strategy was used in the Rhine region of Germany, where slopes were reduced to a
maximum gradient of 1.5% (HEIDE, 1973). Experiments on surface configurations of
mined land‘s by DOLLHOPF & GOERING (1982) found that large surface depressions

created by dozers could reduce runoff by 72% and slope erosion by 92% in comparison



with more conventional chiseling treatment. Furthermore, microtopographic preparations
such as chiseling and gouging tend to only be effective at runoff and erosion control for
short periods of a year or two before filling with sediment. Dozer basins may be effective
from 10 to 50 years. Other runoff control strategies include contoured terraces, furrows
and trenches (U.S. NRC, 1981, VERMA & THAMES, 1978). Further discussion of the
design of post-mining landscapes is given by SCHAEFER ET AL. (1980) and VENTURA &
DOUGHERTY (1980).

Computer software can aid in the recontouring design, to reduce costs and assess
the aesthetics of a new landscape prior to regrading (NICHOLSON, 1995; RUSSELL, 1996).

The type of machinery used in reclamation contouring can have considerable
impact upon the extent of soil compaction. Rubber tired earth moving scrapers are poor
in this respect. Rear loading dump trucks cause less compaction due to their lower dead
weight. Dump trucks do require a separate loading system, but can be more efficient on
long hauls. Despite their low ground pressure, dozers will cause compaction in any
slightly moist soils. This is because of their large dead weight, compounded by vibration
from the dozer tracks and the compressive force applied by the blade when pushing soil.

Further discussion of spoil handling techniques is given by HARWOOD & THAMES (1988).
3.3 Forestry

There are several reasons why forestry might be chosen in a surface mine
reclamation scheme: slopes may be too steep for agricultural use; the production of
timber gives an economic benefit; or trees might be planted simply for aesthetic reasons.

Once an area has been designated for forestry, two important considerations are
whether or not grading of the surface and decompaction are required. As discussed in the
previous section, excessive grading of mined lands causes increased compaction and
reduced infiltration, leading to poor productivity in vegetation. If a site is generally.not
toxic to trees and appropriate amounts of nutrients (nitrogen, phosphorus, potassium) are
present or can be applied, then survival rates and growth rates for trees may be greater if
they are planted on non-graded spoil banks (POWELL, 1988). Slopes of the soil banks may

well be steep, but intermittent depressions will prevent transport of eroded material. Steep



banks and depressions also provide shelter to protect vulnerable species from sun and
wind in harsh climates (PLASS & POWELL, 1988). If grading can be avoided then a
considerable cost saving is also achieved.

Where soils are too compacted for successful forestation, then deep ripping or
other forms of decompaction are required. Under such circumstances regrading may be
required in order to create access for decompaction machinery. POWELL (1988) suggests
that it may be better to perform riping after the placement of top-soil, since the process of
placing top-soil may itself cause yet further compaction. Furthermore, any rocks brought
to the surface by ripping do not generally impact upon tree growth. However, in the
proposed reclamation scheme for a site in Wales the problem of recompaction is avoided
by well-organized placement of topsoil (CELTIC ENERGY LTD., 1997). Following ripping
of the overburden, topsoil is to be placed in strips with delivery from the back of a truck.
Two excavators, one mounted with a power fork, are used to spread the material and
remove large stones. Neither trucks nor excavators pass over the finished surface.

A further technique for decompaction is the use of small explosive charges to
create cylindrical holes of up to 50 cm diameter and 75 c¢cm depth, suitable for the
placement of a single tree (RICHARDSON, 1977).

The choice of tree or shrub species depends upon a number of factors, such as
geograﬁhic and topographic location, climate, soil characteristics, land management
objective, species availability and legal restrictions (PLASS & POWELL, 1988).
Considerable knowledge exists with respect to the geographic and climatic zones of
species adaptability. Microclimate is also important with greater species selection
possible on cooler slopes facing away from the sun. The land management objective may
be to create a pleasant woodland with “attractive growth forms, unusual foliage, showy
flowers and interesting fruiting bodies” (DAVIDSON, 1977); or it may be to create a
commercial plantation. Characteristics of several tree and shrub species that are useful to
wildlife are given in Table 3.5.2. Legal restrictions in some areas may prohibit the choice
of anything but native species.

Soil chemistry, and in particular pH, is important in species selection. Tables
3.3.1(a) and (b) list trees and shrubs that are known to tolerate acid and alkaline spoil
material respectively. POWELL (1988) notes that the yellow poplar, northern red oak,

W
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sycamore, river birch, Norway maple, red maple, sugar maple, cottonwood, bigtooth
aspen and quaking aspen will only grow on acid material when no moisture deficiencies
exist during the growing season. Several tree species are able to tolerate both acid and
alkaline conditions. The European black alder (4/nus glutinosa) is particularly hardy and
is ideal as a nurse species; it grows rapidly, produces abundant leaf litter and it tolerates a
wide range of pH (RICHARDSON, 1977).

To establish an attractive mixed forest suitable for wildlife, the species selection
should contain a high proportion of hardy, soil-building nurse trees, such as black locust,
alder, birch, shrub lespedezas and autumn olive (POWELL, 1988). Once these trees are
established other natural forest vegetation will invade from nearby non-disturbed
woodlands. It may take several decades for a diverse well-balanced “natural” forest to
form, but in the interim the site will remain stable. If the area is very large and other seed
sources are remote, then placement of a few tree spades in strategic locations is desirable.
Tree spades should contain a few hardwoods such as oaks, maples and cherry, which are
close to seed-bearing age. Soil moisture conditions should also be considered in species
selection, with, for example, willows and poplars chosen for wetter areas.

For commercial tree plantations, choice of a single pine or conifer species makes
harvesting easier and satisfies market requirements (PLASS & POWELL, 1988). Hox&ever,
to reduce the potential impact of disease or insect damage it may be less risky to establish
three or four species with similar growth rates (POWELL, 1988). '

A variety of techniques may be used to plant seedlings or seeds (PLASS &
POWELL, 1988). If the terrain is accessible and rock-free, then a mechanical tractor drawn
machine can be used to plant seedlings; otherwise hand planting is normal. The seedlings
may be planted in growth containers to supply nutrients and minimize damage to roots. In
areas with predictable rainfall in the growing season, poplars and willows have been
successfully grown from cuttings. An efficient alternative to planting seedlings is to use
direct seeding. Seeds may be planted by hand, from a tractor or even by helicopter or
fixed-wing aircraft for large areas. Care should be taken when handling seedlings prior to
planting, as plants are vulnerable to drying out and other damage while out of the soil
(RICHARDSON, 1977). In areas of low annual precipitation, such as parts of western USA,

new seedlings are sometimes irrigated for the first year using sprinkler systems.
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Trees:

Acacia baileyana

A. melanoxylon

Acer negundo

A. platanoides

A. platanus

A. rubrum

A. saccharum

Alnus glutionosa

A. incana

Betula nigra

B. pubescens

B. nigra

B. verrusoca
Elaeagnus umbellata
Larix decidua

L. leptolepis
Liguidambar styracifura
Liriodendron tulipifera
Populus deltoides

P. grandidentata

P. tremuloides

P. X canadensis

Pinus banksiana

P. contorta

P. echinata

P. nigra var. Austriana
P. nigra var. calabrica
P. resinosa

P. rigida

P. Strobus

P. sylvestris

P. virginiana
Platanus occidentalis
Quercus borealis

O. rubra

Robinia fertilis

R. pseudoacacia

acacia
blackwood acacia
box elder
Norway maple
American sycamore
red maple

sugar maple
European black alder
grey alder

river alder

birch

river birch

silver birch
autumn olive
European larch
Japanese larch
sweet gum
yellow polar
cottonwood
bigtooth aspen
quaking aspen
black Italian poplar hybrids
jack pine
lodgepole pine
short leaf pine
Austrian pine
Corsican pine

red pine

pitch pine

white pine

Scots pine
Virginia pine
sycamore

red oak

northern red oak
bristly locust
black locust

Salix X purpurea willow hybrids
Shrubs:

Amorpha fruticosa false indigo
Eleagnus angustifolium Russian olive
E. umbellata autumn olive
Rhux capillina dwarf sumac

Table 3.3.1a Trees and shrubs known to tolerate acid spoil material (RICHARDSON, 1977)
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Shrubs:

Robinia fertilis bristly locus

R. hispida rose acacia
Sarothamnus scoparius broom

Ulex europaeus gorse

Table 3.3.1a cont.

Trees:

Alnus glutionosa European black alder
A. incana grey alder
Betula verrucosa silver birch
Fraxinus excelsior ash

Juniper juniper

Larix decidua European larch
L. leptolepis Japanese larch
Picea sitchensis sitka spruce
Pinus banksiana jack pine

P. nigra var. Austriana Austrian pine
P. resinosa red pine

P. sylvestris Scots pine

P. virginiana Virginia pine

Populus alba
P. X canadensis

white poplar
black Italian poplar hybrids

Prunus avium wild cherry
Robinia pseudoacacia black locust

Salix alba var. vittellina willow

Salix alba var. britzensis willow

Shrubs:

Atriplex halimus orache

Colutea aborescens black senna
Cratoegus monogyna hawthorn
Eleagnus angustifolium Russian olive

E. umbellata autumn olive
Hippophae rhamnoides sea buckthorn
Lespedeza bicolor shrub lespedeza
Lonicera maackii amur honeysuckle
L. tatarica Tartarian honeysuckle
Ribes aureum golden currant

Robinia fertilis

R. hispida

Symphoricarpos orbiculatus
Ulex europaeus

Viburnum dentatum

bristly locus
rose acacia
coral berry
gorse
arrowwood

Table 3.3.1b Trees and shrubs known to tolerate alkaline spoil material (RICHARDSON,

1977)




Typical tree density for diverse mixed forest is 2250 trees per hectare (2 m
spacing) and 1600 trees per hectare (2.5 m spacing) for tree farms (POWELL, 1988).
Higher density may be used to maximize the production, and encourage the retention, of
leaf litter (CELTIC ENERGY LTD., 1997)

A difficult issue when planning a woodland restoration scheme, is whether or not
to grow herbaceous ground cover. Vegetation between the trees may provide desirable
supplementary nitrogen. In particular, ground vegetation may be used to stabilize toxic
sites prior to forestation. However, an established ground cover will compete with trees
- for essential nutrients, and thus may be detrimental to growth.

Several approaches may be taken to prevent or remove unwanted ground cover.
Once the height of tree seedlings exceeds the height of the ground cover, then cutting or
mowing may be effective provided the ground surface is not too rough or steep. To
restrict the initial growth of ground cover a plow may be used to turn over vegetation.
Alternatively, herbicides may be applied.

VOGEL (1973) notes that there is evidence to suggest that some grasses and
legumes are more compatible with trees and shrubs than others. This depends upon
rooting characteristics, moisture demands and the growing season.

Fertilizers, lime, mulches and other organic materials may be applied to improve
plant growth during early critical years. Fertilizers should be supplied sparingly as excess
amounts will clearly encourage vegetative ground cover. Liming is only required for
extremely acidic soils. Mulch typically consists of hay, straw and waste wood products
reprocessed to a uniform size. Spread on the ground, it encourages the growth of
seedlings by reducing surface temperature, controlling soil moisture losses and protecting
from prevailing winds. Organic materials may be added to the soil prior to planting in
order to provide nutrients and also improve physical characteristics. An example additant
is “Biogram”, a highly processed sludge, which has been successfully applied at many
reforested sites in Wales (CELTIC ENERGY LTD., 1997). One of the benefits of Biogram is
that the most soluble nitrogen forms are rinsed from it during processing. The remaining

nitrogen 1s released slowly over time, rather than being rapidly washed away as leachate.
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3.4 Agriculture

Agricultural land can be broadly classified as cropland, pasture (and hayland) and
rangeland. Cropland contains annual, biennial or perennial crops produced on a short-
term rotational basis (POWELL, 1988). Pastureland is used to produce domesticated forage
plants for grazing by livestock (AMERICAN SOCIETY FOR SURFACE MINING AND
RECLAMATION, 1983). When grasses and legumes are cut and dried for fodder on a
frequent basis, then such land may be classified as hay cropland rather than pasture
(GraNDT, 1988). Rangeland, as commonly seen in the western United States, consists of
permanent herbaceous and/or woody vegetation primarily used to provide food for

domestic livestock, or indigenous wildlife, without constant management (POWELL,
1988).

3.4.1 Pasture

Pastureland is generally the most easy to establish, following soil reclamation,
and it is particularly advantageous when soil depths and slopes are such that a continuous
vegetative cover is required to prevent erosion (RIES & STOUT, 1988). In principle a
single species or simple mix of species can be planted with minimum effort and expense
to provide land stabilization, erosion control and productive pasture.

(POWELL, 1988) outlines the procedure for establishing pasture on reclaimed land.
Following contouring, the soil surface may be worked to establish water impounds for the
safe capture of excess surface drainage. Topsoil, if available, should be replaced,
although reasonable yields of grasses can be achieved by directly planting on non-toxic
overburden material.

Following chemical treatment of the soil, a proper seedbed should be established
to increase the degree of seed germination and survival. However, there must be some
tradeoff between seedbed preparation and site stabilization. Classically, a firm seedbed is
desirable. Nevertheless, re-graded or topsoiled mined lands usually have poor soil
structure and low infiltration potential. So tillage treatments, e.g., disk or chisel plough,

producing increased surface roughness, increased water infiltration and a less dense
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rooting zone, often give rise to a better long-term yield, even though they do not promote
a firmer seedbed.

The species to be planted should ideally seed vigorously, be long-lived, adapt to a
range of soil and microclimate conditions, resist disease and insect damage, respond to
fertilization and be reasonably drought resistant. Usually a mix of species is required to
achieve all of these characteristics. If, as in humid regions, a slow growing grass such as
bluegrass is chosen as the dominant species, then faster growing perennials or annual
grains may be used in the initial mix to provide erosion control during early months. In
semi-arid regions a mixture of cool and warm season species is desirable. The most
useful species for pastureland in the semi-arid and arid western USA are crested
wheatgrass (Agropyron cristatum [L.] Gaertn., 4. desertorum [Fisch] Scult., and related
taxa), tall wheatgrass (4. elomgatum Host.), intermediate/pubescent wheatgrass (4.
intermedium [Host] Beauv.), western wheatgrass (4. smithii Rydb.), smooth bromegrass
and alfalfa (THORNBURG, 1982).

