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I n t r o d u c t i o n  

D i s r u p t i o n  of a s u l f i d e  o r e  zone  by  u n d e r g r o u n d  m i n i n g  a n d  
the s u b s e q u e n t  d u m p i n g  a n d  a c c u m u l a t i o n  of m i l l  t a i l i n g s  in to  the  
s t r e a m  v a l l e y  a d j o i n i n g  the  " � 9 9  Bob"  s u l f i d e  m i n e  h a s  a f f o r d e d  
a n  i d e a l  s i t u a t i o n  f o r  o b s e r v a t i o n  of the  e f f e c t s  of s u l f i d e  o r e  
m i n i n g  on w a t e r  q u a l i t y  w i t h i n  a r e s t r i c t e d  s y s t e m  

The  p u r p o s e  of the  r e s e a r c h  is  to  e s t a b l i s h  t r e n d s  f o r  the  
a c c u m u l a t i o n  and  d i s t r i b u t i o n  of p o t e n t i a l l y  t o x i c  t r a c e  m e t a l s  in  
f l u v i a l  s y s t e m s  t h a t  d r a i n  a b a n d o n e d  s u l f i d e  m i n e r a l  m i n i n g  o p e r a -  
t i o n s .  E v a l u a t i o n  of e c o l o g i c a l  p a r a m e t e r s  is  a l s o  a t t e m p t e d .  

The  p a r t i c u l a r  l o c a t i o n  a n d  o b j e c t  of the  s t u d y  w a s  c h o s e n  
b e c a u s e  i t i s  one of a n u m b e r  of m i n o r  m i n i n g  o p e r a t i o n s  t h a t  o c c u r  
a l o n g  the  s t r i k e  of an  e x t e n d e d  s u l f i d e  b e a r i n g  zone .  I t  m i g h t  w e l l  
r e p r e s e n t  n u m e r o u s  s u c h  d e p o s i t s  a c r o s s  the  n a t i o n  ( S T A N T O N ,  
1972). It a l s o  c o n t a i n s  a l l  n e c e s s a r y  c o m p a r a t i v e  e l e m e n t s  f o r  o u r  
s t u d y :  1) S t r e a m  u n a f f e c t e d  by  p o l l u t i o n ,  2) W a t e r  a n d  s e d i m e n t s  
f r o m  a t a i l i n g s  pond ,  and  3) S t r e a m  e m i n a t i n g  f r o m  the  t a i l i n g s  
pond.  A n a l y s e s  of t h i s  s y s t e m  s h o u l d  g ive  a n  i d e a  of  the  e x t e n t  of 
w a t e r  c o n t a m i n a t i o n  in  the  s t u d i e d  s t r e a m  a n d  in  s i m i l a r ,  p r o x i m a l  
s y s t e m s .  

L o c a t i o n  of  the  S t u d i e d  S i t e  

The  " L i t t l e  Bob"  m i n e  i s  one of a s e r i e s  of m i n e s  and  p r o -  
s p e c t s  l o c a t e d  in  a n o r t h e a s t  s t r i k i n g  s u l f i d e  m i n e r a l  b e a r i n g  z o n e .  
The  zone  e x t e n d s  f r o m  c e n t r a l  C a r r o l  Coun ty ,  G e o r g i a  ( s o u t h w e s t  
of A t l a n t a )  to  T o w n s  Coun ty ,  G e o r g i a ,  s o m e  240 k m  to  the  n o r t h -  
e a s t .  The  zone  i s  d i v i d e d  in to  s i x  d i s t i n c t  u n i t s ,  one of w h i c h  i s  
the  f a m o u s  C r e i g h t o n - D o n l o n e g a  go ld  m i n i n g  b e l t .  The  G e o l o g i c  
S u r v e y  of G e o r g i a ,  B u l l e t i n  n u m b e r  33 (1918) d i s c u s s e s  the  
d e t a i l e d  e x t e n t  a n d  g e o l o g y  of t h e s e  s u l f i d e  d e p o s i t s .  

