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2 Preface

Many articles and excellent books have been written on mine water issues.
This publication focuses on some of the gaps in those publications, specifi-
cally:

why and how to close a mine

the hydrodynamics of a flooded mine

tracer techniques for flooded mines, and
stratification patterns in the mine water body

Since my first contact with mine water issues in 1991, I realized that sci-
entists and consultants from many different backgrounds are working in this
field of science: e.g. mining engineers, geologists, biologists, chemists, civil
engineers, environmentalists, lawyers, and regulators. For some of them,
mine water issues are their daily job; others work on a project for a short
time period and than never come back to mining in their career or work. Most
of the books I read about mine water issues — and when I first started to think
about this publication, there were not many books available — were intended
for either one audience or the other.

I have attempted to bridge the gaps that exist without repeating a lot of
material already published elsewhere. Therefore, there are very detailed parts
of this book, which address issues that are not well covered in the mine water
literature, and other sections that simply provide an overview for the novice
in this field. So, some facts are covered in detail (e.g. tracer tests or mine
water stratification), others are discussed briefly (e.g. treatment techniques,
surface mining) and others are just missing because covering them in detail
would have been beyond the scope of this publication (e.g. salt mining, so-
lution mining). Most of the book assumes that the reader is a practitioner
with a basic knowledge of natural science.

But why should you care about mine water stratification and mine water
tracer tests?

Since the 1960s, it was known, that water in a flooded underground mine
might stratify (Stuart and Simpson 1961; Fig. 98). Many researchers since
then have mistakenly thought that stratification (which is the layering of
water with different physico-chemical properties) could be used to extract
unpolluted mine water from a flooded mine. Although numerous cases of
flooded and stratified mines exist and have been made public, no compre-
hensive synopsis of the density stratification problem has been published so
far. This publication will fill this gap by describing the main physical laws in-
volved, categorizing the types of stratification, and describing several case
studies.



X Preface

When looking through the references, you might notice that many of them
have been written in a language that you may not be very familiar with: Ger-
man. This might be unusual for an English publication, but it arose from two
simple but decisive factors:

The Technische Universitdt Bergakademie Freiberg has organized several
mine water related symposia and conferences. During the organization of
such conferences, it became clear that most German-speaking colleagues
from industry and the authorities depend on publications written in their own
language. This is probably why many aspects of passive treatment were rein-
vented in Germany, without detailed studies of all the English publications
available. Therefore, the list of references contains German as well as Eng-
lish publications, giving German-speaking colleagues several references to
publications in their own language.

On the other hand, if you are a reader with English as your mother tongue,
you will have the opportunity to learn about research done in Germany that
you might find useful.
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3 Introduction
3.1 Mining Issues

“Everything we use is either grown or mined”, as miners say, and therefore,
abandoned, closed, or orphaned mine sites cover approximately 240,000 km?
of the Earth’s surface and can be a hazard to both humans and the environ-
ment (Fig. 1). Countless papers about such sites and their remediation have
appeared, most of them focused on a single mine site, and on acid mine/rock
drainage/metalliferous leachates. This book attempts to provide a more com-
prehensive presentation of the water management that is necessary at such
sites. It focuses on general aspects of flooded underground mines and aims
to improve the understanding of the processes involved in underground mine
flooding and mine water treatment. Furthermore, it explains some of the hy-
drodynamic aspects of flooded underground mines, which can be used to
plan new in-situ and on-site treatment options. To reach that goal, the fol-
lowing chapters will:

e summarise the necessary measures for the management of abandoned
and flooded underground mines

e cxplain the fundamental hydrodynamics within flooded underground
mines, and

e describe the reactive transport mechanisms within the flooded voids

While the first part is mainly a compilation of previous investigations of
mine water research, the second part consists of observations in flooded un-
derground mines and my own, innovative tracer techniques for flooded un-
derground mines.

Since the 1990s, the number of mine water related articles has burgeoned
and a complete outline of all techniques and investigations is hardly possi-
ble. A database retrieval in the four major databases relevant for mine water
(GeoRef, Geobase, FIZ-GEO, SCI Expanded) listed more than 10,000 entries
with the key words ‘(mine or mining) and water’ (Wolkersdorfer 2004). If
you think your work or somebody else’s work is missing in this book, please
just let me know and it will be considered for inclusion in future editions.

To illustrate the techniques and the behaviour of water in flooded mines,
several case studies will be presented and all the details that are necessary to
transfer the outcomes of those investigations to other mines sites will be de-
scribed. Although several thousand mines have been closed in recent decades,
few were described in the literature; therefore I have included results of both
published and unpublished mine closures that are relevant to water manage-
ment.



2 Introduction

Fig. 1. Abandoned Tyrconel/Australia gold mine site. The headframe stands about the
flooded main shatft.

Hamar et al. (2002) concluded that “illegal and orphan mines pose the
highest potential risk to the environment over the long term”, whereas “or-
phaned” according to their definition means a closed, not remediated mine
which has no owner. Similar, if not more pessimistic — but challenging —
views have been given by Balkau (1999), who stated that “among the out-
standing environmental problems confronting the mining industry, that of
abandoned mine sites has been particularly slow to be tackled.” Such publi-
cations categorise “unused” mines as either ‘closed’, ‘abandoned’, or ‘or-
phaned’. Though such a nomenclature might be helpful on a legal basis, all
such sites have one thing in common: mining is no longer taking place and
somebody has to take care of the legacy. The geochemical and hydrodynamic
processes do not care about such definitions and therefore no special focus
will be given in this book to those terms. Wherever they appear in this book
they can be considered as synonyms, as there is no generally accepted world-
wide definition of these words, as was observed during a European Com-
mission Workshop about “Mine and Quarry Waste — The Burden from the
Past” (Puura et al. 2003).

In the USA, several programmes for reclaiming abandoned mine land and
polluted mining-related superfund sites have been undertaken at the national
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and regional levels. The U.S. Department of the Interior’s “Office of Surface
Mining” hosts the “Abandoned Mine Land Reclamation” programme, which
is financed through an “Abandoned Mine Land Fund” ($1.7 Billion U.S. in
2006). Another programme is hosted by the “Bureau of Land Management”
within the same department. Most of those activities are linked through the
“National Association of Abandoned Mine Land Programs” and the “Na-
tional Coalition for Abandoned Mine Reclamation”. Although these pro-
grammes are collecting data about abandoned mine lands and potential haz-
ards from such sites, they do not carry out research on mine flooding or acid
mine drainage (Office of Surface Mining 2002). A different programme is
the U.S. Geological Survey’s “Abandoned Mine Lands Initiative”, which
does conduct research (U.S. Geological Survey 2000).

Canada runs the “Orphaned abandoned Mines Initiative” with the “Na-
tional Orphaned/Abandoned Mines Advisory Committee” coordinating var-
ious initiatives (Castrilli 2002); in Europe, PADRE (Partnership for Acid
Drainage Remediation in Europe) focuses on acid mine remediation works
in Europe (Wolkersdorfer et al. 2004).

To date, no reliable statistics about the total number of abandoned mine
sites exists, though their total worldwide number might go into the millions
(e.g. International Institute for Environment and Development 2002). In the
USA, the internet database of the Abandoned Mine Land Inventory System
(AMLIS) lists about 20,000 abandoned mine sites that have been investi-
gated, of which only 5% may pose a significant threat to watersheds or the
environment (Office of Surface Mining Reclamation and Enforcement 2004;
Anonymous 2006). Copa et al. (1995) estimated that only 30,000 or 6% of
the estimated 500,000 mining sites in the USA might cause potential risks to
the public or the environment. Nevertheless, the States of Pennsylvania and
West Virginia identified acid mine drainage as their Ne 1 threat to water qual-
ity (Diz 1998). Wireman et al. (2001) reported on tens of thousands of aban-
doned mines in the Rocky Mountains, and Benner et al. (1997) summarise
several investigations in their introduction and come to similar conclusions.
Furthermore, ten U.S. States reported that between 8,000 and 16,000 km of
streams were polluted by mine drainage (U.S. Environmental Protection
Agency et al. 2001). During the European Union PECOMINES project, the
mine inventory of the candidate countries at that time (Bulgaria, Czech Re-
public, Estonia, Hungary, Latvia, Lithuania, Poland, Romania, Slovakia,
Slovenia) identified several thousand potentially dangerous mine sites — in
just ten European countries (Jordan et al. 2004)! Also the “Abandoned Mines
Working Paper” (International Institute for Environment and Development
2002) refers to only 5 countries (Australia, Canada, United Kingdom, United
States, South Africa) though the numbers of four “other countries” (Ireland,
Sweden, Japan, Chile) are listed. In addition, what is missing in many of
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these statistics is the scope of pollution emanating from small-scale mining,
though some reports try to evaluate the problem (Wrobel et al. 2000; Hent-
schel et al. 2002). Zamora (1999) summarised some of the problems of small-
scale mining and concluded that

it cannot be assumed that small-scale miners are knowledgeable about
environmental technologies or that they can adopt international standards
or codes of conduct. They do not generally have access to financing, so
cannot invest in new technologies and systems. They cannot be treated
like any other miners.

Though every mine site is special in itself and nearly every mine is — to
borrow a mathematical term — a singularity, the question is whether, to some
degree, the hydrogeochemical behaviour of an abandoned mine can be pre-
dicted and if that classification can be used to plan remediation strategies. As
in weather forecasting, many non-linear equations determine the hydrogeo-
chemical and the hydrodynamic development of a flooded mine so that (as
has often been shown) small changes in conditions can result in big differ-
ences at the end. There is a similar unpredictability on the atomic scale: the
decay of a radioactive element. Though the lifetime of a single atom cannot
be predicted, a huge quantity of them can be described with a characteristic
constant: their half-life. The question, therefore, is whether flooded under-
ground mines have similarities that can be used to estimate their behaviour
after they have been flooded, and that can then be used to set up an environ-
mentally sound mine water management plan.

When reading the following chapters, you must bear in mind that ele-
vated metal concentrations may occur in both acid and neutral drainage. Al-
though commonly referred to as “acid mine/rock drainage” or AMD/ARD,
it is more accurate to refer to the phenomenon as “acid mine/rock drain-
age/metal leaching: AMD/ML or ARD/ML”. Therefore, whenever the term
acid mine drainage is used in the following sections, it must be kept in
mind that this includes elevated concentrations of metals as well. In this
work, the term ‘metals’ is commonly used for both semi-metals and met-
als, whereas the term ‘heavy metals’ is avoided whenever possible, be-
cause several of the so-called heavy metals are neither heavy nor are they
metals in our common understanding (Duffus 2002). Yet, if the term
‘metal’ is used for all elements that show cationic behaviour in aqueous
solution or that have an acid soluble oxide (as defined by Parish 1977),
then the term becomes clearer, since this also includes Al and Sb as met-
als. Only arsenic, being a metalloid, does not fall in this category, so if one
wants to be exact, one should write “metals and arsenic” instead of “heavy
metals”.
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Some readers might be bothered by the fact that standard hydrogeological
methods are not described. A thorough hydrogeological and hydrological un-
derstanding is essential for all mine water research. However, how can (and
why should) the already existing books about geological practises be super-
seded by a book focused on mine water hydrogeology for flooded under-
ground mines? It is therefore beyond the scope of this book to repeat what
has already been written about good hydrogeological practices. The inter-
ested reader — and obviously, you belong to this group — is referred to the al-
ready existing literature (e.g. Freeze and Cherry 1979; Fetter 1988; Jordan
and Weder 1995; Brassington 1999; Domenico and Schwartz 1998; Deming
2002; Langguth and Voigt 2004; Hiscock 2005; Holting and Coldewey
2005).

Not all the literature cited in this publication is readily available in all li-
braries or can be bought at a bookshop. This publication covers many issues
connected with mine water management and mine closure to give the inter-
ested researcher or consultant an insight into special cases as well as general
practices. Publications concerning the latter can usually be found in most
well equipped libraries. All the others should be accessible through the in-
ternet or through national or international book exchange systems. Also, per-
sistent digital object identifiers have been avoided since at least two com-
peting systems are available; which of these will survive the next decade is
still unclear. As web sites are changing quickly, the reader will be referred to
the excellent Search Engines or library OPACs available on the internet if he
or she wants to find more information about a single issue.

3.2 How to read this book

Depending on your personal background, you might find some parts of this
book more interesting than others. First, I will briefly introduce you to each
of the chapters and then I will let you know which chapters might be of in-
terest to you.

The overall idea was to describe the processes related to mine abandon-
ment from a hydrogeologic perspective, following the path that a single drop
of water might take through an abandoned mine. First, it flows through the
fractures, fissures and bedding planes into the mine where it comes in con-
tact with distinctive minerals. This process is described in chapter 4, “Hy-
drogeochemistry of Mine Water”, which also describes some attenuation and
precipitation processes that might happen. Then we will look into the neces-
sary measures that lead to the “enclosure” of that water drop in the aban-
doned mine; chapter 5: “Insights into Mine Closure” describes why a mine
is closed and what is necessary for an environmentally safe mine abandon-
ment. A short chapter, which attempts to sketch some important “Do’s and
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Don’ts of Mine Closure”, follows. This chapter mainly resulted from hear-
ing statements like “the next time we close a mine, we should ...”. It is a
summary of recommendations that did not fit into the other chapters but that
I thought would be useful for people not directly involved in the closure
process. In the following chapter, the water drop meets all the other water
drops that are in the mine. They start to move around and therefore, chapter
7, “Hydrodynamics”, describes the governing laws that force those water
drops to flow through our abandoned mine workings. To understand how the
water drops flow through the mine, how they interact with the rocks and each
other, and how their behaviour could be predicted is the subject of chapter 8
“Mine Closure Flow Models and Geochemical Modelling”. Because all our
models are simplifications of reality, we now have to prove if our water drop
behaves as we predicted that it would. Chapter 9, “Monitoring and Sam-
pling”, summarises the procedures that are necessary for sampling mine
water. Because mine water is such a unique liquid, the pitfalls of mine water
sampling and monitoring are given special consideration in this chapter. Be-
cause sampling and monitoring does not explain how, in which direction,
and at which speed our water drop flows through the mine, we have to trace
its way by conducting tracer tests. A comprehensive description of the rele-
vant procedures for conducting mine water tracer tests is given in chapter
10, “Tracer Techniques for Mines”. Then, after minutes or decades in the
dark and in contact with the rocks and minerals, our water drop leaves the
mine. Perhaps it has been lucky and has a ‘clean record’; otherwise, chapter
11, “Mine Water Treatment and Ground Water Protection”, comes into play.
Finally, in chapter 12, thirteen well-investigated case studies are described,
and the interaction of the material discussed in the previous chapters is inte-
grated. Because stratification could possibly be seen as a key instrument for
in-situ treatment of mine water, case studies relevant to that topic take up
significant space in this chapter.

After the references, you will find three appendices. I am not fond of such
annotations, but as in an interesting letter, the post-script adds that extra
something. Appendix I describes a simple procedure for checking the accu-
racy of water analyses. By comparing the calculated electrical conductivity
against the measured one (hopefully, you calibrated your conductivity me-
ter!), you will get a better reliability than by the usual cation/anion balance
(egs. 62 and 63). Appendix II addresses flow measurements. While putting
together equations for flow measurements, I realised that the books I read
used different equations, even for a simple mechanical structure like a V-
notch weir. Flow measurement is far more complicated than most people
think, and because flow measurement is so essential to our work as mine
water researchers, this highly physical and mathematical appendix had to be
added so that you would have simple and reliable equations that you can
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readily use. Finally, the last appendix summarises the Berlin I and II Guide-
lines that have been drawn up to guarantee environmentally sound mining
and mine closure as well as sustainable mining and post-mining sites.

Well, after that short outline, where should you start to read or what should
you read? Each chapter assumes that you are coming from a different back-
ground. I have balanced the chapters as I did based on the questions that [ re-
ceived during 13 years of lectures and conference presentations. However, all
of the chapters assume that you have at least a basic knowledge of chem-
istry, hydrogeology, mining issues, mathematics, and physics.

If you are new in the field of mine abandonment and would like to read
about some general ideas, start with chapter 4 and proceed to chapters 5, 9
and 11. From the case studies, choose sections 12.3, 12.4, 12.6, and 12.10.

Should you wish to understand the hydrodynamics of an abandoned and
flooded mine, or if you are planning to conduct a tracer test, start with chap-
ter 7 and then read chapters 9 and 10. Out of the case studies you might find
12.4,12.6,12. 7, and 12.10 helpful.

If you are going to close a mine, you will want to read chapters 5, 6, 8, 9,
and 11. Choose sections 12.4, 12.7, 12.11, and 12.12 to get an idea of the
processes that can occur during mine flooding.

As a regulator or a lawyer, you might find parts of chapter 4 useful, as
well as sections 5.4, 5.9, 6, 9.1, 9.3, 10.1, and 11. The case studies are prob-
ably more technical than you require, but you might like to read appendix III.
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4 Hydrogeochemistry of Mine Water
4.1 Introduction

Problems with mine drainage generally develop when ground and surface
waters enter mine sites and come in contact with primary and secondary min-
erals under oxic conditions. During contact with those minerals, the water
may dissolve components of the ore and rock-forming minerals. Most of the
processes involved are controlled by the Ei-pH conditions at the water-min-
eral contact. If even relatively small amounts of disulphides, as pyrite or mar-
casite, oxidise and dissolve, the acidity formed can dissolve other water con-
taminants. Because metal or coal deposits are so diverse, the metals and the
composition of mine water are unique at every mine site. Commonly, car-
bonate minerals are present and neutralize (buffer) the acid, leading to neu-
tral or even alkaline mine water, which might still be harmful to surface and
ground waters in a catchment area. Barnes and Clarke (1964) nicely sum-
marised the problem associated with disulphide oxidation: “if mine work-
ings could have been isolated hydrologically, operators, who must pump as
much as 23 t of water per ton of coal from the anthracite mines of Pennsyl-
vania, could have saved a great amount of money”. That was in 1964 and
even today, after nearly all of the questions discussed by Barnes and Clark
have been resolved, we are still far away from being able to definitively stop
acid mine drainage and metal leaching. These problems were, in fact, de-
scribed by Agricola (1556), and clearly existed long before that.

Though this chapter focuses on metal and semi-metal pollution of the min-
ing environment, there are obviously other pollutants that might negatively
affect watersheds. One of the most threatening is high salinity, which is
mainly connected with salt mines but is also associated with deep coal mines
as in Germany and Poland and with mines cutting across mineral water
aquifers. In addition, ammonium, nitrate, organics, hydrocarbons (from ma-
chinery used underground), PCBs, radium, and barium are contaminants that
can sometimes be found at mine sites (e.g. Bench 2000).

Besides the above-mentioned processes, microbial activity also has to be
considered. As the outstanding work of Baas Becking et al. (1960) shows,
there is nearly no area in our environment which is not inhabited by some
kind of bacteria (Fig. 4). Interestingly, when Baas Becking et al. (1960) wrote
their work about the Ey-pH conditions of waters and the environment in
which microorganisms live, they found “only two published readings on
mine waters” but “fortunately, unpublished information increases the total
number of readings to fifty-six”. Furthermore, by the time they wrote their
paper, they realised that “oxidation of pyrite is a chemical system which has
been neglected by geochemists” though “investigations by us have shown
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Fig. 2. Iron- and manganese oxihydroxide as well as other metal precipitates as sta-
lactites in the Reiche Zeche Freiberg/Germany mine. Width of picture: 30 cm.

quite conclusively that the first stages of oxidation are entirely inorganic”.
And even more interestingly, this work is hardly ever cited by mine water re-
searchers, though it contains interesting data about the environments in which
bacteria prefer to do their job! Luckily, the last 50 years saw a considerable
change in that field of research, though the present fashion to describe the re-
actions of pyrite oxidation detailed in every small article about mine water
issues should be resisted — a reference to Sigg and Stumm (1994), Stumm and
Morgan (1996), or Younger et al. (2002) provides an adequate overview.
Most people — in the meantime — know how the process is working. The fol-
lowing section has been written for those who are interested in the govern-
ing reactions. Others can directly skip ahead to section 4.3. If you do not like
chemical formulae at all, you can go directly to chapter 5 — yet you will miss
understanding all the processes that make up our interesting and often colour-
ful work (Fig. 2)! A potential classification of mine waters is given in section
9.3.3.

4.2 The Process Starts: Abiotic Disulphide Weathering
It is commonly accepted that disulphide weathering and especially the oxi-

dation of pyrite and marcasite are the initial reactions in the formation of
acid mine drainage/metalliferous leachate (Fig. 3):
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FeS, + 7 O, + HyO <> Fe? +2 SO,> + 2 H' )
Fe? + Y% 0, + H" > Fe** + % H,0 )

Fe'' + 3 H,0 <> Fe(OH); + 3 H' 3)

FeS, + 14 Fe* + 8 HyO «> 15 Fe?* +2 SO,> + 16 H' (4)

As can easily be seen, the overall reaction produces protons, and thus re-
leases acid into the mine water (Singer and Stumm 1970). For that reason, pyrite
weathering is the strongest acid-producing process of all oxidation processes
known to occur in the natural environment (Stumm and Morgan 1996). If no
buffering minerals are present, the pH of evaporating mine water can reach ex-
tremely low values, sometimes as low as —3.6 (Nordstrom and Alpers 1995;
Stumm and Morgan 1996; Nordstrom et al. 2000). As the reaction is exother-
mal, the mine air and mine water can reach unusually high temperatures (air
temperatures up to 40 °C were recorded in the Iron Mountain mine, D. Kirk
Nordstrom, pers. comm.; Nordstrom 2004c). Consequently, owing to buoyancy
effects, the warm oxygen-depleted air will move into the upper parts of a mine,
creating a ‘chimney effect’: fresh, cold and oxygen-rich air is drawn into the
mine through the portals, fostering additional disulphide oxidation.

Due to its prominent role in many reactions that are important in the for-
mation and attenuation of mine water, the pH has been called the “master
variable” (Stumm and Morgan 1996):

pH =-log;o{H"} (5)
+0, Fe(ll) + S,”
+0,
SO,” + Fe(ll)
fast
+ FeS,
slow
e(lll) = Fe(OH),

Fig. 3. Schematic representation of the pathways during abiotic pyrite or marcasite
oxidation (modified after Kester et al. 1975 in Stumm and Morgan 1996; Singer and
Stumm 1970).
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For those not familiar with the conventions in chemistry, numbers in [ | are
concentrations, ¢, and numbers in {} are activities, a. They are related by the
activity coefficient, f, according to the following relation:

{laj=fx[c] (6)

All chemical-thermodynamic codes use this relation for calculating the
species distribution in analysed water (Stumm and Morgan 1996; Nordstrom
2004c¢).

Reactions 1 and 2 are catalysed by bacterial activity (see chapter 4.4). Re-
action 3 is abiotic and often does not occur until the water has left the mine.
The above reactions have a net proton production and therefore can cause
the pH to decrease rapidly. As the pH reaches about 4, ferric iron becomes
the predominant oxidant and reaction 4 governs the rate of pyrite oxidation
(Singer and Stumm 1970). Though this might imply that pyrite oxidation can
occur without oxygen involvement, oxygen is the initial oxidant either di-
rectly for pyrite or indirectly to generate ferric iron by reaction 2. Pyrite does
not oxidise in anoxic environments unless previously generated ferric ion is
present in the solution. The four reactions also prove that pyrite oxidation
occurs as long as enough of the reactants are available, as has nicely been
shown by Nordstrom (2004b) for the Iron Mountain Superfund site, where
there is enough pyrite for another 3,200 years of acid generation!

The above disulphide weathering reactions require pyrite or marcasite,
oxygen, and water. With the exception of some limestone quarries, phos-
phate mines, or sand and gravel operations, those three reactants can be found
in nearly every surface and underground mine and because all it takes to keep
the process going is 1-2% pyrite in the rocks exposed to the mine air, this
process occurs worldwide. A large mineral surface area is preferable for the
decomposition of the minerals: the smaller the crystals, the faster the process
and the quicker the water gets acidified. Generally, if the pyrite crystals can
be seen with the bare eye, the problem will be less intense than in cases where
the same amount of pyrite is dispersed as sub-micron sized grains through-
out the rock matrix. Of course, higher concentrations of pyrite make the prob-
lem worse. However, as long as the ground water is percolating through
undisturbed rock, through open pore space, or natural fractures without
human interference, and as long as the ground water is in a reducing state, no
significant pyrite oxidation occurs. Therefore, acid rock drainage is rarely a
problem in undisturbed natural environments, though there are exceptions,
such as the Austrian Rotlbach, where the first natural occurrence of schwert-
mannite was observed (section 4.6, Schwertmann et al. 1995; Riide 2004), or
the Colorado/USA South Fork/Lake Creek near Red Mountain in the Griz-
zly Peak Caldera (Neubert 2000). The opposite is also true: if only one of the
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reaction components is missing, the reactions will stop and no acidity will be
produced. That is the basis for most in-situ or on-site remediation procedures
(section 11.6).

Even “dry” mines can contain a large amount of water that can oxidise
pyrite. Such “dry” mines are dry because all the water that enters the mine
through the rock matrix evaporates as it contacts the mine air. Brewitz et al.
(1985) measured the amount of this evaporating water in the Konrad/Ger-
many mine and compared it with results from the Stripa/Sweden experi-
ments. While the Konrad mine gained a volumetric evaporation rate of
0.016 m* min! m™, it was 0.076 m® min"! m~ at Stripa (cited after Brewitz et
al. 1985).

Mining significantly changes the natural ground water conditions and as
the ground water table falls and large underground openings are created, oxy-
gen enters a formerly reducing environment. While the pre-mining conditions
may have supported the formation of pyrite from iron-enriched ground water,
the process now is reversed and pyrite will be oxidised. This process occurs
throughout the dewatered area but especially in the proximity of the mine
workings, where the rocks are fragmented because of blasting and excavating.
Disaggregation zones (‘excavation disturbed zones’) generally extend about
2 m around the mine workings, but can extend up to 8 m (Miiller-Salzburg
1978; Jacobi and Everling 1981; Brewitz et al. 1985; Militzer et al. 1986; Stoll
and Bauer 1991; Roschlau 1994; Wolkersdorfer 1996). Blasting, up to now,
has generally not been seen as a factor that affects disulphide weathering.
However, as destressing blasting protects the rock and thus minimises blast-
ing induced fractures in the rock, it can reduce the formation of acid mine
drainage/metalliferous leachate production in underground workings.

Kinetics and consequently mineral weathering rates are important in un-
derstanding the evolution of different mine waters. Different authors report
different mineral weathering rates but a discussion of those important inves-
tigations is beyond the scope of this publication. A thorough discussion and
summary of those investigations, which were conducted under various at-
mospheric conditions, has been given in Salmon and Malmstrém (2002),
Younger et al. (2002), and Hoglund et al. (2004).

4.3 The Process goes on: Metal Dissolution

Because pyrite is always found with other minerals (paragenesis), predomi-
nantly other sulphides, but also oxides, vanadates, arsenates, phosphates, and
carbonates, mine water is commonly enriched in many elements. Their con-
centrations mainly depend on the mine water pH, with maximum concen-
trations typically found at lower pH values (Table 2). These minerals may
weather in a congruent, incongruent, or redox process (Stumm and Morgan
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1996). Congruent weathering processes are reversible processes, such as the
dissolution of gypsum (CaSO,4-2H,0). Incongruent weathering processes,
on the other hand, are irreversible because one of the products either vapor-
ises, precipitates, or forms other, stable species in the mine water. Redox
weathering reactions, similar to the incongruent weathering reactions, are ir-
reversible under normal atmospheric conditions. When mine workings are
eventually inundated with water (see section 5.4), several of these processes,
including the dissolution of secondary mineral precipitates, again play an
important role and eventually create the “first flush’ (section 5.4.1).

Like pyrite, most of those minerals are stable at the £j-pH conditions and
the oxygen content of the ground water before mining. When oxygen enters
the ore veins or the rock matrix, the stable conditions change and those min-
eral phases start to oxidise to more mobile species, which are then trans-
ported with the water to the point of the lower hydraulic pressure, which is
usually the open space of the underground mine or the mine sump (Me in
equation 7 stands for any metal):

Me"S, + 1 Op,q <> Me™ +% SO, (7)

Because this looks rather theoretical, here are some examples of the oxi-
dation of primary minerals commonly found in underground mines:

Galena: PbS; +2 0y, <> Pb*" + 804> (8)
Sphalerite:  ZnS; +2 Oy,q <> Zn*' + 804> )
Greenockite: CdSg +2 O,,q > Cd*" + S04 (10)

Table 1. Selection of weathering processes that occur in mines (modified after
Stumm and Morgan 1996). FeS,,: pyrite; CaSO,-2H,0,: gypsum; K[AlSi;Og]: or-
thoclase; KAl,[(OH),|AlISi;O,,]: muscovite.

Type Reaction
Congruent CaS0,42H,0, + H,0 <> Ca* + SO,4* + 3 H,O

3 K[AISi;Og] + 2 H,CO; + 12 Hy0 <>

Incongruent 2 K* +2 HCO5 + 6 Hy[SiO4] + KAL[(OH),|AISi;0; o] )

LG o FeS,q + 7% 0, + HyO <> Fe*" +2 SO + 2 H*
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Covellite: CuSg +2 Ogyq > Cu?" + S04 (11)
Chalcopyrite:  CuFeSyq +2 Oy, > Cu?" + Fe?" +2 SO4* (12)
Millerite: NiSg +2 Ogyq <> Ni** + 804> (13)

The second process is induced by disulphide oxidation and the lowering
of the pH. Furthermore, the release of Fe** is a process induced by disulphide
oxidation (Nordstrom 1977; Tuovinen and Bhatti 1999):

CuFeSy, + 16 Fe** + 8 HyO <> Cu?* + 17 Fe?' + 2 SO,> + 16 H' (14)
ZnS+2 Ogyq <> Zn* + SO, (15)
UO, +2 Fe** «» U0, + 2 Fe?* (16)

Gottschalk and Buehler (1912) were amongst the first authors to system-
atically investigate the interaction of sulphide minerals and pyrite or marca-
site. They realised that non-iron metal concentrations in the solution increase
in the presence of pyrite or marcasite though they were unable to satisfacto-
rily explain their findings since they were not aware that microorganisms
were partially responsible for their findings, and that those microorganisms
more easily ‘nibble’ on pyrite or marcasite than on other sulphides. Never-
theless, their work clearly shows that the release of metals and semi-metals
from other sulphides increases if pyrite or marcasite are abundant in the
system.

Viewed the other way: if mine water has elevated concentrations of Fe,
Zn, Cu, Pb, and Cd, it can be assumed that pyrite, sphalerite (Cd always sub-
stitutes for Zn in sphalerite), galena, and chalcopyrite are relevant minerals
in the ore deposit from which it emanates. It is thus likely that it is flowing
out of a lead-zinc-mine. Chemical-thermodynamic codes have been devel-
oped that include the relevant stability constants for the formation and dis-
solution of mineral species and calculate, using iterative computation, which
mineral phases is, or was, in equilibrium with the water.

Arsenic, for example, is a very mobile metalloid commonly found in pol-
luted mine water that has provoked considerable interest in recent years (e.g.
Merkel and Sperling 1998;Williams 2001; Zhu et al. 2003). It is mainly re-
leased from arsenopyrite (FeAsS), in a reaction similar to equation 1 but also
from other common As-minerals such as enargite or tennantite. Many ura-
nium mines and nearly all hydrothermal gold deposits show elevated con-
centrations of As in their mine waters (e.g. Straskraba and Moran 1990; Wol-
kersdorfer 1996; Schneider et al. 2001; Bowell 2001).
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Table 2. Composition of different mine waters with the most predominant mine
water constituents. Sources: Alpers et al. (1992); Yelpatyevsky (1995) [according to
a pers. comm. by Vera Pavlovna Elpatyevskaya, the values in Yelpatyevsky’s pub-
lication are wrongly given in mg L™! instead of pg L']; Wolkersdorfer (1996); Banks
et al. (1997); Nordstrom et al. (2000); Younger (2000b); Wolkersdorfer and Hasche
(2001a); Banks (2004); unpublished data from author; concentrations in mg L.

Locality

Iron Mountain Califor-
nia (copper)

Iron Mountain Califor-
nia (copper)

Pyrite mine (anony-
mous)

Smirnovsky tin mine
(Sichote Alin)
abandoned coal mine
(anonymous)
Ynysarwed Wales
(coal)

waste rock dump (coal)

Gernrode Harz Moun-
tains (fluorite)
Straf3berg Harz Moun-
tains (fluorite)
Dunston Chesterfield
(coal)

abandoned coal mine
(anonymous)

metal mine (anony-
mous)
Niederschlema Erzge-
birge (uranium)
Frazer’s Grove Durham
(fluorite)

Mine Ne 3 Svalbard
(coal)

Schwaz Austria
(dolomite, fahlore)

pH
0.4
1.1
2.5
32
3.6
4.2
5.5
5.9
6.3
6.3
6.3
6.5
7.1
7.7
8.2

8.4

SO4>  Fey Al
108,000 18,600 2,320
41,000 7,820 1,410
5110 1,460 84
- 132 -
1,044 101 17
1,554 180 <0.5

146 287 1

78 22 -

359 31 -
210 11 <0.05
83 5 0.08

124 15 0.1
1,138 3 04
260 =

7 <0.01 <0.02

13 <0.01 -

Mn Zn Cu
— 2,060 290
11 1,860 360
3 1 0.2
14 25 5
4 0.2  0.007
6 0.06 -

5 0.05 <0.01

4 0.14 0.016
6 0.9 0.08
1.3 <0.01 -

0.4 0.05 0.005
2 0.003 -

3 0.1 0.03
= 0.4 0.04

0.004 0.055<0.01

0.002 0.022 0.04
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4.4 The Process is Speeded up: The Role of Microorganisms
4.4.1 Introduction and Metabolism

Microorganisms play an important role in the processes of natural and man-
made environments (Nordstrom 1977; Singh and Bhatnagar 1988; Smith et
al. 1988; Benedix et al. 1991; Ledin and Pedersen 1996; Salmon and Malm-
strom 2002; Ebena 2003). Most microorganisms in mine water are bacteria,
but fungi, algae, archaebacteria and diatoms can also be found (Perrin et al.
1992; Douglas et al. 1998; Ohimain 2003; Rohwerder et al. 2003). A good
synopsis of microbial activities in mine water is given by Hallberg and John-
son (2005) and Mills (1999). For those who are interested in a more detailed
approach, Edwards et al. (2000), Johnson (2003), or Nordstrom (2000) are
recommended. Herbert Jr. (1999) and Rawlings (2005) give an excellent re-
view of microbial activities in mine wastes. The main interactions necessary
to understand microbial activity in mine water is given in the following para-
graphs, underlain by some basic references to published work.

Because of their diversity, microorganisms cover nearly all eco-systems on
our planet (Fig. 4), and if found in really extreme conditions, reports about
such environments find their way into popular journals (e.g. Siefer 2000).
Some microorganisms prefer extremely acidic conditions (Robbins et al.
2000) whereas others like to live under extremely alkaline environments (Ta-
kai et al. 2001), and are called extremophiles because they live in conditions
which are considered to be extraordinarily unusual for normal organisms
(Madigan et al. 2003; Hallberg and Johnson 2005). Due to their ability to
catalyze the dissolution of metal sulphides, they are commonly used in bi-
oleaching processes to extract metals from the host or mother rocks of low
grade deposits or waste rock dumps (Ebner and Schwarz 1973; Bosecker
1980; Lundgren and Silver 1980; Beyer 1986; Duarte et al. 1990; Brunner et
al. 1993; Ahonen and Tuovinen 1995; Gourdon and Funtowicz 1995; Modak
et al. 1996; Cassity and Pesic 1999; Vasan et al. 2001; Rawlings 2002; Roh-
werder et al. 2003; Sand and Gehrke 2006). The role of microorganisms in
mine water is twofold: they catalyse pyrite oxidation and help to remediate
polluted mine water.

Until the year 2000, every mine water researcher was able to name the
common bacteria most responsible for catalysing and accelerating the reac-
tions that cause acid mine drainage: Thiobacillus ferrooxidans and Thiobacil-
lus thiooxidans. Then Kelly and Wood (2000) reclassified Thiobacillus into
three new genera: Acidithiobacillus, Halothiobacillus, and Thermithiobacil-
lus, based on the 16S rRNA gene sequence. To distinguish the non-acidic
“true” Thiobacillus from the acidophilic species, Thiobacillus ferrooxidans
and Thiobacillus thiooxidans, which prefer pH-ranges from 0 to 5, were re-
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named Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans
(Hallberg and Johnson 2005, Table 3). The new names underline the acidic
environment in which these bacteria prefer to live (all references to these
bacteria in this publication were renamed using this convention, independ-
ent of the name in the original literature). In circum-neutral to alkaline con-
ditions, Acidithiobacilli become less common and Thiobacilli take on their
role, as can be seen in the Niederschlema/Alberoda uranium mine, where cir-
cum-neutral mine water dominates (Table 4).

Most of the bacteria responsible for the development of acid mine drainage
are chemotrophic bacteria, which use organic or inorganic electron-donat-
ing sources as their energy supply. Chemolithotrophs use only inorganic che-
micals (Fig. 5), and because CO, is the source of their cellular carbon, they
can further be classified as autotrophic — as opposed to microorganisms that
use organic carbon, which are called heterotrophs. Furthermore, lithoauto-
trophs use inorganic electron donors whereas phototrophs obtain energy from
sunlight.

Whichever primary energy source the microorganisms use, they must
phosphorylate ADP (adenosine diphosphate) to ATP (adenosine triphos-
phate), because all cell reactions depend on ATP as an energy source. The re-
action process to produce ATP requires +32 kJ of energy and involves the
enzymatic transfer of protons through the inner cell membrane:

ADP+P~ <> ATP AG” =+32k] (17)
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chemicals sunlight
chemotrophy phototrophy
organic chemicals inorganic chemicals
e.g. glucose, acetate e.g. H,, H,S, Fe”, NH,"

Chemoorganotrophs Chemolithotrophs Phototrophs

glucose + O, —» CO, + H,0 H,+ 0O, —> H,0 light
ATP ATP ATP
e.g. Acidiphilium cryptum, e.g. Acidithiobacillus
Acidobacteria ferrooxidans, Leptospirillum

ferrooxidans.

Fig. 5. Classification of some common bacteria occurring in mine water according
to their metabolism. Chemical reactions just show one of the principle processes in-
volved. Acidobacteria are a group of microbes that have yet to be named, but are
closely related to Acidobacterium capsulatum (modified after Madigan et al. [2003]
and adopted after Kevin Hallberg, pers. comm.).

For chemolithotrophs, this energy is obtained from the oxidation of sul-
phides, primarily pyrite and marcasite, but also from other sulphides (Table
5). Inside the bacteria cell, the following exothermal reactions (exemplified
by At. thiooxidans, Beggiatoa and Thiotrix) take place:

28> +4 H;0"+0,¢>2S +6 Hy0 (18)
2S+6H,0 +3 0,250, +4Hy0* (19)

The bacteria gain AG” = —498 kJ of energy, which is used for producing
ATP, in which the energy is stored until it is needed in endergonic metabolic
processes, such as kinetic, chemical, osmotic, electrical, or thermal processes.

The biotic iron oxidation occurs at a rate which is 100 to 1 - 10° times
faster than abiotic iron oxidation (Singer and Stumm 1970; Rackley 1976;
Lundgren and Silver 1980). Though the bacteria accelerate the reactions,
they cannot change the end points of reactions or their thermodynamics, but
by changing the rate of reactions, they change the natural endpoint.

Four microbiologically catalysed processes are important for mine water:
two (sulphur and iron oxidation) are responsible for the formation of acid
mine drainage/metalliferous leachate and two (sulphate and iron reduction)
for the attenuation of the water (Mills 1999). Furthermore, the biotic activi-
ties of bacteria are responsible for many mechanisms that lead to metallifer-
ous leachate, which is used for bioleaching (Lundgren and Silver 1980).
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Table 3. Acidophilic prokaryotic microorganisms associated with mine water (from
Hallberg and Johnson (2005), Kevin Hallberg, pers. comm.) Meso: mesophiles
(Toptimum < 40 °C); Mod Thermo: moderate thermophiles (7 imum 40-60 °C); Ext
Thermo: extreme thermophiles (7 pimum >60 °C); ': inferred ability to oxidise min-
erals (via production of sulphuric acid).

Mineral-degrading Acidophiles cla?slief;(r:r; ?ilon Pgﬁ%:gsgc
Iron-oxidisers
Leptospirillum ferrooxidans Meso Nitrospira
L. ferriphilum Meso Nitrospira
L. thermoferrooxidans Mod Thermo Nitrospira
“Thiobacillus ferrooxidans” m-1  Meso B-Proteobacteria
“Ferrimicrobium acidiphilum” Meso Actinobacteria
Ferroplasma acidiphilum Meso Thermoplasmales
“Fp. acidarmanus” Meso Thermoplasmales
Sulphur-oxidisers
Acidithiobacillus thiooxidans Meso B/y-Proteobacteria
At. caldus Mod Thermo B/y-Proteobacteria
Thiomonas cuprina Meso B-Proteobacteria
Hydrogenobaculum acidophilum  Mod Thermo Aquifacales*
Iron- and sulphur-oxidisers
Acidithiobacillus ferrooxidans Meso B/y-Proteobacteria
Iron-reducers
Acidiphilium spp. Meso a-Proteobacteria
Iron-oxidisers/reducers
Acidimicrobium ferrooxidans Meso Actinobacteria
Iron-oxidisers/reducers and sulphur-oxidisers
Sulfobacillus spp. Meso | Mod Thermo  Firmicutes
Heterotrophic acidophiles (non mineral-degrading)
Acidocella spp. Meso a-Proteobacteria
Acidisphaera rubrifaciens Meso o-Proteobacteria
Acidobacterium capsulatum Meso Acidobacterium
Acidomonas methanolica Meso a-Proteobacteria
Alicyclobacillus spp. Meso Firmicutes
Picrophilus spp. Mod Thermo Thermoplasmales

Thermoplasma spp. Mod Thermo Thermoplasmales
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Table 4. Results of a microbiological investigation in the Niederschlema/Albero-
da/Germany uranium mine (Wolkersdorfer 1996); —: not measured, n.d.: not de-
tectable, *: data measured by Wismut GmbH (microbiological analysis: Dr. M. Graff,
Institut fiir Mikrobiologie der Technischen Universitit Braunschweig 1996).

Shaft
Shaft 366 b, Crossdrift Surge
366 b, onsetting Q918, tank, inlet,
level -540, station level -540 level -540
level -720

Air temperature, °C - 13.6 22.8 16.0
Water temperature, °C 31.3% 13.0 24.4 17.5
pH, — 9.45" 8.10 7.33 7.73
Oxygen, mg L! 2.5 10.0 7.2 9.5
Oxygen, % saturation 33 94 85 99
Redox potential, mV 315v 345 335 365
neutr. thiobacteria (Sy-Ox.), L! 45-10° 1.5-10° 45-10* 25-10*
acid. thiobacteria (Sy-Ox.), L"! n.d. n.d. n.d. n.d.
acid. iron oxidisers (Fe**-Ox.), L™ n.d. 0.4-10° n.d. 04-10°

Table 5. List of metal sulphides that were described to be oxidised by At. ferrooxi-
dans or At. thiooxidans (Gottschalk and Buehler 1912; Nordstrom 1977; Lundgren
and Silver 1980; Bosecker 1980; all chemical formulas according to Strunz and

Nickel 2001).

Mineral Chemical formula Mineral
antimonite Sb,S; galena
arsenopyrite  FeAsS greenockite
orpiment As,S; marcasite
bismuthinite  Bi,S5 millerite
bornite CusFeS, molybdenite
chalcopyrite  CuFeS, pentlandite
chalcocite Cu,S pyrite
cinnabar HgS pyrrhotite
covellite CuS sphalerite
enargite CujzAsS, tetrahedrite

Chemical formula

PbS

CdS

FeS,
S-NiS
MoS,
(Ni,Fe)oSg
FeS,

FeS

o-ZnS
Cu3SbS;3 55
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4.4.2 Mechanisms of Organism—Mineral Interaction

As discussed earlier, the chemolithotrophic bacteria require sulphur
(At. thiooxidans, At. ferrooxidans) or iron (At. ferrooxidans, Leptospi-
rillium ferrooxidans) as well as oxygen to produce energy and to main-
tain their metabolism. They oxidise the disulphides pyrite and marca-
site (FeS,) as well as other sulphide minerals (e.g. PbS, ZnS, CdS)
under acidic conditions. Though the bacteria catalyse the chemical re-
actions, they are not able to initiate chemical reactions that would be
thermodynamically impossible (Stumm and Morgan 1996). Other
mechanisms catalyzed by bacteria are sulphate and iron reduction, es-
pecially in passive treatment systems. So far, not much is known about
chemolithotrophic microorganisms in alkaline mine water environ-
ments (Hallberg and Johnson 2005). Takai et al. (2001) describe the
bacteria Alkaliphilus transvaalensis from a borehole in an ultra-deep
gold mine near Carletonville/South Africa, which grows over a tem-
perature range of 20-50 °C and a pH-range of 8.5-12.5. Perry et al.
(2001) described Gallionella ferruginea, which thrives in neutral mine
water discharges.

There has been an ongoing discussion how the microorganisms cat-
alyze metal-sulphide oxidation: by direct or indirect mechanisms (e.g.
Bennett and Tributsch 1978; Nordstrom and Alpers 1999). It was found
that some bacteria are attached to the mineral surface and others are
not and therefore, it was concluded that there must be a biotic and an
abiotic process involved. In the meantime it seems to be clear that abi-
otic processes start the reaction chain (Sand et al. 1995; Rawlings
2005). Depending on the type of mineral, two mechanisms are relevant:
iron disulphides release ferrous iron because of the oxidation through
ferric iron or oxygen whereas other metal sulphides are attacked by the
acid in the mine water and release metal and sulphates into solution.

Where direct contact between the mineral and the bacteria has been
observed, it seems as if the cell surface is important in this reaction
process. This is indicated by the fact that bacteria with mineral contact
have other cell surfaces than those without bacteria-solid contacts
(Sand et al. 1995 Herbert Jr. 1999) At. thiooxidans or At. ferrooxidans
oxidise the sulphur to sulphate and At. ferrooxidans oxidises ferrous
iron (Fe?") to ferric iron (Fe*"). Those two processes also occur without
a bacteria-solid contact and inhibit a concentration gradient from the
solid into the liquid which even releases more iron and sulphur from the
pyrite or marcasite. Finally, the bacteria use the ions in solution to
maintain their metabolic processes, according to equations 17 to 19 and
through the oxidation of ferrous iron to ferric iron (equation 2).
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4.5 The Process Slows Down: Buffering of the Acidity

Besides the minerals and micro-organisms responsible for acid production,
there are also minerals that have the ability to consume the protons produced
during the above-described processes (eqs. 1-4). These minerals are usually
present in the gangue or in the host rock of the raw material deposit. From a
chemical point of view, these minerals are proton acceptors; they buffer the
acidity and prevent the mine water from becoming too acidic or acidic at all.
Buffering reactions control the pH as well as the level of acidity in the mine
water. Since the pH, in turn, controls the bioavailability and mobility of most
metals, buffering reactions are fundamental for keeping the pH of mine water
in an acceptable range.

Carbonate minerals, such as calcite, dolomite, or siderite, are well known
to buffer mine water pH, but oxi-hydrate and silicate minerals also buffer pH
when carbonates are not present or have been consumed (Table 6; Blowes et
al. 1994; Jurjovec et al. 1995). The consumption of acidity by carbonate min-
erals can be seen in equations 20 and 21:

CaCO; + H ¢> Ca* + HCO5’ (20)

CaMg[COs], +2 H' <> Ca?* Mg?* + 2 HCOy’ (21)

Table 6. Minerals that buffer protons produced during disulphide weathering
(Blowes et al. 1994, Geller et al. 2000b, Goethite, K-Jarosite, and aluminosilicates
from Jurjovec et al. 1995). Buffering ranges of K-Jarosite, and alumosilicates de-
duced from column experiments. The values are possibly too low as reaction kinet-
ics have not been considered (Paul Younger, pers. comm.).

Mineral Formula pH-Buffer Range
calcite CaCOy 6.5-17.5
dolomite CaMg[CO3], 6.5-17.5
siderite FeCO4 4.8-6.3
mixed carbonates (Ca, Mg, Fe, Mn)CO4 48-6.3
gibbsite Al(OH); 4.0-43
ferrihydrite Fe(OH); <3.5
goethite a-FeOOH 1.3-1.8
K-jarosite KFe;[(OH)g|(SO4)5] 1 — 2 (experimental)

alumosilicates 1 — 2 (experimental)



24 Hydrogeochemistry of Mine Water

Other mechanisms that consume acidity are ion-exchange and surface pro-
tonation, but they are comparably slow and have limited capacity compared
to the mineral dissolution reactions. It must be clear that the buffering min-
erals do not prevent pyrite oxidation (reactions 1-4). However, if the buffer-
ing occurs in the same environment as the pyrite oxidation, virtually all of the
Fe*" is precipitated as a hydroxide before it can dissolve more pyrite, which
greatly decreases the rate of pyrite oxidation. Alternatively, the buffering can
occur down-gradient of the pyrite; this can produce circum-neutral mine
water that is enriched in sulphate in the same way as acid mine water (Table
2). Usually, the buffering ranges can be attributed to specific minerals and the
mechanism of that process is referred to as sequential pH buffering. These
processes were first observed in mine tailings investigations (Blowes et al.
1994), but the pH-ranges of most acid mine waters prove that the same
processes are occurring within most mines and in the receiving streams.

Calcite can also react with the Fe*" produced during disulphide oxidation,
forming secondary siderite (Blowes et al. 1994):

CaCO; + Fe** <> FeCO5 + Ca* (22)

Once calcite and dolomite are consumed, the pH rapidly drops to be
buffered by the next occurring mineral phase in the system (Fig. 6). If all the
buffering minerals are consumed, the pH drops below 1 and can reach the ex-
treme pH values reported in section 4.2. Another factor in buffering the acid-
ity are the different kinetic processes involved. Carbonate weathering rates,
compared to those of pyrite, biotite, feldspar, or chlorite, are comparatively
high. Therefore, as long as carbonates are present, the acidity is quickly
buffered. After the carbonates are consumed, the silicates buffer at a lower
pH range (Salmon and Malmstrom 2002).

Duration of contamination

calcite/dolomite
lifetime
F 4 -5

pH-value

disulphide lifetime

carbonate buffer

alumosilicate
buffer

Fig. 6. Potential development of pH of a mine water in a mine with more pyrite than
carbonates. The second rise in pH might be the result of different buffering processes
and the fact that acidity is not formed any longer (modified after Younger et al. 2002).
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In acidic mining lakes, the buffering mechanisms might be slightly dif-
ferent, as the ions in the lake water act as reaction partners for the protons.
A low pH buffering range lies between pH 2.6 and 2.9, controlled by hydro-
gen ions and hydrogen sulphate. A second one ranges from pH 2.9 to 4.3 and
is controlled by iron sulphate. Aluminium sulphate buffers the next step, from
pH 4.3 to 5.5. Finally, surface exchange of sulphate and basic cations are
buffers above pH 5.5 (Geller et al. 2000b; Uhlmann et al. 2004).

4.6 The Process Ends: Mineral Precipitates

One of the predominant features of mine water and one of the reasons why
dealing with mine water problems also has an aesthetic aspect are the pre-
cipitates associated with acid mine water/metalliferous leachate (Fig. 2, Fig.
7). Precipitation of mineral species or amorphous substances occurs when
the relevant solubility products of the species in solution are exceeded
(Alpers et al. 1994). Such a situation can arise under several conditions:

e the water evaporates
e reduced species are oxidised
e the pH changes

Fig. 7. Epsomite (Mg
[SO,]:7H,0) stalac-
tites and stalagmites in
the  Idrija/Slovenia
mercury mine (the sta-
lagmites are about 1 m
high). Secondary min-
erals, such as epso-
mite, are dissolved
during the flooding of
the mine and — espe-
cially during the first
flush — contribute to
the acidity and metal
content of the mine
water.




26 Hydrogeochemistry of Mine Water

the redox potential changes

flocculation or coagulation occurs

two waters of different chemical compositions are mixed
CO, is stripped off the water

Most of the secondary minerals in underground mines are iron minerals,
as iron is usually the predominant cation in the water around a mine. This can
be seen in the list of common secondary minerals in the mining environment
(Table 7).

Two different groups of precipitates can be distinguished from each other:
the minerals that are usually referred to as “ochre” and the water soluble min-
erals that form in the open space of a mine, called secondary minerals (Fig.
7, Fig. 8). Most authors discuss them in separate chapters but chemically and
physically, the processes forming them are similar and in both cases they are
formed by mine water. Therefore, they are described together here. Also,
when I write: “The process ends,” this refers to a single ion’s perspective, as
it is dissolved, transported, and then precipitated. Because many of the sec-
ondary minerals can easily be dissolved when the water table in an aban-
doned mine rises, they could then restart their travel through geological space
and time.

Secondary minerals can also develop on mine heaps and tailings where
they sometimes form low-permeable encrustations (e.g. Rammlmair and
Grissemann 2000; Jung 2002; Regenspurg et al. 2005). As has nicely been
shown by the Quaking Houses/County Durham incident, destroying that pro-
tective cover at mine heaps can lead to local mine water problems that can
be difficult to resolve (Kemp and Griffiths 1999). Therefore, old encrusta-
tions at mine heaps should be left undisturbed during remediation, if possi-
ble, to avoid initiating mine water problems that did not exist before (Stefanie
Hurst, pers. comm.).

Fig. 8. Ochre precipi-
tates in a mine water
discharge pipe of the
abandoned Straf3berg/
Harz fluorspar mine.
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Table 7. Some of the secondary minerals commonly found in the mine water envi-
ronment and responsible for the first flush and their mineralogical classification; a
more comprehensive review of such minerals is given in Alpers et al. (1994) and
Nordstrom and Alpers (1999).

Mineral Chemical formula Colour

class V Carbonates

malachite Cu,[(OH),|CO5] green
cerussite PbCO;4 white
hydrozincite Zns[(OH);|CO5], white

class VI Sulphates
jurbanite Al[OH|SO4]-5H,0 white
basalumnite Al4[(OH)(|SO4]-5H,0 white
melanterite Fe[SO4]- 7H,0 blue-green
szomolnokite (schméllnitzite)  Fe[SO4]-H,O white, green
coquimbite Fe,[SO4]5-9H,0 purple, white
alunite KAL[(OH)g|(SO4)5] white, orange
jarosite KFe;[(OH)g|(SO4),] orange, red
epsomite Mg[SO,]- 7TH,O white, orange
anglesite Pb[SO4] white
goslarite Zn[SO4]- TH,O white

The most common precipitates associated with mine water are called
“ochre”, “yellow boy” or iron oxihydroxides, because they are a mixture of
crystallised and amorphous substances with a yellowish to red colour. They
can exist as soft gelatinous flocculants, as suspended colloids (as long as the
water velocity is high enough), as a medium soft mud, as foam on the water’s
surface, as coatings on rocks, and as hard, thick encrustations. Though, iron-
ically, those minerals sometimes cause interesting and attractive features in
abandoned underground mines or remote areas, the same minerals cause an
ugly staining of surface streams or wetlands. Furthermore, the staining cov-
ers microorganisms, cause their die back and consequently macroorganisms
leave those parts of the streams. Thus, such streams or rivers are often bio-
logically dead for several hundreds of meters and kilometres. It has to be
kept in mind that “biologically dead” is only true for the usual macroorgan-
isms that can be found in surface streams with a good ecological status. As
discussed earlier, though the biodiversity in mine water affected environ-
ments significantly decreases, other micro- and macroorganisms take over
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the niche and can be very efficient in such extreme environments, as has been
verified in heavily polluted river catchments (Ariza 1998; Batty 2005).

“Ochre” mainly consists of the following mineral species: goethite (yel-
lowish brown), lepidocrocite (orange), ferrihydrite (reddish brown), schwert-
mannite (yellow), jarosite (straw yellow) and, sometimes, also Mn minerals.
All of those species are commonly found in acidic environments where iron
is abundant as well. They form when Fe?* in the solution is oxidised to Fe**
and finally precipitates as a colloid or a mineral:

4Fe’* +0,+4H" <> 4Fe* +2 H,0 (23)
4 Fe* + 12 H,0 <> 12 H" + 4 Fe(OH)3 | (24)

the sum of those two reactions is:
4 Fe** + 0, + 10 H,O <> 8 H" + 4 Fe(OH)3| (25)

As can be seen from equation 25, this process releases a total of 2 protons
per mole of iron (which is the reason, why acidic waters being “treated” in
aerobic wetlands often decrease in pH). Those protons, if not buffered by
proton-accepting processes, lower the pH until ferric iron no longer precip-
itates as a hydroxide, which occurs at a pH of around 2.2 (Stumm and Mor-
gan 1996). Predominance diagrams (also called speciation diagrams, Eyy-pH-
diagrams, and Pourbaix-Diagrams), as shown in Stumm and Morgan (1996)
or Appelo and Postma (1994) nicely show the relationship between the iron
species and the Eyy-pH conditions in natural environments. In Merkel and
Planer-Friedrich (2002), the calculation of such diagrams with PHREEQC is
explained and a small software tool for simple diagrammatic representations
is provided. More sophisticated software tools for constructing predominance
diagrams are FactSage (Thermfact/CRCT, Montreal/ Canada; GTT-Tech-
nologies, Aachen/Germany) and Thermo-Calc (Thermo-Calc Software,
Stockholm/Sweden).

Riide (2004) observed that during the course of the Rétlbach/Austria,
while pH and sulphate concentrations of the water decreased, first jarosite,
then schwertmannite, and finally goethite formed encrustations in the stream.
Similar conditions can be found in many mining-impacted streams. It ap-
pears that the formation of these minerals is controlled by the pH and sul-
phate concentrations. Williams et al. (2002) showed that the pH of the water
can, in fact, be estimated using the colour and spectral reflectance of the min-
erals that form. As the ochre-minerals precipitate, other metals and semi-
metals co-precipitate. Again, Riide (2004) showed that in the Rotlbach, the
concentrations of As, Ni, and Pb in the precipitates increased while their con-
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centrations in the water decreased to less than detection limits after approx-
imately 1,200 m. Co-precipitation of Al, Cr, Co, Cu, Pb, Mn, Ni, REE, Sc,
U, Y, and Zn similarly occurs in mine waters (Bigham 1994; Fuge et al. 1994;
Lottermoser 2003). Stumm and Morgan (1996) and Appelo and Postma
(1994) give the following degree of affinities for co-precipitation with Fe-
and Mn-oxides:

Fe-oxides:  As(III) - Pb > Cu> Zn> Ni > Cd > Co > As(V)
Mn-oxides: As(III) — Pb — Co > Cu > Zn > Ni > Cd > As(V)

Co-precipitation is an important mechanism in the natural attenuation of
post-mining landscapes and in mine water treatment. It results from pH and
metal dependant surface complexation reactions (Dzombak and Morel 1990)
and the zero point of charge (pHypc; Stumm and Morgan 1996). Many met-
als (e.g. Pb, Cu, Mo, U, Sb, Mn, Se) and As co-precipitate with colloids
formed by iron or manganese oxihydroxides as well as minerals of the alu-
nite-jarosite-group. As, Sb, and Se tend to precipitate at acidic pH while other
elements precipitate at alkaline pH (Alpers et al. 1994; SENES Consultants
Limited 1994; Skousen et al. 1998; Webster et al. 1998; Rothenhofer et al.
2000; Ball and Brix 2000; Noubactep et al. 2002; Tutu et al. 2003; Merkel
2004).

Yelpatyevsky (1995) quantified this effect in an acidic “red stream leak-
ing from [an] adit at [a] cassiterite-sulphide deposit” with a pH of 3.2 in
south-east Russia (the Smirnovsky mine in the Rudnaya river basin, Vera
Pavlovna Elpatyevskaya, pers. comm.). He observed the following removal
factors after a river length of 300 m: As 78%, Pb 45%, Fe 38%, Cd 27%, Zn
10%, Cu 10%, Mn 1.2% (initial element concentrations are given in table
2). In the Italian Libiola Fe-Cu mining area, Dinelli and Tateo (2002) ob-
served that after the precipitation of the Fe-mineral-associations, Al-, and fi-
nally Cu-phases formed in the stream.

Besides the minerals that form ochre, many other mineral phases are
formed when water enters a mine and oxidises primary minerals within the
ore veins or the host rock. Most, but not all, of those minerals are soluble in
water: cerussite, malachite, jarosite, goslarite, melanterite, szomolnokite, ep-
somite, alunite, jurbanite, coquimbite, basalumnite, and anglesite. Other min-
erals that precipitate from mine water upon oxidation are gibbsite, and Zn-
hydroxides. Secondary minerals such as these can commonly be found on
the adit and shaft surfaces (because of the oxygen and the humidity within
the mine workings) or where the mine water drains into the receiving stream.

The general process forming those minerals results from lowering the
ground water table during mining, allowing oxygen and water to contact the
primary or ore minerals. Those minerals are oxidised or dissolved. Then the
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water transports the ions in the direction of the lowest hydraulic pressure,
usually towards the mine pumps or the open mine workings. There, the water
collects in the sump, spillways, drainage gullies, or puddles within the adits.
If the water is flowing slowly through the rock matrix or small fractures, the
mine air is able to evaporate the mineralised water and carbonate, hydroxy-
carbonate, sulphate, hydroxisulphate, or oxihydroxides minerals form on the
surfaces of the mine workings. Because the metal ions forming those min-
erals are proton acceptors, they store the protons and consequently the acid-
ity. As long as those minerals are in contact with the mine air and the over-
all situation does not change significantly, this acidity will be stored in the
minerals ad infinitum. Yet, after mining ceases and the mine is abandoned, if
it is inundated, the water-soluble carbonates, hydroxycarbonates, sulphates,
and hydoxisulphates will be dissolved by the mine water. Thus, the mine
water, which commonly is already acidic, gets enriched in the ions consti-
tuting the secondary minerals (section 4.3); this causes what is known as the
first flush (section 5.4).

4.7 Predicting the Post-Mining Chemical Composition

Predicting the post-mining chemical composition of the mine water is an
integral part of nearly all mine closure procedures. The procedures com-
monly used are geochemical modelling, empirical conclusions (see chapter
8), acid-base-accounting (ABA), calculation of net neutralization potential
(NNP), or static and kinetic leach tests. Good descriptions of these proce-
dures and references to other methods of how to predict post-mining water
chemistry can be found in Henton (1976), Sobek et al. (1978), MEND [Mine
Environment Neutral Drainage Program] (1991), Werner et al. (1999), Perry
(2000), Prediction Workgroup of the Acid Drainage Technology Initiative
(2000), Younger (2000d), Younger and Robins (2002), and Kruse and
Younger (2005). Younger and Sapsford (2006) discuss several of the short-
falls of these techniques and conclude that a good conceptual model and
site specific investigations are more important than the before-mentioned
tests (see section 4.5).

The differences in mineral weathering rates are a potential pitfall for re-
searchers and consultants and can lead to incorrect predictions of future pH
values. Many mine water investigations are based on column or batch ex-
periments and last several days, weeks, or months (the duration of a mas-
ter’s or diploma thesis). Seldom do such investigations last more than a year.
In the initial phase of those experiments, the carbonates quickly dissolve and
buffer the acidity produced by disulphide weathering in the column, so that
the leachate has a pH between 6.5 and 7.5. Some researchers therefore tend
to conclude that the final mine water discharge will be circum-neutral and
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negative environmental impacts should not be expected. If only those re-
searchers had employed a PhD-student who would have had two years to
conduct his or her experiments! They would then see the total depletion of
the carbonates and watch the pH drop to acidic conditions. They would con-
clude that the final pH of the mine water would be acidic — which is true for
the significant time period, though eventually the disulphides will be con-
sumed and the pH will rise to circum-neutral conditions again. This exam-
ple illustrates that all mine water investigations must include site investiga-
tions, geochemical modelling, acid-base accounting and, if possible, any
other method mentioned in Prediction Workgroup of the Acid Drainage Tech-
nology Initiative (2000) and The Pennsylvanian Department of Environ-
mental Protection (1998). Younger and Sapsford (2006), after critically re-
viewing the relevant literature, conclude “that there has been an excessive
concentration on simple pollution potential assay tests (acid-base accounting,
humidity cell tests) at the expense of rational assessments of contaminant
transport pathways”. Furthermore, it must be kept in mind that most column
tests are not standardised (U.S. Environmental Protection Agency 2003) —
applying the results from such tests to the real world is not an easy task.

A key feature of many abandoned mines is that the concentration of con-
taminants increase shortly after the mine water discharges to the receiving
water courses and then decreases thereafter. This typical scenario is called the
first flush (see section 5.4). Knowledge about the first flush, its peak con-
centrations and the pattern of how it decreases, are essential for the planning
of remediation technologies, especially mine water treatment plants. Many
active treatment plants work economically only with high concentrations of
metals, while passive treatment plants require relatively low concentrations
and loads. If, therefore, the duration of the first flush can be predicted to a rea-
sonable degree, the time when an operator can change from active to passive
treatment can be estimated (ERMITE Consortium et al. 2004).

This was done at the German Stralberg/Harz mine (unpublished data).
All available data, such as weekly flow, iron measurements, and time series
analyses of up to 10 years were used (Fig. 9). The left graph shows the meas-
ured and predicted decrease in the iron concentration and the right one shows
the expected loads until the year 2015. The following commercially available
software was used: statistical analyses (SPSS), correlation analyses (Table-
Curve 2D), spreadsheet software, and scientific graphic software (Sigma Plot
2D). Similarly, Burke and Younger (2000) predicted the first flush scenario
for the South Yorkshire Coalfield by applying expert knowledge and the nu-
merical code GRAM (Groundwater Rebound in Abandoned Mine Work-
ings). Another method was described by Younger (2000d), who analysed
more than 80 British mine water discharges and came up with a flow chart
to predict the medium and long term mine water qualities with respect to
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Fig. 9. Prediction of future Fe, ., concentrations and loads in the Stralberg/Germany
Fluorspar mine until the year 2026 by using past data and a black-box model as-
sumption (raw data kindly provided by BST Mansfeld GmbH and GVV).

iron concentrations. However, the latter flow chart is coal mine drainage bi-
ased and focuses on the United Kingdom, and has not been tested for many
other areas of the world, except in French coalfields (Paul Younger, pers.
comm.). Depending on the total sulphur content of the mined strata, which
ranges between below 1 and 5 weight percent, Younger (2002d) estimates
total peak iron concentrations of 0.01-1,500 mg L' (Table 10). However, as
only the disulphide content of a stratum is important for the release of acid-
ity and consequently iron, it is more appropriate to use the total disulphide
content instead of the total sulphur content of a stratum.

4.8 Radionuclides in non-Uranium Mines

Enriched radionuclide concentrations in mine waters from uranium mines
are a frequent occurrence (Merkel et al. [1997] and many others), and the ra-
dionuclides commonly found in mine waters are thorium, radon, radium, and
uranium. In non-uranium mines, such radionuclides are usually not consid-
ered by researchers or authorities, though the phenomenon of naturally oc-
curring radioactive materials (NORM) has been known for a long time. Water
from hot springs and effluent from water separators from gas and oil wells
commonly contain such contaminants (e.g. Sohrabi 1998; Chatupnik and
Wysocka 2000; Gillmore et al. 2002; Dowdall et al. 2004; Skowronek et al.
2004). This does not imply that non-uranium mine waters are of no danger
to human beings, it just means that there is very often a lack of awareness
concerning the radioactivity of such mine waters, which Paschoa (1998) can
also see in other industrial areas. Yet, the problem should not be overem-
phasised as the concentrations of the radionuclides — from a radiotoxic and
very often also from a chemotoxic point of view — are usually very low,
though several sites are known with elevated radionuclide concentrations
(Sohrabi 1998; Gillmore et al. 2002; Schmid and Wiegand 2003). Besides the
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Table 8. Summary of classification of natural radiation areas according to Sohrabi
(1998). LLNRA: low or normal level natural radiation area, MLNRA: medium level
natural radiation area, HLNRA: high level natural radiation area, VHLNRA: very
high level natural radiation area, UNSCERA: United Nations Scientific Committee
on the effects of Atomic Radiation, ICRP: International Commission on Radiologi-
cal Protection.

Classification Criteria: potential public exposure Remedial action

~ 5 mSv y! (twice natural average global
effective dose, UNSCEAR)

MLNRA ~5—20 mSv y! (present ICRP limits) Within 5 years
HLNRA ~ 20 — 50 mSv y! (former ICRP limits) Within 5 years

LLNRA None

Urgent, possible

VHLNRA  >50mSyv y! .
evacuation

radionuclides in the water phase, there is the issue of radon in the mine air,
in the vicinity of ventilation shafts, and mine adits (‘mine gases’), sometimes
referred to as elevated natural radiation areas (ENRA; Sohrabi 1998). Radon
is known to cause lung cancer, originally called the Schneeberger Lungen-
krankheit (Schneeberg lung disease; Enderle and Friedrich 1995; Boice et
al. 2003), and therefore the public must be protected against elevated con-
centrations of radon in their environment (Gillmore et al. 2002). However,
radon is also reputed to have a positive effect, and there are numerous radon
spas throughout the world (section 11.7); at which concentration radon be-
comes toxic is still a matter of discussion, even if many countries, for obvi-
ous reasons, have set up legal standards for radon concentrations in houses
or at the working place (e.g. U.S. Environmental Protection Agency 2000;
2001/928/EURATOM; Austrian Dinking Water Guidelines). Finally, elevated
radon concentrations might also be expected in zones with fissures in vol-
canic rocks (Davis 1983; King et al. 1996).

According to Sohrabi (1998), who gives an excellent summary of areas
with elevated levels of natural radioactivity, NORM should be classified into
4 categories and depending on the mean annual potential public exposure, no
remedial action, remedial action within 5 years or urgent remedial action
should be taken (Table 8). This is just one of many such classifications
known, but it provides clear guidelines of potential actions that should be
taken in areas with elevated natural radioactivity.

Recent publications have addressed radionuclides in the Polish and Ger-
man Ruhr coal mining districts (Lebecka et al. 1997; Chatupnik and Wysocka
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2000; Chatupnik et al. 2001; Schmid and Wiegand 2003) and elevated radon
concentrations in British tin-copper-uranium mines (Gillmore et al. 2002). In
the Silesian coal mining area, two types of mine waters exist: water with a
higher mineralization and water with a comparatively lower mineralization
(Lebecka et al. 1994, 1997). Both types contain elevated concentrations of
226Ra and ?*®Ra, with typical ??°Ra activities of 62.8 - 103 Bq L™ for the first
and 3.4 - 10° Bq L*! for the second. Concurrently, the more highly mineral-
ized water contains high Ba concentrations with typical values around
1,500 mg L. To prevent the precipitation of (Ba, Ra)[SO,4] in pipelines or
river banks (Pluta 2000), the mine water is chemically treated with different
methods (Lebecka et al. 1994; Chatupnik and Wysocka 2000). Elevated ra-
dioactivity is also known to occur in the flooded Stockheim coal mine in
Franconia/Germany (Ebner and Schwarz 1973; Ziehr 1983).

Gillmore et al. (2002) present an interesting study of extreme radon con-
centrations in abandoned mines in Devon and Cornwall/UK, though these
mines were also mined for uranium, and so, strictly speaking, do not belong
in this section. Yet, their conclusions concerning radon emanations from
those abandoned mines are also relevant for non-uranium mines. For the
South Terras mine in Cornwall, which was abandoned and flooded in 1928,
they reported a radon concentration of 3.9 - 10° Bq m at a distance of 70 m
from the mine entrance. Within the mine, they measured doses for a duration
of one hour which equalled the 18 year personal dose for a member of the
public. Everybody working in even long abandoned mines where uranium
was a by-product must be aware that extreme radon concentrations might be
expected. High radon concentrations were used by the Soviet occupiers of
Saxony to locate potential uranium sources in the silver/lead mines of the
Erzgebirge/Germany. They knew of the radiological investigations in the
early 20™ century by Schiffner and Genser (Schiffner 1908; Schiffner and
Weidig 1909; Schiftner et al. 1911; Weidig 1912) and used those data to con-
centrate their exploration at localities with the highest radioactivity and tem-
perature anomalies in the working and abandoned polymetallic mines (Table
9). It should be noted that the water of the Hindenburg and Bismarck springs
was used in the Bad Schlema Spa, which was the world’s most radioactive
spa water at the time (Genser 1933).

Potential dangers of radionuclides can be seen for people living very close
to places where radon emanates from flooded underground mines, for re-
searchers working in abandoned mines, for ecologists taking care of bats, for
private archaeologists, and for mineral collectors. Schmid and Wiegand
(2003) calculated the doses for the public along the German river Lippe be-
tween the Auguste Victoria mine and its confluent with the river Rhine for ex-
ternal exposure and ingestion of contaminated, Ra-barite rich soil. External
exposure, depending on their scenario, ranged between 0.03 mSv a! and
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Table 9. Radioactivities above 100 Bq L! of mine waters in the Markus-Semmler
adit near Schlema, Erzgebirge/Germany before large scale uranium mining started.
Localities ordered by their activities (Wolkersdorfer 1996 after Schiffner 1908;
Schiffner and Weidig 1909; Schiffner et al. 1911; Weidig 1912). 'F: Institute Frese-
nius (H. Zerbe, pers. comm.) analysed an activity of 246,500 Bq L' in the 1930s. The
German names are typical old fashioned miner’s names. Ort: face; Fliigel: wing (of
a main gallery); Spat: ore vein in easterly direction; Morgengang: ore vein in north-
easterly direction; Flachen: ore vein in south-easterly direction; Stehend: ore vein in
northerly direction.

Date

1932

1932

1932

1932
7.2.1911
1932
19.10.1911
19.9.1911

Location

Radiumort, Hindenburg Spring'™

Radiumort, Bismarck Spring

Friedrichfliigel

Heinrichfliigel, Drill Hole III

Radiumort, 25 m inside Markus-Semmler-Adit
Radiumort, Drill Hole I

Radiumort, 25 m inside Markus-Semmler-Adit

Radiumort, drainage into Markus-Semmler-Adit

23.11.1910 Radiumort, 27 m inside Markus-Semmler-Adit

1932
1932
1932
1932
19.10.1911
1932
1932
1932
23.3.1909
7.01.1909
1932
27.3.1909
30.3.1909
30.3.1909
30.3.1909
30.3.1909

Radiumort, Radium Shaft

Radiumort, Drill Hole II

Radiumort, B-Fliigel

Heinrichfliigel, Heinrich Shaft
Radiumort, 35 m inside Markus-Semmler-Adit
Wolfgangfliigel

Gleesbergfliigel

Johannesfliigel

Maximilian Spat

Eva Spat

Jung-Ko6nig-David-Fliigel

Fleischer Morgengang

Neugliick Flachen

Quergestein close to Gottes Schickung
Tiirck Flachen

unnamed Spat at the crossing with Gliick Flachen

Radioactivity,
BqL!
181,818
40,404
10,774
10,101
9,400 — 11,000
8,350
7,886 (n=17)
5,375 (n=16)
4,539
4,444
4,108
4,040
3,771
2,979 (n=15)
1,886
1,886
1,347
1,048
640
337
226
218
191
121
110
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2.4 mSyv a’l, while ingestion of the sediments could result in an additional
0.01-15.5 mSv a’! (this number largely depends on several parameters, in-
cluding the isotopic composition of the sediment). They conclude that un-
derground precipitation of the radionuclides would effectively prevent the
drainage of radium into the anthroposphere.

Another very special case are the South African gold mines in the Witwa-
tersrand Basin, where elevated concentrations of uranium are known to occur
in the ore body as a by-product within the carbon leaders (Pohl 2005). Pol-
lution comes from the drained mine water as well as from the seepage water
of the tailings dams and can locally reach high concentrations of uranium
(Coetzee 1995; Tutu et al. 2003), which are sometimes treated by bioreme-
diation (Weiersbye and Witkowski 2003). Wendel (1998) describes the dif-
ferent sources of radioactive mine waters in South Africa and recommends
developing cost effective prevention and remediation methods based on fur-
ther investigations. Because more and more mines in the Rand will be closed
during the next decades and their mine water will drain into the surrounding
areas, there is a real need for the South African mining industry and the reg-
ulators to invest more research on NORM for those cases.

None of the authors gives a general recommendation of how to prevent el-
evated concentrations of radionuclides in the anthroposphere. Yet, the Polish
experiences show that high radionuclide concentrations can be prevented in
non-uranium mines using underground treatment facilities. Furthermore, it is
possible to diminish the mine water’s radium concentration by active treat-
ment with barium chloride (Skeaff and Campbell 1980; SENES Consultants
Limited 1994). In most of the other cases, a thorough monitoring of the radon
exhalation in or at abandoned mines in which uranium or thorium minerals
were found is possibly the only precautionary measure that can be taken. In-
terestingly, the U.S. Environmental Protection Agency (2000) clarifies that
only incremental radioactivity associated with the abandoned mine must be
considered when speaking about regulated sites. Elevated background ra-
dioactivity due to geological reasons, as occurs in many granitic settings, must
be subtracted from the total radioactivity. However, it is known from many lo-
calities that even if the radon concentrations outside the abandoned mine
workings are less than the national limits, closed rooms, especially cellars, can
be contaminated with radon and therefore have to be treated in a special way.
From a water managerial point of view, if uranium or thorium minerals are
known to occur in the mine or its vicinity, uranium and radium levels should
be measured in the mine water and radon measured in the mine air.



5 Insights into Mine Closure
5.1 Reasons for Mine Closure

Mining is an economic activity that provides a growing world population
with raw materials such as metals, fuels, and building materials. Depending
on the available technology and the mineral mix to be extracted, the lifetime
of a mine might last for several years or millennia, as in the case of the Ty-
rolean Schwaz silver-dolomite mines, the Salzburg Mitterberg silver-ura-
nium deposit, or the Spanish Rio Tinto mining area (Zschocke et al. 1932;
Salkield 1987; Ammann 1990; Giinther et al. ca. 1993; Leblanc et al. 2000).
However, eventually, all mines must close, and nowadays closure procedures
have to meet particular standards that have been established by the various
governments and regulatory agencies. These environmental requirements are
usually drawn up by the authorities based on expert reports or on environ-
mental impact assessments, in contrast to already abandoned mines that usu-
ally did not undergo such procedures. Nevertheless, in both cases, the avail-
able remediation options and the time scales or financial efforts necessary to
remediate these sites, which cover about 240,000 km? of our planet (Furrer
et al. 2002), are very similar.

The reasons for mine closure that Léssl listed in 1556 in his Schwazer Berg-
buch (Lassl 1556; Winkelmann 1956) have not changed considerably. He
stated that “four things ruin a mine”: war (and accidents), diseases, inflation
(economy), and listlessness. In addition, two more reasons now exist, of which
the first was known by the miners of that time (Agricola 1556), but never was
a matter of real concern: environmental factors and deposit depletion.

5.2 Post-Mining Sustainability of Mine Sites

The various economic and financial, social and community, legal, political
and psychosocial, environmental, technological aspects of mine closure
should be addressed on a site or catchment scale and resolved by involving
all the relevant stakeholders, and keeping in close communication with all
stakeholders. Responsible mine closure, as outlined by Sheldon et al. (2002),
should guarantee that plant and equipment (if not an industrial heritage) as
well as hazardous substances are removed, the used land is reclaimed, and all
reasonable measures are taken to exclude potential ground- or surface water
pollution. This does not only apply to the mine site but to all installations
that were used by the mine operator. Too many sites are known worldwide
where the mine operator just switched off the lights and left the mine site
without any after care. In this age of sustainability, mine operators have to en-
sure that they leave their mine sites as environmentally sound as possible.
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Sustainability as a technical term was introduced by the Saxonian Ober-
berghauptmann (senior chief-inspector of mines) Hannf3 Carl von Carlowitz.
Like Georgius Agricola, he came from the German Erzgebirge and in 1713,
he published Sylvicultura Oeconomica, where he first described sustainabil-
ity in forestry (Carlowitz 1713). Since then, forests in Germany have gener-
ally been maintained in a sustainable manner, which means that no more
trees are cut than are growing, or the land is reforested at the same time. In
the 19" Century, the principles of sustainable forestry became the method of
choice in nearly all developed countries of the world. Because sustainability
is so important in today’s mining and mine closure processes, von Carlowitz’
first mentioning of the word shall be cited here. Interestingly, it stands in a
direct context to mining (the words are written exactly as they appeared in
the original publication):

Aber da der unterste Theil der Erden sich an Ertzen durch so viel Mithe
und Unkosten hat offenbahr machen lassen, da will nun Mangel vorfallen
an Holtz und Kohlen dieselbe gut zu machen; Wird derhalben die gréfite
Kunst, Wissenschaft, Flei}, und Einrichtung hiesiger Lande darinnen
beruhen, wie eine sothane Conservation und Anbau des Holtzes anzustellen,
dal3 es eine continuierliche bestindige und nachhaltende Nutzung gebe,
weiln es eine unentbetliche Sache ist, ohne welche das I.and in seinem Esse
nicht bleiben mag. Denn gleich wie andre Linder und Kénigreiche, mit
Getreide, Viehe, Fischereyen, Schiffarthen, und andern von GOtt geseg-
net seyn, und dadurch erhalten werden; also ist es allhier das Holtz, mit
welchem das edle Kleinod dieser Lande der Berg-Bau nehmlich erhalten
und Ertze zu gut gemacht, und auch zu anderer Nothdurft gebraucht wird.
(HannB Catl von Carlowitz, Sylicultura Oeconomica, Capter V1. Von Noth-
wendigkeit und Nutzen des Holtz-Anbaues, p. 105-106; Leipzig 1713).

Translated, this means:

Now that the ores in the lowermost part of the earth, through effort
and expenses, were revealed, a shortage of wood and coal for their bene-
ficiation occurs. Thus, the greatest skills of art, science, diligence, and in-
stitutions of the local states will examine how a conservation and cultiva-
tion of wood shall be done so that a continuous, lasting, and sustainable
use is given, because it is an indispensable thing, without which this state
will not continue to exist. Since other countries and kingdoms are blessed
by God with crops, cattle, fishing, ships, and others, and survive because
of that; so, here it is wood that is the precious jewel of these states: it al-
lows mining to stay alive and ore to be beneficiated, and also used for
other affairs.
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Since the Berlin round table on Mining and the Environment (United Na-
tions Department of Technical Co-operation for Development and Develop-
ment Policy Forum of the German Foundation for International Develop-
ment 1992, see appendix III) and the UNCED conference in Rio de Janeiro
(1992) which resulted in the Agenda 21 (United Nations Conference on En-
vironment and Development [UNCED] 1992), sustainability and environ-
mental sound mining also became crucial for mine operators. Furthermore,
these principles are a fundamental part of the UNDESA and UNEP guidelines
for environmentally safe mining and post-mining procedures (United Na-
tions Environment Programme [UNEP] 1994). A two year project called
“Mining, Minerals and Sustainable Development (MMSD) Project” focused
on many aspects of sustainable mining, with a critical view on the mining
companies, but although the project produced a lot of material on many dif-
ferent aspects of mining, mine water issues were not covered in great detail
(Mining Minerals and Sustainable Development [MMSD] Project 2002).

Post-mining sustainability regarding mine water means that mine water
quality after mining will reach a good ecological status and that the water
quality can be sustained without further input of energy or financial subsidy.
This does not only apply to the mine water sensu strictu but also to the sur-
face and ground waters that could be affected by the closed mine. This is
true for both the chemical constituents and suspended solids, which in some
areas of the world account for a large part of the mining-impacted pollution,
as in the Indonesian Grasberg-Ertsberg (Lottermoser 2003), the Papua New
Guinea Ok Tedi (Miller et al. 1990; Hettler 1995; Lottermoser 2003), or Mis-
ima (Jones and Ellis 1995), the Tasmanian Mount Lyell mines (Harries 1990;
Sustainable Development Advisory Council and Copper Mines of Tasmania
1995; Featherstone and O’Grady 1997), or the sludge from mine water treat-
ment operations (Fig. 10). It is difficult to know which is worse: precipitated
solids or acid mine drainage.

Fig. 10. Ore process-
ing sludge from the
Alegria mine, Minas
Gerais/Brazil.
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MPC, the Mineral Policy Center, an NGO based in the USA, called for a
complete ban on submarine tailing disposals in 1999. Indeed, submarine tail-
ing disposal are usually not permitted in the USA. One exception are the
Alaskan A-J Kensington, and Quartz Hill mines where exceptional circum-
stances had to be considered (U.S. Environmental Protection Agency 2003).
In Indonesia, submarine tailing disposal is commonly used due to limited
land space and the potential for earthquakes that might cause disastrous tail-
ing dam failures (Natural Resources Management Unit Division “Protection
of the Environment and Natural Resources”1999). Those cases show that
submarine tailing disposal, compared to alternative options, might be com-
paratively harmless, and from a water managerial point of view is usually of
no great concern (Ellis et al. 1995). Yet, submarine tailings disposal needs all
the environmental precautions that are necessary in a up-to-date mining op-
eration.

During the last couple of decades, the need to protect the environment and
the need for standards regarding mine closure became obvious. Environ-
mental protection groups, international organizations, regulators, NGOs, con-
sultants, and the mining industry itself were all considering appropriate
procedures to close a mine. Furthermore, while conducting several mine clo-
sures, there was a general consensus that since post-mining remediation can
be extremely expensive, measures should be taken to prepare for sustainable
mine closure during the active mining process. As a result, nowadays, most
mining operations have to provide mine closure plans at a very early stage
of the environmental assessment plan, before being given permission to mine.
Concerning water quality, those closure plans must consider very long time
scales as the longevity and potential changes in mine water quality must be
properly investigated. This leads to the demand for “Post-mining Sustain-
able Land Use Planning” instead of “Closure Plans”, which assumes that
regulators will accept a sustainable land use other than the pre-mining con-
ditions (Robertson and Shaw 1999). Within such plans, it could well be that
some parts of an abandoned mine have to be managed (for example slopes
of tailings dams or open pits), while others would be sustainable. A sound un-
derstanding of both the physico-chemical aspects that could occur after mine
closure and the mass transport within the flooded underground mine is nec-
essary for post-mining sustainable land use planning. Therefore, post-mining
sustainability requires many of the methods needed for acid mine drainage
prediction. It is not always possible to predict whether a self sustainable state
will be reached after mine closure. Also, it is sometimes unclear what self
sustainability means: many long abandoned mining areas, such as the Rio
Tinto area, are arguably self sustainable, but if a mine operator proposed to
leave a mine site in this condition, he would never get a permit for mine clo-
sure by the authorities. Similar conditions, from a legal point of view, occur
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at the German Freiberg/Saxony Rothschonberg or the Burgfey/Eifel (Fig. 11)
drainage adits, which are draining polluted water (Zoumis et al. 1999; Mair
2002; Weyer 2003). In all three cases, natural attenuation creates sustainable
conditions (see section 11.5 for a description of “natural attenuation”).
Using mine water in an environmentally safe manner after mining ceases
is considered an excellent example of post-mining sustainability (see section
11.7). Sustainable uses of mine water include drinking water (Burbey et al.
2000; Teaf et al. 2006), spa water (e.g. Bad Suderode, Feengrotten Saalfeld,
Alexisbad/Harz Mountains, Bad Gastein/Austria), turbine water (e.g. Max-
Braun-Adit, Biberwier/Tyrol, Fig. 12), and recreational purposes (e.g. Pas-
sagem de Mariana Gold mine, Minas Gerais, Brazil, Banyan Tree Phuket,
Thailand). Many mine sites are examples of excellent post-mining sustain-
ability (Fernandez Rubio 2004). Such sustainable sites are not always as spec-
tacular as the Cornish Eden Project (Macadam and Shail 1999; Harris 2004),
the Swedish Dalhalla Stone Quarry (Mattsson and Stenbacka 2004), the York-
shire Rother Valley Country Park (Brook and Cresswell 1989), the German
EuroSpeedway Lausitz (Lusatia), the German Rammelsberg World Heritage
lead-zinc-mine (Roseneck 2001; World Heritage site 623), or the Japanese
Iwami Ginzan World Heritage silver mines (World Heritage site 1246).
One of the world’s nicest health resorts is the Banyan Tree Phuket resort at
Laguna Phuket in Thailand, which was not affected by the December 2004 In-
dian Ocean tsunami because it was situated on the lee side of the wave. Tin
dredging in the Ohang-Nga Bay and Bang-Tao Bay started in 1907, and led
to the mangrove swamp being dredged to a depth of 30 m, resulting in the de-
struction of the mangrove environment. Even six years after an area was
dredged, the natural mangrove habit did not recover at all, and sediment
plumes moving into the open sea subjected off-shore coral reefs to siltation

Fig. 11. The portal of
the 7.5 km long Ger-
man Burgfey/Eifel mine
water adit discharging
15-19 m* min™! of pol-
luted mine water of the
abandoned Mecher-
nich mining area into
the Veybach stream.
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Fig. 12. Turbine house
of the Austrian Biber-
wier/Tyrol hydropower
plant using mine water
of the Max-Braun-Adit
located in the Silberlei-
the hills that can be
seen in the background
of the photograph. The
first turbine to produce
energy was installed in
1904; the currently op-
erating turbine was in-
stalled in 1936.

and devastation (Aranyakanon and Yongsakul 1981; Chansang 1988). Due to
the large tin reserves in the Ko Phuket area, a tin smelter, accounting for 10%
of the world’s tin production, was erected. Its proximity to a reef, called the
Tin Smelter Reef, was the reason for several biological studies, which re-
vealed a good adaptation of the corals to the high metal contents in the water
(Brown and Holley 1982; Scoffin and Bradshaw 2000). Because of the in-
creasing conflict between the interests of the tourist industry and the shallow
and coastal tin dredging activities, as well as low tin prices, mining ceased in
1985 (Carlin 1999). Chansang (1988) concluded that even after the dredging
operation had ceased, the “problem of effects, caused by increases in sus-
pended solids and turbidity will remain”. For a long time during and after the
active dredging operations, an intense, well-documented monitoring of the
area was conducted by the Phuket Marine Biological Research Centre. In
1977, the United Nations Development Plan stated that the area is a toxic
wasteland too severely damaged to support vegetation and consequently “too
environmentally damaged to have any development potential”. Nevertheless,
two years later, the Tourism Authority of Thailand wrote: “although the dam-
age was probably beyond repair, effort should not be spared to try to restore
the environment”. A $200 million (U.S.) restoration programme was initi-
ated, starting with importing fertilised topsoil, which was used for planting ca-
suarinas, palm, fruit and flowering trees as well as other vegetation. This
measure successfully stopped the erosion of the abandoned mine and tin
smelter land. At the same time, large quantities of contaminated soil were re-
moved, pit lakes were flooded with fresh and salt water, and environmental
impact studies were undertaken for new hotel resorts. Still, previous offshore
tin mining in Bangtao Bay continues to affect the region as millions of Baht
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have to be used to replace the sand swept away into the holes on the ocean
floor left by the dredging operations (adopted from Rung-Aroon Wichitwatee,
Public Relations & Advertising Manager, Laguna Phuket Media Contacts).

