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ABSTRACT 

Aquifer t e s t s  o f  surface coal mine spo i l  ind ica te  two d i s t i n c t l y  
erent groundwater hydrologic charac ter is t ics  ex i s t .  Slug tes ts  
r i c a l l y  i nd i ca te  the  presence o f  d iscre te  conduits w i t h i n  the spo i l .  
ndwater f low w i t h i n  conduits i s  pseudokarst and f low between conduits i s  
us media. Under t rans ient  o r  stress condit ions, pseudokarst groundwater 

i n  the  spoi 1  becomes prominent, whi le under steady s ta te  condi t ions 
us media f low dominates. Tracer t es t i ng  indicates the average 1  inear 
c i t y  o f  groundwater through spo i l  i s  close t o  pure porous media and 
i f i c a n t l y  lower than t rue  kars t  f low. Physical observations substant iate 
existence o f  conduits. 

One o f  the keys t o  the control ,  remediation, o r  abatement o f  ac id  mine 
nage (AMD) i s  a  quan t i t a t i ve  knowledge o f  groundwater f low i n  spo i l  
r i a l .  I f  the movement and occurrence o f  groundwater i n  mine spo i l  can be 
icted, i t  may be con t ro l l ed  i n  such a  manor t o  prevent, ha l t ,  o r  d iminish 
formation and t ranspor t  o f  AMD. Extensive aqui fer  t es t i ng  and monitor ing 
urface mine spo i l  y i e l d  data t h a t  are necessary f o r  the formulat ion o f  a  
i c a l  model and the ca l  i b r a t i o n  o f  computer models. 

The hydro1 ogic di f ferences between pseudokarst and porous medi a  
~ndwater flow are strong and read i l y  dist inguishable.  Pseudokarst 
b a c t e r i s t i c s  are essen t i a l l y  the  same as t r u e  kars t  although the mechanisa 
:onduit o r  c a v i t y  development d i f f e r s  (Hawkins and Aljoe, 1990). I n  t r ue  
it, d i sso lu t i on  o f  carbonate rock (e.g. 1  fmestone and dolostone) w i l l  
~ t e  the  conduits w i t h i n  the  aqui fer .  I n  pseudokarst s i tuat ions,  conduits 
usua l ly  formed by the p ip ing  o f  f i n e  grained unconsolidated sediment 
,ugh the aqu i fe r .  Aqui fers exh ib i t i ng  pseudokarst charac ter is t ics  are 



u s u a l l y  assoc ia ted  w i t h  g l a c i a l  o r  p y r o c l a s t i c  sediments (Jennings, 1971). 
Karst /pseudokarst  groundwater f l o w  i s  charac te r i zed  by mu1 t i p l e  f l o w  paths,  
extreme ranges o f  h y d r a u l i c  conduc t i v i t y ,  and a h i g h  degree o f  
u n p r e d i c t a b i l  i t y .  Mu1 t i p l e  water tab les  (p iezometr ic  surfaces), changes i n  
groundwater f l o w  d i r e c t i o n ,  r a p i d  o r  " f l a s h y "  response t o  recharge, and l a r g e  
f l u c t u a t i o n s  i n  wate r  1 eve1 s are common c h a r a c t e r i s t i c s  o f  these groundwater 
f l o w  regimes. Because o f  the  extremely h i g h  Reynolds numbers (R) y i e l d e d  by 

condu i t  f l ow,  Darcy 's  Law does n o t  apply. Therefore, hydro log ic  v a r i a b l e s  and 
c o n d i t i o n s  i n  these t y p e  o f  aqu i fe rs  may n o t  be q u a n t i f i e d  by convent ional  
means (Thra i  1 k i  11, 1968). 

