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ABSTfL!\.CT 

The paper describes a simulating method for ground water 
contamination o~iginating from industrial and mining 
activitv. 
The finite difference model simulates heat, mass and 
solute transport. The applied stochastical method for 
dispersion provides more accurate solution of mass 
transport modelling. 
This method gives a more realistic approach of chemical 
processes in an aquifer depending on temperature. 

INTRODUCTION 

The protection of the quality of underground water resources 
is of great importance even for mining. Two main forms of 
contamination endangering the aquifers can be distinguished 
by their origin: 

- contamination from the surface 
- contamination from underground 

TYPES OF CONTAMINATION FROM rHE SURFACE 

The contaminations from the su::..~fa8e can ~e listed as 
follows: 

- con Lamination from prec.ipi ta t.Lon, w~Hm rainfall impacted 
by air pollution filtrates in to th2 un.t.,on.fined a·-luifers, 
- agricultural contamination caused by animul keeping and 
ch2micals of plant cultivation, 
- sanitary landfiles, 
- induGt~lal waste disposals with or without direct contact 
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'"'ith thP -;vate-r· tahle and industrial waste waters ot' un­
effective t-reatrn•~nt, 

- 80n tam.Ln '1 tion from the surface waters: when contaminated 
·.va ter i'lo·.vs are in hydraulic connection with aquifers a::1d 
thH grartlents are directed to the aquifer. 

CO'\ITAMl•'IATION FROM UNDERGROUND 

Contaminations from unde;:-g-round can he accou·::~ted as 
follows: 

- contamination from abandoned open pits or deep mine sites: 
when leekage occures from old mlne sites, Existing potential 
contaminatio~ sources which get contacted with a~~ifers and 
change the flow system because of mining dlscharges. 

- Contamination caused by rock solidifaction or sea.ling. 
Io this case different physical or chemical materials 
/natural or artifical/ are injected into the soil or rook 
mass /e.g. during the sealing with electric filter a big 
quantity of the sulphate is leached into the aquifers. 

- "Thermal effect" can disturbe the natural conditions of 
the aquifer when hot wate·;:- waste is reinjected after utiliz­
ation. The disposal of th•3 geoth•3rmal waste water with high 
salt concentration can ~ontaminate the aquifers too. 

THE SIMULATION :C\fO.JEL 

The governing equation3 of the simulation model of finite 
difference method are as follow: 

d 
dt'-

d 
dt-

f s 
PdV = -g 

v 

-C n 
k 

dA. -

dV 

fc -~ n k Rd. ]cctv 
v A 
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where: 

S: specific storage 
g; acceleration due to gravity 
P: p::-es sure 

dA + rG dV J ( sz 
v 

f; density /in function of pressure and temperatu~e/ 
V: flow velo8ity 
Gf: mass flow /sink or source/ 
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Ck: concentrat.ion 
D : dispersion tenzor 

5d; 
n : 
G sz 

C M: 

~here: 

c 
s 

0= dv + Dx 

d: dispersivity 

Dx: coefficient of molecular diffusion 

retardation factor 
normal vee to·.::- 07'= ::- an a rea 1\. 
yield of contamination 

heat capacity of the ~ater-rock mediae 

rock po·::-osity 
fluid density 
heat capacity of fluid 
density of rock matrix 

heat capacity of rock 

heat conductivity 
temperature 
heat source 

I L~ / 

IS/ 

The simplified equation of the impulse equibala;Jce is 
given by the Darcy la~: -<gg/ /6/ 

~here: 

k: permeability 
~: dynamic viscosity 

Equations /1/ /2/ and /3/ are -L1teraction by the hydraulic 
pressure, the temperature, and parameters depending on 
the water quality and the convective term. 

The spatial :5radient between nodes are assumed with 
linear approach as 

VP = 
pm - pn 

D--+D­
n,m m,n 

/7/ 

The permeability, heat conductivity, fluid density and 
the concentration at the boun~ury of nodes /interfaces/ 
are calculated with weighted harmonic m·ean values. This 
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m2thod ensures the continuity of the flo~ ~t the interface. 

CALCCLATION OF FLmv A~D HEAT TRA);SPORT 

The mass and heat transport can be calculated by equations 
!l/ and lJ./. Th~s:~ phenomena are simulated in case examples 
for practical uses 1 e.g. thermal ~ater utilization ~ith 
recirculatioo /5/ and the change in the condition of H~viz 
thermal springs ;6/. The r~sults of this simulation have 
met the accuracy requirements ·::>.f' th·~ engineering practice. 

