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S O M E  E F F E C T S  OF A HEATED P I P E L I N E  ON 

GROUND-WATER FLOW I N  A L A S K A  

By C h a r l e s  E .  S l o a n  a n d  J o h n  D .  B r e d e h o e f t  

ABSTRACT 

T h e  t haw  b u l b  p r o d u c e d  b y  a h e a t e d  p i p e l i n e  b u r i e d  i n  

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

u n f r o z e n  zones  b e n e a t h  a s e a s o n a l  l y  f r o z e n  1 a y e r .  R e s u l t i n g  

movement  o f  g r o u n d  w a t e r  t h r o u g h  t h e  t h a w  b u l b  m i g h t  p r o d u c e  

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

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

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

l i n e  c o n f i r m s  t h i s  c o n c l u s i o n .  An e x c e p t i o n  may b e  t h e  

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

o v e r l y i n g  a  h i g h l y  p e r m e a b l e  c o a r s e  s a n d  o r  g r a v e l .  

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

h e a t e d  t r e n c h  w i  1 1  f o c u s  g r o u n d - w a t e r  d i s c h a r g e  n e a r  t h e  

p i p e l i n e ,  e s p e c i a l l y  i n  w i n t e r .  S u c h  d i s c h a r g e  w i l l  

i n c r e a s e  t h e  n u m b e r  a n d  s i z e  o f  i c i n g s .  

E x p l o s i v e  i c i n g  mounds a p p a r e n t l y  r e s u l t  f r o m  h i g h  

c r y s t a l l i z a t i o n  p r e s s u r e s  t h a t  d e v e l o p  w i t h i n  a  c l o s e d  

t a l i k .  The  t h a w  b u l b  c l o s e  t o  t h e  b u r i e d  p i p e l i n e  r e l i e v e s  

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

P o t e n t i a l  p r o b l e m s  r e l a t e d  t o  t h a w - b u l b  e n 1  a r g e m e n t  b y  

h e a t  c o n v e c t i o n  a n d  t h a w - i n s t a b i  li t y  o f  f i n e - g r a i n e d  m a t e -  

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



According t o  t h e  p r e s e n t  p l a n s ,  t h e  p roposed  t r a n s -  

Alaska p i p e l i n e  from Prudhoe Bay t o  Valdez ,  A l a s k a ,  w i l l  be 

b u r i e d  f o r  more than h a l f  o f  i t s  7 8 9 - m i l e  l e n g t h .  The 

b u r i e d  p i p e l i n e  wi 1 1  i n  p l a c e s  i n f l u e n c e  g round-wa te r  f low 

! p a t t e r n s .  

i The p i p e l i n e  i s  a l i g n e d  w i t h  major  s t r e a m s  t h r o u g h  t h e  

mountainous s e g ~ e n t s  of t h e  r o u t e  because  t h e i r  v a l l e y s  

p r o v i d e  n a t u r a l  r o u t e s  o f  low r e l i e f .  Such r o u t i n g  a l s o  

t ends  t o  avoid  s i d e h i l l  c o n s t r u c t i o n  a n d  t a k e s  advan tage  of 

w e l l - d r a i n e d  o r  unfrozen  f o u n d a t i o n  m a t e r i a l s .  Within t h e s e  

segnients t h e  p i p e l i n e  w i l l  c r o s s  many t r i b u t a r y  and mainstem 

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

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

The p r i n c i p a l  a q u i f e r s  w i t h i n  t h e  pi pel i ne c o r r i d o r  

a r e  t h e  a 1  l u v i a l  d e p o s i t s  a s s o c i a t e d  wi th  t h e  s t r e a m s .  Thus,  

most  o f  t h e  i n t e r a c t i o n s  of t h e  b u r i e d  p i p e l i n e  wi th  ground- 

w a t e r  flow sys tems w i l l  o c c u r  i n  t h e  s t r e a m  v a l l e y s .  

Unfrozen a 1  l u v i a l  d e p o s i t s  c o n s i s t i n g  1 a r g e l y  of  permeable 

sand  and g r a v e l  i n  t h e  c h a n n e l s ,  f l o o d  p l a i n s ,  t e r r a c e s ,  and 

a l l u v i a l  f a n s  of t h e  r i v e r  v a l l e y s  a r e  t h e  p r i n c i p a l  a q u i f e r s  

a long  t h e  p i p e l i n e  r o u t e .  The e x t e n t  and t h i c k n e s s  of perma- 

f r o s t  l i m i t s  t h e  o c c u r r e n c e  of ground w a t e r .  As t h e  volume 

of f r o z e n  ground d e c r e a s e s  southward  a l o n g  t h e  r o u t e  con- 

s i s t e n t  wi th  t h e  r e g i o n a l  z o n a t i o n  of  p e r m a f r o s t ,  t h e  amount 

of ground w a t e r  i n c r e a s e s .  I n  t h e  A r c t i c  and s u b - A r c t i c  

r e g i o n s  s u b s t a n t i a l  a r e a s  o f  un f rozen  a l l  uviurn a r e  g e n e r a l l y  

found only beneath  o r  b e s i d e  t h e  s t r e a m s  and l a k e s  t h a t  d o  

no t  comple te ly  f r e e z e  i n  t h e  w i n t e r .  Shal low ground w a t e r  

i s  unconf ined  d u r i n g  t h e  summer b u t  u s u a l l y  i s  c o n f i n e d  by 

s e a s o n a l  f r o s t  d u r i n g  t h e  w i n t e r ,  w i th  c o n s e q u e n t  bui l 'dup  of  

a r t e s i a n  head.  In some a r e a s  a l o n g  t h e  p i p e l i n e  r o u t e ,  

p a r t i c u l a r l y  i n  t h e  F a i r b a n k s  a r e a ,  ground w a t e r  i s  c o n f i n e d  

by p e r m a f r o s t  i n  d e e p e r  a r t e s i a n  s y s t e m s .  



