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ABSTRACT 

Open-pit lignite tnining is one of the n1ost severe itnpacts on water resources systetns. The 
Lusatian lignite region in the Eastern part of Gennany is an example for the din1ension and 
con1plexity of problen1s. The econotnical situation in the region has changed drastically over the 
last decades. Lignite tnining has started already in the 18th century. After the first \vorld \Var lignite 
becmne an in1portant source for energy and chetnical production in Gennany. Fron1 the sixties 
onwards, in the tonner GDR (East-Gern1any) lignite tnining increased further, up to about 200 Mio. 
t/year and 1200 Mio. tn3/year tnine drainage \Vater. As a consequence the \Vater resources systems, 
i.e. the river basin of Spree river has been severe affected. After the Gennan unification lignite 
tnining again has changed) now it is strongly reduced. And this causes ne\v problen1s \Vith regard to 
the groundwater table rise because of tnine closure and inadequate surface water floyv in the river 
Spree. 

The complexity of problen1s can only be understood with the help of tnathematical models. Such 
n1odels are used e.g. for the design of tnine water drainage systetnsl for environn1ental itnpact 
studies and tor long-tcrn1 \Vater resources planning. 

Based on an introduction to the \Vater problen1s in the Lusatian lignite region the author will 
present ditlerent types of tnodels, \Vhich have been developed and/or used for the Lusatian lignite 
n1ining region. Such models include groundwater tlo\v and transport n1odels (FEFLOW), long-ten11 
water resources planning n1odels (GRM) and decision-support tnodels (DSS MINE). 

The applicability of such tnodels, their advantages, disadvantages, and their role in practical 
planning and decision n1aking \Vill be discussed. 

TI-lE LUSATIAN LIGNITE ;\'liNING .t\RE.t\ 

Due to the specific geological history of lignite (bro,vn coal) lignite scatns are con1n1only 
embedded in Quarternary aquifers. It is necessary to de\vatcr n1ines by pun1ping ground\vatcr 
throughout, and prior to) the \vhole n1inc operation period. In loose rocks the surrounding aquifers 
have also to be drained in order to tnaintain the geochen1ical stability of the slopes and the botton1 
of the open-pit tnines. 

INTERNATIONAL MINE WATER ASSOCIATION 385 

IMWA Proceedings 1997 | © International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy



S. KADEN 

In the Lusatian district lignite n1ining began as early as in the 18-th century. In Figure 1 the 
devcloptnent of tnined lignite, overburden and 1ninc drainage over the last seventy years is 
illustrated. 
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Figure 1: Developn1ent of lignite tnining in the Lusatian lignite mining district (DORNIER 1993) 

The development of n1ine drainage in particular sho\vs clearly the different stages. The steady 
increase in tnining until 1989 is interrupted only by the second \vorld \Var and during a period in the 
sixties. At this tin1e a change in the energy policy fron1 lignite to oil and gas \Vas planned in the 
fanner GDR. The oil crisis ended this trend and n1ining increased further fron1 about 1970. In 1989 
approx. 183 n1illon tons lignite \vcrc produced. For that purpose about 1200 tnillion tn3/year had to 
be ptnnped out for tnine drainage. With the Gennan reunification in 1990 the econon1ic itnportance 
of lignite dropped drmnatically. In 1995 only approx. 70 tnilliun tons were produced, DVWK 
( 1997). 

The environtnental in1pacts and also the econo1nic consequences of open-pit lignite tnining are 
extensive. ln sandy aquifers in particular, the n1ine drainage leads to the forn1ation of large cone­
shaped groundwater depressions. As a result stnall rivers fall dry or large ones lose part of their 
runoff due to the infiltration of \Vater fron1 then1 into the depression zone. Water supply and 
agricultural production also suffers frotn the lowering of the groundwater table. E.g., \Veils for \Vater 
supply have to be replaced. 
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Ecological conditions are drastical1y disturbed by lo\vering the ground\vater level. Wetland and 
park landscapes arc in great danger \Vith the lo\vering of the ground\vater table, surface \vater 
ecosystcn1s suffer fron1 \Vater depletion and pol1ution. 