SOLUTE TRANSPORT CALCUlATION 

The distribution of concentration of chemical components 
in the ~ater can be represented by the distribution of a 
finite ownber of discrete particles. This particle can 
move in t~o ~ays: it is moved by the grou_nd ~ater flo~ to 
the direction of main s-eepa.g2 and a secondary random move­
ment appears in tra::JsV'~L'sal direction. This random disper­
sion is described by distrib'c:l.tio.n cu.rves sp1.~cified accord­
ing to the length of flo~ in functioo o.f' d.ispersivity. 

The displacement parallel to th~ downstream is calculated 
by the finite difference method. The transversal movement 
is described by a stochastical dispersion mode.l p::-esented 
by Bear /1/ and Fried /J/. A "random walk" solute trans­
port model for ground~ater quality evaluations 'flas pu~::>lish­

ed at first by Prickett et al. /8. 9./ The movement of a 
particle is determined as follo~s: 

The movement of a particle is sho~n in Figure 1, ~here 
the steady flo~ and longitudinal dispersion is supported 
in direction x. The original particle position x, y changes 
to a ne~ one /x , y/ according to its velocity during a 
time increment t. Then the particle moves to position /x

3
,y/ 

because of random dispersion in direction +X or -x. The 
value of the random ~alk distance is described as: 

~here: 

~t 

A/0/: 

• A/0/ 

the magnitude of random movement 

longitudinal dispersion coefficient 

velocity of direction x 

timte) .increment 

/8/ 

random factor - a number bet~een -6 and +6, dra~n 
from a normal distribution of numbers having a 
standard deviation of 1 and a mean of zero. 
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d more general case is illustrated in Figure 2, where the 
flo~ ~irectio~ is not aligned with the x-y coordinate axes 
and the lo~gitudinal dispersion is taken into account. 
The effect of the transversal dispersion can be calculated 
in the same way. During the sim11.lation p·;:-ocess !Joth longi­
tudinal and transversal dispersion is considsrsd simultane­
ously. 

A SSUMPT .IO:NS 

.In the development of the mod2l th•= following assumptions 
were applied: 

- Darcy's law describes the f lu_Ld movement in an adequate 
manner. 

- The rock and the fluid ~re in thermal equilibrium at 
any (';iven time. 

- Energy changes due to th~ compressibility, acceleration 
and viscous dissipation of the fluid can be oeg.lected. 
/7/ 

Diffusion terms have been considered as follow: /2/ 
"ordinary diffusion" characterized by diffusion 
coefficient D 

d.iffusion due to water head difference. 

- Neglected diffusion terms are: 

thermo-diffusion induced by temperature difference, 

indw~ed diffusion due to some external force /e.g. 
electric force, ion migration/. 

The mixing of waters of different concentrations is 
perfect and considered as short time event inside the node 
compared with flow process velocity. 

The reversibile adsorbtion-dissorbtion is n-eg.lected. 

- Dynamic viscosity is independent on the pressure and 
·water quality. 

- The model employs the one-dimensional theory of Terzaghi 
to calculate the deformation of the medium. 

JOB SETUP 

The mod,2l grid 

Two or three-dimensional grid can be used. No restrictions 
for size ownher, shape and connections of nodes are exist­
ed. Each node is specified with its geometric data. 
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Parameters 

Some flu~d properties are determ~ned as funct~on of 
pressure and/or tem~0rature. The d?nslty ~s expressed as 
function 

/9/ 

/7/ 

The dynamic viscosity is cons~dered as ~ith function of 
temperature described by Juhasz, J. /4/ 

The spec~f~cation of the heat para~eters of th0 fluld 
/heat capacity, conductivity and in~tial hydraulic 
p~essure and temperature of nodes/ is required. 

The model can be applied for 5o ·.::-ock types ~i th different 
properties, but this limit can be exceeded according to 
the requirement. The follo~ing parameters for each rock 
type must be specified: 

- code number o.: rock type 
- perm•~ability 

- density 
- specific storage 
- porosity 
- heat capacity of rock 
- heat conductivity of the rock matrix. 

Local or regional anisotropy for arbitrary rock types 
can be prescribed. 