Conventional porous media f l o w  i s  charac te r i zed  by slower-moving d i f f u s e  
f l o w  through t h e  i n t e r g r a n u l a r  pore spaces and/or f r a c t u r e s  i n  t h e  rock.  The 
behavior  i s  g e n e r a l l y  p r e d i c t a b l e  and sub jec t  t o  the  p rov is ions  o f  Darcy's 
Law. For a p a r t i c u l a r  aqu i fe r ,  a s i n g l e  water  t a b l e  o r  p iezometr ic  sur face  
wi 11 e x i s t .  The groundwater g rad ien ts  are gradual and continuous. Hydraul i c  
c o n d u c t i v i t y  values a re  more cons is ten t  s p a t i a l l y  than those seen i n  k a r s t  
a q u i f e r s  . Rapid response t o  recharge, speed o f  groundwater movement, and 
1 arge head f l u c t u a t i o n s  a re  g r e a t l y  at tenuated over those seen i n  k a r s t  
aqu i fe rs .  The water  t a b l e  wi 11 u s u a l l y  r e f l e c t  the  o v e r l y i n g  topography, 
which i s  o f t e n  n o t  t h e  case i n  k a r s t  t e r r a i n s .  

In 1984, Caruccio and Geidel suggested groundwater f l o w  through mine 
s p o i l  may be pseudokarst ic .  They observed t h a t  groundwater mos t l y  occurs i n  
and f lows  through l a r g e  v o i d  spaces o r  condu i ts  w i t h i n  t h e  s p o i l .  Void and 
condu i t  fo rmat ion  i s  f a c i l i t a t e d  by d i f f e r e n c e s  i n  s p o i l  p a r t i c l e  s i z e  and i s  
caused by p i p i n g  o f  t h e  f i n e r  s p o i l  m a t e r i a l  o r  d i f f e r e n t i a l  s e t t l i n g  
(Groenewold and Ba i ley ,  1979). Locat ion and magnitude o f  condui ts  i s  
c o n t r o l l e d  t o  a l a r g e  e x t e n t  by the  overburden l i t h o l o g y ,  equipment used 
d u r i n g  sur face  mining,  sur face  mining method, c o n f i g u r a t i o n  o f  mining, and 
recon tour ing  methods. S p o i l  r i d g e s  and v a l l e y s  vary g r e a t l y  i n  p a r t i c l e  s ize .  
The l a r g e r  w e l l  i ndura ted  b locks  tend t o  r o l l  i n t o  the  s p o i l  va l leys ,  
segregat ing them from t h e  smal le r  m a t e r i a l  t h a t  remains on the  r idges .  Th is  
s i t u a t i o n  f a c i l i t a t e s  p o s t  rec lamat ion  p i p i n g  and condu i t  format ion (Rehm e t  
a l . ,  1980). 

BACKGROUND 

I n  t h i s  study, a 3.2 hec ta re  (8 acre) parce l  o f  a sur face coal  mine i n  
Upshur County, West V i r g i n i a ,  U.S.A., was moni tored and t e s t e d  t o  determine 
t h e  hydro log ic  c h a r a c t e r i s t i c s  and t h e  groundwater f l o w  regime i n  mine s p o i l .  
The s i t e  was mined i n  1976 and reclamat ion was completed by t h e  end o f  1977. 
The mine was t e r r a c e  b a c k f i l l e d  w i t h  a steep outslope. The i n t e r i o r  s p o i l  
zone i s  f l a t  and slopes g e n t l y  toward t h e  f i n a l  h ighwa l l  (F ig.  1). 
Reclamation caused the  fo rmat ion  of c losed contour depressions, which permi ts  
sur face  water  impoundment. A drainage d i t c h  had been i n s t a l l e d  i n  an at tempt 
t o  dewater the  impoundments, b u t  t h i s  was o n l y  p a r t i a l l y  successfu l .  

