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Preface

The world is a dirty place and getting dirtier all the time. The
reasons for this ever-increasing lack of cleanliness are not hard to find,
being basically caused by the actions of the six billion people who inhabit
the planet. The needs of the people for air, water, food, housing, clothing,
heating, materials, oil, gas, minerals, metals, chemicals, and so forth have,
over the centuries, given rise to a variety of environmental problems that
have been exacerbated or been newly created by the industrialization of the
world, the increase in population, and the increase in longevity of the
population.

The costs of cleaning even fractions of the known environmental
problems are truly enormous, as detailed in the volume Environmental
Risk Analysis (I. Lerche and E. Paleologos, 2001, McGraw-Hill). The
chances of causing new environmental problems, and their associated costs
of clean up, are equally challenging in terms of anthropogenic influences
and also of the natural environmental problems that can be triggered by
humanity. This volume discusses many examples of environmental
problems that have occurred and that are still ongoing. The volume also
considers the effects in terms of sickness and death of fractions of the
population of the planet caused by such environmental problems.

The purpose of the volume is to show that, even with the natural
and anthropogenic environmental problems we already know about, the
procedures for investigating the problems and then suggesting both
remediation methods as well as preventative measures are not at all
obvious. Many options are possible; many risks related to health concerns
and to further pollution concerns have to be considered before one can
decide on a particular remediation procedure.

The applications chosen to illustrate these points are taken from a
variety of areas and with different causes. In this way one can see that the
environmental problems are major, worldwide, and often have no social,
economic, or politically acceptable solutions, even when scientific
solutions are available.

Each chapter is self-contained and has a summary at its beginning
so that one can obtain the purpose of the chapter before commencing to
read the chapter. Readers who are not interested in particular subjects may
then easily skip to remaining chapters. The disadvantage to this form of
communication is that some figures have to be repeated in different
chapters. However, such keeps the chapters self-contained and has the
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advantage that the reader does not need to keep jumping to other chapters
to obtain the relevant figures.

Where possible, the case histories discussed are chosen from
situations where we have performed the field work so that we are clear on
what was done and the resolution with which data were obtained. In some
situations such was not possible, and reliance on published information
had to be accepted without the chance to check reliability. But that, too, is
part of the uncertainty in environmental problems and their potential
remediation.

The level of the book is set such that students actively involved in
learning how to analyse environmental problems should have little
difficulty in understanding the case histories. For professionals in the field,
seriously involved in remediation efforts, this volume (plus the companion
volume referred to above) provides a detailed set of procedures to analyse
the scientific consequences of environmental problems. The volume
should also be of use to decision-makers in both government and private
industry who are actively involved in balancing the social, economic,
political, scientific, and health issues for the best benefits of the
population.

This work has been partially supported by the DAAD through
their award of a Visiting Professorship to L.L. at the University of Leipzig.
The University of Leipzig is also thanked for its contribution to this
support and Professor Werner Ehrmann is particularly thanked for the
courtesies and support he and his group at Leipzig have made available
during the course of this work.

Walter Glaesser
Tan Lerche
Leipzig
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Chapter 1

Natural and Anthropogenic Environmental
Problems

Summary

Naturally occurring processes continually alter the Earth's atmosphere, to-
pography, biomass and biofaunal loads, and their distributions around the
world. When these processes adversely impact the environment relative to
the perceived needs of humanity, they are considered environmental prob-
lems. Remediation can be performed but preventative measures seem dif-
ficult to provide. Anthropogenic processes are those produced by Man's
activities in exploiting and modifying the environment. In general, there is
usually a negative effect on the environment caused by such anthropogenic
processes.

Remediation can be performed and, moreover, preventative measures
can also be provided. This chapter presents an overview of the influence of
both natural and anthropogenic processes on the environment. Remedia-
tion methods are considered as part of the entrepreneurial activities of
mankind, while preventative measures are viewed from the self-
preservation perspective of humanity. Finally, some basic rules of en-
gagement are given when one is handling environmental problems, which
enable a logical, ordered approach to be taken subject to the expediencies
of cost/benefit/health and intrinsic need. Arguments can also be given to
evaluate quantitatively the relevant conditions for prioritizing remediation
and avoidance procedures.

1 Introduction

Humanity needs several factors to be present at the surficial domain of the
Earth in order to survive. In order of precedence, determined as the ab-
sence of a factor leading to rapid death, these factors are: air, water, food,
shelter, clothing, and energy. Regarded as the sine qua non for environ-
mental conditions to maximize the well being of mankind, these factors are
precisely those that humanity does the best job it can to minimize rather
than maximize. We are our own environmental problem.



2 Environmental Risk Assessments

Within this broad classification of the needs of humanity, it is
relevant to examine how natural and anthropogenic effects impact the sur-
vival and well-being of humanity, and how we can learn to control, modu-
late and/or remediate what we determine to be deleterious effects for hu-
manity. One problem that is pervasive is who decides, and how one
decides, precisely what constitutes a deleterious effect, and whether it per-
sists on a short timescale or a long timescale as far as human involvement
is concerned.

2 Natural Environmental Problems

As far as can be determined, evolution of the air, water, biomass, and
landmasses of the Earth have been continuous throughout the total history
of the planet. Until the advent of Man, the response of living creatures to
such natural events was essentially passive: adaptation, mutation, and spe-
cies extinction. The appearance and diaspora of Man across the globe, plus
the ever ongoing demands of a place to live, places to grow food, and
modification of the local environment by replacement of local plant mate-
rial by cities, roads, houses, industry and farms, has led to more aggressive
actions by the natural processes of nature on the desired habitat of man-
kind - a so-called "natural" environmental problem.

Basically, the natural processes of both rapid and slow geological
evolution continue and mankind can perform only remediation after the
fact but cannot pre-ordain or control to any significant extent the natural
processes themselves. Perhaps the most important processes to list that in-
fluence the environment where mankind lives are: (i) climatic variations
(e.g., EI Nino); (ii) floods; (iii) droughts; (iv) earthquakes; (v) landslides
and avalanches (snow, mud, and submarine turbidities); (vi) forest fires;
(vii) volcanic explosions; (viii) food pests; (ix) meteoritic impact; (X) sea
level fluctuations; (xi) hurricanes/typhoons/monsoons/tornadoes; (Xii) ice
floes and ice sheets.

Some of these processes influence mankind immediately (such as
earthquakes, hurricanes and floods), whereas others have a longer-term
impact over years or centuries (such as droughts ongoing over tens to hun-
dreds of years), while a large meteoritic impact (as in the case of the Cre-
taceous-Tertiary boundary event and the associated extinction of the dino-
saurs) would have an immediate, and likely non-recoverable, influence on
the survivability of man kind as a species. So, natural environmental
events range across the full spectrum of time and space scales, and from
local, recoverable events, to irrecoverable long-term or short-term events.

While one can do little to control the natural processes, the prob-
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lem humanity faces is to provide remedial action to those unfortunate
enough to be impacted by any such event. Remedial action in such cases
involves saving survivors, recouping the influenced area if possible, popu-
lation redeployment if the impact is non-recoupable (such as in drought-
stricken areas), and emergency medical, shelter, and food and water sup-
plies. While such remediation actions help humanity, they do nothing to
ameliorate the basic natural processes. And humanity has a long-term re-
cord of reoccupying those land areas that have been subjected to on-going
or periodic natural environmental processes.

For instance, Kobi, Istanbul and San Francisco are all sited on ex-
tremely earthquake prone regions, as known from historical records of
earthquake occurrence. Yet, after each such earthquake event, mankind re-
builds on precisely the same areas again and again. Presumably, the rea-
sons for this apparent illogical activity are that there are more compelling
reasons for reoccupation than for desertion (e.g., excellent port facilities;
strategic control of a narrow strait; excellent farm land; no more land
available to a constrained population).

There seems little that one can do to safeguard fractions of human-
ity from such natural processes; we are faced with the eventuality of hav-
ing to learn to live with natural environmental processes and their impacts
on mankind. Remediation action after each such event seems all that we
are able to do. The situation is extremely different, however, for anthropo-
genic environmental events and these are considered next.

2.1 Anthropogenic Environmental Problems

As remarked in the introduction, there are several basic requirements man-
kind needs in order to survive: air, water, food, shelter, clothing, energy,
and a place to call home. In addition, the collective activities of mankind
result in industrial development, mining, modulation of land uses, and
transportation requirements. Humankind is extremely efficient at taking
the basic requirements for survival, together with its own collective activi-
ties, and converting them both to waste and to conditions untenable for
human survival in the long-term.

We first provide some illustrations of these sorts of environmental
problems, and then consider both preventative and remedial courses of ac-
tion. We then look at the political and social implications for prevention
controls and remediation of anthropogenic environmental problems.
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2.1.1 Examples of anthropogenic environmental problems
Air

The fundamental requirement for existence is air to breathe. And yet man-
kind seems bent on polluting this absolutely fundamental existence re-
quirement. Automobile exhaust pollution in major cities of the world (Los
Angeles, Bangkok, Sao Paulo, Beijing) is rapidly making such locations
less than viable sites where humanity can survive without major adverse
impacts on human health and longevity. From an industrial perspective,
mankind seems determined to spew ever-increasing amounts of SO, and
CO; into the atmosphere, leading to acid rain (from sulfur dioxide convert-
ing to sulfuric acid) that kills forests and pollutes good farm land, while
the industrially produced carbon dioxide enters the atmosphere and so pro-
vides one of the major components contributing to the greenhouse effect
on a global scale. The release of massive amounts of fluorcarbons into the
atmosphere has the major negative effect of destroying the ozone layer,
and so of allowing more solar UV light to penetrate to the Earth's surface
leading to major skin cancer problems, to say the least.

As a race, mankind would seem determined to minimize the fun-
damental factor it needs to survive- air to breathe.

Water

After air, water is the next fundamental factor needed for human survival,
both for internal consumption for physiological maintenance and also for
food supply control, be it for watering land-based plants and animals or for
fresh water and salt water farming of fish, crustaceans, seaweeds, etc. And
yet, here again, mankind would seem determined to pollute lakes, rivers
and oceans of the world in a variety of manners, less than conducive to
their use as sustainable prerequisites for human existence.

The main sorts of primary contaminants are chemical, biological,
physical, and nuclear, which may be accidentally introduced into the fluid
environment or introduced with clear determination and purposes. Primary
chemical contamination of the fluid environment is as varied as the chemi-
cals produced by the industrial activities of mankind, ranging from heavy
metals through arsenic (from gold mining mainly) through oil (from pipe-
line breakage and tanker ship disasters), through paper pulp residue (as in
the southern part of Lake Baikal, Russia), to horrendous mixes of residual
chemicals used in the paint and lacquer industries. This list can be ex-
tended almost endlessly depending on mining activities and industrial ac-
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tivities around the world.

Primary biological contamination of the fluid environment can oc-
cur from a variety of sources: human and animal waste; hospital detritus;
biological weapons residue (such as anthrax stored on the Aral Sea Island);
decayed organic material from residual foods and unused animal parts, and
so on. The impact of this primary biological contamination on pure water
supplies can be enormous, both in terms of human toxic contamination and
also in terms of secondary concentration of biological contamination
through the food chain. Such an effect is, of course, also a major problem
with chemical contaminants.

Physical contamination arises when, for example, used building
materials are indiscriminately dumped in a water supply. The presence of
asbestos, of lead piping, or of the fine detritus can pollute water to such an
extent that fish die, oysters become toxic, and the water has so much
physical detritus in suspension it becomes undrinkable. Other aspects of
physical contamination can arise by performing different combinations of
operations on water supplies: either dump different mixes and types of
physical contaminants into a given water supply, of change the water flow
conditions anthropogenically (darns, levees, canals, etc). Both of these im-
pacts can produce deleterious results on water quality.

Two other major forms of water pollution are provided by man-
kind: nuclear and oil. In the case of nuclear pollution one has merely to
look at the Kara Sea region, full of rusting hulks of Soviet nuclear subma-
rines with fuel-laden reactors still onboard, and also nuclear cores from
land-based power plants, in order to have a prime example (but, regretta-
bly, not the only instance) of a major disaster waiting to happen.

Oil pollution of rivers, groundwater, and oceans seems to be an
almost daily occurrence. The recent leakage (July 2000) by Petrobras of oil
into the Iguanu river running south from Brazil to Argentina, the Exxon
Valdez disaster, the Amoco Cadiz tanker shipwreck off the coast of
France, the leakage from submarine oil transport pipelines, and from off-
shore exploration and production platforms, together with the massive sus-
tained (up to around 25%) leakage into the tundra region and groundwater
supply of the ancient and decaying Soviet oil pipeline system, all provide
examples of the ability of mankind to foul the very waters needed to sus-
tain plant, fish and animal growth, and also the waters directly needed by
mankind in order to survive.

Humanity seems determined to increase the amounts of contami-
nants it unleashes into its global water supplies.

Foodstuffs
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In order to survive humanity needs to supply itself with foodstuffs. Current
estimates would indicate that the world as a whole has about 25-30 days
reserve supply of food. Yield enhancements of crops have been ongoing
for centuries, and the harvesting of fish and animals as long as civilization
has been around.

But, as the world population has risen to its current level of around
6 billion persons, the pressure to increase food production has steadily
risen. Because grains are subject to a wide variety of bacteriological, fun-
gal and pestal infections, two major prongs of attack have been made to
overcome these problems and so increase yields. First, one can spray
growing grains with bactericides, fungicides and pesticides in order to
limit infestations. The price that is paid here is that the various bacteri-
cides, fungicides and pesticides become directly absorbed by the grains,
and also contaminate the earth where they are then absorbed by plants us-
ing root feeding. One of the major open concerns at the present day is
whether direct human ingestion of such treated grains has a deleterious ef-
fect on human health and longevity. Second, one can genetically modify
plant materials to make them intrinsically resistant to the various forms of
infestation, thereby automatically increasing yield. What is under intense
debate at the present time is the long-term effects on humanity of ingesting
such genetically modified foods.

In respect of proteins supplied by animal flesh, perhaps the dec-
ades-long major problem of BSE in English cows (with the attendant trans-
fer to humans in the form of the brain wasting Jakobs-Creutzfeldt disease)
should serve as a very salutary warning that the diseases caused by food
supplies to animals can be transmitted to humanity in excruciatingly nasty
forms, leading to death and also to further vector transport of such diseases
by infected humans.

In attempts to stimulate yields of crops and fish farms, fertilizers
and pesticides are used in abundance throughout the world. Run-off of
such residual contaminants by rain, or by crop irrigation waters, pollutes
the waters flowing further downstream, including the effect on humanity,
fish, plant, and wildlife that depend on such waters for existence. Perhaps
the example of DDT, a long-lived chemical used as a pesticide, which
causes thinning of eggshells in birds and so leads to a steady loss of bird
embryos, is an example of the long-term serious ecological repercussions
that can be caused by application of fertilizers and pesticides. One the one
hand crop yields are indeed increased, and on the other hand major eco-
logical damage is done. An uneasy and very uncomfortable situation exists
of attempting to feed the world but at the expense of poisoning so me frac-
tion of the bio-types inhabiting the world-including Man. Without some al-
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ternative in terms of adequate food production for the burgeoning world
population, it would seem that humanity will continue with this exceed-
ingly uncomfortable and dangerous situation.

As a further example of the ability of Man to contaminate his own
food supply, consider the example of the release of radioactive strontium
from the Windscale (now Sellafields) nuclear reactor in NW England. This
radioactive strontium permeated the ground, was absorbed and concen-
trated by grasses, which were then eaten by cows, and so the radioactive
strontium found its way, in ever more concentrated form, into produced
milk. Because strontium is of the same chemical family as calcium, its
properties and affinities are similar. Accordingly, the milk drunk by babies
and small children, which the human body uses to produce bone tissue in
the young, resulted in bone material in affected children with highly radio-
active strontium as an integral component. Needless to say, the incidences
of bone and tissue cancers in such children were out of all proportion rela-
tive to other children who did not receive contaminated milk.

