
A COMPREHENSIVE MATHEMATICAL MODEL 
TO PREDICT HYDRODYNAMICS AND MASS TRANSPORT 
AT A COMPLEX MINE TAILINGS DISPOSAL FACILITY 

D r .  Devraj Sharma 
PRINCIPIA MATHEMATICA I N C . ,  110 Beaver Brook Drive,  Evergreen, 

Colorado 80439, U.S.A. 
M r .  P i e t e r  Marais 

ROSSING URANIUM MINE, P r i v a t e  Bag 5005, Swakopmund 9000, 
Southwest Af r ica/Namibia 

1 .0  INTRODUCTION 

The purpose of t h i s  paper  i s  t o  p r e s e n t  t h e  development and a d a p t a t i o n  of a  
comprehensive mathematical  model t o  t h e  Rossing Uranium Mine s i t e  l o c a t e d  i n  
Southwest AfricaINamibia.  The a c t i v i t y  of model a d a p t a t i o n  was begun i n  l a t e  
1983 and i s  designed t o  p r e d i c t  t h e  f low and mass t r a n s p o r t  consequences of 
seepage from t h e  uranium m i l l  t a i l i n g s  impoundment opera ted  a t  t h e  mine. The 
t e r r a i n  i s  complex w i t h  s e v e r e  inhomogeneit ies  and a n i s o t r o p i e s  i n  t h e  
m a t e r i a l s .  F rac tured  rock  of d i s t o r t e d  shapes  occur  a t  t h e  s i t e  and show 
s t r o n g  d i rec t iona l ly -dependent  h y d r o l o g i c a l  behaviour.  These f a c t o r s  
t o g e t h e r  w i t h  t h e  time-dependent n a t u r e  of o p e r a t i o n s  t o g e t h e r  d i c t a t e d  t h e  
use  of a  mathemat ica l  model t o  manage t h e  t a i l i n g s  d i s p o s a l  i n  a  manner such 
a s  t o  cause  t h e  minimum of environmental  imp,acts. The a c t i v i t y  of model 
a d a p t a t i o n  t o  s i t e  c o n d i t i o n s ,  model c a l i b r a t i o n s  t o  t h e s e  c o n d i t i o n s  and 
i t s  use  t o  p r e d i c t  t h e  consequences of t a i l i n g s  seepage i s  be ing  cont inued  
t o  t h i s  day. The model i s  c a l l e d  TARGET, a  mnemonic name which denotes :  
T r a n s i e n t  Analyzer  of Responses t o  Ground w a t e r  f low w i t h  E f f l u e n t  
Transpor t  . 

2.0 BACKGROUND INFORMATION 

2 . 1  H i s t o r i c a l  Overview 

I n  t h i s  paper  t h e  term "groundwater" i s  used t o  d e s c r i b e  n a t u r a l l y  o c c u r r i n g  
groundwater and t h e  t e rm "seepage" i s  used t o  d e s c r i b e  e f f l u e n t  from t h e  
t a i l i n g s  dam seep ing  i n t o  t h e  n a t u r a l  o c c u r r i n g  groundwater. 

At Rossing, seepage from t h e  t a i l i n g s  impoundment was f i r s t  i d e n t i f i e d  below 
t h e  seepage dam i n  t h e  P innac le  Gorge (F igure  1) .  A cut-off  t r e n c h  was 
immediately c o n s t r u c t e d  t o  p reven t  t h i s  seepage from reach ing  t h e  Khan River  
which i s  t h e  main d r a i n a g e  channel  away from t h e  mine s i t e .  

Dames and Moore were r e t a i n e d  a s  c o n s u l t a n t s ;  they  i n i t i a t e d  a  comprehensive 
d r i l l i n g  programme t o  e s t a b l i s h  t h e  r o u t e s  and e x t e n t  of any seepage  
m i g r a t i o n  from t h e  impoundment. Geological  mapping b o t h  on s u r f a c e  and 
i n t e r p r e t e d  from s p e c i a l l y  flown a i r  photography a s  w e l l  a s  geophys ica l  





suLveys were under taken .  A l l  t h i s  work was subsequent ly  extended by Rossing 
s t a f f  appoin ted  t o  t h e  Environmental Cont ro l  department  of t h e  Mine. Based 
on  t h i s  work a borehole  water  sampling r o u t i n e  was i n i t i a t e d .  Subsequently,  
a  d a t a  management computer program, w r i t t e n  by Dames and Moore, was used t o  
s t o r e  and a n a l y s e  t h e s e  d a t a .  

A v e r y  s e n s i t i v e  and a c c u r a t e  chemical  " f i n g e r p r i n t "  was found t h a t  could 
e s t a b l i s h  t h e  p resence  of seepage i n  groundwater .  Two c o n s e r v a t i v e  chemical  
s p e c i e s ,  s u l p h a t e s  and c h l o r i d e s  occur  i n  both t a i l i n g s  s o l u t i o n  and I groundwater .  The t a i l i n g s  s o l u t i o n  c o n c e n t r a t i o n  of about  25  000 pprn SO4 
and 1 500 ppm C 1  a r e  normal and i n  groundwater t h e s e  v a l u e s  range  from 500 
t o  2 500 ppm SO4 and 1 000 t o  1 3  000 ppm C 1 .  From r o u t i n e  sampling t h e  f i r s t  
i n c r e a s e  i n  t h e  S04/C1 r a t i o  i n d i c a t e s  t h e  p resence  of seepage i n  
groundwater .  

The l e a d i n g  a u t h o r ,  fo rmer ly  w i t h  Dames and Moore, was commissionedc t o  
supply  t h e  mine w i t h  a  comprehensive mathematical  computer model. This  model 
was s p e c i f i c a l l y  designed t o  p r e d i c t  f u t u r e  seepage movement, e v a l u a t e  t h e  
e f f e c t i v e n e s s  of seepage c o n t r o l  measures,  p i n p o i n t  any gaps i n  t h e  c o n t r o l  
measures,  p r e d i c t  changes i n  seepage  movement w i t h  changes i n  t a i l i n g s  
d e p o s i t i o n a l  p r a c t i c e s .  I n  a d d i t i o n ,  i t  i s  in tended  t o  p r e d i c t  t h e  e x t e n t  of  
seepage  movement a f t e r  c l o s e  down of  t h e  mine, t h u s  e n a b l i n g  management t o  
p l a n  f o r  c o n t i n u i n g  seepage c o n t r o l .  This  model and i t s  a p p l i c a t i o n  form t h e  
c e n t r a l  theme of t h i s  paper .  