Two coal  seams ex is ted  on the  s i t e ,  t h e  middle and lower K i t t a n n i n g  
coa ls .  The middle K i t t a n n i n g  was mined across the  e n t i r e  s i t e .  The lower 
seam, due t o  poor coal  q u a l i t y ,  was o n l y  mined i n  se lec ted  areas. A massive 
g ray  sandstone o v e r l a i d  t h e  middle K i  t t a n n i n g  (Fig. 2).  The sandstone became 
brown and h i g h l y  f r i a b l e  upon weathering. The in te rburden  between t h e  two 
seams was p r i m a r i l y  a dark  g ray  t o  b lack  carbonaceous shale. The 1 i tho logy  o f  
t h e  premining overburden was such t h a t  the  generated s p o i l  c o n s i s t s  o f  bo th  
l a r g e  b locky  fragments and smal le r  mater ia l ,  which permits t h e  formation o f  
condui ts .  



I n i t i a l l y ,  15 m o n i t o r i n g  we l l s  were cons t ruc ted  on the  s i t e  ( F i g .  1 ) .  
A l l  b u t  one o f  these w e l l s  (BW-1) are i n  s p o i l  m a t e r i a l .  I n  1990, 5 
a d d i t i o n a l  we1 1 s (901-905) were constructed. One we1 1 (904) was 1 a t e r  l o s t  

F i g u r e  1. Map o f  s tudy area showing topography, mon i to r ing  
we1 1 s, sur face  and subsurface fea tu res .  

because o f  cas ing  co l lapse .  Well 901 i s  d r y  because o f  t h e  shal low complet ion 
depth. The remaining we1 1 s were used t o  moni tor  groundwater l e v e l  
f l u c t u a t i o n s ,  t o  sample f o r  water  q u a l i t y ,  and t o  conduct a q u i f e r  t e s t s .  The 
i n i t i a l  w e l l s  were cons t ruc ted  w i t h  5.1 cm (2 i n )  PVC casing w i t h  t h e  bot tom 3 
meters (10 f e e t )  o f  s l o t t e d  w e l l  screen. A l l  holes were d r i l l e d  t o  t h e  p i t  



Figure 2. Generalized s t ra t i g raph i c  sec t ion  o f  the study s i t e  
overburden p r i o r  t o  mining based on d r i  11 hole 
informat ion.  

f l oo r ,  except we l l  12 which was completed t o  a depth o f  12 ft. The annulus 
between the casing and wel l  bore was f i l l e d  w i th  d r i l l  cu t t i ngs  and s p o i l  
mater ia l .  The we l l s  d r i l l e d  i n  February, 1990 were also d r i l l e d  t o  the  p i t  
f l oo r ,  when poss ib le  and completed w i th  5.1 cm PVC casing. The lower 3 meters 
were s l o t t e d  PVC we l l  screen. A sand pack was placed between the bore hole 
and the casing. The upper 0.61 meters (2  f t )  was sealed w i th  bentoni te c lay  
t o  prevent surface water i n f i l t r a t i o n .  Many voids were encountered dur ing  the 
d r i l l i n g  o f  the add i t iona l  we l l s  i n  1990. 

SLUG TESTS 

I n  November 1989, slug withdrawal t es t s  were performed on the o r i g i na l  
15 we1 1 s. A b a i l e r  was used f o r  the  removal o f  the  slug o f  water. Once the 
b a i l e r  was withdrawn from the wel l ,  a pressure transducer was inser ted and 
in ter faced wi th  an automatic data logger. Each t e s t  was run u n t i l  the water 
returned t o  o r  very near the  o r i g i na l  leve l .  A l l  wel ls were tested a t  l eas t  
once and several were re tes ted t o  confirm the resu l ts .  The Bouwer and Rice 
Slug Test method was used t o  analyze the t e s t  data (Bouwer and Rice., 1976; 
Bouwer, 1989). 
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Figure 3. Slug withdraw1 t e s t  from wel l  BW-1 exh ib i t i ng  porous 
media type recovery o f  the undisturbed strata.  

