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INTRODUCTION"

T h i s  d i s s e r t a t i o n  i s  a s t u d y  o f  t h e  c a u s e  o f  c e r t a i n  

anom alous  r e a d i n g s  o b s e r v e d  on a m i c r o l o g  a t  t h e  l e v e l  o f  

s h a l e f o r m a t i o n s .  W ith  t h i s  p ro b le m ,  a b r i e f  s t u d y  was 

made o f  t h e  p o t e n t i a l  d i f f e r e n c e  t h a t  i s  d e v e lo p e d  when a 

s h a l e  sam ple  s e p a r a t e s  s a l i n e  s o l u t i o n s  o f  d i f f e r e n t  co n ­

c e n t r a t i o n s .  Làs  a b a c k g ro u n d  f o r  t h e  p ro b le m ,  a b r i e f  r e ­

v iew  o f t h e  m i c r o l o g  and i t s  b e h a v i o r  o p p o s i t e  s h a l e  s e c ­

t i o n s  i s  p r e s e n t e d .)

A m i c r o l o g  i s  a d e p th  r e c o r d  o f  a p p a r e n t  f o r m a t i o n -  

r e s i s t i v i t y  m e asu red  by t h r e e  e l e c t r o d e s  one i n c h  a p a r t .  

These  e l e c t r o d e s  a r e  m ounted  i n  an  i n s u l a t i n g  pad w h ich  i s  

p r e s s e d  a g a i n s t  t h e  w a l l  o f  t h e  d r i l l  h o l e  by  bow s p r i n g s . 

The e l e c t r o d e s  a r e  e s s e n t i a l l y  i n  c o n t a c t  w i t h  t h e  fo rm a ­

t i o n  o r  w i t h  t h e  mud cake  b e tw een  t h e  pad and t h e  f o r m a t i o n  

and a r e  s h i e l d e d  f rom  d i r e c t  c o n t a c t  w i t h  t h e  d r i l l i n g  

f l u i d . A t y p i c a l  m i c r o l o g g i n g  sy s tem  i s  s c h e m a t i c a l l y  

shown i n  f i g u r e  1 .

1
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F i g u r e  1 .  S ch em a t ic  D iagram  o f  M ic r o l o g g in g  System, 
p— $>ad ; M--Mud; I — C u r r e n t  ; O - G a l v a n o m e t e r  

Â,  B, M*, M” , N— E l e c t r o d e s
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C u r r e n t  o f  known m a g n i tu d e  i s  i n t r o d u c e d  i n t o  t h e  

f o r m a t i o n  a t  t h e  lo w e r  e l e c t r o d e  A.  The p o t e n t i a l  o f  M* 

r e l a t i v e  t o  t h e  r e f e r e n c e  e l e c t r o d e  N and t h e  p o t e n t i a l  

d i f f e r e n c e  b e tw e e n  Mf and  M* a r e  m e a s u r e d <> The i n s t r u m e n t  

i s  c a l i b r a t e d  so t h a t  t h e  p o t e n t i a l  d i f f e r e n c e s  a r e  r e a d  

d i r e c t l y  a s  r e s i s t i v i t i e s <> The EM* r e a d i n g  i s  a f f e c t e d  by 

a g r e a t e r  m ic rovo lum e  o f  t h e  f o r m a t i o n  t h a n  i s  t h e  M'M* 

r e a d i n g »  The r e c o r d e d  NM*1 r e a d i n g s  a r e  c a l l e d  t h e  2* n o r ­

mal m i c r o l o g ,  and t h e  M*M" r e a d i n g s , t h e  1&* l a t e r a l  m i c r o -  

l o g ,  o r  m i c r o i n v e r s e  log»

The d i f f e r e n c e  b e tw e e n  t h e  a p p a r e n t  r e s i s t i v i t i e s  

r e c o r d e d  on t h e  2 ” n o rm a l  m i c r o l o g  and on t h e  1-&* l a t e r a l  

m i c r o l o g  i s  c a l l e d  " d e p a r t u r e ” o r  " s e p a r a t i o n "  When t h e  

l o n g e r  s p a e l n g  g i v e s  a l a r g e r  v a l u e  o f  r e s i s t i v i t y , t h e  d e ­

p a r t u r e  i s  c a l l e d  " p o s i t i v e ? ; when a s m a l l e r ,  i t  i s  c a l l e d  

" n e g a t i v e ?

I d e a l l y ,  t h e  r e s i s t i v i t y  o f  a s h a l e  s e c t i o n  i s  l a t e r ­

a l l y  u n i f o r m  ( se e  f i g u r e  2a )  j.» .e » , i t  s h o u ld  n o t  v a r y  w i t h  

t h e  d i s t a n c e  f rom  t h e  p a d .  Thus b o t h  s p a c i n g s  sh o u ld  r e c o r d  

t h e  same r e s i s t i v i t y  v a l u e .  However,  i n  p r a c t i c e ,  b o t h  

p o s i t i v e  and n e g a t i v e  d e p a r t u r e s  a r e  o b s e r v e d .

As f a r  a s  t h i s  w r i t e r  k n o w s , no w o rk e r  h a s  i n v e s t i g a ­

t e d  t h e  c a u s e  o f  d e p a r t u r e s  r e c o r d e d  on m i c r o l o g  i n  f r o n t  

o f  s h a l e  f o r m a t i o n s .  Some w o rk e r s  have  s p e c u l a t e d  a b o u t  

t h e  c a u s e  o f  " d e p a r t u r e s ?  F o r  ex a m p le , D o l l  (1 9 5 0 ,  p .  157)



F i g u r e  2 .  L a t e r a l  R e s i s t i v i t y  D i s t r i b u t i o n  o f  t h e
S h a le  F o r m a t io n .

x  =  L a t e r a l  d i s t a n c e  f ro m  t h e  pad
R x "  S p e c i f i c  r e s i s t i v i t y  o f  g round  a t  d i s t a n c e  x
R^= True r e s i s t i v i t y  o f  t h e  f o r m a t i o n
Rm= R e s i s t i v i t y  o f  t h e  mud
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w r i t e s  :

F o r  i n t e r m e d i a t e  v a l u e s  o f  t h e  r e s i s t i v i t y ,  
and b e c a u s e  o f  t h e  l i m i t e d  d im e n s io n s  o f  t h e  p a d , 
a s e p a r a t i o n  b e tw e e n  t h e  m i o r o r e s i s t i v i t y  c u r v e s  
i s  som et im es  o b s e rv e d  on i m p e r v i o u s  b e d s , b u t ,  i n  
t h a t  ess-e ,  t h e  s e p a r a t i o n  i s  n e g a t i v e  =

M au r ice  M a r t i n  (1955 ,  p„ 110) w r i t e s  t h a t  c a v i n g s  a r e

m ost  o f t e n  e n c o u n t e r e d  a t  t h e  l e v e l  o f  s h a l e  b e d s .  He

f u r t h e r  s t a t e s  t h a t  i f  t h e  c a v in g  i s  d e e p ,  t h e  two r e a d i n g s

a r e  e q u a l  t o  t h e  mud r e s i s t i v i t i e s ,  w h i l e  i f  t h e  c a v i n g  i s

n o t  v e r y  d ee p ,  a p o s i t i v e  s e p a r a t i o n  i s  o b s e rv e d  w h ich  may

be i n t e r p r e t e d  e r r o n e o u s l y  a s  i n d i c a t i n g  p e rm e a b le  s t r e a k s .