Additionally, \Vater quality is affected by n1ine drainage due to the oxidation of ferrous n1incrals 
(e.g. pyrite) in the de,vatered underground layers. ln the cone of depression the overburden is 
aerated. With the natural ground\vater recharge the oxidation products arc 1lushed out, and the 
percolated \Vater becon1es very acidic. The smne effect occurs during the ground\vater rise after the 
tnines are closed. 

finally· serious contan1ination risks for ground\vater arc incurred by disposal of liquid and solid 
\Vastes in the n1ining region. These ·wastes along \Vith tnilitary \vaste disposals (a typical problen1 in 
forn1er East Gern1any) tnay be \Vashed out especially \Vith rising ground\vater tables. 

The n1ain river in the Lusatian region is the Spree, tlo\ving through an in1portant vvetland, the 
Sprce\vald (UNESCO biosphere reserve) and finally through Berlin, the old and ne\v Gern1an 
capital. The \Vater supply of Berlin strongly depends on the river Spree (n1ainly bankfiltration). And 
the runoff of the Spree depends to a large extent on the tlo\v augn1cntation due to n1inc drainage, as 
Table I illustrates. 

Table I: Mean annual runoff of river Spree, Cottbus 

Period MQ [n13/sl MNQn1on [n13/sl 
1901- 1935 12,4 

1921 - 1959 (lin1ited 1nining) 14,5 7,2 

1960- 1989 (extensive tnining) 19,0 11 '7 
MQ: annual mean flow: !v1NQ: annual mean of monthly low water 

In case of a sudden drop of n1ine drainage due to the large cone-shaped depression the river Spree 
vvould practically dry out. The total volun1c of \Vater deficit an1ounts to approx. I 0.000 tnillion tn3

. 

It \vould need about 20 years to con1pcnsate this deficit, using the total runoff of the Spree, \vhich is 
in1possible. Consequently, strategies have to be found to get a sustainable developn1ent- at least for 
the retnediation period. 

lVIODELS FOU. DECISIOJ\-SUPPOH.T IN ~-liNING REGIONS 

Lignite n1ining \Vith large scale ground\vater depletion results in one of the greatest itnpacts on 
the \Vater resources systen1. Consequently, tnathen1atical tnodeling or n1ore general decision support 
systen1s bccan1e itnport tools for planning, design and in1pact studies in tnining regions. The tcnn 
"Decision Support Systen1" is used here in a broad sense, as a tool for supporting decision n1aking. 
ln Table 2 an overvie\v on typical tools is given. 

One has to distinguish behvcen predictive n1odels (simulation tnodels) and norn1ative tools. 
Whereas the first allo\v the prediction of future systen1s developtncnt for a predefined scenario of 
n1ining operation, the latter enable the user to find rational (optitnal) scenarios, taking into account 
certain objective functions as cost, enviromnental in1pacts etc. Nonnative tools are usually coupled 
with sitnulation n1odels. In practice sin1ulation tnodels are better understood and accepted. One of 
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the reasons may be the degree of sin1plificatton required for normative tnodels. With increasing 
computer power. this probletn almost has disappeared. 

Table 2: Water resources modeling and decision support in tnining regions 

Tool Application examples Character Practical imporiance and 
application 

Modeling and Modeling of groundwater flmv and predictive high, used for drainage design, 
simulation mass transp01i mining operation m1d planning 

Modeling of surface water flow high, used for \Vater resources 
and balances p !ann i ng and management 

Optimization Estimation of optimal technical I nonnative small, only selected technical 
planning solution problems 

M ul ti-criteri a analysis Estimation of pareto-optimal nonnative small, only selected problems 
technical I planning solution 

Knowledge based Parameter estimates; descriptive; small, perhaps increasing 
systems evaluation of consequences guessmg 

Decision support Combination of tools above descriptive increasing impmiance 
systems predictive, 

nonnative 

The water tnanagement probletns in the Lusatian region have been discussed in the chapter 
above. The author of this paper has contributed to different aspects of decision support in this 
region, firstly with groundwater modeling for the design of 1nine drainage systen1s in the seventies, 
secondly with the development of a prototype decision-support system for the tnining region in the 
eighties, and finally with different water tnanagement tnodeling during the last years. Some of the 
experience gathered will be reported in the retnaining text. Future developments are discussed. 

