
LISBOA 

PREVENTION OF ACID DRAINAGE FROM GOLD MINING 
I N  THE WESTERN UNITED STATES AND 

IMPACTS ON WATER QUALITY 

M e  K. Botz  and Scott E. Mason 

Hydrometrics, I n c . ,  2727 Ai rpor t  Road 
Helena, Montana USA 59601 

ABSTRACT 

Water q u a l i t y  r e g u l a t i o n s  r e c e n t l y  adopted by s t a t e s  i n  t h e  western  USA 
have i n c r e a s i n g l y  s t r i n g e n t  1  i m i t a t i o n s  on a1 lowabl e  changes in  t h e  
q u a l i t y  of s u r f a c e  water and groundwater. The "nondegradation of water"  
provi s  i  ons i n  s t a t e  regul a t  i  ons r e q u i r e  accura te  p r e d i c t i o n s  and con t ro l  
of t h e  q u a n t i t y  and q u a l i t y  of ac id  mine water  and s t r i c t l y  l i m i t  t h e  
e n t r y  of ac id  water  i n t o  na tu ra l  water  systems. Long-term water  qua1 i t y  
impacts from mine waste rock, spen t  o re  from heap l each ing ,  t a i l  ings  and 
open p i t s  must be considered in  des ign ,  ope ra t ion  and reclamat ion of 
proposed o r  expanded mining opera t ions .  

Acid-base t e s t i n g ,  humidity c e l l s ,  column t e s t i n g  and shake f l a s k  t e s t s  
have been used with mixed success  t o  p r e d i c t  t h e  e x t e n t  o f  ac id  water 
product ion.  The types  and forms o f  sul f i d e  minerals  p resen t ,  b a c t e r i  a1 
c a t a l y s i s  o f  t h e  s u l f i d e  ox ida t ion  r e a c t i o n  and conf igura t ion  of t h e  
reclaimed f a c i l  i  t i e s  a r e  a1 1  important elements in  accura te ly  p r e d i c t i n g  
ac id  mine d ra inage .  

A c r i t i c a l  f a c t o r  in  p red ic t ion  of acid  mine impacts i s  a  pathway and 
f a t e  a n a l y s i s  which includes  geochemical r e a c t i o n s  with a q u i f e r  
m a t e r i a l s  and d i l u t i o n  and d i s p e r s i o n  of parameters in  t h e  l e a c h a t e  
plume. Of p a r t i c u l a r  concern i s  t h e  production and t r a n s p o r t  of 
a r s e n i c ,  me ta l s  and res idua l  cyanide from mined a r e a s .  Evaluation of 
t h r e e  major ope ra t ing  gold mines in  t h e  northwestern United S t a t e s  shows 
t h e  r e l a t i o n s h i p  between production of a c i d i c  water ,  movement of t h i s  
water  in  a q u i f e r s  and impacts on groundwater and s u r f a c e  water .  Column 
t e s t i n g  showed reduct ion in  concen t ra t ions  of most metals  by 50 t o  over 
90 pe rcen t  dur ing  t r a v e l  through a q u i f e r s .  Clays and s i l t  zones were 
very e f f e c t i v e  in  adsorbing me ta l s .  

Operat ional  con t ro l  of water/rock r e a c t  ions  and reclamat ion design can 
s i g n i f i c a n t l y  reduce o r  e l  iminate  ac id  drainage.  Soi 1  cover ,  
r evege ta t ion  and s lope  a r e  t h e  major components t h a t  l i m i t  long-term 
a c i d  d ra inage  and metal contamination of s u r f a c e  water and groundwater.  
Compliance with water q u a l i t y  l i m i t s  can be achieved only  by design and 
opera t ion  o f  mining f a c i l i t i e s  t o  minimize t h e  formation of a c i d i c  
wa te r s .  
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INTRODUCTION 

A  ma jo r  i nc rease  i n  g o l d  m in ing  has occu r red  i n  t h e  western  U n i t e d  
S t a t e s  i n  t h e  p a s t  t e n  yea rs  and many a d d i t i o n a l  mines a re  be ing  
developed o r  expanded. Some o f  t h e  o l d e r  mines and a  number o f  t h e  new 
deve l  opments w i  11 be i n  su l  f i d e -  b e a r i  ng rocks .  I n  response t o  i nc reased  
m in ing ,  t h e  western  s t a t e s  have expanded t h e i r  r e g u l a t o r y  programs and 
have p laced  s t r i n g e n t  c o n t r o l s  on m in ing  and o r e  p rocess ing .  T h i s  
i nc reased  r e g u l a t o r y  concern r e q u i r e s  accu ra te  p r e d i c t i o n  and c o n t r o l  
o f  t h e  q u a n t i t y  and qua1 i t y  o f  a c i d  dra inage and r e q u i r e s  c o n t r o l  o f  t h e  
e n t r y  o f  a c i d  wa te r  i n t o  n a t u r a l  wa te r  systems. 