S t i p u l a t i o n s  t o  be made p a r t  of any p e r m i t  i s s u e d  by 

t h e  Departolent of t h e  I n t e r i o r  i n  connec t ion  wi th  t h e  

proposed t r a n s -  A 1  aska p i  pel i  ne have been p r e p a r e d  by t h e  

Department o f  t h e  I n t e r i o r  ( 1 9 7 2 )  and the  Fede ra l  Task Force 

on  Alaskan O i l  Development.  T h e  t e c h n i c a l  s t i p u l a t i o n s  

a1 low conven t iona l  b u r i a l  i n  t h a w - s t a b l e  sand  and g r a v e l ,  

conpe ten t  bedrock ,  o r  s o i l  n a t u r a l l y  devoid  of p e r m a f r o s t .  

Many of t h e  h y d r o l o g i c  problems a s s o c i a t e d  w i t h  t h a w  o f  

permaf ros t  in  f i n e - g r a i n e d  m a t e r i a l s  a s  d i s c u s s e d  by 

Lachenbruch (1970)  can be avo ided  through a d h e r e n c e  t o  t h e  

s t i p u l a t i o n s ;  t h e s e  problems w i  11 no t  be d i s c u s s e d  f u r t h e r  

i n  t h i s  r e p o r t .  

The thaw bulb produced by t h e  h e a t e d  p i p e l i n e  may 

i n t e r c e p t  zones o f  c o n f i n e d  w a t e r  beneath  p e r m a f r o s t  or i n  

sha l low unfrozen  zones benea th  a s e a s o n a l l y  f r o z e n  l a y e r .  

Consequent g round-wa te r  d i s c h a r g e  through t h e  thaw bulb  may 

have s u f f i c i e n t  v e l o c i t y  t o  c a u s e  quick c o n d i t i o n s  i n  t h e  

p i p e l i n e  founda t ion  rnater i  a l s  . T h i s  r e p o r t  examines and 

d i s c u s s e s  some o f  t h e  e f f e c t s  t h a t  a h e a t e d  p i p e l i n e  can 

have o n  a r t e s i a n  sys tems t h a t  o c c u r  along t h e  p i p e l i n e  and 

e v a l u a t e s  by means o f  a  d i g i t a l  model t h e  l i k e l i h o o d  of 

o c c u r r e n c e  o f  quick c o n d i t i o n s .  The p i p e l i n e ' s  e f f e c t  on 

t h e  o c c u r r e n c e  of i c i n g s  and i c i n g  mounds i s  a l s o  d i s c u s s e d  

T r a n s f e r  of h e a t  by c o n v e c t i o n  of ground w a t e r  i n  t h e  

thaw bulb can occur  i n  c o a r s e - g r a i n e d  m a t e r i a l s  and w i l l  

r e s u l t  i n  en la rgemen t  of  t h e  thaw bulb i n  an i r r e g u l a r  

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

s imple  conduct ion  o f  h e a t ,  A 1  though thaw-bulb e n l a r g e m e n t  

by  h e a t  c o n v e c t i o n  can b e  a p roblem,  i t  i s  n o t  w i t h i n  t h e  

scope of t h i s  s t u d y .  Another  l i m i t a t i o n  of t h e  s t u d y  i s  

t h a t  t h e  s imple  boundary c o n d i t i o n s  assumed f o r  t h e  mod21 

do n o t  r e p r e s e n t  t h e  complex b o u n d a r i e s  t h a t  e x i s t  i n  

n a t u r e .  However, t h e y  do r e p r e s e n t  r e a s o n a b l e  e s t i m a t e s  

of boundary va lues  based on f i e l d  condi t i o n s .  



A R T E S I A N  CONDITI O N 5  B E N E A T H  P E R M A F R O S T  

I n f o r m a t i o n  on  g r o u n d  w a t e r  i n  A l a s k a  i s  v e r y  s c a n t .  

C e d e r s t r o m  ( 1 9 6 3 ,  p .  2 7 - 3 0 )  d e s c r i b e d  a r t e s i a n  c o n d i t i o n s  

t h a t  e x i s t  i n  t h e  F a i r b a n k s  a r e a ,  w h i c h  w i l l  b e  c r o s s e d  b y  

t h e  p i p e l i n e ;  h e r e ,  p e r e n n i a l l y  f r o z e n  s i l t  i n  t h e  v a l l e y s  

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

u n f r o z e n  g r a v e l s  o r  f r a c t u r e d  a n d  r . , e a t h e r e d  b e d r o c k .  T h i s  

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

by t h e  p i p e l i n e  r o u t e  i n  t h e  Y u k o n - T a n a n a  u p l a n d .  T a b l e  1 

i s  t a k e n  f r o m  C e d e r s t r o r n ' s  r e p o r t  ( 1 9 6 3 )  t o  show f l o w i n g  

a r t e s i a n  w e l l s  a n d  t h e i r  d e p t h s .  T h e  w e l l  ncrrnbers a r e  

i d e n t i f i c a t i o n  n u m b e r s  f o r  l o c a t i o n  on C e d e r s t r o m ' s  map.  