Miller et al. (2005) investigated mine and mine treatment discharges for
their potential use in aquaculture in West Virginia, where, especially in the
southern parts, mine water is also used as drinking water with little or no
treatment. They concluded that mine waters that meet the standards for fish-
ing waters might be used for aquaculture as long as the CO, levels are not too
high. Furthermore, abandoned treatment facilities might be converted to
aquaculture, as shown by the Guyses Run acid mine drainage plant, which
started operation in 2001. In 2004, six aquaculture facilities produced
salmonids in Pennsylvania, Maryland, and West Virginia/USA. Minnesota
had more than 20 abandoned mine sites being used for aquaculture, but sev-
eral of them had to be closed as the increase of nutrients and turbidity af-
fected the ecological status of the watersheds (Axler et al. 1998).

The Felsendome Rabenstein near Chemnitz/Saxony is a visitor’s mine in
which the two lowermost levels have been flooded since the beginning of
the 20 century (see section 12.10). It has been a local attraction since 1936.
During the last couple of years, the site was converted into an attractive recre-
ation area, and the underwater part is now being used by divers. The “Alte
Kalk-Bergwerk” limestone mine in Miltitz/Saxony has been used for various
purposes between 1571 and 1967, and diving in that abandoned and flooded,
up to 65 m deep underground mine, started in 1997 (Udo Krause, Dresden,
pers. comm.). Yet, compared to the flooded Bonne Terre/USA lead mine, the
world’s largest fresh water diving resort, 100 km south of St Louis, Missouri,
both of those mines are relatively small. A very economically working visi-
tor’s mine is the Schwaz/Austria visitor mine with more than 100,000 visi-
tors annually (Palme and Ingenhaeff-Berenkamp 1993; Palme et al. 2002).

Inert material as well as radioactive waste is commonly disposed of un-
derground as a post-mining use, at sites where the ground water around the
mine will not be negatively affected. Usually, the substances stored in aban-
doned underground mines are inert materials, such as fly ash or residues from
different industrial activities. Radioactive waste disposal, though it is a post-
mining use, cannot be listed under the definition given at the beginning of this
section, because it requires maintenance.

Underground mines are also used for geothermal energy production. The
potential of this was first investigated back in the 1970s, though that inves-
tigation in Montana/USA yielded only seven anomalies with discharge tem-
peratures between 5 and 12 °C (Lawson and Sonderegger 1978). In Canada’s
Nova Scotia, water in the Springhill coal mines with a temperature of 18 °C
is used for geothermal energy production (Jessop et al. 1995; Jessop 1998).
Furthermore, Saxony/Germany is currently investigating the potential for ge-
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othermal energy from abandoned underground mines (Workshop Geothermie
Bad Schlema 2004), and a EU project called “minewater project” investi-
gates potential energy sources from mine water in the Netherlands (Heerlen)
and Scotland (Midlothian). Another geothermal project using warm mine
water has been initiated in the Aachen/Germany coal mining area (Clauser et
al. 2005). Other mines where mine water is used for heating purposes in-
clude Park Hills/USA, Follda/Norway, Shettleston/Scotland, and Ochil View/
Scotland (Banks et al. 2003). Future geothermal projects at mine sites with
elevated water temperatures could reduce CO, emissions into the atmos-
phere, though their potential for that purpose has not yet been fully devel-
oped. Finally, modern heat pump technology has eliminated the need for the
water to be warm; Watzlaf and Ackman (2006) indicate that annual heating
and cooling costs could be reduced by 67 and 50% respectively in the Pitts-
burgh/Pennsylvania/USA area.

A residential area for prosperous inhabitants of Belo Horizonte/Minas
Gerais was constructed directly on the shores of the flooded Brazilian Aguas
Claras mine pit lake. Most pit lakes within the Quadrilatero Ferrifero (Iron
Quadrangle) in Minas Gerais can be seen as environmentally friendly from
a water quality perspective, because the abandoned iron mines are usually sit-
uated within itabiritic rocks that do not generate acid mine drainage. Several
kilometres away, the abandoned Mangabeiras iron mine was transformed
into a public park, which is now the biggest green area within the borders of
Belo Horizonte (Grandchamp et al. 2001; Amorim et al. 2001).

One of the most spectacular European open-cast mine regeneration proj-
ects is the Cornish Eden Project. It is an excellent example of co-operation
and an ecologically sound after use of a mine site. Cornwall contains 80 km?
of active and abandoned china clay mine workings and numerous abandoned
tin mines (Younger and LaPierre 2000). Many of the abandoned mine sites
are of public concern because the metal loads pollute surface streams. Once,
the Bodelva Mine was a prosperous china clay mine in the central part of
Cornwall, and extracted the clay for about 150 years. A total of 7 - 10° m? of
material was removed from the open pit leaving behind a 30—70 m deep hole.
In 2001, the Eden Project began and the remediation and dewatering work of
three years could be presented to the public. Today, Rio Tinto, Anglo Amer-
ica, MIRO, Eden Project and English Nature are working together in a col-
laboration to establish an educational centre for post-mine regeneration at
this site (Macadam and Shail 1999; Harris 2004).

If mine water is polluted, a sustainable treatment scheme has to be under-
taken to ensure that the environment is protected. The European Union PI-
RAMID R&D project investigated the sustainable installation of passive
mine water treatment schemes (PIRAMID Consortium 2003), and similar
studies have been conducted elsewhere. The use of polluted mine water for
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irrigation, e.g. for sugar beans and wheat, has been investigated by several
authors (e.g. Du Plessis 1983; Voznjuk and Gorshkov 1983; Annandale 1998;
Annandale et al. 1999, 2001; Jovanovic et al. 2001; Annandale et al. 2002;
Jiries et al. 2004). Yet, the long term effects of such irrigation on ground or
surface water quality have not been studied in detail.

In the case of the German Rammelsberg lead zinc mine, the mine opera-
tor presented a closure plan to the authorities that also included the treatment
of the acidic mine water. It was unquestionable that the mine water had to be
treated for a given time period but the requisite time period could not be
agreed to by the authorities and the mine operator. Therefore, the case went
to court and the court ruled that the mine water has to be treated by the mine
operator until the quality reaches the limits given by the authorities — if nec-
essary, ad infinitum (Anonymous 1994, 1995). This case clearly proves how
important post-mining water quality is regarded by the authorities.

5.3 Previous Mine Flooding Studies

While predicting flooding is highly uncertain, the prediction of mine water
quality and mine water stratification is even more challenging. Currently, no
case is known where the stratification of a mine was predicted precisely and
where remediation methods based on stratification predictions were suc-
cessful. The most comprehensive study of mine water stratification in a single
mine known so far was conducted at the Niederschlema/Alberoda/ Germany
uranium mine (Wolkersdorfer 1996). Between June 1992 and December
1994, some 115 depth profiles in seven underground shafts were measured
and the evolution of stratification in shafts was observed. A thorough inves-
tigation of flooded mine shafts on a regional scale was conducted by Cold-
ewey et al. (1999), who studied all accessible flooded hard coal shafts in the
German Ruhr Area, summing up to 19 shafts. Another comprehensive study
of ten flooded underground shafts was conducted by Ladwig et al. (1984) in
Eastern Pennsylvania/USA. Playton et al. (1980) investigated seven flooded
mine shafts in the Picher/USA Mining District.

In chapter 12, several case studies of flooded and stratified underground
mines will be described using examples found in the literature and my own
investigations. Only mines that are not backfilled will be discussed. Physico-
chemical parameters (temperature, salinity, pH, redox potential, oxygen con-
tent), in addition to chemical parameters, will be presented, a preliminary in-
terpretation of the stratification patterns will be given, and an attempt to
classify stratified mine shafts will be discussed.

The situation in metal, non-metal, and coal mines differs significantly from
flooded salt mines. Nevertheless, one should bear in mind that the controlled
flooding and monitoring of the German Hope Salt mine near Hannover was
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one of the first investigations studying the full range of mechanical and chem-
ical processes during the flooding of an underground mine (GSF — Gesell-
schaft fiir Strahlen- und Umweltforschung 1985, 1986; Flach and Heick
1986; Herbert 1989). Therefore, some case studies of flooded salt mines will
be presented in chapter 12, as well.

Some investigators have proposed that mine water stratification can be
used as a remediation measure for polluted mine water (e.g. Heidenreich et
al. 1991; Kindermann 1998; Gatzweiler et al. 2002). In fact, mine water strat-
ification can be used to aid remediation methods, but only where thermal or
forced convection will be reliably eliminated. Incorrect assumptions in the
StraBberg case (12.11) and the sudden breakdown of stratification in the
Frazer’s Grove mines (12.6) clearly prove the importance of a thorough un-
derstanding of mine water stratification.

5.4 Effects Contributing to Mine Water Constituents

5.4.1 The First Flush

In most situations in surface streams, concentrations of water constituents
inversely correlate with the stream flow rate (Stumm and Morgan 1996).
Such a scenario can often be seen after runoff events, where the electrical
conductivity, as a measure of total dissolved solids, decreases while the flow
increases. However, at most flooded surface and underground mines, there is
a steep increase in the concentration of mine water contaminants after the
mine water reaches the outflow level (Fig. 13, Fig. 14). At partially flooded
mine sites, this commonly occurs after every major storm event (see section
5.4.2), while at mines that are completely flooded, the contaminant concen-
trations usually decrease until they stabilise at a relatively constant value —
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which hopefully is the background concentration of that constituent. Though
this phenomenon of mine water quality change has long been known, it was
not before 1997 that it got a name: the “first flush” (Younger 1997). Com-
monly, the compounds leached during the first flush are more easily soluble
geogenic or anthropogenic compounds (U.S. Environmental Protection
Agency 2003).

Depending on the mine geometry and volume, the type of mineralisation,
and the amount of precipitation, the mine water within a flooded mine will
recover to background values after several years or several decades, some-
times centuries (Younger 1997; Demchak et al. 2004). The reasons for the ini-
tially elevated concentrations of the mine water constituents can be assigned
to one of the following three mechanisms:

e production of vestigial acidity
e production of juvenile acidity
e Dbuffering

Vestigial acidity (Younger 1997) comes from the dissolution of the sec-
ondary minerals formed during and after disulphide oxidation (section 3.2).
Most of those minerals are easy soluble sulphate salts and store a large
amount of acidity, sulphate, and metals. They are therefore commonly re-
ferred to as ‘acid generating salts’ (Bayless and Olyphant 1993). Because of
their high solubility, they are quickly dissolved by the rising mine water and
thus contribute to the peak of the first flush scenario.

Juvenile acidity (Younger 1997) results from three sources: proton acid-
ity from the disulphide oxidation within the fluctuation range of the mine
water table, proton acidity from the disulphide oxidation in the unflooded
mine workings above the water table, and mineral acidity from the dissolved

1600

Fig. 14. Time series of
1400 1 changing sulphate con-
pre-flooding concentrations post-flooding concentrations .
1200 1 centration at the Roth-
schonberger Stollen/
Germany adit (modi-

fied after Merkel et al.

o
S
S

sulphate, mg !
13
o

600 1 e : 1997; Baacke 2000;
400 ," o » caen : c, Beuge et al. 2001; Ye-
" % | fimochkina 2004).

200 4 e .

B

04+ . — . . . . . . . . . .
B
RS LR LR <R < R S LR LR R ol S L qp@ @““




48 Insights into Mine Closure

metals, such as Fe, Mn, Al, and Zn, which are usually present as hydroxide
or sulphate salts. This phase is characterised by fresh water flowing into the
system and reacting with the remaining disulphide and the before-mentioned
minerals.

Besides the acid-producing component, there is also an acid-consuming
component that occurs during the first flush scenario. As described in section
4.5, arange of minerals react as proton acceptors and neutralize acidity. Such
buffering can lead to neutral or circum-neutral conditions in the mine water,
after all the acidity is flushed out or consumed by the buffering minerals
(Demchak et al. 2004).

Most first flush scenarios show a characteristic time lag after which the
pollution load reaches its maximum. This time lag can range from several
hours to several days, and has not been thoroughly investigated. Yet, physico-
chemical measurements in shafts during the flooding process often show that
the electrical conductivity in the upper meters of the flooded shaft is less than
it is several meters beneath the water surface. Wolkersdorfer (1996) shows
that this low conductivity layer (zone Ne 1) is commonly between 1 and 18 m
thick, though in one case it was 190 m. It is followed by zone Ne 2, where the
electrical conductivity decreases within a thickness of 1 to 30 m; finally
comes zone Ne 3, where the electrical conductivity is relatively constant or
slightly decreasing (see also Fig. 113). The reason for this behaviour is that
the polluted mine water is commonly overlain by less polluted infiltration
water. When the mine water finally discharges into the anthroposphere, first
the less polluted mine water drains out of the mine followed by the more pol-
luted water, which leads to the characteristic first flush.

The duration of the first flush, #; mainly depends on the acidity removal,
aci..,, by buffering or dissolution, by the rate, 7, at which acid-containing
minerals weather, the volume, V, of the inter-connected workings, the hy-
draulic connection, conductivities, K, of the mine workings, and the ground
water recharge, Rgyw. According to the findings of the HERO research team
(University of Newcastle upon Tyne), the duration of the first flush after the
overspill of the mine water can be calculated (in minutes) using the follow-
ing empirical equation (Younger 2000d):

te= f(aci,,r,,V,K,R;y) =(3.95£1.2)xt, (26)

with ¢, the time it takes for the voids to be flooded (“rebound time”),
min

Wood et al. (1999) commented that #is a function of time dependent and
time independent factors, whereas the lithological setting and the extend of
the workings belong to the first, and the removal of vestigial acidity, car-
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Table 10. Disulphide contents of mined coal seams and their relation to observed
peak iron concentrations in the United Kingdom. The numbers can be used to pre-
dict peak iron concentrations for the first flush period. Modified after Younger
(20024).

Total disulphide content, Observed ranges of peak Fe; -
wt. % concentrations, mg L
<1 0.01-0.5
1-2 0.5-100
23 100-350
34 350-1,200
4-5 1,200-1,500

bonate dissolution, iron hydroxide armouring, bacterial reduction of sulphate,
and change in water flow rate belong to the latter. For the 32 coal mine dis-
charges they analyzed, they were able to show that over the long term, the pH
ranged between 6 and 7 and total iron decreases to less than 20 mg L. A
similar approach was used by Younger (2002d), who related the peak con-
centration of Fe; to the total disulphide content of the mined coal seams
(Table 10).

Alkaline mine water can revert to acidic conditions when all the buffering
phases are consumed and the production of juvenile acidity cannot be
buffered any longer. Such a scenario has been observed at the Yorkshire Bull-
house mine, which became acidic after 60 years of being alkaline (Laine and
Dudeney 2000; Younger 2000a). For every mine flooding scenario, it is there-
fore essential to calculate the potential net neutralization capacity of the rocks
in contact with the flooded mine.

5.4.2 The Effects of Storm Events

Closely related to the first flush is the increase or dilution of contaminant
concentrations at a mine water discharge. At partially flooded mines, a storm
event can raise the water level in the mine enough to dissolve the secondary
minerals that have formed since the last storm event, significantly (in some
cases) affecting the discharge quality. Mines that have relatively constant
water levels are not subject to this effect. Interestingly, there are many pub-
lications touching the matter of increased pollution and sediment loads in
mine water affected streams, but no general work about that interesting sub-
ject, though Bayless and Olyphant (1993) describe many of the effects that
cause stream pollution after surface runoff at mine sites. Most pollution
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comes from the erosion of tailings, waste rock piles, or from adit mines and
the subsequent transport of the sediments and metals into the receiving
streams, the flooded mine workings, or pit lakes. Several measures to prevent
such runoff by covering waste rock piles were described in Integrated Geot-
echnical Engineering Services Specialists in Unsaturated Zone Hydrology
(2003) and U.S. Environmental Protection Agency (2000). Field studies,
monitoring of surface runoff at abandoned coal mine sites, and the modelling
of the runoff were described by Hodgkinson and Armstrong (1996).

In general, the impacts of storm events at abandoned mine sites can be
minimised by using a thorough remediation strategy. Many regulations in-
clude precautions against surface runoff from active mines, and the recom-
mendations should be kept in mind for mine closure activities as well (U.S.
Environmental Protection Agency 2003). The necessary measures to be taken
before, during, and after a storm event should be compiled in a stormwater
management plan, similar to all the other management plans for an active or
abandoned mine site (Jacobs and Denham 2001). Such procedures include
covering of tailings or waste rock piles, covering of potential infiltration
zones above the mine workings, water diversion, regrading of slopes, or
revegetation. Some of those measures are described in section 11.4.7. Re-
tention ponds hold back suspended solids. If diversion ditches are constructed
to guide the runoff around waste rock piles, they must be large enough to
collect all the water, even during high storm or snowmelt events. At the
Aitik/Sweden mine, diversion ditches were too small and erosion caused
damage to the cover (Salmon and Destouni 2001). Especially in tropical re-
gions, stormwater management is critical, as shown at the Batu Hijau mine,
located on Sumbawa Island, Nusa Tenggara Barat, Indonesia. Up to 50 mm
in a 15 min interval and 200 mm in a 24 hour interval were measured at the
mine site and if no measures were taken to drain the water — even during the
post-mining period — severe damage to the surrounding environment could
occur. Sediment traps were installed to combat the problem (Jacobs and Den-
ham 2001; Jacobs and White 2001).

Besides the erosion of solids and its transport in the runoff water, rainfall
also raises the water table in tailings or waste rock piles and can release the
easily soluble secondary minerals in tailings (Al and Blowes 1996). Loadings
during and after rainfall events can be up to 20% higher than during normal
flow situations. Especially after long rainfalls events, when the tailings be-
come flooded, significantly high discharges might be expected.

Possibly one of the most interesting sites where such phenomena occur is
the Tasmanian Mount Lyell mining area, which affects the King River and,
at its mouth, trout farming in Macquarie Harbour (Lake et al. 1977; Locher
and Keller 1995). Several hundreds of kilometres downstream, the aquatic
life was severely affected by the effects of surface runoff, sediments from
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the remnants of copper mining, and a high daily load of copper (Parliament
of the Commonwealth of Australia 1970; Taylor et al. 1996; Twining and
Cameron 1997). The sediments transported by the Kings and Queen Rivers
filled up the river mouth with nearly 1.5 m of sediments, so that boats were
hindered from entering the river’s mouth (Parliament of the Commonwealth
of Australia 1970).

Proper regrading and revegetation is an effective means to minimise acid
mine drainage at surface operations (The Pennsylvanian Department of En-
vironmental Protection 1998). To prevent runoff, the slopes of tailings or
waste rock piles should be regraded to reduce the slope of the piles and to
minimise the erosion during storm events (Hawkins 1995). This provides
more stable surfaces, supports revegetation, and thus decreases the pollution
of surface streams and ground water. Several of the measures described under
water diversion (section 5.7) can be used to prevent surface water from flow-
ing over uncapped waste rock piles (Adams et al. 2000). Sandén et al. (1997)
measured the amount of colloids during a storm event 500 m downstream of
a remediated mine waste deposit. At this sampling location, the flow in the
stream increased 2 hours after the rain started. They clearly proved that the
amount of solids started to increase 1 hour later, increased by about 100%
after another 30 minutes, rose to a maximum of 150% 4 hours after the runoff
water reached the measuring location, and stayed that high for at least 24
hours.

In the Picher Mining District (Kansas/Oklahoma/Missouri, USA), meas-
ures were taken to prevent surface runoff from flowing into abandoned mine
shafts and boreholes (Tar Creek Superfund Task Force Water Quality Sub-
committee 2000a; DeHay et al. 2004). In addition, several areas were cov-
ered with impermeable soil to prevent storm water from flowing into the
abandoned mine workings, but that measure was not very effective and is
not recommended to prevent water flowing into abandoned workings. If there
is a need to predict surface runoff, Appendices A and B of U.S. Environ-
mental Protection Agency (2003) describe the necessary measures to predict
the amount of runoff by using several graphical and numerical techniques.

Burbey et al. (2000) observed two different effects of rainfall on the dis-
charge water quality. While the main ions in the water, such as Mg, SO,4, and
Ca, are relatively uninfluenced by the rainfall, the pH is negatively corre-
lated with increased flow due to rainfall, and the iron concentrations were
positively correlated with the rainfall events. They conclude that the rain-
water, which contains no iron, flushes the mine water and also lowers the
pH.

Sandén et al. (1997) took 47 samples over a period of 24 hours after a
15.5 mm rainfall event during 7 hours. The flow within the stream increased
from 0.2 L s to 23 L s! and decreased to 6 L s 23 hours after the rain



52 Insights into Mine Closure

started. Their results were similar to those of Burbey et al. (2000), with an in-
crease in pH, turbidity, and TIC and a decrease of the other trace element
concentrations. The main ions and total iron showed two scenarios: they first
increased as salt dissolved from the mine waste disposal site, and after 4-5
hours, they decreased again as a result of dilution.

However, there is no general rule of behaviour of mine sites or flooded
mines during storm events. At many sites contaminants decrease due to di-
lution. While the contaminant loads stay relatively constant, the contaminant
concentrations decrease with increasing flow (Hawkins 1998).

In conclusion, the negative impacts of surface runoff after storm events or
snowmelt can be positively influenced by covering the tailings and waste
rock piles, regrading the slopes to reduce the slope angles, revegetationg the
surface of the piles, and diversion of waters. Compared to many other re-
mediation measures, especially mine water treatment, these measures should
be an integral part of a mine site remediation to limit AMD/ML.

5.5 Reasons for Mine Flooding
5.5.1 General Aspects of Mine Flooding

When the life of an underground or open-cast mine ends, its maintenance
typically stops and the dewatering pumps are switched off. Generally, where
no drainage adits exist at the lowest levels, the open pits or underground
workings will fill with water and the mined voids will be flooded with
ground- or surface water (Fig. 15). Eventually, the water will overflow and
discharge into receiving water courses. Depending on the open space, the
availability of infiltration water, and the type of flooding (uncontrolled, con-
trolled, monitored), inundation can last from several months to more than a
decade.

According to the principles of sustainable mining, it is essential that the
pre-mining hydrogeological conditions are nearly restored after the mine
floods. Furthermore, potential drinking water reservoirs have to be protected,
surface streams must not be polluted by the mine water, and the pollutant
loads should be reduced to a minimum. Most of those prerequisites can be
achieved by reducing the mine’s water make, which is the sum of all the
water discharging from a mine (Fig. 29). Often the drainage water of a
flooded underground mine has a high potential to pollute the surrounding en-
vironment and increase the base flows of receiving streams. Therefore, the
mine operator nowadays has to ensure that polluted mine water is treated ac-
cordingly and that environmental pollution of the water catchment is min-
imised. To do this, the mine operator has to decide if it is better to accelerate
or deaccelerate the flooding process. When mines are flooded quickly, the
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disulphides are excluded from weathering as soon as possible and the pollu-
tant loads are consequently quickly reduced, according to equation 26. In
such a scenario, the water treatment plant can be switched off after a rela-
tively short time. On the other hand, if the water treatment plant will have to
run for a very long time, the flooding process should be deaccelerated. Sev-
eral options for an adapted mine water treatment are available, and will be
discussed in chapter 11.
The main reasons for mine flooding are:

the mine is no longer economical

all the raw material has been exploited

accident, war, or political reasons

geotechnical stability of the abandoned mine workings
prevention of disulphide oxidation

safety reasons (prevention of unintentional visitors)

Controlled mine flooding is conducted in areas where people or the envi-
ronment might be affected by polluted mine water or by raising the water
table above a certain level. There, maintenance of pumps or treatment facil-
ities will take as long as deemed necessary by the mine operator or the au-
thorities. In some mines in the former German uranium mining areas of Sax-
ony and Thuringia, controlled flooding was prepared for extensively; several
expert opinions about the mine water rebound and the chemical evolution of
the mine water quality were sought, taking nearly a decade to draw final con-
clusions (Jakubick et al. 2002). Controlled mine flooding does not necessar-

Fig. 15. The flooded
Reiche Zeche shaft of
the Freiberg/Saxony
mining field (2 March
2006). The brown
colour is a result of
ochre precipitates as a
consequence of the
catastrophic flooding
of August 2002. Width
of picture approxi-
mately 2 m.
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ily mean monitored flooding. Of course, in nearly all mines that are flooded
in a controlled way, the water level in the mine and the drainage water quan-
tity are measured. Monitored flooding of a mine is a subset of controlled
flooding, and includes the installation of physico-chemical probes, regular
measurements of the drainage water quality within the flooded part of the
mine and at the discharge points, as well as a geotechnical monitoring sys-
tem. The Prediction Workgroup of the Acid Drainage Technology Initiative
(2000) described such monitoring schemes for coal mines while the ERMITE
Consortium et al. (2004) did the same for all types of mining operations.
Usually, some pumps remain installed to interfere, as necessary, with the
raising mine water. Such a scheme was used by the Niederschlema/Al-
beroda/Germany mine, where the mine water table rose quicker than ex-
pected and the mine water table had to be lowered by pumping to avoid the
discharge of heavily contaminated mine water (Meyer et al. 2002).
Installations for controlled mine flooding include:

temperature measurements
geomechanical installations (geophones)
conductivity measurements

piezometers

flow measurements

pumps

There are two possibilities for controlled mine flooding. In the first case,
enough water in the catchment area of the mine is available to flood the mine.
The mine can then be flooded passively, without using water from other
catchments. The second case occurs where not enough water is available to
flood the open space or where the water that would be available has a chem-
ical composition that would cause problems. Such situations can be found in
the Lausitz/Germany lignite mining areas, where the rivers Spree and Neifle
do not have enough water to flood all the open pit lignite mines that were
closed after 1990 (Kaden and Schramm 2000; Schlaeger and Kongeter 2001;
Griinewald 2001). Other examples are salt mines that are flooded with satu-
rated brine to avoid the destruction of nearby mines or surface subsidence due
to salt dissolution (Herbert 1989). Because the flooding of abandoned salt
mines is different in many aspects from the flooding of abandoned coal or
metal mines, their mine water management shall be excluded from the fol-
lowing discussion. The interested reader is directed to the investigations of
the central German salt mines by Brendel et al. (1982).

Uncontrolled flooding usually happens in the case of accidental mine
flooding, which can occur due to mine water inrushes (section 5.5.4) or where
no damages to the ecosphere or engineering construction are assumed. Other
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examples are mines where the mine budget is unclear, or crisis or wars begin
and pumping has to be stopped. Usually, the mine water pumps are stopped
at a certain time and neither a geotechnical nor a chemical or physical mon-
itoring system is installed.

For reasons of completeness, it should be mentioned that there are situa-
tions where the flooding of a mine or of a mining region would cause or has
already caused detrimental impacts on the eco- and anthroposphere. Such
situations will occur in the German Ruhr, the Dutch Limburg and the Polish
Silesian coal mining areas, where decades of mining lowered the ground
water table and cause surface subsidence under the pre-mining ground water
level (Bekendam and Pottgens 1995; Younger 2002b). Flooding of salt or
gypsum mines — be it intentional or accidental — can also cause catastrophic
situations, as occurred in Polish and German mines (Schwandt 1993; Seifert
and Schwandt 1996; Schwandt and Seifert 1999; Zuber et al. 2000).

Flooding prediction is still a highly fuzzy job, needing experience and
knowledge of the underground workings. Although several empirical and nu-
merical models exist (e.g. Heidenreich et al. 1991; Younger and Adams 1999;
Frydrych et al. 2000; Banks 2001; Adams and Younger 2001; Spiessl et al.
2002; Kalka et al. 2002), the modelling results are still highly uncertain and
are only truly satisfactory for simple mine geometries (e.g. Aurada 1970;
Brown 1982; Hanzlik and Vydra 1985; Rogoz 1994; Banks 1994; Gatzweiler
et al. 1997; Younger 2002d; Whitworth 2002). One of the rare examples,
where prediction and reality show a good correspondence, is the Whittle
mine of the Shilbottle coalfield. Adams and Younger (2001) investigated the
hydrological and hydrogeological situation at this mine site and used the
GRAM code to predict the flooding scenario in 1998. The model predicted
that the water would reach the 50 m level by around May 2002 and in fact
the prediction was a ‘precision landing’ (Younger 2004a). More details on
water rebound will be given in section 5.9.

5.5.2 Surface Mines

Because some surface mines have been or will be converted to underground
mines (e.g. Ronneburg/Germany, Chuquicamata/Chile, Palabora/South Afri-
ca, El Valle and Carlés gold mines/Spain, Aguablanca nickel mine/Spain),
such operations might be hydraulically connected with each other. For those
mines it is necessary to have at least an idea of the relevant processes in sur-
face mines. Therefore, this short section gives some general aspects that are
important for flooded surface mines.

Surface mines, also called open pit mines, and opencast mines, are used
for near surface raw material deposits if the costs for removing the overbur-
den are less than the expected profit from selling the raw material. Surface
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mines are used to extract large raw material deposits such as coal, gold, cop-
per, or industrial minerals like gypsum, limestone, or hard rock. After min-
ing ceases, they are often flooded, forming pit lakes (Fig. 16). Though open
pit lakes are not the focus of this publication, they should be mentioned for
completeness because they are unique water bodies that attract different kinds
of creatures: bacteria, fish, birds, and scientists. Since the 1970s, the number
of open pit mines have increased steadily due to an increasing demand on raw
material resources, the increasing technical possibilities to extract ores from
low mineralised ore bodies such as copper-porphyry type deposits, and the
relatively low costs of surface excavation at some sites. Leading surface min-
ing countries are the USA, Canada, Australia, Chile, Brazil, Peru, Mexico, In-
donesia, the Philippines, Papua New Guinea, West Africa, and Kazakhstan
(Castro and Moore 2000).

Depths of open pits range from several meters to several hundreds of me-
ters. One of the deepest open pit lignite mines is located in the Western Ger-
man area around Cologne while the deepest metal open pit mines are the
Chuquicamata/Chile and Bingham/USA copper mines. Open pits near
Cologne reach a depth of up to 500 m while the Chuquicamata open pit mine
has a depth of 850 m and is projected to reach 1100 m by 2013 (Rowan
McKittrick, Water Management Consultants Ltda., Santiago de Chile, pers.
comm.; Ossandon et al. 2001; Arancibia and Flores 2004). The Bingham
copper mine is currently deeper than 900 m (Borden 2003). Besides the
depth, the aerial size of the open pits can vary considerably from several hun-
dred square meters to even square kilometres.

In contrast to underground mines, the hydrodynamics of open pit lakes,
their geochemical development, and the prediction of open pit filling have
been studied by many researchers using numerical, geophysical, geochemical,

Fig. 16. Spreetal Nordost open pit lake in the abandoned Lausitz/Germany lignite
mining area. The final water level will be about 8 m above the current water sur-
face.
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and tracer techniques (e.g. Prediction Workgroup of the Acid Drainage Tech-
nology Initiative 2000; Castro and Moore 2000; von Rohden and Ilmberger
2001; Bowell 2002; Mudroch et al. 2002; Ardejani et al. 2003). A review of
pit mine hydrology and geochemistry is given by Bowell (2002) and in a spe-
cial issue of IMWA’s Mine Water and the Environment journal (Bowell 2003).

Flooding of surface mines is a common procedure after production ceases
or the operations discontinue. In many countries, guidelines for surface mine
flooding were developed (e.g. Landerarbeitsgemeinschaft Wasser [LAWA]
2001) and besides the hydrogeological prediction, geochemical predictions
of surface mine flooding were published (e.g. Klapper and Schultze 1996;
Klapper et al. 1996; Prediction Workgroup of the Acid Drainage Technol-
ogy Initiative 2000; Geller et al. 2000a). The inflow into an open pit mine can
be modelled in several ways, using an equivalent well approach, two-di-
mensional flow equations, or numerical techniques (Finite Element Method,
Finite Difference Method, Boundary Element Method). For an operating
mine, such models can also be used to estimate the cone of depression of the
dewatering procedures (Singh and Reed 1988).

At such sites, the open pit gradually fills with ground or surface water and
a pit lake is established after the dewatering pumps or drainage wells are
stopped. Surface waters (precipitation) and runoff water from the pit slopes
can be captured and stream water can be diverted or pumped into the pit lake.
Ground water can be water from a ground water body connected to the pit or
from old abandoned underground mine workings. Water tables usually equil-
ibrate with the ground water table, but they might be higher or lower de-
pending on the local meteorological conditions. High precipitation causes
pit lake water levels to be higher than the ground water table, whereas high
evaporation lowers the pit lake level. If highly polluted pit water is expected,
pumps might be installed in the pit to lower the pit water table and prevent
the contaminated pit water from interacting with uncontaminated ground
water (e.g. the Aznacollar pit, where the pit lake level is kept 6 m below the
ground water table; Schultze et al. 2006; Kurt Friese, pers. comm.).

Most man-made pit lakes are similar to natural lakes and the hydrody-
namic and geochemical evolution of such lakes has been studied intensively
during the last couple of decades. GeoRef lists more than 400 and the ISI
database more than 100 entries concerning pit lakes, but there are few gen-
eral publications on mining pit lakes. Geller, Klapper and Salomons discuss
many aspects of acidification and remediation as well as water quality man-
agement of acidic mining lakes (Geller et al. 1998; Klapper and Geller 2001).
They also address numerical and empirical models that have been developed
to predict water table recovery within and around pit lakes.

Water quality in such pit lakes varies over a broad range, from drinking
water quality to highly acidic mine water, and it is known that polluted open
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pit mine water has killed birds and fish. Besides water quality, the depth and
the physical properties of such lakes vary over a broad range. They can be
only several meters deep, or reach depths of up to 500 m. Typically, such pit
lakes have a low surface area to depth ratio with values below 10 m? m™,
compared to natural lakes with surface area to depth ratios above 2000 m? m'!
(Doyle and Runnells 1997; Castro and Moore 2000; Bowell 2002). This
might cause a stable stratification of the pit water body to develop, such that
the depths of the epi-, meta-, and hypolimnion stay relatively constant for a
long time. Some studies have suggested that, due to the reducing conditions
at the bottom of stratified mining lakes, such lakes could be used as mine
waste disposal sites (Doyle and Runnells 1997; Levy et al. 1997).

Not all mine pits are kept open, or are flooded. Alternative uses might in-
clude soil reconstruction, forestry, recreation, agriculture, or wildlife habitats
(Brenner 2000; Kennedy 2002). Some open pits are backfilled with overbur-
den from other open pits or with reactive material to prevent acid mine
drainage. Another option is to backfill pyrite-rich overburden or tailings in the
pits to prevent the pyrite from weathering under oxidising conditions. Bowell
etal. (1998), and Bowell (2002, 2003) give guidelines on environmental issues
that have to be considered and list procedures on how to abandon open pits.

5.5.3 Underground Mines

Underground mines have been used since Neolithic times to extract many dif-
ferent types of raw materials. While the first Neolithic underground mines only
reached several meters of depth, Bronze Age underground mines went down
more than 100 m, and modern mines, like the planned AngloGold’s Western
Ultra Deep Levels mine (WUDLSs) extend up to 5,000 m (Zschocke et al. 1932;
Holgate 1991; Shepherd 1993; Vieira et al. 2001; Lynch 2002; Fig. 17).

While the number of surface mines have steadily increased over the last
several decades, numerous underground mines have closed. Yet, it can be as-
sumed that in the future, underground mines will probably be more attractive,
because the depths of surface mines are limited, while the depth at which
raw material deposits can be found theoretically reaches the thickness of the
upper crust. Once the economically extractable near-surface raw material de-
posits are exploited, underground mining will re-emerge and the knowledge
of ecologically safe closure procedures for such mines will become more im-
portant than ever. An example of an open pit mine that will be converted to
an underground mine is the Chuquicamata mine in Chile, which will start to
work underground in the year 2013 (Arancibia and Flores 2004). Rio Nar-
cea’s El Valle and Carlés gold mines as well as the Aguablanca nickel mine
(Asturias/Spain), have been converted to underground mines since 2004
(Paul Younger, pers. comm.; Rio Narcea web page).
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Fig. 17. Unflooded access Gallery in the Western Deep Level/South Africa under-
ground mine. The Gold Reef comes in from the top right side and dips to the lower
left corner. Concrete support helps to support the geomechanical stability in the
2500 m deep gallery.

There are three different types of underground mines: adit mines, incline
mines, and shaft mines — and of course combinations of these (Fig. 18). Their
hydrological and hydrogeological characteristics differ significantly and the
closure procedures for each require different techniques. From an environ-
mental point of view, adit mines should preferably be closed by constructing
dams (bulkheads) at the mine entrances to allow the mine to flood, re-estab-
lishing a water table that will resemble the pre-mining water table. Unfortu-
nately, this closure technique requires reliable engineering constructions
whose stability cannot be guaranteed in all circumstances due to highly acidic
drainage waters and extreme water pressures. Also, the rising water table can
cause unforeseeable non-point discharges of polluted mine water (ERMITE

Fig. 18. Principal mine
types: shaft mine, in-
cline mine with incline
drift, and adit mine.
The “Stollentroll” ©
Walter Moers, Eich-
born Verlag, Germany.
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Consortium et al. 2004). Therefore, the construction of dams in adit mines al-
ways needs extensive investigations to exclude environmental problems, per-
sonal injuries, or damage to engineered constructions. If the situation is un-
clear, the full closure of such mines should be avoided (ERMITE Consortium
et al. 2004). More details about such physical barriers can be found in sec-
tion 5.7.3.

After a mine has been abandoned, the maintenance of the wooden and
steel support stops or pillars start to weather and, depending on the physical
properties of the support, its stability will gradually decrease. If the rock pres-
sure, caused by the static or dynamic loading, exceeds the supportive forces,
the support fails and the workings collapse, eventually giving rise to surface
subsidence. In unsupported parts of the mine, especially in the stopes and
adits, overburden pressure decreases rock stability and, depending on the ex-
traction ratios, causes roof failures or pillar crushings as well. Alternatively,
the buoyancy forces of the rising mine water will cause the pore pressures to
decrease and the overburden pressure and the potential for subsidence might
be minimised; even uplift can occur. Although such effects have been known
since Terzaghi’s pioneering soil mechanical investigations (Terzaghi 1925),
only minor systematic research has been conducted on this topic (e.g. Ober-
ste-Brink 1940; Goetz et al. 1994; Hunt and Reddish 1997). While Goetz et
al. (1994) found proof of positive buoyancy effects, Hunt and Reddish (1997)
think that those effects are negligible. Yet, as the mine flooding in Lim-
burg/The Netherlands shows, vertical lift of up to 0.2 m can occur in areas
that are affected by the raising water table (Pottgens 1985; Bekendam and
Pottgens 1995). Oberste-Brink (1940) investigated the surface uplift in the
abandoned Witten/Germany hard coal mining area. He noticed uplifts in a
mine ranging up to several centimetres.

The geophysical records of flooded mines show that in tectonically weak
areas of the mine, the number of micro-earthquakes usually increases dur-
ing flooding (Flach and Heick 1986; Rudolph 1997; Ogasawara et al.
2002), and normally come to a halt after flooding is finished. Such micro-
seismic events within a mine can induce significant changes in the mine
water level. One of those events was observed in the Niederschlema/Al-
beroda uranium mine on 21 November 1995, where a micro-seismic event
dropped the mine water level by 34 cm. Even 14 years after the start of the
flooding process, the micro-seismic events induced by flooding did not
cease, though their magnitudes steadily decreased (Krentz et al. 2004).
Flach and Heick (1986) observed that micro-seismic events were clearly
linked to the flooding, and when the quantity of flooding water into the
mine changed, and that the number of micro-seismic events decreased after
flooding. These measurements verify the observations of Goetz et al.
(1994) that during the flooding process, areas that were at the limit of their
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stability will fail and, after flooding, the buoyancy forces will stabilise the
mine workings.

One of the main reasons for the flooding of underground mines is the pre-
vention of disulphide oxidation and consequently acid mine drainage. Al-
though not recorded in detail, acid mine drainage causes world-wide damage
in the range of several billion Euro. Literature about acid mine drainage is nu-
merous and the reader interested in the details of acid mine drainage is re-
ferred to Stumm and Morgan (1996), Younger et al. (2002), Lottermoser
(2003), or Jambor et al. (2003) for further reading (see also chapter 4). Disul-
phides, namely pyrite and marcasite (FeS,), but also the monosulphide
pyrrhotite (FeS) are the crucial minerals for acid mine drainage formation
(the chemical formula of pyrrhotite is FeS, yet, most natural pyrrhotites are
found to be Fe_ ¢3S, usually written as Fe;_,S, Strunz and Nickel 2001).
In the presence of water and oxygen, and catalysed by bacteria (see section
4.4), these disulphides weather to form acid conditions as well as ferric and
ferrous iron (Stumm and Morgan 1996). In addition, the acid further accel-
erates dissolution of other minerals, resulting in an increased trace metal con-
centration in the mine water. These products of the disulphide oxidation cycle
can have major impacts on the environment; the highly acidic mine drainage
leaves the drainage adits and if not properly treated, dyes the streambeds,
natural wetlands, and flood plains an unpicturesque red to yellow colour. Iron
concentrations in highly acidic mine waters can reach several thousands of
milligrams per litre and pH values of —3.6 were measured in the Californian
Richmond Mine (Nordstrom et al. 2000). Though acid mine water can be
treated by several passive or active treatment options (Younger et al. 2002;
Brown et al. 2002), the best option is to prevent the formation of acid
drainage at its source: in the mine. Mine flooding isolates the disulphides
from atmospheric oxygen and therefore significantly reduces the kinetics of
acid formation. Due to the low diffusion coefficient of oxygen in water as
well as the low oxygen content and redox potentials of ground water, mine
flooding reliably limits the formation of acid mine drainage.

Safety reasons are another motivation for mine flooding and — of course —
mine sealing. Non-flooded or unsealed underground mines are frequently
visited by people who are not aware of the dangers they might encounter un-
derground, and mine owners can be held legally responsible for personal in-
juries. Mine gases (mainly Rn, CHy, H,S, CO,, CO) are another reason for
mine sealing (those gases are usually not much of a problem during the ac-
tive mining period because of the mine air ventilation). Especially in remote
areas of the USA or Australia, deadly accidents are reported frequently, and
programmes to close open shafts or adits are ongoing (e.g. Suman et al.
2000). Mining archaeologists investigating the history of abandoned mines,
be they professionals or semi-professionals, are usually well equipped and ac-
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cidents therefore are rare (Leupolt and Hocker ca. 1999). Mine owners there-
fore should try to work together with local interest groups to find closure so-
lutions that fit the needs of mining archaeologists, environmentalists, and
health- and safety regulators.

Economics and the depletion of the deposit are the most obvious reasons
for mine flooding. Dewatering pumps, especially in deep underground mines,
are extremely energy consuming and therefore add significantly to the costs
of underground mining. It is therefore in the interest of the mining company
to stop dewatering pumps as early as possible after the productive period.
For underground mines involving techniques that do not include surface sub-
sidence, including most metal mines, such a procedure usually presents no
danger for the people living in the vicinity. In contrast, longwall mining op-
erations, where the roof is allowed to collapse behind the advancing face, in-
duces surface subsidence, as can be seen in many coal mining areas of
Britain, Poland, Germany, Australia, and the United States. Switching off
dewatering pumps in those areas, which include very heavily populated re-
gions, can mean the flooding of many well-known industrial zones (Younger
2002b). A compromise approach is to collect and discharge relatively un-
contaminated infiltration water to avoid high water treatment costs; this ap-
proach has been used during the flooding of the Eastern German uranium
mines.

The controlled flooding of an underground mine should include the fol-
lowing precautions:

e removal of potential water hazards in the mine

e backfilling of near-surface structures that might subside or collapse
during or after the flooding process

e installation of water diversion systems (see section 5.7)

e grouting of tectonic structures that are known to be connected to drink-
ing water reservoirs

e installation of a hydrogeological and geotechnical monitoring system
underground and at the surface

e prognosis of hydrogeochemical and hydrological development of mine
water

5.5.4 Mine Water Inrushes

Besides mine gas explosions, mine water inrushes are the most common rea-
son for catastrophic accidents in underground mines and still claims many
victims. Though mine water inrushes due to insufficient pumping capacities
are relatively rare — compared to historical times — they still occur. Recent
cases are the Russian Sapadnaja-Kapitalnaja coal mine (23 October 2003),
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the Chinese Shentang coal mine (22 June 2002), the Chinese Xuzhou coal
mine (1 January 2000, Anonymous 2000) and other Chinese mines (Anony-
mous 2002; Bei and China Daily 2004). Singh (1986), Sammarco (1986),
Job (1987), Vutukuri and Singh (1995), Kroker and Farrenkopf (1999) as
well as Younger (2004b) give in-detail-studies of such accidents and some of
them also discuss their prevention.

By statistics, flooded abandoned panels or parts of a working mine pose
the highest risk of accidental mine water inrushes (Fig. 19, Job 1987; Vu-
tukuri and Singh 1995). Job (1987) investigated 208 water inrushes in British
coal mines between 1851 and 1970. He was able to show that 78% of all
those accidents were due to contact with abandoned old workings, whereas
he identified 11 distinct reasons for such accidents: ineffective barriers, in-
complete old plans, absence of plans, incorrect plans, incorrect interpreta-
tion of old plans, failure to obtain the abandonment plans, absence of pro-
tective boreholes, ineffective protective boreholes, failure to plug boreholes,
unknown old workings, and incorrect seam correlation. One of the latest of
such accidents was the Quecreek/Pennsylvania/USA accident (24 July
2002) where the barrier pillar between this mine and the adjoining Saxman
coal mine breached, entrapping 9 miners, who were rescued 78 hours after
the accident (Pauley et al. 2003).

5.6 Remining Abandoned Mines — A Special Type of Remediation

Many abandoned underground mines, waste rock piles, or tailings ponds still
contain a great amount of unprocessed ore and acid-producing minerals. This
source of acidity may have been left due to the mining method, for example
in the pillars used for support, because the concentration of the commodity

old mine workings Fig. 19. Reasons for
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Fig. 20. Remining of an abandoned underground gold deposit in the Kalgoor-
lie/Western Australia Super Pit by daylighting through Kalgoorlie Consolidated Gold
Mines. Some of the old mine workings can be seen in the middle of the photograph.
The remining contributes to a reduction of the pollutant loads as potentially acidic
strata are excavated, processed and disposed of.

- = e o2

was below an economic concentration, or because no appropriate mining or
extraction method was available to extract it at the time of first mining. It is
common though to reopen such mines if the economic or technical conditions
that caused the closure of the mine change. Though remining, strictly speak-
ing, means the reopening of an existing abandoned or closed mine, this sec-
tion will also cover daylighting of underground mines (which means that a
former underground mine is converted to an open pit mine, Fig. 20), and the
reprocessing of mining waste disposals or tailings. Furthermore, as will be
shown, remining can significantly contribute to a reduction of the pollution
loads and is therefore described here.

Following the definition given by Hawkins (1995), remining would only
describe mining operations aimed to improve pre-remining water quality. An-
other definition is given by the U.S. Environmental Protection Agency et al.
(2001): “Surface mining of abandoned surface and/or underground mines for
which there were no surface coal mining operations subject to the standards
of the Surface Mining Control and Reclamation Act. Remining operations
implement pollution prevention techniques while extracting coal that was
previously unrecoverable”. Neither definition would cover the reopening of
non-coal mines. However, in this publication, “remining” will be viewed from
a slightly broader context and will cover all of these applications.

Remining was also conducted in the Germany, near Witten/Ruhr, where
the history of German coal mining started at the end of the medieval times.
At least three mining periods have been recognised there and all of them re-
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flect the stage of technical possibilities at their time (Koetter 2001). Each
subsequent period reused the old abandoned workings to mine coal that was
uneconomic in the previous period or which could not be extracted because
of technological reasons. Remining has been covered by several official pub-
lications in the USA and a lot of good guidance books or publications are
available (e.g. Smith 1988; Hawkins 1995, 1998; U.S. Environmental Pro-
tection Agency et al. 2001).

Unfortunately, at least since the German Rammelsberg court cases (Ano-
nymous 1994, 1995), mining companies refrain from remining abandoned
mines because they will become responsible for the historic pollutants caused
by the mine that they used for remining (Amezaga and Younger 2002). This
situation differs from the Pennsylvanian legislation, where remining (sensu
Hawkins) started in 1983. There, the mine operator will not be responsible
for the pre-remining pollution as long as he does not further degrade the
water quality. Should the pollutant loads after cessation of the remining ac-
tivities be below the previous pollutant loads, he will be released of liability
concerning this pollution (Hawkins 1994). Due to this legislative support,
Pennsylvania has become one of the most intensively remined states in the
USA and possibly on a world-wide scale. Approximately 91% of all remining
projects in the USA, a total of more than 300, are located in Pennsylvania
(U.S. Environmental Protection Agency et al. 2001). The history of the leg-
islative procedures needed for remining in Pennsylvania is well documented
in the earlier cited publication. Remining can be seen as a remediation tech-
nology for abandoned mines which — usually — does not to have paid for by
the tax payer but by the industry.

In the case of the Tasmanian Mount Lyell copper-gold deposit, the Aus-
tralian and Tasmanian Governments formed a new company, Copper Mines
of Tasmania, to remine and remediate the heavily polluted Mount Lyell min-
ing area (Sustainable Development Advisory Council and Copper Mines of
Tasmania 1995; Copper Mines of Tasmania 1995). Yet, even after special
legislative measures were taken to regulate the non-responsibility for the pre-
remining period, the plan failed, for various reasons, and the Mount Lyell
area still endures non-remediated tailings and acid mine drainage.

Nonetheless, many remining projects prove that the environmental impact
of acid mine water discharges can be positively influenced or at least gener-
ally do not worsen (Perry and Evans 1999). The reasons for this are twofold:
remining removes the left-over pyritic strata (very often coal or lignite) and
due to the more stringent modern reclamation standards, potential pollution
sources have to be removed, covered or reclaimed in other ways. Further-
more, daylighting often exposes and disrupts alkaline strata that provide al-
kalinity; pH improvements from about 3 to 7 are known (The Pennsylvan-
ian Department of Environmental Protection 1998). Anyway, the conversion
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from an underground mine to a surface mine will usually produce better
water quality because surface mines typically leave less pyritic material and
thus have better water quality than underground mines (Fig. 21). The num-
ber of remining projects that resulted in higher pollution loads is negligible
(Hawkins 1994, 1995; Prediction Workgroup of the Acid Drainage Technol-
ogy Initiative 2000; West Virginia Division of Environmental Protection —
Office of Mining and Reclamation 2001)

After remining, it is comparatively simple to count the hectares of land
reclaimed, the numbers of trees replanted or the amount of tailings or waste
rock piles covered. Those measures can therefore be checked relatively
quickly against the necessary remediation requirements. Conversely, a thor-
ough statistical investigation of the pre-remining and post-remining situa-
tion is essential to determine whether remining activities changed the pollu-
tant loads. As in other mine water cases, a thorough understanding of the
hydrogeological and hydrological situation of the mine site as well as statis-
tical methods are required. Especially the pre-remining baseline pollution
load has to be known and evaluated precisely (Smith 1988). Some of the
simpler statistical techniques that must be used are normality testing, ex-
ploratory data analyses, and ranked correlation coefficient analyses (Hawkins
1994, 1995). Furthermore, time series analyses, T-tests, or ANOVA tests
would be necessary to get statistically significant differences in the data sets
(see also section 9.3.4).

From a mine water management perspective, the sealing and elimination
of abandoned workings is the most important aspect of remining. During
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Fig. 21. Box-plot of logarithmic loads showing the mine water quality improvements
in selected surface and underground mines after remining procedures were con-
ducted; pre: pre-mining, post: post-mining situation (modified after Hawkins 1995).
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remining, old abandoned workings are exposed at the side walls of the open
pit. To prevent pyrite oxidation and subsequently the formation of acid mine
drainage in these abandoned workings, it is essential to seal them with low
permeability material. Yet, care must be taken so that the seals will not be
blown out if extreme pressures build up behind the seals. Should this be a
concern, it is advisable to install drainage pipes through the seal to reduce the
water pressure behind the seal (U.S. Environmental Protection Agency et al.
2001).

From an economical point of view, remining activities are usually cost ef-
fective, especially if the operator would have had to treat the discharge water
of a previous underground mine. Skousen et al. (1998) summarises some
remining projects, including ecological and economical data. The REMINE
software package is used by U.S. agencies to calculate the effects of a rem-
ining operation (U.S. Environmental Protection Agency and Office of Water
1988). As a conclusion, remining can be seen to be a cost-effective and en-
vironmentally sound measure for the remediation of abandoned underground
mines.

5.7 Diverting Water
5.7.1 Why Divert Water?

Compared to most geological processes, which might last millions of years,
mining is a short term use of our landscapes that can cause substantial change
to our environment. Though the changes might be acceptable, or even desir-
able, pollution of river catchment areas must always be excluded, because ac-
cording to most national laws (e.g. the European Water Framework Direc-
tive), no negative influences on our surface and ground water resources are
allowed. It is therefore important during a mine’s closure phase to prepare the
mine and to guarantee a good status of the environment after the mine’s aban-
donment. Some guidance to minimise post-closure impacts during the closure
phase is given below.

Because treatment of mine water might be a long lasting and expensive
task, it is advisable to divert surface or ground water from the potentially
polluting sources in and around the underground mine. This is already a
common practice. Nonetheless, this method is neither practical nor envi-
ronmentally advisable in the case of huge open pit mines, where the mined
area has to fulfil its function as an aquifer after mine closure. In other cases,
the diversion of surface or ground water will generally minimise the
amount of water that has to be treated but there are cases, where the mix-
ing of highly acidic mine water with neutral or well buffered surface water
might have a positive effect on the mine water quality. In such a case, the



68

Insights into Mine Closure

mixing of the two waters significantly improves the mine water quality,
causing the pH to rise and pollutants to precipitate, thus improving mine
water quality.

Obviously, the formation of polluted mine water could be prevented if:

the reactants, oxygen or water, are not allowed to get into contact with
the disulphides

water is not allowed to get into contact with the secondary minerals
water chemistry is changed in such a way that dissolution processes
are hindered

minerals are removed or covered by inert material

Several methods have been used to exclude the contact of unpolluted water
with potential water contaminants. Most of these methods were adopted to
avoid ground water flowing into a working mine (Morton and Mekerk 1993),
but they also minimised post closure pollution:

underground dams

diversion ditches or channels

diversion wells, pipes, or adits

grout curtains

grout injection

cover drilling

backfilling of open voids

backfilling with alkaline fly ash to buffer the acid and seal the ore
mine entrance sealing

Last, but not least, neither diversion nor mine sealing installations are
walk-away options for mine closure. Depending on the circumstances,
technical installations might need longer maintenance or control accord-
ing to a quality control plan. Sometimes, technical measures, such as
backfill operations, can offer solutions without maintenance (Potvin et
al. 2005).

5.7.2 General Measures to Keep the Water Away

Diversion of water can:

prevent the contact of acid producing material with the water
minimise mine water inrushes into opencast and underground mines
minimise the amount of water that has to be treated

mix acid mine drainage with alkaline surface water
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In the first two cases, the surface or ground water has to be diverted around
the potential inflow zones. Such zones could be sinkholes, seeping places,
shafts, fracture zones, or boreholes (e.g. Scott and Hays 1975; Ackman and
Jones 1988; Plotnikov 1988; Younger et al. 2002). If dams are constructed
within the void space before inundation, the dams have to ensure that the
water will either be prevented from leaving potentially polluting areas or will
be guided around such areas.

Mine diversion should be avoided where it would prevent post-closure
mine flooding that could result in a better ecological status of the catchment
area. Such decisions must be based on appropriate hydrogeological and hy-
drogeochemical investigations and a thorough monitoring programme.

If rocks are highly fractured or karstified or there is a significant risk of sur-
face water inflow into the mine voids, diversion can be an extremely useful
tool to minimise post closure impacts. This method is therefore highly rec-
ommended if a high acid-producing potential in the mine voids is expected
during and after mine closure.

Channels, pipes, or ditches can be used to divert surface water from mines.
Such systems can be extremely large, sometimes several kilometres, and can
affect different water catchments. They have to guarantee that the surface
water will not percolate into the mine and that the water is diverted around
the mine as fast as possible before it might enter the mine. Therefore, such
systems must be securely sealed. The capacities of ditches, channels, and
pipes must be evaluated by hydrological investigations or calculations and
the destruction of such systems by storm events should be prevented, be-
cause their destruction could cause slope failures or sludge movement (see
section 5.4.2). Regular inspection and periodic maintenance of such diversion
systems is highly recommended — if not mandatory.

Besides surface water diversions, ground water diversions can be installed.
Such systems consist of grout curtains, grout injection, or large subsurface
concrete walls, as has been constructed in the Eastern German lignite min-
ing areas (Fahle and Arnold 1996), where they protect nearby wetlands from
ground water dewatering and prevent ground water flow into the opencast
mines. In the Idrija/Slovenia mercury mine, grouting of abandoned mine
workings prevents pollution and helped to prevent surface movements (Diz-
darevi¢ and Rezun 1998). Similar techniques can be used during the mine
closure phase if potential pollution sources are encountered. Cover
drilling/cementation, normally used for developing new adits or shafts, can
also be used to prevent unpolluted ground water from flowing into mine voids
(Nel 2000).

From tracer investigations in already flooded mines, it is known that un-
derground dams constructed before flooding can fail. This could be due to
pressure differences on the sides of the dam, which could result in the dam’s
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damage during the flooding process (Wolkersdorfer 2001). As the case of the
M. Mayerova Mine/Czech Republic shows, grouting after the flooding of the
mine might be a successful way to stop drainage of polluted water (Kipko et
al. 1993).

Sometimes, the diversion of alkaline surface water might serve as an on-
site remediation measure for acid mine water. By mixing alkaline and acidic
mine water, the pH of the water can be raised to ecologically reasonable val-
ues as reported in the Montana/USA Stillwater River basin, where fresh sur-
face water enters a highly contaminated mountain stream and thus improves
the biological diversity (Gurrieri 1998). Although such techniques can re-
duce the concentrations of iron, toxic trace elements, metals, or semi-metals
by hydrolysis and co-precipitation, they cannot minimise conservative water
pollutants, such as sulphate, chloride, or sodium. Such a procedure can some-
times reduce the pollution load and improve the ecological status of the
water; it is advisable not to apply the “dilution prohibition” rules of the waste
directives, because this method must be seen as a passive treatment option for
polluted mine water. At abandoned sites, it may be the only affordable option.

In the case of surface water diversions, it is important to know the catch-
ment area of the underground mine so that the mine’s water make might be
calculated. In those cases where exploration boreholes were converted to ob-
servation wells (piezometers), the mine’s catchment area can be calculated
to a certain degree (Plotnikov et al. 1989). However, if not enough observa-
tion wells are available, the mine’s catchment area can only be estimated
since the inflow from “old” deep ground water can cause uncertainties in the
calculation. Though numerical codes are an excellent tool to help the re-
searcher in estimating the mine’s recharge area (e.g. Singh and Reed 1988;
MacLeod et al. 1993; Lewis et al. 1997; Dumpleton et al. 2001; Witkowski
et al. 2003), they are nothing more than another way of producing a concep-
tual model of the mine’s surroundings. Dumpleton et al. (2001) calculated
two different flooding scenarios for the Nottinghamshire coal field with sur-
face break outs of the mine water 19—-20 and 52 years after the end of dewa-
tering. They clearly state that neither scenario can be “identified as an opti-
mum management proposal”, showing that numerical models can be
regarded as only a working hypothesis.

The following example shall exemplify how complicated it might be to
calculate the catchment area of an underground mine. It is based on a draft
project of the German “Wismut” company predicting the flooding of the Nie-
derschlema/Alberoda/Germany uranium mine in the early 1990s.

The mine’s catchment area was thought to be 22.6 km?, in the river
Zwickauer Mulde catchment area. Together with the Schlemabach, LoBnitz-
bach, Silberbach, FloBgraben, and Alberodabach tributaries, the catchment
has a total area of 115 km?. Based on geological investigations and hydro-
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geological observations underground, it was known that most of the water
infiltrated through the upper 300 m of rock. A mean precipitation of
825 mm a! and a mean surface runoff of 38.7% as well as a mean annual
temperature of 8.5 °C were reported (Veit et al. 1987). By using the equa-
tion of Turc (Gray et al. 1970) for calculating the real evapotranspiration, a
total annual mine water make of 1.02 - 10° m?® was calculated. However, the
annual water make known from mine dewatering was 7 - 10° m? per year.
Using this number to back-calculate the mine’s catchment area, an area of
155 km? would be needed to get the actual annual water make of 7.0 - 10° m>.
Interestingly, by using Saul’s observation, that 20-40% of the annual pre-
cipitation above the mined out area can be used to estimate the total water
make (Saul 1948), the numbers would be 3.7-7.5 - 10° m3. It was therefore
suggested that stream water is infiltrating into the mine or that the mine af-
fects an area bigger than the 22.6 km?. Having such a big difference between
the observed and calculated mine water makes, and the fact that it is not un-
usual that stream water infiltrates into underground mines, flow measure-
ments in surface water streams to evaluate potential inflow zones would be
necessary. Tracer techniques can be used successfully for such an investi-
gation (chapter 10 and e.g. Kimball et al. 1999). Once it has been confirmed
that stream losses are occurring, electrical conductivity can be used to de-
tect the leaky areas and the fractures can be inexpensively grouted (Ack-
man and Jones 1988).

5.7.3 Physical Barriers

Under normal conditions, all parts of a mine are well connected with each
other to guarantee quick, safe, and unhindered movement of material, work-
ers, water, and air (Gertsch and Bullock 1998). Therefore, any fluid (which
might be water, oil, or air) will pass through the horizontal and vertical con-
nections in a relatively short time. Unused parts of a mine are commonly
back-filled after the ore has been extracted (Landriault 2001; Potvin et al.
2005) but only in the case of cemented or hydraulic backfill will the hydraulic
connections between the different parts of a mine be significantly reduced.
Usually, the formerly open voids will be a preferential flow path for the mine
water because the backfill still has a porosity that exceeds that of the sur-
rounding host rock.

Consequently, the water in flooded mines can flow without restrictions
into nearly all parts of the mine workings, and water pollutants can rapidly
be transported through the mine by Poiseuille or free and forced convective
flow. Additionally, the pore space of the previously dewatered rocks and sed-
iments will be filled with water and Darcian flow will occur. Flow will also
occur in fractures and faults.
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Physical barriers, which are all types of constructions that manipulate or
prevent the flow of fluids in an underground mine, delay or prevent water
flow in the horizontal or vertical workings (Skousen et al. 1998). Such in-
stallations are commonly called bulkheads or dams and in working mines
they are constructed to isolate abandoned workings, to control the water make
of the mine, to manipulate the ventilation system, to exclude dangerous gases
such as radon or methane, or to prevent unwanted access (Fig. 25). Of course,
there are other reasons for constructing dams with no direct connection to
proper mining behaviours. Physical barriers could be made of steel, concrete,
sand, or wood, or combinations of those materials, depending on their func-
tion and the hydrostatic pressure they have to resist. Another method to con-
trol water flow into the mine or within the mine is grouting, where different
types of cement mixtures can be used depending on the water chemistry or
pressure. Only rarely have physical barriers been constructed to control the
water flow during and after mine flooding, though their regulative character
is obvious and has been studied by several scientific groups. If in-situ treat-
ment of a flooded underground mine is planned (section 11.6), bulkheads
should be constructed after a thorough hydrodynamic investigation of the
mine (chapter 10). It must also be clear that bulkheads can have negative ef-
fects if constructed poorly or at an inappropriate position within the mine.

Bulkheads or open dam walls are constructed for reasons of control, emer-
gency, precaution, or consolidation. Chekan (1985) discusses detailed con-
ventional bulkheads to control the water flow and water level in mines. He
distinguishes five types of bulkheads:

Control bulkheads
Emergency bulkheads
Precautionary bulkheads
Consolidation bulkheads
Open dam walls

Control bulkheads aim to block abandoned parts of still active mines and
prevent water inflow from behind the dam into the worked mine (Fig. 22).
Usually, there is enough time available to carefully plan and consider the
layout and position of the bulkheads. They have to withstand high water pres-
sures and are usually permanent constructions with no access to the aban-
doned panels or workings. Often, they include pipes with valves and pressure
gauges (in American English: gages). Emergency bulkheads are constructed
in case of accidents, to protect the mine from unexpected water inflows. Their
position and dimension is determined by the place of the inrush. No access
to the workings behind the dam is planned and they also have to withstand
high water pressures. Precautionary bulkheads are constructed well in ad-
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Fig. 22. An underground dam in the abandoned Kdnigstein/Germany ISL uranium
mine to prevent the discharge of highly acidic leachate fluid (8 January 1992).

vance of potential water inrushes at locations that isolate the main haulage
roads and mine entries. They can be shut in case of an accident and secure
the mine’s safety. Water pressures behind such constructions might be ex-
treme. Consolidation bulkheads are temporary constructions that keep water
away during grouting or ground consolidation. Open dam walls, finally,
partly seal an adit and are a means to store mine water for reasons of treat-
ment, conservation, or reuse. Besides those reasons listed under the five bulk-
head types in Chekan (1985), some more reasons for constructing bulkheads
for water control are conceivable. Environmental reasons should be added
under the control bulkheads and open dam walls. For advance drilling, it
might be useful to construct temporary bulkheads mentioned under consol-
idation bulkheads, and precautionary bulkheads could be used for hydro-
geochemical investigations. Bulkheads could also be constructed as flow-
through bulkheads to control water exchange within different otherwise
separated water compartments. Finally, in the case of expected acid mine
drainage, bulkheads have to be constructed using acid-proof concrete (Bagdy
and Sulyokm 1990). Yet, this is only a classification about the use of bulk-
heads. More important is a classification that relates the construction of a
bulkhead to its use.

Wolkersdorfer (1996) suggested the construction of vertical bulk heads
to prevent the overall convective transport of contaminants for the Nieder-
schlema/Alberoda uranium mine in Germany. Due to a lack of existing ex-
periences, this method was rejected by the mine operator at that time. Hei-
denreich et al. (1991) used numerical methods to study the flow in a
radioactive waste disposal and concluded that physical barriers could pos-
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itively influence a convective flow regime. One of the rare examples
where physical barriers were constructed before flooding is the Ronne-
burg/Germany uranium mine. There, 120 physical barriers shall separate
highly contaminated mine water from low contaminated ones and thus
minimise potential environmental impacts and treatment costs (Gatzweiler
et al. 2002).

Lewis et al. (1997) made numerical simulations to find the best places for
bulkheads in the Michigan/USA White Pine Copper Mine. They used MOD-
FLOW to model the regional hydrogeological regime and found that nine
bulkheads would positively influence the mine water’s hydrogeochemistry
and flow regime. However, their objective was not to influence the mass
transport of contaminants in the mine, but to influence the amount of water
draining from the mine. Without bulkheads, an annual water make of about
625 - 10° m?® was calculated. Installing the bulkheads resulted in 405 - 10° m?
per year, thus reducing the water make by 35%. Their solution is interesting
as the bulkheads aimed to raise the water levels in the different mine com-
partments; because the cones of depression would be smaller, the water in-
filtrating into the mine would be reduced.

In the M. Mayerova Mine near Karlsbad (Karlovy Vary/Czech Republic),
8 - 10° m? of clay-cement grout were injected into the flooded workings to
control the water flow in the mine (Kipko et al. 1993). As a result, the flow
was reduced from 5 - 10" m® min to 2 - 10 m® min"! and the water temper-
ature decreased from 31 °C to 18 °C, thus proving the positive effects of the
grouting procedure. This example shows that physical installations can also
be installed in mines that are already abandoned and flooded. However, a
proper grout composition must be found for the mine water chemistry. The
grout’s viscosity and composition has to be selected so that it can flow
through the disposal pipes without blocking them and build up in the adits
that have to be blocked without flowing away with the water stream.

Another physical method to reduce water inflow into flooded mines is the
sealing or divergence of surface streams crossing over an underground mine.
Such measures can minimise the influx of oxygen-rich surface waters and
consequently the oxidation of disulphides. Furthermore, the amount of
drainage water is decreased and treatment operations have to deal with lower
water flows. Yet, a wrong composition of the grout or the wrong grouting
technique could cause unnecessary costs (Ackman and Jones 1988; Morton
and Niekerk 1994; Niyogi et al. 1999). Measures to locate potential infiltra-
tion zones are electrical conductivity investigations within the stream seg-
ments that could infiltrate into the underground mine, tracer investigations,
or flow measurements (Ackman and Jones 1988; Kimball et al. 1999). At the
abandoned Teichtalstollen near Konigshiitte/Harz Mountains in Germany, a
tracer test with microspheres proved that there is a good hydraulic connec-
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tion between a surface stream and the drainage adit, which is used as a drink-
ing water supply (Wolkersdorfer and Hasche 2003).

A different type of physical barrier would be the complete sealing of the
surface above a mine, called encapsulation. Plastic liners or low permeable
natural material, such as clay, are emplaced above the affected area. This
method prevents the infiltration of surface water into the worked veins,
seams, or waste material to stop or minimise the formation of acidity by
disulphide weathering. In addition to the clayey material, alkalinity-produc-
ing material can be used to buffer the acidity. Yet, there are difficulties in
doing this. For one, the area to be sealed could be extremely large. At a USA
surface coal mine in Alton, West Virginia, 1.8 - 10° m? of a combined disposal
site for coal refuse and overburden was sealed with a plastic liner. This re-
sulted in a reduction of ground water recharge and a significant diminution
in the acidity loads (Skousen et al. 1998). Another problem is locating the
correct area of recharge above the underground mine. Even if this can be de-
limited to a certain degree, the subsurface recharge area (that means ground
water inflow into the mine) still stays unclear until isotopic studies or tracer
tests define the full recharge area. Those reasons, together with the fact that
some parts of the surface cannot be sealed because of slope stability or con-
struction cause such systems to be only partly successful.

All of the techniques described above are designed to control the water
flow in or around the flooded mine. Thus, the oxygen-rich air in the mine is
replaced by oxygen-poor water and the rate of acid production consequently
reduced. As described above, the flooding of adit mines can cause geotech-
nical problems due to high potential pressures at the water side of the seals.
For situations where a full sealing of an adit might be dangerous, partial phys-
ical barriers have been developed. They guarantee a free flow of the water,
but eliminate the flux of oxygen into the underground mine by insulating the
mine against the air, and can reduce acidity by 50-80% within the first
months of mine sealing (e.g. Anonymous 1936). Such techniques usually
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Fig. 23. Partial seal of an abandoned adit mine (after Foreman 1971).
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consist of a concrete or brick wall, a U-bended pipe, or a wall combination
which allows free flow of water but eliminates oxygen flow into the mine
through the adit (Fig. 23). Because of such a physical barrier, the concentra-
tions of radon behind the wall might increase above the MAC-values, and the
oxygen content of the mine air will drop under the values necessary for safe
working conditions. Such techniques seem to contradict the needs for bat
protection, because bats need good quality air for living underground. The
construction of such air-barriers should therefore be shifted several tens of
meters into the adit if bats are known to live in the mine. Yet, as Foreman
(1972) has pointed out for the mine sealing projects in Butler County, Penn-
sylvania/USA and Schindler et al. (2004) for the Randolph County, West Vir-
ginia/USA, “the effect [air] seals have had on water quality is inconclusive”.

Mine sealing operations usually exclude future options for in-situ reme-
diation techniques and may shift the mine water problem from a point-source
to a non-point source problem. Furthermore, bulkheads or dams are engi-
neering constructions that are subject to chemical weathering or by rock me-
chanical failure — in no way should such constructions be seen as “walk away
options” (ERMITE Consortium et al. 2004). Adit mines should not be com-
pletely sealed because the breakout of heavily polluted mine water could
cause disastrous damages to human life, engineering constructions, and the
environment. Positive cases of mine sealing operations can be found in the
literature (Stoertz et al. 2001), but it is not always clear if the positive effect
is due to the mine sealing or the natural attenuation of the mine water.

5.7.4 Mine Entrance Sealing

Permanent mine seals are being used more nowadays because such systems
overcome several post-closure problems. They:

prevent drainage of polluted water

minimise oxidation of disulphides

stop the emission of hazardous gases

prevent unauthorised entrance to the open voids
protect cultural heritage

Yet, the total sealing of mine entrances might contradict with the needs of
protecting endangered species, for example bats (which need only small
holes to get through), and should therefore be used with care. As discussed
above, the construction of such barriers can be shifted several tens of meters
into the adit if bats are known to live in the mine. Furthermore, the total mine
seal could activate pre-mining water drainage systems, such as karst features
or fractures, which were dry during the operation of the mine. In such cir-
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cumstances, mine water could drain uncontrolled into the environment and
mine water treatment, in such cases, could be problematic. Such situations
can occur when the water level is allowed to raise in an uncontrolled man-
ner to its near pre-mining level.

In the USA, mine entrance sealing studies with the aim of reducing sur-
face stream pollution date back to the late 1920s; by the late 1930s, over
1,000 coal mines had already been sealed with pollution reductions ranging
from about 50% to 90% (Leitch 1935; Fellows 1937). One of the most com-
prehensive description of pollution prevention and control from abandoned
mines has been given by Scott and Hays (1975), though most of the tech-
niques described have been improved since then. Mine sealing, according to
this report and other publications, depends firstly on the mine layout (e.g.
Foreman 1971). Mines with access through adits or galleries have to be
sealed differently than mines with access through shafts or inclines.

Before any sealing is conducted, the void where the seal will be placed
should be cleaned of all trash, such as timber, metal, wires, and other mate-
rial, that could hamper an effective sealing procedure. In addition, wastes
that are potentially harmful to the aquatic environment, such as oils, chemi-
cals, or cleaning detergents, should be removed. Most other materials used
in mining have a low pollution potential under anoxic conditions. Mine seal-
ing can be conducted to either prevent water from draining into the river
catchment or to minimise the amount of oxygen coming in contact with the
exposed rock. Wet mine seals can be used for both of the before mentioned
options, while dry mine seals are only intended to prevent the entry of oxy-
gen (Fig. 26).

Another method, first described by Taylor and Waring (2001), prevents
acid mine drainage by displacing oxygen with reducing gases generated by
anaerobic bacterial activity, such as CO,, CHy, or H,S. This GaRD (Gas
Redox and Displacement) System can halt sulphide oxidation and acid gen-
eration, and may result in the precipitation of secondary sulphides from the
accumulated drainage water.

As will be shown in the examples, not all mine sealing operations are suc-
cessful. Dam failures, though rarely observed, are mostly due to seal blow-
out or leakage around the constructed dam, or chemical reactions between the
dam and the mine water. It is important to note that the hydraulic head above
a mine seal can be extremely high, and so mine seals must be well engi-
neered. Most mines would have a hydraulic head exceeding that of the high-
est water dams (Fig. 24). Another issue is the mine water quality. As several
investigations show, mine water quality might change during time and chem-
ical reactions between the water and the concrete could destroy the dam con-
struction. Most of the failures that have been reported can be attributed to in-
sufficient hydrogeological or geotechnical investigations, which would have
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Fig. 24. Comparison of hydraulic head above a mine plug with the world’s highest
dam (Rogun Dam, Tadschikistan, 335 m).
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Fig. 25. Example of an underground mine dam (after Lang 1999).

been less cost intensive than the subsequent remediation measures! Some of
the possible dam constructions and mine sealing techniques are illustrated
in Fig. 25 to 27.

Shafts are usually sealed by either backfilling them with inert or alkalin-
ity-producing rock material or with a concrete seal. Each technique has its ad-
vantages and disadvantages which should be discussed within the mine clo-
sure plan. For monitoring purposes, a concrete plug should be constructed
with monitoring pipes with a diameter of at least 8 cm (3 inches) to allow ac-
cess for measuring instruments (see chapter 9). Because backfilled shafts
could be a pathway for water infiltrating into the mine, the top of the back-
filled shaft should be sealed to direct drainage away from the shaft.

Mine adits that do not drain polluted water and are unlikely to drain pol-
luted water in the future should not be permanently closed. Such openings
can serve as reserves for endangered animals such as bats. Gates can be con-
structed safely to allow free drainage of water and free access for the animals.
Local environmental protection groups, bat protectionists, or mining ar-
chaelogists can help maintain such localities.



5.7 Diverting Water 79

] soil Cover B Dam or Back Filling  »+— Groundwater Flow Direction
== Impermeable Rock E= Mine Water ¥  Groundwater Table
|:| Permeable Rock

Fig. 26. Possible mine sealing techniques (after Fernandez-Rubio et al. 1987).

Fig. 27. Possible mine sealings (after Scott and Hays 1975).

To stop the production of acid mine drainage, total or partial mine seals
with dams or barriers can be installed. Usually, such underground barriers
or dams must just prevent oxygen coming into contact with the disulphides
thus minimising the production of acidity. They must not be constructed as
water dams withstanding the water pressure from a total mine flooding. Yet,
as Barnes and Clarke (1964) state, oxygen is not the only controlling reac-
tant of acid mine drainage/metalliferous leachate and before a mine is sealed,
a thorough understanding of the theoretical geochemistry of the site as well
as laboratory experiments and field observations are necessary.

A positive mine sealing example is the Beth Energy’s underground Mine
Ne 105W near Buckhannon in West Virginia/USA. Two of the three mine
portals had to be sealed with five seals to prevent the drainage of acid mine
water. At the same time (1984/85), the mine was treated with an in-situ ap-
plication of apatite rock-dust to the potentially acid parts of the mine and by
injecting alkaline substances after sealing in the mine water pool. Even after
four water changes, the mine water, that originally had a pH of 3.9, retained
a pH of around 7 (Hause and Willison 1986) and the iron concentration
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ranged from 1 to 15 mgL"! in 1989, after an initial concentration of
144 mg L' (Aljoe and Hawkins 1993).

Yet, there are cases where a mine entrance sealing had a negative impact
on the drainage water quality and the receiving streams. At the Mynydd Parys
mine site in Anglesey/Wales, the Afon Goch stream is highly polluted by
acid mine drainage with pH values between 2 and 3 (Boult 1996) and ele-
vated concentrations of metals (e.g. Al 81 mgL!, Fe 431 mgL"!, Cu
39 mg L, Zn 45 mg L'!; Younger et al. 2004). In the early 20" century, the
Dyffryn Adda drainage adit was sealed with concrete and the mine water,
containing elevated amounts of copper, was processed to extract the copper
from the mine water. During and after this regular water extraction from the
underground mine, which was controlled by valves and pipes through the
dam, a mine water body with approximately 270 - 10* m? of acidic mine water
and a hydrostatic pressure of 3.6 - 10° Pa built up behind the dam. One rea-
son for the development of that mine water pool was the closure of the valves
after the ex-situ mining was stopped in the mid 1950s. As no data about the
dam was available and the dams safety was not clear, 245 - 10> m* of acidic
mine water were pumped out of the mine to dismantle the dam. After the
dam was removed, the mine water quality improved slightly, based on mi-
crobiological and geochemical analyses (Bryan et al. 2004; Coupland et al.
2004; Johnston 2004). Consequently, the water quality of Afon Goch South
has greatly improved while the Afon Goch North is no more impacted than
it was before.

5.7.5 Quality Control Issues

Quality control in diversion of mine waters is equally important as quality
control in sampling and remediation measures. Therefore, a diversion qual-
ity control plan, which will also help to support decisions concerning the
water diversion, should be established. In the diversion quality control plan,
the following requirements should be described:

which specific types of data are needed

what are the data collection requirements

which monitoring instruments are needed

how to deal with failure of instruments

which measurements of which parameters are necessary

Periodic inspection and maintenance of diversion installations is an im-
portant component of a diversion quality control plan. Water must flow with-
out hindering in the channels and ditches, and and any erosion or overflow
of the diversion installations must be repaired as soon as possible. Mainte-
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nance must include the cleaning of any waste material in the channels or at
the measuring devices. There must be references to the maintenance intervals
in the diversion quality control plan and control of the diversion systems is
necessary at least before and after major storm events to guarantee its proper
functioning.

If mine entrances are sealed with dams, the dams have to be inspected and
maintained regularly to guarantee their proper functioning. Any leakage of
the dam must be reported according to the quality control plan. If physico-
chemical parameters of the diverted water courses must be measured, the
same quality controls as described in section 10.7.1 are essential.

5.7.6 Examples and Case Studies

Examples of water diversions around mines as well as mine seals are nu-
merous and can easily be found in the relevant literature data bases (e.g. Geo-
Ref, Geobase, FIZ-GEO). Here, four examples with interesting results will
be given to show the effects of mine water diversion and mine sealings.

Biaglow (1988) reported on a hydraulic mine seal in the year 1980 at the
Mine Complex 88 at Big Four Hollow Creek near Lake Hope State Park in
southeastern Ohio/USA, which did not result in the predicted pollution re-
duction. His study was conducted to determine the effectiveness of the mine
seal and to clarify whether flooding the mine complex had an impact on the
amount of acidic mine drainage to Big Four Hollow Creek. Comparisons
with historical data showed that the mine seal initially resulted in a decreased
amount of dissolved sulphate and iron loadings. This decrease was tempo-
rary; dissolved sulphate and total dissolved iron loadings returned to nearly
the same levels observed before completion of the mine seal. Twenty years
later, in 2000, the site was reinvestigated and it could be shown that on a
long term basis, the hydraulic mine seal had a small, but positive effect (Sto-
ertz et al. 2001). Since its sealing, the pH in the mine water had increased
from 2.7 to 5.3, electrical conductivity had decreased from 2,700 to
600 uS cm™, and dissolved oxygen was lower than 2% saturation. Oxygen
concentrations had been lowered, and this was associated with a decreased
production of acid mine drainage. Furthermore, it could be shown that the
mine water quality has improved gradually in the two decades since flood-
ing, due to mine sealing, natural attenuation and the effect of the first flush.
On the other hand, leakage around the mine seals and an accidental seal blow-
out resulted in less remediation than expected.

Surface water diversions around active mines are commonly used where
the surface water might either be a hazard to the surface or underground mine
operations or in cases where the surface water is directly above a productive
mining area. In the case of the Meadowgate open pit mine south-east of
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Sheffield/UK, the River Rother was diverted between 1977 and 1981. After
the coal was mined out, the whole area was reconstructed and in 1983, the
Rother Valley Country Park was opened. No real problems occurred during
the construction of the diversion but, after the river was diverted back, the al-
luvial clay planned to be used as a river bed caused handling and storage
problems due to its plastic character (Brook and Cresswell 1989).

Subsurface concrete sealing walls were used for the first time in eastern
Germany, at the border with Poland. They prevented nearby wetlands (Peitzer
Teichlandschaft und Spreeaue) from drying out and also prevented the river
Neif3e from flowing into the large open pit lignite mines (Janschwalde Open
Pit). These diaphragm walls are up to 85 m deep and 11 km long. Wall con-
struction first started there in 1979 and the last one was finished in 2005. The
hydrogeological investigations and more than 20 years of experience clearly
show that deep sealing walls can be used as an alternative to surface water
diversions to prevent water from flowing into working and abandoned mines
(Mielcarek 1988; Arnold and Kuhlmann 1994; Héage 1995; Fahle and Arnold
1996). From a technical point of view, such walls can be as deep as 100 m if
there is a low permeability strata with a thickness of at least 2 m. Further-
more, no interaction with another cone of depression must be allowed and no
dewatering under the sealing strata must take place. Proper pre-construction
hydrogeological modelling of the area is an important requirement to guar-
antee the long term effectiveness of such walls.

During investigations of the flooded StraBberg/Harz/Germany under-
ground mine in the early 1990s, it became clear that the mine water in the
flooded mine was stratified, with a shallow water body of less-contaminated
mine water and a deeper one with highly-contaminated mine water (Riiter-
kamp and MeBer 2000). Therefore, three drainage adits were constructed to
divert the less-contaminated mine water and prevent it from becoming more
contaminated. However, shortly after the three adit system came fully in force
in 1996, the stratification broke down and the highly contaminated mine
water entered the catchment area of the Selke River. By that time, neither
the mine operator nor the consultant were aware of why this breakdown of
stratification occurred. However, the situation was similar to what occurred
in the flooded Niederschlema/Alberoda uranium mine, where the effect of
convective mixing in such a situation has been described, based on a three
year study of the flooding regime (see section 12.11 and 12.9; Wolkersdor-
fer 1996). The Stra3berg example clearly shows the importance of hydrody-
namic investigations of a flooded mine and how useful tracer tests can be to
optimise a proposed diversion scheme (Kindermann 1998; Wolkersdorfer
2001).

One of the biggest remediation projects in the USA was conducted in the
Tar Creek area (in the Picher Mining District), in northeastern Ottawa
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County, Oklahoma. In 1983, the area was added to the USA “National Pri-
orities List” and subsequently became known as the “Tar Creek Superfund
Site”. To prevent surface water from flowing into the underground workings,
diversions and dike structures were constructed. Surface water was diverted
away from about 600 of the estimated 2,600 abandoned mine shafts, open
boreholes, and surface subsidence areas located on the site. Approximately
75% of the annual inflow coming from the surface was thought to be pre-
vented from flowing into the abandoned workings and subsequently into the
receiving stream, the Tar Creek. Yet, in 1991, it became clear that the de-
creasing concentrations of pollutants might be a naturally occurring phe-
nomena since the discharged mine water volume had not significantly de-
creased and the surface water quality had not significantly improved, so it
was decided that the well plugging operations had not been effective. Finally,
after nearly two decades of remediation, in 2000 the “Governor Frank Keat-
ing’s Tar Creek Superfund Task Force” was set up to co-ordinate and com-
plete the clean-up process for the most prominent dangers to the environ-
ment and people (Griffin et al. 2000; Tar Creek Superfund Task Force Water
Quality Subcommittee 2000a, 2000b; DeHay 2003; DeHay et al. 2004).
Meanwhile, an eight-year Watershed Management Plan for the Tar Creek
and the Lower Spring River was set up (U.S. Army Corps of Engineers
2004). Investigations in 2002 indicated that the mine and ground water qual-
ity had improved but though enormous amounts of money were spent to re-
mediate the Tar Creek catchment area, it must be concluded that from a hy-
drogeological point of view, most of the improvement can be attributed to
natural attenuation. None of the diversion measures was effective enough to
significantly improve the mine water quality on a long term basis, though
the amount of infiltrating water (and thus the load) on the site was reduced.
One of the reasons might be that the Pennsylvanian and Mississippian rocks
are too permeable and fractured for diversion measures to be effective.

From the above-mentioned examples, it can be concluded that diversion
measures after mine closure are not cost effective enough to be used in the
future. In fact, it is not clear if the improvements in ground and surface water
quality that occurred could simply be the result of natural attenuation
processes. It might be disappointing that reactive transport cannot be influ-
enced by diversion measures so as to protect receiving water courses on a
long term basis. However, in all these cases, there was a lack of hydrody-
namic and hydrogeological understanding. The upstream catchment areas of
underground mines can be extremely large and diverting surface water just
above the mined out strata is usually not of much help. In cases where tracer
tests can prove a hydraulic connection between the surface streams and the
mine workings, surface water diversion should be successful; in other cases,
it tends to be a waste of money.
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5.8 Mine Dewatering
5.8.1 Introduction

Though mine dewatering is usually not involved when a mine is abandoned,
there are cases of controlled flooding where mine water has had to be pumped
out of a mine during the flooding process, either for treatment or for envi-
ronmental investigations (e.g. Anonymous 1997; Nuttall et al. 2002; Jakubick
et al. 2002; Gammons et al. 2003; Nuttall and Younger 2004; Coulton et al.
2004; Wolkersdorfer and Hasche 2004). Furthermore, as in the case of the
abandoned coal mines in the southern Ruhr area, pumping may have to con-
tinue to prevent productive pits from flooding (Coldewey and Semrau 1994)
and for other similar reasons (Younger and Harbourne 1995; Younger 2002b).
Due to the different mining methods, dewatering of open pit mines differs
from dewatering of underground mines. Therefore, the following chapter will
focus on mine dewatering techniques, some of which can also be applied to
active mining schemes.

Since Neolithic times, dewatering of mines was a major task for the min-
ers, and where no dewatering techniques were available, the mine had to be
closed down (Shepherd 1993). Beyond manual water haulage and the use of
buckets and leather buckets mounted on water wheels, no real innovation
was made in underground mining for centuries (Younger 2004b). The first re-
liable wooden pumps were invented at the German Rammelsberg/Goslar in
the 15" and at Ehrenfriedersdorf/Erzgebirge in the 16" century (Agricola
1556; Kreibich and Eisbein ca. 2003), and it was not until 1749 when the
first reliable metal pump was introduced in Schemnitz by Joseph Hell. The
first water-independent dewatering machine, the machina pyraulica of
Thomas Newcomen (the first usable steam-engine to operate in a mine) was
installed in 1712 (Kunnert 1974; Younger 2004b) and the first one with a
metal pump was installed in 1788 in the German Tarnowitz lead-zinc mine
(now Tarnowskie Gory, Poland; Seidl and Stahler 1913). Until then, the depth
of underground mines was mainly controlled by the depth of the water table
or the dewatering techniques available. Nowadays, the dewatering techniques
for open pit mines and underground mines are well established and even
mines that are several thousands of meters deep can be dewatered (Vutukuri
and Singh 1993; Duane et al. 1997; Fig. 28).

Drainage adits are another long-established method to dewater deep mines,
and were also used as water supply tunnels in prehistoric and historic times
(e.g. the Turkish Troyan Water Mine; Biswas 1970; Wolkersdorfer and Gobel
2004). Such drainage adits needed the close co-operation of all the miners,
land-owners, and authorities involved because the construction of such sys-
tems took up to 100 years and reached lengths of several tenths of kilome-
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Fig. 28. Mine dewatering pump and
mine water scheme control room in
the Vazante/Brazil underground zinc-
mine.

tres, and, during the construction, no profit was made (Jobst et al. 1994; Gun-
delwein 2001). To protect the miners of such systems and to guarantee the
water rights of the operators after the drainage adit reached its final length,
the construction, operation and maintenance of such dewatering systems was
regulated by special legislation for such Wassergemeinschaften (water com-
munities) and Erbstollengemeinschaften (drainage adit communities). Some
of the best known German Erbstollen are the Roederstollen at the Ram-
melsberg, the Schlebuscher Erbstollen near Sprockhdvel, the Rothschon-
berger Stollen of the Freiberg Mining area or the Tiefer-Ernst-August Erb-
stollen of the Clausthal and Zellerfeld Mining (LieBmann 2002) areas. Some
drainage adits are still in use more than 200 years after their construction.
Younger (2004b) lists 38 “important” drainage adits for Britain that were
constructed between 1617 and 1897.

In many European countries, mine water — if exceeding regulatory limits
— is classified as waste water and is controlled in accordance with the rele-
vant waste water directives. Examples of such countries are Finland and
Turkey, where all industrial water, including water emanating from mining
operations, are classified as waste water (Mékinen 1996; Wolkersdorfer and
Gobel 2001b). Other countries, such as Germany and Ireland (Government
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of Ireland 1997; Plinke and Wildhagen 2003), have special regulations for
mine water. In the future, when the European Water Framework Directive
will finally be set in force in all EU countries, a harmonization of water leg-
islation might occur.

