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Abstract. The currently practised remediation of former uranium mines in Eastern Germany involves the
flooding of underground and open pit mines, and the stabilization of waste rock dumps and tailings ponds, e.g.
by dewatering, covering, improving dams, cleaning effluents. This article presents examples demonstrating that
the remediation concepts developed and implemented have failed their targets, resulting in uncontrolled flow
behaviour and migration of contaminated water, leading to increased costs and additional threats to the
environment. A generic series of steps for an improved remediation management with respect to financial efforts
and environmental safety are proposed in terms of an integrated approach.

1. INTRODUCTION

Until 1989 Eastern Germany was an important producer of uranium. Uranium mining had gone on for
three decades with a total production of 220 thousand tonnes of uranium. Various types of deposits in
sedimentary and metamorphic rocks were exploited by underground and open pit mining. The end of
uranium mining, which was brought about by the reunification of the two German states, was the
beginning of close-down and remediation activities at several mining sites. Remediation has been done
by flooding underground and open pit mines as well as by stabilising waste rock dumps and tailings
ponds, e.g. by dewatering, covering, improving dams, cleaning effluents. The expected total costs of
about 7 billion1 EUR will be funded entirely by the German government.

2. GENERAL SITUATION

In order to plan the time and cost requirements for the remediation activities and to control the impact
on the environment, it is necessary first to establish a prognosis on the flow (dynamics, volume) and
the quality of the affected aquifers. The hydrogeological setting at the mine site is an essential factor.
For most of the uranium mines in Eastern Germany the geological framework is very complex
consisting mostly of lithologies which require consideration of both porous and fracture groundwater
flow, sometimes in complex partially saturated conditions. In addition, the hydrostratigraphy includes
units with markedly different permeabilities and hydraulic potentials, which are connected with each
other to various degrees. As a consequence, the groundwater flow system at these hazardous sites is
highly complex.

3. PROBLEMS AND CONSEQUENCES

In certain cases the remediation concepts developed and implemented failed their targets. The
consequences are that, in spite of the significant costs already induced, concepts and measurements
have to be improved at a very advanced stage of remediation, which is always a very expensive
undertaking. However, if not done, one has to deal with large uncertainties in the prediction of the
remediation's impact, potentially leading to severe contamination in aquifers which are in many places
used for drinking water supply.

1 one billion=10.
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3.1. Examples

The first example depicts the drawbacks of not performing a critical data review and simulation of
processes before flooding a uranium mine which is to be performed in both a cost effective and an
environmentally safe manner.

The second example shows that well targeted field investigations are very useful in improving
conceptual hydrogeological models and are crucial for the design of suitable remediation measures.

3.1.1. Example 1: flooding of a mine

The case of a uranium mine is presented, which, after mining activities had stopped, was flooded
under natural conditions. The flooding process had to be controlled, as the mine was situated at a
location of high population density. Therefore, uncontrolled outflow of the flooding water at the
ground surface and into aquifers used for water supply would likely cause dramatic damage.

The uranium ore was embedded within a coal deposit. Large areas of the coal deposit were mined
prior to the start of the uranium ore exploitation. Most of the uranium mining was concentrated
therefore in the lower-most part of the deposit. As a consequence, the uranium mine is surrounded by
former coal mines. Prior to the start of uranium mining, the coal mines were flooded completely and
the water level was stabilized at the discharge level obtained with drainage drifts. During the uranium
mining, pumping kept the mine dry but resulted in an extended hydraulic depression cone within the
surrounding coal mines.

The hydraulic connection between the mines including the uranium mine was estimated to be good. It
was anticipated that after pumping would have ceased (flooding), the water level would not exceed the
level of the deepest drainage drift of the former coal mine. Therefore the flooding water was expected
to discharge at this level, making water treatment possible at clustered collecting locations if
necessary. In order to protect the environment against pollution by flooding water the maximum
authorized flooding level was fixed at a level 20 m above the level of the deepest drainage drift. In
order to allow for an active regulation of the flooding level (emergency case), a pump was installed in
one of the shafts.

Figure 1 depicts measurements taken during the flooding process. They show that the prognosis failed
completely: Neither the measured flooding water level nor the discharge location or the chemical
composition of the flooding water has met the expectations. The flooding water had reached the
authorized level in the mine when the water in the shaft already had exceeded the expected level by
10 meters without showing any tendency of stabilization. Therefore, it was necessary to start pumping
of the flooding water in order to control the level. This "emergency" measure will have to be
continued until an alternative concept is conceived and realized for a long term solution which does
not necessitate an active control by man.

The failure of the prognosis has far reaching consequences. The first and most obvious one is that
flooding water has to be treated which has a different chemical signature than was expected and which
discharges at a different location. Based on the prognosis, an investment was made for a stationary
water treatment unit. Most probably this unit will not be put into operation. Beyond the economical
damage due to time delay and ill investments, a high risk for the environment exists due to the
insufficient appreciation of the hydrogeological system.

