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Preface

‘Experience is

the teacher of all things.’

Gaius Julius Caesar

From its very beginning, mining has
always been based on practical ex-
perience: the term ‘mining engineer-
ing’ is adequate proof as it indicates
that experience has been extensively
leveraged; experience is also an im-
portant driver for post-mining relat-
ed tasks, in particular where mine
water management in the former
mining regions of Ruhr, Saar and
Ibbenblren is concerned.

Thus, the key task of the project
presented in this report was to sum-
marise mine water rebound patterns
as they occurred in European hard-
coal mining regions and evaluate the
processes involved. For that pur-
pose, the authors spent three years
on compiling, evaluating and assess-
ing the data available. Additional-

ly, they visited selected European
coalfields in order to gain a more
profound understanding of the local
conditions. The exchange with the
responsible decision-makers and
authorities provided invaluable
information on the experience made,
and on the interdependencies to be
faced in the post-mining era.

The detailed analysis of the mine wa-
ter rebound process is also an essen-
tial part of this project. The process
as such will be illustrated, and the
intrinsic causal effects will be ex-
plained thoroughly. The same holds
true for the fundamental hydro-
chemical processes taken place in
the mine water. To allow for a better
understanding, key terminology are
defined and explained. In particular
the differentiation of the terms
‘groundwater’, ‘mine water’ and
‘drinking water’ as well as the
process-linked terms of ‘mine water
rebound’ and ‘inundation’ are elu-
cidated.

Beyond the era of hard-coal mining
at Ruhr, Saar and Ibbenblren, we
now have the historical opportunity
to establish a self-sustainable hydro-
logical system in the mining regions.
With regards to future generations,
the task, or rather the necessity does
persist to manage this process in
such a way that it considers both
ecological and economic aspects in
a most sustainable manner.

As the following quote states:
‘people are disturbed not by things,
but by the views which they take of
things’ (Epictetus); hence, this report
will be a contribution adding evi-
denced facts to the public discourse.

We would like to acknowledge all
the people who have contributed to
the success of this project in many
ways. Foremost, we would like to
thank the foundation RAG-Stiftung,
which, with its commitment to pro-
moting education, science and cul-
ture, has significantly supported this
project; therefore, we would like to
thank two persons in particular, i. e.
Barbel Bergerhoff-Wodopia and
Michael Kalthoff.

For the Research Centre of Post-
Mining

_ Cudba

Prof. Dr. rer. nat. Christian Melchers
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Post-Mining

Post-mining refers to all process-
es and challenges that need to be
undertaken after the extraction
of mineral resources has ceased.
These tasks include immediate
actions of securing and restoring
the heritage of mining but also
the long-term and sustainable
management of the mineral de-
posits and the mining area which
has been excavated.

Classical objectives include risk
management of abandoned
mines and the renaturation and
restoration of mining areas and
surfaces. Key subjects related to
post-mining are the water man-
agement including ground- and
mine water for hard-coal and lig-
nite mining; the dismantling and
filling of exploration and produc-
tion wells, and the decommis-
sioning of sites operated by the
oil and gas industry. These tasks
also comprise geo-monitoring

of post-mining processes and in-
terdependencies. For successful
handling of these tasks, a com-
prehensive management of data,
information and knowledge
needs to be provided.

Main aims of post-mining are
to develop and accompany the
structural transformation of
heavy industrial sites in order
to utilise their future potential.

Mining companies already need
to consider post-mining activi-
ties during the entire mining life
cycle, i. e. during the exploration
and planning stage, and during
the active mining phase in order
to optimise the decommissioning
process regarding sustainability,
hence ecological and economic
aspects.

Types of Water

In order to avoid uncertainty and confusion, we would like to differenti-
ate the different types of water that play a role in mine water rebounds:
‘groundwater’, ‘mine water’, ‘drinking water’ and ‘wastewater’ (BURGHARDT
et al. 2017):

Groundwater

With regard to the conditions of formation, deposits and migration paths,
different types of water are distinguished in the Earth’s crust. According
to DIN 4049-3 (1994), ‘groundwater’ is defined as underground water
that coherently fills voids in the lithosphere and whose percolation is sole-
ly controlled by gravity. The term ‘deep groundwater’ or ‘deep water’ is
defined as groundwater in aquifers at deeper levels which are charac-
terised - due to its long retention time - by a high level of mineralisation
and reducing redox properties and only participates in the water cycle

to a lesser extent (DIN 4049-3 1994). This report generally uses the term
deep water’ when referring to groundwater in deep aquifers.

Mine Water

The term ‘mine water’ does not have a common definition in German legal
or regulative texts on water or mining. The working group of the hydroge-
ological section of DGGV e. V. defines ‘mine water’ as follows: mine water
refers to all waters that (have) come in contact with underground or open-
cast mining works. Those mostly include natural water such as leachate
and groundwater. Further on, the definition states that surface water can
immediately infiltrate the mine workings due to e. g. precipitation and re-
ceiving water courses if the mine workings are not covered by overburden
strata; water from the overburden strata may enter the mine workings
through pore spaces, joints and karst cavities as well as through anthro-
pogenic surface openings such as shafts; deep water of partly high miner-
alisation (saltwater) may infiltrate the mine from the adjacent host rocks
and the underlying rocks. However, this definition does not include the
hydrochemical properties of the mine water as these differ strongly in rela-
tion to the genesis of the mine water and its host rock.

Drinking Water

DIN 4046 (1983) defines drinking water, also known as potable water, as
any water suitable for the consumption and food preparation grade; the
quality properties are stipulated in the applicable statutory provisions and
in the German standards DIN 2000 (2017), DIN 2001-1 (2019), DIN 2001-2
(2018), and DIN 2001-3 (2015).

Wastewater

According to & 54 (1) of the German Federal Water Act (WHG), wastewater
is any water whose properties have been modified by domestic, industrial
or agricultural and any other use including the water which is discharged
with this aforementioned kind of water (drain water) during dry periods and
or is collectively discharged from built-on and sealed areas (precipitation
water) during periods of precipitation.



1.1.
Motivation
and
Objective

At the end of the year 2018 the
subsidised hard-coal mining in Ger-
many ended. The last two remaining
collieries, Ibbenblren Colliery in
Tecklenburger Land and Prosper
Haniel Colliery in the Ruhr area, were
closed down. Abandoning hard-coal
production includes the plan of a
controlled rise of the mine water in
the mining regions of Ruhr, Saar and
Ibbenblren. This plan was the
reason why the Research Centre of
Post-Mining at Technische Hoschule
Georg Agricola - University decided
to evaluate and assess experiences
already made with mine water re-
bounds in underground hard-coal
collieries. As a number of coalfields
have already been decommissioned
across Europe, and their mine water
rebounds has already been accom-
plished, the institute extended its
view to include those internation-
ally gained experiences. The re-
search conducted was part of the
project ‘Evaluation of Mine Water
Rebound Processes in the German
Coalfields of Ruhr, Saar, Ibbenburen,
and the adjacent European Coun-
tries’. The foundation RAG-Stiftung
funded this research project over a
period of three years.

During exploitation it is inevitable in
most regions to regulate the water
inflows in the mining areas. Without
pertinent mine dewatering and
drainage efforts, mine water would
hinder or even make mining opera-
tions impossible; on the other hand,
uncontrolled water inflows would
pose a threat for the mine opera-
tions. Accordingly, the development
of mine water discharge is as old as
ore mineral extraction itself. In pre-
industrial time, mine water drainage
above the receiving water course
level occurred into natural surface

waters using drainage adits or it was
laboriously transported manually
simply by muscle power. When the
steam engine was invented in the
18t century - and its first models
were indeed developed for mine
drainage - machines were available
for the first time which no longer
needed muscle power to drive them.
That meant that significantly deeper
mine working levels could be ex-
plored. The further development of
more powerful machines over time
increased the demand for hard coal
as a cost-efficient form of energy,
and thus the production was moved
to deeper mining /evels.

After cessation of mining, there

was no operational need to conti-
nue pumping the mine water (see
info box on ‘Types of Water’). That
marked the beginning of post-min-
ing (see info box on ‘Post-Mining’);
one key query of this stage is how to
manage mine water in the long run.
Principally, it makes sense to ensure
a controlled rise of the mine water-
bearing in mind that the process of a
mine water rebounds provides both
advantages and risks. Currently,
there is a controversial discussion of
those advantages and risks among
the different stakeholders. The ad-
vantages of an immediate and so
called ‘uncontrolled’ mine water re-
bound up to its initial pre-industrial
level (or a higher mine water level)
are both ecological and economic;
one important aspect is the lower
contamination of the receiving
water courses by mine water com-
pared to its production level as both
the inflow volume would be lower
(quantitative improvement) and the
hydrochemical composition of the
mine water would improve (qualita-
tive improvement). Fundamentals

on hydraulic and chemical processes
is subject of chapters 2.1. and 2.5.
Accordingly, cost reduction of the
discharge or treatment of the mine
water would be beneficial.

Besides the advantages there are
risks which can usually be countered
by adjusting the mine water man-
agement process. Among others, the
flooding-induced ground movement
(basic principles are provided in

Ch. 2.2.), water saturated areas at
the ground surface, the release of
mine gas (basic principles are pro-
vided in Ch. 2.3.) and the contami-
nation of aquifers caused by mine
water are currently discussed.

n



1.2.

Mine Water Concepts of
RAG AG for Ruhr, Saar
and Ibbenbilren

Mine dewatering measures are
necessary to protect the workers
who work in underground mining
operations. As active and aban-
doned mines are often connected
by means of a wide-range roadway
system, it is necessary to maintain
mine drainage even in adjacent
abandoned areas to prevent water
inflow to the active parts of the
mine. When closing down a mine,
the continuous mine dewatering
needs to be justified by a new pro-
tection aim.

During decommissioning of hard-

coal mining in the mining regions of
Ruhr, Saar and Ibbenblren, it will no
longer be necessary to maintain the

mine dewatering (mine water
drainage) at that level which was
required during the active mining
stage. Thus, it is planned to adjust
the mine water discharge to the
current requirements. In order to
optimise the economical aspect of
the mine dewatering, the long-term
subsidence is meant to be kept as
low as possible whilst excluding any
negative impact on human beings,
nature or infrastructure.

When the Legacy Agreement (‘Erb-
lastenvertrag’) was agreed on be-
tween the ‘coal-mining states’ of
North Rhine-Westphalia and Saar-
land, and RAG-Stiftung, RAG AG was
committed to develop a concept

A Haltern
Fiirst Leopold O ﬂ Lippe
O Auguste Victoria A
Wesel
Dorsten Haus Aden
A Recklinghausen O
Lohberg Linen
Emscher
O ﬂ\emdbeck
Walsum Gelsenkirchen
v Prosper-Haniel ﬂ
O - Unna
Q Bettrep
Walsum Carolinengliick Dortmund
m O E
.
B Bochum O
O Essen O Robert Miiser
Moers e
Concordia v Witten
() -
Amalie )
Rhein Duisburg O Friedlicher Nachbar = Cc.'>ll|ery .
< . Mine dewatering,
Hattingen scheduled
Ruh
unr m A Backup location
—— Mine water canal

Fig. 1: Overview of the mine water pump locations in the Ruhr mining region, adapted from RAG AG (2016).
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of how the mine water discharge
could be optimised. This concept is
aimed to improve the water quality
of surface waterbodies and also to
consider the economy, thriftiness
and efficiency of the measures to be
implemented while maintaining the
protection of people and the envi-
ronment. In 2014, RAG AG presented
their individual mine water concepts
for the former mining regions of
Ruhr, Saar and Ibbenblren (RAG
AG 201443; 2014b). The planned
measures are always to be based

on current knowledge of science
and technology. Considering the
insights gained, the measures to be
implemented need to be constantly
optimised. The mine water concepts
pursue the following objectives of
protection:

* Preventing any damage to the
public, e. g. contamination of
drinking water.

¢ Avoiding hazards caused by ad-
ditional methane releases at the
largest possible extent.

¢ Avoiding dramatic damages
caused by uplift.

e Avoiding hazards caused by sink-
holes where possible.

Concerning the Ruhr mining region,
the proposed mine water concept of
RAG AG intends a stepwise partial
rise of the mine water level until
2035 - until a level is reached which
can ensure prolonged protection of
crucial drinking water reserves (see
info box on ‘Types of Water’). For ex-
ample, to protect the drinking water
reserves of the Haltern Sands, RAG
AG estimates that the mine water
rebound has to be limited to approx.
500 m below the ground surface
(RAG AG 2014a).

Fig. 2: Submersible motor pump at the mine pumping location in
Walsum (photo: RAG AG, Volker Wiciok).

13
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Fig. 3: Overview of current mine water pumping locations in the Saarland (as of 2019), adapted from RAG AG (2016).

The number of mine dewatering
locations (‘pumping locations’) at
which pumps need to be perma-
nently operated is going to be re-
duced from 13 to 6 locations; how-
ever, this process of centralisation
requires that the mine water can
continuously flow underground into
the mine dewatering system (dark
blue locations shown in Fig. 1). This
centralisation is only enabled by the
partial rise of the mine water. A re-
duction of mine water discharge lo-
cations results in relief of the receiv-
ing water courses: in the future, no
mine water will be discharged into
the river Emscher, and at the river
Lippe only one discharge point will
be operated.

The future planning forces the re-
placement of the underground in-
stalled centrifugal pumps by sub-
mersible pumps which will be in-
stalled inside the shafts (Fig. 2).
At each of the six mine pumping
locations, auxiliary pumps will be
installed to ensure a continuous
pumping in case of a pump failure.
When implementing this modifica-

14

tion of the pumping stations, no im-
mediate access to the mine workings
will be necessary or possible: in the
future, the installation, maintenance
and control of the submersible mo-
tor pumps will only be managed
from surface.

In order to ensure that the protec-
tion objectives are achieved, further
locations (backup locations) will be
transformed in such a way that the
controlling access to the mine water
either continues or can be re-estab-
lished very quickly during abandon-
ment of the underground mine work-
ings (light blue locations in Fig. 1).
These locations can support the
mine dewatering in case major un-
derground roadways will lose their
function as a flow path for trans-
porting mine water at the volume
required.

In the Saar mining region (Fig. 3),
the mine water concept subdivides
the mine water rebound in two
stages (RAG AG 2014b). In stage 1,
the mine water level is supposed
to rise only in the water provinces
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Duhamel and Reden up to a level

of 320 m below sea level and sub-
sequently, it will be raised jointly at
the Duhamel location (Fig. 4). As a
consequence, transfer of mine water
into the water province Camphausen
is avoided as mine gas is still extrac-
ted and used for energy-generating
purposes at Camphausen. During
the second step, the water level is
supposed to continuously rise and
infiltrate the other water provinces,
too. The long-term goal is an un-
pressurised discharge of the mine
water into the river Saar using a
drainage adit at the location of the
decommissioned Duhamel Colliery.
As in the Ruhr area, the number of
mine dewatering locations in the
former Saar mining region is to be
reduced, and back-up locations
must be provided.

Likewise, the mine water concept
devised by RAG Anthrazit Ibben-
bUren GmbH envisages a long-term
condition for Ibbenbiiren Colliery
that will not require any pumping
measures. Since the early 1980s,
the former mine workings of the
coalfield called Westfeld have been
drained into the local river using the
Dickenberger Stollen (Dickenberg
adit). In the future, the mine water
from the coalfield called Ostfeld

is supposed to rise until it reaches
the level of a drainage adit that still
needs to be constructed (‘mine
water canal’); then, together with
the Westfeld mine water, it will be
discharged by gravity.

All long-term mine water discharges
mentioned above are part of the
long-term liabilities (see info box on
‘Long-Term Liabilities’); their funding
is stipulated in the Agreement on
Long-Term Liabilities (‘Ewigkeits-

lastenvertrag’), i. e. an agreement on
how to cover the cost of the long-
term liabilities of RAG AG (internal
relationship between RAG AG and
RAG-Stiftung), and the abovemen-
tioned Legacy Agreement (‘Erblas-
tenvertrag’; North Rhine-Westphalia
and Saarland and RAG-Stiftung).
Honouring these agreements, RAG-
Stiftung is committed to covering
the funding of the long-term lia-
bilities commencing in 2019. If the
funds of the foundation turn out to
be insufficient for this purpose, the
coal states of North Rhine-West-
phalia and Saarland shall share part
of the funding. If that case applies,
the federal German government
will have to cover part of the cost;
to which extent is stipulated in the
Hard-coal Funding Act.



Long-Term Liabilities

From January 2019 onwards, RAG-
Stiftung takes over the funding of
the long-term liabilities which mainly
concern the mine water discharge,
the polder measures and the
groundwater purification. In 2006,
the auditing company KPMG pro-
vided a report estimating and as-
sessing the financial costs necessary
to manage the long-term impact
resulting from mining activities;

this 2006 estimate calculated costs
of € 220 million per year.

The long-term and environmentally
sustainable mine water discharge
will make up the biggest amount of
all inquiries, approximately about
60 % of the total cost (Fig. 5; RAG-
StiIFTunG 2018). After the end of coal
production, the mine water will rise
to a level that still ensures sufficient
distance to the drinking water re-
serves (RAG AG 2016), thus safe-

32 %
Polder..................
measures

guarding any contact between mine
water and groundwater.

The polder measures taken in the
Ruhr area regulate the groundwater
and surface water in areas whose
topography has subsided due to
the past 150 years of mining (RAG
AG 2016). To avoid water logging in
mining subsidence areas at the Ruhr
where no effluents or outflows are in
place, the water boards (Emscher-
genossenschaft [EG], Lippeverband
[LV] and Linksrheinische Entwasser-
ungsgenossenschaft [LINEG]) as
well as RAG AG operate pumping
stations which raise the water and
discharge it into the receiving water
courses.

On former mining ground often as-
sociated with coking plants, soil con-
taminations which are transported
into the groundwater will be elim-

5 % Groundwater
: purification

Fig. 5: Cost allocation of long-term liabilities, adapted from RAG-StiFTunG (2018).

inated (groundwater purification;
RAG AG 2016), thus limiting the
spread of hazardous substances.
This part, however, causes the
smallest share of the long-term
liabilities.

The damages to infrastructure
(mining damages) caused by min-
ing activities include the restora-
tion and securing of shafts, the
dismantling of mine operation
facilities and pension provisions to
former mine workers; all of these,
however, are not part of the long-
term liabilities (RAG AG 2016).
Their regulation (mining damages)
and funding will still be covered
by RAG AG.

63 % Mine
water discharge
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Mine Water Rebound

As the two terms ‘mine water
rebound’ and ‘flooding’ tend to
be confused quite frequently,

let us have a closer look at their
definitions following the glossary
of mine water management
(BurcHARDT et al. 2017).

Mine Water Rebound

The term ‘mine water rebound’
describes the rise of the water
level in the mine workings as

a result from the mitigation or
termination of mine dewatering
(passive flooding, own flooding,
in situ flooding) or by actively
adding water (active flooding,
ex situ flooding).

Flooding

Generally, the term ‘flooding’
describes the process of the mine
water rebound in open-cast and
underground mines which is in-
itiated to e. g. increase the geo-
technical safety. This process
comprises passive flooding, i. e.
the natural mine water rebound
after the mine dewatering has
been mitigated or terminated, as
well as active flooding in which
the mine water rebound is accel-
erated by the active inflow of
waters or the water quality is
improved.

Until now, no active flooding

has been carried out in German
hard-coal mining; this process

is usually applied in open-cast
lignite mines for safety reasons.
Principally, this report uses the
term ‘mine water rebound’ as this
is the most accurate description
of the process in underground
collieries.

2.1.
Hydraulic
Aspects

In the process of a mine water re-
bound (see info box on ‘Mine Water
Rebound’) the mine water level rises
in underground mine workings. If a
mine is closed down according to
plan, the termination or mitigation of
the mine dewatering is followed by a
controlled mine water rebound. This
rebound can be accelerated by forc-
ing water flow into the mine. In addi-
tion to planned mine water rebounds,
there are also other events that may
cause a mine water rebound, for
example, water inrushes from adja-
cent mine workings which might be
caused by insufficient safety distance
(as occurred in the United Kingdom;
JoB 19873a; 1987b; VuTuKURI & SINGH
1995), infiltration by surface water
from receiving water courses due

to mining close to the surface (as oc-
curred in Spain; OrDORNEZ et al. 2012;
Ch. 3.4.), or a failure of the mine de-
watering due to e. g. force majeure:
all of these factors can lead to a rise

Intermediate
stage

of mine water. If any of those situa-
tions cause a mine water rebound,
then there might be an uncontrolled
mine water rebound (WOLKERSDORFER
1996).

The following paragraphs will take a
closer look at the processes which
occur during a mine water rebound
and the factors which can influence
such a rebound.

2.1.1.

Describing the
Course of a

Mine Water Rebound

The review of finished mine water
rebounds in European hard-coal
mining regions recognises various
patterns (Fig. 7). The reason for that
is the geometrical complexity of the
mine workings and the specific hy-
drogeological properties of the host

/

Depth h
N

/

Time t

Fig. 6: Idealised curve of a mine water rebound divided into the different stages.
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Fig. 7: Initial period of mine water rebounds in European hard-coal mining regions.

rock at each location. During the
mine water rebound in an under-
ground mine, a large number of hy-
drodynamic processes play a role.
They are in turn influenced by natu-
ral (mainly hydrogeological) and an-
thropogenic (mainly mining) factors
(FeErNANDEZ-RuBIO 1979; WESTERMANN
et al. 2018). However, the analysis of
numerous mine water rebounds ex-
hibit a subdivision into three stages:
the initial, the intermediate and the
final stage (Fig. 6).

Initial Stage

(turquoise part of Fig. 6)

During the operating phase of a
mine, the areas underneath the
lowest mine workings level (dook
workings) are kept dry by a large
number of temporary and local
mine dewatering activities (where
applicable, only single pumps). As
the dook workings, due to regula-
tory restrictions, are often limited
in space, only a small void volume
which can be inundated is provided;
and it is this void space which is
usually filled up first once the mine

dewatering is discontinued or its
flow rate is reduced (WOLKERSDORFER
2008; RosnEer 2011). This stage of ris-
ing cannot be controlled due to the
dismantling of local mine dewater-
ing facilities. At the beginning of
the mine water rebound the low
water column only results in a low
hydrostatic backpressure at the in-
flow points. Hence, the inflow rates
of deep water are increased during
the initial stage of the mine water
rebound. Due to the combination of
little floodable void volume and in-
creased flow rate, the mine water re-
bounds exhibits the highest rates of
water inflow in this stage; rebound
velocity of several 100 m/a depen-
ding on the local geometry of the
mine workings were recorded (Fig.7).
This fast initial inflow of mine water
lasts until the lowest transfer point
is reached.

Intermediate Stage

(blue part of Fig. 6)

Once the lowest transfer point is
reached, there is a lateral outflow
along the roadways towards the cen-

tral mine dewatering station. During
the progressive mine water rebound
the main working levels are hydrau-
lically inundated. The void volume
created by the exploitation is often
larger in this area; with a rising mine
water column within the mine wor-
kings, depending on the hydraulic
head difference between deep ground-
water and mine water column, the
groundwater inflows are successi-
vely reduced. As a consequence, the
total inflow into the mine workings is
reduced and the rebound velocity is
continuously lowered.

During the mine water rebound the
shafts and roadways dominate as
mine water pathways compared to
the infiltration into the porous host
rock (saturation) which are seconda-
ry and delayed (RosNer 2011; DENNE-
BORG et al. 2017). Usually, the re-
bound velocity are less than 100 m/a
(Fig.7). If the hydraulic head of the
mine water reaches the unworked
host rock or the basis of an overbur-
den of low permeability (surroun-
ding rock mass), the rebound velo-
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city in the mine workings increase
significantly due to the low floodable
void volume. Such an increase of
mine water rebound velocity caused
by the flooding of an overburden of
low permeability is documented, for
example, in the mine water rebound
at Kénigsborn Colliery (Ruhr area
[Germany]; Fig. 30). On the other
hand, if an overburden of high per-
meability is infiltrated (e.g. Bunter
sandstone in the Lorraine region
[France]; Fig. 7; Fig. 54), the rate

of the mine water rise is reduced
which is illustrated by a flattening
out of the slope within the time-
depth graph.