Humanity seems to be extremely efficient at attempting to deprive
itself of the very foodstuffs it needs in order to survive.

Land Use

The ever-increasing world population needs more space for habitation and
for agricultural usage. In counterpoint, mankind seems determined to make
less land accessible and useable for species survival. For example, the
Chernobyl nuclear power plant disaster and subsequent long-term radioac-
tive pollution of the land in both the near and distant vicinities of the mas-
sive radioactive release, should caution humanity about the need to de-
commission quickly such unsafe reactors to avoid the risk again of having
such a problem. And yet, in countries without the wealth to install safer re-
placement reactors, continued use of Chernobyl style reactors persists,
with the attendant high risk to man, land, air and foodstuffs being exacer-
bated as such reactors age.

Again, one needs only to look at the example of the denudation of
the Amazon basin rain forest to recognize a serious threat to many factors
on which humanity relies. Because trees absorb carbon dioxide and pro-
duce oxygen, the destruction of the Amazon rain forest will eliminate one
of the largest single regions of oxygen production. In addition, about 95-
98% of the nutrients are in the trees, so that once the trees are gone, there
is nothing to hold the top soil in place, leading to massive soil erosion and
transport down the Amazon river to the delta mouth. Thus, while the Ama-
zon burn-off will produce soil with rich nutrients for a few years, over a
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decade or less the soil ceases to be productive and a wasteland is created.
Further problems are the loss of potential new drugs and chemicals from
plants in the forest, the total erasure from the face of the earth of animals
that have specialized ecological niches adapted to a rain forest environ-
ment, and the continued denudation by water cannons and open pit mining
as procedures for extracting gold and other minerals in a cost effective but
environmentally irresponsible manner. The loss of societal human cultures
that also call the Amazon forest home, is also a major factor to be reck-
oned with, and their loss diminishes the diversity and richness of man-
kind’s disparate evolution as a species.

Severe threats to the land on which mankind lives are provided by
the acts of waste production from human and industrial activities, some-
thing that mankind is amazingly adept at accomplishing in a remarkably
short time. On the industrial side there are the problems of where to de-
posit chemical. Biological, nuclear, and general waste products from hu-
man activity. Classic examples of such indiscriminate depositories are the
Love Canal, USA, chemical depository on which, twenty years later,
houses were constructed with the concomitant massive increase in all sorts
of human illnesses to the point that the Love Canal housing estate had to
be abandoned and massive compensation paid to the survivors of the af-
fected families.

On the nuclear waste depository side is the USA national low-
level waste site at Barnwell, South Carolina, where the influence of sub-
surface fracturing and faulting, plus the potential for destabilizing earth-
quakes on the integrity of the waste depository is raising major concerns.
The problem of the safe disposal of high-level radioactive waste is an area
of pressing concern around the world, both in terms of the very definition
of "safe," the length of time such long-lived highly toxic radioactive waste
must be kept under control in any depository, and even the question of
long-term (1000 year) safe record keeping for future generations. The bil-
lions of dollars the US government has already invested in exploring the
feasibility of the Yucca Mountain site as one such possible safe places, is a
measure of the urgent need to resolve such problems safely and quickly-
the Kara Sea dumping by the Soviets has al ready been mentioned as an-
other lethal problem-an accident waiting to happen.

General-purpose landfill sites and oil pollution of the subsurface,
together with the disposal of animal and human sewage waste are becom-
ing even more critical problems as the world population doubles every 20-
30 years. There is a limit to the natural recycling rate of such organic
wastes, and many have argued that the limit has been reached if, indeed, it
has not already been surpassed.

The problem of disposal of biological waste (be it from hospitals
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or as the result of bacteriological warfare products and by-products) is, un-
doubtedly, one of the major problems facing the 21* Century as more and
more biologically toxic agents are generated, stored, or released (on pur-
pose or by accident). There seems to be no end in sight to such pollution of
the ground on which we rely for our living accommodation and major food
supplies worldwide. Humanity is, without a doubt, creating and causing its
own environmental disaster in this respect as well.

Mineral and thermal pollution

The ever-increasing search for minerals and metals of economic worth has
always had a major role to play in changing the environment. The marble
quarries of the island of Thassos, and the gold silver and copper industries
of the past on the island, have all led to changes of forested areas to ugly
eyesores of waste rock deposits next to the mines and quarries. This sce-
nario is repeated around the world time, and again as mankind has quarried
and tunnelled for rock, metals, coal, uranium etc. Two or three major envi-
ronmental pollution problems stand out on this regard, with a host of ancil-
lary problems as corollaries.

Perhaps most exemplifying the cumulative problem of tunnel min-
ing over the centuries is the general region around Bochum in the Ruhr
Valley of Germany, where co al and metal mining has been carried out for
centuries. Many mines were not recorded, or the records were lost, many
were illegal. At the present day, the underground is a maze of known and
unknown tunnels, interconnected and cross-connected. As a result of long-
term groundwater infiltration, and so causing a general lack of cohesive-
ness of mechanical support in the residual rock strata, major sinkholes ap-
peared in 1998-1999 in a heavily populated area. Immediate resolution of
the problem called for cement to in-fill the huge sinkholes. But the general
problem is not so simply solved. There remain miles of such tunnels in one
of the most heavily populated and industrial sectors of Germany. There is
absolutely no idea available of the likely occurrence of another such event,
when it may occur, or where. The potential environmental impact is truly
enormous.

In addition to physical collapse damage, both open pit (quarry)
mining and tunnel mining lead to exposure of waste rock to the elements.
The problem of leachate production of acid mine drainage waters is par-
ticularly severe in many areas of the world where coal has been the main
economic component being sought. The production of heavy metal resi-
dues in river, lake and ocean waters as a consequence of mine waste piles
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being indurated is not a problem to be dismissed lightly either.

There are, also, soil erosion problems that arise both from mining
activities and also from irresponsible forest clearing-cut and slash-and-
burn techniques. As remarked already, the Amazon basin rain forest pro-
vides a prime example of such uncontrolled exploitation.

As an added element to the environmental problems created by
mining activities, there are the major contamination problems caused by
oil spillage already referred to. Also, the seemingly inexhaustible appetite
of mankind for more and more power (usually in the form of electricity
generation) leads to thermal pollution problems of rivers, lakes and oceans
from the cooling systems, as well as to generalized thermal pollution from
energy-hungry devices. The current estimate of 5% of the USA electricity
energy output for computers, with a rise to around 12% predicted over the
next decade, serves to indicate the compelling need for energy frugality if
we are not to thermally pollute water reserves to the point where nothing
can survive in such high temperature waters. How this environmental
problem will develop, as the world demands ever more power is not at all
clear.

Population as an environmental problem

Mankind is its own worst enemy in respect of environmental pollution and
contamination. As already said, there are natural events that contaminate
the environment humanity deems desirable to continued species survival,
but the cumulative effect of such events is small compared to the scale of
anthropogenically generated environmental problems.

The biggest problem is caused by the sheer number of human be-
ings, currently around 6 billion with an increase estimated to double that
number in a decade or two. This large number of people requires air, wa-
ter, food, shelter, clothing, and land. In return, humankind produces human
waste, fouling of the air, water and land it uses, and also, because of the
close proximity of the mass of humanity (almost 30% live in major cities
worldwide), contagious diseases. Such diseases can be spread by rodents
(plague), by mosquitoes (yellow fever, Nile fever, malaria, etc.), by hu-
man-to-human contact or nearness (Ebola, typhus), by human sexual activ-
ity (HIV, AIDS, syphilis), and by other transport vectors. Thus, in addition
to the anthropogenically produced environmental problems, humanity is
quite capable, indeed remarkably so, at spreading debilitating and life
threatening diseases. And yet humanity seems bent on increasing its popu-
lation past the point of sustainability that the Earth can maintain.

We are indeed our own worst enemy in the nominal pursuit of
high environmental quality; there are more of us every day to pollute and
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contaminate the very environment we need to survive; and we are excel-
lent at being polluters on the individual and industrial levels.

War

Mankind has always warred with itself. Ever since recorded history began
there are records of war. The reasons for wars are as many and as varied as
mankind has been able to invent, ranging from the need for more slaves,
more minerals, more oil, more land, through the desire of one religious,
political, business or national group to foster its own brand of system upon
another people or, indeed, just the massive aggrandizement of raw naked
power. It would seem that man kind is determined, and always has been, to
perform genocide and racial murder if the need can be fabricated to con-
vince, by might or right, a particular group to participate.

As a consequence of this inherent historical conflict, mankind has
become ever more ingenious over the centuries at generating weapons of
greater and greater killing power. Indeed, a goodly fraction of humanity’s
endeavors have always been in the area of military weapons development.

The end result is that, as a race, today we possess weapons that can
trivially annihilate and obliterate humankind from the face of the planet; a
remarkable achievement indeed! Many of the weapons, such as hydrogen
bombs, are so dangerous that their very testing in the atmosphere is inter-
nationally banned because of the global radioactive fallout problems-a ma-
jor environmental problem. Many others, such as enhanced biological an-
thrax, cannot be tested at all outside the confines of a secure laboratory
because of their uncontrollable nature. And yet, mankind continues to lay
waste people and land with variations of these and other weapons.

Perhaps one of the best recorded events from ancient times is the
sack of Carthage by the Roman Empire, where not only was the city put to
the torch, but the agricultural fields around the town were sown with salt,
making them incapable of producing enough crop yields to support the
Carthaginians, leading to a diaspora of the survivors of the sack who were
not enslaved. Indeed, this event is a clear example of chemical warfare.

In the modern era, after the use of mustard gas in the First World
War, such chemical weapons were internationally banned. But the use of
Zyklon-B in the concentration camps of Germany during the Second
World War, the more recent gassing of the Kurdish population in Iraq by
its own government, the use of chemical defoliant Agent Orange in Viet-
nam by the USA, all show that international treaties on chemical weapons
last only as long as a nation considers them expedient.

One further consequence of war is the legacy left afterwards of
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landmines strewn everywhere. Because land mines are cheap to produce,
and contain minimal metal content, they are used as a deterrent difficult to
detect by an opposing force. But after a war, there are often no records
available of where land mines were deployed, their deployment patterns,
or the number deployed. Finding such fields of sudden death is often by
accident-and normally by human beings being maimed or killed. The land
is then not useable until all such land mines are cleared. And in poor coun-
tries this clearing is often long delayed or never undertaken before yet an-
other war breaks out with a repeated sewing of death and destruction.

It is a sad mark of the intrinsic nature of Man that mankind uses its
wealth much more to further death of its own species than to improve the
environment for the benefit of the species.

2.2 Resources and environmental issues

Natural resources. depletion and waste

Resources that humanity brings to its own domestic and industrial uses are
of two basic types: intrinsically renewable on a time frame much shorter
than human existence (such as fishing, forestry, agriculture, animal hus-
bandry); intrinsically not renewable on such a timescale (such as oil, dia-
monds, metals, minerals, marble). But the fact that some resources can be
intrinsically renewed does not mean that they will be. For instance, human
greed has led to massive over-fishing offshore Newfoundland and in the
North Sea, to name but two instances. Thus, a potentially renewable re-
source can be so over-utilized by humanity as to destroy the resource!

For intrinsically non-renewable resources, such as oil for example,
there are two major problems to consider: Is the currently available supply
large enough to meet the demand? Are the known reserves and the rate of
reserve replenishment by exploration large enough to keep the current
mode of civilization in operation and for how long?

In the cases of both renewable and non-renewable resources one is
faced with the problems of responsible management of the resource. The
problems of depletion by over-utilization or by limitations on the amount
of the resource need to be incorporated in the management, so that one is
well prepared, well ahead of time, for the eventual loss of the resource.
Exacerbation of the resource supply and demand occurs when one or more
nations control a supply that other nations need-as in the case of OPEC and
the demand of the western world for ever more oil. Indeed, wars have been
fought to keep the supply intact and to keep the economy of the western
world in operation. Might does make right in such situations. Can one
really imagine that massive intervention of the western military powers



Natural and Anthropogenic Environmental 13

would have taken place in the Middle East during the so-called Gulf War
of 1991 if there had been no oil present to protect? Or the invasion of
Egypt a half century ago to keep the Suez Canal open to oil tanker traffic
when Nasser attempted to stop such a vital flow of 0il? One would, at the
very least, be naive to think that such interventions were for purely altruis-
tic reasons.

At the same time, resources are often wasted. For example, the
main Russian oil pipelines from the West Siberian Fields (and earlier from
the Rumanian Ploetsi fields and the Azerbaijan oil fields) often had sus-
tained leakage rates of more than 10-20%-- a serious waste of a potentially
valuable commodity.

The quest for more resources, both renewable and non-renewable,
in order to maintain and improve the quality of life for mankind has not
had a history of being in the best general interest of mankind. Instead, the
resources have often been controlled by a few individuals of a few coun-
tries, with a more rapacious desire to become rich and/or powerful at the
expense of others. Humanity would still seem not to have learnt much, if
anything, from the evergreen lessons of history.

Human resources and waste

Throughout the world there are basically two different levels of human ex-
istence, although one can split the groupings into ever-finer fractions. At
one level, a goodly fraction of humanity spends all of its energy just in or-
der to survive on a daily basis, and still goes to bed hungry at night. At an-
other level, the remaining fraction of the world population satisfies its
daily survival requirements in a small fraction of a day, and so has time for
other pursuits, such as technical innovation, information developments, re-
search and applications, art, culture etc. In short, one has a small percent-
age of the world inventing and designing methods and procedures for im-
proving their own lot and leaving less developed nations even further
behind.

The inventiveness of mankind in all fields of endeavor is astonish-
ing; from satellites to the planets, man travelling to the Moon, Shakespear-
ean plays, computer technology, biological and medical advances, and on
and on. But the callousness of mankind to the less fortunate fraction of
humanity is equally astounding-and always has been. Not only will the
poor and unfortunate be always with us but also they will become poorer
and even more unfortunate relative to those who sit in the domains of the
highest quality of life.

Such is both a very poor use of human resources (How many po-
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tential geniuses sit in such impoverishment with never the hope of realiz-
ing their potential in full measure? And so humanity is deprived by its own
actions, or lack thereof, from benefits that could otherwise accrue to man-
kind), and also a waste of human resources in that, once the impoverished
fraction could spare some time from the unrelenting toil of providing daily
sustenance, the released human potential would be truly astounding.

The tapping of the total of human potential resource capability, to-
gether with the minimization or elimination of blunted ambition and en-
thusiasm, could herald a blossoming of human endeavor not seen since the
Golden Age of Greece. But the probability that such a scenario will prevail
seems even further in the future than the Golden Age is in the past.

Entrepreneurial developments

The broadest classifications of collective human endeavor are four in
number: business, political, religious, and national. Within these broad
groupings environmental problems and potential solutions have to be con-
sidered. Not all groupings make for ease in containing or eliminating an-
thropogenically produced environmental problems; indeed the groupings
can themselves be the main source of such problems, and often have no in-
trinsic desire to provide solutions. Consider some illustrative points.

2.2.1 Business

The fundamental purposes of business are to make as much profit as pos-
sible at whatever is undertaken, and also to grow. Within these two basic
paradigms, one must also remember that each major business endeavor
produces waste-be it in the form of carbon dioxide emissions, cyanide
from gold mining, or whatever, and the waste must be disposed of. One
must also keep in mind that businesses have accidents (Bhopal India toxic
gas release from a Union Carbide plant; oil refinery explosions on a recur-
ring basis; etc.).

From the point of view of a business without any external controls
on its operations, it is most cost effective just to dump the waste material.
But with the modern realization that we all live on a very small planet in-
deed, there are increasingly stringent controls being enacted by govern-
ments on local, regional, national, and supranational levels to force busi-
nesses to police their waste and to clean up previous waste production
where possible. Businesses, in turn, end up passing these additional costs
directly onto product prices for consumers where possible, and taking a tax
write off of the costs also.

The ultimate motive is still the cost/profit drive. And the ultimate
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environmental problem still remains: Where is the waste to be disposed of?
Environmental external control does not solve the basic problem.