A c i d  wa te r  p r e d i c t i v e  techn iques must c o n s i d e r  t h e  q u a n t i t i v e  
i n t e r a c t i o n  o f  s u l  f i d e - b e a r i  ng r o c k  w i t h  water  i n  open p i t s ,  underground 
mines, waste r o c k  dumps, leached o re  heaps and t a i l i n g s  ponds bo th  
d u r i n g  and a f t e r  m in ing .  Design o f  these f a c i l i t i e s  t o  reduce o r  
p reven t  a c i d  d ra inage  i s  s i g n i f i c a n t l y  d i f f e r e n t  f o r  a r i d  (evapo ra t i on  
exceeds p r e c i p i t a t i o n )  and wet ( p r e c i p i t a t i o n  exceeds evapo ra t i on )  
c l i m a t e s .  Both  d u r i n g  and a f t e r  min ing,  a c i d  wa te r  emanating f rom t h e  
p r o j e c t  s i t e  must n o t  cause v i o l a t i o n s  o f  s t a t e  and f e d e r a l  water  
q u a l i t y  s tandards  f o r  su r face  wa te r  and groundwater a t  t h e  des igna ted  
compl iance p o i n t s .  

CHARACTERISTICS AND PREDICTION OF ACID DRAINAGE 

A c i d  d ra inage  n o r m a l l y  i n v o l v e s  r e a c t i o n  o f  p y r i t e  o r  o t h e r  s u l f i d e  
m i n e r a l s  w i t h  a i r  and water  and y i e l d s  a c i d i t y ,  s u l f a t e ,  i r o n  and o t h e r  
me ta l s .  I n  western  g o l d  mines t h e  a c i d i c  waters  r e a c t  w i t h  g e o l o g i c a l  
m a t e r i a l s  and many meta ls  and o t h e r  parameters a r e  d i s s o l v e d .  These 
i n c l  ude: 

Ant imony Chromi um N i c k e l  
A rsen i c  Copper Sel  en i um 
Bar i um Lead S i  1  v e r  
Be ry l  1  i um Manganese T h a l l  i um 
Cadmi um Mercury Z inc  

The a l l o w a b l e  concen t ra t i ons  o f  these parameters i n  su r face  wa te r  and 
groundwater a r e  l i m i t e d  by s t a t e  and f e d e r a l  r e g u l a t i o n s .  I n  a d d i t i o n ,  
o t h e r  c o n s t i t u e n t s  o f  concern assoc ia ted  w i t h  a c i d i c  waters  a r e  a c i d i t y ,  
s u l f a t e ,  l ow  pH and n i t r o g e n  compounds f rom r o c k s  where b l a s t i n g  has 
occu r red .  I f  process waters  a re  i nvo l ved ,  such as i n  t a i l  i ngs  ponds and 
leached heaps, o t h e r  parameters o f  importance a r e  sodium, c h l o r i d e  and 
cyan ide.  T y p i c a l  q u a l i t y  c h a r a c t e r i s t i c s  o f  wa te rs  assoc ia ted  w i t h  
no r thwes te rn  USA g o l d  mines a re  i n  Table 1. 

P r e d i c t i o n  o f  A c i d i t y  

P r e d i c t i o n  o f  a c i d  water  i s  o f t e n  based on o b s e r v a t i o n  and t e s t s  o f  
s p r i n g s ,  and streams i n  t h e  proposed m in ing  area and p a r t i c u l a r l y  water  
f r om o l d  work ings such as p i t s ,  a d i t s  o r  boreho les  t h a t  may be p resen t .  
A  comparison w i t h  o t h e r  mines w i t h  s i m i l a r  g e o l o g i c a l ,  m i n e r a l o g i c a l ,  
and h y d r o l o g i c a l  c o n d i t i o n s  a1 so can be u s e f u l  . 
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Table  1.  T y p i c a l  Ac id  Mine Water C h a r a c t e r i s t i c s  f rom Gold Mines 

Gold mine 
Gold mine T a i l i n g s  pond Gold mine 
A d i t  d i scha rge  seepage South p i t  seepage 

Parameter Montana, USA Dakota, USA Montana, USA 

T o t a l  D i  sso l  ved 
Sol  i d s  

A c i d i t y  as CaCO, 

S u l f a t e  (so4) 

N i t r a t e  (NO,) 

Amrnon i a  

Arsen i c  (As) 

Cadmium (Cd) 

Copper (Cu) 

I r o n  (Fe) 

Lead (Pb) 

Manganese (Mn) 

Mercury  (Hg) 

N i c k e l  ( N i )  

Sel e n i  um (Se) t o .  005 

S i  1 v e r  (Ag) t o .  005 

Z i n c  (Zn) 6.04 

A l l  c o n c e n t r a t i o n s  a re  i n  mg/L except  pH ( s tanda rd  u n i t s )  

Another method t o  assess t h e  p o t e n t i a l  f o r  a c i d i t y  i s  based on v i s u a l  
o b s e r v a t i o n  o f  su l  f i d e  minera logy o f  sampl es f r om e x p l o r a t i o n  boreho l  es 
o r  t e s t  excava t i ons .  Many g e o l o g i c a l ,  m i n e r a l o g i c a l  and h o s t  rock  
c o n d i t i o n s  can a f f e c t  t h e  p o t e n t i a l  f o r  a c i d  dra inage.  I n  genera l ,  i f  
s u l f i d e  m i n e r a l s  a re  l e s s  t han  1% of t h e  r o c k  mass, a c i d  water  i s  
un l  i k e l y ;  f r om 1  t o  3% a c i d  water  may occur  and over  3% a c i d  water  i s  
1  i k e l y .  