5.8.2 Dewatering Techniques

No comprehensive textbook about mine dewatering techniques has been pub-
lished in recent years, though Younger et al. (2002) describe the basics of
mine dewatering and the problems involved. The most comprehensive books
about mine dewatering techniques (“Bergmdnnische Wasserwirtschaft””) was
published more than 50 years ago in German by Kegel (1950) and eight years
later by Sinclair (1958). A thorough discussion of more modern dewatering
techniques is, unfortunately, beyond the scope of this publication.

In principle, water management in an operating mine can be divided into
water collection, water removal, and water disposal. Most surface (“open
pits””) and underground mines have to be dewatered to gain access to the raw
material and to guarantee safe working conditions for the miners. During ex-
ploration and working, pollution reduction is usually not the main focus of
the dewatering, though several cases exist where successful dewatering also
serves to prevent pollution (Morton and Niekerk 1994). Drainage water is
usually referred to as “mine water”, but according to Wolkersdorfer and
Hasche (2001c), mine water can be classified as follows (though this defini-
tion might only be suitable for German authorities):

e flooding water: ground water that is used for the flooding of an open
pit/underground mine or water that is discharging after the flooding of
the open pit/underground mine

e free or pore water: processing water that is accumulated together with
precipitation in tailings ponds

e leakage water: surface water that infiltrates into waste dumps as well
as waste rock piles and leaks out at the bottom of waste dumps, waste
rock piles, or within the open voids of working mines

e geogenic water: ground water from deeper aquifers that are typical for
hard coal mining

Using these definition, only leakage water and geogenic water will be dis-
cussed in this chapter. Drainage water amounts can range between several
litres to several cubic meters per second (Fig. 29) and can vary extremely in
their chemical composition (Younger 1997; Younger et al. 2002; Lottermoser
2003). Some drainage waters might even be used as drinking water (see sec-
tion 11.7).
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Fig. 29. Selected worldwide ratio of water make and raw material production (modi-
fied, updated, and data added after Fernandez-Rubio and Fernandez Lorca 1993). 1
and 1’ Agnew (Australia, Ni), 2 and 2’ Lock (Australia, coal), 3 and 4 Burra (Aus-
tralia, Cu), 5 and 5’ Beaconsfield (Tasmania, Au), 6 German Creek (Australia, coal),
7 Scottish National Coal Board (UK, coal), 8 Bowmans (Australia, lignite), 9 Thorez
(Poland, coal), 10 Picher (USA, Pb, Zn), 11 Morwell (Australia, lignite), 12 Fejér Co.
(Hungary, bauxite) 13 Chingola (Zambia, Cu), 14 Dorog (Hungary, coal), 15 Tatabanya
(Hungary, coal), 16 Pine Point (Canada, Pb, Zn), 17 Konkola (Zambia, Cu), 18
Kingston (Australia, lignite), 19 Bakony (Hungary, bauxite), 20 Kailuna Hebei (China,
coal), 21 Atabasca (Canada, tar sand), 22 Rheinbraun (Germany, coal), 23 Lausitz
(Germany, coal), 24 China (coal), 25 Vazante (Brazil, Zn), 26 Leonie (Germany, iron).

The following dewatering methods are commonly used in open pit min-
ing, depending on the mine layout and the local geological conditions: filter
wells, disposal wells, inverted wells, vacuum drainage, horizontal drains,
sealing walls (grout walls), cut off walls, and guard wells (Plotnikov et al.
1989; de la Vergne 2003; Kecojevic et al. 2003). By using such methods,
even extremely large and deep open pit mining areas can be successfully de-
watered, as can be seen by the German Rhenish lignite mines, which are de-
watered to a depth of 350 to 500 m, with a cone of depression of approxi-
mately 2,500 km? (Briechle et al. 1998).

In contrast to open pit mines, underground mines that are not dewatered
using adits are usually dewatered using sump pumps. A sump at the deepest
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or at shallower levels collects all of the water seeping into the mine. As a
general rule, mines with all of their workings 140-500 m below the surface
can be expected to be relatively dry (Saul 1948; Wolkersdorfer 1996; de la
Vergne 2003), because hydraulic conductivities at such depths are very low,
ranging between 10°-10° m s!' (Karrenberg 1981; Stober 1995). Further-
more, it can often be observed that water inflows in non-karstified rocks stop
in a relatively short time.

Submersible pumps are installed close to the sump pumping stations to
pump the water to the surface. This water can be chemically contaminated or
contain suspended matter and so typically needs to be treated after having
been pumped out of the mine. While turbidity can be removed using settling
lagoons, chemically polluted water has to be treated using appropriate pas-
sive or active methods (see chapter 11).

When planning a dewatering scheme within a water catchment, measures
have to be taken to ensure that the ecological status of the surface waters will
not be adversely affected. The selection of which dewatering systems to use
requires careful consideration of factors such as the: hydrogeological and
hydrological conditions, lifetime of the mining operation, total water make,
availability of dewatering equipment, and drainage water quality. Further-
more, the following aquifer parameters have to be known: type/state of
aquifer (confined or unconfined), drainable porosity, transmissivity and stor-
age coefficient, static water level, seasonal variations, depth and thickness,
as well as water recharge (Morton and Niekerk 1994).

As several studies have shown, sump dewatering should be given prefer-
ence against adit dewatering, because after closure, mines with adits usually
drain polluted water over a longer life span than sump dewatered mines
(Commonwealth of Pennsylvania 1973; Mentz et al. 1975 in Scott and Hays
1975; Hawkins 1994; Younger 1998; Callaghan et al. 2000). In the case of the
Shoff and Yorkshire mines, both situated in the Pennsylvanian Bigler Town-
ship/USA, the differences between updip (adit dewatering) and downdip
(sump dewatering) mining were evaluated. Though the two mines were on
opposite sides of Clearfield Creek and were worked in different ways, the
geological situation, coal quality, period of operation, discharges, and the hy-
drological conditions were similar (Commonwealth of Pennsylvania 1973).
In 1974, the water from both mines was sampled eight times to evaluate
water composition and the water quality of the flooded downdip Yorkshire
Mine was significantly better than the water draining from the updip Shoff
Mine (Fig. 30). Mentz et al. (1975) also compared the economical differ-
ences of both mining methods. Obviously, pumping costs are higher in
downdip mines, but if offset against remediation costs, downdip mining has
the advantage since the water quality in the flooded shaft mines is better over
the long term.
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Fig. 30. Up-dip versus down-dip mining: comparison of selected mine water pa-
rameters of the Pennsylvanian Shoff (up-dip, adit-drained) and the Yorkshire (down-
dip, flooded from shaft collar) mines (after Mentz et al. 1975). n = 8; pH without unit,
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The reason for this is that sump dewatered mines are usually flooded after
mining comes to an end, while mines with adits are subject to oxidation
above the water table, thus releasing metals and acidity for a long period of
time. Flooded mines, as discussed in section 5.4, insulate the disulphides
from the oxygen and thereby limit — to a certain degree — microbiological
activity and therefore reduce the release of acidity and consequently pollu-
tants. Examples of adit mines with heavily polluted discharges can be seen
at the Rothschonberger Stollen in the Freiberg/Saxony mining area (Baacke
2000; Weyer 2003; see section 12.12), the Gernrode/Harz Mountains Hoch-
warthe Adit, or the Burgfey Adit in the Eifel Mountains (Mair 2002).

5.8.3 Disposal and Treatment of Dewatering Effluents

All mines can encounter polluted waters. One of the most problematic mine
waters is acid mine water (usually called AMD [acid mine drainage] or ARD
[acid rock drainage]) or neutral zinc-rich water which can already occur dur-
ing the active mining period. Active treatment plants are usually installed for
cleaning highly polluted mine water during the mine’s lifetime. Those tech-
niques are well established and the construction of LDS (low density sludge)
and HDS (high density sludge) treatment plants (section 11.3) as well as other
techniques (e.g. ion exchange, reverse osmosis, nano-filtration, distillation,
electrodialyses) are well known. A combination plant has been working at the
Polish Debiensko coal mine since 1975 (Motyka and Skibinski 1982; Tar
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Creek Superfund Task Force Water Quality Subcommittee 2000b; Brown et
al. 2002; Turek 2004). An interesting mine water treatment technique is a
distillation process described by LaRosa et al. (1971). They used coal refuse
together with molten iron to produce energy which is then used to drive ei-
ther a distillation or a reverse osmosis plant. While the process worked well
in the laboratory, it has never been used on site.

After treatment, drainage water can be discharged into surface streams or
lakes; the residuals are typically disposed of or pumped back into the un-
derground mine voids. In some rare cases, the residuals can be used as a raw
material. One example was published by Hedin (2003), who was able to sell
1000 t of iron oxide recovered from an abandoned coal mine in the Ap-
palachian mountains/USA. Another one is the treatment plant at the aban-
doned Hungarian Mecsekérc uranium mine (Pécs/Hungary), where uranium
is extracted from the mine water and sold on the world market (Gombk&to
et al. 2002). Unfortunately, the extraction of pure metals from mine drainage
remains economically non-viable.

An alternative to minimise the impacts of mine drainage water are pas-
sive treatment methods for polishing already treated waters or for treating
less polluted mine water (section 11.4). Those systems can remove different
mine water pollutants, at least iron and turbidity and should therefore be in-
stalled wherever applicable.

As discussed above, not all mine waters are a source of pollution. De-
pending on the water quality, drainage water can sometimes be discharged to
the river catchment without further treatment. Such waters can be used for ir-
rigation purposes, drinking water, or health resorts (Banks et al. 1997; An-
nandale et al. 2002). In the German lignite mining areas, several hundred
million of cubic meters of geogenic drainage water can be discharged with-
out any further treatment because it is good quality ground water (Regionaler
Planungsverband Westsachsen 1998; Landesumweltamt Nordrhein-West-
falen 2002). Nonetheless, unpolluted mine water, when diluted with more
polluted surface water, will change the geochemical equilibrium of the re-
ceiving water course. This might result in dissolution of previously precipi-
tated contaminants and so must be considered in the mine drainage plan. In
the worst case, the surface water quality downstream of the mixing zone can
be poorer than upstream of the inflow. Where the problem is the higher sus-
pended load of the mine water, a settlement lagoon can be placed above the
discharge point (Fig. 31).

More typically, pumped drainage waters have to be treated according to the
appropriate standards, depending on the mining licence. In accordance with
the European Water Framework Directive, mine operators should introduce
dewatering techniques that minimise the amount of polluted water that has
to be treated.
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Fig. 31. Settlement la-
goon and drainage
pumps of an open pit
iron mine near Belo
Horizonte/Brazil.

An interesting case of acid mine drainage/metalliferous leachate occurs
in northwestern Pennsylvania/USA, which is already threatened by several
thousands of mine water discharges polluting the surface streams in this area.
Acidic, iron-rich water was percolating through gas wells that were aban-
doned about a century ago as artesian discharges (Hedin et al. 2005). Those
wells reach 300-500 m down into gas bearing Devonian sands, which are
connected to formation brines. Yet, the acidic water was not saline and dur-
ing the investigations it was shown that the casings of the wells must be cor-
roded or missing in the shallower aquifers. Those aquifers are connected to
shallow coal mine workings and when reaching one of the gas wells, the
water upwells to the surface. Because the wells are so numerous, the authors
concluded that sealing the wells would not be feasible as the water would
just flow to another well or to another place with a lower hydraulic pressure
where there would be fewer possibilities to treat that water.

5.8.4 Drawdown Management

Usually, mine abandonment involves the recovery of the water table to near
pre-mining conditions. Yet, there can be several reasons to maintain the water
level below the potential discharge point to avoid negative economic or en-
vironmental impacts. Such a situation can occur when the raising water level
is expected to flush tailings or waste rock piles, cause polluted mine water to
enter drinking water reservoirs, flush weathered minerals in long-abandoned
near-surface mine workings, or if subsided areas might be flooded.

Mine dewatering causes the natural ground water table to drop in the close
vicinity of the mining operation. This may lead to the drying out of springs,
wells, lakes, or rivers. It is advisable to start the ground water level moni-
toring well in advance of the mining (or remediation) operation, converse
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that exploration drill holes can be converted into ground water monitoring
wells (Plotnikov et al. 1989). Water wells have to be constructed in accor-
dance with good practice procedures (Driscoll 1987) so that the drawdown
can be precisely monitored during the lifetime of the mine and the remedia-
tion process. From a hydrogeological point of view, mine dewatering is a
huge steady-state pumping test — if only the data gathered during that test
would be used for the closure phase of the mine!

In addition to monitoring, hydrogeological modelling of the expected
drawdown is important. The radius of drawdown — and consequently the ra-
dius of a potential impact on the water courses — usually depends on how
much the water table is lowered by the mining operation, the aquifer’s hy-
draulic conductivity, and homogeneity, and the pumping rate. Simplified, a
mine can be seen as a deep well and therefore, the “equivalent well approach”
can be used to calculate the drawdown caused by a mine. Up-to-date com-
puter codes are able to model the ground water drawdown and the impacts
on the surface and ground water at acceptable precision level. A prerequisite
for modelling is an ample experience with such models. Yet, nothing sub-
stantially has changed since the basic investigations of Theis, and his prin-
ciples for calculating the impacts of wells on dewatering are still valid (Theis
1935).

Areas affected by mine water drawdown can reach several thousands of
square kilometres, as in the German lignite mining regions. Such large min-
ing operations have to ensure that surface water reservoirs are protected and
that natural wetlands are watered during drawdown. Several mines, such as
the Western German surface lignite mines, near the Dutch/German border,
have installed water re-injection wells to minimise the negative effects of
ground water drawdown.

In some cases, diversion pipe lines or channels have to be constructed.
Where springs that are used for drinking water supplies dry out, the people
affected have to be supplied with water pipelines. Such a situation occurred
in the now Polish Silesian mining area at the end of the 19" century. The
local authorities, mining authorities, and the different mining companies
worked together to drill wells collecting good quality mine water, and con-
struct kilometres of pipelines in 1878 to supply the population of the Silesian
industrial area with good quality drinking water (Geisenheimer 1913).

Drawdown management has to ensure that the environmental impacts as
well as negative impacts to engineered constructions are minimised. Surface
subsidence can reach several meters (Fig. 32), but as long as only small sub-
sidence differences within a single engineered construction occur, no dam-
ages to those constructions will arise (Poland 1984). Modern mining and
drawdown operations based on high quality hydrogeological and geological
investigations can reduce those negative impacts to a minimum. In places
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Fig. 32. Surface subsidence of sediments due to mine dewatering and ground water
extraction for drinking water (modified after Wolkersdorfer and Thiem 1999).

Fig. 33. Damaged house because of surface subsidence above an abandoned iron
ore mine in Roncourt, Lorraine/France.

where subsidence differences and damages to buildings are expected (Fig.
33), buildings may have to be reinforced (Fig. 34) or moved.

Examples where mine water drawdown has to be maintained during and
after the remediation phase can be categorised into pollution prevention and
flooding prevention conditions. Pollution prevention could either mean that
mine water is kept away from potentially polluting material or that polluted
water is kept away from drinking water resources. Flooding prevention, on
the other hand, may mean that the mine water table has to be kept below the
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Fig. 34. Technical solu-
tion to secure a private
house from destruction
resulting from surface
subsidence (courtesy
Alexander Kattner, 25
March 2003).

ek }

surface because the surface subsided during longwall mining, or that urban
development has occurred in the area that was kept dry by pumping, so that
uncontrolled mine water rebound would flood large, developed or agricul-
tural areas with mine water.

Pollution prevention was and is one of the reasons for maintaining the
mine water level below the potential discharge point at the abandoned
Niederschlema/Alberoda/Germany underground uranium mine (Gatzweiler
and Mager 1993; Hagen and Lange 1995; Rudolph 1997). Because the aban-
doned near-surface mine workings are within a geological zone of arsenic-
rich ores, the mine water was kept about 60 m below the final flooding level.
Thus, the quality of the mine water was kept at a reasonable good quality
until a water treatment plant could be constructed that could cope with the el-
evated arsenic concentrations.

Ground water protection is the reason for pumping at the Aznalcol-
lar/Spain pit, where the pit water table is 6 m below the ground water table
(Kurt Friese, pers. comm.). For the same reason, the Horden Colliery/UK is
not allowed to flood up to the discharge point, as the polluted mine water
might negatively influence the Basal Permian Sands aquifer (Coulton et al.
2004).

A cone of depression is also kept at the abandoned Kdnigstein/Germany
in-situ leaching uranium mine. There, the upwelling mine water would im-
pact the 3 Sandstone aquifer which supplies the cities of Pirna and Dresden
with drinking water. Currently, a final flooding level of 140 m a.s.l. (above
sea level) is planned, which would maintain the water 170-250 m below the
surface until the higher contaminant concentrations of the first flush will have
passed (Jakubick et al. 2002; Schreyer et al. 2002). This cost intensive strat-
egy has been questioned by some authors who used modelling tools (e.g.
PHREEQC) to suggest cheaper remediation methods, such are diluting the
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mine water or using the surrounding strata as a passive remediation method
(Merkel 2002).

Many mining areas in the world have subsided due to longwall mining. To
prevent built-up areas from being flooded or impacted by polluted mine
water, the dewatering pumps might possibly run forever. Examples are the
abandoned coal mining fields of Durham/United Kingdom, Limburg in the
Netherlands, the Aachen and Ruhr areas in Germany, and Silesia in Poland
(Bekendam and Péttgens 1995; Younger 2002b). Since we know no cheaper
method to protect these built-up areas, and a resettlement of tens of thou-
sands of inhabitants is unacceptable, continued pumping is necessary.

A final example occurred in Clearfield County/USA. During an investi-
gation conducted in the 1970s, it was recommended that 10 drift openings of
the Swank’s Mine and 13 of the Shoff Mine be sealed to stop the pyrite ox-
idation and the subsequent pollution of the Clearfield Creek. Yet, the con-
sultant recommended “a manually operated drawdown system will be in-
stalled in the southern end of the mine. This will consist of a pipe to the lower
portion of the mine pool with a valve that will act as a safety device to lower
the mine pool if required” (Commonwealth of Pennsylvania 1973; see Fig.
23).

5.9 Prediction of Ground Water Rebound

Flooding of an abandoned underground mine ideally means that all mine de-
watering pumps will be switched off after the completion of mining and that
ground or surface water will be allowed (and sometimes encouraged) to flow
into the open voids. The flooding process will stop when the mine water sur-
faces equals the ground water surface or reaches a point of discharge — ide-
ally a drainage adit. Usually, prediction of the rebound scenario is imperative
to allow the planning of certain remediation measures or mine water treat-
ment options. As mentioned before, rebound prediction is a fairly fuzzy job
and as so often is the case for mine water, rules of thumb and experience can
help a lot to calibrate numerically-based conceptual models (compare chap-
ter 8).

Because conceptual models are a compelling necessity in all hydrogeo-
logical investigations, and consequently mine flooding scenarios, the defini-
tion of Younger and Adams (1999) shall be given here:

A conceptual model is an assembly of simplifications about a complex,
real system, which achieves a valid representation of that system, includ-

ing all major features, whilst avoiding unnecessary detail.

Or in the words of Rushton (2003):



96 Insights into Mine Closure

Conceptual models describe how water enters an aquifer system, flows
through the aquifer system and leaves the aquifer system

Such a model can start on the back side of an envelope, and almost every
hydrogeological project started with a first sketch on a piece of paper the size
of this book. Drawing sketches to understand the hydrogeological or flood-
ing scenario is useful in every mine water related research project to assure
mutual understanding of the fundamental principles of the investigation area.
Of course, colourful graphics and computer printouts are helpful in under-
standing complicated geometries and numerical results, but they are useless
if not based on evolving conceptual models. Finally, everybody should keep
in mind that numerical models are — at least in hydrogeology — always ap-
proximations of reality (Box 1979) and even when they look very real, they
are not reality itself!

Younger and Adams (1999) and Younger (2002d) classified the models
available for the calculation of ground water rebound into two categories:
semi-distributed lumped parameter models and physically-based, distributed
models. From an environmental and a legal point of view, rebound prediction
should be conducted well in advance of the mine closure. Such an investiga-
tion for underground and surface mines must answer the following questions:

e to which elevation will the mine fill up?

e how long will it take to fill the mine and/or reach a water table equi-
librium?

e what will the water quality be during and after rebound?

is there a potential to impact buildings?

e will mine gases (e.g. Rn, NHy, H,S, CO,) emanate from the flooded
mine workings (e.g. Pokryszka et al. 2005)?

e will drinking water aquifers might be impacted?

e could ground subsidence occur?

Based on the results of such a calculation, it might be necessary to back-
fill parts of the underground or surface mine to prevent the release of acidity
or toxic compounds. Alternatively, such a rebound calculation could result in
deciding to completely backfill a mine to prevent the accumulation of a large
volume of polluted mine water, as was done at the Ronneburg open pit ura-
nium mine in Germany (Zurl et al. 1992; Laubrich et al. 1996; Geletneky
2002; Paul et al. 2002), the Blindwells open pit coal mine in Scotland, and
other mines worldwide. Rebound of open pit lakes can very often be esti-
mated using a simple water balance model, or an analytical model. If the hy-
drochemical situation has to be predicted as well, more complex numerical
pit filling codes or coupled ground water flow models are advised (see sec-
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tion 5.5.2; a description of the necessary procedures can be found in Younger
and Adams 1999).

In general, the most important question to be solved is the duration of the
rebound time, . #, is a function of many different parameters and can be
written as:

t.=¢V,.,V.,r.,A,P,E,R) (27)

with ¥, volume of mine voids
V. volume of matrix
e coupling ratio between matrix and mine voids
A area of dewatering
P precipitation
E evaporation
R surface runoff

A central task for the prediction of the rebound time is knowledge about
the mined and dewatered volume of rock. Such a calculation is compara-
tively simple for open pit mines, as the cone of depression, the volume of the
open pit and the water make during the mine’s lifetime are — usually — well
known. Furthermore, the climatic, hydrologic, and hydrogeological condi-
tions have to be specified, as pit filling depends on ground water inflow, sur-
face water runoff, precipitation, evaporation, and seepage out of the mine. An
often overlooked fact is that the amount of water infiltrating into the mine
changes as the mine water table rises.

Even if all the available data has been considered and the predictions were
accurate, technical and meteorological problems can result in catastrophic
mine water outfalls, as occurred at the Cornish Wheal Jane tin mine (Hamil-
ton et al. 1994b) on 13 January 1992, when 30,000 m? of heavily polluted
mine water spilled out of the mine (Hamilton et al. 1994a). Furthermore, eco-
logical or economical reasons on a regional scale may not allow all the sur-
face or ground water to be used for pit filling. This situation can be seen in
the German Lausitz lignite mining area, where not enough surface water is
available to flood the open pits in a reasonably short time because the river
Neifle and Spree water cannot be used for pit flooding (Arnold and Baum-
garten 1996; Griinewald 2001; Schlacger and Kongeter 2001).

To calculate rebound times, it is important to consider that the water inflow
into an abandoned mine will change as the mine water table rises: it is quick
at the start of the flooding and slows down towards its end. This is mainly be-
cause the volume of the cone of depression gradually is reduced. Further-
more, the difference of the hydraulic head between the original ground water
table and the mine water table decreases so that the total flow into the mine
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continuously diminishes during the flooding process. Yet, there are several
exceptions from this general rule: deep mines within a comparatively im-
permeable rock with a drainage adit and workings above and below that adit
will not encounter much of a change until the water table reaches the level
of the drainage adit. The reason is that most of the water in those mines
comes from the — usually — less permeable strata above the drainage adit.
One such case is the Niederschlema/Alberoda/Germany mine (see section
12.3.3 for details). A comparison of historical, pre-mining data with the cur-
rent mine water make clarifies that after the flooding process is finished and
if the Markus-Semmler drainage adit will be used as the drainage adit, nearly
pre-mining conditions can be expected. As the pre-mining water make (5—
9 - 10° m? a!) nearly equalled the water make during the active mining pe-
riod (810 - 10° m* a'!), the typical decrease during the flooding process
should not occur. The reason for that is that most of the water make comes
from the huge dewatered area above the Markus-Semmler drainage adit and
relatively little from the interconnected deeper aquifers. Flooding up to the
level of the Markus-Semmler adit will therefore not change much of the cur-
rent situation (Wolkersdorfer 1996).

Banks (2001) differentiates the two characteristic types of inflows into
mines; the first explains the reasons for the water make at mines such as the
Niederschlema/Alberoda mine:

e A head-independent flow, derived from direct infiltration of precipita-
tion through covering strata, worked veins or mine voids which are
open from the surface. This inflow will possibly vary seasonally (or
even daily) with rainfall, but in the long term can be regarded as a con-
stant.

e A limited number of head-dependent flows, entering the mine from ad-
jacent saturated ground water reservoirs via permeable horizons, frac-
tures, or abandoned exploration boreholes. The natural ground water
head in the reservoir at some distance from the mine drives the inflow
from each of these features.

The impact of the flooding of the Durham coalfield on an aquifer that is
used for drinking water production was predicted by Younger (1993). Three
centuries of coal mining resulted in the dewatering of a large area, which is
hydraulically well connected by mine workings. Due to ground water re-
bound, the water will percolate through the abandoned workings and con-
nect different drinking water resources. From the flooding of adjacent coal
fields, it was known that the rising mine water will be enriched with pollu-
tants and will have a high acidity. The following potential consequences were
identified by Younger (1993):
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ground water pollution in the adjacent Basal Permian Sands aquifer
leaching from landfills intersected by the rising water table
compromised integrity of foundations

increased flows in old sewers below the new rest water level
corrosion of other buried services

surface gas emissions

long-term subsidence risk from old workings

Therefore, the Horden mine water treatment plant and pumping
scheme was put into operation in 2004 to keep the mine water well under
the Basal Permian Sands. The plant pumps 150 L s”! from the abandoned
Horden Colliery main shaft and treats the water in a HDS treatment plant
(Coulton et al. 2004, Fig. 87).

An extensive rebound prediction was also conducted for the Sloven-
ian Mezica lead zinc mine. Based on tracer tests, laboratory investiga-
tions, and data from the active mining period, a total flooding time of
1245 days was predicted (Veselic et al. 2001; Prestor et al. 2003). Mine
water rebound started in December 1994 and 119 days later, in April
1995, the water drained through the +418 mine level. Veseli¢ et al.
(2001) and Prestor et al. (2003) recalculated the data and concluded that
the area of the cone of depression and the hydraulic conductivity of the
rock matrix were overestimated. However, as will be explained below,
it is possible that the researchers did not overestimate those values, but
overestimated the influence of the dewatered rock matrix on the rebound
course.

Some of the largest abandoned mining regions in Europe are the
Aachen/Germany and South-Limburg/Netherlands coal mining districts,
where mining ceased in 1992 after 800 years of active mining. During
that time, a cone of depression with an area of 400 km? built up but since
1992, the mine water has risen by 200-240 m, thus diminishing the de-
watered area. The whole ground water rebound was well monitored and
controlled, using a step-by-step approach, and so far, at least, has gone
well (Heitfeld et al. 2002).

Thus, although several good analytical, empirical, and numerical
codes are available for rebound prediction, it is still complicated. Even
if all conceivable data and experiences were put into the model, rebound
prediction might fail. A comparison of the methodological procedures
shows that complicated, numerical models can fail as much as simple
empirical models. If the failures described above and in the literature
(e.g. Veseli¢ and Norton 1997; Younger and Adams 1999) are consid-
ered, it is clear that they are usually due to one or more of the following
reasons:
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e misinterpreting the cone of depression (usually too large)

e over-estimating the significance of the volume of the dewatered rock
matrix

e insufficient data about the volume of the mine voids

e wrong conceptual model

At least the second point can be explained from a hydrodynamic point of
view using a mine voids-matrix coupling ratio, c,. First, mine voids are filled
rather quickly while the rock matrix remains unsaturated for a comparatively
longer time. After the mine voids are completely filled, the rock matrix re-
saturates until the hydraulic regime reaches equilibrium — which, of course,
will not be the same as the pre-mining condition. The reason for the slow
saturation of the rock matrix can be seen in the fact that the rock matrix con-
sists of three different types of porosities with fast and slow flow occurring
in those porosities: flow porosity, residual porosity, and diffusion porosity
(Norton and Knapp 1977). Therefore, the volume of the voids is the main
factor for the rebound and the volume of the rock matrix accounts only as a
minor part. It is understandable that the coupling of those processes has to
consider both laminar Darcy flow in the far field of the cone of depression,
as well as turbulent non-Darcy flow in the voids and the parts of the cone of
depression with high hydraulic gradients — this is what makes the situation
complicated (Darcy flow is defined as a laminar flow for a viscous fluid
through isotropic porous media).

This section — at first reading — may disappoint those wishing to predict
mine water rebound. However, the situation is not that bad and a nearly cor-
rect prediction is better than no prediction at all! If all necessary data are
considered, a good conceptual model with a first empirical calculation is
made, and after enough data are available, a more sophisticated numerical
model is used, predictions should, to a certain extent, be accurate. Future re-
search in this field must focus on the rock matrix—mine voids interaction be-
cause this mechanism has been largely disregarded in existing models.

5.10 Unexpected Mine Water Discharges During Flooding

As has been seen in the previous chapter, the prediction of ground water re-
bound can fail and in such cases, mine water may emerge in unexpected or
inappropriate places, with unforeseen contamination loads, or underestimated
total flows can range from small seepages to catastrophic mine water out-
breaks. Some of these failures have already been addressed in section 5.7 or
will be described in the case studies (chapter 12). Furthermore, the facts that
can be learned from such failures can be found throughout this work with-
out referring to them in all instances. This chapter will focus on unexpected
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discharges from closed mines during or after the flooding process. Failures
or accidents during the operational period of the mine has already been ad-
dressed in earlier chapters and dam failures, though one of the accidents with
the most public interest, are out of the scope of this book.

One of the more prominent failures during the flooding of an abandoned
mine occurred at the Cornish Wheal Jane tin mine in the United Kingdom.
In January 1992, at a time when the water was allowed to rise in the aban-
doned workings due to pump maintenance works, the water level reached
the Nangiles adit and 40,000 m* of polluted mine water discharged into the
Carnon River, the Restronguet Creek and Carrick Roads of the Fal Estuary
(Younger 2002¢). Though the accident found a wide interest in the media
and was described as a catastrophe for the region, investigations two years
later showed that natural attenuation and the robustness of the organisms
were strong enough to overcome the accident and most parameters came
back to pre-accident conditions (Somerfield et al. 1994; Hunt and Howard
1994). After the accident, an active and a pilot scale passive treatment scheme
were constructed at the site (Hamilton et al. 1994a, 1997; Johnson and Hall-
berg 2002; Walder et al. 2005; Younger et al. 2005).

Another accident was the mine water outbreak at the Anna Stollen (Anna
adit) near Nassereith/Austria, in June 1999. This adit had been abandoned
about 50 years ago and the mine water was drained through a concrete pipe
through the Nassereith conglomerate. In the course of time, parts of the adit
and the pipe became blocked with fine-grained material from the conglom-
erate. During normal precipitation periods, the system worked fine but after
the extremely wet spring of 1999, the system was no longer able to drain the
mine water. Consequently, a large mine water pool built up behind the block-
age and the system finally failed, giving rise to a huge mine water outbreak
and mud flow that partly flooded the nearby valley (Amezaga et al. 2004;
Weber 2004; Eckhart and Riepler 2004). Luckily, the mine was a lead-zinc
mine within carbonate host rocks and the chemical water quality therefore
was of no threat to the local community or the environment. A similar acci-
dent had already occurred at the same location in July 1948 and again in June
1955, the reasons again being the blockage of the Anna drainage adit. Inter-
estingly, the 1948 “mine water explosion” could have been foreseen and pre-
vented as the mining authority noticed in 1935 that the adit was blocked 13 m
behind the mine portal. In a report to the mining authority, Gustav HieBleit-
ner calculated that the total volume of water that had accumulated behind
the blockage was some 30,000 m* (Mining Authority Hall ZI. 1112/1935;
2075/1948; 1342/1955).

A comparable accident happened in August 2002 when the Rothschon-
berg Stollen, the central drainage adit of the German Freiberg/Saxony
mining area collapsed after a catastrophic rainfall event lasting for nearly
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4 days. This collapse led to a partial flooding of the famous mining acad-
emy’s teaching and tourist mine (Fig. 15), as the mine water level rose
by about 20 m. The functioning of the drainage system was re-established
by intensive remediation and reconstruction (Kugler and Weyer 2002;
Weyer 2003).

During the research for this chapter, it became clear that many “unex-
pected” mine water discharges after flooding are known, but — obviously —
people tend not to publish such failures, or try to interpret them in a positive
manner. One such case occurred at the abandoned Dresden/Germany Co-
schiitz/Gittersee uranium mine. First, flooding was slower than expected
(Gatzweiler et al. 2002) and then the mine water discharged at unforeseen
places with an unexpected contamination load (Thieme 2005).

It is important to emphasize — again — that old workings and forgotten con-
nections between modern and past workings are the most dangerous threat in
the mining industry. It is therefore essential that mining authorities keep track
of mine layout maps and that all kind of investigations are conducted to lo-
cate forgotten workings in long abandoned mining areas. The Quecreek ac-
cident (Somerset County, Pennsylvania) could probably have been avoided
had accurate maps of the abandoned Harrison Ne 2 been available (Pauley et
al. 2003). A recently developed and improved method to identify unknown
sub-surface mine water pools and acid mine water discharges are airborne
geophysical (remote sensing) investigations. This has been successfully used
in the Upper Arkansas River Basin/USA, where natural acid drainage in al-
terated rocks occurs, and in several Pennsylvanian river basins for locating
acid mine water discharges of abandoned underground mines (Yager et al.
1998; Williams et al. 2002; Sams and Veloski 2003; Hammack et al. 2003b;
Ackman 2003; Hammack et al. 2003a; Sams et al. 2003; Al-Fouzan et al.
2004; Sares et al. 2004).

5.11 Mine Closure Legislation and Guidelines — Some Aspects

Mine closure legislation differs from country to country, though some gen-
eral conclusions can be drawn from recent investigations of mine closure.
Detailed assessments are given in McCourt (1999), Anckorn and del Olmo
(1999), Hamar et al. (2002), or Kroll et al. (2002a, 2002b), most of them
with a European focus. The topic of mine closure legislation covers a huge
area of legal aspects, such as waste, soil protection, water protection, socio-
economical impacts, and other relevant legal issues. Furthermore, regula-
tions, standards and laws change quickly, so that an in-depth discussion of
those matters would be outdated before the publication of this book and
would cover several hundreds of pages. For example, Burchi and Mechlem
(2005) collected the most important treaties and other legal instruments about
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ground water in international law and came up with a 584-page volume! A
collection of international and cross-boundary laws and directives related es-
pecially to mining has been published by Pring (1999). Though his work is
not focused on water, he gives many references to how international water
law impacts mining issues, for example the “Ramsar Convention on Wet-
lands of International Importance”.

Though not meant as a legislative piece of paper, the Berlin Guidelines
on “Mining and the Environment” (United Nations Department of Technical
Co-operation for Development and Development Policy Forum of the Ger-
man Foundation for International Development 1992) has resulted in a lot of
recommendations and international directives, which were partly incorpo-
rated in national legislation (Natural Resources Management Unit Division
“Protection of the Environment and Natural Resources”1999). As Berlin I
did not address mine closure, these recommendations did not much affect
mine closure legislation (see appendix III). Yet, Berlin I also addressed aban-
doned mines and several aspects of mine closure were discussed at this round
table meeting, thereunder mine water issues.

On a worldwide basis, most water laws do not explicitly refer to mining.
Some exceptions are recommendations and directives of the European Union,
and the regulations of Palestine’s West Bank, Kenya, Australia, African In-
comati, and the Maputo Watercourses (Burchi and Mechlem 2005). In the
USA, the “Federal Water Pollution Control Act” (33 U.S.C. 1251 et seq.)
contains a paragraph (§107: “Mine Water Pollution Control Demonstra-
tions”) which allows pilot mine water treatment plants and allocates a 30
Million $U.S. fund. Furthermore, the “Safe Drinking Water Act” (42 U.S.C.
300h[b]) may be amended “to protect the water quality of the Great Lakes
from the harmful effects of acid mine drainage” (110" Congress, 1% Session,
H.R. 1842.1H; March 29, 2007). Some states in the USA (e.g. Pennsylvania,
West Virginia) and Provinces in Canada also have regulations relating to po-
tential acidic mine waters (MEND [Mine Environment Neutral Drainage Pro-
gram] 1993). Yet, the rare number of laws or regulations related to mine water
does not imply that mine closure or mine water issues are not regulated in
other countries; it just means that there is usually no special reference to mine
water in the water laws (Plinke and Wildhagen 2003)!

In many countries, mine closure planning nowadays starts with the initial
mine management plans; it is compulsory to include mine closure plans in the
environmental impact assessment (EAI). This movement towards sustain-
able and environmentally sound mining is mainly due to the influence of the
United Nations Environment Program and the World Bank Group, which
connects new lendings for mining enterprises to the principles of environ-
mentally friendly procedures and their guidelines and directives (Strongman
2000) related to:
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e cnvironmental assessment (including Environmental Management
Plans)

natural habitats

dams

indigenous people

involuntary resettlement

cultural property

Sheldon et al. (2002) summarised the future issues of mine closure in the
following way:

The traditional approach toward environmental protection and recla-
mation has largely been for mining companies to take care of any surface
safety hazards and secure the pits, flooding open pits and, where needed,
providing for pumping or drainage of water from underground workings
nearby and sealing the entryways, shafts, and adits. This is no longer suf-
ficient. Good practice today requires removing unwanted plant and equip-
ment, stabilising and securing waste dumps and impoundments, detoxify-
ing hazardous materials, protecting ground water, addressing any acid rock
drainage issues (which in the worst cases can be a severe problem), and re-
claiming, rehabilitating, and revegetating land in a manner compatible with
local vegetation. Such environmental protection and clean-up apply not
only to the mine site but also to all locations affected by the operation, in-
cluding any rivers, ports, and other transshipment points, some of which
may be a hundred miles or more from the mine site. For example, in the
case of the Ok Tedi mine in Papua New Guinea, the transshipment port
is over 200 miles from the mine, and the area impacted by the disposal of
mine waste and tailings extends over 1,200 miles from the mine site to the
Torres Straits.

Currently, the Global Alliance, a union of different acid mine water ini-
tiatives and mining companies, is preparing the GARD: “Global ARD Guide
(GARD guide) — Guide for the Prediction, Prevention and Mitigation of Neu-
tral and Acid Drainage from Sulphide Wastes,” which is scheduled to be fin-
ished in 2008.

BATNEEC means “best available technology not entailing excessive
costs” and is for example used by the Irish Environmental Protection Agency
(Environmental Protection Agency 2001; Flynn et al. 2005). Independent
from any legal issues, if the BATNEEC principle is used throughout the
whole mine closure process, the legislative requirements will be met in most
instances on a worldwide scale. As BATNEEC is not a static procedure, but
depends on the improvements of existing and challenges of new technolo-
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gies, the BATNEEC principle guarantees that most environmental aspects
are met during mine closure. Yet, it should be noted that it is possible and in-
deed desirable in some instances to set up more stringent rules than those
that could be derived from BATNEEC principles. If, for example, mine water
might pollute drinking water reservoirs, an even better and more expensive
technology might be demanded by the authorities.

Legal issues of mine waters in Europe have been studied intensively by the
PECOMINES and ERMITE projects (Jordan et al. 2004; ERMITE Consor-
tium et al. 2004). Those publications partly cover legal aspects of mine clo-
sure as well. A publication that falls into a similar category was developed by
the French Bureau de Recherches Géologiques et Miniéres (BRGM) and
covers mainly waste issues from the European mining industry (Charbon-
nier 2001).

Another aspect, which will become important in the future, is environ-
mental liability (Betlem and Brans 2002; Bernasconi and Betlem 2003). The
European Commission has issued a Proposal on Environmental Liability
(COM[2002]17); each mine operator will do its best to exclude any future li-
ability that could be traced back to his mining operation. Mining rehabilita-
tion is mandatory in Republic Act 7942 (the Philippine Mining Act of 1995).
Remediation and rehabilitation of abandoned/mined-out areas are thus ac-
corded top priority in policy agenda to address negative impacts of mining
projects. Several legal aspects of mine closure in Iberoamerica were dis-
cussed in the first [beroamerican seminar on mine closure held in La Rabida
in 2000 (Villas Boas and Barreto 2000). Experts from Mexico, Peru, and
Chile reported on experiences with new mine closure legislation with respect
to environmental protection.

As can be seen, the regulatory or legislative procedures that are necessary
to close working mines are numerous and have been adopted in most devel-
oped countries. By international treaties and the role of international organ-
izations, they are also followed in many developing countries. Over and
above the efforts of INAP and ICMM, the plans of the Global Alliance to
produce “Global Acid Mine Drainage/Mine Leachate Remediation Guide-
lines” will encourage this trend. however, while this is true for the global
players in the mining industry, small-scale mining in all countries remains a
real problem for the environment, as Armando Zamora (1999) has sum-
marised. Therefore, the problem of closed or abandoned mines is less asso-
ciated with current mining, but with past mining periods and small-scale min-
ing (Balkau 1999). As discussed in other chapters, mine water pollution from
abandoned mines is a worldwide problem and no matter how highly devel-
oped a country is, all of them have yellow or red streams somewhere in their
backyard.
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6 Do’s and Don’ts of Mine Closure
6.1 General remarks

During mine closure, regardless of what caused the closure, the focus should
be to close the mine as quickly and cheaply as possible, but to do so in an en-
vironmentally sound manner. However, even where a proper mine closure
plan is available, people rarely think of all of the problems that might some-
day evolve, and require that a new or extended remediation project be initi-
ated.

Mine water researchers, mining or industrial archaeologists, and economic
geologists desire that shafts or underground workings would not be back-
filled or fully closed. Yet, safety for the public and the mine operator obvi-
ously require it, and therefore the wishes of the first group cannot be fulfilled
at all times. Fortunately, many closed or abandoned mines are converted to
visitor mines so that research is still possible, and deeper understanding of
flooding processes, the life and work of the historic miners, or the genesis of
ore deposits are still possible. Also, from a mining heritage point of view,
total remediation of all of a mine’s remnant should sometimes be avoided
because such remnants can tell us much about our own past (Shepherd 1993;
Anonymous 1999b; Carvajal and Gonzalez 2000; Lynch 2002). Some of the
most polluted abandoned mine sites can serve as study areas for mass trans-
port and past mining activities, such as the Spanish Rio Tinto or the German
Harz Mountains area (Dobler 1999; Leblanc et al. 2000; Carvajal and Gonza-
lez 2000). Many countries, for example Malta or Sweden, have heritage is-
sues included for mine closure operations (Wolkersdorfer and Gobel 2001a;
Lindgren and Destouni 2002).

Of course, from the perspective of a mine water researcher, there are many
wishes on how mines that are going to be flooded should be equipped, the
simplest being continuous monitoring of the temperature or electrical con-
ductivity development during and after the flooding process. Such measure-
ments would help to increase our understanding of flooding processes and
thus develop improved strategies for environmentally-safe mine flooding. In
fact, there are already many mines where a monitored flooding process was
of use in later remediation strategies (see chapter 12). Because many mine
operators, understandably, just want to close down their mine, this wish will
probably remain a long way off.

Another aspect of mine closure that will not be covered here are the asso-
ciated social-economic effects. Miners and their families lose their regular in-
come, people move away and formerly prosperous regions can lose most of
their citizens. Cases like that can be seen all over the world and when no-one
else lives in the former mining place, the likelihood of nobody taking care of
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the abandoned and remediated mine workings can become a problem. For-
tunately, modern mine operations require closure strategies well before the
first machinery starts digging, so that community interests can be addressed
well in advance of closure (Robertson et al. 1998; Robertson and Shaw 1999;
Hoskin 2000; Hoskin 2003).

This chapter will list some things that could be done during a mine closure
process that would help later researchers to gain access to the old workings
without reducing the safety needs of the operator. Regrettably, this list is far
from being complete; all types of suggestions are welcome and will be in-
cluded in a later edition.

6.2 Shafts

Shafts should not be fully backfilled if it is not necessary for reasons of
ground stability or the safety of engineering constructions. Usually, a con-
crete plug with pipes that allow access for sampling equipment or borehole
cameras will suit all the needs concerning safety. The cases where fully back-
filled shafts caused ground subsidence above the backfill are numerous (e.g.
Skinner and Beckett 1993; Klapperich et al. 2001; Busch et al. 2002; Sroka
et al. 2003; Meier et al. 2004), thus proving that this technique should not be
called “state of the art”. The pipe should have a diameter of at least 8 cm (3
inches), which is large enough for most down-hole equipment. As small pipes
tend to twist in such plugs over time or during cementation, larger diameter
pipes of at least 20 cm (7 inches) would be better. The current procedure in
many areas of pumping concrete into abandoned mines ad infinitum does not
meet the needs for mining heritage and later scientific investigations of aban-
doned mines. The “severe danger” that would justify such an extreme meas-
ure is unusual; more typically, it is just done because the responsible person
knows no other techniques. Sealing and grouting techniques can be used to
protect both the mining heritage and engineering constructions on the surface.
Also, polyurethane foam (PUF) has been successfully used as an alternative
to concrete plugs for shaft sealing (Suman et al. 2000).

Furthermore, for the sake of safety, unclassified material or material that
will degrade over time should not be used! In the Picher Mining Dis-
trict/USA, unused cars, railroad ties, and oil tanks were used for shaft seal-
ing (Suman et al. 2000). Some abandoned shafts in the Mulreesh—Portnealon
lead-zinc mining area of Islay/Scotland (Wilson and Flett 1921) were cov-
ered with corrugated iron and waste material and a small shaft in Tyrol/Aus-
tria was just covered with old planks of wood, which soon rotted. And, of
course, shafts should never be left open so that animals or people can fall
into them (Fig. 35); fencing provides an inadequate and temporary form of
protection.
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Sampling equipment and downhole probes can be damaged by material
left in the mine and especially in the flooded shaft. Wood, steel cables, plas-
tic foils, files, gas masks, plastic pipes, etc. and material used as barriers can
commonly be found floating in the mine water and can cause problems that
could easily be avoided if all onsetting stations would be secured with struc-
tural steel lattices. To avoid high amounts of suspended solids, it is useful to
construct 1-1.5 m high dams at distances of 5—10 m before the onsetting sta-
tions. Of course, the rotting of wooden shaft furnishings or supports in the
shaft compartments cannot always be avoided (Fig. 36), but wire or shot-fir-
ing cables left hanging or floating in a shaft are traps for probes and is avoid-
able.

A positive case is the clearing-out and rehabilitation of the Virginia shaft
at the abandoned Mechernich/Germany lead mine. This abandoned mine
shaft was restored in 1986 to allow access to a drainage adit under a waste
disposal site that was receiving waste water; the shaft was secured and access
to the underground gallery was made possible again (Benning et al. 2002;
Mair 2002).

6.3 Adits

Closure of adits was already addressed in section 3.7.4 but in another con-
text. For safety reasons, all adits have to be closed carefully but they should
be closed in such a way that future researchers or bat protectors can get ac-

Fig. 35. Unsecured,
open shaft in the aban-
doned Coolgardie/Aus-
tralia gold mining field.
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Fig. 36. Rotten shaft
furniture in a flooded
shaft of the closed
Schwaz/Austria dolo-
stone mine. The water
surface is just a little bit
below the left corner of
the shaft.

cess to the adit at a later stage. Bat protection and mining research (which
covers all kind of scientific research within an underground mine) are not
mutually exclusive, but there is often a lack of co-operation between the two
groups. Again, the Mechernich/Germany mine is a good example of co-op-
eration between environmentalists and mine researchers (Thies 2003).

Visitor (tourist) mines and mining authorities have found that the closure
of an adit with a door causes “door researchers” to test the stability of such
constructions. It is interesting to see how many different methods have been
used by such groups to gain access, including the use of explosives and
sledgehammers. As a general rule, such doors must be as sturdy as possible
to prevent unauthorised access. Door hinges and padlocks must be inside the
adit and protected against humidity. It is a good practise to leave a sign near
the entrance on how access to the adit can be legally attained. Such proce-
dures are routinely followed at many caves throughout the world where a
relatively common code of honour already exists between most cave re-
searchers.

If polluted mine water is draining through the adit, huge amounts of iron
oxide sludge can accumulate behind the seal. This has been observed at the
abandoned Gernrode/Germany fluorspar mine. A low wall was constructed
one meter behind the adit’s seal to prevent waste from building up behind the
drainage pipe (Tamme 2002; Schindler 2003; Wolkersdorfer et al. 2003).
Within two decades, iron hydroxide built up for a length of approximately
500 m behind that wall. The adit was inspected by a consulting company and
the authorities in August 2001 and December 2003. The individuals who
walked in the sludge initiated a sludge avalanche that polluted the receiving
stream for a length of at least 3 km. It turns out that a blockage of the drainage
pipe caused a rise in the water level and thus the sludge accumulation. This
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Fig. 37. Seasonal variation of Fe,, in the Glasebach/Germany visitor mine (sam-
pling point A1b; data kindly provided by BST Mansfeld GmbH and GVV). The sam-
pling point is directly under a spoil heap, which shows strong seasonal fluctuations
of the total iron concentration (each data point represent the arithmetic mean of three
measurements a week).

example shows how important it is that such sealing systems be regularly
inspected. This in turn requires that access for inspection be maintained,
which is only possible if there is no total sealing.

6.4 Choosing the Final Water Level

A key question for every mine operator is where to establish the final water
level of a flooded mine — in other words: where should the underground
beach be established? As discussed earlier, the final water level should be as
high as possible to minimise disulphide oxidation. Disulphide oxidation pref-
erentially occurs in such mines within the range of seasonal fluctuation of the
water table, due to alternating high and low oxygen concentrations as well as
redox values within the highest and lowest water levels. Short-term fluctua-
tions occur during storm events or after sustained periods of drought or pre-
cipitation. When the water level is low, disulphides are subjected to oxida-
tion and the processes described in section 4.2 will produce acidity,
metalliferous leachates, and easily soluble secondary minerals (Fig. 37). In
arsenic- or antimony-rich environments, the varying redox conditions could
facilitate the release of arsenic (Berg et al. 2001). When the mine water table
rises, these secondary minerals will be mobilised. Consequently, acidity (“ju-
venile acidity”, section 5.4) as well as metals are released into the water
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through these wet-dry-wet cycles (Frostad et al. 2002) until — after decades
— all of the disulphide minerals are either exhausted or coated. A storm can
increase the contaminant load of the discharged mine water up to a factor of
10 and adversely affect the receiving watercourses (Younger 2000d). The
long-term prediction of such discharges after mine abandonment is highly
challenging, to say the least (Wood et al. 1999).

Water table fluctuations are usually minimal at adit mines but can reach
several decametres in shaft mines being dewatered by pumping. Water table
fluctuation will also occur at adit mines that are drained through drainage
pipelines because they can only discharge a certain amount of water. A sim-
ilar situation occurs if sealed adit mines become leaky and mine water trick-
les through the mine seal. Furthermore, if the mine water discharge has a
large seasonal variation, oxidation rates will fluctuate as well, leading to the
same type of increased contaminant loads discussed in the preceeding para-
graph. Such situations occur in regions with big seasonal differences of pre-
cipitation and temperature, for example in Spain or Australia. Observation
boreholes should be drilled into the mine water body to allow inspections,
and if long-term observations are necessary, they must be constructed in such
a way that they function throughout the entire planned observation period.

In karst areas, fluctuations of the water level can cause dissolution of the
lime- or dolostone and consequently the formation of sinkholes (Zhou 1997;
Li and Zhou 1999). These sinkholes can cause disastrous destruction of en-
gineering constructions and highly dangerous water inrushes (Newton 1984).
Thus, water fluctuations must be considered in limestone areas even though
the risk of acid drainage is low.

Seismic events can also cause water level fluctuations. In the abandoned
Niederschlema/Alberoda/Germany uranium mine, flooding induced a micro-
seismic event on 21 November 1995, which caused a water level fluctuation
of 34 cm within an hour. During the 18 August 1959 Montana/USA earth-
quake, three shafts in the Pennsylvanian Wilkes-Barre area experienced water
level fluctuations of up to 3 cm (Hopkins and Simpson 1960). Yet, such un-
expected and random water level fluctuations need not be considered for
mine water management procedures as the duration of the fluctuation is usu-
ally short and the effects are therefore insignificant.

Hydrogeological and hydrological data, including precipitation records
and ground water recharge and fluctuations (using piezometers), are needed
to calculate the final water level,. Although the piezometric water level fluc-
tuations, identified through hydrograph recession analyses, are not the same
as the potential fluctuations of the final mine pool, which can be numerically
calculated (chapter 8), they do approximate them.

In addition to the hydrogeological data, knowledge about the location of
disulphide bearing strata and acid-producing waste rock or tailings is neces-



6.4 Choosing the Final Water Level 113

sary. Using all of this data, the overall mine closure scenario must be to min-
imise water table fluctuations within the potentially acid producing material
of the mine. The fluctuating water level should never be allowed to lie within
spoil heaps or tailings disposal sites. If acid-producing material is to be de-
posited within the abandoned mine or open pit, that material must be de-
posited well under or above the lowest potential water table to exclude the
discharge of polluted mine or ground water. If necessary, technical installa-
tions, such as drainage pipes, grouting, or dams can be used to isolate the
acid producing material from oxygen and water (Prediction Workgroup of
the Acid Drainage Technology Initiative 2000; U.S. Environmental Protec-
tion Agency et al. 2001). Fluctuating water levels usually cause worse
drainage water quality then totally dry or fully submerged acid-producing
material (Perry et al. 1997).
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7 Hydrodynamics
7.1 Flow Patterns in Flooded Mines
7.1.1 Introduction

This section describes the types of flow that can occur in flooded mine voids
(shafts, inclines, adits, galleries, and stopes). It is based on hydrodynamic
theory regarding flow in enclosures and some real-world examples. Hydro-
dynamic investigations in flooded mines are an evolving area of research and
this combination of theory and in-situ investigation is a little unusual.

In hydrogeological investigations, Darcy flow is the most common type of
flow considered (eq. 74). This flow is defined as a laminar flow for a viscous
fluid through isotropic porous media. If the flow becomes non-linear or tur-
bulent, the flow becomes non-Darcian. The subject of non-Darcy flow, es-
pecially when it comes to convective flow, is very complex, and so some
basic hydrodynamic understanding will be required. Detailed descriptions
of the theoretical hydrodynamic background can be found in the relevant lit-
erature (e.g. Gebhart et al. 1988; Landau and Lifschitz 1991; Batchelor 2000;
Oertel 2001; Drazin 2002).

7.1.2 Type of Flow in Flooded Voids

Three different types of non-Darcy flow or combinations of them can occur
within the open void space of flooded underground mines: laminar or turbu-
lent Poiseuille flow, laminar or turbulent convective flow, or almost no flow
except for Brownian molecular forces or diffusion. The dimensionless num-
bers for describing the transition from laminar to turbulent flow are the
Reynolds number Re for the Poiseuille flow and the Rayleigh number Ra for
convective and Rayleigh-Bénard flow:

Re = Lxvxp (28)
u
Dxp*xgxBxATxC
Ra= ZXPX8xP v (29)
uxk
with L characteristic length, m
v kinematic viscosity, m? s!

density of fluid, kg m?3
dynamic viscosity of fluid, Ns m™
gravitational acceleration, m s

=™
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S coefficient of thermal expansion, K!
AT temperature difference, K

C specific heat capacity, kJ kg K!

k thermal diffusivity, —

According to Landau and Lifschitz (1991), the transition from laminar to tur-
bulent flow in enclosures occurs at critical Reynolds numbers, Rey ., between
10-100. Many books and articles about hydrogeology refer to Reg . as being
between 6 and 10 in porous aquifers (e.g. Nuttall et al. 2002; Langguth and
Voigt 2004; Holting and Coldewey 2005) but hydrodynamic experiments on
the transition from laminar to turbulent flow clearly show that many variables
are responsible for Reg . and that fixed numbers cannot be given with absolute
certainty because Rey . always depends on the fluid and the nature of the flow
that is being investigated (e.g. Fedotov et al. 2002; Frigaard and Nouar 2003;
Sharp and Adrian 2004). In the simplistic case of water flowing in a horizon-
tal cylindrical pipe without wall roughness, Rey, is about 2000 (Sharp and
Adrian 2004), but can reach values as large as 10° (Landau and Lifschitz 1991).

Free convective flow in vertical enclosures only occurs in systems where
the Rayleigh number, Ra, is larger than the critical Rayleigh number, Ray,
(Landau and Lifschitz 1991), which is between 658 for two free surfaces and
1708 for no free surface. Small diameter boreholes or wells can therefore not
be used for measuring or estimating convective flow in natural systems or in
flooded mines!

Furthermore, the flow regime might be characterised by free flow (buoy-
ancy driven, also called natural flow) or forced flow. Free flow develops when
density differences, 4p, within the fluid are the only driving forces, while
forced flow develops when external forces cause the fluid to flow. However,
free and forced flow do not exclude each other and in many cases of practi-
cal interest, both effects are of significant magnitude (Gebhart et al. 1988).
Such cases, with both flow characteristics involved, are called mixed con-
vective flow. In free convective flow dominated systems, the dimensionless
Grashof number, Gr, replaces the Reynolds number, Re:

Gr:L3><p2><ﬂ2><AT><g 30)
u
with L characteristic length, m
p density of fluid, kg m3
S coefficient of thermal expansion, K!
AT temperature difference, K
g gravitational acceleration, m s

u dynamic viscosity of fluid, Ns m™
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In flooded underground mines, all combinations of the above-listed flow
types can exist at the same time. Changes of flow type can occur within short
distances and short time intervals, too. Even if Darcy flow in flooded mines
is of minor importance, such flow characteristics will occur wherever the
water flows through backfill, downfall, or goaf material (the latter case was
numerically modelled by Jéager et al. 1990).

To describe the flow regime in flooded voids, the Navier-Stokes differen-
tial equation for incompressible fluids is applied. An explicit solution of this
equation can only be given for very simple cases, but in fact, a mine cannot
be called a simple case. For such situations, numerical methods have to be
used to model the fluid flow. Unfortunately, the number of cells needed to ap-
propriately model turbulent flow grows exponentially with the Reynolds
number, as Re**, and the memory needed for such calculations is on the order
of Re?*. Numerical CFD simulations of flooded underground mines con-
ducted by the author in 1996 as closed cavity simulations (FIDAP 7.52; Sun
Workstation) and another simulation by Unger (2002; ANSYS FLOTRAN
2.2, Convex Workstation) clearly proved that no convergence for turbulent
flow was reached within an adequate time. Furthermore, the model cases
computed in laminar flow situations only converged when calculated in di-
mensionless matter.

Besides channel flow within the voids, fracture and porous flow through
the rock matrix occurs as soon as all the voids are filled with water (Nor-
ton and Knapp 1977; Jager et al. 1990; Wolkersdorfer 1996). Permeabil-
ity decreases with the mine’s depth (Nordstrom et al. 1989; Wolkersdor-
fer 1996) and also depends on the thickness of the disaggregation zones
around the voids, typically ranging between 0 and 3 m with a maxima of
8 m (Miiller-Salzburg 1978; Jacobi and Everling 1981; Militzer et al.
1986; Stoll and Bauer 1991). While these fractured zones where the water-
rock interactions occur are important in determining the chemical com-
position of the mine water, they are of minor importance for the flow
within the voids.

Water levels in a pipe network are only similar when the density of the
water is similar throughout the whole pipe network. Therefore, wrongly cal-
culated weir heights for controlling the water flow within adjacent mine parts
(see section 12.11.3) or density differences in interconnected shafts can also
cause forced flow within flooded mines. During the Friedenshall/Germany
salt mine flooding, Pelzel et al. (1972) observed water level differences of
several meters in the shafts. They concluded that those differences were due
to the density differences between the saline mine water in the interconnected
shafts. The difference in the water level, 4A, of two interconnected shafts
with water levels 4 and /,, can be calculated according to the following
equation:
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p1Xth 1_&
Py

P,

Ah = 31)

with Ah head difference between the shafts, m

hy height of water column in shaft 1, m
P1 density of mine water in shaft 1, kg m
P density of mine water in shaft 2, kg m

Sander and Herbert (1985) conducted depth-dependent temperature and
velocity measurements in several flooded German salt mines. Their investi-
gations focused on the potential isolation of radioactive waste deposits from
the anthroposphere. Yet, the results from their investigations are important for
understanding temperature and electrical conductivity measurements in other
mines as well. It becomes clear that zones with nearly constant physico-
chemical parameters are dominated by turbulent flow and zones with gradi-
ents in the temperature or electrical conductivity are diffusion dominated
(they call those layers ‘static layers’). A typical situation is shown in Fig. 38.
Zones 1 and 3 are characterized by constant temperature and fluctuating ve-
locity. This is an indication for a turbulent flow situation. Because the water
does not discharge from the shaft, there must also be convection occurring
in this layer. On the other hand, zones 2 and 3 are characterised by a tem-
perature gradient and no velocity fluctuations, which indicates a more or less
static situation. Sander and Herbert (1985) conclude: “from laboratory ex-
periments and in situ tracer tests, it may be deduced that the transport of mat-
ter: (a) in static layers takes place by diffusion, i.e. very slowly; (b) in tur-
bulently mixed layers is chiefly a function of flow, i.e. very fast; at the
boundaries of the layers the flow reverses; (c) across die boundaries of the
layers is essentially due to diffusion, even if each of the two adjacent solu-
tions is in a state of turbulent flow.”

In the Niederschlema/Alberoda, Brixlegg, and Straberg mines, turbulent
flow must be assumed from the results of time-dependent temperature meas-
urements. Temperature and electrical conductivity oscillations (Fig. 39) are
characteristic of such mines. Wolkersdorfer (1996), Kolitsch et al. (2001),
and Johnson and Younger (2002) conducted in-situ measurements of water
velocities in flooded shafts, and observed characteristic oscillations of ve-
locity and temperature. Such oscillations with extremely irregular and un-
systematic temporal variation in velocity and temperature are characteristic
of a turbulent flow regime with high Reynolds or Rayleigh numbers (Landau
and Lifschitz 1991). Bau and Torrance (1981a, 1981b, 1983) studied open
and closed fluid loops, which can be compared to the situation in flooded un-
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Fig. 38. Depth dependent velocity and temperature measurements in the shaft of an
anonymous flooded salt mine (modified after Sander and Herbert 1985). Zones 1
and 3 are characteristic for turbulent convective flow and zones 2 and 3 for diffusive
flow (static layer). Between zones 2 and 3 as well as 3 and 4 are intermediate layers
that isolate the main zones from each other.

derground mines with two or more shafts. They found out that such systems
become chaotic as they become turbulent, and that the flow starts depending
on critical heating situations and values as well as perturbations, and even-
tually can reverse. Furthermore, they concluded that “free convection loops
provide a means for circulating fluid without the use of pumps” (Bau and
Torrance 1981b).

Results of tracer tests in flooded underground mines showed that the flow
in mine voids tends to be nearly always turbulent, caused by the rocks’ rough-
ness, the mine support, broken roof, and waste material left by the miners.
This explains why the tracer breakthrough usually arrives quicker than pre-
dicted. Velocities in flooded mines are reported to be in the range of 0.3—
1.6 m min™!' (42 tracer tests, 95% confidence interval of all velocities; Wol-
kersdorfer 2002b; table 19). However, to react in the same way as the fluid,
the tracer particles must be small compared to the convection cells, which
Landau and Lifschitz (1991) show for general cases of fluid-suspended par-
ticles in fully-developed turbulent flow. Unfortunately, according to the sug-
gestions of Mandelbrot (1982; and, of course, in his other outstanding
works), the solution of the Navier-Stokes equation must be a fractal — and
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Fig. 39. Time-dependent temperature and electrical conductivity fluctuations over a
68 hour interval in the Georgi Unterbau blind shaft. The histograms on the left indi-
cate the near Gauss normal distribution of the measured values.

consequently of chaotic nature. This explains that “turbulence is one of the
oldest, most complicated, and frustrating chapters in physics” (Mandelbrot
1982)!

7.2 Stratification in Flooded Underground Mines
7.2.1 Description of the Stratification “Problem”

Water stratification or layering occurs when water is separated into horizon-
tal layers of different physical or chemical characteristics (Fig. 40). Whilst
the stratification might be a consequence of changes in chemical (e.g. con-
tents in sulphate, sodium chloride), physical properties (e.g. temperature, vis-
cosity, density), or turbidity, the stratification itself is always due to density
differences of the fluid (Fig. 41). A classical case would be a layer of fresh
ground water above a highly saline mine water (Fig. 122).

The stratification might be stable or unstable, depending on the tempera-
ture or density differences within the single layers of water (Gebhart et al.
1988). Generally, stratification can be assumed to be stable when low tem-
perature differences or high density differences occur within the stratified
layer. Because water is a Newtonian fluid, pressure differences can usually
be neglected. Stable stratification, written in simple terms, exists when the
following conditions apply:
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Fig. 40. Temperature stratification in the West Rand Consolidated Mines’ Deep Shatft.
The gamma ray log shows the temperature stratification and proves that different
types of water lie above each other (data courtesy Alan Harley).

d
—p.(T.,p.)<0 (32)

dx
with x depth, m
p fluid density, g cm?
T temperature, K
p depth dependent pressure, Pa

To compare different types of stratification, the dimensionless Richardson
number, Ri, is used. This number describes the ratio between power and
energy and determines whether two layers in a fluid will mix with each other

or not:

gx P
Ri=—&

]
p dx

(33)
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Fig. 41. Calculated density of water as a function of the electrical conductivity x and
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with g gravitational acceleration, m s
x depth, m
p fluid density, g m
v velocity in the fluid, m s!

Stable stratification, meaning that there is no heat or particle interchange
between two different layers, occurs when Ri > 0.25. If Ri < 0.25, internal
waves spontaneously occur and break down.

Under such circumstances, the density difference, 4p, between the two
different stratified layers are very large and the velocity differences, Av, are
comparatively small, so no exchange will occur between the layers. Exam-
ples of such cases are temperature differences above 10 K, total dissolved
solid differences of above 3% (static stratification) or big differences in tur-
bidity (dynamic stratification), resulting in density differences of 2 kg m,
20 kg m3, and 200 kg m™, respectively (Kranawettreiser 1989). Uerpmann
(1980) experimentally studied such stable stratifications and the Niederschle-
ma/Alberoda/Germany 371 II b shaft had a stratification that was stable for
at least two years (Wolkersdorfer 1996). The extreme situation of the At-
lantis II deep in the Red Sea also proves how stable such stratification can be
(Blanc and Anschutz 1995). On the other hand, stratification can be broken
down by external forces, such as earthquakes, storm events, inflow of fluids
with significantly differing density, changes in the overall flow regime, or
opening of new adits or voids (e.g. due to a broken dam, construction of a
drainage adit, or flooding of a new level during the rebound process).
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In some of the above-mentioned cases, an intermediate layer will be es-
tablished between the two layers. This intermediate layer is a very effective
barrier to the vertical transport of dissolved ions, gases, or temperature; in
limnology, it is called either a metalimnion or thermocline (Geller et al.
1998). Depending on the thickness, Ax, of this intermediate layer and the ve-
locity difference between the two layers, the upper and lower layers will or
will not interfere with each other (Faust et al. 1983; Kranawettreiser 1989).
No interaction between the two layers will be observed when:

(av)’

34)
24><g><A—p (
p

Ax >

with g gravitational acceleration, m s
by depth, m
p fluid density, g m?
v velocity in each of the fluid’s layers, m s™!

Water stratification is a common feature in surface lakes and has been stud-
ied there intensively (see section 5.5.2). Stratification in natural lakes (e.g. Ti-
etze 1978; Boehrer et al. 2000; Boehrer 2000) as well as mining lakes (e.g.
Goodman et al. 1981; Sumioka 1991; Klapper et al. 1996; Murphy 1997;
Stevens and Lawrence 1998) is an important component of all limnological
surveys, as the exchange of nutrients, pollutants, or gases is controlled by
the seasonal variations of the epilimnion, metalimnion, and hypolimnion dis-
tributions. An intensive laboratory and theoretical investigation of stratified
saline fluids has also been conducted by Barry et al. (2001) investigating de-
pendencies of the turbulent length scale and the turbulent diffusivity for mass.
More research is needed to determine if their results are applicable to flooded
underground mines.

A feature yet to be investigated in flooded mine shafts is double-diffusive
convection, though there are some indicators (e.g. staircase profiles) that dou-
ble-diffusion occurs in some mines (e.g. Wismut’s 296 II b shaft: Wolkers-
dorfer [1996] page 127). Convective flow in fluids occurs when density vari-
ations are present. Double-diffusive convection takes place when two or more
components of different molecular diffusivities contribute in an opposite
sense to the vertical density gradient. Typical scenarios are the dynamics of
magma chambers, growing crystals, or salt water/fresh water systems. Yet,
the classic example is heat and salt in water, which causes “salt-fingers”
(Brandt and Fernando 1995).

Furthermore, the examples and theoretical contributions given in Brandt
and Fernando (1995) suggests that double-diffusive convection cannot be
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excluded for flooded mine shafts. Double-diffusive convection would ex-
plain many features that can be observed in flooded shafts, e.g. a linear tem-
perature distribution and a step-like electrical conductivity distribution (Fig.
44). However, as Kelley et al. (2003) point out, staircase profiles can also be
a result of mixing striations or internal waves, as recently investigated in
Lake Constance (Boehrer 2000; Boehrer et al. 2000).

Slight horizontal or vertical, jet-like inflows into a stratified water body
within a shaft, reservoir, or pit lake can destratify the whole system in a com-
paratively short time even if no forced flow for the whole system is created.
Such systems can develop if different parts of a mine are connected. Small
density differences between the jet and the ambient water, exemplified by
densimetric Froude numbers, Fry, lower than 10, are sufficient for effective
mixing and can therefore break down or prevent the stratification within a
flooded mine. In that way, a water body with a formerly quasi-linear tem-
perature distribution can be converted into two clearly separated water bod-
ies (Fig. 42; Stefan and Gu 1992).

7.2.2 Stratification in Underground Mines and Shafts

Stuart and Simpson (1961) and Barnes et al. (1964) reported stratification
in flooded underground mines of the Pennsylvanian anthracite fields in the
USA (Fig. 98). An extensive investigation of mines in this region was con-
ducted by Erickson et al. (1982). Another North American mining area where
stratification was found to occur was the Picher Mining District in the Tri-
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Fig. 42. Temperature distribution in an enclosure prior and after jet-induced mixing.
t*: dimensionless time, 6,: jet angle, Fr: Froude number, St: stratification number
(after Stefan and Gu 1992).
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State district (Playton et al. 1978). Though mine water stratification was
known as early as the 1950s, its potential importance was not known about
then. Uerpmann (1980), who measured the stratification in five flooded salt
mine shafts, proposed to make use of mine water stratification to secure ra-
dioactive waste by implying a special mine lay-out. Similar studies with sim-
ilar results were conducted by Heidenreich et al. (1991) and Czolbe et al.
(1992), who also used numerical models to predict the distribution of ra-
dioactive pollutants in flooded mines for radioactive waste disposal. Nearly
all published cases with mine water stratification are described in chapter 12.

Stratification does not imply that there is no measurable flow in the mine.
Several mine water tracer tests have shown that water does flow within the
stratified parts of a mine, as do comparisons of experimental data and field
measurements.

A characteristic feature of stratified mine shafts is that the single mine
water bodies are separated from each other, usually at the onsetting stations
of adits connected to the shaft. Three reasons can be responsible for this strat-
ification: water inflow from the connected adit, fluid loops through inter-
connected shafts and adits, and flow disturbance due to changing physical
properties of the shaft. A FIDAP 7.5 numerical model showed that fluid loops
can occur and that the direction of those loops changes rapidly with minimum
changes of energy input (temperature changes within the measured range of
temperature in the shafts). The same thing was described by Javeri (1995),
who investigated potential waste disposal in flooded underground mines
using the code TOUGH?2.

Konig and Blomer (1999) found out that with increasing length to diam-
eter ratios, L/d, of a shaft, the number of convection cells and the velocity in-
creases. They modelled a single-shaft closed cavity thermo-convection prob-
lem with dimensionless Rayleigh numbers Ra = 0.03 - 109, 6.2 - 10, and
243 - 10 (see equation 29) using the Navier-Stokes equation and a Boussi-
nesq approximation in the software package Hot-Spring.

In the case of the Ronneburg/Germany uranium mine (for details, see
below), it is hoped that stratification will occur without intervention
(Gatzweiler et al. 2002). Kalka et al. (2002) modelled the density-driven ver-
tical convection in the Ronneburg mine caused by the geothermal gradient
and found out that those effects are neglectable there. Paul et al. (2002) meas-
ured the temperature-depth and salinity-depth profiles in an observation well
of the Ronneburg northwest mining field. Their temperature-depth profiles
show a quasi-linear course with a gradient of 42-44 K-!, thus indicating that
diffusive transport dominates and vertical convection at the Ronneburg site
might in fact be neglected. However, the geothermal gradient is not the only
driving force for free convective flow; density differences in the fluid may
exist due to effects such as mineralization or turbidity. Therefore, the geot-
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hermal gradient cannot be used as the only measure to estimate if free con-
vection will arise or not.

Most of the measurements conducted so far indicate that stratification in
mines can clearly be traced by temperature as well as electrical conductivity
changes. Similar results were obtained by Erickson et al. (1982), who corre-
lated electrical conductivity and sulphate concentrations, concluding that
acid mine drainage contamination can be mapped by continuous electrical
conductivity measurements. Those electrical conductivity and temperature
measurements in flooded shafts are a first indication of the chemical and hy-
drodynamic processes occurring in the mine water pool. Generally, it can be
concluded that higher conductivities in the lowermost mine parts indicate
higher mineralisation and often pollution while lower conductivities in the
higher parts of a mine water pool indicate less polluted water or fresh infil-
tration water.

This dichotomy can be observed in nearly all stratified mines. It can also
be observed in the Austrian Nikolaus-Bader shaft, where “pollution” in its
usual understanding can be excluded, because none of the exposed rocks or
sediments (tillite, dolomite, and limestone) has an acid producing potential
or contains significant amounts of potentially toxic metals (Fig. 43). There,
the higher conductivities, and thus anion and cation concentrations, in the
deeper water are a result of exclusion from an overall convective loop and
from mixing with the fresh(er) water in the higher levels of that shaft and
the higher mine workings.

During a tracer test in the Niederschlema/Alberoda/Germany mine, sus-
pended material within the 366 b shaft slowly moved to the water’s surface
and then reversed its motion, flowing downward. Several such convective
cells were situated near each other, building a flow scheme similar to Bénard
cells for natural convective flow. As Bénard cells are typical for thin water
layers with surface tension (Gebhart et al. 1988), it might be assumed that the
cell structure seen in the Niederschlema/Alberoda mine was either restricted
to the upper surface of the flooded shaft, or the convection cell’s symmetry
was congruent to Bénard cells. However, the temperature differences in the
Niederschlema/Alberoda shafts clearly indicate that Rayleigh-Bénard insta-
bility is the likely cause. Numerical simulations of Javeri (1995) also resulted
in convective cells like those that were observed in-situ. Independent of
whether the cells are Bénard cells sensu strictu or not, convective cells in
flooded shafts clearly exist. The continuous temperature, conductivity, and
pH measurements during the rise of the mine water in the Nieder-
schlema/Alberoda Ne 383 shaft are an indication of such small convective
cells (Fig. 44).
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Fig. 43. Temperature and electrical conductivity stratification in the 10 m deep Aus-
trian Nikolaus-Bader shaft, an abandoned small-scale mining site.
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8 Mine Closure Flow Models and Geochemical
Modelling

8.1 Introduction

Modelling of flows in flooded underground mines helps one to understand the
release of pollutants from abandoned mines. Mine water models can be used
to study the release of naturally occurring pollutants, such as metals released
from acid mine drainage, as well as anthropogenic pollutants emanating from
underground waste repositories for nuclear and non-nuclear waste. Several
approaches to modelling the flow in mines were mentioned in chapter 7,
without discussing the possible modelling techniques. The geometry of mines
is usually more complicated than a “normal” aquifer and even more compli-
cated than a turbine or motor, and so mine models are comparatively com-
plicated. The following sections will give the novice an introduction to mine
water modelling, but it is not meant to provide a detailed understanding of the
specialty. It should be noted that there is a large overlap between different
models, and even conflicting definitions of what a model is. Furthermore,
some models have different capabilities and could be grouped into more than
one category (see Christopher Wells’ “Groundwater Modeling Tools” sum-
mary at the InfoMine homepage).

As most modellers recognize, “all models are wrong but some are useful”
(Box 1976, 1979). Therefore, one of the first decisions when modelling mine
water flow or rebound is: which model shall I use? As described in section
10.1.3, the network of shafts, workings, and galleries can be seen as a karst
conduit network and most of the considerations for flow situations from karst
aquifers are similar to those of flooded underground mines. For simplifica-
tion reasons, a flooded underground mine can also be viewed as a network
of pipes, which eases the effort necessary to model each feature found in a
mine. Collon-Drouaillet et al. (2005) used this modelling approach for the
South Basin of the Lorraine/France iron-ore deposits. Because each mine
differs from each other, most models are extremely site specific and are
adapted to the special requirements of a single mine, and so it would not
make sense to discuss site-specific approaches in detail.

There are in fact nearly as many models as model developers and new
ones are constantly being developed while established ones are being mod-
ified. Many people start by selecting a model and then they compile their
data, yet doing things the other way round generally makes more sense. There
seems no logical reason for using a sophisticated numerical finite element or
finite difference model for a mine and its environment if the data available
is insufficient or too fuzzy. Simple model approaches sometimes yield as
good results as an intensive x-thousand cell CFD (computational fluid dy-
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namics) model. Note: if you find such terms mystifying and see no reason to
learn more, there is no reason for you to struggle through this section; you can
jump directly to chapter 9.

This chapter will describe the principal approaches of modelling flow in
flooded mines. For each of the possibilities, a short example will be given.
Because every mine has its special geometry and unique conceptual model
(section 5.9) and special questions to be answered, it is not possible to give
general recommendations on which modelling approach to use.

Flow models are generally analytical, empirical, or numerical. Analytical
models would be extremely complicated for a real flooded underground mine
—if possible at all, and so far, no comprehensive analytical model of a flooded
mine has been developed. Thanks to the improvement in computer tech-
nologies, 3-D-visualisation nowadays is a convenient means to show the
complicated interconnections in underground workings and the chemical or
physical developments that might appear during or after the flooding process.
Yet, these sophisticated pre-processors must not deceive one into believing
that realistic models can be produced by the modeller!

Governing equations of flow in a conduit and matrix network have to in-
clude water flow, heat transport, and solute transport, which are in turn de-
rived from the conservation of mass, momentum, and energy laws. Those
laws mean that the mass, momentum, and energy in cell one of a model must
stay the same in cell two of the model. Furthermore, as temperature, con-
centration, and pressure are changing in real world mines, the equations of
state for density and viscosity have to be included in mine water flow mod-
elling approaches.

In conventional hydrogeological investigations, the governing equations
for modelling water flow are Darcy’s law and the law of mass conservation.
For these standard situations, many analytical solutions and numerical codes
are available and have been used successfully (U.S. Environmental Protec-
tion Agency 2003; Hiscock 2005). Yet Darcy’s law is restricted to flow in
porous media, to laminar flow, and small flow velocities. These prerequisites
are not valid in flooded underground mines, as they are neither “porous” nor
is the flow always laminar and, as can be seen in table 19, the flow veloci-
ties can be rather fast. However, several researchers have simplified a real sit-
uation so that a Darcian approach could be used, allowing the mine operators
or regulators to benefit from numerical codes such as MODFLOW. Some of
those investigations are described hereafter. In addition, several software
packages have been developed especially for mine water flooding investiga-
tions.
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8.2 Empirical Models

Empirical models are used when the physical properties or chemical reactions
involved are not known in enough detail to analyse them by analytical meth-
ods or to set up a numerical model. In contrast to expert systems or expert
knowledge, empirical models are not necessarily based on a detailed knowl-
edge about the processes involved. Usually, the data for the empirical model
comes from laboratory or field experiments and their systematic connections
to the governing equations involved are not clear. In semi-empirical ap-
proaches, parts of the model might be empirical, while others are based on a
supporting theory (Boudjemaa et al. 2003).

Darcy’s law is in fact an empirical equation that is well known by hydro-
geologists or hydrologists. In 1856, Henry Philibert Gaspard Darcy investi-
gated the public water supply system in Dijon/France (Darcy 1856). In an at-
tempt to improve water purification through sand filters, he measured the
piezometric heads before and after a vertical sand filter filled with the
siliceous sand of the river Saone. He conducted 23 experiments with 4 dif-
ferent column heads under atmospheric pressure and 12 experiments with
changing pressures at the filter outlet and concluded that “pour un sable de
méme nature, on peut admettre que le volume débité est proportionnel a la
charge et en raison inverse de [’épaisseur de la couche traversée” (Darcy
1856, Appendice — Note D: Détermination des lois d’écoulement de I’eau a
travers le sable; eq. 74). Darcy’s empirical law, if described in modern words,
is a simplified averaged momentum balance equation for a Newtonian fluid
in porous media, consequently the Navier-Stokes equation. It can also de-
duced analytically (Bear and Bachmat 1991).

Other empirical models are the discharge equations for thin-plate weirs or
for flumes, as described in section 9.2.1. Nearly all of the equations given
there, though their physical background is known very well, are empirically
deduced from experiments with the equations only valid for the specific weir
or flume type.

Empirical models use different statistical, stochastical, or mathematical
techniques to reproduce the “real world” parameters (Fig. 45; Box et al.
1978). Their aim can be to describe a physical law or to predict the future or
past development of a measured dataset. Such techniques known to most re-
searchers in the mining field are simple or multivariate regression analyses,
curve fitting algorithms, parameter fitting packages (see section 9.3.4), or
polynomial spline curves. Other methods are Fourier series analyses,
wavelets, NURBS (non-uniform rational B-spline), or neural networks.

Splines are functions defining a curve piecewise by polynomals. Though
splines might be useful to fit simple existing data with only one variable,
their applicability is limited in prediction models or in more complicated hy-
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Fig. 45. Forward predictions without advance dewatering boreholes (full line) and
with dewatering boreholes (dotted line) for the uranium concentrations and loads of
an abandoned uranium mine using dewatering boreholes to lower the uranium con-
centrations, where ¢(U) = uranium concentration and m(U) = uranium mass load.
While the concentrations decrease after drilling, the total load is projected to in-
crease. The discharge limits for the uranium concentration and loads are predefined
by the mining and water authorities.

drodynamic situations. They are usually used to model discrete data but em-
pirical mine water models based on splines are not known to date. Yet, if the
knot position and spline coefficients can be deduced precisely enough and
represent the data adequately, most discharge curves or mine flooding pre-
dictions could be based on such data.

Fourier series analyses are commonly used in the interpretation of geo-
physical data sets. Al-Fouzan et al. (2004) describe an airborne mine water
investigation using frequency-domain electromagnetic (FDEM) conductiv-
ity investigations. To remove the noise in their data, they used Fourier filter-
ing. Yet, empirical mine water models based on Fourier series have not been
published so far, though this method can be used to extract seasonal varia-
tions or systematic fluctuations. Fluctuations in the head of a mine water dis-
charge in the Ehrenfriedersdorf/Saxony tin mine was analysed using a
Fourier series analysis. The hypothesis of the mine operator was that the fluc-
tuations were due to switching the mine water pumps on and off, but the
Fourier series analyses could clearly assign those fluctuations to tidal effects.

Wavelets are a modern method to analyze measured time series data ac-
cording to their scale where the amplitudes or wavelengths of the important
cycles are time dependent (Graps 1995; for example, they are used in com-
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pressing pictures, according to the JPEG 2000 standard of the Joint Photo-
graphic Experts Group). The method originated from signal and image pro-
cessing, but is nowadays used in a broad range of applications. In contrast to
Fourier time series analyses wavelets are used for time-frequency represen-
tations with the advantage of a good time and frequency representation. Re-
sults of such wavelet analyses are the variabilities of a time series within
time (Torrence and Compo 1998; Lord et al. 2000). So far, no wavelet analy-
ses of time series in mine water applications have been done. Yet, they can
be used to interpret time series of concentrations, or to find characteristic
patterns in those time series that could help to understand the changes in
mine water chemistry after a certain — not obvious — treatment option has
been applied. One of the most comprehensive commercial software pack-
ages, which also has the capability to use Fourier transforms and many other
options to analyse measurements, is SeaSolve’s AutoSignal (SeaSolve Soft-
ware 2003).

8.3 Analytical Models

Analytical or semi-analytical models for real underground mines have to find
an explicit solution for the general transport equation, which is impossible —
at least with the mathematical methods known today. Yet, Grisak and Pick-
ens (1981) have already been presented an analytical solution for compara-
tively simple cases, such as tracer flow through a single fracture. Pfingsten
and Mull (1990) provided an analytical solution for flow in connected frac-
tures. Chan et al. (1987) compared analytical solutions for a single fracture
with the numerical 3-D-code MOTIF (model of transport in fractured/porous
media) while Reimus and Haga (1999) provided analytical solutions for a
dual porosity conceptual model. Further analytical solutions for fracture and
multiple fracture flow were presented by Tang et al. (1981) and Tsang and
Tsang (1987).

Bau and Torrance (1981a, 1981b, 1983) conducted interesting experiments
with open and closed fluid loops that they heated and cooled at different lo-
cations along the loop. Though their intention was to find analytical solu-
tions for flow within solar panels, the implications of their results are also
valid for flow in flooded underground mines, as mentioned earlier.

Simple mine geometries and consequently simple conceptual models can
be used if segments of a mine are being investigated independently. Such ap-
proaches have been used by several authors (e.g. Fawcett et al. 1984; Singh
and Atkins 1984, 1985). Fawcett et al. (1984) investigated water inflow into
coal mines by assuming that a mine acts like a large well. They used the
Theis and Jacob approaches for confined and leaky aquifers (Theis 1935,
1940) to estimate the amount of water flowing into a mine.
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A novel analytical solution for open pit lake filling was presented by
Fontaine et al. (2003). For real cases, they concluded that the lateral extent
of the cone of depression was not predicted exactly enough and that neither
the time of the maximum extent of dewatering or its temporal effects on
springs and seeps could be modelled in detail. For such requirements they
concluded that a full numerical code and substantially more data would be
necessary.

Matoszewski and Zuber (1984, 1985) investigated tracer transport in frac-
tures. They found an analytical solution for the diffusive mass flux from frac-
tures into the matrix with a Dirac tracer injection. In a later publication, they
also provided an analytical solution for a single fracture with flow diffusing
into the matrix, which they called Single Fissure Dispersion Model (SFDM;
Matoszewski and Zuber 1990).

8.4 Numerical Models

Numerical codes are commonly used nowadays to model mine water re-
bound, reactive transport, and the hydrogeochemical development of mine
waters, or ground water. These numerical models, most of them based on
Darcy’s law for porous aquifers and laminar flow, have been applied to
ground water investigations to a large extent (Deming 2002; Hiscock 2005;
Holting and Coldewey 2005). Commercial and non-commercial numerical
codes used in mine water rebound and flow predictions include MODFLOW,
VULCAN, FEFLOW, SHETRAN VSS-NET, ANSYS FLOTRAN, MIFIM,
KASOMO, GRAM or SPRING; some of these can also deal with non-Darcy
flow (Fig. 46). Most of the models are either finite element or finite differ-
ence models, with no preference to either; a smaller number of models are
based on other numerical methods. Advanced models cover nearly every as-
pect encountered in a mining environment, and complex models are able to
simulate multi-phase flow and multi-species transport. Yet, all those codes
have to deal with a major problem in mine water research: the lack of con-
sistent geometrical and hydrogeochemical as well as hydrogeological data.
Because all such models require boundary conditions to solve the continuity
equation, many starting parameters are based on weak empirical data or in the
worst case, have to be guessed.

As described earlier, Darcy’s law for flow in porous media, laminar or tur-
bulent Poisecuille flow, laminar or turbulent convective flow, or almost no
flow will occur together in a mine environment. Furthermore, the different
physical properties of the rock matrix, fissures, and mine workings must be
considered. Though some codes have the capability of dealing with Darcy as
well as non-Darcy flow situations, the integration of both flow types can be-
come a trial of patience. Exhausting calibration procedures, often based on
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Fig. 46. ANSYS-FLOTRAN finite difference mesh for the numerical model of the
Austrian Georgi Unterbau mine (modified from Unger 2002).

trial and error measures, are necessary to obtain trustworthy results. Because
mined strata are not a standard condition for most numerical codes, the non-
standard use of such codes requires lengthy calibration procedures. To over-
come several of these restrictions, black box (“lumped” parameter) model-
ling approaches have been widely used to solve mine water rebound and flow
problems (e.g. Sherwood and Younger 1994). Especially when many input
parameters are involved, it is sometimes unclear which parameter should be
fitted to get the best result. In a pipe network, for example, where the veloc-
ities within the pipes are too large, the head difference, the roughness of the
inner walls, or the diameter of the pipes can be modified slightly. A change
in any of those parameters would result in lower velocities and it is often un-
clear which screw is the right one to be driven. In such circumstances, mod-
ellers tend to say that the parameters are unidentifiable.

Since numerical codes were first used to model mine water rebound and
mine water flow, computer hardware and software as well as the numerical
approaches themselves have continually developed. Most models are site
specific and adapted to a special situation, and only a few of them have been
used for modelling other situations as well. Describing them here would
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therefore be like shining a spotlight in one direction at random because code
development is so quick. Yet, some principles shall be picked out.

To overcome some of the above-mentioned problems, Frydrych et al.
(2000) used a mixed-hybrid FEM model to calculate the flow field and con-
taminant transport of the Straz uranium mine (Czech Republic). They used
the Rothe method for the time discretization, which covered only 7 of the
expected 30 year flooding period. A total of 20,000 trilateral elements had to
be calculated and they modelled 2560 days with 10-day time steps. Novak et
al. (1995) used another numerical model at the same uranium mine and both
numerical models resulted in similar TDS distributions in the Straz block,
though showing differences in the details.

Heidenreich et al. (1991) extended a numerical model originally devel-
oped to predict the formation of salt caverns to address radioactive waste
disposal modelling. The model accomodates free and forced convection, dif-
fusion, heat transport in the fluid and rock matrix, salt dissolution, natural
and radioactive heat sources, and radioactive decay. Both, the Navier-Stokes
and Darcy equations can be used, depending on the question to be solved.
Their model included two key scenarios with one shaft and two levels: one
with a blind shaft between the two levels, the other one without the shaft.
Their model clearly proved that the blind shaft between the two levels in-
creased the speed of radionuclide transport and should therefore be sealed if
the mine was ever used for radioactive waste disposal. Furthermore, Hei-
denreich et al. (1991) describe the commonly known situation of flooded salt
mines where a fresh water lens overlies the brine without a significant mix-
ing between the two layers over time. They concluded that such a situation
might be advantageous for radioactive waste disposal and therefore mod-
elled a flooded shaft containing a brine overlain by fresh water. As long as the
gravitational forces exceeded the thermoconvective forces, the stratification
remained stable for a long time. All together, the numerical model of the au-
thors was compatible with the “multiple” and “single shaft” approach de-
duced from mine water tracer tests (Wolkersdorfer 2006).