He a l s o  w r i t e s :

When t h e r e  i s  no c a v in g  i n  t h e  s h a l e s ,  t h e  
pad a g a i n  i s  s e p a r a t e d  f rom  t h e  f o r m a t i o n s  by a 
t h i n  mud f i l m .  The r e a d i n g  i s  e q u a l  t o ,  o r  more 
o f t e n  s m a l l e r  t h a n ,  t h e  r e s i s t i v i t y  o f  t h e  s h a l e s .
The s e p a r a t i o n  may b e - n e g a t i v e ,  z e r o , o r  s l i g h t l y  
p o s i t i v e .  T h i s  b e h a v i o r  o f  t h e  m i c r o l o g  a t  t h e  
l e v e l  o f  s h a l e s  i s  n o t  e n t i r e l y  e x p l a i n e d .  I t  i s  
assumed t h a t  t h e  o c c u r r e n c e  o f  a n e g a t i v e  s e p a r a ­
t i o n  may be due t o  t h e  a n i s o t r o p y  o f  t h e  s h a l e s .

M a r t i n i s  e x p l a n a t i o n  i s  d e b a t a b l e .  I t  i s  h a r d  t o  b e ­

l i e v e  t h a t  t h e  a n i s o t r o p y  o f  s h a l e  i s  t h e  d o m in an t  c a u se  

o f  d e p a r t u r e s .  D e p a r t u r e s  may be e x p l a i n e d  on t h e  b a s i s  

o f  i o n i c  d i f f u s i o n  b e tw e e n  t h e  mud f i l t r a t e  and t h e  con­

n a t e  w a t e r .  T h i s  d i f f u s i o n  h y p o t h e s i s  p r o p o s e s  t h a t  when 

d r i l l i n g  mud comes i n  c o n t a c t  w i th  s h a l e ,  i o n s  d i f f u s e  

f rom  t h e  c o n n a t e  w a t e r  t o  t h e  mud f i l t r a t e  o r  from t h e  mud 

f i l t r a t e  t o  t h e  c o n n a te  w a t e r  d e p e n d in g  upon  t h e i r  r e l a t i v e  

c o n c e n t r a t i o n s .  The d i f f u s i o n  p r o c e s s  d o e s  n o t  s i g n i f i c a n t l y
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a f f e c t  t h e  r e s i s t i v i t y  o f  d r i l l i n g  f l u i d , ,  b e c a u s e  o f  i t s  

r e l a t i v e l y  l a r g e  volume and h i g h  d i f f u s i o n  r a t e , b u t  i t  

d o e s  a f f e c t  t h e  r e s i s t i v i t y  o f  a v e r y  t h i n  l a y e r  o f  t h e  

s h a l e  f o r m a t i o n .  Thus t h e  r e s i s t i v i t y  of  t h e  s h a l e  i s  

n o t  i n  t h e  i d e a l  fo rm  shown i n  f i g u r e  Za9 b u t  t a k e s  t h e  

fo rm  shown i n  f i g u r e  2b: o r  2 c .

When a s h a l e  h as  a h i g h l y  s a l i n e  w a t e r , t h e  i o n s  d i f ­

f u s e  f ro m  t h e  c o n n a t e  w a t e r  t o  t h e  mud f i l t r a t e  s and  t h e  

r e s i s t i v i t y  d i s t r i b u t i o n  t a k e s  t h e  form  shown i n  f i g u r e  2 b .

As a r e s u l t  s a n e g a t i v e  d e p a r t u r e  i s  r e c o r d e d  on t h e  m i c r o ­

lo g  ( s e e  f i g u r e  3 ) .  When s h a l e  h a s  a lo w e r  c o n c e n t r a t i o n  

c o n n a t e  w a t e r ,  t h e  i o n s  d i f f u s e  f rom  t h e  mud f i l t r a t e  t o  

t h e  c o n n a te  w a t e r  and th e  r e s i s t i v i t y  d i s t r i b u t i o n  t a k e s  

t h e  fo rm  shown i n  f i g u r e  2 c .  As a r e s u l t ,  t h e  m i c r o l o g  shows 

a p o s i t i v e  d e p a r t u r e  ( s e e  f i g u r e  4)„

The f o l l o w i n g  s e c t i o n s  o f  t h i s  t h e s i s  d e s c r i b e  t h e  e x ­

p e r i m e n t a l  w o rk  done  t o  t e s t  t h e  v a l i d i t y  o f  t h e  h y p o t h e s e s  

o f  i o n i c  d i f f u s i o n ;  d i s c u s s  t h e  r e s u l t s  o f  t h i s  w ork ;  and 

i n d i c a t e  t h e  ■ a p p l i c a t i o n  o f  t h e s e  r e s u l t s  t o  t h e  p r o b le m  o f  

d e t e r m i n i n g  t h e  s a l i n i t y  of  c o n n a te  w a t e r  w i t h i n  s h a l e s .  

F i n a l l y ,  a s e c t i o n  i s  d e v o t e d  t o  a n o t e  on p o t e n t i a l  t h a t  

i s  d e v e lo p e d  when a s h a l e  s e p a r a t e s  NaCl s o l u t i o n s  o f  d i f ­

f e r e n t  c o n c e n t r a t i o n s .
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R E S I S T I V I T Y
-ohms. m 8/ m</>

200 Micro Inverse V' x 1

200  Micro Normal 2”

M I C R O L O G  C A L I P E R

Hole Diameter in Inches

F i g u r e  3* Example o f  N e g a t iv e  D e p a r t u r e .  From Ko- 
wach #2 o f  Malco R e f i n i n g  I n c . ,  M o f fa t  C ounty ,  C o lo ­
r a d o .  C o n c e n t r a t i o n  o f  t h e  c o n n a te  w a t e r  i s  unknown. 
C o n c e n t r a t i o n  o f  t h e  mud f i l t r a t e  i s  1500 ppm N a C l .
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R E S I S T I V I T Y
-ohms. m2/mCO

M I C R O L O G  C A L I P E R 0 Micro Inverse 1" x 1,z

Hole Diameter in Inches 200 Micro Normal 2"

-*■

ro
01Oo

to

ao

F i g u r e  4 .  Example o f  N e g a t i v e  and P o s i t i v e  D e p a r t u r e . 
From Kowach #1 o f  Malco R e f i n i n g  I n c . ,  M o f fa t  C ou n ty ,  
C o l o r a d o .  C o n c e n t r a t i o n  o f  t h e  c o n n a te  w a t e r  i s  n o t  
known; c o n c e n t r a t i o n  o f  mud f i l t r a t e  i s  2 ,0 0 0  ppm 
N aCl.  Note  t h a t  t h e  n e g a t i v e  d e p a r t u r e  i s  o p p o s i t e  
t h e  s h a l e  o f  t h e  low  r e s i s t i v i t y ,  w h i l e  t h e  p o s i t i v e  
d e p a r t u r e  i s  o p p o s i t e  t h e  s h a l e  o f  h ig h  r e s i s t i v i t y .  
T h e re  i s  no c a v i n g .
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EXPERIMENTAI WORK

T hree  s e t s  o f  e x p e r i m e n t s  w ere  c a r r i e d  o u t  u s i n g  

t h e  same i n s t r u m e n t s  and p r a c t i c a l l y  t h e  same p r o c e d u r e  

f o r  e a c h .  I n  e a c h  s e t t h e  v a r i a t i o n  i n  r e s i s t a n c e  o f  

t h e  s h a l e  sam ple  w i t h  t im e  was c o n t i n u o u s l y  r e c o r d e d .

I n  t h e  s e c o n d  and t h i r d  s e t , s a m p le s  o f  t h e  s o l u t i o n s  

w ere  t a k e n  a t  t h e  b e g i n n i n g  and a t  t h e  end o f  t h e  e x ­

p e r i m e n t s  and q u a n t i t a t i v e l y  a n a l y s e d  f o r  N a „ K, and C l .