The retardatio~ factor is used to characterize the change 
in the solute concentratio~ caus9d by chemical reactions 
/adsorbtion, organic fixation, etc./ in the medium. 
Chemical reactions bet~een the dissolved constituent and 
the m•3d.Lwn tend to retard the movement of the constituent 
relative to the ground~ater velocity. 

The retardation of a concentration front is described by 
relation /9/ 

v 
v 

c 
~here: 

intersticial velocity of the ground~ater 

/lo/ 

v: 
v 

c 
velocity of the c in the conCentration front = o,5 c 
retardation facto~ 

Factor Hd must be specified in the model as input datum. 
Radioact1ve decay may be added if desired. The initial 
concentration of contamination for the nodes and/or for 
the source o_f contamination over the area, respectively 9 
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are required as input paramete::-s. 

OoQldary conditions 

~ost of the boundary conditions desired for practical 
uses can be applied in the model. These are as follow: 

- uodes with fixed pressure 
- changing pressure in space and time 
- nodes ~ith fixed temperature 
- changing temperature in space and time 
- mass sink and source ~ith constant flo~ rate 
- mass sink 
- heat sink 
- heat sink 

:--t;ld source 
and source 
and source 

with flo~ rate changing in time 
~ith consta~t value 
~ith changing in time 

- with constant value 
contamination source ~ith changing value in time 
contamination source 

- quickly acting contamination 
- constant mass flux at the bou8dary. 

Mass and solute transport processes can be modelled ~ith 
boundary co~ditioos meotioaed before. Iteration parame­
ters adequate for calculations are sp·ecified on the in­
put list. 

Presentation of output 

The output contains all information pieces including 
important parameters, ~hich i.eterrnine the character of 
the task to be solved ~hich are necessary for experts. 

[terns o~ the input lists are as follo~: 

- ~ater leve.L 
- ~ater head 
- dep:c~essloo relative to the i.nitial conditions 
- temperature 
- change of temperature from the initial state 
- ~ater yield of de~atering and injection 
- conceotratio:1 
- volume of: contamination discharge and recharge 
- density 
- total heat and mass flow across the bolllldaries. 

EXAMPLE PROBlliHS 

Three examp.le problems illustrate ho~ the computer code 
is applied. The system to be modelled consists of grid 
of 25 nodes and is determined ~ith fixed pressure bound­
ary condition on each side. The grid covers on area of 
o.25 k~, ~ith ~ode size of looxloo meters. 

The net~ork is presented in Figure J. The main parameters 
applied 1n each version are listed bela~: 
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- specifin storage o~ rock matr1x: 9.lo-J l/m 
- porosity: o.ol5 
- fluitl density: looo kg m1 

- relGtive alt1tude of node above sea level: 0.0 
- temperature of -wa tt·r and rock mediwn: lo C 

0 

- dynamic viscosily of' fluid: o.oolJJ Pas 
- initial -water head: loo m above sea level. 

A very simplified model -with symmetrical geometry and 
closed boundary -was used to investigate the processes 
more easily, although the m•>del has no restriction -with 
regard to the e.r-·ometrical and boundary conditions. 
The change of all contaminants dissolved -was modelled in 
the test examples, ho-wever, any of the -water quality 
components can be applied. 

Version No. l 

In this case a momentary contamination combined ""ith water 
recharge at the some place of tht~ system was applied. At 
the opposite side of grid some water discharge is supposed. 
T~e simulation time is l7o years, and the ou~put lists 
are printed by ten years. The rate of mass source is l kg/ 
sec at node No. 25 and th~ 0ischarge is of the same value 
-with negativ~ sign at .node No. l. The initial concentrat­
ion of the source element is J kgh' and the concentration 
value of 0 kg/m' characterises other regular nodes. 
The retardation factor is specified as one. 

The cbunge of all constituents dissolved along t:he main 
transverse is illustrated in Fjg. ~. The front of the 
ms.ximal concentration is r,rt)Sented in Fig. 5. 

The Figures show the p~ocesses accurately, namely the 
concentration decrease in versus of time in the system 
and its migration from the sou.~~'~" to a sink node. The 
concentration values a]_ocg the main transverse are listed 
in Table l. 