8.5 Models Based on Monte Carlo Methods

Monte Carlo simulations use randomly generated values from a pre-defined
range of potential input parameters based on probability distributions. They
can be combined with nearly all the modelling approaches described here
and are commonly used to evaluate the sensitivity of certain parameters in a
given model. This modelling approach is also used to evaluate minimum or
maximum results of models through multiple runs of the same model with
randomly chosen values. Its scientifically based introduction dates back to
1946, when it was used in the Manhattan project (Metropolis and Ulam
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1949), yet Monte Carlo methods were used before then with less sophisti-
cated statistics. Many modelling approaches in the mine water field are based
on Monte Carlo simulations as there are many variables that are highly un-
certain.

Aurada (1970), for example, modelled ground water rebound after the ces-
sation of pumping in the Mansfeld/Germany mining area. Based on a com-
puter code (Grubenwasseranstau Mansfelder Mulde), he set up a numerical
simulation where he randomly selected hydrogeological parameters, such as
volume of voids, expected precipitation, interconnections within the mine,
and the potential discharge point, within a range of observed values. The
model consisted of 12 “lamellas,” representing the hydrological provinces
of the mining area, each of which was filled with water by the code. After
lamella 12 filled, the code restarted using another, randomly chosen scenario.
From his conceptual approach, his model is very similar to the GRAM model
(Burke and Younger 2000).

GRAM (Groundwater Rebound in Abandoned Mineworkings; Sherwood
and Younger 1994; Burke and Younger 2000) is an analytical model that uses
exactly the same conceptual idea as Grubenwasseranstau Mansfelder Mulde.
It can also be run with a Monte-Carlo sub-routine for predictions under con-
siderable uncertainty (Paul Younger, pers. comm.). Its first application was
predicting ground water rebound in the Durham/United Kingdom coal field,
which is very similar in size to the Mansfeld mining area. Based on the in-
vestigation of the mine geometry and the hydrogeology of the surrounding
area, the mine was subdivided into ponds, which were then filled by the
model. All uncertain model parameters were based on ground water levels,
mine water pumping rates, precipitation, volume of voids, interconnections,
and discharge areas.

8.6 Geochemical Modelling

Since the outstanding work of Nordstrom (1977) on acid mine drainage, geo-
chemical models are regularly used to interpret and predict mine water en-
vironments and mine water treatment scenarios. Alpers and Nordstrom
(1999) summarised such models and discussed how they can be used in mine
water investigations. Nordstrom et al. (1979) compared the results of differ-
ent numerical models. Nordstrom (2004a) provided an excellent overview
of the main concepts and developments in the field of geochemical model-
ling, including examples. Merkel and Planer-Friedrich (2002) published, in
both German and English, an easily understood guide to numerical model-
ling of aquatic systems using PHREEQC, while Merkel et al. (2005b) and
van Berk (2000) described how to use PHREEQC to interpret water-rock in-
teractions in mine waste rocks.
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Commonly, such models are referred to as “geochemical models” or “ther-
modynamic models,” but whatever they are called, they use a database of
chemical thermodynamic data and a numerical computer code to solve the
governing equations, and require an experienced scientist who understands
the concepts behind the numerical approach. Geochemical models are a tool
to understand the species distribution in an aqueous solution as well as the
theoretical mineral assemblage that would result in a water with the given
chemical composition and physical properties. Modern codes can calculate
the mass balance, speciation, reaction-path, sorption processes, and kineti-
cally controlled reactions (like pyrite oxidation). PHREEQC, nowadays, is
the programme used by most hydrogeologists. The most recent version also
includes the Pitzer equation for solutions with higher to extreme activities,
such as brines. Many researchers who are using numerical codes for inter-
preting water analyses take the results as 100% correct and representative
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on database uncertainties. Acid mine water at a pH of 2.24; [SO,>]= 3.1 - 103 mol,
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for the water they analysed. Yet, the chemical thermodynamic database is
based on experimental results, which have an inherent experimental error
range. Nitzsche et al. (2000) or Meinrath et al. (2004) varied different con-
stants in the database within their error range and were able to show the un-
certainties of such numerical codes — and their results might be surprising for
those who tend to discuss the 2™ or 3 decimal place in the results of the
programmes (Fig. 47). Error bars of up to 20% can be obtained when the un-
certainties of the codes are taken into account.

Numerical codes have a wide range of applications in the mine water field.
On the one hand, they help us understand the processes observed in the field
or laboratory; on the other hand, they are a useful tool in predicting future
conditions, based on different scenarios. When the results of a chemical
analysis of a mine water are interpreted using a numerical approach, it is pos-
sible to understand which minerals the water has contacted and to determine
where in the mine the water might have come from. An example of this ap-
proach is the mine water discharging from the abandoned Gernrode/Harz
Mountains fluorspar mine. Two of the issues that had to be addressed were
the complicated mine water hydrogeochemistry and how to treat it. The hy-
pothesis for the chemical composition of the mine water was that “pure”
mine water is to a certain degree mixed with highly mineralised mineral
water. Because the underground part of the mine was not accessible, no
analysis of the water within the mine was possible. Therefore, historical mine
water quality data and water quality data for the mineral springs surround-
ing the mine were used. Based on these analyses and the current mine water
composition, a mixing model was set up in PHREEQC; the mine water was
mixed with different mineral waters at different mixing ratios. Based on the
results, it was concluded that the mine water discharging from the drainage
adit comprises 15-30% of highly mineralised water and that isolating that
water and the mine water would ease the burden of treating the mine water
discharging from the drainage adit (Schindler 2003).

No numerical modelling of aqueous speciation can ever substitute for an
experienced scientist. There are many publications discussing how a numer-
ical code calculated the oversaturation of some ‘nice’ iron phases, and how
the authors were expecting precipitation of those phases, but tunable to iden-
tify them in the sediment or water! Everybody in the mine water management
field, along with researchers, regulatory authorities, stakeholders, and politi-
cians should know that the results of geochemical modelling can only be re-
lied on if the results are properly interpreted by an experienced modeller.
Furthermore, modelling should be based on observations in the field or in
the laboratory. Croxford et al. (2004) and Coulton et al. (2004) gave an ex-
cellent example of how an active mine water treatment process was opti-
mised using geochemical modelling. Based on the results of the model, lab-
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oratory and field experiments were conducted and the final treatment plant
was thus optimised.

To overcome the problems with missing kinetics, Hamm et al. (2005) used
a simplified approach of just modelling the predominant reactions that they
identified through kinetic laboratory tests. Furthermore, they coupled the ki-
netics to a simplified pipe network model for investigating the impact of
backfill material on the water quality of an abandoned iron mine in the Lor-
raine/France.



9 Monitoring and Sampling
9.1 Introduction

The objective of this chapter is to show how important reliable measure-
ments of hydrogeochemical and physico-chemical parameters of mine water
are for the design of mine water treatment facilities and remediation actions.
There are numerous scientific investigations which go into all the details for
a specific mine site. Such investigations are essential for understanding the
compartment interactions and the influences of the mine water discharges on
the aquatic environment or the water catchment. Yet, those detailed investi-
gations are beyond the goals of semi-routine remediation or monitoring pro-
grammes by the typical mine operator or regulator.

Mine water can significantly affect the environmental quality (“good sta-
tus”) and ecological potential of water catchments and therefore, the mea-
surement of chemical and physical parameters should receive special con-
sideration. A baseline site assessment that collected all relevant data for the
mine sites within the catchment should be a prerequisite for any catchment
monitoring programme.

All the techniques used for analysing mine water discharges evolved from
ground or surface water monitoring. There are several pitfalls in sampling
and monitoring mine water discharges that this short guide will help you to
avoid. Sampling programmes should avoid acquisition of unrepresentative
data that might lead to inappropriate treatment or remediation design.

It is essential to obtain as much information about the hydrogeochemical
characteristics of a mine water discharge as possible. In addition to the flow
measurements and physico-chemical measurements, chemical analyses of
the mine water will have to be conducted over a sustained period to account
for seasonal variability and storm events. Mine water discharge qualities can
alter significantly during the period between sample acquisition and analy-
sis. Concentrations of the relevant elements can decrease or increase. Some
critical parameters must be determined on site. Other parameters require
special handling or preservation in the field so that lab analyses are accu-
rate. Depending on the parameters being analysed, mine water samples typ-
ically need to be filtered or acidified in the field, and they need to be trans-
ported to the laboratory as quickly as possible in cool (ca. 4 °C) and dark
containers.

In addition to obtaining chemical data on the discharge, it is advisable to
consult people with knowledge of the mine and local residents who often
have information about extreme situations or other data that could be relevant
for the mine water investigation. This information supplements the experi-
ence of the consultant.
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When establishing a monitoring programme, a step-wise approach is rec-
ommended. In a preliminary screening investigation, simple parameters (e.g.
electrical conductivity, pH, total Fe) can be used to indicate the worst dis-
charges in the catchment. Based on these results, further water samples can
be taken and the number of monitoring stations can be increased or decreased
accordingly.

This chapter will give some hints and list some experiences gained over
several years of mine water research. For in-depth studies, it is highly rec-
ommended that you consult national or international guidelines (e.g. DIN,
ISO, ISO-EU, EPA, DVWK) or the relevant literature, which varies from
country to country and is regularly updated.

Since each mine water is generally different in some way from any other
mine water, no specific recommendations for a monitoring programme can
be given. It is the obligation of the mine owner, its consultant, and the com-
petent authorities to set up a priority list for the parameters to be measured.
A first indication of the parameters that should be measured can be found in
the appendices of the European Water Framework Directive (in principal,
the inorganic parameters), the regional Water Directives and, in the case of
uranium mining, the relevant radiological parameters have to be considered.
At a a minimum, the following parameters should be measured: (hot) acid-
ity (base capacity Ky), alkalinity (acid capacity K »), pH, electrical conduc-
tivity, temperature, redox-potential, Fe, Mn, Al, sulphate, and flow (Figs. 48—
62).

Furthermore, though sampling, monitoring, or taking photographs at most
mine sites is comparatively uncomplicated, the situation can change signifi-
cantly inside coal mines. Coal mines, and occasionally other mines, such as
salt mines, are a source of methane and therefore measurements inside coal
mines can only be conducted with intrinsically safe instruments. Most coun-
tries are very restrictive concerning the use of electronic equipment in po-
tentially methane bearing mine sites and the relevant regulations always have
to be followed!

9.2 Flow Measurements

9.2.1 Direct Flow Measurement

In many investigations, only concentrations (mass of a substance per vol-
ume or mass) of contaminants are provided, but equally, if not even more
important, are the total mass loads, which are calculated by multiplying the

flow and the concentration:

M=cxQ (35)
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with M mass load, g s!
c concentration, g L!
0 flow, L s

Low concentrations of pollutants at high flow conditions can consequently
be as contaminating as high concentrations at low flow conditions. This fact
is often overlooked, as people are used to comparing the concentrations of pa-
rameters only.

Flow measurement is essential for calculating the contaminant mass loads
in a water catchment area with polluting surface or underground mine water
discharges. Some guidance documents were published on flow measurements
at mine sites (Minister of Public Works and Government Services 2001; Sci-
ence Applications International Corporation 2001), but are not commonly
available. Precise flow measurement in open and closed channels is a sci-
ence of its own (Durgin 1981; Herschy 1995; Miller 1996; Bohl 1998; Brass-
ington 1999; Bonfig 2002), and even simple techniques have several restric-
tions. These restrictions must be considered, as mine water discharges can
significantly change: dry streams can become wet and vice versa due to
changing hydrologic conditions. Therefore, a given flow measurement tech-
nique could be suitable at one time and unsuitable at another time. Each mea-

Fig. 48. The Dirac-impulse injection of Na-fluorescein (dark red when it flows out
of the bottle, lighter greenish to yellow in colour when it mixes with the stream
water) used to measure flow at the inlet of a lake that receives polluted mine water
(photograph by Andrea Berger).
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surement technique has special limitations that influence its accuracy. To se-
lect the correct technique, it is essential to know the expected flows and the
limitations of each approach.

In general, the maxima, minima, and mean flow conditions, including sea-
sonal variations, should be recorded at the highest precision obtainable. In re-
ality, most investigations are planned for one hydrologic year — or even less
— and due to the irregular characteristics of precipitation and hence surface
flow, the data gathered may not be representative for a longer period of time.
Another problem is that all of us tend to prefer fine weather for sampling
trips, which often leads to inadequate sampling of storm events. Long-term
gauging stations that are located close to the mine water discharge can often
be correlated to a certain degree with existing data, allowing one to allow
for missing flow and precipitation data. Precipitation data for a special loca-
tion can be determined by applying one of the following methods: arithmetic
mean, Thiessen Polygon, isohyetal method, hypsometric, or multiquadratic
methods (Shaw 1994).

Most researchers and practitioners in the mine water field look upon flow
measurement as being a simple task. This is not the case. Therefore, to avoid
misinterpretations due to a lack of basic understanding, this chapter will de-
scribe some of the necessities when conducting flow measurements.

For each method, many international and national standards (e.g. ISO,
DIN, CSN ISO, O-NORM, BS, EN) are available. The International Organ-
ization for Standardization (ISO), for example, lists more than 100 different
methods for flow measurement. These standards describe in detail the limi-
tations of each method and under which conditions the method is applicable.
Furthermore, some standards include equations to calculate the errors and
uncertainties of the flow measurements, which have to be considered when
comparing different measurements. In the following paragraphs, only the
methods commonly used in mine water research or remediation projects are
described. They assume a channel or pipe flow with a uniform laminar or
turbulent flow at the cross section of the flow measurement.

Usually, the national hydrologic stations within a catchment area are in-
sufficient to calculate the total loads of mine water discharges. It is therefore
important to evaluate the already existing measurement network and — if nec-
essary — install new flow measurement gauges that fit the needs of the
planned treatment or monitoring project. Linsley et al. (1988) provides de-
tails on how to interpret catchment hydrology and evaluate the data.

Two options are used for flow measurements: continuous (electronic or
drum recorders) and discontinuous measurements. Usually, discontinuous
flow measurements will be good enough, but cheap and reliable methods are
now available to measure and store flow rates continuously. Data storage de-
vices have became gradually smaller and cheaper and can therefore be in-
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stalled at many sites without a major investment. Nowadays, fear of vandal-
ism is generally a greater concern than the initial cost. However, because
high flow conditions are usually the limiting events in any remediation or
mine water treatment operation, the continuous measurement of flows is gen-
erally preferable.

Mine water flow can be measured using several methods. The techniques
can be divided into primary and secondary flow measurements, whereas pri-
mary means a direct measurement of the flow with one variable (e.g. water
level: V-notch weirs; pressure: pitot tubes) and secondary involves two vari-
ables (e.g. water level and travel time of sound: ultrasonic flow meters).
Nearly all of the primary methods can be combined with secondary methods.
Here is a selection of the most common flow measurement methods in the
mine water field:

bucket-and-stopwatch (up to 500 L min)
impeller current meter (Fig. 52)

V-notch weirs (Fig. 49)

H-flumes (Fig. 56), Parshall flumes (Fig. 58)
Venturi tube

pump run-times and ratings

water meters (Fig. 59, Fig. 60)

pressure meter measurements of boreholes
transit-time acoustic (ultrasonic) flow meters

Where the flow is measured with weirs, flumes, and tubes, equations re-
late the head of the water level above the measuring device to the flow
through that device. The water levels are usually measured automatically or
manually with level gauges or by a technician using contact free instruments
(e.g. ultrasonic methods), floats, or gauge meters. All flow equations relate
the flow to the water head at a given distance from the measuring device.
Therefore, it is essential to install the level gauge or to measure the water
level at a proper upstream distance from the installation. The distances are ei-
ther given by the manufacturer or, for weirs, located beyond the upstream
water level influenced by the drawdown.

The best option to measure the water flow depends on the site-specific sit-
uation, including the available man power and the water quality. Heavily
contaminated water can damage some measuring devices or could change
the diameter of a channel or weir (by gypsum or iron hydroxide precipita-
tion). Some mine waters might be contaminant or iron free, but could con-
tain high amounts of carbonates, which can also interfere with the measur-
ing devices. If contaminated mine water is to be measured, H-flumes or
contact free methods are generally better.
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Fig. 49. V-notch weir measuring the flow of the Stralberg/Harz/Germany mine water
treatment plant. Ochre precipitates are regularly removed from the weir plates.

In some circumstances, the flow at a chosen location can be estimated
using regression or estimation techniques. This requires a certain number of
gauging stations and precipitation values from which the flow at another lo-
cation might be deduced. It is advisable to use geostatistical methods in ad-
dition to the standard regression and estimation techniques (e.g. Davis 1986;
Linsley et al. 1988; Lerner et al. 1990; Shaw 1994; Simmers 1998; Burbey
et al. 2000).

Though flow measurement in underground mines is very important for
calculating mass transport, weirs or channels are often unsuitable for a proper
flow measurement in mines. The main problem is that the rough conditions
underground (Fig. 50) prevent suitable installation of such devices (Thomas
1959; United States Department of Agriculture 1979). Therefore, such tech-
nical installations must be calibrated using independent flow measurement
devices. Here is a list of the mistakes commonly found: weirs are constructed
directly in the gullets and the water just flows through the weirs without over-
flowing them (quasi-submerged flow); the blades are mounted in the wrong
direction; channels are not cleaned of sediment; metal parts are bent or are
covered with precipitates; the weir or flume is of poor design due to a lack
of hydrodynamic understanding. Theoretically, submerged weirs or flumes
are covered by equations to calculate flow, but their accuracy is low and a lot
of calibration measurements at different flow conditions are needed to get a
usable head/flow relationship estimation; most ‘submerged flow measure-
ment devices’ were originally meant as free flow weirs and were poorly de-
signed or installed! A submerged weir is not good practice for flow mea-
surement and must be avoided whenever applicable.
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Fig. 50. Badly maintained channel for flow measurements in an underground mine.
The channel inflow is not laminar and the channel itself is filled with sediment.

Another problem is that even where a simple method exists to cross check
flow measurements, it is not often done — even in scientific investigations.
This is a mistake, as will be illustrated using the example of an abandoned
Austrian Silver mine. The mine was investigated at the turn of the 21* cen-
tury and several of the flow measurement channels were badly maintained
(Fig. 50). The flow was measured 10 times at 5 different sampling locations
and the mine water coming from sampling locations 1-4 flowed through sam-
pling location 5. The total flow ranged between 22 and 60 L min™' and the rel-
ative difference between the sum of locations 1—4 and location 5 ranged be-
tween 1 and 30%. The apparent error range did not appear to correlate with
the total flow; 50% of the differences were in an acceptable range of £10%
and the rest exceeded that limit. There was no data on the accuracy or the un-
certainty of the measurement. As we will see, it would have been a simple
task to add all the single flow measurements and compare the results with
each other.

To detect the “wrong” flow measurements, you should measure both the
flow and the electrical conductivity of the water, which is easily done, even
in uncomfortable underground situations. If the flow measuring cross-sec-
tions are not too far apart from each other and if no precipitation or dissolu-
tion of minerals occurs in the area being investigated, electrical conductiv-
ity functions as a conservative parameter for the mine water. Table 11 shows
how such an accuracy check might be done (data has been partially adapted
to illustrate the method). In the first three lines, the parameters of the Febru-
ary measurements are given. This data were accurate within the expected un-
certainties. The situation was different in May. The difference in the total
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Table 11. Example of a flow measurement in a closed underground mine showing
how a wrong flow measurement can be identified and corrected. SL: sampling loca-
tion; Diff: difference; electrical conductivity in uS cm'; flow in L min’, “load” in
uS L em™! min.

Date SL1 SL2 SL3 SL4 SLS 17821’1213 4 Diff Diff %
22 February
flow 3.50 0.83 0.25 16.5021.80 21.08 0.72 3%
electrical conductivity 318 466 619 374 388
“load” 1113 387 155 6,171 8,458 7,826 633 7%
30 May
flow 1.16 2.80 0.30 54.40 45.50 58.66 -13.16 -29%
electrical conductivity 859 163 521 167 204
“load” 996 456 156 9,085 9,282 10,694 -1411 -15%
rgi?g:n;;’ad 11% -18% -1% -47% -10%
30 May
flow, corrected 1.16 2.80 0.30 44.40 45.50 48.66 -3.16 -7%

Table 12. Example of a flow calculation by using equation 39. Data modified after
Unger (2002).

Parameter Upstream Inflow Downstream
K 377.7 uS cm™! 328.3 uS cm’! 352.4 uS cm!
0O measured 1.97 Ls! - -

O calculated - 2.06 Ls! 4.03Ls!

flow was 29%, suggesting an error of some sort. By calculating the “con-
ductivity loads” and comparing them with the data from February, it became
obvious that there was a mistake at sampling location SL 4. After recalcu-
lating the data, the error apparently was caused by a typographical mistake
in the flow. Instead of 54.4 L min’, it should read 44.4 L min"'. After cor-
recting that mistake, the error became -7% and again was in the acceptable
range.
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You can also use this method to calculate missing flow data. In the aban-
doned Austrian Georgi Unterbau mine, there is a huge inflow where the
drainage adit crosses the Griinwies fault. The amount of water flowing into
the mine can become extremely high after rainfall events and thus cannot be
measured. Yet, it is possible to measure the upstream water volume in the
drainage gullet and the electrical conductivities in the upstream, downstream
and inflowing mine water. The missing flows can therefore be calculated, as
follows:

KdXQd:KlXQi+KuxQ14 (36)

with x electrical conductivity, uS cm!
0 flow, L s
d, i, u downstream of inflow, at inflow, upstream of inflow

There are two unknowns, Q4 and Q;, but because

0,=0,+0, (37)

equation 36 can be written as follows:

K, X(0,+0,)=K,X0. +x,%x0, (38)

with only one unknown variable left. Now, after multiplying and rear-
ranging, the equation becomes

0 =0,x K (39)

K, —K;

and the inflow and the downstream mine water volume can easily be cal-
culated (Table 12). In the same way, temperature or the concentration of con-
servative water constituents such as CI or Br could be used instead of the
electrical conductivity.

Bucket-and-stopwatch

One of the simplest methods for measuring flow is the frequently used
bucket-and-stopwatch approach. To conduct such flow measurements, the
mine water must flow through a pipe or a channel and it must be possible to
fill the container without having it overflow, which can sometimes be a prob-
lem under high flow conditions. Using this method, you can measure flows
over a range of about 500 L min! down to 0.1 L min"'. You will need a con-
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tainer and a stopwatch; the appropriate container volume can range from
50 mL to 100 L, and the time should be measured in %™ of a second. You
simply measure the time needed to fill the bucket or graduated cylinder, and
then use eq. 40 to calculate the flow. At least three measurements should be
made, but as many as 10 could be necessary under changing flow conditions.
Commonly, this method gives mean errors of 5-10%, but under certain flow
conditions, better results are obtained.

y
=— 40
0 A (40)
with Q flow rate, m? s°!

14 volume of container, m3

At time to fill container, s

Table 13 gives an example of a bucket-and-stopwatch measurement, and
includes the uncertainties of the time measurement (0.1 seconds) and the
measurement of the bucket, which had 1 L marks. It is assumed that the vol-
ume of the bucket can be determined within about 0.5 L during the filling
process. By using those uncertainties, 3 flow volumes can be calculated: the
mean flow calculated from the measured volume of the bucket and the meas-
ured filling time, the minimum flow from those numbers, and the maximum
flow. Interestingly, the standard deviation of the mean measurements and the

Table 13. Example of a bucket-and-stopwatch measurement of flows at a mine water
discharge. Flows in the mining sector are often measured in L or m* per minute and
therefore, the results are given in that unit. Uncertainties are calculated in the last 3
columns using the minimum and maximum flow, based on the accuracies of the vol-
ume (0.5 L) and time measurements (0.1 s). Bucket volume: 10 L; X : mean; s: stan-
dard deviation.

. flow, min flow, max flow, uncertainty, uncertainty, uncertainty

time, s e . . . . mean,

Lmin? Lmin' Lmin?  Lmin! L min’! .

L min
9.76 61.5 57.8 65.2 3.7 3.7 3.7
10.25 58.5 55.1 62.1 3.5 3.5 3.5
10.20 58.8 55.3 62.4 3.5 3.6 3.5
8.98 66.8 62.8 70.9 4.0 4.1 4.1
10.17 59.0 55.5 62.6 3.5 3.6 3.5
X 60.9 uncertainty 3.7

3.5 5.7% uncertainty 6.0%
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mean uncertainty from the minimum and maximum values are within the
same range. This is not always the case, but the fact that it does suggests that
the researcher worked very accurately.

Such tables and error calculations are rarely found in the geosciences and
in mine water research. A more detailed description of simple error calcula-
tions can be found in section 9.3.4 and the following text.

Area-Velocity Method

Another simple method to estimate the flow is the area-velocity method. To
measure the velocity of the stream, a floating object or a strong dye are placed
in the stream and the time needed for the floating object or dye to travel a set
distance is measured. As the velocity in a given stream profile is not con-
stant but increases from the stream’s bottom to the surface, the ideal floating
object would have %5 of its diameter submerged. One can then calculate the
flow using the following equation:

Ax
O=Ax—Xf (41)
At
with Q flow rate, m? s*!
A characteristic cross section of stream, m?

Ax measure distance, m
At time for object to float the distance 4x, s
f factor for average velocity in area (0.66—0.9)

The dimensionless coefficient f'can be calculated as follows:

03<d<18:  f=064+22%4
f= 3 (42)
-1
d>18: f=(1.4—0.06><\/§)
with d water depth in middle of stream, m

Another common method for determining the mean velocity are the Man-
ning and Chezy equations, which include the roughness coefficients #» and C
depending on the type of channel (Gray 1970; Herschy 1995). Because their
tables are rather long and give details for different naturally-occurring stream
conditions that are not representative for mine water discharges, their method
will not be further discussed here.

In some cases, you need to measure the flow in partly filled pipes, half-
pipes, or ditches. In such situations, only the water depth, d, and the width of
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the water, /, can be measured (Fig. 51). The equation for calculating the area

A of the circular segment is:
2 2 Y
A :lx FHaxd” X4 4xarctan 2xd —sin| 4Xarctan 2xd 43)
2 8xd /

d<l

which, luckily, can be simplified to

d
A=~—x(4xI*+3xd* 44
6x/ ( ) “4)

with maximum errors of -0.1-9.4% for all cases where d </ and where

A characteristic cross section of stream, m?
/ width of stream or water surface in pipe, m
d water depth in middle of stream or pipe, m

If a dye is used, the dye must be quickly poured into the water to avoid dis-
persion (see section 10.5.1 for details of tracer injection). The mean length
of the dye cloud should be used to measure the time and the factor fin equa-
tion 42 can be set as 1. If the mean length of the dye cloud cannot be evalu-
ated exactly enough, the first and last appearance of the tracer cloud should
be measured instead and the mean of those two times used as an estimate.

Current (Flow) Meters
Current meters are also commonly used to measure flow in the field (Fig.

52). The different kinds of current meters have various physical characteris-
tics but they are described together here because the results obtained with

Fig. 51. Necessary parameters for calculating the cross section A of a partly filled
pipe, half-pipe or ditch after equations 43 or 44.
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them are evaluated in the same way. For the reader wishing to learn the de-
tails of closed channel flow measurement, I recommend Miller (1996).

Several types of current meters are used to measure the velocity at a pre-
defined point in the water stream:

impeller current meter

heat pulse

electromagnetic velocity meters
Doppler velocity meter

Their characteristics and use in the field differ significantly, but any prop-
erly calibrated current meter can be used in most mine water related inves-
tigations. If uncertain which technique is the most reliable for an actual in-
vestigation, you should compare different instruments to make sure that the
flow measurements are accurate. The area-velocity method can be used to
provide an estimated value for comparison

A prerequisite for current meter measurements is that the flow within the
cross-section of the stream must be laminar. To calculate the flow in a given
cross section, the cross section is divided into several laminae; within each
lamina, the stream velocity is measured at several depths, which vary de-
pending on the specific method used. Both the number of laminae and the
number of velocity measurements per lamina depend on the width and the

Fig. 52. Flow measurement with an impeller current meter in the discharge channel
of a natural lake receiving polluted mine water. The left operator records the time and
the right one holds the impeller current meter and the electronic device for counting
the turns of the impeller.
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depth of the stream to be measured (Fig. 53). Usually, where mean mine
water discharges are being evaluated, three laminae and three velocity meas-
urements at three depths are a good choice. The U.S. Department of the In-
terior — Bureau of Reclamation (2001) lists eight different methods to meas-
ure and calculate the flow in a stream:

two-point method
six-tenths-depth method
vertical velocity-curve method
subsurface method

depth integration method
two-tenths method

three-point method

one-point continuous method

You should consult this reference for details about each of these methods.
For most of them, the total flow is calculated from the sum of each flow in a
single lamina:

g =V XA (45)

! (46)
with Q flow rate, m? s!
q; flow in lamina 7, m* s™!
2 mean velocity in lamina 7, m s

area of lamina i, m?
number of laminae

S o

The only problematic variable is the mean velocity, v., which has to be
estimated in the above-mentioned methods. One of the simplest methods to
do this is to calculate the“simple average,” as shown in Fig. 53 for the two-
point velocity method. The velocity is calculated in the middle of each lam-
ina in the two-point method as:

— Vg, TV
v, = 0.2 0.8 (47)
2
with v, mean velocity in lamina i, m s

voo  velocity at 0.2 X d; in lamina 7, m s™
vo.g Vvelocity at 0.8 x d; in lamina i, m s™!
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lamina 1 lamina 2 lamina 3 lamina 4

Fig. 53. Calculation of flows in a stream or channel according to the two-point
method with four laminae.

Then, g; (;+1) is calculated as follows:

VitV | [ 4t
9i(in) :( 5 : )X( 5 : )X(lm L) (48)

with g; 1) flow in lamina i,i+1, m’® s
v, mean velocity in lamina i, m s!
d; depth in the middle of lamina i, m

1
L distance from stream edge to middle of lamina i, m

The appropriate way to estimate v, varies based on the stream depth, ve-
locity, and its width. Sometimes, the best method must be found by compar-
ing two or more methods with each other. However, if more than two veloc-
ities are measured in a lamina, the different velocities have to be weighted;
one cannot use an arithmetic mean except when using the simple average
method (equation 47). Current meters should not be used for non-laminar
flow, which can occur behind pipes, bends or obstacles; the salt-dilution
method should be used instead (section 9.2.2).

Weirs

By far, the most common method used for making repeated flow measure-
ments in mine water environments are thin-plate weirs. They can be installed
relatively easily under many different flow conditions, their maintenance is
comparatively easy, and the flow can be simply calculated by measuring the
head above the crest of the weir. Some of the weir types are portable weir
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boxes and can be used in channels or gullies, others are portable weir plates
that can be put into either pre-installed weir holders or hammered into loose
soil. They can be easily cleaned from ochre precipitates and any malfunction
can usually be quickly identified. One can easily calculate the flow over a
standard weir using head-discharge tables or one of the available equations.
Though correction methods for submerged flow (also called non-modular or
drowned flow) over sharpcrested weirs exist, the water must usually flow
freely over the notch as such corrections methods can only be used after care-
ful calibration under different flow conditions. A good summary of the pre-
requisites for installing weirs is given by U.S. Department of the Interior —
Bureau of Reclamation (2001).

However, the flow measuring devices most commonly installed or used in-
correctly are also weirs. Weirs or flumes should only be used when the rela-
tion between the velocity of the discharged water and the depth of the chan-
nel or gully does not exceed a critical value. This dimensionless value is
called the Froude number, Fr:

v

Jegxd

2 mean velocity in channel upstream of weir, m s™!
g gravitational acceleration, m s
d mean depth of channel upstream of weir, m

Fr=

(49)

with

If Fr is greater than 0.5, flow measuring structures lose their accuracy.
Thus, in a channel with a depth of 0.2 m, for example, the stream velocity
must not exceed 0.7 m s™! or the results will not be reliable.

In free flow conditions, which is the normal working condition of weirs,
there must be air between the overflowing water and the weir plate. If there
is no air, the pressure condition for which the weir was calibrated is no longer
valid and the flow measurements are therefore inaccurate. Another inaccu-
racy will appear if you measure the head at the wrong position upstream from
the weir. For most weirs, the head must be measured upstream of the weir at
a distance equivalent to 4-5 times the expected maximum overflow, as the
water starts its drawdown at approximately 2 times the head away from the
weir. Also, the water level above the crest of the weir must not be too low (see
appendix II).

Accumulated sediments must be cleaned from the weir basin behind the
weir regularly as they also alter the flow conditions. Furthermore, the flow
to the weirs should be laminar; therefore, they should only be installed after
a flow section that is long enough to calm turbulent flow situations. The chan-
nel sides should be at a distance of at least twice the expected head over the
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weir to minimise the influence of the channel borders and the downstream
water level should always be at least 6 cm below the notch.

The U.S. Department of the Interior — Bureau of Reclamation (2001) lists
12 prerequisites for correctly installing a weir:

The upstream face of the weir plates and bulkhead must be plumb,
smooth, and perpendicular to channel flow.

The weir crest needs to be level for rectangular and trapezoidal shapes.
The bisector of V-notch angles must be plumb.

The edges of the weir opening must be located in one plane. The cor-
ners of the weir opening must have proper specified angles.

The top thickness of the crest and side plates should measure between
1 and 2 mm.

All weir plates need to have the same thickness over the entire overflow
crest boundary. Plates thicker than 2 mm should be bevelled to an angle
of at least 45° on the downstream edge of the crest and sides. The
downstream edge of V-notches should have a 60° angle to prevent
water from clinging to the downstream face of the weir.

Upstream edges must be straight and sharp. Burrs and scratches should
be removed by machining or perpendicular filing; abrasive cloth or
paper should not be used.

The bottom edge plates and upstream fastener projection should be lo-
cated at least the distance of two measuring heads from the crest. All
upstream faces must be free of oil and grease.

The overflow sheet or nappe touches only the upstream faces of the
crest and side plates.

The weir head measurement is the difference in elevation between the crest
and the water surface at a point located upstream. The upstream point is
at a distance of four to five times the maximum expected head on the weir.
The maximum downstream water surface level should be at least 2—
6 cm below the crest elevation.

The weir head measurement, depending on the weir type, should be at
least 2—6 cm to prevent the overflow sheet from clinging to the down-
stream weir face.

The weir approach should be kept clear of sediment deposits and other
debris.

In general, 3 types of weirs are used: V-notch (Thomson) weirs, rectan-
gular notch (Poncelet) weirs, and trapezoidal (Cipolletti, sometimes also
Cipoletti) weirs (Fig. 54). All of them have to be sharp-crested, and the sharp
edge has to be on the upstream side. Several researchers investigated differ-
ent experimental set-ups of full width and contracted weirs, resulting in a set
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of equations (Ackers et al. 1978), of which Kolupaila (1961) has listed some
100 references.

Kindsvater and Carter (1959) analysed which parameters influence the
discharge over a thin-plated weir and came to the conclusion that at least
eight variable parameters are necessary to describe the flow over such a
measuring structure:

0=¢(L,B,P,h,y,p,u,0) (50)

with O flow rate

L width of the notch

B width of approach channel

P crest height of weir above mean bed level
h gauged head related to weir crest

y specific weight of fluid

p density of fluid

U dynamic viscosity of fluid

o surface tension of fluid

They summarised several of the above parameters to the coefficient of dis-
charge C as follows

C= A,E,E,Re,We (&2))]
B h P
” ‘IH:4V/\
a [ C d

.....................................................
................................................

| | a) Rectangular weir without end contractions

' 45° b) Rectangular weir with end contractions
‘ ) V-notch or triangular weir;
e

typical angles of a = 22.5°, 30°, 45°, 60°, 90°, 120°
d) Trapezoidal or Cipolletti weir
6..10 mm e) Detail: typical weir plate edge treatment

Fig. 54. The three different weir types commonly used in mine water research: rec-
tangular notch weir, V-notch weir, and trapezoidal (Cipolletti) weir (modified after
Minister of Public Works and Government Services 2001).
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with Re  Reynolds number (measures the relative influence of viscosity)
We  Weber number (measures the relative influence of surface ten-
sion)

Because the influence of Re and We for “large” heads on “large” weirs
can be seen as negligible, the coefficient of discharges can be simplified to:

C:¢(%3%,AL] (52)

and the general equation for calculating the flow over all sharp-crested
weirs, according to some 250 experimental set-ups by Kindsvater and Carter
(1959) becomes:

0=C,xL,xh (53)

with Q flow rate, m? s!

C,  effective coefficient of discharge, m” s™!

L,  effective weir length = L + &, m

he effective head above weir crest = 2 + &, m

L measured length of weir crest, m

hy head measured above the weir crest, m

ky, correction factor to obtain effective weir length, m

ky, correction factor, 9.144 - 10 m

Though this general equation looks rather simple, different solutions are
given in the literature and the only way to get a precise head-discharge de-
pendency is to calibrate each notch before it is used. Another option is to in-
stall manufactured, pre-calibrated weirs. In most investigations, a rough
estimate of the mine water discharge is sufficient. A comparison of the equa-
tions given in the literature shows that the errors are usually very big for high
flows because the equations do not consider the coefficient’s dependency on
the head above the weir crest. Because mine water discharges can reach sev-
eral cubic meters per minute, this inaccurate coefficient might result in an
underestimation of up to 13%, compared to the real flow. Therefore, the sim-
plifications given in several publications for measuring the flow discharged
by a mine or a mine water treatment scheme should not be used (e.g. U.S. De-
partment of the Interior — Bureau of Reclamation 2001; Younger et al. 2002).

Depending on the weir type, equation 53 can be solved in different ways,
of which some are presented in appendix II. For most purposes, a simplifi-
cation of the equation fulfils the needs of mine water researchers, but all of
the simplifications have an error of +£ 1-5%. This error is mainly a function
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of the head above the crest of the weir and normally increases to both ends
of the ‘boundary’ conditions for each weir type. It also increases if weirs are
installed that do not meet the restrictions for its use or if weirs are installed
in non-linear flow conditions. If high precision measurements are needed,
the equations in appendix II should be used and — if necessary — be fitted to
the site-specific conditions, as described in U.S. Department of the Interior
— Bureau of Reclamation (2001). All of the following SI unit-based equa-
tions were computed using the original equations; discharges for different
flow conditions were computed and, based on those results, the simplified
equations were fitted to the results using a state of the art curve-fitting model
(TableCurve 2D and 3D). Before using these equations, it is recommended
that another flow measurement technique be used to quantify the measure-
ment uncertainties and to evaluate the real discharge coefficients.

The following nomenclature is used for equations 54 to 59 (see also Fig.
126):

gauged head related to weir crest, m

crest breath, m

crest height of weir above mean bed level, m
flow over weir, m® s!

QNS =

The unit for all of the coefficients is m®> s™!.
V-notch (Thomson) weirs (90°, Y2 90°, 4 90°; h > 0.1 m; Fig. 49, Fig. 55)

0y, =1.369% 1™ ;a0 =90° (54)

Fig. 55. A V-notch weir in the Felsendome Rabenstein/Germany underground visi-
tor mine showing that the sharp-crested side has to be at the upstream side of the weir.
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Q1/290 = 0684><h25,a = 5308’ (55)
Qo0 = 0.348xh*°; a0 =28°4" (56)

accuracy 90°:  —4-0%

accuracy %2 90°: —6-0%

accuracy ¥4 90°: —10-0%

Compared to a 90° V-notch weir, the %2 90° and ¥4 90° V-notch weirs have
a flow that is half and a quarter of the flow over a 90° V-notch weir at the
same gauged head, respectively.

Rectangular notch (Poncelet) weirs (full width), accuracy: 0-3%.

Q=1.773><(1+0.148><%)><b><h1'5 (57)

Rectangular notch (Poncelet) weirs (contracted), accuracy: —4—1%
0=1.758xbxh"’ (58)
Trapezoidal (Cipolletti) weirs, accuracy: —1-1%.

0=1.869xbxh"’ (59)

Flumes

Flumes change the dimensions in an open channel to accelerate the water
flow by converging the channel sides or by raising the channel bottom. If
standard flume dimensions are used, the flow can be calculated from the
water head upstream of the flume at a predefined distance from the critical
depth. Flows between 0.3 L min™! and 5,600 m* min! can be measured with
flumes.

Flumes can be categorised as short- or long-throated flumes, whereas short
and long refers to the linear parts in the calibration curve, not to their con-
structive length (Fig. 57). In contrast to short-throated flumes, long-throated
flumes can simply be designed with computer programmes, and it is easy to
adjust their dimensions to nearly every flow and constructive situation. Short-
throated flumes, according to the suggestions of the U.S. Department of the
Interior — Bureau of Reclamation (2001) should be purchased rather than
constructed on site due to their complicated calibration and their design con-
siderations. Detailed descriptions for different flumes are available in Ack-
ers et al. (1978). Up-to-date flumes are rarely used in working or abandoned



162 Monitoring and Sampling

mines because they need more careful installation than weirs. If installed ap-
propriately, their use is as easy as that of weirs.

H- and Parshall-flumes are short-throated measurement structures and each
needs its own calibration table. Due to hydraulic restrictions, the dimensions
of a given flume cannot be up- or downscaled by multiplying its properties
to fit the new flume size. Both flume types have the advantage of coping with
high sediment loads, and due to their construction and the velocity increase
involved, they have a certain “self cleaning” capacity. Their disadvantage is
that the flow measurement is not as accurate as with long-throated flumes
and that they need special construction considerations that are not always
possible in the restricted space of underground mines or surface channels.

H-flumes

H-flumes (Fig. 56) were invented by the U.S. Soil Conservation Service to
continuously and accurately measure small flows as well as higher flows in
small catchment areas (United States Department of Agriculture 1979; Hud-
son 1993). They are named “H” after the eighth experimental setup for test-
ing new flume types. Three different types were investigated for three dif-

Fig. 56. 2-ft-H-flume near Mett-
mann/Germany (courtesy Um-
welt-Gerdte-Technik  GmbH
Miincheberg).
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ferent flow conditions ranging from about 0.3 L min! to 199 m® min™! and a
total of seventeen construction dimensions, ranging from 0.4 to 4 feet are
available (the numbers here must be given in feet, because each of the four-
teen calibration tables is especially made for one type of H-flume. The equa-
tion given in table 3.2 of Younger et al. (2002) cannot be used for all types
of H-flumes (see Fig. 57). They need free fall out at the end and must not be
submerged, though a calibration for submerged H-flumes is available as well.
Table 14 shows the wide range of flow conditions in which H-flumes can be
used. As in the case of V-notch weirs, data loggers and monitoring devices
can easily be installed. Ackers et al. (1978) give detailed equations and co-
efficients for calculating the flow through H-flumes. Those equations and the
according coefficients depend on the upstream heads and submerged or free
flow conditions. If manufactured H-flumes cannot be installed, the references
in chapter 2 of United States Department of Agriculture (1979) must be fol-
lowed, as erroneously constructed flumes will result in wrong discharge
measurements.

One advantage of flumes over weirs was demonstrated at the Shilbot-
tle/UK passive treatment site, where large amounts of iron precipitates were
expected. An H-flume installed there worked reliably and demonstrated some
self-cleaning capability. On occasions when it became clogged (usually with
plant litter in the autumn), it could be manually cleaned in seconds by push-
ing the clogging matter out through the open “jaws” of the flume (Paul
Younger, pers. comm.). This is a big advantage over weirs, which sometimes
require laborious digging out behind the plate.

10°
HS 0.4

HS 0.6

H5 0.8

HS 1.0

HO.5

- HO75

-~ H1.0
Hz20

- H2S§
—— H35
-— H40
H45

- HL3.0
HL 4.0
—— Younger . -~

- - -
(=1 o (=]
=] =] 4
I i 1

discharge, L min”'

3

100

; Ir{) 100

head above flume floor, cm
Fig. 57. Graphical comparison of the 14 different HS-, H, and HL-flume types used
for flow measurements. The simplified H-flume equation of Younger et al. (2002) is

given for comparison. It can only be used with heads over about 6—7 cm and for HS-
type flumes.
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Table 14. Selection of the commonly used H-flume types for flow measurements
(after United States Department of Agriculture 1979). Each H-flume needs its own
calibration table. GPM: U.S. gallons per minute. GPM and metric units are rounded.
For comparison, the minimum height of a V-notch weir is given at the same maxi-
mum flow. As V-notch weirs should not be constructed with heads above 30 cm,
these data are given for comparing reason only. The 3.0-HL-flumes are not recom-
mended by United States Department of Agriculture (1979); H-flumes should be
used instead.

H-flume type ~ Width, feet Flow, GPM Flow, L min'  V-notch, cm
HS 0.4 0.07 - 36 0.3 -140 8
HS 0.6 0.10-99 0.4-370 11
HS 0.8 0.13 -205 0.5-780 15
HS 1.0 0.17 — 360 0.6 — 1,400 20
H 0.5 0.18 — 149 0.7 - 560 13
H 0.75 0.27 —430 1.0 — 1,600 21
H 1.0 0.31 — 862 1.2 -3,300 28
H 1.5 0.49 — 2,392 1.9-9,100 42
H 2.0 0.62-4928  2.3-18,700 56
H 2.5 0.81-8,617  3.1-32,600 69
H 3.0 0.94-13,644 3.6-51,600 84
H 4.5 1.39-37,699 5.3 -142,700 126
HL 3.0 2.60—25,637 9.8—97,000 108
HL 4.0 2.24-52,510 8.5-199,000 144

Parshall flumes

Like H-Flumes, Parshall flumes (named after Ralph L. Parshall who developed
them in 1922) are short-throated measurement structures, and are regulated by
ISO 9826-1992 (E). Being a modification of a Venturi flume, they constrict the
flow into the inlet and have vertical side walls (Fig. 58). They are described here
because they have been installed in some mine water applications and can still
be found. Yet, as mentioned earlier, they should be avoided due to their con-
structive restrictions. There are 22 variations of Parshall flumes with throat
widths between 2.5 cm and 15.2 m, which were calibrated in the laboratory
and can be used in mine water applications for flows between 5 L min! and
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Fig. 58. Parshall flume in the
flooded South Crofty/Cornwall/
UK tin mine.

5,600 m* min! (Ackers et al. 1978; Herschy 1995). It is not possible to use
other dimensions unless the new dimensions are also calibrated. The head dif-
ference between the upstream and downstream part is usually low and like an
H-flume, they are not as much affected by precipitation or high sediment loads.
Therefore, they can also be used in mine water applications where the gullets
have a moderate gradient and, due to their design, they can be submerged up
to 70% without the need of corrections. This fact is an advantage over Venturi
flumes (Science Applications International Corporation 2001).

The head measurement has to be conducted exactly at the position at which
the flume originally was calibrated. A shift in that position causes erroneous
readings and consequently wrong flow measurements.

Pump Run-Times and Ratings

Usually, in underground mines that have to be dewatered, the pump run times
are recorded relatively accurately. This data, together with the pump charac-
teristics, can be used to estimate the expected flow rates (Fernandez-Rubio
and Fernandez Lorca 1993). It might be acceptable to use the manufacturer’s
information about the pumping capacities, but wear and tear or cavitatation
might have altered the factory parameters and so an independent flow mea-
surement should usually be conducted before that data are used. Further-
more, fluctuations in the power supply slightly change the pump capacity
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and must be considered when using pump run-times to estimate the mine
water flow. Clogging in the pipe network due to ochre precipitates can also
introduce errors in the estimated flow. Finally, it should be noted that flow es-
timates that are based on pump run times are often over-estimated by around
20%, and in some rare cases, up to 50% (Paul Younger, pers. comm.).

Water Meters

Measuring flow with water meters is a very reliable method to quantify mine
water discharges. To use such instruments, the mine water must flow through
a closed pipe which usually must be 100% full. The flow through the pipe is
either measured mechanically with a propeller (Fig. 59) or an electromagnetic
velocity meter (Fig. 60). Propeller water meters are available for pipe diam-
eters ranging between 1 and 183 cm (0.5 — 72 inch) and a flow of up to
10 m® min! with an accuracy of 1-10%. They can cause problems if water
with high sediment loads has to be measured or when abrasion of the me-
chanical parts occurs. Magnetic-inductive flow meters are available from 0.1
to 800 cm diameter and typically have an accuracy of 0.2-3% (mainly de-
pending on the pipe’s diameter); if maintained properly (coating of sensors),
they are one of the best flow measurement devices in mine water research.

Laser-Doppler-anemometers can precisely measure the velocity profile in
a pipe or a channel, but they are currently too expensive for regular flow
measurement in the mine water field. They require regular maintenance and
service, and gases as well as sediments can influence the acoustic and laser
signals (Durgin 1981; Zosel 1997). Other methods are acoustic flow meters
or pitot tubes.

Fig. 59. Mechanical, propeller based water meter at the abandoned Dienststelle Mari-
enthal bunker near Marienthal/Germany.
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Dilution Method

Dilution techniques are tracer techniques used to measure flow. Due to their
high accuracy — if performed by experienced personnel — they can be used
to calibrate other flow measurement techniques. Furthermore, they are the
methods of choice for turbulent flow conditions or in streams or gullies with
no defined cross sections, as there is no need to measure channel geometry
or floating times (Herschy 1995; KéB 1998; U.S. Department of the Interior
— Bureau of Reclamation 2001; Science Applications International Corpora-
tion 2001). However, backflow eddies or seeping sections should be avoided
as they negatively influence the results. All types of conservative, water-sol-
uble tracers, which are described in section 10.2.5, are suitable but to reduce
the costs of tracer analyses, a halide (e.g. sodium chloride) or sodium fluo-
rescein are recommended because both tracers can be detected cheaply with
on site measurement techniques: electrical conductivity and mobile fluo-
rometers. Spence and McPhie (1997) successfully used that method for mine
water impacted streams in the Canadian Northern Territories, where many
streams are shallow, braided, and rocky. They analysed the tracer in the lab-
oratory and used potassium chloride instead of sodium chloride because the
natural potassium concentrations are usually low compared to sodium. Hav-
ing compared a variety of stream flow measurement methods, they concluded
that the “dilution method compares favourably to other measurement tech-
niques both in accuracy and operational ease”.

Two different methods can be used: the “constant rate injection method”
and the “sudden injection (‘gulp’) method”. In the first case, the tracer is in-
jected at a constant rate with a pre-defined concentration; in the second case,

Fig. 60. Magnetic-inductive flow meter in the Schwarze Pumpe/Germany mine water
treatment plant.



168 Monitoring and Sampling

a predefined mass of tracer is suddenly poured into the water. Both methods
have their special field of application and Kimball et al. (2001; and other
publications of that research team covering exactly the same subject) for ex-
ample, showed how the “constant rate injection method” can be used to
measure the flow of mine drainage into a mountainous stream. The “gulp
method” has been used at the Gernrode/Germany fluorspar mine, for exam-
ple, to measure small inflows into Steinbach Creek and to compare and cal-
ibrate the results of current flow meter measurements (Fig. 48, Fig. 61).

Because the constant rate injection method requires a technically sophis-
ticated installation, it is mostly used for scientific-based catchment investi-
gations where different inflows have to be quantified. Either Mariott bottles
or constant rate pumps are used to inject the tracer (KB 1998). The flow cal-
culation is comparably simple because the whole breakthrough curve does
not have to be measured; instead, one only has to measure the plateau that de-
velops after enough time, and the distance between the points of tracer in-
jection and detection. The discharge can be calculated (U.S. Department of
the Interior — Bureau of Reclamation 2001):

¢ —c
O=gx——73 (60)
¢, —¢,
with Q flow rate, m* s™!
q discharge of tracer into the stream, m? s!
o background concentration of tracer, g L'

Fig. 61. Flow measurement with the salt dilution method in the turbulent Gern-
rode/Harz/Germany Steinbach Creek. The salinity probe is hanging in the middle of
the stream and the data logger records the electrical conductivity every second (pho-
tographed by Andrea Berger).
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1 tracer concentration of injected tracer, g L!
¢ tracer concentration in stream after full mixing, g L™

If only the flow of a mine water discharge has to be measured or a techni-
cal flow measurement device calibrated, the gulp method with tracer inte-
gration can be used instead. A given amount of tracer is quickly poured into
the stream, channel, or gullet. In a distance far enough away that full mixing
can be guaranteed, the tracer cloud is measured from the time of the tracer
injection until all of the tracer has passed the measuring cross section. A
breakthrough curve is obtained and the concentration-time-integral must be
evaluated. By dividing the amount of tracer injected by the integral, the dis-
charge Q can be calculated:

- (61)
L ¢, xdt
with Q flow rate, m? s!
M mass of injected tracer, kg
¢ concentration of tracer at time ¢, kg m™
t time, s

Before conducting a halide tracer test, the electrical conductivity probe
must be calibrated with the salt used in the tracer test and the stream water.
This procedure is necessary to determine how the tracer concentration is re-
lated to the electrical conductivity of the water. Each type of salt reacts dif-
ferently and even the same type of salt in the same stream might produce
different results at different times. This calibration can compensate for drifts
of the electrical conductivity probe and chemical reactions between the salt
and the stream water. As for most tracer tests, there is no straightforward way
to calculate the amount of tracer needed for the dilution method. For most sit-
uations in the mine water sector, 0.5-2 kg of rock salt, depending on the elec-
trical conductivity and the flow of the water, should be adequate.

In a typical flow situation, the breakthrough curve will resemble Fig. 62.
Should the background concentration of the tracer used change significantly
during the investigation, the graph will deviate from the ideal curve and you
will need to repeat the test.

9.2.2 Mine Water Tracing
Until recently, mine water tracer tests were complicated and the results were

sometimes unsatisfactory. Monitoring of flows within a flooded mine by
tracer tests has therefore been uncommon. However, mine water tracer tests
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Fig. 62. Breakthrough curve and evaluation for a salt-dilution tracer test in the Ger-
man Gernrode/Harz Steinbach creek. The distance between the tracer injection and
the sampling site was 53 m and the complete mixing was tested in advance using a
dye tracer.

have proven to be a valid decision-support tool for treatment or remediation
measures or diversions within a mine (for details, see chapter 10). Although
tracer tests are site-specific tests, they can be used for catchment-based de-
cisions where it is necessary to decrease the contaminant load in the entire
catchment area.

Before a mine water tracer test is conducted, it is essential to monitor the
hydrogeological regime of the mine. The overall flow situation must be
known as precisely as possible because tracer tests will only be successful if
the injection and sampling sites have been carefully chosen. Nothing is more
frustrating than conducting an extensive and expensive tracer test without
getting usable results!

Of the range of artificial (introduced) tracers used so far, microspheres
(polystyrene beads of 0.2—-100 um diameter) seem to be one of the best op-
tions (section 10.2.5.2). Most of the other artificial tracers are either not sta-
ble in acid mine water (e.g. Na-fluorescein), are too expensive (e.g. bro-
mides), their use is restricted (radioactive tracers), or the amount of tracer
that has to be injected is too large (e.g. halide salts). Besides artificial trac-
ers, natural (environmental) tracers, such as isotopes or rare earth elements
have been used successfully to trace the surface and underground flow
regimes of mines. Always, the background level of the tracers in the waters
to be traced must be evaluated before the start of the test.

Before the tracer test starts, at least 2—4 months of work are necessary to
investigate the hydrogeological situation, to get the necessary permits and
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Fig. 63. Tracer Injection Apparatus
(TinA, left) and Lycopodium Appa-
ratus (LydiA, right). The diameter
of LydiA is 120 mm.

to conduct laboratory experiments with the potential tracers. Successful tracer
tests in mines need 2—8 weeks of time to make sure that as much of the tracer
as possible is detected. After the tracer test, 1-2 months must be allowed to
process the samples and to present the results. All together, 4—8 months are
a realistic time for a well based tracer investigation in a mine.

Two different tracer injection apparatuses have been developed for tracer
investigations in flooded underground mines. The first one, LydiA (Ly-
copodium Apparatus), was invented for injecting a tracer into large diameter
shafts. The other one, TinA (Tracer Injection Apparatus), can be used to in-
ject a tracer through mine plugs or boreholes down to a diameter of 3” (Fig.
63, Fig. 78). In conjunction with a special auto sampler (MeFiSTo: Multiple
Filter Storage Tool), particle tracer tests can be conducted more reliably and
more cheaply than in previous years (Wolkersdorfer et al. 1997a, 1997b).

Stable isotopes should be given special consideration as natural or artifi-
cial tracers as they provide potentially powerful methods to deduce flow
paths and residence times, and will help you to understand the results of your
hydrochemical and hydrodynamic investigations. However, due to the com-
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Fig. 64. Changing uranium concentrations at the measuring point m-107 of the aban-
doned Niederschlema/Alberoda uranium mine (data from Wolkersdorfer 1996).

plexity of stable isotope studies they will not further discussed here (for de-
tails see Clark & Fritz 1999); case studies can be found in: Allen and
Voormeij (2002); Allen and Lepitre (2004); Davies et al. (2000); Helling et
al. (1998); Jiries et al. (2004); Kndller et al. (2005); Melchiorre et al. (2005);
Pezdic¢ (1998); Razowska (2001); Rees and Bowell (1999); Troger et al.
(2005). But no tracer test is simple, and in fact, tracer tests should only be
considered trustworthy if they are conducted by experienced consultants or
research groups. Some examples of successful mine water tracer tests are
described in chapter 12.

9.3 Physico-Chemical Measurements
9.3.1 Sampling Procedures

Sampling procedures for ground waters are described in detail in the litera-
ture (e.g. Lloyd and Heathcote 1985; American Public Health Association et
al. 1998), but the special prerequisites for mine water sampling are only
rarely summarised in commonly available publications (e.g. Ficklin et al.
1999). We are still far away from regular process analyses (Kellner et al.
1998) and mine water diode or sensor arrays and mine water chips as are
available for wastewater treatment (Bourgeois et al. 2003), are not even under
development. Therefore, this chapter will highlight some of the necessities
but will also describe standard procedures for collecting good quality mine
water samples. Readers who are interested in the details of analytical chem-
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istry or the instruments used are referred to the general literature (e.g.
Schwedt 1995; Kellner et al. 1998; Otto 2000) or the literature cited in the
following paragraphs and sections.

The chemical composition of mine water discharges usually change over
time (Fig. 64), except when it has been discharging for many decades. As
discussed in section 5.4, the first flush occurs when water from a flooded
abandoned mine reaches the surface; the concentrations of water constituents
decrease thereafter. However, changes in mine water quality are not restricted
to the time after the flooding of a mine; they also occur during the active
working time or after the end of the first flush. In the case of the flooded
Freiberg/Saxony underground mines, which are dewatered by the 50 km long
drainage adit Rothschonberger Stollen, Fe,,; was about 2 mg L' during the
active mining period, rose to 170 mg L' in 1969 (start of mine flooding),
came down to about 20 mg L' in 1975 and has presently reached 1 mg L.
The flow, in 1997, ranged between 2 and 6 m* min' (Merkel et al. 1997;
Baacke 2000). Therefore, both the mine water quality and flows must be
measured for at least one hydrogeological year.

In the first set of samples for an unclassified mine water discharge, as
many elements as possible should be analysed to identify potentially haz-
ardous constituents. Because mine water usually does not contain large
amounts of organic pollutants, it is normally adequate to measure only the in-
organic parameters. Nevertheless, some mines discharge organic substances
that pollute the receiving stream. If there is any concern or evidence to sug-
gest that this might be the case, the sum parameter TOC (total organic car-
bon) as well as other organic substances such as BTEX should be analysed.
Depending on the results of the analyses, further investigations may have to
be considered.

At a minimum, the major ions (Na*, K*, Li*, Ca*", Mg*", NH,", CI,, SO4*,
HCO57, NOy) as well as ferric and ferrous iron, manganese, zinc, and alu-
minium should be measured. Other analytes should be added based on the ge-
ology and mineralogy of the mine site as well as any former use of the land
property or mine (keep in mind potential underground waste disposal). As
most modern laboratories have ICP-MS devices, it may be advantageous to
have a screening of the full range of elements that can be measured using
this method. The outcome of such desk and laboratory studies will be the
basis for the future monitoring programme.

Anions like CI, SO4*, and NO5 are typically determined by ion chro-
matography (IC). Cations can be also be analysed using this method, but it
is recommended that you determine the cations by ICP-AES, Ca** and Mg**
by conventional titration, and Na* and K* with flame photometry. Although
the major ions are (except Na* and CI in salt mining) usually not considered
as pollutants, those parameters are essential for thermodynamic modelling.
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At least two water samples should be collected at every monitoring point:
one for the main ions and the other for the trace elements (often referred to
as “heavy metals” — but this term is even more confusing than “trace ele-
ments”, because many “heavy metals” are neither heavy nor are they metals
at all; Duffus 2002). All water samples being analysed for trace elements
should be filtered through a 0.2 um filter, though most investigations and
recommendations use a 0.45 pum filter. The reason for filtering the sample
with 0.2 pm is twofold:

e Water contains particles, colloids, and solute constituents (Ranville and
Schmiermund 1999). Usually colloids range in size from 0.001 to
1 um; solute constituents have a defined diameter of less than 0.001 um
(Fig. 65). To separate solute constituents from non-solutes, a filtration
with 0.001 um pore size is required. Since this is very difficult in the
field, 0.2 um pore size is an operational measure (replacing the former
0.45 um operational measure). However, a 0.1 um filter is strongly rec-
ommended if aluminium is to be determined, since aluminium tends to
form colloids that are smaller than 0.2 pm in size.

e Water contains bacteria with an average size of 0.2 to 6 pm; by using
0.2 pm pore size filters, microbiological reactions are minimised in the
filtered samples.

e However, not all samples should be filtered. Filtering samples that will
be analysed for major cations and anions can change the concentra-
tions of gases, of which CO, is of particular concern since it affects
the distribution of inorganic carbon species.

lons colloids
salts humic substances bacleria
sugar viruses yeast
proteins pollen
filtration
microfiltration
ultrafiltration
nano filt.
nano filt.:
reverse 0smosis nano filtration
10+ 107 10° 107 10° 10° 10?

size of particles, pm

Fig. 65. Sizes of common water constituents and filtration techniques. The dotted
lines gives the 0.02, 0.2, and 0.45 um filter sizes used for filtrating water samples.
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Ranville and Schmiermund (1999) showed that the 0.45 um filtration has
consequences when conducting geochemical modelling with PHREEQE, as
some phases are supersaturated in the < 0.45 pm filtrate and under saturated
in the < 500 Dalton (approximately 0.005 um) fraction (the latter can be seen
as the true “dissolved” fraction of mine water). They conclude that geo-
chemical modelling should be restricted to those constituents that are not sig-
nificantly attenuated by the filtration process. Shiller (2003) compared re-
sults of 0.02 pum filtrations with those of 0.4 um and 0.45 pum filtrations. He
used a field applicable filter tool for syringe filtration and noted some sig-
nificant differences in the results based on the filter sizes he used. The dif-
ferences were associated with both the different filtration techniques and the
analysed element. Interestingly, the discrepancies between the 0.4 and 0.45
um filtered results were sometimes larger than those between the 0.4 um and
0.02 pm filter results.

After filtration, the sample that will be analysed for the trace elements
must be acidified according to laboratory instructions or the QA/QC manual.
Acidification is necessary to prevent chemical reactions (precipitation or ad-
sorption) during transportation and storage (Lloyd and Heathcote 1985). Usu-
ally, 2-3 drops of HNO; (ultra-pure!) per 50 mL of sample are used to sta-
bilise the trace constituents by maintaining a pH < 2. For speciation analysis,
or for analysis of Sb, Ru, and Sn, HCI (ultra-pure) has to be used instead
(American Public Health Association et al. 1998). All containers (made of
laboratory glass, PE, or PTFE) must be clean and pre-treated, labelled prop-
erly with the place name, name of the sampling point, date, name of opera-
tor, and treatment (e.g. filtered, acidified).

Mine water is usually monitored at its discharge point into the surface
hydro- or anthroposphere. However, mine water quality does not only change
over time, but also with depth. Many mines have stratified water columns, and
incorrect treatment technologies have been constructed at some of these sites
because this stratification was disregarded. This occurred, for example, at the
StraBberg/Germany mine. Similarly to the physico-chemical properties, strat-
ification can change significantly within very short times — even hours! Nut-
tall et al. (2002) showed that the reasonably good mine water quality changed
to a highly contaminated mine water during a pumping test (section 12.7).

Such observations can also be made in wells. Wells interfere with the
aquifer or the shaft and disturb the natural situation with regard to the flow
field and the chemical composition of the ground- or mine water. Further-
more, wells show stratification similar to what is observed in mineshafts
(Lloyd and Heathcote 1985). However, this stratification, though similar to
that in a shaft, has a different physical background. It is affected by the
length—diameter ratio in a well, which is comparatively large and causes wall
roughness to play a more important role than in a shaft.
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The usual procedure when sampling wells is to pump out three times the
volume of the well before taking a water sample. Yet, it is more appropriate
to pump until the on-site parameters remain constant. Those parameters are
temperature, electrical conductivity, pH, or the oxygen content, which have
to be measured in flow-through chambers. Also, if the well has a steel cas-
ing, the mine water in the well may have been altered by a reaction with the
steel. Samples taken in such a situation are not representative and must there-
fore be avoided, as the steel-water reactions significantly change the physico-
chemical parameters of the water (Lloyd and Heathcote 1985). Many aban-
doned shafts are backfilled and equipped with cased wells. The sampling
procedures required for wells also have to be applied to such shafts.

Samples taken must be representative of the water or sediment that has to
be investigated, because treatment and remediation measures are based on the
assumption that the results of any monitoring programme are representative
for the catchment. To ensure representative samples, the geological, ecolog-
ical, and hydrological situation in the catchment area must be known pre-
cisely. During the implementation process of the EU Water Framework Di-
rective, numerous European catchments were studied and so a lot of
representative data is already available for researchers there. Besides the real
sampling points in the catchment area, which represent the regional part cho-
sen, there should also be blind sampling points for quality control purposes
(see section 10.7).

Herbert and Sander (1989) explained that sampling highly saline mine wa-
ters of salt mines (brines) requires the following precautions to ensure that
the water sample is representative:

avoid evaporation during sampling

avoid contamination and an alteration of the sample by the mine air
avoid particles in the sample

samples should be stored at the same temperature and pressure condi-
tions of the solutions in the rock matrix

During and after the Hope/Germany flooding experiment (section 12.14),
Herbert and Sander (1989) developed a patented sampling tool that is able to
take samples and determine on-site parameters under “real” in-situ condi-
tions without altering the sample before or during the measurement.

For every dataset, it is important to record the name of the sampling point,
dates and times of the sampling, the technicians or scientists who collected
the samples, and the weather conditions. The brand of all meters, filters or
any other tool should also be documented so that the cause of any potential
mistakes can be identified. Finally, all chemical data should be tested for ac-
curacy to reveal unreasonable values. Experienced hydrogeologists normally
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have a feeling for whether data is reasonable or unreasonable (for example,
if pH in a carbonate aquifer is significantly deviating from near neutral to
basic conditions). If one cannot count on an experienced hydrogeologist, sta-
tistical methods should be used (e.g. Kellner et al. 1998); several procedures
are available to compensate for any missing data (e.g. Lloyd and Heathcote
1985).

One of the standard methods to check the accuracy of a water analyses is
a cation-anion balance calculation or a test of the electro neutrality of the
analyses. Both methods are very similar and either can be used. Some authors
use the expression “ionic balance,” which is simply twice the electro neu-
trality and equivalent in meaning:

) Z cations — 2 anions
electro neutrality = - ——x100% (62)
z cations + z anions
o 2 cations — 2 anions
ionic balance = x100% (63)

0.5% (z cations + z anions)

with cations and anions given in equivalents and the electro neutrality and
ionic balance expressed in %.

If both anions and cations are missing in the same amount, this method
will not detect the error in the analyses. Therefore, ion balancing should al-
ways be accompanied by other statistical methods.

One of these other methods is comparing the electrical conductivity with
the measured total dissolved solids (TDS). Depending on the water chem-
istry, the following relations exists:

TDS =k %x0.6...0.725 (64)

with TDS total dissolved solids (calculated), mg L"!
K electrical conductivity, uS cm!

Some hand-held probes, such as the Ultrameter 6P (MYRON L Company,
Karlsbad/USA), calculate the TDS depending on the temperature and the
electrical conductivity. Such TDS values obviously cannot be used to eval-
uate the accuracy of the electrical conductivity measurement.

Some chemical-thermodynamic codes calculate the electrical conductiv-
ity based on the chemical analyses. Researchers very seldom use these results
though they provide a very easy way to check the accuracy of a water analy-
sis. Another mathematical method that even works for mine waters with com-
plicated chemical compositions compares the ion mobility, «, and its con-
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centration, ¢, in the water (Rossum 1975; Coury 1999; according to a pers.
comm. by Peter T. Kissinger, Chairman and CEO Bioanalytical Systems Inc.,
the second part of Coury’s article never was published). This method can
easily be used in every spreadsheet or database. The electrical conductivity
of a solution with strong and weak electrolytes can be written as:

Kk =Fx Y (|z]xu,xc,) (65)
1
with x electrical conductivity, S cm™!
F Faraday constant, 9.6485 - 10* C mol!
z; charge of species 7, no unit
u; mobility of species i, m? s! V!
¢ concentration of species i, mol cm™

Because the mobility is concentration dependent, this equation cannot be
directly used in the calculation without further rearrangement. In experi-
ments, it was found that the concentration dependent parameters composing
the equation can be calculated using tabulated “limiting ionic molar con-
ductivities” (also called equivalent ionic conductance), the ionic charge of the
species, and its molar mass. Using a small program that can be programmed
with spreadsheets or in Visual Basic™ add-ins, chemical analyses can
quickly be checked for their accuracy. For details on the method, the limita-
tions of the approach, and relevant literature, please see appendix .

9.3.2 On-site Parameters

On-site parameters are water parameters that can change quickly during
transportation or sample handling. These parameters are meta-stable, redox-
or pressure-dependent and include pH, redox potential, temperature, fer-
rous/ferric iron contents, base and acid capacity (in the mine water literature
usually called acidity and alkalinity), dissolved oxygen, and specific electri-
cal conductivity. Therefore, those parameters have to be measured immedi-
ately after the sample has been taken, in other words: on-site (Fig. 66) or in
flow-through chambers. Only in cases where a short time between sampling
and laboratory analyses is guaranteed can specific electrical conductivity,
acidity, and alkalinity be measured reliably in the laboratory (Cravotta and
Hilgar 2000).

A quality assurance/quality control (QA/QC) plan must define which pa-
rameters will be measured in filtered or unfiltered water and which filter will
be used (see section 8.3.1). Temperature, electrical conductivity, pH, redox
potential, total base capacity (acidity), total acid capacity (alkalinity), and
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Fig. 66. Mine water and tracer sampling in an underground mine.

oxygen content are a/ways measured in the unfiltered sample, whereas fer-
rous/ferric iron should be measured in both filtered and unfiltered samples.
For iron, it must be clear what the parameters “dissolved iron” and “total
iron” mean. Authorities and even consultants often use the terms inter-
changeably to mean the sum of the ferrous and ferric iron (that is, total iron).
Similarly, the expression “total metals” should be restricted to the sum of the
species! The reason for the confusion is that the relevant regulations (DIN
38406-E1-1 May 1983; EN ISO 11885 November 1997; DIN 38406-32-1
May 2000) are unclear. Only EN ISO 11885 clearly — but unfortunately not
precisely from a chemical and physical point of view — defines “dissolved”
metals: “The fraction of metals in a water sample that passes a 0.45 pm fil-
ter”. Concerning aluminium, DIN ISO 10566 April 1999 clearly writes “fil-
terable aluminium” instead of “dissolved” aluminium. Future version of
those regulations should become more precise on this point (Table 15).
On-site parameters may never become constant because the physico-
chemical properties of the mine water can change rapidly, in seconds or min-
utes. To overcome this problem, it is advisable to take at least three readings
within short time intervals (minutes) and calculate their mean value (Table
16). At this point, all readings must be recorded with their corresponding
units and without any field calculation results. Furthermore, the readings
should be recorded in full, since all the digits of the result (e.g. pH 7.10 in-
stead of 7.1) are a measure of the precision (not accuracy!) of an instrument.
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Table 15. Expressions to be used for analysing iron in mine waters. The same ex-
pressions should be used for other metals and semi-metals. The kind of filter (0.02,
0.2, 0.45 um) must always be recorded.

Constituent sl Term Common Term  DIN/ISO use
Procedure
. ferrous iron
2+ it —
Fe Filtered Fe** filtered fltered
g ferric iron
3+ 3+
Fe Filtered Fe** filtered Altered
. . . total iron . .
Fe?* + Fe? Filtered Fe,, filtered fltered dissolved iron
Fe** Unfiltered  Fe?' unfiltered SO
unfiltered
Fe’t Unfiltered  Fe’' unfiltered el o
unfiltered
total iron .
2+ AL 3+
Fe’* + Fe Unfiltered  Fe,, unfiltered unfiltered total iron

Most of the on-site instruments used were developed for laboratory use
and were adapted to conditions outside the laboratory. Although good out-
door equipment is now available, most instruments work best with water
that is less contaminated than mine water. Furthermore, they are equipped
with plugs or probes that are extremely sensitive to the rough field environ-
ment. While the calibration procedure of a probe is simple in a laboratory, it
can be difficult on-site — especially when working in potential methane-
prone mines. Some companies provide excellent and easy to handle on-site
equipment and modern “pencil”’-probes can also be used to get reliable on-
site parameters.

The mobile on-site instruments that can be calibrated (e.g. pH, O,, elec-
trical conductivity) have to be calibrated regularly, at least every day when
in use and in the case of dissolved oxygen, before every measurement. The
instruments require regular maintenance since membranes can be poisoned
or damaged and precipitates can cover the probes (e.g. ochre, bio films).
Plugs can get dirty or batteries low. All instruments should be checked and
serviced before every field trip!

A major problem with mine water is that it often consists of ground or
seepage water from waste rock piles or tailings that might contain elevated
concentrations of carbon dioxide or low amounts of dissolved oxygen. When
this water reaches the surface, it contacts the low carbon dioxide concentra-
tion and high oxygen concentrations of the atmosphere. Depending on the
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Table 16. Example of a series of on-site measurements with calculated means. The
redox potential is not corrected to standard H,-electrode and 25 °C! The redox po-
tential is not stable and should have been measured for a longer period. From the
other parameters, it might also be assumed that the total chemistry and the water
temperature of the water was changing during the sampling, which took no longer
than 5 minutes.

Parameter Unit #1 #2 #3 #4 #5 mean
0, mg L 0.34 0.30 0.35 0.31 0.34 0.33
temperature °C 18.2 17.4 16.8 16.6 16.4 17.1

electrical conduc- r
tivity (25 °C) puScm' 2648 2687 2704 2730 2750 2704

total dissolved 11 1934 1975 1991 2012 2027 1988

solids
redox potential ~mV 115 101 92 79 66 91
pH - 7.19 7.10 7.08 7.04 7.02 7.09

flow regime (laminar/turbulent) it might take a few minutes or hours to
achieve a new equilibrium. Since oxygen and carbon dioxide are key pa-
rameters, the master variables like pH, redox potential, and dissolved con-
stituents (e.g. iron) might change dramatically and consequently the entire
water chemistry will change. Redox reactions in particular are also catalysed
by microorganisms. Thus, it is unlikely to see thermodynamic equilibrium in
mine waters. This should always be considered in the evaluation of data that
are based on the assumption of thermodynamic equilibrium (e.g. redox po-
tential).

Absolute temperatures can be determined with an accuracy of about 0.1 K
and relative temperatures with a precision of about 0.01 K (Lloyd and Heath-
cote 1985). After the temperature equilibrium between the medium and the
thermometer is reached, the temperature reading can be taken. Because elec-
tronic thermometers are usually very small, such readings can be taken very
quickly. In contrast, mercury- or alcohol-filled thermometers may take as
much as a minute to reach temperature equilibrium.

Most probes for electrical conductivity do not require special treatment
(and storage) nor calibration. However, the accuracy of the probe should al-
ways be tested with a standard solution of known electrical conductivity.
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Some high quality probes can also be calibrated within the range of use.
Readings usually are automatically recalculated to a temperature of 25 °C
and can be taken after a short time interval. If the indicated value on the
gauge is varying, this normally indicates a malfunction of the probe or the
amplifying device (Fig. 97).

Nowadays, pH is commonly measured with pH probes. These field probes
are easy to use and should have automatic temperature compensation, auto-
matic buffer recognition and be battery powered. The following stages are
necessary to achieve a representative field measurement:

e the pH probe has to be calibrated before any use at least once a
day with two, or preferably three or four standards (4, 7, and 10 for
normal water; 1.68, 2, 4, and 7 for acid mine water)

e the pH probe must be stored in a 3 molar KCI solution if not in use (or
whatever is recommended by the manufacturer)

e the measurement has to be performed in a flow-through chamber to
guarantee both a slight movement of water along the probe and ab-
solutely no contact with the atmosphere

e readings can be taken after 10 to 15 minutes with an accuracy of 0.01—
0.05 pH units

If pH probes are not available, colorimetric pH measurements with either
indicator dyes, litmus paper, or modern multi indicator strips should be used.
Yet, for dilute waters, dyes and indicator strips can give very erroneous re-
sults (Arthur Rose, pers. comm.). Nordstrom et al. (2000) has reported on
extremely acid mine waters with pH values as low as —3.6. In the unlikely
event that you encounter negative pH values, you should know that normal
pH probes and buffers cannot be used. Furthermore, the pH has to be defined
using the Pitzer method for the calculation of the theoretical pH of the stan-
dard solutions and the calibration of the glass membrane electrodes (Nord-
strom et al. 2000).

In addition, redox potential and dissolved oxygen measurements have to
be performed in flow-through chambers to avoid degassing or uptake of
gaseous components from the atmosphere. Redox probes are subject to
surface poisoning; if this occurs, the platinum electrode can be mechani-
cally cleaned with corundum powder. Redox probes cannot be calibrated
but should be tested using standard solutions (e.g. Zobell solution). Since
achieving equilibrium can take several hours (obtainable reproducibility
about 50 mV), it is recommended that you use at least two probes, one for
oxidising solutions and another for reducing conditions. Plotting continu-
ous time series will allow you to decide whether stable values were
reached. Lloyd and Heathcote (1985) present time series of pH- and redox
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Table 17. Coefficients to be used for the redox calculations according to equation 66.

Sensor Type Coefficient a Coefficient b
Mercury calomel KC1 67798 324
Ag/AgCl KCl 1 mol L 62612 279
Ag/AgCl KCl 3 mol L 50230 295

measurements showing that neither parameter reached stable values be-
fore 30 minutes of measuring. If redox measurements are conducted in
shafts or boreholes, the eigenpotential of the system must be considered
(section 12.1).

Another factor, often overlooked, is the necessary conversion of the redox
potential. The international basis for the redox potential is the standard-H,-
electrode. Such electrodes cannot be used in the field, so the redox potential
is usually (but not always) measured with an Ag/AgCl-electrode (3 mol L
KCIl). The measured redox potential then has to be converted to the potential
of the standard-H,-electrode. The redox potential is also temperature de-
pendent, so the temperature must also be measured. Instead of using tables,
the following simplified empirical equation and the coefficients in table 17
can be used, where the first two terms correct for the temperature and the
square root term converts the reading to what would have been measured on
a standard-H,-electrode (accuracy of equation: + 0.5 mV between 5 and
65 °C):

E

0(25°C

)= E,—0.198%(T = 25)+~a—bxT (66)

with £,  converted redox potential, mV
E; measured redox potential at temperature 7, mV
T measured temperature, °C

Dissolved oxygen (often abbreviated DO) is usually determined by a po-
tentiometric electrochemical probe based on the Clark-sensor (Clark et al.
1953). The sensor has to be replaced regularly (see manual) and calibration
for 0 and 100% O, has to be completed before each measurement, whereas
temperature and pressure calibrations are usually done by the instrument it-
self (Schwedt 1995). Readings can be taken after a few minutes with an ac-
curacy of 0.1 mg L'. Common electrochemical O,-probes have an opera-
tion-range from 0.5 mg L' to O,-saturation; thus, readings below 0.5 mg L"!
are meaningless. Because the sensor consumes oxygen during the measure-
ment, the sensor has to be lapped around during the whole measurement or
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kept in a flow-through chamber with a flow of about 10 cm s (Lloyd and
Heathcote 1985). Continuous oxygen measurements in mine waters are prob-
lematic due to sensor drifts, temperature and pressure dependency, accumu-
lation of biofilms, and Fe-oxide precipitation.

New ceramic and fibre optic optode-based O,-probes have been devel-
oped (Klimant et al. 1995). These luminescent dissolved oxygen (LDO) sen-
sors are coated with a luminescent material. Light from an light emitting
diode (LED) is transmitted to the sensor surface, which excites the lumines-
cent material, which upon relaxation emits light of a shorter wavelength.
Both, the intensity of the steady state luminescence and the average relax-
ation time are inversely proportional to the dissolved oxygen concentration
and are therefore measured and correlated to the dissolved oxygen concen-
tration. To eliminate sensor drifts due to ageing of the luminescent material,
internal references are used (Rommel 2004; Jackson and Hach Company
2004; Hach Company Product Information; Van Essen Instruments Com-
pany Information). Although those sensors have proved to be suitable for
wastewater treatment, their reliability for mine water investigations has not
yet been verified. Kortzinger et al. (2005) were able to show that such inno-
vative oxygen probes can be used in extreme conditions of high salinity in
the ocean and up to a pressure of 20 MPa. It might therefore be assumed that
such probes can also be used to measure depth profiles of flooded mine
shafts.

Two other parameters that are essential in mine water research, especially
for the design of a treatment plant, are the base and the acid capacities (acid-
ity, alkalinity) of the mine water. Different definitions and instructions on
how to measure those parameters are known and can be used (e.g. Hedin et
al. 1994a; Cravotta and Hilgar 2000): hot acidity with hydrogen peroxide
(American Public Health Association et al. 1998; International Institute for
Environment and Development 2002) cold acidity with hydrogen peroxide
(Fishman and Friedman 1989), or cold acidity without hydrogen peroxide
(Ott 1986, 1988). Acidity and alkalinity are usually evaluated by acid-base
titration. In normal surface or ground waters, the dominant species con-
tributing to acidity and alkalinity are the species of the carbonate system:
H,CO5, HCOj5, and CO5*. Therefore, the measured alkalinity and acidity,
strictly spoken, are related to those species. If much mineral acidity exists,
the concentrations of the bicarbonate system cannot be evaluated from the al-
kalinity and acidity titrations, but have to be replaced by the TIC measure-
ments. A detailed discussion of net alkalinity and net acidity can be found in
Kirby and Cravotta (2005a, 2005b).

Furthermore, if mineral acidity is present, it is possible to estimate the
total base capacity (acidity) in mol L' from the pH and the concentrations of
Fe, Mn, Zn, and Al (equation modified after Hedin et al. 1994a):
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1z X| Me,
Acidity =7, ,x10°7 Y %[ Me] (67)
2 - M,‘
with z; charge of species i, no unit
pH  pH-value, —
[Me;] concentration of species i (e.g. Fe, Mn, Zn, Al, Co, Cu, Cd),
gL!

M, molar mass of the species i, g mol™!
Ym0 activity of mine water, no unit

Compared to other forms of this equation, it is written here in its gener-
alised form for all the species that contribute to the acidity. Furthermore, the
activity of the water is included here, because calculated acidities (Hedin et
al. 1994a; Cravotta and Hilgar 2000) regularly overestimate higher acidities,
which might be due to the missing activity of the mine water and possibly
complexing of ferric iron and Al by OH™ and HSO, (Kirby and Cravotta
2005b).

Since the different methods give different results, it is essential to meas-
ure both parameters using a pH electrode and recording the titration end point
(Fig. 67). Acid and base titrations cannot be performed in the field without the
sample being in contact with the atmosphere. Thus, the properties of the sam-
ple can change due to degassing of carbon dioxide or to chemical and phys-
ical reactions between the sample and the atmosphere. A recommended
alternative method is taking a sample in the field, storing it in a gas-tight con-
tainer and determining the total inorganic carbon (TIC) in the laboratory. This

=

person 1 person 2 person 3 pH-meter

k. ) mmol L
3
KBy, mmol L
g £
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Fig. 67. Repeated measurements of acid capacity K54 3) and base capacity Kgg ,) of
mine water (Drainage Adit Rothschénberger Stollen, Freiberg/Germany). 1-3: titra-
tion by an experienced technician using indicators to determine the titration end
point; 4: titration using a pH meter to determine the titration end point. Each titra-
tion was repeated three times.
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can be achieved by lowering the pH to 2 and purging the CO, from the sam-
ple before the detection via non-dispersive IR-photometry in the gas phase.
The TIC values can then be used to calculate the acidity and alkalinity.

During the field studies of the German Gernrode/Harz mine water, it be-
came apparent that the acid/base titrations that were being used for evaluat-
ing the acid capacity K, and base capacity Kp (alkalinity, acidity) of the
mine water seemed to be faulty because the calculated bicarbonate was either
too high or too low (Fig. 68, Fig. 69). Consequently, four different mine
drainage waters (StraBBberg/Harz, Fiirstenstollen/Halsbriicke, Rothschén-
berger Stollen/Rothschonberg, Vertrdgliche Gesellschaft Stollen/Freiberg)
were tested to find the reason for this observation.

Each mine water was titrated in the field with HCI (end point pH 4.3) and
NaOH (end point pH 8.2) three times with two different methods (organolep-
tic test with indicator, pH-meter) and by three persons. Furthermore, TIC
(total inorganic carbon) was determined for each mine water and compared
with the field results. It became clear that in some cases, the different meth-
ods used for evaluating the acid and base capacities produce significantly
different results. Furthermore, the laboratory TIC determination of K 5 4 5 dif-
fered significantly from the results of the field determination, whereas the
acid titration with indicators and the pH meter did not show significant dif-
ferences. Acidity based on equation 67 could not be calculated because no
metals were analysed.

The situation was reversed in the case of Kpg 5. TIC-determined Kpg 5 is
close to the value determined with the pH meter, while the organoleptic de-
termination significantly differs from the value determined with the pH meter.

From the results of this study, it was concluded that:

® Kpgoand K4 3 have to be determined in the field using a pH meter in-
stead of indicators

e further studies have to be conducted comparing TIC-determined
acid/base capacities and field determined ones.

If all the above-mentioned parameters are measured on-site, and samples
for main and trace elements be taken, a 30—60 minute sampling period must
be allowed. An additional 10-30 minutes must also be allocated for precise
flow measurements.

9.3.3 Presentation of Results
A lot of information is collected and stored in various forms during a mine

water study, e.g. graphs, tables, or drawings. All this information has to be
compiled to understand the hydraulic, hydrological, hydrogeological, hy-
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drochemical, and geological conditions investigated. Usually, this informa-
tion is presented in a written report that describes the investigation, results,
conclusions, and finally the recommendations. Therefore, writing a final re-
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Fig. 68. Results of acid capacity measurements K4 3 (alkalinity) with three differ-
ent methods: 1-3: persons 1, 2, 3 using indicators; 4: titration end point using a pH

n =3, except for TIC (data from Lieber 2003).
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Fig. 69. Results of base capacity measurements Kgg , (acidity) with three different
methods: 1-3: persons 1, 2, 3 using indicators; 4: titration end point using a pH

meter; 5: TIC calculation (total inorganic carbon): determination in the laboratory,
n =3 except for TIC (data from Lieber 2003).
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port is essential to provide the contract awarder and the authorities involved
with answers to the questions they had at the start of the project. Usually,
such a report is the only summary of everything that was done. Conclusions
and recommendations can only be clearly understood when they are pre-
sented in an understandable way. The following structure is recommended for
a report on mine water conditions in a river catchment (modified and adapted
after Brassington 1999):

executive summary or extended summary

introduction

topography and drainage situation of the river catchment
geological and hydrogeological conditions

methods

results (chemistry, heads, flows)

conclusions and recommendations

appendix with large format graphs, tables or drawings

Results should be presented in three different ways: in tables, where all
measured parameters are listed, in clear graphs that show the relevant
changes in important parameters, and summary results after the data are sta-
tistically processed (e.g. correlation, principal component analyses, and de-
scriptive statistics).

Tables usually contain all the data measured or obtained within the catch-
ment or in the laboratory. All the data should be given as it was measured,
without interpretation. Explanatory tables and data tables should always be
separated from each other. Furthermore, it is not appropriate and in accor-
dance with QA/QC protocols to leave out “outlier” data or to interpolate
missing data without explaining exactly what and why it was done.

If a large amount of data has been collected within the catchment or the
mine, it is advisable to produce graphs that quickly show differences and
changes in selected parameters. Several types of graphs are available and
widely used for this objective. For a quick classification of water types, Piper
(Fig. 70) or Durov diagrams (Fig. 71) give an impression of the water com-
position (Piper 1944, 1953; Lloyd and Heathcote 1985; Klapper and Geller
2001), though such graphs are inappropriate for characterising typical mine
waters (ERMITE Consortium et al. 2004). Excellent introductions and ex-
planations of how to interpret Piper or Durov diagrams can be found in Houn-
slow (1995) or in Lloyd and Heathcote (1985). However, it should be clear
that different waters with the same relative concentrations of the main ions
plot in the same field and can therefore not be distinguished from each other
in diagrams that use relative numbers. For contaminated mine water, a Fick-
lin diagram (sum of Zn, Cu, Cd, Co, Ni, and Pb concentrations; Ficklin et al.
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M: Markus-Semmler-adit (1957, n = 10)
B: Bismarck-spring (1933)

cr

Fig. 70. Example of a Piper diagram for mine waters in the abandoned Nieder-
schlema/Alberoda/Germany uranium mine (from Wolkersdorfer 1996). Coloured
symbols are mine waters, open symbols infiltration waters.
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M: Markus-Semmler-adit (1957, n = 10)
B: Bismarck-spring (1933)
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Fig. 71. Example of a Durov diagram for mine waters in the abandoned Nieder-
schlema/Alberoda/Germany uranium mine (from Wolkersdorfer 1996). Coloured
symbols are mine waters, open symbols infiltration waters.
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Fig. 72. Ficklin diagram for mine waters of western Colorado (modified after Fick-
lin et al. 1992).
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Fig. 73. Mine water classification diagram with net alkalinity against ratio of chlo-
ride to sum of chloride and sulphate according to Younger (1995) and Rees et al.
(2002).

1992; Fig. 72) can indicate the contaminant potential of the waters being in-
vestigated. Another diagram that can be used to classify mine waters is a net
alkalinity versus C1/(Cl- + SO4*)-diagram, introduced by Younger (1995)
and improved by Rees et al. (2002; see Fig. 73).

The range of a single parameter is best presented in box-plots that show
the mean, median, 5, 10, 90, and 95% quantiles and outliers in a transparent
way (Fig. 74). Histogram diagrams can help the reader quickly visualise data
clustering (Fig. 75). It is always good scientific practice to indicate error bars
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Fig. 74. Example of a box-plot showing 312 data points at 17 sampling locations.

