
APPENDIX 3 - MOVEMENT OF CONTAMINANTS I N  AQUIFERS 

When a n  o i l  o r  g a s  r e s e r v o i r  i s  s i t u a t e d  below an a q u i f e r ,  d r i l l e r s  have 
t o  p e n e t r a t e  through t h e  wa te r  b e a r i n g  s t r a t a  t o  g e t  t o  t h e  pe t ro leum d e p o s i t .  
Usua l ly  a l l  t h e  n e c e s s a r y  s t e p s  a r e  t a k e n  t o  make s u r e  t h a t  d r i l l i n g  muds and 
chemica l s  i n  t h e  mud do no t  f low from t h e  w e l l  t o  t h e  a q u i f e r .  But ,  i n  c a s e  
of a  ve ry  porous  l o s t  c i r c u l a t i o n  zone,  a  p o s s i b i l i t y  e x i s t s  t h a t  mud c o u l d  
s e e p  th rough  t o  t h e  a q u i f e r .  I n  t h i s  c a s e ,  env i ronmenta l  e n g i n e e r s  must 
answer two impor tan t  q u e s t i o n s :  

1) I f  t h e  d r i l l i n g  mud e n t e r s  t h e  a q u i f e r ,  t o  what e x t e n t  w i l l  t h e  
a q u i f e r  be contaminated d u r i n g  t h e  t ime  t h e  d r i l l  b i t  i s  p e n e t r a t i n g  t h e  
a q u i f e r ?  2 )  A f t e r  t h e  w e l l  p e n e t r a t e s  th rough  t h e  a q u i f e r ,  and a f t e r  i t  i s  
c a s e d  and cemented, no contaminant  s e e p s  th rough  from t h e  w e l l ,  bu t  t h e  volume 
of p o l l u t a n t  a l r e a d y  i n  t h e  a q u i f e r  i s  t r a n s p o r t e d  by wa te r  under t h e  e f f e c t  
of p r e s s u r e  d i f f e r e n t i a l  c r e a t e d  by pumping o r  g r a v i t y .  The problem t o  
r e s o l v e  t h e n  would be t o  f i n d  what happens t o  t h e  contaminant  t h a t  h a s  a l r e a d y  
invaded t h e  a q u i f e r .  

A s  s t a t e d  above,  t h e  h i s t o r y  of contaminant  movement i n  t h e  a q u i f e r  from 
t ime  z e r o  u n t i l  t h e  f i n a l  d i s t r i b u t i o n  goes  through two phases :  Phase I d e a l s  
w i t h  t h e  t r a n s i e n t  movement of t h e  contaminant  d u r i n g  t h e  d r i l l i n g  phase and 
Phase I1 t a c k l e s  t h e  problem of t r a n s i e n t  contaminant  d i s t r i b u t i o n  a f t e r  t h e  
w e l l  i s  cemented a l o n g  i t s  i n t e r f a c e  w i t h  t h e  a q u i f e r .  

Assumptions 

Both Phases  I and I1 a r e  s u b j e c t  t o  t h e  f o l l o w i n g  assumpt ions:  

a .  No chemica l  o r  p h y s i c a l  r e t a r d a t i o n  of t h e  contaminant  
b. No t r a n s v e r s e  d i s p e r s i o n  
c .  I s o t r o p i c  homogeneous medium ( a q u i f e r )  
d .  Contaminants c a r r i e d  by c o n v e c t i o n  and d i s p e r s i o n  
e .  D i s p e r s i o n  i s  a  d i f f u s i v e  p r o c e s s  
f .  The w e l l  p e n e t r a t e s  t h e  e n t i r e  t h i c k n e s s  of t h e  a q u i f e r  w i t h i n  two 

days .  



Phase I 

As i n d i c a t e d  above, a  wors t  c a s e  s c e n a r i o  i s  o b t a i n e d  by main ta in ing  a t  
t h e  i n t e r f a c e  between t h e  w e l l  and t h e  a q u i f e r  a  c o n c e n t r a t i o n  of contaminant 
e q u a l  t o  t h e  maximum percen tage  of a d d i t i v e s  p r e s e n t  i n  t h e  d r i l l i n g  mud. I f  
t h i s  c o n c e n t r a t i o n  i s  d e s i g n a t e d  by S  and i f  t h e  i n t e r f a c e  between t h e  w e l l  

0 
and t h e  a q u i f e r  i s  taken  a s  t h e  s p a t i a l  o r i g i n  of t h e  problem, one of t h e  
boundar ies  of t h e  problem would be:  