2.2 Genera l  In format ion  on t h e  S i t e  

The Rossing m i n e l m i l l  complex i s  s i t u a t e d  approximately 65 km n o r t h - e a s t  of 
t h e  town of Swakopmund i n  NamibiaISouth West Afr ica .  The complex c o n s i s t s  of  
a n  open p i t  mine, a n  uranium m i l l ,  a  t a i l i n g s  p i l e  and a s s o c i a t e d  suppor t  
f a c i l i t i e s .  Approximately 150 000 t o n s  of o r e ,  sub-ore and waste r o c k  i s  
excava ted  d a i l y  from t h e  p i t .  

The primary uranium o r e s  a r e  u r a n i n i t e  (55 % of t h e  uranium) andd b e t a f i t e  
(5 %) t o g e t h e r  w i t h  secondary m i n e r a l s  (40 %) p r i n c i p a l l y  beta-uranophane. 
The o r e  body is  a g r a n i t i c  r o c k  known a s  A l a s k i t e  and i s  recovered  by open 
p i t  methods. The 20 year  p lan  i n v o l v e s  t h e  fo rmat ion  of a  p i t  3 km long by 
1 km wide by a s e r i e s  of 15  m h igh  benches t o  a  f i n a l  dep th  of some 400 m. 

2 .3 Relevant  D e t a i l s  of Mine Operat ion 

Approximately 40 000 m e t r i c  t o n s  p e r  day of low grade  o r e  i s  c rushed ,  ground 
and a c i d  l eached .  The d i l u t e  l e a c h a t e  i s  c o n c e n t r a t e d  f i r s t  i n  a  
c o u n t e r - c u r r e n t  i o n  exchange p l a n t  and t h e n  by s o l v e n t  e x t r a c t i o n .  F i n a l  
p r e c i p i t a t i o n  a s  ammonium d i u r a n a t e  (yel low cake)  and c a l c i n i n g  t o  uranium 
oxide  fo l lows  t o  complete t h e  p rocess .  

2.4 T a i l i n g s  Disposa l  P r a c t i c e s  

Waste from t h e  e x t r a c t i o n  p l a n t ,  some 80 000 m3/day of  s l u r r y  c o n t a i n i n g  
about  50 % s o l i d s ,  i s  pumped t o  t h e  t a i l i n g s  impoundment. I n  mid 1976 a 
s t a r t e r  dam was b u i l t  wi th  mine w a s t e  a c r o s s  a  gorge over  a  l e n g t h  of about  
900 m. This  mine waste forms t h e  downstream f i l t e r  through which t h e  seepage 
f lows  b e f o r e  c o l l e c t i o n  i n  a  seepage  dam. 



T a i l i n g s  a r e  g e n e r a l l y  d e p o s i t e d  e i t h e r  through s p i g o t s  o r  open-end d i r e c t e d  
towards t h e  t a i l i n g s  pond. The dam i s  c o n s t r u c t e d  i n  benches,  each  bench 
be ing  15  m wide and 6  m above t h e  p rev ious  one. From t h e  c r e s t  of t h e  dam 
t a i l i n g  forms a  beach a t  a  n a t u r a l  s l o p e  of between 4 % and 6  % t o  t h e  pond. 

Acidic t a i l i n g s  s o l u t i o n  (pH of 2) i s  n e u t r a l i s e d  w h i l s t  seep ing  through t h e  
embankment and under ly ing  r o c k  t y p e s  t o  a  pH of  about  6.5 - 7.0. 

2.5 Water Management 

C u r r e n t l y  more t h a n  50 % of t h e  mine 's  t o t a l  w a t e r  consumption i s  from 
r e c y c l e d  n e u t r a l i s e d  seepage and a c i d i c  t a i l i n g s  pond s o l u t i o n .  

Seepage i s  recyc led  from t h e  seepage dam, t h e  seepage c o l l e c t i o n  t r e n c h e s  
and seepage  c o l l e c t i o n  w e l l s .  The t r e n c h e s  were c o n s t r u c t e d  i n  t h e  
s t reambeds  d r a i n i n g  t h e  t a i l i n g s  dam a r e a  by excava t ing  t h e  a l luv ium t o  
bedrock,  b l a s t i n g  a  3 m deep s l o t  a c r o s s  t h e  s t ream v a l l e y  and i n s t a l l i n g  
f r e n c h  d r a i n s  and w e l l  p o i n t s .  Dewatering boreholes  were s i t e d  on t h e  known 
a q u i f e r s  "downstream" of t h e  t a i l i n g s  impoundment mainly by u s i n g  l o c a l  
e x p e r i e n c e  and g e o l o g i c a l  knowledge. Geophysical  surveys  ( r e s i s t i v i t y ,  
e lectro-magnet  i c  and s e i s m i c  r e f r a c t i o n )  were t r i e d  w i t h  l i m i t e d  success ,  
e l e c t r o  magnetic  being t h e  most s u c c e s s f u l .  

Use of a c i d i c  t a i l i n g s  pond s o l u t i o n  (pH of 2) ,  gave r i s e  t o  major c o r r o s i o n  
problems i n  t h e  P l a n t ,  b u t  t h e s e  problems have a l l  been reso lved .  

Typica l  u n i t  consumptions of seepage,  t a i l i n g s  s o l u t i o n  and f r e s h  water  a s  a  
percen tage  of r o d m i l l  f e e d  a r e  summarised below. 

% Rodmill Feed 

Fresh wate r  19  

Seepage w a t e r  14 

T a i l i n g s  s o l u t i o n  6 7  

3.0 SITE CHARACTERISTICS 

3.1 Geolog ica l  S e t t i n g  

b s s i n g  Uranium Mine is  s i t u a t e d  i n  t h e  Precambrian Damara super  group i n  
SD(A/Namibia. Regional  and l o c a l  geology of t h e  a r e a  i s  adequa te ly  descr ibed  
i n  t h e  l i t e r a t u r e .  [Smith,  1965; Berning, 1976; Nash; 1971; Kroener, 19771. 