(e.g. Davis 1986, Cumming et al. 2007; Fig. 43). In a report about the total
iron concentration within a waste rock dump, a graph was given that, ac-
cording to the explanation, showed a clear increasing iron concentration with
depth and a correlation coefficient 72 of 0.9 (Fig. 76 left). The original data
were listed in a table and in the appendix, the accuracy of the method used
was tabulated as well: Fe,,; = 0.3 mg kg'. Furthermore, the text explained
that each sample was analysed from a 0.25 m long core. Plotting the data
with the error bars clearly proves that there was no depth correlation at all be-
cause the Fe values overlap between 1.11 and 1.36 mg kg™'. Therefore, the
correct statement should have been: “The Fe,; values of the waste rock pile
range from 1.06 to 1.41 mg kg'!' and do not show a depth dependence within
its error intervals”.

If different water types have to be classified, cluster analyses or principal
component analyses should be used (e.g. Davis 1986). Especially for cluster
analyses it is important to find the relevant parameters which can be identi-
fied with a principal component analyses before the clusters are calculated.

With the improvement of GIS-technologies, and the availability of GPS,
GLONASS, or GALILEO, monitoring projects should be managed by GIS
systems. Stiff diagrams or pie charts are especially helpful on maps produced
by these systems for comparing different sampling sites. It is advisable to
agree to a common GIS and georeference system before the project starts, as
some systems are not fully compatible with each other. The EU is establish-
ing a European geographic reference system that differs significantly from
some of the national reference systems.
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Fig. 75. Example of a histogram, showing the frequency distribution of antimony and
the clustering of the data. n = 66.
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Fig. 76. Faked depth dependencies of Fe,,, in a waste rock pile.

Detailed explanations for writing reports, presenting data, or for evaluat-
ing hydrological data are given by Lloyd and Heathcote (1985), Shaw (1994),
and Hounslow (1995).

9.3.4 Regression and Data Prediction

This section is focused on regression and data prediction rather than statisti-
cal interpretations in general. In the broader sense, it falls into the field of data
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mining or artificial neural networks — without going into the details of those
powerful tools, which are commonly used to find relationships between pa-
rameters that are not obvious at a first glance (e.g. Savic and Walters 1999;
Blockeel et al. 1999; Bourgeois et al. 2003; Hewett 2003; Bessler et al. 2003).

Regression and data prediction is commonly used by many scientists and
consultants to estimate or predict missing or future values. A simple exam-
ple is the estimation of stream or mine water flows by measuring the water
height in a given cross section. Usually, 3—10 flow measurements are made
at different water levels and then a calibration curve is computed.

Many reports present scatter plots including lines that emphasise rela-
tionships between the plotted parameters. Such lines are commonly based
on statistical investigations and are given as regression curves or are de-
scribed as the correlation between the investigated parameters. Unfortunately,
many of those curves reflect a lack of statistical understanding; because the
software tools are easy to use, they are being used inappropriately. Currently,
there is only one comprehensive software package available that fulfils a/l the
needs of a proper statistical investigation for curve fitting and equation dis-
covery: TableCurve 2D produced by SYSTAT Software Inc. Richmond, Cal-
ifornia (Systat Software Inc. 2002; for 3D-Data, TableCurve 3D is available
as well). Nonetheless, even if proper tools are used to explain relations be-
tween two or more parameters, this does not mean that there is a geochemi-
cally-based relationship between the parameters. In cases where analytical
solutions or relations are known, those relations must be used for predicting
future or dependent values. Often, such analytical solutions are not known
and a black box method (a lumped parameter model), a Bayesian, or a Monte
Carlo method will be used.

Another fact that has to be considered when computing predictions using
PC based software is the floating point precision of the algorithm (not that of
the final result). Intel’s floating point co-processor has a 19-digit precision,
which is used by the common standard graphical tools (e.g. Microsoft Excel).
For many predictions, this precision might be good enough, yet, TableCurve
uses its own math emulator with a 38-digit precision in addition to the Intel
co-processor. One of the most powerful tools of TableCurve is its ability to
investigate a prediction using several statistical and graphical tools besides
the regression coefficient 72. Thus, the best prediction can be selected using
its graphical and statistical methods.

A thorough regression or data prediction analysis needs to investigate dif-
ferent potential relationships between parameters. Sometimes, these rela-
tionships are not obvious from the correlation investigations because, in the
case of multiple dependencies of two parameters, the regression coefficient
would be small, though the two different relationships could be detected
using a regression analysis. As in the case of all statistical analyses or nu-
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merical modelling approaches, the interpretation of the results needs a thor-
ough understanding of the governing reactions in the system. Of course, there
are cases in the field of data mining where the relation of two or more pa-
rameters is not immediately obvious, but if mine water management has to
be done precisely and understandably for decision makers, such non-obvious
relationships should be encourage more research. If regression analyses or
predictions are made into the future, values should always be given in ranges
rather than a single value. This means, for example that the iron concentra-
tion after 10 years of flooding should not be given as 5 mg L', but as either
3-7TmgL'or5+2mgL".

9.3.5 Interpretation of Data

Data interpretation is the most important part of consultancy work; it allows
conclusions to be drawn and suggests the final recommendations. If results
are presented and described without interpretation, a catchment or mine water
management study would not have been worth the money and time spent. A
good interpretation also needs good data, which means that the data gather-
ing process was conducted using appropriate QA/QC procedures, the data
can be verified and back-traced, and that all necessary standards for data ac-
quisition, sampling, and laboratory investigations were followed.

Unfortunately, data interpretation cannot be described here — because it
cannot be learned from text books. In general, if a report is clearly struc-
tured, the illustrations and tables are presented in an understandable form, and
the text is written in an understandable language, it can be concluded that
the interpretation of data was given the same priority. This does not mean
that all the interpretations are trustworthy, but the likelihood of getting pre-
cise results is higher than in cases of “bad” reports.



10 Tracer Techniques for Mines
10.1 Why Conduct a Mine Water Tracer Test?
10.1.1 Objectives of Mine Water Tracer Tests

Usually, tracer tests are conducted in or near mines to find connections from
the surface to the mine or vice versa. Typical examples are tracer tests con-
ducted in conjunction with numerical models to assess potential radioactive
waste disposal sites (e.g. Lee 1984). All tracer tests in mines can be grouped
based on their objectives:

e assessing the risk or cause of mine water inrushes/inundations
(Skowronek and Zmij 1977; Goldbrunner et al. 1982; Wittrup et al.
1986; Qiang et al. 1992; Lachmar 1994);

e optimising mining strategy (Adelman et al. 1960; Reznik 1990;
Williams and Kirschner 1992; Kirschner and Williams 1993);

e cvaluating the feasibility or effects of underground disposal of non-ra-
dioactive waste (Fried 1972; Himmelsbach and Wendland 1999);

e cvaluating potential underground disposal of radioactive waste (Abelin
and Birgersson 1985; Brewitz et al. 1985; Galloway and Erickson
1985; Cacas et al. 1990; Lewis 1990; Birgersson et al. 1992; Hoehn et
al. 1998; Sawada et al. 2000; hundreds of studies were conducted in the
Stripa mine/Sweden, the Grimsel/Switzerland experimental site, and
the Yucca Mountain/USA site);

e subsidence studies (Mather et al. 1969); and

e developing remediation strategies (Aldous and Smart 1987; Doornbos
1989; Aljoe and Hawkins 1993, 1994; Davis 1994a, 1994b; Wolkers-
dorfer 1996; Wolkersdorfer et al. 1997a; Canty and Everett 1998)

Tracer tests have also been conducted to study “heat mining” in geother-
mal projects (e.g. Gulati et al. 1978; Horne et al. 1987; Kwakwa 1989; Ran-
dall et al. 1990; Aquilina et al. 1998). Because such studies are similar to
those conducted in fractured rocks (see Himmelsbach et al. 1992; KaB 1998)
and are usually done using boreholes, rather than conventional mines, these
studies will not be considered further here.

Many tracer tests are not reported in the literature, or are only available as
master’s theses (e.g. Anderson 1987; Bretherton 1989; Diaz 1990; Hasche
2001). This may imply that they were unsuccessful or that the results were
confidential, but may just reflect the fact that no one was willing to take the
time to convert the study into a research paper. So far, only a few published
tracer tests have been conducted to trace the hydrodynamic conditions of a
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flooded underground mine (Aljoe and Hawkins 1994; Wolkersdorfer et al.
1997a; Wolkersdorfer and Hasche 2001a), mainly because no suitable
method was available to inject the tracer into the mine water at predeter-
mined depths or without contaminating the mine water above the injection
point. Most tests therefore injected the tracer at the surface, allowing the
tracer to flow into the mine through fractures (e.g. Lachmar 1994) or used
boreholes (e.g. Galloway and Erickson 1985; Cacas et al. 1990).

As will be shown in section 11.6, in-situ remediation and treatment meth-
ods usually fail because they require a thorough understanding of the flow
regime within the flooded underground mine and where underground dams
have to be installed before flooding. Tracer tests in flooded underground
mines are therefore imperative for such in-situ options.

10.1.2 Aims of Mine Water Tracer Tests

Tracer tests are commonly used to investigate the hydraulic parameters or
interconnections of ground water flow (KaB 1998). Most such techniques are
well described and a range of tracers or methods can be selected, depending
on the aims of the tracer test and the hydrological situation.

Published results of tracer tests in abandoned underground mines are still
uncommon, as already stated by Davis (1994b, 1994a). Since less experi-
ence exists in tracing mine water, the expected results of an individual mine
water tracer test cannot always be predicted. Summarised, the aims are as
follows:

testing the effectiveness of bulkheads dams,
investigating hydrodynamic conditions,

tracing connections between a mine and the surface,
clarifying reasons for inundations,

assessing contaminant mass flow, and

estimating the decrease or increase of contaminants

Historically, the first tracer tests conducted in mines were simply to reveal
connections between ground or surface waters and the mine (e.g. Skowronek
and Zmij 1977). One of the first tracer tests in a deep flooded underground
mine was conducted in 1995 to investigate the more complex hydrodynamic
conditions of the flooded mine (Wolkersdorfer 1996).

It would be useful in many mining situations to use a multi-tracer ap-
proach. Possible candidates for multi-tracer tests are dyes, salts, and solid
tracers. Wolkersdorfer et al. (2002) conducted a multi-tracer test in the Aus-
trian Georgi-Unterbau mine (see section 12.13), using rock salt (NaCl),
sodium fluorescein, uranine, and different microspheres in the flooded un-
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derground mine. Because the number of tracers that can be used in a single
mine water tracer test is limited, my working group prefers fluorescent mi-
crospheres. Up to eight different colours can be injected and up to six have
been used so far, in a mine water tracer test conducted at the flooded
Straflberg/Germany fluorspar mine (see section 12.11).

In the future, tracer tests should become a prerequisite for evaluating re-
mediation strategies for abandoned mine sites. Kimball et al. (1999) gave an
example of how to use tracer tests and carry out synoptic sampling of trace
metals in surface streams to evaluate the environmental impacts of mine ef-
fluents on watersheds. This can also be done in other mine closure cases
where the hydrogeological situation is unclear and the choice or implemen-
tation of remediation strategies will be affected by the water flow.

10.1.3 Possible Mine Water Tracers

Underground mines generally consist of shafts, adits, raises, and stopes; these
are comparable to the features found in karstic terrains. Therefore, a flooded
mine can be looked on as a karst aquifer in a conceptual model, and numer-
ical models of flow in karst aquifers (e.g. Liedl and Sauter 2000) might also
be used to describe the hydrodynamics of underground mines. Furthermore,
the tracer techniques developed for karst aquifers (e.g. Gospodari¢ and Habic
1976; KaB 1998) should be appropriate for flooded mines, too.

According to the literature, including our own investigations, nine types of
tracers have been used in mine water tracing (Table 18), though only suc-
cessful tracer tests (and not even most of them) are usually reported. There-
fore, little can be said about tracers that are unsuitable for tracing mine water,
though some researchers have investigated tracer behaviour in the mine water
environment. Aldous and Smart (1987) conducted research into the ab-
sorbance of seven fluorescent tracers on iron hydroxide and kaolinite (sulpho
rhodamin B, sulpho rhodamin G, rhodamin WT, lissamine yellow FF, pyra-
nine, Na-fluorescein, and Tinopal CBS-X). As the behaviour of tracers varies
in different environments, no general conclusions are possible. Yet, from their
studies, sulfo thodamin G and pyranine appear to be the best tracers in sedi-
ment-laden mine water — though neither has been used so far due to analyti-
cal or environmental reasons. For Na-fluorescein, which easily adsorbs to or-
ganic materials, we know of successful tests as well as unsuccessful ones.

The chemical composition of mine waters can very often involve high
TDS, low pH (e.g. Iron Mountain: pH —3.6; Nordstrom et al. 2000), or high
metal concentrations (Banks et al. 1997), which consequently limits the num-
ber of tracers that can be used successfully. Even conservative tracers, such
as Na-fluorescein, might be unsuitable under certain mine water conditions
e.g. low pH, high suspension load, wooden supports, free chloride radicals.
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Therefore, laboratory tests using the chosen tracer and typical mine water
compositions are essential to obtain positive results. All tracers have to be se-
lected based on their expected or known behaviour in the mine water in ques-
tion. An important consideration when conducting such tests is the duration
of the laboratory test. From our experience, mine water flows with mean ve-
locities of 0.3 to 1.6 m min! (95% confidence interval of 42 tracer tests in-
vestigated; see table 19), which can be used to roughly calculate the expected
residence time. The stability of the tracer in the mine water must be guaran-
teed for the whole duration of the tracer test. Preceding the Nieder-
schlema/Alberoda and Straf3berg tracer test, we conducted 45 and 28 days of
laboratory tests, respectively. Concurrently, the tracer was sampled and vi-
sually analysed to identify alterations (Wolkersdorfer 1996; Wolkersdorfer
and Hasche 2001a).

10.2 Tracers and their Use
10.2.1 Introduction

Many people in the mine water field want to use tracers for their studies once
they hear what tracers can do. However, very often, the basic knowledge
about the properties of tracers and the way in which tracer tests have to be
planned or conducted are not clear. The following chapters will merely in-
troduce the broad field of tracer investigations; consequently, the language
and the theory are expressed in a simple manner. It is meant for the novice
with a basic knowledge of environmental sciences or geosciences and mainly
covers tracers that can be used in mines. Therefore, some rarely used tracers,
such as the promising DNA-tracers (Sabir et al. 1999), will not be discussed.
Yet, all the prerequisites for conducting a tracer test are given and the rele-
vant references are provided. A range of publications about tracers or tracer
tests has been cited in earlier chapters and will also be referred to in the fol-
lowing sections. Readers who want to know more details should read one or
more of those publications (e.g. Aley and Fletcher 1976; Moser and Rauert
1980; K&B 1998; Field 2003).

10.2.2 What are Tracers?

Tracers or marker substances are used to evaluate characteristic hydrogeo-
logical parameters. They can be divided into natural (or environmental) trac-
ers that are “naturally” or unintentionally contained in the water, and artifi-
cial tracers. As a rule, the former are already contained in the water, whereas
artificial tracers are injected into the water during the field test. Environ-
mental isotopes, environmental chemicals, organisms, or the physical qual-
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Table 18. Selection of tracers that have already been used in mine water tracer tests;
only selected references are provided.

Tracer References

Mather et al. (1969); Hawkins and Aljoe
NaCl (1992); Wolkersdorfer (2002b); Wolkersdorfer
and Hasche (2004)

Mather et al. (1969); Parsons and Hunter

BT (1972); Nunes et al. (1990); Wirsing (1995)

Rhodamin WT Canty and Everett (1999)
Wolkersdorfer and Hasche (2001b);
Club Moss Spores Wolkersdorfer (2001); Wolkersdorfer and
Hasche (2004)
Wolkersdorfer and Hasche (2001b);
Microspheres Wolkersdorfer (2001); Wolkersdorfer and
Hasche (2004)
Sulpho Rhodamin B Aldous and Smart (1987)
Tritium Mulenga et al. (1992); Zhou et al. (1993)

CFC chlorofluorohydrocarbon Parry et al. (2000)

Worrall (1999); Wolkersdorfer (2002a); Merten

Rare Earth Elements et al. (2004)

ities of the water are examples of natural/environmental tracers. Artificial
tracers can roughly be divided into water-insoluble (e.g. dyes, phages, micro-
particles, and spores) and water-soluble tracers (e.g. pigments, salts, and ra-
dioactive substances).

The difference between artificial and natural tracers can be clarified by
using tritium as an example. Tritium arose from atmospheric nuclear weapon
tests and reached ground water naturally in precipitation. Used in this man-
ner, tritium is an environmental isotope and is therefore regarded as a natu-
ral tracer. However, tritium can be injected into the ground water within the
scope of a tracer test as a radioactive tracer, and would then be serving as an
artificial tracer (Geyh and Schleicher 1990).

The increasing environmental awareness of the population and the au-
thorities during the last few decades has led to increasing problems in con-
ducting tracer tests. We have found that it is usually better to use the words
“tracer” or “marking substance” instead of the proper tracer names of the
tracers, which may sound scary to the uninformed.
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Table 19. Distances and mean velocities of worldwide tracer tests in underground
mines. Table is given for comparisons only, details concerning geological setting
and hydraulic parameters are given in the literature cited. Mean of all 42 tracer tests:
0.3-1.6 m min' 95% confidence interval of 42 tracer tests; ! result probably wrong.

Distance,  veff,

km o min’! Reference Location
0.015 0.0001 Wolkersdorfer unpublished Rabenstein/Sachsen
0.17 0.0003 Wolkersdorfer unpublished Rabenstein/Sachsen
0.2 0.001' Aljoe and Hawkins (1993) Buckhannon/WV
0.044 0.004 Aljoe and Hawkins (1993) Buckhannon/WV
0.093 0.004 Wolkersdorfer unpublished Strafberg/Harz Mts
0.093 0.006  Wolkersdorfer and Hasche (2004) StraBBberg/Harz Mts
0.13 0.01 Aljoe and Hawkins (1994) Buckhannon/WV
0.077 0.01 Canty and Everett (1998) Red Oak/Oklahoma
0.78 0.01 Wolkersdorfer (1996) Niederschlema/A.
0.238 0.014  Wolkersdorfer unpublished StraBberg/Harz Mts
0.048 0.02  Wolkersdorfer et al. (2002) Brixlegg/Tirol
0.01 0.03  Wolkersdorfer et al. (2002) Brixlegg/Tirol
1.182 0.07  Wolkersdorfer unpublished StraBberg/Harz Mts
0.35 0.1 Mather et al. (1969) Aberfan/South Wales
1.181 0.1 Wolkersdorfer unpublished Stralberg/Harz Mts
3.539 0.1 Wolkersdorfer unpublished Strafberg/Harz Mts
0.077 0.12 Canty and Everett (1998) Red Oak/Oklahoma
0.077 0.14  Canty and Everett (1998) Red Oak/Oklahoma

0.283 0.15  Wolkersdorfer and Hasche (2004)  StraBberg/Harz
1.773 0.15 Wolkersdorfer and Hasche (2004)  Stra3berg/Harz

0.171 0.17 Canty and Everett (1998) Red Oak/Oklahoma
6.564 0.17  Wolkersdorfer unpublished Strafberg/Harz Mts
1.7 0.2 Parsons and Hunter (1972) Ebbw Vale/Mons.
0.229 0.23 Canty and Everett (1998) Red Oak/Oklahoma
0.4 0.27 Czolbe et al. (1992) Peilen/Germany
3.6 0.3 Aldous and Smart (1987) Forest of Dean/Gls.

4.798 0.3 Wolkersdorfer and Hasche (2004)  Straberg/Harz Mts
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Table 19. Continued. Niederschlema/A.: Niederschlema/Alberoda; Ebbw Vale/
Mons.: Ebbw Vale/Monmouthshire; Gls.: Gloustershire.

Distance,  veff,

km m min! Reference Location

0.15 0.4 Mather et al. (1969) Aberfan/South Wales
0.172 0.4 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.216 0.5 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.22 0.5 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.2 0.6 Mather et al. (1969) Aberfan/South Wales
3.18 0.7 Wolkersdorfer and Hasche (2004)  StraBBberg/Harz Mts
0.5 1.3 Aldous and Smart (1987) Forest of Dean/Gls.
2.25 1.5 Wolkersdorfer and Hasche (2004)  Stra3berg/Harz Mts
0.776 1.6 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.04 1.7 Wolkersdorfer et al. (2007) Freiberg/Sachsen
0.736 1.8 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.78 2 Wolkersdorfer et al. (1997a) Niederschlema/A.
2.159 5.7 Wolkersdorfer et al. (1997a) Niederschlema/A.
2.723 7.9 Wolkersdorfer et al. (1997a) Niederschlema/A.
0.5 11.1 Aldous and Smart (1987) Forest of Dean/Gls.

10.2.3 What are Tracers used for?

Tracers are used to characterise flow paths in many different disciplines like
geology, hydro(geo)logy, chemistry, physics, water supply and distribution,
hydraulic engineering, limnology, or biology. Tracers have been used to pur-
sue underground watercourses since Roman times. Today, tracers are also
used in flooded mines, at site investigations of radioactive repositories, and
in living beings.

The prime aim of tracer tests is to trace back flow paths, and determine flow
velocities, mass transfer, and hydrogeological parameters. By evaluating tracer
tests, the following information and characteristic quantities can be determined:

e hydraulic connections of flow pathways,

e ground water flow directions,

e ground water velocity, average interstitial velocity, and mean residence
time,
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hydrodynamic dispersion,

flow and mass transfer rates,

variability of hydrogeological properties, and

transport behaviour of dissolved or particulate water constituents as
well as their interactions

10.2.4 Requirements for Tracers

A tracer is described as a conservative or ideal tracer in the subsurface
medium if it exhibits:

e inert behaviour not prone to chemical reactions with immobile solids,
e unchanging physical qualities, and
e is transported at the same velocity as the flowing water.

In addition, as many of the following criteria as possible should be met:

no natural occurrence of the tracers in the transport medium,
good analytical detectability even at great dilution,
water-soluble or dispersible,

robust chemically stable,

no interactions between tracer and medium,

reasonably priced in terms of acquisition, handling, and analysis,
physiologically safe (not toxic), and

no lasting effect on ground water composition

No tracer satisfies all the aforementioned conditions equally well. Rather,
the most suitable tracer has to be selected based on the question to be an-
swered. Based on its transport behaviour, tritium would fulfil most of the
ideas of a conservative tracer, yet, for reasons of cost effectiveness and ana-
lytical procedures, fluorescent dyes are the most common tracers used.

10.2.5 Types of Tracers

“Natural” or “Environmental” Tracers

Stable Isotopes

Environmental isotopes are nuclides of elements that occur in water without
having been added or injected on purpose to conduct a tracer test. They are

therefore natural tracers. Usually, their concentrations are low and the analy-
sis and the interpretation subsequently turns out to be difficult. In distinction
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to artificial tracers, they can be used over large areas and long time scales. Be-
sides geohydraulic parameters, environmental isotopes allow the age and
temperature evolution of the waters to be traced (e.g. Lippmann et al. 2003).
Fractionation of certain stable isotopes also allows the identification of cer-
tain biogeochemical processes (e.g. bacterial sulphate reduction; Fauville et
al. 2004).

Environmental Chemicals

Environmental chemicals are substances that enter the water cycle acciden-
tally or by slow contamination. They might be the same substances as in the
case of artificial tracer tests, but because they reach the water cycle uninten-
tionally they are categorised as “natural” tracers.

Sodium fluorescein or pyranine are two commonly used dyes in cosmetic
articles, though a test with several different cleaning detergents showed that
other chemicals are now being substituted for sodium fluorescein. Seeping
boric acid from house waste disposal sites can be considered a good tracer
(Neal et al. 1998). Increased boron concentrations in water analyses usually
point to nearby house waste disposal sites or, in certain areas, to naturally el-
evated boron concentrations e.g. Col and Col (2003). Chlorides are found in
the vicinity of streets or airfields, where salt is used for de-icing, or down-
stream of potash pits. Kolpin et al. (2002) investigated the background con-
centrations of 95 organic wastewater contaminants in the USA, thereunder
caffeine, hormones, and antibiotics. Very good environmental tracers are sul-
phur hexafluoride (SF¢) or chlorofluorocarbons (CFCs), which are abundant in
nearly every water. The same substances can also be used as artificial tracers.

Metals and semi-metals (e.g. Cd, U, As, Cu, and Sb) can be considered as
natural tracers downstream of mine water drainage tunnels. One of many ex-
amples worldwide is the river Erft in the Eifel/Germany, which receives mine
water from the abandoned Mechernich mine (Schalich et al. 1986). Such nat-
ural tracers are commonly used in the exploration for ore deposits (Grimes
et al. 1995).

One of the most expensive and outstanding “natural” tracer tests happened
on 12 August 1901 (Anonymous 1901), when lightning hit the Pernod fac-
tory at Pontarlier and about 1 million litres of absinth were flushed down the
river Doubs. Two days later, André Berthélot noticed the absinth at the Loue
Spring, 50 km north-north-east of Pontarlier.

Organisms

Organisms are rather exotic tracers. Common natural tracers are bacteria,
which can be used to trace the environmental influence of excrement. Eels or
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ducks were also used successfully as tracers, though they should perhaps be
listed as “artificial” tracers in the example cited, because the organisms were
marked (K& 1998).

Physical Influences

A physical influence that plays a major role in ground water investigations
or the judgement of ground water contaminations is a change in water tem-
perature. New fibre optic measuring methods make it possible to receive a
high spatial resolution of temperature differences. Schreck et al. (1998,
1999), and Stoddart et al. (2005) used this method to monitor temperature
variations in mine dump sites. Van Berk (1987) was able to show that down-
stream of a coal mine waste dump, the ground water temperature increased
by 3-6 K, consistent with the exothermic pyrite weathering reaction.

Changes in electrical conductivity were used to trace the sources of highly
mineralised waters emanating from potassium mine waste rock piles in the
German Rhine river valley.

Avrtificial Tracers
Water-soluble Tracers
Dyes

Dyes are the most frequently used artificial tracers, amongst which fluores-
cent dyes are today the first choice when carrying out tracer tests. The dyes
used are largely non-poisonous apart from the rhodamines and can easily be
detected by fluorometers, fluorescence chromatography, or with the support
of HPLC (high pressure liquid chromatography). Transportable fluorometers
and other sophisticated techniques (e.g. MORES: micro optical remission
micro sensors; fibre optics) are now available and allow continuous moni-
toring of fluorescence intensity. Both the easy analytical verification and rel-
atively low cost have considerably contributed to the distribution of fluores-
cent dyes as tracers in hydrogeological investigations. They are also used to
dye drift particles e.g. spores, microspheres to increase their detectability.
Non-fluorescent dyes are of minor significance since they are often sorptive
and their analytical verification is less precise than fluorescent dyes.

Salts

The salt most frequently employed for tracer tests is rock salt (NaCl), though
potassium chloride, lithium chloride, and bromide salts are also used. Though
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most salts are comparatively cheap and their detectability is reasonably good,
large quantities (up to several tons) of salt may be required, and therefore
cost might hinder their use in mine water tracer tests. For a tracer test at the
abandoned Stralberg/Germany fluorspar mine, 20,000 L of saturated NaCl
brine were injected (Fig. 77).

Radioactive and Neutron Activatable Tracers

Radioactive tracers can easily be detected with field or laboratory equipment
and though their use requires that radiation protection procedures and regu-
lations be followed, in other ways their handling is no different from that of
other tracers used in hydrogeology. However, at present, it is difficult to get
permits to conduct tests using radioactive tracers, although they are effec-
tive for determining various geo-hydraulic parameters. Neutron-activatable
tracers are non-radioactive elements that can be neutron activated after they
are sampled in the field (Jester and Raupach 1987). Commonly used ele-
ments are Br, !'In, Dy, 132Eu, *°La, and **Mn. They can be measured at
very low concentrations because the analytical procedure is very sensitive.

Fig. 77. Sampling of
saturated NaCl brine
used for the Straf-
berg/Harz/Germany
tracer test.
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Water Insoluble Tracers
Solid Tracers

A solid substance was used in one of the first tracer tests ever reported: chaff
to examine the springs of the river Jordan in the year 10 AD (Ké&B 1998).
However, solid tracers are less suitable for conducting quantitative tracer
tests. Should only a qualitative assessment be necessary, solid tracers may
still be useful. The semi-quantitative LydiA-method, which uses filter nets
and auto-samplers, was developed for mine water tracer tests, and is de-
scribed elsewhere in this book (Fig. 78).

Phages

Phages are viruses with sizes between 20 and 300 nm. They are inactive
when outside of bacteria and consequently, they do not have any active me-
tabolism, which means that their number cannot increase during the tracer
test. Their qualities as tracers are very good, but their analysis requires spe-
cial laboratories. Due to the number of different phages known, they are suit-
able for tracer tests with multiple injection sites. Like all solid tracers, the

Fig. 78. Lycopodium
Apparatus (LydiA) for
injecting solid tracers
into flooded under-
ground mines. Diame-
ter 120 mm.
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number of particles found after the sample preparation are counted and used
for the interpretation.

Bacteria

Because of hygienic issues concerning drinking water protection zones, bac-
teria play an important role in certain tracer tests (e.g. 50-day-time-of-travel-
line). Numerous bacterial genera have proved suitable for hydrogeological
tracer tests. They can be used in ground water, column tests, surface waters,
and in coastal waters (e.g. Harvey et al. 1989, 1993; Vega et al. 2003).

Micro Particles: Microspheres

Micro particles are microscopically small polystyrene beads of 0.6-100 pm
diameter which are coloured with fluorescent dyes (Fig. 79). In hydrogeo-
logical tracer tests, their surface should be neutrally charged to prevent sorp-
tion. For special investigations, microspheres with positive and negative sur-
face charges can be purchased. Originally, polystyrene beads were developed
for physiological investigations. However, several investigations confirmed
that they can also be used as hydrogeological tracers in which the good ex-
periences of the numerous physiological investigations can be used with ad-
vantage.

Recently, micro particles containing a rare earth element cocktail were de-
veloped. Those tracers can be used at sites where dyes might be destroyed
due to certain physico-chemical conditions. Microspheres were used in sev-
eral mine water tracer tests with generally positive results e.g. Stra3berg/Harz

Fig. 79. Selection of microspheres used in the StraBberg/Harz 2003 tracer test.
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Mountains, Konigshiitte/Harz Mountains, Ehrenfriedersdorf/Erzgebirge,
Georgi Unterbau/Tyrol, Schlema/Saxony (the latter: Werner KaB, pers.
comm.).

Spores

The spore tracer method uses club moss (Lycopodium clavatum) spores with
diameters about 50 pm and is one of the most important methods used in
karst examinations. They can be coloured with different fluorescent and non-
fluorescent dyes so that several injection places can be examined in a single
test. The evaluation is laborious since the spores found must be counted mi-
croscopically. Besides their use in karst areas, spores have also been used
successfully in mine water tracer tests to investigate hydraulic connections
and parameters as well as effective velocities underground e.g. Nieder-
schlema/Alberoda/Erzgebirge, Stralberg/Harz Mountains.

10.3 Preparation
10.3.1 Hydrogeological examination

The aim and purpose of a tracer test must be defined precisely before a tracer
test is carried out. A preliminary hydrogeological investigation is imperative
and all available geological and hydrogeological data of the investigation
area have to be considered in developing a basic conceptual model. Special
attention has to be given to the heterogeneities of the aquifer and the mine
layout. Geological maps and existing borehole or pump data must be evalu-
ated for that purpose, because such heterogeneities can have a decisive in-
fluence on the selection of injection and observation sites. There are several
hydrogeological text books available (e.g. Fetter 1988; Jordan and Weder
1995; Domenico and Schwartz 1998; Brassington 1999; Deming 2002; His-
cock 2005; Holting and Coldewey 2005). It is beyond the goals of this book
to repeat what these authors have already written about good hydrogeologi-
cal practise.

Occasionally, there is insufficient information to establish a conceptual
model of the investigation area or to plan the order of potential injection at
observation sites. In those cases, further geological or hydrogeological in-
vestigations are essential. If necessary, pumping tests or measuring ground
water levels will provide further information (Doherty 1990). In all cases,
one or more field inspections should be conducted to get an impression of the
examination area and the accessibility of the injection and sampling sites. If
necessary, the client or the mine operator may have to modify sampling and
injection sites to fulfil the needs of a proper tracer test.
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The following data, or at least an idea of their order of magnitude, should
be available for the planning of a tracer test:

e ground water contour maps and interfered ground water flow direc-
tions,

ground water flow velocity,

dilution,

lithology and hydrogeochemical parameters, and

water use.

The most suitable tracer has to be chosen based on the results of the lab-
oratory tests, the cost of the tracer, and the analytical requirements for the
tracer. In addition, a detailed hydrogeological investigation should clarify
the most suitable injection and sampling points, based on a conceptual model
of'the site. Inadequately prepared tracer tests are the most frequent reason for
poor results; preliminary investigations are an essential part of a tracer test,
even if, and perhaps especially, when the area of investigation is not well
characterised. A lack of knowledge about the hydrogeological situation can
lead to poor selection of injection and sampling sites; this topic is addressed
below.

10.3.2 Selection of Injection and Sampling Sites

A decisive criterion for whether a tracer test turns out to be successful or not
is the correct selection of the injection and sampling sites. At least one of the
injection sites must be located so that the tracer will flow through the exam-
ination area, satisfying the objectives of the investigation. Although this de-
mand seems trivial at first, unsuccessful tracer tests show that this prerequi-
site is not always met!

Since tracer tests often bring new and surprising knowledge, it makes
sense to choose one or two more sampling sites rather than to fail in find-
ing the tracer injected. As a rule, tracer tests are cost-intensive, and a failed
tracer test due to not enough sampling sites is dissatisfying for both con-
tractors and customers! Underground and surface watersheds frequently do
not correspond and this fact has to be considered when selecting the sam-
pling sites. When there are uncertainties in the correct location of sampling
sites, a simple numerical model that assesses hydrogeological parameters
can be helpful.

One of the most unpleasant situations for both contractors and customers
occurs when no tracer is found at all. Such tests simply cannot be evaluated;
it may indicate complete sorption or degradation of the tracers, too low a
transport velocity, or no hydraulic connection between the injection and sam-
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pling sites. You can at least rule out the last possibility if you use a suffi-
ciently large number of sampling sites! Always include boreholes or shafts
directly downstream from the injection site. In addition, do not allow your-
self to be so convinced that your working hypothesis or conceptual model is
correct that you fail to place a sampling site at locations that do not support
that belief. It is appropriate to place a sampling site at a location that, ac-
cording to the pre-considerations, might not be possible at all.

Besides the technical criteria, the relative spatial position of the injection
and sampling sites and their accessibility play an important role. Sites that
might be necessary from a technical point of view but that can only be
reached with a disproportionately large effort should generally be omitted in
favor of sites that are slightly less ideal but much more accessible. Finally,
you can assume that the client will decide to add more injection and sampling
sites the week before the test starts!

10.3.3 Which Tracers shall be used?

Just as important as the selection of the injection and sampling sites is the
choice of the correct tracers. This choice is mainly determined by the que-
stion to be solved. Besides this, the hydrogeological and geochemical con-
ditions, the required sensitivity, available analysis methods, and restrictions
of use (e.g. permit of the authority, water protection areas) play a role in
tracer selection. Occasionally, it is required to use several tracers in a multi-
tracer approach. However, compromises have to be made, addressing pote-
nial problems as optimally as possible (e.g. considering costs, transport, per-
mits, and analytical procedures). Kaf (1998, 2004) lists the following
questions that have to be considered when selecting the optimal tracer:

sorptivity and ion exchange,

pore distances,

chemical and physical water parameters,

influence of light,

water use,

analytical criteria,

effort of obtaining, transporting, injection, sampling, analytics,
injection sites,

sampling sites, and

long-term behaviour of the tracers.

Although an optimal tracer should behave conservatively, depending on
the terms of reference, it might be feasible to use a non-conservative tracer,
such as when investigating the transport behaviour of characteristic sub-
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stances. Table 18 gives a selection of tracers that have already been used suc-
cessfully in mine water investigations.

10.3.4 How much Tracer must be used?

Numerous equations are specified in the literature for calculating the optimal
tracer amount independently of the tracer and the investigation area. In de-
tail, some factors might be contradictory, and therefore, the choice of the cor-
rect tracer amount is sometimes tricky. The preliminary values provided by
these equations should be regarded as starting points for site-specific con-
siderations.

A comparison of two equations for otherwise identical boundary condi-
tions shall clarify this statement:

m=LxkxB (68)
with m tracer amount, kg
L Distance to the most important sampling point, km
k Coefficient for the tracer substance, if not sodium fluorescein
0.1-20,000
B Factor for general set up of tracer test 0.1-10

and L =2.4 km; k= 1; B =3 yields m = 7 kg for sodium fluorescein (Kif3
2004)

m=LxK (69)

with m tracer amount, kg
L Distance to the most important sampling point, km
K Coefficient for the aquifer 0.2-2

and L =2.4 km; K = 1.5 yields m = 3 kg for sodium fluorescein (UNESCO
1; KaB 1998)

k, B, and K are tabulated values that can be found in KaB (1998). They
will not be further discussed here, because the two equations are only pro-
vided to exemplify how tricky the calculation of a correct tracer amount
might be.

The values given in KiB (1998) and Field (2003) differ over a range of
three orders of magnitude. In general, the empirical values deduced from the
experiences of the working group play an important role in calculating the
necessary tracer amount. KaB (2004) concluded that expert knowledge is
more important than a list of equations and therefore he only refers to equa-
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tion 68. With respect to this shortage of reliable equations to calculate the
necessary tracer amount, Field (2003) published the EHTD (Efficient Hy-
drologic Tracer-Test Design) computer code, which can be used to calculate
the necessary tracer amounts for various hydrogeologically relevant scenar-
i0s if one provides values for 12—13 aquifer and tracer parameters. EHTD can
also be used to calculate optimised tracer sampling intervals and predict the
breakthrough curve. Yet, a mine water scenario is not yet included in the
code.

Therefore, in mine water tracer tests, the empirical data can be backed by
the following calculation, which gives a good approximation of the solid
tracers needed for a tracer test in a quasi-closed system (the formula given
in Wolkersdorfer et al. [1997a, 1997b] is faulty, as 7, is given in % instead of
the rate):

= ! X Vo X f (70)
55,000 7 xgq
with m total mass/volume of spores/microspheres, g
Vi volume of enclosed fluid in the mine, m?
Ty recovery rate of spores or microspheres, — (not more than 0.02—

0.1 might be expected)

pumping capacity, L min!

factor (spores: 1; 15 um microspheres with a concentration of
1 - 10%mL: 0.25), g L m? min’!

~

Equation 70 considers water of volume, ¥, in a mine or another enclo-
sure without a discharge into a receiving watercourse. During a tracer test, the
water is pumped out of the mine at a pumping capacity ¢, which must be rel-
atively small compared to the total water volume. The recovery rate for
spores or microspheres is based on experience and usually does not exceed
2-10 %.

Yet, we also used other equations to verify the necessary tracer amount. So
far, we have had good experiences with the following procedure: given the
detection limit of the tracer is c,;,, then the discharging mine water must
have at least this tracer concentration. The total volume of the water in the
mine is V},, and the flow rate at the discharge point(s) is O with a total po-
tential duration of the tracer test z. Furthermore, we assume a complete ho-
mogeneous mixing of the tracer with the mine water. This assumption is very
optimistic but it has proven to be a good starting point. Furthermore, the con-
centration factor, £, which depends on the sampling equipment, must be
known. If the tracer is directly measured in the discharging water, this fac-
tor is 1, if the water is filtered through a filter (e.g. MeFisTo System) then it
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depends on the ratio of the water pumped through the filter systems ¢ to the
discharged water. The expected recovery rate shall be . and the sampling
interval ..

Then the following physically-based equation can be used to estimate the
necessary tracer amount:

V., +0xt)xc,,
m = Un QX1 (71)
nxJ.
1 : direct tracer measurement in discharging water
f.= . . . (72)
gxt xr, :aliquot pumping of discharged water

So far, this conservative approximation was successful in all of the tracer
tests that we have conducted in fully flooded mines.

10.3.5 Tracer Test Plan

When applying for a permit from the responsible water authorities, a tracer
test plan should be made available. This plan should list in detail the injec-
tion and sampling sites at which temporal distributions shall be sampled and
by whom. At the same time, the test plan has to define why the tracer test is
being carried out and should predict, if possible, the anticipated results that
will be obtained. Normally, the test plan also contains details on the costs of
the complete tracer test, including its evaluation. The success of an applica-
tion and the tracer test itself depends fundamentally on whether the test plan
is complete or not.

During sampling, the local or national recommendations for sampling
ground water monitoring wells or surface waters have to be considered. Be-
cause national and international standards are changing regularly, even lo-
cally, the researcher planning to conduct a tracer test is well advised to get
into contact with all of the local authorities that are responsible for permit-
ting the tracer test.

According to Kaf (1998) and other relevant guidelines (Schwarz et al.
2002), a tracer test plan should at least contain the following details:

district and place name,

description of the injection sites,

person in charge of the tracer test with phone numbers,
customer with full address,

experimental purpose,

injection time (start of tracer test),

type of tracer,
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e water quantities to flush the injection site and the tracer, and
e a list of the sampling sites and sampling intervals.

Furthermore, the following details are meaningful:

work schedule for continuous sampling,
necessary measurements on site,

work schedule for analytical laboratory, and
emergency plan.

10.4 Approval Procedure
10.4.1 Legal Regulations

Since the legal regulations for permitting tracer tests differ from country to
country, you must contact the local authorities before designing a tracer test.
In some countries, tracer tests need a formal, sometimes lengthy approval
procedure, while in other countries, a telephone call with the water or min-
ing authorities might be sufficient. A typical procedure for applying a permit
for a tracer test is described here for Germany, according to Pascaly (1997).

The responsible authorities act under the principle of § 1 of the Federal
Water Budget Law (“Wasserhaushaltsgesetz” WHG), which demands that
the waters have to be managed for the welfare of the general public and in
accordance with the welfare of individuals. Avoidable impairments of eco-
logical function must be avoided. Additionally, in water conservation areas,
the water protection ordinance has to be considered.

According to § 2 (1) WHG, the use of waters requires official permission,
and the injection of a substance represents a use in the sense of § 3 (1) Ne 5
WHG. § 3 (2) regulates measures that can cause harmful and significant
changes in the physical, chemical, or biological water parameters, be they
permanent or temporary.

The official, revocable permission is granted by the authority in accor-
dance with § 7 (1) WHG. This permission allows using waters (including
ground water) for a certain purpose in a specific way predetermined by its
manner and degree. In accordance with § 4 (1), the permission can be made
conditionally, to prevent or compensate for adverse effects to others.

The responsible authorities are determined by legal state regulations. In
Saxony, for example, the State Environment Agencies (Staatliche Umwelt-
fachamter) or the lower water authority are responsible for granting the per-
mission. The authority checks the tracer test plan for consistency with the
legal specification that harmful changes and impairments be avoided, and
ensures that it complies with the regulations or — if applicable — the existing
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water protection ordinance. Their concern extends beyond toxicological ef-
fects to humans and the environment, including other possible chemical (e.g.
solution contents, taste), physical (e.g. colour, temperature), or biological
changes to the water.

10.4.2 Necessary Details within the Application

As a basis for its permission, the water authority needs an application with a
detailed description of the tracer test plan. The reasons for the test, the tests
boundary conditions, and the type of tracers to be used, including their envi-
ronmental compatibility (Arbeitskreis “Human- und 6kotoxikologische Be-
wertung von Markierungsmitteln in Gewassern” 1997; Behrens et al. 2001),
should all be documented. To allow the permitting authorities to understand
the procedures of the tracer test and give them a means to assess possible en-
vironmental risks, be sure to present the following details: the amount of tracer
(including its potential dilution), the volume of flushing water, the amount of
water to be removed (for flushing reasons or analyses), the duration of the
test, and the potential degradation rates of the tracer. Involving the authority
as early as possible will allow you to understand any special concerns that
they might have so that these can be addressed in your plan. Furthermore, the
responsible special authority is frequently asked to give their recommendation
to the permitting authority, documenting the necessity of the tests.

10.5 Execution
10.5.1 Injection Time and Injection Type

It is critical that the samples not be contaminated with even trace amounts of
the tracer. This is more challenging than you might think. People who are
conducting the injection should not collect the samples or carry out the later
analyses in the laboratory. If this is not possible, the individuals should care-
fully clean themselves and completely change their clothes. Furthermore, if
there are several sampling points in the test, the probes used for temperature
or electrical conductivity measurements must be carefully cleaned with dis-
tilled water after each use. Cleaning them only at the new site risks cross-con-
tamination. Unfortunately, the cover photograph of the Field (2003) publi-
cation does not show good practice in tracer injection, because the equipment
of the person injecting the tracer is being contaminated with the tracer, and
will possibly carry off the Na-fluorescein tracer to the next sampling site.
Independently of the tracer chosen, all containers carrying the tracer have
to be flushed out repeatedly to make sure that the tracer is fully injected into
the mine- or ground water. In the case of a solid tracer, this also ensures that
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all of the tracer reaches the water body to be examined. To avoid contami-
nation in the field, it is recommended that fluorescent tracers be pre-diluted
in the laboratory.

If necessary, several tens to hundreds of litres of water should be poured
into the injection point, especially when the injection site is dry. For tracer
injections in the unsaturated zone, one has to ensure that the tracer reaches
the ground water. Without additional water, the tracer would remain in the
pore space of the unsaturated zone. Of course, this is not an issue if the tracer
test is being carried out to examine the unsaturated zone.

When evaluating tracer tests, it is assumed that the injection has the form

of a Dirac function:
0, t#0
o(t)= {
<, =0 (73)
j” dts(t) =1

Therefore, you should completely inject the tracer as quickly as possible.
In the past, it was recommended that you inject the tracer slowly, but this is
not advisable because it “smudges” the tracer cloud, could feign a non-ex-
isting dispersion, and make the results of the tracer test considerably harder
to evaluate.

In contrast, Kimball et al. (2002) and Kimball et al. (2007) conducted
tracer tests in mine water impacted surface streams in Colorado/USA,
Utah/USA, and Tuscony/Itay where they injected soluble salt tracers at a
constant rate and calculated the dilution of the tracer. This allowed them to
locate mine water inflows, characterise flows below the streambed, and find
where stream water was leaking into fractures.

10.5.2 Sampling

Correct sampling is essential when conducting all hydrogeological investi-
gations. Good instructions are given by the Saxonian Agency for Environ-
ment and Geology (Sichsisches Landesamt fiir Umwelt und Geologie 1997)
and Ficklin et al. (1999). The following instructions focus on specific aspects
of sampling that are applicable to tracer tests. These recommendations are
mainly the result of working together with students, mining-engineers, and
personnel not normally involved in regular sampling for such tracer tests,
and hopefully, will allow you to learn from their mistakes.

It is important that you correctly label all of the sampling containers,
record everything, and follow the sampling protocols exactly. All details of
the sample have to be written down in the protocol as well as on the sample
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containers (usually bottles). It is particularly important to denote irregulari-
ties (e.g. extreme water levels, insufficient amounts of sample, tracer spilled);
mishaps can happen to anybody, and can typically be dealt with, as long as
they are properly recorded and accounted for.

Another issue are the containers used for water samples. They must be ap-
propriately selected for each parameter that will be measured in the labora-
tory. PVC or glass bottles are a good selection for the main ions and the
trace elements. TOC samples must be collected in glass bottles and TIC
samples must be collected in PVC bottles sealed with aluminium foil. New
containers have to be rinsed out three times with the water to be sampled be-
fore they are filled. Prior to being reused, all containers have to be washed
with hot water and phosphate-free lab-grade soap, rinsed with deionised
water thereafter and washed again with dilute acid (e.g. 10% nitric acid).
After acid washing, the containers have to be finally rinsed with deionised
water.

As indicated above, the sampling has to follow the tracer test plan. In
agreement with the customer and the authorities, the test plan can be changed,
provided that unforeseen events require this (e.g. appearance of the tracers in
till-now unsampled springs, shafts, or drippers; no more tracer analytically
detectable; incomplete breakthrough).

A well drawn up sampling plan considers the travel time between the with-
drawal points as well as possible difficulties that might develop (e.g. break-
down of equipment, weather conditions). As a rule, sampling intervals are
short at the beginning and increase during the tracer test. Without knowledge
of the hydrogeological conditions, no rule of thumb can be given. However,
it is better to take too many than too few samples. If a numerical model was
carried out before the tracer test, the sampling intervals can be deduced from
the results of the modelling. Furthermore, the EHTD software code provides
tools to calculate the initial sample collection time and the approximate sam-
pling intervals as part of an optimised sampling scheme (Field 2003), based
on the predicted tracer mass as well as the aquifer’s hydraulic and geomet-
ric parameters (Fig. 80).

All staff should be instructed to record the actual sampling times and not
simply use the ones in the sampling plan. Many things can cause you to sam-
ple earlier or later than projected in the original plan, but a “well-meaning”
correction can cause a major problem!

The necessary size of the sampling containers must be discussed with the
analytical laboratory. In the case of fluorescent tracers, brown glass bottles
are recommended, since fluorescent dyes can be decomposed by light (K&
1964). For tracer tests with bacteria, phages, spores, or microspheres, a care-
ful selection of the appropriate laboratory is imperative, as those tracers are
not easily detectable.
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Fig. 80. Sample output of the Efficient Hydrologic Tracer-Test Design (EHTD) soft-
ware code for a tracer test at the Dyers Spring (data from Field 2003). The circles in-
dicate the optimised sampling intervals.

As in the case of water samples for chemical analysis, tracer samples have
to be transported and stored carefully packed and cooled. Since the concen-
tration of tracers can change over time, samples should be brought back to
the laboratory and analysed as quickly as possible.

10.5.3 Tracer Analyses

For good results, you should use a high quality laboratory, ideally one that
you have used before and trust. The cheapest laboratory will rarely produce
the best results! If necessary, some selected laboratories should be compared
with each other by using a ring or round-robin test to find out which one has
the best reproducibility. Such tests are conducted by sending a sample of
known composition or tracer concentration to different laboratories. The re-
sults of the different laboratories can be compared with the expected result
and the best laboratory selected.

It is important that a laboratory book with numbered pages be used and
maintained, and that a precise protocol is followed for every test. Experience
shows that reliable laboratories have properly recorded protocols and labo-
ratory books that are in good order! No confidence should be placed in lab-
oratories with “piece of paper economy” and adhesive notes sticking to the
sample containers!

You should consult the appropriate technical literature for the analytical
methods for the different tracers. A good reference is Kaf (1998).
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10.5.4 Documentation and Presentation

The results of a tracer test will be evaluated based on the final documenta-
tion. Even small tracer tests can produce several hundreds of datasets, each
of which must be recorded and presented. The results of a small test can often
be analysed using a spreadsheet, while you should use professional, elec-
tronic database tools for larger tests. If several institutions are collaborating
in a tracer test, a common database structure is recommended. All researchers
involved must be urged to follow the database structure provided by the lead-
ing team.

Lists or tables are the simplest means to present the sampling place and
time, and obviously the tracer amount. Cartesian coordinates (usually in the
system UTM WGS84, because such data are provided by modern satellite
navigation systems, i.e. GPS, GLONASS, or GALILEO) have to be included
when several injection and sampling places are involved. It is generally ad-
vantageous to tie the data together using GIS-applications, allowing the
reader to immediately see the relationships between the different injection
and sampling points. All modern GIS-applications permit coupling of exist-
ing databases with graphical and topographical information.

Presenting the data in time-concentration-diagrams (‘“breakthrough
curves”) provides a quick understanding and appreciation of the results of a
tracer test, as Fig. 81 illustrates. The most important characteristics of the
tracer test should also be shown in such a figure.

tracer: sodium fluorescein (uranine)
tracer mass: 50 g

injection depth: 55 m

081 Vo = 0.28 m min!

0.6

0.4 1

0.2

normalised tracer concentration, c/c,,

0.0 T T
0 500 1000 1500 2000

time, min

Fig. 81. Normalised breakthrough curve of a characteristic tracer test in the shaft of
a flooded underground mine.
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10.6 Evaluation and Characteristics of the Tracer Test
10.6.1 Porous Aquifer

Tracer tests in porous aquifers can normally be interpreted easily using ex-
isting tools, since there is very extensive experience. Let’s start by discussing
the governing transport equations for porous aquifers in detail, since the in-
terpretation of nearly all tracer tests (even in mine aquifers) is based on
porous aquifer theory. Flow in porous aquifers is determined by Darcy’s law
(assuming one-dimensional; stationary flow; homogeneous, infinitely exten-
sive aquifer):

Oy —px® (74)
A dx
with Q flow, m? s™!
A sectioned area through which flow passes, m?
Ve Darcy velocity, m s™!

kg hydraulic permeability, m s™!

dh =i hydraulic gradient, —

dx
and ;
v, =k x—
e (75)
with v, flow velocity, m s™!
Mg effective porosity, —

Due to the microstructure of the aquifer and its inhomogeneities, a devia-
tion from the ideal flow path is regularly observed. This deviation is ex-
pressed by the hydrodynamic dispersion:

Dy =Dy +D.=0axv,+D, (76)

with D, hydrodynamic dispersion, m? s™!

D,,  hydromechanical dispersion, m? s
D,  effective diffusion coefficient, m* s’
a Dispersivity (dispersion length), m
Va flow velocity, m s™

Consequently, the mass transport in a homogeneous, three-dimensional
aquifer is described by a combination of advection and dispersion:
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dc _D d’c d’c d’c dc

—=D, —+D,—+Dy, —-v, — 77
o tad Tar Ve Vax 7
with ¢ concentration, g L"!
t time, S

X, y, z distance in the x, y, or z direction, m

D;  longitudinal dispersion coefficient, m? ™!
Dt transversal dispersion coefficient, m? s™!
Dy vertical dispersion coefficient, m? s™!
flow velocity, m s™!

As the tracer distribution usually approximates a Gauss normal distribu-
tion (Fig. 81) and as the tracer injection is in the form of a Dirac function, the
following equation describes the two-dimensional case of the tracer distri-
bution at position x, y and time ¢:

(x=v,x1)” )
4XD, Xt  4xXD, Xt

C..,, =Cpu XEXpP| — (78)

X, ).t max,?

In reality, breakthrough curves seldomly conform exactly to a Gauss normal
distribution, as can be seen in the Rabenstein/Germany tracer test example
(section 10.5.1). Commercial software allows you to interpret the results of
your tracer tests and obtain simulated breakthrough curves, which in turn allows
you to deduce the appropriate parameter values by parameter approximation.

10.6.2 Fractured Aquifer

The researcher must know that completely different flow conditions exist in
porous and fractured aquifers and that ground water flow behaves entirely
differently in the two cases. Although the evaluation of breakthrough curves
of those two aquifers is similar, breakthrough curves of fractured aquifers
are different from those of porous aquifers. One of the most striking differ-
ences can be seen in the recovery rate of the tracers. While more than 50%
of the tracers are often recovered from porous aquifers, the values from frac-
tured aquifers are usually less than 50%.

Due to the heterogeneity and the anisotropy of fractured aquifers, prefer-
ential flow directions are characteristic of fractured aquifers. Consequently,
the assumption that there is a homogeneous, virtually porous system is only
partially correct. The fact that breakthrough curves usually do not show a
Gauss normal distribution confirms that this assumption only has a low de-
gree of truth.
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Fractures represent preferential flow paths for water, pollutants, and trac-
ers within a relatively homogeneous rock matrix. If there is no fracture con-
nection between the injection and sampling sites, no tracer can be recovered
at the sampling site. To model the flow in fractured aquifers, different model
approaches exist (e.g. artificial or random fracture distribution by fracture
generators, e.g. Wendland and Himmelsbach 2002). Whichever approach is
used, the researcher must know that it is practically impossible to describe
fractured aquifers adequately. This always has to be considered in evaluating
the results of tracer tests in fractured aquifers.

In a system with several parallel fractures, variable fracture widths and
roughnesses can cause almost all of the water to flow though only a few frac-
tures. Normally, this effect, called “channelling”, results in a breakthrough
curve with multiple peaks, each of which represents a preferential flow path
(Fig. 82).

Another effect arises in fractured aquifers when the matrix porosity has a
significant value. In such cases, the tracer from the matrix is slowly trans-
ported into the fractures, which usually have a high hydraulic conductivity.
When this occurs, the breakthrough curves tail out, which indicates that the
tracer from the matrix is continuing to interact with the water in the fractures
(dual or double porosity aquifers).

Many tracer tests in fractured rocks show a causal relation of the distance
between the injection and sampling sites and the flow velocity: the flow ve-
locity frequently increases with increasing distance. There are similar ob-
servations in the case of distance and hydraulic dispersion.

¢, mg m?>
>
|

T T T T
0 50 100 150 200 250

time, days

Fig. 82. Breakthrough curve of a tracer test with preferential flow paths (data mod-
ified and simplified after K& 2004).
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Often, tracer tests in fractured aquifers turn out to be more difficult than
those in karst or porous aquifers since the result of the experiment depends
more on a correct choice of injection and sampling sites than in the case of
the other two aquifer types. Despite numerous research projects over the last
two decades, the number of experiences with tracer tests in fractured aquifers,
compared with tracer tests in porous aquifers, is still low. A thorough inter-
pretation of such tracer tests therefore is still difficult, though the single fis-
sure dispersion model (SFDM) generally yields sufficient accuracy
(Matoszewski and Zuber 1985; Himmelsbach et al. 1992; Baumle et al. 2001;
Béumle 2003). At present, research is being conducted in this field in many
different countries (e.g. Germany, USA, Slovenia, France, Austria, and
United Kingdom).

10.6.3 Karst Aquifer

Tracer tests in karst areas have a long tradition reaching back to Roman times
(KéaB 1998) and they are a critical tool in understanding the hydrogeological
conditions of karst terrains. Nearly all of the potential tracers have been used
in karst tracer tests investigations, and were positively tested in several multi-
tracer approaches in Slovenia (Gospodari¢ and Habi¢ 1976; Kranjc 1997).
Other, more recent applications are described in the proceedings of the In-
ternational Symposia on Water Tracing (e.g. Hotzl and Werner 1992).

Karst is named after its typical appearance in the Kras Region of the
Slovene Dinarides (Bates and Jackson 1987). Predominant features of karst
areas are dolines, sinkholes, caves, ponors, karren, roofless caves, or poljes.
Most of those features were described in the fundamental work of Cviji¢
(1893). Karst aquifers occur in all water-soluble rock formations, namely
limestone, dolostone, gypsum, anhydrite, and even quartzite. The dissolu-
tion of the forenamed rocks by the acids in the ground water forms cavities,
through which ground water can flow (Sustersi¢ 1996). In the underground,
the diameters of those structures range from several micrometers to several
decametres, mostly offering an excellent hydraulic connection for water flow-
ing within that conduit network. As many karst researchers and karst aquifer
tracer tests showed, this network of channels gives rise to different flow paths
(Brown and Ford 1971); tracer tests proved that water uses different path-
ways with different effective velocities, reaching maximum velocities of 10—
585 m h'! (Gospodari¢ and Habi¢ 1976; Holting and Coldewey 2005). Re-
cently, the triple-porosity-model has become more and more prominent in
carbonate aquifer research (Worthington 1999) and future tracer tests will
have to consider that approach.

As has been seen before, karst aquifers are characterised by high to ex-
tremely high flow velocities via discrete flow paths. Modelling of karst
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aquifers, which is thought to be extremely complicated, has to a special de-
gree been possible in the Tiibingen and Gottingen working groups. They de-
veloped the computer code CAVE (Clemens et al. 1999; Liedl and Sauter
2000), which has also been used to model water rock interactions in flooded
underground mines (Spiessl et al. 2002).

Karst tracer tests are evaluated in the same way as described before,
though they often demonstrate multi-peak breakthrough curves and com-
paratively long tails. These are due to different flow paths through the karst
conduits, and are usually interpreted by applying the multi-dispersion-model
(MDM; Matoszewski et al. 1992).

10.6.4 Mine Aquifer (Underground Mines)

Underground mines are very similar to karst aquifers (Sammarco 1995;
Burbey et al. 2000) and like them, can be viewed as triple-porosity-aquifers
with one-, two-, and three-dimensional porosity elements. The one-dimen-
sional elements would be the main adits, shafts, and workings; the two-di-
mensional elements are the fractures, faults, and bedding planes; and the
three-dimensional element is the rock matrix. If a mine is worked in a karst
aquifer, the karst conduits would have to be counted as one-dimensional el-
ements as well. Yet, the author knows of no publication that applies the triple-
porosity model sensu strictu to mine water research.

The triple porosity model clearly shows how important all three porosities
are (e.g. Worthington 1999). Comparing the hydraulic conductivities in a
flooded underground mine with the nature of the first-flush scenario clearly
proves that the most important factor for mine aquifers is still “conduit”
porosity. Of course, the long tail of the first flush is due to natural attenuation
and the comparatively lower hydraulic conductivities of the minor porosi-
ties (fractures, matrix, and panels). Yet, from an environmental point of view,
the large volumes are of greater importance in determing the characteristics
of the first flush and that of tracer tests.

Due to the similarities of mine aquifers and karst aquifers, the first quan-
titative tracer tests in deep flooded underground mines used the techniques es-
tablished for those types of aquifers (Wolkersdorfer 1996). Liebisch and
Remus (1966) also concluded that the methods applied in karst tracer tests
could be used in mines, and used Na-fluorescein for a tracer test in the Mans-
feld/Germany mining area. Despite the similarities, some major differences
can be listed (most of which are not valid for prehistoric and medieval mines):

e channels (e.g. adits, shafts, workings) in modern mines are usually not
curvilinear and typically meet at right angles,
e diameters usually do not change for a longer distance,
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e the water level changes are comparatively small, and
e mine voids are not subject to dissolution.

In detail, mine aquifers comprise a combination of karst aquifers, porous
aquifers, and fractured aquifers (see section 7.1). All the larger openings that
were used for man or material haulage can be viewed as karst aquifers. Typ-
ically, the openings and the effective velocities are large, the storage capac-
ity is small, and the water flow is non-Darcian. Shafts, boreholes, and old
abandoned mine workings above the mine water table can be considered
epikarstic. Between that zone and the mine water table comes the vadose
zone and finally, below the mine water table, the phreatic zone is exposed.
As the StraBberg/Harz mine water tracer test shows, those three zones in a
mine act very similarly to the real karst features.

A fractured aquifer exists in most mines, especially those near the surface.
That fracture network is usually a prominent region of infiltration and has
been intensively studied by those investigating the feasibility of underground
radioactive waste disposal (e.g. Galloway and Erickson 1985; Abelin and
Birgersson 1985; Sawada et al. 2000). Sometimes, this fractured zone is the
source of catastrophic mine water inrushes and consequently it has also been
studied to prevent inundation (e.g. Singh and Atkins 1985; Singh et al. 1986;
Grapes and Connelly 1998; Waterhouse et al. 2003). Though the importance
of the fracture network for working or non-flooded mines is obvious, the role
of fractures within the flooded part of a mine has not yet been studied in de-
tail. From a hydraulic point of view, their role should not be over-estimated,
as most transport occurs in the flooded voids. Yet, the tracer test in the aban-
doned Konigshiitte/Harz mining field proved that fractures above the ground
water level can be hydraulically well connected during high precipitation pe-
riods. An additional fracture network can be found in the immediate vicinity
of the mine workings due to the loosening of the rock during mining. De-
pending on the mining technology, this fracture network can reach several
centimetres to several meters into the rock matrix (see section 4.2). Though
not important to the overall water flow, it is important to the diffusive trans-
port of the metals into the mine water (see section 4.2).

Finally, every mine, because of its rock matrix, also consists of a porous
aquifer. In addition, backfilled areas or the goaf (collapse zones behind long-
wall mining operations) can be seen as porous aquifers, with porosities com-
monly in the range of 0.55 to 0.6 (Paul Younger, pers. comm.).

Though mine aquifers have the characteristics of all of the three known
aquifer types, mine water tracer tests usually exhibit patterns that are typical
for karst aquifers. Therefore, mine water tracer tests should be evaluated
using the methods for evaluating karst tracer tests or, in the future, the triple-
porosity-model.
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10.6.5 Evaluation of Breakthrough Curves

Breakthrough curves are a first means to evaluate the results of a tracer test
(Fig. 81). Such curves plot the concentration ¢ of each tracer against the du-
ration ¢ of the tracer test. From this graph, the following times can be de-
duced (Fig. 83):

to Start of tracer test

fmax First tracer arrival: maximum distance velocity

fdom maximum tracer concentration: dominant distance velocity
Imed = t50 median tracer concentration: median distance velocity

true mean tracer concentration: true/mean distance velocity

where the velocity is calculated as follows:

v =

z (79)
t

The longitudinal dispersion coefficient Dy (Fig. 84) is estimated by using
the times at which 16%, 50%, and 84% of the tracers are detected (mean
value and twice the standard deviation of a Gauss normal distribution). The
equation for this is:

b Vx(h —4,)

80
t 8xt,, (80)

As described earlier, the complete dispersivity consists of the three com-
ponents: lateral, transversal, and vertical dispersivity. In the case of pore or
karst aquifers, the predominant dispersivity is the longitudinal one. Accord-
ing to different authors, the transversal dispersivity is between /o™ and %™
(K4aB 2004) or 1-2 orders of magnitude smaller (Kinzelbach and Rausch
1995) than the longitudinal dispersivity, whereas D = 0.1 x Dy has been
found to be a suitable mean approximation:

Dy~ (0.01-0.2) x Dy, (81)

By using computer codes or spreadsheet calculations, these equations can
easily be used to calculate the characteristic tracer test parameters. You can
download the simple MS Windows code, TRACI98 (also known as
TRACI9S), from the Borntraeger web page (KéaB 1998, 2004), or the more
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Fig. 83. Velocities that can be derived from a breakthrough curve. ¢4 and #g, are
needed to calculate the longitudinal dispersion coefficient Dy ; #,. is exactly in the
middle of #4,,, and 4.

sophisticated programme, QTRACER, from the U.S. Environmental Pro-
tection Agency’s web page (Field 2002).

10.7 Quality Control and Data Storage
10.7.1 Quality Assurance — Quality Control

Accurate and reliable results and documentation of data acquisition during
field and laboratory work are essential when conducting treatment or reme-
diation measures, which, in some cases, might take several decades. Sam-
pling and analyses cost a lot of money and consume a lot of time during a
project (Kellner et al. 1998). Very often, the responsible project leader has to
rely on external experts and does not personally collect or oversee the analy-
sis of the samples. Furthermore, while laboratories or staff may change dur-
ing a project, data quality must be ensured at all time. Therefore, quality as-
surance (QA) and quality control (QC) must be emphasised to exclude
variation of the analytical results due to false sampling or inappropriate an-
alytical procedures. This may require a data quality objective (DQO) process
(U.S. Environmental Protection Agency 1994), the experience of the project
leader, existing QA/QC plans, or decisions made by groups of experts. In the
USA, the Environmental Protection Agencies (EPA) employs quality assur-
ance managers, quality assurance officers, or quality assurance representa-
tives, who you can contact for help in setting up QA/QC plans. Furthermore,
established procedures are available (U.S. Environmental Protection Agency
1994; EPA QA/R-xx and QA/G-xx series documents).
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Fig. 84. Graphical representation of different longitudinal dispersion coefficients
D, . v: mean velocity, d: dispersivity.

While QA measures refer to the whole project and ensure that an effective
QC is in force, QC guarantees that the quality of the data and the monitor-
ing process are consistent. Most laboratories have their own QA/QC plans
(compare Kellner et al. 1998); therefore, there is usually no need to include
the laboratories in the QA/QC plans of the project. Nevertheless, the re-
sponsible project co-ordinator must record under which QA/QC procedures
the relevant laboratories work and, if uncertain about the results of a certain
laboratory, standard samples should be send to the laboratory in question
(e.g. DIN EN ISO 8403 [“Qualitdtsmanagement™], DIN EN ISO 8402, 1995-
08, or other relevant national regulations). Calow (1991) listed potential and
common laboratory errors, of which only “chemical and physical interfer-
ence” is not due to human error:

incorrect identification of samples,

contamination,

improper, or inappropriate sample preparation,

inaccuracy of sample weights, or volumes,

improper, or inappropriate sample dissolution/treatment,

chemical and physical interference,

improper, or inappropriate instrumentation/inaccurate measurement,
calculation errors, and

incorrect data handling/reporting
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QA/QC measures can be time consuming and expensive. In general, the
higher the degree of confidence has to be, the more the QA/QC measures
will cost. However, since false data interpretation could result in wrong de-
cisions, which might then result in unnecessary remediation requirements,
such expenditures should be viewed as money well spent. Saving money by
ignoring principles of quality assurance and control very often results in long
discussions about how and where a sample was collected, and, in the worst
case, malfunctioning remediation measures. A thorough QA/AC plan will
also be the basis for trusting co-operation with the regulators and project re-
viewers (Downing and Mills 1998). A QA/QC program must:

e document the procedures and methods of sample collection, prepara-
tion and analysis,

e provide assurance about reliability of analyses using replicate samples,
cross-laboratory checks and relevant reference standards,

e provide assurance about the precision and accuracy from duplicate
samples,

e provide assurance about the accuracy from using recognised reference
standards,

e provide reliable information regarding the interpretation of data about
the behaviour of the mine water during time (longevity of mine water
discharge), and

e provide a chain of custody of samples

Field sampling is the first step where mistakes can be made; mistakes made
at this stage cannot be corrected or often even identified during any of the
later stages. Sampling and monitoring procedures must always be precisely
described in your field or laboratory books, which books must have properly
bound sheets (adhesive binding should be avoided), numbered pages, and no
missing pages (the removal of single sheets is against proper QC methods).
Only field or laboratory observations and numbers should be written within
the book. If a calculation is conducted, it should clearly be noted as SC (“side
calculation”) or, in Germany, NR (“Nebenrechnung”). Nothing is allowed to
be erased or made unrecognizable; errors should be crossed out with a sin-
gle line so that the wrong number can still be read. This guarantees that the
potential reason for the faulty data can be reconstructed (e.g. 7.45 instead of
7.54; or 27 °C instead of 27 °F). In addition to the measured parameters,
“soft” parameters have to be written down, too. These include observations
that seem to be abnormal, e.g. animal interference, unusually high or low
turbidity, ice covers, or any other observation that might be of interest to co-
workers. In the future, electronic field books (e.g. PDAs) connected to GPS/
GLONASS/GALILEO-systems will replace traditional data recording (e.g.
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Ackman 2003). A QA/QC plan should ensure that this type of data storage
is also covered.

Sampling points and samples must be numbered precisely throughout the
whole project. It is advisable that all researchers and authorities involved
agree to use the same numbering system, even though such systems seem to
be complicated (e.g. Mueller et al. 1997). Each sample must be labelled with
the name of the project, sampling site, sampling date, responsible research in-
stitution, and the person who took the sample. Sample numbers containing
a three-letter project code, the date, and the sampling site provide a means to
exclude mistakes during sample preparation (e.g. FDR-1202-MP1: Project
code-short date-sampling point). Optionally, the laboratory can provide bot-
tles pre-labelled with barcodes. In those cases, the associated barcode num-
ber has to be recorded in the field book or PDA.

A well-based QA/QC protocol will also lay out the proper analytical meth-
ods and equipment for the catchment study. Project errors often arise from
using the wrong equipment or calibration methods. Chemicals or standard so-
lutions used for equipment calibration or during analytical procedures must
be fresh; you should regularly check the lifetime of the chemicals. From time
to time, blanks should be included in the analytical process to check for con-
tamination or overlapping. Field personnel should measure standard solu-
tions from time to time during the day to ensure that their equipment is still
working properly.
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Fig. 85. Example of a scatter plot that would have revealed a typo in a flow/water
level calibration table. The table with the wrong data was used for more than six
years by a huge German remediation agency without anybody recognising the typo
at the 120 cm water level.
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A first quality control check is often very easy and can separate “real” out-
liers, which are mostly typos instead of wrong data. Finding such “simple”
errors in data bases of companies that received a lot of money for their work
is really annoying, considering how easily such errors could be avoided! One
prominent Eastern German remediation agency used a spreadsheet for cal-
culating the flow of a stream and for six years, no-one wondered about ex-
treme flow situations at special water heights in this stream. Those extreme
flow situations were due to just one typo in their calibration table! A quick
scatter plot would have quickly eliminated this source of errors at its first ap-
pearance (Fig. 85).

Quality control thus includes a quick review of current and recent data.
When the data has been inconsistent, it is important to ask why. Many errors
can be avoided if every person involved in the data gathering and storage
chain just followed this simple step. Such simple comparisons do not require
a scientific background since they just identify errors or outliers. You should
use scatter plots, bar plots, or time series to identify outliers (Fig. 85). Fur-
thermore, at every step, it is important that the data can be traced back
through time in a “chain of custody,” answering the following questions:

When, where, and by whom has the sample been taken?
How, where, and how long has the sample been stored?
How has the sample been treated and analysed?

Who handled the sample where and at which time?
Where have the potential left-overs been stored?

Finally, “it is rather unfortunate that QA/QC reporting is somewhat bor-
ing and not readily appreciated by many; however, it is a necessary part of
data analysis” (Downing and Mills 1998).

10.7.2 Data Storage and Management

Before a project begins, the project leader has to make sure that a proper data
base and data retrieval system is set up and used by all persons, companies, and
laboratories working on the project. Many tools are available to assist the proj-
ect leader in this work, but the data structure and the type of data that shall be
stored must be compiled by him, his colleagues, or a working group. For large
projects, professional support is available. In Germany, Pangaea, hosted by the
Alfred-Wegner-Institute in Bremerhaven, can be used for the management and
the storage of geo-projects. They guarantee the persistent storage of the data
and they also provide support in setting up the sampling scheme as well as the
data structure. In the case of a large and long-lasting project, data storage can
be a major task in the project and money should be allocated for this task.
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Data storage and retrieval must be given special consideration, because
storage systems change quickly and the half-life of an electronic storage tech-
nology is in the range of several years, compared to paper storage with half-
lives of many decades to centuries. This fact is true for hardware as well as
for software. First, widely available computer systems used 9" disks, which
can rarely be read with modern computer systems today, and software pro-
duced 10 years ago might have produced data sets that do not produce more
than hieroglyphs nowadays. Yet, data storage is not all. Data without a con-
sistent description of the data — if possible in metadata sets — is essential if
the data shall be stored for a long time.

Though professional archiving technologies are available that guarantee
regular upgrade of the datasets, they are rarely used in mine water research.
A discussion of such technologies is far beyond the scope of this book, and
as it is very costly, SMEs or authorities are not usually connected to such
systems. Therefore, if long life storage is to be achieved, printed reports, ta-
bles, and illustrations are the first choice of data storage; from the view of per-
sistency, Hethitian clay tablets and Egyptian hieroglyphs cannot be beaten,
yet their storage and handling is rather strenuous and not the means to be
used nowadays. Also, ASCII tables should be produced and stored on floppy-
discs or CD-ROMs at the end of each project, because such systems are
widely used compared to other systems, which guarantees a longer half-life
than other electronic storage systems (e.g. streamer tapes, video-cassettes,
hard disks). Furthermore, if speaking about proper data storage, a spread-
sheet is not a database! It can be used to make quick calculations or draft
graphs, but cannot substitute for a real database system — though the reality
of consultant work seems to favor it.

Data security (data backup, data encryption) is also important. Many small
companies or scientists do not backup their data on a regular basis, because
they often think “what shall happen?”. The fact is that all data storage sys-
tems can fail to work at any time, no matter what data storage system is used
(even Egyptian steles have been reshaped and recycled). Therefore, data
backup is an integral part of any mine water and river catchment study and
should be included in the QA/QC protocols. Proper data backup has to be
conducted daily, with full data backup on a weekly basis. Every month, a
copy of a full backup should be securely stored at a place outside the office.
All those actions seem to be annoying and time consuming, but from expe-
rience, data retrieval after a system crash can take several days and some-
times, data are lost forever, with unforeseeable consequences to the project
or the company.

During the writing of a report or after changing a database, it is good prac-
tice to add a two or three digit number to the report’s file name (e.g.
MINEWATER 01.DOC). This number will then be increased each time the
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report is stored to the storage system (e.g. MINEWATER 02.DOC). In case
a file is corrupted, the previous version can be used instead. At the end of
the project, the last file can be renamed (e.g. MINEWATER.DOC) and all the
old versions can be deleted (professional desktop publishing systems, such
as QuarkXPress™, use a similar system for data security).

Yet, if river catchment projects involve many SMEs, research organiza-
tions and authorities, all parties must agree to a common data storage proce-
dure before the project starts. Internet or intranet based groupware is com-
monly used by larger projects. All data should be stored with the
corresponding coordinates (keep in mind that GPS/GLONASS/GALILEO
data must be recorded with the reference system and the geoid used!), to be
usable in GIS-systems. Several countries or authorities provide data storage
systems; using such systems allows data exchange between all of the parties
involved. Furthermore, since spreadsheets are not databases, data retrieval
can be restricted or impossible. In a large project, spreadsheets should only
be used for quick reference, and should be organised to provide as much in-
formation as possible using as few as possible spreadsheets. A good data-
base system, though its use is more complicated, is always preferred over
spreadsheets (although, of course, databases are organised in spreadsheets).
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11 Mine Water Treatment and Ground Water
Protection

11.1 Introduction

This book covers most of the relevant aspects of mine water management
during or after a mine’s closure. Because mine water treatment is an essen-
tial aspect of mine closure, this chapter will discuss the basic aspects of mine
water treatment. However, since 2002, three comprehensive books about
mine water treatment have been published (Brown et al. 2002; Younger et al.
2002; Lottermoser 2003) and many research groups have published papers
on single treatment options and describe in detail how they can be imple-
mented under special climatic conditions. Therefore, this chapter will only
deal with the fundamentals of mine water treatment. After you have read this
chapter, you should be able to understand why mine water treatment is nec-
essary, which different mine water treatment options are possible, and how
the processes work.

Mine water treatment is an essential task for all mines where polluted mine
drainage exists. However, pollution is not an absolute term. Legally non-pol-
luted mine water at one site might be heavily contaminated under the condi-
tions of another mine with more stringent legal requirements. Many countries
have limits or regulations that are based on taste and toxicity considerations
and background concentrations, but most countries establish site specific dis-
charge limits. Some countries have defined limits that require mine operators
to treat their discharge water to values cleaner than the natural background.
According to the European Water Framework Directive, future limits must
be based on a watershed perspective, but such approaches are not compulsory
until 2012 (European Commission 2000; Kroll et al. 2002a; ERMITE Con-
sortium et al. 2004). Though this approach is common to several EU mem-
ber states, such as the United Kingdom and France, most of the other mem-
ber states had to significantly modify their water laws (e.g. Germany, Austria;
Bongaerts 2002; Timmermann and Langaas 2004).

Areas affected by contaminated mine water are often damaged for many
decades, if not centuries. Because the treatment of polluted mine water is
usually expensive, active treatment is usually used in heavily populated areas,
at working mines, or where governmental money was made available for
treatment purposes. The European Water Framework Directive dictates that
all European river catchments must have a good ecological and chemical sta-
tus by the end of the year 2015. It is not clear how that will be reconciled with
extreme environments, such as the Spanish Rio Tinto area, which has been
heavily polluted by mining activities during the past millennia, and now hosts
about 1300 different forms or microorganisms and a macrophyte flora that is
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unique and well adapted to that extremely acidic environment (Salkield 1987;
Ariza 1998; Leblanc et al. 2000).

Conventional chemical or “active” treatment is a standard procedure that
— at least in principle — should be known by most mine water researchers.
This is not necessarily the case for passive treatment options. However,
where feasible, passive treatment technology is generally less expensive. A
key reason for conducting the tracer tests described earlier in this book is to
provide sufficient understanding of a mine’s hydrology, before flooding, so
that modifications can be made to lower pollutant discharges. Lowering dis-
charge quantities (and loadings) normally decrease water treatment costs,
and often allow passive treatment options to be employed. For all of these
reasons, some of the passive treatment options are described in more detail
in this book than the more conventional active ones.

If not otherwise specified, the following sections are based on Brown et al.
(2002), Younger et al. (2002), and Lottermoser (2003). Most modern active
treatment plants use some version of the HDS method (Kostenbader and
Haines 1970), though promising investigations are under way to remove sul-
phate from mine water by a coupled chemical-biological process (e.g. Eloff
et al. 2003; Bowell 2004; Maree et al. 2004a, 2004b, 2004c, 2004d). Bow-
ell et al. (1997) have reviewed other sulphate removal options. Several soft-
ware packages are available to help the researcher or the engineer in decid-
ing which treatment option would be best, including AMDTreat (Office of
Surface Mining Reclamation and Enforcement, Pennsylvania Department of
Environmental Protection, West Virginia Department of Environmental Pro-
tection: McKenzie 2005) and AMDSelect (HERO Research Team: Kruse
and Younger 2005).

In the passive treatment field, many different methods are being investi-
gated at sites around the world. Regrettably, there is a tendency to ignore the
positive results of other research institutions as can be seen from the litera-
ture cited by different authors — language barriers being only one problem.
Nearly every year, a new or adapted method is published. This shows that in
contrast to conventional treatment, passive treatment is still under develop-
ment. So far, only passive treatment methods for net alkaline, ferruginous
waters can be considered as well settled (Paul Younger, pers. comm.).

Irrespective of which mine water treatment option is chosen, the pre-
scriptive limits set by the authorities must be met at all times. This is usually
not a problem for active treatment plants where the discharge and pH are
continuously monitored. The amount of chemicals added to the polluted mine
water is adjusted, based on the readings. In the case of passive treatment fa-
cilities, the situation is different. No control unit is available that would speed
up microbial activity where necessary, increase solar input, or reduce the
flow velocity to increase retention times. Regulators, therefore, should use
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slightly different approaches when approving passive treatment plants. Be-
side a passive treatment concentration limit for the parameters that have to
be met, a load limit should be applied as well. Examples for such a procedure
are the limits to uranium and radium at the abandoned Niederschlema/Al-
beroda/Germany uranium mine. In addition to the radium and uranium con-
centration limits of 800 mBq L' and 2.4 mg L', respecitively, the authorities
established mass load-based annual limits of 2 GBq for radium and 20 GBq
for uranium (values for 1991-1993; Wismut GmbH 1994).

11.2 Physical Treatment of Inert Solids and Oil

Though most people view mine water treatment as the removal or reduction
of chemical constituents, mine water treatment includes physical treatment
as well. The first mine water treatment schemes consisted only of physical
treatment to remove sediment or coarse material from mine water (Kegel
1950). The characteristic yellow to red precipitates that stain mine water are
iron oxihydroxides, commonly referred to as ochre, or yellow boy. Their
chemical and mineralogical composition is complex; the term iron oxihy-
droxides comprises, in reality, a list of different mineral species (Bigham
1994; Schwertmann et al. 1995; Fitzpatrick and Self 1997). The standard
methods to remove suspended contaminants are settling ponds, oil/water sep-
arators, and lamella clarifiers, often supported by flocculants and coagulants
(Skousen et al. 2000). Though flocculation and coagulation can be seen as
physical separation processes, the processes leading to flocculation and co-
agulation are chemically-based surface reactions between the coagulant or
flocculant and the metal oxihydroxides (Stumm and Morgan 1996).

Nearly all mine waters contain considerable amounts of suspended matter
in different grain sizes: clay, silt, sand, and gravel. Their transportation and
sedimentation in the flowing water is a function of the flow velocity, in which
the sedimentation is expressed by the Stokes equation and the transport ac-
cording to the investigations of Hjulstrom and Sundborg (Hjulstrom 1935;
Sundborg 1956; Selley 2000). Quickly flowing mine water can therefore
transport coarser particles than slowly flowing water. According to Hjulstrom
(1935), a 1 mm particle will be transported by water with a velocity of
4 m min" and a 0.1 mm particle by a velocity of 0.6 m min™'. Therefore, if the
mean velocity at the point of discharge is known, the maximum particle size
can be estimated and the proper separation technique be chosen (Fig. 86).

It is important that suspended solids, colloids, or floating material be re-
moved before or after the treatment of the chemical pollutants in the mine
water. There are standard methods for this that were established in the waste-
water treatment field and have been adapted to the special requirements of
mine waters (Kegel 1950; Droste 1997).
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Settling or sedimentation ponds are the most commonly used approach to
remove solid particles from mine water. However, they are only suitable for
relatively coarse particles that can simply be separated by gravity. Colloidal
particles typically require flocculants or coagulants, which cause them to
form larger particles that can then settle in a sedimentation pond. The ap-
propriate size for settling ponds depends on the design flow rate, Oy, and the
average size of the suspended solids. Linsley et al. (1988) and Shaw (1994)
give details on how to calculate the design flow rate for treatment facilities.
Younger et al. (2002), assuming average sizes of 4 um, and a retention time
of 3—4 hours, suggest the following sizing equation for solid settlement with-
out the addition of flocculants:

Asp = f5p X0y (82)
with Agp  area of settling pond, m?

fsp  sizing factor for settling pond, 1 - 10° s m!
Q4  design flow rate, m* s™!
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Fig. 86. A Hjulstrom diagram, relating the areas of sediment erosion, transportation,
and sedimentation to the water’s flow velocity (Hjulstrom 1935); the diagram is sim-
plified for the mean particle sizes and velocities expected in the mine water field.
None of the lines are absolute, as the transportation/erosion or transportation/sedi-
mentation properties of a single sediment particle depend not just on the velocity of
the water but also on the particle’s charge, its interaction with other particles, and
laminar/turbulent flow conditions. The original transportation/erosion line has an
especially broad transition zone.
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Kegel (1950) suggests using sedimentation ponds with a length of 15—
20 m, a depth of 1.5-2.5 m, and a width that can be calculated from the area
calculation in equation 82.

Lamella clarifiers (plate settlers) or tube settlers are more sophisticated
than settling ponds. Lamella clarifiers consist of a set of inclined PVC pan-
els, which slope from the bottom to the top of a clarifier (Fig. 87). That way,
the flow velocity as well as the Reynold’s number are decreased and a tur-
bulent re-suspension of the sludge is prevented. The resultant movement vec-
tor of the particles’ flow directs them to the lower side of a single lamella
from where they slide down into a collecting chamber (Droste 1997). Plate
or tube settlers save space, and are either pre-manufactured or assembled ac-
cording to the special characteristics of the mine water. At the Horden/UK
mine water treatment plant, three lamella clarifiers can potentially treat
180 m? h'! each. In a normal installation, a 4-5 m? lamella clarifier, depend-
ing on the particle size, replaces a settlement pond or lagoon of 100-300 m?
(Siltbuster/Unipure Europe Ltd. Product Information). Kraut and Bondareva
(2000) showed that even for rainwater, lamella clarifiers significantly in-
creased treatment effectiveness, and that the addition of flocculants further
enhanced treatment performance.

Mine water can also be contaminated with liquid hydrocarbons, namely
petrol or oil (e.g. Rétsep and Liblik 1998; Tiwary 2001), which can interfere
with the treatment process. At sites where significant amounts of oil are in the
mine water, oil/water separators (interceptors) can be used to separate the
floating oil from the mine water. If the hydrocarbons, for example phenols,

Fig. 87. Lamella clarifier at the Horden/United Kingdom HDS mine water treatment
plant (photograph courtesy Andrea Berger).
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are water soluble, they cannot be treated in this way but must be removed by
aeration. Experience has shown that the hydrocarbon concentration in the
discharged mine water rapidly decreases after mining ceases (Rétsep and Li-
blik 1998). Therefore, the need for oil/water separators is usually temporary.
Oil separators must be installed so that the hydrocarbons cannot explode.
Staff cleaning the oil separators must be advised that the residues can be
flammable and must be handled with care. Furthermore, the type of separa-
tor has to be chosen based on the water quality requirements set up by the rel-
evant authorities and in accordance with the valid directives (Environment
Agency 1997).

11.3 Active Treatment

Active treatment plants aim at removing the pollutants in the mine water by
physical processes (involving filters or membranes) or by chemical
processes. In the case of distillation or solvent extraction, which are not used
for large-scale mine water treatment, other physical processes are involved.
Active treatment means that human action is required to keep the treatment
process running, along with either or both energy or chemicals. Conse-
quently, the term “active treatment” is not normally used if, for example,
mine water is pumped from a mine into a constructed wetland.

In most active treatment plants, chemicals are used to adjust the pH or £y
value of the water to reduce the solubility of the metals polluting the water.
If the mine water is acidic, which is the most problematic case, reactants are
added that neutralize the water and increase the pH to a value that guarantees
that the relevant metals precipitate. Some of the commonly used chemicals
are caustic lime, sodium hydroxide, and limestone (Skousen et al. 2000).
Barium chloride is sometimes added to the mine water to reduce the sulphate
content of mine waters (Bosman et al. 1990; Adlem et al. 1994; Maree et al.
2004a) and barium sulphate can be added to eliminate radium (Skeaff and
Campbell 1980; Georgescu et al. 1995; Stoica et al. 1998). These chemicals
raise the pH of the mine water and simultaneously decrease the solubility of
the target pollutants. Thus, precipitates and co-precipitates form, which set-
tle from solution (sometimes after adding flocculants and/or coagulants;
Georgaki et al. 2004) in settlement lagoons, lamella clarifiers, or radial flow
clarifiers (Fig. 88). Finally, the precipitates are dried and disposed of, either
in existing underground mines (e.g. Stralberg/Harz Mountains, “Grube Ein-
heit” Elbingerode/Harz Mountains) or stored in toxic waste deposits, de-
pending on the toxicity of the dried precipitates. Two types of such conven-
tional active treatment processes can be distinguished: low density sludge
(LDS) with several percents of solids and high density sludge (HDS) with a
5-10 fold higher sludge density than LDS plants.
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Traditionally, mine water treatment is a chemical-physical process. The
first chemical water treatment systems were invented by R. A. Henry, a Bel-
gian, and by the German Niersverband in the early 1930s (Kegel 1950).
Henry developed a method to treat slurry water from coal-washing plants by
adding a flocculant (he used potato starch). He further noticed that alkaline
conditions with an optimum at pH 11 and frozen potato starch significantly
increased the settling speed of the particles. The first descriptions to use the
Henry technique for water treatment in mining operations were published in
1934 (Anonymous 1934; Goette 1934) and the first full scale water treat-
ment plant with the Birtley-Henry treatment process went into operation at
the Wallsend Rising Sun pit in Newcastle-upon-Tyne in 1935 (Anonymous
1935). In all cases, the Henry process was used to treat water from a coal
cleaning process with 265 mg of quick lime and 6.5 mg of frozen starch per
kilogram of slurry water.

Nowadays, such conventional LDS treatment systems, simplified, con-
sist of a reactor where the water reacts with the chemicals, a mixing in-
stallation, and a settlement pond. As long as a mine is in operation or some-
body is willing to pay the treatment costs, such conventional treatment
systems reliably treat the water. Yet, because the reaction kinetics are slow,
CaO or other added alkali is sometimes wasted and can be found in the
sludge.