Well BW-1 i s  i n  undisturbed s t ra ta  and i l l u s t r a t e s  tha t  the slugging 
techniques w i l l  y i e l d  a s t r a i g h t - l i n e  i n  a known porous medium (Fig. 3 ) .  
Several o f  the spo i l  we l ls  showed s t ra igh t  l i n e  recovery as i s  expected f o r  a 
t e s t  performed w i t h i n  a porous medium. Well 1 shows a s t r a i g h t - l i n e  recovery 
(Fig.  4), i nd i ca t i ng  f low through the spo i l  aqu i fe r  t o  wel l  1 i s  d i f f u s e  
porous media. The drawdown from the slug withdrawal and the Y axis in tercept  
o f  the b e s t - f i t  l i n e  t o  the  data c lose ly  coincide. This indicates t h a t  the 
recovery i s  gradual and continues throughout the en t i r e  t es t .  Wells 9, 10, 
11, and 14 also exh ib i ted  a porous media type o f  recovery. 

Conversely, some o f  the  wel l  s exh ib i ted  a d r a s t i c a l l y  d i f f e r e n t  recovery 
fcenario. Figure 5 i l l u s t r a t e s  t h i s  type o f  recovery i n  wel l  8. The 
ca lcu la ted drawdown" l eve l  i s  much greater than the Y ax is  in tercept  o f  the 

b e s t - f i t  l i n e  t o  the data. The calculated drawdown was determined from the 
volume o f  water removed from the wel l .  Most o f  the water l eve l  recovery 
occurred p r i o r  t o  the  f i r s t  data po in t ,  which was followed by a gradual porous 
media in f low.  The r a ~ i d  recovery occurred again when the t e s t  o f  we l l  8 was 
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Figure 4. Slug withdraw1 t e s t  o f  wel l  1 exhib i t ing  porous media 
recovery o f  the spoi l  aqui fer .  
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Figure 5 .  Slug withdraw1 t e s t  o f  wel l  8 exhib i ts  dual recovery 
response (DRR). A very rap id  p a r t i a l  recovery o f  the 
slug i s  followed by a secondary slower recovery o f  
the remainder. 



Figure 6. Well 3 exh ib i t s  DRR i n  response t o  the s lug withdrawal. 
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The p o s s i b i l i t y  ex is ted tha t  the t ime l a g  between the slug removal and 
the i n s e r t i o n  o f  the pressure transducer (approximately 20 seconds) may have 
allowed a double s t r a i g h t  l i n e  e f f e c t  t o  be missed. This e f f e c t  i s  commonly 
seen i n  we1 1 s w i t h  a sand or gravel pack (developed zone) and i s  caused by 
g rea t l y  d i f f e r i n g  permeabl l i t ies  o f  the developed zone and the aqui fer  
(Bouwer, 1989). These wel ls  do no t  have a developed zone. 
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F i g u r e  7. Slug i n j e c t i o n  o f  w e l l  8 e x h i b i t s  s t rong  DRR e f f e c t .  
The recovery  a t  t h i s  w e l l  i s  almost instantaneous.  

I n  o rder  t o  t e s t  t h e  p o s s i b i l i t y  o f  an e a r l i e r  s t r a i g h t  l i n e ,  t h e  w e l l s  
were r e t e s t e d  u s i n g  s l u g  i n j e c t i o n .  With s l u g  i n j e c t i o n ,  more water  cou ld  be 
int roduced t o  t h e  w e l l  than was removed w i t h  s l u g  withdrawal, and t h e  pressure 
t ransducer c o u l d  be i n  t h e  w e l l  throughout t h e  e n t i r e  t e s t .  The da ta  l o g g e r  
used permi t ted  t h e  f i r s t  da ta  p o i n t  t o  be c o l l e c t e d  w i t h i n  the  i n i t i a l  0.2 
seconds. I n  t h e  f i r s t  l o g  cyc le ,  da ta  p o i n t s  were c o l l e c t e d  a t  0.2 second 
i n t e r v a l s  up t o  2 seconds. A t  2 seconds, t h e  second l o g  c y c l e  s t a r t s ;  the  
c o l l e c t i o n  i n t e r v a l  ranges f rom 1 second up t o  20 seconds, which permi ts  t h e  
c o l l e c t i o n  o f  a t o t a l  o f  28 data  po in ts .  