2.2.2 Political

Methods of political governance of populations have been as many and as
varied as humanity has been able to devise; and corruption of, and by, po-
litical officials has also been as equally varied over the course of history.
The activities of governments, some secret and some open, have also led to
major environmental problems, which often have come to light only years
later, if at all. For instance, the Superfund Clean Up in the USA has, over
the years, been used for partial remediation of military bases with chemical
spills into the ground, for remediation of nuclear plants which were often
not reporting correctly their accidents, for biological weapons testing fa-
cilities remediation, etc. When environmental problems of such magnitude
are caused by a government, then there is little chance in a variety of less
than open national governments of even finding out what the problems are,
never mind attempting remediation. All too often, as in the case of the
USA, such matters are buried under the aegis of "National Security", or are
performed at national defence sites, off limits to public oversight control
and even to many working at such sites. Qui custodiat custodiensis? re-
mains still an unanswered, and likely unanswerable, question when it
comes to environmental problems created by or on behalf of government
bodies.

2.2.3 Religious

As remarked already, mankind has always had a fatalistic attraction to
waging war, leaving ecological devastation in the wake. One of the major
causes of war over the centuries has been, arguably, the nominal claim of
promoting one religion over another. Examples that readily spring to mind
are the Crusades of the Middle Ages, the Protestant-Catholic conflict in
Cromwellian times in England and Ireland (and still ongoing today in
Northern Ireland), the Arab-lsraeli wars of the last half century, the Ser-
bian-Croatian conflict of the last decade, to name but a very few.

With the advent of modern weapons and bombs of significant de-
structive power, plus the increase in terrorist and guerrilla warfare of the
last few decades, the environmental aftermaths of war in the name of relig-
ion are become even more diffusely widespread throughout the world than
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they were in the past.

It would seem that those who practice religion should do so with
their own zeal but should not be dogmatic about ramming their particular
brand of religion down the throats of others, often at the point of a gun,
who worship a deity in different ways. Regrettably, however, the damage
to the various peoples of the world, their livelihoods, buildings, land, coun-
tries, etc., in the name of religion seems unlikely to be controlled in the
near future. Presumably, such religious wars will continue to be fought,
disaster strewn behind as the consequence, to the detriment of mankind
and the environment, as cultures are annihilated and land laid waste.

2.2.4 National

The common needs of a nation of people and their mutual agreement on
societal forms of controls and rights are, perhaps, the quintessential back-
bone underpinning how the nation evolves. The interests of the nation as a
whole become the paramount concern, with the needs of other nations,
subscribing to alternative common good agreements and to alternative
forms of societal controls and rights, being of secondary consideration.
The conflicts of such different perceptions of worth of humanity have led
to major wars over the centuries, to the detriment of the different percep-
tions, and producing ravages to humanity, countries and cultures as the bit-
ter fruit.

As with any war, national effort goes into diverting natural re-
source raw materials to the instruments of war, so that not only is there a
loss to society of the benefits such resources could bring, but the national
effort to improve the environment for the benefit of the nation is thwarted
as all goes up in smoke and ashes. And the depletion of such non-
renewable resources, together with their waste on the pursuit of killing one'
s neighbor, is hardly a responsible measure of the best that mankind has to
offer in managing such resources.

But the interests of security of an individual nation, and of the ap-
parent need to convert other nations to a similar societal grouping (by
force if necessary), would surely seem to be the Achilles heel in any com-
position of a nation. Certainly, the continuing warring conflicts of mankind
provide a strong historical database indicating that such is the case. Appar-
ently, this depletion and waste of natural resources will always occur. Ap-
parently, the aftermaths of war in the form of the Four Horsemen of the
Apocalypse will continue to ride mankind. Apparently, we learn nothing
from historical sanguinary lessons. Where are you now Genghis Khan?
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2.2.5 Capital

Recognition that an environmental problem exists is the first stage in at-
tempting to address the issue, irrespective of who instigated the problem.
But dealing with the problem in a remediation sense requires money. This
money can come from two major sources: private industry or government.

In the case of private industry, money to remediate self-made envi-
ronmental problems or to minimize production of such problems will gen-
erally be spent under one of four broad conditions: (i) when the govern-
ment penalties for not so doing are more burdensome a charge to the
company than are the remediation costs; (ii) when a fine can be levied for
not taking sufficient action (Petrobras was fined $10 million for the recent
Iguanu river oil contamination plus the clean-up costs); (iii) when the pub-
lic perception of an environmentally responsible company helps boost
sales to such an extent that they exceed in profit the environmental costs;
(iv) when the company needs to recycle waste material to recover compo-
nents of the waste for re-use because the cost of so doing is cheaper than
buying fresh components. In that case recycling is in the best interests of a
corporation. Always the cost/profit motive is dominant.

In the case of governments, several factors come to the fore in ad-
dressing remediation of environmental problems. First, the only form of
money a government has is through the taxes it collects from corporations
and individuals. Hence, any money a government commits (other than
from penalties of fines imposed) to remediate environmental problems
must come either from the general revenue surplus fund, from current op-
erational budget, of from a surcharge to taxpayers. Second, identifying the
culprit in a particular environmental problem may not be easy: a corpora-
tion may long since have become defunct but its environmental pollution
legacy survives; the government may (and often is) the main pollution cul-
prit over the years; the environmental standards imposed and met in an
earlier era may no longer be relevant when viewed in the light of later sci-
entific and technological information. Third, the government rarely per-
forms remedial action itself Instead, it often prefers to let a contract to pri-
vate industry to perform remediation, occasionally to the same corporation
that produced the problem in the first place! Then some form of independ-
ent monitoring of the terms of the contract is required to ensure proper
remediation is carried out.

Whichever way the problem is addressed, the point remains that
capital is required. Too little capital invested will not solve an environ-
mental problem but will often exacerbate one; too much capital invested
leads to opportunities for graft and corruption. An effective capital balance
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would seem difficult to achieve given the venial pecuniarity of mankind.

3 Remediation of Environmental Problems

In this overview of natural and anthropogenic environmental problems, it
is not appropriate to consider specific technical methods for remediation of
every specific type of environmental concern. Such an undertaking is best
left to those who are specialists within given areas. But several factors
stand out as sharp focuses to consider in general; these factors are listed
here.

3.1 Population and behavior

Because humanity as a whole is remarkably gifted at producing environ-
mental problems that diminish the quality (and quantity) of the very envi-
ronment mankind requires in order to survive, it would appear that three
dominant characteristics need to be addressed by mankind.

First, and foremost, mankind must be both educated and encour-
aged (with a reward/penalty system most likely imposed) to minimize the
anthropogenic environmental problems. Failure to do so means that we
will increasingly pollute the planet in all aspects, a less than healthy long-
term species survival trait for mankind.

Second, changes to the infrastructures of societies and to the living
standards of mankind as a whole should be encouraged at a global level, so
that some of the vast untapped human potential can be channelled to fur-
ther environmental improvements. Failure to do so, without altruistic aid
from the better-developed nations, will increase the gap and just lead to
more environmental problems.

Third, the major future problem is surely the explosive growth of
human population, which creates even more strain on the world natural re-
sources, and which seriously erodes the global quality of air, water, food,
shelter, clothing, and energy that mankind needs to survive. If we do not
learn to control our own human population, then at least one or more of the
Four Horsemen of the Apocalypse will eventually do so for us, in less than
a humane manner.

3.2 Particular environmental remediation concerns

The major environmental problems split into two broad categories: avoid-
ance, control and/or remediation of those problems that have a deleterious
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impact on our current and near future use of the environment (such as oil
spills, heavy metal water pollution, carbon dioxide in the atmosphere,
etc.); treatment and disposal of environmentally damaging materials that
have already been created and which would have profound long-term con-
sequences for the global environment if allowed loose (such as nuclear
waste, biological organisms, long-lived chemical toxic pollutants, etc.).

Each requires an intermix of national and supra-national govern-
ment protocols, accords and laws for enforcement; each requires responsi-
ble action on the part of individuals, businesses and governments; and each
requires coordinated remediation on a global scale involving all nations.
One cannot, for instance, declare a river pollution problem "solved" in a
given nation just because the water born pollution is transported to a
neighboring nation by the river. Such chicanery may serve well as political
rhetoric but it does nothing at all to solve global environmental problems.

Perhaps we are making a start on the awareness sensitivity level of
particular issues (such as the greenhouse problem, or the nuclear waste and
nuclear accident problems), but we have a long way to go to remediate all
such major environmental problems to the benefit of mankind.

3.3 Prevention/Remediation

One of the classic English sayings is "An ounce of prevention is worth a
pound of cure”. This saying also pertains to the environment. It is better
not to create an environmental problem than it is to have to remediate one.
But until we clean up the environmental mess we have already made, we
will have to spend enormous amounts of money to remediate. At the same
time, prevention of future potential environmental problems by global
agreement, national laws, independent agencies, corporate and individual
responsibility must surely become the sine qua non if mankind is to flour-
ish in a healthy environment and not wither and die in self-made environ-
mental pollution.

4. Rules for addressing environmental problems

In the ancient Greek days, advice given to doctors was "First and foremost,
do no harm”. That adage can equally well be applied to remediation of en-
vironmental problems today.

1. First, and foremost, study the particular problem thoroughly before
proposing a course of remedial action.
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2. Be ready with different potential courses of action to be used in paral-
lel or sequentially as the need is seen.

3. Before commencing a major remediation effort, do a pilot study to
determine that there are no untoward nasty environmental surprises caused
by the suggested remediation procedure itself.

4. Do not do an incomplete or poor remediation treatment. It will just
have to be done all over again properly at even more expense.

5. Humankind as a whole must be trained to stop or minimize its an-
thropogenically generated environmental problems. DO NO HARM!!



Chapter 2
Restoration of lignite mining sites in the former

GDR: lessons to be learnt from Zwenkau

Summary

The interactions have been investigated between the near-surface sedi-
ments of the sediment dumping at the Zwenkau open pit (used for extrac-
tion of lignite) and the produced mining water. These environmental im-
pacts are the legacy of the energy policy of the former GDR. The pyrite
oxidation that takes place in the overburden sediments causes the forma-
tion of an oxidation front and the pH-value of sediments falls to about 2 to
3 very soon after deposition. The primary mineral contents are destroyed
and a considerable number of elements are mobilized that remain locally in
the sediment pores. Because of the very weak seepage, rainfall remains in
the alluvial areas as dump lakes. The dump lakes are very acidic because
the rainwater transports the mobilized elements from the surface. Autoch-
thonous and allochthonous formations of secondary minerals have been
observed and analysed. A continuously ongoing interaction of exogenous
and endogenous effects hinders the hydrological and geochemical equilib-
rium stabilisation. What to do with such a “moonscape” is considered in
the conclusions to the chapter.

1 Introduction

In consequence of the energy policy in the former GDR, extensive exploi-
tation of the Central Germany lignite-mining district was undertaken with
the result that a number of mining landscapes remain, which are typically
marked by mining lakes, dumps and slagheaps. The energy policy in GDR
times was one of avowed self-sufficiency in heating homes and providing
energy for industrial plants. Given the negligible oil and gas resources of
the GDR, the only viable alternative was lignite mining for such uses, and
this resource was intensively mined.

The point here is that energy policies, such as that in the GDR to
produce lignite for a variety of purposes, can have long-term effects on the
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environment, mostly deleterious. This chapter looks at the legacy of this
interaction of energy policy and environment in terms of the results it has
produced in the Zwenkau region.
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Fig.2.1. Location of the open mining pit Zwenkau (air survey from German Aerospace
Center [DLR] — infrared-image, flight height 3,600 m, Kodak Aerochrom-Infrared 2443)

The overburden dumps of the open lignite pit Zwenkau, located
south of Leipzig, and forming part of the Northern Weisselster-Becken
(figure 2.1), were investigated. The advantage of the Zwenkau pit is the
presence of freshly deposited sediment ribs, together with up to 17-year-
old ribs in the overburden dumps, so that one has a history of the environ-
mental effects recorded in the dumped materials. Unfortunately, the min-
ing-induced alterations of the topographical, hydrological, and geological
situations of these areas are mostly irreversible (Caruccio et al. 1988;
Glaesser 1995 a, b,1997; Koelling 1990; Johnson and Thornton 1987,
Mills 1985; Pflug 1998; Prein1993). Especially in the Central Germany
lignite mining district, one of the major problems for the recultivation of
the mining landscapes is acid mine drainage, i.e. the oxidation of the pyrite
and markasite, which begins very soon after depositing sediments in the
overburden dumps (conveyor bridge dumps). Because this oxidation is the
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beginning of different subsequent processes, the hydrological and geo-
chemical equilibria are highly affected. Sulphate, iron, and hydronium ions
are produced so that the pH-values of the sediments are drastically lowered
to strongly acidic conditions (Ahonen and Tuovinen 1989; Alpers and
Blowes 1994; Evangelou 1998; Moses et al. 1987; Nordstrom 1982;
Wisotzky 1994). This pH decrease initiates the destruction of the primary
minerals, an intensive mobilization of elements and, ultimately, the pre-
cipitation of secondary minerals (Wiegand et al. 2000).

The overburden dumps consist of a mixture of Tertiary sediments
(marine fine sand, silt, clay) and Quaternary sediments (gravel, sand, and
clay) as in the unmined land (Bellmann and Starke 1990). Rainfall precipi-
tating onto the overburden dump flows along the rib slopes into the allu-
vial area ( between pairs of ribs), often accompanied by the generation of
erosional channels. Due to the binding character of the sediments, the wa-
ter will remain without any significant infiltration, forming small dump
lakes. This type of water is also called dump water. It is of interest to know
how the characteristic properties of the sediments, such as structure, ho-
mogeneity, and mineral abundance, change over the period of storage after
spilling. What kind of qualitative and quantitative interactions between the
sediments and the dump water take place? How fast are the processes of
mineral destruction and precipitation in terms of time and pH-values? And
what does one do with such “moonscapes” once one has sorted out what is
currently going on?

2 Methods

Ninety-six sediment samples were acquired from the top of the ribs and,
depending on the location, further samples were also obtained from depths
of up to 1 m (in some cases up to 2 m). Following the mining reports of the
Mitteldeutsche Braunkohlengesellschaft mbH (MIBRAG), it was possible
to assign ages to the sediments (starting from their deposition in the con-
veyor bridge dumps) as shown schematically in figure 2.2a. Each point
was localized by the Global Positioning System (GPS) with an uncertainty
of about 5 m.

At the UFZ and the University of Leipzig standard sedimentologi-
cal investigations (e.g. pH-values, grain size, water absorbing capacity,
elution) were undertaken. In addition, optical microscopic observations
and chemical analyses (x-ray fluorescence [ XRF], x-ray diffraction
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[XRD]) of selected sediments were carried out. In addition to the sedi-
ments, various samples of water were acquired.
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Fig. 2.2. Scheme of the lignite open pit Zwenkau including the estimated ages of the con-
veyor bridge dump and the locations where (a) sediments and (b) water samples were ac-
quired

Figure 2.2b shows the locations of the dump lakes from which wa-
ter was obtained at periodic intervals (about 3 months). Numbers 3 and 6
are groundwater drainage basins. The water samples were analysed imme-
diately after obtaining the samples, while the chemical investigations (in-
ductive coupled plasma mass spectroscopy [ICP-MS], ionic chromatogra-
phy [IC]) followed later in the laboratory. These standard tests were
undertaken so that one could identify optically, chemically, and with iso-
topic methods the dominant contaminant products in both the sediments
and the connate waters. The major components obtained are discussed be-
low.