B r i e f l y ,  f o u r  major  u n i t s  occur  i n  t h e  t a i l i n g s  dam a r e a .  The Khan 
f o r  a t i o n ,  c o n s i s t i n g  of b a s i c  metasediments mainly pyroxene g n e i s s e s  and 
&hornblende s c h i s t s ,  The Rossing format ion ,  a  heterogeneous 
l i t h o l o g i c a l  assemblage c o n s i s t i n g  of marble bands,  q u a r t z i t e s ,  s c h i s t s  and 
g n e i s s e s ,  The Chuos format ion ,  c o n s i s t i n g  of m e t a - t i l l i t e  now s c h i s t o s e  and 
h i g h l y  g r a n i t i z e d  and The Kar ib ib  formation,  c o n s i s t i n g  of  marbles w i t h  
in te rbedded  s c h i s t s  and q u a r t z i t e s ,  



The r e g i o n a l  geology i s  c h a r a c t e r i s e d  by magmatizat ion w i t h  t h e  rock  
o c c u r r i n g  i n  t h e  upper  amphibol i t e  t o  g r a n u l i t e  f a c i e s  of metamorphism. 
Fac ies  changes a r e  t h e  norm r a t h e r  than  t h e  excep t ion  even over  r e l a t i v e l y  
s h o r t  s t r i k e  d i s t a n c e s .  The dominant s t r u c t u r a l  t r e n d  i s  nor th-eas t  , t h e  
r e g i o n a l  s t r i k e  of t h e  meta sed iments .  F1 deformation caused t h e  main 
r e g i o n a l  a n t i c l i n o r i u m  and t h e  prominent F2 s t r u c t u r e s  a r e  t i g h t  over tu rned  
f o l d s .  F3 s t r u c t u r e s  form i n t e r f e r e n c e  f o l d s  a long  a n  e a s t e r l y  o r i e n t e d  
a x i s .  A l a s k i t e ,  a  h igh  p o t a s h  g r a n i t e  rock  rang ing  from a p l i t e  t o  pegmat i te  
o c c u r s  a s  l e n s e s  of s e c r e t i o n  o r i g i n ,  l a r g e  i n t r u s i v e  and replacement  bodies  
throughout  t h e  a r e a .  Loca l ly  t h e s e  A l a s k i t e s  a r e  u r a n i f e r o u s  and form t h e  
Rossing o r e  body. 

At t h e  t a i l i n g s  impoundment s i t e  t h e  major d i r e c t i o n  of seepage i s  through 
t h e  s t a r t e r  w a l l  down Pinnac le  Gorge i n  a  s a n d - f i l l e d ,  normally d r y  r i v e r  
bed. Minor s u b s u r f a c e  seepage is  t o  t h e  south-west a long  t h e  s t r u c t u r a l  
g r a i n  of t h e  marb les ,  s c h i s t s  and g r a n i t i z e d  sed iments  of t h e  Rossing,  
Kar ib ib  and Khan formations.  

3.2 Hydro log ica l  Fea tures  

Deeply i n c i s e d  gorges ,  a l l  d r a i n i n g  t o  t h e  Khan River ,  a r e  normally d ry  and 
s a n d - f i l l e d .  In  most a r e a s  t h e  aluvium h a s  i n  t h e  p a s t  been l ime cemented, 
forming a n  agglomerate which h a s  subsequent ly  eroded l e a v i n g  remnants of 
agglomerate and v a r i o u s  sand and g r a v e l  f i l l e d  channe ls .  Minor q u a n t i t i e s  of  
s u b s u r f a c e  groundwater occur i n  t h e  bedrock and exper ience  has  shown t h a t  
t h i s  water  d r a i n s  a long  t h e  s t r u c t u r a l  g r a i n  of t h e  rock  i n t o  t h e  gorges 
from a l l  s i d e s .  

3 .3 Geochemical S e t t i n g  

I n  t h e  v i c i n i t y  of t h e  t a i l i n g s  impoundment rock  t y p e s  encountered a r e  
marb les ,  g r a n u l i t e s ,  pegmat i tes  and v a r i o u s  c a l c s i l i c a t e  metasediments  a s  
w e l l  a s  streambed al luvium. 

A l l  rock  t y p e s  a s  w e l l  a s  t a i l i n g s  sands  and s l i m e s  have a h igh  b u f f e r i n g  
c a p a c i t y .  The CaC03 equiva len t  v a r i e s  from 1.5 t o  88 %. Analys i s  of t y p i c a l  
pre-mining groundwater shows h igh  TDS and h igh  c h l o r i d e  c o n t e n t s  ( s e e  
below).  

Date 31/07/68 WELL NO: BH 8400W11 

pH 
Conduc t iv i ty  
T o t a l  d i s s o l v e d  s o l i d s  pprn 
Sodium ( a s  Na) pprn 
Potassium ( a s  K) pprn 
Sulpha te  ( a s  S04) pprn 
N i t r a t e  ( a s  N) pprn 
N i t r i t e  ( a s  N )  pprn 
S i l i c a  ( a s  Si02) pprn 
F l u o r i d e  ( a s  F) pprn 
Chlor ide  ( a s  C1) pprn 
T o t a l  A l k a l i n i t y  ( a s  CaC03) pprn 
T o t a l  Hardness ( a s  CaC03) pprn 
Calcium Hardness ( a s  CaC03) ppm 
Magnesium Hardness ( a s  CaC03) pprn 



4.0  MATHEMATICAL MODEL FEATURES 

A comprehensive mathemat ica l  model shou ld  c o n s i s t  o f  t h r e e  e s s e n t i a l  
compoments. These a r e :  

a  sound mathemat ica l  f o r m u l a t i o n  o r  r e p r e s e n t a t i o n  of t h e  p h y s i c a l  and 
chemica l  mechanisms which a r e  sought  t o  be  modelled;  

a n  e f f i c i e n t  p rocedure  t o  s o l v e  t h e  mathemat ica l  s e t  of e q u a t i o n s  i n  a  
manner which t a k e s  account  of t h e  i n i t i a l  and  boundary c o n d i t i o n s  
e x i s t i n g  a t  t h e  s i t e  a s  w e l l  a s  man-made o p e r a t i n g  c o n d i t i o n s ;  a n d ,  

a  f l e x i b l e  computer program which, a s  a  m a n i f e s t a t i o n  of t h e  s o l u t i o n  
p rocedure ,  perm!ts d a t a  on problem f e a t u r e s  t o  be  s u p p l i e d  i n  a  
conven ien t  f a s h i o n  and g e n e r a t e s  o u t p u t  a c c o r d i n g  t o  u s e r  c h o i c e s .  