The seeding time can be very important. It is firstly determined by the species, but
also may depend upon microclimate, seedbed preparation, seeding method and the
application of mulch. Surface mulches are commonly used to conserve soil moisture and

lessen erosion, especially on smooth surfaces.
3.4.2 Cropland

GRANDT (1988) summarizes nine criteria used by the U.S. Soil Conservation service to

describe prime cropland

e There must exist moisture regimes and available water capacity within a depth of 1 m
or in the root zone of less than 1 m, to produce the commonly grown cultivated crops
adapted to the region in 7 or more years out of 10 (some regimes are permitted
irrigation).

o Temperature regimes have a mean annual temperature higher than 32°F at a soil

depth of 20 in.; mean summer temperature higher than 47°F at a 20-in. depth, with a 0



horizon present; and mean summer temperature higher than 59°F at a 20-in. depth, if
no 0 horizon.

e Soils have pH between 4.5 and 8.4 in all horizons to 1-m depth. :

o There is no water table or the water table is maintained at sufficient depth to allow
common cultivated plants to grow.

e Conductivity of saturation extract is less than 4 mhos/cm and exchangeable sodium
percentage (ESP) is less than 15 within 1 m or less of the surface.

e Soils are not flooded during growing season or are flooded less than once in 2 years.

e Erodibility factor (K) x percent slope is less than 2 and soil’s erodibility factor (I) x
climatic factor (C) is less than 60.

e Permeability rate is at least 0.06 in./hr in the upper 20 in., and mean annual soil
temperature at that depth is less than 59°F.

e There is less than 10% rock fragments in upper 6 in. coarser than 3 in.

While reclamation of surface-mined lands to these guidelines would be desirable,
POWELL (1988) considers that such a goal is not completely necessary. It is argued that
successful crop growth on reclaimed land can generally be attributed to the existence or
creation of physical characteristics that give rise to maximum water infiltration and
maximum expansion of the root system. Roots of most agricultural crops can reach
depths of 6 ft and achieve horizontal spreading of 4 ft. within a month of growing in a
proper environment.

Legumes are perhaps the primary plant species to be used for restoring mined lands to
productive cropland use (GRANDT, 1988). They aid in improving soil tilth, increasing soil
nitrogen and improving the numbers, kind and activities of microorganisms, which are
important in the decay of organic matter. Alfalfa, sweet clover and birdsfoot trefoil have
taproots or modified taproots that adapt well to growth on mined lands.

Forage grasses such as tall fescue (Festuca arundinacea), bromegrass (Bromus
inermis), orchardgrass (Dactylis glomerata) and bermuda grass generally establish more
slowly on mined lands than do legumes. However, forage grasses are important for

stabilizing against erosion and improving soil structure due their fibrous root system.
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Small grain crops, e.g. wheat, rye, oats and barley, can be seeded immediately
following the re-grading of mined lands. Thus, they are ideal for initial erosion control
and as nurse crops for spring-seeded legumes and grasses.

Wheat adapts particularly well to growth on mined soils due to its shallow root
system. GRANDT (1988) recommends that fungicide-treated wheat should be planted in 8-
in. spacings, approximately 1 to 2 in. deep at the rate of 90 lb./acre. It requires large
amounts of phosphorus applied in the fall, with 1.5 times the application prior to seeding.
Nitrogen should be applied in two application: 20 to 30 1b. N / acre in the fall (drill-
applied) and around 50 lb. N / acre in the spring (top-dressed).

High yields of rowcrops have been produced on mined and graded soils even
without topsoil. GRANDT (1988) reports that yields of corn grown in Knox county,
Illinois, USA, eventually exceeded county averages following crop rotation with alfalfa.
Corn will perform well under favourable moisture conditions, but is sensitive to moisture
stress (DUNKER ET AL., 1982). _

Other crops that have been successfully planted on surface mined lands include
fruit tress (SEASTROM, 1965; FANTISCH, 1973) and vegetables (MAYS & BENGSTON,
1978; JONES ET AL., 1979; MORSE & O’DELL, 1983).

3.4.3 Rangeland

PoOwELL (1988) notes that most non-mined native rangelands are not as
productive for livestock as they potentially could be. Hence, reclaimed rangeland
following surface mining can often be of greater utility. The reclaimed vegetation should,
nevertheless, still be similar to pre-mining or nearby vegetation.

Establishment of grasses and forbs is key to productive rangeland. These firstly
supply the majority of high quality feed for livestock, and secondly protect the soil from
erosion by wind and rain. Suitable grass species must be drought resistant, winter hardy
and must fit into livestock and wildlife needs (ASAY, 1979). Wheatgrasses, needle grasses
brome grasses and wildryes have proven suitable in the Northern Great Plains of the USA
(PoweLL, 1988). Rangeland in the Southern Great Plains and Intermountain region is

predominantly Russian wildrye, mountain bromegrass and wheatgrass. Species in arid
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areas of the southwestern USA include alkali sacaton, wheatgrasses, Indian ricegrass and
wildryes. Blue gamma grass and non-grass species such as alfalfa, sanfoin and yellow
sweet clover are also found in all of the above regions.

Supply and control of water is clearly important for establishing ground cover for
rangelands in semi-arid and arid regions. Tillage tools can be used to leave very rough
surfaces with microridges and small depressions that trap water and give it time to
infiltrate. Mulching can also be used effectively to control soil moisture. Supplemental
irrigation during the first two-years after planting can promote a long-lasting
improvement in species diversity. Typically, irrigation will simulate an above average
precipitation year, such as would occur every 2 years out of 10 (POWELL, 1988).

The establishment of trees and shrubs on reclaimed rangeland adds diversity to
the vegetation and generally enhances the utility of the land for wildlife. Some trees and
shrubs may naturally invade reclaimed areas, while others may require direct seeding or
- planting, sometimes with irrigation. Shrubs can be established in arid regions receiving as
little as 8 in of rain per year (ALDON, 1975; HASSELL, 1982). BOLES (1983) proposes that
1 shrub per 9 m? is a sufficient density for rangeland used by both domestic livestock and
indigeeous wildlife. For sites developed exclusively for wildlife habitat, a density of 1

shrub per m” is recommended in patches covering 5 to 20% of the total area.

3.5 Wildlife

Creation of wildlife habitats on reclaimed land may come about under two
circumstances (POWELL, 1988)

(i) A critical wildlife habitat was destroyed by the mining operation and so the
mining company has as an obligation to restore the habitat close to original conditions.
Examples of this type include cases where elk breeding grounds, nesting and feeding sites
for eagles, or wetlands have been destroyed.

(i1) The pre-mining area was a general habitat, but not of crucial significance to
one or more particular species. Restoration of wildlife should still be strongly encouraged
in such cases, although it may not be a legal requirement. Often, it may be possible to

improve upon pre-mining conditions. Habitat enhancement might include planting of



seed bearing shrubs, critical placement of brush piles, construction of water resources and
creation of borders that did not exist under pre-mining conditions.

A further list of wildlife rehabilitation techniques is given in Table 3.5.1.

The choice of vegetation is clearly important. This requires an understanding of
the habitat and food preferences of the target wildlife species. Examples of the usefulness
to wildlife or various trees and shrubs are given in Table 3.5.2.

A number of studies of the adaptation of wildlife to reconstructed habitats have
been undertaken for various species ranging from large animals down to the smallest
microbes. Table 3.5.3 provides some example cases. MAJER (1989) gives a more

comprehensive bibliography of fauna studies in reclaimed lands.



Technique

Principal benefit

Topogranhic manipulations such as creation
of undulating and broken topography,
undrained surface depressions, and
microtopographic features.

Leave intact or modify remaining highwall.
Establish or enhance impoundments.

Direct-haul topsoil for reapplication and
spread in nonuniform depths

Reconstruct stream channels and streamside
habitats.

Create large boulder and rock piles randomly
distributed about the rehabilitated area.

Create large, irregularly shaped brush piles.

Establish shrub/tree plantings along lee sides
of rock/brush piles or randomly within
rehabilitated area. :

Establish shelterbelts within large expanses of
rehabilitated grasslands.

Design the shape and spatial distribution of
revegetated communities to maximize
interspersion and 'edge effect'.

Select plants to be revegetated based on
forage and cover values to wildlife.

Improve land management practices to
preclude deleterious grazing.

Add special structures to rehabilitated areas as
necessary (e.g. implanted dead trees for snags,
artificial nesting structures, etc.)

Provides diversity of physical habitat, visual
and thermal cover, and the necessary

conditions for development of varied biotic
habitat features.

Provides opportunities for cliff nesting raptor
species.

Provides still-water habitat, and a source of
water for wildlife.

Native seed and soil microbia aid
establishment of floral diversity.

Predisposes development of riparian systems.

Provides habitat for small mammals, perch
sites for raptors, and substitutes for natural
rimrock.

Provides temporary substitute for lost micro-
habitats and shelters.

Takes advantage of additional snowpack
moisture and/or acts as a 'live snowfence'.

Provides wind erosion protection, habitat
diversity, and travel routes for wildlife.

Provides a means to maximize community
diversity, wildlife diversity, and wildlife
populations.

Forces consideration of these wildlife needs
during seed mix determination.

Eliminates habitat degradation due to over-
utilization by livestock.

Provides for certain physical habitat needs of
wildlife species not provided by other
techniques.

Table 3.5.1 Examples of typical wildlife rehabilitation techniques and concomitant

benefits (Table 8.1 from VIERT (1989))
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Trees Uses Shrubs Uses
Eastern red cedar CFB Indigobush CBS
Spruces CSB Dogwoods FBC
Pines CSB Hawthorns CFB
Maples SB Autumn olive FBC
European black alder CSB Bicolor lespedeza SHC
Birches BSC Amur privet FC
Chinese chestnut MB Japanese honeysuckle CBF
Flowering dogwood FBC Bush honeysuckle FBC
Russian olive FC Bayberry FCB
Ashes SB Sumacs FBC
Black walnut M Rose CFBS
Sweetgum SC Coralberry FBC
Tulip poplar SB Cranberrybush, arrowwood | FBC
Crab apples FCB

Sycamore SB

Oaks MBC

Black locust SCB

Sassafras BFCS

Table 3.5.2 Usefulness to wildlife of various trees and shrubs as cover (C), browse (B),
herbage or foliage (H), mast (M), fruit (F) or seeds (S) (from RAFAILL & VOGEL, 1978)

Source Species

Murray (1978) antelope

Van Waggnor (1978) small mammals

Parmenter et al. (1985) vertebrates (cliff-nesting birds, waterfowl, amphibians)
Hingsten & Clark (1984) small mammals

Allaire (1980) bird species

Armbruster (1983) migratory bird species

Phillips & Beske (1989) golden eagles and other raptors

Holl (1996) moths

Zarger et al. (1987)

Proctor et al. (1983)

Brenner & Helms (1991)
Luff & Hutson (1977)

Starks & Shubert (1982)
Armstrong & Bragg (1984)
Scullion (1994)

Harris & Birch (1989)
Williamson & Johnson (1990)

aquatic macroinvertibrates, fish, small mammals, birds
fish and wildlife

macroinvertibrates

soil fauna

soil algae

earthworms

earthworms

microbial activity

microbial activity

Table 3.5.3 Example studies of the adaptation of wildlife to reconstructed habitats.
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4.0 Generation of Mining Lakes
4.1. Hydrography and Geology in Relation to Water Quality

During the surface mining process the overburden layers tend to become mixed and
former aquifers destroyed or at least heavily changed. With current technology, the
quaternary and tertiary layers above the coal seam are cut in by bucket wheel excavators and
transported by a conveyor belt bridge into the empty part of the mine. Other excavators take
off the lignite layer for transportation out of the mining hole. The volume of a potential
mining lake resulting from this process is the deficit from the removal of -coal. Sometimes
the volume is smaller, because the ash of the coal, burnt in nearby thermal power plants, or
overburden of other newly opened mining sites is dumped in the mining hole.

Today, the opencast process starts with dewatering the whole mining area down to
the layers under the coal to be mined. By a series of wells and well batteries the water table
is lowered in order to dry out the lignite so as to improve its burning value. Depending on the
local conditions the ratio of withdrawn water to extracted lignite may be from 100% to more
than 1000%.

The hydrologic conditions in rivers and drainage basins are heavily disturbed from
the early beginning of preparation of an opencast mine. Larger rivers crossing the mine site
have to be transferred into new canal beds surrounding the site and, being unnatural,
tightened to avoid seepage of water into the dewatered underground. Smaller rivers and
creeks and wetlands become dry. ’

In connection with the geogenical acidification of future mining lakes, the change of
the redox-potential in the underground is of special interest. Upon dewatering, the sulfur-
containing minerals pyrite and marcasite come into contact with air and therefore with
oiygen, instead of oxygen-poor groundwater.

Before and during the mining operation, the virtually continuous addition of
groundwater into nearby rivers causes unnatural balanced throughflow. No typical low water
situations occur for the decades of mining activities. In addition, the water temperature is
more balanced by the groundwater influx. Within the long time span of a mining operation,

the water balance of the whole landscape, with its forests and wetlands, as well as the water
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users and water management, must adapt to the changed hydrology. In Germany, a typical
case is the mining region Lusatia and river Spree. Mining operations have affected a
remarkable and unique wetland called Spreewald and downstream Berlin’s largest drinking
water treatment plant at lake Miiggelsee, fed by the river Spree.

Rapid closure of many mines after German unification introduced, within a short
time, challenges of satisfying the water demand for filling newly forming lakes and for
refilling the groundwater deficit around the open air mining holes. The volume of the
emerging 160 mining lakes amounts to 7.5 x 109 m3 and the deficit in the emptied
groundwater layers is 13.5 x 109 m3. Together the total water demand is 21 x 109 m3
(ZIEGENHARDT, 1994).

By 1990 about 2500 km?2 of land was impaired by a lowered groundwater table. Now
the active mining is concentrated at only a few sites and the decreased groundwater
abstraction may lead to some complications for Berlin’s water supply and the wetland-
ecosystems of the Spreewald. Several of the new mining lakes are, therefore, being
developed as reservoirs for water storage, with inlets and outlets constructed. This way, low
water enrichment is possible, to avoid or to minimize the negative effects during the time of
readjustment to the natural water balance (ZIEGENHARDT & TROGISCH, 1996).