For x .0 ,  s ( o , t ) = o  For (III + >  
Far  away from t h i s  p o i n t  o r  a t  a  d i s t a n c e  e q u a l  t o  t h e  r a d i u s  o f  d r a i n a g e  

of t h e  cons idered  w e l l  i t  i s  s a f e  t o  assume t h a t  t h e  contaminant c o n c e n t r a t i o n  
i s  n i l .  T h i s  can  be expressed  a s  

FCC all 42 
Before  any d r i l l i n g  t a k e s  p l a c e  o r  b e f o r e  t h e  w e l l  p e n e t r a t e s  t h e  a q u i f e r ,  

t h e r e  i s  no contaminant  i n  t h e  a q u i f e r  o r ,  

Fir t . 0 )  5 [ K , ~ ) = o  6 r  all x i  

Between boundar ies  (11 ,  ( 2 )  and ( 3 )  t h e  v a l u e  of contaminant  c o n c e n t r a t i o n  
i s  g iven  by t h e  f u n c t i o n  S ( x , t )  which i s  t h e  s o l u t i o n  of t h e  l i n e a r  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n  

T h i s  e q u a t i o n  r e p r e s e n t s  t h e  t r a n s i e n t  t r a n s p o r t  of a  subs tance  S  s u b j e c t  t o  
a  c o n s t a n t  v e l o c i t y  of f low Ll and c o n s t a n t  l o n g i t u d i n a l  d i s p e r s i o n  D.  The 
medium of  f low i s  assumed homogeneous. I t  i s  assumed t h a t  t r a n s v e r s a l  
d i s p e r s i o n  i s  n e g l i g i b l e  a s  v e r i f i e d  by a n a l y z i n g  s e v e r a l  s e t s  of d a t a  
g a t h e r e d  from t h e  l i t e r a t u r e .  These d a t a  show t h a t  under t h e  c o n d i t i o n s  
cons idered  t h e  t r a n s v e r s a l  d i s p e r s i o n  r e p r e s e n t s  o n l y  5 p e r c e n t  of t h e  
l o n g i t u d i n a l  component. 

The s o l u t i o n  of e q u a t i o n  ( 4 ) ( f y b j e c t  t o  boundar ies  , ( 2 )  and ( 3 )  was ti3 given  by R i f a i ,  Kaufman and Todd and Ogata and Banks . 



R e l a t i o n  ( 5 )  a l l o w s  t h e  c a l c u l a t i o n  of t h e  c o n c e n t r a t i o n  of contaminant  a s  a  
f u n c t i o n  of d i s t a n c e  x  and t ime t .  T h i s  s o l u t i o n  was a p p l i e d  t o  t h e  Jamestown 
a q u i f e r .  More s p e c i f i c a l l y ,  i t  was used t o  s t u d y  t h e  p e r c o l a t i o n  and movement 
of t h e  a d d i t i v e s  c o n t a i n e d  i n  t h e  mud i n t o  t h e  a q u i f e r  d u r i n g  a  pe r iod  of two 
d a y s  w h i l e  t h e  o i l  and g a s  w e l l  was p e n e t r a t i n g  t h e  w a t e r  s a t u r a t e d  i n t e r v a l .  

Mud Composit ion - Maximum C o n c e n t r a t i o n  

The maximum c o n c e n t r a t i o n  of a d d i t i v e s  i n  t h e  mud was o b t a i n e d  by summing 
up a l l  t h e  m a t e r i a l  added t o  a  volume of 250 b a r r e l s  of wa te r  and t h e n  
d i v i d i n g  t h e  sum by t h e  t o t a l  sum of a d d i t i v e s  and w a t e r .  Our r e g i o n a l  o f f i c e  

I 

i n  Olean r e p o r t e d  t h e  fo l lowing  mud composi t ion:  

100 s a c k s  of b e n t o n i t e  each weighing 50 l b s .  
1 s a c k  of  l ime  each  weighing 80 l b s .  

112 sack  of c a u s t i c  soda weighing 25 l b s .  
10 s a c k s  of  c o t t o n s e e d  h u l l  each weighing 40 l b s .  