The  " L i t t l e  Bob"  m i n e  i s  l o c a t e d  in  P a u l d i n g  C o u n t y  in  w h a t  
i s  k n o w n  a s  the  " P a u l d i n g  C o u n t y  B e l t "  of s u l f i d e  d e p o s i t s .  The  o ld  
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m i n e  s h a f t  i s  s o m e  15 m e t e r s  a b o v e  the  l e v e l  of a s t r e a m  t h a t  r u n s  
a p p r o x i m a t e l y  90 m e t e r s  to  the  s o u t h  ( F i g .  1}, D u r i n g  the  p e r i o d  
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F I G U R E  1. I n d e x  M a p  of S a m p l e  L o c a t i o n s ,  The  L i t t l e  Bob  M i n e ,  
a n d  the  Su l f i de  V e i n  in  P a u l d i n g  Coun ty ,  G e o r g i a .  

of a c t i v e  m i n i n g  b e t w e e n  the  m i d d l e  1 8 0 0 ' s  and  the  e a r l y  1 9 0 0 ' s ,  
w a t e r  w a s  p u m p e d  to the  m i n e  a n d  m i l l  f r o m  u p s t r e a m  and  
r e t u r n e d  to  the  s t r e a m  b e l o w  the  mi l1 .  A s  a r e s u l t ,  the  s t r e a m  
v a l l e y  a t  t h a t  p o i n t  b e c a m e  a t a i l i n g s  pond.  I t  i s  f r o m  t h i s  s t r e a m ,  
the  t a i l i n g s  pond ,  and  the  s u l f i d e  o r e  a t  the  m i n e  t h a t  s a m p l e s  
w e r e  t a k e n  f o r  the  p r e s e n t  s t u d y .  
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S a m p l i n g  a n d  A n a l y t i c a l  P r o c e d u r e s  

The  s a m p l i n g  s c h e m e  w a s  d e s i g n e d  to  a l l o w  d e t e r m i n a t i o n  
of the  c h e m i s t r y  of u n a f f e c t e d  s t r e a m  w a t e r s ,  the  r e l a t i o n s h i p s  of 
w a t e r  and  s e d i m e n t  in  the  t a i l i n g s  pond,  a n d  the  c h e m i s t r y  of the  
e f f l u e n t  b e l o w  the  pond ( F i g .  1}. C h e m i s t r y  of the  s u l f i d e  o r e  w a s  
d e t e r m i n e d  in  o r d e r  to  c o m p a r e  t h i s  m e t a l  s o u r c e  to  the  c o n t e n t s  
of the  f l u v i a l  s y s t e m .  

W a t e r  s a m p l e s  w e r e  t a k e n  f r o m  a b o v e  the  t a i l i n g s  pond  in 
the  f r e e  f l o w i n g  s t r e a m  charme1 (#2), f r o m  s e m i - s t a t i c  w a t e r  p o o l s  
in  the  t a i l i n g s  pond  ~#3), and  f r o m  f r e e  f l o w i n g  w a t e r  b e l o w  the  
pond  ~#5) A s a m p l e  w a s  a l s o  t a k e n  f r o m  the  s e d i m e n t  d i r e c t l y  
b e l o w  the  w a t e r  s a m p l e  in  the  t a i l i n g s  pond  (#4A,  #4Bi .  A s o l i d  
p i e c e  of p y r i t e  o r e  (#1 1 w a s  r e t r i e v e d  f r o m  the  r e i n  a d j a c e n t  to  the  
m i n e  sha f t .  S a m p l e  s i t e s  a r e  d i s p l a y e d  in  F i g u r e  1. 

The water samples were filtered through a . 45 um diameter 

mesh inthe field. After suspended particulates were removed, 

the 1 pint samples were acidified with 5 drops of 2.0 N HCI. 