The model TARGET i s  composed of t h e s e  t h r e e  p a r t s .  The govern ing  e q u a t i o n s  
which form t h e  founda t ion  of t h e  model a r e  d e r i v e d  from fundamental  
p r i n c i p l e s ,  i n  o r d e r  t o  r e p r e s e n t  f low and con taminan t  t r a n s p o r t  w i t h i n  a  
s i n g l e - l a y e r ,  s a t u r a t e d  g e o l o g i c a l  fo rmat ion .  Such e q u a t i o n s  a r e  r e f  e r r e d  t o  
a s  'depth-averaged '  s i n c e  they  i g n o r e  motions i n  a  v e r t i c a l  d i r e c t i o n  which 
may be i n c l i n e d  t o  t h e  c o o r d i n a t e s  a long  which mot ions  do o c c u r .  I n  t h e  
p r e s e n t  mathemat ica l  f o r m u l a t i o n ,  g e n e r a l  t r e a t m e n t  h a s  been p rov ided  f o r  
inhomogene i t i e s  and a n i s o t r o p i e s  of t h e  s i t e  g e o l o g i c a l  fo rmat ions  a s  w e l l  
a s  f o r  t h e  i n t e r a c t i o n s  of t h e  f lowing  f l u i d  w i t h  porous fo rmat ions .  S e v e r a l  
a d v a n t a g e s ,  of p h y s i c a l  comprehension and computa t iona l  n a t u r e ,  a c c r u e  from 
s u c h  a  f o r m u l a t i o n  where in  a l l  e q u a t i o n s  a r e  expressed  i n  mass -conserva t ive ,  
r a t h e r  t h a n  volume-conservat ive,  form. Such a  f o r m u l a t i o n  s e e k s  t o  t a k e  
advan tage  of t h e  e s s e n t i a l  s i m i l a r i t y  of t h e  govern ing  e q u a t i o n s  i n  r e s p e c t s  
of bo th  n u m e r i c a l  s o l u t i o n  and computer program e f f i c i e n c i e s .  ' 

The r e a d e r  i s  r e f e r r e d  t o  s e v e r a l  e x c e l l e n t  a v a i l a b l e  t e x t s  f o r  r i g o r o u s  
mathemat ica l  d e r i v a t i o n  of a l l  r e l e v a n t  govern ing  and a u x i l i a r y  e q u a t i o n s  
employed i n  t h i s  s e c t i o n  (Bear ,  1979; Sharma, 1983).  The c o o r d i n a t e  sys tem 
employed i n  t h e  fo l lowing  d e r i v a t i o n s  i s  c a r t e s i a n  and t h e  nomenclature used 
i s  p r e s e n t e d  i n  t h e  t e x t  b u t  a l s o  d e s c r i b e d  i n  t h e  nomenc la tu re  l i s t .  

Hydrodynamics 

The t e r m  hydrodynamics i s  employed h e r e  t d ' d e n o t e  a l l  mechanisms of f l u i d  
mot ions  w i t h i n  s a t u r a t e d  porous media and ,  hence ,  i n c l u d e s  p r i n c i p l e s  o f  
mass and momentum conserva t ion .  The fo l lowing  s a l i e n t  p o i n t s  may be made i n  
r e s p e c t  of hydrodynamic fo rmula t ion .  

(1)  The p i e z o m e t r i c  head,  o t h e r w i s e  r e f e r r e d  t o  a s  t h e  ' p h r e a t i c - s u r f a c e '  
e l e v a t i o n ,  i s  d e f i n e d  w i t h  r e s p e c t  t o  t h e  d e n s i t y  o f  f l u i d  a t  a  
r e f e r e n c e  s t a t e .  However, s i n c e  i n  t h e  s i t e  problem no s i g n i f i c a n t  
changes t o  f l u i d  d e n s i t y  a r e  expec ted  t o  be  e n c o u n t e r e d ,  f l u i d  d e n s i t y  
i s  c o n s i d e r e d  t o  be  c o n s t a n t  a t  t h e  r e f e r e n c e  s t a t e .  

( 2 )  S ince  f l u i d  d e n s i t y  is  e s s e n t i a l l y  c o n s t a n t ,  t h e  mass-conservat  i v e  
form of t h e  govern ing  e q u a t i o n  f o r  p i e z o m e t r i c  head i s  e q u i v a l e n t  t o  
t h e  volume c o n s e r v a t i v e  form. 



(3)  The s a tu r a t ed  th ickness  i s  def ined  a s  t h e  d i s t ance .  from t h e  base 
e l eva t i on  t o  the  pos i t i on  of t h e  ph rea t i c  sur face ,  o r  t o  t h e  p o s i t i o n  
of the  t op  sur face  of the formation along a  t r u e  v e r t i c a l  d i r ec t i on .  

( 4 )  V e r t i c a l  components of f l u i d  motions through t h e  s a t u r a t e d  formation 
a r e  n e g l i g i b l e .  The components of f low along t h e  formation a r e  
p a r a l l e l  t o  i t s  base. 

(5) The terms StKx, and StKy , a r e  synonymous wi th  " t r a n s m i s s i v i t i ~ s '  
along the  x- and y- d i r e c t i o n s  r e spec t i ve ly .  

The p a r t i a l  d i f f e r e n t i a l  equat ion  which governs hydrodynamics i s  t h e  
so-called p iezometr ic  head equat ion ,  which, i n  TARGET, i s  expessed a s  
fol lows: 

where the  symbols a r e  defined i n  the  nomenclature l is t .  

Flow V e l o c i t i e s  and Flow Rates 

It i s  important  t o  n o t e  t h a t  i t  i s  t h e  Darcy ve loc i t y ,  i e  t h e  product  of 
formation po ros i t y  and f l u i d  p a r t i c l e  ve loc i t y ,  which appears  i n  t h e  
equat ions  der ived  above. This po in t  becomes e spec i a l l y  important  when 
dea l i ng  wi th  i n t e r f a c e s  between formations of d i f f e r i n g  p o r o s i t i e s ,  s i nce  a t  
such i n t e r f a c e s  an  i nhe ren t  mathematical d i s con t i nu i t y  occurs. More w i l l  be 
made of t h i s  po in t  i n  the  following s e c t i o n  on t h e  numerical  algori thm. 
Furthermore, i t  is  the  product of Darcy v e l o c i t y  and s a t u r a t e d  th ickness  
St ,  which appears  i n  the  formulation adopted f o r  p r e sen t  purposes. Thus t h e  
te rm ' v e l o c i t y ' ,  i n  each of the  c a r t e s i a n  coordina te  d i r e c t i o n s  x and y, i s  
a c t u a l l y  t he  product:  

and i s  employed i n  a l l  f u r t he r  d iscuss ions  of t he  model. It i s  a  simple 
ma t t e r  t o  s ee  t he  computational advantages of dea l ing  with a  s i n g l e  v a r i a b l e  
which i s  composed of t h r ee  d i s t i n c t  f a c t o r s  of which two, a t  l e a s t ,  can 
demonstrate mathematical d i s c o n t i n u i t i e s .  