This very uncomfortable situation might have been, at least partly, avoided, if the existing
hydrogeological/hydrochemical data and estimates would have been carefully reviewed, analysed and
possibly extended with additional measurements, and the flooding scenario studied based on various
(and equivalently probable) hydrogeological models. These conceptual models might have been
implemented into numerical models, the data available used for calibration of the models, and the
uncertainty in the prognosis assessed with sensitivity analyses.
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FIG. 1. Flooding of a uranium mine: Comparison of actual measurements to prognosis.
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3.1.2. Example 2: remediation of a waste rock dump

Several surficial deposits of mine waste exist in the area as remnants from the period of uranium
mining. One of those, mainly consisting of waste rock, is located in the immediate vicinity of a large
city. In order to minimize the impact on the environment, potentially caused by the release of
contaminated effluents and the exhalation of radon, the owner planned to implement a multi-layer soil
cover on the dump. One important target of remediation is the protection of deep wells in the vicinity
of the dump, which were used for drinking water supply at the time.

A first remediation concept was based on a strongly simplified hydrogeological model of the near field
of the dump. No differentiation was made between aquifers and aquitards and the groundwater flow
direction was assumed towards the nearby wells (see Fig. 2 top). This strongly simplified model was
not consistent with the observations. In particular, this model does not explain why the water quality
of the drinking water wells was not affected by the vicinity of the dump, although it was recognized
that most of the dump effluents containing uranium and sulfate were infiltrating into the ground.

In order to check if the remediation options were suitable for reducing the impact on the environment
in terms of the groundwater flow path, additional field investigations of the hydrogeological and
hydrochemical conditions were conducted at the dump site, i.e.:

• measurements of flow, of concentrations of dissolved solids (esp. U and 226Ra) and of contents
of environmental isotopes in precipitation, surface runoff, seepage water and groundwater

• underground investigation using boreholes up to 270 m in depth and performing borehole
measurements (logging, pumping tests, sampling)

This resulted in an improved conceptual model with respect to the hydrostratigraphy and the flow
regime (Fig. 2 bottom) as well as a consistent water and mass balance.

One may roughly outline the hydrostratigraphy from outcrops and drilling observations. It consists of
a system of two main aquifers separated by an aquiclude of several meters of thickness (Fig. 2
bottom). The discharge area of the upper aquifer concentrates in one main spring, situated besides the
nearby valley. One of the recharge areas of the lower aquifer is assumed to be located in the area of
surficial outcrops in the valley downstream of the dump whereas discharge occurs in the shafts of the
former mine. For this reason groundwater flow in the two systems is of opposite direction. The
drinking water well mentioned above is located in the well protected lower system, which explains the
absence of contaminants from the dump.

4. REMEDIATION MANAGEMENT USING AN INTEGRATED APPROACH

The examples presented above demonstrate how important it is to manage efficiently the closure of
old uranium mines. The proposed methodology relies on a logical, integrated approach involving the
following steps (see Fig. 3):

Field investigations and data management:

• evaluation of the current situation, in particular the hydraulic and chemical data available
within and outside the mine

• set up of target-oriented field investigations to obtain missing information (e.g. reference [1],
[3], [10] and [11])

• sampling optimization and uncertainty assessment using geostatistical methods
(e.g. reference [4])

• set up of a monitoring system for comparison of observations with model predictions
• data management and visualization: creation of a hydrogeological data base linked to

Geographical Information System (e.g. reference [2]). Visualization for data verification as
well as for information purposes for the public and authorities

428



preliminary model

1 1 1 1
legend

'if

monitoring
wall

drinking
water well

WO-
mm

mm

BHHBIilHHBH^Hll^Hll
Illllllllllilllllllllllllililllill

improved model

FIG. 2. Remediation of a waste rock dump: comparison of conceptual models before and after
additional site investigations (schematic illustrations).
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Conceptualization of the hydrogeological system:

• definition/improvement of the conceptual model of the hydrogeological system based on
old/new data acquired

• determination of the hydrogeological units in terms of geometry and physical properties
• assessment of degree of heterogeneity of the hydrogeological units (e.g. reference [5])
• identification of the key physico-chemical processes involved
• determination of the boundary conditions of the hydrogeological system
• evaluation of current/historical hydrogeological impact from mining activities
• development of the remediation concept (e.g. references [7] and [8])

Quantitative assessment of hydrogeological system response with respect to remediation
measures:

• implementation of hydrogeological and remediation concepts into numerical models
• discretisation of the hydrogeological structures in terms of geometry and physical properties

(e.g. references [2] and [6])
• calibration of the model using measured/historic data with account of their uncertainty
• numerical simulations using alternative scenarios (related to parameter and/or different

remediation measures) for reliable predictions of critical physico-chemical quantities
• interpretation by spatio-temporal visualization of modelling results (e.g. reference [6], [9],

[12])

Optimum and efficient management of the environmental impact:

• application of the integrated approach as decision support tool for remediation management
• determination of optimum remediation measures based on the understanding of the

functioning of the hydrogeological system.