5  s a c k s  of mud s e a l  each weighing 60 l b s .  
250 b a r r e l s  of  wa te r  

The o r i g i n a l  c o n c e n t r a t i o n  of contaminant  S may be o b t a i n e d  a s  f o l l o w s :  
0 

R e s u l t s  Obta ined 

Equat ion ( 5 )  g i v e s  t h e  c o n c e n t r a t i o n  d i s t r i b u t i o n  of t h e  contaminant  a s  a  
f u n c t i o n  of t ime and d i s t a n c e .  One u s e f u l  way t o  use  r e l a t i o n  ( 5 )  would be t o  
f i x  a  c e r t a i n  t ime t ,  ho ld  i t  c o n s t a n t  and e v a l u a t e  S f o r  v a r i o u s  p o s i t i o n s  of 
x  u n t i l  S becomes e q u a l  t o  ze ro .  These c a l c u l a t i o n s  g i v e  t h e  c o n c e n t r a t i o n  
p r o f i l e  f o r  t h e  assumed t ime.  The i n t e g r a t i o n  of t h i s  p r o f i l e  g i v e s  t h e  
volume o r  mass of contaminant  which h a s  e n t e r e d  t h e  a q u i f e r  up t o  t h e  assumed 
t ime t .  I f  i t  took  2  days  t o  p e n e t r a t e  t h e  a q u i f e r ,  t h e n  t h e  c o n c e n t r a t i o n  
p r o f i l e  f o r  t = 2  days  would be  c a l c u l a t e d  a s  a  f u n c t i o n  of  x. 

The r e s u l t  of t h i s  work i s  shown i n  F i g .  1. which i n d i c a t e s  t h a t  about 
280 crns. of t h e  a q u i f e r  have been contaminated w i t h  a  c o n c e n t r a t i o n  of 6.2 
p e r c e n t .  T h i s  d i s t a n c e  r e p r e s e n t s  o n l y  0.39% of t h e  d r a i n a g e  r a d i u s .  The 
remaining contaminated p a r t  r e p r e s e n t s  a  d i s t a n c e  of 120 crns. w i t h  
c o n c e n t r a t i o n  d e c r e a s i n g  from 6.2 p e r c e n t  t o  ze ro .  





Phase I1 

After 2 days of drilling it was assumed that the gas well has already 
penetrated the entire thickness of the aquifer and that a good cementing job 
has eliminated completely the infiltration of the contaminant from the well- 
bore. Stated in mathematical terms this condition can be translated into 

The second boundary condition at the end of the drainage radius is 
similar to the condition used in Phase 1 or 

Gr all t; 
In this phase the most important condition is the initial boundary. At 

t=o the profile for t=2 days would be used 

In brief. the problem to solve in this second phase would conkst of 
solving equation (4) subject to boundary and initial conditions (6), (7) and 
(8). 

Because of the complexity of the initial condition, equation (5) was 
solved by means of an explicit numerical scheme. This scheme is based on the 
following approximations: 

Replacing the -approximations 

X 
by their values in equation (4) and making the necessary algebraic 
transformations and ordering, one can readily obtain the following numerical 
relations: 



R e l a t i o n  ( 1 0 )  s t a t e s  t h a t  t h e  v a l u e  of t h e  c o n c e n t r a t i o n  a t  p o s i t i o n  i and 
t ime t + t can  be expressed  e x p l i c i t l y  i n  terms of 3  v a l u e s  of c o n c e n t r a t i o n  
c a l c u l a t e d  a t  t ime  t but  a t  p o s i t i o n s  1-1,  i and i + 1. Because such a  
scheme can  be u n s t a b l e  t h e  fo l lowing  c o n d i t i o n s  must be imposed on t h e  
c o e f f i c i e n t s  of r e l a t i o n s  ( 1 0 ) .  

A F o r t r a n  computer program was w r i t t e n  and debugged t o  s o l v e  e q u a t i o n  
(10)  s u b j e c t  t o  t h e  boundary c o n d i t i o n s  expressed  i n  (6), ( 7 )  and (8).  The 
inc rements  of space  and t ime were c a r e f u l l y  chosen s u b j e c t  t o  t h e  c o n s t r a i n t s  
of (11)  t o  a s c e r t a i n  t h a t  a  s t a b l e  s o l u t i o n  was o b t a i n e d .  

S e v e r a l  r u n s  were made w i t h  v a r i a b l e  c o e f f i c i e n t s  of d i s p e r s i o n  wi th  
d i f f e r e n t  r e s u l t s  a s  d i s c u s s e d  i n  t h e  nex t  s e c t i o n .  

R e s u l t s  Obtained 

The manner i n  which contaminants  move through an  a q u i f e r  depends l a r g e l y  
on t h e  v a l u e  of t h e  c o e f f i c i e n t  of d i s p e r s i o n  and t h e  v e l o c i t y  of t h e  water  
f low i n  t h e  a q u i f e r .  A review of t h e  l i t e r a t u r e  r e v e a l e d  t h a t  under i d e a l  
l a b o r a t o r y  c o n d i t i o n s  and homogeneous media, t h e  c o e f f i c i e n t  of d i s p e r s i o n  a t  
low f low v e l o c i t i e s  i s  of t h e  same o r d e r  of magnitude a s  t h e  v e l o c i t y  i t s e l f .  
However, a s  t h e  v e l o c i t y  of wa te r  f low i n c r e a s e s ,  t h e  c o e f f i c i e n t  of 
d i s p e r s i o n  i n c r e a s e s  much more r a p i d l y .  