3 Results and Discussion

Depending on the dumping technology, different mineral mixtures of the
sediments from the unmined land were deposited in an arbitrary distribu-
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tion so that, after spilling into the conveyor bridge dump, a strong primary
heterogeneity was present. The surface is quickly fractionated after deposi-
tion because of the prevailing winds and rainfall — the fine silt and clay be-
ing transported into the alluvial area and coarse-grained gravels remaining
on the tops or slopes of the ribs. This fractionation can be labelled secon-
dary heterogeneity, and was observed in even the oldest ribs in Zwenkau.
The conveyor bridge dump is characterized by a loose, unsorted structure
with a high pore volume, a broad grain size distribution, and a small water
absorbing capacity. Figure 2.3 shows the typical grain size distribution
curves of the sediment samples analysed from the surface and to a depth of
1 m. There is no significant difference with depth or age.
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Fig.2.3. Typical grain size distribution curves of the overburden sediments obtained from
the surface and to a depth of 1 m

The surface of the conveyor bridge dump remains dry even after
strong rainfall. Only a small amount of water seeps into the sediments and
only up to a penetration depth of about 1 cm. An investigation of the water
absorbing capacity revealed that the mean water absorbing capacity of the
sediments is about 30 %, which is extremely low. In addition, the filling of
the pores by secondary minerals, to be discussed later, makes the sedi-
ments bind very tightly so that water cannot easily penetrate the surface.

Just a few days after deposition of the sediments an oxidation front
is established within the near-surface region of the dumps, due to the oxi-
dation of pyrites, which is found in the Tertiary sediments. A simplified
equation for this chemical reaction is given by Wisotzky (1996):
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4FeS, + 1502 + 14H,0 < 4FC(OH)3 (am) T 8H,SO, (21)

As a reaction product of pyrite oxidation, considerable iron ions
and sulphuric acid are released. Because of the aggressive character of sul-
phuric acid a number of further reactions occur (figure 2.4).
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Fig. 2.4. Chronological scheme of alteration processes in the conveyor bridge dump of the
open lignite pit Zwenkau

The whole process causes a drastic change of the geochemical
situation. The pH-value of the sediments decreases to a level of about 2 to
3 within the first 20 weeks after deposition. At this point the iron buffer re-
action (Prenzel 1985) stops the acidification:

Fe(OH); + 3H" < Fe’ + 3H,0 (2.2)
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The pH-value then stabilizes, as indicated by an almost constant
value, which can be found as well in the oldest ribs in Zwenkau. Figure 2.5
shows the alteration of pH with sediment age.
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Fig. 2.5. pH-values of the dumped sediments versus sediment age

Figure 2.5 also shows that there exists a shift in the pH-value of
about 0.5, consistent with the transition from the Tertiary and Quaternary
mixed sediments to the pure Tertiary sediments. This step can be explained
by the occurrence of pyrite that is typical for Tertiary sediments. In ribs
consisting of both types of sediments the amount of pyrite is less than in
other ribs, resulting also in a less marked decrease of the pH-value. In ad-
dition, the strong heterogeneity of the sediments causes local differences of
the pyrite concentration so that the pH-value also shows strong local varia-
tions.

Depending on the acidification of the sediments, the primary min-
erals will also change (figure 2.4). Carbonates, if they existed in the un-
mined land, are completely destroyed by buffer reactions, except in the
oldest ribs of the mining pit where carbonate concretions can be found



28 Environmental Risk Assessments

sporadically. Other minerals, such as glauconite, feldspars, kaolinite, and
muscovite / illite can partially withstand the virulent attack of sulphuric
acid, but are slowly destroyed over the years. Only the major mineral
quartz remains mostly unaltered.

The element signatures of the sediments, obtained by chemical
analyses, show very strong variations. The conveyor bridge dump is of
such a strong heterogeneity that it is impossible to find any significant dis-
tinguishing features concerning the age or depth of the sediment samples.
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Fig. 2.6. Dissolution of the “easy-to-mobilize* elements of (a) the surface sediments and
(b) sediments to a depth of 1 m as determined by the elution method

Due to the aggressive attacks of sulphuric acid, a massive dissolu-
tion (sometimes complete as in the case of Cl) of the “easy-to-mobilize*
elements starts within the first few days after deposition of the sediments,
as can be seen in figure 2.6 (see also figure 2.4). While rainfall transports
most of the mobilized ions from the surface to the alluvial area (because of
the extremely weak seepage) they remain at a depth of 1 m in the sediment
pores and can be found there even in the oldest ribs after storage of 17
years. With a mean dissolution of about 20%, the “easy‘* mobilisation is
very high.

The intensive input of ions into the alluvial areas is responsible for
their very acidic character, so that even young dump lakes (about 1 month
after deposition of the sediments) show pH-values in the range of 2 to 3
(figure 2.4). Because the mean amount of rainfall is less than the average
evaporation in the Zwenkau region, the element concentrations in the
dump lakes are even more increased. A comparison of the hydrochemical
analyses of the rainwater and the dump water has also demonstrated the
massive material input from the conveyor bridge dump. Due to these per-
manent alterations (dependent on the local concentration of pyrite and
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therefore also sulphuric acid, rainfall, evaporation, and precipitation) it is
impossible to reach thermodynamic equilibrium in the dump lakes.

The dominating anion is sulphate as can be seen by the almost
complete filled right half of each pie. In the case of cations (left half of the
pies) different major concentrations can be observed according to the type
of sediments present in the neighbouring ribs. Aluminium and iron domi-
nate in the dump lakes surrounded by pure Tertiary sediments, while mag-
nesium and calcium dominate in the case of dump lakes in the alluvial ar-
eas close to Tertiary and Quaternary sediments, which are present in ribs
deposited before 1994. This behaviour is basically caused by the amount
of pyrite (limited to the Tertiary sediments).

A 9%

Tertiary andQuaternary
sediments -

LT
-
~———
-

Tertiary sediments

mCl

W S0

AR [meq/l]

56774

45185 45195 45205 4521.5 4522 5 45235

Fig. 2.7. Comparison of the element concentrations [meq/l] in the dump lakes of different
ages — drawn in pie-chart fashion. The total concentrations of the dump lakes are given as
[meq/1] in the middle of each circle (axes GAUSS-KRUEGER-Coordinates)

Away from locations in the conveyor bridge, it is possible to as-
sign to the dump lakes the age of the surrounding sediments. Figure 2.7
shows a scheme in typical pie-chart fashion of the open pit has been noted
already in the pH-value of the sediments (see figure 2.5).

Depending on the level of acidification, the age of the sediments
and the geo- and hydrochemical situation, metastable secondary mineral
associations were locally precipitated (see figure 2.4). Therefore, one has
to differentiate between allochthonous and autochthonous formations.

At the surface of the conveyor bridge dump, as well as in the
sediment pores, gypsum was observed about 1 month after sediment depo-
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sition. About half a year later iron hydroxide (and jarosite after 1 year)
were present. Gypsum prefers to crystallize in rosette-like structures (fig-
ure 2.8a), while iron hydroxides form only amorphous mineral phases that
appear as a cover surrounding the remaining primary mineral grains, as
shown in figure 2.8b in the case of a pyrite grain. This cover retards the
further weathering of the minerals, which also explains why pyrite miner-
als could be found in very old ribs. Generally, the sediment pores are filled
by the formation of secondary minerals, a phenomenon that increases with
age of the sediments.

Fig. 2.8. Secondary mineral precipitations observed by different methods in optical micros-
copy: (a) representative gypsum crystallized in rosette-like structure in the pores of the
overburden sediments (thin section microscopy); (b) pyrite grain covered by iron hydroxide
(thin section microscopy); and (c) gypsum and iron hydroxide crystallization overlying the
sediments in the wet areas of the conveyor bridge dump (direct light microscopy)

Apart from this autochthonous mineral precipitation, allochtho-
nous secondary minerals can also be observed and analysed, such as gyp-
sum, jarosite, alunite, melanterite / rozenite, iron hydroxide, ferrihydrite,
and schwertmannite (figure 2.8c). These minerals usually occur in the wet
areas of the conveyor bridge dump. The secondary mineral phases can also
buffer parts of the mobilized elements by incorporation.

Considering the conveyor bridge in terms of exogenous processes
(dumping, wind, rainfall) and endogenous processes (destruction and sec-
ondary formation of minerals), an interaction can be recognized (figure
2.4). The exogenous dumping is an initiating effect for a number of en-
dogenous consequences: oxidation of the pyrite causes the release of sul-
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phuric acid; mineral destruction is initiated by sulphuric acid, which then
causes a massive mobilization of elements; and, finally, the formation of
secondary mineral phases. Because of further occurring exogenous events
over time, such as wind and rainfall, surface fractionation takes place, mo-
bilized elements are transported to the dump lakes, with erosional channels
being created. A considerable amount of new sediment reaches the surface
so that the ongoing endogenous processes continue to be supported and
new processes initiated. This interaction can be observed even in the oldest
ribs in the Zwenkau conveyor bridge dump.

The major problem for the recultivation of the open pit Zwenkau is
the strong potential of acidification contained in the conveyor bridge
dump, estimated at about 30 kg H,SO,/m’ (Cesnovar and Pentinghaus
2000). From investigations in other open pits in the Central German lignite
mining district, which have been flooded already, it is known that further
interactions (hydrolysis, mineral alteration; figure 2.4) will happen over
the years (Geller et al. 1998). An important fact is that the owner of the
lignite pit Zwenkau does not intend to cover the conveyor bridge by a
spreader dump as is usually done. Rather it is planned to flood the whole
area. In the case of natural flooding (natural increase of groundwater), con-
tamination of the groundwater with iron, sulphate, aluminium, and heavy
metals is inevitable. An arranged flooding is to be preferred because of its
accelerated flooding behaviour and the additional amount of non-acidic
water. Similar to the dump lakes, the large content of clay in the conveyor
bridge dump, and the pore filling effect by secondary minerals, will both
cause a temporary sealing of the dump surface, which hinders the acidic
potential. Furthermore, the possibility of sediment sliding and slumping is
present because of the mechanical instabilities of the conveyor bridge
dump (Carstensen and Pohl 2000). Flattening the sediment slopes and
planting reduce this effect (Kirmer and Mahn 1996).

4 Technical Conclusion

In this study the consequences of the energy policy of the former GDR in
terms of lignite mining, and the resulting damage to the environment, have
been viewed from the long term interactions between the sediments of the
conveyor bridge dump of the lignite open mining pit Zwenkau and the
produced mining water. Due to dumping of the unmined sediments, an ex-
tremely heterogeneous sediment mixture is created. Very soon after depo-
sition, oxidation of the pyrite minerals begins, an oxidation front is
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formed, and the pH-value decreases to about 2 to 3 within the first 20
weeks. Sulphuric acid, as a product of pyrite oxidation, destroys the pri-
mary minerals. Large amounts of elements are mobilized and primarily
remain in the pores of the overburden sediments. Precipitation takes place
of autochthonous secondary minerals, such as gypsum, jarosite, alunite,
melanterite / rozenite, and iron hydroxides. In this way the pore volume of
the sediments is filled, which causes a reduction of the water absorbing ca-
pacity of the sediments. Rainfall cannot infiltrate the sediments and will
shed on the slopes of the ribs, creating dump lakes in the alluvial areas. On
its way to the alluvial troughs the rainwater dissolves mobile elements and
transports them to the dump lakes, also drastically and rapidly decreasing
the pH-values to about 2 to 3. Allochthonous mineral formation was also
analysed. Optical microscopic methods showed that secondary iron hy-
droxide in the sediments covers the remaining primary minerals, and so re-
tards further weathering. A continuing interaction is seen of the exogenous
and endogenous effects, even for the oldest ribs in the conveyor bridge
dump, which is why hydrological and geochemical equilibria cannot be es-
tablished.

5 A Legacy for the Future?

In the case of Zwenkau , it would seem that the pit is to be artifi-
cially flooded to provide a lake, perhaps suitable for future recreational
purposes. However, there is no clear understanding of the long-term reper-
cussions of this action. Perhaps initially the flooding will act to dilute the
acidic conditions, but what will happen in the long-term as leaching con-
tinues (and presumably then causing oxygen-starved bottom waters) is a
complete unknown, and one that needs careful monitoring.

What one does with such open mining pits in general is the subject
of major debate. Complete sediment infilling is one proposal for then one
can have a sport ground, or a meadow. But what effect such infilling will
have on subsurface acidic groundwater, or on people playing on such ar-
eas, or on future subsidence, or on crop growing (if such is undertaken) or
ingestion by food chain animals or humans, seem not to be at all clear for
their effects. Presumably some of this uncertainty is the cause for the ma-
jor debate concerning what to do. We remain ignorant of our fate in this
respect at least- and that is perhaps the strongest environmental lesson to
be learnt from the energy policy of the GDR and the inherited legacy we
face today.



Chapter 3

Carbon Dioxide Development and the Influence of
Rising Groundwater in the Cospuden/Zwenkau
Dump: Observations and Inferences

Summary

Investigations at the Cospuden/Zwenkau dump show that as sources for
CO; in the lignite open pit mining dumps, both lignite particles as well as
carbonate dissolution come into question. The lower dump material was
laid down as the waste material after lignite mining, and was set down in
the form of ribs parallel to the exhumation direction; it makes up about 2/3
of the dump mass. The surface of this first component was let sit fallow for
many years and so had an intensive air admittance before the overlying
cover material, made up of local materials, was superposed. The residual
large quarries, due to coal excavation, were flooded and converted to lakes.
The change in the lake levels with time, and the horizontal influx of lake
waters into the dump, means that carbon dioxide is altered from free phase
gas to gas in water solution with concomitant changes in dissolution and
out-gassing capabilities.

The mining spoils that were redumped had the consequence that
the original formations were destroyed, as were the various water transport
pathways through the geologically deposited rocks, and the redeposition
was a mix of unconsolidated spoil material. Because of aeration (ground
water withdrawal), naturally occurring reducing anaerobic regions were
changed to aerobic oxidizing conditions. Near the formations impeding gas
exchange at the dump surface a considerable amount of carbon dioxide
would seem to be dissolved in water. Measurements of the carbon dioxide
flow at the dump surface show no increase in out-gassing rate relative to a
control area outside the dump region.

Isotopic composition of the carbon dioxide from many probes
through the dump speaks out against the origin from various sources. The
negative 8"°C values (between —24.5 to —26.5 %o) imply a dominant or-
ganic origin rather than one from carbonate dissolution.

Out-gassing measurements show that, despite the higher carbon
dioxide content of the lignite open pit dump in comparison to ordinary
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earth, no enhanced emission rate is seen. For the organic and carbonate
contents in the dump materials, one can calculate the maximum possible
carbon dioxide development. From one tonne of lignite (water content
52%, coal material content 48%) there results about 582 m’ CO, from
burning (corresponding to about 1144 kg). Paying attention to the fact that
the dump is composed of about 2/3 underlying dump materials and about
1/3 of overlying dump material, there is about 29 kg of coal material per
tonne of mixed dump material. From this figure one can obtain about 106
kg (54 m®) of carbon dioxide. Because the extraction of each tonne of lig-
nite required three tonnes of mining “spoils”, the carbon dioxide amount
that could be produced by direct burning of lignite in the atmosphere can
be further increased by about 30% as a consequence of oxidation and car-
bonate dissolution processes in the dump itself.

1 Introduction

In respect of the genesis and distribution of CO, in aerated soils, both natu-
rally occurring and anthropogenically influenced, there have been many
investigations and publications. The general result of such investigations is
that the main source for CO, is the respiration of organic plant materials in
their root regions. In order that these microbiologically driven processes
provide CO; contributions in the surficial regions and also the atmosphere,
there has to be a significant influence of temperature.

The CO, generated in the soils is mainly transported to the atmos-
phere by diffusion-type processes, but convection, air pressure variations,
climatic, and hydraulic variations must also be taken into account (Mat-
thess 1990; Merkel et al.1992). Transport in the subsurface by CO, solubil-
ity variations in undersaturated water is also a partial contributor. As a
consequence, the CO, content in the aerated soils is strongly dependent on
the local conditions, but generally lies under 1%. In soils that are used for
agricultural and forestry businesses the CO, content can rise as high as 3%.
A further increase in the CO, content, at the expense of oxygen content,
can be due to the loss of plant material (Langhoff 1971; Aslanboga et al.
1979). Investigations of the composition of trapped gases in the mining
dump of the Rhine lignite area have yielded massive increases in the car-
bon dioxide content (up to 20%) in association with very low oxygen con-
tent. Carbonate in the dumped material is viewed as the main source for
the high CO, content (Wisotzky 1994). Because of high sulphuric acid de-
velopment, which follows from oxidation processes caused by pyrite con-
nections to ground water and sulfide reactions (Bierns de Haan 1991),
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there is then a CO, release from the carbonate material (Singer and Stumm
1970; Stumm and Morgan 1981; Taylor et al. 1984).

