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ABSTRACT: The cost and risk assessment at Wismut GmbH is performed for optimising the 
remediation of sites contaminated by uranium mining and milling. An iterative either probabilistic 
or deterministic ‘top-down’ model of the remediation project as an integrated system is used. 
Initially all relevant processes are captured in a rather abstract and simplistic way. In the course of 
the model development those variables and processes to which results have been shown to be 
sensitive are described in more detail. This approach is useful for identifying any gaps in the 
knowledge base that have to be filled in the course of the multi-attributive decision making. The 
requirement for optimisation, also with respect to socio-economic impacts, is met by including 
other variables in addition to costs and health risks. 

KEYWORDS: Uranium mine waste remediation, risk assessment, conceptual site modelling, multi-
attributive decision making. 

RESUME : L’évaluation du risque et du coût a été réalisée par Wismut GmbH pour optimiser la 
remédiation de sites contaminés par les mines d’uranium et le traitement du minerai. Un modèle 
itératif « top-down » de type probabiliste ou déterministe représentant le projet de remédiation 
comme un système intégré, est utilisé. Initialement, tous les processus pertinents sont pris en 
compte d’une manière abstraite et simplifiée. Au cours du développement du modèle, les variables 
et processus dont l’incidence sur les résultats apparaît importante, sont décrits plus en détail. Cette 
approche est utile pour identifier les lacunes de la base de connaissances qui devront être comblées 
au cours de prises de décisions multi-critères. Le données nécessaires pour l’optimisation, incluant 
les impacts socio-économiques, sont obtenues en incluant d’autres variables en plus du coût et des 
risques pour la santé. 

MOTS-CLEFS : Remédiation de déchets de mine d’uranium, evaluation de risque, modélisation 
conceptuelle de site, multi-attributive decision making. 

1. Initial Situation and Criteria for Evaluation 

The large industrial scale uranium mining operations in densely populated regions resulted in severe 
impacts on the environment. Radioactive and other contaminants were dispersed in the soils, the 
groundwater and the atmosphere (Jakubick and Hagen, 2000). 

Radiation protection is one of the main motives behind remediation in uranium mining, but by no 
means the only one. The licensing of measures to ensure mining safety, groundwater protection and 
further land-use has to consider radiological implications. 

The current environmental regulations in Germany have the aim to prevent undue impacts on the 
basis of precaution. This applies also to measures in planning. In dealing with intervention 
situations, the planning has to consider not just the current impacts, but also those that might arise 
due to the remediation measures. It applies both to radiological and to non-radiological impacts. 
International recommendation, hence, stipulate that any exposure, including those resulting from 
remediation activities, have to be justified, optimised and limited. 
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These three principles are applied to practices as well as to intervention situations. 

Any individual remediation measure is justified, if the associated benefits exceed any detriment that 
might be related either to the contamination itself or the remediation measure. Optimising consists 
in identifying options that maximise benefits while minimising detriments. Hereby the ‘do nothing’-
option serves as the benchmark to evaluate benefits. The evaluation has to encompass radiological, 
environmental, nature conservation and cost aspects and also to consider the acceptability of any 
proposed solution within the stakeholder community. 

Wismut is working towards an efficient progress in remediation. Individual remediation measures 
have to be integrated in a meaningful way into the overall remediation strategy. Based on a careful 
site investigation and evaluation of the degree of contamination resulting from uranium mining and 
milling, the site specific needs for remediation are defined and an optimised remediation strategy is 
developed, considering achievable remediation goals. The selected remediation option is to be 
approved by the licensing authorities. 

2. Environmental Impact Assessment 

Optimising stands for reducing health risks while minimising the socio-economic cost at the same 
time. Planning of remedial measures and site investigations are an integral part of a remediation 
project and expenditure on those has to be carefully balanced against requirements to fulfil the 
criteria of justification, optimisation and risk reduction. 

In many instances of remediation projects those environmental impacts that will be controlled by 
legislation can be assessed sufficiently on a deterministic basis. In this case, the current state of the 
site and the effect of the remediation, including any protective and precautionary measures, and the 
state following remediation are assessed and evaluated. Based on a site specific assessment of 
exposure pathways the exposure of the public in general and of the workers on the remediation 
project is estimated. The need for remediation is justified on the basis of action levels for individual 
doses to reference persons of the general public. Additional exposure of the general public and the 
workers due to the remedial action is to be limited. In cases where no alternative remediation 
strategies are feasible or no alternative remediation technology exists, the proof of optimisation is 
effected by comparing the different protective and precautionary measures. 