Those lakes emerging in the recent, largest open pits will, in particular, exceed many
of the desirable hydrological characteristics of the majority of the natural lakes in the Baltic
region of northern Germany. The mining technology creates hollows with relatively steep
slopes. Therefore, the bioproductivity of the littoral zone in subsequent generated lakes is
low. Also, in the first year of existence, the beds of mining lakes typically consist of minerals
with a very low content of organic matter. A couple of years is needed until the layers of
sand and coal on the bottom are covered by dead algae, forming the typical “gyttja”-mud,

well known from natural lakes where it serves many animals as a habitat and food source.
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Area

Mining lake Volume Mean depth
(x 106 m3) (ha) (m)
Berzdorf 387 950 40.7
Nachterstedt 226.3 630 35.9
Klinger See 102 300 34.0
Greifenhain 330 973 34.0
Spreetal-NO 97 314 30.9
Cospuden 107.6 393 27.4
Espenhain-Stdrmtal 154.6 560 216
Espenhain- 65 250 26.0
- | Gribendorf 93 412 225
Geiseltal 409 1890 21.6
Zwenkau 188 900 20.9
Kleinleipisch 23 124 18.5
[Isesee-Meuro 134 754 17.8
Restsee Scheibe 133 714 18.6
Grébern 70,4 400 17.6
Witznitz II- 97.8 560 17.5
Merseburg-Ost 82.5 520 15.9
Wulfersdorf 22 141 15.0
Witznitz II Kahnsdorf 17-7 120 14.8
Birwalde 14.8 1017 14.6
Holzweilig-West 233 160 14.6
Goitsche 217.5 1500 14.5
Kayna Siid 28 200 14.0
Breitenfeld 27.5 200 13.8
Kd&nigsaue 30 220 13.6
Skadoer See 130 980 13.3
Bergheider See 38 290 13.1
Rosa 97 750 12.9
Spreetal-Bluno 152 1211 12.6
Dreiweibern 35 286 12:2
Drehnaer See 17 142 12.0
Sedlitzer See 141 1311 10.8
Golpa Nord 66.1 620 10.7
Lichtenauer See 25 234 10.3
Lohsa II 99 958 10.3
Bockwitz 19.0 187 10.2
Werben 9.1 90 10.1
Burghammer 43 432 10.0
Olbersdorf 6 60 10.0

Table 4.1.1 Mining holes in eastern Germany to be flooded within the few next years. Group

1 with mean depth >15 m according to hydrological class 1; group 2: 10 to 15 m according to

class 2 of standard TGL 27885/01 (after BLAG, 1994)
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Regarding the utilisation of water for drinking, fisheries or recreation, the lakes of
special interest are those which possess, from the beginning and also in future, a sustainable
good water quality. One of the most important prerequisites for developing this type of
“clear water lake” is a great depth. In Table 4.1.1 the newly forming German mining lakes
are arranged in order of their mean depth. Those with more than 15 m depth have the
potential to be class 1 and those between 10 and 15 m to be class 2 according to the German
TGL 27885/01 (1982) standards.

In principle, there are two different options for developing mining lakes. From an
anthropogenic view the lake should contain the cleanest water possible, so it is suitable for
purposes such as drinking water, bathing, or fisheries (Figure 4.1.1). However, with respect
to nature protection and landscape formation, quite different targets will be set. Because of
the general agricultural overproduction in the European Union there is no pressure to obtain
maximum Yyield from each hectare of land. Therefore, some of the new mining lakes may be
developed only to provide interesting parts in the landscape, with a high diversity of
biological species. To meet this target, a very diverse morphometry of the new lake has to be
established.

The lake should possess deep as well as shallow parts, a long shoreline relative to the
lake area, bays, islands, a mixture of steep and shallow banks etc (Figure 4.1.2). In this way
many diverse habitats for different plants and animals are available. In the case of a lake with
no human use or special water quality demands, a higher bioproductivity is no disadvantage.
In other cases the environment might even remain in an acidic state without fish, mollusc or
higher crustaceans and, nevertheless, be an interesting object of limnology with respect to

conditions in extreme habitats
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great depth

very large ratio of hypolimnion to epilimnion volume
stable stratification

steep shore

small part of the benthos belongs to the epilimnion
low shore development

small nutrient import (inflow)

lake bottom with phosphorus binding matter

low nutrient recirculation

Water suitable for very demanding water uses: Raw water for drinking and process water,

bathing, diving, coregonid fishery

Figure 4.1.1 Hydrography and quality factors for low productive clear water

— \————~——— * shallow depth

: . i o small ratio of hypolimnion to
epilimnion volume

e lake bottom is mainly in the

epilimnion

very shallow banks

considerable shore development

diverse morphology
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Figure 4.1.2 Hydrography and quality factors for high bioproductivity and high species
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4.2 Water Origin: Quantity and Quality of Ground and Surface Waters

Tables 4.2.1 and 4.2.2 list the advantages and disadvantages of filling mining holes
with ground and surface waters.

In regions where the lignite and overburden have a low sulfur content and possess
enough carbonate hardness for neutralisation of occasional geogenically caused acidification,
groundwater is best suited as the filling water for generating a lake. Use of groundwater
guarantees a lake with sustainable good water quality, i.e. low bioproductivity and high
resistance against eutrophication and its impairing consequences (Table 4.2.1).

Some of the disadvantages of groundwater filling may be avoided. Instead of
flooding with the very slowly rising underground water at the site, additional groundwater
from the dewatering of active mines, not too far distant, may be used. However, this foreign
water has to be analyzed and its suitability confirmed. Excellent groundwater may be
obtained from the dewatering before mining. The wells in the undisturbed rocks in general
contain circumneutral waters, sufficiently buffered by carbonate hardness. The phosphorus
and heavy metal contents are low. Rapid flooding with such neutral groundwater, so that the
water table in the lake rises faster than in the surrounding underground, seems to be the most
beneficial solution.

This practice has been utilized in the lignite mining region south of Leipzig,
Germany. Instead of filling with river water from the Weisse Elster, the quality of which
would have been suitable only after a treatment, a 23.5 km long pipeline has been built.
Currently, the pipeline delivers a flow of 45 m3/min, from the active mine Profen, to flood
the former mine Cospuden. The pipe system will be extended to 70 km and completed with
side branches in the coming years to fill the mining holes of Markkleeberg, Haubitz, Hain,

Stérmthal, Werben and Zwenkau (Figure 4.2.1, ZEH, 1998).
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Figure 4.2.1 Concept for flooding mining lakes south of Leipzig, Germany (from ZEH, 1998)



The flooding of mines with surface waters may be undertaken either for filling
purposes only or alternatively to give a partial or fully permanent throughflow. An example
of the latter case is the Mulde Reservoir near Bitterfeld, Germany. The former mining hole
Muldenstein now functions as a river water treatment plant. The diverse water quality
parameters are eliminated with varying efficiency. This depends on the behaviour of the
matter with respect to adsorption, sedimentation, introduction into nutrient chain and
metabolization or bioproduction of autochthonous biomass and photosynthetic oxygen
(Table 4.2.3).

The effect of the Mulde Reservoir in Germany is comparable to that of a pre-basin to
a drinking water reservoir, protecting the main basin against the import of unwanted matter
(TGL 27885/02, 1983). On the eastern bank of the Mulde Reservoir, which consist of loose
rocks from old overburden heaps, are many sources of acidic waters with high contents of
dissolved iron. Mixed with the neutral, bicarbonate containing reservoir water, ferric
hydroxide is precipitated, obviously together with phosphate. :

Therefore, the reservoir may be compared not only with a pre-basin, but also with a
phosphorus-elimination plant in which phosphorus is separated by sedimentation and
deposition on the bottom of the water body. Together with the settling matter, bacteria may
also be transferred from the water into the permanent bottom sediments. Consequently, the
outlet of the Mulde Reservoir is more appropriate for lake filling water than the Mulde-river
upstream. Therefore, since 1998, filling water has been taken from the outlet of the reservoir
to flood the various basins of the big mining complex Goitsche near Bitterfeld, within a short

time period.
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Criteria Inlet Arithmetic Outlet Arithmetic Elimination
count mean count mean (Inlet=100%)

suspended 25 17.2 25 23 86.6

matter mg/1

inorganic 235 6.5 24 6.1 6.15

nitrogen mg/l

orthophospha- 25 0.260 25 0.174 33.1

te-P mg/l

total 22 0.924 22 0.378 59.1

phosphorus

mg/1

oxygen 25 10.2 26 11.0 -7.84

mg/l

O7-saturation 25 90.0 26 99.0 -10.0

%

BODs 25 4.9 26 4.1 16.3

mg/l

chem. oxygen 19 6.2 17 4.8 22.6

consumt.

mg/l

chem.oxygen 24 20,4 24 14.8 245

demand

mg/1

total organic 12 7.6 12 6.1 19.7

carbon

mg/l

total zinc 13 136.0 13 85.0 37.5

pg/l

total copper 13 7,6 13 3.8 50.0

pg/l

total cadmium 13 2,6 13 15 42.3
g/l

total iron 13 660.0 13 242.0 63.3

pg/l

total 13 205.0 13 155.0 244

manganese.

pg/l

Table 4.2.3 Mining lake Muldestausee, Germany utilized as a as river water treatment plant

(vearly means from Gewissergiitebericht Sachsen-Anhalt 1992)




The bottoms of the two northern basins Niemegk and Miihlbeck in Germany consist
of pyrite-rich amber sands, containing a high acidification potential. The possibility of
acidification of the newly forming lakes in the region was estimated after soil and water
monitoring, several elution experiments, computation and modelling. Depending on the
depth of the acidity exchange at the bottom, the acidification may be stopped during the first
flooding. If this is not the case, some special measures against the acidification must be
performed. It should be mentioned, that the buffering capacity of the Mulde river is
relatively low, due to low carbonate hardness (KRINGEL ET AL, 1997; KRINGEL, 1998).

The following water quality problems have to be considered, according to the origin
and kind of the filling water, the shape (especially the depth) of the lake basin, its position
within the regional groundwater field and the nature of the geological substratum (Figure
42.2):

(1) Acidification is the most severe problem in connection with groundwater filling,
especially in regions with sulfur-rich lignite, as in the case of the Lusatian mining district of
Germany. Due to the oxidation of pyrite and marcasite, not only has low pH been observed,
but also a high content of iron and manganese and, if present in the rocks in question, other
metals. The report focuses on this problem in Section 5.1.

(2) Salinization is important when mining is performed in close proximity of tertiary iignite
and salt layers. The mining lake Merseburg-East in Qemany had deep waters containing
three-fold the oceanic concentration of sodium chloride. Currently the concentration is two-
fold. Within the deep water, of high specific density, lignite particles are free floating rather
than settling to the bottom.

(3) Contamination with hazardous substances may occur when the open-air mine had been
used as a dumping site for industrial or urban wastes, when surface water used for filling is
polluted or when geogenically acidified ground water dissolves heavy metals on its way
through the overburden heaps.

(4) Eutrophication is the main problem when the pit becomes filled with nutrient-rich surface
waters. Algae mass development and turbid water in a mining lake restrict its use for most
purposes. However, as shall be discussed later, in the case of acidification a controlled

addition of eutrophying phosphate may shorten the succession from acidic to neutral lakes.
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GW LOADING CONSEQUENCES
(stress) ecological (lake) economic (user)
low species diversity by useless for fishing,
ACIDIFICATION pH-stress and toxic bathing, irrigation,
mobility of heavy metals, low drinking water .
heavy matals trophic states, binding "neutraliz. measures
acidity in anoxia
(" ; :
chemically caused useless for fishing,
SALINIZATION meromixis, anaerobic irrigation, danger for
by salt-coal monimolimnion, downstream aquifers,
dewatering HoS-accumulation counter measures
(
low species diversity by useless for fishing,
CONTAMINATION toxic substances bathing, irrigation,
hazardous substan- partly degradation drinking water,
ces from dumps partly bioaccumulation injurious to health
\_ [’
algal mass-developm, impaiment of bathing
EUTROPHICATION pH increasing, preci- and drinking water use,
plant nutrients pitation of heavy metals, treatment of filling wa-
biogenic aeration ter, in-lake restoration
A
bacteria and fungi impairment of bathing,
SAPROBIZATION mass-development fishing, irrigation,
organic matter Oo-depletion, heavy drinking water use;
metal and P-resolution agration,
destratification
\_
possibility of survival of impairment of bathing
INFECTION pathogens at higher and drinking water use;
pathogenic trophic levels sewage disinfection,
microbes combatting of
unwanted organisms
SwW DELOADING GW - ground water

SW - surface water

Figure 4.2.2 Types of loading and consequences in mining lakes filled by ground (GW) and

surface water (SW) (from KLAPPER, GELLER & SCHULTZE, 1996)



(5) Saprobization, i.e., loading with allochthonous and autochthonous degradable organic
matter, is actually of lesser importance, at least in Germany. The water quality of the rivers
used for filling has improved during the last years due to higher standards of sewage
treatment. Waste is no longer dumped into mining holes because coal processing industries
have been closed.

(6) Infection with pathogens is related to the pollution of the filling waters and distinct types
of water utilization. Duck feeding on a mining lake precludes bathing, because of Salmonella

infestations.

Mixing of ground and surface waters allows considerable control of water quality in
the lake. To abate eutrophication, a high percentage of groundwater is needed in the ﬁlihg of
the lake. With a content of cations such as Fe3* and A13*, phosphorus will be bound and
transported to the bottom sediments. Similarly, contaminants and bacteria may be adsorbed
and precipitated.

In the case of the eutrophic mining lake Kayna-South in Germany, iron-rich
groundwater is added and mixed using deep water aerators. Decreasing concentrations of
phosphorus have been recorded. The “mesotrophy” water quality target should be achieved
upon reaching the final water level.

Conversely, when adding surface waters, salty water may be diluted and acidic
waters neutralized by carbonate hardness.

The Lusatian lignite district is especially affected by geogenic acidification.
Consequently, filling with river water was elected as the main way to cope with the problem.

The large opencast holes around Lauchhammer, Senftenberg, Burghammer and in the
Schlabendorf district of Germany are presently being filled with uprising acidic groundwater.
Values of pH less than 3 and high base binding capacities call for urgent action. Construction
of pipelines is necessary, to allow filling with surface waters. This would achieve a water
mixture with diminished acidity, and would stop further acidity influx, by forming a lake

level higher than the surrounding water table.
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4.3 Living Conditions in Mining Lakes
4.3.1 The Chemical Environment

Compared with natural (glacier) lakes, the chemical environments of mining lakes, in
the first years of their existence, are more influenced by the geological surroundings, the
shape and size of the hole, the origin of the filling water, relatively high salt contents, and
especially sulphate and heavy metals. 7

The mining lake bottoms mainly consist of minerals with low organic carbon, but
with high phosphorus binding ability. There is only little growth of bacteria and algae on the
bottom and nearly no closed biofilm for biological self-tightening against the surrounding
groundwater. In the case of bank filtration for drinking water purposes, particulate matter,
such as algae, pass through the biologically inactive sand layers of the shore and appear
unwanted in drinking water. The consequences of different types of lloading have been
discussed earlier.