The s lug  i n j e c t i o n  t e s t s  cons is ted  o f  p l a c i n g  t h e  pressure t ransducer a t  
t h e  bot tom o f  t h e  w e l l .  As much water as each w e l l  casing cou ld  accommodate 
w i thou t  over f low ing  was se lec ted  as t h e  s lug  volume. A s p e c i f i c a l l y  designed 
and cons t ruc ted  bucket was used as t h e  s lugging device. The s l u g  o f  water  was 
metered i n t o  a graduated bucket and poured as f a s t  a possib le,  w i t h  minimal 
s p i l l i n g ,  i n t o  t h e  s lugging bucket. This system permi t ted  very r a p i d  almost 
instantaneous water  i n f l o w  i n t o  t h e  r e l a t i v e l y  small diameter w e l l s  (e.g. 5.1 
cm). The da ta  l o g g e r  was s t a r t e d  p r i o r  t o  the  i n j e c t i o n  o f  t h e  water  i n t o  t h e  
we1 1. 

The s l u g  i n j e c t i o n  o f  w e l l  8 again e x h i b i t e d  the  DRR e f f e c t  as seen i n  
t h e  e a r l i e r  s l u g  wi thdrawal  t e s t  (Fig.  7 ) .  Over 99 percent  o f  t h e  i n j e c t e d  
water had d i s s i p a t e d  i n t o  t h e  s p o i l  a q u i f e r  p r i o r  t o  the  logg ing  o f  t h e  f i r s t  
da ta  p o i n t  a t  0.2 seconds. Th is  shows t h a t  the  water enters t h e  a q u i f e r  from 
t h i s  w e l l  as q u i c k l y  as p h y s i c a l l y  possib le.  Only l a r g e  vo ids  o r  condu i ts  are 
ab le  t o  accept wate r  t h i s  f a s t .  Because t h e  ou t f low o f  water i s  so r a p i d  i n  
t h e  e a r l y  p o r t i o n  o f  t h e  t e s t ,  Darcy's Law does no t  apply and the  a q u i f e r  
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Figure 8. As w i t h  the s lug withdraw1 t e s t  ( f i g u r e  6), the s lug  

i n j e c t i o n  o f  we l l  3 s t rong ly  exh ib i t s  DRR e f f e c t .  

hydraul i c charac ter i  s t i c s  can not be quant i f ied  by conventional ana ly t ica l  
procedures. As w i t h  the  e a r l i e r  test ,  the  remaining water l eve l  shows a  more 
gradual decl ine, which i s  charac ter is t ic  o f  conventional porous media f low and 
can be analyzed by standard procedures. Well 3  a lso  strongly showed the DRR 
e f f e c t  w i t h  98 percent o f  the water d i ss ipa t i ng  i n t o  the spo i l  w i t h i n  the 
f i r s t  0.2 seconds (Fig. 8). Wells 4, 5, 6, 7, and 10 exhibi ted the DRR e f f ec t  
t o  a  lesser  extent (32 t o  85 percent water l oss  p r i o r  t o  the co l l ec t i on  o f  the 
f i r s t  data po in t ) .  Some o f  the water l oss  could be caused by minor sp i l lage 
o r  by o ther  means dur ing  the slugging procedure. 

Well 1 behaved dur ing  the s lug i n j e c t i o n  as i t  had dur ing the s lug 
withdrawal t e s t  (Fig.  9).  Wells 2, 10, 11, 13, and 14 l i kewise exhibi ted a  
s t r a i g h t  l i n e  w i thout  the  ea r l y  rap id  recovery. A s t ra igh t  l i n e  indicates 
porous media f l ow  i n  the  spo i l  surrounding the we l l .  