Final Stage

(grey part in Fig. 6)

The mine water rebound is finished
once the level of the lowest drainage
drift is reached or once the inflow
and outflow of water reach a hydrau-
lic balance. Then, almost steady-
state flow conditions prevail.

If the level of the hydraulic balance
is situated close to the ground sur-
face (or even above, in which case
there are confined aquifer condi-
tions), then water logging conditions
on the surface cannot be excluded.
Examples of such conditions ap-
peared in the mine water rebounds
of the D6hlen basin collieries near
Dresden-Gittersee (Germany;

Ch. 3.1.4.; ManNn & WEeDEkIND 2010) and
in the western part of the Lorraine
mining region (France; Ch. 3.3.).

Mathematically, the idealised curve
of a mine water rebound can be de-
scribed using the saturation function
and applied to mines which are hy-
draulically isolated from adjacent
mines (Fig. 6). The equation reads
as follows:
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h_ . =0k -(1-e )

mw,t

in which

hmwt mine water level at point of
time t (m NN),

Ah

mw

difference between the mine
water levels at the end and
the beginning of the mine
water rebound (m NN),

kinetic parameter (1/d),
t time (d).

This is a function with an exponent
that describes limited growth pro-
cesses. The curve of the function in-
creases strictly monotonously. In the
form used, the growth, i. e. the rise
of the mine water level, is bounded
from above and declining, in other
words: the growth rate - corre-
sponding to the water rebound rate
- will decrease continually over time.

2.1.2.
Water Flow in the Mine
Workings

In the course of a mine water re-
bound in an underground mine, the
major part of the water flow occurs
in the open mine workings and in the
altered and fissured areas of the roof
and floor of the roadways (WoOLKERs-
DORFER 1996). The geometrical layout
of the mine workings, i. e. the spatial
layout of the vertical (shafts, drill
holes), horizontal (roadways, adits)
and inclined elements (rise drifts) as
well as the mining levels define the
major flow directions for the rise of
the mine water level inside the mine.

Individual coalfields or even adjacent
mines can be connected via road-

ways. Two parts of the mine may
also be connected by drill holes,
geological or tectonic elements
(such as faults, joints) and altered
rock parts close to active excava-
tions and coal mining operations
(seepage waters from the roof).
Therefore, in the entire mine work-
ings, there is an overall hydraulic
connection and thus an almost uni-
form mine water level following the
principle of communicating vessels.
Prerequisite is, however, that the
free water flow is not hindered in
any way (e. g. by water dams or fully
collapsed roadways). Nevertheless,
if failure safety margins related to
excavations is reached, because the
free water flow is hindered or the
hydrostatic pressure increases uni-
laterally close to the mining level,
this may cause uncontrolled mine
water inrushes into adjacent areas
(JoB 1987a; 1987b; VUTUKURI & SINGH
1995).

The hydraulic conductivity of the
flow paths in the mine workings can
change in the course of time as the
geotechnical processes can lead to
convergence and thus to a reduction
of the roadway cross section. The
roadway can lose its load bearing
capacity. Nevertheless, even where
roadways fully collapse, experience
indicates that the hydraulic conduc-
tivity is not entirely lost (WoLKERs-
DORFER 2008).

In order to improve the protection

of permanent water pathways under-
ground, RAG AG is installing pipes
into the roadways (RAG AG 2017;

Ch. 1.2.). At regular intervals these
pipes are interrupted by cages which
are filled with gravel packs (Fig. 9).
These highly permeable gravel packs
allow the entry of mine water to the



pipeline installed and also serve as
a filter.

MELcHERS et al. (2017) developed a
measuring method that allows to
monitor the water flow in abandoned
mine workings. For that purpose,

a multi-parameter probe, normally
used in deep sea technology, is used
to continuously record in situ differ-
ent parameters, such as hydraulic
ones (e. g. water and air pressures,
mine water flow velocity) and phys-
ical-chemical ones (e. g. electric
conductivity, temperature, methane
concentration) and transfers these
data in real time to a central data
hub (Fig. 10). These probes were
initially used at four locations in the
mine workings of the abandoned
Auguste Victoria Colliery in Marl
(Ruhr area; Germany) and are inten-
ded for use at other collieries, too.

2.1.3.

Factors Influencing the
Hydrodynamics of a
Mine Water Rebound

The lithology in which the mine water
rebound takes place is characterised
by a substantial spatial heterogene-
ity. As a result, the hydrogeological
properties are only known to a limit-
ed extent or are only valid for this
particular location. The factors that
influence the spatio-temporal devel-
opment of a mine water rebound are
typically of high variability and differ
from mine to mine (i. e. mine water
province). Therefore, any descrip-
tions of the hydrodynamic conditions
in the underground mine and fore-
casts of the spatial and temporal
course of future mine water re-
bounds can only be approximations
of the actual local conditions

Hanging wall

Open mine workings

Foot wall

I Undisturbed rock, low permeability [ Disturbed rock, permeable

Fig. 8: Water paths inside a mine.

(SaMMARco 1995). Among the natural
influences there are the following:

hydraulic conductivity of rock
types and strata,

volumes of pores and joints,
water inflow rates,

rate of groundwater recharge,
thickness and lithology of the over-
burden,

water level during post-mining
period (anthropogenic influence
possible),

groundwater levels in the catch-
ment area of the mine water re-
bound.

In addition to the natural factors, i. e.
the geological, hydrogeological and
hydrological factors, anthropogeni-
cally caused changes also influence
the mine water rebound. These an-
thropogenic factors include:

¢ void volumes initiated by mining,

e hydraulic conductivity of the mine
workings,

e targeted control measures,

e cone of depression caused by
mine drainage.



Fig. 9: Installation of pipelines with inserted gravel fillings to lead the mine water through (photo: RAG Aktiengesellschaft).

All these factors of influence are
described in detail in the following
paragraphs.

Hydraulic Conductivity of Rock
and Rock Mass

The important parameters when
describing and quantifying the hy-
draulic conductivity of any rock type,
i.e. how fluid is transmitted through
the rock, are the conductivity coeffi-
cient k, and the transmissivity coeffi-
cient TQW. The hydraulic conductivity
coefficient describes the capacity

of rock to transmit fluids (HoLTinG &
CoLbewey 2013). Whereas the intrin-
sic permeability is given for a rock
(and thus also referred to as ‘rock
permeability’), and therefore only
applies to a small-space considera-
tion of permeability (‘rock-specific’),
the transmissivity coefficient is an
integral measure that refers to the
different permeability coefficients
of several levels (thus also referred
to as ‘rock mass permeability’). The
transmissivity coefficient considers
any inhomogeneous aspects of the
rock mass (e.g. depth-specific per-
meability, system of divisional sur-
faces). The permeability coefficient
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categorises rocks from very low
permeability (@almost impervious) to
very high permeability according to
DIN 18130-1 (1998). The classification
ranges from > 102 m/s (very high
permeability) to < 108 m/s (very low
permeability; Tab. 1).

The rock fabric can be altered by
both anthropogenic activities (such
as mining or tunnel drilling) and
tectonic processes; usually, the
hydraulic conductivity is not affect-
ed (Fig. 8). Thus, a distinction needs
to be made between the permeabili-
ty of mining induced alteration (got)
and unaltered (ungot) rocks. Mining
activities can lead to an increase

of the hydraulic conductivity by one
order of magnitude due to mining
activities (BaLTEs 1998). Because

of the higher plasticity, fine-grained
rocks (e.g. clay mar/) may return

to their original condition as a result
of the rock pressure; therefore,
fine-grained rocks (e.g. clay) exhibit
a smaller difference in the perme-
abilities of disturbed and undis-
turbed rocks of identical lithology
than coarse-grained ones (e.g.
sandstones; BaLtes 1998).

Often, the hydraulic conductivity
coefficients are based on the results
of lab tests carried out at drill cores.
Thus, these results represent the
macroscopic rock mass permeability
measured in situ only up to a certain
extent. Geohydraulically relevant
heterogeneity of the rock mass (e.g.
joint system, faults) cannot be con-
sidered when analysing rock samples
(HoLTING & CoLDEWEY 2013). There-
fore, these values can only be re-
garded as approximations of the
actual hydraulic conductivity. For
example, Paas (1997) states that the
hydraulic conductivity of silty rocks
from the Upper Carboniferous is
about four to five times to the power
ten (6 x 10" m/s to 4.6 x 107 m/s)
lower than the rock mass hydraulic
conductivity (3 x 10 m/s to

3 x 1079 m/s).

Pore Volumes and Voids Created

by Joint Planes

During mine water rebound, mine
water can flow to the pores and

joint planes (joints, faults, bedding
planes and cleavage) where it can be
stagnant and/or flow through those
(HoLTing & CoLbewey 2013). Porosity



Fig. 10: Modified deep sea probe used to record

the mine water rebound (photo: Markus Schneider,

Martin Justa).

is defined as the proportion of all
voids present in a rock to the overall
rock volume thus determining the
hydraulic conductivity of a rock.
Fine-grained sediments (such as
clays and silts) are of a higher poros-
ity than coarse-grained sediments
(such as sands or gravels). The
porosity may change due to precipi-
tation (e. g. calcite) or the recrystalli-
sation or newly formed minerals.

However, only a part of the total
porosity is available for uptake and
storage of water due to the adhe-
sive, seepage, capillary and adsorp-
tive waters (‘immobile’ fluid volume)
already present in the voids (BLuME
et al. 2010; Fig. 11). This proportion
is called a portion of void space that
is capable of transmitting a fluid vs.
‘immobile’ fluid volume or effective
porosity (specific yield of pore
space; Tab. 2); this is the key factor
when estimating the water storage
capacity of a rock mass during mine
water rebound. Such voids accessi-
ble for water storage can mainly be
found in the fractured or loosened
zone of the mine workings. Rock
mass areas situated further away

Tab. 1: Categorisation of hydraulic conductivity coefficient k,according to DIN 18130-1 (1998).

Categories Hydraulic Conductivity Coefficient
kf
m/s
very high hydraulic conductivity > 1072
high hydraulic conductivity 102 - 10+
conductive 104 -10°¢
low hydraulic conductivity 10-¢-10¢®
very low hydraulic conductivity <108

from the mine workings are not dis-
turbed by mining activity, i.e. mine
water cannot infiltrate that part of
the rock mass, neither when draining
these parts of the rock mass towards
the roadways nor as part of the mine
water rebound from the roadways
towards these parts of the rock
mass.

In hard rocks, it is mostly the open
void space between the joints (de-
pending on the lithology), the width
of the joint displacement and the
joint frequency (density, degree of
cross-linking) called ‘joint number’
which determines the hydraulic con-
ductivity of the rock (KARRENBERG
1981). Finer-grained sediments (e.g.
claystone) are usually of a denser
joint system with smaller widths and
thus exhibit a higher flow resistance.

On the other hand, the joint system
of coarser grained sediments (e.g.
sandstones) is less narrow and is
indicated by larger widths of joint
openings; as a result, the flow resis-
tance is lower. It is not possible to
generalise the values of rock-specific
void volumes of joints in solid rock
because the rock could have expe-
rienced different tectonic stresses.
Estimated values range from the
low per mil level up to ten percent
(BALTES 1998).

Water Inflow Rates

During operation phase or after
abandonment of the mine, mine
water flows into the mine workings.
When the mine dewatering is dis-
continued, this water inflow caus-
es a rise of the mine water level in
the mine workings. The mine water
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Tab. 2: Sizes of total porosity n, and effective porosity n

GARLING & DiTTRICH (1979).

oot fOr sediments and soils according to

Type of
Loose Rock

Total Porosity Effective Porosity

sandy gravel 25 - 35 20 - 25
 gravellysand  28-35 15-20
""""""" mediumsand  30-38  10-15
~ sitysand  33-40  8-12
~ sandysit  35-45  s5-10
~ Clayeysit  40-55 3-8
""""""""" sityclay ~ 45-65  2-5

inflows of the mine workings can be
subdivided as follows: mostly verti-
cal infiltration of groundwater and
surface water (hereinafter referred
to as ‘infiltration water’), the inflow
of deep (ground) water, and the
lateral inflow of mine waters from
adjacent mine workings (Fig. 12).

Mine water only rarely enters the
mine workings at distinct points
such as boreholes or locally via
faults; rather an extensive inflow
from the top is a more frequent sce-
nario. During the exploitation phase,
volumetrics of the water inflows can
be determined either directly e. g.
at dams, or indirectly via produced
mine water volume excluding both
the process waters led in from the
ground surface and the volumes
processed by the ventilation system
and underground dust prevention.
During the rebound process, water
inflows which occur below the mine
water level can no longer be mea-
sured individually. Alternatively, the
water inflows can be derived using
the pattern of the rebound rise and
the accessible void volume as values
for approximation.

A major part of the water inflow re-
sults from the infiltration of ground-
water and surface water (infiltration
water) which seeps into the mine
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workings from the overburden. The
infiltration water can immediately,

i. e. without notable delay, enter into
the mine workings if no overburden
is in place (Fig. 13-1). In such cases,
the amount of the vertical inflow rate
corresponds approximately with the
rate of groundwater recharge within
the catchment area of the mine
workings. Likewise, the seepage
from receiving water courses (leaky
aquifers) can increase the water in-
flow into mine workings, something
that has been observed, for example,
in the collieries Barredo and
Figaredo in Spain (OrboOKEZ et al.
2012). Actually, one of the first tracer
tests worldwide was carried out in

a mine to locate water inflows from
surface waters (SEMMLER 1937).

If coal-bearing strata are covered by
overburden rocks, the water inflow
into the mine workings (if at all) only
occurs delayed and at a reduced
level (Fig. 13-2 and Fig. 13-3). Then,
the flow rate mostly depends on the
thickness and the hydrogeological
properties of the overburden as

well as on the pressure level of the
groundwater level in the roof aquifer.
The extensive inflow of infiltration
water can be approximately calculat-
ed applying the modified equation
according to Darcy (1856; Fig. 13):

: Ah
V =k .
nf f,
I LS AILS
in which
V,, infiltration rate (m%/s),
k hydraulic conductivity co-

f,LS
efficient of the transmitted

layer (low leakage; m/s),

A cross sectional area (perpen-

dicular to flow; m?),

Ah  pressure differential (m)
(withAh=h_ -h_

hgw hydraulic head in the
roof aquifer [m NN]

h hydraulic head of the

mw

mine water [m NN1),

Al ¢ thickness of the transmitted
layer (leaky aquifer of low
permeability; m).

As long as the piezometric surface
of the mine water is situated below
beds of low permeability (leaky
aquifer stratum), there will be free
seepage from the groundwater
body of the overlying beds into the
groundwater body of the underlying
strata (or into the mine workings;
Fig. 13 and Fig. 45). As soon as the
pressure level of the mine water rea-
ches the base of a leaky aquifer stra-
tum, the groundwater bodies of the
overlying and the underlying beds
are hydraulically interconnected. In
this case the flow rate also depends
on the potentiometric difference Ah
between the hydraulic head of the
mine water h_ and the groundwater
level h, of the aquifer in the over-
burden (see equation). Hence, the
flow rate decreases linearly with the
successive rise of the mine water
level. Groundwater from the over
burden and surroundings is infiltra-



ting the mine as long as the hydraulic
head between the groundwater and
the mine water is equilibrated. Mine
water situated in the mine workings
starts infiltrating the aquifer in the
roof if its hydraulic pressure exceeds
the one from the aquifer located in
the top section (DenNEBORG et al. 2017,
Ch. 3.2.3.; Fig. 45).

Depending on both the thickness
and the lithology of the overburden
the influx of deep water can provide
a considerable proportion of the
overall flow rate. The simplified
assumption applies that the thicker
the overburden (and/or the lower its
hydraulic conductivity), the lower the
proportion of infiltration water com-
pared to the overall inflow budget
(see equation).

Fig. 11: Appearance of underground water, modified

according to Zunker (1930).

Similarly to the infiltration yield, the deep
water flow rates correlate positively with
the mine water rebound. The flow rate is
determined in comparison of the poten-
tiometric surface of the mine water vs.
the water level of the inflow point as well
as the level of the feed. The flux of deep
water infiltrating the mine can occur
from the bottom via laterally extended
faults and, during operations at deeper
levels, from the top as well. Results of
hydrological model calculations demon-
strate that the influx of deep water are
increasingly reduced if the hydrostatic
pressure of the water column succes-
sively increases (Banks 2001).

As long as the piezometric surface of the
mine water remains below the level of
the surrounding inflow, the flow rate is
not affected. Only when the potentio-

—— Seepage water

Adhesive water

Capillary water

Groundwater surface

Groundwater

Inflow to the
mine workings

Infiltration of
groundwater and
surface water
(infiltration water)

Inflow of
deep
groundwater

Inflow from adjacent
mine workings

Fig. 12: Distribution of influents into mine workings.
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Fig. 13: Flow rates into a mine (1) without overburden, (2) with low to medium overburden
thickness and (3) with high overburden thickness; the width of the arrow identifies corresponds
to the intensity of flow rate.

28 Mine water rebound

metric surface of the mine water is
situated above the inflow level of
the surrounding infiltrating waters,
the rate of the inflow changes and
decreases successively the closer
the potentiometric surface of the
mine water gets to the level of influx.
Influx of deep water into the mine
fully ceases as soon as the feed of
adjacent waters is inundated by the
potentiometric surface of the mine
water.

Rate of Groundwater Recharge

A major influencing factor in the
hydrological cycle is the rate at
which groundwater is recharged.
According to DIN 4049-3 (1994),
the term ‘groundwater recharge’ de-
scribes the access of infiltrated sur-
face water to groundwater. If this
term is transferred to mining, it can
define the access of precipitation
water into the mine workings and
thus it is mixing with mine water
(‘mine water recharge’).

Early on it was demonstrated that
the inflow rates into mine workings
correlate with precipitation rates.
SEMMLER (1955) compared the de-
velopment of the mean mine water
inflow rates with rain gauges. He ob-
served that at numerous mine sites
an unequivocal dependency be-
tween the two factors existed even
at larger thickness of the overburden
(with successions up to 450 m;

Fig. 14 and Fig. 15). At overburden
thicknesses of more than 800 m,

a distinct impact of the precipitation
rate on mine water fluxes could no
longer be clearly recognised. SEMMLER
demonstrated that the proportion
of infiltrated precipitation water to
the overall quantity of inflow of both
infiltration water and deep water
supply) was too low to significant-



ly impact the overall inflow level
because of the larger overburden
thickness.

Thickness and Lithology

of Overburden

An important factor which describes
the structure of a hard-coal deposit
are the thickness and the lithology of
the overburden. Depending on the
deposition, its thickness and lithol-
ogy can differ. For example, an over-
burden can consist of clayey marls
of low permeability (Rhenish-West-
phalian hard-coal basin [Germany])
or sandstones of good permeability
(Lorraine [France]; with a base layer
consisting of rocks with low perme-
ability). A hard-coal deposit can also
have no sedimentary cover if the
coal-bearing strata are outcropping
at the surface (e. g. Ibbenbiren,
southern Ruhr area, parts of the Saar
coal mining region [all in Germany],
Asturias [Spain] and the coal-mining
area of West Yorkshire [UK]). The
geology of the overburden directly
impact the flow rate of infiltration
water to the mine (see explanations
in ‘Water Inflow Rates’).

Post Mining Related Water Levels
As soon as the mine dewatering

of a colliery has ceased, the poten-
tiometric surface of the mine water
recovers to reach its initial pre-
mining (natural) hydraulic head.
The water level that will remain in
the long run after the mine water
rebound has finished is usually
referred to as the ‘post-mining
water level’. However, due to the
mining induced changes to the
hydrological system, mine water
does not recover up to its initial
level; instead, in many cases the
mine water rebound is limited due
to the lowest discharge level.

Only in rare cases the initial pre-mi-
ning potentiometric surface is clearly
documented for the mining affected
area. Thus, assumptions, analogies
and comparisons need to be made
with adjacent water provinces in
which the mine water rebound has
already been completed. Informa-
tion on the original hydraulic head
level can be found, for example, by
studying springs which exhibited a
discharge before mining operations
started, but which suffer from a de-
cline of water supply until complete
dryness during the mine water level
decrease caused by ‘modern’ hard-
coal mining (Huvyssen 1855).

Principally, the ultimate goal must
be to re-establish pre-mining water
levels. Besides cost and energy con-
sumption needed for pumping, this
also reduces the overall ‘salt freight’,
hence the quantity of highly miner-
alised mine waters being discharged,
reflected in a lower contamination of
the receiving water courses.

Groundwater Levels in the
Catchment Area of the Mine
Water Rebound

The hydraulic conditions in the
aquifer within the catchment area of
the mine water rebound are mostly
impacted by mine dewatering mea-
sures. Their impact range depends
on three aspects: duration, areal
extent of the mining activities, and
(excavation) depth. Knowledge
about the current groundwater
levels can be acquired by setting
up groundwater monitoring wells.

The water inflows into the mine
workings are closely related to the
groundwater levels in the catchment
area of the mine. These levels most
significantly influence the flow rate

during both the exploitation stage
and the mine water rebound. Infil-
tration water flow rate reduces with
increasing hydraulic head of the
mine water (decrease of potential
difference between groundwater
level and mine water level, i. e. the
hydraulic gradient) as the water col-
umn - with the rise of the mine water
rebound - exerts an increasingly
higher counter pressure against

the water inflow from the overlying
section (see explanations in ‘Water
Inflow Rates’). Likewise, the cone of
depression - which actually reflects
the inflow of groundwater and mine
water - shrinks, too. The decline of
the infiltration water flow rate results
in a slowdown of the depletion of the
overlying reservoir which, in turn,
induces a large-scale increase of the
groundwater levels in the catchment
area of the mine workings (Ch. 3.1.1;
Fig. 30). If the hydraulic head of

the mine water exceeds that of the
groundwater, the mine water may
also infiltrate the overlying aquifer if
water conduits exist. It is assumed
that the hydraulic change described
here can occur during the course of
a mine water rebound wherever sig-
nificant water inflow from the over-
burden into the mine workings could
be observed during the exploitation
stage (RosnEer 2011).

Void Volumes Created by Mining
Constructing shafts, cutting road-
ways and adits and extracting raw
materials - all of these are mining
activities that create a large-scale
network of underground void spaces
which are usually referred to as mine
workings. Hydrogeologically speak-
ing, a ‘mine aquifer’ (as defined by
WoLKERSDORFER 2008) is created.

The voids created by mining can be
divided into temporarily open voids
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(working area and drifts) and longer-
term open voids (e. g. shafts, levels).

To perform the following tasks, it

is important to know the areal and
depth-related distribution as well as
the condition of the underground
voids:

e forecasting the process of the
mine water rebound regarding its
lateral extent and also its velocity,

e evaluating the processes of mine
gas release,

e assessing the release and mobil-
isation of chemical species and
thus estimating to which extent
groundwater and mine water qual-
ity might be impaired (YounceRr
et al. 2002; WoLKERSDORFER 2008).

How water flows and circulates or
can be stored in geologically termed
‘porous media’, can be applied to
mining-related void spaces. Those
voids will be filled at the beginning
of a mine water rebound. Only with
a delay of one to several decades
the pores and joints of the disturbed
rock mass between the roadways
(loosened rock) and the remain-

ing rock mass (at a lower propor-
tion) will be saturated with water
(DenNEBORG et al. 2017) due to the
displacement of air within the pore
network. The actual process of rock
mass water storage - regarding

its duration and depth of infiltra-
tion - has not been measured so

far in a mine working environment
(DenNEBORG et al. 2017).