The gene ra l i s ed  d e f i n i t i o n s  of t he se  ' v e l o c i t i e s '  us ing  t h e  de r i va t i ons  
presented  above are :  



From t h e  above d e f i n i t i o n s ,  i t  i s  a m a t t e r  of s imple  e x t e n s i o n  t o  c a l c u l a t e  
t h e  cor responding  f low r a t e s  i n  e a c h  of t h e  two c o o r d i n a t e  d i r e c t i o n s .  These 
a r e ,  i n  vo lumet r ic  u n i t s ,  expressed a s  fo l lows:  

and : 

Thus, whereas t h e  u n i t s  of e q u a t i o n s  ( 3 )  and (4)  a r e  ( L X L ~ T ) ,  t h o s e  of 
e q u a t i o n s  (5) and (6 )  a r e  (LxLxL/T). P r o v i s i o n s  have been made i n  t h e  model 
n o t  o n l y  t o  compute v a l u e s  of t h e  ' v e l o c i t y '  which a r e  needed i n  o t h e r  
c a l c u l a t i o n s ,  b u t  a l s o  f low r a t e s  f o r  t h e  u s e r ' s  in format ion  and guidance.  

Mass Transpor t  

The fundamental  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  governing t h e  t r a n s p o r t  of 
chemica l  s p e c i e s ,  may be expressed  i n  a  g e n e r a l  form ( s e e  Bear, 1979; 
Sharma, 1983) a s  fo l lows .  

Note, i n  t h i s  e q u a t i o n ,  t h e  occur rence  of ' v e l o c i t i e s '  a s  d e f i n e d  above and 
t h e  n o r m a l i s a t i o n  wi th  r e s p e c t  t o  t h e  r e f e r e n c e  f l u i d  d e n s i t y  PO . Note 
a l s o  t h a t  t h e  t e rm r e p r e s e n t i n g  t h e  s t o r a g e  a n d / o r  r e l e a s e  of  
chemical-specie c o n c e n t r a t i o n  i n  t h e  s o l i d ,  o r  immobile, phase i s  r e t a i n e d  
a s  a  s e p a r a t e  term which w i l l  be d i s c u s s e d  below. F u r t h e r ,  n o t e  t h a t  i n  t h e  
g e n e r a l  f o r m u l a t i o n  of e q u a t i o n  (7), chemical-specie c o n c e n t r a t i o n s  may be 
expressed  i n  vo lumet r ic  u n i t s  ( i e  mg/e ), mass f r a c t i o n  u n i t s  ( i e  mg/g o r  a s  
d imens ion less  ' normal i sed '  form thus :  



Fina l l y ,  n o t e  t h a t  man-made f e a t u r e s  of mass e x t r a t i o n ,  o r  i n j e c t i o n ,  a r  
indeed taken  i n t o  account.  
I n t e r a c t i o n s  of F lu id  wi th  Porous Formations 

Flows of a  cons tan t -dens i ty  f l u i d  through porous formations i n t e r a c t  wit 
t h e  l a t t e r  i n  two e s s e n t i a l  ways. It i s  assumed here  t h a t  changes t o  f l u i  
v i s c o s i t y  do n o t  occur throughout i t s  motion. The two mechanisms c 
i n t e r a c t i o n  a r e :  through d i spe r s i on ;  and, through geochemical r e a c t i o n s  wit 
t h e  porous matrix.  Each of t he se  mechanisms i s  considered s epa ra t e ly  below. 

Dispersion 

Hydrodynamic d i spe r s i on  i s  t h e  mechanism whereby misc ib le  f l u i d s ,  e  
a i r -water  combinations, d h p l a c e  one another  wi th in  t he  pores  of a  poroL 
medium. I n  r ep r e sen t i ng  motions of groundwater, t h e  term s i g n i f i e s  t f  
t r a n s p o r t  of contaminants which a r e  so lub l e  i n ,  and mi sc ib l e  wi th ,  t f  
f lowing water  through t h e  simultaneous ac t i ons  of mechanical ar 
physico-chemical phenomena. General d i scuss ions  of t he  sub j ec t  a r e  provide 
by Scheidegger (1963) and Bear (1964) .  Methods t o  measure them have bee 
r epo r t ed  by s eve ra l  au tho r s ,  no t ab ly  Lenda and Zuber (1970),  and Klotz an 
Moser (1974). I n  r e cen t  years  s evea l  r e s ea r ch  workers have pa id  a t t e n t i o n  t 
t h e  f i e l d  measurement of d i spe r s i on  c o e f f i c i e n t s  which a r e  q u a n t i t a t i b  
measures of the  mechanism. 

I n  summary, d i spe r s i on  i s  a  mechanism whereby a  flowing f l u i d  i n t e r a c t s  wit 
the  porous formations through which i t  flows may be s u m a r i z e d  a s  fol lows.  

Dispers ion  a c t s  t o  reduce concent ra t ion  g r ad i en t s  i n  a l l  reg ions  a r  
hence t o  reduce the  maxima i n  concent ra t ion  va lues  o t h e r  than  a 
l o c a t i o n s  where cons tan t  concent ra t ions ,  a s  f o r  example a t  t he  por 
a r e  encountered. 

Dispers ion  causes concent ra t ion  'plumes' t o  spread  both along ar  
perpendicular  t o  the  d i r e c t i o n s  of f l u i d  motions. Hence, i t  may caus 
contaminants t o  be t r an spo r t ed  t o  previously uncontaminated a r e a s  eve 
i f  the  motion i n  t h a t  d i r e c t i o n  i s  neg l i g ib l e .  

a The d i spe r s i on  c o e f f i c i e n t  has  been found t o  be propor t iona l  t o  f l u1  
v e l o c i t y  (Klotz and Moser, 1974). The cons tan t  of p ropo r t i ona l i t y  i 
r e f e r r e d  t o  a s  t he  ' d i s p e r s i v i t y ' ,  which n a t u r a l l y  has  a  d i rec t ionz  
dependence and u n i t s  of length .  

With t he  above d iscuss ion  i n  mind i t  i s  poss ib le  t o  der ive  t h e  followir 
r e l a t i o n .  



Geochemical I n t e r a c t i o n  

I n t e r a c t i o n s  of chemical spec i e s ,  i n  t h e  mobile ( i e  f l u i d )  phase, wi th  t h e  
formation ma t r i x  a r e  sometimes r e f e r r e d  t o  a s  ' s o rp t i on '  meaning su r f ace  
r eac t i ons .  I n  f a c t  such i n t e r a c t i o n s  a r e  caused by a  number of  geochemical 
mechanisms such a s  p r e c i p i t a t i o n  and co -p rec ip i t a t i on ,  bu f f e r i ng  of a c i d i t y ,  
r ad ioac t i ve  decay, c a t i o n  exchange and t h e  l i k e .  Thus i n  some of t he se  
r e a c t i o n s  the  chemical  spec ies  a t t a c h  themselves t o  o r  de t ach  themselves 
from, t he  g r a i n s  of the  porous medium through ' s u r f ace '  r e a c t i o n s  which may 
o r  may not  be r e v e r s i b l e .  I n  o t h e r s ,  t he  s o l i d  ma t r i x  merely s e rve s  a s  a  
c a t a l y s t  f o r  chemical r e ac t i ons  o r  a s  a  means of n e u t r a l i s i n g  t h e  a c i d i t y  of 
t he  f lowing f l u i d  and t h i s ,  i n  t u r n ,  causes  p r e c i p i t a t i o n  of c e r t a i n  
chemical s p e c i e s  on to  t h e  s o l i d  g r a in s .  Such p r e c i p i t a t i o n  may, under 
favourable  circumstances,  be i r r e v e r s i b l e ,  cause co -p r ec ip i t a t i on  of o the r  
normally mobile chemical spec i e s  and/or  be accompanied by r e -d i s so lu t i on .  

