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Abstract 

The spoil from backfilled open cut mines often contains pyrite which may be 
oxidised and produce acid mine drainage (AMD) if it is exposed to the atmos-
phere. AMD is often characterised by high concentrations of iron, high sulphate 
and low pH and it is considered to be a major cause of long-term poor water 
quality and is the source of many environmental problems. A numerical model 
that incorporates oxygen transport, pyrite oxidation, enthalpy balance, ground-
water flow and transport of the oxidation products is presented to describe the 
long-term pyrite oxidation and pollutant leaching within the spoil of an open cut 
mine. A diffusion process governs the oxygen transport within the pore space of 
the backfill. A shrinking-core concept describes the oxidation of pyrite particles. 
The transport model incorporates physical processes (advection, diffusion) and 
chemical processes (ion exchange reaction). The ferric iron released by the 
chemical oxidation of ferrous iron and further produced by the bacterially cata-
lysed reaction also participates in the pyrite oxidation reaction. The ferric iron 
precipitation and complexation reactions are allowed to take place during the 
course of its transport. A multi-purpose computational fluid dynamics (CFD) 
package called PHOENICS incorporating a finite volume numerical scheme has 
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been modified by creating a PHOENICS pre-processing input file in the 
PHOENICS input language (Q1_AMDOPCUTMI) and developing a subroutine 
called GROUND_ AMDOPCUTMI in the FORTRAN 99 language. The model-
ling accuracy was tested with the results obtained from the published numerical 
finite difference model. It was found that the oxidation of only a small fraction 
of pyrite is enough to generate an acid mine drainage load. Considerable pyrite 
creates a long-term source of acid mine drainage so that if no action is taken to 
reduce the acid generation and pollutant leaching, the receiving environments 
and water resources will be seriously damaged. The lowering of pH in the range 
between 2.5 to 3.5, results in the bacterial oxidation of pyrite being enhanced. 
Subsequently the bacterial action produces more +3Fe , −2

4SO , +H , and +2Fe . 
The results clearly indicated that dissolved ferric iron remains above the water 
table while the ferrous iron peak appears below it, in the saturated zone. The 
simulation results can be used for designing effective site remediation programs 
in order to minimise environmental effects arising from abandoned backfilled 
open cut mines. 

 
 

Introduction 

Mining operations are often one of the most important causes of surface and 
groundwater pollution. These activities produce poor water quality and pose 
many environmental problems. Among the problems associated with mining ac-
tivities, acid mine drainage (AMD) is more important and is considered to be a 
major cause of water pollution. In this paper a two-dimensional numerical finite 
volume model is presented for prediction of the long-term pyrite oxidation and 
subsequent pollutant transportation from backfilled open cut mines. The model 
incorporates oxygen transport, pyrite oxidation, enthalpy balance, groundwater 
flow and transport of the oxidation products. The model has been implemented 
in the general-purpose PHOENICS computational fluid dynamic package 
(Spalding, 1981; CHAM, 2000). By creating a Q1-file (PHOENICS input file) 
in PHOENICS input language, the necessary settings such as domain geometry, 
finite volume grid, boundary and initial conditions and fluid properties were 
specified and for all non-standard equations and specific source terms, the re-
quired coding in FORTRAN 99 language was supplied by developing a subrou-
tine called GROUND. This subroutine was used by the PHOENICS solver 
module during the course of the solution. The conceptual model proposed in 
developing the model is given in Doulati Ardejani et al. (2002). 
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2. Modelling governing equations 

2.1 Groundwater flow 

The groundwater flow is based on the well recognised Laplace equation. This 
equation is obtained by coupling the continuity equation and Darcy’s law. For a 
two-dimensional situation and under steady state conditions the governing equa-
tion for groundwater flow can be reduced as follows (Freeze and Cherry, 1979): 
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where, 
 jx    = Cartesian coordinates 
 

ixK  = Directional hydraulic conductivity; 
 h     = hydraulic head; 
 W    = recharge or discharge rate per unit volume. 

 
The components of the groundwater velocity were obtained by solving Equa-

tion 5 and were then used in the mass transport equation of any chemical spe-
cies. 