In German collieries, the former
working levels (goaf) provide a
significantly higher proportion of the
mining-related voids than the shafts
and roadways. By experience, the
roadway volume in German collie-

ries makes up only 2-3 % of initial
mine working volume. The volume of
mining-related voids is reduced over
time due to settlement and conver-
gence. The remaining void volume
depends on the following factors
(YounaGeRr et al. 2002; WoOLKERS-
DORFER 2008):

* mining depth,

e excavation ratio,

e position and spatial extent of
the working level (periphery
and centre),

* number of mined and stacked
coal seams (related to excavation
ratio),

e thickness and inclination of coal
seams,

e lithostatic pressure of overlying
strata,

e rock strength,

e type and amount of backfill,

e extraction methods.

The backfilling process reduces the
void volume of the working levels.
When accounting for remaining void
volumes, so-called ‘areas of stagnant
water’, may form in abandoned areas
of the mine workings due to infiltra-
tion of deep waters. Such volumes
needs to be subtracted from the
remaining void volume as those
areas are no longer available for
water storage. As a final statement,
to determine available void volume
is a very complex task and usually
can only be estimated to a certain
extent.

Hydraulic Conductivity

of Mine Workings

During the mine water rebound, the
roadways and shafts mostly serve
the purpose of transporting the wa-
ter and displacing coal mine gases.
Depending on the surrounding rock,

the quality of the roadway construc-
tion, the age of the mine workings
and the lithostatic pressure, conver-
gence occurs in the roadways which
leads to a reduction of the initial
roadway cross section. However,

as experienced, convergence does
usually not lead to a total closure of
the roadway. Even where roadways
collapse, there will be a remaining
conduit for water transfer (YouNGer
et al. 2002). The free unconfined
water motion inside the roadways
can only be stopped by constructing
water dams. However, those dams
are often bypassed by the water
through zones of loosened rock
(WOLKERSDORFER 2001).

Besides the construction of open
(long-term stable) mine workings
that will over time shrink and col-
lapse again, the hydraulic properties
of the rock mass are altered by other
mining activities. The mobilisation

of the overlying rock mass into the
formed void space induces new frac-
tures or existing fracture’s aperture
widens up. The excavation deformed
zone develops mostly around mining
induced void space. These areas are
defined by an increased permeability
in contrast to the strata unaffected
by mining activities.

In the concepts developed for the
long-term mine water management
at Ruhr, Saar and IbbenbUren the
open mine workings often play a key
part in the water transfer (Ch. 1.2.;
RAG AG 2014a). In major roadways
which have been stabilised the mine
water will move to the water receiv-
ing stations by free drain. In addi-
tion, pipes together with gravel fil-
ters are installed in the major road-
ways intended for water conduction
(RAG AG 2017); these pipes ensure

31



a steady and sufficient flow of mine
water to the water receiving stations.

Targeted Control Measures

Until the late 1970s, mine water re-
bounds were handled obviously in
an uncontrolled manner. The capa-
bility and tools for a supervised mine
water level control were not in place
at that time; thus, a mine water re-
bound was finished as soon as a hy-
draulic balance between inflow and
outflow was achieved, the level of a
drainage adit was reached (MUHLEN-
Beck 2015), or diffuse and uncontrol-
led water logging occurred at the
surface (MaNN & WEDEKIND 2015).

However, both the spatial and the
temporal extent of the mine water
rebound can be managed in order to
avoid uncontrolled water logging at
the surface or any contamination of
drinking water reserves. For this pur-
pose, pumps are installed or water
dams are built. One appropriate
method of lowering the mine water
level is to construct a drainage adit.
During the mine water rebound,
mine water is allowed to rise until the
floor level of the drainage adit where
it will be discharged at atmospheric
pressure. Within the current mine
water management plans at the

Saar mining region (here: phase 2;
Ch.1.2.; RAG AG 2014b) and in
Ibbenblren, discharge of mine water
via a ‘mine water channel’ or a drain-
age adit will be considered with
special attention.

The mine water level is mostly con-
trolled by submersible pumps which
are installed in shafts of the mine
dewatering stations (Fig. 2). Their
use enables for a regulation, stop or
to a certain extent depression of the
mine water as required.

Cone of Depression Caused by
Mine Water Management

The removal of water as it is com-
mon practice in tunnel construction
or during mine life cycles causes

the potentiometric surface of the
groundwater to be lowered if the
water abstraction rate exceeds its in-
filtration rate. The extent of the cone
of depression mostly depends on the
hydrogeological properties of the
surrounding strata from which the
water is removed by pumping. Tec-
tonic structures (e. g. faults of low
permeability) can limit the extension
of the cone of depression. In an ideal
case, a radial cone of depression is
formed in homogeneous and iso-
tropic porous aquifers (HoLTING &
CoLpbewey 2013). Due to the hetero-
geneities of rock strata and in moun-
tainous areas the actual shape of a
cone of depression usually deviates
from this ideal shape.

The spatial extent of the cone of de-
pression influences the rate of draw-
down; the rule is that the larger the
cone of depression, the more exten-
ded the area of abstraction. With the
rise of mine water the cone of depres-
sion shrinks and, as a consequence,

also that of the hydraulically influenced
area and the amount of water inflow.
Many equations consider the follow-
ing parameters when determining
the extent of the depression (e.g.
SicHARDT 1928; KusakiN 1935; Rom 1939;
KEeRrkis 1955):

¢ hydraulic conductivity of the
rock mass inside the cone of
depression,

e amount of drawdown,

e thickness of the aquifer,

e volumes of infiltration and
abstraction.

It needs to be considered that,

due to the petrophysical inho-
mogeneities, the actual range of
the cone of depression can only be
estimated; the actual range or the
shape of the cone of depression can
only be determined by means of a
sufficiently dimensioned ground-
water monitoring (piezometer) net-
work for both, groundwater and mine
water, situated in different aquifers
(PLoTNIkoV & ROGINETS 1989).







2.2.
Ground
Movement

34

The underground mining of hard
coal leads to convergences which
are transferred from the rock mass
towards the ground surface. This
movement process effects a three-
dimensional shift of position at the
ground surface. The mining-induced
ground movements can be divided
into vertical components (depres-
sion, shrinkage, sagging) and hori-
zontal components (lateral displace-
ment, change of length). BuscH et

al. (2012) states the following gener-
al factors that cause ground move-
ments:

e large-scale tectonic and seismic
events such as subduction, earth-
quakes or other tremors,

e processes of subrosion and ero-
sion such as karst formation or salt
leaching,

¢ geological and rock-mechanical
changes of the Earth’s crust, e.g.
due to underground raw materials
mining,

¢ hydrogeological and hydrological
changes caused by water drainage
or flooding.

The latter aspect is the one that con-
cerns the ground movements occur-
ring during a mine water rebound.
These rock movements manifest
themselves at the ground surface as
changes in length of which the verti-
cal component (heaving) is the most
crucial one.

Flooding-induced ground upheaval
at the ground surface have been the
subject of scientific examinations for
centuries. In the early 20t century,
HiLLEeGAART (1910) and BunTtzeL (1911)
already began to analyse the up-
heaval of the ground surface above
mining areas. Later, OBERSTE-BRINK
(1940) gave the initial report on

ground upheaval phenomena in the
Ruhr area which had been observed
at the outcropping hard-coal de-
posits of the Witten Syncline (Witte-
ner Mulde) since the 1930s and which
were linked to a mine water rebound
even then. He correlated the maxi-
mum upheaval volumes with the
mining areas that were most strongly
exploited and interpreted the ground
upheaval as a consequence of the
swelling capacities of clay-contain-
ing rocks. Examinations done by
SpPickeERNAGEL (1975) revealed that
ground upheaval caused by a mine
water rebound could reach up to the
depression null boundary. Besides the
increase in volume of clay-containing
rocks, such ground movements were
also traced back to the buoyancy of
the rising water. With relation to the
mine water rebound in the collieries
of the South Limburg mining region,
PoTTGENS (1985) pointed out that the
rebound velocity of the mine water
influenced the upheaval motion.
Based on this insight, P6TTGENS devel-
oped a first model to forecast the
maximum flooding-induced volumes
of ground upheaval that were to

be expected. This upheaval most-

ly results from processes of lateral
spreading which are caused by in-
creased buoyancy and changes that
this buoyancy induced uplift causes
in the stress field of the rock mass.
Examinations by RosNer (2011) in the
mining regions of Aachen (Germany)
and South Limburg (Netherlands)
prove that in this area the ground
upheaval starts at a delay of approx.
five years after the mine dewatering
has been discontinued. As soon as the
mine water level reaches the base of
the overburden, the rate of upheaval
increases and extend beyond the
boundaries of the mine working area
up to a distance of 10 km.



Tab. 3: Overview of ground upheaval caused by mine water rebounds in hard-coal mining regions according to FEnk & TzscHARscHUCH 2007;
extended; DE: Germany; NL: Netherlands; FR: France; BE: Belgium).

Amount of Ground

Upheaval at Surface Source

Mining Region Mining Depth

inm BGL up tocm
Wittener Mulde (DE) <440 17 OBERSTE-BRINK 1940
© Erkelenz(®E)  150-800 28 Backow 2019
"""""""""" Aachen (DE) <1200 10 Roser20M
"""""" lbbenbren (Westfeld; DEy <625 10 Goeme-MaLET2000
 Zwickaw®®) <1150 17 Few2000
© Lugau-Oelsnitz OE) <1200 9 LoseL & Domer 2010
""""""""" Dohlen basin (DE) ~ 390-650 6 Gross& Wepekno 2006
""""""""" Konigsborn (OE) ~ 270-1000 24 Herrepetal 2012
"""""""""" Warndt (OE) <1750 20 MecHers&Dosan2014
""""""""" Faulquemont (FR)  600-925 13 BrancHer&Kaser2001
"""""""" South Limburg (NL) ~ 260-770 28 Roswr200
"""""""""" Campine (BE) 1090 03-23(p.a)  Meicrers & Docan 2014
""""""""""" Liege (BE) <1000  025(p.a)  Meicrems & Docan 2014

The previous examinations show that
the spatial distribution and the timing
of the ground movements differ
according to the local mine opera-
ting conditions. FENK & TZSCHARSCHUCH
(2007) carried out literature research
to compile the range of flooding
induced upheaval volumes in the
hard-coal mining regions of central
and western Europe; so far, upheaval
volumes between 6cm and 27cm
were verified (Tab. 3).

Mining damages caused by a mine
water rebound are only known from
a few hard-coal mining regions as
the ground surface usually reacts
with a lateral and uniform uplift.
However, at discontinuities which
reach the surface, and in those parts
of tectonic faults where different
mining levels were worked or the
mine water rose at different levels,
a mine water rebound can induce

different rates of uplift which

are relevant to induce damages
(BacLikow 2010). Likewise, the mine
water rebound can trigger complex
interdependencies of the geome-
chanical properties which, in turn,
can cause damage to buildings and
infrastructure. Documented evi-
dence and indications of those can
be found in the Erkelenz mining
region (BacLikow 2003; 2010;

Ch. 3.1.3.), in the hard-coal mining
areas of Aachen and South Limburg
(DEe VENT & RoEsT 2012; BacLikow 2019;
Ch. 3.1.3.) and in the Dohlen basin
(TuNGer 2009; Ch. 3.1.4.).

Ground movements, whether in-
duced by mining or flooding, can be
observed by means of a monitoring
system. In addition to elevation
monitoring at /evelling lines and
‘height’ benchmarks, Persistent
Scatterer Interferometry [PSI]) has

been established as a wide-range

and exact monitoring method over

the last years (BaMmLER et al. 2008;

BuscH 2019). Ground-bound persis-

tent scatterers are needed to
support the complex computation
and evaluation.
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2.3.
Mine Gas
Release

by-product of
coal gasification

Mine Methane

Abandoned Mine Q
Methane (AMM)

Coal Mine
Methane (CMM)

Coal Seam
Methane (CSM)

gas released in Q
abandoned mines o) O

Q

gas released
in worked mines

gas released of
undisturbed rock

Fig. 16: Classification of coal mine related gases according to THiIELEMANN (2002) and UNECE (2016).
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In areas like the Ruhr area which
have been shaped by mining, occur-
rences of mine gas release can be
regularly observed at the ground
surface (THIELEMANN et al. 2007,
HenscHEID 2012). According to
THIELEMANN (2000) and UNECE (2016),
a distinction is made between coal
gas which is a byproduct of coal
gasification, and coal seam gas.
These gases, which emit during for-
mation of the coal deposit, are gas
mixtures consisting of methane
(CH)), carbon dioxide (CO,), carbon
monoxide (CO), oxygen (O,), nitro-
gen (N,) and other higher hydro-
carbons (Tab. 4). Coal gas is the
generic term for naturally formed
thermogenic gases from coal and
also for gases created by anthro-
pogenic processes such as the
technical coal gasification (Fig. 16).
Contrary to that, all natural gases
that occur in the coal are summa-
rised under the term ‘coal seam
gas’; these gases include coal seam
methane and (underground) mine
methane (Tab. 4).

Whereas coal seam methane (CSM)
can, for example, be released by
drilling into coal seams of undis-
turbed rock and is bound to its nat-
ural place of occurrence, (under-
ground) mine methane, because

of the mining activities, enters into
artificially created voids like the mine
workings, either immediately or de-
layed. Underground mine methane is
then categorised as either coal mine
methane (CMM, released in worked
mines by extraction and ventilation)
or abandoned mine methane (AMM,
released in abandoned mines;
UNECE 2016). These gases differ in
the concentration of the individual
gas species of which methane is by
far the most abundant (Tab. 4).

Carbon monoxide is a gas which

is toxic for people and can cause
health issues if inhaled; on the other
hand, methane, the hydrocarbon of
the simplest structure, is a colour-
less, odourless and tasteless gas
which is neither toxic nor noxious
nor hazardous to health.



However, at certain concentration
ranges (between 4.4 Vol.-% and

16.5 Vol.-%) an explosive mixture in
the presence of atmospheric oxygen
(between 12 Vol.-% and 21 Vol.-%)
can be formed (CHrisTENSEN 2007;
Fig. 17).

Methane is mostly of organic origin
(ScHoELL 1984); depending on the
specific genesis and origin, the dis-
tinction is made between ‘thermally
generated’ (or ‘thermogenic’) and
‘bacterially generated’ (or ‘biogenic’)
methane. Thermogenic methane
refers to gas that has been gener-
ated as a product of gradually con-
verting (‘cracking’) organic material
during a process known as carboni-
fication. On the other hand, biogenic
methane refers to gas that is gener-
ated due to the microbial decompo-
sition of organic material. Whereas
thermogenic methane is bound to
coal seams, biogenic methane can
be recently generated by bacterial
activity. Due to the chemical compo-
sition of the gas release in combina-
tion with characteristic stable car-
bon and hydrogen isotope signa-

tures, it is possible to distinguish
thermogenic methane from biogenic
methane (Fig. 18), a method which
allows to recognise areas in which
recent bacterial methanogenesis
occurs.

The phenomenon of mine methane
entering the mine workings is gener-
ally known from hard-coal mining.
Mining activities loosen the rock
strata above and below the coal
seams - something which enables
the mine methane to flow from the
coal-bearing rock into the mine
workings. For safety reasons, the
mine methane has to be diluted by
technical measures such as the in-
take of fresh air (ventilation) or,
when mining coal seams of high
methane content, the gas has to be
extracted through drill holes and
removed (pre-degassing process).

This natural gas release does not
end once the mine has been closed
down. A part of the mine methane
remains in the underground work-
ings as residual natural gas. This fi-
nal volume of gas depends, among

Tab. 4: Category overview for coal seam gases according to THIELEMANN (2002).

others, on the excavation ratio of the
deposit. The process of releasing
mine methane can last for decades
after mining has ceased. Particularly
in old underground workings which
are no longer aerated methane can
accumulate; as a result, these old un-
derground workings can still contain
a high residual gas level in particular
if they are close to coal seams of
high methane concentration. The
level of the gas release after the
mine closure depends on the con-
centration of the residual gas and

on barometric pressure variations.

At low atmospheric pressure, mine
methane can escape from the mine
workings to the ground surface. At
high atmospheric pressure, however,
the flow direction may turn around
and fresh air will flow into the mine
workings. Mining shafts and other
surface openings are the preferred
flow paths from the surface into
mine workings. Even pipelines that
were not dismantled (in particular
degassing pipelines) are suitable
paths along which the mine methane
will migrate.

Coal Seam Methane
(CSM)

Mine Methane

Coal Mine Methane

Abandoned Mine Methane

(CMM) (AMM)
Component Vol.-% Component Vol.-% Component Vol.-%
CH, 90 - 95 CH, 25-60 CH, 60 - 80
- co, 2.4 co, -6 co, g-15
""""" ©© o  co  o1-04  c0o o
"""""" ., o o, g-w o, o
N, -8 0N, 4-20 N, 5-32

Concentration of higher hydrocarbons in traces
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Fig. 17: Explosive areas for air/methane mixtures according to CHRISTENSEN (2007).
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In addition, the mine methane can
also escape to the ground surface
via tectonic faults in combination
with a thin overburden. Whereas gas
releases at the degassing pipes of
the shafts and surface openings can
be accurately located, the releases
at tectonic faults often are dispersed
and diffuse.

Due to the mine water rebound, the
void volume which is available for
methane storage is reduced as the
void volume in place is increasingly
saturated by water, and the inflow of
mine gas from the hard-coal bearing
rock decreases. Where isolated parts
of the mine exists which are pres-
surised by the mine water rebound,
a displacement of the residual gas
content can occur. If that is the case,
free gases will be mobilised and can
eventually lead to gas releases at the
ground surface.

As soon as the hydrostatic pressure
of the rising mine water exceeds the
remaining desorption pressure of
methane, no mine gas will be dis-
charged from the coal seams. After
all seams and workings have been
inundated (i. e. the mine water level
has reached the top boundary of the
coal measure), it has to be assumed
that the gas release rate has reached
its minimum, and thus the gas re-
lease process can be regarded as
finished. Nevertheless, as tests in
Lorraine (France) have indicated,
small amounts of methane continue
to be dissolved in the mine water
and released even after the mine
water rebound has been finished
(KLINGER et al. 2013).

2.4.
Mine Water
Chemistry

As a discipline of hydrogeology,
hydrochemistry deals mainly with
chemical species that exist in water.
These species can be either dis-
solved or undissolved. The dissolved
species mostly include electrolytes,
anions and cations, gases, organic
compounds and hydrated complex-
es. Undissolved species is usually
particulate matter such as solid par-
ticles of micrometre size (e.g. col-
loids, fine-grained clay particles or
even microorganisms such as bacte-
ria) or emulsions - finely dispersed
droplets of liquids that are immis-
cible in water such as lipids or
petroleum. Usually, dissolved and
undissolved species are separated
using filters of specific pore sizes
(i.e. 0.45 um; WisoTzky et al. 2018).

Solubility

More than 80 years ago, NobbAck
(1936) published the hypothesis that
each chemical element (which was
known at that time) was present in
each ‘matter’ whether it is of natural
or artificial origin. This postulate was
also known as the ‘omnipresence of
elements’. Today, thermodynamics
have changed this term slightly and
uses the expression ‘omnipresence
of chemical species’. This principle
means that basically every species is
soluble in any other species in a cer-
tain concentration depending on
pressure and temperature, and thus,
the system is in thermodynamic
equilibrium. Transferred to aqueous
solutions and, in particular, mine
water, this means that there have
been several dissolution processes
after migration of mine water through
the rock strata. As a consequence,
every naturally occurring chemical
element can be present in water at
large or small concentrations
(WOLKERSDORFER 2013).

The extent at which groundwater
and mine water may be enriched
mostly with dissolved species re-
sults from the origin of water which
again depends on several factors. It
is important on the one hand, which
types of rock the water has infiltrat-
ed on its way and what residence
time the water had experienced in
order to (partly) dissolve the mineral
constituents of these rocks. Here,
the types of mineral components
are fundamental, i. e. whether they
have a high solubility (e. g. rock salt,
calcite, gypsum) or a low one (e. g.
silicates). On the other hand, physi-
cal parameters such as pressure and
temperature or the grain size of the
mineral phases influence the solubil-
ity. Here, the rule applies that most
species become more water soluble
at higher temperatures and higher
pressures. The grain size of the min-
eral components is another very im-
portant factor as it influences the ef-
fective surface area for the chemical
reactions taking place (LoTTERMOSER
2010; TrRemBLAY & HoGcaN 2014). The
amount of dissolved species also
impacts the solubility of other sub-
stances (for example, if two mineral
phases share ion pairs, such as NaCl
and KCI [ion effect - reduces solu-
bility]) and can lead to a change of
the pH value (see info box ‘Chemical
Definitions’), a value which in turn
also controls the solubility of many
mineral compounds.

Additional factors influencing solu-
bility are the sorption processes (ad-
sorption, absorption and desorption)
which play a role with organic sub-
stances; these organic substances
may occur naturally in the mine or
they are of anthropogenic origin,

for example, hydraulic fluids or
lubricants (DenneBoRrG et al. 2017).
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Fig. 19: Pyrite aggregate with typical longitudinal striation of the cubic crystals (photo: Bastian Reker).

Apparently, there are many different
processes at stake which influence
each other and can lead to higher or
lower rate of dissolution. A signifi-
cant role for mine water chemistry
play the mineral phases which were
formed by sulphide oxidation (com-
monly referred to as pyrite weather-
ing or pyrite oxidation) and which
are transported as solute species
during the mine water rebound.

Sulphide Concentration

of Hard Coals

The concentrations of sulphides and
disulphides such as pyrite (Fig. 19)
or marcasite differ in hard-coal
deposits due to their origin (marine
or terrestrial). Often, hard coals of
marine or so called paralic formation
show higher sulphide concentrations
compared to terrestrial or limnic
formation. Under anoxic conditions
these sulphide minerals are mostly
stable. The oxygen, dissolved in
water, is generally not sufficient to
oxidise notable amounts of sulphide.
During mining and the necessary
processes of mine dewatering and
ventilation, a significant amount of
atmospheric oxygen is transferred
into the mine, and as result, sulphide
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minerals start to oxidise and a signif-
icant number of different intermedi-
ate hydrated sulphate complexes are
formed, such as rémerite, jarosite or
schwertmannite.

Disulphide Oxidation

The process of disulphide oxidation
is initiated when, for example, pyrite
reacts with oxygen and water, re-
leasing ferrous (or divalent) iron,
sulphate and protons:

Bac.

FeS,+ 750,+H,0 = Fe?+2502 +2H*

In turn, the dissolved divalent iron
reacts with the oxygen and protons
which forms trivalent (ferric) iron
and water:

Fez +1,0,+H" T Fe**+ HH,0

These two reactions are usually bac-
terially catalysed by bacterial strains
named Acidithiobacillus ferrooxidans
(oxidising iron and sulphur) and
Acidithiobacillus thiooxidans (oxidis-
ing sulphur; KeLLy & Woobp 2000;
JoHNsoN & HaLLeBerg 2003) and accel-
erate the oxidation process by a fac-
tor of up to 108. The second reaction
in particular is an important step as

trivalent iron acts as an oxidant for
the disulphide:

FeS,+14Fes+8H,0 - 15Fe? +2S02 +16 H*

Thus, this is a process which is self-
reinforcing over time and which is,
with the help of the bacterial catalysis,
responsible for the high concentra-
tions of metal iron and sulphate in the
mine water. Moreover, the release of
protons significantly increases the
acidity (see info box on ‘Chemical Def-
initions’) of the mine water (SINGER &
Stumm 1970). The particle size of the
disulphide minerals also plays a signif-
icant role in the kinetics of the mineral
deterioration which is going on
(TremBLAY & HoGaN 2014). Pyrite crys-
tals of framboidal or polyframboidal
shapes, whose size often does not
exceed the micrometre range and
which are of a large surface area, are
recognised as particularly reactive
(EvaNGELou 1995).

As a last step, the trivalent iron
precipitates as hydroxide, releasing

further protons:

Fe+3H,0 - Fe(OH),+3H"



Fig. 20: Typical impact of uncontrolled mine water logging at the ground surface with characteristic ferric-oxyhydroxide sedimentation in
South Africa (photo: Bastian Reker).