The eq u ip m en t  u s e d  and t h e  p r o c e d u r e f o l l o w e d  i n  t h e s e  

e x p e r i m e n t s  a r e  d i s c u s s e d  be lo w .

E qu ipm en t

A m o d i f i e d  Brown R e s i s t a n c e  T h e rm o m e te r , model  9161,  

was u s e d  t o  r e c o r d  t h e  r e s i s t a n c e  c o n t i n u o u s l y .  F i g u r e  5 

shows a s c h e m a t i c  d i a g r a m  o f  t h e  m e a s u r in g  c i r c u i t . To 

e l i m i n a t e  t h e  e f f e c t  o f  p o l a r i z a t i o n  a t  t h e  p l a t i n u m  e l e c ­

t r o d e s  , t h e  b a t t e r i e s  u sed  i n  t h e  o r i g i n a l  c i r c u i t  were 

r e p l a c e d  by  a t r a n s f o r m e r  t o  s u p p ly  6 . 5  v o l t s  a t  60 c y c l e s .

9
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F i g u r e  5 .  C i r c u i t  D iagram  f o r  M o d i f ie d  Brown R e s i s ­
t a n c e  T h e rm o m e te r , Model 9 1 6 1 .  Rx--unknown r e s i s t a n c e  
( s e e  f i g u r e  7 ) ;  G - - g a l v a n o m e t e r ; germanium d i ­
ode ; R j ^ ^ s t a n d a r d  r e s i s t a n c e .
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S in c e  t h e  g a l v a n o m e t e r  would  n o t  r e s p o n d  p r o p e r l y  t o  ac 

i n  t h e  W h e a t s to n e  b r i d g e  c i r c u i t , two germanium d i o d e s  

w ere  employed a s  h a l f  wave r e c t i f i e r s  i n  t h e  g a l v a n o m e t e r  

c i r c u i t « The r e s i s t a n c e  R$ was u s e d  f o r  t h e  z e r o  a d j u s t ­

ment o f  t h e  g a l v a n o m e t e r .  R j  i s  a s t a n d a r d  r e s i s t a n c e  

whose v a l u e  was s e l e c t e d  s o  t h a t  t h e  r e a d i n g s  would  be 

r e c o r d e d  i n  t h e  c e n t r a l  p o r t i o n  of t h e  c h a r t . The i n s t r u ­

ment was  c a l i b r a t e d  w i t h  t h e  h e l p  o f  t h e  s t a n d a r d  r e s i s ­

t a n c e  b ox .

O th e r  e q u ip m e n t  u s e d  f o r  m e a s u r i n g  r e s i s t a n c e  was 

p l a t i n u m  e l e c t r o  d e é ,  lue  i t e  c u p s , and a m o t o r - d r i v e n  c i r ­

c u l a t i n g  pump.

P r o c e d u r e

The s h a l e  u s e d  in  most of  t h e s e  e x p e r i m e n t s  was c o r e d  

i n  1948 f ro m  t h e  Mesa V erde  g ro u p  o f  Rio  B lan co  C oun ty ,  

C o l o r a d o ,  and  was p r o v i d e d  by  t h e  F r o n t i e r  R e f i n i n g  Com­

p any  f ro m  i t s  Lad No. 1 w e l l .  A p o r t i o n  o f  th e  e l e c t r i c  

l o g  f o r  t h i s  w e l l  i s  g i v e n  i n  f i g u r e  6 .  Sam ples  whose 

t h i c k n e s s  v a r i e d  f ro m  1 . 5  cm t o  1 1 .9  cm w ere  c u t  f rom 

t h e  s h a l e  t h a t  was c o re d  b e t w e e n  d e p t h s  o f  5770 and 6340 

f e e t . I n  e x p e r i m e n t s  11 ,  12 ,  and 1 3 ,  t h e  sam ples  o f  t h e  

s a n d y  m u d s to n e  w ere  u s e d . I n  an a t t e m p t  t o  com pensa te  f o r  

c o n n a t e  w a t e r  l o s s e s ,  some s a m p le s  w ere  soaked  i n  5 0 ,0 0 0  

ppm NaCl s o l u t i o n  f o r  a t im e  v a r y i n g  f rom  17 h o u r s  t o  4
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F i g u r e  6* E l e c t r i c  Log o f  Lad # 1 ,  F r o n t i e r  R e f i n i n g  Company, 
Rio B lanco  C o u n ty ,  C o l o r a d o • I n  g ro u p s  I  and I I ,  s h a l e  sam­
p l e s  t a k e n  b e tw e en  d e p t h s  5770 to  6540 f e e t  were  u s e d . In  
g ro u p  I I I  t h e  s h a l e  s a m p le s  t a k e n  b e tw een  t h e  d e p t h s
6120 t o  6124 and 6199 to  6202 were  u s e d .  The mud r e s i s t i v i t y  
was 1 . 0 5  ohm -m ete rs  a t  f o r m a t i o n  t e m p e r a t u r e  o f  1 2 5 °F .
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m o n th s ;  some were  soaked  i n  d i s t i l l e d  w a t e r  f o r  165 h o u r s .  

Some s a m p le s  w ere  t r i e d  w i t h o u t  s o a k in g .  I n  a few e x p e r i ­

m e n t s ,  th e  f r o z e n  s h a l e  f ro m  t h e  Dakota g ro u p  o f  t h e  Den­

v e r -  J u l e s b u r g  B a s i n  was u s e d .

A r u b b e r  g a s k e t  r i n g  was cem en ted  t o  t h e  open  en d  o f  

e a c h  I n c i t e  cup ( s e e  f i g u r e  7) t o  p r e v e n t  t h e  s a l i n e  s o l u ­

t i o n  l e a k a g e , w h ich  c a u s e s  e r r o n e o u s  r e a d i n g s . The s h a l e  

sam ple  w as  c lam ped  b e tw e e n  two I n c i t e  c u p s ,  w h ich  were 

t h e n  f i l l e d  w i t h  NaCl s o l u t i o n s  ; n e x t  t h e  p l a t i n u m  e l e c ­

t r o d e s  w ere  c o n n e c t e d  t o  t h e  r e c o r d i n g  d e v i c e  a s  shown i n  

f i g u r e  7 .  Rx i n  f i g u r e  7 c o r r e s p o n d s  t o  unknown r e s i s t a n c e  

i n  f i g u r e  5 .  C o n t in u o u s  r e c o r d i n g  o f  Rx was made f o r  t im e  

t h a t  v a r i e s  f ro m  a few m i n u t e s  t o  150 h o u r s .  I n  some e x ­

p e r i m e n t s  , s o l u t i o n  C" was c i r c u l a t e d  by  means o f  a m o to r -  

d r i v e n  c i r c u l a t i n g  pump s y s t e m .
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F i g u r e  7 .  S e t  up f o r  M easurem ent o f  E l e c t r i c a l  R e s i s ­
t a n c e .  Cf - ” h i g h  c o n c e n t r a t i o n  s o l u t i o n ;  C ^ - - lo w  c o n ­
c e n t r a t i o n  s o l u t i o n ;  I r - I n c i t e  cu p ;  P - - p l a t i n u m  e l e c ­
t r o d e  ; r g — r u b b e r  g a s k e t  r i n g ;  Rx — unknown r e s i s t a n c e  
( s e e  f i g u r e  5 ) .
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DISCUSSION OF RESULTS

Data  from t h e  t h r e e  g ro u p s  o f  e x p e r i m e n t s  p e r f o rm e d  

t o  t e s t  t h e  h y p o t h e s i s  o f  i o n i c  d i f f u s i o n  a r e  p r e s e n t e d  

i n  T a b l e s  I ,  I I ,  and I I I ,  and  ape  d i s c u s s e d  i n  t h e  f o l l o w ­

i n g  p a r a g r a p h s .