As c a n  b e  s e e n  f r o m  t a b l e  1 ,  d e p t h s  o f  f l o w i n g  w e l l s  

r a n g e  f r o m  80 t o  280 f e e t  w i t h  a mean d e p t h  o f  1 5 5  f e e t .  

L a c h e n b r u c h ' s  c a l c u l a t i o n s  ( 1 9 7 0 ,  p .  5 )  i n d i c a t e  t h a t  if t h e  

p i p e l i n e  w e r e  b u r i e d  i n  f i n e - g r a i n e d  p e r m a f r o s t  s e d i m e n t s ,  

t h e  t haw  b u l b  w o u l d  r e a c h  a p p r o x i n ; a t e l y  50  f e e t  i n  d e p t h  i n  

20  y e a r s .  H o w e v e r ,  t h e  t h a w  b u l b  c o u l d  becorne much l a r g e r  

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

t h e  t h a w  b u l b .  B e c a u s e  t h e  t e c h n i c a l  s t i p u l a t i o n s  do n o t  

a l l o w  c o n v e n t i o n a l  b u r i a l  i n  f i n e - g r a i n e d ,  i c e - r i  ch  per rna-  

f r o s t  s e d i m e n t s ,  i n t e r c e p t i o n  o f  c o n f i n e d  z o n e s  u n d e r  h i g h  

a r t e s i a n  p r e s s u r e  by  t h e  t h a w  b u l b  d o e s  n o t  seem t o  b e  v e r y  

l i k e l y .  

L o g s  o f  t e s t  b o r i n g s  made f o r  t h e  A l y e s k a  P i p e l i n e  

S e r v i c e  Company a n d  g e o l o g i s t s  ' f i e l d  n o t e s  w e r e  e x a m i n e d  

f o r  some 1 ,700  s i t e s  a l o n g  t h e  p i p e l i n e  rou t e  t o  s e e  w h e r e  

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

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

only t w o  t e s t  h o l e s .  T e s t  h o l e  1 - 4 1  o n  t h e  S a g a v a n i r k t o k  

R i v e r  n e a r  F r a n k l i n  B l u f f s  w a s  6 f e e t  d e e p  a n d  h a d  a  w a t e r  

l e v e l  0 . 5  f o o t  a b o v e  t h e  l a n d  s u r f a c e .  T e s t  h o l e  1 6 - 7 8  

n e a r  L o s t  C r e e k  i n  t h e  Y u k o n - T a n a n a  u p l a n d  was 5 1  f e e t  d e e p  

a n d  h a d  a w a t e r  l e v e l  1 . 0  f o o t  a b o v e  t h e  l a n d  s u r f a c e .  



Table 1. --Selected tabZe of flowing weZZs in the Fairbanks area, 
from Ceders trom ( 1  9631. 

Well no. Loca t i  on A 

, -- 
'dater 1 eve1 

A------- LA 

JSSd 1 Off Fanners Loop 

b I Off Farmers Loop 

c I O f f F a r m e r s L o o p  

O f f  YcGrath Road 

O f f  McGrath Road 

Steese Highway 

S t e e l e  Creek Road 

Chena H o t  S p r i n g s  Road 

O f f  Chena Hot S p r .  Road 

Farmers Loop Road 

Farmers Loop Road 

Farmers Loop Road 

11 + indicates  s t a t i c  water level above l a n d  s u r f a c e  



v 

* 

Water  w a s  found  i n  t e s t  h o l e  1 6 - 7 8  a t  a d e p t h  of 9 . 5  f e e t  

w h i l e  d r i l l i n g .  

O t h e r  t e s t  h o l e s  showed a s u b s t a n t i a l  r i s e  i n  w a t e r  

l e v e l  above t h a t  found  d u r i n g  d r i l l i n g ,  b u t  w a t e r  d i d  n o t  

r e a c h  t h e  l a n d  s u r f a c e .  For  i n s t a n c e ,  w a t e r  found  a t  19 

f e e t  w h i l e  d r i l l i n g  t e s t  h o l e  7 - 4 1  ( 3 5  f e e t  d e e p )  o n  t h e  

f l o o d  p l a i n  o f  t h e  L i t t l e  S a l c h a  R i v e r  r o s e  t o  a l e v e l  o f  

! 4 f e e t  below t h e  l a n d  s u r f a c e  a f t e r  b o r i n g .  Most o f  t h i s  

i t e s t  d r i l l i n g  was done u n d e r  w i n t e r  c o n d i t i o n s  from 
Sep t embe r  t h r o u g h  November and F e b r u a r y  t h r o u g h  May. 

M O D E L  S T U D I E S  - S E A S O N A L L Y  F R O Z E N  CONDITIONS 

Even i n  h i g h l y  p e r m e a b l e  m a t e r i a l s ,  a  h e a t e d ,  b u r i e d  

p i p e l i n e  w i l l  change t h e  p a t t e r n  n f  g r o u n d - w a t e r  f l o w .  

Dur ing  t h e  w i n t e r  t h e  p i p e l i n e  w i l l  be  t h e  f o c u s  o f  g round -  

w a t e r  d i s c h a r g e .  I t  i s  c o n c e i v a b l e  t h a t  t h i s  d i s c h a r g e  

c o u l d  c a u s e  p rob lems  of m a t e r i a l  s t a b i l i t y ,  i n c l u d i n g  q u i c k  

c o n d i t i o n s .  