In total, these previous redox reac-
tions are summarised in the overall
equation (YouNGer 2000):

Fes,+1540,+/4H,0 -
Fe(OH),+2S02+4H"

Basically, this process describes a
phenomenon that is also known

as juvenile acidity (see info box on
‘Chemical Definitions’). Usually, it is
not taking place during the entire
mine dewatering activities of a col-
liery. Instead, infiltrating water and
the humidity entering the mine work-
ings as part of the ventilation pro-
cess, form, particularly in the acidic
oxidation environment (CravoTTA
1993), a number of different iron sul-
phate hydrates induced by the sul-
phide oxidation (compared to the
hydroxides!). These intermediate

mineral precipitates are also referred
to as ‘acid generating salts’ (RANDALL
& OLYPHANT 1993). They are formed
within the mine if their ion products
exceed their solubility products from
the oxidizing solutions (ALPERs et al.
1994). The sulphates formed are
mostly iron(IDsulphates and iron(lll)
sulphates and a mixture of both

in hydrated forms. These reaction
products are what YounGer (1997)
calls ‘vestigial acidity’. As these salts
are readily water soluble, they are
easily dissolved during a mine water
rebound and are thus either avail-
able as oxidants for further sulphide
oxidation or transported as solutes
to the surface. This causes the so
called ‘first flush effect’ (see info box
on ‘First Flush Effect’) and typical
yellowish to reddish precipitations of
iron(oxy)hydroxides at the surface

(Fig. 20). Waters that are enriched
in such a way are also referred to as
influenced by acid mine drainage
(AMD) in international literature.
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Chemical Definitions

In chemistry, there are numerous
definitions for the terms ‘acid’ and
‘base’. The simplest and oldest con-
cept according to ArRrRHENIUS defines
an acid as a hydrogen compound
which dissociates in an agueous so-
|lution and forms hydrogen ions (H*)
and the corresponding anion.

A compound which dissociates in
water completely, and thus forms

a high activity or concentration of
positively charged hydrogen ions,
is called a strong acid. A base, on
the other hand, dissociates in an
agueous solution to form hydroxide
ions (OH"). Here, corresponding to
the acid, the same rule applies: the
more complete the dissociation of
the base, and thus the higher the
activity or concentration of the hy-
droxide ions, the stronger the base
(BINNEWIES et al. 2016). Thus, the sum
up of the H*-ions and the OH-ions
determine whether a solution be-

haves in an acidic or alkaline manner.

This condition is given by the pH
value which is defined as a negative
common logarithm of the numeric
value of the activity of hydrogen
ions:

pH = - log a(H")

A more recent and general definition
of acids and bases in chemistry is
provided by the BrRaNsTEDT-LoWRY-
concept which defines acids as
proton donors and bases as proton
acceptors. Further explanations can
be found in BINNEWIES et al. (2016).

The term ‘acidity’ is defined in hy-
drochemistry as the sum of species
in water which react in an acidic
mannetr, i. e. which are able to form
hydrogen ions in water. These can
include dissociated metals, but also
organic or inorganic acids (HebiNn

et al. 1994; WoLKeERSDORFER 2013).
Correspondingly, the base capacity
describes the potential of a solution
to neutralise a base by providing aci-
dity. In other words, a liguid of high
base capacity is acidic, and, vice
versa, a liquid of high acid capacity
is alkaline. Whether a water behaves
in total as an acid or as an alkaline
solution is decided due to the differ-
ence between those two parameters
(HebpiN et al. 1994):

* net alkaline:

alkalinity > acidity

(or acid capacity > base capacity)
* net acidic:

acidity > alkalinity

(or base capacity > acid capacity)

As the pH value only considers the
activity of hydrogen ions in water
and does not take into account all
components that react in an acidic
or alkaline manner, it can only be
used as an indicator of net acidic or
net alkaline water. Mine water is re-
ferred as acidic if a pH value below
5.6 is determined (WOLKERSDORFER
2013). Waters of a pH value around
7 are called circumneutral, and those
exhibiting a pH value of > 7 are
called alkaline.

The terms ‘rudimentary acidity’
(vestigial acidity) and juvenile acidity
were introduced by YounGer in 1997.
‘Vestigial acidity’ in relation to mine
water is defined as the release of
secondary mineral components
which were formed during the leach-
ing induced by sulphide oxidation
(WOLKERSDORFER 2013; see above).
‘Juvenile acidity’, on the other hand,
defines the acidity which is gener-
ated directly from the acidity of
protons and metals (mainly dis-
solved iron, manganese and alu-

minium; Hebin et al. 1994) of the
disulphide oxidation within the
water level deviation in the partially
inundated mine area (YounNGer 1997).




Leaching in a Mine -
First Flush Effect

The term ‘first flush’ was introduced
by Youncer (1997). It describes the
initial, steep increase of mostly iron
and sulphate concentrations fol-
lowed by their gradual decrease
after the mine water rebound in a
colliery has ceased. The responsible
agent is the vestigial acidity (see info
box on ‘Chemical Definitions’), i.e.
the dissolution or leaching of sec-
ondary minerals which were formed
during disulphide oxidation. The fol-
lowing empirical formula helps to es-
timate the duration of this process
(YoUNGER 2000; WOLKERSDORFER 2013):

t.=ftaci..r . V.K, h,)=(3.95+1.2)-t,,

with

i duration of first flush,

toi duration of rebound,

aci .~ reduction of acidity,

r, oxidation rate of acid-
containing minerals,

4 volume of mine voids,
hydraulic conductivity
of mine voids,

h rate of groundwater

recharge.

This equation indicates that the
duration of the first flush, i.e. the in-
creased concentrations of sulphates
and iron, is about four times as high
as that of the mine water rebound
(Fig. 21).

Here, two fundamental patterns of
total acidity trend need to be distin-
guished (Fig. 21): if the amount of
the acid-buffering mineral phases
(minerals that consume protons
when dissolving and thus reduce
acidity, e. g. carbonates) is larger

A
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Fig. 21: Comparison of time taken by the mine water rebound with the

temporal development of the overall acidity during and after the first

flush (axes are non-dimensional). ABM: acid-buffering mineral phases;

AGS: acid-generating salts; adjusted and extended according to
WOLKERSDORFER & YOUNGER (2002).

than the amount of acid-generating
mineral phases, then the acidity and
ion concentration (mostly iron, man-
ganese, aluminium) will reduce to a
significantly lower level than at the
beginning of the first flush. Acid-
generating mineral phases refer
mainly to sulphates as secondary
minerals formed (see above).

A different curve shape is valid if
the opposite case applies, i. e. the
amount of the acid-buffering mineral
phases is smaller than the amount of
the acid-generating mineral phases
(green broken line in Fig. 21). After a
minimum of total acidity is achieved,
the buffering mineral phases are
used up, and the acidity increases
again. Short-term and long-term
concentrations of iron during the
first flush (i. e. at the beginning and
at the end of this process) can be
estimated referring to the overall
sulphur concentration of the mined
hard coal. If those values have not
been measured, such estimates can
be done looking at the proximity of

the worked coal seams to marine
horizons: the smaller the distance
between the marine horizons and
the worked coal seams, the higher
usually the sulphur concentration.
This observation corresponds with
the experience that marine or paralic
hard coal generally shows higher
disulphide concentrations than limnic
hard coal (see above). Long-term
concentration patterns can also be
estimated based on the spatial proxi-
mity between the distance of the
point of mine water logging at the
ground surface and the outcrop of
the closest associated coal seam, i.e.
the zone of potentially ongoing pyri-
te oxidation (YouNGeErR & Abpams 1999).



2.5.
Stratification

Two or more fluids of different den-
sities can either mix, or they can
separate and stratify. Which pro-
cess occurs depends on the vertical
density gradient. The differences in
density can result from a number of
factors: differences in temperature,
the concentrations of dissolved
species (i. e termed ‘salinity’) or a
combination of both. If the densi-
ty gradient between the layers are
sufficiently high, the fluids will form
stable vertical stratified fluids with a
sharp boundary.

If both water masses remain stable
and do not mix along the boundary,
then this condition is known as strat-
ification. Generally, the fluid of high-
er density is situated below the fluid
of lower density. In many mines, this
refers to the case as the deep waters
laterally flowing in an area of a sig-
nificantly higher salinity compared
to groundwater close to the surface
(MELcHERSs et al. 2019). However, this
trend is diminished by the geo-
thermal gradient which causes a
temperature increase in the deeper
situated waters, something which
reduces their density. Whether a
stable stratification can be formed
depends on the aforementioned fac-
tors - if one dominates or how these
two factors interact.

Overall, a stratification causes a very
limited transport of mass or heat
fluxes between two fluids. Primarily,
any mass transfer during the strati-
fication stage is accomplished via a
double diffusion process or ‘internal
waves’ induced by gravitation:

¢ Double diffusion causes no mixing
of the fluids (Fig. 22). Any trans-
port phenomena (heat or mass
flow) takes place at molecular scale
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where heat is transported much
faster (by the factor 100) than
solute concentration equilibrates
(BerTHOLD 2009). Double diffusion
can have two modes: the formation
of salt fingers and diffuse convec-
tion (see info box ‘Driving Forces
of Stratification Mechanisms’).

¢ Internal waves, contrary to normal
surface waves, are formed inside
the water column if a continuous or
discrete density stratification pat-
tern with depth occurs. They are
a type of gravity waves and their
existence and propagation are
driven by gravitation. They are
described as oscillations of a strat-
ification which propagate in space
and time (BUTTNER et al. 2012).
If they propagate in a continu-
ous fashion, they will not affect
any heat or mass flux apart from
diffusion processes within the fluid.
However, if these waves break,
they cause turbulent mixing of
the stratified layer (BurcHARD et al.
2008).

A detailed illustration of the process-
es which lead to fluid stratification
can be found in BertHoLD (2009).

Driving Forces of Strat-
ification Mechanisms

Salt fingers may form if the tem-
perature and the salinity of the
water in a deeper water layer are
lower compared to the water layer
above (Fig. 22). The temperature
factor leads to lower densities in
the upper water column whereas
the salinity trend leads to lower
densities in the deeper water layer.
Thus, both factors act in reverse.
A water molecule of the upper
water layer (i. e. warm and saline),
deflected by a small momentum,
sinks and spontaneously transfers
its heat to surrounding water
molecules due to diffusion where-
as its inherited solute concentra-
tion remains almost constant due
to comparable much smaller
diffusivity. As the temperature of
the water molecules is decreased,
its density increases which accel-
erates its downward movement.
During this process, the heat is
transferred to cooler water mass
of lower salinity, which enables
this water to move upward in the
water column. As a result, finger-
like structures are formed be-
tween two water layers of differ-
ent density. At their transition
zone those differences are bal-
anced by means of diffusion,

but within the transition zone by
means of convection (BerTHOLD
2009). One interesting aspect of
these processes is that, when
looking at the entire system, the
mass flow, i. e. salinity transport,
plays a more important role than
the heat flow although its diffu-
sion process occurs at a much
lower rate. This is due to the fact
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that the salt fingers cause a certain warm deep water passes on its heat Fig. 22: Eight possible combinations of
perturbation which allows the mass to the cooler surface water whilst different salinity and temperature gradients
transport to take place. the salinity remains almost constant.  within a vertical water column and the asso-
As a consequence, the density of the ciated transport processes, according to
As a result, the top water layer be- surface water decreases whereas the  BerrHoLo (2009).
comes less dense, and the deeper density of the deep water increases.
water layer becomes denser. Over- This leads to an enhancement of the
all, this process does not lead to a density gradient between the water
balance of the density gradient but layers. Overall, convection cells are
enhances it instead. generated in both layers which touch
each other at the diffusion transition
Like the salt finger formation, the zone. If several of such layers are lo-
diffuse convection is also a kind of cated on top of each other, the salin-
double diffusion (Fig. 22). It can oc- ity and temperature profiles form

cur if cooler water of higher density their typical staircase-like structures
is situated above warm water of low- in a plot.
er density and, contemporaneously,

the deeper water layer is of higher Overall, there are eight possible

salinity. Again, both factors cause combinations of temperature and
opposite density gradients, but with salinity gradients which may lead
opposite signs contrary to the salt to either convection processes or

finger formation. Via diffusion, the double diffusion processes (Fig. 22).
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Fig. 24: Stratigraphic table according to CoHen et al. (2013).



Stratigraphy of
Hard-Coal Deposits

Stratigraphy (referred to as the
science of layered strata) is the
branch of the geological sciences
concerned with the study of rock
successions, taking into account all
of their organic and inorganic fea-
tures and contents in terms of their
timing of formation; it also sets up
a timescale to help date geological
processes and events (MurRAwskiI

& Mever 2010). Stratigraphy, as a
branch of historical geology, deals
with reconstructing the history of
Earth.

In its early days, stratigraphy only
recognised the qualitative correla-
tion and categorisation of the dif-
ferent rock strata according to the
principle that in tectonically undis-
turbed regions older rocks must be
deposited below younger rocks.
However, this principle only allowed
for establishing local or regional se-
guences of sediments. This meant
that rock successions of same age
but different rock type that were
deposited in areas that were situat-
ed further away could not be corre-
lated. When geologists started con-
sidering fossils as so called index
fossils, it was possible to establish
large-scale correlations between
different rock strata. Any absolute
dating of rocks referring to ages in
total years could be applied after
radioactive decay processes were
discovered. For that purpose, rock
age is defined by radiometric de-
termination using the isotopes of
uranium-lead, potassium-argon,
rubidium-strontium or “C called
radiocarbon.

The International Commission on
Stratigraphy (ICS) defines the
history of geology in terms of
global units of the international
stratigraphic chart or time scale
(Fig. 24; CoHEN et al. 2013).

Overall, the stratigraphic chart is
divided into five units. From the
highest to the lowest order, these

units are called: eon (eonothem),
era (erathem), period (system),
epoch (series) and age (stage).
Any further distinction below the
rank ‘age’ is mostly adjusted to
regional conditions and thus only
of regional impact.

To each unit, standardised colours
are allocated to be used when cre-
ating maps and profile sections;
these are also used in this report.
Any deviations that might be used
for better illustration purposes are
explained in the respective segment.

This chart is being continually ad-
justed to scientific knowledge and

is valid across the globe. Therefore,
many regional terms, for example,
the division of the Upper Carbonifer-
ous into Namurium (A to C), West-
phalium (A to D) and Stefanium

(A to D) which was common in Ger-
many and in parts of Europe, have
been replaced by new names of
global ICS related time scales. How-
ever, as the old terms are still bet-
ter known at regional level than the
international nomenclature, some
chapters of this report will refer to
the regional terms and time scale for
the Carboniferous period.

Most of the hard-coal deposits

in the European coalfields were
formed more than 300 million years
ago in the Upper Carboniferous. The
climatic (@almost tropical) conditions
led to immense growth of plants in
the Carboniferous period; when the
plants died, the first stage of the car-
bonification process began, i.e. the
conversion of organic material into
coal. The terrestrial plants decayed
and were buried in the oceans where
they did not fully decompose, but
the organic matter turned into peat
due to the absence of oxygen. Clas-
tic sediments such as clay or sand in-
creasingly buried the organic mate-
rial, subsequently reducing the water
content from it at elevated pressures
and temperatures.

Carbon content got enriched com-
pared to the amounts of hydrogen
and oxygen (and nitrogen) which
were also parts of the initial organic

matter. Over the time, peat (carbon
ratio: 55-64 %, moisture content:
35-39 %) was transformed to lignite
(carbon ratio: 60-75 %, water ratio:
17-34 %), and then hard coal (car-
bon ratio: 78-90 %, water ratio:
4-19 %) or even anthracite (carbon
ratio: 94 -98 %, water ratio: 1-3 %).
Important for coal formation was
the alternation between sea level
rise and fall. Once the sea level fell,
plants could grow again and the
process repeated itself. In an ideal
case, many alternating sequences of
sand, clay and conglomerates were
deposited in which seams of hard
coal were interbedded (cyclothem,
rhythmic sedimentation).

However, hard coal was not only
formed in the Upper Carboniferous.
The Wealden coal deposits, located
south-west of Hannover (Barsing-
hausen, Deister; Fig. 25) and in the
Weser-Ems region (Minden), are an
example that coal deposits in Ger-
many were also formed during the
Lower Cretaceous (Berriasium,
145-140 million years ago). As in
the Carboniferous period, there was
a tropical to subtropical climate
prevailing in the Cretaceous period
which increased the growth of plants
thus favouring the formation of coal.

A stratigraphically younger deposit,
but one that has not been as ma-
tured as hard coal, is the jet or pitch
coal in South Bavaria (South bavar-
ian bituminous coal, found in the
region of PeiBenberg, Hausham and
Miesbach; Fig. 25). This deposit was
formed in the Tertiary period around
40 -35 million years ago. Pitch coal
is classified as a meta-lignite to sub-
bituminous coal rank, i.e.a more
brittle lignite with a higher maturity.

Globally, there are hard-coal bearing
formations vs occurences which
were deposited in between the Car-
boniferous and Cretaceous; most of
those are situated in North America,
Asia and Australia.
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Elevation Reference
Systems

Most European countries have their
own geodetic datum which usually
refers to the sea level in a coastal
town in the same country. Germany
uses the vertical datum ‘Normal-
hoéhennull (NHN)’ as its current re-
ference plane for normal height re-
ferring to the height above mean sea
level. This new reference system re-
places the ‘Normalnull (NN)’ whose
elevation reference did not consider
the gravitation field of the Earth.
With the change to NHN, Germany
joined the United European Levelling
Net (UELN). The German references
of elevation do no longer deviate
from those of other countries which
are also part of the UELN. The
reference height in Germany is

fixed to a level control at the New
St. Alexander Church in Wallenhorst
(Osnabrilck district).

The elevation reference system in
Spain is expressed as ‘metros sobre
el nivel del mar’ (@bbr. msnm) and
refers to the sea level at Alicante. In
the United Kingdom, there is either
the expression ‘ordnance datum’
(OD) or ‘metres above sea level’
(MASL) which both refer to the sea
level in Newlyn. In France, the refer-
ence is called ‘metres au-dessus du
niveau de la mer’ and refers to the
sea level in Marseille.

As the differences between the indi-
vidual systems are usually only a few
centimetres up to 2.5 decimetres
maximum and are thus not relevant
for the investigations of this report,
the abbreviation ‘SL’ (sea level) will
be used throughout this report.



Fig. 25: Hard-coal de-
posits in Germany; spatial

demarcation of the min-
ing regions according to
LAHNER et al. (2004).
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Fig. 26: Hydrogeological section (north-south) of the Ruhr coalfield.

3.1.1.
Ruhr Coalfield

In the Ruhr mining region (Fig. 25)
the last colliery, Prosper Haniel,
operated by RAG AG, was closed

in December 2018. This decommis-
sioning marked the end of a history
that has significantly shaped the
Ruhr area over centuries. In the
1950s, the peak of German hard-coal
mining, more than 600,000 people
were employed and worked in 173
collieries in Germany of which most
were located in the Ruhr area (GVST
2019). With the completed retreat
from the open mine workings, which
finalises the closure of hard-coal
mining in the Ruhr mining region, the
most extensive mine water rebound
is planned to be carried outin a
European hard-coal mining region.

Geology and Hydrogeology

The succession of the Rhenish-
Westphalian hard-coal deposit is
divided into the overburden strata
of Permian, Triassic, Cretaceous and
Tertiary age and into the underlying
Palaeozoic hard-coal bearing rock at

the base (Fig. 26). The overburden
rocks compared to the hard-coal
bearing rocks differ regarding their
rock composition, tectonics and
their hydrogeological properties.
Moreover, a distinction needs to

be made between the regions of
Westphalia (MUnsterland Cretaceous
basin) and the Lower Rhine Valley
(Lower Rhine Depression; Kukuk
1938; Drozpzewski et al. 1995).

In the Westphalian part, the over-
burden can be subdivided into three
depositional successions which are
confined lithologically and geohy-
draulically from each other (from the
top to the base):

e upper groundwater storey (e. g.
Haltern and Recklinghausen For-
mation) at the top of the fractured
clayey marlstones (thickness up to
200 m; aquifer),

e clayey marlstones as the funda-
mental geohydraulic barrier
(Emscher Formation; thickness up
to 600 m; groundwater aquifuge),

e lower groundwater storey com-
posed of the marly limestones

(Cenomanian and Turonian) at
the base of the clayey marlstones
(thickness up to 300 m; aquifer).

In the Lower Rhine area located to
the west, the geology of the over-
burden changes and the sediments
of the Emscher Formation are pinch-
ing out. Instead, Permian and Ter-
tiary strata were deposited. Litho-
logically and geohydraulically, the
sedimentary overburden is gener-
ally subdivided into four distinct
depositional successions (from top
to base):

e upper groundwater storey at the
top of the clayey siltstones
(thickness up to 20 m; aquifer),

e clayey horizons (thickness up to
100 m; aquifuge),

e intercalations of aquifer and
aquifuge layers from Triassic and
Cretaceous strata (thickness up to
300 m; aquifer),

e Permian evaporites (thickness up
to 200 m; aquifuge).
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Fig. 29: Geographical and geological overview of Kénigsborn Colliery; geology according to GeoLoagiscHER DiensT NRW (1981).

The hard-coal bearing rock was de-
posited during the Upper Carbonif-
erous (323-299 million years ago;
Drozpzewski et al. 1995; see info

box ‘Stratigraphy of Hard-Coal De-
posits’). The strata consist of most-
ly clastic formations (sandstones,
claystones and conglomerates) in
which more than 200 hard-coal
seams are intercalated. The Upper
Carboniferous strata are sepa-
rated at the top from the overburden
by an angular unconformity. In the
south of the Ruhr area - along a line
passing through Mulheim, Essen,
Bochum and Dortmund - the strata
of the Upper Carboniferous crops
out at the surface. The top of the
hard-coal bearing Carboniferous
beds are dipping with an inclination
of 2° to 3° towards a north/north-

west direction overlain by overburden
strata. At the northern edge of the
Ruhr area the Carboniferous strata
are buried to a depth of approx.
1,000 m. Towards downdip the
thickness of the overburden strata
increases (Fig. 26).

Mining and Mine Water Managment
Hard-coal mining in the Ruhr area
began as early as the 12t century in
the Ruhr valley, i. e. the region where
the Upper Carboniferous strata are
exposed to the surface (Fig. 26). In
this area hard coal was extracted by
digging fault pits and cutting adits
(KoeTTER 2001; BLuMma et al. 2017). The
mine water management was han-
dled using dewatering adits for
which drainage rights were often
granted. A large number of these

adits are still being used today for
dewatering (Fig. 27 and Fig. 28;
MELCHERS et al. 2016).

At the end of the 19t century, hard-
coal mining moved towards the
north, in the direction of the coal
deposit, where increasing burial
depth of the seams now required a
change towards underground mining
(Fig. 26). At that time, excavation
was mostly done in the low dipping
synclines in which the seams were
deposited almost flat or slightly tilt-
ed. People and materials were now
transported via shafts; these shafts
nowadays are part of mine dewa-
tering and are used partly for mine
water pumping. For that purpose,
the Ruhr coalfield was divided into
different mine dewatering provinces.
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Fig. 32: Depth profile measurement at shaft Hermann 1, MeLcHers et al. (2019).

Only a few remaining shafts will con-
tinue the task of permanently reg-
ulating the future mine water level.
In particular in the southern and the
eastern part of the coal basin, mine
water rebound has already taken
place in several mines, including the
collieries Kdnigsborn (Unna; Fig. 29)
and Westfalen (Ahlen; Fig. 35;
WESTERMANN et al. 2018). Contrary to
the central mine dewatering of the
Ruhr mining region, these collieries
are hydraulically isolated. In the
vicinity of these mines, for exam-
ple, at Massen underground min-
ing (Unna) or Maximilian Colliery
(Hamm), the timing of the mine
water rebound has not been docu-
mented (DMT GmsH 1994). Howe-
ver, there has been no evidence of
ecological impact or damage to the
infrastructure so far.