The most important influence on the aquatic environment originates from geogenic
sulfur acidification. The main processes are as follows:

An initial weathering of iron-disulphide occurs with the first direct contact of pyrite-

containing layers with the air (and water):
FeSy +3.502 + HpO = Fe2t +28042- + 2Ht
The Fe2* ions are further oxidized to Fe3* by air-oxygen:
Fe2t +02502 +HT = Fe3t+0.5Hy0
This reaction is strongly accelerated by microorganisms of the type Thiobacillus
Sferrooxidans. The next step, the formation of ferrihydroxide, takes place mainly at the

transition from the heaps to the open water and is connected with the highest share of proton

delivery (Figure 4.3.1).
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Fe3* + 3H)O = Fe(OH)3 (V) +3H*

In the very acidic state, the ferric hydroxide prevails in solution. Therefore, the lakes with pH

values less than 3.5 remain with clear water of a dark red-brown colour (Figure 4.3.2).

The overall process of geogenic sulfur acidification may be summarized by the following

simplified equation:
FeSp +3.75 02 +3.5 Hp0 = Fe(OH)3 +2 SO42- +4H*

The various methods of neutralization, natural and artificially enhanced, will be discussed

later. However, a few remarks may be given about the consequences of raising the pH of the

aquatic environment: )

e The main change is the decreasing solubility of ferric hydroxide. The water becomes
turbid. The colour varies to ochre. The Secchi-depth decreases.

e A co-precipitation occurs, due to which the most heavy, metals, bacteria and phosphorus
are transferred permanently into bottom sediment.

e At the end of the process the mining lake get its best water quality within the whole
succession from the first upcoming groundwater until the final “climax” stage.

¢ Within the pH-range of the bicarbonate buffer the supply with organic carbon is
guaranteed by algae assimilation and, from this time on, phosphorus becomes the limiting

factor controlling the primary productivity.

The water chemistry of the mining lakes is governed by three buffering systems: the
circumneutral bicarbonate buffer, the acidic aluminium buffer, and the iron buffer.
Alkalinization does not change the pH unless the base-binding capacity is saturated.

When this occurs, the pH shifts from one to the next buffering system. The changes
are similar to titration curves. In connection with acid rain, the aluminium buffer is
dominating. The affected waters prevail in the pH-range 3.6 - 4.2 . In mining lakes the iron

buffer is absolutely dominant at pH values < 3.8 (ULRICH, 1981).
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Figure 4.3.2 Acidic groundwaters with dissolved ferric hydroxide, filling the new mining

lake Skado, Germany



overburden heap undisturbed rocks

Figure 4.3.1 pH-values in mining lakes and adjacent aquifers (adapted from REICHEL &
UHLMANN, 1995)



In the Lusatian browncoal region of Germany, most lakes were found to be at about
pH 2 to less than 4 , with others between 6 and 8. One exception, the Felix See, was observed
to have a pH of about 4. In this case the concentration of aluminium was ten times higher
than that of iron. The conditions in this special case resemble those in lakes influenced by

acid rain (Figure 4.3.3).
4.3.2 Habitat for Plants and Animals

From the immense literature available on acid rain, it seems that hardly any life can
be expected at a pH less than 4. Indeed, the youngest geogenically acidified mining lakes
with a pH of 2 to 3 are abiotic at first glance.

Nevertheless, such an extreme habitat has been shown to be colonized by specialists,
some in great abundance because of the lack of competition.

Organisms able to survive in the extremely acidic environment possess mechanisms
for detoxification by ion exchange, by oxidation and flocculation of heavy metals, by
excretion of chelates, and by transformation of metals into other dissolved forms with lower
toxicity. Some algae respond with dormancy or concentrate toxicants in terminal cells that
they later discard (LUDERITZ, 1988).

Compared to natural lakes, acid mine lakes generally have low primary productivity.
Because of the lack of bicarbonate in acidic lakes, algal groups of the Scenedesmus
photosynthetic type are absent. The first phytoplankton to appear are from the same groups
to be found in bog waters: chloromonads, cryptomonads, dinoflagellates, etc.

Important processes occur at the level of the pico- and bacterioplankton. The total
algal biomass is low, and this criterion alone would accord with a classification as
“oligotrophic”™ (NIXDORF et al., 1995). This low algal production is unexpected, considering
the relatively high phosphorus supply. Obviously factors other than nutrients limit
productivity. Moreover, the seepage waters from overburden heaps with a pH< 2 are not
really abiotic. At least bacteria occur in these waters. The pyrite oxidation itself is described

as a chemo-autotrophic microbiological process by some species of Thiobacillus.
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Figure 4.3.3 Generalized frequency distribution of lakes with different acidity in Germany

(from KLAPPER, GELLER & SCHULTZE, 1996)



Figure 4.3.4 Mining lake Roter See near Burgkemnitz, Germany. Iron hydroxide is

precipitating due to CO2-consumption around Juncus bulbosus



Besides algal development, heterotrophic degradation is strongly inhibited in the
acidic environment. Leaves that have fallen from surrounding trees into the acidic lake
remain undegraded for years on the lake bottom. Trees submerged during the filling process
persist for decades as undegraded and quasi “acid-preserved.” The low respiration rates and
low solubility of CO7 in acidic waters seem to be the reasons for carbon limitation of
bioproductivity (OHLE, 1981; SCHINDLER, 1994). Macrophytes are lacking only at a very
early filling stage.

Uprising groundwater rich in sulfuric acid, iron and sulphate, a changing shoreline,
and an unstable subsurface during the first quick filling phase preclude macrophyte growth
for hydrochemical and edaphic reasons. Soon after the hydrological regime has stabilized,
however, the typical pioneer plant Juncus bulbosus occurs. In this “one species biocenosis™
according to biocenotic laws, J. bulbosus is very frequent in the littoral zone and also on the
lake bottom, if the water is sufficiently clear. Photosynthesis by COp-consumption leads to
iron flocculation on the stems. Occasionally the ochre precipitation pulls whole plants down
to the bottom. This species, which is mainly vegetatively reproducing, sprouts a second time
during summer and appears again grass-green in colour. On sunny days the raised pH
because of CO2 assimilation can be seen with naked eyes: in the neighbourhood of the
Juncus stands iron hydroxide is precipitating (Figure 4.3.4).

PIETSCH (1993) distinguished some typical communities characterized by the
dominant species besides Juncus bulbosus stands: Potamogeton natans, Utricularia minor,
Sphagnum cuspidatum, S. obesum, S. inundatum and the fern Pilulifera globulifera. He
described a further transition to a stage with neutral water containing bicarbonate and high
species diversity. Of the animals, those groups which cannot exist in an acidic environment
are those which need calcium carbonate for their skeletons or shells, such as fish,
amphibians, snails, mussels and higher crustaceans. During the first filling stages, acid lakes
are also without zooplankton. The rotifers (especially Brachyonus urceolaris) are inhabiting
lakes with pH < 3, as does Chydorus sphaericus. Cyclops was found at pH 3.5 and higher.
Daphnia occured only in circumneutral lakes. Whether acidity excludes them or their
absence is caused by the high frequency of invertebrate predators like Corixa is not clear

(TITTEL, pers. comm.).



4.4 Succession of Water Quality

During the primary filling of new mining lakes and in the first years of their
existence, the water quality undergoes considerable change. The rising water level causes a
succession from a shallow to a deep lake. The first shallow stage shows no stratification and
no oxygen gradients from the surface to the bottom. In the next stage, the first stratification
may be critical, because the hypolimnion is extremely small in relation to the epilimnion.
Degradable material concentrates in a very small volume and may cause oxygen depletion in
the deep water (Figure 4.4.1).

In connection with acidified lakes this oxygen depletion may be desirable. However,
unfortunately in this case the autochthonous production of organic matter is usually too low
to achieve a depletion of oxygen. With further deepening of the lake, the hypolimnion :
epilimnion ratio rises. This stage is wanted in neutral lakes, but unwanted in acidic ones,
which need places with anoxic conditions, where microbial neutralisation by desulfurication
may OCCur.

The deepest, wind-protected lakes, as well as the chemically stratified lakes, are
susceptible to meromixis, i.e., the deepest water layers are excluded from the usual turnover-
phases of the dimictic lakes in spring and autumn. In such cases, the unmixed
monimolimnion becomes anaerobic, thus, having preconditions for desulfurication at depth.
Nevertheless, meromixis alone is not yet an ecotechnology for microbial neutralization. Only
the anaerobic monimolimnion turns to a neutral pH. Due to lack of circulation, the surface-
near water layers also remain acidic for decades (e.g., lake Waldsee near Débern, Germany).
Typical sequences of the main characteristics of the water body during the filling with

surface water are shown in Figure 4.4.2.
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Figure 4.4.1 Change of the stratification along with the filling level of a mining lake (from
KLAPPER, 1995)
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When mining wells are taken out of operation, a fast rising of groundwater occurs
due to the high hydraulic gradient. With the introduction of surface water, the water level in
the lake rises faster than the water table of the surrounding groundwater. With the flow-
direction from the lake into the underground it is possible to avoid further groundwater
entrance and acidification. Towards the completion of filling the lake the introduction of
surface water should be finished. Depending on the origin of the groundwater passing
through the filled lake, a secondary acidification could then occur. However, there will be no
problems with acidic groundwater as long as the acid binding capacity is not used up. If this
happens, technologies for neutralization should be considered (see Section 5.1).

Similar to natural lakes, the groundwater throughflow is typically accompanied with
changes of the water quality because of distinct trapping effects. In the case of lignite mining
lakes, the content of, notably, iron, manganese and phosphorus in the entering water
decreases due to oxidation and flocculation processes. Organic matter and biomass produced
by photosynthesis, nutrients, etc., are incorporated into plankton biomass and transferred to
the bottom sediments. The water leaving the mining lake and entering the underground again
to become a part of the groundwater, may become anoxic due to the degradation of
biologically produced organic matter. The consequences in this case are, for example,
denitrification and fixing of sulfidic iron (Figure 4.4.3).

Depending on the nutrient supply of the mining lake in question, the primary
production is concentrated in the near-surface layers of nutrient-rich eutrophic lakes or
distributed to greater depth in the case of oligotrophic lakes. According to the primary
production, the oxygen in the deep water is depleted in eutrophic and nearly saturated in
oligotrophic lakes. Very clear waters may be oversaturated at depth, e.g. when Juncus
bulbosus has overgrown the bottom and performs photosynthesis, as occurs at a depth of 20

m in the mining lake Koschen, Germany.
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Considering contamination with hazardous substances, each case differs from the
next. First, the character of the contaminant has to be established: inorganic or organic,
degradable or not, solubility, possible introduction in nutrient chains, etc. Groundwater
protection deserves high priority, especially against non-degradable contaminants and
substances being toxic during bioaccumulation. Nevertheless, the first question should be
whether a deposit of hazardous substances exists and what special conditions have to be
established for functioning degradation and to allow the restoration of the contamination by
in-situ self-purification (see Section 5.3). Bacteria communities in mining lakes differ from
those in natural lakes particularly in the first filling stages. Chemolitotrophic iron-bacteria
and sulfur-bacteria play the most important role. Bacteria and microalgae hardly compete for
the very limited resources of carbon and nutrients. Because of the scarcity of carbon and
phosphorus in young mining lakes, such species of algae seem to have selectionary
advantages, by which they gain these essential resources by ingestion of bacteria:
mixotrophic algae with a special adapted metabolism (TITTEL & ZIPPEL pers. comm.).

The microbial food web in mining lakes (Figure 4.4.3) is the subject of current
research in laboratories of several countries. At present it is known that it takes at least
decades and sometimes centuries to achieve identical conditions in mining lakes as those
prevailing in natural (glacier- or tectonic) lakes. Limnological knowledge, standards and

other tools for a good water quality management continue to be developed.
4.5 Sediments and Their Role for the Abatement of Acidification

Sediment profiles and the detailed investigation of the undisturbed layers with the
related solid and liquid phases provide an excellent opportunity for reconstructing the history
of a lake development. In mining lakes, profiles down to the prelimnic bottom cover the
whole succession from the first filling to present day. Therefore, the sediment is correctly
called the memory of the lake. With the help of distinct marks, the age of the layers may be
determined, so the annual sedimentation rate may be estimated. Such marks include the
Cesium peak from the Chernobyl disaster, 1988, or annual whi‘_cc stripes from biogenic
calcite precipitation in natural lakes. In some young mining lakes with large amounts of iron

precipitated, black and brown stripes allow one to distinguish between the anoxic conditions,
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due to degradable bioproducts, in summer and oxic conditions in the winter. However, in any
one mining lake the sedimentation conditions differ from one area to another. Therefore, the
first step is to find correct and representative sampling points. During the first time of
groundwater entrance some sediments may be accumulated only in the deepest furrows of
the former mine. As long as wind and wave action are able to re-suspend the sedimented
matter from the shallow water, the submerged slopes at the lake bottom remain free from
sediments, and by the “funnel-effect” the particles concentrate at the deepest localities of the
basin (Figure 4.5.1).

Therefore, to estimate the annual sedimenation rate, this variation from no
sedimentation at some sites to sediment accumulation at the others has to be considered. The
first stage of mining lake formation, i.e. the empty open-cast mine without water, has no
- sediment at all. The bottom of the hole to be filled consists of sand, gravel, overburden
material and residues of non exploited lignite. Important coal areas may be in contact with
flooding water, where they were prepared for mining, but not mined due to the new
economic conditions.

In Germany, most of the smaller mines were closed immediately after the German
unification because of the breakdown of industry and its energy demands. An important
question in such cases was the influence of these lignite areas on the water quality of the
generating lake and whether it would be necessary to cover the coal with inert soil material
in order to avoid occasional water pollution. Fortunately only little effect from the coal on
the water column was found and the covering of the coal could be neglected.

The carbon content entering the water as compounds similar to humic substances was
much lower than assumed from the red-brown colour of the rain puddles in those areas.
Obviously the discoloration originated not from coal extracts, but from dissolved ferric
hydroxides at pH<3. The carbon content in acidic mining lakes has proven to be too small
for “normal” functioning of the aquatic ecosystem. With pH<3 no carbonate, no bicarbonate
and only traces of carbon dioxide are present in the sulfuric acid environment. And with low
pH-values, low DOC-contents could also be determined. Therefore, it is hypothesized, that

carbon is limiting the life starting processes (KLAPPER & SCHULTZE, 1995).
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More important than fulvic substances from lignite, is the organic carbon produced
by photosynthesis of plankton algae and the emergent macrophytes. Organic biomass sinking
down to the sediments together with iron hydroxide enriches the uppermost sediment layers
with degradable matter. Biogeochemical processes in surface sediments such as
decomposition of organic matter, reduction of manganese and iron oxides, and bacterial
reductions, are the key factors influencing sediment chemistry. Depending on the quality of
the organic matter and the lake dynamics, hypolimnetic anoxia can lead to enhanced
microbial alkalinity production from anaerobic respiration, raising the pH in the sediments
up to neutrality (WENDT-POTTHOFF & NEU, 1998). In particular, iron-reducing bacteria may
play an important role in the biogeochemistry of sediments that were influenced by acid
mine drainage (BELL & MILLS, 1987).