2.2 Pyrite oxidation mechanism 

The oxidation of pyrite is well described by a shrinking core model 
(Levenspiel, 1972). This model can be modified to take into consideration 
spherical pyritic grains and incorporating both surface reaction kinetics and oxi-
dant diffusion into the particles containing pyrite (Cathles and Apps, 1975): 
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where, 

 X   =  fraction of pyrite remaining within the particle (Kg/Kg); 
 t     =  time (s); 
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 Cτ    =  total time required for complete oxidation of pyrite within a par-
ticle if the oxidation process is only  

   controlled by the decreasing surface area of pyrite (s);  
 Dτ    =  total time required for full oxidation of pyrite within a particle as-

suming the oxidation rate is solely  
   controlled by oxidant diffusion into the particles (s);  
 Oxd   =  oxidant. 

Dτ  and Cτ  are expressed by Equations 7 and 8  (Levenspiel, 1972): 
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where, 
 Pyρ      =  density of pyrite in the particle ( 3/ mmol ); 

R          =  particle  radius (m); 
b          =  stoichiometric ratio of pyrite to oxidant consumption (mol/mol); 

   [ ]OxeD   =  effective diffusion coefficient of oxidant in oxidised rim of the particle 

( sm /2 ); 

[ ]OxK   =  first-order surface reaction rate constant  (m/s) ; 
rock
Pyα      =  surface area of pyrite per unit volume of particle  ( 1−m ); 

λ          =  thickness of the particle in which pyrite oxidation occurs (reaction skin 
depth) (m); 

 [ ]OxC      =  concentration of oxidant in the water surrounding the particle ( 3/ mmol ). 

2.3 Enthalpy equation 

To model the heat transfer, a simple enthalpy balance is employed using Equa-
tion 9 (adopted from Cathles and Apps, 1975):   
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where, 
 T   =  temperature ( C ); 
 

bρ   =  bulk density of the spoil ( 3/ mKg ); 
 Sρ   =  molar density of pyrite in spoil ( 3/ mmol ); 
  φ   =  porosity of spoil; 
 

TK   =  thermal conductivity ( SCmJ / ); 
 PC   =  specific heat capacity of the spoil (J/kg oC); 
 Wρ   =  density of water in the spoil ( 3/ mKg ); 
 Wx j

u  =  water velocity )/( sm ; 

 WC   =  heat capacity of water (spoil (J/kg o C); 
 B   =  moles of pyrite consumed in pyrite-oxygen  reaction per heat generated 

)/( Jmol ; 
 B′   =  moles of pyrite consumed in pyrite- +3Fe  reaction per heat generated 

)/( Jmol . 

2.4 Oxygen balance 

Oxygen is transported within the spoil of the open cut mines by the process of 
diffusion. It is consumed by the pyrite oxidation reaction, chemical oxidation of 
ferrous iron and bacteria (Jaynes et al. 1984a). The governing equation of oxy-
gen transport incorporating the volumetric consumption terms reduces to: 
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where, 
 

 
aφ      =  air-filled porosity of the spoil ( )33 / mm ; 

 u       =  oxygen in the spoil pore space ( )3/ mmol ; 
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eD      =  effective diffusion coefficient ( sm /2 );   

2222
,,

OBOFeOPy KKK SSS
−−+−

= volumetric oxygen consumption terms ( smmol 3/ ) by 

the pyrite oxidation reaction, chemical oxidation of ferrous iron and oxygen 
consumption by bacteria. The oxygen consumption terms can be found in 
Jaynes et al. (1984a) and modified by Doulati Ardejani et al. (2002). 

2.5 Transport equation 

The oxidation products are transported through the groundwater flow system af-
ter leaching from the spoil. The governing transport equation can be expressed 
as follows (Rubin and James, 1973; Freeze and Cherry, 1979):  
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where, 
 

iC      =  solute concentration in aqueous form )/( 3mmol ; 

iC     =  solute concentration in adsorbed form )/( Kgmol ;  

bρ    =  bulk density of the medium )/( 3mKg ; 

req     =  surface recharge )/( sm ; 

 S  =   sink and source terms representing the changes in aqueous component 
concentrations due to the chemical 
    reactions )/( 3 smmol ; 

jq     =  vector components of the pore fluid specific  discharge )/( sm ; 

D      =  hydrodynamic dispersion coefficient )/( 2 sm . 