A n a l y s i s  o f  Data  From P ro  un JE

I n  t h e  f i r s t  s e t ,  t h e  f i r s t  f o u r  e x p e r i m e n t s  were  p e r ­

formed w i t h  C* ( s e e  f i g u r e  7)  a s  5 0 ,0 0 0  ppm NaCl s o l u t i o n  

and C* ( s e e  f i g u r e  7) a s  5 ,0 0 0  ppm NaCl s o l u t i o n .  I t  was 

assumed t h a t  i n  s a l i n i t y  C* would be c l o s e  t o  t h e  c o n n a te  

w a t e r  and C* c l o s e  t o  t h e  mud f i l t r a t e . C* was c i r c u l a t e d  

t o  c o r r e s p o n d  t o  t h e  c i r c u l a t i n g  mud. I n  a l l  t h e s e  e x p e r i ­

m e n t s ,  a d e c r e a s e  i n  r e s i s t a n c e  w i t h  t i m e  w as  o b s e r v e d , 

w h ich  s u g g e s t e d  t h a t  t h e r e  was i o n i c  d i f f u s i o n  from t h e  s o ­

l u t i o n s  C1 and C" t o  t h e  c o n n a te  w a t e r , o r  t h a t  t h e r e  was 

h i g h e r  i o n i c  d i f f u s i o n  f r o m  t h e  s o l u t i o n  C* t o t h e  c o n n a t e  

w a t e r  compared t o  t h a t  f r o m  th e  c o n n a te  w a t e r  t o  t h e  s o l u t i o n
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C# » I t  was a l s o  o b s e rv e d  t h a t  when t h e  c i r c u l a t i o n  was 

s to p p e d  and r e s t a r t e d ,  t h e  sample  e x h i b i t e d  a somewhat 

h i g h e r  r e s i s t a n c e  t h a n  c o u l d  be e x p e c te d  i f  c i r c u l a t i o n  

had n o t  b e e n  s t o p p e d .  T h i s  o b s e r v a t i o n  c a n  b e  e x p l a i n e d  

on t h e  g r o u n d t h a t  when c i r c u l a t i o n  was s t o p p e d ,  t h e  s h a l e  

r e c e i v e d  c o m p a r a t i v e l y  f e w e r  i o n s  s i n c e  t h e  volume o f  t h e  

r e a c t i n g  s o l u t i o n  C* was changed  f ro m  1 ,0 0 0  ce t o  85 cc 

( s e e  f i g u r e  7 ) .  But t h i s  e x p l a n a t i o n  does  n o t  s a t i s f y  t h e  

o b s e r v a t i o n s  made i n  e x p e r i m e n t  4 .  W hile  t h e  c i r c u l a t i o n  

was s t o p p e d ,  t h e  r e s i s t a n c e  v a l u e  was h i g h e r  t h a n  t h e  v a l u e  

o b s e rv e d  a t  t h e  s t a r t i n g  t i m e ;  no s a t i s f a c t o r y  e x p l a n a ­

t i o n  f o r  t h i s  can  be p u t  f o r w a r d .

E x p e r im e n t  4a shows t h a t  t h e  r a t e  o f  d e c r e a s e  i n  r e ­

s i s t a n c e  i s  v e r y  h i g h  when a 5 0 ,0 0 0  ppm NaCl s o l u t i o n  i s  

r e p l a c e d  by  a 3 5 7 ,0 0 0  ppm NaCl s o l u t i o n .  T h i s  b e h a v i o r  i s  

i n  a c c o r d a n c e  w i t h  t h e  p r i n c i p l e  t h a t  t h e  r a t e  o f  d i f f u s i o n  

i s  h i g h e r  when t h e  c o n c e n t r a t i o n  g r a d i e n t  i s  h i g h e r .

By t h i s  t im e  i t  was r e a l i z e d  t h a t  t h e  two d i f f e r e n t  s o ­

l u t i o n s  w ould  have  d i f f e r e n t  e f f e c t s  on t h e  change  i n  r e s i s ­

t a n c e ;  so i t  w as  d e c i d e d  t o  u se  C* and  0* o f  t h e  same co n ­

c e n t r a t i o n .  At t h e  same t i m e ,  t h e  c i r c u l a t i o n  o f  t h e  s o lu ^  

t i o n  C" was s t o p p e d .

I n  e x p e r i m e n t  f i v e ,  5 0 ,0 0 0  ppm NaCl s o l u t i o n  was u s e d ;  

a d e c r e a s e  i n  r e s i s t a n c e  w i t h  t im e  was o b s e r v e d ,  w h ich
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s u g g e s t s  t h a t  t h e  c o n n a t e  w a t e r  h a s  lo w e r  c o n c e n t r a t i o n  

t h a n  t h e  5 0 ,0 0 0  ppm Ha01 s o l u t i o n .  I n  e x p e r i m e n t s  s i x ,  

s e v e n , and e i g h t ,  5 ,0 0 0  ppm NaCl s o l u t i o n  was u s e d .  I n  

e x p e r i m e n t  6 ,  a d e c r e a s e  i n  r e s i s t a n c e  w i t h  t im e  was ob­

s e r v e d ,  w h i l e  i n  e x p e r im e n t  7 ,  and 8 ,  a n  i n c r e a s e  i n  r e ­

s i s t a n c e  w i t h  t im e  was o b s e r v e d . T h i s  d i f f e r e n c e  i n  b e ­

h a v i o r  may be  a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  t h e  s o a k in g  

e f f e c t  on t h e  s a m p le s .  Sandy s h a l e  was u s e d  i n  e x p e r i ­

ment  6 and s i l t y  s h a l e  was u se d  i n  e x p e r i m e n t  7 and 8 ;  

t h e s e  s a m p le s  were  s o a k e d  i n  5 0 ,0 0 0  ppm NaCl s o l u t i o n »

I t  seems t h a t  a f t e r  s o a k i n g , t h e  c o n c e n t r a t i o n  o f  t h e  c o n ­

n a t e  w a te r  o f  t h e  f i r s t  sam ple  was l e s s  t h a n  5 ,0 0 0  ppm 

NaCl w h i l e  t h a t  o f  t h e  o t h e r  two s a m p le s  w as  more t h a n

5 ,0 0 0  ppm N aC l.  I n  e x p e r i m e n t s  n i n e  and t e n , 500 ppm NaCl 

s o l u t i o n  was u s e d , and an  i n c r e a s e  i n  r e s i s t a n c e  w i t h  t im e  

was n o t e d . T h i s  i n c r e a s e  s u g g e s t s  t h a t  t h e  c o n n a t e  w a t e r  

h a s  h i g h e r  c o n c e n t r a t i o n  t h a n  t h e  500 ppm NaCl s o l u t i o n .