In contrast to the LDS process, the HDS process recirculates part of the
sludge within the system. Thus, crystallisation “embryos” (or “seeds”) are
provided at the point where the mine water is mixed with the alkaline mate-
rial and the recirculated sludge; consequently, the colloids form quicker and
reach higher solids/water ratios. The method was first developed by Kosten-
bader and Haines (1970) to treat 34 - 10° m* of mine water at the Bethlem
mines of the Bethlem’s Ellsworth and Cambria Divisions/USA. Conven-

Fig. 88. Radial flow
clarifier of an active
mine water treatment
plant at As Pontes lig-
nite mine (Spain).
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tional LDS treatment did not fulfil the state limits nor was there enough stor-
age capacity for conventional treatment sludge. The aim of their investiga-
tion was to improve the settling characteristics of the sludges and the con-
centration of the solids. They found that by recirculating the sludge, they
were able to increase the solid contents from about 1% to 30—40%.

Other large-scale mine water treatment options include electrodialysis,
membrane filtering, and membrane filtering combined with distillation. Fre-
quently, such treatment options are used where unusual economic or envi-
ronmental pressures are involved. For example, Polish coal mine waters are
often highly saline with chloride and sulphate concentrations (up to 42 g L),
and therefore cannot be directly discharged into receiving streams (Gisman
and Szczypa 1982; Turek and Gonet 1996). One of the first Polish mine water
treatment plants treating saline mine water was constructed at the Dgbiensko
coal mine in 1975 (Motyka and Skibinski 1982). Today, this plant produces
process water, drinking water, and solid salts for the chemical industry, em-
ploying membrane and electrodialyses techniques (Turek et al. 1995; Turek
and Gonet 1996).

Over-treatment of mine water is seldom described in the literature and
most authorities and legislators are more concerned about low metal and
semi-metal concentrations than the potential hazards caused by over-treat-
ment. Over-treatment occurs when an excess amount of alkaline chemicals
is used, due to extremely low regulatory limits or to malfunctioning controls.
In both cases, this results in a highly alkaline receiving stream, which might
pose a new threat to the receiving water course and the catchment area. Be-
cause many treatment plants operate in acidic environments, over-saturation
is usually of no concern, because the acidic stream is then treated as well. Yet,
as in the case of the StrafBberg/Harz treatment plant, over-treatment can cause
a severe threat to well-buffered circum-neutral fish water streams. Miller et
al. (2005) describe a treatment plant in West Virginia/USA, in which the
manganese concentration of the water had to be lowered to 1 mg L and the
pH consequently rose to 8.8-9. Though the manganese concentrations were
kept low, the high pH of the water was not suitable for trout. On the other
hand, over-treatment can be advantageous when the receiving stream has a
low buffer potential and the surrounding area has been affected by acidic
mine water (West Virginia Division of Environmental Protection — Office of
Mining and Reclamation 2001).

Bogner and Doehler (1984) described the formation of ettringite
(CagAl,[OH4|SOy4]5-24 H,0), an end member of the ettringit-metavoltin
group, which they attributed to over-treatment of mine water. Drainage water
at a coal mine near Kingwood/West Virginia with a pH of 2 was treated by
sodium hydroxide (NaOH) and was drained into a 2,500 m? settling pond.
Within that pond, pH ranged from 4 to 11 because of partly inadequate treat-
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ment maintenance and rainfall events. Most of the precipitates in the sedi-
ment of the pond were amorphous oxihydroxides and, to a lesser degree,
gypsum, quartz, kaolinite, calcite, and dolomite. However, ettringite was
found in the northwestern part of the pond where the sediment and water pH
as well as dissolved Ca and sediment SO4-concentrations were found to be
at a maximum. Ettringite formation at high pH values (around 11) is a com-
mon phenomenon within fly ashes and can bind toxic elements, such as Cd,
As, and Cr (Loop 2004). It is also used to reduce sulphate concentrations in
mine water, e.g. the SAVMIN and CESR treatment processes (Lorax Envi-
ronmental 2003). Because the ettringite covers the substrate in the receiving
stream and forms an insoluble hard layer, biological activity will be min-
imised, or even excluded. Therefore, ettringite formation can be seen as an
indicator of over-treatment of mine water rich in sulphate or Al, because in
most circumstances, pH values under 11 can successfully treat iron rich mine
waters. However, where it has been used to lower sulphate concentrations,
the treated water can be dosed with acid to lower the pH below pH 8.5 after
the sulphate has been removed as ettringite.

11.4 Passive Treatment

11.4.1 Introduction

Several hundreds of passive treatment systems have been constructed during
the last two decades (Wolkersdorfer and Younger 2002; PIRAMID Consor-
tium 2003), and a recent evaluation of 83 such systems proved that most of
those systems work well (Ziemkiewicz et al. 2003). Their functioning relies
on natural chemical and biological reactions, which occur without adding
nutrients other than compost or energy (systems where nutrients or energy are
repeatedly added after construction are sometimes called enhanced passive
or semi-passive treatment systems). The operational and maintenance costs
for passive systems are comparatively low, though the investment costs in de-
veloped countries are often higher than for active systems, due to the large
amounts of land required. Passive prevention or remediation techniques, such
as dry or wet covers or reducing gas mixtures, are also sometimes referred
to as passive treatment systems (Elander et al. 1998; Skousen et al. 2000;
Taylor and Waring 2001; Integrated Geotechnical Engineering Services Spe-
cialists in Unsaturated Zone Hydrology 2003). For the PIRAMID consor-
tium (PIRAMID Consortium 2003), passive remediation is:

an engineering intervention which prevents, diminishes and/or treats
polluted waters at source, using only naturally available energy sources
(such as topographical gradient, microbial metabolic energy, photosyn-
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thesis and chemical energy), and which requires only infrequent (albeit
regular) maintenance to operate successtully over its design life.

Passive mine water treatment requires an intensive understanding of mine
water chemistry, as will be shown later. As has been argued by Kalin (2004),
who takes up the cudgel for a more intensive understanding of bacteriolog-
ical processes in water treatment, “nature’s repair mechanisms may be slow
but they’re thorough. We must find ways to assist and expedite them”.

The first reported scientific investigations of passive water treatment op-
tions were conducted by the German researcher Kéithe Seidel in the 1960s
(Seidel 1966). She investigated 10 water plants with respect to their capa-
bility to remove contaminants from water and concluded that only Schoeno-
plectus lacustris would be a potential candidate for further investigations
(Table 20). The ability to remove aromatic substances, particularly phenols,
was an especially unexpected result at that time. One of the reasons S. /a-
custries influenced the water quality in such a positive way was that the plant
supplies the water with oxygen. Because of her investigations, a pilot treat-
ment plant was constructed in Urach/Germany to treate sewage waters from
different sources. It was observed that whatever pH the sewage water had
(between pH 4.5 and 12), the pH of the system was buffered to a pH value
between 6.5 and 8.

Table 20. Metal accumulation of water plants in wetlands. Only the “above ground”
parts of the plants were analysed. Scientific names adapted to today’s names. Metal
concentrations in g m? (Seidel 1966).

Scientific name Common name Fe Cu /n Mn

Schoenoplectus lacustris Common Club-rush ~ 2.62 16.13 168.00 4,032.00

Carex elata Tufted sedge 10.34 15.23 171.36 2,6384
Iris pseudacorus Yellow flag 322 14.14 124.0 947.36
Typha angustifolia Small reed mace 1.58  6.77 62.92 1,121.76
Glyceria maxima Reed manna grass 2770 11.65 151.84 1,218.88
Phragmites australis Common reed 4.12 18.82 165.76  743.68
Acorus calamus Sweet flag 1.55 6.56 60.8 612.8
Sparganium erectum Bur reed 4.61 7.17 9728 773.12
Myosotis palustris Water forget-me-not  3.26  3.90 33.28 640.0

Mentha aquatica Water mint 521 14.28 131.04 640.1
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Based on the outstanding work of Seidel (1966), the Othfresen/Germany
full-scale passive sewage treatment plant was constructed in 1974 and is still
in operation. The treatment method was called the “root-zone-method” (e.g.
Kickuth 1977; Bucksteeg 1986; Ebeling 1986; Brix 1987a, 1987b; and sec-
tion 11.4.4).

Twenty years later, between the 1980s and 1990s, the first publications on
passive mine water treatment for coal mine drainage appeared (Kleinmann
et al. 1983; Girts and Kleinmann 1986; Kleinmann 1990; Cohen and Staub
1992; Wildeman et al. 1993; Hedin et al. 1994a). These developments were
not based on the passive treatment of sewage, but on independent observa-
tions of water quality improvements in natural or volunteer wetlands that
were receiving mine water from abandoned mine sites. Since then, several
hundreds of investigations have been conducted and pilot- and full-scale
schemes using various treatment options have been constructed, mainly in the
Anglo-Saxon world. A well-described case study of a constructed wetland for
mine water treatment was Idaho Springs’ Big Five Tunnel, which started
pilot-scale treatment in 1987 (Wildeman et al. 1993).

Mine drainage from abandoned surface and underground mines can be
passively treated in several ways (Table 21). According to Younger et al.
(2002), the different treatment technologies can be categorised into inorganic
media passive systems (IMPs), wetland-type passive systems (WTPs), and
subsurface-flow bacterial sulphate reducing systems (SFBs). Even enhanced
passive systems, such as systems using alcohol to support microbial activity,
can be categorised hereunder (e.g. Mascher et al. 2004). A fourth group, not
discussed in the above-mentioned publications, is phytoremediation (e.g.
Chaney et al. 2000). This term is sometimes used to label all treatment types
using plants as a means of pollutant reduction; consequently, some wetland-
type passive systems fall under this category as well. Because the term comes
from the treatment of soils it is — for good reasons —usually avoided by mine
water researchers and is mentioned here, and in section 13.4.8, only for com-
pleteness. The limitations and shortfalls of that technology for the deconta-
mination of highly polluted soils and waters have been known for a long time
(e.g. Ernst 1996, 2004).

The passive treatment of mining lakes (mine pits that have been allowed
to fill with water) has been a goal for many researchers but is still an uncer-
tain task, even after years of research (e.g. Peukert et al. 1982; Kaden 1997,
Friese et al. 1998; Herzsprung et al. 1998; Rolland et al. 2001; Werner et al.
2001; Morgenstern et al. 2001; Karakas et al. 2003; Uhlmann et al. 2004;
Meier et al. 2004). It is a critical issue in the Eastern German lignite mining
areas, where enormous problems with acidic mining lakes exist. In addition,
several options that extend beyond passive treatment have been investigated,
in Germany and elsewhere, involving in-situ treatment of acid mine lakes.
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Table 21. Categories of Passive Mine Water Treatment (adapted after Younger et al.
[2002] and other sources).

Inorganic Media
Passive Systems

Anoxic limestone
drains

Oxic limestone
drains

Closed system Zn
removal reactors

Siderite calcite re-
actors

Wetland-Type Pas-
sive Systems

Aerobic wetlands

Compost wetlands

Reducing and al-
kalinity producing
systems (RAPS)

Subsurface-Flow
Bacterial Sulphate
Reducing Systems

In-situ permeable
reactive barriers
for ground water

In-situ permeable
reactive barriers
for mine water

Phytoremediation

Aerobic wetlands

Compost wetlands

Algal mats

deep-rooted hybrid
poplars

SCOOFI reactors bioreactors

Pyrolusite process rhizofiltration,

reactors phytoextraction,
phytostabilisation,
phytofiltration

These include addition of fly ash, limestone, soda or dolomite powder, or-
ganics (to foster biological sulphate reduction), and large-scale water man-
agement (Geller et al. 1998; Castro and Moore 2000; Griinewald 2001; Bow-
ell 2002; Koschorreck et al. 2002; Loop et al. 2003). So far, Loop et al.
(2003), in which the entire lake was partially filled with alkaline fly ash, is
the only full-fledged success. However, as discussed in section 5.5.2 open
pit lakes are not the focus of this publication and therefore their potential re-
mediation will not be discussed further.

Even today, many regulatory authorities, researchers, and mining compa-
nies believe that the different passive treatment systems are interchangeable.
Furthermore, they think that whatever mine water drains out of an adit or
shaft can be treated with one of these passive systems. If it was only so sim-
ple!

The fact is, the systems are definitely not interchangeable and many mine
waters simply cannot be treated with any of the passive treatment technolo-
gies that now exist. If an iron-rich mine water of high acidity is treated in an
aerobic wetland, the iron might be precipitated to a certain degree, but the pH
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of the water decreases due to the hydrolysis of the iron ion (eq. 83, Stumm
and Morgan 1996):

Fe’* + 3 Hy0 <> Fe(OH); + 3 H* (83)

See section 4.2 for the full reactions

Though the iron is removed from the mine water, the pH decreases until
the system fails to work effectively. At sites where the iron does not precip-
itate to the expected degree, the money and land expended on an aerobic wet-
land has been wasted. Such examples are then used by the opponents of pas-
sive treatment systems to show that passive treatment is not feasible in the
real world of mine water treatment.

One of the key questions is how long will a passive systems work until the
system becomes ineffective, because the substrate has to be changed or the
precipitates have to be removed? Watzlaf et al. (2004) has provided a good
summary of the U.S. studies on this topic. For example, properly designed
anoxic limestone drains (ALDs; addressed below in section 13.4.3) should
theoretically last 50-100 years. Disregarding those that failed because they
were not the appropriate technology to use at a site (e.g. relatively high alu-
minium concentrations in the influent water), they cite some sites that failed
after 9—10 years, while another was still working effectively after 11 years.
Similar studies of working RAPS (reducing and alkalinity producing sys-
tems) demonstrate that while some systems failed after 5-7 years (due to
clogging), at least one was still working 11 years after construction. There
have been few such investigations outside of the U.S., where most passive
systems treating mine water are younger, but it appears that the compost sub-
strate of the anaerobic Quaking Houses treatment facilty has become less ef-
fective after approximately 10 years of work (Paul Younger, pers. Comm.).

Because each mine water is as unique as the mine from which it emanates,
designing a passive treatment plant requires careful investigation. Flow charts
that explain how to select which passive treatment option to use have been
published and explained by Wildeman et al. (1993), Hedin et al. (1994a),
McCleary and Kepler (1994), Skousen et al. (1998, 2000), PIRAMID Con-
sortium (2003), and Ziemkiewicz et al. (2003), and are summarised in a sim-
plified form in Fig. 89. They should be used after you have collected water
quality and flow data for at least a full hydrological cycle. Neglecting this
prerequisite might be one of the reasons that some systems do not work as
expected (Johnson and Hallberg 2002). Watzlaf et al. (2004) provides a nice
overview of the various passive treatment options and some sizing and de-
sign guidelines. Some of the more commonly considered options are dis-
cussed below.
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11.4.1 Open Limestone Channels

Open limestone channels are rather simple constructions for treating mine
water. These can be ditches filled with limestone or larger, open channels or
streams in which limestone blocks of reasonable size are positioned. In both
cases, the mine water is allowed to flow freely through or over the limestone,
thus raising the pH and adding alkalinity to the acidic mine water. To prevent
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Fig. 89. Flow chart for selecting the most appropriate passive mine water treatment
technology depending on the mine water parameters (DO: dissolved oxygen, RAPS:
reducing and alkalinity producing system, ALD: anoxic limestone drain, OLC: open
limestone channel; modified after Hedin et al. 1994a and Skousen et al. 1998, 2000;
a more sophisticated flow chart is given in PIRAMID Consortium 2003).
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Table 22. On-site parameters of the Mina de Campanema/Minas Gerais settling
pond and open limestone channel. Inflow 1 is not influenced by the mine, while in-
flow 2 comes from the mine site. The water then flows from the outflow of the pond
through the open limestone channel; electr. cond.: electrical conductivity; TDS: total
dissoved solids (calculated).

Outflow Qutﬂow
Inflow 1  Inflow 2 pond - limestone
channel
pH 5.0 5.5 7.3 6.4 6.2
electr. cond, puS cm™! 8.8 19.5 9.3 55.1 20.3
TDS, mg L-! 5.6 12.4 5.9 35.4 12.8
redox, mV 502 451 432 250 327
temp., °C 25.6 21.9 25.1 24.2 24.4
Fey, mg L' 0.22 = = 6.53 0.72
Fe*', mg L*! 0.10 - (4?23 (82;)/60;
Fe*t, mg L 0.12 - (5;2; (1(5);)/10;
alkalinity, mmol L-! - - - 0.10 0.04
acidity, mmol L-! - - - 0.18 0.10

the metal precipitates from coating the limestone, the water velocity must be
high enough to keep the precipitates in suspension and to transport them
away from the limestone blocks. Yet, if the flow velocity is too high and the
amount of limestone used is too low, the contact time will be too short and
the treatment effectiveness will be inadequate. For long-term performance,
large quantities of limestone are needed and the treatment efficiency must
be monitored on a regularly basis.

However, there are many sites where open limestone channels have not
been effective, perhaps because the mine waters being treated had too chal-
lenging a chemical composition (e.g. Gernrode/Harz; Simon 2003). At the
Mina de Campanema/Minas Gerais/Brazil, a several decametre long open
limestone channel was constructed to treat the acidic mine water after flow-
ing through a large settling pond. As can be seen from table 22, iron precip-
itated during the flow through the channel, but the alkalinity did not increase
and the pH decreased from 6.4 to 6.2 due to iron hydrolysis, which produces
three moles of protons per mol of iron.
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11.4.3 Anoxic Limestone Drain (ALD)

Anoxic limestone drains are constructed and buried channels filled with
high quality limestone (Skousen 1991; Hedin et al. 1994b). They exclude
contact with the atmosphere, so that the mine water flowing through the
channel is not oxidised, which would lead to the precipitation of metal ox-
ides and a coating of the reactive limestone. It is essential that the mine
water that flows into the constructed channel contain negligible dissolved
oxygen, Fe**, and Al, as the limestone would be coated in a relatively short
time. Such a situation existed at the Lehesten/Thuringia passive treatment
plant, which, consequently failed to work after some years (the plant is de-
scribed in Janneck and Kriiger 1999; Rothenhdofer et al. 2000). Within the
covered limestone bed, the mine water reacts with the carbonate to gener-
ate alkalinity and to consume acidity. Usually, anoxic limestone drains are
used to increase the pH and alkalinity of acidic and anoxic mine water be-
fore it enters an aerobic constructed wetland. They are also used in combi-
nation with RAPS-systems at highly contaminated mine water sites (Bar-
ton and Karathanasis 1999).

Their lifetime is based on the amount and quality of the limestone and
ranges between 15 and 20 years. Mine waters with high aluminium con-
centrations and bad maintenance can cause such systems to fail even after
less than a year (Robbins et al. 1999; Watzlaf et al. 2000; Ziemkiewicz et
al. 2003). If coating of the limestone is expected, such systems can be
equipped with a flushing mechanism, which is supposed to enhance the
lifetime of an ALD (Vinci and Schmidt 2001); however, questions have
been raised on whether such flushing is effective (Watzlaf et al. 2000,
2004).

The first German passive treatment plant for acid, Al-rich mine water
began operating in 1997 (in Lehesten/Thuringia). According to Janneck
and Kriiger (1999), the pH of the treated water ranged between 4 and 5, the
Al between 8 and 11 mg L', and the Mn between 2 and 4 mg L' Fe, acid-
ity, and oxygen contents have been reported during a workshop (Wasser-
behandlung und Riickstandsentsorgung — Konventionelle und innovative
Losungen, Chemnitz/Germany, 24 to 26 September 1997) but are missing
in the official publications. Fe ranged between 0.1 and 10 mg L', acidity
(Kgg o) between 1.5 and 2 mmol L' (75-100 mg L' CaCOs3). The pilot
plant was constructed at a rivulet downstream of an acid-releasing waste
rock pile (Janneck and Kriiger 1999; Rothenhéfer et al. 2000), and there-
fore the water flowing into the ALD was saturated with oxygen. After a pe-
riod of good treatment results, the system failed to treat the water because
the limestone in the ALD became coated with Fe- and Al-precipitates and
the flushing mechanism failed to work.
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11.4.4 Aerobic Constructed Wetlands

As discussed in section 13.4.1, passive treatment of polluted water with con-
structed wetlands began in 1974, when the first of such systems was installed
in Germany (Brix 1987a, 1987b) to treat domestic sewage from the town of
Othfresen in Lower Saxony (Kickuth 1977). That system continues to treat
domestic waste water for a population equivalent of 5,100 people as well as
industrial water from a sausage factory. More than 600 systems of that kind
have been installed around the word, among them at British Steel, British
Aerospace, Huntsman Corporation, Zurich Airport, Berlin’s Schonefeld Air-
port, Daimler Benz, Cerestar Corporation and an Exhibition at the 2000
World Expo in Hannover, Germany (Abydoz Environmental, Canada, pers.
comm.). Walton-Day (1999) outlined the processes involved in such wet-
lands.

Aerobic wetlands, or reed beds, are constructed (or natural ponds are
planted) with typical wetland plants such as common reed (Phragmites aus-
tralis (Cav.) TRIN. Ex STEUD.; U.S.: giant reed, German: Schilf), reedmace
(Typha latifolia L.; U.S.: cattail, German: Rohrkolben), common rush (Jun-
cus effusus L.; U.S.: soft rush, German: Binse). Though these plants take up
metals and contribute significantly to the polishing process (Batty et al. 2002;
Batty and Younger 2002, 2003), that is a side benefit. Primarily, these plants
reduce the velocity of the water flowing through the system and prevent
shortcuts, thus providing time for the microbially catalysed oxidation, pre-
cipitation, and co-precipitation reactions to occur (Brix 2003). Consequently,
the plants should not be planted in straight lines, as some engineers have a
tendency to do (e.g. the Germany Pohla/Saxony pilot-scale facility).

Aerobic wetlands can be constructed to treat mine water if the mine water
is net alkaline (Kp4 3 = Kgg o). Mine waters with a pH lower than approxi-
mately 5.5 should never be treated with an aerobic wetland as the hydrolysis
reactions will lower the pH even further. To increase the wetland efficiency,
the CO, of the mine water should be stripped off, and the O,-content in-
creased. This can be done by cascades, riffles, or falls before the mine water
enters the constructed wetland (Novak 1994; PIRAMID Consortium 2003).

A slightly different wetland treatment option, involving free-floating
macrophyte and algal systems, has been used at some sites in Canada. In
those systems, the plants do not grow within the wetland substrate, but float,
in anchored rafts, on the water surface. Pilot-scale investigations as well as
full-scale treatment plants have proved that those systems can be effectively
used to treat polluted mine water (e.g. Kalin et al. 1994; Fyson et al. 1997).

Though aerobic wetlands are now very commonly used for passive treat-
ment around the world and the original technology emanated from Germany,
this country has only a few such wetlands being used to treat mine water
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Table 23. List of German constructed wetlands. Except Winkler (2001) the authors

ignore the pioneering European work of Younger. N.N.: not known.
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Table 23. continued.
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o 50 100 150 200 250 km

Fig. 90. Sites of constructed or natural wetlands investigated/used for mine water re-
mediation in Germany (mid 2007); details on each site are provided by table 23.

(Table 23; Fig. 90). Aerobic constructed wetlands have proven to be very ef-
fective in treating iron-rich mine waters, if the prerequisites summarised in
Fig. 89 are met. However, manganese, which very often accompanies high
iron concentrations in the mine water, can only be treated in such systems
when special conditions apply. To remove manganese in a passive system, the
pH of the water must be circum-neutral to basic (Walton-Day 1999). Fur-
thermore, virtually all of the Fe*" must have been oxidized, since Fe*" will re-
duce any manganese that oxidizes. If both of these conditions exist, an open
limestone channel placed at the wetland exit will induce manganese oxida-
tion. The key aspect appears to be substrate surface area in the zone of the air-
water interface; once manganese oxidizes and precipitates, the minerals
formed help catalyse additional managanese oxidation (Bob Kleinmann,
pers. comm.).
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It should be noted that the sludge precipitated in aerobic and anaerobic
wetlands is usually about 10 times denser than sludges produced at active
treatment operations (Dempsey and Jeon 2001).

11.4.5 Compost (Anaerobic) Constructed Wetlands

Compost wetlands (sometimes called anaerobic wetlands or sulphate-reduc-
ing bioreactors) comprise a layer of organic material, which should be 0.3—
0.6 m thick and have the same type of wetland plants as described for aero-
bic wetlands. Although compost and aerobic wetlands look very similar to
each other, their functioning is fundamentally different. In aerobic wetlands,
the water flows above the substrate, while compost wetlands only work when
the water flows through the compost layer.

Microorganisms in the substrate and the reducing conditions therein
reduce the ferric iron to ferrous iron and reduce the sulphate to sulphide;
most metals then precipitate as sulphides. Furthermore, as the protons in
the mine water are consumed by the decomposition of the organic ma-
terial, and H,S is generated, acidity is removed from the mine water. It
is important to note that before significant sulphate reduction occurs,
the dissolved oxygen has to be consumed all and the Fe*" must be re-
duced to Fe?*. This aspect, if ignored can cause an anaerobic system to
fail, and why at some sites, aerobic wetlands and sedimentation ponds
precede the anaerobic wetlands, to reduce the total iron load as much as
possible.

Though the first compost wetlands were constructed with spent mushroom
compost (Hedin et al. 1994a) and a lot of research has been conducted using
that type of organic material (e.g. Stark et al. 1994, 1996; Manyin et al. 1997;
Nairn and Mercer 2000; O’Sullivan et al. 2004), all kinds of organics that re-
lease alkalinity into the mine water are suitable for compost wetlands (PI-
RAMID Consortium 2003), e.g.:

spent mushroom compost (e.g. Hedin et al. 1994a),

horse manure and straw (e.g. Younger 1997),

cow manure and straw (e.g. Cohen and Staub 1992),
composted municipal waste (e.g. Jarvis and Younger 1999),
composted conifer bark mulch (e.g. Younger 1998),

sewage sludge cake (e.g. Laine and Jarvis 2003), and
paper waste pulp (e.g. Laine and Jarvis 2003)

The first three in this list proved to be better than the latter ones, but
whichever carbon source is used, the governing reactions within the sub-
strate are the same.
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One important factor of a compost wetland is its permeability. If the per-
meability of the substrate is too low, the mine water will flow over the sub-
strate rather than through it. If that happens, the microbially catalysed re-
ducing reactions will not occur and the treatment efficiency will decrease.
Bolis et al. (1992) found that the hydraulic conductivities of manure in dif-
ferent conditions ranged between 10 and 102 cm s\

Another important issue is the water depth. If it exceeds approximately 15
cm, little exchange between the water and the substrate occurs, thus reduc-
ing the treatment performance (Paul Younger, pers. comm.). Gusek (2002)
and Gusek and Wildeman (2002) describe several successful anaerobic wet-
lands and their advantages, even in cold climates. Furthermore, Gusek (2002)
remarks that “a phased design program of laboratory, bench-, and pilot-scale
testing has been shown to increase the likelihood of a successful design”.

11.4.6 RAPS (Reducing and Alkalinity Producing Systems)

A RAPS (reducing and alkalinity producing systems, originally called SAPS
—successive alkalinity producing systems, but also called vertical flow ponds
or vertical flow systems) combines the advantages of an anoxic limestone
drain (ALD) with those of a compost wetland (Kepler and Mc Cleary 1994;
Hedin et al. 1994a). In contrast to classical wetland type systems, the two
reactive layers are constructed on top of each other and the water flows ver-
tically through the system. Therefore, they are also referred to as vertical-
flow wetlands (Nairn and Mercer 2000). They are designed so that the acidic
mine water first flows through the compost part of the RAPS system. In this
layer, the dissolved oxygen is consumed and any Fe** that is present is re-
duced to Fe*". Although some sulphate is biologically reduced to sulphide,
this is less critical. The key is that the mine water is now anoxic, and can
flow through the anoxic layer of limestone and become alkaline without con-
cerns about iron precipitating on the limestone. Mine waters with elevated Al
concentrations can still cause problems. Some researchers construct an ‘alu-
minator’, which can be used to flush the RAPS and remove, to a certain de-
gree, the Al precipitates but there is some evidence that this is not very ef-
fective (Watzlaf et al. 2002, 2004). Currently, about 100 RAPS-systems are
installed worldwide and treat acidic mine water of different quality (Edwards
et al. 1997; Younger et al. 2002; Brown et al. 2002; Wolkersdorfer and
Younger 2002; Rose and Dietz 2002; Rose 2004; Thomas et al. 2004).
Because the chemical reactions within the limestone layer of a RAPS are sim-
ilar to those of an ALD, the amount of limestone that is needed in a RAPS is cal-
culated in the same way. Due to hydraulic reasons, the thickness of the lime-
stone as well as the compost layer should be around 0.5 m each. Details about
designing such systems can be found in the relevant passive treatment literature.
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During the installation of the Bowden Close/UK pilot RAPS system
(Younger 2002c; Younger et al. 2004), it happened that the limestone and the
organic material were mixed with each other (Paul Younger, pers. comm.).
Though it was thought that this would negatively affect the performance of
the RAPS, the system actually performed better than expected. Mixing of
limestone and organic material cannot be excluded when large machinery is
used, but this study indicated that there is no certain need to keep the sub-
strates separated. Thomas and Romanek (2002) also showed that such mix-
ing can be advantageous for some types of mine water. In the Gernrode/ Ger-
many experimental RAPS, the limestone drain was only used to protect the
drainage pipes from being blocked by precipitates, but above this protective
limestone layer, the manure and limestone were intentionally mixed (Simon
2003; Hasche and Wolkersdorfer 2004).

When constructing a RAPS, it is essential to avoid any shortcuts between
the inflow of the mine water and the outflow, as this might result in a mal-
functioning of the system as well as metal precipitation on the limestone sur-
faces. Furthermore, there must be sufficient head to force the water to flow
through a low hydraulic conductivity layer of compost. If the head is not
great enough, as in the Pelenna II (Garth Tonmawr/Wales/UK) system, then
the water overflows the RAPS and the treatment efficiency equals zero (Rees
and Connelly 2003; Fig. 91).

A recent innovation was the construction of a RAPS in Deerplay/Lan-
cashire/UK where the two reacting components, limestone and organic ma-
terial, are neither built over each other nor mixed with each other, but con-
structed side by side. First, the acidic, iron and aluminium-rich mine water
flows through organic substrate and then into a limestone bed, which is sep-
arated from the organic substrate by an impermeable barrier. To prevent air
from entering the system, the organic reactor is isolated from the atmos-
phere by an impermeable cover (Jarvis and England 2002). An interesting
result was that the nitrogen concentration, which comes from the organic
matter, decreased relatively quickly after construction. After an initial peak
of 1020 mg L' NH3-N, the concentration decreased to 2—4 mg L' NH3-N
in only two months, and thereafter decreased to about 2 mg L', which was
roughly twice the concentration of the influent mine water (Fig. 92).

Since nitrate concentrations are always of concern for regulators and au-
thorities when speaking about RAPS or compost wetlands, the reduction of
nitrate has been studied experimentally and compared with real case values
(Simon 2003; Hasche and Wolkersdorfer 2004). The nitrate concentration
mainly depends on the volume of the compost ¥, an initial nitrate concen-
tration factor £}, the background concentration ¢ in the mine water, and the
time #:
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c, =(f1—80><%)xe_2+c,0 (84)

with ¢ nitrate concentration at time ¢, mg L™
cio  background nitrate concentration of mine water, mg L'
A initial nitrate concentration factor, mg L' (usually 2040 mg L)

0 measured mine water discharge, L min’!
Vv bulk volume of compost, L
t time, min

Fig. 91. Mine water overflowing the Pelenna II/Wales system. The hydraulic head
is too low to drive the water through the compost (24 March 2000).
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Fig. 92. Comparison of measured and modelled nitrate concentrations in a labora-
tory experiment (left) and the Deerplay/Lancashire/UK (right) full scale RAPS
(Deerplay data from Jarvis and England 2002; modelled data from Simon 2003).
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Only one of those parameters, namely f{, has to be evaluated in a labora-
tory test; other parameters can be either measured in the field or determined
by the RAPS design. To evaluate this initial nitrate concentration factor, the
organic material has to be mixed with the mine water (at a ratio of 3:5) and
then the nitrate concentration in the mine water is measured. The factor f;
is then calculated by multiplying this concentration by 0.7 and rounding the
result to the nearest mg L. However, to use a real-world example, f; was
determined to be 33 in the TU Bergakademie Feiberg/Germany laboratory
test, while at the Deerplay/Lancashire/UK site, f{ must have been around 22.
The difference was caused by the relative maturation of the organic mate-
rial. For the laboratory tests, relatively fresh horse manure had to be used,
as the supplier did not have composted manure available. It can be assumed
that more mature manure was used at the Deerplay RAPS, which caused
the initial nitrate concentration factor to be lower than in the laboratory ex-
periments. Consequently, it is possible to show regulators that with time,
the nitrate concentrations in the mine water will come down to nearly nat-
ural background values.

11.4.7 Reactive Barriers

Reactive “barriers” are subsurface engineering constructions placed in the
flow path of polluted water. The material within the barrier, which must be
permeable, reacts with the contaminants and decreases their concentration.
Different materials, such as zero-valent iron, activated carbon, zeolites, iron
oxides/oxihydroxides, phosphates, and clay minerals have been used so far.
Reactive barriers have been constructed downstream of tailings and waste
rock dumps but several systems haved failed, so their application is not wide-
spread. Yet, several investigations throughout the world give hope that such
systems could be useful (e.g. Benner et al. 1997; Younger 2000c; Schneider
et al. 2002; Bolzicco et al. 2003; Younger and Elliott 2003; Younger et al.
2003; Jenk et al. 2003; Simon et al. 2003; Gibert et al. 2004; Roehl 2004;
Munro et al. 2004).

So far, no reactive barriers have been constructed downstream of a flooded
underground mine, though the construction of vertical subsurface limestone
drains should be a promising option for large-scale ground water treatment.
“Reactive barriers” within a flooded underground mine will be described in
section 11.6, along with other in-situ and on-site treatment options.
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11.4.8 Phytoremediation

As mentioned earlier, phytoremediation is a commonly used term for all
types of treatment technologies that include plants and the uptake of the
pollutants into the plant (Cunningham et al. 1997; Adams et al. 2000). En-
hancement techniques for the rhizosphere are becoming more and more
prominent and enhanced biodegradation technologies will probably result
once plant-rhizome interaction is better understood. Generally, the term
phytoremediation refers to a way to remediate contaminated soils in which
metal tolerant plants are used to take up pollutants (e.g. PHYTO-DEC 5%
EU framework project EVK1-1999-00024, EVK1-2002-00552); some
promising organisms show extreme accumulation rates (Bryan and
Langston 1992). Phytoremediation is also used to stabilise soils and min-
imise soil erosion (e.g. Cai et al. 1990; Baker et al. 1991; Chaney et al.
2000). During the last decade, attempts have been made to extend phy-
toremediation to the treatment of polluted mine waters, yet, the technology
is still as far away from large-scale implementations as it was 10 years ago,
when Wilfried Ernst wrote: “there is still a long way to go from the poten-
tial small-scale to a realistic large-scale approach” (Ernst 1996). Especially
for mine waters, where large amounts of metals have to be removed from
the water, phytoremediation sensu strictu cannot be viewed as successful
technology — yet, because the methodology has large potentials for remote
areas, research should continue to find optimised plant-root-bacteria com-
munities that foster the uptake of potentially poisonous elements from mine
water. Merten et al. (2004) reported some promising results for elements
in mine water that are toxic at low concentrations. Furthermore, it is an ex-
cellent method to increase the biodiversity of abandoned mine sites (Batty
2005).
Three types of phytoremediation are relevant at mine sites:

® phytoextraction: (semi-)metal tolerant plants are grown and harvested
with the intention to remove the accumulated elements from the soil or
water (e.g. Chaney et al. 2000; Karathanasis and Johnson 2003)

e rhizofiltration or phytofiltration: (semi-)metals are adsorbed on the sur-
faces of roots or the whole plant. To remove the contaminants from the
environment, the plants are harvested and deposited off (e.g.
Dushenkov et al. 1997)

® phytostabilisation: (semi-)metal tolerant plants are grown on polluted
sites to stabilise the pollutants in the soil and to minimise soil erosion
at the contaminated site. Usually, the plants are not harvested (e.g.
Stoltz and Greger 2002; Bleeker et al. 2003; Chan et al. 2003; Wong
2003).
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The disadvantage of these methods is that the clean-up of contaminated
sites might take hundreds if not thousands of years and that annual harvest-
ing as well as the disposal of the contaminated plants or, after their burning,
ashes, is imperative.

Because phytostabilisation reduces the amount of erosion on tailings,
waste rock dumps, or decommissioned mine sites, this methodology is very
promising for the fixation of pollutants within the soil. Trees, depending on
their age and type, can transpire between 30—1,500 L of water per day; thus,
they take in a large amount of pollutants and can lower the ground water
table (Adams et al. 2000). Consequently, the dissolution of metals from the
upper soil horizons can be minimised and the transfer chain from the soil to
the ground water can be stopped, or at least hindered. Thus, the pollutant
load into the receiving water course and the subsequent watershed can be
significantly reduced. If it is possible to enhance the metal tolerance of the
plants, by manipulating the microorganisms living in symbiosis with the
plants, acid draining from the dumps into the ground water might be posi-
tively controlled. Such research has been conducted by Quinn et al. (2001),
who planted 420 poplars with roots reaching into the contaminated aquifer
at a depth of 8-9 m, and another 389 willows and poplars for soil and shal-
low ground water remediation.

11.5 Natural Attenuation

Natural attenuation of mine water has occurred for as long as people have
mined raw materials. It is not a new invention or technology, just a name for
a process that occurs even without human interference. Some of the small-
est extremophiles up to large macrophytes that provide nutrients or surfaces
for microorganisms, as well as filter mechanisms for suspended solids or ob-
stacles in the mine water flow, play an important role in natural attenuation.
Ironically, most of the sedimentary raw material deposits and as far as we
know many other metal deposits are a result of “natural attenuation” (Pohl
2005). Possibly the first mine water related paper using the expression “nat-
ural attenuation” appeared in 1994 (Kwong and Van Stempvoort 1994). They
describe the natural reduction of Cu, Zn, and sulphate in acid rock drainage
downstream of an open pit in central Vancouver Island/Canada by a natural
wetland system. This was clearly not the first work on “natural attenuation”
— they were just the first to use that name for that type of remediation in a
mining impacted environment. For example, Barnes and Clarke (1964) de-
scribed the process when they stated that: “It is well known that the acid
streams recover in the course of travel as the iron precipitates and the acid is
diluted and neutralized by contact with alkaline minerals in the streambed
and with diluting waters”. As discussed earlier, it was the observation of nat-
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ural attenuation of mine water contaminants in wetlands that led to the pas-
sive treatment of mine water.

From observation, it is known that nature is able to take care of itself and
that natural attenuation has a large potential to treat mine water (e.g. Wolk-
ersdorfer et al. 2003; Hoglund et al. 2004). If the processes involved are un-
derstood, it is possible to help nature to take care of itself or to avoid any in-
terference that might prevent natural attenuation. At the abandoned
StraBberg/Harz/Germany fluorspar mine, part of the drainage water flows
through a natural wetland, and the mine water chemistry is improved while
it flows through the system (Neef 2004). The natural wetland did not exist be-
fore the mining at this site started in the 18" century. It is clearly the result
of mine water seeping through leaky settling ponds, which were constructed
to treat the pumped mine water. In the course of time, an outstanding flora
with wild orchids and wetland plants became established; several decades
ago, the mining impacted site was declared a nature reserve called “Eisen-
wische”, which — ironically — means “iron wash” (Fig. 93). Due to this fact,
it was not possible to divert part of the mine water from this wetland as the
authorities feared an irreversible impairment of the flora through the treat-
ment of the iron-enriched mine water.

However, where natural attenuation is being relied on nowadays, it typ-
ically involves monitoring, and incorporates the potential to shift to en-
hanced natural attenuation or to one of the above-mentioned treatment
processes if the monitoring indicates a severe negative impact to the an-
throposphere.

Natural attenuation comprises mainly the following processes (Hoglund et
al. 2004):

Fig. 93. Natural attenuation occurring at the Stra3berg/Harz mine site and the Eisen-
wische (“Iron wash”) natural wetland. Flocculants of iron hydroxide and a colour-
ful film of iron-hydroxide/bacteria aggregates can be seen in and on the water.
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e abiotic
e physical
e biotic

Some typical abiotic processes are the chemical precipitation of iron or
aluminium minerals, such as jarosite, schwertmannite, ferrihydrite, siderite,
and pyrite. Physical processes might be the filtration of colloids or their set-
tling in a quiescent stream, while biotic processes might be the fixation of
contaminants on roots or branches, or by microbiological activities.

An example of natural attenuation is the Buttonwood Tunnel discharge in
the Eastern Pennsylvanian Wyoming Basin/USA. This drainage adit was reg-
ularly monitored between 1968 and 1980 (Ladwig et al. 1984). The mean
sulphate concentration decreased from 2,130 mg L' in 1968 to 982 mg L' in
1980, and the minimum and maximum values also decreased continuously
(Fig. 94).

Because natural attenuation happens without human interference, there
would seem to be no need to discuss natural attenuation concerning mine
water issues. Yet, cases of natural attenuation all over the world clearly show
that this “treatment” option can be hampered by human activities or in the
worst case consultants who want to remediate a polluted mine site, and de-
stroy the natural attenuation process. For example, at the German Gern-
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Fig. 94. Natural attenuation at the Buttonwood Tunnel, one of the main discharge
adits of the Wyoming Basin in Eastern Pennsylvania/USA. The mean sulphate con-
centrations (diamonds) as well as the maximum and minimum values (shaded area)
decreased continuously between 1968 and 1980 (modified from Ladwig et al. 1984).
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rode/Harz Mountains fluorspar mine, polluted mine water discharges from an
abandoned adit. A consultant straightened the drainage gully and thus pre-
vented the water from flowing over an already established, natural cascade
into a settling pond. The mine water is now directly diverted into a mountain
stream without taking advantage of the already established natural attenua-
tion potential of the cascade and the natural settling pond downstream of the
cascade. In the meantime (mid 2007) the situation has even worsened.

11.6 In-Situ and At-Source Treatment Methods

Mine water treatment generally involves the treatment of polluted mine water
discharges from a mine. Yet, mine operators should try to use “in-situ” or
“on-site” techniques to minimise the amount of polluted water. In most in-
stances, it is cheaper to discharge water that does not require treatment, even
if that requires diverting, pumping, or otherwise intercepting it. It has already
been shown that the prevention of convective loops in flooded underground
mines lowers the maximum concentration of pollutants and that by using
transparent mine closure techniques, polluted mine water can be either kept
in the mine or treated in-situ (e.g. Wolkersdorfer 1996).

In-situ and at-source treatment means that the source of contamination is
treated essentially at its origin: within the flooded mine or the acid-produc-
ing rock (Pearce and Ries 1982). It is commonly used to preventing or abat-
ing the generation of acid rock drainage in overburden material at a surface
mine, but has not found wide application in flooded underground mines. The-
oretically, nearly every acidic mine water could be converted to alkaline
water if only enough alkalinity would be added to the drainage system. Yet,
experience demonstrates that the situation is not that simple and further in-
vestigations are necessary.

Alkaline material that has so far been used to inhibit the generation of acid
mine drainage includes limestone, dolostone, lime kiln dust, coal combustion
residues such as fly ash, caustic soda, and active treatment sludges (Waddel
etal. 1986; Larew and Skousen 1992; U.S. Environmental Protection Agency
et al. 2001). Limestone and dolostone are most commonly used because they
are widely available und relatively inexpensive (Prediction Workgroup of
the Acid Drainage Technology Initiative 2000). If enough alkaline material
is added, the neutralization will be sustainable; as a general rule, positive re-
sults have been obtained at remediation projects where the amount of alka-
linity added exceeded the calculated requirement, based on acid-base ac-
counting (Perry et al. 1997; Smith and Brady 1998). The calculations result
in a net neutralization potential (NNP); enough alkalinity has to be added to
generate a positive NNP. In addition, the most suitable place for the alkaline
addition has to be found, preferably based on the results of mine water tracer
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tests, to guarantee good mixing between the alkaline material and the acidic
mine water. While the acidity load is positively influenced, this may not be
the case for the metal loads and the sulphate concentration. Detailed discus-
sions of different in-situ methods and alkaline addition can be found in The
Pennsylvania Department of Environmental Protection (1998), Skousen et
al. (1998), Prediction Workgroup of the Acid Drainage Technology Initia-
tive (2000), and U.S. Environmental Protection Agency et al. (2001). Note
that the “Alkaline Addition” sections in U.S. Environmental Protection
Agency et al. (2001) are nearly identical with Smith and Brady (1998).
Fully flooding a mine, to prevent or limit additional pyrite oxidation, is
an in-situ method that is quite effective. Adding alkalinity to underground
mines, especially to partially or fully flooded mines, is more complex. For ex-
ample, how much of the overburden should be included in an acid-base ac-
counting, and how can you add the alkalinity at the right location, or even
know where the right location is? Sometimes, it could surpass the storage
capacity of the underground space for the deposition of alkaline material.
Yet, it should be considered if a controlled backfill with alkaline material be-
fore flooding can effectively prevent the first flush or reduce its extent. A
cost-benefit analysis of the various options might be a feasible way to find an
environmentally sound solution. In addition to alkaline addition, other op-
tions that have been investigated in the laboratory or in the field include:

e surface inactivation by encapsulation or coating (Evangelou 1995;
Fytas and Bousquet 2002),

e reducing the hydraulic permeability of pollutant bearing rocks (Ziegen-
balg 1999; Waring and Taylor 1999; Ziegenbalg 2005),

e injection of chemically reducing gas mixtures (Taylor and Waring
2001; Houston et al. 2005), and

e recactive material (“reactive barriers”).

Encapsulation and coating can be conducted with a range of substances,
such as Fe-phosphate, silica, sodium silicates, or “simple” but effective clay
caps (Brandberg et al. 1993; MEND [Mine Environment Neutral Drainage
Program] 1994; Evangelou 1995; Roy and Worral 1999; Fytas and Bousquet
2002; Carlsson 2004). The “oxidation proof silicate surface coating on iron
sulfides” method, though still unproven, is patented (U.S. Patent 5,494,703),
so it cannot be freely used!

Alkaline material can also be deposited at potentially acid producing areas
within the abandoned mine before flooding. For example, Hause and Willi-
son (1986) reported how anticipated water treatment costs were greatly de-
creased at Beth Energy’s underground Mine Ne 105W near Buckhannon in
West Virginia/USA by rockdusting areas of the mine that would not be
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flooded with 700 tons of ground apatite, and by adding NaOH and lime slurry
to the mine pool as it formed. In total, 120 t of lime and 568 m* of NaOH
were injected between September 1984 and June 1985. Compared to con-
ventional treatment costs, estimated at about $4.7 million (U.S.), the in-situ
method had total costs of only $1.3 million (U.S.). The in-situ treatment in-
creased the discharge pH from 3.9 to 7.0. Iron concentrations decreased from
133 mg L' to £ 1 mg L', sulphate decreased from 2,500 to 1,000 mg L™,
calcium decreased from 385 to 120 mg L', alkalinity rose from zero to
350 mg L' CaCOs, and acidity decreased from 470 to 20 mg L' CaCO4
(Hause and Willison 1986). Even in 1989, the pH and acidity of the mine
water remained at an acceptable level, although iron concentrations had in-
creased to 15 mg L' (Aljoe and Hawkins 1993).

However, deciding to add alkalinity after the mine has been abandoned is
much more challenging. It is difficult to decide where to remotely add the al-
kaline material, while ensuring adequate mixing is virtually impossible; there
have been many failures. For example, the Keystone State Park site in Penn-
sylvania/USA was hydrogeologically investigated before alkaline injection.
Keystone State Park hosts the abandoned Salem Ne 2 coal mine, which closed
in 1954. A tracer test was conducted but no reliable data could be obtained
from the first test, as no tracer arrived at the sampling points (Aljoe and
Hawkins 1993). A second test was conducted at a later stage (Aljoe and
Hawkins 1994; the mine’s name is not reported in this paper, but from the
drawings it is obvious that this mine is Salem Ne 2 as well), which had pos-
itive results. In 1990, 1,890 kg of NaOH (as a 25% solution) were injected
into two boreholes of the Salem Ne 2 mine, which were thought to be enough
to treat all of the water in the mine. Yet, two months after alkaline injection,
only a minor change in the sodium concentration occurred. Calculations of
the recovery rate showed that only about 5-6% of the injected sodium mass
passed through the drainage portal; the rest stayed in the mine or seeped into
the groundwater. The acidity, total iron, manganese, and aluminium levels in
the discharge indicated no neutralization occurred after the alkaline addition.

Even more hydrogeological and biological investigations were conducted
at the Red Oak coal mine near Red Oak in Oklahoma/USA before the injec-
tion of alkaline fluidised bed ash (Canty and Everett 1998, 1999). An exten-
sive tracer test, historical, and GIS-based site investigations were conducted
to define the potential flow paths and the hydrochemical development of the
acidic mine water within the flooded mine. From old mine maps, a mine vol-
ume of 1.6 - 10° m? was calculated with the mine pool having a volume of
1.1 - 10° m3. During the hydrogeological monitoring phase, the mean pH was
4.4, the electrical conductivity was 1.2 mS cm!, and acidity averaged
475 m L' CaCOs. Finally, 418 t of fluidised bed ash was injected into the
abandoned mine voids through wells using high pressure pumps (1.7—
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2.1 - 10° kPa) at an average rate of 84 m* h'! (110 yd* h'! in the original re-
port were wrongly given as 28 m? h!). After alkaline injection, the pH and
alkalinity increased, and the concentration of Al decreased significantly,
while most of the other parameters did not show significant changes. The au-
thors concluded that only some of the goals were reached but that the de-
sired water quality in the receiving stream could have been attained with a
greater alkaline addition. Based on their geochemical calculations, an addi-
tional 2,000 t of alkaline fluidised bed ash would have been necessary.

At the abandoned Broken Aro coal mine near Coshocton Ohio/USA, fix-
ated flue gas desulphurization sludge was used to create a permeable mine
seal. The sludge consisted of 35% calcium oxide, 21% sulphur dioxide, 10%
silica and other oxides, and thus contained a lot of potential alkalinity. The
mine water quality significantly improved after the installation of the plug,
and the contaminant load to the receiving water course was reduced up to
98% (Rudisell et al. 2001). However, the site has to be reclaimed again be-
cause the measures taken were not enough to guarantee the ecological qual-
ity of the Flint Run watershed. In principle, such mine seals can be consid-
ered as reactive barriers. Reactive mine seals were also investigated by
Penrose (1974). He investigated different limestone types and sizes for the
optimization of a permeable plug mine seal and concluded that the acid dis-
charge can be reduced if such “reactive” mine seals are used.

It is technically feasible to pump the mine water out of a mine, add alka-
linity to the water stream, and pump the alkaline water back into the mine.
Because low-density sludge from mine water treatment operations contains
large amounts of alkalinity, this sludge can also be pumped back into the
flooded mine workings. Experimental and modelled results clearly showed
an increase in pH and, after an initial mobilization, a demobilization of iron
and aluminium (Hansen 1998; Klinger et al. 2000a). The analytical data of
the Stralberg/Germany and Grube Einheit Elbingerode/Germany mines
clearly prove that the re-injection of such sludge does not pose negative en-
vironmental consequences to the receiving water courses (as long as the
water in the mine is not too acidic); in fact, the alkalinity of the mine water
increased (Kubiak 2007). It is possible that stratification in the mine water
bodies of the two mines favoured this effect, but this aspect has not yet been
investigated. A similar approach is being conducted at the Spreetal Nord-
ost/Germany open pit lake, which receives the LDS sludges from the
Schwarze Pumpe active treatment plant (discussed later in this section).

Another mine where in-situ alkalinity injection was attempted was the
Sherman Helms Ne 2 mine in West Virginia/USA (Burnett et al. 1995). This
mine had a 115 m? mine pool with an average flow of 4 L min'. About 400 t
of fluidised bed combustion by-products were pumped pneumatically into
four boreholes to improve the mine water quality and to prevent surface sub-
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sidence. Yet, the water quality was not affected by the fly ash during that first
investigation, as the fly ash did not get into contact with the mine pool, pos-
sibly due to a misinterpretation of the hydrodynamics of the mine water.
Later, more effective injection techniques were established, and the acidity
dropped by 83% (NRCCE — National Research Center for Coal and Energy
— News: 2 February 2005).

A more sophisticated in-situ project was conducted at the Tide Mine in
Pennsylvania/USA. The project consisted of three phases with different in-
situ treatment options involved (Houston et al. 2005):

e addition of sodium hydroxide, a bromide tracer, and an organic carbon
source into a recirculation scheme,

e carbon dioxide gas injection into the mine pool to suppress the gener-
ation of acid mine drainage

e passive alcohol addition to the mine pool to sustain sulphate reduction

In fact, using the terms in-situ and passive to describe the demonstration
study is inaccurate, and the injection of carbon dioxide cannot suppress the
generation of acid mine drainage. The chemicals were injected into the mine
water on-site and recirculated into the mine pool, which, along with the ad-
dition of alcohol into the mine water, are definitely active processes. Fur-
thermore, unless the carbon dioxide displaces the oxygen far above the mine
water table, in the unflooded disulphide-bearing strata, it cannot stop the for-
mation of acid mine drainage at its point of generation. Although the initial
results of the study seemed to be promising, it appeared that the treatment
was not sustainable, as can be seen from the last measurements they made.

Remining is another in-situ technique that can be used to remediate water
quality from underground mines. Remining, or daylighting, as it is also
called, converts the old underground mine into a surface mine; it improves
the water quality when the remaining coal (pillars or coal that could not be
economically mined at some time in past) is the major source of acid gener-
ation, and where the alkalinity in the overburden exceed the acid generating
potential. Additional alkalinity can be added to the overburden, the mine
backfill, or the daylighted mine environment (Hawkins 1995). By using acid-
base accounting tests, the necessary amount of alkaline material can be cal-
culated (Skousen et al. 2002). Remining, if done properly, can significantly
reduce the formation of acid mine drainage.

Other in-situ treatment options have been attempted in the Konig-
stein/Germany uranium mine and other mine sites in Saxony, including the
injection of chemicals into an uranium-bearing sandstone to reduce the hy-
draulic conductivity of the rock matrix, and the use of large tanks filled with
different types of reactive materials, such as resins, wood chips, and zero-va-
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lent iron (such as scrap iron). In the first case, Ba(OH),-8H,0, Na,SO5, water
glass, and a precipitation inhibitor was injected into the rock matrix at the
Konigstein mine to prevent the formation of acid mine drainage in some se-
lected parts of the mine (Jenk et al. 2005). Although large-scale experiments
were conducted, some leached blocks were partially passivated (selected ref-
erences are: Klinger et al. 2000b, 2002; Ziegenbalg 2005), none of those
promising in-situ treatment options were used as a final solution at the aban-
doned Konigstein uranium mine, presumably because large amounts of mine
water would still have to be treated. Schneider et al. (2001) conducted tank
experiments at two abandoned uranium mines and had promising results.
They used glass columns at those sites, which were filled with zero valent
iron, iron and lignite, lignite, and sewage sludge. Yet, the chemical reactions
involved the release of hydrogen gas, which would have to be removed to
avoid underground explosions.

An extraordinarally simple in-situ/on-site treatment option was suggested
by Merkel (2002). Based on geochemical calculations, he concluded that
mixing the mine water with unpolluted water could inexpensively treat the
large amount of acid mine water expected from an abandoned mine. This
was a twist on the “dilution is the solution to pollution” rule that used to be
the norm before environmental regulations went into effect. It seems as if
some people listened carefully to Merkel and that the mine operator found the
option potentially attractive (ZeiBler et al. 2005). Yet, this measure does not
reduce pollutant loads and is therefore not advised.

Red mud, a residue from aluminium production, and fly ash were consid-
ered as inexpensive alkaline materials that could be used for in-situ treatment
in the abandoned Freiberg/Germany silver-lead-zinc mines. It was suggested
that parts of the Reiche Zeche shaft (Fig. 15) could be filled with the material
to create a small reactive barrier within the shaft. Because a large amount of
the polluted water flows through that shaft, it was expected that the mine water
could be treated in-situ (Zoumis et al. 1999, 2000; Zoumis and Calmano 2000).
Yet, what they disregarded is that installing a relatively impermeable reactive
barrier would reduce the hydraulic conductivity of the shaft. Consequently,
the mine water would no longer drain through the Reiche Zeche shaft but
through one of the other shafts. Zoumis (2003) finally concluded that the bar-
rier was impractical for large-scale application because either the break through
time would be too short or the permeability of the barrier would be too low.

Finally, let’s briefly address the in-situ remediation of acidic mine lakes,
which commonly exist where large open pit mines once operated. Several
“in-lake” techniques have been applied to acidic mining lakes in the
Lausitz/Germany lignite mining area, with various amounts of success (Ben-
thaus and Nitsche 2005; Scholz 2005). Recent investigations have used CO,,
coal combustion ash, and LDS slime to add alkalinity (Loop et al. 2003;
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Merkel 2005). Yet, the addition of alkalinity without simultaneous reduction
of sulphide results in less success than the coupled acidity-sulphate reduction
associated with the addition of organics to stimulate bacterial sulphate re-
duction (Castro and Moore 2000; Koschorreck et al. 2002; Meier et al. 2004).

To finish on a more positive note, the abandoned Spreetal Nordost/Ger-
many mining lake is a flooded open pit lignite mine that annually receives
2 - 10% m? of alkaline residues (sludge) from a mine water treatment plant at
the Schwarze Pumpe industrial site. Because the low-density sludge of this
treatment plant contains large amounts of unreacted lime (CaO), the lake pH
ranges between 4 and 6. The buffering capacity in the lake is not yet high
enough to keep this pH level stable if the sludge addition were to stop (Wolf-
gang Rabe, pers. comm.), but a research project is underway at the TU
Bergakademie Freiberg to investigate possible ways to achieve a sustainable
pH in this abandoned mining lake (Merkel et al. 2005a; Merkel 2005).

11.7 Use of Mine Water

This section describes using treated as well as untreated mine water during
and after mining, and partially overlaps with section 5.2, which described
the use of post-mining areas in a more general way. A common post-mining
use of abandoned mines, especially underground mines, are visitor mines.
Their number goes in the thousands and because no special considerations —
unless safety procedures — are necessary, they will not be considered here —
which does not mean that they are economically unimportant as shown by the
Schwaz/Austria visitor mine with more than 100,000 visitors annually (Palme
and Ingenhaeff-Berenkamp 1993; Palme et al. 2002).

Use of mine water mainly depends on its chemical and physical quality. If
the quality criteria meet drinking water standards, mine water can be used as
drinking water (Burbey et al. 2000; Teaf et al. 2006), and several hundred
smaller and larger communities depend on such water supplies. Regular mon-
itoring is of course necessary to make sure that any changes in mine water
are recognised at an early stage. One of the larger cities that uses mines for
its drinking water reservoirs is Freiburg/Breisgau/Germany, though there the
mine water is only used to supplement the normal drinking water supplies,
when necessary (Wirsing 1995). In fact, several hundred mine water adits
are used for drinking water in German towns and cities, including Bayreuth,
Selbitz, Kassel, Bensheim (used as an emergency back up supply),
Obernkirchen, and Plettenberg (Thomas Krassmann, pers. comm.). Stengel-
Rutkowski (1993, 2002) lists at least 49 various abandoned mines in the
Rhenish Schiefergebirge, with discharges between 1 and more than 80 L s™!,
that are used for drinking water purposes. Stengel-Rutkowski (2002) also
discusses potential problems with drinking water supplies from underground
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mines in the Taunus region: high arsenic (up to 1.4 mg L!) and iron contents
(up to 18 mg L) in a polymetallic underground mine, and too low inflows
in relatively dry periods. None of those problems occurred to that degree in
the Lahn-Dill area. In the German Harz Mountains, the Teichtalstollen adit
near Konigshiitte is used as a secondary drinking water supply, but a tracer
test revealed a good hydraulic connection between a nearby abandoned day
shaft (Ahrendfeldschacht) and the drinking water gallery (Wolkersdorfer and
Hasche 2003; Ohly 2005). Because the shaft is situated in farm land, which
is used for sheep grazing, the drinking water may be affected by bacteria or
other pollutants.

Luckner and Hummel (1982) discussed quantitative and qualitative meas-
ures that could be taken to guarantee the drinking water supply in the East-
ern German lignite mining areas. However, mine water is used as a primary
or secondary source of drinking water at many locations around the world.
In the U.S., Varnell et al. (2004) reported that 70 communities in the state of
West Virginia use mine water, in most cases without any treatment other than
chlorination (Hobba 1987; Pack 1992). At the other extreme, at the St.
Aidan’s opencast coal site, in Leeds/United Kingdom, polluted mine water
was treated by reverse osmosis to supply drinking water (Wilson and Brown
1997). It was the largest reverse osmosis plant of that type, treating about
20,000 m* of mine water daily, and was planned to work for only one year
(Paul Younger, pers. comm.). Experiments were also conducted in Poland, for
a reverse 0smosis mine water treatment plant with a daily treatment capac-
ity of 2,500 m?, at the Pokoj coal mine (Magdziorz and Sewerynski 2000).

Underground mine waters have also commonly been used in spas, espe-
cially for people with diseases of the respiratory tract. One of the most promi-
nent European spas associated with underground mining is Bad Gastein in
Austria. Its 19 thermal springs, known since the 14" century, were described
by Paracelsus, and the list of well-known persons searching for health there
includes kings, politicians, and Pope Benedict XVI. Documented gold min-
ing in the area dates back to early medieval times (Ludwig and Gruber 1987)
and the most recent mining activities were conducted in the 1940s. The lat-
est development was the Gasteiner Heilstollen (formerly Paselstollen), a
radon health gallery, in Bockstein near Bad Gastein. During the Second
World War, the deposits of the Hohe Tauern were exploited and it was found
that in one part of the Paselstollen adit, elevated rock temperatures occurred
(the air temperatures range between 37 and 41 °C). The mine workers re-
ported positive health effects while they worked in the mine, so after the War,
the Paselstollen was investigated. It was found that it could be used for recre-
ational purposes and has been used since the 1950s. Today, the Gasteiner
Heilstollen can be used by up to 600 people. Like Bad Schlema, in Germany,
radon is the reason that people come to the Gasteiner Heilstollen, but unlike
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Schlema, the water from the mine and the famous thermal springs are also
used (Hayek and Wierer 1951; Exner 1952; Ludwig and Gruber 1987;
Bottcher et al. 1991; Z6tl 1995; Sohrabi 1998; Z6tl 2001; Franz Xaver Rieser,
pers. comm.).

The Franziskibad in Bad Héring/Tyrol uses the sulphate-rich mine water
of an abandoned hard coal mine which already was worked in the 19" cen-
tury (Angerer and Lechleitner 1893). The current spa water comes from an
exploration borehole that was sunk in 1951 to explore the coal and copper re-
serves (Lechner 2003). Other German spas that use mine water are Bad Sud-
erode/Harz Mountains, Feengrotten Saalfeld/Thuringia, and Alexisbad/Harz
Mountains. Another spa, used since the 17" century but closed in 1905, was
the Silbertaler Badli in Vorarlberg/Austria, which used iron-copper sulphate
water flowing out of an abandoned medieval copper mine (Vogt 2001). Mine
water from an adit at the Bad in der Au near Brixlegg/Tyrol was once used
to supply a spa, but today the Ca-SO4-water is bottled and sold as mineral
water.

Mine water is often used to drive turbines for the mine itself (Ddring 1993)
or for the surrounding communities. For example, at the Max-Braun-Adit,
Biberwier/Tyrol, a very small engine (less than 50 kW) that dates back to the
end of the 19" century is still in use (Wolkersdorfer 1991). This was one of
the earliest turbines ever used to produce electricity in an underground mine.
Two larger German installations, one in Clausthal and another in the Freiberg
mining area were abandoned in the late second half of the 20" century (D6-
ring 1993; Galinsky et al. 2001).

There are many examples of treated or untreated mine water being used for
recreational purposes, and only one outstanding case shall be mentioned here.
The Passagem de Mariana Gold mine, near Ouro Préto/Minas Gerais/Brazil,
was once a very productive gold mine but it was sold after the death of the
last owner; since then, it has been used as a visitor mine for divers and as an
underground pool. As in many gold mines of Minas Gerais, the arsenic con-
tent is very high and reaches 1.7 mg L' (Williams 2001), which apparently
does not deter people from swimming in the water (Fig. 95).

Another use of mine water is for power plant cooling and process water.
As long as the mine water is of sufficient quality (or can be satisfactorily
treated) so that it does not interfere with the technical operation of the cool-
ing system, it can be used for that purpose. Veil et al. (2003) investigated
mine water in Pennsylvania and West Virginia/USA, where more than
120,000 abandoned mines and consequently a large number of flooded mine
pools are available. In this area, six power plants are already using mine
water for cooling and process purposes. Among them is the Tremont 31-MW
block, which has used the treated Lyken mine discharges since 1986. The
GenPower LLC Maidsville 600-MW coalfired power plant (known as the
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Fig. 95. Pupils swimming in the arsenic contaminated mine water pool of the Pas-
sagem de Mariana/Minas Gerais/Brazil Gold mine.

Longview Power Plant) is currently being developed; commercial operation
is targetted for mid 2007. GenPower is going to use 1,600 m* h'! of treated
mine water from the Shannopin mine as a source of cooling water. The water
will be treated by a public/private partnership of Pennsylvania Department
of Community and Economic Development, the Pennsylvania Infrastructure
Investment Authority, AMD Reclamation Inc., and Dana Mining.

Treated open pit water is used as cooling and process water at the German
Janschwalde, Boxberg, and Schwarze Pumpe coalfired power plants. In 1999
21 - 10° m? of treated mine water were used for that purpose (Arnold and
Baumgarten 1996; Lausitzer Braunkohle Aktiengesellschaft 2000). At the
South African Tutuka Power Station, Eskom mine water (treated by a spiral
reverse osmosis plant) is used as cooling water (Buhrmann et al. 1999). Like
the Shannopin example, this allowed the company to simultaneously address
their cooling water requirements and the environmental problems caused by
a mine water discharge.

In some areas with a shortage of irrigation water, treated and untreated
mine water is being used for irrigation (e.g. Du Plessis 1983; Voznjuk and
Gorshkov 1983; Annandale 1998; Annandale et al. 1999, 2001; Jovanovic
et al. 2001; van Zyl et al. 2001; Annandale et al. 2002; Jiries et al. 2004).
Most of these studies have been conducted in South Africa due to the abun-
dance of mine water and the arid climate there. A key question being asked
is what kind of long term effects will using mine water for aquicultural crops
have on the soil, and ground or surface water? Soil balance models and
weather data generators were used to model the long term impacts of mine
water on the soil functioning. Jovanovic et al. (2001) modelled precipitation
of gypsum in the soil profile after an 11 year irrigation cycle, while van Zyl
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et al. (2001) discussed the desalination procedures possibly needed for irri-
gation water of that type. In another investigation, Annandale et al. (1999)
modelled a 30-year irrigation cycle and confirmed that gypsum would pre-
cipitate in the soil but stated that the soil is an effective sink for the salts in
the mine water and that there was a low potential of remobilisation. Given
this, they conclude that using mine water for irrigation “should be an effec-
tive and economical means of utilising large quantities of gypsiferous water
without causing irreparable damage to soil resources”. Though this is correct
for the chemical effects of the precipitates, it is not clear what long-term ef-
fect the blockage of the soil pores might have on the hydraulic conductivity
of the soil.

Mine water has also been used for heating and cooling purposes. In the
Henderson Molybdenum Mine (Empire/Colorado/USA), one of the world’s
largest molybdenum mines, the ventilation air was heated with heat ex-
changers from mine water (Jensen 1983). The Freiberg/Saxony Hospital uses
mine air from a 2.7 km long abandoned mine gallery in their ventilation sys-
tem. The temperature of the mine air is constant throughout the year and has
been proven to be microbiologically clean and dust free. Though mine water
is not directly connected to the Freiberg ventilation system, the energy needed
to evaporate the mine water in the gallery is one reason for the cool temper-
ature of the mine air (Weillenborn and Benthin 2003).

Another use of mine water is the recovery of metals from highly enriched
acidic waters by a process called cementation. The earliest reported use of
this technique was in China, as early as 1086 A.D. It has also been commonly
used in Europe since medieval Times, and in the USA since the 19 century
(Lung 1986). Lai (1980) reports on extracting copper from synthetic mine
water through a liquid membrane. Wright et al. (1995) also describe a suc-
cessful on-site experiment with unsupported liquid emulsion membranes for
the extraction of copper in an Arizona/USA copper mine. In all such exper-
imental set-ups, an extraction rate of more than 90% could be achieved. The
Mynydd Parys mine site in Anglesey/Wales (compare section 5.7.4) is an-
other mine where metals were extracted from the mine water (Boult 1996).
A similar experiment with liquid emulsion membranes was conducted in
Chile and resulted in similar recovery rates (Valenzuela et al. 1999). This ex-
perimental situation was modelled by Valenzuela et al. (2002) with a good fit
between the experimental results and the numerical model. Rare earth ele-
ments were extracted through a combined extraction/electrostatic pseudo lig-
uid membrane process by Yang et al. (1999). All those studies were con-
ducted in the laboratory or on an experimental field scale. However, at the
Hungarian Mecsekérc uranium (Pécs/Hungary) mine water treatment plant,
mine water polluted with radionuclides is treated using a membrane process,
and uranium is recovered from the treated mine water. In a second step, ura-
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nium oxide is produced and sold to the world market (Benkovics et al. 1997;
Gombkoto et al. 2002; Csovari et al. 2004).

11.8 Ground Water Protection

Ochreous precipitates emanating from mine portals provide obvious evidence
of polluted mine water at hundred of thousands of sites around the world.
Yet, the real challenge for the future is the protection of ground water and
aquifers from polluted mine water. Despite many site-specific studies that
have shown local impacts, it is not clear how much of a problem this might
pose to aquifers and even drinking water reservoirs.

We know that nearly every mining operation affects the natural ground
water system by either lowering the ground water table, polluting the ground
water with chemical compounds or suspended solids, changing the ground
water flow path, or by just changing the natural flow rates. The treatment of
aquifers polluted with acidity, alkalinity, or metals is not as simple as the
treatment of water discharging from shafts or mine portals, so the protection
of an aquifer has to be given special consideration. However, due to the low
flow velocities of ground water in slightly permeable rocks, natural attenua-
tion plays an important role in remediating aquifers affected by polluted mine
water. Karst aquifers may have much higher permeabilities, but also have
very high neutralization capability. However, in highly permeable fissured
aquifers, the situation might be problematic, as the natural attenuation
processes are too slow or not effective enough.

Because the potential pollution of ground water by mining activities is ob-
vious, many procedures exist to predict that contamination. Both, geochem-
ical modelling and reactive transport codes are used to predict the degree of
impact on the aquifers; most of the models used are sophisticated and pro-
duce reasonably good results (see chapter 8). It is therefore interesting to see
that potential ways to protect the ground water from mining induced pollu-
tion are limited and rarely used. Even Teaf et al. (2006) restrict themselves
to listing potential dangers and potential treatment options; they do not give
case studies where ground water was treated or protected from underground
mine drainage.

In-situ treatment options have already been described in section 11.6. A
frequently used option is a permeable reactive barrier (PRB). The first PRB
installed at a mining location was probably the one constructed at the Nickel
Rim mine site near Sudbury, Ontario/Canada (Benner et al. 1997). In Eu-
rope, at least four PRBs have been installed at mining locations: at the Az-
nalcollar/Spain site (Bolzicco et al. 2003; Gibert et al. 2004), the Pécs/ Hun-
gary uranium mine (Gombkoto et al. 2002; Simon et al. 2003; Csovari et al.
2004), the Shilbottle/United Kingdom mine spoil site (Younger 2002a;
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Younger and Elliott 2003), and between the open pit lakes Skado and Sed-
litz/Lausitz/Germany (Schopke et al. 2006). An experimental set-up with
good treatment results was installed at the Konigstein/Germany uranium
mine (Klinger et al. 2000b, 2002; Jenk et al. 2003). The long-term reliabil-
ity of the systems still has to be validated and many researchers have de-
scribed problems with the decreasing permeability of the system after it be-
came operational, especially in the Lausitz case, where researchers finally
concluded that the set-up could be used to construct sealing walls (Schopke
et al. 20006). Further investigations must ensure that those systems should
work at least as long as the peak of the first flush.

Classic pump-and-treat measures, commonly used in ground water reme-
diation, are very uncommonly used to treat ground water polluted by mine
water, though it is the standard procedure at many flooded abandoned mines.
To prevent the pollution of the Basal Permian Sands aquifer, a pump-and-
treat operation was installed near Horden/UK (Coulton et al. 2004).

One of the best known conflicts between safe mine closure and the in-
terest of protecting an aquifer used for drinking water purposes involves
the flooding of the German Konigstein uranium mine, where the flooding
might impact an aquifer that is used to supply the cities of Pirna and Dres-
den (Biehler and Falck 1999; Merkel 2002; Schreyer et al. 2002). Some po-
tential remediation measures for the Konigstein mine are described in sec-
tion 11.6. Another, large scale, ground water pollution area is the German
Lausitz lignite mining area with pH-values as low as 3 (Nixdorf 1999;
Griinewald 2001; Rolland et al. 2001; Nixdorf and Deneke 2004; Fyson and
Nixdorf 2005). Based on the assumption that all the ground water in the
area is to some degree polluted, a volume of 2 - 10'® m? of ground water is
affected. After more than 15 years of research and an unknown number of
remediation techniques, the ground water situation has not significantly im-
proved.

One key procedure to protect ground water from polluted mine water is the
sealing of waste disposal or tailings sites (see section 5.4.2). Covering such
facilities results in a significant reduction of pollutant loads and therefore
can be seen as an imperative measure to protect ground water reservoirs (e.g.
Sheibach et al. 1982; Brandberg et al. 1993; MEND [Mine Environment
Neutral Drainage Program] 1994; Cabral et al. 1997; Elander et al. 1998;
Waugh et al. 2001; Carlsson 2004). Modern tailings dams, such as the Rio
Narcea El Valle and Carlés gold mines and the Aguablanca nickel mine (As-
turias/Spain), are underlain by a geomembrane to prevent seepage water pol-
luting the ground water. Such geomembranes, which can also be used for
tailings impoundments, typically concist of HDPE or PVC. Another option
to prevent or even minimise the impacts of tailings or waste rock material is
to add alkaline material (Wisotzky 2001).
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This is a good place to discuss the negative impacts of abandoned ISL (in-
situ leaching or solution mining) mines on ground water quality. Solution
mining for uranium, copper, or sulphur significantly changes the aquifer be-
cause the acid, basic, or hot solution as well as the pumping alters the host
rocks and mobilises metals and arsenic, which can pollute nearby aquifers
(U.S. Environmental Protection Agency 2000). Yet, there is usually not much
open space to be flooded and therefore ISL mines are not really addressed by
this book. Two exceptions would be the Konigstein/Germany uranium mine
and the White Pine/USA copper mine. Both mines started as conventional
underground operations and were converted to in-situ leaching mines there-
after, and have already been discussed in earlier chapters or in the case stud-
ies hereafter (e.g. Lewis et al. 1997; Jakubick et al. 2002). A well investi-
gated ISL site is the Straz/Czech Republic uranium deposit that was mined
from 1967-1996 and is intensively discussed in the literature about this mine
site (e.g. Frydrych et al. 2000; Novak 2001; Smetana et al. 2002). Because
of the experiences gained during the abandonment of these three ISL mines,
modern mines of that type are planned and operated in a more environmen-
tally safe manner (Kalka et al. 2005).

In conclusion, the protection of ground water from polluted seepage em-
anating from spoil heaps, waste rock piles, or tailings dams is a common pro-
cedure that is used wherever aquifers have to be protected from negative in-
fluences. However, the protection of ground water from flooded mine sites
is not yet a common procedure. In general, the engineering methods are not
fully developed yet and the costs of preventing polluted mine water from im-
pacting the ground water are not economically feasible.



Thispageintentionallyblank



12Flooded Underground Mines: Case Studies
12.1 Introduction

In the following chapter, 13 case studies for flooded underground mines are
described in detail (Fig. 96). The first six examples focus on sites with strat-
ified mine water, where no tracer test has been conducted so far, whereas an-
other six examples are flooded underground mines where extensive tracer
tests have been carried out to evaluate the hydrodynamic regime of the mine.
The last section summarises salt mine examples. All known and published in-
vestigations are described and discussed in this chapter. How the knowledge
gained about the hydrodynamics of mine water and potential stratification
might be used as a remediation measure is addressed at the end of section
12.9.4.

Down-hole probes for physico-chemical measurements in flooded mine
shafts or wells connected to the mines usually measure pressure, temperature,
electrical conductivity (or resistivity; due to space restrictions some of the
following figures are labelled with ‘conductivity’ instead of ‘electrical con-
ductivity’), pH, redox potential (£};) and oxygen. While the measurement of
pressure, temperature, or electrical conductivity, even at great depths, is less
problematic, the electro-chemical probes for pH, redox potential, and oxygen
are restricted in their application (Schindler et al. 1995), though the modern
LDO oxygen sensors can also be used under higher pressure conditions
(Kortzinger et al. 2005). This results from the mechanical arrangement of
the probes, which are constructed of glass parts and membranes being ex-
posed to the depth or salinity dependent pressures. For the Hope/Germany in-
vestigations, mis-measurements due to pressure-effects of the probes were

Fig. 96. Worldwide location of the flooded underground mines discussed in this
chapter.
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excluded by using a specially constructed down-hole probe for pressure-free
measurement of all the relevant parameters within the water (GSF —
Gesellschaft fiir Strahlen- und Umweltforschung 1986). Unfortunately, this
probe has a diameter that usually excludes the probe from being used in small
wells or shafts with damaged pit frames, but in-situ probes with smaller di-
ameter are now available (Schindler et al. 1995). Due to the above-described
limitations of the probes, some measured parameters, especially pH or the
redox potential, must be interpreted with precaution. Another effect, which
was observed in the Niederschlema/Alberoda uranium mine, is the overlap of
two potentials: the self-potential of the rocks and the redox potential of the
mine water. In some cases, the differences between the redox potential meas-
ured in the shaft and at the surface was as high as 200 mV, so that calibra-
tion of the probe failed. Usually, the self-potential method is used for geo-
physical investigations of ore deposits (Wobking 1982; Giese et al. 1994;
Corwin 1997).

Fluctuations of the electrode signals, due to random signals or noise, are
common in the situations described here. Such random signals or noise is
typical for signal detection and information transmission and can be due to
mechanical or electrical noise (Carlson et al. 2002). If they are ergodic, they
usually do not cause problems for the measurement of physical parameters.
Yet, such fluctuations can also be real, as in turbulent flow situations, or a
malfunctioning electrode (Fig. 97). In some cases, both effects might be in
the same range, but usually, extreme signal fluctuations are due to electrode-
dependent drift or noise — whatever the cause. Systematic errors during
down-hole measurements usually shift the measurement to higher or lower
values, while random errors cause peaks in the curve.

Although these effects must be kept in mind, they will not be further dis-
cussed here. Readers interested in them and what kind of filter algorithms
deduced from communication systems can be used are referred to the litera-
ture (e.g. Carlson et al. 2002). In the following chapters, several examples of
stratified and unstratified flooded mine shafts will be described using a sim-
ilar style for each case study. It will not be possible to give all the geologi-
cal, hydrogeological and mining relevant data for each of the cases reported,
either because they are not available or due to a lack of space. However, the
relevant literature for each mine is given in the respective introduction or
can be found in the literature cited.

Stratification of the water body occurs in many mines. Most published pa-
pers describe the stratification effect, without trying to explain the physical
causes. A very similar situation can be found for publications on mine water
tracer tests. Though described in several publications, only one publication
so far summarised the results of different mine water tracer tests and draws
some first conclusions out of those tests (Wolkersdorfer 2002b).
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Fig. 97. Temperature and electrical conductivity depth profiles with a malfunction-
ing downhole probe. Several reasons are possible and they cannot always be de-
duced from the measurement. The probe came back to normal operation at a depth
of about 63 m.

12.2 Northern Anthracite Fields, Pennsylvania, USA
12.2.1 Description of Location

Mining in the Pennsylvanian Anthracite Fields/USA started in 1807 and
ceased in the mid-1970s. During that time, about 5 - 10° t of anthracite were
mined in four areas, of which the Northern Anthracite Field covers 456 km?2.
An extensive dewatering scheme was installed during operation to dewater
the mines, which were as deep as 450 m below sea level. Even then, the mine
water was highly acidic (Felegy et al. 1948), causing damage to the pump-
ing machinery. The Henry colliery, for example, pumped some 28 m? min’!
in 1950 and discharged the untreated water to surface streams. After the
mines were abandoned, the pumping stopped and the flooded area now cov-
ers approximately 175 km? More than 95% of the open voids were flooded
in 1972; the Wanamie colliery was the only working colliery left (Stuart and
Simpson 1961; Erickson et al. 1982; Ladwig et al. 1984).

When the water table rose, the mine water became enriched in contami-
nants and created a strongly acidic mine drainage that discharged through
several point- and non-point-discharges. In addition, the rising mine water
table caused flooding of homes and surface subsidence (Erickson et al. 1982).
Four drainage adits (“outfall discharges”) were developed to limit the extent
of the flooding, and discharge a maximal annual mean flow of 63 - 10° m? of
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highly contaminated mine water from the Wyoming Basin. Due to the long
mining history in the area, with many interconnections between the mines,
goaf, or collapsed voids, the flow system is highly intricate, with a general
flow direction towards the drainage adits. Though the mine water quality
steadily improved, the contaminant levels were still extremely high in the
1980s. The pH ranged between 5 and 6, sulphate between 1 and 2 g L', and
the acidity between 100 and 400 mg L' CaCO3, with a strong trend to change
to alkaline conditions (93% were already alkaline in 1984). The first report
of stratification in flooded underground mines was published from the Penn-
sylvanian Anthracite fields (Stuart and Simpson 1961; Fig. 98).

Geologically and structurally, the Northern Anthracite field is a crescent-
shaped syncline striking in a northeastern direction. It comprises many dis-
continuous folds, flexures and faults, of which a major saddle structure di-
vides the basin into the southwestern Wyoming and the northeastern
Lackawanna Basins. The host rocks of the anthracite are Upper Carbonifer-
ous (Pennsylvanium) conglomerates, sandstones, and shales interbedded with
18 workable coal seams and a total thickness of 610 m. They are underlain
by Devonian sandstones as well as conglomerates and partly overlain by
Pleistocene till (Erickson et al. 1982; Ladwig et al. 1984).
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Fig. 98. First known, depth-dependent pH measurements in the Pennsylvanian
Northern Anthracite field (modified after Stuart and Simpson 1961).
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12.2.2 Appearance of Stratification

Between 1961 and 1984, twenty shafts, eight of them more than once, were
studied by Stuart and Simpson (1961), Barnes et al. (1964), Erickson et al.
(1982), and Ladwig et al. (1984; Table 24). Stuart and Simpson (1961) meas-
ured pH in flooded shafts, realising that in nearly all of them, water with
higher pH overlaid mine water with low pH, indicating a clear stratification
with two major mine water bodies in the pools (Fig. 98). Comparing their re-
sults with those of Erickson et al. (1982) and Ladwig et al. (1984), measured
20 years later, indicates that the stratification was stable between the 1960s
and 1980s while the mine water quality in the flooded mine workings no-
tably improved (Fig. 99).

Five of the nine shafts investigated by Ladwig et al. (1984) showed a clear
stratification, indicated by abrupt changes in the parameters measured (Fig.
100). It can also be seen that the stratification appears at a depth of 20-100
m a.s.l. (meters above sea level) even though the distance between the shafts
is 15 km (from NW1 to SEUI, Fig. 99 to Fig. 101). The electrical conduc-
tivity tends to increase in an east-west direction, from about 400 pS cm™ to
1,000 uS cm in the shallow layer and 1,000—1,400 uS cm™ in the deeper
one. Based on their similar physico-chemical behaviour, the shallow layers
seem to be more isolated from colliery to colliery, while the deep ones are
better connected. According to Ladwig et al. (1984), “the deep zone reflects
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Fig. 99. Depth—conductivity plots of four shafts in the Northern Anthracite/USA
mining field (modified after Erickson et al. 1982).
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Fig. 101. Depth resistivity, pH, and redox plots of the Truesdale-Bliss Colliery SEU2
shaft on 17 to 18 November 1981 (modified after Ladwig et al. 1984).

the poor water quality in a more stagnant subsystem”. If that was true, the
variations between the measurements in a single shaft should be very small,
those between the different shafts be significant large, and there should be no
fluctuations during a down-hole measurement. In fact, the physico-chemical
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Table 24. Shafts where mine water stratification were studied in the Pennsylvanian An-
thracite fields. Each line corresponds to a single shaft, each of which was named differ-
ently by the authors. k: electrical conductivity; res: resistivity; T: temperature. Refer-
ences: !: Stuart and Simpson (1961); 2: Erickson et al. (1982); 3: Ladwig et al. (1984).

Mining field Shaft Colliery Parameters

North-west! 23 NWI1, 4F1, Red Henry Fig. 99 x, pH, Eyy
Ash
North-west> 3 NW2,3AA3 Gaylord Fig. 99, «, pH
Fig. 100

North-west> 3 NW3, 5R4 Ne 6 x, pH, Eyy
North-west>?3 NW4, 3HH3 Kingston x, pH, Eyy, res
North-west? 6G2 Nottingham K
North-west! Red Ash Exeter pH
North-west! Ne 1 Schooley pH
South-east Upper!  Ne 2 Ne 7 pH
South-east Upper®3 SEUI, 1F2 Bliss Fig. 99 K, res, T, Ey
South-east Upper®?  SEU2 ”ﬁréllesdale Fig. pH, Ey, res
South-east lower>® SELI1, 3P1 I;gllenback Fig. «, pH, Ey, res
South-east lower>3 SEL2, 4H2 Peach Orchard x, pH, Ey
South-east lower>® SEL3, 2F1 Loomis k, pH, Eyy, res

South-east lower!  Clear-Spring Clear-Spring pH

South-east lower!  Ne 5 South Wilkes- pH

Barre
Eastern Middle! Hazelton Hazelton pH
Western Middle' Locust Gap Locust Gap pH
Western Middle! Reliance Reliance pH
Western Middle' Ne 5 Packer Ne 5 pH
Southern' Ne 10 Greenwood pH

measurements and some of the chemical analyses imply that turbulent flow
likely occurs in the deeper layers.

Erickson et al. (1982) concluded: “All the parameters monitored in the
preliminary field studies indicate that most sharp changes in water quality
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occur near the elevation of mined-out seams intercepted by the shafts. Con-
sequently, such voids must be significant flow conduits for mine pool circu-
lation. Smoother depth profiles would be expected if the mine pool complex
was well mixed or if flow was slow enough to allow chemical equilibrium”.

12.3 Picher Mining District, Oklahoma, USA
12.3.1 Description of Location

Located in northeastern Oklahoma/USA, the Picher Mining District was one
of the world’s largest lead-zinc mining fields, covering an area of 186 km?
(the studied area covers about 40 km?) and originally containing ore reserves
of 1.22 - 10® m®. Mining of galena and sphalerite started between 1891 and
1901 and ceased in 1976 with a peak period between 1915 and 1920, when
230 mines were under operation. During the Second World War, 63 major
pumping stations pumped a maximum of 60 m* min' of mine water out of
the mines; this decreased to 24 m? min' after the War. The deepest mines in
the Picher Mining District reached a depth of about 200 m below the sur-
face; the volume of the flooded voids totalled up to 4 - 107 m®. Due to the
room and pillar mining technique, pyrite- and marcasite-bearing waste ma-
terial was deposited in the mined-out areas, giving rise to highly contami-
nated acid mine water with pH values of 4 to 5. Furthermore, the mine water
is enriched in zinc and iron, reaching up to 150 mg L' of each. In 1979, the
water levels reached the surface, finally discharging into Tar Creek (Sheibach
et al. 1982; Spruill 1983, 1987; Parkhurst 1987, 1988; Suman et al. 2000).

The oldest rocks in the Picher Mining District are Ordovician dolostones
with interbedded sandstone layers, which are in places overlain by Devon-
ian shales. Above the shales and dolostones, lies the ore-bearing lower Car-
boniferous (Mississippium) Boone Formation with a thickness of 110 to
120 m. This formation consists of greyish, karstified limestones and cherts
and is a good drinking water reservoir outside of the mining area. Pennsyl-
vanian age strata, mainly shales and sandstones, lie above the Mississippian
rocks. Bedrock strata in the area are faulted and folded and dip slightly to the
northwest with angles of around 0.2°. Sphalerite and galena were the eco-
nomic minerals mined in the area. Above that, chalcopyrite, enargite, pyrite,
and marcasite were found in uneconomic quantities. Common gangue min-
erals were jasperoid, dolomite, calcite, quartz, or barite. Besides that, sec-
ondary minerals such as smithonite, calamine, anglesite, cerussite, malachite,
epsomite, or gypsum were found (McKnight and Fischer 1970; Tar Creek
Superfund Task Force Water Quality Subcommittee 2000a). Genetically, the
mineralisation in the Picher Mining District belongs to the Mississippi-Val-
ley-Type (MVT) deposits.
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In January 2000, the Tar Creek Superfund Task Force was appointed in
the Picher Mining District to “[develop] a comprehensive remediation plan
for the ill-fated area of north-eastern Ottawa Country” (Griffin et al. 2000).
During its eight months of work, the Task Force, consisting of eight sub-
committees, developed a remediation plan for the whole area. In addition,
the Mine Shaft Subcommittee identified more than 1,300 shafts in north-
eastern Oklahoma and assumed that there were up to 2,600 abandoned shafts
in the whole Tri-State mining district. They recommended an extensive 5-
year shaft and hole closure programme to plug all known shafts in the area
(Suman et al. 2000).

12.3.2 Appearance of Stratification

In 1978, Playton and Davis (1978) and Playton et al. (1978) published the
first results of their measurements in abandoned mine shafts of the Picher
Mining District. Two years later, they published a comprehensive report on
their findings (Playton et al. 1980). Seven mine shafts were sampled by
physico-chemical parameters at different depth intervals, taking up to 8 water
samples. Most of the sampled shafts showed a clear stratification identified
easily by the specific electrical conductivity and the pH, and given the extent
of the mine field, it can be concluded that it is the largest stratified mine water
body known so far. Two water layers were observed: an upper one charac-
terised by lower electrical conductivities (0.7-1.9 mS cm) and higher, cir-
cum-neutral pH, and a lower one with higher electrical conductivities (3—
4 mS cm™!) and acid pH. In most shafts, the boundary between the two mine
water bodies could be observed at a depth between 185 and 195 m a.s.l.;
shafts above that elevation showed no clear stratification. Playton et al.
(1980) realised that no clear spatial variation of the physico-chemical data
could be observed. Furthermore, they discussed the fact that cooler water
overlay warmer water and concluded that “an unstable thermal-stratification
condition apparently exists” which is masked by the higher density of the
higher mineralised water. Yet, they forgot that the stability of a stratified water
body is a result of water density, which is a function of the water tempera-
ture and its mineralisation. Applying the UNESCO polynomial (Fofonoff
and Millard Jr. 1983), the density of the upper layer at 14 °C and 1 mS cm’!
is around 999.7 kg m= and the density of the lower layer at 15 °C and
4 mS ecm! is around 1001.2 kg m (Fig. 41). No explanation was given for
the stratification of the mine water body.