Mine Water Rebound

The following paragraph is looking
at Kénigsborn Colliery as one exam-
ple of a mine water rebound at a

very advanced stage in the eastern
Ruhr mining region (Fig. 29 and

Fig. 30). Kénigsborn Colliery was
closed down in 1981 while its mine
dewatering was maintained until
1996. When discontinuing the mine
dewatering at the lowest level, the
mine water rebound was initiated.
No regulatory alternatives, for exam-
ple by providing pumps to control
the mine water rebound, had and
have been intended. Forecasts which
were applied based on previous
mine water rebounds in collieries
nearby assumed that the mine water
level would cease just underneath
the ground surface (i.e. between

+15 m NN and +65 m NN at a terrain
elevation of +69 m NN; DMT GmsH
1994).

This mine water rebound is moni-
tored in shaft Kénigsborn 4 and
documented accordingly (Fig. 30).
Both shallow and deep groundwater
monitoring stations register hy-
draulic heads of the groundwater in

the vicinity of Kdénigsborn Colliery.
After a rapid initial rise of the mine
water, which inundated the levels of
the largest water inflows, the rate
of the mine water rise decreased
and levelled off at values between
30 m/a and 40 m/a (intermediate
stage). Between 2007 and 2009 the
mine water reached the overburden
aquifers. This inundation process

of the overburden was associated
with an increase of the mine water
rebound velocity, at some points up
to 100 m/a. The steep increase of
the rebound velocity can be attribut-
ed to the decrease of the floodable
void volumes. Since 2014, the mine
water rebound has reached steady-
state conditions (final stage); here,
the mine water level was in line with
the forecast (+31 m NN; DMT GmsH
1994).

The inundation of the overburden
level meant that the hydraulic head
of the fractured aquifer at the top
increased (increase of the hydraulic
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potential) as, vice versa, the infiltra-
tion into the mine workings de-
creased (Fig. 30; DMT GmsH 2011).
At the top of the Emscher Formation
this ‘hydraulic’ influence was not
recognised; only seasonal variations
of precipitation were observed.

Flooding-Induced

Ground Movements

Since 2004, ground movements in
the vicinity of Kénigsborn Colliery
have been measured and document-
ed extensively, i. e. only after the
mine water rebound was initiated

in 1996 (Fig. 31). The review of the
measurements exhibited that ground
upheaval started to occur in 2000,

i. e. approx. four years after the mine
dewatering was discontinued. The
reason for this delay of the ground
upheaval on the surface is explained
with compensation of remaining
mining induced subsidence by
upheaval related to mine water
rebound during its initial stage
(ScHAFER 2016). The rock mass which
is loosened by mining activities is
compressed by the hydrostatic pres-
sure generated during the mine wa-
ter rebound. Only after this compac-
tion has taken place, the extensional
strain can be traced at the ground
surface (RosNEer et al. 2014).

The amount of ground upheaval cor-
relates with the rise pattern of mine
water rebound. Experience gained
so far shows that once the mine wa-
ter rebound reaches the base of the
overburden, the amount of ground
upheaval increases. The extensional
processes within the hard-coal bear-
ing rock will be amplified due to
similar processes in the overburden.
This results in an increase of the total
upheaval movements on the surface
(BekenbpaM 2017). The ground up-
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heaval documented so far at the
Kdnigsborn site is 0.25 m maximum,;
no irregular upheaval differences
have been revealed so far, and no
damage to buildings has been ob-
served, either. Comparable observa-
tions of the course and the amount
of ground movement have been
made in other mining regions, too
(e. 9. Aachen [Germany] and South
Limburg [Netherlands] in RosNER
2011; Saar [Germany] in SCHAFER
2016; Belgium in VERVOORT & DECLERCG
2018).

Stratification in Inundated Shafts
In a large number of shafts which
belong to abandoned and inundat-
ed mines, stratifications are formed
between waters of higher and lower
salinity (Ch. 2.5.). One site where
this stratification exists are the
Hermann Shafts in the city of Selm
(Ruhr area). The Hermann shafts are
located at the north-western border
of the Ruhr area and thus are situat-
ed outside the catchment area of the
active mine dewatering. After a re-
view of available documents it was
stated that in these shafts a rebound
occurred since 1929 (MELcHERs et al.
2019). A monitoring campaign un-
dertaken by CoLbpewey et al. (1999)
recorded a stratification in the wa-
terbody of the Hermann shafts for
the first time. The current sampling
campaigns described in MELcHERS et
al. (2019) confirm the observations
made in the first campaign (Fig. 32).
Comparable results were also mea-
sured at shaft Kénigsborn 4 situated
in the city of Unna and, for the first
time, in the Saar area. These inves-
tigations provide evidence that the
examined stratifications are stable
in time and space according to the
current state of knowledge.

Conclusion

The mine water rebound has already
significantly progressed in some
hydraulically isolated mines in the
easternmost Ruhr mining region
(Kdnigsborn Colliery [Unna]l,
Westfalen Colliery [Ahlen]). The
overburden has been inundated.

There is a positive correlation
between the pattern of mine water
rebound and occurrences of uphea-
val at the surface; accordingly, there
is an interdependency between the
rate of mine water rebound and the
amount of upheaval at the surface.

The amount of upheaval caused by
a mine water rebound can exhibit up
to decimetre-scale heights; as long
as the ground upheaval takes place
in a continuous and conformable
area-wide fashion, they will not re-
sult in major discontinuities, shear or
compressional stresses (HEYDENREICH
1970).

In water columns of accessible shafts
the phenomenon of density stratifi-
cation occurred. It was proven that
this stratification is stable regarding
its positioning over a long period

of time (MEeLcHEers et al. 2019). This
stratification physically separates the
top water body of lower solute con-
centration from the bottom water
body of higher solute concentration
(i. e. salinity).



Stratigraphy

A
sw
m NN

-500

("Ostfeld")

Al
NE
m NN

Quarternary

-1
Based on geological map GK25-3712 Tecklenburg, Geological Survey NRW 1970.

Fig. 33: Geological map and cross section of Ibbenbiren Colliery; geology according to Geological Survey of North Rhine-
Westphalia; GeoLoaciscHER DieNsT NRW (1970).

3.1.2.
Ibbenbiren

The hard-coal mining in the
Osnabrick region has experienced a
long history of more than 500 years
(RoHRs 1998). Ibbenblren Colliery
was the most northern colliery in
Germany and one of the last two
mines where hard-coal extraction
was ceased in 2018 (Fig. 25). At
three spots, the strata of the Upper
Carboniferous outcrop at the surface:
i. e. the hills of Schafberg, Piesberg
and Huggel, forming a Carboniferous
horst structure which surmounts

the surrounding lowlands by more
than 100 m.

Geology and Hydrogeology

The Carboniferous horst structure

is bounded to their sites by faults of
separating it from the Mesozoic era
surrounding strata (LoTze et al. 1962;
KELLER 1968; BAssLER 1970; see info
box on ‘Stratigraphy of Hard-Coal
Deposits’). The uplift of the horst
block took place at the end of Creta-
ceous period. The hard-coal deposit
is not overlain by any overburden;
Hydrologically, that means that the
major amount of precipitation water
can seep into the mine workings
without significant delay.

A Quarternary (upper) aquifer with
a thickness of only a few metres is
not present with extensive coverage

(Lotze et al. 1962). In Upper Car-
boniferous coal-bearing strata, it is
mostly the mining-impacted sand-
stone layers which significantly
conduct water.

Mining and Mine Water
Management

Strike-slip faulting led to a threefold
division of the Ibbenblren coalfield.
The three compartments from west
to east are: Westfeld (i.e. Western
Field and hill of Dickenberg), Bock-
radener Graben and Ostfeld (i.e.
Eastern field and hill of Schafberg;
Fig. 33; LoTze et al. 1962). Whereas
hard-coal extraction in the Westfeld
has ceased as early as the 1970s, the
hard coal was mined in the Ostfeld
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Fig. 34: Dickenberger Stollen (left: view into

the adit; right: sough, photos: Bastian Reker).

until the end of 2018. The Westfeld
mine water is discharged via the
Dickenberger Stollen (Fig. 34; Goer-
KE-MALLET 2000). Current planning
intends to permanently discharge
the Ostfeld related mine water in the
future via a ‘mine water canal’ - that
still needs to be cut - and via the
existing dewatering adit (Ch. 1.2)).

The Westfeld mine dewatering of
Ibbenblren Colliery was discontin-
ued in 1979. Forecasts predicted the
duration of the mine water rebound
to take approx. 150 days (GOERKE-
MaLLET 2000). However, it took three
years until the mine water dewatered
at the level of the Dickenberger
Stollen. Compared to other mine
water rebounds, this rebound of
IbbenbUren Colliery took a rather
short period of time (Fig. 35): due to
high inflows of water into the mine
workings the mine water rose very
rapidly in the first year after the
mine dewatering had been discon-
tinued (> 400 m/a).
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Hydrochemical Development
Initially, the mine water discharge
into the Dickenberger Stollen was
indicated by high concentrations

of iron (up to 1,000 mg/L) and sul-
phate (up to 4,400 mg/L; Fig. 36;
DMT GmeH 2017). Over time, these
concentrations of iron and sulphate
were reduced due to increased dilu-
tion of the products from pyrite
oxidation (see info box on ‘First
Flush Effect’). As the concentrati-
ons of iron and sulphate are still at
an elevated level and exceed the
thresholds for discharging waters,
the mine water needs to be treated
before it can be discharged into the
receiving water courses.

Conclusion

In order to estimate the time when
the mine water enters other parts

of the mine workings or reaches the
ground surface, it is necessary to
know the spatio-temporal behavi-
our of the mine water rebound as
exactly as possible. This also helps to
determine the deadline for comple-
ting the treatment plants or drainage

systems required. In many cases,
however, forecasts on the proba-
ble duration of previous mine water
rebounds stated periods that were
too short; possible deviations occur
due to simplified assumptions or
insufficient input data on which the
forecasts were based. Moreover, the
forecasts often considered a worst-
case scenario focusing on the pro-
tection of the underground works
and the health of people working
there: this worst-case scenario
helped to early identify and imple-
ment controlling and monitoring
instalments needed to secure the
underground mine workings.

In the case of lbbenblren Colliery,
several factors were taken into
account which might help explain
the underestimated forecast for the
mine water rebound in the aban-
doned mining area of the Westfeld.
The main reason might have been
the parameter of the floodable void
volume which was only insufficiently
recorded (Goerke-MALLET 2000);

for example, the forecast did not
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Fig. 37: Geographical and geological overview of the hard-coal coalfields of Aachen, Erkelenz (both in Germany) and South Limburg

(Netherlands). Geology according to AscH (2005); geological section and mining fields according to Rosner (2011).

consider the floodable geogenic
void volume of the pores and joints.
Other factors contributed as well to
the fact that forecasts often could
only give poor approximation of the
actual course of the mine water re-
bound; these factors included e. g.
inadequate balancing of inflow and
outflow rates over space and time.

3.1.3.
Aachen, Erkelenz
and South Limburg

The coalfield of Aachen and South
Limburg consists of a cross-border
hard-coal deposit between Germany
and the Netherlands; this coalfield
represents an extensively covered
hydraulic system underground
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(Fig. 25). Only 10 km north-east
from the Aachen mining region, the
Erkelenz coalfield is situated. The
Aachen mining region was closed
down in the 1990s after almost 800
years of mining, and thus it is the
oldest hard-coal mining region in
Germany (BuTTGENBACH 1898).

Geology and Hydrogeology

The Aachen and South Limburg
coalfield is part of the western ex-
tension of the European Carbonifer-
ous hard-coal belt (Fig.37). The coal-
bearing strata of the Upper Carbo-
niferous outcrop in the Aachen area
in the valleys of the rivers Wurm and
Inde (WaLTER 2010; RosNer 2011). The
coal-bearing strata dip towards the
north-west overlain by an increasing
overburden. The overburden con-

sists of a sedimentary succession of
Tertiary marine aquifer sediments
and aquifuge sediments in which
lignite deposits are found at the top
(see info box on ‘Stratigraphy of
Hard-Coal Deposits’). South-west
of the Heerlerheider Sprung, i.e.a
prominent normal fault, the over-
burden is composed of Cretaceous
sediments (Fig. 37).

The border fault of the Rur (a river
near Erkelenz, not to be confused
with the river Ruhr) separates the
Erkelenz coalfield from the Aachen
coalfield to the south. Thus, geologi-
cally speaking, the Erkelenz coalfield
is defined as an isolated coalfield,;
the coal-bearing Upper Carbonife-
rous strata are covered by an over-
burden thickness of 150-350 m.



Mining and Mine Water
Management

Hard-coal extraction in Aachen
began around 800 years ago in the
valley of the river Wurm in which
the coal-bearing strata of the Upper
Carboniferous crops out; from there,
mining moved towards the north-
west (ButTtcenBAcH 1898), and copi-
ous underground roadways link the
Aachen mining region with that of
the collieries across the border.

In South Limburg, hard-coal mining,
like in the Aachen area, commenced
as early as the 12t century and
ceased in the 1970s (WALTER 2010;
HeitreLp et al. 2017). However, in
order to protect the still active col-
lieries on the German side, the mine
dewatering in the South Limburg
collieries had to be maintained until
the early 1990s. In addition, water
dams protected against unwanted
water transitions. Only after the
hard-coal mining was decommis-
sioned in the Aachen mining region
by finally closing down Emil Mayrisch
Colliery in 1992, the mine dewater-
ing was completely terminated.

The mine closures continued in

the Erkelenz mining region when

Sophia-Jacoba Colliery was discon-
tinued in 1997 together with the
mine dewatering process.

A comprehensive description and
analysis of the mine water rebound
processes in the Aachen and South
Limburg mining region can be found
in RosNnEr (2011). According to this,
the mine water rebound occurred in
two separate water provinces and at
discrete time intervals. In the western
(Dutch) water province, after the mine
closure, the mine water rebound oc-
curred stepwise until it reached cer-
tain water overflows into the eastern
water province on the German side.
The Dutch mine dewatering was con-
tinued until 1994 in order to protect
the active mines in the east (‘protec-
tive mine drainage’). After the last
colliery in South Limburg was closed,
a controlled mine water rebound
took place stepwise (at a mean value
of 20 m). Several pumping tests re-
sulted in a profound insight into the
hydraulic system. In the eastern
water province, no regulation meas-
ures (pumping) were intended as
part of the mine water rebound -
contrary to the Dutch water prov-
ince. The final operation plan for

Fig. 38: Damage on buildings caused by mine water rebound in the

Erkelenz hard-coal mining region (photos: Volker Baglikow).

decommissioning the Aachen
mining activities envisages a rise
of the mine water until it reaches
the level of the natural receiving
water course, i.e. the river Wurm
(+110 m NN up to +140 m NN;
RosNer 2011; HerTreLp et al. 2017).
Presumably, this level will ultimate-
ly be reached only in the 2030s.
There has been no evidence so far
of adverse effects on the receiving
water courses or the groundwater
conditions in the overburden.

Ground Movements Induced by
the Mine Water Rebound

In the Erkelenz mining region,
mine dewatering was ceased in
1997. During the period from 1997
to 1998 the mine water level was
not measured. That was only done
from 1998 onwards so that the
mine water rebound in the lower
mine levels was not documented.
Later on, a continuous and steady
mine water rebound took place.
Most notably BacLikow (2003;
2010) has investigated the mine
water rebound in the Erkelenz
mining region focussing his ob-
servations on the water rebound-
induced ground upheaval.
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During his investigation he recog-
nised that the ground upheaval oc-
curred along a 9 km long corridor in
between the cities of Wassenberg
and Huckelhoven, causing a number
of damages to buildings (Fig. 38).
The reason for those can be linked
to differential upheaval at the main
Rurrand fault which was partly reac-
tivated during the mine water re-
bound. BacLikow saw the continual
linear development of the infrastruc-
tural damage as an indicator of
rebound-induced damages. Accord-
ing to the current state of know-
ledge, these ground movements

are still going on (3 mm/a; BacLikow
2019).

Analysing actual claims BacLikow
(2003; 2010) observed that the

very first building damages occurred
already during the mine water re-
bound ‘stage’ within the Upper
Carboniferous strata and not, as ini-
tially assumed, during the water rise
in the overburden at a later period of
time. Although levelling surveys dur-
ing that period are missing, temporal
assignment of the damages was
possible due to discrete monitoring
of damage progression. BacLikow
(2010) was further able to prove that
these damages do not only occur in
areas in which mining-induced fault
lines exist at the ground surface, but
also away from the documented dis-
continuities and outside the mining-
induced catchment area. This insight
was new also to the studies of min-
ing damage and led to an extension
of the area to be analysed.

For the South Limburg hard-coal
area (Netherlands) De Vent and
RoesT described several mining
related cases of damages to residen-
tial buildings and a shopping centre
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in 2012. The types of damages can
also be linked to differential ground
movements. Moreover, the building
damages were situated at docu-
mented terraces which correspond
to previously superimposed bound-
aries of mined areas. De VeENT and
RoesT assume that these differential
ground movements at the terraces
were reactivated by the mine water
rebound in the region (De VENT &
Roest 2012). Contrary to the original
assumption that, like in the Erkelenz
mining region (see above), substan-
tial mining damage is invariably
located at tectonic elements, hy-
draulic pressure differences related
to mining may also effect ground
upheaval which cause relevant mi-
ning damage. De VENT & RoEesT (2012)
explained that the damage to the
shopping centre is caused by mine
water rebound which may have mo-
bilised unconsolidated sediments in
the rock strata which then entered
Karst cavities or mine workings
through joints and fractures. Pre-
sumably, this displacement of mate-
rial caused a trough like subsidence
structure at the ground surface and,
consequently, a surface collapse.
This assumed causal link demon-
strates that, in rare occasions, a
mine water rebound might lead to
directly associated ground upheaval
and subsequently to mining damage,
but can also trigger complex inter-
dependencies of hydrogeological
and mining site related factors which
might induce mining damage.

In the recent past, evidence could

be found at one location on the
German site of the Aachen mining
district that a mining induced terrace
was reactivated as part of the regio-
nal mine water rebound (BacLikow
2019).

Conclusion

In the cases cited above, the dam-
ages were linked to large-scale tec-
tonic structures or to mining-related
boundaries where, during the mine
water rebound, differential ground
upheaval did occur. Generally, how-
ever, the probability that discrete
ground movements will occur is
estimated as rather low. But where
those actually occur, an increased
risk of damage to buildings has to be
assumed.

Monitoring of future mine water re-
bounds needs to focus on critical
areas. These areas need to be de-
fined with regards to the potential
use of the ground surface and to
the susceptibility to damage of the
structures in place (buildings, infra-
structure). Such critical areas are
characterised by the following prop-
erties (ScHeTELIG et al. 2007; RosNER
et al. 2014; HeirreLp et al. 2017):

e The mining is limited by a main
tectonic fault.

e The tectonic fault zone must be
hydraulically sealing.

e The ruptured rock fabric along the
tectonic fault stretches into the
overburden.

¢ The excavation is only done at one
side of the tectonic fault.

e The mine water rebound leads to a
unilateral increase or even a coun-
teracting opposite development of
the hydraulic heads in the overly-
ing aquifer within the overburden.

e The overburden needs to exhibit a
high strain potential.

Hence, it is possible to assess the
risk of damage in the particularly
critical areas before a mine water re-
bound is initiated and to confine the
critical area. BacLikow's (2003; 2010)
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Wismut GmbH.

investigations show the temporal
development and the spatial exten-
sion of damages related to mining-
induced ground upheaval. Therefore,
the ground movements need to be
continuously monitored at the be-
ginning of the mine water rebound
(i.e. immediately after the mine de-
watering has ceased or, even better,
before it has ceased), and needs to
be extended beyond the mining-
induced catchment area. It is recom-
mended that this process is being
supported by adding satellite-aided
data to the monitoring of ground
movements (BuscH 2019).

3.1.4.
Doéhlen basin

Since 1991, the federal Wismut
GmbH has been remediating the
legacy of uranium mining left by the
former Soviet-German stock com-
pany (SDAG) Wismut in the federal
states of Thuringia and Saxony. In
the vicinity of the city of Dresden,
hard coal had been excavated in
underground mining in the Déhlen
basin from the 16* century until 1989
without any interruption (Fig. 25).
Between 1949 and 1954 as well as
between 1963 and 1989, with inter-
ruptions, hard coal containing
uranium was mined (ReicHEL &
ScHAUER 2007).

When these mining activities were
discontinued in 1989, concepts were

developed for the safekeeping of
the mine. One key element of the re-
mediation of the site Dresden-Gitter-
see was the decommissioning of the
mine dewatering and the permanent
discharge of the mine water into the
river Elbe by means of the adit Tiefer
Elbstollen.

This mine water rebound occurred

in different stages and was success-
fully completed with the transition
into the newly opened Wismut Stol-
len in October 2014. During the mine
water rebound it was recognised
that the actual capacity of the min-
ing voids to receive and conduct wa-
ter was lower than initially expected.

Geology and Hydrogeology

The Do6hlen basin is a Late Palaeozic
sedimentary basin era (Molasse) in
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the vicinity of the so-called Elbe-
zone, a part of the NW-SE striking
Elbe lineament (ReiCHEL & ScHAUER
2007). The rift-related ore deposit
was formed by volcanogenic
tectonic processes during the
Permian-Carboniferous (see info
box on ‘Stratigraphy of Hard-Coal
Deposits’). Essentially, the D6h-

len basin is filled with terrigeneous
sediments with a high proportion of
pyroclastics (PALCHEN & WALTER 2017;
Franke 2019). The sediment strata
deposited within the Déhlen basin
is up to 800 m thick.

Mining and Mine Dewatering

Coal was mined in the D&hlen basin
in the mining districts of Zaukerode
and Burgk; these two mining regions
are confined from each other by the
river WeiBeritz (Fig. 39). In the min-
ing region Zaukerode, west of the
WeiBeritz, mining was finally aban-
doned in 1959, and the mine water
rebound was initiated; since then,
the mine water has been discharged
via the adit Tiefer Elbstollen.

The mining region Burgk, east of
the Wei3eritz, consists of the coal-
fields Gittersee, Bannewitz and
Heidenschanze. There, hard coal
containing uranium was mined until
1989. Although roadways cut for
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mining purposes and connecting the
mining regions Zaukerode and Burgk
have been documented in the mine
charts, nothing is known about their
condition.

Mine Water Rebound

Between 1991 and 2014 Wismut
GmbH kept the mine workings in
the Dohlen basin safe in an environ-
mentally compatible and sustain-
able manner (ManN & WEebekIND 2015;
GoERKE-MALLET et al. 2016). The mine
water rebound concept was devel-
oped in the early 1990s; this concept
envisaged that the mine water from
the areas east and west of the river
WeiBeritz should flow jointly and
naturally from the mine workings
and the disturbed area of the rock
mass to the existing adit Tiefer
Elbstollen. Whereas the western
mining region Zaukerode had been
discharged via Tiefer Elbstollen and
its connected /ateral drifts since the
mine dewatering ceased in the 1960s,
the mine water in the eastern coal-
fields was supposed to be kept at a
level above that of Tiefer Elbstollen,
close to the ground surface.

The mine water rebound in the
collieries of the Dohlen basin began
in 1995 (Fig. 40). This process was
accompanied by an extensive moni-

ment of the mine water
rebound in the Burgk
mining region, mining
field Gittersee D6hlen
basin; data: Wismut
GmbH.

Water level in shaft 1
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toring programme which included a
continuous monitoring of the mine
water level. In summer 1997, the
mine water level reached the level of
Tiefer Elbstollen (+110 m NN). In or-
der to stimulate the water flow paths
in the mine workings, the water level
was raised slightly several times by
pulsation and subsequently lowered
again by pumping over the following
months.