3. Modelling input parameters 

The model input data were taken from Cathles and Apps (1975) and Jaynes et 
al. (1984b) in order to perform one and two-dimensional simulations. The one-
dimensional simulation was run to verify modelling accuracy and then a two-
dimensional simulation was carried out when the reasonable output results were 
obtained in comparison with those results obtained from the POLS finite differ-
ence model developed by Jaynes et al. (1984a, b). For simulation purpose, the 
PHOENICS package was modified. The model input parameters are given in 
Table 1.  
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4. Model calibration 

One-dimensional simulation was carried out to calibrate the model and verify 
the capability of the model for simulation of pyrite oxidation and leaching proc-
ess associated with open cut coal mines. To perform a one-dimensional simula-
tion, a 10-metre spoil column was simulated as 20 equal size control volumes.  
The influx and background concentrations of dissolved species and pH are 
listed in Table 2.  

A first type boundary condition was assigned at the top of the spoil profile for 
the oxygen transport model equal to its atmospheric concentration (9 3/ mmol ). 
The spoil column initially contained no oxygen concentration. A zero-gradient 
boundary condition was considered at the profile base.  

The following boundary conditions were assigned for the enthalpy model. 
The spoil temperature was initially set at C15 as    follows: 

  CxT j 15)0,( =  (8) 

The top surface of the spoil profile was specified as a first type boundary condi-
tion equal to C15 : 

CtT 15),0( =  (9) 

A constant recharge of sm /102 8−× was maintained at the profile top surface. 
A dispersivity of 0.005 m was applied for the transport model in order to 
achieve consistency with the POLS model. The main reason of selecting a small 
value of dispersivity is that the mechanism of the leaching process used in the 
POLS model is different from the present finite volume model. The POLS 
model did not consider the processes of diffusion and hydrodynamic dispersion 
effects. The following boundary and initial conditions were specified for the 
transport of the oxidation products: 

The top boundary of the model was assigned as first type with respect to concentra-
tion of  solutes 
The background solute concentrations were simulated by specifying an initial 
boundary condition           
A zero concentration gradient boundary condition was specified at outflow bound-
ary. 

                 Table 1.  

             Parameters used for simulation (Jaynes et al., 1984b; Cathles and 
Apps, 1975) 

Parameter                                                                                               Value 
Pyrite fraction                                       0.0025 Kg pyrite/ Kg 

spoil                 
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Fraction coarse particles containing pyrite                                  75 % 
The bulk density of spoil                                                                        1650 

3/ mKg         
The porosity of the spoil                                                                         0.321 
Water-filled porosity                                                                                0.225 
Surface area of pyrite per unit volume of spoil                                    80 1−cm   
Radius of particles                                                                                    2   cm  
Diffusion coefficient of oxidant in water   

sm /100.1 211−×  
Molar density of pyrite within particle                                                  23 

3/ mmol   
First-order rate constant for +3Fe    

sm /104.4 8−×    
First-order rate constant for oxygen   

sm /103.8 10−×    
Recharge value                                                                                            0.5 
yrm /  

constants for chemical oxidation of +2Fe    
( ))()/(103.1 23210

1 smmolK −×=   
                                                                                                                       

19
2 107.1 −−×= sK  
Effective diffusion  coefficient for oxygen transport  

sm /100.1 27−×  
Enthalpy of Reaction (1)   

molJ /1045.1 6×−      (CRC, 1998) 
Enthalpy of Reaction (3)   

molJ /1078.1 4×−      (CRC, 1998) 
Moles of pyrite consumed per heat generated in 

2FeS - 2O   reaction   
Jmol /109.6 7−×  

Moles of pyrite consumed per heat generated in 
2FeS - +3Fe  reaction   

Jmol /106.5 5−×  
Thermal conductivity                                                                               2.1 

SCmJ /    
Specific heat capacity                                                                              2500  

CKgJ /        
 

Table 2.  