I d e a l i z e d  models o f  t y p i c a l  g r o u n d - w a t e r  s i t u a t i o n s  

we re  a n a l y z e d  t o  i n v e s t i g a t e  changes  i n  f l o w  p roduced  by a 
b u r i e d  p i p e l i n e  i n  an a r e a  o f  s e a s o n a l l y  f r o z e n  g round .  

Both ( 1 )  t h e  l i k e l i h o o d  of d e v e l o p i n g  q u i c k  c o n d i t i o n s  and 

( 2 )  the  change  i n  f o c u s  o f  g r o u n d - w a t e r  d i s c h a r g e  we re  

examined .  The s i t u a t i o n s  s e l e c t e d  a r e  b e l i e v e d  t o  be  

r e a s o n a b l y  t y p i c a l  of  c o n d i t i o n s  i n  s t r e a m  v a l l e y s  o r  on 

a l l u v i a l  f a n s  i n  t h e  A la ska  Range o r  t h e  Brooks  Range.  

Th roughou t  t h e  model s t u d i e s  we have  assumed  t h e  p i p e  

t r e n c h  t o  b e  b a c k f i l l e d  w i t h  m a t e r i a l  o f  t h e  same perme- 

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



Quick c o n d i t i o n s ,  a s  t h e  t e x t s  i n  s o i l  mechanics p o i n t  

o u t ,  occur  i f  t h e  h y d r a u l i c  g r a d i e n t  approaches  a c r i t i c a l  

va lue  o f  a p p r o x i m a t e l y  1 ,  o r  

- a h  - - 1 ( i . e .  1 f o o t  per  f o o t )  
2 S 

where h i s  t h e  h y d r a u l i c  head a n d  s  i s  d i s t a n c e .  The model 

s t u d i e s  were d e s i g n e d  t o  t e s t  whe the r  a n d  under what cond i -  

t i o n s  such high head g r a d i e n t s  cou ld  o c c u r .  

S c o t t  ( 1 9 6 3 ,  p .  9 6 )  p o i n t s  o u t  t h a t  t h e  s e e p a g e  f o r c e  

on t h e  s o i  1  i s  g i v e n  by 

a h  where 3 i s  t h e  s e e p a g e  f o r c e  p e r  u n i t  volume, - i s  t h e  
as 

h y d r a u l i c  g r a d i e n t ,  and y i s  t h e  u n i t  we igh t  o f  w a t e r .  
W 

S c o t t  s t a t e s  ( p .  9 6 ) :  

"For  t h e  p a r t i c u l a r  c a s e  i n  which t h e  tube  ( s o i l  
co lumn) .  . . . i s  v e r t i c a l ,  t h e  f o r c e s  a c t i n g  on a 
u n i t  o f  s o i l  volume a r e  i t s  buoyant  u n i t  we igh t  
and t h e  s e e p a g e  f o r c e .  I f  t h e  head i s  i n c r e a s e d  
t o  t h e  p o i n t  a t  which t h e s e  f o r c e s  become e q u a l ,  
t h e  s o i l  w i l l  j u s t  b e  a t  t h e  p o i n t  of be ing  
c a r r i e d  upward i n  t h e  t u b e ,  a n d  t h e r e  w i l l  be  
e f f e c t i v e l y  no g r a i n - t o - g r a i n  p r e s s u r e .  The 
g r a d i e n t  a t  which t h i s  o c c u r s  can b e  computed 
from t h e  b a l a n c e  o f  f o r c e s  ."  

Thus: 

w h e r e  y i s  t h e  buoyant  u n i t  w e i g h t .  b 

S i n c e  y i s  a p p r o x i m a t e l y  equa l  t o  Y t h e  c r i t i c a l  w b ' 
g r a d i e n t  i s  a p p r o x i m a t e l y  



S c o t t  goes on: 

"Because t h e r e  i s  no i n t e r g r a n u l a r  p r e s s u r e ,  t h e  
s o i l  w i l l  e x h i b i t  n o  s h e a r i n g  s t r e n g t h  a n d  w i l l  
have t h e  p r o p e r t i e s  of a f l u i d .  A body p l a c e d  
i n  a qu ick  s o i l  w o u l d  then  f l o a t  a t  a  l e v e l  
a p p r o p r i a t e  t o  i t s  d e n s i t y  and t h a t  of t h e  qu ick  
s o i l  mass.  

I t  i s  of i n t e r e s t  t o  n o t e  t h a t  t h e  c r i t i c a l  
g r a d i e n t  depends on ly  on t h e  s p e c i f i c  g r a v i t y  of  
t h e  s o i  1 g r a i n s  atid t h e  void r a t i o  of t h e  s o i l ,  
and t h e  e q u a t i o n  does not  s a y  a n y t h i n g  a b o u t  t h e  
g r a i n  s i z e  o f  t h e  s o i l .  T h e r e f o r e ,  t h e  r e a c t i o n  
o c c u r s  i n d e p e n d e n t l y  of t h e  g r a i n  s i z e .  