Acidification prevents plating of metals onto the sides of the sam- 

ple container prior to analyses. Ai1 water and sediment samples 

were refrigerated while awaiting analyses. 

P H v a l u e s  w e r e  m e a s u r e d  and  r e c o r d e d  a t  e a c h  of the  s a m -  
p l i n g  s i t e s .  A p o r t a b l e  O r i o n  401 m e t e r  w a s  u s e d  f o r  t h e s e  m e a -  
s u r e m e n t s .  

S e d i m e n t  s a m p l e s  (#4A and  #4B) w e r e  t a k e n  f r o m  a n  a c c u m u -  
l a t i o n  of f ine  m a t e r i a l  in  the  pond.  S e d i m e n t  r e t r i e v a l  w a s  a c c o m -  
p l i s h e d  b y  r a n d o m l y  s e l e c t i n g  a g r a b  s a m p l e  in  t h i s  a r e a .  The  
s e d i m e n t  w a s  a i r  d r i e d ,  h o m o g e n i z e d ,  a n d  s p l i t  in to  f o u r  s u b s a m -  
p l e s .  Two s u b s a m p l e s  w e r e  s e l e c t e d  f r o m  the  s e t  f o r  d u p l i c a t e  
a n a l y s e s .  The  s e l e c t e d  s u b s e t s  w e r e  d i v i d e d  in to  two  s i z e  r a n g e s  
by sieving and centrifugation. The ranges were 105 to 5 ~m (sand 

and silt) and 5 to . 2 ~ m (fine silt and clay). See SCHRADER et al. 

(1977b) for rnethodology of separations. 

Chemical analyses were performed on all of the samples by 
thermal neutron activation. A 5 percent replicate precision was 
obtained on the samples and a set of standard reagents, No inter- 

ferences were observed; thus, no extractions were necessitated. 

R e s u l t s  and  D i s c u s s i o n  

Table 1 represents the average metal concentrations 
obtained by neutron activation of the individual sarnples of this 
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TABLE I .  

Chemical Analyses in ppm (by Neutron Activation) 

of Water and Solid Samples from the "Little Bob" 

Mine Area, Georgia . 

S a m p l e  s 

1--Ore (pyrite) 2--H20 Stream 
above mine) 

3 --H20 
(tailing pond) 

Fe 3.5 x 105 0.05 I.Z0 

Mn 470 0.0Z i. 18 

Cd 0.06 0. 004 0.08 

Zn 90 0.03 i. 06 

Cu 190 0. 008 0.08 

Ni 0.01 --- 0.09 

Pb 230 0. 009 0. i0 

4A- -Silt (pond- 

1 0 5  - 5U) 

Sain ple s 

4B- -Mud (pond- 5- -HzO (below 

5 - 0. Z ~) pond) 

Fe 3.7 x 105 8.2 x 106 3.22 

Mn 4.6 x 10 Z 1.6 x 103 l. 17 

Cd I. 8 5.2 0.09 
Zn 60 82 i. 06 

Cu 16 42 0. I0 

Ni 40 109 0.07 
Pb 60 72 0. 12 

study. The water takenat site #2 is markedly less concentrated in 

all metals than the water from sites #3 and #4. The concentration 
ofthese metals at the latter two sites is obviously due to reaction 
of the stream waters with the tailings from the mining operations. 
The finer grained sedirnents(5 - 2 k/) are much more concentrated 
in the metals than either the sand-silt fraction or pyrite ore. 
Similar trace metal affinities for fine grained sediment was 

observed in North Carolina rivers by SMOCK et al. (1971). 