3. Evaluation of Remedial Actions 

The cost and risk assessment is performed using an iterative probabilistic ‘top-down’ model of the 
remediation project as an integrated system. Initially all relevant processes are captured in a rather 
abstract and simplistic way. To this end functional relationship are established between uncertain 
variables, the value of which are represented by probability distributions. In the course of the model 
development those variables and processes to which results have been shown to be sensitive are 
described in more detail. In this way resources available for modelling are efficiently deployed 
without loosing focus and meaningful conclusions can be drawn early in the process, even though 
some parts of the system may not be known yet in detail. This approach is also useful for 
identifying any gaps in the knowledge base that have to be filled in the course of the decision 
making (Pelz et al. 1996). 

In the course of development from the qualitative, conceptual model to the quantitative model, the 
time-dependent costs and risk are modelled for each envisaged course of remedial action: 

1. Collection and evaluation of data on the site and pertinent remediation strategies; 
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2. Identification of processes and events relevant for the site in question; 

3. Identification of the various cost and risk elements (e.g. cost of implementation, major 
exposure pathways, risk of failure of engineered structures, such as dams or surface covers); 

4. Conceptualisation of the relevant processes and events of the various remediation strategies 
and their effect on costs and risks; 

5. Development of the mathematical model to describe the system behaviour (balancing 
equations, cost functions, concentration-dose and concentration-risk relationships, risks and 
costs as a result of losing institutional control); 

6. Deterministic and probabilistic parameterisation in order to quantify certain and uncertain 
parameter values; 

7. Programming of model using software tools suitable to describe parameter uncertainty; 

8. Calculation of time-dependent probability distributions for costs and risks for each 
remediation option. 

9. Identification of the most sensitive variables and assessment of their uncertainty in order to 
be able to further detail the model in the next step of iteration. 

4. Conceptual site model 

The assessment of the long term environmental impacts and effectiveness of remedial measures at a 
complex site like tailings management areas requires the use of a number of highly specialized 
models and the subsequent integral evaluation of the results of the detailed models to estimate the 
overall site impact and derive the best remedial strategy (Jakubick and Kahnt 2002). 

In view of the limited site-specific data and the need to progress with the remediation the best 
approach to the modelling problem was to first create a common platform on which the very 
heterogeneous data and information could be structured into coherent units and integrated to 
provide a meaningful and useful representation of the site. To achieve this Wismut proceeded by 
combining the available information, detailed models as well as first approximations into a 
structured model system that constitutes what is termed the Conceptual Site Model. 

Pending on the possible degree of simplification of the remedial problem and required 
dimensionality for the site description, either a numerical site model or a multi-compartmental 
model could be used.  

Due to the fact that the model simulation involves very different time scales for surface/ground 
water flow and contaminants release/transport, the use of a multi-compartment model becomes 
particularly advantageous. In the multi-compartmental model the site is subdivided into 
representative, well defined units (representing the remedial objects, receiving stream and ground 
water) which can be connected with detailed process models handling highly specialized 
geotechnical, hydrogeological and geochemical questions. However, for correctly setting up of the 
compartments an understanding of the overall hydrological and ground water flow conditions on the 
site must be acquired first.  

The compartments used in the presented approach are smart compartments, not common black 
boxes . Each of the compartments, if required, can be readily re-solved in greater detail; this refers 
to both spatial resolution, deepening and/or inclusion of specific processes. 

The described characteristics of the compartments allowed, to easily structure and interrelate the 
heterogeneous results of the available studies assessing the sources, the laboratory and field tests, 
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the water quality and water level/flow measurements and of the existing morphological/geological 
models and start investigate the importance of the key model assumptions. Furthermore, the “smart” 
compartments allowed proceeding with the construction of the Conceptual Site Model in stages, as 
additional data become available. Should the model evaluation of the new data/information lead to 
the conclusion that a further level of model sophistication is required; this can be performed in 
course of the project, without delaying remedial work progress. 

Compartmental models have a heuristic character, i.e. use a very simplified approximation of the 
real site conditions. In order to properly represent the site and processes, it is quintessential that the 
multi-compartmental (Conceptual) Site Model use well-defined compartments and intelligently 
combine and interrelate the output of the involved sophisticated specialized models. The task of the 
Conceptual Site Model is to calculate the integral response of the site to variation and changes of 
the key parameters in the specialized models in terms of contaminant loads and mass balances in the 
ground water underlying the site and receiving streams discharging from the site.  