I n  s o i l s  c o n s i s t i n g  of  l a r g e r  g r a i n  s i z e s ,  
such  a s  grave! ,  t h e  q u a n t i t y  of  w a t e r  t h a t  would 
b e  r e q u i r e d  t o  m a i n t a i n  a  c r i t i c a l  g r a d i e n t  
t h r o u g h  t h e  s o i l  would be ve ry  l a r g e ,  and i n  
p r a c t i c e  i t  would be e x t r e m e l y  u n l i k e l y  t o  
e n c o u n t e r  volutnes of  w a t e r  s u f f i c i e n t  t o  main- 
t a i n  g r a v e l  i n  a q u i c k  c o n d i t i o n . "  

The v a l u e s  of h y d r a u l i c  c o n d u c t i v i t y  ( K )  a s s i g n e d  t o  

t h e  mode1 were based on a v e r a g e  v a l u e s  of K f o r  d i f f e r e n t  

a l l u v i a l  m a t e r i a l s .  Tab le  2 i s  t aken  from Casagrande a n d  

Fadum ( 1 9 4 0 ) .  

Stream g r a d i e n t s  were measured on t h e  t o p o g r a p h i c  map 
o f  t h e  p i p e l i n e  r o u t e  ( c o n t o u r  i n t e r v a l  = 10 f e e t )  f o r  a 
number o f  s t r e a m s .  Table  3 shows t h e s e  g r a d i e n t s ,  which 

range from a b o u t  2 f e e t  p e r  m i l e  on G u n n  Creek F l a t  nea r  

Summit Lake t o  a lmos t  300 f e e t  p e r  m i l e  on t h e  a l l u v i a l  

f an  o f  Flood C r e e k ,  a t r i b u t a r y  of  t h e  D e l t a  R i v e r .  From 

t h e  s t r eam g r a d i e n t s  i n  t a b l e  3 ,  a h y d r a u l i c  g r a d i e n t  o n  
t h e  w a t e r - t a b l e  s u r f a c e  (summer c o n d i t i o n )  of abou t  100 

f e e t  p e r  m i l e  was assumed a s  be ing  a r e a s o n a b l e  upper  l i m i t .  

I n  t h e  f i r s t  s e r i e s  o f  r e s u l t s ,  we examine t h e  s imple  

s i t u a t i o n  of an a q u i f e r  wi th  a  r e a s o n a b l y  uni form permea- 

b i l i t y  a n d  no change i n  a q u i f e r  t h i c k n e s s  i n  t h e  ups t ream 

or downstream d i r e c t i o n  ( f i g .  1 ) .  The r e s u l t s  f o r  a  

r e p r e s e n t a t i v e  g e o l o g i c  s e c t i o n  of t h e  s i t u a t i o n  a r e  depi  c -  

t e d  i n  f i g u r e  2 .  A g e n e r a l  head d rop  of 10 f e e t  o v e r  t h e  

480 f o o t  l e n g t h  of modeled reach was impos.ed. C o n s t a n t  



- -- .- - - - - . . . - .- - - . 

Hydrau l i c  c o n d u c t i v i t y  
-- - A - .- . . . - . - - -  - 

S o i l  t y p e  
- 

Clean gravel 

C l e a n  s a n d  

C l e a n  sand a n d  g r a v e l  m i x t u r e s  

Very f i n e  sands 

Orqani  c and i norqani c s i  1 t s  , 
m i x t u r e s  of s a n d ,  s i  1 t a n d  
cl ay 
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I S t r e a m s  T- Porront .  A T L m i  1, 

Saa R i ve r  ! I 

1 Upper r e a c h  22 
M idd le  r e a c h  17.5 

i Near I v i s h a k  R i v e r  1 0 .25 13 
Lower reach n. 1 4  7 c, 

I 
I 

D i e t r i  ch R i  ve r  

I Above B i g  Jim Creek 0.50 26.5 
Above B e t t l e s  R i v e r  1 0,33 1 17.5 I 

1 M idd le  Fork  Koyukuk R i v e r  

Above Hammond R i v e r  0.25 13 
Below Porcup ine  Creek 0.17 9 

Del t a  R i  ve r  I 1 
Below B lack  Rapids 
Below Phelan Creek conf luence 

A1 1 u v i  a1 Fans 

F lood  Creek 
Trims Creek 

Phelan ,- Creek 

A t  lower c r o s s i n g  1.17 62 
Below McCallum Creek 1.03 5 4 
Above highway b r i  dge 1.60 84 

Gunn Creek I 

F l a t  1 0.04 I 7 

I n  upper reach 1 1 . O O  1 5 3 

Below Sheep Creek 

Sheep Creek 

Fan I 3.00 1 150 



A - L i n e  o f  s e c t i o n  m o d e l e d  I / 
A '  

v 

1; I 
1.: 1 



h e a d  b o u n d a r i e s ,  a r b i t r a r i l y  c h o s e n  as z e r o  a n d  t e n ,  a t  

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

t h e  s y s t e m  i s  a r t e s i a n ,  t h e  h e a d s  a r e  a p p r o x i m a t e l y  t h e  

same i n  t h e  w i n t e r  a s  i n  t h e  summer .  