I n  e x p e r i m e n t s  e l e v e n ,  t w e l v e ,  and t h i r t e e n ,  5 ,0 0 0  ppm 

NaCl s o l u t i o n  was u s e d . I t  was o b s e rv e d  t h a t  t h e  r e s i s t a n c e  

d e c r e a s e s  w i t h  t i m e  and r e a c h e s  a c o n s t a n t  v a l u e  w i t h i n  15 

m i n u t e s .  T h i s  b e h a v i o r  may be e x p l a i n e d  on t h e  a s s u m p t i o n  

t h a t  t h e  s a m p l e s , w h ich  were o f  d r y  s a n d y  m u d s to n e ,  became 

f u l l y  s a t u r a t e d  i n  a few m i n u t e s  ; t h u s  t h e  r e s i s t a n c e  r e a c h ­

ed an  e a r l y  c o n s t a n t  v a l u e .  To f u r t h e r  d e m o n s t r a t e  t h a t
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t h e  d e c r e a s e  o r  i n c r e a s e  i n  r e s i s t a n c e  i s  t h e  d i r e c t  r e ­

s u l t  of  t h e  i o n i c  d i f f u s i o n  f ro m  t h e  s o l u t i o n  t o  t h e  con­

n a t e  w a t e r ,  o r  f ro m  t h e  co n n a te  w a t e r  t o  t h e  s o l u t i o n  

r e s p e c t i v e l y  s a second  s e t  o f  e x p e r i m e n t s  was p e r fo rm e d  «

Ana l y s i  s o f  D ata  From Group I I

I n  t h i s  second  s e t  t h e  s o l u t i o n  was sampled i n  t h e  

b e g i n n i n g  and a t  t h e  end of  th e  e x p e r i m e n t s  and q u a n t i t a ­

t i v e l y  a n a l y s e d  f o r  N a , K s and 01;  t h e s e  r e s u l t s  a r e  g i v e n  

i n  t a b l e  I I .  A n a l y s i s  shows t h a t  t h e r e  a r e  f ew e r  t h a n  2ppm 

o f  K p r e s e n t  i n  an y  o f  t h e  e x p e r i m e n t s ,  so i t  i s  n o t  l i s t e d  

i n  t h e  t a b l e  » I n  t h e  a n a l y s i s  o f  Na and 01 ,  i t  was r e c o g ­

n i z e d  t h a t  g r e a t e r  a c c u r a c y  i s  a c h i e v e d  by  d e t e r m i n i n g  Cl 

f o r  th e  2 ,0 0 0  o r  more ppm NaCl s o l u t i o n s  and Na f o r  t h e  500 

and 50 ppm NaCl s o l u t i o n s  ; and f rom  t h e s e  v a l u e s  t h e  c o n c e n ­

t r a t i o n  o f  NaCl c a n  be c a l c u l a t e d .  T h u s , i n  e x p e r i m e n t s  14 

t h r o u g h  2 0 ,  t h e  v a l u e s  o f  NaCl were  c a l c u l a t e d  f rom  t h e  Cl 

v a l u e s ,  w h i l e  i n  e x p e r i m e n t s  21 th r o u g h  25 t h e  Na v a l u e s  

w e re  u s e d  t o  c a l c u l a t e  t h e  NaCl v a l u e s .

The r e s u l t s  o f  t h e  q u a n t i t a t i v e  a n a l y s i s  i n  t a b l e  I I  

show t h a t  i n  e x p e r i m e n t s  1 4 ,  15 ,  16 ,  17 ,  and 19 ,  t h e  d e c r e a s e  

i n  r e s i s t a n c e  i s  a s s o c i a t e d  w i t h  i o n i c  d i f f u s i o n  f rom  t h e  

s o l u t i o n  t o  t h e  s h a l e  s a m p le .  I n  e x p e r i m e n t s  2 3 ,  2 4 ,  and 25 ,  

c h e m i c a l  a n a l y s i s  shows t h a t  i o n s  d i f f u s e d  f ro m  c o n n a t e  w a t e r  

t o  t h e  s o l u t i o n ,  b u t  t h e  o v e r a l l  r e s i s t a n c e  d e c r e a s e d . T h i s
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o v e r a l l  d e c r e a s e  i s  e x p l a i n e d  a s  f o l l o w s  s a s  t h e  i o n s  d i f ­

f u s e d  f ro m  t h e  c o n n a te  w a t e r  t o  th e  s o l u t i o n *  t h e  r e s i s t a n c e  

o f  t h e  s h a l e  i n c r e a s e d *  a t  t h e  same t im e  t h e  r e s i s t a n c e  o f  

t h e  a d j a c e n t  s o l u t i o n  d e c r e a s e d  a s  i t s  s a l i n i t y  i n c r e a s e d .

I t  c a n  be shown by c a l c u l a t i o n s  t h a t  t h e  i n c r e a s e  i n  t h e  r e ­

s i s t a n c e  o f  s h a l e  was masked by  t h e  d e c r e a s e  i n  t h e  r e s i s ­

t a n c e  o f  t h e  s o l u t i o n .

I n  e x p e r i m e n t  18* t h e  d e c r e a s e  i n  r e s i s t a n c e  i s  a p p a r e n t ­

l y  a s s o c i a t e d  v^ith i o n i c  d i f f u s i o n  from c o n n a te  w a t e r  t o  t h e  

s o l u t i o n ,  b u t  t h e  change  i n  th e  c o n c e n t r a t i o n  o f  t h e  s o l u ­

t i o n  i s  so  n e g l i g i b l e  t h a t  t h e  change  i s  w i t h i n  a n a l y t i c a l  

e r r o r .  E x p e r im e n t  20 shows a d e c r e a s e  i n  t h e  r e s i s t a n c e  o f  

t h e  s h a l e  sa m p le .  I t  i s  r e a s o n a b l e  t o  e x p e c t  a d e c r e a s e  i n  

r e s i s t a n c e  o f  a f r o z e n  s h a l e  w i t h  t e m p e r a t u r e  r i s e .

R e s u l t s  o b s e r v e d  i n  e x p e r i m e n t s  21 and 22 c a n n o t  be ex ­

p l a i n e d  on t h e  b a s i s  o f  i o n i c  d i f f u s i o n .  R e s u l t s  o b t a i n e d  

f ro m  t h e s e  tw o  e x p e r i m e n t s  must  be a t t r i b u t e d  t o  t h e  p e c u l i ­

a r i t y  o f  th e  s a m p l e s ,  o r  t o  e x p e r i m e n t a l  e r r o r .  Somewhat 

u n s a t i s f a c t o r y  r e s u l t s  o b s e r v e d  i n  t h e  e x p e r i m e n t s  may he 

due t o  v a r i a t i o n  i n  th e  s a m p le s .  Sam ples  were  t a k e n  from 

t h e  Mes a -V erde  c o r e s ,  a s  w e l l  a s  f ro m  t h e  Dakota  g ro u p  c o r e s ;  

t h e r e  i s  v a r i a t i o n  i n  t h e  p e r i o d  f o r  w h ich  t h e y  were  s o a k ­

ed i n  5 0 ,0 0 0  ppm NaCl s o l u t i o n .  I n  o r d e r  t h a t  t h e  e x p e r i ­

m e n t a l  r e s u l t s  c o u l d  be  b e t t e r  c o r r e l a t e d ,  a t h i r d  s e t  o f  ex ­

p e r i m e n t s  was p e r f o r m e d .
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A n a l y s i s  o f  Data From Group I I I

To keep  a l l  t h e  c o n d i t i o n s  a s  u n i fo rm  as  p o s s i b l e ,  

t h e  sam p les  f o r  t h e  e x p e r i m e n t s  26 t h r o u g h  32 w ere  c u t  

f ro m  a c o r e  o f  t h e  Mesa Verde s h a l e  t a k e n  f ro m  t h e  d e p t h  

o f  6120-6124 f e e t ,  and  t h e  sam ples  f o r  t h e  e x p e r i m e n t s  33 

t h r o u g h  37 w ere  ou t  f ro m  a c o r e  o f  t h e  Mesa Verde s h a l e  

t a k e n  from  t h e  d e p t h  o f  6199-6202  f e e t .  A l l  t h e  s a m p le s  

w ere  2 cm t h i c k  and  soaked  i n  d i s t i l l e d  w a te r  f o r  165 

h o u r s  i n  o r d e r  t o  r e t u r n  m o i s t u r e  t o  d ry  sam p les  w i t h o u t  

c h a n g in g  t h e i r  o r i g i n a l  s a l i n e  c o n t e n t .  The s a m p le s  were  

removed from t h e  d i s t i l l e d  w a t e r , w h ich  was t h e n  a n a l y s e d  ; 

t h e  a n a l y s i s  showed a n e g l i g i b l e  am ount of  l e a c h i n g  o f  