Probab ly  t h e  most commonly used i n d i c a t o r  o f  t h e  p o t e n t i a l  f o r  a c i d i c  
d ra inage  i s  ac id-base balance t e s t i n g  [Smi th  e t  a l . ,  19741. I n  t h i s  
procedure ,  t h e  a c i d  p o t e n t i a l  and base p o t e n t i a l  a r e  determined 
s e p a r a t e l y .  The a c i d  p o t e n t i a l  i s  de termined by  measurement o f  t o t a l  
s u l f u r  i n  a  r o c k  sample us ing  a  Leco fu rnace  and s u l f u r  ana l yze r .  The 
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a c i d  p o t e n t i a l  i s  t hen  c a l c u l a t e d  by assuming a l l  o f  t h e  s u l f u r  i s  i n  
t h e  fo rm o f  p y r i t e  and i s  e n t i r e l y  conve r ted  t o  a c i d i t y .  The r e s u l t a n t  
a c i d  p o t e n t i a l  i s  r e p o r t e d  as e q u i v a l e n t  t o n s  o f  CaCO,,per 1,000 tons  
( p p t )  o f  t h e  r o c k .  A major  prob lem w i t h  t h i s  procedure  i s  t h a t  i t  o f ten  
ove res t ima tes  t h e  a c i d i t y  i f  some s u l f u r  spec ies  i n  t h e  sample a r e  n o t  
ac id -gene ra t i ng ,  which i s  common i n  many r o c k  t ypes .  

The n e u t r a l i z a t i o n  p o t e n t i a l  o f  t h e  sample i s  measured by i t s  a b i l i t y  
t o  n e u t r a l i z e  a  s t r o n g  ac id .  An excess o f  h y d r o c h l o r i c  a c i d  i s  added 
t o  t h e  sample and, a f t e r  r e a c t i o n ,  t h e  excess a c i d  i s  measured. Th i s  
procedure  measures n e u t r a l i z a t i o n  p o t e n t i a l  b u t  does n o t  determine t h e  
pH t h a t  w i l l  occur  a f t e r  n e u t r a l i z a t i o n .  

The n e t  ac id -base  ba lance (a1 so termed n e t  n e u t r a l  i z a t i o n  p o t e n t i  a1 ) i s  
determined by  s u b t r a c t i o n  o f  t h e  a c i d  p o t e n t i a l  f rom t h e  n e u t r a l i z a t i o n  
p o t e n t i a l .  Gene ra l l y ,  a  n e t  ac id-base ba lance of l ower  t han  - 5  t ons  o f  
CaCO, pe r  1,000 tons  o f  r o c k  i s  assumed t o  have t h e  p o t e n t i a l  t o  
gene ra te  a c i d i t y  [Sobek, e t  a1 . , 19781. Ac tua l  a c i d  wa te r  g e n e r a t i o n  
i n  r o c k s  a l s o  i s  determined by t h e  r a t e s  o f  a c i d  p r o d u c t i o n  and 
n e u t r a l i z a t i o n  r e a c t i o n s .  I f  a c i d  p r o d u c t i o n  i s  s low r e l a t i v e  t o  
n e u t r a l i z a t i o n ,  r o c k  w i t h  n e t  a c i d  p o t e n t i a l  may n o t  y i e l d  s i g n i f i c a n t  
a c i d i t y .  Converse ly ,  r ocks  w i t h  n e t  n e u t r a l  i z a t i o n  p o t e n t i  a1 s  have been 
found t o  gene ra te  a c i d i c  waters  [Kleinmann, 19891. 

S ince  ac id -base  t e s t i n g  does n o t  assess r e l a t i v e  r a t e s  o f  t h e  
n e u t r a l  i z a t i o n  and a c i d i f i c a t i o n  processes, a d d i t i o n a l  t e s t i n g  may be 
r e q u i r e d  t o  c o n f i r m  t h e  p o t e n t i a l  t o  gene ra te  a c i d i t y  and t o  determine 
t h e  r a t e  o f  a c i d  gene ra t i on .  A v a r i e t y  o f  t e s t s  have been developed t o  
f u r t h e r  d e f i n e  t h e  p o t e n t i a l  f o r  g e n e r a t i o n  o f  a c i d i t y  i n c l u d i n g  t h e  
Soxh le t  Tes t  [ S u l l i v a n  and Sobek, 19821, B.C. Con f i rma t i on  Test  
[Bruynesteyn and Hackl ,  19841, Shake f l a s k s  [ H a l b e r t  e t  a l . ,  19831, 
h u m i d i t y  c e l l  s [Carucc io  e t  a1 . , 19801 and c o l  umn t e s t s .  These t e s t s  
p l a c e  t h e  sample i n  c o n t a c t  w i t h  wa te r  and i n  some procedures  t h e  
m i x t u r e  i s  i n n o c u l  a ted  w i t h  J h i o b a c i l l  us f e r r o o x i d a n s  b a c t e r i a  t o  
i nc rease  t h e  a c i d  produc ing r e a c t i o n .  Based on these  t e s t s ,  t h e  a c i d  
p r o d u c t i o n  p o t e n t i a l  and comparat ive r a t e s  o f  r e a c t i o n  can be es t ima ted .  
I n  a d d i t i o n ,  t h e  t e s t  s o l u t i o n s  can be ana lyzed f o r  pH, a c i d i t y ,  
s u l f a t e ,  me ta l s  and o t h e r  parameters t o  p r o v i d e  an e s t i m a t e  o f  water  
q u a l i t y  i n  t h e  a c i d i f i e d  water .  None o f  t hese  t e s t s  a r e  cons idered 
" s tanda rd "  and r e s u l t s  o f  t h e  t e s t s  r e q u i r e  exper ience i n  i n t e r p r e t a t i o n  
f o r  s p e c i f i c  mine s i t e s .  