The s lug t e s t s  i nd i ca te  t ha t  some wel ls  d i r e c t l y  in tersect  conduits, 
other we l ls  are very c lose t o  conduits o r  i n te rsec t  smaller conduits, and the 
remaining wel ls  are removed from conduits. The wel ls  tha t  d i r e c t l y  in tersect  
the  condui ts e x h i b i t  t he  DRR e f f e c t  strongly.  Wells t ha t  are close t o  
condui ts may show some o f  the  DRR e f fec t ,  wh i le  wel ls tha t  are a s i gn i f i can t  
distance from condui ts w i l l  behave as Dorous media flow. This scenario i s  



what would be expected i n  t r u e  k a r s t  as w e l l  as pseudokarst aqu i fe rs .  Some 
w e l l s  w i l l  i n t e r s e c t  condui ts  and o thers  w i l l  no t .  The presence o f  t h e  
condui ts  becomes apparent when the  system i s  st ressed by the  s l u g  t e s t .  High 
permeab i l i t y  c o n t r a s t s  e x i s t  w i t h i n  t h e  s i t e  as expected. Hydrau l i c  
c o n d u c t i v i t y  and t r a n s m i s s i v i t y  values d e r i v e d  from the  s lug  wi thdrawal  and 
i n j e c t i o n  t e s t s  a r e  l i s t e d  on t a b l e  1. For  t h e  DRR wel ls ,  these a q u i f e r  
parameters were c a l c u l a t e d  from t h e  l a t e r  da ta  p o i n t s  and do n o t  r e f l e c t  t h e  
h igher  values i n d i c a t e d  by t h e  e a r l y  r a p i d  recovery.  

Table 1. Hydraul i c  c o n d u c t i v i t y  and t r a n s m i s s i v i t y  values d e r i v e d  f rom t h e  
s l u g  t e s t s .  
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TRACER TEST 

Hydrau l i c  Conduc t i v i t y  
W i t hdrawal I I n j e c t i o n  
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Transmiss iv i t y  

A t r a c e r  t e s t  was performed t o  determine t h e  average l i n e a r  v e l o c i t y  o f  
groundwater through t h e  s i t e .  On November 17, 1989, 72.6 k i lograms (160 
pounds) of g r a n u l a r  sodium c h l o r i d e  were app l ied  a t  a known s p o i l  recharge 
source a long a bedrock f r a c t u r e  adjacent  t o  t h e  s p o i l  (F ig.  1). I n  t h e  
Appalachian region,  groundwater i s  ma in ly  s to red  i n  and f lows  through 
f r a c t u r e s  i n  t h e  r o c k  (secondary permeabi 1 i t y )  . Primary permeabi 1 i t y  
( i n t e r g r a n u l a r  pore  spaces) t y p i c a l l y  p lays  a very  minor r o l e  i n  groundwater 
movement (Wyrick and Borchers, 1981). The f r a c t u r e  shown on F ig .  1 recharges 
the  s i t e  throughout  t h e  year  as w e l l  being a major source of r a p i d  recharge 
dur ing  r a i n  and snow m e l t  events. Water t a b l e  maps created from average 
cond i t ions ,  t r a n s i e n t  (h igh)  f low,  and steady s t a t e  ( low) f l o w  i n d i c a t e  
f rac tu re  f l o w  o f  groundwater f rom undisturbed bedrock main ly recharge t h e  
s p o i l  (Hawkins and A1 joe, 1990). Snow m e l t  and 1 i g h t  r a i n  i n  the  days 
immediately f o l l o w i n g  t h e  t r a c e r  appl i c a t i o n  caused the  i n t r o d u c t i o n  o f  a1 1 
t r a c e r  m a t e r i a l  i n t o  t h e  groundwater i n  t h e  bedrock f r a c t u r e  system w i t h i n  one 
week. 