NaCl f ro m  t h e  s a m p l e s .  The sam ples  were  k e p t  c o v e re d  w i t h  

a wet t o w e l ;  and  e a c h  sam ple  w as  k e p t  a t  room t e m p e r a t u r e  

f o r  two h o u r s  b e f o r e  i t  was i n  t h e  e x p e r i m e n t . I n  a l l  

t h e s e  e x p e r i m e n t s ,  s o l u t i o n s  w e re  a n a l y s e d  f o r  C l ,  and 

f ro m  t h a t  NaCl was d e t e r m i n e d .  R e s u l t s  o f  t h e s e  e x p e r i ­

m e n ts  a r e  g i v e n  i n  t a b l e  I I I .

I n  e x p e r i m e n t s  26 t h r o u g h  37, t h e  change i n  t h e  r e s i s ­

t a n c e  o f  t h e  s o l u t i o n s  i s  n e g l i g i b l e  ; t h u s  t h e  r e c o r d e d  

change  i n  t h e  o v e r a l l  r e s i s t a n c e  i s  e s s e n t i a l l y  t h e  change 

i n  t h e  r e s i s t a n c e  o f  s h a l e  s a m p l e s . I n  e x p e r i m e n t s  26 ,  2 7 ,  

2 8 ,  33 ,  and  34, t h e  d e c r e a s e  i n  r e s i s t a n c e  i s  a s s o c i a t e d  

w i t h  i o n i c  d i f f u s i o n  f r o m  t h e  s o l u t i o n  t o  t h e  c o n n a t e  

w a t e r .  I n  e x p e r i m e n t s  2 9 ,  3 0 ,  31, 32,  35 ,  3 6 ,  and 3 7 ,
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t h e  i n c r e a s e  i n  r e s i s t a n c e  i s  a s s o c i a t e d  w i t h  i o n i c  d i f f u ­

s i o n  f ro m  t h e  c o n n a te  w a t e r  t o  t h e  s o l u t i o n .  T h u s , e x ­

p e r i m e n t s  26 t h r o u g h  37 s a t i s f i e d  t h e  h y p o t h e s i s  o f  i o n i c  

d i f f u s i o n .

From t h e  d a t a  o b t a i n e d  i n  e x p e r i m e n t s  26 t h r o u g h  3 7 ,  

an  a t t e m p t  i s  made t o  d e t e r m i n e ,  g r a p h i c a l l y ,  t h e  c o n c en ­

t r a t i o n  o f  t h e  c o n n a t e  w a t e r  i n  t h e  s h a l e  ( s e e  C h a r t s  1 ,

2 ,  3 )„  The s o l u t i o n  c o n c e n t r a t i o n  i s  p l o t t e d  a g a i n s t  AR, 

sdR/Rs? and /AR/Rsa w h e re ,

AR ( s t a r t i n g  o v e r a l l  r e s i s t a n c e )  ( e n d in g  o v e r a l l  
r e s i s t a n c e )

Rs  s t a r t i n g  r e s i s t a n c e  o f  s h a l e  s a m p le ,  j l .  _e. y

( s t a r t i n g  o v e r a l l  r e s i s t a n c e ) ( r e s i s t a n c e  o f  
t h e  s o l u t i o n )

Rga a v e r a g e  v a l u e  o f  Rg

The s c a t t e r i n g  of t h e  d a t a  o b s e rv e d  in  t h e  ab o v e  

p l o t s  may be  due t o  change i n  r e s i s t a n c e  o f  t h e  s h a l e  fo rm ­

a t i o n  ( see  f i g u r e  6 ) ,  b u t  p l o t s  s t i l l  show t h a t  t h e  c o n c e n ­

t r a t i o n  o f  t h e  c o n n a te  w a t e r  i s  a p p r o x i m a t e l y  6 ,0 0 0  t o

7 ,0 0 0  ppm N aCl.  The c o n c e n t r a t i o n  of  t h e  c o n n a te  w a t e r  

c a l c u l a t e d  f ro m  t h e  e l e c t r i c  l o g  d a t a  ( s e e  f i g u r e  6) i s  

5 ,9 0 0  ppm N aCl.  T h i s  r e s u l t  shows t h a t  t h e  h y p o t h e s i s  o f  

i o n i c  d i f f u s i o n  may n o t  o n l y  e x p l a i n  t h e  c a u s e  o f  t h e  d e ­

p a r t u r e s ,  b u t  i t  may a l s o  be u s e f u l  i n  d e t e r m i n i n g  t h e  

NaCl c o n c e n t r a t i o n  o f  t h e  c o n n a te  w a t e r  i n  t h e  s h a l e  fo rm a­

t i o n .



T-855 2 5 .

TâBLE IV 

C a l c u l a t i o n s  f o r  R, RSî) and Rsa

S o l u t i o n  
NaCl ppm

...  .....? .........  ...
i n  ohm -m ete rs

R
ohms

5 0 ,0 0 0 0 .1 5 26
1 0 ,0 0 0 0 .5 6 112

5 ,0 0 0 1 .1 5 230
2 ,0 0 0 2 .6 2 530

R - / K  w here K -  200 p e r  m e t e r

Ex. R o f S t a r t ­ E nd ing AR Rs AR/Rs Rsa W R sa
n o . s o l u ­

t i o n
i n g  R 
o f  s e t  
up

R o f  
s e t - u p

R e s i s ­
t i v i t y  
o f  sam­
p l e

26 33 775 632 -1 4 3 749 - . 1 9 1 - . 1 5 6
27 53 807 755 -  52 781 - . 0 6 7 - , 0 5 7  

912T - . 0 5 728 141 1 ,0 6 5 1 ,0 1 5 -  52 955 — * 055
29 289 1 ,2 5 0 1 ,3 2 5 * /  75 1 ,0 2 0 / . 0 7 4 /*  083
50 289 1 ,2 8 0 1 ,3 6 0 * /  80 1 ,0 5 0 / . 0 7 6 / . 0 8 8
51 665 1 ,4 7 5 1 ,6 2 7 /1 5 2 945 / . 1 6 1 / .  169
32 665 1 ,5 2 0 1 ,6 0 5 /  85 990 / . 0 8 6 / . 0 9 3
33 33 870 540 -3 3 0 840 - . 3 9 4 - . 3 0 5
34 33 792 490 -302 766 - . 3 9 5 + - . 2 7 7  

1,691t / . 1 4 235 289 1 ,2 6 5 1 ,4 2 0 / 1 5 5 1 ,0 3 5 / . 1 5 0
36 665 2 ,0 2 5 2 ,2 0 0 /1 7 5 1 ,4 9 5  1 / . 1 2 8 /  .160
37 665 1 ,8 5 0 1 ,9 5 0 / 1 0 0 1 ,3 2 0 /  = 076 / .  092

^These  e x p e r i m e n t s  w ere  r u n  f o r  20 h o u r s ;  t h e  r e s t  o f  t h e  
e x p e r i m e n t s  were r u n  f o r  24 hours*

tF ro m  t h i s  v a l u e  o f  Rs a , t h e  c a l c u l a t e d  r e s i s t i v i t y  o f  t h e  
s h a l e  i s  c l o s e  t o  t h e  r e s i s t i v i t y  o f  t h e  s h a l e  f o r m a t i o n  
a s  r e c o r d e d  on t h e  e l e c t r i c  l o g  ( s e e  f i g u r e  6 ) .
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A NOTE ON POTENTIAL