Sheibach et al. (1982) also reported that less mineralised mine water was
overlying a mine water body with a higher mineralization and lower pH val-
ues, though the separation of the two water bodies was at a depth of about
50 m (Fig. 102). In the three shafts where they took samples (Kenoyer, Con-
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sol 2, and Lawyer shafts), the total dissolved solids ranged roughly between
1 and 3 g L in the upper and 3.5 and 5 g L' in the lower mine water pool.
In the same shafts, the pH was circum-neutral in the upper and acidic (pH 4—
5) in the lower parts. Without further investigations, they concluded that the
stratification might have been a result of acid-producing waste rock left in the
deeper parts of the mines.

More than 20 years later, DeHay (2003) and DeHay et al. (2004) reinves-
tigated the Picher Mining District. Though the electrical conductivity had
decreased from a range of 3.5-4.5 mS cm™! to 2.5 mS cm, and the pH had
increased from 5.5—6 to over 6, the stratification patterns in the mining field
were similar to those of the late 1970s and early 1980s. The boundary
between the lower and the upper mine water bodies was approximately at
185-202 m a.s.l. and was indicated by a significant jump in the electrical
conductivities and in the concentrations of the water constituents. Age de-
terminations in the shafts with stratification showed that the lower mine water
body had a significant higher mean residence time than the upper one (1980s
in the lower, 1990s to early 21% century in the upper layer, with some ex-
ceptions from this general rule). Though the water was flowing through the
mine pool, the stratifications stayed very stable during the past 20 years. Not
enough data are presented by the authors for a more detailed description.

12.3.3 Conclusions
Based on the data presented by the several investigators between the 1980s

and 2004, the stratification in the Picher Mining District remained very sta-
ble for nearly 25 years with physico-chemical parameters of the upper and
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Fig. 102. Depth dependent pH and TDS measurements in three shafts of the Picher
mining field (modified after Sheibach et al. 1982).
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lower mine water body being very similar in all the investigated cases. This
shows, on the one hand, that the hydrodynamic connection between the upper
and lower mine water bodies is extremely poor and no convective flow be-
tween those two is taking part. On the other hand, the similar physico-chem-
ical parameters in each of the water bodies leads to the conclusion that they
are hydraulically well connected, as can also be deduced from the mean res-
idence times of the mine water. Furthermore, the measurements in the shafts
show that the flow is dominated by convective flow and not by diffusive flow,
because the electrical conductivities and temperatures in the different depths
are very similar in each shaft. One exception is the Royal shaft, which has,
from the top to the bottom of the upper layer, an increasing electrical con-
ductivity from 1.2 to 8.5 mS cm!. Diffusion-controlled flow appears to dom-
inate in this shaft and the age determination of the water in fact differs from
the other shafts investigated: it is about 35 years old.

No tracer test has yet been reported for the Picher Mining District. It would
be interesting to see if the water age determinations would be validated by a
tracer test or not. Furthermore, such a test could be used to characterise the
type of stratification in the District.

12.4 North-Rhine/Westphalian Coal and Ore Mines, Germany
12.4.1 Description of Locations

Coldewey et al. (1999) investigated 19 shafts and wells in the German Ruhr
(Niederrhein-Westfalen: Lower-Rhine/Westphalia) and the Aachen coal field
as well as the Sauerland ore mining areas (Table 25). Besides the physico-
chemical parameters measured with down-hole probes (temperature, elec-
trical conductivity, pH, £y, and pressure), they analysed (in the laboratory)
water samples collected from discrete depths in the shafts. Furthermore, they
conducted a laboratory experiment to investigate and understand some of the
stratification patterns in the flooded shafts. The following descriptions are
only based on the work of Coldewey et al. (1999) if they are explicitly cited.
Otherwise, what is presented here is a personal interpretation of their raw
data, which in parts deviates from their findings.

All three mining areas differ geologically, although all of them belong to
the same geological system: the rheno-hercynian zone of the middle Euro-
pean Variscan orogeny. While the comparably small Aachen coal mining area
is part of the Ardenne mountain chain, the Sauerland, easterly from it, is part
of the Rhenish Schiefergebirge, and the Ruhr area, north of the Rhenish
Schiefergebirge, is in the molasse trough of the Rhenish Schiefergebirge. De-
vonian and Carboniferous rocks dominate and due to the excellent surface
outcrops and underground profiles, many locations became the locus typicus
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Table 25. Shafts and wells investigated by Coldewey et al. (1999). «: electrical con-
ductivity; T: temperature.

Mining Area Shafts, wells Parameters

Aachen Eduard-Schacht, Emil Mayrisch 1, von- x, T
Goerschen-Schacht, Willem II

Ruhr Shafts: Friedlicher Nachbar, Friedrich, x, T, pH, Ey
Hermann 1, Hermann 2, Radbod 7, We-
hofen 1;

Wells: B4B, Landwehr 1, Landwehr 2,
Schacht 7, Stuckenbusch 1, Stuckenbusch
2, Millinger M2
Sauerland  Sicilia Schacht k T

for their stratigraphic units (e.g. Siegenium, Emsium, Eifelium, Westfalium,
or Namurium). All investigated Aachen shafts are within the Wurm syncline,
the easternmost part of the Namur syncline, filled with Carboniferous sandy,
silty, and clayey deposits of Namurian C to Westfalian B (+ lower Pennsyl-
vanium) age. This syncline runs in a southwest—northeast direction, dips with
less than 20° in a southerly directions, and, because of faulting, the syncline
is divided into several blocks that intersect the coal seams. Of minor impor-
tance are the overlying deposits of the Buntsandstein and Cretaceous ages.
During the Tertiary and the Quaternary, the Carboniferous rocks were over-
lain by 200-300 m thick sediments. East of the Ardenne mountains, and also
east of the river Rhine is the Rhenish Schiefergebirge, with several thousand
smaller and larger lead, zinc, and pyrite ore deposits and a large number of
small, but long west-southwest—east-northeast striking synclines and anti-
clines as well as faults. The oldest rocks are of Silurian age and the youngest
belong to the Westfalium C. In the close vicinity of the Meggen pyrite-zinc
mine, which hosts the Sicilia shaft, the rocks are of middle Devonian age
and consist of sandy to clayey sediments, overlain by upper Devonian schists
and limestones; the overall thickness reaches 1,000—1,600 m. By far, the
largest German coal mining district is the Ruhr area north of the Rhenish
Schiefergebirge, which hosts about 100 coal seams of different productivi-
ties and thicknesses. A characteristic of the Ruhr area are up to 100 km long
west-south-west—east-north-east striking synclines and anticlines, which
are intensively internally folded and faulted. Those tectonic structures caused
severe problems for the miners, as they had to extract the coal from steep
seams; following the coal seems was sometimes difficult for them (Walter et
al. 1992; Schonenberg and Neugebauer 1997).
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Of the three mining localities investigated, the Aachen area and the
Meggen mine are abandoned, whereas the Ruhr coal mining area is still in
operation. Both Aachen and Meggen were abandoned in 1992 and have
flooded since then (Heide and Hasse 1997, 1998; Heitfeld et al. 2002), whilst
the Ruhr coal mining area has only been flooded in the parts that are not di-
rectly connected to the still working mines in the northern part of the Ruhr
coal mining area.

12.4.2 Appearance of Stratification

In total, 24 continuous and discontinuous measurements were conducted in
mine shafts and 23 measurements were made in wells. At a first glance, it
seems as if no general conclusions can be drawn because the results of the
measurements vary from shaft to shaft and from well to well. Yet, there are
some characteristic similarities in the depth-dependent parameters:

zones with constant physico-chemical parameters
zones with gradually changing parameters
sudden changes in the parameters

transition zones.

The electrical conductivity and temperature, usually, but not always, in-
creased with depth, and sudden changes of parameters usually occurred at the
shaft’s onsetting stations (Fig. 103), which was seen nicely at the Meggen Si-
cilia shaft (Fig. 104). These sudden changes were very constant with respect
to depth, so that even measurements in different years were relatively con-
sistent. The geothermal gradient did not seem to have an important influence
on the temperature-depth profiles of the shafts, but did in the small diameter
wells. The ground water in the Ruhr coal mining area is usually highly saline;
the electrical conductivity in the shafts and wells can range from several
milli-Siemens up to 189 mS cm!. Because the deeper mine zones are com-
monly overlain by ground water of lower conductivities, the density differ-
ences are very large and the stratification is therefore constant for a long time.
Though the transition zones are commonly small between different water
bodies, there can also be transition zones, with thicknesses of up to 20 m,
which seem to be more typical for wells than for shafts (the Landwehr 1 shaft
shows such a 20 m transition zone). This occurs because the flow in a shaft
is better established than in a well. Some shafts show a stepwise change in
the salinity or temperature (e.g. Hermann 1, Sicilia, Fig. 104), which could,
at least for the Hermann 1 shaft, be due to double-diffusive convection (see
section 7.2.1 for explanations), though there is insufficent data in the report
to verify this hypothesis. In the Sicilia shaft, the steps are clearly linked to the
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Fig. 104. Temperature and electrical conductivity measurements in the Sicilia shaft
of the abandoned Meggen/Germany mine (modified after Coldewey et al. 1999).
Horizontal lines indicate the levels in the mine.

on-setting station and might therefore reflect different flow cells or the inflow
of water with different physico-chemical parameters.

The 23 measurements in the seven wells are of limited use in interpreting
stratification patterns. Water in wells is not affected by free convective flow
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because of the small diameter to length ratio, in which the Rayleigh number
(Ra) might be smaller than the critical Rayleigh number (Ray ). This is true
for both cased and uncased wells. Therefore, the temperature and electrical
conductivity patterns observed in the B4B, Landwehr 1, Landwehr 2, Schacht
7, Stuckenbusch 1, Stuckenbusch 2, and Millinger M2 wells could be due, at
least in part, to the hydrodynamics occurring in stagnant water in the small
diameter pipes (see also Ronneburg uranium mine). However, at least some
of the wells clearly show the characteristic depth profiles for diffusion-dom-
inated transport.

12.4.3 Laboratory Experiment

Coldewey et al. (1999) built a “laboratory mine,” with a 0.5 m diameter and
0.8 m height, to investigate and understand some of the stratification patterns
in the flooded shafts. Because no similarity calculations were conducted and
no Rayleigh numbers were used to downscale the real world situation, the
laboratory experiment is of limited use in explaining the stratification or hy-
drodynamic situation of the flooded underground mine. The temperature and
salinity distribution during the 14 months of the test clearly proves that the
flow within the system was — as could be expected from the experimental
set-up — controlled by diffusive flow. Their interpretation of an upward/down-
ward flow in the shafts is — due to the scaling of the system — physically not
comprehensible and their temperature and salinity logs clearly show that the
difference between the two shafts was negligible.

Overall, the results of the experimental mine show more similarities with
the measurements from the wells than with those of the shafts. Therefore,
there is no urgent need to discuss more of the results of this laboratory
mine.

12.4.4 Conclusions

The final temperature—salinity profiles of a shaft or a well are clearly unpre-
dictable. It is highly likely that steps or transition zones will occur at onset-
ting stations, but which onsetting station will exhibit such steps seems to be
unpredictable. Interestingly, once stratification occurs, it appears to be rather
constant, even over time scales of several years or even decades. Stratification
in shafts is characterised by small transition zones between different mine
water bodies, where wells have usually larger transition zones. Another in-
teresting feature is the fact that — though the depth of the different mine water
bodies seems to be rather constant — this is not true for the electrical conduc-
tivities within the different layers. There seems to be a common trend that
electrical conductivities decrease with time, such as in the Willem II and
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Friedrich and in the lower parts of the Sicilia as well as the Gliickaufsegen 3
shafts. These differences prove that the water is not in a steady state condition.

12.5 Ronneburg Uranium Mine, Thuringia, Germany
12.5.1 Description of Location

Ronneburg is located in Thuringia/Germany, 8§ km southeast of Gera and
50 km west of Chemnitz. Uranium mining by the former Soviet-German
company, SDAG Wismut, started there in 1951 and stopped in 1991. During
that time, several interconnected underground mines with a total volume of
68 - 10° m* were under operation, of which 44 - 10° m? are backfilled; a now
backfilled surface mine with a volume of 160 - 10° m* of open space covered
a total area of 60 km?. There were 22 mine levels at depths of 30 to 940 m
below the surface, interconnected by 40 shafts, totalling to a length of 3,000
km. In 1998, flooding of the underground mines started, following the in-
stallation of about 120 underground dams to separate areas with high pollu-
tion potentials from those with low ones. Only the deep and isolated mine
parts, adding up to 0.8 - 10° m?, were already flooded between 1989 and 1997.
Final seepage of the mine drainage water is expected to occur at several topo-
graphic low areas, especially in the Gessenbach valley (Unland et al. 2002).
To control the flooding process and to prepare for possible unexpected flood-
ing situations, a 600 mm monitoring and pumping well and 20 monitoring
wells were constructed, as the shafts were backfilled. While the mine water
in the southern fields has to be treated to remove uranium, radium, iron, ar-
senic, and potentially toxic metals, the mine water in the northern field will
probably not need treatment. The end of flooding was projected to occur be-
tween 2003 and 2005, and it is anticipated that treatment will be required for
another 20 years (Gatzweiler et al. 2002; Paul et al. 2002). As of March 2007
no water has discharged yet.

All of Ronneburg’s uranium deposits (Schmirchau, Reust, Paitzdorf, Beer-
walde, Drosen, Dittrichshiitte, Lichtenberg, and Stolzenberg) are located
within the northwest—southeast-striking Nejdeck-Crimmitschau-fault-zone,
which also hosts the important Joachimsthal/Bohemia and Aue/Saxony ura-
nium deposits (Zentralinstitut fiir Physik der Erde 1989; Lange and Freyhoff
1991; Biider and Schuppan 1992; Meinel 1993). Typically, the strata-con-
trolled deposits form lenses and stock works within Palaeozoic pyritic black
shales, limestones, and diabases (Dahlkamp 1993: Type 16). Besides the Sil-
urian Graptolithenschiefer, Ordovician shales and Silurian carbonates (“Ock-
erkalk”) are abundant and the rocks contain 0.5—7% sulphides, 0.5-9.5% or-
ganic carbon, and 40—-60 ppm uranium. A total of 111 kt of UO, were
produced (Szurowski 1968; Lange and Freyhoff 1991; Dahlkamp 1993).
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An extensive effort to model flooding and post-flooding scenarios was
previously undertaken at the Ronneburg mine site. Gatzweiler et al. (2002)
attributed the insufficiency of the modelling results to the "complex mine
structure, size and nature of the influenced ground water regime and chang-
ing infiltration water quality due to ongoing remediation work at the sur-
face”. As discussed earlier, the reasons the modelling failed was mainly that
such systems are chaotic systems (see section 7.1.2); they cannot be numer-
ically modelled far into the future because the accuracy of such models is
quickly lost!

12.5.2 Appearance and Interpretation of Stratification

Stratification was observed in the uncased monitoring wells since the begin-
ning of depth-dependent temperature and electrical conductivity measure-
ments at the Ronneburg mine site. Paul et al. (2002) gave details of three
measurements within the e-1260 observation well, located in the Ronneburg
northwest mine field (March 2000, December 2000, March 2001). Unlike
the other case studies, the shafts and most of the mine voids had been back-
filled. Therefore, monitoring is being conducted in specially drilled wells of
comparatively small diameters. In these wells, the water will not be affected
by free convective flow because of the small diameter to length ratio (see
section 12.4), so it is possible that the observed effects are due, at least in part,
to the hydrodynamics that occur in small diameter pipes. The figure pub-
lished in Paul et al. (2002) is typical for standing water in wells and the con-
clusions drawn here and by the authors, therefore, must be interpreted with
caution (Fig. 105).

Nevertheless, it becomes clear that there is a stratification in the Ronne-
burg north-west uranium mine with highly contaminated mine water (elec-
trical conductivity above 4 mS cm!) in the lower levels and less contamina-
ted mine water (1-3 mS cm™) in the upper parts of the well. Furthermore,
there is no evidence for an overall convective flow, as the temperature pro-
file mirrors the geothermal gradient very well. This absence of mixing would
explain the differences in the chemical composition of the mine water in the
various mine fields and also proves that dams and backfilling delay the de-
velopment of large scale mixing. However, as the experimental investiga-
tions of Robillard et al. (1986) or the field observations of Le Carlier de Ves-
lud et al. (1998) showed, porous media does not exclude long-term thermal
convection.

Some dynamic processes can be observed between levels 300 and 345 (the
levels in Fig. 105 are taken from the original publication. Differences be-
tween the numbers given here and the figure are because mine levels usually
are not horizontal, so that the levels meet every shaft at different depths).



296  Flooded Underground Mines: Case Studies

150

200

240-m-level

250

300 300-m-level

345-m-level

350 1

400

depth, m below surface

450 A
480-m-level

500 T T T T T T T T T T T T
11 12 13 14 15 16 17 18 2000 4000 6000 8000

temperature, °C conductivity, uyS cm”

Fig. 105. Temperature and electrical conductivity plots of the Ronneburg/Germany
north-west well e-1260 (modified from Paul et al. 2002).

Mine water with a 1 K higher temperature seems to enter the well at the level
300 and interacts with the water at the level 345. Certainly, there is a short-
cut between both levels, causing a small ca. 45 m long convective flow cell,
as shown by the temperature log.

Summarised, the measurements in the Ronneburg northwest mine field
show that there are two separate mine water bodies. No convective flow oc-
curs in either and the temperature is due to the regional geothermal gradient.
It appears that the construction of dams delays mass transport because they
obstruct the establishment of a regional convective flow regime.

12.6 Frazer’s Grove Mines, County Durham, United Kingdom
12.6.1 Description of Location

Frazer’s Grove fluorspar mines are situated in the United Kingdom’s North
Pennines, 40 km southwest of Newcastle-upon-Tyne, near the river Rook-
hope Burn in the Weardale District. Large-scale mining in this area started in
the 18" century and stopped in 1999. Frazer’s Hush underground mine was
opened in the early 1970s and closed as the last working mine in the North
Pennines. Similar to the StraBberg/Germany mine, the area around the
Frazer’s Hush mine was first worked for lead and zinc, and later for barium
and fluoride. All four mines, Frazer’s Hush, Rake Level, Firestone and Grove
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rake workings, reached down to about 200 m below the surface and worked
on 5-9 interconnected main levels (Johnson and Younger 2000, 2003).

During the operation of the mine, a daily water make averaging
1.9 - 10° m* was pumped, which mainly originated from the Carboniferous
Great Limestone. Grove Rake’s Ne 2 Shaft had a depth of 160 m and is con-
nected to the 30, 40, 50, 60, 80, and 90 fathom (fm) levels (55, 73, 91, 120,
146, 165 m). Though the 40 fm level is not fully connected to the Ne 2 shaft
(Paul Younger, pers. comm.), the temperature-depth plot indicates that
“something” happens at that level. Therefore, the 40 fm level is drawn in the
figures 106 and 107. Unfortunately, the water level in Johnson and Younger
(2002) figure 3 is not correctly drawn, causing some problems in under-
standing the hydraulic situation.

Geologically, the Frazer’s Grove fluorspar mines are located in the North-
ern Pennine Orefield, which covers an area of approximately 1,400 km?. The
mine itself is located in the Eastern Fluorine Zone. An east—west trending
syncline, the Stainmore syncline, divides the Ore field into a southern
(Askrigg block) and northern part (Alston block), the latter one hosting the
Frazer’s Grove mines. Host rocks there are Lower Carboniferous sandstones,
limestones, and shales of the Great Limestone between the overlying Mill-
stone Grit and the underlying Weardale Granite. The mine worked the Green-
cleugh Vein, which consisted of the following minerals: galena, fluorite,
quartz, sphalerite, siderite, calcite, pyrite, marcasite, bismuthinite, and
pyrrhotite. Genetically, the mine is similar to the Mississippi-Valley-Type
deposits of the USA Tri-State district, such as the Picher Mining District de-
scribed in section 12.3 (Taylor 1978; Dunham 1990 [1948]; Fisher and
Greenbank 2000; Johnson and Younger 2002).

12.6.2 Appearance of Stratification

Between 1998 and 2002, Johnson and Younger (2002) intensively investi-
gated Frazer’s Grove mines, concentrating on the mine water hydrogeo-
chemistry. They found the mine water to be slightly acidic with electrical
conductivities ranging between 500 and 3,200 uS cm™ with Zn concentra-
tions up to 111 mg L', iron concentrations up to 68 mg L', and sulphate as
high as 2,000 mg L!. Furthermore, in 1999, they noticed that the Ne 2 shaft
had stratified, with a pH of 3.8 at the lowest levels and 6.2 at the surface of
the mine water. While the water quality has gradually improved, the stratifi-
cation was preserved, although the character changed.

In June 2000, electrical conductivity, temperature, and velocity were meas-
ured in the Ne 2 shaft with continuously-measuring down-hole probes (Fig.
106). Three water bodies could be observed by then, being separated from
each other at the 50- and 60-fm levels. At the top of the mine water body, the
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water quality was relatively good (electrical conductivity ~ 500 uS cm™) and
in the deepest accessible parts, the water quality was relatively bad (electri-
cal conductivity ~ 2,600 uS cm!) with a slight temperature inversion occur-
ring there. The mine water’s density and the temperature are shown in Fig.
107, which clarifies that the density of the mine water steadily increased from
the mine water surface to the deepest measuring point reachable with the
down-hole probe.

12.6.3 Results and Interpretation

Based on the velocity profile, Johnson and Younger (2000) interpret the re-
sults as follows: water is moving downward from the water surface to 350 m
a.s.l. and there water enters the shaft from the Great Limestone, thus caus-
ing the water to flow upward. Yet, as Younger (2003) noted, the shaft is fully
brick-lined and so it is unclear how water should enter the shaft from the
aquifer through the bricks. Hydraulically, this interpretation is highly prob-
lematic, because the interpretation does not explain where the downward-
moving water and the water entering the shaft at 350 m a.s.l. are flowing to-
wards or how the water is entering the brick-lined shaft from this aquifer.
One of the reasons for their misinterpretation might be that they forgot to
draw the 40 fm level in their publication (though it is correct in table 2 of
Younger 2003). Furthermore, if water would enter the shaft from the Great
limestone (to be more precisely, at the 40 fm level), a forced flow would
occur; after a small mixing zone between the warmer water swelling upward
and the cold water from the aquifer, there should be a relatively homogenous
temperature, electrical conductivity, and velocity profile. Considering the hy-
drodynamic relationships explained above, the situation can be explained
easily:

e First, the velocity and the temperature profiles prove that there is a tur-
bulent convective flow. No sign for a forced flow is given, as it is the
case of the Ne 530 shaft of the Stra8berg mine. Therefore, there are sev-
eral convective cells and in each of the cells, water flows up and down,
depending on the time of measurement and the current occurrence of
the convective cell.

e Second, most of the water discharging from the Ne 2 shaft seems to
come from the 30-fm level as there is no clear indication that water is
up welling from the 50-fm or 40-fm levels to the 30-fm level. If that
were the case, the linear range between ca. 344 and 352 m a.s.l. could
not be stable. On the other hand, the logs clearly show that there is con-
vective flow between the 60-fm and 50-fm levels as the temperature
and conductivity stay nearly stable.
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12.7 Frances Colliery, Scotland, United Kingdom
12.7.1 Description of Location

In 1995, pumping stopped in the Scottish Frances and Michael coal mines
(East Fife Coal Field). It was predicted that after the mine water table re-
covered to a certain level, it would be necessary to start pumping again, as
the mine water would be polluted and contamination of the area could only
be prevented by treating the mine water (Nuttall et al. 2002; Nuttall and
Younger 2004). As mine water pollution ranks fifth in the causes of Scottish
water pollution (Anonymous 1999a), the treatment of such types of water
are given special consideration; therefore, an intensive pumping test was car-
ried out at the Francis Colliery site.

The Fife coal field, together with the Ayrshire, Sanquhar, Douglas, Cen-
tral, and Midlothian coal fields (Wood et al. 1999), is part of the Midland
Valley tectonic structure, an intra mountainous Old Red Sandstone basin
filled with Ordovician to Devonian rocks. After the Old Red development
came to an end, Carboniferous sediments were deposited, among them the
thick Westphalian “Coal Measures” (Schonenberg and Neugebauer 1997).
They were folded at the end of the Palaeozoic and within the 500 m thick se-
quence at the Frances Colliery, about 20 coal seams of workable thicknesses
with up to 1.5 m width are reported (Nuttall et al. 2002; Nuttall and Younger
2004). Some of those sequences, namely the Dysart Main Seam, contained
up to 3% of pyrite, and so were a potential source of acid drainage genera-
tion. Though initial pH values in the Frances Colliery were nearly neutral,
they decreased after several days of pumping and reached values as low as
were reported from the active mining period (Nuttall and Younger 2004).

12.7.2 Appearance and Interpretation of Stratification

Stratification in the Frances mine was not known before the 1995 pumping
test. Because the quality of the pumped water decreased rapidly during the
six weeks pumping test, it was assumed that this was the result of a stratified
mine water body. At the start of the pumping test, the electrical conductivity
was 5.6 mS cm; it increased to 25.6 mS cm! after day one and reached a
value of 26.5 mS cm! at the end of the test (Nuttall et al. 2002; Nuttall and
Younger 2004). At the same time, the iron concentration increased from
7 mg L' to 597 mg L, thus exceeding the pre-flooding iron concentrations
of 7-41 mg L-!. Several months after cessation of the pumping test in 1995
and at two later occasions, in 1997 and 1998, another set of vertical sam-
plings were conducted in the Frances Shaft. It could clearly be shown that the
mine water was stratified, with the two layers separated at a depth of 260—
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270 m below ground level with electrical conductivities of about 3 mS cm!
in the upper portion and 20 mS cm™ in the lower portion of the mine.

For the duration of the pumping test, Nuttall et al. (2002) calculated
Reynolds numbers of Re = 190-350 and concluded that the flow in the four
interconnected adits, consequently, was turbulent. Whilst this might be true
for the duration of the pumping test, there is no evidence that during non-
pumping times the flow in the adits must be turbulent as well.

From the available data, it can be concluded that a major inflow from an
adit of less contaminated water exists between 260 and 270 m below the sur-
face. This adit is hydraulically well connected with other adits at higher lev-
els and, within the part of the shaft above the stratification horizon, laminar
or turbulent convective mixing is occurring; otherwise, the physico-chemi-
cal parameters of the water column above the stratification horizon would
be different. It can clearly be seen that the lowest portion of the mine is not
taking part in the convective flow of the higher portion of the mine and that
the mine water quality in those deeper parts is therefore rather poor.

12.8 Stahlberg Iron Mine, Siegerland, Germany
12.8.1 Description of Location

The Stahlberg Iron Mine is located near Miisen (part of Hilchenbach), 14 km
northeast of Siegen in the German Rothaar Mountains of the Variscan Rhen-
ish Schiefergebirge. Another 16 km north of Miisen is the well known
Meggen iron mine with the Sicilia shaft, another mine where mine water
stratification with turbulent convective flow can be observed (Coldewey et al.
1999; Hasse 2000; see section 12.4).

Lusznat (1985) and Doéring (1999) gave a comprehensive description of
the mining history and geological situation of the Stahlberg iron mine, which
is dewatered by the Kronprinz-Friedrich-Wilhelm-Erbstollen drainage adit
(1826-1875, 144-m-level). Today, the only accessible shaft is the Ne II shaft
in the recreation area Stahlberg, with a depth of 670 m (-243.7 m a.s.1., 660-
m level). Using it, 14 sub-levels are accessible, 12 of which are flooded. At
the 304-m level, the Ne II shaft is connected to the 312 m deep Stahlberg
shaft, which is also drained by the Kronprinz-Friedrich-Wilhelm-
Erbstollen adit. Below the 304-m level, the Ne II shaft was used to explore
the Neues Mittel ore body, which was mined in an overhead stoping tech-
nique.

Mining dates back to the year 1313 (open pit mining) and the mine was
worked continuously until 1930. The host rock of the two main siderite ore
bodies Altes Mittel und Neues Mittel (Fe: = 37%; = Mn: 8.12%) are the
Lower Devonian Siegen and Miisen series, consisting mainly of shales and
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schists. Where the siderite died away, quartz was the gangue material, ac-
companied by pyrite, copper pyrite, fahlore (0.98% Ag) and galena (0.06—
0.07% Ag). During its more than 600 years of mining, a total of 1.7 - 10° t of
iron ores were produced (Lusznat 1985).

12.8.2 Appearance and Interpretation of Stratification

So far, only one measurement has been conducted in the Ne II shaft of the
abandoned Stahlberg Iron Mine. On 12 November 2000, a 500 m cable dip-
per with a resolution of 0.1 K was lowered to a depth of 500 m below the sur-
face and temperature was measured at every 10 m. Two water samples were
collected, at 160 and 210 m below the surface (Fig. 108). Due to a malfunc-
tion of the on-site instruments, no pH, redox, or electrical conductivity read-
ings were made. At the water surface, which was 143 m below the top of the

Table 26. Selected parameters of the Stahlberg Ne II shaft mine water. Depth in m
below surface, Temp in °C; trace elements and main ions in mg L.

Sample MUS-1211-160 MUS-1211-210
Depth 160 210
Temp 12.8 13.1
Na 4.4 4.4
K 2.2 2.2
Ca 45 45
Mg 46 46
Li <0.05 <0.05
Cl 9.6 9.5
NO; <1 <1
SO4 64 61
Zn 1.12 0.94
Mn 0.27 0.29
Sr 0.13 0.14
Ba 0.05 0.06
Ni 0.03 0.02
Sb 0.01 0.01
Cu 0.01 0.01
As 0.005 0.005

Pb 0.004 0.004
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shaft, the water temperature was 12.5 °C; it was 13.8 °C at a depth of 500 m
below the surface, thus showing a temperature difference of 1.3 K. Between
the 410 and 500 m depths, the temperature measurements fluctuated between
13.8 and 13.9 °C, indicating turbulent flow conditions. The metal concen-
trations of the mine water were reasonably low, and overall, the chemical
composition of the mine water did not differ significantly between the two
sampling points (Table 26).

Disregarding the small temperature changes in the depth profile, the mine
water body appears to have two parts: a lower part with a relatively stable
temperature below the 304-m level and the uppper one with decreasing tem-
peratures between the 304 and the 144 m level drainage adit. Considering
the theoretical considerations and the experience from better examined shafts,
turbulent convective flow seems to be taking place below the 304-m level,
while the upper part is dominated by a stagnant, diffusive flow situation, thus
indicating a connection between the Stahlberg and Ne II shafts.
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12.9 Niederschlema/Alberoda, Saxony, Germany
12.9.1 Description of Location

The Niederschlema/Alberoda uranium deposit is located 28 km southwest
of Chemnitz/Saxony in a densely populated area of Germany. The mine has
a depth of nearly 2,000 m and consists of 50 main levels with more than 50
shafts connecting the different levels of the mine. The length of the mine
works sums up to 4,150 km (Biider and Schuppan 1992) and the total volume
to 36 - 10° m>. For 45 years, the mine has been operated by the SDAG Wis-
mut, a Soviet-East German Company. Due to economic, environmental and
political problems of uranium mining and milling, the Government of East
Germany decided in 1990 to close one of the largest gangue deposits for ura-
nium in the world. Over its lifetime, the mine produced about 81,000 t of
uranium ore (Bottcher et al. 1991; Miihlstedt 1992; Bundesminister fiir
Wirtschaft 1993; Barthel 1993).

Geologically, the mine is situated within the LoBnitz-Zwonitz Syncline, a
southwest—northeast striking fold zone north-west of the central Erzgebirge
(Ore Mountains). The host rocks are of Ordovician, Silurian, and Devonian
age, which are contact-metamorphosed in the vicinity of the post-kinematic
granites of Aue, Kirchberg, Oberschlema, Auerhammer, Lauter, and Eiben-
stock. In conjunction with the granite intrusions, aplites, and kersantites in-
truded during the Stefanium and Autunium. Important for the emplacement of
the mineralisation is the Gera—Aue—Joachimsthal thrust zone, which also hosts
the famous Joachimsthal/Bohemia and Ronneburg/Thuringia uranium min-
eralisations. Typical rock types of the Niederschlema/Alberoda deposit are
skarn, amphibolites, graphite-schists, meta-diabases, kersantite, quartzite,
limestone, granite, marble and different types of schists. During mining, nearly
200 mineralised gangues were exploited (Janischewskij and Konstantinow
1962; Zentralinstitut fiir Physik der Erde 1989; Lange et al. 1991; Biider and
Schuppan 1992; Stemprok 1992; Meinel 1993). About 140 minerals are im-
portant in the uranium mineralization and the hydrogeochemical development
of the mine water (Schroder and Lipp 1990a, 1990b). They formed during one
or more of the mineralization cycles of the Erzgebirge. The most important
uranium and arsenic minerals were uraninite (UO,) and loellingite (FeAs,).

The controlled flooding of the mine began in 1991 and was projected to be
completed in 2006. As the mine water circulates through the open mine
works, it becomes enriched in various elements, some of which are toxic.
Therefore, the remediation plans for the Niederschlema/Alberoda mine in-
clude active and passive treatment of the discharged water as soon as the
water table reaches the Markus-Semmler drainage adit (Gatzweiler and
Mager 1993; Hagen and Lange 1995; Gerth et al. 2005).



12.9 Niederschlema/Alberoda, Saxony, Germany 305

Before the inundation process began, little was known about the hydro-
geochemical, thermal, and hydrodynamic processes that would take place.
Numerous experts were consulted and a Ph.D. thesis was undertaken (Wolk-
ersdorfer 1996), but still the hydrodynamic conditions during the flooding
and within the water body have only been outlined in general (Merkel and
Helling 1995).

Meyer et al. (2002) stated that “according to current knowledge, convec-
tive exchange will diminish and continue in mid- and long-term” without
giving any references to their “current knowledge”. As discussed above,
“convective exchange” cannot “diminish” or “increase”! Convective ex-
change either exists or does not exist.

In the deepest parts of the mine, rock temperatures of 70 °C were meas-
ured. It is not known if the water there currently has the same temperature,
but in January 1991, a water temperature of 52 °C was observed at level
-1800 (Giinther Frohlich, pers. comm.) and between June 1992 and Decem-
ber 1994, a maximum water temperature of 41 °C with an average of 36 °C
was measured (Merkel and Helling 1995). Convective flow will therefore
exist as long as the energy source exists and as long as no measures are un-
dertaken to interfere with the convective cells to prevent convective exchange
and mass transfer. Wolkersdorfer (1995) has predicted that a temperature of
33-35 °C will exist at the end of the flooding process.

12.9.2 Investigations conducted

Between 1992 and 1993, the author conducted discontinuous and continuous
in-situ temperature and electrical conductivity measurements (Wolkersdor-
fer 1996). Discontinuous temperature measurements were conducted with a
500 m downhole dipper at intervals between 1 cm and 10 m, depending on
the degree of stratification known from each previous measurement. Con-
tinuous multi-parameter measurements were made with electronic probes
from the Gommern/Germany geophysical apparatus company at predefined
depths to investigate the course of the water rise and the change of the
physico-chemical parameters during the rise of the water level. In addition,
since the flooding process started, the mine operator has conducted intensive
chemical and physico-chemical monitoring of the water according to the
mine abandonment plan, though the data since 1993 are not available for dis-
cussion in this publication. A continuous downhole measurement in the Ne
371 shaft has been presented by Meyer and Schramm (2004) and is used to
interpret today’s hydrodynamic situation within the mine.

At the end of 1995, Wolkersdorfer (2001) conducted a multi-tracer test in
the mine. This test evaluated the hypothesis that the water within the mine is
well mixed because of convective flow within the well-connected parts of
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the mine. Four differently coloured bulks of Lycopodium clavatum spores
were injected at different, pre-defined depths in 4 shafts.

12.9.3 Appearance of Stratification

During the active flooding period, the water in the mine showed a clear den-
sity stratification with usually higher temperatures in the deeper parts of the
mine and lower ones in the higher parts (with some exceptions). Most of the
temperature logs of the in-situ shaft measurements showed relatively con-
stant temperatures and electrical conductivities in the lower parts of the mine
while the temperature and the electrical conductivity in the upper parts de-
creased at lower water depths. A continuous in-situ measurement reported
by Meyer and Schramm (2004) showed that this situation remained stable in
2004. Yet, only three levels are connected to the measuring location shaft Ne
371: the -540, -990, and -1080 levels. As Fig. 109 shows, the flooded portion
below the -540 level (-227 m a.s.l.) shows a relatively constant temperature
profile, whilst above that elevation, the temperature steadily increases with
lower water depths. This is characteristic of convective mixing in the lower
portion and diffusive flow in the upper parts of the shaft. However, the shaft
1s not connected to levels above the -540 level, so the water above that level
just stands in the shaft and diffusive flow dominates. It thus cannot be seen
as an indication of an overall stratification in the abandoned Nieder-
schlema/Alberoda mine.
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Fig. 109. Electrical conductivity and temperature measurement in the Nieder-
schlema/Alberoda Ne 371 shaft on 10 March 2004 (modified after Meyer and
Schramm [2004] and Jiirgen Meyer, pers. comm.).
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The course of the stratification could be followed in three shafts in mid-
1990 because of repeated temperature measurements (up to 51 weekly to bi-
weekly down-shaft measurements). It could be seen that the stratification
breaks down when the temperature difference between the upper and lower
stratified part falls below a threshold value of about 5-6 K. Once the strati-
fication breaks down, it does not develop again. The reasons for this behav-
iour are given in section 7.2.1.

As the temperature showed significant fluctuations, turbulent conditions
must be assumed to have existed in the observed shafts. Furthermore, the
measurements showed that the temperature differences within a single shaft
ranged between several K and less than a K and otherwise stayed relatively
stable (Fig. 110).

Because of the two tracer tests conducted (1992 and 1995), it became clear
that large parts of the mine are extremely well connected hydraulically; ef-
fective mean water velocities of up to 8 m min™! were determined.

12.9.4 Results and Interpretation

The measurements of Wolkersdorfer (1996) show that the hydrodynamic
characteristics of the seven monitored shafts were very similar during the
flooding process. Only one shaft showed differing conditions that could not
readily be explained (shaft 372 b above the -1305 level; Fig. 111).
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Fig. 110. Temperature—time course in the flooded Ne 366 11 b shaft of the abandoned
Niederschlema/Alberoda uranium mine showing a turbulent flow scenario in this
shaft. The small triangles above the abscissa with the time scale indicate the indi-
vidual measuring dates. Each line represents the temperature course in a predefined
depth of the shaft (modified and amended after Wolkersdorfer 1996).



308  Flooded Underground Mines: Case Studies

-600

-650 -990
-700 > 1035 ]
-750 % -1080 \
-800 A % 1125 \
. ”J 1170 i
® 8509 T -1215 \i\
(B. -900 7 % -1260 \
E~ -950 7 N 1305 j—
-.§ ~1000 1 s 1350 3
% -1050 7} 1305 )\
© -1100 -1440
-1150 % -1485 }f
-1200 - -1530
-1250 - -1574
-1300 o
-1350 T T | T T T T T T T T
4.6 4.8 5.0 52 34.0 345 350 355 36.0 36.5 37.0 37.5 38.0
conductivity, mS cm” temperature, °C

Fig. 111. Electrical conductivity and temperature measurement in the Nieder-
schlema/Alberoda Ne 372b shaft on 15/16 March 1994.

One of the most prominent similarities is that the changes in the physico-
chemical parameters during the flooding process were similar in every shatft.
This can be seen especially well in the temperature progression of the shafts
Nes 366 11 b, 371 I b, and 372 b (Fig. 111), but the electrical conductivity and
pH measurements show the same trends. All of these shafts were stratified,
showing two shaft mine water bodies and a separate water body in the shaft’s
sump.

The lower shaft water body ranges from the lowermost level in a shaft to
the uppermost fully flooded level whilst the upper shaft water body consist
of the water body above the last fully flooded level. Both water bodies have
distinguishing properties: the lower shaft water body is characterised by sim-
ilar physico-chemical properties throughout the whole water column,
whereas the physico-chemical parameters in the upper shaft water body tend
to have an increasing or decreasing trend up to the water surface, depending
on the parameter. While the features of the lower shaft water body are typi-
cal for convective transport, the upper one indicates diffusive transport. The
convective behaviour of the lower shaft water body is also supported by the
oscillations in the stationary temperature and electrical conductivity meas-
urements (Uerpmann 1980; Gebhart et al. 1988). Those features can be used
to interpret the Niederschlema/Alberoda mine as an open thermosyphon sys-
tem, as described by Gebhart et al. (1988) and Bau and Torrance (1981a,
1981b).
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In both the shafts and adits, the rock temperature, resulting from geother-
mal processes, affects the mine water. If the rock temperature is higher than
the mine water temperature, the mine water is heated, while the water is cooled
at the water table and where the rock temperature is below the mine water
temperature. The warming of the mine water, usually in the deeper parts of the
mine, results in less dense water, so that the water flows upward until it either
reaches the water surface, a boundary layer, or a depth where the density of
the up flowing water equals that of the water already at that depth. Because of
cooling at the water surface or higher levels, the water flows downward in the
centre of the shaft, thus inducing a natural convection, also called free con-
vection (see section 7.1). Ideally, laminar convective flow cells would develop
in the Niederschlema/Alberoda shafts and adits, but the mine water velocity
together with the numerous shaft installations (e.g. guide rails, air tubes, lad-
ders, power supply lines, air ducts) and the surface roughnesses hinder such
laminar flow regime. Therefore, it must be concluded that within the Nieder-
schlema/Alberoda mine, the following hydrodynamic situations exist:

open loops (Fig. 112a),

open loops with an isothermal reservoir (Fig. 112b),
turbulent convective flow (Fig. 112d), and

areas with diffusive transport (Fig. 109)

Neglecting the flow in the matrix, due to its low hydraulic permeabilities,
the flooding of the Niederschlema/Alberoda mine (and very likely also in
other relatively deep multi-shaft mines), developed in four stages, which are
characterised by open loops, open loops with isothermal reservoirs, and fi-
nally closed loops (Fig. 112).

Stage | a

Seeping water collects in the sumps and mixes with the water already there.
The water flowing into the shaft from the onsetting stations usually has a
higher temperature than the water in the sump, as it comes from greater
depths. Therefore, it does not mix with the water in the sump and forms a sep-
arate layer. If a closed loop has developed, the water flowing through the on-
setting station into the shaft can be seen as an entrance flow (Kranawettreiser
1989) and no mixing between the sump and the shaft water body occurs.

Stage I b (Fig. 112a)

Water overflows the sumps and the first level and starts to rise in the shafts.
According to the principles of communicating pipes, the water level estab-
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lishes in accordance with equation 31. The shafts and the first flooded level
(excluding the sump) form an open loop with two reservoirs. In that system,
the flooded level is the heater (energy source) and the shafts and the water
level are the coolers (energy sinks).

As summarised by Bau and Torrance (1981a) and Gebhart et al. (1988), the
water flows up- and downward in the vertical workings, driven by convec-
tive density driven flow. Even if the interconnected shafts have slightly dif-
ferent temperatures, the overall flow regime is not significantly affected. For
the Niederschlema/Alberoda mine, this means that the water in the adits and
shafts as well as the workings mix with each other. The water in the sump
only mixes with the rest of the water body if the density difference is lower
than about 2 kg m™ (Kranawettreiser 1989). The oscillation that can be ex-
pected during this type of flow is well demonstrated by the temperature meas-
urements.
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Fig. 112. Schematic representation of the flooding process in an abandoned under-
ground mine as a combination of open and closed thermosyphons with free convec-
tion. Explanation see text. Heat flux O, > 0, > 03 > O, (modified after Wolkers-
dorfer 1996).
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Stage Il (Fig. 112b)

Starting with the flooding of the next level, the two reservoirs can form a
single, near isothermal reservoir. Bau and Torrance (1981a) describe such a
situation experimentally and theoretically. After a short initial phase, the
water temperature at the flooded level reaches its maximum. Both the max-
imum temperature and the time until the system reaches a stable mean tem-
perature are a function of the heating rate 0. Compared to stage I b, no reg-
ular flow builds up; instead, the flow likely changes its direction depending
on the initial conditions. If the flooding becomes stationary, the temperature
in all parts of the mine will be nearly homogenous, but this is unlikely to
occur at a mine like Niederschlema/Alberoda since the rock temperature will
not cool enough to match the air temperature.

A behaviour similar to that one described experimentally by Bau and Tor-
rance (1981a) could be observed by a stationary measurement conducted in
August 1992 (Fig. 113), when a level overflowed.

Stage Il (Fig. 112¢)

In stage 11, the water rises further in the shafts connected to the second
flooded level. Only the water at stations below the on-setting stations is hy-
draulically connected; the water in the shafts is not. As observed in several
measurements, the quasi-isolated water in the shafts cools relatively quickly
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Fig. 113. Temperature and electrical conductivity measurements in the Ne 366 11 b
shaft of the abandoned Niederschlema/Alberoda mine during the overflow of the
-1260 level (Wolkersdorfer 1996).



312 Flooded Underground Mines: Case Studies

and it takes a considerable period of time before the water in the shaft equi-
librates with the temperature of the already flooded parts below the on-set-
ting station. This diffusive and convective temperature adaptation between
inflowing water (ca. 20 °C) and mine water (ca. 40 °C) is hindered by the dif-
ferent densities of the water as a function of their temperature and minerali-
sation. In addition, the closed flow field of the lower shaft water body and the
geometry of the shaft hinder a complete mixing of the upper and the lower
water body. Furthermore, when there is an intermediate layer of thickness
z(v, g, p1, pp) between the upper and lower shaft water bodies, direct inter-
action between the two layers is nearly impossible (Kranawettreiser 1989).

In a closed loop, temperature as well as velocity varies continuously. In
some critical cases, depending on the border conditions, it is even possible
that the flow field reverses (Bau and Torrance 1981a). Creveling et al. (1975)
and Damerell and Schoenhals (1979) demonstrated that the oscillating flow
in closed loops continues to repeat over time.

Stage IV (Fig. 112d)

Stage IV differs from stage II in that the shafts can be connected at more than
one level. The loop can incorporate two or three levels, depending on the
available energy. Such an effect was observed at the 1992 tracer test, where
the tracer was injected into two shafts at different depths. After 5 weeks, a ho-
mogenous mixing over 9 levels (about 400 m of vertical distance) was ob-
served. Considering the experiments by Bau and Torrance (1981b) with
asymmetrically heated open convection loops, shafts with a colder water
temperature than the overall temperature may be included in the fluid loop
(in that case, shaft 372 b: Fig. 111).

The final flooding scenario with pumping below the Markus-Semmler-
adit level might be concluded at two of the four stages:

e [f the flooding stops at stage 111, the upper shaft water body is not in
convective contact with the rest of the mine water pool. Pumping in
such a shaft causes contaminated water from lower parts to flow into
the pumping shaft.

e Ifthe flooding stops at stage IV, the last flooded level is completely in-
cluded in the overall fluid loop, causing the pumped drainage water to
be polluted for a long time.

As none of those two scenarios results in a significant water quality im-
provement, another solution is needed: vertical hermetic sealing of the mine
below the last flooded level. When attempting to do this, it is important to ei-
ther interrupt or to prevent large convective flood loops, which quickly trans-
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port the pollutants. Sealing just some of the on-setting stations is not a rec-
ommended measure as small dams might quickly fail and therefore would not
help to prevent the loop.

To conclude and to point out the impact of such convective loops, Bau
and Torrance (1981b), who investigated the advantages of fluid loops in solar
water heaters, state:

Free convection loops provide a means for circulating fluid without the
use of pumps.

12.10 Felsendome Rabenstein, Saxony, Germany
12.10.1 Description of Location

Rabenstein/Germany is a suburb of Chemnitz/Saxony and its former lime-
stone mine is located at the western edge of the town. Since 1936, it has
served as a popular visitor mine called Felsendome Rabenstein (GeiBller et al.
1986).

Open-cut mines near the Rabenstein underground mine extracted lime-
stone beginning in early medieval times (Riedel 1993). In 1834, the Raben-
stein underground mine opened; 40 years later, the 35 m deep Maschinen
Shaft was sunk, connecting the three lowermost levels with each other (15,
22, and 27 m below the surface). At the end of the mine’s lifetime, four lev-
els existed: the upper and lower level as well as the 1 and 2™ deep levels
(level 3 and 4), extending over an area of 250 x 100 m with caverns ranging
from 6-8 m in height (Fig. 114). An underground drift adit in the Griine
Grotte (green grotto) and the Maschinen Shaft connected the two deeper lev-
els with the lowest level. To dewater the mine, a 220 m long drainage adit to
the Pleif} brook was constructed in 1855, which still dewaters the mine from
the lower level, with daily mean discharges between 3 and 40 m*® and a
weighted average of 12 m* d'!'. Extreme precipitation can induce total dis-
charges up to 120 m* d''. During active mining, the water from the 1% and 2
deep levels was pumped into the adit. In 1902, six years before the closure
of the mine, the two deepest levels were allowed to flood and since then the
shaft has been filled with a 15.8 m water column. At two points, the Griine
Grotte and the Maschinen Shaft, which are 140 m apart from each other, the
flooded part of the mine is accessible. Dietrich (1965) calculated a flooding
time of 12 weeks for the two underground levels, which seems to be rather
low considering a mean flow of 12 m® d"!'. Between 2002 and 2005, the elec-
trical conductivity of the mine water was relatively constant at 1,190-
1,260 pS cm™, with a pH of 6.5-8.9, an E}; of 350-510 mV, and a tempera-
ture of 7.5-8.7 °C. Slightly different values could be measured at the Griine
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Fig. 114. Sketch of the Felsendome Rabenstein/Germany visitor mine with the two
tracer injection sites, the location of the fluorometer, and the likely flow paths of the
tracer. LydiA: Tracer injection Apparatus (Fig. 78). Not to scale in the horizontal di-
rection and above the water table.

Grotte, from which the water flows through the flooded part to the Maschi-
nen Shaft: electrical conductivity 800—1,000 uS cm™, pH 7.1-8.7, Eyy 340—
510 mV, and a temperature of 4.8—6.8 °C.

Geologically, the mined strata comprise mainly metamorphosed Palaco-
zoic limestone, a coloured calcite marble, in combination with phyllites, alum
shale-like black phyllites, and amphibolites. Pyrite occurs frequently in the
limestone and especially in the phyllites, and copper pyrite (chalcopyrite),
often oxidised to malachite, can be found in vugs. The whole formation is
slightly folded with a northwest striking folding axes, and faults, in a north-
eastern direction with offsets in the range of 5 m, are common (Dietrich 1965;
Freyer et al. 1982; GeiBler et al. 1986). Some of the faults are hydraulically
active, as water penetrates from the surface to the mine during high precip-
itation periods (e.g. a fault between the Blauer Salon and the Gnomengang)
and divers have reported that they can regularly see bead-like air bubbles
moving in straight lines from the 2™ deep level through the rock into the 1%
deep level.

From the available data, the volume of the Maschinen Shaft, the Griine
Grotte incline, and the flooded 1°t and 2™ deep levels could be roughly cal-
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Fig. 115. Temperature—depth profile in the Felsendome Rabenstein machine shaft
before and after the tracer test.

culated to be 124, 120, and 2,100 m?. Only the parts that were thought to be
directly affected by the tracer test were used in the calculation. The total vol-
ume of each level must be another 20-30,000 m? of volume. From that data,
a total flooding time of several years seems more likely than 12 weeks.

12.10.2 Appearance of Stratification

According to the known records and the reports of divers, the flooded and
partly backfilled Maschinen Shaft is connected to the 1 and 2™ deep levels
at depths of 6 and 12 m below the surface of the water. Several small blind
shafts and the incline within the Griine Grotte connect the 1% deep level with
the 2" deep level. No data are available about the shaft’s outflow because
no precise flow measurements are possible there, but it is estimated at 1—
2 L min’!. Only a poorly developed thermal stratification can be found in the
Rabenstein Maschinen Shaft. The temperature in the shaft is relatively con-
stant at 7.9 °C and small temperature fluctuations can be observed at the two
onsetting stations (Fig. 115).

Such a quasi-stagnant situation is typical for single shaft mines (e.g.
Georgi Unterbau, section 14.13) where the geothermal gradient is not high
enough to start free convection, nor does a major regional forced convection
exist. Water in the shaft flows very slowly and it can be assumed that there
is a laminar Poiseuille flow situation in the upper part of the shaft and diffu-
sive flow in the lower part of the shaft.
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12.10.3 Investigations conducted

In 2002, the flooded part of the mine was investigated hydrogeologically and
the potential for a mine water tracer test was evaluated. The water quality
was good and the pH was slightly basic, suggesting that no decomposition of
the tracer, sodium fluorescein, would be expected. A discontinuous temper-
ature log in the Maschinen Shaft showed a small temperature variation at the
two flooded onsetting stations with no temperature shift. Later, continuous
temperature logs revealed a small positive temperature shift of about 0.05 K
/ 10 m. Therefore, this shaft was selected for a tracer test in a mine with a low
vertical flow characteristic and a simple mine geometry, such as in the case
of the Georgi Unterbau mine.

Between 2002 and 2005, the mine was visited 16 times and the physico-
chemical on-site parameters were measured regularly. One full analysis of the
mine water was conducted, showing that the water is a Ca-Mg-SO4-HCO5-
type water. Five temperature and electrical conductivity logs were conducted
in early 2003 and 2005 before and after the tracer test with sodium fluorescein.

On 21 March 2003, the tracer test with sodium fluorescein, scheduled for
a duration of about 3 months, was started in the Felsendome Rabenstein
mine. With a tracer probe (LydiA; Fig. 63, Fig. 78), 15 g of sodium fluores-
cein were lowered to a depth of 15 m in the Maschinen Shaft and 250 g at a
depth of 2-3 m within the incline of the Griine Grotte (Fig. 114). After 96
weeks, the tracer concentration came down to background values and was
therefore brought to an end. Thus, the Felsendome Rabenstein Tracer test
has the unique distinction of being the longest lasting tracer test ever con-
ducted in an underground mine (Fig. 116).

To clarify which of the two peaks belongs to which injection place, the
vertical distribution of the tracer in the shaft was measured four times in the
Maschinen Shaft and once in the Griine Grotte incline.

12.10.4 Results and Interpretation

No relevant stratification could be observed in the Felsendome Rabenstein
mine. Neither the temperature nor the electrical conductivity plots show signs
of stratification, though small fluctuations in the area of the onsetting sta-
tions were observed. While the temperature slightly increases (by about
1.5 K) from bottom to top, the electrical conductivity decreases by about
100 uS cm!, proving a mainly diffusion-based flow scenario exists in the
Maschinen Shaft, with only a small advective component.

Two tracer peaks could be observed, the first one at 65 days, the second one
at 350 days after the tracer injection (Fig. 116, Table 27). The first peak came
from the tracer injected at a depth of 15 meters in the Maschinen Shaft; the
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Fig. 116. Breakthrough curve of the 2003—-2005 Felsendome/Rabenstein tracer test
with Na-fluorescein.

Table 27. Results of the Rabenstein tracer test. Peak 2’ is the reconstruction of the
travel times for the Griine Grotte tracer from the Griine Grotte to the onsetting sta-
tion of the 1% deep level at the Maschinen Shaft. It was calculated from the travel
times and distances of peak 2 less the distance to the onsetting station and the mean
travel times calculated from peak 1 and the mean of the effective and mean veloci-
ties of peak 1.

Effective velocity v Mean velocity vipean

Peak Time, d Distance, m Velocity, m d' Time, d Distance, m Velocity, m d-!

1 149 15 0.10 65 15 0.23
2 356 171 0.48 350 171 0.49
2’ 320 165 0.53 314 165 0.52

second one was the result of the tracer injected 171 m away in the Griine
Grotte incline. From that data, an effective velocity v g 0f 0.10 m d! was cal-
culated for peak 1 and 0.48 m d! for peak 2. The smaller peak after peak 2
might have been induced by divers training in the flooded underground mine.

In contrast to the first peak, which has an extremely long tail of about 620
days, the second one has a tail of only 120 days, indicating a larger longitu-
dinal dispersion coefficient of 7.1 - 10 m? s”! for peak 1 and a smaller one
of 1.3 - 10° m? s*! for peak 2. From the vertical tracer distribution in the
Maschinen Shaft, it became clear that the first peak results from the tracer in-
jected into the Maschinen Shaft and the second one from the tracer in the
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Griine Grotte. The long tail of the first peak shows that the mass transport
from the 2™ deep level to the surface is possibly diffusion-based and the flow
from the Griine Grotte must be via the connecting adit between the incline
and the Maschinen Shaft on the 1* level. If the water had followed the con-
necting adit at the 2™ level, a tailing similar to peak 1 would have been ob-
served. It can be concluded that the transport from the 2" level into the re-
gion of the 1 deep level is probably diffusion-dominated whereas the shaft
above the 1% deep level shows Poiseuille-dominated flow.

12.11 StraBberg, Harz Mountains, Saxony-Anhalt, Germany
12.11.1 Description of Location

The German Straberg mine is situated in the eastern Harz Mountains ap-
proximately 20 km south of Quedlinburg and 6 km west of Harzgerode and
was the most important producer of fluorite in the former “German Demo-
cratic Republic” (Mohr 1978). At the beginning of mining, silver, copper,
and lead were the targets of the miners. From the 18" century until 1990,
mining focused on fluorspar, which was mainly found in the deeper parts of
the mine (Bartels and Lorenz 1993). Between 1950 and 1970, the VEB
Harzer Spatgrube joined the three main deposits of the Stralberg mining
district by driving two deep adits on the 5" and 9™ level (from north to south:
Brachmannsberg pit: Ne 539 Shaft, Stralberg pit: Fluor Shaft and Glasebach
pit: Glasebach Shaft). Finally, in 1991, the StraBBberg fluorspar mine was
closed due to economic and environmental reasons (Kuyumcu and Hartwig
1998) and the flooding of the mine began.

Geologically, the mine is situated in the Mid Harz Fault Zone close to the
boundaries of the Lower Devonian Harzgerode zone and the Upper Devon-
ian Tanne zone. Whilst the Harzgerode Zone consists of folded schists,
shales, graywacke, limestone, lydites, metabasites, and metabasite tuffs, the
Tanne zone comprises graywackes and shales (Schwab 1999). Besides fluo-
rite, the Permian to Cretaceous hydrothermal poly-metallic mineralization
of the vein structures comprises approximately eight ore and less than a
dozen secondary minerals, among them pyrite, marcasite, chalcopyrite,
galena, sphalerite, and arsenopyrite (Kuschka and Franzke 1974; Beck 1981;
Junker et al. 1991).

12.11.2 Appearance of Stratification
On 31 May 1991, the drainage water pumps were stopped and the Stra3berg

and Glasebach underground pits started to flood. Between July 1992 and Au-
gust 1998, in-situ temperature and electrical conductivity measurements in
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the Ne 539 shaft and the Fluor shaft (310 and 147 m deep, respectively)
clearly showed that stratification within the water body was taking place
(Kahmann and Heinrich 1998; Kindermann 1998; Riiterkamp and MefBer
2000). In the Fluor shaft, three water bodies, separated from each other at the
2" (328 m a.s.l.) and 5" (243 m a.s.1.) levels, were established. Only two
water bodies, separated by the 4" (357 m a.s.l.) level, could be recognised in
the Ne 539 shaft. Evidence for the stratification were differences in temper-
ature, electrical conductivity, and metal concentrations between each of the
water bodies, the uppermost always lowest in those parameters, and the low-
ermost with the highest levels of iron, manganese, and sulphate.

Consequently, in 1993, the DMT — German Mining Technology, proposed
to construct three new adits (Brachmannsberg adit, Biwender adit, new
Glasebach adit), to drain and treat the lower contaminated mine water within
the uppermost water bodies at a water level of 357.7 m a.s.1. (Riiterkamp and
MeBer 2000). These three adits were built between 1995 and 1998 and have
drained the mine since then. Two provisional active LDS facilities near the
Fluor shaft and in the Uhlenbach Valley (close to the entrances of the Brach-
mannsberg and Biwender adits) are treating the circum-neutral Fe- and Mn-
enriched mine water (pH 6.2-8.0, n =22.95% conf.) using conventional lim-
ing technology. During the year 2007 both LDS treatment facilities will be
substituted by a permanent HDS treatment plant.

After completion of the 3-adit system in 1998, the annual water budget of
the Stra3berg mine increased by almost 2 - 10° m*. Furthermore, the stratifi-
cation totally broke down in the Ne 539 shaft and partly broke down in the
Fluor shaft (Riiterkamp and MeBer 2000, appendices 1 and 5), resulting in a
generally higher contaminant load than expected. Similar circumstances had
already been investigated during the flooding of the Niederschlema/Alberoda
mine (Erzgebirge/Germany, Wolkersdorfer et al. 1997a). There, as long as the
water level was under a main working level, stratification could be seen in the
shafts above the last flooded level. When the main working level was flooded,
a new loop was established and the stratification broke down immediately
(Wolkersdorfer 1996). Very similar behaviour was observed at the Frazer’s
Grove/United Kingdom fluorspar mine where the stratification broke down
after the water started to drain through the main shaft (Johnson and Younger
2000).

12.11.3 Forced Flow Situation and Tracer Investigations

Historically, the abandoned and flooded Stralberg/Germany fluorspar mine
consisted of three mine units, with one central shaft in each: the Ne 539, Fluor,
and Glasebach shafts. In the 2™ half of the 20" century, those units were con-
nected with each other through two deep galleries. Today most of the mine
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Fig. 117. Temperature and electrical conductivity measurement in the Stra3berg/Harz
Ne 539 shaft. Conductivity and temperature both show that there is no stratification
in the shaft; there seems to be some minor inflow from the 4" level.
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Fig. 118. Temperature and electrical conductivity measurement in the Stra3berg/Harz
Fluor shaft. Conductivity and temperature show that there is no significant stratifica-
tion in the shaft except at the 5 level, an indication of water flowing into the shaft
from the northern adit, connecting the Brachmannsberg mining field to the Fluor shaft.

water discharges through three drainage adits that were constructed in the
1990s and in which the flow is controlled through Thomson weirs. In June
2002, the water densities in the Ne 539, Fluor, and Glasebach shafts were
999.468 kg m=,999.173 kg m=, and 999.524 kg m=, respectively. To prevent
forced flow between the three mine units, as the mine operator preferred, the
weirs at the outflows should have been set at 357.69 m a.s.l., 357.70 m a.s.1.,
and 357.59 m a.s.l. In fact, they were set at 357.79 m a.s.l., 357.70 m a.s.1.,
and 357.76 m a.s.l., forcing the water to flow from the Ne 539 shaft to the
two other shafts.
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To investigate the hydraulic conditions, a tracer test was conducted by
Wolkersdorfer and Hasche (2001a). At the same time, an extensive water
sampling campaign (Wolkersdorfer 2002a) and downhole measurements in
the Ne 539 and Flour shafts were used to support the tracer test (Fig. 117,
Fig. 118). A second tracer test at the same location was conducted in 2003
with results similar to the 2000 tracer test.

There were significant differences in the temperature and electrical con-
ductivity profiles in the two shafts. While the Ne 539 shaft lacked clear strat-
ification, the Fluor shaft was slighlty stratified, as indicated by the tempera-
ture profiles and, to a lesser degree, the electrical conductivity. The two tracer
tests showed that the water in the Fluor shaft flows upward with a mean ef-
fective velocity of ca. 1.4 - 102 m min™'. This explains why the stratification
is not as developed as in shafts with smaller water velocities. This can clearly
be seen is the shaft’s sump at the 9" level and the colder, inflowing water
from the Brachmannsberg mining area at the 5" level. Furthermore, there
seems to be some inflow from the 3™ level.

The Straberg/Harz case study clearly shows that stratification in flooded
mines is not a static condition but can be disturbed easily. As in the case of
the Frazer’s grove Ne 2 shaft, the stratification broke down when the water
was allowed to flow freely out of the shaft (in StraBBberg, this occurred when
the three-adit system became functional). The stratification in the StrafSberg
mine would have been stable only if the three distinct parts of the mine had
been hydraulically separated from each other. Without that hydraulic sepa-
ration, the water is driven by convection to flow from the northern Brach-
mannsberg mining field to the central Stralberg and the southern Glasebach
mining fields.

12.12 Reiche Zeche, Erzgebirge, Saxony, Germany
12.12.1 Description of Location

The Freiberg/Saxony mining district in Germany once belonged to the rich-
est silver deposits in Europe (Jobst et al. 1994). In 1168 AD, mining started
at a small place called Christiansdorf, which later became a part of Freiberg.
Due to economic reasons, mining in Freiberg ceased in 1969 and uncon-
trolled flooding of the mine workings started. Because the deepest drainage
adit is the 130 years old Rothschonberger Stollen, nearly all the mine water
drains through that adit into a northerly direction and discharges 18 km north
of Freiberg into the Triebisch and Elbe Rivers. According to different sources,
the total flooded mine volume is about 2-5 - 10° m* (Kolitsch et al. 2001)
and the discharge volume is 0.4—1.1 m? s' (Weyer 2003). Since the adit was
completed in 1877, the mine water has been discharging into the Triebisch
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without further treatment, and even after the collapse in 2002, nothing has
changed in this regard.

Below the flooding level of Rothschonberger Stollen are 494 m of flooded
mine workings, which were driven into the polymetallic ore veins of the
Erzgebirge (Oelsner 1958). The water penetrates through the flooded shatfts,
galleries, backfilled veins and open veins and gets enriched in nearly all met-
als of the periodic table, as can be seen from the chemical analyses (e.g.
Baacke 2000). Although the Rothschénberger Stollen is the main drainage
adit, several other drainage adits exist for isolated parts of the mine, such as
the Konigliche Vertrdgliche Gesellschaft Stollen and the Fiirstenstollen,
which dewater into the river Freiberger Mulde (Becke et al. 1986).

Though numerous studies have been conducted on the Freiberg mine wa-
ters, no comprehensive hydrogeological investigation has been done so far.
This is mainly because only a small part of the mine is accessible but also be-
cause the responsibilities concerning the mine are complex.

Many parts of the Freiberg mining district, especially above the flooding
water level, have extremely acid mine waters with pH as low as 2 (Baacke
2000), but it reaches 68 at the Rothschonberger Stollen portal (Yefimoch-
kina 2004) with an electrical conductivity of 0.7-0.9 mS cm'. This shows
that enough buffer capacity exists to neutralize the water, which mainly
comes from the carbonates in the Braunspatformation (siderite formation)
and the BiCoNiAg-Formation (bismuth, cobalt, nickel, silver formation).
Geochemically, the discharge water can be classified as a Ca-SOy-type, and,
in some parts of the drainage water system, as a Ca-Mg-SOy-type, thus show-
ing that calcite and dolomite are the relevant buffering minerals.

Table 28 lists some important parameters of the Rothschéonberger Stollen
drainage waters between 1996 and 2004. Baacke (2000) calculated the aver-
age mass loads for some selected parameters for the three relevant discharge
adits. If those numbers are used to conservatively estimate the mass loads
leaving the mine between its closure in 1969 and 2007, some extreme values
can be calculated: 3.3 t of As, 4,500 t of Zn, 1,800 t of Mn, and 117 t of Fe.

Table 28. Selection of mine water parameters from the drainage adit Rothschén-
berger Stollen (from Baacke et al. 1996; Beuge et al. 2001; Yefimochkina 2004).
Electrical conductivity (Cond) in puS c¢cm!, temperature in °C, concentrations in
mg L', Values are rounded in accordance with the original data.

Parameter pH Cond Temp Ca Mg Cl SO4; Zn As Cd Pb Mn

Min 6.8 620 12 100 24 35 155 2 0.001 0.01 0.002 0.8
Max 7.5 980 14 112 40 54 300 S5 0.003 0.03 04 2
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Some of the existing publications gave a conceptual model of the hydro-
geological situation in the flooded and the non-flooded part of the Freiberg
mining district (e.g. Baacke and Degner 2000). From a hydrodynamic point
of view, the existing conceptual model appears impossible, in that water can-
not flow down a shaft against hydrostatic pressure. Water can flow in fluid
loops if the hydrodynamic situation allows fluid loops or it can flow through
flooded levels in the direction of the lowest hydrodynamic pressure. More-
over, the water flow can split in one of two directions relative to the differ-
ent hydrostatic pressures at each of the end-points of the possible flows.
Tracer tests conducted by the Hydrogeology Department of Freiberg Uni-
versity in other mines (e.g. Wolkersdorfer and Hasche 2001a) clearly showed
that the conceptual model of the Freiberg mine needs to be amended (Wol-
kersdorfer et al. 2007).

12.12.2 Investigations, Stratification, and Interpretation

The only accessible place in the Reiche Zeche mine where the water below
the flooding level can be studied is the Reiche Zeche Schacht. No other lo-
cation, so far, is known, where the flooded part of the mine could be inves-
tigated. Therefore, the only depth-dependent measurements known are from
this location. First, continuous physico-chemical measurements were con-
ducted by Peter (1983) and Zittnan et al. (1990). Their measurements
showed that the water in the flooded shaft was stratified at the /2 10 level (Y2
10. Sohle) and the 13 level (13. Sohle); consequently, three mine water bod-
ies could be separated from each other. Though the temperature showed a
clear stratification in 1982, this was not true for the chemical composition.
Zittnan et al. (1990) also conducted velocity measurements using radioac-
tive tracers and found upward and downward movements of the mine water.
Between the water surface and a depth of 412 m, they measured velocities
between 0.005 and 0.47 m min™! within 4 convection cells. Interestingly, the
cells were not associated with the different levels in the shaft and differed
from what was observed by Czolbe et al. (1992) in the Peien shaft, where
water was flowing upwards along the shaft’s walls and downward in the
middle of the shaft. Flow measurements in 2001 indicated velocities be-
tween 0.02 and 0.06 m min' at 12 different depths and an overall trend of
upward movement in the water (Sebastian Kolitsch, pers. comm., the range
of that measurement is drawn with two vertical lines in Fig. 119; more than
a decade lies between the two velocity measurements). Yet, also “no flow”
was measured, thus indicating that turbulent convection cells existed in the
shaft. Therefore, it seemed that Zittnan et al. (1990) may have measured
part of the upwelling, part of the convection cell, and part of the down-
welling one.
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Fig. 119. Temperature and velocity measurement in the Reiche Zeche shaft (modi-
fied after Zittnan et al. 1990). Sohle: level. No error-bars were given by the authors.

In April 2002, and in May 2006 the author conducted a tracer test in the
Reiche Zeche Schacht, based on the results of the previous investigations
(Fig. 120). Na-fluorescein was chosen as the tracer, which proved to be sta-
ble in the mine water as has been shown by an earlier laboratory investiga-
tion with the Reiche Zeche mine water and Na-fluorescein. 50 g of Na-fluo-
rescein were injected into the shaft at a depth of 75 m during the 2002 tracer
test, between the %2 5 and 6 levels (Y2 5. and 6. Sohle). From the velocity
measurements (ca. 0.06 m min), the shaft’s cross section (4—5 m?) and a
piston-flow-model, the tracer was expected to reappear after a minimum of
17 hours plus the opening time of the tracer probe (approx. 6—10 hours). Yet,
even after 17 days, no tracer was observed at the outflow of the shaft. Three
more tracer tests with Na-fluorescein at depths of 40 m, 65 m, and 324 m
were conducted in 2006. Only tracer from the injection point at a depth of
40 m, just above the 'z 5 level, reappeared at the shaft’s outflow. After seven
weeks the tracer test was terminated as no tracers from the 65 m and 324 m
deep injection points could be fround (Wolkersdorfer et al. 2007).

Those results comply with the velocity measurements of Zittnan et al.
(1990), who observed down welling between the 2 5 and 6 levels. If that
and the tracer tests’ results, as discussed in the previous paragraph, repre-
sents the real flow situation in the flooded Reiche Zeche shaft — and from all
the measurements conducted so far, this hypothesis cannot be rejected — the
often published conceptual hydrogeological model of the mine (e.g. Baacke
2000; Baacke and Degner 2000; Bayer 1999) must be reconsidered. The real
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Fig. 120. Temperature and electrical conductivity measurements in the Reiche Zeche
shaft (2 February 2001). Sohle: level.

situation in the mine seems to be that the mine water mainly flows from the
%2 5 level (2 5. Sohle) and that the water below this level forms convective
cells that are almost isolated from the upper water body.

12.13 Georgi Unterbau, Tyrol, Austria
12.13.1 Description of Location

The historical silver-barite mines of the famous Kogel mining area can be
found 40 km northeast of Innsbruck in Tyrol/Austria, close to Brixlegg. Since
medieval times, silver-bearing fahlore, and in the 19" century as well as from
1947 to 1968, barite was mined there. One of these underground mines is
the Georgi-Unterbau with the huge Schwerspat stope (pit) and its flooded
underground works.

In 1887, the miners started to drive the Georgi-Unterbau adit, which
opened up rich fahlore and barite resources. Starting in 1900, a 100 m deep
two-compartment blind shaft was sunk 320 m southeast of the mine entrance.
This shaft opened up the 20, 40, 70, and 100 m main levels and the 10, 75,
and 80 m sublevels (Pirkl 1961; Mutschlechner 1984; Krischker 1990; Han-
neberg and Schuster 1994) and connected the /4-Nothelfer stope and the Bar-
bara stope with each other. It was partially to fully flooded in the 1950s and
the pre-flooding water make was about 100 L min"! (HieBleitner 1951;
Schmidegg 1953); it was pumped out again in 1984 and 1988 for ore
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prospecting (Krischker 1990). Finally, in 1990, the blind shaft was flooded
for the last time and stationary hydraulic conditions exist there today. The
Georgi-Unterbau mine is typical of mines that have only one shaft that con-
nects all the flooded levels.

All parts of the mine are within the Devonian Schwaz Dolostone
(Schwazer Dolomit) of the Northern Tyrol Greywacke area (Nordtiroler
Grauwackenzone). Typically, the Schwaz Dolostone is a very hard, light
white to light grey dolostone, being highly brecciated and fissured in the area
investigated. The dolostone hosts silver- and mercury-bearing fahlores
(among them schwazite) as well as barite, the mineralisation being bound, but
not restricted, to the breccia zones (Pirkl 1961; Wobking 1982; Arlt and Di-
amond 1998). Grundmann and Martinek (1994), and Schnorrer (1994, 1996)
described 20 ore minerals as characteristic of the Schwaz Dolostone and over
132 minerals for all the rocks in the Schwaz-Brixlegg area.

The first physico-chemical investigation of the flooded blind shaft was
conducted in December 2000. It became clear that the mine water was strat-
ified, clearly showing two water bodies separated from each other at the 40 m
level. Further investigations, including two tracer tests with 15 pm micros-
pheres and Na-fluorescein, were conducted in August 2001 and February
2002, where 22 L min™' (32 m* d"') and 31 L min!' (45 m® d!) of mine water
were flowing out, respectively (Unger 2002; Wackwitz 2002; Wolkersdorfer
etal. 2002). About 300 m* d"!' are coming from other inflows, including 150—
200 m* from a major fault zone, the Griinwies fault, summing up to 300-
400 m* d!' of total flow (Table 12).

Based on a piston-flow-model (non-dispersive laminar Poiseuille flow),
the mean effective velocity of the mine water in the shaft was calculated to
be 4 - 10 m min'. However, the tracer test resulted in a mean effective ve-
locity of 3 - 102 m min' above the 40-m level. This difference is typical for
all tracer tests conducted by the author so far, whereas the velocity does not
fit into the 95% confidence interval of 0.3—1.7 m min"! (Wolkersdorfer
2002b). Similar results for porous media were described by Ren et al. (1996).
The low velocity in the Georgi-Unterbau blind shaft is due to the mine being
a “single shaft mine”, whereas most of the other mines studied are “multiple
shaft mines” or include both shafts and galleries. None of the tracers injected
below the 40-m level could be retrieved.

12.13.2 Investigations and Appearance of Stratification

Between December 2000 and February 2002, eight temperature and electri-
cal conductivity profiles and two time series were measured in the Georgi-
Unterbau blind shaft. Before the tracer test in August 2001, two mine water
bodies, separated at the 40-m level, were identified, based on temperatures
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Table 29. Exemplified composition of the Georgi-Unterbau mine water (samples
BRX-0208-BS0.1 and BRX-0308-BS55 of 2/3 August 2001, filtered through 0.45
um cellulose acetate filter). Concentrations in mg L1, depth in m, temp in °C, elec-
trical conductivity in uS cm™; K, Cl, Ag, and Hg below the detection limits.

depth temp pH cond Ca Mg Sr Na Ba
0.15 8.6 7.1 410 604  30.5 1.0 0.6 0.08

55 8.3 7.6 411 623  30.7 1.0 0.7 0.06

depth Li HCO; SO~ NO3  Sb Cu Zn As

0.15 0.003 214 40.6 4.9 1.0 0.5 02 02
55 0.002 218 41.0 4.9 1.0 06 02 02

differences. While the upper one had a mean temperature of 8.53+0.01 °C
and electrical conductivity of 324426 uS cm!, the lower one’s mean tem-
perature and electrical conductivity was 8.63+0.03 °C and 332+23 uS cm™,
respectively. In contrast to the temperature, no stratification could be deduced
from the electrical conductivity profile, which showed a relatively continu-
ous increase from ca. 335 uS cm to ca. 345 uS cm'. The chemical compo-
sition of the mine water behaved similarly (Table 29). After the injection of
200 kg of sodium chloride tracer as a saturated brine in August 2001, the be-
fore described stratification significantly changed, albeit the brine was not
injected into the blind shaft itself but into a small drop-hole 4 m west from
it. Instead of two mine water bodies, four of them appeared to exist, separated
at the 20-, 40-, and 70-m levels. Yet, six months later, the previous stratifi-
cation was restored with a lower temperature (ca. 8.1 °C) and a higher elec-
trical conductivity (ca. 480 uS cm™).

Interestingly, the stratification pattern in the Georgi-Unterbau blind shaft
was stable for at least 19 months, although the temperature difference of
0.1 K between the two mine water bodies is extremely small. On the other
hand, the injection of the sodium chloride brine shows that the stratification
can easily be destroyed although it had virtually reestablished itself six
months thereafter. Unger (2002) numerically modelled a part of the flooded
mine and showed that the water seeping through the ScAwerspat pit into the
14-Nothelfer pit and from there to the 40-m level is responsible for the tem-
perature drop in the water column above the 40-m level and thus the ob-
served stratification. While the physico-chemical measurements and the
chemical analyses of the water indicate good mixing within the upper and
lower layers, the results of the tracer test clearly showed restricted mixing be-
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Fig. 121. Temperature and electrical conductivity measurement in August 2001 at the
Georgi Unterbau Shaft. The temperature stratification at the 40 m level, even when
significantly lower than 1 K, was stable for more than 3 years.

tween the two layers. Furthermore, the temperature and electrical conduc-
tivity patterns confirm that there is a turbulent flow regime in the shaft (Fig.
121).

12.13.3 Results and Interpretation

To investigate the situation, two multiple tracer tests were conducted in the
mine. Tracers were injected into different depths of the blind shaft and an
underground mining lake connected to the shaft. From the tracers injected,
only the tracer from the underground mining lake (“Big Lake”: green mi-
crospheres) and sodium fluorescein from the blind shaft could be detected.
A subsequent measurement of the sodium fluorescein concentration in the
shaft showed a nearly-normal distribution of the tracer cloud around the
tracer’s injection depth at 55 m, with tracer concentrations between 200 and
600 ug L! between 40 and 80 m depth. This indicates diffusive mass flow
was occurring in that part of the shaft. An evaluation of the breakthrough
curve of the green microspheres results in a mean flow duration of 52 hours
for a distance of 48 m, yielding a mean effective velocity of 0.02 m min™! for
the flow between the “Big Lake” and the blind shaft’s outflow.

In February 2002, the negative experiences of the first tracer test were con-
sidered and the results therefore were better. The sodium fluorescein showed
a well-established breakthrough curve within the expected time frame, sim-
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ilar to what was observed in August 2001. During the period of investigation
(18 to 24 February 2002), the water temperature of the shaft stayed stable at
about 9.2 °C and the electrical conductivity remained around 430 uS cm™.
The outflow of the shaft was also stable at 31.5 L min™! (43-48 m? d!); the
pumping capacity of the mini-piston pump (sampling pump) was
0.726 L min! (1 m? d'!). From the 50 g of Na-fluorescein used, only 3.2 g was
recovered, which equals a recovery rate of 6.4%. As the breakthrough curve
(Fig. 81) shows, the tracer concentration increased after the first peak at 19
February. This might be caused by a density flow of the tracer. The tracer
was injected at a relatively high concentration and due to its higher density
it first moved downward; later, after dilution, it was transported out of the
shaft again. It can therefore be concluded that after a longer time period,
more of the tracer would have been discharged and the recovery rate would
have been higher.

The peak concentration of the tracer (excluding the background) was about
300 ug L' at a background concentration of 70 pug L', which resulted from
the 2001 tracer test. At the end of the tracer test, the tracer concentration was
still as high as 13 pg L!. The calibration of the fluorometer gave a lower de-
tection limit of 7 pg L' and the maximum concentration design dependent
was 7,000 pg L (the concentrations in Wolkersdorfer et al. [2002] are wrong
as the fluorometer was back calibrated afterwards).

From those results, a mean effective velocity of 0.03 m min! was calcu-
lated, which fits well with the effective velocity calculated from the previous
tracer test (0.02 m min™'). This is 7-8 times the velocity calculated ahead of
the tracer test (0.004 m min') using a piston-flow-model, which is not un-
usual for mine water tracer tests. So far, the reasons are unclear but the wall
roughness of the shafts and adits might play an important role. When com-
paring the results of the two tracer tests, it is clear that the first tracer test had
a larger dispersion than the second one, due to the longer flow path of the first
test (48 m) than the second one (10 m).

Unfortunately, the reasons for the stratification in the Georgi Unterbau
blind shaft could not be determined by the two tracer tests, because the tracer
could not be recovered in the deeper parts of the flooded shaft. It is possible
that the deeper parts of the shaft are less hydraulically connected and there-
fore diffusive flow might dominate. At least from the tracer concentration
between the 40- and 70-m levels, diffusive transport can be assumed; other-
wise, the tracer distribution around the injection location should have been
distributed differently. On the other hand, as the Rabenstein tracer test shows,
extremely slow water movements cannot be excluded.

In conclusion, this tracer experiment — like the Rabenstein experiment —
showed that no fast convective mixing occurs in the deeper parts of the
flooded mine as was observed at the Niederschlema and Stralberg mines.
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Therefore, it can be concluded that the missing hydraulic connection between
the workings in the deeper parts prevents convective mixing of the mine
water. This fact has aroused little attention, though Uerpmann (1980) made
a similar observation. It might therefore be concluded that the flooded mine
between the 40- and 70-m levels acts as a hydraulic barrier, preventing mass
transport between the upper and lower parts of the shaft.

12.14 Salt mines
12.14.1 Description of Locations and Investigations

Germany hosts numerous abandoned salt mines that were flooded in a con-
trolled or uncontrolled manner (Schwandt and Seifert 1999). They have been
intensively studied because Germany has a long history of underground salt
mining and because Germany’s radioactive waste disposal policy, for a long
time, focused on these salt mines. The situation in flooded salt mines differs
significantly from metal or coal mines, because in addition to thermal strat-
ification, chemical effects have to be considered. The density differences in
salt mines are usually greater than in metal mines because the mineraliza-
tion is greater. This makes salt mines an excellent place to study mine water
stratification, but one must remember that such case studies are only trans-
ferable to metal and coal mines with restrictions. Of course, there are non-salt
mines with chloride contents as high as 130 g L', and electrical conductivi-
ties of up to 190 mS cm (Coldewey et al. 1999), but such mines are rare.
Though this publication focuses on metal and coal mines, some salt mines
will be included here because the first monitored controlled flooding of a
mine was conducted in the Hope salt mine north of Hannover/Germany. Fur-
thermore, several of the experiences described in papers about that mine
flooding were also used in mine water investigations, monitoring pro-
grammes, and tracer tests conducted by the author.

Rauche et al. (2002) described how an evaluation of the stratification pat-
terns in a flooded salt mine can be used to estimate the dissolution processes
occurring there. In combination with chemical analyses of the mine water
and their evaluation in Jdnecke-plots (triangular Mg-SO,4-K, diagram), it is
possible to identify potentially dangerous reactions that may be occurring in
the shaft. The anonymous example they give shows a density stratification in-
dicated by a slight jump in the electrical conductivity, though the tempera-
ture log clearly showed that convective flow did not seem to dominate the
flooded shaft. Because no details are given, their work will not be further
discussed here.

All the other examples given here are based on the investigations of Uerp-
mann (1980), Sander and Herbert (1985), GSF — Gesellschaft fiir Strahlen-
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und Umweltforschung (1986), Herbert (1989), Herbert and Sander (1989),
and Czolbe et al. (1992). From the examples in those publications, four salt
mines, three in Lower Saxony (Hope and Ronnenberg near Hannover, Beien-
rode near Wolfsburg) and another one in Saxony-Anhalt (Peiflen near Bern-
burg) are described.

Hope is located 30 km north of Hannover/Germany and was flooded with
saturated brine from salt cavern dissolution. Flooding started on 12 March
1984, after the mine was abandoned in January 1984. Before flooding, 16
in-situ measuring installations were installed to monitor the flooding process.
Furthermore, an underground dam was constructed to study safety dams for
radioactive waste disposal. The whole programme was initiated in a rela-
tively short time period, only six month ahead of the planned flooding. Be-
sides the geochemical, geomechanical, geophysical, and the dam monitoring
installations, the aim was to investigate “mass and heat transport in flooded,
not backfilled galleries, mine workings, and shafts” (GSF — Gesellschaft fiir
Strahlen- und Umweltforschung 1985; referred sentence translated from Ger-
man).

Mining in the Hope salt dome began in 1907 with the 521.2 m deep
Adolfsgliick shaft; in 1909, the 628.5 m deep Hope shaft was developed. The
salt dome has a depth of about 4,000 m, a maximum diameter of 6 km, and
consists of different salt types of Permian (Zechstein) age: rock salt, sylvite,
kieserite, and anhydrite. A total volume of about 1.6 - 10° m* was flooded
with saturated NaCl brine (density: 1,200 g m?) from the Empelde cavern
field. During the flooding process and as long as the unflooded parts of the
mine were accessible, the brine was regularly analysed by taking several
samples underground. Also, the flow path of the brine was controlled and
monitored (Herbert 1989). The F&E research project participants conducted
the last measurements in October 1988.

The 477 m deep PeiBlen shaft near Bernburg has a diameter of about 5 m,
was developed in 1900, and underwent controlled flooding between 1972
and 1974. It is one of 11 shafts in the salt mines in the Bernburg main anti-
cline and is located within a small syncline, the Peilen syncline. Mining in
the Bernburg area started on 31 January 1852 with the Manteuffel shaft,
which was where the world’s first potassium salt mine was developed (Rie-
mann 1913; Hiltscher 1999). All the mines are within the Zechstein salt for-
mation. Czolbe et al. (1992) investigated the flooded shaft through tempera-
ture and density logs as well as chemical analyses and a tracer test with a
radioactive y-tracer. Furthermore, they modelled the hydrodynamic situation
of the shaft with the code KASOMO.

The salt mines investigated by Uerpmann (1980) are the Asse I and Asse
III (near Wolfenbiittel), the Beienrode shaft near Braunschweig, the Desde-
mona shaft near Gottingen, and the Deutschland shaft of the flooded Ron-
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nenberg salt mine (Peter Uerpmann, pers. comm.). His work is entitled “Hy-
drogeological Questions at Radioactive Waste Disposal” and is focused on
the safe disposal of such waste. His work does not contain details about the
single mines, therefore the missing data were added after personal commu-
nication with the author.

12.14.2 Appearance and Interpretation of Stratification

Herbert and Sander (1982), who were responsible for the Hope flooding ex-
periment, had earlier established that the brines in flooded mines were com-
monly stratified into three layers: an upper layer with slightly saline or fresh
water, a middle NaCl-saturated layer with a density of about 1.20 g cm™, and
a lower MgCl,-rich layer with a density of 1.29-1.30 g cm™. Between those
three layers, they found intermediate layers. They concluded that the chem-
ical composition of the rock in contact with the shaft and the geothermal gra-
dient act together to control the formation of the various layers. Furthermore,
they observed convective flow in homogenous layers, and no flow between
layers with density or temperature gradients (Herbert and Sander 1982;
Sander and Herbert 1985). In addition, they found that more than one con-
vective water body and also no-flow and convective flow cells can adjoin
each other. Which of those situations occurs is, according to their opinion, a
result of the geological setting. The mine geometry was only seen as an ad-
ditional reason for the stratification. In another paper (Sander and Herbert
1985), they concluded that the NaCl/MgCl, boundary can be successfully
used as a barrier against transport as they noticed that crystalline halite (rock
salt) was forming at the boundary. Yet, and this fact is missing in their in-
vestigation, such a barrier can only be stable if no forced convection of flow
occurs in the shaft.

During the active flooding of the Hope salt mine, numerous physico-chem-
ical measurements were made (GSF — Gesellschaft fiir Strahlen- und Um-
weltforschung 1986; Herbert 1989). Fourteen continuous measurements in
the Hope, Adolfsgliick, and the Abbau 4 well were published. There were
many differences and many similarities, of which the stratification in the
shafts is the most relevant to this discussion. Unfortunately, the results of the
Hope and Adolfsgliick shaft cannot be compared directly as the Adolfsgliick
shaft was backfilled in 1985, so the measurements had to be conducted in a
pipe within the backfill. From the differences in the measurements before
and after the backfill, it is clear that the post-backfill situation was hydrauli-
cally significantly different from the pre-backfill conditions. Stratification was
modest in the Adolfsgliick shaft prior to backfilling, whereas afterwards, at
least two separate mine water bodies could be identified (Fig. 122). Again,
as in the case of the wells in the Ruhr area, wells cannot be used to interpret
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the stratification in a mine as the flow situation in a small diameter well dif-
fers significantly from the flow in a large volume shaft. While the Adolfs-
gliick “shaft” stratified after the backfill, this was not the case for the Hope
shaft, which was not backfilled (Fig. 123). The interpretation of GSF —
Gesellschaft fiir Strahlen- und Umweltforschung (1986), that the backfill pre-
vents overall turbulent mixing, is definitely true, but this cannot be verified
from a measurement in a small diameter well within a backfilled shaft. Some
minor stratification was observed during the early stage of the flooding
process, but this stratification broke down towards the end of the flooding,
leaving just a less-mineralised water lens with a thickness of 30—-40 m lying
on top of the 180—190 m thick shaft mine water body. The following findings
of the “Hope — geochemistry sub project” are relevant to this study of flooded
shafts (GSF — Gesellschaft fiir Strahlen- und Umweltforschung 1986; Her-
bert 1989):

e a shaft can consist of two or more turbulent mixed water bodies that
border on each other, but no-flow layers can also border on turbulent
mixed ones;

e water bodies with turbulent flow are characterised by a uniform tem-
perature, electrical conductivity, density, and chemical composition;

e no-flow layers are reflected by concentration and temperature gradi-
ents;

e the mass transport is dominated by slow diffusion in no-flow layers,
and mainly by fast flow in turbulent mixed layers;
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Fig. 122. Comparison of the post- and pre-backfilling situation in the Adolfsgliick
shaft in 1985 and 1988. The 1988 situation is typical for measurements in small di-
ameter boreholes or wells (modified after GSF — Gesellschaft fiir Strahlen- und
Umweltforschung 1986 and Herbert 1989).
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Fig. 123. Results of the multi-parameter measurements in the Hope shaft on 20 Sep-
tember 1985. Only minor stratification can be observed, which — except that the
water level rose — did not change significantly until the end of the mine flooding
(modified after Herbert 1989).

e Dboundaries between single layers act like mechanical barriers, result-
ing in a change in flow direction;

® mass transport across the boundaries is diffusion dominated, even when
both zones are mixed by turbulent flow; and

e open and backfilled mine workings show significantly different flow
patterns; in open mine workings, the flow is dominated by convective
flow while no-flow conditions dominate in backfilled ones.