The f o l l o w i n g  a r e  two case s t u d i e s  f r om t h e  no r thwes te rn  U n i t e d  S ta tes .  
A c i d  d ra inage  p r e d i c t i o n s  were made and f i e l d  r e s u l t s  ob ta ined  f o r  two 
o p e n - p i t  g o l d  mines i n  Montana and South Dakota. Both o f  t hese  d e p o s i t s  
a r e  l o w  grade d isseminated d e p o s i t s  i n  igneous rocks  t h a t  have i n t r u d e d  
i n t o  sed imentary  s t r a t a .  Ore grade m a t e r i a l  g e n e r a l l y  c o n t a i n s  f rom 1  
t o  5 mg/kg g o l d .  Both o f  these mines r e c o v e r  g o l d  u s i n g  t h e  cyan ide 
heap l e a c h i n g  process. 



Case 1 - O~en- it qold mine in Montana 

Predictive methods for acid mine waters at this site included evaluation 
of drainage from an historic mine adit, acid-base balance and humidity 
cell tests. Water quality of discharge from a nearby historic adit is 
acidic (pH of 3) and contains high concentrations of metals (aluminum, 
copper, iron, manganese, nickel, and zinc) and sulfate. Results of 
acid-base balance p~tential testing is in Table 2. The observed high 
potential for development of acidic water from this deposit was 
supported by net acid-base balances for the majority of waste rock types 
of 4 to 168 ppt (parts per thousand) excess acidity. In contrast, 
excess acidities estimated by humidity cell tests were less than 5 ppt 
for all rock types. Most rock types had low to moderate neutralization 
potent i a1 s . The humidity cell resul ts may represent the short -term test 
condition where acid produced is rapidly neutralized by the natural 
neutralization capacity of the rocks. These test results and 
observations of existing acid mine waters suggest that for these rocks, 
acid-base balance tests are a better predictor of long-term acid 
potential than humidity cells. 

Table 2. Acid Prediction Results 

Rock 
Sam~l e 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Humidity Cell 
Acidity 
0 

Acid-Base Balance Tests 
Acid Net Acid-base 

Potenti a1 Neutral i zat i on Bal ance 
(DD~) Potential (DD~), (DD~) 

Case 2 - O~en-pit qold mine in South Dakota 

Ore mineralization at this mine is characterized by gold, silver, and 
arsenic-bearing sulfide minerals including pyrite and arsenopyrite. 
Acid-base balances of waste rock and ore ranged from 0 to 30 ppt excess 
acidity indicating a potential for acid generation from some rock types. 



The mining plan was then used to determine the amount o f  each rock type 
t o  be mined. The amount of each rock type was then maltiplied by the 
net ac id i ty  of each rock to obtain a "weighted" net acid-base balance 
for  each waste rock and ore type. The weighted net acid-base balance 
of waste and ore types was determined to be 7.8 ppt excess acidity 
indicating a potential for acid drainage from waste rock a t  t h i s  
operation. Ore i s  agglomerated with 2 to 3 ppt portland cement to aid 
in the cyanide heap leach process. Because of the cement addition, 
leached ore will release a1 kal ini ty until the cement i s  leached from the 
spent ore and, a t  leas t  i n i t i a l l y ,  the spent ore will not be a source 
of ac id i ty .  

To estimate the water qua1 i ty  of waste rock leachate, column leach t e s t s  
and Extraction Procedure Toxicity [U.S. EPA, 19851 t e s t s  of waste rock 
materi a1 were conducted to  simul a te  reaction of waste rock with natural 
precipitat ion.  Column t e s t s  were conducted in 61 cm. long plas t ic  ( P V C )  
columns f i l l e d  with waste rock crushed t o  minus 10 mm par t ic le  s ize .  
This par t ic le  s ize  i s  much f iner  than the mining waste rock which i s  
about 0.1 t o  0.5 meters in diameter. However, the f iner  par t ic le  s ize  
was used to  increase water/rock contact and to  accelerate leaching 
ra tes .  Columns were leached with deionized water for  10 days and 
ef f luent  waters were collected and analyzed for  metals and major 
elements. Typical column leach resul ts  (Table 3 )  show waste rock column 
leachate contained less  than detectable amounts of most metals and had 
near neutral pH. Low concentrations of iron and sul fa te  were generated 
in the waste rock columns, suggesting pyrite oxidation may occur in 
waste rock but a t  a slow rate re la t ive  to the duration of the column 
leach t e s t .  

Since we were unable t o  i n i t i a t e  substantial acid generation in the 
column leach t e s t ,  an acid leach of waste rock was conducted using the 
Extraction Procedure Toxicity Method. This method was chosen for the 
acid leach due to  i t s  widespread acceptance by s t a t e  and federal 
regulatory agencies as a standard t e s t  of metal leachabil i ty.  This 
procedure consists of a 24-hour, agitated bot t le  ro l l  of crushed rock 
( 4 . 2  mm par t ic le  s ize)  in an acetic acid solution buffered to a pH of 
5 .  Typical Extraction Procedure Toxicity resul t s  for waste rock 
leachate are in Table 3 .  Surprisingly, concentrations of metals leached 
from waste rock by the Extraction Procedure Toxicity were lower than 
concentrations from the column leach t e s t .  This may indicate tha t  while 
the Extraction Procedure Toxicity method i s  a more aggressive leach due 
to  the more acidic leach solution, the longer contact time between rock 
and water in the column leach t e s t  causes more leaching. 
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Table  3. P r e d i c t e d  Water Composi t ion 