                             Influx and background chemistry (Jaynes et al., 1984b) 
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4.1 One-dimensional simulation results 

For one-dimensional simulation, the effective diffusion coefficient for oxygen 
transport was selected to be sm /100.1 27−× and air-filled porosity of 0.1 was set 
for the simulation. The temperature rise due to the pyrite oxidation reactions 
was ignored and a constant temperature equal to C15  was considered for mod-
elling purposes. The iron-oxidising bacteria were allowed to be active in the 
spoil profile where the conditions were favourable. The mathematical expres-
sions describing the role of bacteria were taken from Jaynes et al. (1984a) and 
relevant FORTRAN codes were supplied in the GROUND subroutine accessi-
ble by the user of the PHOENICS package. The interaction between +H  pro-
duced by oxidation reactions and spoil was incorporated by a simple empirical 
relationship (Jaynes et al. 1984a): 

( ){ }pHGEXP
H
H

A
Gen

−−=+

+

0.1  
(10) 

where,       
  +H  =  Hydrogen ion in solution ( 3/ mmol ); 

+
GenH   =  +H  generated through chemical reactions  ( 3/ mmol );     

 AG     =  an empirical constant that defines the buffer system. 
In this paper, Equation 14 was slightly modified to calculate the +H  con-

sumption per cubic metre of spoil per unit time as given below: 
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                      Aqueous components                   concentration ( 3/ mmol ) 
Influx data: 
                                +2Fe                                               0.0 
                                      +3Fe                                                   0.0 

                                   −2
4SO                                        50 

                              pH                                         5 
Background data:         

                               +2Fe                                        0.5 
                              +3Fe                                        0.0 

                                     −2
4SO                                                  50 

                      pH                           5 
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where, 
tΔ  = simulation time step (s). 

Equation 15 was incorporated as a sink term in the governing transport equa-
tion for the hydrogen ion. In this particular case the solution pH was maintained 
above 2.5. No ferric iron complexation reaction was considered in this simula-
tion.  

The +H - spoil interaction increased the pH of the solution. It caused an in-
crease in the bacterial activity therefore more ferric iron was produced. Conse-
quently, the pyrite oxidation rate increased considerably over time (Fig. 1). As 
Fig. 1 shows, about 29 % of the pyrite was oxidised after 10000 days of the 
simulation. For this time, the POLS model predicted that 30.5 % of pyrite was 
consumed. The difference between the finite volume modelling predictions and 
those predicted by the POLS model can be explained in that unlike the POLS 
model, the ferric complexation reaction was not incorporated in the finite vol-
ume model. The complexation reaction increases the ferric concentration. Con-
sequently the rate of pyrite oxidation increases.  

 

 

Fig. 1. Comparison of the POLS results (dots) with the PHOENICS results (solid lines) for the 
pyrite oxidised vs. time over entire spoil column with and without +H - spoil interac-

tion. 
  
The mole fraction of oxygen within the spoil profile versus depth was illus-

trated in Fig. 2. Oxygen decreased linearly with depth. As Fig. 2 shows, oxygen 
diffusion was limited in the surface elements of the spoil profile up to 2.5 me-
tres from the spoil surface. Bacterial activity (

2OBKS
−

in Eq. 10) was the main rea-

son for this sharp reduction of oxygen concentration within the surface layers of 
the spoil profile, consuming most of the oxygen over this part of the profile. 
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Fig.  2.  Comparison of the POLS modelling results (dots) with the finite volume simulated results 

(solid lines) for oxygen mole fraction as a function of depth for 5-year period. 

Fig. 3 shows the total iron-discharging rate as a function of time predicted in 
the water leaving the spoil profile for two different cases.  In Case 1 the iron- 
oxidising bacteria are active and the interaction between the spoil and +H  is in-
corporated. In Case 2 no bacteria are allowed to be present but in this case the 
effective diffusion coefficient for oxygen transport is four times greater than 
that in Case 1. A comparison was made with those results predicted by the 
POLS model (dots). The iron-leaching rate showed a similar pattern with time 
for both cases and the maximum rate occurred between 1750 to 2100 days. As 
Fig. 3 shows, the leaching rate in Case 2 is greater than in case 1 due to bigger 
in the effective diffusion coefficient. 
 

 

Fig. 3. Total iron leaching rate vs. time in the water  leaving the spoil profile for Cases 1 and 2. 
 

The difference in head between the left and the right boundaries was main-
tained at 0.1 m. An average recharge value of 0.3 m/yr was considered for the 
upper boundary (spoil surface). For the simulation it was assumed that reactive 
pyrite was contained only in a 12.5-m-wide segment of the unsaturated zone of 
the spoil (Fig. 4a). 