Tertiary sediments in central Germany, which in the main consist
of deposition during the Rupelian and which provide the sealing layers and
also the dump material in the central German lignite region, are considera-
bly higher in pyrite and carbonate content (marine carbonates and fresh
water carbonates) than those in the Rhine lignite area by a factor of 100 or
more (Schreck et al. 1998; Dohrmann 2000; Wiegand 2002). Accordingly,
these sediments provide the basis for the development of a much greater,
and thereby environmentally relevant, carbon dioxide content.

This geological state then leads one to ask the fundamental ques-
tion of whether the developed carbon dioxide is, in the main, transported to
the atmosphere or under what sort of conditions would the carbon dioxide
so generated remain in the dump? In this chapter we consider this basic
question.

2 Methods and Measurements

The first measurements of the gas composition in the Cospuden dump,
taken at a depth of 10 m, yielded the expected high concentration of car-
bon dioxide. Isotopic analyses of carbon, which originally were thought to
distinguish the various carbonate types as contributors to the CO,, yielded
the result that the CO, in the investigated region was not dominantly
caused by carbonate leaching, but rather was brought about by oxidation of
organic material. Because of the lack of vegetation, only finely dissemi-
nated, unoxidized, lignite particles, available to microbiological activity,
can be the source of the carbon dioxide (Hiller et al. 1988).

In order to make a first estimate of the growth potential of the
dump materials for carbon dioxide production, a drilling core was investi-
gated for its content of organic (C,) and carbonatic (Ccu) carbon. These
two classes of carbon were considered as the main potential sources for the
carbon dioxide. The drilling was done from the present-day surface of the
dump through to the original base of the open-pit mine. For technological
reasons the dump is composed from two structural components: an under-
lying bridging support dump, and an overlying covering deposited dump
that parallels the land relief.

The first component was immediately laid down as the waste ma-
terial after lignite mining, and was set down in the form of ribs parallel to
the exhumation direction; it makes up about 2/3 of the dump mass. The
surface of this first component was let sit fallow for many years and so had
an intensive air admittance before the overlying cover material was super-
posed, made up of local materials. Because various sorts of geological ma-
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terial were used for this deposited part of the dump, the result is that there
are different geochemical compositions. Thus the underlying bridging sup-
port dump material is made up of an extremely homogeneous mixture of
carbonate, phosphorite and pyrite rich Tertiary marine materials (sand and
silt), while in contrast the covering dump material is composed mainly of
lamella-shaped deposition of Quaternary blanketing materials (till, melt
water sands, river terrace gravels), with a Tertiary section built up between
the two components composed of river sands, silts and, occasionally, a
considerable fraction of lignite (Bellmann et al. 1977). The core profile
showed a high C,, in the region of the covering dump and, with one ex-
ception, no Ce,, content, while in the underlying bridge dump material low
Core but considerable C.,y, contents were the rule. On this basis results from
more probes for both the dump materials and also the subsurface air could
be broken out into these two types of dump components. In total 40 drill-
ings for the underlying bridge dump and 32 for the covering dump were
undertaken. In order to obtain such a large number of quantitative drilling
results, both drill cores and pressure driven cores were obtained. The drill
probes provide a complete coverage of the dump profile, while the pres-
sure driven cores were obtained for each type of dump material, respec-
tively.

For the investigation of the gas composition, closable gas sondes
were installed at various depths in each type of dump material. Following
the massive flooding of 2002, which came extremely close with non-
connate waters to the residual Cospuden “hole”, the pressure water table in
the dump rose considerably and much more quickly than had been antici-
pated. This rise occurred only in the communicative water pathways in the
dump, but did not oversaturate the total dump. As a consequence, more
sondes had to be installed in the area of investigation and new sondes in-
stalled at shallower depths. Stainless steel was used for the stationary gas
sondes finish, in order to prohibit any changes in gas composition as a con-
sequence of corrosion effects. Because of the change in the capillary tube
size (an internal diameter of 2.16mm), the flushed volume obtained around
the probe area is then minimized in terms of the danger of contamination
from atmospheric air.

For the measurement of the out-gassing rate, right-angled frames
with U-shaped profiles (made from stainless steel) were placed on the sur-
face of the dump. The measurement locations were free of vegetation and
were approximately 0.25m” in area. To obtain measurements of the out-
gassing rates, measurement boxes (so-called “Lemberger Boxes” (State
Bureau for Environment of Baden-Wuerttemburg 1992)) were placed in
the water filled areas. From the permanent thoroughly mixed central region
of the box, repeated probes were taken and the CO, content verified. From
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the increase in concentration during the measurement time it was then pos-
sible to compute the out-gassing rate. Away from the measurement areas
of the various dump types, two comparison measurement areas were cho-
sen. At the lysometer control station Brandeis (near Leipzig), the State En-
vironmental Company, under the business direction control of the Sachsen
Ministry for Environment and Agriculture, placed 1995 more lysometers
that were filled with material from the Espenhain dump. That monolithic
excavated block has a surface area of about 1m” and is about 3 m long. In
terms of material composition and isotope composition, the material is ex-
tremely similar to dump materials at Cospuden/Zwenkau. Continuous in-
vestigations could be made of the composition of the gas phase at several
of the lysometers. Extraction of gas at three different depths was possible.
In addition, seeping water amounts and their pH values could be obtained.
In order to hold the pressure values in the lysometers at constant values
during the period of the gas collection, a special probe technique was
available. The extraction of gas was accomplished by diffusion in helium
charged vessels. In this way it was possible to establish a weekly probe cy-
cle, which helped lead to a much better understanding of the measurement
results.

2.1 Results
2.1.1 Investigations of the Dump Materials

The typical range of the C,, and C.. contents through the profiles that
spanned the total dumpsite are shown in Figure 3.1a. Organic carbon mate-
rial was found in all investigated probes, with the higher concentration in
the overlying dump material.
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Fig. 3.1. Carbon content (1a) and isotopic superposition (1b) of the organic and
carbonatic materials for a 60 m long profile through the dump
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Carbonatic carbon material is to be found only in the material from the un-
derlying dump, with one exception. This distribution pattern was also
found in the other investigated probes and pressure driven cores, and has
its origin in the different geological components of the dumped substrate
material.

The changeover between the two types of dump materials is clear
to see over a mean thickness of about 20 m (a variation of between 9 m to
29 m dependent on the rib positions). Cores from the surface of the under-
lying dump material demonstrate that the weathering effect in most cases
led to no carbonate content. The dissolution with sulfuric acid, arising
from the rapid pyrite decomposition by weathering, is apparently complete
in this region. From the complete data set one can calculate the following
values. The overlying dump material contains, on average, 6.2% organic
carbon (a range of 0.7% to 14.7%) and only exceptionally is carbonatic
carbon material (the residual from the glacial till) found. In the underlying
dump material, however, there is a mean organic carbon worth of 1% (a
range of 0.4% to 3.7%) and a carbonatic carbon value of 1.4% (range of
0% to 10.1%).

Figure 3.1b shows the results of the isotopic investigations. The
8"C values of the carbonate lie between +0.5 and —1.5 %o, and so inform
on their marine origin. The 5"°C values of the organic material vary be-
tween —24.5 and —26.5 %o, which are typical values for humic material
(plants, turf, coal) (Hiller et al. 1988). The bars in the lower area of the pic-
ture represent the variation spread of all investigated probes. Isotopic sig-
natures that could have indicated fresh water carbonates were not found.
The 5'"°C values should typically lie between the two basic material groups
in the unfilled regions. The results show that for the development of car-
bon dioxide two different reservoirs exist, which are significantly different
in their isotopic composition (Deines 1980; Gleason and Kyser1984). That
both the component due to oxidation of organic material as well as that due
to acid dissolution of marine carbonates show no measurable involvement
in the isotopic composition, can be used, with the help of the isotope inves-
tigations of carbon dioxide in the dump air, to definitively rule out one or
the other of these sources. Equally, one can calculate the fractions of each
source in a mixture.

2.1.2 The subsurface air

In general the range of the carbon dioxide content is between 6% and 20%,
but in some cases can be above this range (figure 3.2). The open symbols
represent gas from the overlying dump, while the closed symbols, crosses
and stars represent gases from various regions of the underlying dump ma-
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terial. The carbon dioxide content in the subsurface air is not obviously
dependent on the state of the dump material. Nevertheless, it seems that
temperature influences the oxidation process. The open circles that are
connected with a broken line represent gases from 1m deep (the overlying
dump). By 5 m deep (stars with a continuous line, and in the overlying
dump material) it is no longer so obvious to see the effect. Gases from 10
m deep are marked by crosses and open rectangles.
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Fig. 3.2. Carbon dioxide content for the subsurface air

In total, during the time of the investigation, the carbon dioxide
content shows an increasing tendency. One possible cause is the steadily
increasing pressure surface of the waters in the dump; on the other hand,
consolidation of the dump materials during the drilling and core recovery
could also lead to such results.

If one considers the isotopic compositions of the gases, they speak
out against the origin from various sources (figure 3.3). In the lower part of
the diagrams one finds gas from the overlying dump (open symbols). The
negative 8"°C values (between —24.5 to —26.5 %o) imply a dominant or-
ganic origin (see also Cerling et al. 1991; Haas et al. 1983; Thorstenson et
al. 1983). The smaller negative 8"°C values in the upper region of the dia-
grams (filled symbols) were measured on gases from the underlying dump
material. Because fresh water carbonate can be excluded, these values
must be interpreted as representing a mixture with a strong component of
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carbon dioxide originating from marine carbonates, and a smaller fraction
that originated from oxidation of organic carbon materials. In contrast to
the overlying dump material, both source components are present in the
underlying dump material. The 8"°C values that lie in between (crosses and
stars) represent gases taken from other underlying dump materials. In this
case the isotopic composition indicates a greater fraction of an organic
source. With the help of an isotopic balance equation one can work out the
individual fractional components. The first mixture contains 33.5% carbon
dioxide that is organic, and 66.5% of inorganic origin. For the second mix-
ture the fractions are 50.6% (organic) and 49.4% inorganic.
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Fig. 3.3. Carbon dioxide content for the subsurface air

In contrast to the carbon dioxide content, the §"°C values vary sur-
prisingly little for an individual dump material, implying that the various
carbon dioxide contents do not result as a consequence of variations in the
fractions contributed by each source but rather arise from different source
strengths or from dispersal effects.

A smaller decline in the 8"°C values during the time of the investi-
gation is, with extremely high probability, due to the decline in the carbon-
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ate replacement; the cause can be exhaustion of the carbonates but may
also be due to pyrite exhaustion.

2.1.3 Measurements of the Out -gassing Rate

Because of the high content of carbon dioxide and the precursor lignite
open pit mining dump, the question of the development of carbon dioxide
after the end of mining was of particular interest. Measurements of out-
gassing rates should indicate if these dumps emit more than the average
amount of carbon dioxide into the atmosphere. The results of the meas-
urements are shown in figure 3.4.
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Fig. 3.4. Carbon dioxide out-gassing rates for various measurement levels

All measurement areas clearly show a yearly time-dependence. In
addition, from the surface of the underlying dump there is a smaller flow
rate than from the overlying dump material. As the most important operat-
ing factor, the humidity is predominant. During the time the dump material
lay on the ground it built a surficial region of some thickness composed of
fine-grained sands and shale minerals. This process was increased by water
(Wiegand 2001). Before the measurement campaign in August 2001 there
was a long rainy period, which indicated extremely small flow rates of gas.
A surprising result is the fact that, despite the higher carbon dioxide of the
dump, practically the flow rate of the similar measurement horizons was
not exceeded. Data from literature for forest regions lie between 80 to 800
mlh'm? (Normann et al. 1997). Near the formations impeding gas ex-
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change at the dump surface a considerable amount of carbon dioxide
would seem to be dissolved in water. While lake waters entering the dump
contain about 100 mg/l of HCOj’, the waters in the dump contain 900 mg/1
and even more of HCOs'.

2.1.4 Lysometer Investigations

Figure 3.5 shows the carbon dioxide content in three different depths of the
monolithic block (undisturbed dump material taken from the quarry
Espenhain) taken at the lysometer station Brandeis in Sachsen. Here, too,
the contents of CO, increase with increasing depth, as in the dumps.
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Fig. 3.5. Carbon dioxide content for the lysometer atmosphere

In contrast the oxygen content decreases. Because the dimensions
of the lysometers are not very big, the effects of temperature and carbon
dioxide growth are extremely noticeable. Owing to the gas exchange proc-
esses, variations in the neighborhood of the surface are lessened. Air pres-
sure, rainfall, and seepage water amounts were also measured, but without
any significant effects being at all noticeable. At the beginning of the
measurements, depth dependent differences in the isotopic composition of
carbon dioxide were obtained (figure 3.6). The lysometer materials had a
composition between 0.79 % and 9.08 % C,, (with a mean value 3.13 %
for five measurements, and 8'"°C = -25.5+0.3 %o) and only small amounts
of carbonate content, so the isotopic composition favors strongly the or-
ganic source. Small contributions from the carbonate source push the
measurement direction of §'"°C towards the positive direction. Low pH val-
ues in seepage waters from this region during this time period make car-
bonate replacement possible. During the period of the probe measurements
the 3"°C were more and more negative, which would seem to imply an end
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to the carbonate replacement possibility. Higher pH values in seepage wa-
ters in the lysometers confirm this suggestion.
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Fig. 3.6. Superposition of the various carbon dioxide isotope measurements

2.2 Discussion

The investigations carried out show that as sources for CO, in the lignite
open pit mining dumps, both lignite particles as well as carbonate dissolu-
tion come into question. In particular, the overlying dump contains a
higher content of coal-like materials. In the oxygen bearing regions oxida-
tion processes start, eventually leading to carbon dioxide and water
through the equation:

C.H2,0, + nO; — nCO; + nH,0 3.1

A change in the gas volume is not associated with this reaction;
gas exchange follows mainly through diffusion processes. Oxidation reac-
tions are exothermic; a vertical temperature distribution curve from the in-
vestigation region shows a temperature increase of about 4°C between 5 m
and 11 m depth (Schreck et al. 1998). This temperature maximum coin-
cides with the high C,, content of the drilling profile of figure 3.1a.
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In order to change carbonate in the underlying dump to carbon di-
oxide there has to have been a previous reaction that changes pyrite (con-
taining sulphatic sulphur) to sulfate oxide and so to sulphuric acid. A
summary reaction framework is given through equation (3.2) as:

FeS, + 3.75 0, + 3.5H,0 — Fe(OH); + 2H,SO, (3.2)

For the oxidation of one mol pyrite, 3.75 mols of oxygen are re-
quired, in the absence of another gas forming reaction being present. If the
derived sulphuric acid is totally responsible for the conversion of carbon-
ate to carbon dioxide then one also has to have the reaction:

2H,SO4 + 2CaCO5; — 2CO, + CaSO4 +H,0 (3.3)

The total reaction scheme (equations 3.2 and 3.3) is then associ-
ated with a diminution of the gas volume in the dump, and convective gas
transport is then possible.

These results do not include other effects such as the solubility of
carbon dioxide in water, or the use of sulphuric acid for other reactions.
Such would, in turn, lead to a further reduction of the gas volume. The de-
velopment of gas overpressure as a consequence of the above reactions is
excluded in unsaturated regions. Because of the dump structure there is an
emergency flow path for water out of the neighboring residual lake in the
dump. In this way there is the possibility that particular areas within the
dump have water outflow but gas trapping. An increase in the hydrostatic
pressure leads to compression of such gas bubbles. However, with increas-
ing pressure there will also be a greater amount of carbon dioxide dis-
solved in water so that any overpressure can be partially or completely
compensated.