Withdrawal 
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To avoid making c a l c u l a t i o n s  on two unknowns (ve loc l  t y  through t h e  
f rac tu re  i n  t h e  bedrock and t h e  s p o i l ) ,  known hydro log ic  values were used t o  
determine t h e  v e l o c i t y  through the  f r a c t u r e .  Hydraul i c  c o n d u c t i v i t y ,  change 
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Figure 9. Well 1 exh ib i t s  porous media recovery from the 
s lug  i n j e c t i o n  as i t  had dur ing the slug 
withdrawal tes t .  
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i n  head, and f low distance were emp i r i ca l l y  determined. Porosi ty was set on 
prev ious ly  determined range o f  values f o r  f ractured-rock aquifers. Fractured 
rock ranges from 0.001 t o  0.1 percent poros i ty  (Mackay and Cherry, 1989). 
Using these values, t r a v e l  t ime through the  f rac tu re  was determined t o  range 
from 23.2 t o  2318 days. The t racer  was observed i n  monitoring wel ls i n  less  
than 60 days, there fore  the  lower value (23 days) was considered t o  be more 
representat ive.  
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Determination o f  groundwater average l i n e a r  ve loc i ty  through the spo i l  
was d i f f i c u l t .  Only we l l s  down gradient o f  the  f rac ture  and the discharge 
i t s e l f  were expected t o  show the tracer.  O f  the  down gradient wells, wel l  2 
was e l iminated because i t  i s  hydro log ica l ly  iso la ted from the res t  of the 
spo i l  saturated zone. A grout ing p ro jec t  i n i t i a t e d  i n  the middle of February 
1990 introduced l a rge  amounts of the  t r ace r  element (sodium) and ended the 
tes t .  
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Figure 10. The f i r s t  sodium concentrat ion peak i s  caused by 
the sodium ch lor ide  t r ace r  and the second peak 
i s  caused by the sodium from the grout. 

P r i o r  t o  t he  grout  in jec t ion ,  we l ls  3, 11, and 14 exh ib i ted  a t r ace r  
" spi ken, al lowing groundwater ve loc i t y  t o  be calculated. Fig.  10 ill ust ra tes  
a spike from the t race r  and a secondary spike from the grout a t  wel l  3. 
Ve loc i ty  of groundwater t o  the we l ls  through the spo i l  ranged from 1.2E-05 t o  
4.9E-05 meters per second (3.9E-05 t o  1,.6E-04 ft/second). These average 
l i n e a r  ve loc i t y  measurements were l a t e r  corroborated by the r a t e  t ha t  the  
grout ing  e f f ec t s  were observed a t  the main discharge (4.6E-05 meters per 
second), i nd i ca t i ng  the assumptions made t o  determine groundwater ve loc i t y  
through the f rac tu re  were v a l i d  (Hawkins and A1 joe, 1991). Fig. 11 compares 
the range o f  ve loc i t y  values t o  those o f  other hydrologic s i tua t ions .  This 
graph must be viewed i n  the context t ha t  recharge rate,  poros i ty ,  and head 
d i f f e r e n t i a l ,  a l l  o f  which e f f e c t  groundwater ve loc i ty ,  w i l l  vary widely from 
s i t e  t o  s i t e .  However, the range o f  given values al low a r e l a t i v e  comparison. 
The ve loc i t y  o f  groundwater i n  the spo i l  i s  wel l  below the ranges f o r  t r u e  
kars t ,  an underground mine, and accentuated f rac ture  f low aqui fers.  The 
ve loc i t y  o f  groundwater through a t r ue  porous media aqui fer  (g lac ia l  
sediments) i s  c lose t o  the spo i l  although s l i g h t l y  lower. These data ind ica te  
t ha t  wh i le  condui ts do e x i s t  throughout the s i te ,  they are discontinuous and 
porous-media-type f low occurs between them. Flow through these conduits only 
becomes prominent when the system i s  stressed under t rans ient  condi t ions o r  
dur ing an aqu i fe r  t e s t s  (Hawkins and A1 joe, 1990). The degree o f  condui t  
interconnect ion and hydrau l ic  propert ies o f  the i n t e r s t i t i a l  spo i l  mater ia l  
w i l l  d i c t a t e  the  ve loc i t y  o f  groundwater and overa l l  f low regime. 