T h e r e  w i l l  b e  n o  s e a s o n a l  f r e e z i n g  o f  m a t e r i a l  o v e r  a 

h e a t e d  p i p e l i n e .  T h i s  u n f r o z e n  z o n e  w i l l  b e  one  o f  r e l i e f  

o f  a r t e s i a n  p r e s s u r e ,  a p l a c e  f o r  p o t e n t i a l  g r o u n d - w a t e r  

d i s c h a r g e .  U n d e r  t h e  c o n d i t i o n s  assumed  f o r  f i g u r e  2 ,  a 

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

d i s t r i b u t i o n ,  a l t h o u g h  i t  w i  11  c h a n g e  t h e  q u a n t i t y  o f  f l o w  

The  s i t u a t i o n  i s  c o n s i d e r a b l y  d i f f e r e n t  i f  a z o n e  o f  

l o w e r  p e r m e a b i l i t y  i s  p r e s e n t  i n  t h e  a q u i f e r  ( f i g .  3 A ) .  

F i g u r e s  3 A - 3 F  show a s e r i e s  o f  r e s u l t s  f o r  g e o l o g i c  c o n d i -  

t i o n s  i n  w h i c h  a m o r e  p e r m e a b l e  z o n e  becomes l e s s  p e r m e a b l e  

d o w n g r a d i  e n t  . 
T h e  z o n e  o f  l o w  p e r m e a b i l i t y  c r e a t e s  a n  a r e a  o f  g r o u n d -  

w a t e r  d i s c h a r g e  i n  t h e  summer ( f i g .  3 B ) .  A s e a s o n a l l y  

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

w i n t e r ,  c a n  p r o d u c e  a r t e s i a n  h e a d s  i n  t h i s  a r e a  ( f i g .  3 C ) .  

B u r y i n g  a h e a t e d  p i p e l i n e  w i t h i n  t h e  zone  o f  l o w e r  p e r m e a -  

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

f o c u s e s  t h e  d i s c h a r g e  a t  t h e  p i p e l i n e  ( f i g .  3 D ) .  H e a d  

d r o p s  o f  a p p r o x i m a t e l y  1 i n  5 o c c u r - - s t i l l  b e l o w  t h e  c r i t i -  

c a l  v a l u e s  f o r  q u i c k  c o n d i t i o n s .  The  c o n d i t i o n s  a r e  some- 

w h a t  w o r s e  i f  a b e d r o c k  b a r r i e r  e x i s t s  f a r t h e r  d o w n s t r e a m .  

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

( f i g .  3 E ) .  I f  t h e  p i p e l i n e  i s  b u r i e d  c l o s e  t o  a z o n e  o f  

p e r m e a b i l i t y  c h a n g e ,  h i g h e r  h e a d  g r a d i e n t s  c a n  e x i s t  ( f i g .  

3F); b u t  i t  i s  d o u b t f u l  i f  c r i t i c a l  g r a d i e n t s  w i l l  b e  

p r o d u c e d .  



- 5 l b c c 1  f l e d  h e a d  h o u r ~ d a r y  w i t h  l i n e a r  h e a d  d i s t r i b u t i o n  
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C o n s t a n t  h e a d  b o u n d a r y  

F i  y u r e  . ? . - - h e a d  d i s t r i b u t i o n  s u r m e r  a n d  w i n t e r .  

--- 

K = 0 . 0 0 0 1  f t  s e c - l !  

F i g u r e  3 A - - 5 e o l o g i c  s e c t i o n  A - A ' .  
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U n c o n s o l i d a t e d  d e p o s i  ts  
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i i y p o t t i e t i c a l  t r e ? c h  

50' K = 0 . 0 0 1  f t  s e c - '  
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v = 0 . 0 0 1  f t , * s p c - '  

F i g u r r  3 A .  - - G e o l o g i c  s e c t i o n  A - A '  . 
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A A '  
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U n c o n s o l i d a t e d  d e p o s i t s  

C o n s t a n t  h e a d  

F i g u r e  3 C . - - H e a d  d i s t r i b u t i o n  i n  t h e  w i n t e r  w i t h o u t  t h e  p i p e l i n e .  

G a c k f i  l l p d  p i  p ~ l i n e  t r e n c h  

S e a s o n a l l y  f r o z e n  g r o u n d  L a ~ d  s u r f a c e  

A '  

---- I----- 
U n c o n s o l i d a t e d  d e p o s i t s  
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F i g u r e  3 D . - - H e a d  d i s t r i b g t i o n  i n  t h p  w i n t e r  i n  t h e  v i c i n i t y  o f  t l ~ ~  1 ~ 1 1 ' ~ ~ 1 1 , 1 c .  
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F i g u r e  3 A . - - G e o l o g i c  s e c t i o n  A - A '  . 

F i g u r e  3 E . - - H e a d  d i s t r i b u t i o n  i n  t h e  w i n t e r  w i t h  an  i m p e r m e a b l e  b a r r i e r  d o w n s t r e a m .  

B a c k f i l l e d  p i p e l i n e  t r e n c h  

S e a s o n a l l y  f r o z e n  g r o u n d  
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A n o t h e r  s i t u a t i o n  c a u s i n g  p o t e n t i a l  p r o b l e m s  i s  o n e  

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

t h a t  o v e r l i e s  a  z o n e  o f  h i g h e r  p e r m e a b i l i t y  ( f i g .  4 A ) .  

