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ABSTRACT 

S i n c e  t h e r e  i s  a  g e n e r a l  s h o r t a g e  o f  w a t e r  on  t h e  S o u t h  
A f r i c a n  g o l d f i e l d s ,  t h e  r e - u s e  a n d  r e c y c l i n g  of w a t e r  i n  
mines  i s  n e c e s s a r y .  Water q u a l i t y  d e t e r i o r a t e s  w i t h  r e c y c -  
l i n g  and  t h e  r e a s o n s  a n d  e x t e n t  o f  d e t e r i o r a t i o n  were  r e -  
s e a r c h e d .  A  l a r g e  p r o p o r t i o n  o f  t h e  i n o r g a n i c  s a l t s  a p p e a r -  
i n g  i n  s o l u t i o n  i n  t h e  w a t e r  a p p e a r  t o  o r i g i n a t e  f rom t h e  
o r e .  High s u l p h a t e  c o n c e n t r a t i o n s  i n  p a r t i c u l a r  a r e  n o t i c e d  
i n  t h e  w a t e r  a f t e r  a  few c y c l e s .  The w a t e r  becomes u n u s a b l e  
u n l e s s  r e p l a c e d  o r  p u r i f i e d  a f t e r  a  few d a y s .  l a b o r a t o r y  and  
f i e l d  l e a c h i n g  t e s t s  were  pe r fo rmed  t o  d e t e r m i n e  t h e  f a c t o r s  
a f f e c t i n g  t h e  d e t e r i o r a t i o n  i n  w a t e r  q u a l i t y .  The d a t a  was 
u s e d  i n  a  computer  s i m u l a t i o n  model t o  p r e d i c t  w a t e r  q u a l i t y  
a t  any  t i m e  t h r o u g h o u t  a  t y p i c a l  w a t e r  d i s t r i b u t i o n  s y s t e m  
unde rg round .  The computer  model c a n  be  u s e d  t o  o p t i m i z e  t h e  
r e - u s e  o f  w a t e r  and  p r e d i c t  e f f e c t s  o f  d i f f e r e n t  management 
p o l i c i e s .  



INTRODUCTION 

:;outh A f r i c a n  g o l d  mines  u s e  n e a r l y  2000 m i l l i o n  l i t r e s  
o f -  w a t e r  a  day  unde rg round .  The w a t e r  i s  u s e d  p r i m a r i l y  
for d u s t  c o n t r o l  and  c o o l i n g .  Owing t o  t h e  g r e a t  d e p t h s  
i - e .  o f t e n  o v e r  3000 m e t r e s  be low s u r f a c e ,  r o c k  tempera-  
t u r e s  c a n  r e a c h  6 5 O ~ .  The most e f f i c i e n t  method o f  c o o l i n g  
i s  by means o f  s p r a y i n g  c h i l l e d  w a t e r  o n t o  t h e  r o c k .  The 
w a t e r  i s  a l s o  u s e d  f o r  o r e  moving and  t o  a  l i m i t e d  e x t e n t  
f o r  h y d r a u l i c  e m u l s i o n s  i n  mach ine ry .  

The g e o l o g i c a l  f o r m a t i o n s  i n  which g o l d  i s  mined a r e  i n  
t h e  Orange  F r e e  S t a t e  and T r a n s v a a l  which s u f f e r  w a t e r  
s h o r t a g e s .  Water  i s  i n  f a c t  i m p o r t e d  f rom a d j o i n i n g  c a t c h -  
men t s  s u c h  a s  i n  N a t a l  f o r  d o m e s t i c  d r i n k i n g  p u r p o s e s .  
The c o s t  o f  w a t e r  i s  t h e r e f o r e  h i g h  and  r e - u s e  o f  w a t e r  
i s  e n c o u r a g e d  b o t h  t o  c o n s e r v e  w a t e r  and  t o  min imize  t h e  
d i s c h a r g e  o f  p o l l u t e d  w a s t e w a t e r s  i n t o  s u r f a c e  s t r e a m s .  
The w a t e r  r e q b i r e m e n t s  o f  t h e  g o l d  mines  a r e  t h e r e f o r e  
l a r g e l y  met by r e c y c l i n g  and  o n l y  a p p r o x i m a t e l y  1 0 %  of  
t h e  r e q u i r e m e n t  i s  made up f rom s u r f a c e  w a t e r  r e s o u r c e s .  
Some mines  a l s o  have  s u r p l u s  unde rg round  w a t e r  f rom i n f i l -  
t r a t i o n  and t h i s  is  u s e d  where p o s s i b l e .  