Waste r o c k  --- Spent Ore 

E x t r a c t i o n  B o t t l e  
Col umn Procedure Col umn R o l l  Wash 

Parameter Leachate T o x i c i t y  Leachate Leachate S o l u t i o n  

S u l f a t e  16 39 270 

A rsen i c  (As) 0.019 

Bar ium (Ba) t 0 . 2  

Cadmium (Cd) t O . O O 1  

Chromi um (Cr) (0. 02 (0.02 t o .  02 

Copper (Cu) (0. 01  0.02 0.021 0.22 

I r o n  (Fe) 0.13 0.24 t o .  03 

Lead (Pb) 0.01 tO.1  tO.O1 (0. 01  

Manganese (0.02 
(Mn) 

Mercury (Hg) (0. 001 SO.  001 t 0 . 0 0 1  0.0003 0.0004 

N i c k e l  ( N i )  t o .  03 (0.03 t0 .005 t 0 .005  

Sel  e n i  um (Se) ~ 0 . 0 0 5  (0.805 <O. 005 0.016 

S  i 1  v e r  (Ag) (0. 005 <O. 02 t 0 .005  0.0007 0.014 

Z inc  (Zn) (0.01 t 0 , 0 1  0.02 0.01 

R e s u l t s  o f  a1 1  analyses a r e  i n  mg/L. 

A comparison o f  column and b o t t l e  r o l l  l each  t e s t s  o f  spent  o re  w i t h  
wash s o l u t i o n  ( l e a c h a t e )  f rom an a c t u a l  n e u t r a l i z e d  spent o r e  heap a re  
i n  Tab le  3. These t e s t s  show bo th  column and b o t t l e  r o l l  t e s t s  
a c c u r a t e l y  p r e d i c t e d  t h e  pH o f  l eacha te ,  however, column t e s t s  more 
a c c u r a t e l y  p r e d i c t e d  metal  concen t ra t i ons .  I n  p a r t  t h i s  may be due t o  
use o f  more r e p r e s e n t a t i v e  cyan ide c o n c e n t r a t i o n s  i n  t h e  column t e s t s .  
S u l f a t e  c o n c e n t r a t i o n  i n  a c t u a l  spent o r e  l e a c h a t e  was s u b s t a n t i a l l y  
h i g h e r  t h a n  es t ima ted  by t h e  column l each .  T h i s  may due t o  t h e  f a c t  
t h a t  s u l f a t e  i s  p resen t  i n  smal l  amounts i n  po r t ' l and  cement which i s  
used f o r  agg lomerat ion  o f  t h e  o re .  Ore p rocess ing  s o l u t i o n s  a re  
c i r c u l a t e d  i n  a  c l osed  system and no water  i s  d ischarged,  t h e r e f o r e  
s o l u b l e  s u l f a t e  p resen t  i n  t h e  o r e  o r  cement becomes concen t ra ted  i n  
process wa te r .  A l t e r n a t i v e l y ,  some o x i d a t i o n  o f  p y r i t e  may be o c c u r r i n g  
most p robab l y  due t o  t h e  hydrogen pe rox ide  r i n s e  o f  t h e  spent  o re .  
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WATER QUALITY STANDARDS 

The qual i t y  o f  groundwater and sur face water i s  regu la ted  by t h e  EPA 
(Un i ted  States Environmental P ro tec t ion  Agency) and by i n d i v i d u a l  s t a t e  
governments. These q u a l i t y  standards are a  s i g n i f i c a n t  c o n s t r a i n t  i n  
m in ing  and minera l  processing p r o j e c t s  and a f f e c t  p r o j e c t  design, 
opera t ion  and rec lamat ion.  Recent EPA r e g u l a t i o n s  r e q u i r e  t h a t  s t a t e s  
adopt numeric water  qual i t y  standards f o r  t o x i c  po l  1  u t a n t s  i n c l  uding 
water  q u a l i t y  standards f o r  both aquat ic  l i f e  and human h e a l t h  
p r o t e c t i o n  f o r  s p e c i f i c  p r i o r i t y  p o l l u t a n t s  [Federal Regis ter ,  V .  55 No. 
74, A p r i l  17, 19901. The EPA i s  proposing standards f o r  s t a t e s  t h a t  
f a i l  t o  adopt t h e  requ i red  numeric standards. As a  r e s u l t  o f  federa l  
r e g u l a t i o n s ,  t h e  EPA "Goldbook" c r i t e r i a  [Water Qua1 i t y  C r i t e r i a  f o r  
Water, EPA 440/5-86-001, 19861 are r a p i d l y  becoming standards f o r  water 
q u a l i t y  i n  streams i n  the  Uni ted States.  These standards inc lude  both 
ch ron ic  and acute aquat ic  1  i f e  c r i t e r i a  and human h e a l t h  c r i t e r i a .  The 
Goldbook c r i t e r i a ,  when adopted as numeric standards, i nc lude  some very  
s t r i n g e n t  l i m i t s  on many t o x i c  substances as shown on Table 4. L i m i t s  
on substances such as cadmium, mercury, l ead  and s i l v e r  are n o t  on ly  
s t r i n g e n t ,  bu t  are lower than the  a n a l y t i c a l  d e t e c t i o n  l i m i t  i n  n e a r l y  
a l l  l a b o r a t o r i e s .  For example, t h e  EPA human h e a l t h  c r i t e r i a  f o r  
a rsen ic  a t  t h e  l i f e t i m e  cancer r i s k  l e v e l  i s  0.022 ug/L (EPA 
Goldbook, 1986) which i s  about two orders o f  magnitude below the  
l a b o r a t o r y  d e t e c t i o n  l i m i t  f o r  arsenic .  