 The importance of iron-reducing bacteria could be confirmed with help of sediment
investigations on mining lake 111 in the Lusatian district (Table 4.5.1, Figure 4.5.2, FRIESE et
al. 1998). This lake is 30 to 40 years old, so it can “tell something™ about sedimentation
processes and diagenesis of the sediments in the past. Mining Lake 111 is used by the
Institute of Inland Water Research, Magdeburg, as an experimental lake. The lengths of the
sediment cores varied at the deepest parts from 14 to 100 cm. The pre-limnic bottom was

easy to be distinguish by the sand and coal particles.

Surface area 10.7 x 104 m?
Volume ~ [0.5x100m3
Maximum depth 102 m

Mean depth 4.6 m

pH (median) ] 2.6

Sulfate 1310 mg/l
Iron (median) 156 mg/l

Table 4.5.1 Mining Lake 111; main limnological data



Figure 4.5.2 Research object Mining Lake 111



Where the lake possesses an anoxic hypolimnion, the sediments are black from
reduced iron. On shallower localities the sediments are more light-brown from oxidized iron.
Analysis of the cores from the deepest area allows for some general observations (for details
see FRIESE et al., 1998).

The redox-potential measured by punch-in electrodes in the field falls from +600 mV
on the sediment surface to zero at 2 cm and to -100 mV at 4 cm and lower until 20 cm. The
pH measured in the same core was 2.8 at the sediment-water interface, increased until 1 cm
to pH 4, prevailed at pH 4 to 2 cm, increased evenly until 8 cm sediment depth to greater
than pH 6 and remained at this value until the greatest depth of the core at 20 cm. The
surface represents the iron-buffer, 1 - 2 cm the aluminium-buffer and from 8 cm depth the
circumneutral bicarbonate-buffer is governing. With the exception of the liquid surface and
the sandy bottom the core was sectioned in 1-cm subsamples and analyzed in detail.

It could be demonstrated, that during the lifetime of the lake the bioprocesses
increased constantly. At the deepest, i.e., from the oldest core section (14 c¢m), the lowest
values were measured in loss of ignition (LOI ) 5%, Corg 20 mg/g, TC 20 mg/g, TN 0.5
mg/g, TS 1 mg/g, P 0.2 mg/g. The related values at 2 cm were LOI 22%, Corg 80 mg/g, TC
110 mg/g and TN 7 mg/g dry weight.

The maximum total sulfur was found with TS = 17 mg/g in the 2 - 4 cm section.
Phosphorus had two maxima in the 2- and the 6-cm layer with 0.55 mg P per gram dry
weight each. The authors assume, that most of the sulfur at 2 - 4 cm depth represents
inorganic sulfides, generated during dissimilatory sulfate reduction by anaerobic bacteria. At
this depth degradable organic carbon should be present, the El was below -100 mV and
oxygen penetration can be excluded. Additional support for this hypothesis comes from the
high Fe(II)-content and from the fine-grained black material suggesting the presence of
ferrous sulfide.

One target of the sediment research is to find techniques for enhancement of the
processes of biological binding of acidity, sulfur, iron and other heavy metals in form of
sulfides. For oxygen-free conditions, degradable substrates are needed, whether
allochthonous introduced or autochtonous produced. However, economical and ecological

difficulties are connected with both.



4.6 End use / Costs

From an esthetical viewpoint a reclaimed and well functioning post-mining
landscape may be more beautiful and pleasant than that before mining. The first heaps from
opening the opencast mine dumped on the ground later form forested hills. Deep holes
remaining from the excavated coal are later filled with water. They become new lakes in
countrysides, where lakes were extremely rare or unknown before. In some regions the
mining lakes are occupying large areas of the landscape.

These water bodies are the most characteristic parts of the newly forming lake
districts. Their existence should not be understood as a land loss, but as an opportunity for
the future. With appropriate management, these lakes will be usable for bathing, diving,
fishing etc. Bank filtrated waters are suitable for drinking and processing purposes. The need
to make use of the waters depends on the actual demand and the existing infrastructure. The
brown-coal industry has had to supply the whole area with long-distance pipe systems for
dewatering of the landscape before the mining started. In eastern Germany, the closure of the
lignite mining industry with the mines themselves, the coal power plants, briquette factories,
smoulderies and chemical coal processing factories has left a landscape of oversupplied
infrastructure with respect to traffic, energy, water, food, etc. So, on the one side, the
landscape after mining has an excellent infrastructure, which calls for a secondary utilization
by new enterprises and business, but, at least temporarily, there is also high unemployment,
with only little chance for a quick change. The whole region has been monostructurally
oriented on coal and coal processing for decades.

Considering this special situation, it is not surprising that so much interest is directed
on the lakes as possible nuclei and attractions for water-oriented tourism including fisheries.
Interviews with the inhabitants of the villages around the new emerging lakes have produced
similar results everywhere. The people of even the smallest villages want in future the lakes
to become “centers” for recreation in order to promote jobs and salaries in related services.
However, for economic reasons, only a few such centers should be planned and established.
For decision making, the factors of suitability of each lake have to be evaluated.

The development of a mining lake for recreational purposes at first demands several

million German marks or U.S. dollars. The return from this starting investment may be
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realized only from a relatively high frequency of tourists, spending their holidays at the lake,
using the local services and spending enough money in the region.

From an economic point of view the lakes in areas under nature protection are far
less interesting. With the orientation on “silent recreation™ they will attract nature friends and
walking tourists with backpacks and binoculars, carrying their own food and usually
representing only a very modest business to the local restaurants.

Decision criteria for economic planning can be listed in three groups:

A) natural fit of the lake landscape;
B) development for recreational purposes; and

C) restrictions due to environmental and other impacts.

To assess the suitability of a lake landscapes for recreational purposes, mean conditions may

“1”

be evaluated as

e.g. a closed lake, with “0” (Table 4.6.1).

, excellent recreational suitability with “2” and absolute insufficiency,

A “Natural” fit of the landscape and the mining lakes

Aa Size and variability of the lake landscape 1.0 ...2.0
Ab Relief forming of the lake landscape 1.0..2.0
Ac Recreational value of the broader surrounding 05..2.0

Ad Forming and esthetical value of the shore landscape 0.5 ... 2.0

Ae Geogenic acidity and iron contents 0.1...2.0
Af Trophic state (polytrophic ...oligotrophic) 02 ... 2.0
Ag Bioclimatic conditions 05..1.5

B Development of the landscape for recreational purposes
Ba Demand for leisure-, weekend- and holiday-recreation 0.5 ... 2.0
Bb Development of the local and long-distance traffic,

equipment with parking places 0.5 ... 1.5

Bc Development and mine-technical safety of the shores 0.1 ... 2.0
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Bd

Be

Bf

Ca

Cb

Cc

Cd

Ce

Cf
Cg

Bathing possibilities (not observed or guarded strands
and lawns)

Restaurants, camping and sporting sites, water and
food supply, waste disposal

Possibilities for further activities of water-bound
recreation (surfing, diving, sailing and adequate
training scools), water travelling, ferries, angling
Cultural and educational offers (museums, concerts,

cinemas, discotheques, nature trails)

Factors restricting the recreation

Unhygienic conditions, bacteriologically insufficient
surface waters for filling

Utilizations adverse to recreation (ash flushing,
dumping of hazardous substances)

Turbidity from iron hydroxide, visible scums of oil,
tar, hydrophobic coal dust, floating wastes, wood,
plastics, bottles etc.

Closing of landslide- endangered shores

Loading by noise and dust from neighboured open
pits and power plants

Overloading by too much visitors

Proximity to wasted factories, production ruins,

visible traces of landscape destruction

0.2 ...

0.6 ...

0.2

0.8 .

0.2 75
0.1 5
0.1
O] <2

0.2

0.1

61

2.0

2.0

20

1.6

1.0

1.0

1.0

1.0

1.0

G 1

1.0

Table 4.6.1 Factors for evaluating the suitability of lake landscapes for recreational purposes

(adapted from KLAPPER ,1995)
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The computation of the recreational suitability, Rg, of a distinct landscape with mining lakes
can then be performed as follows. The arithmetic means of factors A and B are added and the
sum divided by 2 and multiplied with the mean of the factor C. Evaluation of the recreation
suitability Rg allows decisions as to which alternative recreational projects are worth
subsidising (Table 4.6.2). The value of a restoration scheme may also be expressed as an

increase in the recreational suitability.

Rg assessment

0 ek | ) Al not suitable

0.1 T e partly suitable

;5 TR suitable

100 DRSTR R (v well suitable
SRS excellently suitable

Table 4.6.2 Evaluation of recreational suitability

A capacitive figure, the recreational efficiency Rg, may be introduced. It is given by

multiplying Rg by the recreation days Rp), being realized at the mining lake:
RE = Rs * Rp

One recreation day may be defined as at least two hours stay of one person with realization
of at least one water-oriented activity. To achieve a monetary expression, the RE has to be
multiplied with the well-known costs of one recreation day in an artificially built open-air
bathing basin (share of building costs, water treatment and water exchange from public
supply, services etc.). This cost may be different in- diverse countries, but in every case it is
usually much higher than the cost in the new emerging mining lakes, which are large enough
that bathing water treatment is not necessary. With this substitutional method only the

possibility for bathing is evaluated. The comparably higher value of the new mining lakes
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results from the potential for diverse water-oriented activities, from the size, the self-
purifying large water body, the connection with other lakes and further recreational
possibilities in systematically developed landscapes for leisure purposes.

The general question remains, as to whether the mining industry has fulfilled its duty
once the lakes are filled and the banks are safe against sliding, or must the lake be usable and
the quality of the water suitable, before the lakes may be handed over to the public.

For most cases in Germany, the usability is included into the duties of the mining
companies. In the new federal provinces, special enterprises have been established for
realizing this. In a countrywide context, this task is not only important for the unemployed
people in the mining region itself, but also for the densely populated greater regions of
Berlin, Cottbus, Dresden, Leipzig and Halle. The traffic connections generally allow access
to the new lake-lands in less than one hour by car or somewhat more by public
transportation. The necessary costs have to be invested in the interest of the society - the
former mining employees, now waiting for jobs in service enterprises of the tourism industry
and also the people from the large cities, wanting to regenerate their working power by
active, water-oriented recreation.

One reason for improving the water quality is the fishery. The special conditions in
the larger clear water lakes are appropriate for an occupational fishery on the basis of the
pelagic food ressources. Provided a pH constantly greater than 5.5, or better 6.0, Coregonus
albula may utilize the zooplakton. Because of the low level of gross bioproductivity in
mining lakes, it is useful to produce precious fish species. This way a good monetary yield
might be gained with only a small weight of harvest. In larger mining lakes further fish
species like pike (Esox lucius) and eel (dnguilla anguilla) should be inserted, in addition to
the introduced and natural fish stock. This constitutes a form of biomanipulation, i.e. the top-
déwn-control of the food chain. Instead of the ichthyoeutrophication to be observed with
some cyprinid species a positive influence of the fishery on water quality is possible this
way. The best monetary income at such mining lakes with the priority of recreation follows
from the sale of licences for sport fishing (KLAPPER, 1998).

Summarizing this chapter, it can be realized that a usable mining lake has a good
potential for a return of the costs that are required to provide safe banks and a sufficient

water quality. Moreover, with a diverse selection of mining lakes in the same region, the
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landscape concerned should develop within a relatively short time as an attraction within the
tourist industry. Many people may get new jobs in this service sector of the regional
economy.

Lakes established with the only target of being interesting features in nature-near
landscapes, having a natural succession without human assistance, may be relatively cheap.
However, related to this low expense there will be nearly no financial return or economic
benefit to the population. Of course, in the sense of nature protection and for limnological
science the value is very high, but it is not acceptable to express natural heritage with its

species diversity and natural services in a monetary form.
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5.0 Loading of Mining Lakes and Water Quality Control
5.1 Acid Mining Lakes
5.1.1 Do you Need to Treat?

Geogenically acidified mining lakes are relatively unique objects of limnology. A
few volcanic lakes in Camchatka and Japan and some smaller examples like the sulfur
acidic Tonteich Reinbeck near Hamburg, Germany, are described in the limnological
literature (OHLE, 1981). The largest of such extremely acidic lakes are presently
emerging in the Lusatian mining district of Germany.

Without intervention, the lakes would stay acidic for decades or centuries
unusable for water-oriented recreation with primary body contact. Also, water sports with
secondary body contact, such as canoing, sailing, etc., would be restricted. Fishing related
activities, such as angling and professional fishery, would be absent from these fish-free
lakes.

Because many smaller lakes from the older, smaller mines exist, there is no lack
of examples for studying all of the problems connected with geogenical sulfur
acidification. Such lakes are actually also valuable as part of nature-protected landscapes.
In the interests of nature protection some overburden heaps have been kept without
recultivation, to become the so-called succession areas, where the vegetation remains
very scarce, without trees and with no closed grass cover. Such areas have become places
with relatively hotter microclimates within otherwise moderate climatic zones. Hence,
these areas are rich in plants adapted to dry conditions, coloured flowers, rare species of
insects, and reptiles, etc., usually more common in warmer areas. The groundwater under
these heaps remains oxic and acidic. The unrecultivated territory is thus connected with
long-term acidification of the lakes in these areas. Eventually, in the future, the
acidification will come to a natural end in these areas. This will occur once all oxidized
pyrite has been washed out or when the trickling rain water has washed so much of the
sulfuric acid to greater depth that a closed vegetation cover will occur and bioproducts

and roots will degrade. Further, oxygen in the groundwater will be depleted and the
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washout of sulfuric acid will stop due to anoxic conditions and reduction of sulfur and
iron to form iron sulfides.

Regarding the large lakes emerging from the most recent opencast mines, there is
no doubt that only restored, neutral lakes have the quality to be released from the
responsibility of the mining enterprise for utilization by the public. In the past, mining
engineers had a tendency to consider the mining lakes ready for release after achieving
sufficient stability of the banks. However, there was no recreational interest in such
useless, large lakes filled with dilute sulfuric acid. The mine enterprises would typically
be stuck with owneréhjp of these non-marketable lakes for a long time, and ultimately,
this would be more expensive than to satisfying the financial requirements for
neutralisation.