The q u a l i t y  o f  s u r f a c e  w a t e r  i s  good and  t h e  t o t a l  d i s s o l v -  
e d  s o l i d s  c o n t e n t  i s  t y p i c a l l y  less t h a n  500mg p e r  l i t r e .  
The q u a l i t y  o f  g round  w a t e r  where t h e r e  i s  any  i s  a l s o  
g e n e r a l l y  h i g h  as t h e  w a t e r  o r i g i n a t e s  l a r g e l y  f rom d o l o m i t -  
i c  a q u i f e r s  i n  t h e  uppe r  s t r a t a .  A l though  t h e  w a t e r  i s  
h a r d  a n d  c o n t a i n s  magnesium and  c a l c i u m  c a r b o n a t e s ,  t h e  
d i s s o l v e d  s a l t s  c o n c e n t r a t i o n  i s  r a r e l y  a b o v e  lOOOmg p e r  
l i t r e .  I n  t h e  Orange  F r e e  S t a t e  t h e  n a t u r a l  w a t e r  i s  known 
t o  c o n t a i n  h i g h  c o n c e n t r a t i o n s  of  c h l o r i d e s .  

D e s p i t e  t h e  g e n e r a l  h i g h  p u r i t y  o f  make-up w a t e r ,  concen-  
t r a t i o n s  o f  d i s s o l v e d  and o r g a n i c  s a l t s  unde rg round  c a n  
t y p i c a l l y  v a r y  f rom 3000 t o  10  000 mg p e r  l i t r e .  T h i s  w a t e r  
c a n  t h e r e f o r e  o n l y  be  u s e d  f o r  l i m i t e d  p u r p o s e s .  Ca re  h a s  
t o  b e  t a k e n  t o  e n s u r e  t h a t  it i s  n o t  u s e d  e x c e s s i v e l y  f o r  
d r i n k i n g ,  i n  c e r t a i n  machines  and  w i t h  h e a t  exchange  a p p a r -  
a t u s .  I n  many mines  t h e r e  i s  s c a l i n g  and  f o u l i n g  o f  machin- 
e r y  a n d  p ipework b e c a u s e  o f  t h e  p o o r  q u a l i t y  o f  w a t e r  and 
i n  o t h e r  mines  t h e r e  i s  c o r r o s i o n  o f  p ipework  and  o t h e r  
meta l -work  unde rg round .  

Reasons  f o r  t h e  d e t e r i o r a t i o n  i n  mine s e r v i c e  w a t e r  c a n  
b e  a t t r i b u t e d  p r i m a r i l y  t o  l e a c h i n g  from t h e  mined o r e .  
I n  a d d i t i o n  c e r t a i n  p o l l u t a n t s  a r e  b r o u g h t  f rom t h e  s o u r c e  
o f  t h e  w a t e r  a n d  t h e r e  is  a  s e c o n d a r y  c o n c e n t r a t i o n  e f f e c t  
due  t o  t h e  e v a p o r a t i v e  l o s s  o f  w a t e r  unde rg round  and  i n  
c o o l i n g  t o w e r s .  The chemica l  d o s i n g  o f  w a t e r  f o r  p u r i f i c a -  
t i o n  p u r p o s e s  and  f o r  c o r r o s i o n  and  s c a l i n g  i n h i b i t i o n  
c a n  be  r u l e d  o u t  a s  a  ma jo r  c o n t r i b u t o r  owing t o  t h e  s m a l l  
d o s a g e  r a t e s  r e l a t i v e  t o  t h e  i n c r e a s e  i n  d i s s o l v e d  s o l i d s  
i n  t h e  w a t e r .  
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CAUSES O F  WATER QUALITY DETERIORATION 