Illite, kaolinite and montmorillonite comprise the finest 
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g r a i n e d ,  c l a y  f r a c t i o n  of  t h e  s e d i m e n t .  T h e  c a t i o n  s o r p t i o n  
c a p a c i t y  o f  t h e s e  c l a y  m i n e r a l s  p r o b a b l y  a c c o u n t s  f o r  t h e  e l e -  
v a t e d  m e t a l  c o n c e n t r a t i o n s  ~ J A C K S O N ,  1958;  S C H R A D E R  e t  a l .  , 
1977b}.  T h e r e  i s  no  a v a i l a b l e  s t r u c t u r a l  s i t e  i n t h e  s i l i c a t e  
l a t t i c e s  o f  t h e s e  c l a y s  in  w h i c h  s i g n i f i c a n t  q u a n t i t i e s  of  t b e  t r a c e  
m e t a l s  m i g h t  b e c o m e  i n c o r p o r a t e d .  

A m o r p h o u s  F e - M n  o x i d e s  a r e  a b u n d a n t  i n  t h e  p o n d ,  b o t h  
s u s p e n d e d  i n  t h e  w a t e r  a n d  c o a t i n g  t h e  u n d e r l y i n g  s e d i m e n t .  T h e s e  
o x y h y d r o x i d e s  a r e  e f f e c t i v e  c o n c e n t r a t o r s  o f  t r a c e  m e t a l s  ( P O S S E L T  
e t  a l . ,  1968;  S M O C K  e t  a l . ,  1971;  A P P A L A C H I A N R E G I O N A L  
C O M M I S S I O N ,  1969;  S C H R A D E R  e t  a l . ,  1 9 7 7 b ,  S C H R A D E R ,  1977a) .  
T h u s ,  t h e  coat` of  t h i s  m a t e r i a l  o n  t h e  s i l t  a n d  s a n d  s i z e d  s e d i -  
m e n t  {105 - 5 ~  m )  a r e  p o s s i b l e  s i t e s  f o r  h e a v y  m e t a l  a c c u m u l a t i o n .  
T h e  c l a y  s i z e d  s e d i m e n t  h a s  no  s u c h  c o a t i n g .  

T h e  e f f e c t i v e n e s s  of  t h i s  c o n c e n t r a t i n g  m e c h a n i s m  in  t h e  
s t u d i e d  s t r e a m  s y s t e m  i s  a t t e s t e d  to  b y  t h e  h e a v y  m e t a l s  a s s o c i a t e d  
w i t h  t he  105 - 5 u m  s e d i m e n t  f r a c t i o n  { T a b l e  1). S i n c e  m i n e r a l o -  
g i c a l l y  t h i s  f r a c t i o n  of  t h e  s a m p l e  i s  m o s t l y  c a l c i t e  a n d  q u a r t z ,  no  
i o n  s o r p t i o n  o r  i o n  e x c h a n g e  m e c h a n i s m  c a n  b e  p r o p o s e d  f o r  t h e  
h e a v y  m e t a l  c a p t u r e .  S a m p l e s  of  t h e s e  c o a r s e r  g r a i n s  w e r e  a c i d  
w a s h e d  to  r e m o v e  t h e  o x i d e s  a n d  a n a l y z e d .  V i r t u a l l y  no  h e a v y  
m e t a l s  w e r e  t h e n  o b s e r v e d .  T h u s ,  t h e  c o n c e n t r a t i o n  of  h e a v y  
m e t a l s  in  t h e  c o a r s e r  s e d i m e n t s  i s  p r o b a b l y  a f u n c t i o n  of  t h e  a m o r -  
p h o u s  c o a t i n g .  

The pli values at each sampling site are reported in Table 2. 

TABLE 2 

Recorded pli Values at Each Sampling Site 

Sample Numbe r 

1 2 3 4A $ 4B $ 5 

p H  - - -  6 . 5  5 . 2  2 . 0  Z . 0  5 . 1  

* p l i  t a k e n  b y  i n s e r t i n g  p r o b e  i n t o  u n d i s t u r b e d  s e d i m e n t .  