The mass concent ra t ion  i n  the  immoblised phase, which appears  i n  t he  
equa t i on  (8) i s  thus  influenced by one o r  more of t h e  mechanisms r e f e r r e d  t o  
above. A measure of t h e  magnitude of t h i s  i n t e r a c t i o n  i s  ob ta ined  from the  
emp i r i c a l  observa t ion  t h a t  t h e  immobile-phase concen t r a t i on  M J , ~  i s  
d i r e c t l y  p ropo r t i ona l  t o  the  corresponding mobile-phase va lue  . The 
cons t an t  of p r o p o r t i o n a l i t y  is  r e f e r r e d  t o  a s  t h e  ' d i s t r i b u t i o n  c o e f f i c i e n t '  
which i s  ak in  t o  t he  p a r t i t i o n  c o e f f i c i e n t  of chemical  phys ics  bu t  i n  
emp i r i c a l  fash ion ,  covers a l l  po s s ib l e  geochemical mechanisms. The 
r e l a t i o n s h i p  i s  expressed a s  fol lows : 

where Kd i s  t he  d i s t r i b u t i o n  c o e f f i c i e n t  and ha s  dimensions which a r e  
i n v e r s e  t o  those  employed f o r  f l u i d  d e n s i t y  i n  t h e  model. I n  s h o r t ,  Kd i s  
t h e  c o e f f i c i e n t  of p ropo r t i ona l i t y  i n  t h e  l i n e a r  r e l a t i o n s h i p  between t h e  
mobile-phase concent ra t ion  and i t s  immoblie coun t e rpa r t .  It r ep re sen t s  t he  
p o t e n t i a l  f o r  the  s o l i d  mat r ix  t o  adsorb ,  o r  o therwise  reduce,  t h e  moble 
phase concent ra t ion  a s  t he  f l u i d  flows through t h e  mat r ix .  The h igher  t h e  
va lue  of Kd, the  g r e a t e r  is t h i s  p o t e n t i a l .  

I n i t i a l  and Boundary Condit ions 

I n i t i a l  cond i t i ons  r e f e r  t o  t he  d i s t r i b u t i o n  of a l l  primary and secondary 
v a r i a b l e s  wi th in  t he  modelled domain a t  t h e  s t a r t  of  time-dependent 
c a l c u l a t i o n s  w i th in  t he  model. The s p e c i f i c  r e f e r ence  h e r e  i s  t o  
d i s t r i b u t i o n s  of t he  p iezometr ic  head h  , and t h e  chemical-specie 
concen t r a t i on  mJ, a s  f unc t i ons  of x  - and y  - t h e  s e l e c t e d  coordina tes .  
When a  t r a n s i e n t  c a l c u l a t i o n  i s  i n i t i a t e d  t he se  d i s t r i b u t i o n s  should be 
mass-conservative, i e  should themselves s a t i s f y  t h e  conserva t ion  p r i nc ip l e s .  
I n  such ca se s  t he  d i s t r i b u t i o n s  a r e  b e s t  eva lua ted  a s  t h e  s t e ady - s t a t e  
s o l u t i o n s ,  ob ta ined  wi th  t h e  model, t o  t h e  problem under t h e  p r e sc r i bed  
boundary condi t ions .  I n  c e r t a i n  c a se s  t h e  i n i t i a l  cond i t i ons  a r e  merely t he  
s o l u t i o n s  obtained a t  some e a r l i e r  t ime i n s t a n t .  The p r e s c r i p t i o n  of i n i t i a l  
cond i t i ons  thus  p r e sen t s  few d i f f i c u l t i e s  and i s  s t r a i gh t fo rwa rd .  



Boundary condi t ions  s i g n i f y  va lues  of the  dependent va r i ab l e s  h  and m 
on the  boundaries of the  modelled domain. Such va lues  may, on occasion,  ba  
func t i ons  of time. Hydrodynamic boundary condi t ions  a r e  of two types:  
suppl ied  h  - values ;  and supplied g r ad i en t s  of h  . I n  e i t h e r  event ,  t he  
model i s  equipped with means of accommodating t h e  boundary condi t ions  with 
t h e  minimum of f u s s .  On the  o the r  hand, boundary condi t ions  f o r  mass 
t r a n s p o r t  a r e  a l s o  of the  same two types.  I n  t h e  event  of inflows i n t o  t h e  
modelled domain through a  boundary, boundary va lues  of concent ra t ions  

a r e  n o t  t o  be prescr ibed  bu t  a r e  c a l cu l ab l e  from t h e  concent ra t ian  
d i s t r i b u t i o n  'upstream' of the  s a i d  boundary. When concent ra t ion  g r ad i en t s ,  
i e  f l u x e s  of spec i e  mass concent ra t ion  m a r e  t o  be prescr ibed ,  t he  method 
employed i n  the  model is i d e n t i c a l  t o  thal! adopted f o r  piezometric head h  . 
This  method w i l l  be descr ibed  i n  the  following s e c t i o n  wherein t he  numerical 
s o l u t i o n  procedures a r e  descr ibed .  

5.0 DISCRETIZATION OF SITE 

5.1 Se lec t ion  of Model Domain 

The domain s e l e c t e d  i s  shown on t h e  map. No seepage i s  expected t o  move 
beyond t h i s  domain, bu t  should any i nd i ca t i ons  prove otherwise,  extension of 
t he  domain can be made simply by t he  add i t i on  of more da t a  poin ts .  

The model domain r ep re sen t s  the  major f e a t u r e s  found a t  t h e  s i t e .  These 
f e a t u r e s  inc lude  t he  t a i l i n g s  impoundment i t s e l f ,  seepage c o n t r o l  systems 
i n s t a l l e d  a t  t he  s i t e ,  su r f ace  streams and t he  dominant geologica l  
formations.  