DECISION~SUPPORT FOR THE LUSATIAN LIGNITE MINING REGION 

Groundwater modeling 
With the increase of lignite 1nining in the seventies and the corresponding increase of mine 

drainage required the effective design of the mine drainage systetn (well galleries) becatne 
important. Appropriate groundwater flow models had to be developed, considering the specifics of 
the hydrogeological setting (1nulti-layer aquifer syste1n) as well as the typical boundary conditions, 
e.g. KADEN et al. 1976. Such tnodcls arc classic sitnulation models. i.e. they arc used to predict the 
groundwater developtnent in space and time depending on the given technological assumptions. 
Effective technical solutions and management strategies have to be found by trial and error within a 
scenario analysis. The tnodcl T AFEGA, KADEN et al. 1976 e.g. was used for tnany years for 
successfully designing the drainage systetns in the Lusatian lignite region - and it is still used for 
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prelitninary studies. This tnodcl \vas a 1 1/2-D tnodel. It considered the ground,vater flo\v along 
streamlines in an tnulti-layer aquifer systetn. In the eighties mine \Vater problen1s also becatne rnore 
and more regional problen1s. Consequently 20/30 ground\vater tnodels had to be used. And \Vith 
the developtnent of 20/3 0-models n1ass transport probletns becarne of interest. The n1odel system 
GEOFIM (BOTH et. al., 1990, SAMES, 1995) a tnodel systen1 had been developed with special 
consideration of 30 tnine water probletns. With GEOFTM regional groundwater tnodcls have also 
have been in1ple1nentcd for the Lusatian region by the n1ining con1pany, \vhich are still in use. 

One of the tnost advanced n1odels for coupled 3D ground\vater flo\v and n1ass transport is the 
tnodel system FEFLOW (DIERSCH, 1993, 1996). 

FEFLOW is an interactive, graphics-based groundwater modeling systen1 for 20 (horizontal, 
vertical or axisytntnetric) and fully 30, fluid-density coupled or uncoupled, transient flow and 
chetnical species transport in subsurface water resources. It represents an efficient simulation tool, 
e. g. in order to 

describe the spatial and ten1poral distribution of contan1inants, 
estin1ate the duration and traveltin1es of a pollution in aquifers, 
plan and design ren1ediation strategies and interception techniques 
assist in designing alternatives and eifective n1onitoring schen1es. 

FEFLOW is an interactive, fully graphics-oriented and n1enu-driven, hierarchically structured 
software system based on the finite cletnent tnethod. It contains graphical editors and n1esh 
generators for the geotnetric design and discretization of possibly con1plex study areas as \Veil as of 
the problem attribute specifications, n1ore general con1putational techniques to solve a \vide class of 
subsurface flo\v and n1ass transport problen1s characterized by flexibility and robustness, and a lot 
of additional graphical tools to n1anage the entire solution process and n1odel data. The c01nplexity 
of FE FLOW tnodels possible is illustrated in Figure 2, which is especially in1portant for n1ulti-layer 
tnine water proble1ns. 

The definition of the initial and boundary conditions can be relatively general so that 
fonnulations on arbitrary geotnetries with different types are possible. Accordingly, it also allo\vs 
the handling of tnixed conditions (e.g., surface water interactions or putnping/injection \veil 
functions) as well as specific tnass flux-occupied boundaries (e.g. leaching of substances or diffuse 
intake of chetnicals frotn landfills etc.). 

FEFLOW is tnodular and built \Vith an open architecture concept as a basic design guide. Thus, 
while being an operational systcn1 at any tin1e, n1odifications and extensions can easily be tnade at 
lo\v cost, keeping the sin1ulator open for eventual n1odifications as experience gro\vs. The 
FEFLOW systen1 is coupled \Vith the geographical infonnation systen1 ARC/INFO. 