T h i s  s i t u a t i o n  i s  e x a m i n e d  i n  f i g u r e s  4 A - C .  F i g u r e  4B 

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

b e t w e e n  l a y e r s  o f  1 0  t i m e s .  The  d i s c h a r g e  i s  f o c u s e d  a t  

t h e  p i p e  t r e n c h ;  h o w e v e r ,  t h e  h e a d  g r a d i e n t s  a p p r o a c h  1 i n  

5 .  A c h a n g e  i n  t h e  p e r m e a b i l i t y  c o n t r a s t  t o  a f a c t o r  o f  

100 t i m e s  c a u s e s  a  p o t e n t i a l  p r o b l e m  ( f i g .  4 C ) :  h e a d  

g r a d i e n t s  a p p r o a c h  1 i n  1 ,  t h e  c r i t i c a l  v a l u e .  T h i s  c o n -  

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

m o d e r a t e l y  p e r m e a b l e  s a n d .  As p o i n t e d  o u t  a b o v e ,  we h a v e  

assumed  t h e  t r e n c h  t o  b e  b a c k f i l l e d  w i t h  m a t e r i a l  o f  t h e  

same p e r m e a b i l i t y  a s  t h a t  a d j o i n i n s  i t ,  i n  t h i s  c a s e  f i n e  

s a n d  o r  s i  1  t .  

MATHEMATICAL M O D E L  

A l l  c o m p u t a t i o n s  f o r  t h e  m o d e l  r e s u l t s  ( f i g s .  3 a n d  4 )  

w e r e  made u s i n g  f i n i t e - d i f f e r e n c e  a p p r o x i m a t i o n s  f o r  t h e  

e q u a t i o n s  o f  s t e a d y  f l o w .  T h e  m o d e l  i s  d e s c r i b e d  b y  P i n d e r  

( 1 9 7 0 ) .  A r e c t a n g u l a r  g r i d  w i t h  a  h o r i z o n t a l  g r i d  s p a c i n g  

o f  1 0  f e e t  a n d  a  v e r t i c a l  g r i d  s p a c i n g  o f  5 f e e t  was u s e d .  

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

a p p r o x i m a t e  w i t h  h e a d  v a l u e s  o b t a i n e d  o n l y  a t  t h e  g r i d  

i n t e r s e c t i o n s  . 
T h e  f i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n  h a s  a f u r t h e r  

d i f f i c u l t y  a t  a  s h a r p  b r e a k  i n  t h e  p e r m e a b i l i t y  d i s t r i b u -  

t i o n .  The  g e o m e t r i  c  mean v a l u e  o f  p e r m e a b i  1  i t y  b e t w e e n  

n o d e s  i s  u s e d  i n  t h e  c o m p u t a t i o n s .  T h i s  means  t h a t  a  z o n e  

w h i c h  i s  o n e  g r i d  w i d t h  i n  t h i c k n e s s  w i  1 1  h a v e  a  v a l u e  o f  

p e r m e a b i l i t y  t h a t  i s  an  a v e r a g e  o f  t h e  z o n e s  o f  d i f f e r i n g  

p e r m e a b i  1  i t y .  
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CRYOSTATIC PRESSURES D E V E L O P E D  IN A S H A L L O W  T A L I K  

I c i n g  mounds, a l s o  c a l l e d  i c i n g  h i l l o c k s ,  a r e  ephem- 
e r a l  p r e s s u r e - r e l i e f  forms t h a t  r e s u l t  from a r c h i n g  of 

a u f e i s .  A s  g e n e r a l l y  e n v i s i o n e d ,  i c i n g  mounds o c c u r  as  a 

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

depth  benea th  t h e  s e a s o n a l  l y  f r o z e n  l a y e r .  H i g h  c r y o s t a t i  c 
p r e s s u r e s  can deve lop  i n  i c i n g  mounds; 5 2  a tmospheres  were 

measured i n  an i c i n g  mound i n  S i b e r i a  by V . G .  P e t r o v  i n  

1930 (Chekot i  1 l o  and o t h e r s ,  1 9 6 0 ) .  

Ponomarev and T o l s t i k h i n  ( 1 9 6 4 ,  p .  1 2 )  d e s c r i b e d  t h e  

fo rma t ion  of i c i n g  mounds: 

"The m o s t  d i s t i n c t i v e  f e a t u r e  o f  t h e  w a t e r - b e a r i n g  
h o r i z o n  be ing  c o n s i d e r e d  i s  n o t  on ly  t h e  change 
of  i t s  t h i c k n e s s  b u t  a l s o  t h e  t r a n s i t i o n  from t h e  
f r e e  s t a t e  i n t o  a p r e s s u r e - h e a d  s t a t e  d u r i n g  t h e  
y e a r .  During f r e e z i n g  t h e  volume of  w a t e r  i s  i n -  
c r e a s e d  and t h e  r ema in ing  unfrozen  w a t e r  acqui  r e s  
a p r e s s u r e  head and wanders a l o n g  t h e  l i n e  of 
l e a s t  r e s i s t a n c e .  The h y d r o s t a t i c  p r e s s u r e  o f  
t h e  h o r i z o n  be ing  cons i  dered  i n c r e a s e s  towards  
t h e  r e l i e f  d e p r e s s i o n s .  I t  i s  e x a c t l y  h e r e  t h a t  
t h e  g r e a t e s t  s t r e s s  i n  t h e  ground i s  o b s e r v e d  
under  t h e  i n f l u e n c e  of  t h i s  p r e s s u r e  c a u s i n g  t h e  
f o r m a t i o n  of heaving  hummocks. The r e s u l t  of 
f r e e z i n g  i n  t h e  d e p r e s s i o n  i s  t h e  f o r m a t i o n  o f  
an u n u s u a l l y  ' a r t e s i a n '  w a t e r - b e a r i n g  h o r i z o n . "  