For the organic and carbonate contents in the dump materials, one
can calculate the maximum possible carbon dioxide development. From
one tonne of lignite (water content 52%, coal material content 48%) there
results about 582 m® CO, from burning (corresponding to about 1144 kg).
Paying attention to the fact that the dump is composed of about 2/3 under-
lying dump materials and about 1/3 of overlying dump material, there is
about 29 kg of coal material per tonne of mixed dump material. From this
figure one can obtain about 106 kg (54 m’®) of carbon dioxide. Because the
extraction of each tonne of lignite required three tonnes of mining “spoils”,
the carbon dioxide amount that could be produced by direct burning of lig-
nite in the atmosphere can be further increased by about 30% as a conse-
quence of oxidation and carbonate dissolution processes in the dump itself.
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The out-gassing measurements show that, despite the higher car-
bon dioxide content of the lignite open pit dump in comparison to the ordi-
nary earth, no enhanced emission rate is seen. Near the sealing layers at the
surface, solution effects can also play a role. What cannot be predicted is
the carbon dioxide gas-combining rate in secondary minerals that can oc-
cur due to later changes in the CO, saturation capability of the dump.

From the above reactions one can also estimate the relative reac-
tion speeds. In contrast to the pyrite oxidation, which occurs in a relatively
short time, and the consequent carbonate dissolution that is also rapid, oxi-
dation is a much slower process, even when catalysed by microbial activ-
ity. It follows, therefore, that the dump is not a particularly intensive gen-
erator of carbon dioxide but, rather, that over a long period of time stored
carbon dioxide is emitted.

That the measurements of the gas phase allow an investigation
over a long time period means that it is worthwhile to undertake further re-
search with lysometers. Because the previous investigations have shown
that it is possible to estimate the residual carbonate dissolution using car-
bon isotope measurements, simulation of the effects of water level increase
using gas and isotope analyses should be undertaken. Of particular interest
would also be to investigate when (and if) a change in the reduction condi-
tions could occur due to methane generation.

The work undertaken and the results obtained have provided the
basic character of the carbon dioxide generation potential and its escape in
open pit mining dumps. Thus one can surmise that there is an additional
component to CO, production as a greenhouse gas apart from that arising
from the burning of fossil fuels (in this case lignite) to provide energy.
Within the framework of this project, no qualified conclusions have been
presented.

3 Discussion and Conclusions

Lignite mining in central Germany was (and in a much smaller manner,
even today, is) associated with major changes in the landscape. In order to
deliver energy from the excavated lignite, first the lignite must be sepa-
rated from the residual “spoils” material. Above and in between the lignite
seams and benches there were mainly sandy, shaley or gravel beds that
were, therefore, excavated with the large mining equipment used, and then
later redumped in the open pit region where the lignite had been removed.
After variable but long time periods ranging to tens of years, these dump
landscapes were then covered with an overlying dump material in order
that one could later use the areas for commercial land or forestry purposes.
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The residual large quarries, due to coal excavation, were flooded and con-
verted to lakes.

The mining spoils that were redumped had the consequence that
the original formations were destroyed, as were the various water transport
pathways through the geologically deposited rocks, and the redeposition
was a mix of unconsolidated spoil material. Because of aeration (ground
water withdrawal), naturally occurring reducing anaerobic regions were
changed to aerobic oxidizing conditions. The total hydro-geochemical
conditions were changed to aerobic oxidizing conditions. The oxidation ef-
fects were not confined to the surface and near-surface regions. Because of
the lack (after redeposition) of the original transport controlling formation
structures, the oxidation penetrated deep into the dump. The oxidation
processes led to a change to sulphuric acid of pyrite, which was deposited
in Tertiary marine sediments. A known consequence is the acidification of
water around and in the dump. If such occurs in waters neighboring the
dump, such as lakes formed from the open quarries, then there is a lower-
ing of the pH.

A further result is the increase in carbon dioxide content in the un-
saturated regions of the body of the dump. Procedures such as carbon con-
tent and carbon isotopic investigations can be used to show that there are
two sources. One source is from marine carbonates that are to be found in
marine sediments of the lower Oligocene (Rupelian) and are dissolved by
the development of sulphuric acid. A second source is organic material in
the form of coal-like particles that begin to change slowly to carbon diox-
ide at reaction centers.

In order to estimate the carbon dioxide potential of a dump area,
many drill profiles and piston cores (over 70) were used. A tonne of spoils
material contains approximately 29 kg of coal-like material, from which 54
m’ carbon dioxide can be released. In order to extract a tonne of lignite
(that was burnt to convert about 50% of its substance to carbon dioxide
that was then released to the atmosphere) three to four tonnes in total of
spoils material had to be excavated as well. As a consequence, the rede-
posited spoils material generates carbon dioxide that can produce up to
about a 30% increase in the total carbon dioxide budget release to the at-
mosphere.

Measurements of the carbon dioxide flow at the dump surface
show no increase in out-gassing rate relative to a control area outside the
dump region. Therefore, there are many possible different causes for this
lack of an effect: partial sealing of the dump surface by shale material; so-
lution of carbon dioxide in neutral rising dump waters, or limiting speed of
the oxidation reactions. These effects mean that the dump is not an inten-
sive, spontaneous carbon material source, but rather is slow and diffuse in
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character. A long-term effect cannot be ruled out because of the high car-
bon dioxide content of the dump.



Chapter 4

Carbon Dioxide Development and the Influence of
Rising Groundwater in the Cospuden/Zwenkau

Dump: Quantitative Models

Summary

The variation of carbon dioxide in the Cospuden/Zwenkau dump is due to
a variety of reasons, some having to do with the different types of residual
mining spoils used as underlying and overlying dump materials, and some
having to do with the dynamical evolution of conditions both within the
dump and externally, as time progresses.

The purpose of this chapter is to show how one can quantitatively
handle such variations of external and internal conditions, even when one
does not know with precision whether, for instance, a leak exists and the
fraction of gas it can leak. Nevertheless one can construct model behaviors
that allow one to explore the probable consequences of such likely leaks.
In addition, the variation of lake level pressure, of the seasonal swing of
temperature, and the variation in the availability of the supply of carbon
dioxide, are all factors that one can investigate to determine their influence
on the saturation of carbon dioxide in the dump waters, the amount of free
phase gas one anticipates may be in the dump, and the potential loss of
carbon dioxide from the dump to the atmosphere. Results of such investi-
gations are presented here so that one can determine the influence of each
factor in the potential release of carbon dioxide and also the residual free
phase gas still trapped in the dump as well as the amount still in solution
with water. The general procedures are applicable to any dump involved in
carbon dioxide generation and /or release.

1 Introduction

As noted in Chapter 3, the rise of carbon dioxide content in residual min-
ing dumps of the former DDR has consequences for land usage, for possi-
ble release of acid mine waters, as well as for release of carbon dioxide to
the atmosphere, thereby increasing the greenhouse gas emission rate.
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Chapter 3 explored the experimental results obtained from probes
of the dump at Cospuden/Zwenkau, to the south west of Leipzig in
Saxony, Germany. This chapter is concerned with providing quantitative
models to allow a sharper insight into the manner in which carbon dioxide
can be distributed within a dump, either as free phase gas or in water solu-
tion, and to examine the effects of temperature variations as well as rising
water pressure due to flood effects on the carbon dioxide content. In addi-
tion, the effects of probable leaks in the dump covering material in terms
of the influence on carbon dioxide release to the atmosphere are consid-
ered.

In order to deliver energy from the excavated lignite, first the lig-
nite must be separated from the residual “spoils” material. Above and in
between the lignite seams and benches there were mainly sandy, shaley or
gravel beds that were, therefore, excavated with the large mining equip-
ment used, and then later redumped in the open pit region where the lignite
had been removed. After variable but long time periods, these dump land-
scapes were then covered with an overlying dump material in order that
one could later use the areas for commercial land or forestry purposes. The
residual large quarries, due to coal excavation, were flooded and converted
to lakes.

The mining spoils that were redumped had the consequence that
the original formations were destroyed, as were the various water transport
pathways through the geologically deposited rocks, and the redeposition
was a mix of unconsolidated spoil material. Because of aeration (ground
water withdrawal), naturally occurring reducing anaerobic regions were
changed to aerobic oxidizing conditions. The total hydro-geochemical
conditions were changed to aerobic oxidizing conditions. The oxidation ef-
fects were not confined to the surface and near-surface regions. Because of
the lack (after redeposition) of the original transport controlling formation
structures, the oxidation penetrated deep into the dump. The oxidation
processes led to a change to sulphuric acid of pyrite, which was deposited
in Tertiary marine sediments. A known consequence is the acidification of
water around and in the dump. If such occurs in waters neighboring the
dump, such as lakes formed from the open quarries, then there is a lower-
ing of the pH.

A further result is the increase in carbon dioxide content in the un-
saturated regions of the body of the dump. Procedures such as carbon con-
tent and carbon isotopic investigations can be used to show that there are
two sources: One source is from marine carbonates that are to be found in
marine sediments of the lower Oligocene (Rupelian) and are dissolved by
the development of sulphuric acid. A second source is organic material in
the form of coal-like particles that begin to change slowly to carbon diox-
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ide at reaction centers. In order to estimate the carbon dioxide potential of
a dump area, many drill profiles and piston cores (over 70) were used. A
tonne of spoils material contains approximately 29 kg of coal-like material,
from which 54 m’ carbon dioxide can be released. In order to extract a
tonne of lignite (that was burnt to convert about 50% of its substance to
carbon dioxide that was then released to the atmosphere) three to four ton-
nes in total of spoils material had to be excavated as well. As a conse-
quence, the redeposited spoils material generates carbon dioxide that can
produce up to about a 30% increase in the total carbon dioxide budget re-
lease to the atmosphere.

Measurements of the carbon dioxide flow at the dump surface
show no increase in out-gassing rate relative to a control area outside the
dump region. Therefore, there are many possible different causes for this
lack of an effect: partial sealing of the dump surface by shale material; so-
lution of carbon dioxide in neutral rising dump waters, or limiting speed of
the oxidation reactions. These effects mean that the dump is not an inten-
sive, spontaneous carbon dioxide material source, but rather is slow and
diffuse in character. A long-term effect cannot be ruled out because of the
high carbon dioxide content of the dump.
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Fig. 4.1. Cross-section of the dump at Cospuden/Zwenkau
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Figure 4.1, showing a cross-section through the dump at Cospu-
den/Zwenkau. The triangular regions show the lower dump material (Ter-
tiary) that was allowed to lie fallow and exposed for several tens of years,
while the shaded upper regions show the low permeability covering dump
material (Quaternary). To the left of the dump is the residual lake produced
by anthropogenic flooding of the residual quarry. The rise in the lake level
due to natural flooding by about 7 m in 1996 is also shown. Further flood-
ing events due to major rainfall are not shown, but even as late as 2002
there was a rise in the lake level to almost the dump surface due to the tor-
rential rains that were the norm for that year.

The corresponding lake level rise was some 25 m. Note that the upper
dump material is approximately 15 m thick but varies from around 5 m
thick at the peaks of the lower dump structures to around 25 m thick at the
valleys between the peaks.

Interest in this chapter centers on the evolution possibilities for carbon
dioxide in the upper dump. As shown in Chapter 3, the supply of carbon
dioxide to the upper dump from below, and the generation of carbon diox-
ide in the upper dump, are sufficiently high that one can maintain a steady-
state balance of supply at all times. Precisely how large a supply is avail-
able is not known except, as shown above, one is able to provide an ap-
proximate upper limit from total conversion of organic material to carbon
dioxide.

One way to model this uncertainty is in terms of available concentra-
tion of carbon dioxide to the upper dump. Here we use three different val-
ues of available concentration to illustrate the pattern of events that can
take place under different conditions.

One also has to include the fact that the seasonal temperature variation
in the upper dump shows considerable swings in temperature down to
depths of around 20 m, as shown in Figure 4.2a and 4.2b for both the total
swing in temperature (figure 4.2a) and also for individual depths (figure
4.2b), precisely the region occupied by the covering dump material. The
change in solubility of carbon dioxide with temperature must therefore be
included too.
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Fig. 4.2. a. Variation of temperature with depth and season of the year through the Cospu-
den/Zwenkau dump; b. Variation of temperature at individual levels through the dump
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Of concern is the probability of a leak in the overlying dump material
with a release of some, or all, of the carbon dioxide that is either in the
form of free phase gas in the dump or in water solution. In addition, if
there is a leak then the formation pressure in the overlying dump will be
reduced so that the solubility of carbon dioxide will be lowered at a given
temperature, thereby releasing gas that, in turn, can escape through the
leak. This factor must also be included.

Finally, because the lake water level changes with time, and because
there are connective hydraulic pathways into the dump, then the formation
pressure will also change with time. In turn, this change implies that the
carbon dioxide solubility will vary from this effect alone. Such a change in
the system must also be included in quantitative models. The next section
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of the chapter shows how all of these effects are incorporated in providing
quantitative models of carbon dioxide behavior in the dump and its prob-
able release to the atmosphere.

2 Quantitative Methods

The solubility, S, of carbon dioxide in water as a function of temperature,
T, and pressure, p, can be well represented (Milliman 1974; lijima et al.
1993) by the formula

S = (1.72-0.06T+9*10™* T?)*(142*(p-1)/P) “4.1)

where the pressure is given in atmospheres, the temperature in °C, and the
scaling value P (also in atmospheres) is about 2. This formula for solubility
(in litres of CO, per litre of water) is accurate for temperatures less than
about 30 °C, and for pressures less than about 10 atmospheres.

Based on the volume of a dump in terms of its area, A, thickness,
h, and porosity, ¢, one has an estimate of the water volume as

V(water) = Ahso 4.2)

where s is the fraction of the total porosity occupied by water in the dump.
The maximum amount (in litres) of carbon dioxide that can be in water so-
lution is then

Vimax = V(water)S 4.3)

Any carbon dioxide above this limit must then be in the form of
free phase gas within the dump. As the temperature and pressure in the
dump change with time or space, so, too, does the solubility so that carbon
dioxide can either go into solution with the water or must be out-gassed
from the water to be in the free phase gas budget component.

Because the overlying component of the dump is not fully satu-
rated there is freely available space for the gaseous component of the car-
bon dioxide to be emplaced.

The available concentration, C, of carbon dioxide is the proxy used
to describe how much carbon dioxide is allowed to be in the system. If the
available concentration is less than the solubility then all the available CO,
goes into water solution; if C>S then only the fraction S goes into water
solution with C-S being free phase gas.

If there is a probability, p, of a leak in the overlying dump material
then the fraction, f, of free phase gas that can be leaked is allowed to be
any value up to the maximum available free phase gas total. In addition,
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once one has a probability of a leak then, presumably, the pressure in the
fraction of the dump containing carbon dioxide can also change to a lower
value, which then allows carbon dioxide to out-gas because the solubility
is decreased. So a component of this “new” free-phase gas is then also sub-
ject to the leakage conditions of the original free phase gas and can escape
the system.

As the water level in the neighboring dump lake rises during flood
conditions, then the formation pressure in the dump also rises in domains
connected hydraulically to the lake conditions. As a consequence, more
carbon dioxide from the free phase gas component can go into water solu-
tion, to be released later when either the lake water level drops or when the
temperature in the dump rises, thereby lowering the solubility limit.

A simple Excel program has been constructed to include all these
behaviors. A representative sample version of the program is given in Ap-
pendix 1 to this chapter.

Based on the numerical procedure there are a variety of interesting
examples to explore. These are sequentially investigated below in two
groups as follows. Group A effects in the absence of a potential leak: (i)
variable available carbon dioxide; (ii) seasonal temperature effects; (iii)
lake level rise. Group B effects in the presence of a potential leak: (i) leak
efficiency; (ii) lake level variation effects; (iii) available carbon dioxide;
(iv) seasonal temperature effects. We consider each in turn.