General l y ,  s t a t e  regu l  a t  ions r e q u i r e  t h a t  the  qual i t y  o f  groundwater and 
su r face  water cannot be degraded t o  where i t  w i l l  become worse than 
shown i n  Table 4, e i t h e r  du r ing  operat ions o r  a f t e r  min ing i s  completed. 
As shown i n  Table 4, the  maximum contaminant concentrat ions are very  low 
p a r t i c u l a r l y  f o r  t h e  chronic  aquat ic  c r i t e r i a .  

The quest ion o f  where the  water q u a l i t y  standards apply i s  a l so  
impor tan t .  Most s t a t e s  are apply ing the  groundwater q u a l i t y  standards 
a t  t h e  ou te r  edge o f  the  area owned o r  c o n t r o l l e d  by t h e  mine operator  
o r  i n  a  "per imeter  o f  p o l l u t i o n "  which i s  t h e  edge o f  a  de f ined  area 
p e r i p h e r a l  t o  t h e  min ing and ore processing f a c i l i t i e s .  Surface water 
c r i t e r i a  are app l ied  t o  any streams t h a t  rece ive  water from t h e  mining 
opera t ion .  I n  streams, a  mix ing zone i s  g e n e r a l l y  al lowed, t h a t  i s ,  the  
c r i t e r i a  on ly  apply  downstream o f  a  l i n e a r  segment o f  t h e  stream where 
t h e  n a t u r a l  stream waters have mixed w i t h  water d i scharg ing  from the  
opera t ion .  Since near l y  a l l  e x i s t i n g  and proposed mines i n  the  
nor thwestern Un i ted  States are i n  o r  near drainages w i t h  perennia l  
streams, t h e  p roduc t ion  o f  a c i d  water and movement o f  t h i s  water i n t o  
groundwater and sur face water i s  a  c r i t i c a l  f a c t o r  i n  design, opera t ion  
and rec lamat ion o f  min ing p roper t i es .  

PREDICTION OF WATER QUALITY IMPACTS 

P r e d i c t i o n  o f  water q u a l i t y  impacts requ i res  an understanding o f  l o c a l  
geo log ica l  and hydro log ica l  cond i t i ons ,  the  est imated q u a n t i t y  and 
q u a l i t y  o f  d ischarge water from a l l  mine f a c i l i t i e s ,  and knowledge o f  
t h e  behaviour o f  contaminants i n  hydro log ica l  systems. Other f a c t o r s  



Tab le  4. EPA Goldbook Acute and Chron ic  Aqua t i c  C r i t e r i a  
and D r i n k i n g  Water Standards 

Parameter 

Ant imony 
A rsen i c  I 1 1  
A r s e n i c  V 
Bar i um 
B e r y l  1  i um 
Cadmi um * 
Chromium I 1 1  * 
Chromium I V  
Copper * 
Cyani de 
I r o n  
Lead * 
Manganese 
Mercury  
N i c k e l  * 
N i t r a t e  
N i t r i t e  
pH 
Selenium 
S i  1  v e r  * 
Sul f i de 
Thal  1  i um 
Z i n c  * 

Chron ic  
Aqua t i c  
C r i t e r i a  
w 
1.6 
0.19 
0.048 
NS 
0.0053 
0.001 1 
0.207 
0.01 1 
0.012 
0.005 
1 
0.003 
NS 
0.000012 
0.158 
NS 
0.06 
6.5 - 9.0 
0.035 
0.00012 
0.002 
0.040 
0.106 

Acute 
Aqua t i c  
C r i t e r i a  
0 
1.6 
0.36 
0.048 
NS 
0.13 
0.0039 
1.74 
0.016 
0.018 
0.022 
NS 
0.08 
NS 
0.0021 
1.42  
N S 
NS 
NS 
0.26 
0.0041 
0.002 
1.4 
0.117 

D r i n k i n g  
Water 
0 

Chron ic  t o x i c i t y  e f f e c t s  may occur  i f  4-day average c o n c e n t r a t i o n  o f  
parameter  exceeds c r i t e r i a  more than  once eve ry  3 years .  

Acute  t o x i c i t y  e f f e c t s  may occur  i f  1-hour  average c o n c e n t r a t i o n  o f  
parameter  exceeds c r i t e r i a  more than  once every  3 yea rs .  Exceedance 
f requency o f  3 yea rs  i s  U.S. EPA b e s t  s c i e n t i f i c  judgement o f  t h e  
average amount o f  t ime  i t  w i l l  t a k e  an unst ressed system t o  recove r  
f r om a p o l l u t i o n  event  i n  which exposure exceeds t h e  c r i t e r i a .  

No c r i t e r i a  f o r  As V, Sb, Be and Th - l owes t  observed e f f e c t  l e v e l  
shown. D r i n k i n g  water  s tandard  f o r  a r s e n i c  and chromium a r e  based 
on t o t a l  c o n c e n t r a t i o n  o f  a l l  spec ies .  