Numerous w o r k e r s  have s t u d i e d  t h e  c a u s e  of* t h e  p o ­

t e n t i a l  o b s e rv e d  i n  a b o re  h o l e . 0» and M. S c h lu m b e rg e r

and L eo n a rd o n  (19 34) j o i n t l y  p u b l i s h e d  a p a p e r  i n  w h ich  

t h e y  r e a s o n e d  t h a t  t h e  S„ P» ( s p o n ta n e o u s  p o t e n t i a l )  was 

due t o  a n  e l e c t r o k i n e t i c  phenomenon c a l l e d  t h e  s t r e a m i n g  

p o t e n t i a l . I n  a second  p a p e r s t h e y  s t a t e d  t h a t  u n d e r  

c e r t a i n  c i r c u m s t a n c e s  t h e  e l e c t r o c h e m i c a l  phenomenon c o u l d  

p l a y  a d om inan t  r o l e  i n  d e v e lo p m e n t  o f  S» P .  Mounce and 

R u s t  (1944)  p u b l i s h e d  t h e  r e s u l t s  o f  t h e i r  e x p e r i m e n t a l  

works* They showed t h a t  when t h e  s a n d s t o n e  s e p a r a t e d  two 

e l e c t r o l y t e s , t h e  d e v e lo p e d  p o t e n t i a l  i s  v e r y  s m a l l ,  and 

no c u r r e n t  w as  o b s e rv e d  t o  f lo w  i n  t h e  s y s te m .  But when, 

s h a l e  s e p a r a t e d  s a l t  w a t e r  and f r e s h  w a t e r , t h e  d e v e lo p e d  

p o t e n t i a l  was o f  t h e  m a g n i tu d e  o f  100 t o  150 mv; and t h e  

c u r r e n t  w as  f l o w i n g  f ro m  t h e  s h a l e  t o  t h e  f r e s h  w a t e r ,  

from, t h e  f r e s h  w a t e r  t o  t h e  s a l t  w a t e r , and f ro m  t h e  s a l t

29
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w a t e r  t o  t h e  s h a l e . W y l l i e  and P a tn o d e  (1950) p u b l i s h e d  

a d i s c u s s i o n  o f  t h e i r  e x p e r i m e n t a l  w ork  on t h e  e l e c t r o ­

c h e m i c a l  component o f  t h e  S» P .  They s t a t e d  t h a t  t h e  

n a t u r a l  s h a l e  i s  s e m i - p e r m e a b l e .  T h u s , when i t  s e p a r a t e s  

two e l e c t r o l y t e s ,  t h e  d e v e lo p e d  p o t e n t i a l  s a t i s f i e d  t h e  

N e r n s t  e q u a t i o n .  The N e r n s t  e q u a t i o n  f o r  NaCl s o l u t i o n s

w here  V i s  t h e  d e v e lo p e d  p o t e n t i a l ,  R i s  t h e  g a s  c o n s t a n t ,

T i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  F i s  F a r a d a y 1s c o n s t a n t ,  

and a ’ and a* a r e  t h e  a c t i v i t i e s  o f  t h e  two s o l u t i o n s .

MeC a rd e11 ,  W i n s a u e r ,  and  W i l l i a m s  (1953) s t u d i e d  t h e  c a u s e  

o f  t h e  p o t e n t i a l - t h a t  i s  d e v e lo p e d  when s h a l e  s e p a r a t e s  

two e l e c t r o l y t e s  of  d i f f e r e n t  c o n c e n t r a t i o n s .  They ex ­

p l a i n e d  t h a t  s h a l e  h a s  a c h a r a c t e r i s t i c  o f  a d s o r b i n g  n e g a ­

t i v e  i o n s  when i n  c o n t a c t  w i t h  s a l i n e  s o l u t i o n s ;  t h u s  

p h a s e  bounda-ry p o t e n t i a l s  b e tw een  s h a l e  and t h e  s o l u t i o n s  

i n  c o n t a c t  a r e  d e v e l o p e d .  A d i f f u s i o n  p o t e n t i a l  i s  d e v e l o p ­

ed b e c a u s e  o f  i o n i c  d i f f u s i o n  t h r o u g h  s h a l e  f ro m  h i g h  

c o n c e n t r a t i o n  s o l u t i o n  t o  low c o n c e n t r a t i o n  s o l u t i o n .

They b e l i e v e d  t h a t  t h e  d i f f u s i o n  p o t e n t i a l  i s  n e g l i g i b l e  

i n  t h e  c a s e  o f  p u re  s h a l e .  T h e i r  e x p r e s s i o n  f o r  t h e  ph ase  

p o t e n t i a l  E-n i s  î
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31 ,

w here

k i s  B o l tzm an n s  c o n s t a n t

T i s  a b s o l u t e  t e m p e r a t u r e

E i s  th e  c h a r g e  of  a u n i v a l e n t  io n

n i s  t h e  c o n c e n t r a t i o n  o f  t h e  u n i v a l e n t  p o s i t i v e  o r
n e g a t i v e  i o n s  i n  t h e  e x t e r n a l  s o l u t i o n  f a r  away 
from t h e  p h a s e  b o u n d a r y  w here  t h e  p o t e n t i a l  i s  
d e f i n e d  t o  be z e r o  and

n i s  t h e  c o n c e n t r a t i o n  of t h e  f i x e d  n e g a t i v e  c h a r g e s
on t h e  s u r f a c e  o f  t h e  s h a l e  p a r t i c l e s

G ondouin ,  T i x i e r  9 and S imard  (1957)  p r e s e n t e d  a m o d i f i e d  

e q u a t i o n  f o r  t h e  p o t e n t i a l  and  d e m o n s t r a t e d  i t s  u s e  when 

a number of i o n s  o t h e r  t h a n  Ha and Cl i o n s  a r e  p r e s e n t  «, 

T h e i r  e q u a t i o n  i s  b a s e d  upon t h e  a s s u m p t i o n  t h a t  s h a l e  i s  

s e m i - p e r m e a b l e ,

The e x p e r i m e n t a l  r e s u l t s  d e s c r i b e d  i n  p r e v i o u s  s e c ­

t i o n s  show t h a t  th e  s h a l e  u s e d  i s  p e rm e ab le  t o  b o t h  Ha 

and Cl i o n s  ; so an  a t t e m p t  was made t o  s e e  w ha t  t y p e  o f  

p o t e n t i a l  w ould  be d e v e lo p e d  when t h i s  s h a l e  s e p a r a t e s  

HaCl s o l u t i o n s  of  two d i f f e r e n t  c o n c e n t r a t i o n s ,  A number 

o f  e x p e r i m e n t s  were  p e r fo rm e d  where  s h a l e  s e p a r a t e d  e i t h e r  

IH and ,1H o r  ,01H and .0Q1H HaCl s o l u t i o n s .  S t a n d a r d  

1 , OH c a lo m e l  e l e c t r o d e s  were  u sed  t o  m easu re  t h e  p o t e n ­

t i a l ,  and  t h e  h ig h - im p e d a n c e  Brown p o t e n t i o m e t e r  was used  

t o  r e c o r d  t h e  p o t e n t i a l

I n  a l l  t h e  e x p e r i m e n t s  i n  w hich  s h a l e  s e p a r a t e d  IH 

and elN HaCl s o l u t i o n s ,  t h e  d ev e lo p ed  p o t e n t i a l  ranged
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f ro m  50 t o  56 mv. A c c o r d in g  t o  t h e  N e r n s t  e q u a t i o n ,  t h e  

d e v e lo p e d  p o t e n t i a l  s h o u l d  be 55 mv* When s h a l e  s e p a r a t e d  