3 Model Behaviors

3.1 Group A Models
3.1.1. Variable Available Carbon Dioxide

As a first simple illustration consider the situation where the temperature
in the dump is at the yearly average of about 12 °C. The pressure in the
dump, if sealed, is around 2 atmospheres (corresponding to an average ma-
terial density of about 2 g/cm’ at an average depth of 15 m) while the area
of the dump is about 100 m (width) x 1000 m (breadth) =10° m?, with the
average depth to the overlying dump material base at around 15 m. The
saturation limit for carbon dioxide in water under these conditions is some
2.23 /1. For the three situations of available carbon dioxide concentration
of 11/, 3 1/1, and 10 1/1 one can then compute the carbon dioxide in water
solution and the amount in free phase gas. Note that the maximum possible
available carbon dioxide concentration in the Cospuden/Zwenkau dump is
around 27 /1 if all the residual lignite has been converted to carbon dioxide
(Glaesser et al. 2004). Note also from Glaesser et al. (2004) that the obser-
vations show carbon dioxide content (by volume) ranging from a low of a
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few percent near the surface to around 18% at depth, so that the three val-
ues of 1, 3 and 10 I/l adequately cover this range. The three illustrations
therefore take the position of less than total maximum carbon dioxide pro-
duction in the dump because of the rise in carbon dioxide measurements
with time during the course of the investigation over a few years.

For the three cases there are several obvious consequences. First,
for the situation of an available carbon dioxide concentration of 1 1/1, all
the carbon dioxide stays in water solution because the solubility is greater
than the supply. Thus a water-dissolved amount of 10° liters of carbon di-
oxide is present in the overlying dump. Second, in the situation where one
raises the available carbon dioxide concentration supply to 3 1/1, then a
small fraction of the carbon dioxide is in the form of free phase, while,
third, for the situation of 10% carbon dioxide most is in the free phase gas
form, as shown in figure 4.3.
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Fig. 4.3. Variation of the free phase gas component and the carbon dioxide in water solu-
tion as functions of the available carbon dioxide concentration when the dump is sealed

3.1.2. Seasonal Temperature Effects

The temperature in the shallow part of the dump, less than about 20 m
from the surface, shows considerable swings with the time of year, ranging
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at the surface from around 0 ° C in winter through to around 25 °C at high
summer. In order to more than cover the total swing of temperature varia-
tions at depths to around 15 m, here we allow the surface range of tem-
perature to prevail. In that way we exaggerate the effects of temperature
variability in terms of carbon dioxide in water solution or free gas phase as
the year cycles. We also deal with just the situation of a carbon dioxide
content of 3 1/] because it is the case most sensitive to changes in the solu-
bility, which lies around the 2.2 I/l mark for an average temperature of 12 °
C. Shown in figure 4.4 are the variations of carbon dioxide in water solu-
tion and as free phase gas as the temperature varies. As expected, the
amount of carbon dioxide in water solution drops significantly (by a factor
of almost 2) as the temperature rises from the mid-winter value of around
0 ° C through to the summer high value of around 25 ° C. Correspondingly,
the amount of free phase carbon dioxide gas climbs from a value of zero in
mid-winter to just over 1 MMm® (MMm® = million cubic meters) in high
summer.

3.1.3 Variable Lake Level Effects
As shown in figure 4.1, the variation in the lake water level, is about

10 m or more in 1995 and, in the summer of 2002 when there was
massive flooding in Eastern Germany, was almost 35 m, reaching
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Fig. 4.4. Variation of the free phase gas component and the carbon dioxide in water solu-
tion as functions of temperature when the dump is sealed

nearly to overflow stage at the dump surface. The infiltration of this lake
water horizontally into the dump meant a considerable increase in the pres-
sure, almost 1 atmosphere increase in 1995 and about 3 atmospheres in-
crease in 2002 over the “nominal” value of about 2 atmospheres. The in-
fluence of such a pressure change on the phase
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in which the carbon dioxide can exist is now examined.

As a canonical illustration we again choose the available carbon
dioxide concentration to be at the value 3 I/l and deal with a fixed tempera-
ture of around 12 ° C because the influence of the entering cold lake water
will keep the seasonal temperature changes to a lower swing magnitude.
Figure 4.5 shows the variation of free phase gas and gas in water solution
as the pressure in the dump rises due to lake level increases. For values of
pressure less than about 3 atmospheres, the carbon dioxide in water solu-
tion steadily rises until, at 3 atmospheres and above, the water is com-
pletely saturated at the value 2.25 1/1. Correspondingly, the free phase gas
amount drops steadily as the pressure increases until, at the 3 atmosphere
mark, all the free phase gas has gone into solution with the water.
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Fig. 4.5 Variation of the free phase gas component and the carbon dioxide in water solution
as functions of pressure when the dump is sealed

3.2 Group B Models
3.2.1 Leak Efficiency

In order to illustrate the effects of a potential leak for carbon dioxide from
the dump, in this first set of illustrations we take the original formation
pressure in the dump to be at 3 atmospheres, representing a compromise
between lake level rise and overburden load; we also take the dump to be
at a fixed temperature of 12 ° C, and the final pressure, if there is a leak, is
set at 1 atmosphere, representing direct contact to the atmosphere. Because
there is no guarantee that there is a leak, we allow the probability of a leak
to vary, but the maximum fraction of free phase gas that could escape
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through the leak is fixed at 50%. For instance, at a leak probability of 0.1,
the probable fraction of gas leaked is then 0.5*0.1, which is just 5%, while

Gas lost with Probable Fracture Free Phase Gas in Formation

9
G

.//0

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

Gas volume Lost
(MM cubic meters)
o
n
Free Phase Gas
(MM cubic meters)
2 g

o
I )
G

=3

Probability of Fracture Probability of Fracture

Fig. 4.6 Variation of the probable free phase gas and probable gas loss as functions of the
leak probability for parameters given in text (Group B, example a)

at a 90% chance of a leak the fraction of free phase gas that could be
leaked is 0.5*0.9, a total of 45%.In this situation we deal with the probable
amounts of gas leaked, the probable amounts of free phase gas remaining
in the formation, and the probable amounts of gas still retained in water so-
Iution. We also set the available carbon dioxide concentration at 31/1. Two
contributions to the gas leakage are clear. First, there is leakage of the
original free phase gas from the formation; second, because the formation
pressure is lowered to 1 atmosphere from the original 3 atmospheres, then
the solubility of carbon dioxide is lowered and so gas is exsolved from the
water. This extra free phase gas is then subject to the same leakage condi-
tions as the original free phase gas. Figure 4.6 shows the probable amounts
of free phase gas in the formation as well as the probable amounts of car-
bon dioxide leaked as functions of the leak probability. Note from figure
4.6 that the probable free phase gas in the formation drops from around 1.3
MMm® to just under 0.75 MMm® as the probability of a leak steadily in-
creases, while the probable amount of carbon dioxide that could be leaked
to the atmosphere steadily increases (almost linearly) to a maximum of
around 0.75 MMm® as the leak probability increases, representing

the 50% limit for a 100% chance of a leak. Thus the efficiency of the leak
and the probability of a leak both influence the amount of probable carbon
dioxide that could escape.
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3.2.2 Lake Level Rise

As the neighboring lake level rises, the horizontal migration of water in
creases the formation pressure. The illustrations in this section consider
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Fig.4.7. Variation of the probable free phase gas, the probable gas in water solution and
probable gas loss as functions of the lake level pressure for parameters given in text (Group
B, example b).

the original formation pressure set at 3 atmospheres, the dump temperature
set at 12 ° C, the available carbon dioxide concentration set at 3 1/1, the
maximum free gas fraction leakage at 50%, and the probability of a leak is
set at 50% as well. The final formation pressure, if there is a leak, is now
dependent on the lake level. As the lake rises so, too, must the external
pressure from the original final pressure of 1 atmosphere, which is the
value if the leak is open to the atmosphere. Accordingly, the solubility of
carbon dioxide in water will be higher in the higher lake level situations,
and so more carbon dioxide will remain in solution, with less available for
the free phase gas component, which is the portion subject to possible es-
cape to the atmosphere or to the lake waters.

Figure 4.7 shows this sort of situation for the probable residual gas
in water solution, the probable free phase gas remaining in the formation,
and the probable gas loss from the dump. Note that once the final pressure
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on the dump equals the original 3 atmospheres there is no gas loss because
the conditions have not then changed. At lower values of lake level, as re-
corded by the pressure conditions, there is probable gas loss of around 0.35
MMm’ at a final pressure of 1 atmosphere, which drops to zero as the final
pressure reaches 3 atmospheres. For the probable free phase gas remaining
in the dump, figure 4.7 shows that it is a touch above 1 MMm® at a final
pressure of 1 atmosphere, gradually decreasing to zero as the final pressure
rises above the 3 atmosphere mark. Correspondingly, the carbon dioxide in
water solution rises steadily as the water pressure rises, representing the
increase in solubility with increasing pressure, until saturation is reached at
2.225 /1 at the 3 atmosphere mark.

Thus a rising lake level inhibits (by a significant factor) carbon di-
oxide release even in the presence of a probable leak. In turn, by consider-
ing the three parts of figure 4.7 to represent a lowering lake level, and so a
lowered pressure, it follows that a falling lake level promotes carbon diox-
ide release by precisely the same factor.
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probable gas loss as functions of the available carbon dioxide concentration for parameters
given in text (Group B, example c).

3.2.3 Available Carbon Dioxide

This illustration shows the effects of varying the amount of available
carbon dioxide in the presence of a probable leak.
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The parameters fixed are the original pressure at 3 atmospheres,
the dump temperature at 12 ° C, the final pressure, if there is a leak, at 1
atmosphere, the probability of a leak is again held at 50% and the maxi-
mum free gas that could be leaked is held at the fractional value of 50% as
well. The variable in this illustration is the supply of available carbon diox-
ide concentration. Shown in figure 4.8 are the probable gas in water solu-
tion, the probable gas in the formation, and the probable gas lost to the sys-
tem as the available supply of carbon dioxide is varied. Note that the water
quickly saturates with carbon dioxide so that, once the available carbon di-
oxide concentration crosses around 2 I/l, thereafter the dump waters are
saturated at all higher values. Correspondingly, the free phase carbon diox-
ide gas in the dump rises and so too does the amount of carbon dioxide that
can be released to the atmosphere. Both rise linearly with increasing car-
bon dioxide availability, with the probable loss to the atmosphere being
about 0.25 of the free phase carbon dioxide in the dump because the leak
probability and the maximum fraction that could be lost through the leak
are both set at 0.5, so their product is precisely the 0.25 recorded in figure
4.8.

3.2.4 Variable Temperature Effects

This final illustration of the effects caused by a probable leak uses the
swing in temperature throughout the year to indicate the retention or re-
lease of carbon dioxide from the dump. Again we retain the original dump
pressure at 3 atmospheres, and the final pressure, if there is a leak, is set at
1 atmosphere. For direct comparison with the previous illustrations, the
probability of a leak is held at 50%, as is the maximum fraction of carbon
dioxide that could be leaked, while the available supply of carbon dioxide
is held at 3 I/l. As the temperature increases from a winter time value of
around O ° C through to the summer maximum of around 30 ° C, so, too,
the solubility of carbon dioxide in water decreases. In turn, such a diminu-
tion in the solubility means that more free-phase gas is available to be
leaked. Figure 4.9 shows the three components of probable gas in water
solution, probable free phase gas in the dump, and probable gas loss as
functions of temperature. Note from figure 4.9 that the probable gas in wa-
ter solution decreases from winter to summer from about 1.3 MMm® to 0.5
MMm’. For the free phase gas in the dump and the gas loss from the
dump, one sees from figure 4.9 that there is an increase in probable gas
loss from around 0.25 MMm’ at winter temperatures to around 0.42
MMm’ in summer, with also a shift in the free gas component in the dump
from around 0.75 Mmm® to around 1.25 Mmm’, representing the exsolu-
tion of gas from water due to temperature increase plus the probable loss
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through the leak. The point of this example is to show that temperature ef-
fects can also play a significant role in altering the gas loss for other condi-
tions being held fixed.
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ters given in text (Group B, example d)

4 Discussion and Conclusions

The variation of carbon dioxide in the Cospuden/Zwenkau dump is due to
a variety of reasons, some having to do with the different types of residual
mining spoils used as underlying and overlying dump materials (Glaesser
et al. 2004), and some having to do with the dynamical evolution of condi-
tions both within the dump and externally, as time progresses.

The purpose of this chapter has been to show how one can quanti-
tatively handle such variations of external and internal conditions, even
when one does not know with precision whether, for instance, a leak exists
and the fraction of gas it can leak. Nevertheless one can construct model
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behaviors that allow one to explore the probable consequences of such
likely leaks. In addition, the variation of lake level pressure, of the sea-
sonal swing of temperature, and the variation in the availability of the sup-
ply of carbon dioxide, are all factors that one can investigate to determine
their influence on the saturation of carbon dioxide in the dump waters, the
amount of free phase gas one anticipates may be in the dump, and the po-
tential loss of carbon dioxide from the dump to the atmosphere.

The necessity for such quantitative model behaviors is clear when
one considers the potential of a dump for producing and releasing carbon
dioxide to the atmosphere, for the dump to produce carbonic acid and sul-
phuric acid, and for the release of waters laced in carbon dioxide to either
the abutting lake or directly into ground water. This chapter has shown
how one can indeed handle such situations in order to provide a set of
measures of the types of effects to be expected. While parameters used in
the illustrations of this chapter have been specifically drawn from the Co-
spuden/Zwenkau dump, the general procedures are valid for any sort of
dump that has, or has had, carbon dioxide production..
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Appendix 1.Carbon Dioxide Program
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Chapter 5
Environmental and Economic Risks from

Sinkholes in West-Central Florida

Summary

Data from the last twenty years for sinkhole occurrences in West Central
Florida are used in conjunction with population and housing data, includ-
ing house prices, to assess the risk of a house being swallowed by a sink-
hole, together with the likely economic loss. The top five relocation cities
in each of Hillsborough, Pasco, and Pinellas counties are investigated in
detail to determine relative risk as well as absolute risk. Because of the
massive urbanization taking place in the area, the sinkhole risk is increas-
ing due to water related problems as well as because of the underlying
karst topography. Pinellas County is better placed in this regard than Hills-
borough or Pasco Counties because of its lower karst component. The city
with the highest likelihood of risk is Tampa, probably due to its massive
urbanization over the last twenty years. Coastal cities most at risk from
sinkhole effects on housing are New Port Richey and Hudson, but they are
a very distant second and third compared to Tampa. Economic damage
risk estimates to housing are around $5MM per year for Tampa and are
sure to increase in the near future.

1 Introduction

The Tampa Bay area in West-Central Florida is one of the largest reloca-
tion destinations in the United States. Resources of the region include the
world-famous beaches, balmy year-round temperatures, and theme parks.
However, this region is also prone to numerous natural environmental
risks, including hurricanes, tornadoes, and sinkholes. The whole region is
underlain by carbonates, and the presence of sinkholes in carbonate karst
domains is well known.

The purpose of this chapter is to examine the three-county region
of Tampa Bay, namely Hillsborough, Pinellas and Pasco counties, and cre-
ate an environmental risk analysis for sinkhole occurrence based on the
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last 20-year interval of sinkhole data in the region, subdivided by risk per
county and per city, and with 15 cities chosen for the study (top 5 reloca-
tion cities from each of the three counties). An economic risk analysis con-
siders median housing value of each city, used as a weighing factor to de-
termine monetary environmental risk of each location. The first part of this
study examines sinkhole formation in Florida; the second part determines
risk analysis based on data for the region.