T h e  p l i  v a l u e s  of  t h e  w a t e r ,  5. 1 t o  6 . 2 ,  a r e  c o n s i s t e n t  w i t h  
s u r r o u n d i n g  s t r e a m s  a n d  m a n y  o t h e r  s t r e a m s  in  t h e  S o u t h e a s t  
w h i c h  d r a i n  s u l f i d e  b e a r i n g  a r e a s  ( S C H R A D E R  a n d  R U L E ,  1975) .  
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However, the lower pH values within the sedirnent reflect the 

breakdown of pyrite (FeS2) and FeSO 4 by the coupled reactions: 

ZFeS 2 + 2HzO + 702 3 2(FeSO 4) + 2(H2SO4) 

Z(FeSO4) + 3HzO~ Fe(OH) 3 + H2SO 4 + H + 
(FURBISH and SCHRADER, 1976). 

Crystalline and arnorphous Fe-oxides become unstable at 

pli values below approxirnately 2.5 {WHITTEMORE and LANG- 

MUIR, 1975; BROWN, 1971; FURBISH, 1963). Consequently, a 
low pli below the sedirnent-water interface allows the dissolution 

of heavy rnetal-laden oxyhydroxides and liberates these metals to 
the aqueous media. However, the higher pli above the interface 
allows precipitation of these sarne compounds if dlssolved, ionic 
concentrations permit. Thus, a constant cycle of precipitatlon of 
hydrous oxides at the sediment surface and subsequent dissolution 
{after burial} of these oxides below the interface is the proposed 
semi-static equilibria rnodel Since the water is not static, rnetals 
are continuously carried away from the site of precipitationand 
dissolution. These rnetals, rernoved frornthe chernical cycling, 
are transported by the waters downstrearnand out of the tailings 
pond. In Table 1 the similarity of the water in the tailings pond 
and downstrearn can be observed. The main difference between 

the two sarnples is the elevated Fe content in the sarnple below the 
pond (#5}. These higher concentrations can be understood since 

rnost of the filtered particulates below the pond are Fe-rich hydrous 
oxides transported, as are the dissolved species, away frorn the 

ponded areas. 

The analyzed ore samples consisted of the sulfide, pyrite, 

with rninor arnounts of other sulfides, chalcopyrite, sphalerite 

and galena. Quartz and calcite were abundant with rninor horn- 

blende, garnet, and rnagnetite. No distinct cadrniurn or nickel 

bearing rninerals were observed. The bulk composition of the ore, 

as noted above, can change on strike and at depth (SHEARER and 

HALL, 1918}, so the sulfide ore acts sirnply as a rnetallic ion 

source rather than donating a specific arnount of heavy rnetals to 

the system. Any ground water discharge frorn such a sulfide body 

would reflect the gross composition of the ore body but would 
change as the sulfide composition changed, all other factors equal. 

The bulk rnetallic ion content of the unexposed sulfide ore 

is, within limits, reflected by a water sample (No. 2, Table l} 
taken from the strearn above the tailing pond. It in no way reflects 
the results of rnining, but rather, of a normal chernical anornaly 
of ground water from an area containing sulfides. 

164 



T a b l e  3 l i s t s  the  E. P.  A. r e c o m m e n d e d  m a x i m u m  l e v e l s  
of c e r t a i n  t o x i c  m e t a l s  f o r  p u b l i c  w a t e r  s o u r c e s .  The  w a t e r  

TABLE 3. 

E. P. A. Suggested Metal Levels fin ppm) for Public 

Water Sources {Dr. ll. Horton, Environmental Pro- 

tection Agency, Personal Communication). 

