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ARSTRACT 

T h i s  p a p e r  r e p o r t s  a n  u n u s u a l  o c c u r r P n c r  of' t l i e  r a r r  r ~ i n r r n l  
~ t t r i n g i t e ,  r ~ h j c h  f o r m e d  as a  r ~ s u l  t o f  a c i d  mint. d r a i n a g c  
t r e a t m e n t  a t  a  s u r f a c e  c o a l  mine i n  n o r t h ~ r n  Cfrs t  V i r g i n i a ,  USA.  
E t t r i n g i t e ,  a  h y d r a t e d  b a s i c  s 1 ~ 1 f a t e  of c a l c i ~ t m  a n d  .~lrrrninrlm 
[Ca6A12(S04)30H12 26H20] ,  f o r m s  i n  h i ~ 1 - I  p:{ e n v i r o n m e n t s  u n d r r  
o x i d i z i n p ;  c o n d i t i o n s  w h e r e  s u f  f i c i ~ n t  d i s s o l  V P ~  c a l c i u m ,  alumirrum, 
a n d  s u l f a t e  a r e  p r e s r n t .  When v iewed  i n  r e l a t i o n  t o  t h e  o v e r a l l  
g o a l  o f  m i n e  d r a i n a g e  t r ~ a t m e n t ,  namply  t o  ~ r o r l u c c  a n  e f f l r i e n t  
t h a t  i s  l e s s  d e t r i m e n t a l  t o  a q u a t i c  b i o t a ,  p t t r i n ~ i  t e  f o r m a t i o n  
d o c u m e n t s  s e v e r e  o v e r t r e a t m e n t  of  a c i d i c  mine  w a t e r s  t o  t h e  p o i n t  
o f  p r o d u c i n g  a h i g h l y  a l k a l j n ~  e f f l u e n t  t h a t  may h a v e  a d v e r s e  
e f f e c t s  u p o n  a q u a t i c  l i f e .  



INTRODUCTION 

E t t r i n g i t e ,  a  hydrated b a s i c  s u l f a t e  of calcium and aluminum 
[Ca6A12(S04)3(OH)12 26H20], was o r i g i n a l l y  i d e n t i f i e d  i n  c a v i t i e s  
of metamorphosed l imestone inc lus ions  i n  a  leuci te-nephel ine-  
t e p h r i t e  near  E t t r i n g e n ,  Germany, i n  t h e  1870s [ I ] .  Other re-  
por ted  occurrences of t h i s  r e l a t i v e l y  r a r e  mineral  lnc lude  County 
Antrim, I r e l a n d ,  i n  a  con tac t  zone between l imestone and d o l e r i t e  
[2 ] ;  near  Tombstone, Arizona, USA, a s  an a l t e r a t i o n  product of 
calcium and aluminum s i l i c a t e s ;  a t  F rank l in ,  New J e r s e y ,  USA [ 3 ] ,  
and a t  Crestmore, C a l i f o r n i a ,  USA [ 4 , 5 ] .  E t t r i n g i t e  i s  a l s o  a  
hydra t ion  product of Port  I and and supersu l f  a t e d  cements, a  common 
product of concre te  a l t e r a t i o n ,  and i s  used i n  " s a t i n  white"  f o r  
paper  coa t ings  [6 ] .  E t t r i - n g i t e  i s  f requen t ly  a s s o c i a t e d  wi th  
thaumasi te  [Ca6H4(Si04)2(S04)2(C03)2 26H20], which i s  s i m i l a r  j.n 
phys ica l  p r o p e r t i e s  and u n i t  c e l l  dimensions 171, and may be 
a s s o c i a t e d  with s e v e r a l  o t h e r  r e l a t e d  minerals  [8 ] .  

This  paper records  an unusual occurrence of e t t r i n g i t e  i n  a  s e t -  
t l i n g  pond a t  a  coal s t r i p  mine i n  nor the rn  West V i r g i n i a ,  USA. 
Deta i l ed  sampling and a n a l y s i s  of sediments a t  t h i s  r e t e n t i o n  pond 
were undertaken a s  p a r t  of a  s tudy examining t h e  d i s t r i b u t j o n  and 
m o b i l i t y  of s e l e c t e d  t r a n s i t i o n  metals  i n  such sediments. 
P r e d i c t i v e  equa t ions  f o r  e x t r a c t a b l e  metals  i n  r e t e n t i o n  pond 
sediments  (based on d a t a  from 19 s u r f a c e  coa l  mines i n  t h e  Eas te rn  
and Midwestern U.S.) were discussed p rev ious ly  [g ] .  