In summer 1998 to the rebound
reached a level of +150 m NN
(Fig.40). The mine water level was
kept stable at that level for one year
by pumping. Despite the rising mine
water level, the outflow volume at
the discharge of Tiefer Elbstollen
remained the same. In summer 1990,
the mine water level reached the
level of +160 m NN and was kept at
that level until the end of 2002. It
became increasingly obvious that
Tiefer Elbstollen only discharged a
part of the additional mine waters
incurred, and that it was not possible
to discharge the complete mine wa-
ters of all mining regions via Tiefer
Elbstollen.

In collaboration with the responsible
authorities, Wismut GmbH devel-
oped a concept of how the rebound
in the Déhlen basin could proceed.



This concept envisaged the restora-
tion of the original hydrogeological
conditions in the Déhlen basin at
large by letting the mine water level
rise up to the top aquifer horizon at
a level of approx. +180 m NN.

In summer 2003, water logging and
soil wetness induced by mine water,
which at that time was at a level of
+180.5 m NN, were identified at the
ground surface. As a consequence,
Wismut GmbH reduced the water
level by pumping to +160 m NN which
resulted in drying out of the water
loggings. In conclusion, the natural
discharge at a level of 180 m NN
turned out to be impossible.

Therefore, Wismut GmbH came back
to an earlier plan which anticipated
the crosscutting of connecting mine
openings (the drift Wismut Stollen)
at an elevation of approx. +120 m NN.
Wismut Stollen connects the mine
workings of Gittersee with Tiefer
Elbstollen, thus creating a sufficient
water flow path to ensure a safe and
sustainable discharge of the mine
waters into the river Elbe. The ap-
prox. 3 km length of Wismut Stollen
was driven between April 2007 and
June 2014. After the drivage was
done and the pumps were switched
off, the mine water rose to a level of
+121 m NN. Since then, the mine wa-
ter of the eastern coalfields has been
properly discharged into the river
Elbe using both pathways, Wismut
Stollen and Tiefer Elbstollen. Hence,
the underground mine workings in
the Déhlen basin are regarded as
properly and environmentally safe-
guarded.

During the mine water rebound, only
minor vertical ground movements
of approx. 6 cm were documented

(TuNGer 2009; ManN & WEeDEKIND 2010;
MaNN & WEDEKIND 2015). In 2009
TuNGeER reported that any rebound-
induced mining damage would not
occur at new buildings, but was only
related to buildings that had already
been previously damaged by mining
activities of the past.

Conclusion

Since the early 1990s, concepts for
the safekeeping of the collieries in
the Dohlen basin had been devel-
oped and implemented by consult-
ing external experts (USAKO 1991,
1993). The final concept already en-
compassed planning options (‘back-
ups’) which had also been checked
for their economics and technical
feasibility; if the initial concept
would not be successful.

A specialist view advocates the aim
to achieve a sustainable mine water
level. The mine water rebound was
approved by the authorities and then
implemented step by step until the
level of the natural receiving water
course was reached. This process
was regarded as a controlled pro-
cess due to a number of factors: the
provision of backup variants; exten-
sive monitoring, and the fact that the
mine water level was accessible at
any time. According to the current
state of knowledge, this was the first
time such a controlled process was
implemented at a mine water re-
bound in a German colliery.

Considering the underground water
flow paths it has to be noted that the
capacity of old mine workings to re-
ceive and conduct water needs to be
investigated with particular intensity
and scrutiny. As experiences have
observed, attempts to refill water are
rather not suitable for that purpose.

How water volumes can be dis-
charged in abandoned mines needs
to be assessed obtaining all informa-
tion available. Besides the analysis
of the mine plan the results of e. g.
on-site visit of open mine workings
are also of special relevance. Histor-
ical documents research may also
provide relevant information. In this
case, it can be assumed that mud
avalanches which occurred as

part of the river WeiB3eritz floods in
1897 had significantly impacted the
hydraulic conditions in parts of the
mine workings. As WOLKERSDORFER &
BoweLL (2004) were able to demon-
strate using the example of the mine
water flood in Nassereith (Tyrol,
Austria), any neglected information
cited above can lead to mine water
inrushes in abandoned yet open
mines which may be of disastrous
consequences. The same can be
applied to the mine water flood dur-
ing the mine water rebound in the tin
mine Wheal Jane (Devonshire, Uni-
ted Kingdom) which resulted in an
outflow of 50,000 m*® contaminated
mine water in 1992 (YouNceRr et al.
2002). These examples show how
crucial it is to have detailed knowl-
edge of the hydraulic conditions

of all underground mine workings
(HaMiLTON et al. 1994).
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3.2.

United Kingdom

Due to its extensive and rich coal de-
posits, the United Kingdom can look
back at a very long tradition of hard-
coal mining (Fig. 41). Since the Middle
Ages - some sources even assume
since the Roman times - hard coal
had been extracted both in open-
cast and in underground mining ope-
rations (HiLL 2001). The coalfields ran-
ge from the very south-east of Kent
via South Wales and the important
coalfields in Yorkshire and Lancashire
at the Pennine foothills up to the de-
posits in Scotland between Ayrshire
and Fife (Fig. 41). British hard-coal
industry reached its peak in the

early 20t century when nearly

1.2 million workers produced up

to 290 MT of hard coal in approx.
3,000 collieries per year (HiLL 2012).

After World War I, the British hard-
coal sector experienced a number of
restructurings. In 1947 the collieries
were nationalised and merged in

the National Coal Board (since

1987 British Coal). Only in 1994 the
existing collieries were privatised
again; then, the administrative tasks
were assigned to the newly founded
Coal Authority and the commercial
interests - together with the com-
pany RJB Mining - were transferred
to UK Coal. Since 1999 the operated
mines have been responsible for the
impact of their excavations; as only
a few mines were operating then, re-
sponsibility was delegated to the pu-
blic authorities. Today, many of the
post-mining challenges have been
transferred to the Coal Authority.
Detailed information on the history
of coal mining in the United King-
dom has recently been published in
GoERKE-MALLET et al. (2017) and RekEer
et al. (2018).

3.2.1.
Yorkshire

Geology and Hydrogeology
Yorkshire was one of the most signif-
icant hard-coal mining areas in the
United Kingdom. This mining region
is located in the east of the Pennine
foothills. The coal seams dip to the
east because of the uplift that oc-
curred during the variscan orogene-
sis (Fig. 42). In the United Kingdom
the seamy Carboniferous is divided
into lower, middle and upper coal
measures. In the western coalfield,
the seams crop out at the surface.
Further to the east, overburden con-
sisting of Permian and Triassic strata
is overlying the coal-bearing Car-
boniferous (see info box on ‘Stratig-
raphy of Hard-Coal Deposits’). The
basal strata of the overburden con-
sists of marls and forms generally
an aquitard. These are overlain by
limestones which may form locally
important aquifers. From a post-
mining view, the overlying sandstone
bearing aquifer of the Permian and
Triassic in the eastern parts of the
coalfield is of particular importance.

This sandstone horizon provides an
important drinking water reservoir
for the United Kingdom, and the
aquifer is hydraulically confined from
the coal seams by marlstones. How-
ever, this confinement might have
been disturbed by underground
hard-coal extraction. As a result,
infiltrating mine water depending on
hydraulic head distribution can po-
tentially impact the hydrochemical
composition of this aquifer.

Mining

Kellingley Colliery, the last worked
mine in Yorkshire and thus in the
entire United Kingdom, was closed

down in 2015. In some parts of the
mining region, however, mine water
rebound started considerably earlier.
First scientific observations of the
rebound were carried out in the
1990s and modelled using the pro-
gram GRAM (Groundwater Rebound
in Abandoned Mineworkings; Burke
& YouNGER 2000; BURKE & BARBER
2004; Burke et al. 2005).

More detailed descriptions on coal
mining in the Yorkshire mining re-
gion have recently been published in
GOoERKE-MALLET et al. (2017) and Reker
et al. (2018).

Modelling the Mine Water Rebound
The purpose of the modelling was
to forecast mine water occurrences
at the ground surface. In this con-
text, it had to be considered that the
abandoned part of the mining area,
consisting of the hydraulically con-
nected collieries Treeton, Thurcroft
and Silverwood, were still hydrauli-
cally connected with the operated
mine Maltby (Fig. 42). However,

it was not known whether and to
which extent this connection was
still hydraulically effective; therefore,
different models needed to be cre-
ated reflecting a parameter space
with different hydraulic conductivity
(variants 1to 3; Fig. 43). The model-
ling revealed that, depending on the
specific hydraulic conductivity of the
connecting adit between the col-
lieries Silverwood and Maltby, the
occurrence of first mine water dis-
charges is to be expected from a
timeframe of 2004 up to well after
2030. The graph in Figure 43 indi-
cates the modelled curve of the mine
water rebound of the three options
at Thurcroft Colliery before the mine
water level was regularly monitored
and measured.
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Since 2001, the mine water levels
have been measured at regular in-
tervals. After Burke (pers. comm. in
2017) an incidental measuring of the
mine water level in Thurcroft Colliery
revealed that this level was consider-
ably higher than expected (Burke
2017). Subsequent examinations
(BURKE & BarBER 2004; BURKE et al.
2005; GaNDY & YouNGger 2007) con-
sidered the mine water levels mea-
sured, the history matching helped
to update the models and make
them more accurate. Now it was
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possible to consider a hydraulic
conductivity between the assumpti-
ons of variants 2 and 3. This knowl-
edge enabled Ganby & YounGer (2007)
to consider the impact of changing
precipitation rates and to refine

the model accordingly. This model
still exhibits a factor of uncertainty
regarding the closure of the Maltby
mine and the associated mine water
rebound management. A call for a
modelling study of the entire York-
shire coalfield initiated by the CoaL
AuTHORITY (2015) demonstrates that

this issue continues to be a point

of interest for the Coal Authority to
provide the appropriate procedures,
measures and infrastructure needed
for future mine water management.

Conclusion

The modelling results of the mine
water rebounds in Thurcroft Colliery
and adjacent mines illustrates that
one parameter can lead to a signifi-
cant uncertainty in the outcome of
the modelling. Depending on the hy-
draulic effectiveness of the hydraulic
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drifts connecting the collieries, the
timeframe of the first occurrence of
mine water discharges at the ground
surface ranges between the year
2004 and well after the year 2030,
i.e.a period of more than 25 years.

As conducted in the modelling of
BURKE & YouNGer (2000), it is advis-
able to consider different probabil-
ity distributions, i. e. a worst-case
scenario as well as a base-case and
a best-case scenario. Regarding the
mine water rebound this implies that
suitable measures have to be identi-
fied and ready for implementation in
advance considering the worst-case
option, in other words, the point of
time of the earliest possible occur-
rence of surface related mine water
discharge. To further minimise un-
certainties in the modelling, a con-
tinuous monitoring system needs to
be established which can be used

to continuously adapt the model to
the actual conditions.

3.2.2.
Durham

Geology and Hydrogeology
Compared to the Yorkshire coalfield,
the western part of the Durham
coalfield similarly exhibits no over-
burden while its eastern part is
overlain by younger strata (Fig. 44;
Bearcock & SMEDLEY 2009). Embed-
ded in this overburden, a limesto-
ne succession forms an important
aquifer in the north-east of England
(YOUNGER 1995).

Mining

Coal extraction was continued
offshore, under the North Sea,
following the east-dipping coal
seams. In the coalfield of South
Butterknowle, the last collieries
were already closed at the end of
the 1960s, and in the coalfield East
of Wear in the early 1990s. Associ-
ated with the closure of the mines,
the discontinuation of the mine
dewatering has resulted in elevated

mine water levels over a large area.
A more detailed view of the coal
extraction history in the Durham
mining region has been published in
Reker et al. (2019a).

Mine Water Rebound in South
Butterknowle Mine District

The southern mining area of the
Durham coalfield is also known as
South Butterknowle; this area is
separated from the northern mining
area East of Wear by a major fault,
i. e. the Butterknowle fault. This
region is known as one of the few
known European examples where
rising mine water was able to infil-
trate and subsequently pollute the
groundwater. When the last colliery
of this mining area closed, the mine
water began to rise in the early
1970s. Although the risk of ground-
water contamination had been
known, and the mine water rebound
had been initially monitored (CAIRNEY
& FrosT 1975), the entire mine de-
watering was ceased in the middle
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Fig. 44: Geographical and geological overview of selected collieries in the Durham mining region (United Kingdom); geology accord-

ing to BriTisH GeoLocIcAL SURVEY (2008); mining areas according to PasTor et al. (2008).

of the 1970s. Hence, the mine water
was able to rise in an uncontrolled
manner. As the mine water is fed by
precipitation waters that enter the
coal seam Brockwell which outcrops
at a height of approx. +125 m NN,
associated hydraulic heads are sig-
nificantly higher compared to the
groundwater reservoir with a po-
tentiometric surface of approx.

+90 m NN (YouNGER & ApaMs 1999;
Fig. 45). Due to this difference in
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heads, the mine water was able to
lead to an impoundment in the over-
burden of Mainsforth Colliery as ear-
ly as 1974/75 (Fig. 46). The ground-
water pollution could be detected

in the mid to late 1970s by a sudden
rise of sulphate concentrations. It

is expected that the concentration
limit of sulphates will be exceeded
at individual wells of public drinking
water supply between 2019 and
2024 (NevMEeveRr et al. 2007). What

is interesting in this context is the
circumstance that no increased con-
centration of dissolved iron could be
evidenced in the groundwater: this
circumstance can be explained by
the fact that the in total acidic mine
water (see info box on ‘Chemical
Definitions’) has been neutralised by
the limestone host rock of the aqui-
fer, and that the iron precipitated as
a hydroxide coating on the limestone
(YOUNGER & ApAMs 1999).



Conclusion

The fact that the aquifers in the
South Butterknowle mining area
could be contaminated by rising
mine water was owed to an erro-
neous assessment of the antici-
pated hydraulic head of the mine
water. This incident demonstrates
again that knowledge of geological,
hydrogeological and, in particular,
topographic characteristics of the
mining regions interact is of decisive
importance in order to assess and
prevent hazards to aquifers. More-
ovet, it is obvious that prior to the
rebound neither an adequate moni-
toring system nor suitable backup
solutions had been provided.

Optimising the

Mine Water Management in the
East of Wear Mining Area

The mining area East of Wear is lo-
cated north of South Butterknowle.
It is extensively covered by an over-
burden of 140 m to 180 m thickness
in which a fractured aquifer is em-
bedded (Fig. 44); this aquifer is also
used as a reservoir for public drink-
ing water supply.

Based on the experience made in the
South Butterknowle mining area, the
mine water rebound was monitored
after the mine dewatering ceased in
this mining area in the mid-1990s.
An interpolation of the water levels
measured helped to estimate the
timing of impact on the fractured
aquifer (Fig. 47; WatsonN 2011). From
that point on (mid-2004) mine de-
watering has been reactivated to
keep the hydraulic head of the mine
water a few metres below the cor-
responding hydraulic head of the
groundwater. The pumped water
was then purified by means of an
active treatment plant (see info box

Precipitation
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Precipitation
Outcrop worked seam

Precipitation
Outcrop worked seam

Groundwater level

57E> e
™ Yarld kXS
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Fig. 45: (1) Outflow of the groundwater into the hard-coal deposits (hydraulic head of the mine

water lies significantly below the groundwater level); (2) reduced outflow of the groundwater

into the deposits (hydraulic head of the mine water lies below the groundwater level); (3) mine

water infiltrating the groundwater (hydraulic head of the mine water lies significantly above the

groundwater level); schematic drawing, not to scale; please note the increased groundwater level

in the bottom drawing.

on ‘Mine Water Treatment’). Here,
different pumping rates were set to
examine the impact of the pumped
water rate on the water chemistry.
The observation revealed that a
lower pumping rate yielded lower
concentrations of iron and chloride
in the mine water (PasTor et al.
2008). A high pumping rate would
lead to an increased inflow of highly
mineralised waters, thus impairing
both the overall quality of the
pumped water and the long-term
stability of a density stratification
(Ch. 2.5.). For that reason the pump-
ing rate was reduced to a level that
kept the hydraulic head of the mine
water just below that of the hy-
draulic head of the groundwater. As
a consequence, the quality of the

pumped mine water was improved,
the pumping costs minimised, and
the groundwater was protected from
mixing with mine water.

In this context, the chloride concen-
tration of the mine water is an essen-
tial parameter: chloride cannot be
removed using passive remediation
methods, and it therefore limits the
use of wetland technology. Initially,
the mining area around Horden Col-
liery was hydraulically confined from
the collieries Easington and Dawdon
by an igneous intrusion called the
Ludworth dyke. A hydraulic con-
nection was only given by a sealed
drift, i. e. a dam installation accord-
ing to records of the mine plan. All
mine water rebounds exhibit similar
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characteristics which indicated that
there seem to be no seals between
the mining areas; instead an open
hydraulically effective connection
has to be assumed. It remains un-
clear how long this connection will
stay open (WatsonN 2011). As the hy-
draulic gradient in this mining area

- for both the mine water and the
groundwater flows - is directed from
west to east, i. e. towards the coast
and located collieries, the treatment
capacities at Horden Colliery would
be exceeded if mine workings can-
not act as hydraulic conduits. An
uncontrolled contamination of the
groundwater would be the result.

To prevent this scenario, an active
treatment plant of identical capac-
ity was soon installed at Dawdon
Colliery. As the shaft of Dawdon
Colliery is situated deeper than that
of Horden Colliery, a poorer water
quality containing higher quantities
of e. g. chloride and iron was ex-
pected. When the treatment plant at
Dawdon Colliery was completed end
of 2008, the water withdrawal rate
at Horden Colliery could be reduced
from 6 -9 m*/min to approx. 3 m¥min
(WaTtsoN 2011). A reduced withdrawal
rate resulted in the expected reduc-
tion of the chloride concentration;
as a consequence, the active treat-
ment plant at Horden Colliery could
be dismantled and, by 2011, replaced
by a passive treatment system of

a size of 1.7 ha including a ventila-
tion system, settling pond and a
constructed wetland (Watson 2011).
Since then, the treated water has
been discharged into the adjoining
North Sea where the higher chloride
concentration is no longer important
due to the dilution effects.

Conclusion

The experience gained from the
contamination of the aquifer in the
South Butterknowle mining area
helped to protect the aquifer in the
northern adjacent East of Wear
mining district by providing mine
dewatering stations and appropriate
pumping measures. Therefore, the
mine water rebound was conti-
nuously monitored in several mi-

nes to estimate the point of time at
which the mine water would reach
the base of the aquifer. By maintain-
ing a comparably low potential dif-
ference of a few metres between the
groundwater and the mine water, an
infiltration of the mine water into the
aquifer could be prevented. Hence,
pumping costs and energy con-
sumption could be reduced, result-
ing in a lower environmental impact.
Another advantage of this sustain-
able mine dewatering concept in the
East of Wear mining area is that the
composition of the mine water could
be modified to such a level (i. e. con-
taminant species were reduced) that
a change from active to passive mine
water treatment was possible. This
reduction of contaminations was
most certainly also due to the fact
that the lower pumping rates pro-
vided favourable conditions for the
formation of a stable density stratifi-
cation in the mine water.

To summarise, it can be deduced
that a higher piezometric surface of
the groundwater compared to the
mine water prevents the mine water
from infiltrating the aquifer. This con-
clusion applies even if the hydraulic
head of the mine water has already
reached the level of the water-filled
area of the aquifer. To maintain this
difference in the hydraulic poten-
tial it must be ensured that suitable

backup locations of water pumping
stations are continously provided.

3.2.3.
East Fife

Geology and Hydrogeology

The East Fife mining region is locat-
ed at the coast opposite the city of
Edinburgh within the county of Fife.
The hard-coal deposits outcrop at
the surface. Many of the collieries are
in close vicinity to the coast. As the
coal seams dip towards the North
Sea, undersea mine workings were
installed far out at sea (Fig. 49).

Tidal Influence

Such undersea mines recorded mine
water levels which exhibit a cyclical
pattern of rise and fall in the order
of several decimetres. According to
YouNGer et al. (2002), tidal forces
are responsible for this cyclical na-
ture: when the sea is at high tide, the
pressure of the seawater column on
the underlying rocks increases; the
additional load of the water column
results in higher compression of the
underground void spaces (Fig. 50-1),
which forces water out of these
voids yielding a higher water level
within the shaft (Fig. 50-2). When
the sea is at low tide, there is a pres-
sure relief from the underlying rocks.
The sea water recedes, and, as a re-
sult, the voids expand again and the
moveable water flows back into the
voids. Accordingly, the water level

at the observed measuring point
decreases, too (Fig. 50-3). Especially
in Scotland’s coastal East Fife mining
region one can observe this phe-
nomenon (WHITwoRrTH 2002; NUTTALL
et al. 2002; YounGeRr et al. 2002;
WvyaTT et al. 2014); the mine water
level responds with a retention time
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Mine Water Treatment

If water does not meet the require-
ments of a certain purpose or per-
tinent standards, it can be treated
using different purification methods
and systems. Mine water treatment
(or mine water processing) can be
designated in a passive or active way
(WOLKERSDORFER 2013).

An active mine water treatment plant
involves a continuous application of
energy and/or chemicals during the
purification process to change the
chemical composition and physical
properties of the water; examples

of active systems are the popular
methods using low-density sludge

and high-density sludge, filtration
methods or electrochemical proce-
dures such as electrocoaglation.

However, passive mine water treat-
ment systems are less clearly de-
fined. According to WOLKERSDORFER
(2013), they involve systems which
only use natural forms of energy
such as potential energy (difference
in altitude in cascades or similar),
solar energy (heat, photosynthesis,
UV radiation) or biological energy
provided by bacteria. In other words,
natural processes are utilised to pu-
rify the mine water. Examples of pas-
sive systems are aerobic and anaer-
obic wetlands which are often set

up particularly in the Anglo-Saxon
world, the use of oxic limestone
channels (OLCs) or anoxic limestone
drains (ALDs) and RAPS, Reducing
and Alkalinity Producing Systems.

Hybrid forms containing passive and
active ‘devices’ occur as passive sys-
tems often combine active elements
like ventilation systems (Fig. 48) or
dosing of nutrients and fertilisers for
promoting growth of plants and
bacteria. In addition, passive systems
also need regular cleaning and ser-
vicing to remain stable over a long
time and be able to provide the
necessary purification capacity.

More detailed information on the
topic of active and passive mine
water purification can be found in
Hebin et al. (1994), WOLKERSDORFER
(2013) and the Global Acid Rock
Drainage Guide (INAP 2014).

Fig. 48: Ventilation system of the mine
water treatment plant at Caphouse
Colliery in Yorkshire (United Kingdom;
photo: Bastian Reker).
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of approx. two hours to the high
tides of the sea.

In their examinations Youncer et al.
(2002) assume that the mine water
rebound and the fluctuations in the
water levels could not be linked to

a direct inflow of the seawater into
the mine workings. Analysing stable
isotopes, however, NuTtTaLL et al.
(2002) and NuTtTALL & YouNGER (2004)
could detect a seawater proportion

up to 30 % in the mine water budget.

But they also pointed out that the
mine workings which in some spots
were built for kilometres under the
sea, were assumed to be mostly
dry and no indication of seawater
intrusion could be found.

Besides the tidal influence on the
mine water levels, the tides have also
been reported to be an (at least indi-
rect) factor of influence on the mine
water chemistry (WvyartT et al. 2014).
At Frances Colliery maximum values
of electric conductivity are recorded
in the mine water during the tidal
range. The electric conductivity data
correlates with the measured iron
concentrations (of approx. 30 mg/L
up to 247 mg/L during a cycle): thus,
this factor is of fundamental impor-
tance for the subsequent water
treatment. This dependency can be
best explained by the formation of

a distinctive density stratification

of the water which occurred in this
depth region: whereas the highly
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mineralised waters are located in the
deep proportion of the water column,
the upper water body consists of less
mineralised waters. During the tidal
range the interface boundary be-
tween these two water bodies fluc-
tuates at an amplitude of approx.