In the Lusatian lignite ruining region FEFLOW has been used for instance to analyse the water 
tlow between rcn1aining pits (fonner tnines, used as water reservoirs) and the surrounding 
ground,vatcr aquifer (KADEN et al. 1995). For that purpose the FEFLOW feature of tnodcling of 
free surfaces with a tnoving grid n1ethod \Vas itnportant. 

Ground\vater n1odels are \Veil accepted and \Videly used tools for 111inc \Vater problen1s in the 
Lusatian district. In general, there are no groundwater related decisions tnade \vithout groundwater 
n1odeling. But, optin1al scenarios have to selected by trial and error. That is why there have been 
attetnpts already from the eighties onwards to use nonnative n1odels, i.e. decision support systetns. 
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Figure 2: FE FLOW -3D: model for a tnulti-layer aquifer system 

Decision-support system DSS MINE 
The DSS MINE was developed at the International Institute for Applied Systc1ns Analysis 

(IIASA) in co-operation with different institutes in the fanner GDR (ORLOVSKY, KADEN & 
VAN WALSUM, 1986). The general objective was to support the developtnent of rational long­
term water policies which could reduce itnpacts of tnine drainage on the natural water resources 
syste1n as well as the environment, and on the socio-economic developtnent in the region. In Figure 
3 an impact diagram is given, illustrating the considered processes and users. 

As the figure illustrates in this case not only groundwater but also the surface water system had 
to be taken into the account in terms of water quality and water quantity. 

The dynmnic system (titne horizon of 50 years) was modeled using a hierarchical approach. The 
model hierarchy depends on the step-size and on the available Jnathematical tnodels. In the given 
case a two-level tnodel system has been developed consisting of a first level Planning Model and a 
second level Management Model. 
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Figure 3: ln1pact diagran1 for open-pit lignite n1ining 

'The Planning Model was designed for screening of principal n1anagen1ent/technological 
decisions by n1eans of a dynatnic tnu1ti-criteria analysis for a relatively sn1all nun1bcr of planning 
periods, representing a characteristic tin1e step for such decisions (varying fron1 yearly periods to 
longer titne periods). With the Planning Model rational strategies of long-tern1 developn1et1t are 
selected in the course of n1ulti-criteria analysis considering a nun1ber of criteria (objectives) which 
can be chosen fron1 a set of indicators, e.g. cost of \Vater supply, cost of tnine drainage, satisfaction 
of water detnand, and environmental requiretnents. ln Figure 4 the basic structure of the planning 
n1odel is depicted. 

The planning 1nodel considers principaltnanagetnent/technological decisions for estin1ated input 
values (expectation values). The feasibility for estitnatcd decisions is checked only in the tnean for 
the planning periods by the help of the constraints and bounds. Problen1s arise if the principal 
decisions are superitnposed by tnanagerial decisions for shorter tin1e intervals, depending on the 
current, at titnes, randotn systen1s development (e.g. stochastic character of precipitation). 

For that purpose the second level Managen1ent Model is used. By the help of Monte Carlo 
sin1ulation the feasibility of strategies is verified and the strategies are statistically evaluated. The 
tnodel realizes the following steps: 
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1. Stochastic simulation of uncertain hydrological and socio-economic inputs, i.e. inflow and 
water demand. 

2. Sitnulation of monthly systems developrnent based on stochastic inputs and rnanagement 
rules considering the strategies estimated with the planning model. 

3. Statistical analysis of selected decisions. state variables, descriptive variables and indicators 
for probabilistic assessment of the management strategy. 
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Figure 4: Block schema of the planning model, DSS MINE 

For details about that model see e.g. ORLOVSKY, KADEN & VAN W ALSUM (1986) but also 
the proceedings of the IMW A-congress Granada. 

What happened to the DSS MINE developed at IIASA with simplified, partly distorted data 
(because of security requirements of the GRD officials) after the end of the liAS A project? 