METHODS 

The r e t e n t i o n  pond examined was loca ted  approximately 16 km south-  
west of Kingwood, West Vi rg in ia .  The mine d ra inage ,  most of which 
was con t r ibu ted  from abandoned underground mine opera t ions  i n  t h e  
a r e a ,  was a c i d i c  (pH about 2.0), contained h igh  l e v e l s  of s u l f a t e  
and aluminum, and requ i red  t reatment  with a  n e u t r a l i z i n g  reagent  
be fore  discharge i n  o rder  t o  comply wi th  U.S. government s t andards  
f o r  pH, i r o n ,  and manganese. The pond was cons t ruc ted  t o  t r a p  
both t ranspor ted  sediment and newly formed p r e c i p i t a t e s  r e s u l t i n g  
from t h e  n e u t r a l i z a t i o n  t reatment .  Treatment was u s u a l l y  accom- 
p l i s h e d  by adding a  s o l u t i o n  of 20% sodium hydroxide (NaOH) t o  t h e  
drainage s tream through a f low-proport ional  d i s ~ e n s i n g  system. 
A f t e r  t r ea tment ,  t h e  mine drainage flowed approximately 224 m 
through an open channel t o  t h e  s e t t l i n g  pond. During t imes of 
h igh  flow, t h e  NaOH system was by-passed, and t h e  pond was sprayed 
wi th  a  aqueous suspension of hydrated l ime,  o r  Ca(OH)2. Water 
dep th  was approximately 1 m. The pond dra ined  through a perfor-  
a t e d  s tandp ipe ;  dur ing  major r a i n f a l l s ,  t h e  pond a l s o  drained 
through an emergency spi l lway.  The genera l  conf igura t ion  of t h e  
pond and a s s o c i a t e d  i n l e t / o u t l e t  s t r u c t u r e s  a r e  shown i n  Figure 1. 



Perforated -O 

Fig. 1. Base map of settling pond, showing g r i d  system used to 
determine sample locations. 



Field procedures pertinent to this paper included (a) establishing 
a 10-m grid system for the pond and a limited area of pond perim- 
eter; (b) sampling water at each of the established grid points in 
the pond; (c) taking instantaneous measurements of water pH at the 
pond surface and immediately above the sediment/water interface; 
(d) sampling sediment at each grid point; and (e) immediately 
measuring pH of each sediment sample collected from the pond 
botrom. All sediment samples were grab samples. All sampling was 
done on May 29, 1980. 

Laboratory procedures included chemical analysis and use of 
optf-cal and x-ray diffraction techniques for mineralogical identi- 
f ication. Scanning electron microscopy (SEM) provided a direct 
view of the ettringite formed. ChemCcal analysis included (a) 
analysis of pond water for maior and minor constituents and 
selected trace metals, and (b) analyses of digested air-dried 
sediment samples for sulfur fractions and selected total and 
extractable metals. All metals analyses were done in triplicate 
on a Perkin-Elmer 603 Atomic Absorption Spectrophotometer. Sulfur 
analyses on pond sediment were done by LECO furnace. X-ray dif- 
fraction of random mount powdered samples, using nickel-f iltered 
CuKa x-radiation was completed for all sediment samples. Refrac- 
tive indices were measured by standard optical techniques. 

RESULTS 

Physically, the pond sediment consisted of a green to red/brown 
gelatinous precipitate with varying amounts of detrital material. 
X-ray diffraction indicated the presence of ettringite in sample 
D 5  (Figure 1); the ettringite was associated with less than 5% a- 
quartz and calcjte. In other sediment samples, crystalline com- 
ponents that were identified included gypsum, a-quartz, kaolinite, 
calcite, and dolomite. The sum of these minerals was frequently a 
small percentage by weight of the total; accordingly, large quant- 
ities of amorphous or poorly crystalline material was present. 
The chemical extraction data (not reported here) indicated that 
this material consisted mainly of iron oxyhydroxides and other 
metal hydroxides. 