Nwnber 
of node 

25 
19 
lJ 

7 
l 

Version No. 2 

Year 

0 
lo 
so 
8o 

loo 

Concen tra tio.n 
mg/l 

Jooo 
4lJ 
235 
175 
1~;9 

Cont<:tmination -with constant value in time is simulated 
<:tnd the n'ovement o:f the concentration front is investigated. 
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Concentration of the regu:ar nodes are zero, therefore 
the equibalance is formed when the concentration equal­
ises in each node over the system. Although this stable 
state did not occur during the simulation period of l9o 
years, the diagrams obtained show the trends properly. 

The initial data are as follow: 

- simulation time: 19o years 
- printout time step: lo years 
- mass sink /water discharge/ at node No.1: -1 kg/s 
-mass rate of contamination at node No. 25: o.ooJ kg/s 
- water recharge at node No. 2): 1 kg/s 

retardation factor 1 

Change of concentration along the transverse is shown in 
Fig. 6. 

Version No. J 

In this case the dilution was modelled. The initial 
concRntration value of Jooo mg/1 is valid for each regular 
node. The mass source is specified as "clear" water with 
zero concentration of all cons-tituents dissolved. The 
seepage is induced by water recharge, which increa~es the 
pressure head of the system. The concentration changes 
occur both in tl•e water flow value and in the increased 
wa t~'r volume. 

The initial data are as follow: 

- simulation time: loo years 
- printou~ time step: 2 years 
-water recharge at 11ode No. 1: l kg/s 
- concentration of each node: Jooo mg/1 

retardation factor: 1 

The change of concentration along the main transverse 
is .Lllustrated in Fig. 7. 

CONCLUSIONS 

As a result of a more extended research a numerical 
simulation model of" solute transport was developed. The 
program code -was prepared in Fortran IV /ffwB 6o;2o/ and 
Microsoft 77 /TbM AT/ languages. The progTam is suitable 
to model complex seepage processes characterised by 
different conditions: as 

- two- or three-dimensional grid 
- homogeneous or heterogeneous aquifer 
- confi~Hd, unconfined or combined aquifer 
- water recharge or discharge with constant o~ 

different rate in time 
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- interaction bet~een surface ~qters and underground 
reservoirs 

- injection of contaminated water 
- leakage from waste disposed on the surface 
- mixing the ~aters ~ith different quality of aquifers 
- thermal problems 
- dispersion, dilution in ~aters aad mixing of ~aters 

of different concentrations. 

The neglect of the te~ms of the governing equations, 
~hich are unnecessary for the actual investigation, is 
very advantageous feature of the program cod·a. 
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~ Old position j ~ J 

\~Cx=1y=)======~===_y==~~,j~Y"!'~~" • X 

y f Convection Dis pi ion~ New positions 

New positions = Old positions + Convection + Dispersion 

= + Vx · b. t 

where 

Vx = Interstitial velocity of the groundwater in 

the x direction 

~t = Time increment 

dl = Longitudinal dispersion 

AO = Random factor 

Movement of a particle in case of longitudinal 

dispersion where the flow direction is aligned 

with x axis. 

Figure l. 
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Vy •!::. t 

Dispersion 

x:~,Y3 

New position = Old position + Convection + Dispersion 

= X 1 

= + 

Vx!:,.t 

Vyt:,t 

+J2dl Vxllf·A(O) 

d2dl Vy-t'·A(O) 

Movement of a particle in case of 

longitudinal dispersion, where the 

flow direction is not aligned with 

x or y axis 

Figure 2. 
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Finite difference grid of the test model 

Figure 3. 
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500~---------L----------+----------+----
3000 mg/l 

(mg/l] 

50 100 
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Variation of total dissolved solids along the main 

transverse in case of instantaneous feed of total 

solids 

Figure 4. 
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Advance of the maximum of total dissolved 

solids, in case of instantaneous feed of 

total solids. 

Figure 5. 

199 

IMWA Proceedings 1988 | © International Mine Water Association 2012 | www.IMWA.info

Reproduced from best available copy



Concentration of 

total dissolved 
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2 5 node 
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Variation of total dissolved solids along the main 

transverse, in case of permanent feed of total solids 

Figure 6. 
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Concentration of 

total dissolved 

solids 

10 20 30 40 so 50 

Time [years] 
70 80 90 

Variation of the concentration of total dissolved 

solids along the main transverse, in case of 

dilution. Source cell:No.l. 

Figure 7. 
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