A f t e r  i d e n t i f y i n g  p o s s i b l e  s o u r c e s  o f  c h e m i c a l  s a l t s  a p p e a r -  
i n g  i n  t h e  w a t e r ,  l a b o r a t o r y  and  s i t e  t e s t i n g  were  pe r fo rmed  
t o  e v a l u a t e  t h e  p o s s i b l e  r a t e  o f  a p p e a r a n c e  o f  s a l t s  i n  t h e  
w a t e r .  The c o m p l i c a t e d  n a t u r e  o f  t h e  geochemica l  env i ronmen t  
makes an  e x a c t  q u a n t i t a t i v e  e s t i m a t i o n  of  l e a c h i n g  i n  any  
p a r t i c u l a r  c i r c u m s t a n c e  i m p o s s i b l e .  N e v e r t h e l e s s  r e l a t i v e  
r a t e s  o f  l e a c h i n g  c a n  be  a s s e s s e d  w i t h  t h e s e  methods .  Once 
p i l o t  t e s t s  had  been conduc t ed  t o  i d e n t i f y  t h e  p r ime  e f f e c t s  
o f  w a t e r  q u a l i t y  d e t e r i o r a t i o n ,  t h e s e  p a r a m e t e r s  were 
s t u d i e d  i n  more d e t a i l .  It a p p e a r e d  t h a t  t h e  f i n e n e s s  o f  t h e  
c r u s h e d  o r e  o r i g i n a t i n g  from b l a s t i n g  o r  d r i l l i n g  was a  
p r ime  p a r a m e t e r  i n  a f f e c t i n g  t h e  r a t e  o f  geochemica l  
l e a c h i n g .  The c o m p o s i t i o n  of  t h e  r e e f  i . e .  t h e  o r e  b e a r i n g  
s t r a t u m ,  a l s o  i s  a  p r ime  f a c t o r .  The c o n t a c t  t i m e  w i t h  t h e  
w a t e r  a l s o  a f f e c t s  t h e  amount of  l e a c h i n g  f rom any 
p a r t i c u l a r  mass o f  o r e .  Tempera tu re  a f f e c t s  t h e  c h e m i c a l  
r e a c t i o n  a s  w e l l  a s  pH o f  t h e  w a t e r ,  and  i n  i s o l a t e d  c a s e s  
p o s s i b l y  t h e  p r e s e n c e  of  b i o l o g i c a l  m a t t e r ,  i n  p a r t i c u l a r  
t h i o - b a c i l l u s  f e r r o - o x i d a n s  and  t h i o - o x i d a n s .  The p r e s e n c e  
o f  a i r  a p p e a r e d  i n  a l l  c a s e s  s u f f i c i e n t  t o  s a t u r a t e  t h e  
w a t e r  w i t h  oxygen and t h e r e f o r e  was n o t  a  l i m i t i n g  f a c t o r .  

L a b o r a t o r y  t e s t s  were pe r fo rmed  by immersing s ample s  of  o r e  
c r u s h e d  t o  v a r i o u s  f i n e n e s s e s  i n  one  t o  two l i t r e s  o f  w a t e r .  
Tempera tu re  was c o n t r o l l e d  by means o f  a  b a t h  and  a i r  was 
b u b b l e d  t h r o u g h  t h e  s ample s  t o  a g i t a t e  and  p r o v i d e  s u f f i c -  
i e n t  oxygen.  Datum t e s t s  w i t h  p u r e  d i s t i l l e d  w a t e r  were 
pe r fo rmed  s i m u l t a n e o u s l y .  T e s t s  were r u n  f o r  l o n g e r  t h a n  a  
month and c o n d u c t i v i t y  and v a r i o u s  d i s s o l v e d  s a l t  p a r a m e t e r s  
were  measured  r e g u l a r l y  a s  w e l l  a s  pH and t e m p e r a t u r e .  

The r a t e  of  l e a c h i n g  o f  a  t y p i c a l  b a t c h  of  s ample s  i s  i n d i -  
c a t e d  i n  F i g .  2 .  I t  w i l l  be  o b s e r v e d  t h a t  t h e  l e a c h i n g  r a t e s  
were  most r a p i d  d u r i n g  t h e  f i r s t  day  and t h e n  g r a d u a l l y  
d e c e l e r a t e d  a s  t h e  s o l u b l e  c h e m i c a l s  i n  t h e  o r e  were 
d e p l e t e d .  C o n f i r m a t o r y  t e s t s  w i t h  i n i t i a l  w a t e r  c o n c e n t r a -  
t i o n s  a t  v a r i o u s  l e v e l s  i n d i c a t e d  t h a t  s a t u r a t i o n  of  t h e  
w a t e r  was n o t  t h e  c a u s e  f o r  t h e  r e d u c t i o n  i n  l e a c h i n g  r a t e .  
The e f f e c t s  o f  d i f f e r e n t  masse s  o f  c r u s h e d  o r e ,  d i f f e r e n t  
s i z e s  of  p a r t i c l e s  and t e m p e r a t u r e ,  p r e s e n c e  of a i r  and  
a g i t a t i o n  were  s t u d i e d  i n  d i f f e r e n t  s ample s .  