Density and temperature stratification remained stable for a period of at
least 4 months in the Peiflen shaft (Czolbe et al. 1992; Fig. 124). Densities of
the water and brine ranged between 1.1 g cm™ and 1.3 g cm™ and the tem-
perature ranged between 13.2 and 30.5 °C. A total of four water bodies were
observed with no or small intermediate layers. They were characterised by
their chemical composition and are similar to the observations of Herbert and
Sander (1982): a slightly mineralised “fresh” water layer, a NaCl-layer, a
NaCl-KCl-layer and a lowermost MgCl,-layer. Besides the physico-chemical
investigations, the investigation included a tracer test. A radioactive y-tracer
was injected at 10 locations in the shaft. The velocities ranged between 0.003
and 1.17 m min’!, which fits well in the overall range of mine water tracer
tests (though their velocities are in-situ velocities of the water in the shaft
and not the water flowing in the mine). Furthermore, they identified several
(at least 5 and a maximum of 8) convective cells within the shaft, which were
directly linked to the different mine water bodies. From their measurements,
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Fig. 124. Temperature profile in the
Peiflen shaft. The lowermost horizon-
tal line is the mines’ 1* level. Each of
the “stable” temperature zones repre-
sents a convective cell as shown by
tracer investigations (modified after
Czolbe et al. 1992).
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they also concluded that warm water was welling up near the shafts walls
and flowing down in the middle of the shaft, as was postulated for the Nieder-
schlema/Alberoda mine (section 12.9). By using the KASOMO hydrody-
namic code, originally written to model flow in caverns for radioactive waste
disposal, they were able to model and understand their observations. Their
measurements are similar to those discussed earlier for single shaft mines, as
there is no flow between the Peiflen and other shafts. The intermediate lay-
ers form relatively stable barriers that cannot be crossed by the different types
of water in the shaft. This is supported by the fact that Czolbe et al. (1992)
were not able to detect the injected tracers outside of each of the single cells.

Uerpmann (1980) investigated temperature, electrical conductivity, ve-
locity, and chemical compositions of mine waters in five flooded salt mine
shafts with depths between ca. 200 and ca. 800 m (the Asse III, Desdemona,
Deutschland, Ronnenberg, and Beienrode shafts; Peter Uerpmann, pers.
comm.). As in the case studies listed before, he was able to identify different
water bodies separated from each other by smaller, intermediate layers of
different temperature (Fig. 125). This resulted in staircase profiles, which,
according to section 7.1.1, might be due to double-diffusive convection. Due
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Fig. 125. Temperature—depth profiles in two flooded north-west German salt mines.
Left: Beienrode Ne 1 shaft, right: Ronnenberg shaft (modified after Uerpmann 1980).

to the density differences in flooded salt mines, this effect cannot be excluded
as an explanation for the staircase temperature distribution. Uerpmann (1980)
also refers to the saline Lake Kivu between Rwanda and the Democratic Re-
public Congo (Zaire), which was investigated by Tietze (1978) and where
staircase like steps were also detected. An interesting observation made dur-
ing the flooding of the salt mines was that the water temperatures took only
a few weeks to reach nearly the final temperatures observed at the end of the
flooding process. This indicates fast convective mixing processes during the
first stages of the flooding (see section 7.1) and smaller exchanges later. In a
laboratory experiment, Uerpmann (1980) measured mean velocities of 0.06—
0.3 m min! and was able to observe that during his experiment the water
stratified and that layers with different physico-chemical properties were sep-
arated by one or more distinct intermediate layers. Tracers injected in the
two different layers showed relatively good mixing after several days while
in the intermediate layers, the tracer distribution and the tracer velocities
were significantly less.
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Appendix I: Electrical Conductivity Calculations

The principles of comparing chemical analyses by the use of the electrical
conductivity and the limiting ionic molar conductivities are described in sec-
tion 9.3.2. There is a simple method to do this, based on the theoretical in-
vestigations of Debye and Hiickel for calculating the electrical conductivity
of a solution with weak and strong electrolytes. Appendix I extracts the most
important parts of the publications of Rossum (1975) as well as the compiled
table of limiting ionic molar conductivities in Coury (1999). Table 31 lists
only those ions that might be important for mine water analyses. Other molar
conductivities can be found in the literature cited by Rossum (1975) and
Coury (1999) — (according to a pers. comm. by Peter T. Kissinger, Chairman
and CEO Bioanalytical Systems Inc., the second part of Coury’s article was
never published).

Lo Axzxz (2x0 ) et
TR {115.2x(z++z) [1+\/§]+0'668} [(z+z) <] @9)

ANy xXZ, xXZ

Q:(z++z,) x(Z. %A, +Z % 1) (86)

S(ex#) ©

Z =
2 (ex2)
KO
A= S (88)
"= (exA") (89)
A=A, +A (90)

Czw 1)

The use of those equations shall be exemplified by a simple calculation for
a given water analyses from the abandoned Schwaz/Austria silver mine
(analyses SWZ-2511-MB09).
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Table 30. Results of the SWZ-2511-MB09 mine water analyses and the necessary
calculations for the electrical conductivity. Differences are due to rounding.

Parameter /

S ¢y Mg L' ¢, meq L*! c A0 @o 2 ¢z
pH 7.75
elec. cond. 1086 puS cm'!
Ca? 66 3.29 195.97 13.174 6.587
Mg** 80.1 6.59 349.99 26.365 13.182
Na* 20.2 0.88 44.02 0.879 0.879
K* 8.61 0.22 16.19 0.220 0.220
H* 1077 0.01 0.000 0.000
sum 10.98 606.17 40.63 20.87
HCO5 174 2.85 126.90 2.852 2.852
SO4* 432 8.99 717.72 35.976 17.988
Cr 2.77 0.08 5.96 0.078 0.078
NO;5 2.84 0.05 3.27 0.046 0.046
OH- 1062 0.11 0.001 0.001
sum 11.97 853.96 38.96 20.97

Calculation based on the tabulated values in table 30 und table 31:

7,=3003 1947, 7 =380 ¢s8
20.87 20.97
280617 g5 007, 4 =830 _g134
10.98
A® =55.207+71.759=126.548
co 10.9842-11.97 11475

0= 126.549 x 1.947 x 1.858 0,498
(1.947+1.858) x (1.947 x 55.207+1.858 x 71.342)
126.548 x 1.947 x 1.858 (2 x 0.498 }r 0.668]

115.2 x (1.947+1.858) 1++/0.498

K =606.17+853.96—

X

[(1.947+1.858) x 11.475]  =1091.45
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Table 31. Limiting ionic molar conductivities for common mine water constituents
at 25 °C. /A has to be divided by the ionic charge when used in equation 89.

Cation

o
Lit
Na*
K*
Rb*
Cs*
Ag’
NH,*
Be?*
Mg?*
Ca?
Sr?*
Ba?*
Fe?t
Cu*
Zn*
Pb*
U0,
AP
Fe’*
La**
Ce*

A%, S x cm? x mol!

349.6
38.7
50.10
73.50
77.8
77.2
61.9
73.5
90

106.0

119.0

118.9

127.2

108.0

107.2

105.6
42.0
64

183

204

209.1

209.4

Anion

OH

F

Cr

Br

I
NO,
NO;
HCO5

H2PO4_

HSO4-
CO32-

HPO >

SO42_
C2042_
PO43_

A%, S X cm? X mol™!

199.1
55.4
76.35
78.1
76.8
71.8
71.46
44.5
57
50

138.6
66

160.0

148.2

207

As can be seen the result from the calculation of the electrical conductiv-
ity, 1091 uS cm’!, is very close to the measured electrical conductivity of
1086 uS cm, the total error being only 0.5%.
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Appendix II: Weir Equations
Introductory Remarks

This appendix shall not add another solution to the several hundreds of so-
lutions already published but shall give mine water researchers a quick tool
for measuring flows over thin-plated weirs without going too deeply into dis-
charge measurement. Section 9.2.1.4 gives an overview of several prerequi-
sites and limitations of weir constructions that are commonly used in mine
water research. Usually, these simple techniques are satisfactory but if more
accuracy is needed, the following set of equations should be used instead of
the simplified equations. All of the equations are based on the published lit-
erature (e.g. Ackers et al. 1978; Herschy 1995) but the tables and graphs for
getting the relevant coefficients have been updated, compared with other
published data, and brought into equations that can be used in spreadsheets
or routines for flow calculation. For coefficient fitting, the software package
TableCurve has been used and all of the equations have been selected to min-
imise error, usually to less than 0.5% for the reported data. These equations
can only be used in cases where the limitations of the original researchers are
met, and therefore these constraints are listed here as well. They can only be
used for “normal” mine water under “normal” temperature conditions (usu-
ally +4 to +29 °C). Sludge flows or mine waters with extremely high solid
contents cannot be measured without calibrating the weir to the special con-
ditions on site.

Besides those limitations, the crest thickness, the roughness of the weir
plate, the rounding of the crest, the fluids viscosity, and — to a lesser extent
— the velocity distribution of the flow approaching the weir crest, influence
the discharge (Ackers et al. 1978). Furthermore, weir plates must be installed
vertically, they have to be regularly cleaned (biofilms and precipitates must
be removed), and the overflowing water must be ventilated, as the flow de-
pends on the pressure conditions around the weir crest. Finally, the surface
tension and the viscosity must be taken into account, for which analytical
solutions for thin-plated rectangular weirs have been discussed as well (e.g.
equation 47 in Sarpkaya et al. 1959). Finally, keep in mind that even if thin-
plate weirs “look” simple, measuring flows with such devices is not!
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Symbols and Notation for Appendix Il

\H
=00

BCD
S}
-

T

S I SRR N

Cross-sectional area of stream bed (Cipolletti weir only), m?
Bed width, m

Crest breath, m

Effective crest breath, m

Coefficient of discharge, —

Coefficient of velocity of approach

Factor

Gravitational acceleration (~ 9.807-9.815 m s?), m s
Gauged head related to weir crest, m

Effective head related to weir crest, m

Maximum expected head related to weir crest, m
Width correction factor, m

Head correction factor, m

Distance from weir to position of head measurement, m
Coefficients 1-5 (Thomson weir)

Coefficients 1-5 (Thomson weir)

Coefficients 1-4 (Thomson weir, simplified discharge equation)

Crest height of weir above mean bed level, m

Discharge, m® s™!

Coefficients 1-2 for calculating the coefficient of discharge
Coefficients 1-4 (contracted Poncelet weir)

Coefficients 1-9 (contracted Poncelet weir)

Coefficients 1-7 (contracted Poncelet weir)

Coefficients 1-3 (Cipolletti weir)

Angle of V-notch weir (full opening), ° (degrees)



426  Appendices

V-notch (Thomson) Weirs (90°, 72 90°, 72 90°)

Nowadays, most researches use the Kindsvater-Shen equation for calculat-
ing the flow over a V-notch weir. It has been simplified by many authors to
a form as given in equation 92. Compared to a 90° V-notch weir, the /2 90°
and % 90° V-notch weirs have a flow which is half and a quarter of the flow
over a 90° V-notch weir at he same gauged head, respectively. All the calcu-
lations for C4 and k,, given here, are based on the originally published graph-
ical relations by Shen (1981) and were used for the curve fitting (Table 32).
They are only relevant if the following limitations are met (compare inset in
Fig. 126):

h>0.05m
P>045m
B>09m

20°< o< 100°
4°C<0<29°C

Q:%x\/@xcdxtan%xhjj (92)
h,=h+k, (93)

C,=m, +m,xh+m,xh’+m,xh’ +m;xh* (94)
k,=n +n,xa"’ +n,xa’ +n,xo "7 95)

There is also a calculation for the simplified equations given in section
9.2.1.4. If the simplified equations have the general form of

0= f(a)xh* (96)

where a is given in degrees, then f{a) can be written as

flo)=

1+o0,xa +o,xa’

o0, t0,Xa ©7)

with 20° < o < 100°.
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Table 32. Coefficients for equations 94, 95, and 97.

absolute error, %

Coefficient

1

2
3
4
5

m n
6.057 - 10! 1.900 - 10
-7.524 - 10 -4.757 - 10°®
2.809 - 10°° 3.575- 107
4.082 - 108 1.198 - 107!
-1.831 - 1010 =

——— == e e

90° angle weir
— == 490" angle weir
————— 14980° angle weir

6 8 10 12 14 1B 18
gauged head related to weir crest, cm

20

o
6.886 - 1073

1.211- 102
9.483 - 10+
-3.506 - 10°

Fig. 126. Absolute er-
rors of discharge mea-
surements by using the
simplified equations
54-56 for V-notch
weirs. Inset: typical
layout of a V-notch
weir.
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Rectangular, full Width Notch (Poncelet) Weirs

Though several hundreds of publications about weirs are available, it is still
not possible to give one equation that can be recommended for all possible
boundary conditions. Therefore, Ackers et al. (1978), based on investigations
conducted by the Hydraulics Research Station Wallingford England, sug-
gested using equation 98 for full-width weirs with the following limits of ap-
plication:

h>20.02m
b>2020m
P>0.15m

ﬁsz.z
P

Q:O.564x\/§x(1+0.150 x %]xbxh;5 (98)
h, =h+0.001 (99)

. L ... h .
This equation is less accurate for weirs with — >1.8 and in cases where
h is smaller than 0.075 m. P
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Rectangular, Contracted Notch (Poncelet) Weirs

As in the case of full-width weirs, different researchers have developed dif-
ferent experimental solutions for the general discharge equation. The first in-
vestigations for flows over rectangular weirs were conducted in Munich,
Dresden, Leipzig, and the Walchensee/Germany hydraulic laboratory by
Kirchhoff, Kétter, Ott, Zschiedrich, Kirschmer, and Esterer (Kolupaila in
Sarpkaya et al. 1959). Yet, frequently, the Kindsvater equation is used and it
will therefore be given here, too. Ackers et al. (1978) showed that the flow
over a contracted rectangular weir is a function of many variables defining
the geometry of such a flow measurement installation. Therefore, the num-
ber of coefficients and functions to calculate the flow through a contracted
rectangular weir is far greater than for the other cases. All efforts to reduce
the number of parameters that resulted from the curve fitting code were un-
successful; therefore, 20 coefficients are necessary to calculate the flow
through such a type of weir (Table 33). Sarpkaya (in Sarpkaya et al. 1959)
derived an equation for calculating Cj that includes the Reynolds and Weber
numbers, Re and We, for taking into account the surface tension and viscos-
ity of the fluid. They are not considered here because viscosity and surface
tension only become important if the head above the weir crest and the weir
width are comparatively small. Such situations are rare in most mine water
measurement cases, and so are not considered here.

h>0.03m
b>0.15m
P>0.10m

Len
P

B_bZO.lm

Q=§><J2><g><Cd><be><hel'5 (100)

h
Cd=r1+r2><; (101)

b, =b+k, (102)
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r

LHLX X, X X f

h

h, =h+0.001

s+, X f

_1+S3><f+S4Xf2

8

T+t X 24X+t ) [+, % f°

b

_wruy X S un X X f°

T+u X f2+u, } fH+u, % f°

Table 33. Coefficients for equations 104, 105, and 106.

Coefficient

O 0 N N W A W N =

5.877 -
-5.279 -
-9.108 -

1.005 -

10!
10!
10!
10

t

-3.260 - 10
-2.131 - 10!
2.545
1.227 - 10!
-5.907
20.15 - 10!
4.783 - 10?
-7.995 - 10?
4.165 - 107

2.390 -
-8.640 -
1.766 -
-1.148 -

-3.893
6.560
-3.596

(103)

(104)

(105)

(106)

(107)

107
107
10
107
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Trapezoidal (Cipolletti) Weirs

Both side slopes of a Cipolletti weir have to be at an angle of 1:4, with the
intent of reducing the side contraction effects (Herschy 1995). Though Ack-
ers et al. (1978) concludes that Cipolletti weirs do not have an advantage in
practice, the simpler empirical weir equation compared to Poncelet weirs
seems to prove something else (Table 34). Yet, it is a matter of habit if one
uses a Cipolletti weir or a rectangular weir.

006 m<h<0.6m
P<2h

max
P>030m
hos
b
4<te <5
QZEX‘/ZXg XC XC,Xbxh'"
3 (108)
C, =y +v2><e[v3] (110)
f= C,xbxh
A (111)
Coefficient v Table 34. Coefficients for equation 110.
1 9.846 - 10!
2 1.261 - 102

3 -2.743 - 10!
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Appendix lll: The Berlin | and Il Guidelines
Introduction

In 1991, the first International Round Table on Mining and the Environment
(Berlin I) was organised by the UN Department of Economic and Social De-
velopment (DESD) and the Development Policy Forum of the German Foun-
dation for International Development. Mainly meant for developing coun-
tries, the Berlin I Guidelines were also adopted by mining companies in
developed countries and some of the changes in the mining industry can
clearly be related to those guidelines. Because those guidelines are important
for mine planning and advance mine closure planning, their central aspects
shall be cited here (United Nations Department of Technical Co-operation for
Development and Development Policy Forum of the German Foundation for
International Development 1992). Meanwhile, a second round table was or-
ganised in 1999 and their recommendations were also published (Natural
Resources Management Unit Division ,,Protection of the Environment and
Natural Resources“1999; United Nations Department of Economic and So-
cial Affairs [UNDESA] and United Nations Environment Programme In-
dustry and Environment [UNEP] 2002). During the Berlin II meeting, the
delegates realised that:

Since the publication of the first edition of the Guidelines, continuing
changes have occurred within the mining sector — particulatly in the evo-
lution of legal, fiscal and regulatory policies, accompanying the trend of
liberalization and privatization of the industry. Among other things, envi-
ronmental conditions attached to credit and insurance have raised the pro-
file of environmental planning and management of sustainable develop-
ment. There have also been major advances in voluntary actions by
industry and the standardization of environmental management systems.

During this period, significant advances have been made in defining
and promoting best practices in the sustainable management and opera-
tion of mining projects. These advances have often been stimulated by
the attention of pressure groups, the media, and public opinion. Many of
the major mining companies have now started to work in partnership with
regulators and the local communities to maximise corporate, national and
community benefits, while minimising the social and physical impacts.

Yet, the delegates of the Berlin II round table realised that the life of a
mine also has to deal with closure, and therefore put forward guidelines for
mine closure and abandoned mines (Balkau 1999).
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Environmental Management Guidelines for Mining

World-wide long-term economic development can best be achieved
through the pursuit of sustainable development policies comprising a
balance of economic, socio-cultural, and environmental protection
measures. While taking into account global environmental concern, each
country should apply this concept to meet the needs of their environ-
mental and economic circumstances. Sustainable mining activities re-
quire good environmental stewardship in all activities, from exploration
and processing to decommissioning and reclamation. It acknowledges
the importance of integrating environmental and economic considera-
tions in the decision-making process and the fact that the mineral de-
posits are unique in their occurrence. It recognises the importance of
mining to the social, economic, and material needs of society, in partic-
ular for developing countries, and that minerals, notably metals, offer
great potential for the use of future generations through increased re-
cycling programs. Sustainable mining under appropriate environmental
guidelines is based on interaction between industry, governments, non-
governmental organizations and the public, directed towards optimising
economic development while minimising environmental degradation.
The need for such guidelines is recognised by industry, governments,
and international agencies. It is also recognised that the political will of
governments, together with the commitment of industry management
and of the community, are the essential conditions needed to enforce
environmental legislation and more importantly, to ensure compliance
with all applicable laws for the protection of the environment, employ-
ees and the public.

Environmental Guidelines for Action Addressed to the Mineral Sector
(Berlin | Guidelines, revised in 2000; United Nations Department of
Economic and Social Affairs [UNDESA] and United Nations Environ-
ment Programme Industry and Environment [UNEP] 2002)

Governments, mining companies and the minerals industries should as a
minimum:

1. Recognise environmental management as a high priority, notably dur-
ing the licencing process and through the development and implemen-
tation of environmental management systems. These should include
early and comprehensive environmental impact assessments, pollution
control and other preventive and mitigative measures, monitoring and
auditing activities, and emergency response procedures.
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2. Recognise the importance of socio-economic impact assessments and
social planning in mining operations. Social-economic impacts should
be taken into account at the earliest stages of project development. Gen-
der issues should also be considered at a policy and project level.

3. Establish environmental accountability in industry and government at
the highest management and policy-making levels.

4. Encourage employees at all levels to recognise their responsibility for
environmental management and ensure that adequate resources, staff
and requisite training are available to implement environmental plans.

5. Ensure the participation of and dialogue with the affected community
and other directly interested parties on the environmental and social
aspects of all phases of mining activities and include the full partici-
pation of women and other marginalised groups.

6. Adopt best practices to minimise environmental degradation, notably
in the absence of specific environmental regulations.

7. Adopt environmentally sound technologies in all phases of mining ac-
tivities and increase the emphasis on the transfer of appropriate tech-
nologies that mitigate environmental impacts, including those from
small-scale mining operations.

8. Seek to provide additional funds and innovative financial arrangements
to improve environmental performance of existing mining operations.

9. Adopt risk analysis and risk management in the development of regu-
lation and in the design, operation, and decommissioning of mining
activities, including the handling and disposal of hazardous mining and
other wastes.

10.Reinforce the infrastructure, information systems service, training and
skills in environmental management in relation to mining activities.

11. Avoid the use of such environmental regulations that act as unnecessary
barriers to trade and investment.

12.Recognise the linkages between ecology, socio-cultural conditions and
human health and safety, the local community and the natural envi-
ronment.

13.Evaluate and adopt, wherever appropriate, economic and administra-
tive instruments such as tax incentive policies to encourage the reduc-
tion of pollutant emissions and the introduction of innovative technol-
ogy.

14.Explore the feasibility of reciprocal agreements to reduce transbound-
ary pollution.

15.Encourage long-term mining investment by having clear environmen-
tal standards with stable and predictable environmental criteria and
procedures.
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A

abandoned bore holes 51-53

Abandoned Mine Land Fund 3

Abandoned Mine Land Inventory Sys-
tem 3

abandoned mine lands 3

Abandoned Mine Lands Initiative 3

abandoned mine shafts 51

abandoned mines 3, 50, 61, 103

abandoned surface mines 245

abandoned underground mines 63, 245

abandoned workings 67, 98

abiotic processes 263

accidents 6263

accuracy 147, 179

accuracy of water analyses 6

acid 11

acid capacity 142, 178, 184, 187

acid drainage 4

acid generating salts 47

acid mine drainage 34, 10, 13, 18-19,
39,44, 51,61, 65, 67,73, 79, 89

acid mine waters 24-25, 65, 89, 322

acid producing materials 68

acid rock drainage 4, 89

acid titration 185

acid-base-accounting 30-31, 268

acid-consuming 48

acidic 240, 274, 281

acidic conditions 17, 31

acidic mine waters 57, 80, 81, 281

acidic mining lakes 25, 57

acidification 57, 175

acidified in the field 141

Acidithiobacillus ferrooxidans 18, 22

Acidithiobacillus thiooxidans 17-18, 22

acidity 9, 13, 24, 30, 75, 79, 89, 111,
142, 178, 184, 186, 250

acidobacteria 19

Acidobacterium capsulatum 19

acid-producing 48

acid-producing minerals 63

active mining 40

active treatment 88-89, 101, 139, 235,
240
see also treatment
electrodialysis 89, 242
HDS treatment 89, 99, 236, 239-241
LDS 89, 240, 267, 270
reverse osmosis 89

activities 12

adenosine diphosphate 18

adenosine triphosphate 18

adit dewatering 88

adit mines 50, 59-60

adits 60, 77, 109, 224, 301

ADP 18

after care 37

after use 44

age determinations 288

Agenda 21 39

Agricola 9, 38

alcohol 268

Alfred-Wegner-Institute, Bremerhaven,
Germany 231

algae 17

alkaline environments 17

alkaline materials 266

alkaline mine waters 9, 22, 49, 142,
178, 184, 186, 250, 267269

Alkaliphilus transvaalensis 22

Alston block 297

aluminators 256

aluminium sulphate 25

AMD see acid mine drainage

amorphous substances 25

analytical models 130, 133

Anglo America 44

anoxic conditions 77
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anthroposphere 48, 55
antimonium (Sb) 175
application, of tracer test 215
approval procedures 214
aquaculture 43

aquatic life 50
archaebacteria 17
archaeologists 34
area-velocity method 151
artesian discharges 91
articles, mine water related 1
artificial neural networks 193
Askrigg block (United Kingdom)297
ATP 18

authorities 213

auto sampler 171

autotrophic 18

backfill 68, 71, 78, 107, 117, 140, 176,
225,294, 333-334

background concentrations 170, 235

bacteria 9, 12, 17-19, 22, 56, 61, 207,
244

Bader, Nikolaus 126-127

barium chloride 36, 240

barriers 76, 334

Basal Permian Sands (United King-
dom) 99, 276

base capacity 142, 178, 184, 187

base titration 185

BATNEEC 104

bats 76, 78, 109

bedding planes 5

Bénard cells 126

Bergminnische Wasserwirtschaft 86

Berlin Guidelines (Berlin I/1) 7, 39,
103, 432

best practices 432

bicarbonate system 184

BiCoNiAg-Formation (Erzgebirge) 322

bioavailability 23

biodiversity 260

biofilms 424

bioleaching 17, 19

biological diversity 70

biological studies 42

birds 58

Birtley-Henry process 241

blades 146

blasting 13

boreholes 69, 196

Boussinesq approximation 125

box plots 190

branches 263

Braunspatformation ((Erzgebirge) 322

breakthrough 119, 169, 222, 226, 329

brick walls 76

brines 91, 176, 327

Bronze Age 58

Brownian molecular forces 115

BST Mansfeld GmbH 46

BTEX 173

bucket-and-stopwatch 149

buckets 84

buffer 23, 75

buffer capacity 322

buffering 23, 4748

buffering minerals 322

bulkheads 59-60, 69, 71-72, 74-77,
80, 109, 113, 196, 267, 294-295,
313,331

buoyancy 11, 61, 116

Bureau of Land Management 3

C

calibration 134, 169, 180

carbon dioxide 61, 96, 174, 180, 269
Carlowitz, Hannf3 Carl von 38

case studies 6, 279
cassiterite-sulphide deposit 29
catastrophes 101
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catchment scale 37, 170

cation-anion balance 6, 177

caustic soda 264

cavitatation 165

cement 72

cementation 69, 274

cemented backfill 71

ceramic and fibre optic optode-based
O,-probes 184

channel flow 153

channelling 222

channels 69, 80, 146

chaotic systems 119-120, 295

chemical analyses 141

chemical compositions 173

chemical quality 270

chemical-thermodynamic 177

chemical-thermodynamic codes 15

chemolithotrophs 18-19, 22

chemotrophic bacteria 18

Chezy equation 151

Cipolletti weirs 157, 161, 425, 431

circum-neutral mine waters 24, 48, 254

Clark-sensor 183

clay caps 265

clogging 166

clorination 271

closed channels 143

closed loops 309

closed thermosyphons 310

Closure Plans 40, 45

cluster analysis 191

CO 61

CO, see carbon dioxide

coagulants 237-238

coagulation 26

coal combustion 264, 269

coal mines 45, 54, 142, 245

coal refuse 75, 90

Coalition for Abandoned Mine Recla-
mation 3

coating 265

collapsed voids 101, 282
colloids 28-29, 237-238
colourful work 10
column tests 31
common reed 251
common rush 251
communicating pipes 309
communication systems 280
compartments 141
computer codes 226
see also software
concentrations 12, 142
conceptual models 30, 70, 95, 100, 133,
197, 208, 323
concrete pumping 108
concrete seals see mine seals
concrete walls 69, 76
conduit network 130
conduit porosity 224
cone of depression 57, 74, 82, 99—-100,
134
confined aquifers 88, 133
congruent processes 13
connections 196
constant rate injection method 167
constant rate pumps 168
contaminations 215
continuity equation 134
contracted notch (Poncelet) weirs 429
contracted rectangular weirs 429
convection 125
—cells 125-126, 305, 313, 323, 325,
334
— density driven flow 125, 310
— exchange 305
—flow 115, 123, 295-296, 305, 330,
332,334
— mixing 82, 306, 329, 336
— transport 308
conversion of the redox potential 183
cooling purposes 274, 326
copper (Cu) 274
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copper solution mining 276
co-precipitation 29, 251
corals 42
cosmetic articles 203
cover drilling 69
crests

see also weirs

— breath 160

— height 160

— thickness 424
cross-contaminations 215
current meters 152
cut off walls 87

dam failures 101
dams see bulkheads
Darcy
— equation 130, 134, 136, 220
—flow 71, 115, 117
— velocity 220
non-Darcy flow 115, 225
turbulent non-Darcy flow 100
data 188, 194
— backup 232
— encryption 232
— interpretation 194
—management 231
— prediction 192—-193
— quality objective 227
—retrieval 232
— security 232
— storage 144, 227, 231-232
— unrepresentative 141
database systems 232-233
database uncertainties 138
data loggers 163
daylighting 64—65
deadly accidents 61
decommissioned mine sites 261
density 299

density differences 117, 120, 124—125,
330
depletion of the deposit 62
design flow 238
design guidelines 247
destratification 124
developing countries 432
Devonian sands (United Kingdom) 91
dewatering 57, 84, 87
dewatering effluents 89
dewatering pumps 52, 57
diaphragm walls 82
diatoms 17
diffusion 115, 118, 318, 333-334
diffusion porosity 100
diffusive flow 306, 315, 328-329
diffusive transport 308
dike structures 83
dilution is the solution to pollution 269
dilution prohibition 70
dilution techniques 167
Dirac
function 216, 221
impulse 143
tracer injection 134
disaggregation zones 117
discharge 54
diseases 37
dispersion 152, 226
dispersivity 226
disposal 89
disposal wells 87
dissolved iron see iron
dissolved metals 179
dissolved oxygen 178, 182—-183, 250
dissolved solids 46
distributed models 96
disulphide oxidation 11, 15, 47, 61, 111
disulphide weathering 10, 12
ditches 69, 80
divergence 74
divers 272
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diversions 52, 68-70, 80, 83

divert surface 67

diverting water 67, 264

DMT — German Mining Technology
319

documentation 176, 219, 227

dolostone 264

Doppler velocity meter 153

double porosity aquifers 222

double-diffusive convection 123—124,
291, 335

downdip mining 88

down-hole probes 279, 289, 297

downscale 293

drainable porosity 88

drainage adits 52, 61, 82, 8485, 98,
281

drainage pipes 67, 113

drainage water quality 80, 88

drawdown 91-92, 145

drowned flow 156

drum records 144

dual porosity aquifers 133, 222

earthquakes 122

ecological potential 141

ecological status 69, 88

ecologists 34

economic geologists 107

economics 62, 433

ecoshpere 55

Eden Project (Cornwall, United King-
dom) 44

effective velocity 317

Ey see redox potential

Ey-pH conditions 9, 14

electrical conductivity 6, 46, 48, 71, 74,
107, 118, 124, 126, 142, 147, 167,
176-177, 181, 279, 287, 421, 423

electrical resistivity 279

electro neutrality 177
electrode signal fluctuations 280
electromagnetic velocity meters 153,
166
electronic field books 229
electronic records 144
elevated natural radiation areas 33
empirical conclutions 30
empirical models 55, 57, 130-131
enclosures 115
encrustations 26
endangered species 76, 78
energy laws 130
engineering constructions 108
English Nature 44
enhanced biodegradation 260
ENRA 33
entrance flow 309
environment 2, 7, 37, 39, 61, 67, 433
environmental impact assessments 37,
103
environmental investigations 84
environmental liability 105
environmental pollution 52
environmental protection groups 62, 78
environmentally sound 103
epikarstic 225
epilimnion 58, 123
equations of state
— density 130
— viscosity 130
equilibrium 181
equivalent ionic conductance 178
equivalent well approach 57, 92
Erbstollengemeinschaften 85
ERMITE 54, 59-60, 76, 105, 188
erosion 50, 80
estimation techniques 146
European Water Framework Directive
67, 86,90, 142, 176, 235
evaluation 220, 226
evaporation 97
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excavation 13

exothermal 11

experienced hydrogeologist 177
experienced modeller 139
expert systems 131

exploratory data analyses 66
extreme thermophiles 20
extremophiles 17, 261

F

falls 251
faults 282
Federal Water Budget Law 214

flocculants 26, 237-238

flood plains 61

flooding 45, 60-61, 81, 84, 89, 101,
306, 308, 330-331
— prediction 55
— prevention 93
— processes 107
— scenarios 96
— water 86
controlled flooding 52-53, 84
flooded mines 52, 69, 115, 117, 124
reasons for mine flooding 53
surface mine flooding 57
uncontrolled flooding 52, 54, 321

Federal Water Pollution Control Act 103 flow 46, 74, 125, 129-130, 142, 154,

Fejér Co., Hungary 87

Fe-phosphate 265

ferric iron see iron

ferrihydrite 23, 28

ferrous iron see iron

fibre optic 204

Ficklin diagram 188, 190

field books 229

field environment 180

field experiments 131

field observations 79

field sampling 229

filter algorithms 280

filter sizes 175

filter wells 87

filterable aluminium 179

filters 240

filtration 141, 174

final water level 111

first flush 14, 25, 27, 30-31, 4647, 81,
94, 173, 265

fishes 56, 58

fissures 5

FIZ-GEO 1, 81

flexures 282

floating materials 237

floating objects 151

159, 424
— calculations 424
—cells 292
— conditions 144
— measurements 6, 71, 74, 141-142,
144
—models 6
— paths 201
— porosity 100
—regimes 196
— situation 170
— velocities 201
—weirs 146
flow-through chambers 176, 178, 182
fluctuations 280
fluid loops 125, 312, 323
fluidised bed ash 266
fluids viscosity 424
flumes 161
fluorometers 167, 314
flushing mechanisms 250
fly ashes 43, 243, 264, 268
folds 282
forced convection 46, 71, 315, 332
forced flow 116-117, 124, 299, 319—
320
forgotten connections 102
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foundations 99

fracture flow 117

fracture network 225

fracture zones 69

fractured aquifers 221, 223

fractured rocks 195

fractures 5, 30, 69, 196, 222

free convection 71, 116, 126, 295, 309—
310, 315

free flow 116

free water 86

frequency-domain electromagnetic 132

Froude number 124, 156

full-width weirs 428

fungi 17

G

GALILEO 191, 219

galleries 77

Gallionella ferruginea 22
gangue 23

gas injection 268

gas mixtures 265

gas wells 91

gauged head 160

Gauss normal distribution 120, 221
general transport equation 133
genesis of ore deposits 107
Geobase 1, 81

geochemical calculations 269
geochemical equilibrium 90
geochemical models 6, 30-31, 137-139
geochemical prediction 57
geochemistry 56, 79

geogenic water 86

geometry 129

geophysical investigations 280
GeoRef 1, 57, 81

georeference systems 191
geotechnic 77

geothermal energy production 43

geothermal gradient 125, 296
geothermal processes 309
GIS-applications 191, 219, 233, 266
Global Alliance 104-105
global environmental concern 433
GLONASS 191, 219
goaf 117, 225, 282
gold deposits 15
good ecological status see good status
good practice procedures 92, 208
good status 39, 141
governments 37
Governor Frank Keating’s Tar Creek
Superfund Task Force 83
GPS 191, 219
Grashof number 116
gravel operations 12
ground stability 108
ground water 1214, 57, 61
— diversions 69
—flow 196
— inflows 97
— protection 275
—rebound 31, 95-96, 98, 100
—rechange 48, 75
— reservoirs 276
— treatment 6
grouting 70, 72, 74, 108, 113
grout curtains 69
grout injections 69
grout walls 87
guard wells 87
GVV 46
gypsiferous water 274
gypsum mines 55

H,S 61, 96, 255
half-life 4
Halothiobacillus 17
hard coal 45
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head above the crest 160
head measurements 165
headframe 2

health regulators 62
health resorts 90

heat mining 195

heat pulse 153

heat transport 130
heating purposes 274
heavy metals 4, 174
Hell, Joseph 84

Henry, R. A. 241

heterotrophic acidophiles (non mineral-

degrading) 20
heterotrophs 18
H-flumes 162, 164
historic miners 107
historic pollutants 65
historic times 84
historical data 81
history 61
Hjulstrém diagram 238
HLNRA 33
horizontal drains 87
host rock 23
hot springs 32
hotel resorts 42
humidity cell tests 31
hydraulic backfill 71
hydraulic conductivities 256
hydraulic connections 71
hydraulic heads 77
hydraulic mine seals see mine seals
hydraulic permeability 265
hydrodynamic conditions 196
hydrodynamic dispersion 220
hydrodynamic investigations 72, 82,
171
hydrodynamics 6, 83, 115, 305
hydrogen 25
hydrogen sulphate 25
hydrogeochemical development 134

hydrogeochemical parameters 141
hydrogeochemistry 297, 304-305

hydrogeological investigations 82, 171

hydrogeological modelling 92
hydrogeological parameters 201
hydrogeological scenarios 57, 96, 170
hydrogeology 5, 52, 66, 77, 112
hydrology 5, 66, 112
hydrolysis 249

hydrostatic pressure 72, 80, 323
hypolimnion 58, 123
hypsometric methods 144

ICMM 105

ICP-MS 173

impeller current meter 153

IMPs 245

INAP 105

inappropriate remediation 141

incline mines 59

inclines 77

incompressible fluids 117

incongruent processes 13

incongruent weathering 14

industrial archaeologists 107

industrial heritage 37

infiltration 75

infiltration zones 50, 74

inflation 37

inflows into mines 98

information 186

inorganic carbon species 174

inrushes 62, 195

in-situ leaching see solution mining
(ISL)

in-situ options 196

in-situ probes 280

inspections 80

Intel 193

interactions 141
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interceptors 239
intermediate layer 123
internal waves 122, 124
international guidelines 142
international water law 103
interpretation 194
inundations 52, 63, 69, 195-196, 225,
305
inverted wells 87
ion chromatography 173
ion mobility 177
ion-exchange 24, 89
ionic balance 177
ionic charge 178
iron 81, 90, 179, 294
— ferric 12, 22, 28, 61, 173, 178,
236, 255
— ferrous 22, 61, 173, 178, 236, 250,
255
iron and lignite sludge 269
iron- and sulphur-oxidisers 20
iron ion hydrolysis 246
iron oxidation 19
iron oxide sludge see ochre
iron oxihydroxides see ochre
iron precipitates 163
iron reduction 22
iron-oxidisers/reducers and sulphur-ox-
idisers 20
irregularities 217
irrigation 45, 90, 273-274
ISI database 57
ISL see solution mining (ISL)
isohyetal method 144
isothermal reservoirs 309, 311
itabiritic 44

J

Jacob approaches 133
jet-like inflows 124
Juncus effusus 251

juvenile acidity 47, 111
K

karst 69, 112

karst aquifers 129, 197, 223-224, 226,
275

karst conduit network 129

karstic terrains 197

kinetic laboratory tests 140

kinetic leach tests 30

kinetics 13, 140

L

lab analyses 141
laboratory books 218, 229
laboratory errors 228
laboratory experiments 79, 131, 171
lack of data 134
laminar 181
— convective flow 115, 309
— convective mixing 301
— Darcy flow see Darcy flow
—flow 115-116, 134, 156
— Poiseuille flow 115, 315, 326
landfills 99
Laser-Doppler-anemometers 166
law of mass conservation 130
layering 120
LDO oxygen sensors 279
leakage 81
leakage water 86
leaky aquifers 133
leather buckets 84
legal regulations 214
legislation 102
length to diameter ratio 125
Leptospirillium ferrooxidans 22
level gauge 145
lignite mines 82
lignite sludge 269



444 Index

lime kiln dust 264
lime slurry 266
limestone 248, 250, 264
limestone coating 250
limestone quarries 12
limiting ionic molar conductivities 178,
421,423
liquid hydrocarbons 239
liquid membrane 274
listlessness 37
lithoautotrophs 18
living beings 201
LLNRA 33
loadings 50
localities
14-Nothelfer stope, Tyrol, Austria
325,327
Aachen, Germany 95, 99, 289
Adolfsgliick shaft, Hope, Germany
331-333
Afon Goch stream, Wales, United
Kingdom 80
Agnew nickel mine, Australia 87
Aguablanca nickel mine, Asturia,
Spain 55, 58, 276
Aguas Claras mine, Minas Gerais,
Brazil 44
Ahrendfeldschacht, Harz Mountains,
Germany 271
Aitik, Sweden 50
A-J Kensington, Alaska, USA 40
Alegria mine, Minas Gerais, Brazil
39
Alexisbad, Harz Mountains, Ger-
many 41, 272
Altes-Kalk-Bergwerk, Saxony, Ger-
many 43
Alton, West Virginia, USA 75
Anna adit, Nassereith, Austria 101
Ardenne mountain chain, France
289
As Pontes lignite mine, Spain 241

Asse mine, Wolfenbiittel, Germany
331

Atabasca, Canada 87

Atlantis II, Red Sea 122

Aue, Saxony, Germany 294, 304

Auerhammer, Saxony, Germany 304

Auguste Victoria mine, Germany 34

Australia 3

Aznalcollar pit, Spain 57, 94, 275

Bad Gastein, Austria 41, 271

Bad Haring, Tyrol, Austria 272

Bad in der Au, Brixlegg, Austria 272

Bad Schlema Spa, Germany 34, 271

Bad Suderode, Harz Mountains,
Germany 41, 272

Bakony, Hungary 87

Bang-Tao Bay, Thailand 4142

Banyan Tree Phuket, Thailand 41

Barbara stope, Tyrol, Austria 325

Batu Hijau mine, Indonesia 50

Bayreuth, Germany 270

Beaconsfield, Tasmania, Australia 87

Beerwalde, Ronneburg, Germany
294

Beienrode shaft, Braunschweig, Ger-
many 331, 335-336

Belo Horizonte, Minas Gerais,
Brazil 44, 91

Bensheim, Germany 270

Bernburg, Germany 331

Beth Energy’s underground Mine Ne
105W, West Virginia, USA 79, 265

Bethlem mines, USA 241

Bethlem’s Ellsworth, USA 241

Biberwier, Tyrol, Austria 42,
126-127, 272

Big Five Tunnel, Idaho Springs, Col-
orado, USA 245

Big Four Hollow Creek, Ohio, USA
81

Bigler Township, Pennsylvania,
USA 88
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Bingham, USA 56

Bismarck Spring, Saxony, Germany
34-35

Biwender adit, Stralberg mine, Harz
Mountains, Germany 319

Blauer Salon, Stra3berg mine, Harz
Mountains, Germany 314

Blindwells open pit coal mine, Scot-
land, United Kingdom 96

Bockstein, Bad Gastein, Austria 271

Bodelva Mine, Cornwall, United
Kingdom 44

Bonne Terre, USA 43

Boone Formation, Picher Mining
District, Oklahoma, USA 286

Bowden Close, United Kingdom 257

Bowmans, Australia 87

Brachmannsberg adit, StraBBberg
mine, Harz Mountains, Germany
318-319

Braunschweig, Germany 331

Brixlegg, Tyrol, Austria 118, 325

Broken Aro coal mine, Coshocton,
Ohio, USA 267

Buckhannon, West Virginia, USA
79, 265

Bulgaria 3

Bullhouse, Yorkshire, United King-
dom 49

Burgfey Adit, Eifel, Germany 41, 91

Burra, Australia 87

Butler County, Pennsylvania, USA
76

Buttonwood Tunnel, Eastern Penn-
sylvania, USA 263

Cambria Divisions, USA 241

Canada 3

Carlés gold mines, Asturia, Spain
55, 58,276

Carletonville, South Africa 22

Carnon River, Cornwall, United
Kingdom 101

Carrick Roads, Cornwall, United
Kingdom 101

Chemnitz, Saxony, Germany 304,
313

Chile 3, 274

Chingola, Zambia 87

Christiansdorf, Freiberg, Germany
321

Chuquicamata, Chile 55-56, 58

Clausthal, Germany 272

Clearfield Creek, Pennsylvania, USA
88, 95

Cologne, Germany 56

Colorado, USA 190, 216

Consol 2, Oklahoma, USA 287

Coolgardie, Australia 109

Cornwall, United Kingdom 34

Coshocton, Ohio, USA 267

Czech Republic 3

Dalhalla Stone Quarry, Sweden 41

Debiensko coal mine, Poland 89,
242

Deerplay, Lancashire, United King-
dom 257-258

Desdemona shaft, Gottingen, Ger-
many 331, 335

Deutschland shaft, Ronnenberg, Ger-
many 331, 335

Devon, United Kingdom 34

Dienststelle Marienthal bunker,
Marienthal, Germany 166

Dijon, France 131

Dittrichshiitte, Ronneburg, Germany
294

Dorog, Hungary 87

Dresden, Germany 94, 276

Drosen, Ronneburg, Germany 294

Dunston, Chesterfield, United King-
dom 16

Durham, United Kingdom 95, 98, 137

Dyers Spring, Elizabethtown, Ken-
tucky, USA 218
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East Fife Coal Field, Scottland,
United Kingdom 300

Eastern German lignite mining 245

Eastern Pennsylvania, USA 45

Eden Project, Cornwall, United
Kingdom 41, 44

Ehrenfriedersdorf, Erzgebirge, Sax-
ony, Germany 84, 132, 208

Eibenstock, Erzgebirge, Saxony,
Germany 304

Eisenwésche, Stra3berg, Harz
Mountains, Germany 262

El Valle gold mines, Spain 55

Elbe River, Germany 321

Elbingerode, Harz Mountains, Ger-
many 240

Empelde cavern, Hannover, Ger-
many 331

Erzgebirge, Germany 38, 304

Estonia 3

EuroSpeedway Lausitz, Saxony,
Germany 41

Fal Estuary, Cornwall, United King-
dom 101

Feengrotten Saalfeld, Thuringia,
Germany 41, 272

Felsendome Rabenstein, Chemnitz,
Saxony, Germany 43, 221, 313—
314,316

Firestone mine, County Durham,
United Kingdom 296

Flint Run watershed, Coshocton,
Ohio, USA 267

Fluor shaft, Harz Mountains, Sax-
ony-Anhalt, Germany 319

Follda, Norway 44

Frances Colliery, Scotland, United
Kingdom 300

Franziskibad, Bad Haring, Tyrol,
Austria 272

Frazer’s Grove, County Durham,
United Kingdom 16, 296298, 319

Freiberg, Saxony, Germany 101,
272,274

Freiberger Mulde, Saxony, Germany
322

Freiburg, Breisgau, Germany 270

Friedenshall salt mine, Germany 117

Friedliche Nachbar shaft, Germany
292

Fiirstenstollen, Halsbriicke, Saxony,
Germany 186, 322

Garth Tonmawr, Wales, United
Kingdom 257

Gasteiner Heilstollen, Bockstein,
Bad Gastein, Austria 271

Gaylord Colliery NW2, Pennsylva-
nia, USA 284

GenPower LLC Maidsville
(Longview Power Plant), Pennsyl-
vania, USA 272

Georgi Unterbau mine, Brixlegg,
Tyrol, Austria 120, 135, 149, 196,
208, 315, 325-328

German Creek, Australia 87

German Democratic Republic 318

Gernrode, Harz Mountains, Ger-
many 16, 89, 139, 168, 170, 186,
249, 257,263

Gittersee uranium mine, Coschiitz,
Saxony, Germany 102

Glasebach pit, Harz Mountains, Sax-
ony-Anhalt, Germany 111, 318-
319

Gnomengang, Felsendome Raben-
stein, Chemnitz, Saxony, Germany
314

Gottingen, Germany 331

Grasberg-Ertsberg, Indonesia 39

Greencleugh Vein, Frazer’s Grove
Mine, County Durham, United
Kingdom 297

Greenwood No. 10, Pennsylvania,
USA 282
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Grizzly Peak Caldera, Colorado,
USA 12

Grove rake, United Kingdom 296—
297

Grube Einheit, Elbingerode, Harz
Mountains, Germany 240, 267

Griine Grotte (green grotto),
Felsendome Rabenstein, Saxony,
Germany 313, 315, 317

Griinewalde RL 78 (pit lake),
Lausitz, Germany 253

Griinwies fault, Georgi Unterbau,
Tyrol, Austria 149, 326

Guyses Run, West Virginia, USA 43

Hannover, Germany 330-331

Harrison Ne 2, Somerset County,
Pennsylvania, USA 102

Harz Mountains, Germany 107, 271

Harzgerode, Germany 318

Heerlen, Netherlands 44

Helmsdorf, Germany 252

Henderson Molybdenum Mine, Em-
pire, Colorado, USA 274

Henry colliery, Pennsylvania, USA
281-282

Hermann 1, coal mines, North-
Rhine/Westphalia, Germany 291

Hilchenbach, Germany 301

Hindenburg Spring, Germany 34-35

Hochwarthe Adit, Gernrode, Harz
Mountains, Germany 89

Hope salt mine, Hannover, Germany
45,176, 330-332, 334

Horden Colliery, County Durham,
United Kingdom 94, 99, 239, 276

Hungary 3

Idrija mercury mine, Slovenia 25, 69

Indonesia 40

Innsbruck, Tyrol, Austria 325

Ireland 3

Iron Mountain, California, USA 12,
16

Iron wash natural wetland, Straf3-
berg, Harz Mountains, Germany
262

Iwami Ginzan World Heritage silver
mines, Japan 41

Jéanschwalde, Boxberg, Germany 82,
273

Japan 3, 41

Joachimsthal, Bohemia, Czech Re-
public 294, 304

Jordan river, Jordan 206

Kailuna Hebei, China 87

Kalgoorlie Super Pit, Western Aus-
tralia, Australia 64

Kansas, USA 51

Karlsbad, Czech Republic 74

Kassel, Germany 270

Kenoyer, Picher Mining District,
Oklahoma, USA 287

Keystone State Park, Pennsylvania,
USA 266

King River, Tasmania, Australia 50—
51

Kingston, Australia 87

Kingwood, West Virginia, USA 242

Kirchberg, Germany 304

Ko Phuket, Thailand 42

Kogel mining area, Tyrol, Austria
325

Konigliche Vertragliche Gesellschaft
Stollen, Freiberg, Saxony, Ger-
many 322

Konigshiitte, Harz Mountains, Ger-
many 74, 208, 225, 271

Konigstein mine, Saxony, Germany
73,94, 268-269, 276-277

Konkola, Zambia 87

Konrad mine, Germany 13

Kra$ Region, Slovenia 223

Kronprinz-Friedrich-Wilhelm-Erb-
stollen, Harz Mountains, Germany
301
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Laasower FlieB, Lausitz, Germany
253

Laguna Phuket, Thailand 41

Lahn-Dill, Germany 271

Lake Hope State Park, Ohio, USA
81

Lake Kivu, Democratic Republic
Congo (Zaire) / Rwanda 336

Landwehr 1 shaft, North-Rhine/
Westphalia, Germany 291

Latvia 3

Lausitz, Germany 54, 56, 87, 97,
269, 276

Lauter, Germany 304

Lawyer shaft, Picher Mining Dis-
trict, Oklahoma, USA 288

Lehesten, Thuringia, Germany 250,
252

Leonie iron mine, Bavaria, Germany
87

Libiola, Italy 29

Lichtenberg, Ronneburg, Germany
294

Limburg, Netherlands 55, 60, 95

Lippe, Germany 34

Lithuania 3

Lock mine, Australia 87

Locust Gap, Pennsylvania, USA 282

Longview, Pennsylvania, USA 273

Lorraine, France 129, 140

Loue Spring, France 203

Lower Spring River, Picher Mining
District, Oklahoma, USA 83

Lyken mine, Pennsylvania, USA 272

M. Mayerova Mine, Czech Republic
70, 74

Macquarie Harbour, Tasmania, Aus-
tralia 50

Mangabeiras, Brazil 44

Mansfeld, Germany 137, 224

Manteuffel shaft, Bernburg, Ger-
many 331

Markus-Semmler dewatering adit,
Germany 35, 304, 312

Maryland, USA 43

Maschinen shaft, Felsendome
Rabenstein, Germany 316

Max-Braun-Adit, Biberwier, Tyrol,
Austria 42, 272

Meadowgate, United Kingdom 81

Mechernich, Germany 110

Mecsekérc uranium mine, Pécs,
Hungary 90, 274

Meggen pyrite-zinc mine, Germany
290, 292

Mezica lead zinc mine, Slovenia 99

Michael coal mine, Scottland,
United Kingdom 300

Midlothian, Scottland, United King-
dom 44

Miltitz, Germany 43

Mina de Campanema, Minas Gerais,
Brazil 249

Mine Complex 88, Ohio, USA 81

Mine Ne 3, Svalbard, Norway 16

Minnesota, USA 43

Missouri, USA 51

Mitterberg silver-uranium, Austria
37

Montana, USA 43

Morwell, Australia 87

Mount Lyell, Tasmania, Australia 39,
50, 65

Mulreesh—Portnealon lead-zinc min-
ing area, Islay, Scotland 108

Miisen, Germany 301

Mynydd Parys mine site, Anglesey,
Wales, United Kingdom 80, 274

Nangiles adit, Wheal Jane tin mine,
Cornwall, Kingdom 101

Neille, Germany 54, 82, 97

Netherlands 44

Newcastle-upon-Tyne, United King-
dom 296
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Nickel Rim mine, Sudbury, Ontario,
Canada 275

Niederschlema/Alberoda, Saxony,
Germany 16, 18, 21, 45, 54, 70,
73, 82,98, 118, 126-127, 172,
189, 208, 237, 280, 304, 306-307,
309-310

North Pennines, United Kingdom
296

North-Rhine/Westphalian Coal
Mines, Germany 289

Northern Anthracite Fields, Pennsyl-
vania, USA 281, 283

Nottinghamshire coal field, United
Kingdom 70

Nova Scotia, Canada 43

Nusa Tenggara Barat, Indonesia 50

Obernkirchen, Germany 270

Oberschlema, Germany 304

Ochil View, Scotland 44

Ohang-Nga Bay, Thailand 41

Ok Tedi mine, Papua New Guinea
39, 104

Oklahoma, USA 51

Ore Mountains see Erzgebirge

Othfresen, Lower Saxony, Germany
245,251

Ottawa County, Oklahoma, USA 82,
287

Packer No. 5, Pennsylvania, USA
282

Paitzdorf, Saxony, Germany 253,
294

Palabora, South Africa 55

Park Hills, USA 44

Paselstollen, Bad Gastein, Austria
271

Passagem de Mariana Gold mine,
Minas Gerais, Brazil 41, 272-273

Pécs, Hungary 274-275

Peiflen shaft, Bernburg, Germany
323, 331, 334

Peitzer Teichlandschaft, Picnjo,
Brandenburg, Germany 82

Pelenna II, Wales, United Kingdom
257-258

Pennsylvania, USA 3, 9, 43, 65, 266

Pennsylvanian anthracite fields,
Pennsylvania, USA 124, 282

Pernod factory, France 203

Phuket Marine Biological Research
Centre, Thailand 42

Picher Mining District, Oklahoma,
USA 45, 51, 87, 108, 124, 286—
288,297

Pine Point, Canada 87

Pirna, Saxony, Germany 94, 276

Pittsburgh, Pennsylvania, USA 44

Pleil3 brook, Felsendome Raben-
stein, Saxony, Germany 313

Plettenberg, North-Rhine/West-
phalia, Germany 270

Pohla, Erzgebirge, Saxony, Germany
251-252

Pokoj coal mine, Poland 271

Poland 3

Pontarlier, France 203

Quadrilatero Ferrifero (Iron Quad-
rangle), Brazil 44

Quaking Houses, County Durham,
United Kingdom 26

Quartz Hill, Alaska, USA 40

Quedlinburg, Germany 318

Queens River, Tasmania, Australia
51

Rabenstein, Saxony, Germany see
Felsendome Rabenstein

Rake Level, County Durham, United
Kingdom 296

Rammelsberg World Heritage lead-
zinc-mine, Goslar, Germany 41,
45, 65, 84

Randolph County, West Virginia,
USA 76
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Red Mountain, Colorado, USA 12

Red Oak, Oklahoma, USA 266

Reiche Zeche, Freiberg, Saxony,
Germany 10, 53, 269, 321, 323—
325
—Schacht (shaft) 53, 323-325

Restronguet Creek, Cornwall,
United Kingdom 101

Reust, Ronneburg, Thuringia, Ger-
many 294

Rheinbraun, Germany 87

Rhenish lignite mines, Germany 87

Rhenish Schiefergebirge, Germany
270, 289, 301

Rhine, Germany 34

Richmond Mine, California, USA 61

Rio Narcea El Valle gold mine, As-
turias, Spain 58, 276

Rio Tinto mining area, Spain 37, 40,
44,107,235

Rocky Mountains, USA 3

Roederstollen, Rammelsberg, Ger-
many 85

Rogun Dam, Tadschikistan 78

Romania 3

Roncourt, Lorraine, France 93

Ronneburg Uranium Mine,
Thuringia, Germany 55, 74, 96,
125, 294, 296, 304

Ronnenberg shaft, Hannover, Ger-
many 331, 335-336

Rookhope Burn, United Kingdom
296

Rothaar Mountains, Germany 301

Rother Valley Country Park, York-
shire, United Kingdom 41, 82

Rothschonberger Stollen, Freiberg,
Germany 41, 47, 85, 89, 101, 173,
185-186, 321-322

Rotlbach, Austria 12, 28

Royal shaft, Picher Mining District,
Oklahoma, USA 289

Rudnaya river, Russia 29

Ruhr area, Germany 33, 45, 55, 84,
95, 289-290

Russia 29

Salem Ne 2, Keystone State Park,
Pennsylvania, USA 266

Sapadnaja-Kapitalnaja coal mine,
Russia 62

Sauerland, Germany 289

Saxman coal mine, Quecreek, Penn-
sylvania, USA 63

Schemnitz (Bansk4 Stiavnica), Slo-
vak Republic 84

Schlebuscher Erbstollen, Sprock-
hovel, Germany 85

Schlema, Erzgebirge, Saxony, Ger-
many 35, 208, 253

Schmirchau, Ronneburg, Germany
294

Schwarze Pumpe, Lusatia, Germany
167,267,270, 273

Schwaz, Austria 16, 37, 43, 110,
270,421

Schwerspat pit, Brixlegg, Tyrol,
Austria 325, 327

Scotland 44

Selbitz, Germany 270

Selke River, Harz Mountains, Ger-
many 82

Shannopin mine, Pennsylvania, USA
273

Shentang coal mine, China 63

Sherman Helms Ne 2 mine, West
Virginia, USA 267

Shettleston, Scotland, United King-
dom 44

Shilbottle coalfield, United Kingdom
55,163, 275

Shoff mine, Clearfield County, Penn-
sylvania, USA 88-89, 95

Sicilia shaft, Meggen, Germany
290-292
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Siegen, Germany 301

Silbertaler Badli, Vorarlberg, Austria
272

Silesia, Poland 34, 55, 92, 95

Slovakia 3

Slovene Dinarides, Slovenia 223

Slovenia 3, 223

Smirnovsky tin mine, Rudnaya river,
Russia 16, 29

South Africa 3, 36, 273

South Crofty, Cornwall, United
Kingdom 165

South Fork, Lake Creek, Colorado,
USA 12

South Terras mine, Cornwall, United
Kingdom 34

South Yorkshire Coalfield, United
Kingdom 31

South Wilkes-Barre, Pennsylvania,
USA 282, 285

South-Limburg, Netherlands 99

Spree, Germany 54, 82, 97

Spreetal Nordost (pit lake), Germany
56, 267, 270

Springhill coal mines, Canada 43

St. Aidan, Leeds, United Kingdom
271

Stahlberg Iron Mine, Siegerland,
Germany 301-302

Steinbach creek, Gernrode, Harz
Mountains, Germany 168, 170

Stillwater River, Montana, USA 70

Stockheim, Bavaria, Germany 34

Stolzenberg, Ronneburg, Germany
294

Strafiberg, Harz Mountains, Saxony-
Anbhalt, Germany 16, 26, 31-32,
406, 82, 118, 146, 175, 186, 197,
205, 207208, 225, 240, 242, 253,
262,267,296, 318

Straz uranium mine, Czech Republic
136, 277

Stripa, Sweden 13

Sudbury, Ontario, Canada 275

Sumbawa Island, Indonesia 50

Swank’s Mine, Clearfield County,
Pennsylvania, USA 95

Sweden 3, 41

Tar Creek, Picher Mining District,
Oklahoma, USA 82-83, 286

Tarnowskie Gory (Tarnowitz lead-
zinc mine), Poland 84

Tatabanya, Hungary 87

Taunus region, Germany 271

Teichtalstollen, Harz Mountains,
Germany 74, 271

Thorez, Poland 87

Tide Mine, Pennsylvania, USA 268

Tiefer-Ernst-August Erbstollen, Ger-
many 85

Tin Smelter Reef, Indonesia 42

Tremont, Pennsylvania, USA 272

Triebisch River, Germany 321

Troy|Troia|Truva|Troja, Turkey 84

Truesdale-Bliss Colliery SEU2,
Pennsylvania, USA 284

Tuscony, Italy 216

Tutuka Power Station, Eskom, South
Africa 273

Tyrconel, Queensland, Australia 2

Uhlenbach Valley, Harz Mountains,
Saxony-Anhalt, Germany 319

United Kingdom 3

United States of America 3

Upper Arkansas River Basin, USA
102

Urach, Germany 244

Utah, USA 216

Vancouver Island, Canada 261

Vazante, Brazil 85, 87

VEB Harzer Spatgrube, Harz Moun-
tains, Germany 318

Vertrdgliche Gesellschaft Stollen,
Freiberg, Germany 186
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Veybach, Germany 41
Virginia shaft, Mechernich, Ger-
many 109
Wallsend Rising Sun pit, Newcastle-
upon-Tyne, United Kingdom 241
Wanamie colliery, Pennsylvania,
USA 281
well e-1260, Ronneburg, Germany
296
West Virginia, USA 3, 43, 242
Western Deep Level, South Africa
59
Western Ultra Deep Levels mine,
South Africa 58
Wheal Jane tin mine, Cornwall,
United Kingdom 97, 101
White Pine Copper Mine, Michigan,
USA 74,277
Whittle mine, Shilbottle, Northum-
berland, United Kingdom 55
Wilkes-Barre, Pennsylvania, USA
112
Witten, Ruhr, Germany 60, 64
Witwatersrand Basin, South Africa
36
Wolfenbiittel, Germany 331
Wolfsburg, Germany 331
Wyoming Basin, Eastern Pennsylva-
nia, USA 263
Wyoming, USA 282
Xuzhou coal mine, China 63
Ynysarwed, Wales, United Kingdom
16
Yorkshire mine, Bigler Township,
Pennsylvania, USA 88—-89
longevity 40
longitudinal dispersion 226, 317
long-throated flumes 161
longwall mining 62, 94-95
luminescent dissolved oxygen (LDO)
sensors 184
lumped parameter model 96, 193

Lycopodium Apparatus (LydiA) 171
LydiA (Lycopodium Apparatus) 171

machina pyraulica 84

macroorganisms 27

macrophyte flora 235

macrophytes 261

magnetic-inductive flow meters 166—
167

main ions 174

maintenance 80, 180

maintenance costs 243

major ions 173

malfunctioning probes 182, 280281

manganese 142

mangroves 41

Manhattan project 136

Manning equation 151

manual water haulage 84

Mariott bottles 168

mass balance 138

mass conservation 130

mass flow 196

mass loads 142-143

mass transfer 201

mass transport 146, 220, 334

master variable 11

matrix network 130

MDM 224

mean bed level 160

medieval times 224, 272, 274, 313, 325

MeFiSTo (Multiple Filter Storage Tool)

171
mesophiles 20
metabolism 17, 19, 22
metal dissolution 13
metal leaching 4
metal loads 44
metal recovery 274
metalimnion 58, 123
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metalliferous leachates 10, 19, 25, 111 minerals

metals 4, 45, 89, 277 aluminium (Al) 142, 173-174, 250
methane 72, 142 alumosilicates 23
microbiology 274 alunite 27, 29
— activities 9, 236 anglesite 27, 29
— catalysed oxidation 251 anthracite 9
— activities 89, 256, 263 antimonite 21
— reactions 174 arsenates 13
microorganisms 15, 17-18, 23, 27, arsenic 4, 15, 94, 277, 294
181, 235, 255 arsenopyrite 15,21, 318
micro-earthquakes 60 barite 325
microseismic events 60 basalumnite 27, 29
MIFIM 134 biotite 24
Millstone Grit, United Kingdom 297 bismuthinite 21
mine seals 61, 66-68, 74, 76-79, 81, bornite 21
87,108, 110, 312 calcite 23-24
mine shafts 175 carbonates 9, 13, 23
mine waste disposal sites 58 cerussite 27, 29
mine water chalcocite 21
— chips 172 chalcopyrite 15, 21, 318
— classification diagram 190 china clay 44
— diode arrays 172 chlorite 24
— inrushes 54, 68, 225 cinnabar 21
—level 60 coquimbite 27, 29
— management 194 covellite 15, 21
— management plan 4 disulphides 9, 32, 48
— pollution 235, 275 dolomite 2324
—pools 79, 101, 125 enargite 15, 21
— quality 45, 68, 77, 173 epsomite 25, 27, 29
—rebound 134 ettringite 242-243
—samples 172 fahlore 325
— sensor arrays 172 feldspar 24
— tracer tests 169, 195 flourspar see fluorite
— treatment 6, 29, 235, 270 fluorite 32, 318
mineral acidity 184 galena 14-15, 21, 286, 318
mineral collectors 34 gibbsite 23, 29
Mineral Policy Center 40 goethite 23, 28
mineral precipitates 25 goslarite 27, 29
mineral species 25 greenockite 14, 21
mineral surface areas 12 ground apatite 266
mineral waters 9 gypsum 14, 273

mineral weathering rates 13 hydrozincite 27
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iron hydroxide 110

jarosite 27-29

jurbanite 27, 29

K-jarosite 23

lepidocrocite 28

malachite 27, 29

manganese 173, 254

marcasite 9-10, 12, 15, 19, 21-22,
61,318

melanterite 27, 29

millerite 15, 21

mixed carbonates 23

molybdenite 21

muscovite 14

orpiment 21

orthoclase 14

oxi-hydrate minerals 23

pentlandite 21

phosphates 13

pyrite 9-10, 12-15, 19, 21-22, 24,
61,314,318

pyrrhotite 21, 61

schwazite 326

schwertmannite 12, 28

siderite 23-24

silicates 24

sphalerite 14-15, 21, 286, 318

sulphides 13, 15, 19, 255

szomolnokite (schmollnitzite) 27, 29

tennantite 15

tetrahedrite 21

vanadates 13

Zn-hydroxides 29

minerals 5, 23
mines

— abandonment 5

— adits 33

— air ventilations 61

— aquifers 224-225

— closure 6, 30, 37, 40, 103, 105,
108

— closure legislation 102, 105

— closure plans 78, 103, 107, 432
— dewatering 84, 86
—dry 13
— entrances 76
— flooding 45, 52, 107, 265, 267
— gases 33
— geometry 47
— heaps 26
— layout 77, 208
— management plans 103
— multiple shaft 326
— open pit lignite 54
— open pit 40, 55, 84, 86
— opencast see open pit
— operators 37
—owners 61
— pit lakes 50, 56-57
— pool 268
— prehistoric 224
— sealing see mine seals
— shaft mines 59
— single shaft 315, 326
— surface 55, 57, 66
— underground 58, 66-67, 84, 86
— volumen 47
Mining and the Environment 103
mining archaeologists 61, 78
mining authorities 110
mining heritage 107—108
mining lakes 245
mining strategy 195
MIRO 44
mis-measurements 279
Mississippi-Valley-Type (MVT) 286,
297
mixed 305
mixed convective flow 116
mixed waters 26
mixed-hybrid FEM 136
mixing 266, 309, 336
mixing alkaline and acidic mine water
70
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mixing models 139

mixing of highly acidic mine water 67

mixing striations 124

MLNRA 33

mobility 178

modelling 129, 331

models 275

moderate thermophiles 20

Moers, Walter see Stollentroll

molar mass 178

molten iron 90

monitoring 6, 91, 107, 141, 170, 331
— devices 163
— pipes 78
— programmes 142, 173, 330
chemical monitoring 305
flooding 52, 54
geotechnical monitoring 54
hydrogeological monitoring 266
physico-chemical monitoring 305

multi-dispersion-models (MDM) 224

multi-phase flow 134

Multiple Filter Storage Tool (MeFiSTo)
171

multiquadratic methods 144

multi-species transport 134

MVT 286

nachhaltende Nutzung 38

NaCl see sodium chloride

NaCl brine 205

NaOH 266

National Association of Abandoned
Mine Land Programs 3

National Coalition for Abandoned Mine
Reclamation 3

national guidelines 142

National Orphaned/Abandoned Mines
Advisory Committee 3

National Priorities List 83

natural convective flow 126, 309

natural flow 116

natural radiation areas 33

naturally occurring radioactive materi-
als 32

Navier-Stokes 117, 119, 125, 131, 136

Neolithic times 58, 84

net alkaline 236, 251

net neutralization capacity 49

net neutralization potential 30

neural networks 131

neutral conditions 48

neutral drainage 4

neutral mine waters 9

neutralize 9, 48

Newcomen, Thomas 84

Newtonian fluid 120

NGOs 40

NH, 96

Niersverband, Germany 241

no-flow conditions 115, 334

noise 280

nonlaminar flow 155

non-linear equations 4

non-metal 45

non-modular flow 156

non-point discharges 59, 76

non-uranium mines 32

NORM 32-33

numerical codes 70, 139

numerical methods 117

numerical models 55, 57, 70, 4, 125,
130, 134, 193, 209, 217

o

observation boreholes 112
ochre 26-29, 110, 166, 237
oil 239

oil/water separators 237, 239
old deep ground water 70
old plans 63
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old workings 102, 108

onsetting stations 109, 125, 291

on-site 178

on-site parameters 178

OPACs 5

open channels 143, 161

open convection loops 312

open loops 309-310

open thermosyphons 308, 310

open voids 71, 95

operational costs 243

organic pollutants 173

organisms 198, 203

orphan mines see abandoned mines

Orphaned Abandoned Mines Initiative
3

oscillations 118, 308

outdoor equipment 180

outfall discharges 281

outliers 188, 190

overburden 55, 75, 268

overflow 80

overspill 48

oxic conditions 9

oxidation 89

oxides 13

oxygen 61, 79, 176, 180, 279

P

PADRE 3
Pangaea 231
Paracelsus 271
paragenesis 13
parameter approximation 221
parameter fitting 131
Parshall-flumes 162, 164
partial mine seals see mine seals
partly filled pipes 151
passive treatment 22, 88, 90, 101, 236,
243, 246-247
see also treatment

aerobic constructed wetlands 250—
251,254
aerobic wetlands 246
ALDs 247, 250, 256
anoxic limestone drains (ALDs) 247,
250, 256
ARD 4, 89
free-floating algal systems 251
free-floating macrophyte systems
251
GaRD 77
permeable reactive barrier (PRB)
275
phytoextraction 260
phytofiltration 260
phytoremediation 245, 260
phytostabilisation 260261
RAPS see reducing and alkalinity
producing systems
red mud 269
reducing and alkalinity producing
systems (RAPS) 247, 250, 256,
259
reed beds 251
SAPS see RAPS
SAVMIN process 243
successive alkalinity producing sys-
tems (SAPS) 256
vertical flow ponds 256
vertical flow systems 256
vertical flow wetlands 256
wet covers 243
wetland-type passive systems
(WTPs) 245
PDAs 229
PECOMINES 3, 105
pencil-probes 180
permeability 117, 256
permeable rocks 275
Permian Sands aquifer 94
permits 170
petrol 239
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pH 11, 13, 52, 142, 176, 178, 182, 240,
279, 287

pH probes 182

phosphate mines 12

phototrophs 18

Phragmites australis 251

physical barriers see bulkheads

physical influences 204

physical processes 263

physical quality 270

physical water qualities 198

physico-chemical 175

physico-chemical measurements 54,
141, 172,279

physico-chemical parameters 45, 81,
141, 305, 308

physiological investigations 207

piezometers 70

pillar crushings 60

pipe network 135

pipes 69

PIRAMID 44, 243

piston-flow-model 324, 326, 329

pit frames 280

Pitzer equation 138, 182

plug 267
see also bulkheads

point-sources 76

Poiseuille flow 71, 318

policies 432

polishing 251

pollutant loads 66

pollutants 68, 71, 98, 129

polluted mine water 53, 59

polluted streams 3

pollution 66, 77, 90-91, 105

pollution loads 64

pollution prevention 93

pollution sources 67

polyurethane foam 108

Poncelet weirs 157, 161, 425, 428

Pope Benedict XVI. 271

poplars 261
pore water 86
porous aquifers 220, 223, 226
porous flow 117
portable weir boxes 155
portable weir plates 156
post-mining 30
post-mining landscapes 29
post-mining sustainability 37, 41
Post-mining Sustainable Land Use

Planning 40
post-remining situation 66
potassium chloride (KCl) 204
power plant cooling 272
precipitates 25-26, 39, 146, 424
precipitation 47, 57, 97, 112, 144, 251
precision 179
prediction 31
predominance diagrams 28
prehistoric times 84, 224
pre-mining conditions 13
preparation 208
pre-remining situation 66
pre-remining water quality 64
presentation 219
presentation of results 186
pressure 279
pressure-effects 279
primary flow measurements 145
primary minerals 9
probability distributions 136
probes 181
process waters 272
propeller water meters 166
proton acceptors 23, 30, 48
proton acidity 47
protons 23, 25, 28
pumps 53, 62, 87, 95

— ratings 165

— run-times 165

pumping 84, 264

— capacities 165
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— machinery 281
— stations 286

pyrite oxidation 1012, 24, 58, 67
see also pyrite

Q

quality assurance/quality control
(QA/QC) 80, 175-176, 178, 188,
194, 227-229

quasi-submerged flow 146

Quecreek accident, USA 63, 102

radioactive 4

radioactive spa waters 34

radioactive waste 73, 118, 125, 136,
195, 201, 225, 330-332, 335

radionuclides 32, 34, 274

radium (Ra) 32, 36, 240, 294

radon (Rn) 32-34, 36, 61, 72, 76, 96

radon spas 33

rainfall 50-51

Ramsar Convention on Wetlands of In-
ternational Importance 103

random signals 280

rare earth elements 199, 274

raw material production 87

raw materials 58

Rayleigh number 115-116, 118, 125,
293

Rayleigh number, critical 116, 293

Rayleigh-Bénard 115, 126

reaction-path 138

reactive materials 265

reactive transport 83, 134

rebound prediction 96, 99

rebound times 97

receiving streams 80

recharge 75

reclamations 2, 37, 65

recreation 272
recreation areas 43
rectangular notch weirs 157, 161, 429
redox potential 26, 61, 142, 178, 182,
240, 279-280
see also Ey
redox processes 13
redox reactions 181
redox weathering 14
reedmace 251
regrading 50-51
regulators 40
regulatory agencies 37
remediation 4, 50, 57, 107, 141, 195
remining 63—65, 67, 268
remote sensing 102
representative data 144
researchers 107, 109
reservoirs 310
residual porosity 100
residuals 90
responsible authorities 214
results 188
revegetation 51-52
Reynolds number 115-116, 118
Reynolds number, critical 116
Richardson number 121
riffles 251
rock matrix 12—-13, 30
rock pressure 60
rock salt (NaCl) see sodium chloride
rocks 6
Roman times 201, 223
roof failures 60
roots 263
Rothe method 136
roughness coefficients 151
rounding of the crest 424
rules of thumb 95
runoff 46, 51, 57
ruthenium (Ru) 175



Index 459

S

saddle structures 282
Safe Drinking Water Act 103
safety regulators 62
saline mine waters 117, 176
salinity probe 168
salt caverns 136
salt dissolution 54
salt mines 9, 45, 54-55, 125, 176, 279,
330, 336
salt-dilution method 155
salt-fingers 123
salts 204
samples 176
sampling 6, 141, 172, 216
— containers 216-217
—intervals 217
— protocols 216
— sites 209
representative samples 176
sample numbers 230
sand operations 12
Saul’s observation 71
sausage factories 251
scatter plots 193
Schneeberger Lungenkrankheit 33
Schwazer Bergbuch 37
SCI Expanded 1
scientists 56
Scottish National Coal Board, United
Kingdom 87
scrap iron 269
SDAG Wismut see Wismut GmbH
seals see mine seals
sealed see mine seals
sealing see mine seals
sealing walls see mine seals
seams 286
Search Engines 5
seasonal fluctuations 111, 144
secondary flow measurements 145

secondary minerals 9, 14, 26, 47, 111
sediment traps 50
sedimentation ponds 238
seepage 97
seeping places 69
seismic events 112
self cleaning 162
self-potential 280
semi-analytical models 133
semi-empirical approaches 131
semi-metals 4
Semmler, Markus 98
sequential pH buffering 24
sewage sludge 255, 269
SFBs 245
SFDM 223
shaft furnishings 109
shaft supports 109
shafts 45, 69, 77-78, 107-108, 224,
280, 287, 291
sharp-crested weirs 156, 159
short-throated flumes 161
silica (Si) 265
silicate minerals 23
silver-lead-zinc mines, Freiberg, Ger-
many 269
similarity calculations 293
Single Fissure Dispersion Model
(SFDM) 134, 223
sinkholes 69, 112
site investigations 31
site specific discharge limits 235
site specific investigations 30
sizing guidelines 247
slope failures 69
slope stability 75
slopes 40
sludge 255, 270
see also ochre
—flows 424
— movements 69
small-scale mining 4, 105
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snowmelt 52
social-economic 102, 107
socio-cultural 433
sodium chloride (NaCl) 169, 199, 327
sodium hydroxide 268
sodium silicates 265
software
AMDSelect 236
AMDTreat 236
AMLIS 3
AutoSignal 133
CAVE 224
CFD simulations 117, 129
Efficient Hydrologic Tracer-Test De-
sign 212,217-218
EHTD see Efficient Hydrologic
Tracer-Test Design
FactSage 28
FEFLOW 134
FIDAP 7.5 125
Finite Difference Method 57, 129,
134
Finite Element Method 57, 129, 134
GRAM 31, 55, 134, 137
Grubenwasseranstau Mansfelder
Mulde 137
Hot-Spring 125
KASOMO 134, 331, 335
Microsoft Excel 193
MODFLOW 74, 130, 134
MOTIF 133
PC based software 193
PHREEQC 28, 94, 137, 139
PHREEQE 175
QTRACER 227
REMINE 67
SHETRAN VSS-NET 134
Sigma Plot 2D 31
spreadsheet software 31, 226, 233
SPRING 134
SPSS 31
TableCurve 31, 193, 424

Thermo-Calc 28
TOUGH2 125
TRACI95 226
TRACI98 226
VULCAN 134
software packages 236
see also software
soil protection 102
solar water heaters 313
solubility 47
solubility products 25
solute transport 130
solution mining (ISL) 276
sorption processes 138
spas 41, 271
speciation 138
speciation analysis 175
species distributions 12, 138
specific electrical conductivity 178
spilled 97
spoil heaps 277
stagnant, diffusive flow 303
Stainmore syncline 297
staircase profiles 123—124, 335
staircase temperature distribution 336
standard deviation 150
standard solutions 230
static layers 118
static leach tests 30
statistical analyses see statistics
statistics
— analyses 31, 66, 177, 188, 192—
193
— investigations 193
ANOVA tests 66
ANSYS FLOTRAN 134-135
arithmetic mean 144
Bayesian method 193
black box (“lumped” parameter)
modelling 135
black box method 193
boundary conditions 134
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Boundary Element Method 57
correlation analyses 31
curve fitting bzw. curve-fitting 131,
160
Durov Diagram 188—-189
eigenpotential 183
error 148, 159
— bars 190
— calculations 151
—range 147
Fourier series 131-132
fractals 120
geostatistical methods 146
graphs 188
histogram diagrams 190, 192
Janecke-plots 330
Monte Carlo method 136-137, 193
normality testing 66
NURBS 131
pie diagrams 191
Piper Diagram 188-189
polynomial spline curves 131
principal component analyses (PCA)
191
ranked correlation coefficient analy-
ses 66
regression 146, 192—-193
see also software
—analyses 131
—curves 193
Stiff diagrams 191
time series analyses 66
T-tests 66
unrepresentative data 141
wavelets 131-132
steel support 60
Stokes equation 237
Stollentroll 59
stopes 60
storage coefficient 88
storage systems 232
storm events 46, 49, 52, 69, 112, 122

storm water 51

stratification 45, 58, 82, 120-121, 123—
125, 175, 280, 283, 287, 289, 291,
295,297, 300-301, 305, 307-308,
319, 321, 323, 327, 329, 333-334
—number 124
density stratification 306, 330
stable stratification 122

stream flow rates 46

stream pollution 49

stream velocity 151

streambeds 61

strong electrolytes 178

submarine tailing disposals 40

submerged flow 156

submerged H-flumes 163

submerged weirs 146

submersible pumps 88

subsidence 55, 60, 62, 91-96, 99, 195,
281

sulphate 24, 81, 126, 142, 255

sulphate reduction 22

sulphate-reducing bioreactors 255

sulphur-oxidisers 20

sump dewatering 88

support 60

surface area to depth ratios 58

surface complexation 29

surface exchange 25

surface inactivation 265

surface protonation 24

surface runoff 49—50

surface streams 52

surface subsidence 54

surface subsidence see subsidence

surface water 57

surface water reservoirs 92

surface water runoff 97

suspended solids 39, 88, 237

sustainability 3741, 432

sustainable mining 7, 52, 103

Sylvicultura Oeconomica 38
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synclines 282
syringe filtration 175

T

tables 188
tailings 26, 50, 52, 65, 112, 261, 276
tailings dams 36, 40, 63, 276277
tailings ponds see tailings dams
tailings sites see tailings dams
Tar Creek Superfund Task Force 287
temperature 107, 118, 142, 176, 178,
181,279
— gradients 118, 332-333
— inversion 299
thermal convection 46
thermal stratification 315, 330
Theis approaches 92, 133
Thermithiobacillus 17
thermocline 123
thermo-convection 125
thermodynamic equilibrium 181
thermodynamic models 138, 173
Thiessen Polygon 144
thin-plated weirs 155, 158, 424
Thiobacillus ferrooxidans see
Acidithiobacillus ferrooxidans
Thiobacillus thiooxidans see
Acidithiobacillus thiooxidans

Thomson weirs 157, 160, 320, 425-426

thorium (Th) 32, 36

TIC see total inorganic carbon
tin (Sn) 41-42, 44, 175

tin dredging 42

TinA (Tracer Injection Apparatus) 171

tin-copper-uranium mines 34
total dissolved solids 177

total inorganic carbon (TIC) 52, 185—

186, 217
total iron see iron
total organic carbon (TOC) 173, 217
Tourism Authority of Thailand 42

tourist industry 42, 110

toxic metals 294

trace metals 61

trace elements 52, 70, 174-175, 186,

217

Tracer Injection Apparatus (TinA) 171
tracer, tracers 133, 169, 196, 198, 201,

314, 336

—amount 211

— analyses 218

— investigations 69, 74, 319

—natural 170, 198, 203

— optimal 210

— probes 316, 324

—radioactive 170, 205, 323, 334

— stability 198

— techniques 57, 71, 167

— test permissions 213, 215

— test plans 209, 213, 215

— tests 6, 74, 8283, 99, 119, 195—
196, 236, 266, 279-280, 289, 307,
315-316, 321, 324, 326, 330-331,
334

— water insoluble 206

— water-soluble 204

absinth 203

artificial tracers 170, 198, 204

bromide tracer 170, 204, 268

CFC chlorofluorohydrocarbon 199

CH, 61

chlorofluorocarbons (CFCs) 203

club moss spores see Lycopodium
clavatum

conservative tracers 202

correct tracers 210

dyes 151-152, 204

environmental chemicals 198, 203

environmental isotopes 198

environmental tracers 170, 198

failed tracer tests 209

gulp method 167, 169

halide tracer 169-170
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ideal tracers 202
injection sites 209
injection time 215
injection types 215
isotopes 170

lissamine yellow FF 197
lithium chloride 204

Lycopodium clavatum 199, 208, 306

LydiA 171, 206, 314, 316
MeFisTo System 171, 212

microspheres 74, 170, 197, 199, 207,

207, 326, 328
mine water tracers 170

multi-tracer tests 196, 210, 305, 328

Na-fluorescein 143, 170, 197, 199,
316, 324, 326, 328-329
neutron activatable tracers 205
phages 206
polystyrene beads 207
preferential flow paths 71, 222
pyranine 197
rare earth elements 170
rhodamin WT 197, 199
salt-dilution method 155
sodium fluorescein see Na-fluores-
cein
solide 206
spores see Lycopodium clavatum
stable isotopes 171, 202
sudden injection method 167
sulpho shodamin B 197, 199
sulphur hexafluoride (SF¢) 203
sulphur solution mining 276
Tinopal CBS-X 197
Tritium 199
uranine see Na-fluorescein
velocities of worldwide tracer tests
200
transmissivity 88
trapezoidal weirs see Cipolletti weirs
treatment 31, 67, 84, 88—89
see also active treatment

see also passive treatment

— inappropriate 141

alkaline addition 264

alkaline injektions 267

anaerobic wetlands 255

apatite rock dust 79

at-source treatment 264

attenuation 19

bioremediation 36

Birtley-Henry process 241

cascades 251

CESR treatment processes 243

compost wetlands 255-256

composted conifer bark mulch 255

composted municipal waste 255

conventional active treatment 236

conventional chemical treatment 236

cow manure 255

distillation 89-90, 240, 242

dry covers 243

encapsulation 75, 265

high density sludge (HDS) 89, 240

horse manure 255

inorganic media passive systems
(IMPs) 245

in-lake techniques 269

in-situ applications 79

in-situ treatment 6, 72, 264

lamella clarifiers 237, 239

low density sludge (LDS) 89, 240,
267,270

membran processes 274

membrane filtering 242

membranes 240

mushroom compost 255

nano-filtration 89

natural attenuation 29, 81, 101, 261—
262

natural wetlands 61, 92

open limestone channels 248, 254

paper waste pulp 255

physical treatment 237
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plate settlers 239
potato starch 241
PRB 275
radial flow clarifiers 241
reactive barriers 259, 265, 267
resins 268
rhizofiltration 260
rhizosphere 260
settling lagoons 88, 91
settling ponds 237-239
solvent extraction 240
straw 255
subsurface-flow bacterial sulphate
reducing systems (SFBs) 245
treatment facilities 53
underground treatment facilities 36
wood chips 268
triple-porosity-aquifers 223-225
tsunami 41
tube settlers 239
turbidity 43, 52, 88, 90, 122
turbulent 181, 307, 333
turbulent convective flow 115
turbulent convective mixing 301
turbulent flow 115-118, 144, 280, 285,
307, 328, 333
turbulent flow conditions 303
turbulent non-Darcy flow 100
turbulent Poiseuille flow 115
turbulent systems 119
two-dimensional flow equations 57
two-point method 154
TBypha latifolia 251
typos 231

U

uncertainties 150
unconfined aquifer 88
underground beach 111
underground disposal 195
underground workings 107

unexpected discharges 100

unidentifiable parameters 135

uniform laminar flow 144

updip mining 88

uplift 60

uranine see Tracers | Na-fluorescein

uranium 32, 36, 90, 172, 274, 277, 294

uranium mines 15, 45, 142

uranium solution mining see solution
mining (ISL)

UTM WGS84 219

\"/

vacuum drainage 87

vandalism 145

velocity 125

velocity fluctuations 118

velocity measurements 153

ventilation shafts 33

ventilation systems 72

Venturi flumes 164

vertical enclosures 116
see also bulkheads

vertical lift 60

vestigial acidity 47

VHLNRA 33

viruses 206

visitor mines 107, 110, 270, 272

V-notch weirs 6, 146, 157, 160, 164,
426

voids 69, 115

volcanic rocks 33

w

walk-away options 68
wall roughness 175

wars 37
Wassergemeinschaften 85
Wasserhaushaltsgesetz 214
waste 102
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waste disposal sites 125, 276 Watershed Management Plan 83
waste rock dumps see waste rock piles ~ weak electrolytes 178
waste rock materials 112, 276 Weardale Granite 297
waste rock piles 50, 52, 63, 250, 261, weather processes 13

277 weathering rates 24, 30
water weirs 146, 156, 424

— authorities 213 see also Thomson/Poncelet/Cipoletti

— catchment 141 weirs

— chemistry 72 — equations 424

— collection 86 — roughness/ — plate roughness 424

— disposal 86 well plugging operations 83

— diversions 50, 81 wells 175, 280, 291, 333

— infiltration 83 West Rand Consolidated 121

— inflows 88 wetland plants 262

—make 52, 72, 74, 87-88, 325 wild orchids 262

— meters 166 willows 261

— pollution 37 Wismut GmbH 21, 70, 304

— protection 102 wooden support 60

— quality 54 working conditions 86

— quality management 57 working hypothesis 70

— recharge 88 workings 224

—removal 86 World Bank Group 103

—table 111 written report 187

— table fluctuations 112—-113 WTPs 245

— table recovery 57

— treatment facilities 141 Y

— treatment plant 53, 94

—wells 92 yellow boy see ochre

drinking water 41, 43, 52, 57, 86, 90,

92,94, 96, 105, 270 Y 4

drinking water reservoirs 275, 286

drinking water supply 75 zero point of charge 29
water glass 269 zero-valent iron 268-269
water-mineral contacts 9 zinc (Zn) 173 ’i
water-rock interaction 137 Zobell solution 182



	Front Matter
	Introduction
	Hydrogeochemistry of Mine Water
	Insights into Mine Closure
	Do’s and Don’ts of Mine Closure
	Hydrodynamics
	Mine Closure Flow Models and Geochemical Modelling
	Monitoring and Sampling
	Tracer Techniques for Mines
	Mine Water Treatment and Ground Water Protection
	Flooded Underground Mines: Case Studies
	Literatur
	Appendices
	Back Matter

	Blank Page: This page intentionally blank