From a socio-political viewpoint the necessity to reclaim past surface mining
areas is obvious. The people in the mining districts have the right to make decisions about
the future of the region, in which they have been working and where mining companies
received fnuch money by exploiting the resources and temporarily destroying the
landscape. The excellent infrastructure in past mining areas should attract new industries
and a beautiful landscape, with lakes, should attract holiday makers. Many jobs in the
tourism-sector may be found, provided that the lakes in the region would be usable. With
these points in mind, the following chapter gives a brief overview of the necessary steps

for abatement and control of acidificaton of acid mine lakes.

5.1.2 Methods of Curbing Acidity During Lake Formation

Alleviation of acidification should be considered and implemented right from the
initial planning stages of mining operations, up until the recultivation of the overburden
heaps. If sustainable neutralization is to be obtained, a complex, long-term abatement
program must be set up covering a broad range of issues.

In order to minimize the contact of pyritic minerals with oxygen, the temporal and
spatial dewatering of the lignite to be mined must be limited. The layers of overburden

with the highest pyrite levels should also be dumped in the deepest part of the mine, thus
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enabling these materials to become submerged as early as possible. The diffusion
coefficient for oxygen in water is only 0.0001 of that in air.

The final position of an abandoned mine in the groundwater field influences the
acidity input into the mine lake. Groundwater from the undisturbed rock is mostly
neutral, whereas that from the overburden heaps is acidic as a result of the oxidation of
all the sulfidic ores during the mining process. Therefore, the end-position of an
abandoned mine in the greater groundwater field should preferably be downstream of the
undisturbed rocks and upstream of the groundwater forming in the overburden heaps.

The important role of the filling water has been already described iﬁ Section 4.2.
Mining lakes, extending over great distances in the direction of groundwater flow may
act like discharging or recharging groundwater wells. The lakes are horizontal levels
within the slope of the underground water table. A deeper lake level draws water from
surrounding aquifers upstream, while lower aquifer levels cause surface water to infiltrate
down through the ground beneath the lake. In order to avoid intensive flow and mass
transport of dissolved matter, such long-shaped lakes should be subdivided, thereby
decreasing the hydraulic gradient, as shown in Figure 5.1.1.

Revegetation of the acidic heaps can be boosted by chemical treatment with
alkalinity-delivering materials such as lime or ash. In eastern Germany, with low
precipitation of about 500 mm/year, the establishment of mixed forests, with the
associated high evapotranspiration rates, reduces groundwater infiltration to nearly zero.
The soil and humus cover of the forest decreases unwanted oxygen penetration to the
subsoil (#1 in Figure 5.1.1). Similar findings are to be observed with permanent grassland
and organic fertilizers (#2 in Figure 5.1.1). Wetlands and fishponds can be reestablished
in the lowlands along the rivers and creeks. These were typical of the Lusatian landscape
in Germany prior lignite mining. The wet covers prevented the aeration of the ground (#3
in Figure 5.1.1).

The application of detergents, which kill the bacteria responsible for acid
formation, is appropriate for smaller heaps rich in sulfidic ores. Although toxic to
Thiobacillus, these materials provide a degradable and oxygen-consuming substrate for
the other heterotrophic microorganisms (KLEINMANN et al., 1981; RASTOGI, 1996; #4 in
Figure 5.1.1).
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High-alkalinity ponds are recommended for neutralizing ground-water outlets to
mining lakes. With limestone on the bottom, such ponds promote infiltration of

alkalilnity into the acidic ground (#5 in Figure 5.1.1).
5.1.3. In-situ Neutralization of Mining Lakes

The natural geogenical processes causing acidfication are summarized in Figure
5.1.2. The left side corresponds to conditions in a lake, filled only with groundwater and
being too shallow to become stratified by temperature-driven density gradients. With
oxygen present in nearly all compartments of the lake system, including bottom
sediments, the acidity will stay for decades. On the other hand, in a stratified lake (right
side) there are anoxic parts in the sediments, in the hypolimnion and, in cases when the
lake is meromictic, in the monimolimnion. Carbon-limitation may be overcome with
external carbon imports or by bioproduction. The emergent macrophytes are independent
with respect to carbon-supply, because they receive CO, from the inexhaustible resource
in the atmosphere. At the same time they produce degradable organic material by
photosynthesis. The sediments of the reed belt, with its rhizomes, are areas of sulfate
reduction, with the visible black colour of the rotten plants, sometimes interspersed with
golden crystals of pyrite. In addition, leaf-litter from trees near the shore produces
microhabitats for sulfate-reducing bacteria.

Figure 5.1.3 illustrates a number of ecotechnological in-lake approaches for
. neutralization. The ideas originate from observation, the literature, experience gained
while tackling similar problems (e.g., with the aim of controlling nitrate), and from
laboratory experiments. Many relatively small and shallow lakes have remained acidic
for decades. Other lakes with stable stratification were neutralized within few years by
internal mechanisms. Ecotechnologies functioning on the basis of microbial sulfate
reduction require the absence of oxygen and nitrate, and the availability of a carbon
source for sulfate respiration (Figure 5.1.2). Both stratification and mixing in a lake
depend on the length of free wind action or the wave fetch. Stratification is a desired

condition for acid mitigation.
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To show how efficient stratified systems can be, Lake Fuchskuhle, a shallow
moor lake in eastern Germany, was divided into four limnocorrals with help of plastic
sheeting. The corrals became stratified with anoxic deep water and sediments. As a result,
the pH changed to nearly neutral while nutrients and bioproductivity increased
(BABENZIEN, 1996).

Possible tools to induce such stratification in mining lakes include oil barriers,
floating reeds and submerged foils positioned from the bottom into the open water like a
fishing net. The provision of wind protection by the shore is only effective where lake
areas are small (#1 in Figure 5.1.3).

The main way of attaining a neutral mining lake in the Lusatian region of
Germany is to first rapidly flood the pits with surface water. Although installation of the
necessary pipelines or ducts is expensive, this approach has the additional benefit of
providing shore stability (LUCKNER ET AL., 1995). Running surface waters contain
neutralizing and buffering bicarbonate; nutrients; and dissolved and particulate organic
matter, all of which are ingredients for the abatement of acidification. In order to avoid
excessive nutrient input, towards the end of the flooding process the river should function
only as a bypass of the lake. To satisfy any neutralization requirements, no more than the
necessary amount of surface water should be used (#2 in Figure 5.1.3).

The addition of phosphorus to a rain-acidified, soft water, upland lake in England
led to neutralization by the above-described mechanisms. A total of 5.9 m® of a phosphate
solution brought about the effect of 34 tonnes of calcium carbonate (DAVISON et al.,
1995, GEORGE & DAVISON, 1998).
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For restoration of the pelagic food web in acidified and limed lakes, a gentle
fertilization may be useful (BELL ET AL., 1993; OLOFSSON et al., 1988; #3 in Figure
5.1.3). In very acidic mining lakes, fertilization with treated sewage containing not only
nutrients but also organic carbon appears to be successful. One good example of
neutralization by sewage is the case of Laubusch mining lake in Germany. During
stagnation periods sulfur and iron are transported into the black bottom sediments, fixing
the acidity. With pH values of 3-4 in the epilimnion and 6-7 in the hypolimnion, a good
stock of fish has developed in this lake (KLAPPER & SCHULTZE, 1995). In lakes,
neutralized by flushing with surface waters, but endangered under low water conditions
by entrance of acid groundwater and reacidification, a desirable eutrophication may be
achieved with the help of trout breeding in net containers. This will help to stabilize the
neutral conditions with generating anoxic sediments and deep waters. Desired oxygen
consumption results from uneaten food . and fish feces. This kind of artificial
eutrophication is not connected with pipelines or other construction and may be licensed
temporarily, so that it may be finished, if necessary, relatively soon. For the professional
fisheries this kind of fish production is profitable and would stabilize the income in those
cases, where the Coregonus (white fish) harvest is too low for a sufficient income. This
has been realized at the mining lake Senftenberger See in Germany (RUMMLER, pers.
comm 1998).

Liming has been successfully applied in Canada, the USA and Sweden to
neutralize rain-acidified lakes. In Sweden, about 5000 surface waters have been
neutralized since 1988 under a government program (OLEM, 1991). In most cases calcium
carbonate is used, providing alkalinity and inorganic carbon. The soft-water bodies are
quite different from hard-water mining lakes. The latter are strongly buffered by iron at a
far lower pH and the alkalinity demand is about tenfold higher for neutralization. In the
Lusatian region of Germany several groundwater treatment plants exist for the
neutralization of effluents. They may now be used to produce limed and cleaned water to
fill newly emerging lakes. However, this ex-situ treatment is expensive (#4 in Figure
5.1.3), consequently restoration research focuses on natural process of alkalinization by

desulfurication.



The addition of organic matter may provide a way of enhancing the sulfide-
forming properties of the sediments. Promising experiments are currently being
performed by FYSON & NIXDORF (1996, pers.comm.) with potatoe chips as the carbon
source, as well as by FROMMICHEN (1998, pers.comm.) with the addition of organic
loaded saturation chalk from sugar factories or liquid organic substrates. Another
proposal has been to dredge the sludge from eutrophic lakes and to spread such lake
sediments on the bottom of acidic mining lakes. This method of restoration is designed to
counter eutrophication in the case of natural lakes and acidity in mining lakes (NIXDORF
ET AL., 1997; #5 in Figure 5.1.3).

Another example of an effective anaerobic ecotechnology has been developed for
heterotrophic nitrate dissimilation in Zeulenroda Reservoir, Thuringia, Germany. A steel
cage measuring 20-m x 60-m x 1.5-m, filled with 13000 bales of straw, and equipped
with distribution pipes, was positioned on the hypolimnic bottom near the dam. Nitrate-
rich surface water was pumped through the straw reactor together with fatty acids to
provide a carbon source. The dissolved oxygen was quantitatively released, after which
the nitrate oxygen was utilized. Nitrogen escaped in molecular form. If methanol is used
to represent the hydrogen donor, the process can be expressed by the following overall

equation:
6NO; + 6CH;0H = 3N,T + 6CO;, + 12H,0

This technique enabled the hypolimnion to become anaerobic and nitrate-free within
eight weeks. The water was reaerated along a stretch of 5 km of turbulent flow between
Zeulenroda and a terminal reservoir and proved to be a suitable source of raw water for

drinking water supply (FICHTNER, 1983; KLAPPER, 1991; #6 in Figure 5.1.3).
5.1.4 Ex-situ Treatment of Mining Lakes
A pilot scale, ex-situ bacteriological sulfate reduction scheme is underway at the

mining lake Kahnsdorf south of Leipzig, Germany (GLOMBITZA & MADAI, 1996). The

closed anaerobic biofilm-reactor is supplied with lake water and methanol is used as a



carbon source. Methanol is needed at a ratio or around 1 : 1 with reduced sulfate.
Vibrionic bacteria, immobilized on up-growth carrier material, are most efficient. _
Methanol is consumed totally. A drawback is the relatively low capacity for the large
volume of the lake (see also BRETTSCHNELDER & POPEL, 1992).

A further approach is based on an electrolytic hydrogen generation, with reduction
of oxygen and precipitation of heavy metals. By this approach the pH rises by proton
consumption. The energy demand is preliminary estimated to be 0.5 - 1.2 kW.h/m’ lake
water (FRIEDRICH, 1996). Application of this technology on a technical scale has yet to be
established.

Several established ex-situ technologies for the recovery of acidic waters are
summarized in Figure 5.1.4. Alkalinity production or acidity binding is best
accomplished in fully or partly anaerobic systems, while the precipitation of unwanted
heavy metals is best achieved in aerobic macrophyte systems after the pH has risen to
neutrality. Many proposals comprise combinations of anaerobic with aerobic steps,
sometimes with limestone as an inherent constituent of the various stages. For example,
anoxic limestone drains are widely used in the U.S. to satisfy the alkalinity requirement
of acidic and metal-containing mine effluents. Anoxic operation is necessary to avoid
clogging by the precipitation of metal hydroxides. A trench is dug and lined with plastic
sheeting before being filled with limestone. The ends of the plastic sheeting are wrapped
over the limestone and covered with soil. The inlet and outlet are protected against
aeration by traps such as u-bend pipes (HEDIN & WATZLAF 1994, #1 in Figure 5.1.4).
This approach may also be suitable for the lignite-mining regions of Germany. As soon
as a self-sustaining water balance has been re-established, the neutralizing service
ecosystems (i.e., anoxic limestone drains) should be set up at lake inlets or along

connecting trenches between two mining lakes.
]
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Several other technologies have potential application to the East German lignite-
mining regions. For example, in California, deep, narrow trenches filled with bales of
straw serve as anoxic denitrification facilities (BROWN, 1971; SWORD, 1971; JONES,
1974). When denitrification is complete desulfurization takes place in the same system
(#3 in Figure 5.1.4). At the Wheal Jane Pilot Plant in the UK, closed plastic-coated
upgrowth reactors are filled with degradable or inert up-growth materials and, with the
addition of substrate, support microbial desulfurization. Sulfides remain inside the
reactor, but the effluent has to be re-aerated (TABERHAM pers.comm.; LAMB et al. 1998:
see #4 in Figure 5.1.4).

Successive alkalinity-producing systems can also be used. These consist of
infiltration ponds with a drained layer of limestone covered by an organic layer, put in
place to consume the dissolved oxygen. However, problems with throﬁghput can arise
from clogging of the bottom by microbial biofilms (KEPLER & MCCLEARY 1994:
NAWROTH et al., 1994; #4 in Figure 5.1.4).

Anoxic biofilm chambers, which are deep small ponds supplied with oxygen-
consuming organic matter, operate without infiltration. Comparable to inefficient sludge
digesters, the floating cover in this case is an essential part of the technology. Silage
fodder has proven to be the most suitable organic material (KALIN pers.comm.; PHILIPPS
& BENDER, 1998). The mining lake Haselbach 1, south of Leipzig, Germany, has by
chance developed in this way. The 6-ha large, 10-m deep lake is completely overgrown
by Cattails (Typha angustifolia, T. latifolia). Its waters have been used in a briquette
factory and as a settling basin for cleaning waters of an industrial fodder drying facility.
There were sufficient hydrophobic floating coal particles and heterotrophic biofilms for
the cattails seed to sprout and to overgrow the whole mining lake within two years. Now
the lake is a nature protected area and it is strongly forbidden to walk on the dangerous
floating plant cover. At present, artificially grown reeds on special mats made from
coconut fiber are available for starting such floating macrophyte covers. Under the
floating cover the water is black, anoxic and neutral, but hidden from sight. At first

glance the reed looks like a pleasant wetland (#5 in Figure 5.1.4).