The i n c r e a s e  i n  t o t a l  d i s s o l v e d  s o l i d s  i n  t h e  w a t e r  v a r i e d  
f rom 5 t o  30  grams of  d i s s o l v e d  s o l i d s  p e r  k i l o g r a m  o f  
c r u s h e d  o r e .  

The f o l l o w i n g  i n o r g a n i c  s a l t s  were  d e t e c t e d  i n  t h e  w a t e r  
s ample s  a n a l y s e d :  s u l p h a t e s ,  c h l o r i d e s ,  c a r b o n a t e s ,  n i t -  
r a t e s ,  c a l c i u m  magnesium, sodium a s  w e l l  a s  o t h e r  e l e m e n t s  
i n  t h e  r e l a t i v e  o r d e r  i n d i c a t e d .  The c o n c e n t r a t i o n  of  s u l -  
p h a t e s  i n  m i l l i g r a m s  p e r  l i t r e  (mg/e)  of  SO was t y p i c a l l y  
one  h a l f  of  t h e  t o t a l  d i s s o l v e d  s o l i d s  c o n c e n O r a t i o n s  i n  





I I I C ~ / ( ~ .  ' I 'hls c a n  be  a t t r i b u t e d  t o  t h e  h i g h  s u l p h i d e  c o n c e n t -  
r ( 1  t  on i n  t h e  o r e  ( u p  t o  8 p e r c e n t  s u l p h u r  by m a s s ) .  I n  t h e  
~ ' r ( , s c n c e  o f  oxygen and w a t e r  some s u l p h i d e  forms i n  
k , , ~ r t l c u l a r  were o x i d i z e d  t o  s u l p h a t e s .  The i r o n  f rom t h e  
r c a c t l o n  was o f t e n  p r e c i p i t a t e d  a s  i r o n  o x i d e  and  t h e  chemi- 
c-a1 r e a c t i o n  which i s  w e l l  known i n  b o t h  c o a l  m in ing  and 
g o l d  mining  p o l l u t i o n  problems i s  i n d i c a t e d  be low:  

The pH o f  t h e  s o l u t i o n  remained be tween 6 and 8 f o r  t h e  
f i r s t  week i n  most c a s e s .  By t h e  e n d  o f  t h e  s econd  o r  t h i r d  
week t h e  pH o f t e n  d ropped  t o  be low f o u r .  As t h e  pH dropped 
a n  a c c e l e r a t i o n  i n  t h e  l e a c h i n g  r a t e ,  a s  i n d i c a t e d  by a n  
i n c r e a s e  i n  c o n d u c t i v i t y  and t o t a l  d i s s o l v e d ,  s o l i d s ,  was 
e v i d e n c e d .  The p r e s e n c e  o f  b a c t e r i a  was n o t i c e d  i n  i s o l a t e d  
s ample s  a f t e r  a  month of  t e s t i n g ,  b u t  n o t  i n  a l l  s amp le s  i n  
which  t h e  pH d ropped  o r  t h e  r a t e  o f  l e a c h i n g  was n o t e d  t o  b e  
p a r t i c u l a r l y  h i g h .  

I t  i s  t h e r e f o r e  conc luded  t h a t  t h e  l e a c h i n g  r e a c t i o n  i s  
p r i m a r i l y  a  geo-chemical  r e a c t i o n  and b i o l o g i c a l  r e a c t i o n  
c a n  b e  s a i d  t o  be  s m a l l  i n  t h e  env i ronmen t  s t u d i e d .  