10 m. Regarding the monitoring lo-
cation at Frances Colliery, one of
the pumps is lifting the mine water
from the upper part of this fluctua-
tion zone so that higher mineralised
waters are pumped when the tide is
high - containing an iron concentra-
tion of up to 247 mg/L - and lower
mineralised waters are pumped
when the tide is low - containing

an iron concentration of approx.

30 mg/L. The mine water removed

Fig. 50: Tidal influence on the porous voids in the underlying rock mass and the mine water level.

by the pump - which is mounted
above this fluctuation area inside the
shaft - does not show significant
variations of iron concentrations.
The variation in depth of the inter-
face layer by more than 10 m during
the tidal range is considerably larger
than the fluctuation of the mine
water level in the shaft by approx.
0.4 m and also significantly higher
than the tidal range itself of approx.
4 m (Fig. 51). What exactly causes
the upward movement of the inter-
face layer is still not well understood,
but it can be assumed that it is likely
due to a combination of the differ-
ences in density of the two types of
water, the pumping rates and the
tidal forcing (WvatT et al. 2014).
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It needs to be emphasised that the
tides do not have any direct impact
on the mean mine water chemistry,
but that the fluctuations in the water
quality can be traced back to the
fluctuation in height of the stratifica-
tion boundary layer.

Conclusion

At coastal collieries, tidal forcing can
largely influence the stratification
and, indirectly, the quality of the
pumped mine water. Fluctuations

of the interface in the range of up to
10 m have been reported although
the cyclical changes in the mine
water level were only in the deci-
metre range. From a scientific point
of view, the reasons for these fluc-

tuations are not fully understood;
several factors of influences such

as differences in density, pumping
rates and tidal forcing are being
discussed. At Frances Colliery the
shift in the altitude of the stratifica-
tion boundary layer led to one of the
pumps abstracting high conductivity
water and partly in lower conduc-
tivity water; thus, the water quality
fluctuated notably. When planning
the installation of mine dewatering
systems and mine water treatment
plants in the respective mining areas,
the depths of the pumps need to be
automatically adjusted in order to
vary the dosing of chemicals in the
treatment scheme.
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Fig. 52: Hard-coal deposits
in France. Boundaries of the

mining areas according to

DIReCTION OF THE MINES (1963)
and DaNIEL & JAMIESON (1992).
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Geology and Hydrogeology

Within the Lorraine mining region as
French part and the Warndt area of
the Saar mining region as German
part the Lower Triassic sandstones
(red sandstone) provide the regional
joint and porous type aquifer (see
info box on ‘Stratigraphy of Hard-
Coal Deposits’). This aquifer is used
for industrial purposes and the pub-

Fig. 53: Geographical and geological overview of the Lorraine mining region (France; Warndt Colliery [Germany] included);

lic drinking water supply (Fig. 52 and
Fig. 53). Although the intercalated
claystones (‘Grenzletten’) layers
between the aquifer and the Car-
boniferous are regarded as sealing
for water, they can be disturbed due
to the mining activities and thus do
not act as a geohydraulic barrier
between the Carboniferous and the
Triassic strata anymore.
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broken white line above (data according to BRGM [2016]). The inlet illustrates how the hydraulic head of the mine water

is kept just below the groundwater level during the pumping stage in order to prevent mine water from infiltrating the

aquifer.

In particular the mining on the French
side has disturbed this geological
seal extensively (WacGNER 2010).

Mining

and Mine Water

Management

In the Lorraine mining region, hard
coal was extracted at depths of
-150 m NN down to -1,250 m NN.
The disruptions and fracturing of
the overburden strata led to signifi-
cant volumes of water entering the
hard-coal deposit including mine
workings from the regional aquifer.
As a result, large cones of depres-
sion developed (KoeserLE et al. 2013).
In parts, drawdowns of up to 160 m
were measured for the groundwater
levels (WaceNER 2010).

The issues associated with the rising
mine water are very similar to those
in the Durham mining region (United
Kingdom):

84

e large-scale underground extrac-
tion of hard coal,

* mining close to the basis of the
overburden,

e disintegration zones above the
worked fields as potential water
conduits between the deposit and
the overburden,

e aquifers in the overburden which
are relevant for the regional water
management,

e groundwater infiltrating into the
deposit,

e rebounding mine water causing a
hazard to the overlying aquifers.

During operations water inflow

from the aquifer into the deposit
was timely pumped so that the wa-
ters remained in the deposit only for
a short time. Therefore, they were
not enriched with dissolved ions
(BLACHERE & LEFORT 2003) and could
be used for industrial purposes; any
excess water could be promptly

discharged into the environment
(KoeBerLE et al. 2013). After the mine
dewatering was discontinued, such a
procedure is no longer appropriate:
significantly longer residence time of
mine water leads to higher minera-
lisation of the waters. If mine water
rebound continues unabated, the
contaminants in the mine water

will pollute the aquifer; before enter-
ing the receiving waters, mine water
needs to be treated. Another prob-
lem in this mining area is the fact
that the former operator of the
Lorraine collieries, Charbonnages de
France (CdF), left all facilities under-
ground (i. e. machinery, electric and
hydraulic installations); the pertinent
operating supplies (e. g. fluids)
provide a particular risk factor
(CorsEL et al. 2017).

In order to protect not only the
groundwater, but also the buildings
located in the areas of mining sub-
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sidence and thus partly below the
natural groundwater level, the rise
of the mine water, which had been
going on since 2006, was continually
monitored in the beginning (col-
lieries Vouters, Simon and Warndt:
June to August 2006; La Houve Col-
liery: December 2006). The position
of the monitoring locations and the
division of the mining regions into a
western and a central-eastern min-
ing area are shown in Fig. 53.
Warndt Colliery is hydraulically con-
fined by a high-pressure dam, locat-
ed at a depth of approx. -840 m NN
(i. e. 1,000 m below ground level),
from the Saar collieries in its north-
east (WacNER 2010; RAG AG 2015).

Mine Water Rebound in the
Central-eastern Mining Area

The mine dewatering measures at
the collieries Vouters, Simon and
Warndt were discontinued between
June and August 2006 (WAGNER

2010; ScHAFER 2016; CorBEL et al.
2017). The continuous mine water re-
bound process is shown for all three
collieries in Fig. 54. In all collieries,
the rise can be divided into three
stages: the initial stage, marked by a
very high level increase of up to
almost 50 m per month. Later on
values quickly lowered to up to

30 m per month in the first year. In
July 2007 the mine water rise level-
led off at Simon Colliery, became
stable and even was sinking slightly
(i.e. monthly rebound velocities
went down to O m and even to
slightly negative values); meanwhile
rebound velocities at Vouters Col-
liery reached again values of 42 m
per month. This difference can be
traced back to the hydraulic con-
nection between the three sites. The
water was overflowing at Simon Col-
liery into the lower levels of the col-
lieries Vouters and Warndt that had
not been filled up so far. Close to the

spill points of the three interconnec-
ted mine workings, the second stage
of the mine water rebound commen-
ced (intermediate stage). The mine
water at shaft Simon 5 resumed its
rise at values of around 10 m per
month, and the rebound velocities
at the collieries Vouters and Warndt
dropped to almost identical values.
The difference between the water le-
vels reduced from previously up to
270 m in July 2007 (shaft Simon 5:
-402m NN; shaft Vouters: -670 m
NN) to approx. 20m in April 2008
(shaft Simon 5: -413m NN; shaft
Vouters -433m NN). During 2008
and 2009 the water levels continued
to approach each other until all wa-
ter levels equilibrated in mid-2009.
Water level increase continued with
a range of 6 m to 11 m per month
until the Carboniferous hard-coal
bearing rock was fully saturated;
infiltration of overburden strata
consisting of Permian and Triassic
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aged rocks began at the end of 2012.
That point marked the beginning

of the third stage of the mine water
rebound (final stage) in which mine
dewatering measures helped to
lower the rebound velocity to 1-2 m
per month, thus creating almost sta-
tionary conditions. More detailed de-
scriptions of the mine water rebound
and its respective concepts in the
Lorraine mining region have been
published in Rexer et al. (2019b).

Mine Water Rebound in the
Western Mining Area

The mine dewatering measures at
La Houve Colliery, hydraulically iso-
lated from the collieries Vouters and
Simon, was discontinued in Decem-
ber 2006; The three-stage approach
for the rebound pattern can also

be applied here (Fig. 55). The first
stage lasted from December 2006
to February 2007 and was defined
by a steep increase of the water level
up to 190 m per month. During that
time, the water rose from approx.
-580 m NN to -250 m NN. This
pattern can probably be explained
by the difference of rather small void
volume compared to the existing
reservoir volume (KoeserLE et al.
2013). The transition to the second
stage is observed by a drop in the
rebound velocities to values of 10 m
per month. At that depth, hard coal
had been mined most extensively,
therefore, the largest floodable void
volumes exist in this depth range. At
the end of stage 2, rebound velocity
values rose again to values between
20 m and nearly 35 m maximum per
month. This development is inter-
preted as a mine water rebound
within the (mining-induced) dis-
turbed strata above the highest
working level. Shortly after the local
maximum rise of 35 m per month

was reached, the seepage into the
overburden was observed. At first,
mine water level increased to less
than 10 m per month, and succes-
sively to values of around 1 m per
month. On the one hand, this is due
to a decrease of inflow as the differ-
ence in hydraulic potential between
the mine water and surrounding
aquifers decreases; on the other
hand, the sandstones of the over-
burden (Triassic) act as an aquifer
horizon which is already fully satu-
rated. Since November 2009 the
mine water level has been kept at

a constant level of 7.5 m below the
groundwater level as a new mine
dewatering system was installed.

Comparison with the

Durham Mine Water Management
(United Kingdom)

In the Lorraine mining region, a
concept similar to that of Durham
mining district in Great Britain was
implemented to protect the aquifers
(Ch. 3.2.2.). At Lorraine, the mine
dewatering systems were reactivat-
ed at the following collieries: La
Houve Colliery in November 2009,
at Simon Colliery in November 2013,
and finally at Vouters Colliery in
July 2015. The system was imple-
mented in order to keep the mine
water level a few metres below the
piezometric surface of the ground-
water (Fig. 54 and Fig. 55). The
potential gradient between 5m and
10 m was kept stable (WaeNEr 2010)
and in combination with a stratified
water column ensures that mine wa-
ters won’t mix with Triassic ground-
water (KoeserLE et al. 2013). The
Triassic groundwater will discharge
into the mine water due to its higher
potential, and consequently hinders
mine water to infiltrate the ground-
water. Due to the narrow potential



gradient between the two waters,
the groundwater volume infiltrating
the mine water is almost negligible
(similar to the Durham mining re-
gion). As a result, the groundwater
level rises successively together with
the rising mine water. However, if
the mine water is kept at a constant
level, the groundwater level will be
influenced as well and water logging
of mining areas affected by mining
subsidence will be prevented. Usu-
ally, a distance of 3 m between the
ground surface and the groundwater
level is targeted; nevertheless, in the
western mining area (La Houve Col-
liery) water logging and the forma-
tion of ponds occurred in some
towns, and basements in urban
areas were intruded by water as well
(ERNST & MaiLassoN 2018). Even in
some places on the German side wa-
ter logging can be expected (WAGNER
2010). However, there had been wet-
lands in this area before groundwa-
ter levels were lowered during mine
operations; these wetlands will now
be restored to its original condition.

In the eastern mining region, no
uncontrolled gas releases or dama-
ges to infrastructure or environment
- including the groundwater - are
known (ScHLEUNING 2018). Although
large-scale upheaval on the scale

of up to 20 cm was registered, that
occurred evenly and did not impair
the infrastructure in any way.

Conclusion

Like in the East of Wear mining area,
Durham mining region, the mine wa-
ter in the Lorraine mining region rose
until it reached the water saturated
area of the aquifer. By maintaining a
hydraulic head difference of 5-10 m,
it was possible to protect the Lorraine
groundwater from infiltration with

mine water, too. As a hydraulic con-
tact between groundwater and
mine water also leads to a reduced
outflow of groundwater into mine
water filled compartments, it results
in a larger yield of groundwater and
a potential rise of the groundwater
level on a regional scale. According-
ly, appropriate polder monitoring
measures must be investigated and
planned to ensure the protection of
the environment, nature and infras-
tructure. In addition, spare pumps
must be provided for pump failure
alerts to ensure that mine water can-
not infiltrate the groundwater.

Geothermal Systems:
Open-Loop and
Closed-Loop

In general, geothermal systems use
two ways underground heat usage:

An open-loop system pumps water
to the ground surface where a heat
exchanger is installed to transfer
the heat to a heating network. The
(mine) water, which is cooled when
it leaves the heat exchanger, can
either be discharged at the surface
or reinjected to the groundwater
using an injection well. Where high
conductivity mine water is involved
(in particular with high dissolved
iron loads), ochre iron precipitates
(‘scales’) and can cause scaling or
even clogging issues thus lowering
the performance of the heat exchan-
ger (Fig. 56) and increasing main-
tenance costs.

In a closed-loop system (in terms

of geothermal heat so called ‘heat
probes’), pipes are installed in a drill
hole or shaft in which heat is trans-
ferred from the mine water to the
water cycle in the loop. That means
that the heat exchanger is located
within the shaft, i. e. the warm water
column. The advantage of this
system is that no ochre iron scales
can occur as no mine water pumping
is involved. More detailed informa-
tion and a comparison of the two
systems can be found in Banks et al.
(2019).

Fig. 56: Disadvantage of open-looped
systems: ochre iron at the heat exchanger
(ochre-coloured areas on the metal plate;
photo: Bastian Reker).
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Fig. 58: Geographical and geological overview of selected collieries in the hard-coal mining region of Asturias (Spain);

geology according to IGME (1973).

In Spain multiple hard-coal mining
regions exist: the Sur Occidental
‘combined’ coalfield in the south-
west with its eastern mining area
Puertollano, the Sierra de la Deman-
da coalfield in the north, and the
region of Asturias - by far the most
important and extensive (Fig. 57).
Since the mid-19t" century, between
50 % and 70 % of the entire Spanish
hard coal was extracted at Asturias
(OrDOKEZ et al. 2012). At Asturias se-
veral coalfields are merged and form
the Central Coal basin.

Until 1967, hard coal was mostly
extracted by smaller collieries; in
total, there were 131 coal mines. In
1967, the fifteen most important
mines were merged in the organisa-
tion HUNOSA which onwards was
responsible for around 50 % of the
entire Spanish hard-coal production
(BuscH 1974). However, when com-
pared to other EU hard-coal opera-
tions, in particular in the United King-
dom and Germany, the maximum ye-
arly output rate in Spain in the 1980s
with 16 MT was rather low.

In Spain hard-coal mining came to
an end in 2018 as subsidies were
discontinued. Unlike to Germany,
there are some small and privately-
run companies which continued their
hard-coal mining operations even
after 2018 without being subsidised.

Geology and Hydrogeology

In the Asturian deposit, the coal-
bearing Carboniferous strata out-
crop directly to the surface. Due to
several tectonic processes the coal-
bearing strata have been heavily
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Fig. 59: Headframe at Barredo Colliery near the newly-built HUNOSA research

centre and Oviedo University (photo: Bastian Reker).

deformed and are in parts almost
vertically dipping which makes
automated mining operations with
high throughput rather difficult. The
sedimentary succession in Asturias
starts with Namurian limestones
(Carboniferous) followed up by a
series of limestones, sandstones
and claystones of the barren Car-
boniferous, which is up to 3,500 m
thick (CienFuecos & Lorepo 2010).
Overlying the barren rocks, coal
seam-bearing sediments are up to
3,000 m thick.

A special feature of the Asturian hy-
drogeology is that there are almost
no considerable aquifers. The
Carboniferous rocks mostly consist
of clay- and siltstones with very low
porosity and permeability. Interbed-
ded layers of higher permeability
and porosity (in particular sand-
stones) can form individual and con-
fined aquifers; however, mining ac-
tivities may disturb the surrounding
rocks to such an extent that the seal-
ing capacity of the clay layers is re-
duced and vertical conduits formed.

Mining

The two collieries Barredo and
Figaredo are located in the Asturian
coalfield, only a few kilometres south
of the city of Oviedo (Fig. 58). At
Barredo Colliery, hard coal was mined
until 1993 (Fig. 59), at Figaredo Col-
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liery mining continued until 2007.
Both mine workings are hydraulically
connected by several drifts. A more
detailed description of the mining in
the Asturian mining region has been
published in Rexer et al. (2019b).

Modelling the Mine Water Rebound
Mine water rebound in the region
was modelled in OrDOKEZ et al.
(2012). First of all, the total inflow
volume was determined; this includ-
ed not only water volumes trans-
ported during the mine dewatering
but also the hydrogeological catch-
ment area, the monthly precipitation
and the water infiltrating from the
river Turon. It needs to be empha-
sised that any groundwater entering
the mine percolates vertically;

there are no lateral inflows com-
pared to most other mining regions.
Accordingly, the inflow rate can be
seen as constant irrespective of the
mine water level as no lateral inflow-
ing waters contribute to the mine
water budget or could be inundated
during an increasing mine water
level. As a next step, the remain-

ing void volumes in the mines were
determined for the various depth
intervals using mine plans, ex-
tracted tonnes of coal and the
different mining methods applied.
Combining the flow rate and the
depth-related remaining void vol-
umes allowed for computer-aided

modelling using the GRAM program;
this modeling could display the
actual history of the mine water
rebound (Fig. 60).

Subsequent Uses

In large parts of Asturias there are
no considerable aquifers in place
that can be used for public drinking
water supply - this supply is mostly
done using water from the Rioseco
reservoir. Therefore, there is an op-
portunity to ‘reclaim’ the remaining
working levels as regional artificial
aquifers. Especially related to cli-
mate change this method would pro-
vide an alternative to secure and
regulate the drinking water supply in
hydrological difficult regions around
the world. OrpoREz et al. (2012) and
JArDON et al. (2013) suggest the

use of the two collieries as artificial
drinking water reservoirs. Assum-
ing an average inflow of around

4 million m?® per year into the col-
lieries Barredo and Figaredo, and
proper regulating of the daily out-
take, calculations anticipate that
another 60,000 people could be
supplied with drinking water every
year (at an average consumption of
approx. 185 L per person per day).
The regulation would be neces-
sary to ensure that the rate of the
groundwater recharge - subject

to seasonal fluctuations - and the
potable and non-potable uses will
be balanced over the year.

In addition to securing the public
water supply, another added value
could be to provide riverine sys-
tems with enough water during dry
periods to ensure an ecologically
needed minimum run-off. In rela-
tion to the long drought period of
summer 2018 and 2019 in Europe,
this method would be an interesting
option for smaller watersheds.

Especially in the early 2010s, exten-
sive studies were carried out for
Barredo Colliery to estimate the
geothermal potential of this mined
coal deposit (Lorepo et al. 2017,
ORrDOKEZ et al. 2012; JArRDON et al.
2013). Meanwhile, the first pilot
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plants providing heat with capacities
in the high-kilowatt to low-mega-
watt range have been installed in the
building of the Campus de Mieres of
Oviedo University (accommodating
a HUNOSA research centre and a
students’ hall of residence) and the
adjacent hospital Alvarez Buylla.

For both plants, the water is lifted
directly in the Barredo shaft with the
winding tower still in place. Air con-
ditioning of the Campus de Mieres

is provided by an open-loop system
(see info box on ‘Geothermal Sys-
tems Open-Loop and Closed-Loop’)
with a power of 2x362 kW, for the
hospital, a closed-loop configuration
was chosen with a power of 3.5 MW
which means that this system is

now one of the largest geothermal
air-conditioning systems in Europe
(GuTierrez CoLinas et al. 2018).

Conclusion

The mine water research results
gained in Spain demonstrate that
the determination of flow rates and
void volumes are fundamental para-
meters of any mine water rebound
modelling approach. Especially the
insights based on mine related hy-

drogeological investigations provide
the foundation to precisely record all
inflows contributing to mine water
budget. The evaluation of all ex-
isting mine plans, even historical
ones, is of vital importance to be
able to calculate the remaining void
volumes available to be saturated
during a mine water rebound. Both
factors provide the modelling frame-
work to accurately predict mine wa-
ter rebound.

For the post-mining period in the
Spanish mining districts, there are
several utilisation concepts regard-
ing mine water. On the one hand,
there is the idea to use the aban-
doned mines as artificial reservoirs
for drinking water; this idea would
be a reasonable option in particular
for dry climate conditions where
drinking water supply is difficult. On
the other hand, water could be sup-
plied to intermittent streams during
dry periods in order to maintain the
ecological balance. This option
would be an interesting added value
especially with regard to the Euro-
pean Water Framework Directive.
Moreover, the sustainable use of

geothermal heat provided by mine
water in large-scale heat exchanger
systems, which are currently among
the largest in Europe, is accompa-
nied and examined by scientists. To
sum up, there are numerous different
approaches regarding a post-mining
utilisation of mine water, and all of
them underline that a mine water
rebound should not only be seen as
a threat, but also as an opportunity
for reclamation .
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This project on the Evaluation of Mine Water
Rebound Processes in the German Coalfields
of Ruhr, Saar, Ibbenblren, and the adjacent
European Countries carried out a systematic
evaluation of mine water rebounds. Factors and
processes were identified which influenced the
pattern of mine water rebounds and the chemi-
cal composition of the mine water. Strategies
and measures of current mine dewatering
projects in European hard-coal mining regions
have been evaluated. Thus, in-depth scientific
knowledge has been developed that enables

a profound understanding of the processes
taking place during a mine water rebound in
underground mine workings. The fundamental
insights are summarised in this chapter.
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Mine Water Rebound

¢ The history of mine water rebounds
is influenced by numerous natural
and anthropogenic causes; the
main factors are the following:

Natural Factors

e intrinsic hydraulic conductivity
of surrounding rocks,

e volumes of pores and joints,

e groundwater inflow rates,

e rate of groundwater recharge,

e thickness and lithology of the
overburden,

e post-mining regulated level of the
water level (anthropogenic influ-
ence possible),

e groundwater levels in the catch-
ment area of the mine water
rebounds.

Anthropogenic Factors

* mining-induced void volumes,

e intrinsic hydraulic conductivity of
the mine workings,

* monitoring system with targeted
control measures,

* mijne drainage-induced cone of
depression.

To ensure a controlled mine water
rebound, these factors need to be
reviewed as precisely as possible;
in an ideal case, the monitoring
begins already during the explo-
ration phase; in any case, it needs
to be taken into account during
and after the extraction stage.
Once the mine has been decom-
missioned, such monitoring will be
very difficult.

e Each course of mine water re-
bound is individual due to the
specific on-site conditions. How-
ever, the underlying processes and
interdependencies are comparable.
Accordingly, the courses of mine
water rebounds can generally be
divided into three stages: the initial
stage, the intermediate stage and
the final stage.

The velocities of mine water re-
bounds fluctuate between a few
metres (e. g. at Lugau-Oelsnitz,
Germany, with approx. 10 m/a) and
several hundred metres per year
(e. 9. at Ibbenblren Colliery, West-
feld, Germany, around 500 m/a;
and at Lorraine, France, around
200 m/a).

In a large number of German
collieries (e. 9. south-eastern Ruhr,
Erkelenz, South Bavarian bitu-
minous coal) the mine water has
already reached its naturally equili-
brated water level.

Only in exceptional cases, the mine
water rebounds evaluated here
had adverse impact on the envi-
ronment; specific examples are
the mining regions of Durham
(United Kingdom), where mine wa-
ter infiltrated the groundwater and
hence caused an impairment of
the groundwater, and Erkelenz
(Germany), where mine water re-
bound led to non-uniform ground
upheaval in the vicinity of large
tectonic fault zones which caused
damages to buildings. Other im-
pacts of that scale are not known




to the authors in the reviewed
mining region.

Forecasts on the duration of his-
toric mine water rebounds often
assumed too short time intervals.
Often these deviations in time are
due to simplified assumptions or
insufficient information on certain
evaluated parameters within mod-
elling approaches. When modelling
the mine water rebound, two fac-
tors need to be considered in par-
ticular: the void volumes in relation
to the specific depths and the
groundwater inflow rate which
should be monitored comprehen-
sively.