A comparison was made of X-ray diffraction data for pond sample D5 
to published powder-diffraction data [lo] and to a synthetic 
ettringite sample obtained from the Portland Cement Association, 
Skokie, IL, USA (See note 1). Strong reflections at 9.70, 5.60, 
3.88, 3.46, 2.77, and 2.56 / confirmed the identification of 
ettringite in sample D 5 .  Reflections of weak intensity on the 
reference sample of ettringite could not be distinguished from 
hackground radiation on sample D 5 .  Taking the reference sample 



Fig .  2.  Scanning e l e c t r o n  micrograph of sample D 5 ,  showing cha r -  
a c t e r i s t i c  n e e d l e l i k e  c r y s t a l s  of e t t r i n g i t e .  S c a l e  i s  
10 pa. 



ob ta ined  from t h e  P o r t l a n d  Cement A s s o c i a t i o n  a s  approximately  
100% pure  e t t r i n g i t e  and comparing peak h e i g h t s ,  t h e  pond sample 
was approx ima te ly  67% e t t r i n g i t e .  S ince  e t t r i n g i t e  and thaumas i t e  
may be c l o s e l y  a s s o c i a t e d ,  a  comparison was made between t h e  t h r e e  
most i n t e n s e  peaks of sample D5 and t h e  t h r e e  most i n t e n s e  peaks 
of thaumas i t e ,  which a r e  9.66, 3.79, and 4.58 A wi th  111' of 100 
75, and 65, r e s p e c t i v e l y  I l l ] .  This  comparison confirmed t h a t  t h e  
t h r e e  most i n t e n s e  peaks of sample D5 co inc ided  more c l o s e l y  w i t h  
t h o s e  of e t t r i n g i t e  than  w i t h  those  of thaumasi te .  A r e p e t i t i o n  
of t h e  d i f f r a c t i o n  a n a l y s i s  f o r  sample D5 approximately  s i x  months 
a f t e r  t h e  i n i t i a l  i d e n t i f j c a t i o n  showed no change i n  t h e  d i f f r a c -  
t i o n  p a t t e r n s .  

Measurement of t h e  r e f r a c t i v e  i n d i c e s  f o r  s a m ~ l  P D5 co inc ided  
c l o s e l y  wi th  r e p o r t e d  r e f r a c t i v e  i n d i c e s  f o r  p t t r i n g i t e ,  w = 

1.4655 and E = 1.4618 [12] .  I n  a d d i t i o n ,  s cann ing  e l e c t r o n  micro- 
scopy (SEM), a s  shown i n  Fig.  2, i n d i c a t e d  the  c h a r a c t e r i s t i c  
n e e d l e l i k e  h a b i t  of e t t r i n g i t e  i n  sample D 5  sediment .  

S e l p c t e d  chemical  d a t a  and a  g e n e r a l i z e d  c o n s i d e r a t i o n  of pond 
geochemistry  suppor t  t h e  i d e n t i f i c a t i o n  of e t t r i n q i  t o  i n  sampl e  D5 
i n  t h e  downstream p o r t i o n  of t h e  pond. Most of the  pond s ~ a i m e n t  
was c h a r a c t e r i z e d  by gypsum r a t h e r  t h a n  e t t r i n g i t p ;  t he  avpsrlm 
ranged from a t r a c e  t o  approximate1 y  10% bv weight or  the srx;li- 
ment. F i g u r e  3a,  a  con tour  p l o t  of s ~ d j m e n t  nF1, i n d i c a t e s  t h a t  
the  occur rence  of e t t r i n g i t e  i n  the  pond co inc ided  with  t h r  revion 
of h i g h e s t  pH v a l u e s  ( i n  excess  of l l . n ) ,  a c o n d i t i o n  npcpssnrv 
f o r  e t t r i n g i t e  fo rma t ion .  I n  the  a r e a  O F  sample D 5 .  p o c k ~ t s  o r  
u n r e a c t e d  hydra ted  l ime were a l s o  noted i n  t h e  sediment .  F i g r ~ r p  
3b, a  con tour  p l o t  of pond wa te r  pH i ~ m e d i a t c l y  ahovc t h c  
sed imen t lwa te r  i n t e r f a c e ,  shows pH i n  excess  of 10.0 a t  t h e  po in t  
of e t t r i n g i t e  occur rence .  Correspondingly,  p l o t s  o f  pe rcen t  t o t a l  
s u l f u r  i n  sediment  and calc ium c o n c e n t r a t i o n  i n  pond wat-r 
( F i g u r e s  3c and 3d) a l s o  i n d i c a t e  h igh  va lucs  a t  l o c a t i o n  D 5 .  
T o t a l  aluminum i n  D5 sediment is approximatply 4%. I n  a l l  f o u r  
p l o t s  ( F i g u r e s  3a through 3D), s t r o n g  c o n c e n t r a t i o n  g r a d i e n t s  
e x i s t  from t h ~  pond i n l e t  t o  t h e  a r e a  around t h e  s t andp inc .  