The a p p l i c a t i o n  of  t h e  l a b o r a t o r y  r e s u l t s  t o  t h e  f i e l d  
c o n d i t i o n s  i s  p a r t i c u l a r l y  c o m p l i c a t e d .  I t  i s  n o t  o n l y  t h e  
t o t a l  mass o f  f i n e  o r e  g e n e r a t e d  by min ing  o p e r a t i o n s  which 
i s  o f  i m p o r t a n c e ,  b u t  a l s o  t h e  exposed  s u r f a c e  of  t h e  f i n e  
which s e t t l e s  o u t  r a p i d l y  i n  t h e  h o r i z o n t a l  d r a i n s  t a k i n g  
w a t e r  back  t o  t h e  s h a f t .  Only t h e  s u r f a c e  l a y e r  a p p e a r s  t o  
l e a c h  a t  a  h i g h  r a t e  and t h i s  may e x p l a i n  t h e  r e l a t i v e l y  low 
l e a c h i n g  r a t e  underground a s  compared w i t h  t h e  maximums 
measured  i n  t h e  l a b o r a t o r y .  T e s t s  i n  t h e  f i e l d  c o u l d  o n l y  
i n d i c a t e  i n c r e a s e  i n  t o t a l  d i s s o l v e d  s o l i d s  o f  t h e  o r d e r  of  
100 t o  300 mg/e p e r  c y c l e  a s  t h e  w a t e r  r a n  f rom t h e  work ings  
back  t o  t h e  s h a f t .  

I t  was t h e r e f o r e  n o t  p o s s i b l e  t o  i n s e r t  t h e  c o m p l e t e  chemi- 
c a l  p r o c e s s  i n  e q u a t i o n  form i n t o  t h e  computer  model of  t h e  
sy s t em.  E m p i r i c a l  r e l a t i o n s h i p s  were t h e r e f o r e  u s e d  and 
t h e s e  w i l l  have  t o  be  v e r i f i e d  f o r  e a c h  mine and e a c h  o r e  
mined.  

COMPUTER SIMULATION MODEL 

The r a t e s  o f  u s e  of  w a t e r  unde rg round  v a r y  c o n s i d e r a b l y  
d u r i n g  t h e  day  and a r e  h i g h e s t  d u r i n g  t h e  d r i l l i n g  and o r e  
moving s h i f t s .  Water i s  o f t e n  s t o r e d  i n  t h e  c a s c a d e  dams 
unde rg round  o r  i n  s u r f a c e  dams a t  v a r i o u s  s t a g e s .  F l u c t u a -  
t i o n  i n  w a t e r  q u a l i t y  i s  t h e r e f o r e  d i f f i c u l t  t o  p r e d i c t  
u n l e s s  t h e  volumes  o f  a l l  t h e  s t o r a g e  dams a s  w e l l  a s  t h e  
f l o w  r a t e s  i n  t h e  v a r i o u s  c o n d u i t s  c a n  be  mode l l ed .  E x t e r n a l  
f l o w s  s u c h  a s  e v a p o r a t i o n ,  w a t e r  removed w i t h  t h e  o r e ,  
s e e p a g e  and  i n t e r m i t t e n t  make-up a d d i t i o n s  a l s o  a f f e c t  
i n t e r n a l  volume, f l o w  r a t e s  and q u a l i t y .  The most l o g i c a l  
method o f  s i m u l a t i n g  t h e  p r o c e s s  was w i t h  a  d i g i t a l  computer  
model .  T h i s  was a d a p t e d  t o  a  m i c r o  computer  w i t h  c o n s i d e r -  
a b l e  s u c c e s s .  



A g e n e r a l  s i m u l a t i o n  p r o g r a m  was d e v e l o p e d  f o r  s i m u l a t i n g  
s p e c i f i c  m o d e l s  o f  m i n e  w a t e r  s y s t e m s .  M o d e l s  a r e  c o n s t r u c t -  
e d  i n  g e n e r a l  f o r m  f o r  p a r t i c u l a r  m i n e s .  The s i z e s  o f  dams ,  
t h e  p o s i t i o n s  a n d  t h e  c a p a c i t i e s  o f  c o n d u i t s  a n d  t h e  u s a g e  
h y d r o g r a p h s  c a n  t h e n  be s p e c i f i e d  b y  t h e  u s e r .  The o p e r a t i n g  
r e l a t i o n s h i p s  w h i c h ,  f o r  e x a m p l e ,  d e f i n e  t h e  s a l t  l e a c h i n g  
r a t e ,  c r i t e r i a  f o r  a d d i n g  make-up w a t e r ,  s t a r t i n g  pumps e t c .  
a r e  programmed a s  p a r t  o f  t h e  model  s o u r c e  c o d e .  The 
c o m p u t e r  p r o g r a m  w i l l  t h e n  b e  u s e d  t o  s i m u l a t e  t h e  m o d e l .  
F l o w  r a t e s ,  v o l u m e s  a n d  d i s s o l v e d  s a l t s  c o n c e n t r a t i o n s  a r e  
d i s p l a y e d  a t  s p e c i f i e d  t i m e  i n t e r v a l s  a s  o u t p u t .  