•Q1N and «OOIN NaCl s o l u t i o n s ,  t h e  d e v e lo p e d  p o t e n t i a l  

v a r i e d  f ro m  m inus  30 t o  p l u s  56 mv. To s t u d y  t h e  c a u s e  

o f  s u c h  b e h a v i o r ,  s o l u t i o n s  w ere  a n a l y s e d  a t  th e  b e g i n ­

n i n g  and a t  t h e  e n d  o f  t h e  e x p e r i m e n t s .  I t  was found  

t h a t  t h e r e  w as  e x t e n s i v e  K and Cl i o n s  d i f f u s i o n  f ro m  

c a lo m e l  e l e c t r o d e s  t o  t h e  s o l u t i o n s .  To a v o i d  t h e  e f f e c t  

o f  c a lo m e l  e l e c t r o d e s ,  p l a t i n u m ,  s i l v e r  c h l o r i d e ,  and 

l e a d  e l e c t r o d e s  were  t r i e d ,  b u t  a l l  gave e r r a t i c  r e s u l t s .
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SUMMARY

The h y p o t h e s i s  o f  i o n i c  d i f f u s i o n  i s  p r e s e n t e d  t o  

e x p l a i n  a " s e p a ra t io n * *  r e c o r d e d  on a m ic r o l o g  a t  t h e  

l e v e l  o f  s h a l e  f o r m a t i o n .  T h i s  h y p o t h e s i s  p r o p o s e s  t h a t  

when d r i l l i n g  mud comes i n  c o n t a c t  w i th  s h a l e , t h e r e  i s  

i o n i c  d i f f u s i o n  b e tw een  c o n n a te  w a te r  and a d r i l l i n g  

f l u i d e  T h i s  p r o c e s s  of  i o n i c  d i f f u s i o n  a f f e c t s  t h e  r e ­

s i s t i v i t y  d i s t r i b u t i o n  o f  a s h a l e  f o r m a t i o n  ( s e e  f i g u r e  

2 a ,  2 b ,  and 2 c ) .  When a s h a l e  h a s  a h i g h l y  s a l i n e  w a t e r ,  

t h e  i o n s  d i f f u s e  f rom  th e  c o n n a te  w a t e r  t o  t h e  mud f i l ­

t r a t e  and c r e a t e  a t h i n  l a y e r  of s h a l e  f o r m a t i o n  com para­

t i v e l y  more r e s i s t i v e  ; t h u s  a n e g a t i v e  s e p a r a t i o n  i s  r e ­

c o r d e d  ( see  f i g u r e  2b and 3 ) .  When s h a l e  h a s  l o w e r  c o n ­

c e n t r a t i o n  c o n n a t e  w a t e r ,  t h e  i o n s  d i f f u s e  f ro m  t h e  mud 

f i l t r a t e  t o  t h e  c o n n a te  w a t e r  and c r e a t e  a t h i n  l a y e r  o f
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s h a l e  f o r m a t i o n  c o m p a r a t i v e l y  l e s s  r e s i s t i v e ;  t h u s  a p o s i ­

t i v e  s e p a r a t i o n  i s  r e c o r d e d  ( s e e  f i g u r e  Sc and 4)*

A number o f  e x p e r i m e n t s  were p e r fo rm e d  t o  t e s t  t h e  

v a l i d i t y  o f  t h e  h y p o t h e s i s .  The r e s u l t s  o b t a i n e d  i n  most 

o f  t h e  e x p e r i m e n t s  i n d i c a t e d  a d e c r e a s e  w i t h  t im e  i n  t h e  

r e s i s t a n c e  o f  a s h a l e  sample when a s o l u t i o n  o f  com para­

t i v e l y  h ig h  s a l i n i t y  was i n  c o n t a c t  w i th  t h e  s a m p le ,  and 

c o n v e r s e l y  a n  i n c r e a s e  w i t h  t im e i n  t h e  r e s i s t a n c e  w i t h  an  

a d j a c e n t  s o l u t i o n  o f  e ampa r a t  i v e l y  low s a l i n i t y .  T h i s  i s  

i n  a c c o r d a n c e  w i t h  t h e  h y p o t h e s i s  o f  i o n i c  d i f f u s i o n .  I t  

may be p o s s i b l e  t o  d e t e r m i n e  t h e  NaCl c o n c e n t r a t i o n  of  t h e  

c o n n a te  w a t e r  i n  t h e  s h a l e  f o r m a t i o n  by p l o t t i n g  change  i n  

r e s i s t a n c e  o f  s h a l e  a g a i n s t  t h e  c o n c e n t r a t i o n  o f  t h e  s o l u ­

t i o n  u se d  i n  t h e  e x p e r i m e n t  ( s e e  c h a r t s  1 ,  2 ,  and 3 ) .

I n  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s ,  two i n t e r e s t i n g  

p o i n t s  w ere  o b s e r v e d . I t  was fo u n d  t h a t  i f  t h e  s h a l e  c o r e s  

have  become p a r t i a l l y  d e h y d r a t e d , i t  i s  a d v i s a b l e  t o  soak  

th e m  i n  d i s t i l l e d  w a t e r  i n  o r d e r  t o  r e s t o r e  t o  some e x t e n t  

t h e  m o i s t u r e  t h e y  have l o s t  and t h u s  f a c i l i t a t e  t h e  d i f f u ­

s i o n  o f  i o n s  w i t h o u t  g r e a t l y  c h a n g in g  th e  o r i g i n a l  s a l i n i t y  

o f  i n t e r s t i t i a l  w a t e r .  I t  was a l s o  n o te d  t h a t  t h e  s h a l e  

r e s i s t i v i t y ,  c a l c u l a t e d  f ro m  t h e  a v e r a g e  m easu red  r e s i s t a n c e  

o f  t h e  s a m p l e s , i s  c l o s e  t o  t h e  r e s i s t i v i t y  o f  t h e  s h a l e  

f o r m a t i o n  a s  r e c o r d e d  on t h e  e l e c t r i c  l o g  ( s e e  f i g u r e  6 ) .
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Some e x p e r i m e n t s  w e re  p e r fo rm e d  t o  s tu d y  t h e  p o t e n ­

t i a l  t h a t  i s  d e v e lo p e d  when s h a l e  t h a t  i s  p e r m e a b le  t o  

b o t h  Na and Cl i o n s , s e p a r a t e s  NaCl s o l u t i o n s  o f  d i f f e r e n t  

c o n c e n t r a t i o n s .  I t  was o b s e rv e d  t h a t  t h e  d e v e lo p e d  p o t e n ­

t i a l  s a t i s f i e d  th e  N e r n s t  e q u a t i o n  when t h e  s h a l e  s e p a r a ­

t e d  IN and 0 .1N NaCl s o l u t i o n s  b u t  a p p a r e n t l y  d id  n o t  

h o ld  f o r  d i l u t e  s o l u t i o n s .

I t  i s  r e c o g n i z e d  t h a t  f u r t h e r  e x p e r i m e n t a l  work i s  

n e c e s s a r y  t o  t e s t  t h e  i o n i c  d i f f u s i o n  h y p o t h e s i s  9 w h ic h  

i f  e s t a b l i s h e d  a s  a t h e o r y  w i l l  i n c r e a s e  o u r  u n d e r s t a n d i n g  

o f  t h e  e l e c t r i c  l o g .
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