* C r i t e r i a  dependent on hardness - 100 mg/L hardness as CaCO, used i n  
t h i s  t a b l e .  

NS-No s tanda rd  o r  c r i t e r i a .  
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in predicting water qual i ty impacts are identification of benef i ci a1 
water uses, analysis of pathways for mine waters to reach and impact 
beneficial uses, and determination of geochemical attenuation of 
contaminants in groundwater and surface water. Both the flow and 
qual ity of water from mine-related facilities must be predicted for the 
operational and long-term post-mining period. These flows can be 
predicted as foll ows: 

1) Tail ings Ponds. Normal reclamation would include a 0.3 to 1 
meter capillary break of coarse rock covered by 0.3 to 1 meter 
of soil and a vegetative cover is established. A plastic 
membrane liner also can be used between the rock cover and the 
soil to exclude water from the tailings, thus creating a 
composite liner. Such liners are not commonly used but will 
be increasingly used in the future particularly in wet 
climates. The flux of water through the liner and tailings 
can be predicted by numerous techniques. However, the HELP 
(Hydro1 ogi cal Eva1 uat i on of Landf i 11 Performance) model , which 
is a two-dimensional , water budget model , that simulates water 
movement across, into and through landfills [Schroeder and 
others, 19881. It predicts runoff, drainage and leachate that 
may result from operation of sanitary 1 andfill . A1 though 
developed for landfills, it is increasingly being used for 
tailing ponds and other waste containment facilities. Various 
cover designs including soils, vegetation and special 1 ayers 
can be simulated. Other water balance models such as the 
Jensen-Hai se [Jensen, 19831 and Bl aney-Criddl e [Jensen, 19831 
can be used to estimate water flux into reclaimed tailing 
ponds. 

2)  Waste Rock and Leached Ore Heaps, Waste rock and leached ore 
heaps (heaps leached by cyanide to recover gold) generally are 
reclaimed by regrading to 2h:lv slopes or flatter, and are 
covered with 0.2 to 1.0 meters of soil and a vegetative cover 
established. There are no widely accepted techniques for 
prediction of water fluxes through these reclaimed facil i ties. 
The HELP model is limited to slopes of 30% or less but is 
being used to predict fluxes through waste rock and leached 
ore. 

3) Mined Areas. Reclamation of open pits sometimes involves 
cover of pit bottoms and selected benches with 0.2 to 1 meter 
of soil and establ i shment of a vegetative cover. The flux of 
water through open pits can be predicted using many techniques 
however groundwater computer models are increasingly being 
used to predict water flux through reclaimed pits. Under- 
ground workings are a different situation and it often is 
difficult to predict the post-mining water in closed workings. 
A wide variation in underground mine configurations, tunnel 
plugs and rock permeability and fracture patterns results in 
the requirement for very site-specific prediction techniques. 
Again, groundwater models are increasingly being used to 
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predict the post-mining water flux through underground 
workings. 

PATHWAY AND FATE ANALYSIS 

The pathway analysis must consider both groundwater and surface water 
and normally involves a groundwater flow model based on measured and 
estimated aquifer characteristics and an understanding of local and 
regional hydrogeol ogy . Groundwater model s are used to estimate 
direction and rate of transport, dilution, and dispersion of 
contaminants a1 ong the pathway. Commonly used computer model s for flow 
and pathway analysis include PLASM [Prickett and Lonnquist, 19711, the 
U.S. Geological Survey two dimension model [Trescott and others, 19761 
and a three dimensional finite difference model [McDonald and Harbaugh, 
19841. A1 ternati vely, simp1 e analytical flow equations based an Darcy's 
Law are used for the pathway analysis. Groundwater models preHct the 
location and rate of discharge to streams which allows evaluation of 
impacts to stream water quality. Impacts to surface water are 
calculated using seasonal streamflow data and a simple mixing equation 
based on volume and concentration of contaminants in groundwater. 

Prediction of the fate of contaminants in groundwater is important and 
di ff i cul t and requires know1 edge of contaminant geochemical behavi our 
in aquifer materials. For acid waters, transport of many metals is 
determined by the capacity of aquifer materials to neutralize acidity. 
Geochemical computer models such as PHREEQE [Parkhurst et al., 19801 may 
be used to predict thermodynamic stability of solid phases and 
sol ubi 1 i ty of elements for various pH and oxidation-reduction 
conditions. Geochemical mbdel s a1 so can predict chemical reactions 
between groundwater and aquifer materials. Many metals can remain in 
solution at concentrations that exceed water quality criteria once they 
are sol ubil ized and mobil ized in the environment. For example, elements 
such as arsenic, molybdenum, selenium, and silver which do not form 
i nsol ubl e oxides may remain in sol ut i on even under moderately a1 kal ine 
conditions. Primary controls and attenuation mechanisms for selected 
parameters are: 

Parameter Attenuation Mechanisms 

Arsenic Adsorption by iron and manganese oxides; copreci pi tation with 
i ron. 

Cadmium Adsorption by clays; CdCO, precipitation. 

Copper Adsorption by organic matter and hydrous iron and manganese 
oxides . 

Cyanide Biodegradation, volatization, oxidation, and photolysis. 

Lead Adsorption to clays, organic matter, and iron and manganese 
oxides. 
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Parameter Attenuation Mechanisms 

Mercury Adsorption on clay, sil icates and oxide materials. 

Nitrate Vegetative uptake, bacterial denitrification and volatization. 