A numerical  g r i d  system cons i s t i ng  of r egu l a r  c e l l s  of a r b i t r a r y  a spec t  
r a t i o ,  bu t  mutally-orthogonal  c e l l  f a ce s ,  se rved  a s  the  c e n t r a l  framework of 
t h e  numerical  procedure. This c e l l  system, with a  unique g r i d  node loca ted  
a t  t he  c e n t r e  of each c e l l ,  i s  s e l e c t e d  s o  a s  t o  cover j u s t  exac t ly  the  
reg ion  of i n t e r e s t ,  h e r e a f t e r  r e f e r r e d  t o  a s  t he  +computational domain? o r  
'domain'. I n  the  procedure,  a r b i t r a r y  curva tures  of t he  domain boundaries 
a r e  accommodated by ' f lagging '  a l l  c e l l s  which a r e  no t  p a r t  of t h e  domain a s  
being ' ex t e rna l '  c e l l s  and t r e a t i n g  the  near-boundary c e l l s  i n  a  s p e c i a l  
way. A s e t  of d i s c r e t e  equat ions ,  i e  the  f i n i t e -d i f f e r ence  equation s e t ,  f o r  
each  dependent va r i ab l e  i s  ob ta ined  by i n t e g r a t i n g  t he  app rop r i a t e  
d i f f e r e n t i a l  equat ion  over each of t he  numerical c e l l s .  Assumptions a r e  of 
course necessary  t o  permit  such i n t e g r a t i o n s  t o  be made; a  ba s i c  one being 
t h a t  dependent, and aux i l i a ry ,  v a r i a b l e s  vary l i n e r a l y  from one g r i d  node t o  
t he  nex t .  F ina l l y ,  an  e f f i c i e n t  procedure i s  employed t o  so lve  t h i s  equation 
s e t ,  i t e r a t i v e l y ,  a t  each time i n s t a n t  of i n t e r e s t .  

5.2 Se lec t ion  of Numerical Grid 

The numerical  g r i d  s e l ec t ed  t o  cover t h e  domain cons i s t s  of a  41  by 32 node 
system, i e  a  39 by 30 g r i d  c e l l  system, which is  i l l u s t r a t e d  i n  Figure ( 2 ) .  
A minimum c e l l  s i z e  of 120 m was s e l e c t e d  s i n c e  no i nd iv idua l  geologica l  o r  
s t r u c t u r a l  f e a t u r e  smal le r  than t h i s  was i d e n t i f i e d .  This g r i g  was s e l ec t ed  
a f t e r  c a r e f u l  t e s t s  of t he  procedure, and with t h e  purpose of accounting f o r  
the  s i t e  f e a t u r e s  r e f e r r e d  t o  above. I n  t h i s  g r i d  system al.1 va r i ab l e s ,  wi th  



ri; - 

4 4P.k :;- 
I p 
I ,  



two e x c e p t i o n s ,  a r e  presumed t o  be l o c a t e d  a t  the  g r i d  nodes,  i e  a t  t h e  
geomet r ic  c e n t r e s  of t h e  c e l l s .  The e x c e p t i o n s  a r e :  t h e  v e l o c i t y  components 
i n  e a c h  of t h e  c o o r d i n a t e  d i r e c t i o n s ;  and ,  t h e  cor responding  e f f e c t i v e  
d i f f u s i o n  c o e f f i c i e n t s .  The v e l o c i t y  component i n  any g iven  d i r e c t i o n  i s  
presumed t o  be l o c a t e d  a t  t h e  i n t e r s e c t i o n  of t h e  g r i d  l i n e  i n  t h a t  
d i r e c t i o n  w i t h  a  c e l l  f a c e  which i s  p e r p e n d i c u l a r  t o  i t .  This  g r i d  l i n e  i s ,  
of c o u r s e ,  a  s t r a i g h t  l i n e  which connec ts  g r i d  nodes a long  a  g iven  
c o o r d i n a t e  d i r e c t i o n .  C e l l  f a c e s  and t h e  cor responding  velocity-component 
l o c a t i o n s  w i l l  n o t ,  i n  g e n e r a l ,  l i e  e x a c t l y  midway between a d j a c e n t  g r i d  
nodes.  It is  only  ON t h e  boundar ies  of  t h e  domain, composed of t r u e  c e l l  
f a c e s ,  t h a t  gr idnode l o c a t i o n s  and velocity-component l o c a t i o n s  c o i n c i d e .  
These f e a t u r e s  a r e  i l l u s t r a t e d  i n  F i g u r e s  ( 3 )  and ( 4 ) .  

S i t e  s p e c i f i c  d a t a  on m a t e r i a l  p r o p e r t i e s  and s i t e  f e a t u r e s  were s u p p l i e d  t o  
t h e  grid-node l o c a t i o n s  i d e n t i f i e d  by a  s e t  of f l a g s .  These f l a g s ,  def ined  
w i t h i n  t h e  computer program, a r e  a l s o  s u p p l i e d  w i t h  v a l u e s  i n  t h e  d a t a  
' f i l e '  which c o n t a i n s  a l l  r e l e v a n t  d a t a  f o r  t h e  model. S p e c i a l  p r o v i s i o n s  
were made t o  t a k e  account  o f :  

t h e  c u r r e n t  p o s i t i o n ,  shape and e l e v a t i o n  of t h e  t a i l i n g s  pond; 

t h e  l o c a t i o n  and o p e r a t i o n  of  p r e s e n t l y  employed seepage c o n t r o l  
sys tems  

h y d r a u l i c  connec t ions  between t h e  highly-permeable marble fo rmat ions  
and l e s s  w e l l  de f ined  connec t ions  between o t h e r  fo rmat ions ;  and,  

t h e  i n t e r a c t i o n s  of s u r f a c e  s t r e a m s  wi th  sub-surface f lows.  

5.3 Supply of S i t e  S p e c i f i c  Data 

C l a s s i c a l  methods f o r  de te rmin ing  h y d r o l o g i c a l  parameters  were employed on a  
l a r g e  number of b o r e h o l e s  w i t h  t h e i r  n e c e s s a r y  o b s e r v a t i o n  h o l e s .  
Cons ider ing  t h e  very  complex g e o l o g i c a l  t e r r a i n  w i t h  r a p i d l y  vary ing  
l i t h o l o g i c a l  u n i t s  and s t r u c t u r e s .  These methods met w i t h  l i m i t e d  s u c c e s s .  
Empi r ica l  methods were hence employed t o  determine h y d r o l o g i c a l  parameters .  