RELATED OBSERVATIONS 

F i e l d  i nves t i ga t i on  of the s i t e  revealed the presence o f  a swal let  
(stream sink) and corresponding resurgence spr ing w i th in  the spo i l .  f i g .  1 
shows the l oca t i on  o f  the  these features. Runoff water leaving the s i t e  v i a  
the  drainage d i t c h  enters  a h igh l y  permeable spo i l  zone. I n  t h i s  area, the  
water r a p i d l y  i n f i l t r a t e s  i n t o  the spo i l  over a short  distance (approximately 
3 meters). Concurrent w i t h  water i n f i l t r a t i o n ,  spring resurgence occurs. The 
resurgence spr ing  on l y  f lows when water from the d i t c h  i s  entering the s ink  
area, s t ress ing the  system. The distance from the sink t o  the resurgence 
spr ing i s  about 61 meters (200 ft) ind i ca t i ng  the  existence o f  a more 
s ign i f i can t  condui t  than observed i n  other pa r t s  o f  the spoi l .  Water q u a l i t y  
data also i nd i ca te  t h e  presence o f  t h i s  l i n k  between the swal let  and spring. 
This conduit e x i s t s  i n  the  outslope po r t i on  o f  the  spo i l  where d r i l l i n g  and 
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Figure 11. A comparison o f  groundwater movement through the 
spo i l  t o  t r ue  kars t ,  f r ac tu re  flow, and porous 
media aqu i fe rs  shows the average 1 inear v e l o c i t y  
i s  c losest  t o  pure porous media. 



model i ng  have indicated tha t  void density, size, and interconnect ion are 
greater than i n  the i n t e r i o r  spo i l  area (Hawkjns and A1 joe, 1990). 

SUMMARY AND CONCLUSIONS 

Aquifer t es t s  empi r ica l ly  ind ica te  t he  presence o f  conduits w i t h i n  the 
spo i l  aquifer. Wells tha t  in tersect  o r  near ly  in tersect  conduits e x h i b i t  a 
dual recovery response e f f e c t  dur ing s lug tes ts .  Wells t ha t  do not  i n te rsec t  
the conduits e x h i b i t  porous media f low charac ter is t ics .  These t e s t s  ind ica te  
t ha t  pseudokarstic f low becomes prominent when a stress i s  appl fed t o  the  
aqui fer .  Under steady s ta te  condit ions, porous media f low remains dominant, 
which ind ica tes  the  conduits are r e l a t i v e l y  is01 ated and poor ly 
interconnected. 

The t race r  t e s t  indicates t ha t  the average l i n e a r  ve loc i t y  o f  
groundwater through the spo i l  i s  much slower than that  f o r  t r ue  ka rs t  o r  
accentuated f rac tu re  aquifers. Ve loc i ty  i s  c lose t o  t ha t  o f  unconsolidated 
g lac ia l  sediments ( t r ue  porous media). This i n fe rs  the conduits are d i sc re te  
and f low between them i s  porous media through the i n t e r s t i t i a l  spo i l  mater ia l .  

Physical observations and comparisons ind ica te  the presence o f  conduits 
w i t h i n  the spo i l .  As w i th  the  aqu i fe r  and t race r  tests, the pseudokarstic 
f low o f  the conduits only becomes prominent when the aqui fer  i s  stressed 
during periods o f  h igh recharge. Under steady s ta te  condi t ions,  porous media 
f low cha rac te r i s t i cs  are observed. 

Add i t iona l  s i t e s  o f  varying age, 1 i thology, topography, and mining 
s ty les  need t o  be examined i n  order t o  determine the a p p l i c a b i l i t y  o f  the 
porous media/pseudokarst f low systems t o  o ther  surface mine spo i ls .  Our 
experience w i th  o ther  surface mines and data from other invest iga tors  ind ica te  
tha t  these cha rac te r i s t i cs  are widespread. 
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