Selenium Adsorption on, or precipitation with hydrous iron oxides. 

Zinc Adsorption by clays, hydrous iron and manganese oxides, and 
organic matter. 

Mobi 1 i ty of many metal s i s control 1 ed by adsorption on aqui fer materi a1 s 
and in many cases adsorption may control mobi 1 i ty even when sol id phases 
appear to be thermodynamically stable. Predictive methods to determine 
adsorption affinities and rates for metals and aquifer materials are not 
well developed and site specific laboratory testing of mine waters and 
aquifer materials is generally necessary. Laboratory testing usually 
consists of column testing where mine waters are passed through a column 
of natural aquifer materials and attenuation of parameters is measured 
by difference between infl uent and effluent concentrations. This method 
is advantageous in that natural geological materials are tested and are 
a1 1 owed to control pH, ionic strength, and.thus adsorption behaviour of 
dissolved constituents. The adsorption capacity of geological materi a1 s 
also can be determined using laboratory bottle roll tests in which the 
concentration of parameters is varied and results are used to develop 
Langmuir or Freundlich adsorption isotherms. Accurate prediction of 
environmental pH conditions and control of pH in laboratory tests is 
necessary for adsorption isotherms to be valid representations of the 
natural adsorptive capacity. 

Typical results of soil column attenuation results for a gold mine in 
South Dakota are shown in Table 5. The water used in the column was 
leachate from leached ore (spent ore) and the soil was from beneath the 
spent ore disposal area. A 55 cm long plastic column was used in the 
test. Many column tests at a variety of gold mines have shown excel lent 
attenuation of many parameters by natural soils. 

FUTURE P R E D I C T I V E  CONSIDERATIONS 

In the future, gold and other metals will continue to be developed at 
a more rapid pace to satisfy increasing demands fbr these metals. 
Future mining will occur on larger and lower grade deposits, in areas 
of more difficult topography and cl imate and in rocks with more complex 
mineralogy . 
This will place more emphasis on development of accurate, quantitative 
predictions of acid water and metals and the impact on environmental 
resources. In the northwestern United States, future emphasis wi 1 1  
continue to be on acid water and metals in surface water and 
groundwater. 
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Tab le  5. S o i l  Column A t t e n u a t i o n  Resu l t s  f o r  Me ta l s  
i n  Spent Ore Leachate 

Parameter Spent o re  S o i l  Column 
Leachate E f f l  uent  

S u l f a t e  3  9 4 6 

A rsen i c  (As) 0.22 t o .  005 

Bar ium (Ba) (0.2 t 0 . 2  

Cadmium (Cd) 0.002 0.002 

Chromi um (Cr )  

Copper (Cu) 

I r o n  (Fe) 

Lead (Pb) 

Manganese (Mn) 

Mercury (Hg) 

N i c k e l  ( N i )  

Sel e n i  um (Se) 

S i  1  v e r  (Ag) 

Z i n c  (Zn) 

t o .  02 

0.02 

0.24 

(0.01 

t o .  02 

t o .  001 

t o .  03 

<O. 005 

<O. 005 

to .01  

The gene ra l  p r e d i c t i v e  methodology i s  r e l a t i v e l y  s imple  and can be 
summari zed as f o l  1  ows: 

1 )  T e s t i n g  o f  waste r o c k  and t a i l i n g s  t o  p r e d i c t  g e n e r a t i o n  o f  
a c i d  wa te r  and d i s s o l u t i o n  o f  meta ls .  

2) P r e d i c t i o n  o f  t h e  q u a n t i t y  o f  water  l e a v i n g  m in ing  f a c i l i t i e s  
( t a i l i n g s  ponds, mined areas, waste r o c k  dumps and l each  o re  
heaps) and t h e  movement o f  t h i s  water  i n t o  groundwater and 
s u r f a c e  water .  

3 )  For  me ta l s  e n t e r i n g  groundwater,  t h e  a t t e n u a t i o n  a long  t h e  
groundwater f l o w  p a t h  must be p r e d i c t e d .  

4) C a l c u l a t i o n  o f  t h e  c o n c e n t r a t i o n  o f  me ta l s  i n  groundwater and 
s u r f a c e  water  a t  compl iance p o i n t s .  

5) Dete rm ina t i on  o f  compl iance w i t h  water  q u a l i t y  s tandards  bo th  
d u r i n g  m in ing  and a f t e r  rec lama t i on .  
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A1 though the overall methodology for predicting acidic water and impacts 
of these waters is understood, standardized techniques for accurate 
quantitative predictions are not readily avail able. To increase the 
accuracy of predictions, better techniques are needed to: 

1) Estimate the rate of acid production including estimates of 
the concentration of metals and other parameters. 

2)  Calculate the rate of movement of water through earth covers 
placed on tailings, waste rock, leached ore heaps and mined 
areas. 

3 )  Determine the effectiveness of earth materials and aquifers in 
modifying water qua1 i ty during movement through these 
materi a1 s. 

4) Determine chronic and acute impacts on aquatic organisms in 
streams receiving contaminated waters. 

Future predictive techniques should emphasize computer-based models that 
allow assessment of a number of designs to allow selection of the most 
cost-effective options. Prediction of acid drainage is an important 
step in evaluation of mining and mineral processing projects. The 
overall focus of predictions for gold mining in the northwestern United 
States must be on operational and long-term impacts of mine-related 
water on surface water and groundwater resources. 
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