The main concern  of Rossing management i s  n a t u r a l l y  t h e  r a t e  and r o u t e  of 
movement of t h e  seepage f r o n t  and t h e  volume of seepage involved.  The wea l th  
of knowledge ga ined  from t h e  d r i l l i n g ,  moni to r ing  and dewatering programs 
preced ing  t h e  computer model c a l i b r a t i o n  permi t ted  t h e  c a l c u l a t i o n  of t h e  
n e c e s s a r y  h y d r o l o g i c a l  parameters  f o r  each  of e i g h t  d i f f e r e n t  h y d r o l o g i c a l  
regimes o c c u r r i n g  on t h e  s i t e .  H i s t o r i c a l l y  t h e  p o s i t i o n  and e l e v a t i o n  of 
t h e  t a i l i n g s  pond and impoundment a r e  known, and t h e  " f i r s t  a r r i v a l "  of 
seepage  a s  measured by t h e  f i r s t  upward t r e n d  i n  t h e  SO /CI r a t i o  a t  v a r i o u s  4 
moni tor ing  p o i n t s  g i v e s  a  good measure of t h e  v e l o c i t y  and r o u t e  of t h e  
seepage  f r o n t .  

I n  P i n n a c l e  Gorge h igh ly  e f f i c i e n t  dewate r ing  cu t -of f  t r e n c h e s  g i v e  an 
a c c u r a t e  measure of volume. Volumes of f l o w  i n  o t h e r  d i r e c t i o n s  were 
o b t a i n e d  i n d i r e c t l y  by volume measurement f o r  dewatering h o l e s ,  water  
ba lance  c a l c u l a t i o n s  and s i t e  knowledge. The two i n p u t  parameters  a f f e c t i n g  
f low r a t e  and f low volume t o  b e  c a l c u l a t e d  a r e  p e r m e a b i l i t y  and e f f e c t i v e  
s a t u r a t e d  t h i c k n e s s .  









C a l i b r a t i o n  was done by varying t h e s e  parameters  and u s i n g  t r a n s i e n t  r u n s ,  
w i t h  t h e  necessary  t ime  r e l a t e d  changes i n  geometry, from s t a r t - u p  t o  198C 
u n t i l  t h e  hydrodynamic c o n d i t i o n s ,  i . e .  v e l o c i t y  and volume matched a s  b e s t  
p o s s i b l e  wi th  known c o n d i t i o n s .  P r e d i c t i v e  r u n s  from 1980 t o  t h e  p resen t  
t ime  were then  made and matched w i t h  known c o n d i t i o n s .  
S p e c i e s  t r a n s p o r t  c a l i b r a t i o n  was undertaken once t h e  hydrodynamic 
c a l i b r a t i o n  was completed. Each chemical  s p e c i e s  was t r e a t e d  a s  a  s e p a r a t e  
problem and Kd v a l u e s  ass igned  t o  each  h y d r o l o g i c a l  regime f o r  eack 
s p e c i e s  i n d i v i d u a l l y .  

For example, t h e  p r e s e n t  day specf  e s  c o n c e n t r a t i o n  immediately o u t s i d e  the 
impoundment i s  known from moni tor ing .  A t r a n s i e n t  r u n ,  w i t h  the  
hydrodynamics a l r e a d y  c a l i b r a t e d ,  from mine s t a r t - u p  t o  p r e s e n t  day was used 
t o  c a l i b r a t e  t h e  Kd va lue  of t h e  impoundment s o l i d s  and under ly ing  
sed iments ,  i. e .  a c t u a l  va lue  which reasonably  p r e d i c t  t h e  p r e s e n t  
c o n d i t i o n s .  The nex t  s t e p  was t o  e s t a b l i s h  Kd v a l u e s  f o r  each of t h e  
h y d r o l o g i c a l  regimes a b u t t i n g  on t h e  impoundment u n t i l  t h e  necessary  f i t  was 
ob ta ined .  F i g u r e s  2, 3, 4  and 5 a r e  t y p i c a l  ou tpu t  p l o t s .  
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8 .0  NOMENCLATURE LIST 

I n  t h e  u n i t s  p r e s e n t e d  below, L  d e n o t e s  l e n g t h  i n  any  c o n s i s t e n t  u n i t ,  T  
d e n o t e s  t ime  and M t h e  mass e a c h  i n  c o n s i s t e n t  u n i t s .  

Symbol Meaning 
( U n i t s )  

C 
CJ, C q b ,  

: C o n c e n t r a t i o n s  of l o c a l ,  background and s o u r c e  l o c a t i o n s  
i n  v o l u m e t r i c  u n i t s  (mg /L) . 

Do : Molecular  d i f f u s i o n  c o e f f i c i e n t  (LxL/T). 

*% J =!I 
: D i s p e r s i o n  c o e f f i c i e n t  i n  t h e  x - and y - d i r e c t i o n s  

r e s p e c t i v e l y  (LXL/T) . 

f t  : Formation t h i c k n e s s  (L) .  

F , J  : Volumetr ic  f low r a t e s  i n  t h e  x  - and y  - d i r e c t i o n s  
(LXLXLIT) . 

9 : Cons tan t  of g r a v i t a t i o n a l  a c c e l e r a t i o n  (L/TxT). 

h : Piezomet r ic  head of t h e  f l u i d  (L) .  

hb 
: E l e v a t i o n  of t h e  fo rmat ion  impermeable b a s e  (L) .  



Ki j : Hydraul ic  c o n d u c t i v i t y  t e n s o r  (LIT) .  

Kd : D i s t r i b u t i o n  c o e f f i c i e n t  (LxLxLxT). 
m "' : Mass s o u r c e s  a n d / o r  s i n k s  [MI (LxLxLxT)] . 

m, : Mass c o n c e n t r a t i o n  of chemical  s p e c i e s  'J' ( e i t h e r  mg/l  
o r  normalized i n  t h e  range  0 < m ( 1 ) .  

3 
A 

: Mass c o n c e n t r a t i o n  a t  t h e  s o u r c e / s i n k  l o c a t i o n  (same a s  
f o r  ) .  

77 : P o r o s i t y  ( d i m e n s i o n l e s s ) .  

sc : S p e c i f i c  s t o r a g e  c o e f f i c i e n t  ( d i m e n s i o n l e s s ) .  

st : S a t u r a t e d  t h i c k n e s s  ( L ) .  

t : Time (T) .  

Li. : F l u i d  p a r t i c l e  v e l o c i t y  ( L I T ) .  

: x - and y  - d i r e c t i o n  components of t h e  g e n e r a l i z e d  Darcy 
v e l o c i t y  (LxL/T). 

*, y : C a r t e s i a n  c o o r d i n a t e s  (L) . 
2 : True v e r t i c a l  c o o r d i n a t e ,  p o s i t i v e  upwards (L) . 

(ryy : D i s p e r s i v i t i e s  i n  t h e  x - and y  - d i r e c t i o n s  (L) .  

P : F l u i d  v i s c o s i t y  (M/LxT) . 

6 : F l u i d  d e n s i t y  (M/LXLXL) . 
4 : D e n s i t y  of fo rmat ion  p a r t i c l e s  (MILxLxL) . 