The upper 4 m of the grid was assumed to be unsaturated and the remainder 
fully saturated with a constant porosity of 0.321. For simplicity the horizontal 
component of the velocity was ignored in the unsaturated zone and flow was 
only assumed to be vertical in this zone. Horizontal and vertical hydraulic con-
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ductivities of 51050.1 −×  m/s and 61050.1 −×  m/s were used for the simulation. 
Horizontal and vertical dispersion coefficients of 9100.7 −×  sm /2  and 9100.5 −×          

5. Two-dimensional simulation 

5.1 Modelling setting and input data 

Two-dimensional simulations were also performed to demonstrate the capability 
of the finite volume model for prediction of the long-term pyrite oxidation and 
transportation of the oxidation products from backfilled open cut coalmines. 
The input parameters are similar to those input data used for one-dimensional 
simulation (Table 1) but slight modification was made to the influx and back-
ground chemistry of the aqueous components. Chemical species considered in 
the two-dimensional simulations are the same as those in the one-dimensional 
model. These chemical species with their influx and background concentrations 
are listed in Table 3. 

 
 
 
 

 

Table 3.  

 Source and background concentrations of aqueous components used for 2-D simula-
tions 

 
Component                       Concentration    
                                 Source            Background       
                                 3/ mmol              3/ mmol  

+2Fe                        11000.5 −×           11000.5 −×  
+3Fe                         51000.2 −×            0 

2
4
−SO                       11000.5 ×           11000.5 ×  

pH                           4                         5 
 
The two-dimensional cross-sectional dimensions are 50 m horizontally by 20 

m vertically and this domain is discretised into 40×20 control volumes of size 
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1.25 m horizontally x 1m vertically.   sm /2  were specified for the model. The 
steady state flow system in terms of velocity vectors is given in Fig. 4b. 

The spoil temperature was assumed constant at 15 C  and the temperature 
rise in pore water due to the oxidation reactions was predicted using the en-
thalpy balance. An effective diffusion coefficient of 7100.2 −× sm /2  was assigned 
for the oxygen transport model. The bacterial action and the interaction between 

+H and the spoil were also considered for two-dimensional simulation.  The 
spoil surface was maintained as a first-type boundary condition for oxygen 
equal to its atmospheric concentration (9 3/ mmol  ≈  0.21 molmol / ). First – 
type boundary conditions were specified above the water table for the oxygen 
transport model. The spoil solution initially contained no oxygen. To avoid non-
linearity problems, no ferric complexation reactions were allowed to take place. 
The ferric precipitation reaction was incorporated for 2-D simulations. An oxi-
dation period of 10000 days (≈ 27 years) was considered for the simulation.  

The pH of the system was not allowed to drop below 2.5. The interaction be-
tween +H and the spoil and also maintaining the pH closer to the optimum pH 
required for the maximum activity of the iron-oxidising bacteria (≈3), caused 
more ferric iron to be produced by the bacterially mediated oxidation of ferrous 
iron. Consequently more pyrite was oxidised.  

 

 
 

 
Fig. 4. Two-dimensional simulation cross-section: (a) hydraulic head and the seg-

ment of the spoil where oxidation reactions take place; (b) velocity vectors.  
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Fig. 5 shows the oxygen concentration for a 5-year-period of the simulation. 
In the segment where chemical reactions take place, more oxygen was con-
sumed due to bacterial activity.    

  

 
Fig 5. Oxygen concentration after 5 years of simulation. 

 
The ferrous iron concentrations for simulation times of 5 and 10 years were 

illustrated in Fig.  6. After 5 years of the simulation (Fig. 6a), pH reached about 
5, a favourable pH required for bacterial activity. The bacteria catalysed the fer-
rous iron oxidation reaction and more +2Fe converted to +3Fe . Therefore, the fer-
rous iron concentration decreased in the unsaturated zone whereas the ferric 
iron concentrations increased considerably in this zone. 

 

 

 
Fig. 6. +2Fe concentration after: (a) 5 years; (b) 10 years of simulation. 

 
After 10 years of the simulation (Fig. 6b), pH is still in the range that is fa-

vourable for bacterial activity; therefore, low concentrations of ferrous iron are 
seen in the unsaturated zone where the ferric concentration is dominant and a 
peak +2Fe concentration is seen in the saturated zone. 
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Fig. 7 shows the solution pH for simulation times of 5 years and 10 years re-
spectively. As pyrite oxidation takes place the pH dropped significantly (aver-
age pH is 3 in the unsaturated zone) but it never drops below about 2.5 due to 
the reaction between the spoil and +H . By 10 years the average pH is about 3.5 
in the unsaturated zone due to the transport of hydrogen ions downward by the 
water flow. 