Constructed wetlands, in various configurations, and oxidation ponds serve the
aerobic polishing of anaerobic neutralized waters (#7 in Figure 5.1.4). A few approaches
include anoxic sections (#6 in Figure 5.1.4). Metal hydroxides are transferred into the
permanent bottom sediments (HEDIN, 1989). For successive alkalinity delivery,
watercourses may be equipped with limestone beds. Reaeration can be implemented with
the help of limestone overflow barriers (DIETZ et al., 1994; #8 in Figure 5.1.4).

Summarizing this section on acidification, it appears that the abatement of
geogenically sulfur acidification includes measures to combat pyrite oxidation, steps to
decrease groundwater and acidity transport, as well as in-situ and ex-situ neutralization
processes. Chemical neutralization is often impracticable because of the large amounts of
alkalies and the costs of the treatment. Large mining basins should primarily be flooded
with surface water containing bicarbonate. A temporarily higher trophic level in the lakes
must be tolerated. The most promising alternative for chemical neutralisation is the
encouragement of microbial processes of anaerobic acid binding by desulfurization.
Aerobic treatment with macrophyte systems, such as in artificially constructed wetlands,
is suitable for completing water treatment via the flocculation of the heavy metals
contained as hydroxides.

The research findings discussed above can in principle be applied to the mining of
nearly all pyrite-containing rock such as hard coal, quarz and slate, as well as sulfidic
ores (especially uranium).

More detailed information about the basics of geogenic sulfur acidification,
limnology and management is given in the book “Acidic Mining Lakes” by GELLER,
KLAPPER & SALOMONS (1998).
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5.2 Eutrophication

5.2.1 When to Treat?

Control of eutrophication is high priority in neutral mining lakes, in order to
achieve a good water quality. However, definition of “good water quality” depends on
the final use of the lake. As outlined before, water quality is usually assessed from the
standpoint of utilization by humans. High demanding uses, e.g., for bathing or drinking
purposes, need clear water with a low bioproductivity, i.e., low content of plankton algae.
Nevertheless, in the case of shallow mining lakes in protected natural landscapes, the aim
of which is high species diversity, eutrophication is no drawback and control of
eutrophication should not be a necessary target of management. Consideration of acidic
lakes where a distinct eutrophication may contribute to the formation of anoxic parts in
the lake for generating microbial binding of acidity, has been described in the above

chapter.

5.2.2 Prophylactic and Dietary Measures Against Eutrophication During Lake Formation

Water quality management of neutral mining lakes should be performed with the
help of the knowledge and instruments that have been developed by the limnological
research community for neutral lakes and reservoirs. However, in connection with mining
lakes there are often many further opportunities to utilize the benefits of the generated
water quality. In section 4.1, the hydrographic principles required for the formation of
clear water lakes were summarized: great depth, steep banks, large hypolimnia, small
drainage basin etc. Unfortunately, the depth is often decreased by dumping of overburden
layers from other mines or flushing the ash from power plants into the empty mine,
instead of creating heaps or ash ponds above the surface of the old land. .

Mining geologists responsible for the safety of the banks and shores of mining
lakes, work at great expense to generate shallow slopes with a low probability of sliding.
From a limnological viewpoint, flattening of the shore decreases the volume of deep

water, increases the area of lake bottom in the epilimnion, decreases the mean and
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maximum depth, etc. Nearly all morphometrical factors influencing the trophic state are
worsened. This conflict between geo- and hydro-scientists has to be solved as a
compromise. Slopes have to be reduced where the safety is endangered, but not more
than necessary. There are also possibilities to hinder people from entering the bank-side
by planting thorny brambles, or similar shrubs and trees. Some steep slopes should
remain for ecological reasons. At stretches undisturbed by mining, where rock layers
have good stability, vertical shores are desirable as they provide valuable habitats for rare
animals.

As discussed above, water quality is already influenced during the formation of an
opencast mine. When the water has completely filled the hole, the highest priority has to
be given to the control of the main cause of eutrophication, i.e., to the nutrient input.

Phosphorus is the most important growth-limiting factor in neutral mining lakes.
Because of the special conditions by which phosphorus is precipitated by iron-rich
groundwater inflows, and due to P-binding on the mineral bottom of recent mining lakes
(and given a relatively high nitrogen supply), a decrease of phosphorus concentration
in the lake water is the key for controlling eutrophication and improving the water
quality. The spectrum of poésible measures to control eutrophication will be discussed
with help of a simple illustration, developed for neutral lakes (Figure 5.2.1).

Items #1 and #2 in Figure 5.2.1 are interesting in the case of mining lakes. A
sewage-free drainage basin may be best realized by sewage diversion to more distant
sewage treatment plants outside of the drainage basin. This concept of greater treatment
plants includes also tertiary purification by chemical phosphorus precipitation or by
biological P- and N-elimination by the anaerobic/aerobic change within the activated
sludge process. For example, in Germany, nutrient elimination is prescribed for all larger

treatment plants serving more than 20,000 inhabitants or equivalent.
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The utilization of storage reservoirs for nutrient elimination (#3 in Figure 5.2.1)
has been disc_ussed in Section 4.2, highlighted by the case of the Mulde Reservoir.
Techniques for harvesting nutrients by macrophytes are relatively modest and are
restricted to the growing period (#4 in Figure 5.2.1). Protected, shallow underwater parts
in the inlet area have to be prepared for this technique. When the final water level is
reached and the shore and bottom are sufficiently stable, it is possible to develop Typha-
and Phragmites- stands by systematic planting. The macrophytes are the up-growth
carrier for the periphyton, consisting of biofilms with autotrophic and heterotrophic
microorganisms. Macrophytes and periphyton form biofilters or the so-called bioplateaus
(OKSIJUK & STOLBERG, 1986).

Reforestation is part of the overall recultivation of the mining territory and in
particular the heaps (#5 in Figure 5.2.1). In the context of the mining lakes, the
importance of reforestation is the associated high rate of evapotranspiration, which curbs
the rate of groundwater infiltration. Forestation of reclaimed mining areas is discussed in
Section 3.3.

Reducing nutrient export from agricultural land uses is one means of tackling the
dangers of eutrophication in mining lakes (#6 in Figure 5.2.1). To achieve this, well-
known principles from soil science have to be followed to establish stable soil
ecosystems. A good, crumbly structure and sorption ability will emerge, when soil is well
supplied with organics, settled by bacteria, fungi, collemboles, worms, etc., and carries a
vegetation cover the whole year.

: Protecting wood strips are shown in Figure 5.2.1 (#7) as coniferous forests. These
have been recommended for drinking water reservoirs, to avoid fallen leaves loading the
water body. However, use of coniferous trees alone should be restricted to the edge of the
wood along the shore. It is recommended that the rest of the forest should be cultivated
with mixed deciduous and coniferous forests. With leaf-mould, such forest produces a
healthy soil fermentation with good sorption ability. On the contrary, pure needle

deposition produces a non-degrading raw humus with a poor sorption capacity for key

nutrients.



Phosphorus elimination at a lake inlet (#8 in Figure 5.2.'1) has been used in
research and planning stages, to treat unsuitable mine-filling water from loaded rivers.
Since such treatment blants are only used at one location for a few years, they should be
designed with:

e robust and simple technology

e asmall percentage of non-transportable concrete buildings

e a high percentage of prefabricated units, of variable applications based on a
modular principle

e low maintenance anci operation expenses

e simple deposition of flocculation or adsorption sludge

e parts that are easy to dismantle and reuse at the next site.

No technical scale treatment plants for P-elimination at mining lakes have been
built in Germany to date. The treatment of the inflow has been performed by using
existing water bodies as pre-basins as described in the TGL 27885/02 (1983) standard.
For filling the mining lake Cospuden, south of Leipzig, Germany, a slow sand filtration
had been investigated on a pilot scale. The actual solution with untreated groundwater

from the active opencast mine Profen has been described in Section 4.2.
5.2.3 In-lake Measures Against Eutrophication

Desludging is only a solution to eutrophication in very old mining lakes (#9 in
Figure 5.2.1). Even several decades after lake formation, the remaining mining structures
can disturb all types of suction dredging. Only the furrows fill with soft sediments while
elevated areas of the lake bottom are free from sediments.

The potential to eliminate nutrients with the help of macrophytes has been
discussed (#10 in Figure 5.2.1). Only a small share of the nutrient budget will be
incorporated in the biomass and may be harvested by reed cutting. The intake is
performed mainly in the early summer during the growth period. In the cold season the

delivery of matter from degrading plants predominates.



Predator fish may be introduced as a top-down biomanipulation of the nutrient
pyramid. With a subsequent reduction of prey fishes, the zooplankton have a better
chance to survive and, therefore, to graze on phytoplankton. With less phytoplankton, the
water becomes clear and more usable (#11 in Figure 5.2.1). There are also some conflicts
with fishery management on the mining lakes. One of the most important fish species to
make use of the relatively scarce nutrient resources of the free water in the pelagic zone is
Coregonus albula. Feeding mainly on zooplankton, the introduction of coregonids has a
negative effect with respect to the control of eutrophication (Section 4.6.).

Nutrient precipitation within the water body (#12 in Figure 5.2.1) may be an
appropriate option, if blue-green algae predominate due to a high phosphorus contents.
Water blooms interfere with bathing activities. Dead algae have a stinking odour and
cause the development of germs. Consequently bathing has to be prohibited.

At a 100-ha mining lake generated by gravel excavation near Magdeburg,
Germany, a precipitation has been performed. A 490-t solution of aluminium sulphate
was applied, corresponding to 5.7 g AP per m® of lake water. Since this application the
phosphorus concentration remains at a low level, the visibility of the Secchi disc is high
(about 5 m during the summer time), and water blooms no longer occur. The surprisingly
long lasting effect seems to be caused by sediment capping with aluminium hydroxide
and aluminium phosphate, hindering the re-dissolution of the sediment phosphorus also
under anoxic conditions (KLAPPER, 1994). Before applying such an expensive
chemotherapy to lakes from lignite mining, all further possibilities should be considered.
Cheaper materials with P-binding properties may be found in the vicinity, such as ashes,
clay overburden materials, iron-rich groundwater, etc.

Deep water aeration and destratification (#13 in Figure 5.2.1) may be applied
against eutrophication, if there is evidence of a better phosphorus binding due to a higher
redox potential at the water-sediment interface. This effect has been overestimated in the
past. Nevertheless, aeration or circulation of the deep water at least provides the benefit
of a larger habitat area for fishes and their food supply. A combination of deep water
aeration and the addition of iron-rich well waters has improved the water quality in the

mining lake Kayna-South, Germany (SCHARF, 1998).



The delivery of deep water (#14 in Figure 5.2.1) is only an option for lakes with
high through-flow. In a stratified lake, during stagnant periods, a vertical gradient is
observed with high nutrient concentrations and low oxygen content in the deepest parts of
the lake. This causes a trap effect and natural eutrophication. Similar to reservoirs with
bottom outlets, deep water delivery in both natural lakes and mining lakes, with help of
the Olszewski-tube, increases the export of nutrients and the export of oxygen deficit.
The nutrient load decreases and the oxygen balance improves. If deep-water delivery is
planned in the case of mining lakes, the necessary tubes may be easily installed in the
empty basin before filling the lake.

The water level in the lake may be elevated with the aim of improving trophic
conditions associated with a greater depth and volume (#15 in Figure 5.2.1). The final
water surface level of the mining lake should be at least in equilibrium with the adjacent
groundwater table. To artificially keep down the lake level, e.g., to protect low lying
buildings erected during the time of mining operation, should be avoided, if possible.
Keeping a low lake level would be inconsistent with the principle of sustainability, as
well as with the target of a good water quality with a low trophic level.

At relatively shallow, older mining lakes, the harvesting of macrophytes is
sometimes the only possible way to allow continued recreational and fisheries use (#16 in
Figure 5.2.1). During intensive macrophyte growth most of the phosphorus is
incorporated in the plant biomass and may be eliminated with the harvested weed
(SAMPL, 1979).

Another option may be to leave the plants as they are and to observe the
succession towards a wetland. Distinct silting or landing stages are rare in “cultivated”
country and may be interesting objects of nature protection, too.

The application of copper sulphate for eliminating blue-green algae should be
taken into consideration only in extreme situations when it is necessary to guarantee the
drinking water supply (#17 in Figure 5.2.1). In the warmer countries of North and South
America copper application at drinking water reservoirs is quite common, even though,
because of the fish toxicity, only subtoxic amounts may be applied (KLAPPER, 1998). In
bottom sediments copper is present mostly in a less toxic carbonate form, so that benthic

animals, the food for fish, may generally develop in a normal fashion. Nevertheless, the



elimination of the primary producers in general should be used only as a last option.
Moreover, in mining lakes there is the potential for very acidic groundwater, coming
from the overburden heaps in the form of dilute sulfuric acid, to re-dissolve toxic copper
compounds in the sediments.

Water quality management in connection with the control of eutrophication has
been described in several books, which are recommended for more detailed information:
COOKE et al. (1993); RYDING & RAST (1989); SAs (1989); HARPER (1992); KLAPPER
(1991); KLAPPER & SCHARF, in BRAUER, ed. (1997); BUSCHET AL. (1989).

5.3 Contamination

5.3.1. Decision Criteria for Treatment

Opencast mining holes have been used by mining companies and by the coal
processing industry for dumping of overburden, ashes from power plants, coal dust from
briquette factories, Winkler ash after phenol adsorption, wastes from smoulderies, tar,
etc. They have even been used for deposition of municipal garbage and byproducts from
other industries. Provided that there were no negative impacts on the water quality in the
generating mining lakes and on the groundwater in the surroundings, this policy follows
an old mining law, to give back the greatest area possible for agricultural and forestry
use. This refilling with rubble and waste is mainly used to reduce the deficit of material
remaining from the abstraction of coal. Regarding the water quality management of the
mining lakes and water protection in general, complicated investigations of the character
of the dumped materials have to be performed.

Along with the most recent progress in analytical methods, there is new
knowledge of ecotoxicology. However, the problems generated by the disposal of
different materials into mining lakes are complex. Each substance behaves differently
under different environmental conditions such as pH, Eh, temperature, conductivity,
matrices of other dissolved substances, etc., and with respect to solubility, degradability

or persistence, bioaccumulation and other characteristics.