While some of the topics listed above are usually accomplished to some extent, others such as the
acquisition of target-oriented field data, the determination of the hydrogeological concept and the
quantitative evaluation of the impact of remediation with numerical models are often neglected, which
may induce dramatic consequences on the environment and costs at a later stage.

A programme of target-oriented field investigations will only be complete with boreholes used to
perform appropriate in situ intermediate - large scale measurements for the hydrogeological
characterization of lithological units. These include a combination of geophysical measurements
(structural data) and hydraulic testing (hydraulic packer tests, pumping tests, flowmeter or fluid
logging measurements, interference tests). These data and their interpretation form the essential basis
for the rational design of the remediation operation.

In the following we illustrate the use of specific hydraulic testing methods through generic examples.
The use of flowmeter measurements is limited to highly permeable formations. In low to medium
permeability formations, a very powerful investigation method used to obtain a continuous profile of
the hydraulic conductivity within a borehole is the so-called fluid-logging technique.

Figure 4 illustrates schematically the data which are obtained in a "fluid-logging" campaign in a 300
m deep borehole drilled vertically from the ground surface into a formation of medium hydraulic
conductivity. The borehole is kept open during the investigation. Before logging begins, the borehole
is flushed with the drilling fluid being replaced by a water-based fluid of an electrical conductivity
markedly different than that of the formation fluid. The borehole is being pumped (withdrawal) while
logging runs record the evolution of the electrical conductivity of the borehole fluid with time. The
depth profiles of electrical conductivity are used to identify the permeable zones (see Fig. 4.) and
hydraulic conductivities for these zones are derived. The results contribute to the characterization of
the local hydrogeological situation with the radius of investigation reaching several meters to
decameters into the formation.
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FIG. 3. Integrated approach for remediation management.

Fluid logging is generally complemented by hydraulic packer tests. These are performed in borehole
sections previously determined to be of the highest permeability. A particularly valuable type of
hydraulic packer tests in the vicinity of mines or rock dumps is the so-called interference test. Figure 5
schematically illustrates the concept of this type of investigation tool: A pumping test is conducted in
borehole BOl and the induced pressure variations are monitored in observation intervals in boreholes
BO2 and BO3 located at a distance of several hundred meters from BOl. The pressure variations are
analysed for hydraulic parameters of the rock mass at a hectometric scale (e.g. degree of connectivity
of a fracture system, hydraulic diffusivity). Interference tests like this may be performed in any
combination of active and passive segments in a series of two or more boreholes, or by using a
configuration including an underground mine and surface boreholes.
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FIG. 4. Generic example of fluid-logging measurements in a borehole.
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FIG. 6, 3D hydrogeological model (area covered: 60 km').

FIG. 7. Simulated distribution of contaminant in an aquifer system at different times.

In addition to investigations performed within boreholes, the flow, chemical composition and origin of
all the water cycle components (precipitation, surface runoff, effluents and formation waters at
specific discharge location) including their seasonal variations have to be quantified by field
measurements over time of flow rates, water levels, physico-chemical parameters as well as by
sampling and performing laboratory analyses of dissolved solids, radionuclides and environmental
isotopes.

Based on the results of field investigations, the conceptual model of the hydrogeology of the mine
site has to be improved in order to describe the main structures in terms of geometry and physical
properties of the hydrogeological system, thereby also taking into account the key physico-chemical
processes involved in a potential site contamination.

Using this system conceptualization, a quantitative evaluation of the impact of the chosen remediation
concept is required. This objective is achieved with the help of numerical models representing the
observed hydrogeological conditions, including spatial heterogeneities (in terms of geological
structures; see Fig. 6 and hydraulic and transport properties) and characterising the dominant physical
and chemical processes. Numerical simulations are then performed to obtain a quantitative description
of the system's evolution with time in order to predict the spatial distribution of physico-chemical
variables (e.g. concentration, see Fig. 7). These predictions are made for various scenarios which are
related to parameter uncertainties and/or different remediation concepts.
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The integrated approach - based on field investigations, system conceptualization and numerical
modelling - constitutes an essential decision support tool for an efficient management of the
environment in a cost effective manner when faced with the remediation of mine sites. The costs
associated with such characterization and prediction studies usually do not compare within any
common measure with the costs invested in the remediation itself, and in particular with the costs
induced by mistakes in the planning phase.

5. CONCLUSION

Significant improvement in remediation management is required to assure a safe remediation of old
U-mines. The proposed integrated approach is based on extensive developments, experience and
expertise gained with the investigation programs for the disposal of radioactive wastes. In particular,
the intense efforts applied in that domain resulted in the development of modern and cost effective
investigation and characterization techniques which can be easily implemented for the old U-mine
remediation programs. The costs induced by implementing these new techniques will be moderate for
the remediation program, if planned appropriately based on comprehensive expertise. To the contrary,
they will help reduce the global costs by preventing conceptual mistakes, unnecessary actions and loss
of time.
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