Uncertainties of the input data of
a forecast can often be considered
as a best-case, a base-case and a
worst-case scenario. The forecast
can be continually updated and
adjusted by means of a monitoring
programme that accompanies the
mine water rebound. Courses of
action and planning measures
should always be based on the
shortest period of the forecast.

Mine Water Chemistry

* A mine water rebound leads to a
quantitative improvement and, in
the medium to long term, also to
a qualitative improvement at the
mine water discharge points to
receiving water courses. A higher
mine water level leads to reduced
discharge volumes. Deep ground-
water of higher mineralisation is
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inundated and hindered to perco-
late further with a rising mine water
level; this process mostly helps to
attenuate the brine-type waters.

During mine water rebound many
cases exhibit an initial increase in
the ionic composition of the mine
water, a phenomenon also known
as ‘first flush’; empiric data has de-
monstrated that this process lasts
about four times as long as the re-
bound process itself. During a fast
rebound, the initial concentrations
of ionic species can be significantly
higher compared to a slow re-
bound, but its duration of the first
flush is shortened. The absolute
number of moles of ions transport-
ed over time remains the same.

When abandoned worked areas
are inundated, further (di)sulphide
oxidation (e. g. pyrite, marcasite,
pyrrhotite) and the acidity from
those oxidation products are at-
tenuated .

If a first flush levels off quickly in
mines where water treatment is re-
quired, it will be optional to change
from ‘complex’, i. e. continuously
maintained, and costly systems
(active systems) to systems which
are technically still feasible and
thus of economic and ecological
advantage (passive systems).

In a lot of hard-coal mining re-
gions in the United Kingdom and

in France (Lorraine mining region)
as well as in Germany (lbbenbiren)
mine water treatment is currently

being used to reduce potential
contaminants, mostly those of dis-
solved iron concentrations. The
majority of treatment systems ap-
plied are passive mine water purifi-
cation plants which combine aera-
tion with a settling pond as well as
aerobic and anaerobic constructed
wetlands. These wetlands offer not
only economic benefits, but also
ecological ones, as the area re-
ceives valuable habitats to develop
a high biodiversity. The people
often uses these wetlands which
require in general a lot of space as
local recreation areas.

In the mining region of Upper
Silesia (Poland) a pilot project is
being undertaken to remove chlo-
ride from the mine water. For that
purpose, the mine water is treated
at several steps, from pre-treament
extracting via membrane technol-
ogy (reverse osmosis) and finally
removal as concentrated brine.

In Germany, feasibility studies

are being carried out in the
Ibbenblren mining region on how
to treat sulphate-containing mine
waters.

Currently, mine waters are treated
in the German mining regions of
Ruhr (collieries Robert MUser and
Haus Aden) and Saar (Camphausen
Colliery). Hydrogen peroxide (H,0,)
is added to chemically oxidise
hydrogen sulphide to elemental
sulphur in order to eliminate organo-
leptic peculiarities (H,S odour)
where possible.



* While hard coal was being ex-
tracted at Auguste Victoria Colliery
(Ruhr, Germany), sodium sulphate
was added to the barium-contain-
ing mine water to precipitate barite
(barium sulphate, BaSO,) in order
to remove high barium ion loads
from the mine water.

The inundation of lower mine areas
significantly reduces the flow ve-
locities; as a result, less suspended
particles can be transported which
reduces the mobilisation potential
of pollutants.

In many mines, even globally
speaking, which experienced a
mine water rebound in the past,
stratifications formed in the mine
waterbody. Density stratification
is caused by separated convection
streams and prevents a dilution of
the involved water bodies, i. e. it
separates the often highly conduc-
tive deep water from the less min-
eralised groundwater close to the
surface and thus forms a natural
hydrogeochemical barrier.

A hydraulic potential difference
between mine water and ground-
water levels also prevents a dilution
of the two adjacent waterbodies.
In the United Kingdom (Durham
mining region) and in France
(Lorraine mining region) the poten-
tiometric surface of the mine water
has been maintained at just a few
metres below the potentiometric
surface of the groundwater for
years, and there has been no infil-
tration of the groundwater so far.

Ground Movements

e The mine water rebound causes
upheaval of the ground surface.

Reasons for this are the hydro-
static pressure of the rising mine
water, and the water percolation
in the host rock which resultsin a
swelling process of clay minerals
(interstitial water).

The ground upheaval only starts
at a certain delay after the mine
dewatering has been ceased. This
delay depends on the conditions
of each coalfield, mostly on the
geological prerequisites in the de-
posit and the mine water rebound
volume that was reached in total.

The ground upheaval ranges from
centimetres to a few decimetres
and thus is diminishing compared
to the mining-induced subsidence.
According to the current state of
knowledge, the inundation induced
ground upheaval can be up to

0.5 m depending on the excavation
volume.

The ground upheaval usually oc-
curs extensively and evenly and
does not lead to any major ter-
races, shearing or compression at
the surface. Damages to buildings
are therefore not to be expected.

Damages to buildings only occur

if they are linked to geological
large fault structures that are
hydraulically sealing and outcrop
to the ground surface or to mining-




induced terraces where different
hydraulic potentials are in place
on both sides which consequently
leads to ground upheaval differ-
ences. So far, evidence and indi-
cations of ground upheaval dif-
ferences that caused damages to
buildings have been documented
in the mining regions of Erkelenz,
Aachen and the Déhlen basin (all
Germany) and in the coalfield of
South Limburg (Netherlands).

There are causal links between
the pattern of the mine water re-
bounds and the ground upheaval
in which the mine water rebound
velocities correspond with the di-
mensions of the ground upheaval.

The inundation-induced ground
upheaval may reinforce once it
reaches the overburden (e. g. the
Dutch mining region of South
Limburg).

The catchment area of the mine
water rebound can exceed that of
the mining-induced subsidence
area.

A linear continuous history of the
damage to buildings is seen as a
good indicator of inundation-
induced damages to buildings
(Erkelenz mining region,
Germany).

Gas Release

e The rising mine water mobilises
free gases in the mine workings
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and in the porosity of the host
rock; this is a prerequisite for gas
migration.

The quantity of the gas which is
mobilised during the rebound
corresponds with the volume of the
mine water inflow .

Due to the void space of the mine
workings in its initial rebound
phase, the proportion of the gas
displaced by the mine water re-
bound is low compared to the pro-
portion of the barometric degas-
sing potential.

The barometric degassing potential
of the mine workings is successi-
vely reduced during the ongoing
mine water rebound.

After the inundation of the mine
workings as well as the hard-coal
deposit, it is to be expected that
the gas release rate reaches a
minimum and that the mine water-
induced degassing process can be
regarded as finished.

As tests in Lorraine (France) have
shown, small volumes of methane
in the mine water continue to be
dissolved and released over a long
term even after the mine water
rebound is finished. However, this
process is most likely related to
bacterial methanogenesis.

No critical gas escapes caused by
mine water rebound have been
documented in any of the hard-
coal mining regions evaluated.

Conceptualisation

* Safekeeping a mine, and in partic-
ular dealing with the mine water
rebound, requires diligent planning
ahead. During conceptualisation
all sources of information available
(historic files, expert opinions, mine
plans, contemporary witnesses)
should be taken into account.

* Where possible, there should be in-
tensive thorough on-site inspection
of the accessible mine workings
before the mine water rebound is
initiated in order to identify and
record any potential hydraulic
conduits.

Alternative contingency plans
should always be provided as
options in any case of verified
deviations from the forecast

During the mine water rebound the
initially developed concepts and
plans should be continually
optimised and aligned to the
current state of knowledge and
technology.

Monitoring

e Monitoring refers to a systematic
programme that allows the obser-
vation, control and assessment
of intrinsic processes in time and
space in order to enhance pro-
cess safety. Monitoring is used to
control and check the performance
linked to processes and develop-



ments, verify measurements and
compare them with the forecast.

Monitoring provides a reliable
awareness system and the pos-
sibility to intervene and prevent
or mitigate consequences where
needed.

Any mine water rebound must

be accompanied by a monitoring
programme that provides accurate
information on the mine water level
and its composition at any time.

¢ Monitoring goals need to be identi-
fied, suitable methods be selected,

Conclusion

and inspection routines and control
systems be defined up front; fur-
thermore, baselines and threshold
values have to be specified for con-
formance monitoring; additionally,
monitoring tasks and appropriate
control measures have to be installed.

In an ideal case, monitoring should
cover the entire mining life cycle in
alignment to the specific require-
ments.

Monitoring also enables to enhance
the understanding of the intrinsic
processes and gain insights into
their interdependencies

Sustainable mine water management is
one of the paramount tasks of post-mining
endeavours. Although a mine water rebound
encompasses certain risks, it also offers a
whole range of opportunities. A key future
challenge will be to identify these opportu-
nities, to assess them and to find ways of
utilising them. This challenge is one to be
tackled by the mining companies, but also
by politics, the economy, the general public
and, in particular, science.




5. Summary and
Assessment
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Mine Water Rebound

Mine water rebound is the common
process after mining activities have
been discontinued.

As a general rule, the mine water re-
bound in the mine workings and in
the deposit provides significant ad-
vantage regarding mine water quali-
ty and its quantity in the long run.

Mine Water
Chemistry

The mine water quality is particu-
larly determined by the deposit
(host rock), the geogenic inflows
and the reaction products of the
discharged areas of deposit and
mine workings.

Furthermore, the mine water quality
may be influenced due to manmade
operating and backfilling materials
(i. e. solids and fluids).

Ground Movements

The mine water rebound may lead to
ground movements because of the
induced hydrostatic pressure of the
waters involved.

The scope of damage caused by
mine-water induced ground move-
ment is rather small compared to
mining-induced subsidence rates.

Further research needs to be con-
ducted regarding the interdepen-

dencies between the mine water
rebound and the pattern of ground
movements.

Gas Releases

Hazardous gas releases caused by
the mine water rebound have not
been documented in any of the
hard-coal mining areas reviewed.
As a result, the volume of mine gas
mobilised during the mine water
rebound is comparably low in rela-
tion to the mine gas release during
operations.

Conceptualisation

To ensure a controlled mine water
rebound diligent planning is neces-
sary; it is a reasonable way forward
to plan and implement the mine
water rebound stepwise.

For each rebound stage, control
values need to be set for the targets
as well as for the warning and alarm
signals; monitoring tasks and appro-
priate control measures have to be
installed.

Monitoring

Monitoring is the key element to
allow supervision and performance
control of the mine water rebound,
and it helps to better understand
the intrinsic processes acting on
the rebound.



....................... Conclusion

-------------- The risks of a mine water rebound,
I. . the probability that damage will
actually occur and the consequences
to be expected, are comparably low in
relation to the threat, i. e. possible
adverse impact.

Based on the well-documented and
evaluated experiences made in German
and European hard-coal mining regions
it can be concluded that the mine water
rebound process can be technically
managed.




6. Glossary




DEFINITIONS

Mining, Geology,
Water Management
and Counting




The definitions provided in this glossary have been taken from standard
reference works of science and mining. The individual contributions are as
follows: BiscHorr (1998), FeLLNER (1999), KeNnTucky CoaL EpucatioN (2011) and
KRraTZSCH (2013) for mining terms; BurGHARDT et al. (2017) for terms of mine
water management; ALLasy & ALLaBy (1991), Gossauer (2006) MuUrAwsKI &
MEever (2010), Press & Siever (1986) and RamMboHr & Strunz (1980) for terms of
geology, geoengineering and mineralogy; Abam & HENkE (1979) and Abam et
al. (2000) for hydrogeological terms; MorTIMER & MULLER (2003) and ScHMIDT
(2006); for chemical terms, and BrockHaus (1980) and MarTiN et al. (2002)
for several other terms. Individual citations are not given.

acidity
The content of acid in a substance.

adhesive water

Water in the unsaturated zone
which forms a thin film around solid
particles and is resisting gravity,
for example, adsorptive water and
capillary water.

adit

An approximately horizontal mine
tunnel as part of the mine workings,
which permits access from the
ground surface, to ensure free
discharge of water, ventilation and
the transport of ore and coal.

anion
An atom or group of atoms carrying
a negative charge.

aquifer
A rock body suitable for the infiltra-
tion of water.

aquifuge

A completely impermeable rock
layer that does not allow ground-
water to flow through.

aquitard

A zone within the subsurface that
restricts the flow of groundwater,
comprising layers of clay or other
low-permeable rocks.

barren Carboniferous
Carboniferous rocks where
mineable coal deposits, i. e. no
seams, are embedded.
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bottom

The lower boundary of a cut road-
way, a seam or a geological unit
(stratum, rock body).

capillary water

Water above the water level that
is lifted or held by surface tension
forces (capillary action).

Carboniferous horst

A part of Carboniferous strata - a
horst is a raised fault block bounded
by normal faults.

carbonification

The process in which organic matter
is transformed from peat to different
types with increasing carbon con-
tent, i. e. soft coal and hard coal to
anthracite coal.

catalysis

The process of increasing the rate

of a chemical reaction by adding a
substance known as a catalyst which
is not consumed in the catalysed
reaction and can continue to act
repeatedly.

cation
An atom or group of atoms carrying
a positive electric charge.

claystone

A clastic sedimentary rock con-
sisting mostly of clay and silt grain
sizes (less than 0.0625 mm); refers
also to thin layers of fine-grain
clay materials in the hard-coal
bearing rock.

coal mine methane

Refers to methane released from

the coal and surrounding rock strata
due to mining activities. In under-
ground mines, it can create an explo-
sive hazard to coal miners, so it is re-
moved through ventilation systems.
In abandoned mines and surface
mines, methane might also escape
to the atmosphere through natural
fissures or other diffuse sources.

cone of depression

Depression in the shape of a cone of
the piezometric groundwater surface
which defines the area of influence of
a well.

convergence

The reduction in length from the
approximation of the roof and floor
part of the seam caused by litho-
static (i. e. confining) pressure.

deep water
A synonym of deeply seated ground-
water.

deposit

Any natural accumulation of usable
minerals, rocks, petroleum, natural
gas and other gases in the soil or
underground.

depression

A vertical displacement of points
at the ground surface or in the rock
mass because of mining activities.

depression null boundary
A line of all points which separates



the mining-induced catchment area
from the non-operating area at the
ground surface.

disintegration zone

Rock formations which have been
intensively folded or which have
been fragmented by curved sliding
or crushing surfaces.

dook workings
Carrying out extraction works below
the main working level.

fault

Tectonic faults are sites of localised
motion both at the earth surface and
subsurface - as a consequence the
two adjacent blocks separated by
the fault are displaced.

goaf

Abandoned, blocked, filled or
collapsed part of the mine workings,
also known as gob.

(un-)got

Synonym of (not) worked, e. g. in

a rock mass where mine workings
have already been established; also
known as (un)disturbed.

ground movement

Any deformation or displacement
(movement, translation) of the
ground surface.

groundwater

Underground water contained in the

void space between rocks (litho-

sphere) or percolating and whose
possibilities to move are solely
determined by gravity.

The following distinctions are made:

* unconfined groundwater whose
water level and hydraulic head
are identical in the area exami-
ned,

« confined groundwater whose
water level and hydraulic head
are not identical in the area ex-
amined,

e artesian groundwater whose
hydraulic head lies above the
ground surface in the area ex-
amined.

hard-coal bearing rock
The entity of all strata in which hard-
coal seams are interbedded.

hydraulically inundated

Refers to an increase of hydrostatic
pressure on an inflow point due to
rising mine water.

hydraulic head

Specific measurement of hydrostatic
pressure above a vertical datum,
measured as liquid surface elevation
using a piezometer and expressed in
unit of length.

inclination

Inclined angle of the surface to be
measured with regard to the hori-
zontal level.

in situ
Synonym of on-site (Latin).

lateral drift

Side openings from the mine work-
ings which are cut to allow for an
examination of this rock part.

leaky aquifer

Large-scale percolation of ground-
water through a groundwater aqui-
tard from one groundwater stock-
work into another.

level
Bottom of mine workings.

levelling line
Accumulation of several successive
levelling points.

limestone

Sedimentary rock composed of up
to 50 % of CaCO, (calcium carbon-
ate) or CaMg(CO;,), (dolomite).

limnic
Refers to processes, products and
settlements in freshwater lakes.

main working level
The level of mine workings in which
the major extraction takes place.

marl

Sedimentary rock composed of
limestone and clay; contains up to
65 % CaCO, (calcium carbonate) and
35 % clay.

Mesozoic Era
A stratigraphic time interval also
referred to as the middle ages of the

Earth including the Triassic, Jurassic
and Cretaceous periods (251-65 mil-
lion years ago).

mine dewatering

All measures that can be taken to
discharge or keep water away from
the mine workings and all technical
equipment used for this purpose.

mine dewatering location
A location from which the mine wa-
ter is pumped to the ground surface.

mine methane

Refers to methane released from the
coal and surrounding rock strata due
to mining activities. In underground
mines, it can create an explosive haz-
ard to coal miners, so it is removed
through ventilation systems. In aban-
doned mines and surface mines,
methane might also escape to the
atmosphere through natural fissures
or other diffuse sources.

mine plan

Contains all draft, charts and maps
which are needed for the planning,
operation, and the technical, eco-
nomic and safety-related monitoring
of a mine.

mine water

Any water that has come or comes
into contact with underground or
open-cast mining operations.

mine water drainage
Pumping of the mine water.

mine water inrush

Sudden outflow of large water
volumes from inundated mine areas
or water-conducting fractures into
the mine workings.

mine water rebound

The rise of the water levels in the
mine workings resulting from 1.) the
reduction or cessation of mine de-
watering or 2.) the addition of water.

mine working
The entire system of openings in a
mine for the purpose of exploitation.

mining damage

Deformation at the ground surface
causing damages to buildings based
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on it caused by mining-induced
subsidence, non-uniform tectonics
comprising sloping, shearing or
compression.

mining region
Region in which mining and smelting
is or was done at a notable scale.

mining subsidence

Mining-induced depression of the
rock formations visible at the surface
due to convergence of anthropo-
genic void space in the subsurface.

ochre iron

A natural earth pigment of yellowish
to deep orange/brown colour con-
sisting mainly of iron oxides or oxy-
hydroxides (goethite, limonite) with
various amounts of clay. It precipi-
tates from mine water due to the
partial or full oxidation of dissolved
bivalent iron to trivalent iron; the
process can be a chemical one or
microbially mediated (e. g. ferric
bacteria).

organoleptic
Refers to sensory perception.

oscillation

A repetitive regular variation in
magnitude or position about a
mean value.

overburden strata

In mining, the entity of all strata
overlying the economically exploit-
able strata, e.g. above a coal seam
or an ore deposit (economic geology).

oxidation

The loss of electrons during a re-
action by a molecule, atom or ion;
its oxidation number is therefore
raised; historically it is associated
with the reaction involving oxygen
because atmospheric oxygen as a
strong oxidant gains electrons and
will be reduced in a so called redox
reaction.

Persistent Scatterer
Interferometry (PSI)

A method to display a test area
using two or more different sensor
positions. The information gained
can be used for generating digital
elevation models, detecting changes
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in position at centimetre range,
multitemporal classifications or
detecting movable scatterers.

polder

An area in mining regions that has
lost its receiving water courses due
to mining subsidence and must be
artificially drained.

process water

Water used in mining operations for
cooling, cleaning, binding dust, ex-
plosion protection and purging wells.

pyrite oxidation

The oxidation of iron disulphides
(FeS,) where an oxidant is present
(O,, Fe*, NO,».

pyroclastic

Generic terms for all clastic products
of volcanic origin (e. g. ashes, vol-
canic breccia).

receiving water course

A river, ocean, stream, or other wa-
tercourse into which wastewater or
treated effluent is discharged.

roadway

A horizontal or nearly horizontal part
of the mine workings of a regular,
more or less steady cross section.
Contrary to a drift, a roadway does
not lead to the ground surface but to
a shaft or commences in other mine
workings. Depending on the type

of use, there are different types of
roadways: main roadways, bottom
roadways, top roadways, gate road-
ways or panels, ventilation roadways,
water roadways or gates.

roof

The upper boundary of a roadway, a
seam or a geological unit (stratum,
rock body).

safety distance
A protective area in mining where no
mineral is mined for safety purposes.

sagging

Vertical displacement of the sur-
face due to a collapse of the granu-
lar structure caused by compaction;
groundwater saturation of the pores
in the unconsolidated soil facilitates
the movement of grains due to grav-

itational forces as it reduced friction-
al forces between the grains.

salinity

Total concentration of dissolved
solids (i. e. ions) in brines and seawa-
ter, mostly sodium chloride (NaCl).

salt freight

The mass of dissolved solids or
certain individual ions transported in
an effluent or waterway and deter-
mined in a defined cross section of
the water.

sandstone

Clastic sedimentary rock made up
of grains with a grain size between
0.02 mm and 2 mm.

seepage water

Underground water which perco-
lates in the unsaturated zone due to
gravity.

settlement

Perpendicular deformation of the
building ground due to external
loads imposed or to ground motion
induced by compaction of the un-
consolidated sediment.

shaft

Usually upright, sometimes also
inclined, part of the mine workings
which connects the underground
workings with the ground surface or
two or more levels with each other.
Shafts which don’t reach the surface
are called inside or blind shaft.

shrinkage

Volume reduction due to capillary
tensions which occur in cohesive soils
as the water content reduces and
pores become increasingly smaller.
The scope of depressions caused by
shrinkage depends on the volume at
which the water content reduces as
well as on how thick the soil is and
how fine the pores of the soil are.

siltstone

Clastic sedimentary rock consisting
of grains with a grain size in between
0.002 mm and 0.02 mm.

sorption process
A selective process in which one
substance incorporates another



substance it is in contact with. Ad-
sorption refers to the collecting of
molecules by the external surface or
internal surface (walls of capillaries
or crevices) of solids or by the sur-
face of liquids. Absorption, with
which it is often confused, refers

to processes in which a substance
penetrates into the actual interior

of crystals, of blocks of amorphous
solids, or of liquids. Sometimes the
word sorption is used to indicate the
process of the taking up of a gas or
liquid by a solid without specifying
whether the process is adsorption or
absorption.

stagnant water

1.) The accumulation of water in
natural or artificial voids which can
lead to uncontrolled and thus dange-
rous inrushes of water. 2.) Standing
water in old abandoned mines.

stratigraphy

The geological subscience of de-
scription, correlation, and classifi-
cation of strata in sedimentary rocks,
using all of their inorganic and or-
ganic features including the inter-
pretation of the depositional en-
vironment of those strata in order

to set out a timeline of geological
processes and events.

sulphates
The salts of sulphuric acid.

surface collapse

The collapse funnel at the ground
surface caused by the underground
mines.

tectonic process

The scientific study of the deforma-
tion of the rocks that make up the
Earth's crust and the forces that pro-
duce such deformation, i. e. thrusts,
folds, fractures, faults etc.

terrace

Geomorphologic expression of a
discontinuity at the ground surface
which has been formed by uneven
subsidence.

terrigeneous sediment

Any sediment that is derived from
terrestrial environments (e. g. the
erosion of rocks on land).

thermodynamics

The science of the relationship
between heat, work, temperature,
and energy. In broad terms, thermo-
dynamics deals with the transfer of
energy from one place to another
and from one form to another. The
key concept is that heat is a form of
energy corresponding to a definite
amount of mechanical work.

ventilation

The systematic supply of mines and
mine workings with fresh air from
the surface.

ventilation system
All of the equipment and measures
taken to bring atmospheric air into
the mine workings.

volcanogenic-tectonic

Volcano tectonics is a scientific field
that uses the techniques and meth-
ods of structural geology, tectonics,
and physics to analyse and interpret
physical processes and the associ-
ated deformation in volcanic areas,
at any scale.

water treatment plant

A plant used for the physical or
physico-chemical processing of re-
sources into saleable or technically
usable products .
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