Today hundreds of compounds may be analysed in effluents from various
deposits. However, with such data alone, the assessment of ecotoxicological impacts is
very difficult. Therefore, besides the chemical analyses, ecotoxicological effects should
be investigated with help of an inventory of indicator organisms with respect to saprobity,
trophy, halobity, etc. With the components of the biocenosis, a good diagnosis of
ecological health and toxicological impacts is possible.

Liquids deposited in old mining sites are generally more critical than solid
materials. Liquids may spread into the groundwater to an extent depending upon the
chemistry (sorption, biodegradation) of the substances and the permeability of the
subsurface material.

A special technology that has been applied in the past in the case of very toxic or
concentrated liquid wastes is high pressure injection into deep geological layers, e.g. into
plate dolomite. However, examples are known where such hazardous substances reappear
at large distances nearly undegraded or undiluted at the surface. Therefore, this deep well
injection has been prohibited in Germany. Nevertheless, the dangers generated decades
ago persist and still have to be monitored at several locations.

The water of the mining lakes in eastern Germany is polluted with hazardous
substances not only from dumping sites. During dewatering of the uranium mines in the
Ronneburg district, the Weisse Elster river was critically loaded with radionuclides.
Where sulfur-acidified groundwater is flowing into to a mining lake, relatively high
contents of heavy metals have been observed, sometimes at toxic concentrations. This
depends on the geological composition of the area.

In the case of saltcoal mining the NaCl-content is very high in water. Salt may be
curbed only by hydraulic counterpressure and by dilution.

During the microbial degradation of hazardous organic substances new
metabolites may occur. The most important question for the assessment of impacts is
whether or not degradation takes place at all. The speed of biodegradation may be
increased by ecotechnological measures.

For possible utilization of secondary raw-material, the chemical industry has
sometimes dumped distinct byproducts separately. However, when no option for a second

use was taken, such single-substrate deposits prove to be more difficult to degrade
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compared with municipal mixed dumps. The latter have less hazardous substrates, more
adsorbing ashes, degradable substrates, stimulating co-metabolisms, etc. Compounds,
being quasi conserved by substrate inhibition because of high concentrations need to be
sufficiently diluted and supplied with nutrients, oxygen and other factors limiting
biodegradation.

Deposits of different substances may affect the fisheries in mining lakes in
different ways. Organic degradable substances interfere with the oxygen balance. Salt
causes meromictic stable stratification and anoxic deep waters, killing the eggs of the
bottom-breeding Coregonid fish. Deposits deliver substances such as heavy metals to the
mining lakes, which may accumulate at different rates in the various organs of the fish.
Ammonium in high concentrations, such as in the deposit at the bottom of the mining
lake GroBkayna near Merseburg, Germany, excludes fishes from the lake. Lipophilic
compounds in particular accumulate in fatty flesh of fish, impairing the taste. Fat fishes,

like eel and carp, are particularly affected by lipophilic matter.

5.3.2 Approaches for In-situ Remediation and Ex-situ Treatment of Contamination at
Mining Lakes

A systematic record of all deposits in the mining lakes of eastern Germany and
the assessment of their environmental impact revealed a great number of different
conditions. Therefore, a scheme was developed outlining different approaches for treating
the deposits and contamination in and around mining lakes, with methods for solving the
problems in an ecologically acceptable and economically feasible ways (Table 5.3.1). For
all cases mentioned in Table 5.3.1 examples occur in the new federal provinces of
Germany. Usually combinations of different chemical, physical and microbiological
conditions have to be assessed, to prepare plans for adequate treatment.

At the Nachterstedt mining hole a waste dump has been removed. This was very

expensive, but was necessary for construction of a planned recreational center for water

sports.
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The isolation of a deposit at the side of the mining lake Hufeisensee in Germany
is the target at Halle-Kanena. A huge mixed municipal and industrial landfill occupies a
most of an opencast hole. The other part of the hole has been filled with overburden and
the rest with groundwater. Experts were afraid that the lake would be impaired by the
inflow of contaminated groundwater passing through the deposit (CARMIENKE ET AL.,
1987; GLASSER & KLAPPER, 1992; CHRISTOPH, 1995; GLASER, 1995). However, a
virtually water-tight soil cover, due to vegetation, allows little infiltration of water
through the dump site. Fortunately, a deep trench in the mining lake is located adjacent to
the landfill. The water seeping from the deposit only reaches the trench and does not mix
with the rest of the water in the lake. The small monimolimnion obviously functions as a
trap for hazardous substances. Limnological investigations show a high diversity of
sensitive species in the lake. Therefore, bathing is now licensed in some areas of the lake,
despite the accumulation of hazardous matter buried deep at the bottom of the lake
(SCHAREF et al., 1995).

Under favourable conditions the deposit may be isolated within the lake itself. In
the deepest parts of the lake the isolation of dumped waste is possible by capping with
inert materials. A well-documented capping with sand has been performed in Hamilton
Harbour, in Lake Ontario, Canada, to separate toxic sludges from the Hamilton steelwork
from the overlying water (ZEMAN & PATTERSON, 1997). In mining lakes very often
nature provides this isolation without additional human activities. Where precipitated iron
hydroxide and plankton biomass are covering the deposit in sufficiently thick layers, the
best solution for the dumping site is not to interfere with the natural processes. On the
other hand, if wastes had been dumped around the edges of the mine, it has to be
considered that waves and erosion might again expose the dump, even with thick layers
of covering materials.

A total subhydric incapsulation, including the lake surface, was the final solution
of one of the most complicated deposits in a mining lake. The mining lake Silbersee in
Germany was used for dumping different matter from the Wolfen film factory. From the
original volume of 2.7 x 10°m? today 1.1 x 10°m’ is occupied by spoiled ashes, 0.4 x 10°
m’ by carbonate sludge from a water treatment plant and 1 x 10° m® by lignine and

cellulose sludge from a cellulose factory. The latter sludges are of a pudding-like



consistency, with more than 90% water content. A high content of sulfur led to gas
emissions of sulfur hydrogen, mercaptane and other stinking and poisonous gases. Trials
with an ex-situ pilot plant led to a solid-liquid separation. But no plants are growing on
the solid material and the liquid phase did no receive license as an effluent. After all
experiments had failed, the new target was the encapsulation of the material. Fortunately,
groundwater contamination may be excluded in this case, because the fine-grained
materials are nearly watertight. The deposit is like a sealed capsule in the regional
groundwater field and the groundwater flows around it without causing significant
pollution. Where the sludge reached the surface of the lake, 3-ha has been covered with
biofilters - bags, filled with a mixture of wood sticks and foamed polystyrole chips
(Figures 5.3.1 and 5.3.2). The remaining approximately 1-m deep or shallower lake area
is kept aerobic with the help of floating rotor aerators to avoid further H,S emissions.
Desired spreading of floating reed, as in the mining lake Haselbach 1 in Germany, needs
a surprisingly long time. This is probably due to the sulfur hydrogen, poisoning the cells
of the rhizomes. The new target for this lake is to form a green covered area, protected
against humans and reserved for nature and nature observation.

Nearly all ex-situ treatments, either off-site in existing treatment plants or on-site
immediately at the deposit, are very expensive and generally not satisfactory with respect
to the through flow. The off-site process is éxpensive because of the necessary transport
of the polluted media to existing facilities, such as sewage treatment plants or
incinerating plants.

For the on-site treatment special facilities have to be installed and operated for all
necessary steps of physical, chemical and biological purification. These facilities are
available as modules that may be combined according to the technological demand. For
on-site operation, electricity and pipes have to be installed from the deposit to the
treatment modules and from the treatment plant to polishing and accumulation ponds,
e.g., for oxidation. Moreover, on-site operation includes human attendance during night
and day. The process steps are mainly the same for on-site and off-site treatment plants

and are selected according to the matter to be treated.
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The most interesting developments/are different in-situ treatments. These may be
classified as part of the modern field of ecotechnology, i.e., biotechnology on the level of
the ecosystem. With scientific knowledge of the natural functions within these
ecosystems, these approaches aim only to help the system help itself by metabolisation
and cometabolisation, incorporation, bioaccumulation, bioflocculation and sedimentation
of the treated materials. All these processes may be identified as self-purification. To
stimulate aerobic processes, oxygen has to be supplied. For anaerobic processes, such as
microbial neutralisation by desulfurication, oxygen has to be kept away with help of
hydraulic isolation or biochemical oxygen consumption. The developing technologies are
at the stage of pilot scale experiments in artificially separated parts of the water body
such as enclosures, limnocorrals or in submerged reactors like the straw-cage for
heterotrophic denitrification mentioned above. On a full, technical scale those lake sites
with the most suitable environmental conditions have to be selected depending on the
targets to be met. Clearly, sediments and the deep waters are suitable for anoxic
treatments, while the surface waters or destratified or aerated parts of the water body are
more suitable for oxic degradation.

Remediation by in-lake technology was undertaken at the mining lake
Schwelvollert, Germany, filled some decades ago with concentrated smouldery waste
(Figure 5.3.3 and 5.3.4). From 10-m down to the greatest depth of 25-m about 100 mg/l
phenol and 200 mg/l ammonium are measured. The phenols had changed to less toxic
humus-like compounds (GLASSER, KLAPPER, STOTTMEISTER 1994). An ex-situ treatment
was shown to be functional, but was too expensive for restoration of the whole lake
volume. The pilot plant contained physical, chemical and biological steps followed by
polishing ponds. Artificial aeration in an enclosure has proven inefficient and nearly no
degradation occurred. An iron chloride precipitate had a good optical effect, but was not
accompanied with decisive degradation of the brown humic substances. Moreover, the
water became acidic. Liming neutralized the water again, but degradation still did not
occur. The final step in 1998 was an addition of 5-t of phosphorus to the 9-ha lake.
Bacteria and algae were stimulated, the brown colour changed to a green vegetation

colour. The humus-like brown substances are being degraded by bacteria. The necessary



Figure 5.3.3 Installation of an enclosure for sediment investigation in the Schwelvollert
deposit in Saxony-Anhalt, Germany (field studies of the UFZ Centre for Environmental
Research, Leipzig)
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oxygen is produced by the photosynthesis of algae. Therefore, in this case, nutfient
limitation was the “bottle-neck”. Similar to the Magdeburger P-Verfahren treatment of
phenolic sewage (NOLTE, 1947) a phosphorus application again brought about the
solution in the case of the Schwelvollert Lake, Germany. Further discussion of this study
will be given in the forthcoming publication “Environmental Impacts of Mining
Activities” (J.M. Azcue, ed.)
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6.0 Conclusions

1. This project was carried out under the NATO Scientific Exchange Program (Linkage Grant
ENVIR.L6960318). It was also supported by the Computer Network Program under the reference
number CNS 970446 for the eastern European partners. The objective was to compile information
on innovative technology for pollution prevention and remediation of surface coal mining sites for

sustained economic and environmental benefits to NATO and other countries.

2. The project members were scientists from Germany, Poland, the Czech and Slovak Republics, and
Canada. Two meetings were held among the project members. Visits to active and abandoned
surface coal mines in Germany and the Czech Republic were included in the meetings. Following
each meeting, a progress report was prepared and submitted to the NATO office in Brussels,
Belgium. At the above meetings, the members of the project presented examples of pollution
problems generated by surface coal mining and the remediation technology implemented in different
countries to rehabilitate the abandoned surface coal mining areas, particularly the open pits. In the
time between the meetings, all project members kept in contact and exchanged different available
information on the effects of the surface coal mining on the environment and their remediation in

different countries.

3. Many abandoned surface coal mining pits were flooded with water and used for the deposition
of industrial wastes in the eastern part of Germany. Several concepts for remediation of these highly
contaminated pits were discussed. Also, this experience was used as an example for the assessment
of the suitability of the mining lakes for storage of different materials. The development of lakes
from the abandoned mining pits has been carried out in Germany, the Czech Republic and Canada.
These examples together with the experience of the lake development techniques are described in

detail in this report.

4. Acidification caused by pyrite oxidation is the most severe water quality problem in the surface

lignite mining lakes in Germany. It was concluded that, in most cases, scientifically-based planning
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and implementation of the plans are necessary to abate the acidification from the sites of pyrite
oxidation, and to control the transport of the acid waters to places where in-lake measures are to be
taken inside the mining lakes. Several options exist to control the acidification of the lakes, such as
filling the mining pits with water containing bicarbonate, addition of sewage to an acid lake, etc. The
abatement strategies discussed among the project members and compiled in this report include
measures taken at the sites of pyrite oxidation during the mining process, measures to be applied in
the drainage basin to minimize ground water transport, in-situ technologies for the recovery of the
acidic mine lakes, etc. Many of these controls and abatements have already been applied with good
results. Lakes developed from the mining pits have already been used for recreation, fishing or as

a natural habitat for different animals.

5. The rehabilitation of the surface coal mining sites in several countries was achieved by filling the
abandoned pits with overburden and restoring these areas to their original contours. These lands were

further restored for agriculture, forestry, wildlife or recreation (e.g., auto-ring, horse racing track).

6. There are difficulties with the restoration of large super-pits generated by the intensive surface
coal mining during the time of the socialistic regime in the Czech Republic. However, it was
suggested that concentrating the mining activities into one large area may be more environment-
friendly, and that the rehabilitation of the impacted area may be more economically feasible than
when considering many small mining areas within a country. The concentrated approach also allows
for the use of well-developed large-scale mining technology, which may not be suitable for the small

mines.

7. To minimize the impact of the mining activities it is necessary to consider all available restoration
measures. It was shown by several examples that the restoration of a surface coal mining area could
be carried out better if the restoration plan is prepared prior to the commencement of the mining
activities. The impact of the mining and the rehabilitation of the site should be appropriately
estimated, taking into account the regional geology, hydrology, availability of surface water,

vegetation cover, agricultural activities, population density, industrial development, transportation
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network, recreational facilities, etc. A cost-benefit analysis is a great advantage to the planning of
the restoration scheme for a mining site. The restoration planning should begin before the initiation

of mining.

8. Countries with no experience in the restoration of surface coal mining sites should consult experts
from the countries with such experience. Techniques for the rehabilitation of surface coal mining
sites, particularly the development of lakes and tackling of the acid mine drainage problem, may also

be applicable to the surface mining of other minerals in various countries.

9. This report can be used as a guideline for the assessment of the effects of surface coal mining on
the environment and in the planning of the rehabilitation techniques for surface coal mining areas,
particularly for the development of lakes from the mining pits. However, more research needs to be
carried out on using the mining lakes, particularly the deep ones with anoxic bottom waters, for the

disposal of different materials.
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