CONCLUSIONS AND ENVIRONMENTAL 1MPZ.ICATIONS 

E t t r i n g i t e  formed i n  t h e  r e t e n t i o n  pond under  s t u d y  a s  a  r e s u l t  of 
t r e a t m e n t  of low pH, h i g h  s u l f a t e  wa te r  w i t h  sodium hydroxide and 
hydra ted  lime. Chemical evidence f a v o r i n g  e t  t r i  n ~ i  t e  Formati on 
incl-uded h igh  pH c o n d i t i o n s  and h igh  c o n c e n t r a t i o n s  of s u l f u r  and 
ca lc ium a t  t h e  l o c a t i o n  of e t t r i n g i t e  occur rence  (D5 on r e f e r e n c e  
g r i d ) .  The o v e r a l l  purpose of a c i d  mine d r a i n a g e  t r ea tmen t  is  t o  
r educe  h igh  l e v e l s  of d i s s o l v e d  m e t a l s  and a c i d i t y  i n  o r d e r  t o  
produce an e f f l u e n t  t h a t  i s  l e s s  d e t r i m e n t a l  t o  a q u a t i c  b i o t a  i n  



Fig.  3a. Contour p l o t  of sediment pH. 



Fig .  3h. C o n t o u r  p l o t  of pH of pond w a t e r  a t  s e d i m e n t / w a t e r  
i n t e r f a c e .  



Fie.  3c. Sontotlr plot  o f  c a I c i ~ ~ m  concen t ra t ions  (mg/L) i n  pond 
water. 



Fig .  3d.  C o n t o u r  p l o t  o f  t o t a l  s u l - f u r  (%)  i n  pond s e d i m e n t s .  



t h e  waterway which rece ives  t h e  mine drainage.  Chemical neutra-  
l i z a t i o n  t reatment  of ac id  mine drainage a t  su r face  coa l  mines i n  
t h e  U.S. i s  u s u a l l y  accomplished by adding a  s l u r r y  of hydrated 
lime [Ca(OH)2], soda ash [Na2CO31, o r  a  s o l u t i o n  of sodium 
hydroxide [NaOHl t o  t h e  a c i d  water. The t r e a t e d  drainage is 
channeled t o  a  s e t t l i n g  pond where t reatment  precipitates and 
t r a n s p o r t e d  sediments a r e  re ta ined .  The extreme range of sediment 
pH i n  t h e  pond under s tudy (4 .0  t o  11.0) sugges t s  t h a t  d i scharge  
wate r  may a l s o  have a  wide pH range depending on t reatment  main- 
tenance and r a i n f a l l  events .  The presence of e t t r i n g i t e  over t h e  
po in t  of e f f l u e n t  discharge i n d i c a t e s  t h a t  d i scharge  water  i s  
o f t e n  h igh ly  a l k a l i n e  (pH > 9.0) and may be a s  t o x i c  t o  a q u a t i c  
s p e c i e s  a s  t h e  un t rea ted  drainage.  The formation of s t a b l e  
e t t r i n g i t e  i s  thus  a  u s e f u l  i n d i c a t o r  of c o n s i s t e n t l y  high pH 
condi t ions  i n  t h e  downstream por t ion  of t h e  r e t e n t i o n  pond under 
s tudy.  
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Notes: 

1. The s y n t h e t i c  ~ t t r i n g i t e  sample was prepared by f i r i n g  a  
m i x t ~ ~ r o  of AL203 and CaC03 t o  produce CA3AI2O6, which was then 
ground, and hydrated with pulverized gypsum i n  t h e  presence of 
excess  water .  Af te r  a g i t a t i o n ,  the suspension was f i l t e r e d  and 
d r ied  over  a  super - sa tu ra ted  s o l u t i o n  of CaC12 t o  produce 
e t t r i n q i t e  [ 1 3 1 .  Eased on d i f  f ~ r e n t i a l  thermal a n a l y s i s  and 
thermogravimetr ic  a n a l y s i s  by t h e  Por t l and  Cement Assoc ia t ion ,  t h e  
re fe rence  was e s s e n t i a l l y  100% e t t r i n g i t e .  
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