Fe Mn Cd Z n Cu Ni P b  

p p m  . 3 .05  .01 5. 0 1 . 0  . 0 5  

s a m p l e s  o b t a i n e d  u p s t r e a m  (No.  2, T a b l e  1) c o n t a i n s  no m e t a l  in  
e x c e s s  of the  s u g g e s t e d  m a x i m u m  l e v e l  f o r  h u m a n  u s e ;  h o w e v e r ,  
bo th  in  the  t a i l i n g s  pond and  d o w n s t r e a m  F e ,  Mn, Cd,  and  P b  
l e v e l s  a i l  e x c e e d  the s a f e t y  s t a n d a r d s  f o r  h u m a n  c o n s u m p t i o n .  We 
f e e l  t h a t  the  s e m i - s t a t i c ,  i o n i c  c y c l i n g  m o d e l  p r o p o s e d  a b o v e  
a c c o u n t s  f o r  the  e l e v a t e d  ruera1 c o n c e n t r a t i o n s  in  t h i s  d i s c h a r g e .  
S i n c e  s m a l l  f a r m s  a n d  r u r a l  c o m m u n i t i e s  u s e  t h i s  s t r e a m  a n d  
o t h e r s  l i ke  i t  f o r  w a t e r  s u p p l i e s ,  a d e f i n i t e  h e a l t h  h a z a r d  i s  s u g -  
g e s t e d .  The  l e v e l s  s u g g e s t e d  b y t h e  E.  P.  A. f o r  h u m a n u s e  a r e  
m u c h  h i g h e r  t h a n  t h a t  w h i c h  w i l l  a f f e c t  a q u a t i c  l i f e  ( f l o r a l  and  
f a u n a l ) .  T h u s ,  the  e t e v a t e d  m e t a l  c o n t e n t s  a s  d i s s o l v e d  s p e c i e s  
a n d  s u s p e n d e d ,  p a r t i c u l a t e  o x y h y d r o x i d e s  m a y  s i g n i f i c a n t l y  a l t e r  
the  e c o l o g y  of the  s t r e a m  s y s t e m .  S i n c e  the  c o n t a m i n a t i o n  of 
t h e s e  f l u v i a l  s y s t e m s  d e p e n d s  s t r o n g l y  on the  p l i  a t  c r i t i c a l  p o i n t s  
in  the  c h e m i c a l  c y c l e ,  p o s s i b l e  e x t e r n a l  c o n t r o l s  c o u l d  be e a s i l y  
i m p l e m e n t e d .  B u f f e r i n g  of the  s y s t e m  to a b o v e  2. 5 w o u l d  p r e v e n t  
d i s s o l u t i o n  of the  F e - M n  o x y h y d r o x i d e s .  The  h e a v y  m e t a l s  t h e n  
w o u l d  be c o n c e n t r a t e d  in to  f i l t e r a b l e  p a r t i c u l a t e s  t h a t  m i g h t  be 
m e c h a n i c a l l y  r e m o v e d  f r o m  s e t t l i n g  p o n d s .  

At  the  p r e s e n t  r i m e ,  h o w e v e r ,  t h e s e  s m a l l  s t r e a m  s y s t e m s  
a r e  r a r e l y  o r  n e v e r  m o n i t o r e d  b y  s t a t e ,  f e d e r a l ,  o r  p r i v a t e  o r g a n i -  
z a t i o n s ;  t h u s ,  the  p o t e n t i a l  h u m a n  h e a l t h  a n d  n a t u r a l  e e o l o g i c a l  
h a z a r d s  a r e  v i r t u a l l y  u n k n o w n  a n d  u n t e s t e d .  

C o n c l u s i o n s  

S m a l l  s t r e a m s  i n t h e  s o u t h e a s t e r n  U. S. c a n  be s i g n i f i c a n t l y  
c o n t a m i n a t e d  by  a b a n d o n e d  m i n i n g  o p e r a t i o n s .  H e a v y  m e t a l  c o n t a m i -  
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nation of such stream systems may be a function of the cyclic pre- 
cipitation and dissolution of Fe-Mn oxyhydroxides. Since these 
mines are no longer operative and many of the original companies 
defunet, no private company is willing to regulate the rates of 
rnetal accumulation in stream waters. The unregulated waters 
pose a hazard for rural communities and natural ecological 
s y s t e m s  wi th in  the d r a i n a g e  b a s i n s .  
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