M a t h e m a t i c a l  B a s i s  o f  Model 

The c o m p u t e r  model  was p r e p a r e d  i n  a  m o d u l a r  s t r u c t u r e d  
f a s h i o n  f o r  e a s y  u p d a t i n g  a n d  m o d i f i c a t i o n .  The v a r y i n g  
v o l u m e s  a n d  s a l t  c o n c e n t r a t i o n s  a r e  d e s c r i b e d  i n  m o d e l s  b y  
means  o f  f i r s t - o r d e r  o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n s .  
A l t e r n a t i v e  m e t h o d s  o f  s o l v i n g  t h e  e q u a t i o n s  n u m e r i c a l l y  a r e  
b u i l t  i n t o  t h e  s i m u l a t i o n  p r o g r a m  a n d  t h e  m e t h o d s  c a n  b e  
s e l e c t e d  t o  s u i t  t h e  p a r t i c u l a r  e q u a t i o n s .  I n  many c a s e s  a  
f a s t  a l g o r i t h m  i s  s u i t a b l e  w h i l e  i n  o t h e r  c a s e s  a  more  
a c c u r a t e  a l g o r i t h m  i s  r e q u i r e d  t o  s o l v e  t h e  e q u a t i o n s  w i t h  
s u f f i c i e n t  a c c u r a c y  o n  a  n u m e r i c a l  b a s i s .  

I n  a  m i n e  w a t e r  s y s t e m  many p r o c e s s e s  o c c u r  s i m u l t a n e o u s l y  
a n d  t h e  n e t  e f f e c t  i s  e i t h e r  t o  i n c r e a s e  o r  d e c r e a s e  t h e  
d i s s o l v e d  s a l t  c o n c e n t r a t i o n  o f  f l o w s  a n d  w a t e r  v o l u m e s  w i t h  
t i m e .  The s a l t  c o n c e n t r a t i o n  o f  w a t e r  i n  a  s t o r a g e  e l e m e n t ,  
s u c h  a s  a  dam, d e p e n d s  o n  t h e  m a s s  o f  s a l t s  a n d  t h e  vo lume 
o f  w a t e r  i n  s t o r a g e ,  a n d  t h e  s a l t  c o n c e n t r a t i o n  o f  a n y  
i n f l o w  a n d  o u t f l o w .  D e n o t e  a n d  Q  a s  t h e  i n f l o w  a n d  
o u t f l o w  t o  a  dam, a n d  d e n o t e  3 a n d  c Z 2 a s  t h e  c o r r e s p o n d i n g  
s a l t  c o n c e n t r a t i o n s .  I f  M i s  t A e  m a s s  o f  d i s s o l v e d  s a l t  a n d  
V  t h e  dam volume a t  a  c e r t a i n  t i m e  t ,  t h e n  t h e  r a t e  o f  
c h a n g e  o f  w a t e r  vo lume a n d  s a l t  mass  w i t h  t i m e  i s  

dV = 
E Q1 - Q2 (1) 

a n d  - - - Q1.C1 - Q 2 - C 2  ( 2 )  

I f  p e r f e c t  m i x i n g  i s  a s s u m e d  t o  o c c u r  i n  t h e  dam t h e n  t h e  
s a l t  c o n c e n t r a t i o n  o f  t h e  o u t f l o w  i s  

M C2 = - v 

A m i n e  w a t e r  m o d e l  b a s i c a l l y  c o n s i s t s  o f  e q u a t i o n s  ( 1 )  a n d  
( 2 )  f o r  e a c h  s t o r a g e  e l e m e n t  w h e r e i n  t h e  volume a n d  s a l t  
m a s s  c h a n g e  w i t h  t i m e .  O t h e r  r e l a t i o n s h i p s  g o v e r n  f l o w  r a t e s  
a n d  c h a n g e s  i n  s a l t  c o n c e n t r a t i o n s  o f  f l o w s  b e t w e e n  s t o r a g e  
e l e m e n t s .  