I n  f low th rough  heterogenous f o r m a t i o n s ,  such a s  o c c u r s  i n  p r a c t i c a l  
c a s e s ,  t o r t u o s i t y  and a  moderate t o  high v e l o c i t y  of wa te r  f low r e s u l t  i n  a  
l a r g e  i n c r e a s e  i n  t h e  c o e f f i c i e n t  of d i s p e r s i o n .  For t h e s e  c o n d i t i o n s ,  t h e  
e f f e c t s  of d i s p e r s i o n  c o n t r o l  t h e  d i s t r i b u t i o n  of con taminan ts  much more 
e f f e c t i v e l y  t h a n  convec t ion .  

Two s e t s  of g raphs  were prepared:  one w i t h  a  v e l o c i t y  of f low and a  
c o e f f i c i e n t  of d i s p e r s i o n  r e s p e c t i v e l y  e q u a l  t o  0.019 cm/sec and 0.019 
cm2/sec;  t h e  o t h e r  w i t h  an  e q u a l  v e l o c i t y  bu t  a  c o e f f i c i e n t  of d i s p e r s i o n  t e n  
t imes  l a r g e r  ( s e e  F i g u r e s  2 & 3 ) .  A s  expec ted ,  t h e  r u n  w i t h  t h e  h igher  
d i s p e r s i o n  y i e l d e d  a  s e t  of c u r v e s  w i t h  lower peaks bu t  l a r g e r  b r e a d t h s .  
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For example, f o r  t=10 days and D=0.019 cm2/sec, t he  concentrat ion of 
contaminant i s  4.5 percent .  The zone of f i n i t e  concent ra t ion  extends about 
1500 crns. For D=00.19 cm2/sec, t h e  peak concent ra t ion  of contaminant 
decreases t o  about 1 . 2  percent but t he  s i z e  of t he  zone of f i n i t e  
concentrat ion inc reases  t o  about 4000 crns. I f  t i s  increased t o  20, 30, and 
40 days, t h e  peak concentrat ion f o r  D=0.019 cm2/sec decreases from 4.5 percent 
t o  3.5, 3  and 2.5 percent.  For equal  values of t ime, t he  peak concentrat ion 
corresponding t o  D=0.19 cm2/sec decreases from 1.2 t o  0.8 t o  0.7 t o  0.6 
percent .  

From a  p r a c t i c a l  s tandpoin t ,  t h e  way t o  circumvent t h i s  type of po l lu t ion  
would be t o  conduct a  c a r e f u l  eva lua t ion  of t he  d i spe r s ion  i n  the aqu i fe r  
under cons idera t ion .  I f  the  d i spe r s ion  is small ,  t h e  zone of contamination 
moves a s  a  s lug  with the  same ve loc i ty  a s  the  water i n  the  aqu i fe r .  This s lug  
can be produced out  of t he  aqu i fe r  over a  sho r t  i n t e r v a l  of time. However, i f  
t he  c o e f f i c i e n t  of d ispers ion  i s  l a r g e r ,  p r a c t i c a l  so lu t ion  d i c t a t e s  t h a t  the  
water wel l  be loca ted  f a r  enough from the  d r i l l i n g  wel l  so  t h a t  t he  
contaminant concentrat ion f a l l s  below the  concent ra t ion  allowed by Federal  and 
S t a t e  r egu la t ions .  

From t h i s  ana lys i s ,  one can conclude t h a t  f o r  t he  type of d ispers ion  
l i k e l y  t o  e x i s t  i n  porous media and f o r  a  l a rge  enough water ve loc i ty  i n  
aqu i fe r ,  a  worst case scenar io  i n d i c a t e s  t h a t  the contaminant concentrat ion is 
too  small t o  cause any harmful e f f e c t s .  

The case considered i n  t h i s  s tudy was labe led  a  worst case scenar io .  In  
r e a l i t y  i t  should be labe led  an u n r e a l i s t i c  worst case.  The reason is  simply 
t h a t  a s  soon a s  mud e n t e r s  t he  a q u i f e r ,  bentoni te  and o the r  contaminants 
presents  i n  the  mud a r e  usual ly  deposi ted near the  wellbore plugging the  
formation and i s o l a t i n g  the  aqu i fe r  from f u r t h e r  mud flow. 
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