Figure 2: Subdivision of the relevant area into ground water compartments and schematic picture of the dominating water 
flows and contaminant fluxes. The container symbols in the right part of figure 2 represent the balancing elements for 

each geological unit. 
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A numerical site model describes the remedial objects acting as contaminant sources in detail 
(including driving processes) within the regional flow model that is, in addition, used to simulate 
the contaminant transport as well. The Conceptual Site Model, rather than simulating all processes 
within one numerical flow model, receives as input into the compartments the results of flow and 
contaminant trans-port simulations from quasi-autarkic models, thus making possible to carry out 
performance assessment runs in a very fast and efficient way. The role of the Conceptual Site 
Model is illustrated in figure 2. 
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Figure 2: Illustration of the role of the conceptual site model in the process of preparation of remedial measures. 
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5. Multi-Attribute Decision Aiding Tools 

Multi-attribute decision aiding tools are used to identify a preferred remediation solution taking into 
account the deterministically and probabilistically derived data on expected costs and health risks. 
Depending on the complexity of the problem in hand, various methods, ranging from simple pareto- 
or dominance analysis to probabilistic models are employed. 

The requirement for optimisation, also with respect to socio-economic impacts, is met by including 
other variables in addition to costs and health risks. A typical catalogue of criteria is given in 
Table 1. 

Table 1: Catalogue of criteria in multi-attribute analyses 

Costs Health Risks Acceptance 

implementation of remedial 
action 

radiation, chemical toxicity, 
accidents 

socio-economic aspects 
(employment) 

water treatment during and after 
remediation 

quality of life factors 

maintenance, monitoring workers and general 
public 

institutional factors 

additional land required  ecological aspects, 
management of scarce 
resources 
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The various criteria influencing the assessment and the optimising are partly in competition with 
each other. For instance, a certain option that might be preferred on the grounds that it minimises 
health risks could turn out to be the most expensive and would be rejected in favour of a less 
expensive solution that might entail higher health risks, if cost were an overriding criterion. Similar 
mutual relations can be observed for other sets of criteria. 

For this reason, trade-offs have to be found by weighing the criteria in a way that is acceptable to 
society. 

The relative weight of the criteria can only be determined satisfactorily on the basis of a uniform 
measure (e.g. a rating). Monetarisation of criteria has been used in the past, but did not find 
universal acceptance in society. For instance, the assumed numerical value for the monetary value 
of loss of one year of collective life expectancy varies in the published literature between US$ 
17000 and US$ 450000. 

However, a solution based on a cost-benefit assessment and trade-offs can only be considered 
robust, if it remains stable upon changes in the relative weights of criteria and parameter values. For 
this reason a test of robustness has to follow the identification of parameters that are relevant to the 
final decision. 
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Multi-attribute analysis tools have the advantage over other, more subjective, decision making 
methods that they 

- allow decisions on a rational basis; 

- allow to trace decisions made and criteria employed; 

- allow to document the weight given of single criteria. 

These properties facilitate the communication between problem holders, licensing authorities, 
consultants and the public and thus facilitate consensus formation on complex decision making 
problems.  

As an example, the costs and risks of the wet and dry rehabilitation options and associated strategies 
were evaluated in detail (paying special attention to the problem of soft tailings) on a probabilistic 
basis. In densely populated areas (such as the location of the Wismut tailings ponds in Saxony with 
247 inhabitants per km² and in Thuringia with 154 inhabitants per km²), where a 100% level of the 
probable equivalent costs must be considered for the long term, the dry landscape reclamation 
offers a better long term performance. However, as evaluated for the Helmsdorf tailings pond, the 
equivalent reclamation costs (sum of the reclamation costs and environmental gains/costs) for the 
wet option are up to the 65% probability level lower than for the dry option, thus presenting an 
efficient solution for the remote areas (Figure 1). The better cost efficiency of the dry reclamation at 
the 100% level is explained by the better long term performance of this option. In the long term, the 
wet reclamation becomes less advantageous because it is more susceptible to deterioration and 
disruptive events such as earthquakes which results in higher long term costs for damages, repairs 
and clean-ups (Jakubick and McKenna, 2001). 
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Figure 1: Equivalent Costs for the Wet and Dry Tailings Remediation of the Helmsdorf Uranium Mill Tailings 
Management Area 
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