2 Sinkhole Formation and Occurrence

2.1 General Remarks

Sinkholes are closed depressions in the land surface formed by the dissolu-
tion of near-surface rocks, or by the collapse of the roofs of underground
channels and rivers. Sinkholes are very common in Florida due to the land-
scape being mainly a karst terrain, which is one defined by water dissolv-
ing the overlying limestone bedrock, and characterized by sinkholes, cav-
erns and springs. The main cause is dissolution of underground limestone
by slightly acidic water. Broadly speaking, the main sequence of events
leading to a sinkhole is:
1.Rain falls through the atmosphere, absorbs carbon dioxide, and
forms a weak carbonic acid;
2.This acidified water moves through the vadose zone and reacts with
organic matter, becoming more acidic;
3.This acidically enhanced water slowly dissolves the limestone, caus-
ing voids or cavities into which overlying sediments can collapse;
4.The end result is a sinkhole.
West-Central Florida has two distinct aquifer systems:
1.Floridan Aquifer System: a large confined aquifer system ex-
tending over most of Florida and the southeastern U.S;
2.Surficial Aquifer System: a discontinuous unconfined system
that represents the local water table in the study region. This second aqui-
fer system is more influenced by changes in rainfall, run-off, and land use
than the Floridan, and therefore is the main catalyst for sinkhole develop-
ment in the study area.
Florida has three main types of sinkholes:
1. Limestone Solution Sinkholes: Limestone, if exposed at the sur-
face, is more vulnerable to physical and chemical breakdown. Solution
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erosion causes a gradual depression, and potentially (and intermittently)
lakes;

2. Cover-Subsidence Sinkholes: These occur where limestone is
covered by 50-100 feet of permeable sand. Dissolving limestone is re-
placed by sand that slowly creeps down into the void;

3. Cover-Collapse Sinkholes: These occur when a cavity in the
limestone grows so large that the weight of the overlying roof of sand and
clay can no longer be supported by the residual (if any) limestone. This
type of sinkhole accounts for over 95% of Florida sinkholes, and is, by far,
the most catastrophic in terms of the sinkhole sizes and depths produced.
Typical sinkhole depths are around 10-50 feet, while equivalent radii of
the sinkholes range from 10’s to 100’s of feet, with a rough median value
at around 30 feet. Figure 5.1 shows a representative example of such a
sinkhole.

Fig. 5.1 View of a sinkhole swallowing a house in Central Florida

2.2 Activities Accelerating Sinkhole Expansion

2.2.1 Natural Causes
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Triggering by heavy rains or flooding, which made the soil “roof” over a
limestone cavity very heavy, to the point that it eventually collapses, is the
most common natural cause. Late spring is the time of the occurrence of
most sinkholes due to this flooding. Droughts can also lower the ground
water levels, reducing the buoyant support of a cavity roof and promoting
collapse.

2.2.2 Anthropogenic Causes

Large-scale urban development is responsible for increased sinkhole activ-
ity. Factors include: changing or loading the surface with retention ponds;
office buildings and homes; changes in drainage patterns; drilling vibra-
tions; and heavy traffic.

The number and size of Florida’s sinkholes has increased at a dis-
turbing pace since the 1970’s, due to explosive population growth placing
a heavy demand on the aquifer system, and accelerated by droughts in the
1970’s and late 1990’s. One source of relief just opened on Tampa Bay is a
25 MM gallons /day desalination plant, with a second 25 MM gallons/day
operation slated to begin producing freshwater in 2007. When both are in
operation, together they should offset almost half of the 110 MM gal-
lons/day of water that Tampa Bay currently uses. The avowed purpose is
to allow the aquifer to refill, in turn possibly decreasing the chances of fu-
ture sinkhole occurrence.

2.3 Sinkhole Warning Signs

The following warning signs of sinkholes, while not uniquely connected to
sinkholes as the only cause on an individual basis, are often indicators of
sinkholes, particularly when more than one warning sign occurs in coinci-
dence with others.

1. Fresh exposures on fence posts or other structures;

2. Slumping, sagging trees, or other objects; doors and windows that fail to
close properly;

3. Ponding where rainfall has not collected before;

4. Wilted vegetation, caused as moisture normally supporting vegetation in
the area is, instead, drained into a sinkhole developing below the surface;
5. Structural failure: cracks in walls, floors, and pavement.
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2.4 Sinkhole Data and Inferences

The three county area under consideration has different areas and sinkhole
data for each county (Figure 5.2). The demographic data for each of the
cities in the three county area, including the housing units, land area, and
density of population are shown in the figures spread throughout this chap-
ter. The definition of “city” is the legislative district so that, for instance,
all the individual parts that constitute Zephyr Hills are one city.
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Fig. 5.2 Map of the region being investigated together with the locations of the 15 cities
(Base map courtesy of the Southwest Water Management District, Florida, with cities over-
lay added).

These data will be used later in the economic risking section of the
chapter. Detailed sinkhole data were obtained from the Southwest Florida
Water Management District, which oversees all aspects of water use and
regulation in the Tampa Bay region (www.swfwmd.state.fl.us).
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Median housing statistics were obtained from the U.S. Census
(2000), specifically its online search engine American FactFinder
(http://factfinder.census.gov).

The sinkhole count for each of the counties is presented in Figure
5.3. As shown on Figure 5.4 a, b, and c, the relative percentages of sink-
holes per county indicate that the dubious winners are Pasco and Hillsbor-
ough counties in terms of total sinkholes (Pasco County at 210, Hillsbor
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Fig. 5.3 Relative probabilities of sinkholes over the last 20 years for Hillsborough, Pasco,
and Pinellas Counties

ough at 184, and Pinellas at 37 sinkholes in the last 20 years). But not all
the sinkholes recorded occur in the top five cities for each of the three
county areas. In fact, within the corporate limits of the total fifteen cities
there are only 29 sinkholes recorded for Pinellas County, 190 for Pasco
County, and 137 for Hillsborough County.

The remaining sinkholes recorded (8 for Pinellas County, 20 for
Pasco County, and 50 for Hillsborough County) presumably occur outside
the corporate limits of the cities and so are less damaging in terms of prop-
erty in the rural areas compared to the highly developed urban city areas.

For each individual county one can plot the relative probability of
sinkhole occurrence for each of the five cities by taking the sinkhole count
in each city and dividing it by the total for all five cities within that county.
This sort of plot is presented in figure 5.4 for the three counties, showing
that cities in Hillsborough and Pasco Counties are, in general, at much
higher relative risk than those in Pinellas County. Thus, if one had made
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the decision to relocate to a city in one of the three counties, then one does
not have to contend with the sinkholes in the other two counties, just in the
county of relocation.

On the other hand, the absolute risk depends on the total number
of sinkholes in each of the counties within the corporate city limits. Ac-
cordingly, in figure 5.5 we show the absolute probability of a sinkhole oc-
currence for all 15 cities. Note that Tampa (in Hillsborough County), and
Hudson and New Port Richey (in Pasco County) have much higher sink-
hole risks than any of the other 12 cities, being at 28% risk, 37% risk and
42% risk, respectively. Thus if one were contemplating relocation, then
avoidance of the three cities in relation to the remainder is one way of in-
creasing the chances that one’s house will not be swallowed by a sinkhole.
Presumably house insurance against sinkhole loss is higher in these three
cities than in the remaining twelve.

Relative Probability of Sinkhole in
FPasco County Cities
latal Sinkholes = 190

ity Name

[ S Y S

(4] Zi i Gl ik 14

Relative Percentape (%)

Relative Probability of Sinlthale in
ITillsharough County Cities
Total sinkholes = 137

Ciry Nane
1,3
L 1 u 1 1 ]
]
i ‘ :
; H
5 0

=i Mr L1 HO 140

Roelative Percenlage (2)

Relative Probahility of Sinldhale in
Pinellas Coonty Clities

Toeal Sinkhaloss = 22

5]
i

City e
- il
i
i =
ﬂ' o
; -|

n 20 40 Gl SO 100
Folative Porce nboge: (%)

Fig. 5.4. Relative probability of a sinkhole in cities in (a) Pasco County; (b) Hills-
borough County; (c) Pinellas County
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Fig. 5.5. Absolute probabilities of sinkholes in all fifteen cities based on the last 20
years sinkhole data

3 Housing Densities and Economic Risk

Apart from the direct risk of sinkhole occurrence per county or per city,
there is also the question of economic loss against sinkhole occurrence. To
handle that aspect of the sinkhole risk problem, data have been assembled
relating to the median price of a house in each of the fifteen cities in the
three county area. In addition, data are available on the number of housing
units per city, as well as the total area of each city and the fraction of the
city lying on land (Some cities have water areas within their corporate lim-
its as harbors, rivers, or ocean.). These data are recorded in figures 5.6
through 5.9 as are the housing density per square mile of land area for each
of the fifteen cities.

The relative probability per unit area that a house will be subject to
sinkhole risk must be proportional to the density of sinkholes per unit area
and to the housing density. Plotted in figures 5.6-5.9 are the density of
housing in each of the fifteen cities and also the density of sinkholes re-
ported over the last twenty years. Note that while the density of housing is
variable by around a factor of four or so, the density of sinkholes has a
much greater variability. Plotted on figure 5.10 is the product of sinkhole
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Fig. 5.6. Areas (in sq. miles) of the individual cities in the investigation
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Fig. 5.7. Average price (in $K) for housing units in each of the 15 cities based on
year 2000 information

density and housing density, showing that, per unit square mile, the highest
probability density of a house being influenced by a sinkhole is for Hudson
and New Port Richey. On the other hand, for each city as a whole it is not
just the density of likely occurrences that is important, but also the abso-
lute number of likely house disasters. This variable is proportional to the
size of the city, so that even a high-density effect can be lowered in terms
of city influence for small area cities. As shown in figure 5.11, when the
city area is allowed for, then Tampa is the city with the highest likelihood
of sinkholes damaging houses over the twenty-year period because of its
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extremely large area in comparison to the remaining cities. Note from fig-
ure 5.11 that New Port Richey and Hudson are now very distant second
and third compared to city effects for Tampa.
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Fig. 5.8. Density of housing units per sq. mile for each of the 15 cities
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Fig. 5.9. Sinkhole density per sq. mile for each of the 15 cities based on the 20 year
information

Economically, the cost of each house involved must also be included in the
economic risk analysis. Using the median price of housing per city, as
shown in figure 7, one can then compute the likely economic costs per city
per year from sinkhole damage. This sort of information is presented in
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figure 5.12, showing that Tampa faces the biggest bill on average per year
(of around $5MM), again with New Port Richey and Hudson coming in
very distant second and third.
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Fig. 5.10. Product of housing density and sinkhole density showing the relative
chances of a house being impacted by a sinkhole for each of the 15 cities
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Fig. 5.11. Number of houses likely to be impacted by a sinkhole over a twenty year
period for each of the 15 cities using the city area as well as the housing density
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Fig. 5.12. Likely costs per year for each of the fifteen cities as a result of sinkhole damage
to houses based on average costs per house, city area, sinkhole number and housing density

4 Putting Sinkhole Events in Perspective

Factoring the probability of a hurricane and associated damage, would the
top cities still be viewed as desirable by potential homeowners?

For example, Clearwater, while having a very low probability of
sinkhole occurrence and low monetary risk, is at a very high risk for hurri-
cane damage due to its low elevation and location on the Gulf of Mexico.
New Port Richey and Hudson, high in terms of sinkhole risk, add to their
financial danger by their location on the coastline for hurricane damage.
And Tampa, the highest of all in terms of city damage from sinkholes, is
relatively well insulated from hurricane risk because it lies well inland in
comparison to the coastal high-risk cities.

The point to be made is that one cannot look only at sinkhole risk
when one is contemplating relocation. One must take into account all fac-
tors of a given region before making an informed decision. On the other
hand the overall danger from sinkholes in Pinellas County is much lower
than in Pasco or Hillsborough Counties. A possible reason is that Pinellas
County is comprised of coastal sands and smaller amounts of karst, versus
central and western Pasco County and central Hillsborough County, which
are both large karst platforms and account for numerous sinkholes. Pinellas
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County also is an isthmus, underlain by saltwater. Therefore, aquifer fluc-
tuations (both Surficial and Floridan) may have a lesser influence on sink-
hole formation because saltwater can intrude into the fissures left in the
limestone by lowered groundwater levels.

Sinkhole distribution was skewed in Hillsborough and Pasco
Counties due to the previously mentioned karst platform that extends
roughly down the center of these counties. The urbanization of Tampa, in
particular, may have significantly increased the probability of sinkhole oc-
currence and collateral damage to houses in that city.



Chapter 6

Risks of Damage from Flooding Rivers: Correla-
tion of Weakened Dyke Structures?

Summary

This chapter shows how to incorporate uncertainty on whether two dykes,
considered as likely to collapse during high water in a river after weeks of
torrential rain, are correlated or independent. Prior to actual collapse of at
least one dyke there is no way to be sure of the state of the two dykes in re-
lation to each other. We show that this uncertainty automatically adds an
uncertainty to the mean assessed cost estimate should there be a collapse,
and that this uncertainty can dominate over uncertainties brought about by
imperfect knowledge of the failure probabilities and potential costs of each
of the individual dykes, as well as the distributions chosen to represent
such uncertainties, and the nominal values of the parameters and their
skewness of dynamic range around the nominal values. The main aim is to
show which factors dominate in assessments of uncertainty of potential
costs should there be a dyke collapse. In this way one can focus on narrow-
ing the relevant parameter uncertainties causing the largest contributions
without the need to spend time and effort in addressing other parameter
uncertainties that would help but little, if at all, without the main focus on
the important contributors to uncertainty of the mean cost assessment.

1 Introduction

In the summer of 2002, there was torrential rain for many weeks in Poland
and Germany. As a consequence, the Elbe River and many of its tributaries
flooded beyond what had been considered the ultimate high water stage.
Despite sandbagging the banks of the rivers there was massive flooding,
due mainly to the low and flat nature of the landscape in the eastern part of
Germany and the southern part of Poland. The presence of many dykes
prevented some flooding but by no means all. The estimate of total damage
to houses, industry, businesses and crops is in the several billions of dol-
lars range. Indeed, many of the insurance companies that had to bear a
considerable brunt of the damage costs have raised their general insurance
rates to householders, often by more than 25% in one year, to slowly re-
cover their insurance outlay. In the aftermath there has been interest in de-
termining if individual dyke breaks were correlated or independent, with
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the hope that if such could be determined then one might be able to cor-
rectly plan for the future in terms of dyke support, rebuilding, or secondary
dyke construction.

The purpose of this chapter is to show the differences that can en-
sue when one considers independence or correlated behavior of dykes, so
that some idea can be obtained of precisely what it is that one should be
aware of. The damage costs in either event are considerable, as are the
dyke rebuilding or shoring up costs. Any advance on methods and tech-
niques designed to address portions of the problems encountered have the
potential to save lives and livelihoods in the future, as well as lower the
costs. It is with this background picture in mind that the methodology in
the next sections has been developed.

2 Damage and Probability

Perhaps the breaching of dykes by the flooding is best captured in figures
6.1 and 6.2 showing portions of the Mulde River (a tributary of the Elbe
River) in Saxony after it had breached dykes that had protected old open
cast pits, which had produced lignite coal during the DDR period. The fill-
ing of the pits and the concomitant overflow produced major damage with
long-lasting implications. First was the actual flooding itself that brought
fresh water into contact with the residual open pit tailings including high
sulfur-bearing lignite, leading to the classical mine waste acid production.
Second was the destabilization of the pit walls and so water-driven erosion
that led not only to surrounding land surface crumbling but also led to
ground water leaching through the opening of new high permeability
pathways. The ground water in the Saxony region of the Mulde River is it-
self highly contaminated from being used in DDR times as toxic dump lo-
cations. Thus one opened up the possibility of release of previously
“sealed” contaminants to anthropogenic toxicity. Third was the dynamical
impact of the waters on further water-sodden dykes, constructed as secon-
dary support systems, which then failed under the hydrodynamic pressure,
causing considerable flooding (see figures 6.1 and 6.2) with damage to ag-
ricultural land and also farms, villages, roads, towns, bridges, and infra-
structure, such as sewage systems, electric