S t a r t i n g  w i t h  known o r  a s s u m e d  i n i t i a l  v a l u e s  f o r  a l l  M ,  V 
a n d  C t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  n u m e r i c a l l y  s o l v e d  



u s i n g  E u l e r  and  Runge-Kutta methods .  V a l u e s  o f  M I  V and C  
a rc  d e t e r m i n e d  a t  e a c h  i t e r a t i o n  t i m e - i n c r e m e n t  d u r i n g  t h e  
s i m u l a t i o n  and  c a n  be  d i s p l a y e d  a s  o u t p u t .  The s t a b i l i t y  and  
a c c u r a c y  o f  t h e  s o l u t i o n  depends  v e r y  much on  t h e  t i m e  s t e p  
and n u m e r i c a l  method s e l e c t e d .  

The model was v e r i f i e d  u s i n g  d a t a  from a  g o l d  mine i n  t h e  
Orange  F r e e  S t a t e  i n  S o u t h  A f r i c a .  The model i s  now b e i n g  
a p p l i e d  t o  d i f f e r e n t  mines .  

C o n s i d e r a b l e  e f f o r t  h a s  t o  b e  expended i n  g a t h e r i n g  d a t a  f o r  
t h e  model it i s  found .  Owing t o  t h e  u n p r e d i c t a b l e  changes  
i n  min ing  p a t t e r n s  a s  t h e  c h a r a c t e r i s t i c s  o f  t h e  Reef 
change ,  t h e  w a t e r  r e t i c u l a t i o n  p a t t e r n  i s  c o n t i n u a l l y  b e i n g  
e x t e n d e d  o r  a l t e r e d .  The c o n d u i t s  and  dams c o n s t r u c t e d  
t h e r e f o r e  fo rm a  complex s t o r a g e  d i s t r i b u t i o n  s y s t e m  w h i c h -  
i s  o f t e n  n o t  m o n i t o r e d  a s  it i s  d e s i g n e d  t o  o p e r a t e  
a u t o m a t i c a l l y .  Flow r a t e s ,  s t o r e d  volumes  and t i m e s  o f  
makeup were  t h e r e f o r e  o f t e n  d i f f i c u l t  t o  a s c e r t a i n .  Consid-  
e r a b l e  c o o p e r a t i o n  was e x p e r i e n c e d  f rom mine  o f f i c i a l s  which  
made t h e  p rog ram a  s u c c e s s .  

The model c a n  t h u s  be  u s e d  t o  p r e d i c t  t h e  w a t e r  q u a l i t y  a t  
any  t i m e  a t  any  p o i n t  i n  t h i s  s y s t e m  f o r  a l t e r n a t i v e  
o p e r a t i n g  c o n d i t i o n s .  F i g .  3 i n d i c a t e s  a  t y p i c a l  v a r i a t i o n  
i n  f l o w  r a t e  a t  t h e  work ings  unde rg round  a n d  F i g .  4 i n d i -  
c a t e s  t h e  w a t e r  q u a l i t y  v a r i a t i o n  i n  t h e  w a t e r  pumped t o  t h e  
s u r f a c e  a t  t h e  same g o l d  mine o v e r  a  p e r i o d  o f  a  week. 

F i g .  3 F l o w r a t e  from C o l d w e l l  t o  u n d e r g r o u n d  (MP/d) 