Fig. 8a shows the ferric iron concentration after 5 years of simulation. The 
concentrations of +3Fe are high in the unsaturated zone where oxygen is avail-
able and the conditions for maximum bacterial activity are favourable. The fer-
ric ion concentrations are limited to the unsaturated zone, but as time progresses 
(Fig. 8b) some is being transported below the water table. In the case where py-
rite is present below the water table, +3Fe  is converted back into +2Fe  through 
the +3Fe - pyrite reaction. By incorporating the ferric iron precipitation reaction 
(Fig. 8c), aqueous ferric iron was removed from the solution phase in the satu-
rated zone where the pH is greater than 3.5. 

 

    (a)   

   (b) 
Fig. 7.  pH after: (a) 5 years; (b) 10 years of simulation.   

 
 



16      R. N. SINGH 

 16

     (a) 

      (b) 

      (c) 
Fig. 8. +3Fe  concentration after: (a) 5 years; (b) 10 years (without precipitation reac-

tion);   (c) 10 years (including precipitation reaction) of simulation.  
 
Fig. 9 shows −2

4SO concentrations for time periods of 5 and 10 years. Consid-
erable amounts of −2

4SO were produced due to the fact that both oxygen and 
+3Fe  react with pyrite and higher −2

4SO  concentrations are produced.  
 

 
     (a) 
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     (b) 
Fig. 9.  −2

4SO concentration after: (a) 5 years; (b) 10 years of simulation.  

 
Although not illustrated, early in the simulation the −2

4SO peak occurs in the 
unsaturated zone. Pyrite-oxygen reaction is recognised to be the only important 
source for −2

4SO  production at the beginning of the simulation.  
At 5 years (Fig. 9a), an −2

4SO  peak (greater than 63 3/ mmol ) occurred in the 
saturated zone due to a downward recharge water flow. In the saturated zone, 

−2
4SO  spreads by groundwater flow. By 10 years (Fig. 9b), the −2

4SO  peak moved 
further down into the saturated zone to about 6 metres depth, whereas −2

4SO  
concentrations in the unsaturated zone began to decrease. No significant con-
centrations of −2

4SO  were produced in the saturated zone by the reaction be-
tween ferric iron and pyrite, because, for two-dimensional simulations, it was 
considered that only pyrite in a 12.5 m wide segment of the unsaturated zone 
participates in the oxidation reaction. 

Fig. 10 shows the temperature distribution within the spoil section predicted 
after 5 and 10 years of simulations, respectively. No iron-oxidising bacteria are 
considered for obtaining these results. As this figure shows in the zone where 
the pyrite oxidation reaction takes place, the temperature rose from a back-
ground spoil temperature equal to 15 C  to a maximum value of more than 15.6 
C . This maximum temperature decreased to 15.5 C  after 10 years of the simu-

lation.  
 
 

 
      (a) 
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      (b) 

 
Fig. 10. Temperature rise after: (a) 5 years; (b) 10 years of the simulation. 

6. CONCLUSIONS 

A numerical finite volume model has been developed by modification of a 
computational fluid dynamics (CFD) package called PHOENICS to simulate 
long-term pyrite oxidation and pollutant generation within the spoil of an open 
cut mine. The results of two-dimensional simulations indicate: 
 Bacterial activity caused a sharp depletion of oxygen in the vadose zone. 
 The oxidation of only a small fraction of pyrite is enough to generate an acid 

mine drainage load. Considerable pyrite presence creates a long-term source of 
acid mine drainage.  

 The lowering of pH in the range between 2.5 to 3.5, results in the bacterial oxida-
tion of pyrite being enhanced. Subsequently the bacterial action produces more 

+3Fe , −2
4SO , +H , and +2Fe . 

 The results of two-dimensional simulations clearly indicate that dissolved ferric 
iron remains above water table while a ferrous iron peak appears below it, in the 
saturated zone.   

 Sulphate initially generated by the pyrite-oxygen reaction and subsequent pro-
duction from the +3Fe - pyrite reaction due to bacterial action mainly has its peak 
below the water table. 

The results of the 2-D simulations can be used for designing effective site 
remediation programs in order to minimise environmental effects arising from 
abandoned backfilled open cut coalmines.  
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