In the years 1986-1988 the DSS MINE was adapted to 1nore realistic conditions in the Lusatian 
lignite district, KADEN et al. ( 1989). With the regional water authorities responsible the permanent 
use of the tnodel system \vas prepared, but not continued. In 1988 the economical crisis of the GDR 
accelerated and resulted later in a political disaster. Consequently there was decreasing interest in 
long tem1 strategies. Decisions were made on a operational basis. That is why there is no real proof, 
whether the system could have been used successfully in practice. What had not been considered in 
the model was of course that drastic economic change in 1990. But, the tnodcl 1night be used to 
analyze the consequences of these changes. 
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After the Gern1an reunification 1990 there have been attempts to continue the work \Vith the DSS 
MINE, unfortunately without success. To use a tool as the DSS MINE reasonable and \veil-defined 
scenarios of technical and socio-economic developtnent are required. These presun1ption could of 
course not been satisfied in the transition period. The general problen1 of such types of tnodels is -
the tnore complex the tnodels bec01ne, and the more they asswne an interregional and intersectional 
character, the more difficult it will be to find a client, KADEN et. al., 1989. 

Modeling for long-term water resources planning 

In 1992 under the con tro I of the Gennan Federal En vi rontnen tal Agency ( U nnve ltb un des anlt) a 
project was started to develop strategies for the retnediation of the lignite n1ining region (not only 
from the point of vievv of \Vater managen1ent), DORNIER ( 1993). The WASY institute \vas asked 
to contribute with water n1anagen1ent studies with special regard to the surface water systcn1. The 
n1odel used \Vas a tnodel of the type of the managen1ent 1nodel \Vi thin the DSS MINE - a long-tcrn1 
sin1t1lation model, but for the \vhole Spree river basin. The Lusatian lignite district is a n1ajor part of 
it. This n1odel, called GRMDYN Spree, has becon1e perfected during the last years in co-operation 
and under contract of the \Vater authorities of Saxonia and Brandenburg. One of the n1ajor 
itnprovetnents is the detailed consideration of the flooding process of retnaining pits. In Figure 5 a 
detail of the tnodel structure is sho\vn. The tnodel considers 26 hydrological subbasins, 58 balance 
profiles, 180 water user, 7 reservoirs and 24 speci fie control eletnents as \Vater transfer to user 
regions, flooding of rctnaining pits. 
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Figure 5: Detail of the n1odell structure GRMDYN Spree 
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In Figure 6 the results of two different scenarios are co1npared - the extreme scenario of closing 
down the 1nines as soon as possible, and a 1norc realistic scenario of reduced continuation of 
mining. It shows the probability to satisfy a given water de1nand of different users or to guarantee a 
minimum runoff of the Spree, KADEN & SCHRAMM ( 1993). 
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Figure 6: Water Jnanageincnt scenarios for the Spree river basin; probability to satisfy water 
demand for titne periods 

SUMMARY AND OUTLOOK 
Mathetnaticaltnodels are itnportant tools to support drainage design. operation of tnine drainage 

systems, water resources planning and management - in other words, decision support systems. 
Models as FE FLOW, GEOFIM or GRMDYN have found a high degree of practical acceptance. 
Managerial and planning decisions are made both, by the mining company and by the water 
authorities based upon such simulation models. But, to find rational ( optitnal) scenarios trial-and 
error-based 1nethods of scenario analysis are used. ,High-end" decision support systems as the DSS 
MINE did not find real practical acceptance. Obviously there is a gap between the complex 
structure of such systems and decision 1naking in practice. There arc 1nany interrelated problems to 
be solved, but in 1nost cases problems are studied by a certain interested group, fro1n a certain point 
of view. 

Until now, water resources modeling in the 1nining region was mainly directed towards water 
quantity. But, with special regard to the well-known weathering processes in de\vatered aquifers 
resulting in acidification, si1nulation 1nodels for water quality become tnore i1nportant. Such 
processes had been considered already in the above described DSS MINE. Now a project is in 
preparation, to couple the long-tenn-planning 1nodel with water quality. Such a tool would enable 
the user to predict water quality in the water system depending on different Jnanagetnent strategies 
and to evaluate the results statistically. And this would support urgent strategic decisions about the 
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rctnediation of the Lusatian n1ine district after abandoning n1ore than t\vo third of the previously 
operating lignite mines . 
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