Tues  Wed T h u r  F r i  S a t  Sun Mon Tues  

F i g .  4 S a l t  C o n c e n t r a t i o n  i n  t h e  S e t t l e r s  

The i n i t i a l  c o n d i t i o n s  i n  s t a r t i n g  up  and  r u n n i n g  t h e  model 
c o u l d  b e  v a r i e d  t o  an  e x t e n t .  T h a t  i s  t h e  i n i t i a l  w a t e r  
q u a l i t y  c o u l d  b e  v a r i e d  a s suming  t h a t  d i f f e r e n t  make-up 
q u a n t i t i e s  o f  s u r f a c e  w a t e r  c o u l d  b e  u s e d  t o  r e p l a c e  p o o r  
q u a l i t y  w a t e r  i n  t h e  s u r f a c e  s t o r a g e  dams o v e r  a  weekend 
when m i n i n g  a c t i v i t i e s  were  min ima l .  By compar ing  a l t e r -  
n a t i v e  management p o l i c i e s  i n  t h i s  manner it i s  p o s s i b l e  t o  
r e a c h  a  minimum c o s t  p r o c e d u r e  f o r  m a i n t a i n i n g  t h e  w a t e r  
q u a l i t y  a t  a  c e r t a i n  s e l e c t e d  l e v e l .  The r a t e  o f  u s a g e  
unde rg round  was assumed f i x e d  by t h e  m i n i n g  o p e r a t i o n  a n d  
t h e r e f o r e  o n l y  s t o r a g e  dam c a p a c i t i e s  and  make-up r a t e  c o u l d  
b e  v a r i e d  i n  t h i s  way. 

I t  i s  a l s o  p o s s i b l e  t h a t  m in ing  methods  c o u l d  b e  v a r i e d  t o  
a f f e c t  t h e  w a t e r  q u a l i t y .  I t  was r e c o g n i s e d  t h a t  t h e  c o n t a c t  
t i m e  be tween  f i n e  o r e  i n  s u s p e n s i o n  and  i n  t h e  r e t u r n  w a t e r  
s y s t e m s  h a d  a n  i m p o r t a n t  b e a r i n g  on t h e  r a t e  o f  d e t e r i o r a -  
t i o n  i n  t h e  w a t e r  q u a l i t y .  A l t e r n a t e  methods  o f  r e t u r n i n g  
t h e  w a t e r  were  t h e r e f o r e  i n v e s t i g a t e d  i n  o r d e r  t o  o p t i m i z e  
t h e  w a t e r  q u a l i t y .  I n  t h i s  manner t h e  e f f e c t s  o f  p o l l u t i o n  
c a n  b e  p i n i m i z e d ,  t h e r e f o r e  r e q u i r i n g  l e s s  s u r f  a c e  make-up 
w a t e r  a n d  r e d u c i n g  min ing  c o s t s  i n  e l i m i n a t i n g  t o  a  l a r g e  
e x t e n t  s c a l i n g  a n d  e r o s i o n .  



CONCLUSIONS 

Al though r e s e a r c h  s t i l l  h a s  a  l o n g  way t o  go  b e f o r e  t h e  
w a t e r  q u a l i t y  p rob l ems  i n  S o u t h  A f r i c a n  g o l d  mines  c a n  b e  
s o l v e d ,  a l t e r n a t i v e  s o l u t i o n s  c a n  now be  i n v e s t i g a t e d  i n  a  
more r a t i o n a l  method t h a n  w i t h o u t  d a t a  o r  t o o l s  a t  t h e  
d i s p o s a l  o f  t h e  p l a n n e r .  The e f f e c t s  o f  min ing  o p e r a t i o n s  on  
geo -chemica l  p o l l u t i o n  o f  t h e  w a t e r  c a n  b e  gauged from 
l a b o r a t o r y  t e s t s  and r e s u l t i n g  d a t a  f i t t e d  i n t o  a  computer  
s i m u l a t i o n  model i n  o r d e r  t o  p r e d i c t  i n  advance  t h e  w a t e r  
q u a l i t y  v a r i a t i o n s  t h r o u g h o u t  t h e  w a t e r  r e t i c u l a t i o n  sys t em.  
A l t e r n a t i v e  r e t i c u l a t i o n  s y s t e m s  c a n  b e  i n v e s t i g a t e d  and t h e  
management o f  t h e  w a t e r  sy s t em o p t i m i z e d  i n  o r d e r  t o  
min imize  t h e  consequences  o f  p o l l u t i o n  and  t h e  c o s t  o f  c l e a n  
make-up w a t e r .  I t  i s  hoped t o  d e v e l o p  t h e  model t o  a  s t a g e  
where it c a n  be  u s e d  i n  a n a l o g u e  f a s h i o n  by mine o p e r a t o r s  
f o r  i n v e s t i g a t i n g  a l t e r n a t i v e s .  T h i s  may be  p o s s i b l e  w i t h  a  
d i s p l a y  s c r e e n  and computer  a i d e d  d e s i g n  program a t  t h e  
d i s p o s a l  of  t h e  mining  e n g i n e e r .  
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