C h e k o t i l l o  and o t h e r s  (1960 ,  p .  5 2 )  q u o t e d  A . U .  L 'vov  

i n  a d i s c u s s i o n  of g r o u n d - i c i n g  h i l l o c k s  a s  f o l l o w s :  

"With t h e  fo rma t ion  of such h i l l o c k s  i n  t h e  form 
o f  i c e  l a c c o l i t h s ,  we c o u l d  o b s e r v e  a t r u e  e r u p -  
t i o n :  from March t o  June  t h e s e  h i l l o c k s  broke  
down, t h e  w a t e r  c u t  i n t o  t h e  e a r t h  f u n n e l - l i k e  
open ings  and flowed from them a t  g r e a t  f o r c e ,  
c a r r y i n g  o f f  rock and g r a v e l , "  



T h e  a u t h o r s  ( p .  7 9 )  f u r t h e r  s t a t e d :  

" T h e s e  p r e s s u r e s  a r e  t h e  c a u s e  f o r  t h e  m o v i n g  o f  
t h e  w a t e r  a n d  s o m e t i m e s  q u i c k s a n d  m a s s e s  i n t o  
t h e  p r o t r u d i n g  h i l l o c k s  c h i e f l y  f r o m  t h e  s o i l  
l a y e r s  l o c a t e d  t o  t h e  s i d e  o f  t h e  h i l l o c k s . "  

L e w i s  ( 1 9 6 2 ,  p .  1 4 9 )  d e s c r i b e d  an  i c i n g  m o u n d  o n  t h e  

S a d l e r o c h i t  R i v e r  w h i c h  h e  b e l i e v e d  

" .  . . . showed e v i d e n c e  t h a t  u p l i f t  i n v o l v e d  b o t h  
c r y o s t a t i  c  p r e s s u r e s  a c c o m p a n y i n g  g r o w t h  o f  a 
g r o u n d - i c e  l e n s  a n d  l a t e r  h y d r o s t a t i c  p r e s s u r e s  
a c c o m p a n y i n g  a r e s t r i  c t i o n  o f  g r o u n d - w a t e r  f l o w .  
T h e  f i n a l  u p l i f t  o f  t h e  mound  a n d  c o n c u r r e n t  
c r a c k i n g  a 1  ong  t h e  a p e x  o c c u r r e d  e x p l o s i v e l y . "  

I n  c o n c l u s i o n ,  L e w i s  ( p .  1 5 0 )  s t a t e d :  

" B e c a u s e  o f  w i d e s p r e a d  g e n e r a l  s i m i l a r i t y  o f  
h y d r o l o g i c  and  g e o l o g i c  c o n d i t i o n s  i n  t h e  
v a l l e y s  o f  m o s t  m a j o r  r i v e r s ,  i c i n g  mounds  may 
b e  e x p e c t e d  t o  o c c u r  f r e q u e n t l y  i n  a s s o c i a t i o n  
w i t h  a u f e i s  f i e l d s  on  t h e  A r c t i c  S l o p e  o f  
A l a s k a . "  

H e a t  f r o m  a b u r i e d  p i p e l i n e  w i l l  p r e v e n t  t h e  f o r m a t i o n  

o f  i c i n g  mounds  n e a r  t h e  p i p e l i n e ,  b u t  i t  i s  r e m o t e l y  p o s s i -  

b l e  t h a t  an  i c i n g  mound  c o u l d  f o r m  d i r e c t l y  b e n e a t h ,  o r  

q u i t e  n e a r ,  an  e l e v a t e d  p i p e l i n e .  I f  m e a s u r e s  w e r e  n o t  

t a k e n  t o  r e d u c e  i n t e r n a l  mound p r e s s u r e s ,  i t  i s  c o n c e i v a b l e  

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

s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  t h e  b r i d g e  o n  t h e  Onon R i v e r  

( C h e k o t i l l o  a n d  o t h e r s ,  1 9 6 0 ,  p .  9 2 ) .  

V . G .  P e t r o v  ( C h e k o t i l l o  a n d  o t h e r s ,  1 9 6 0 ,  p .  9 2 )  

d e s c r i b e d  t h e  e x p l o s i o n  o f  an i c i n g  h i l l o c k  o n  t h e  Onon 

R i v e r  i n  M a r c h  1 9 2 8 :  

" A l o n g  t h e  a x i s  o f  t h e  h i g h w a y ,  s i x  i c i n g  h i l l s  
h a d  b e e n  f o r m e d ;  t h e  s e c o n d  o f  t h e m  ( w o r k i n g  
f r o m  t h e  s o u t h )  on  t h e  e v e  o f  t h e  e x p l o s i o n  was 
g r e a t l y  c r a c k e d  a n d  s h u d d e r e d ,  a n d  a t  5 :00 A . M .  
o n  M a r c h  2 8  i t  e x p l o d e d  s c a t t e r i n g  e n o r m o u s  
c l u m p s  o f  i c e  u p  t o  19  m e t e r s  l o n g ,  5 m e t e r s  

2 2  



wide and 2 meters  t h i c k .  S e v e r a l  b locks  of i c e  
( t h e  l a r g e s t  o n e s )  were  c a r r i e d  by t h e  s t r e a m  
of w a t e r  b u r s t i n g  from t h e  h i l l o c k  more than  
120 me te r s  a long  t h e  v a l l e y  of t h e  Onon R i v e r  
below the  highway; t h e  i c e  b l o c k s  i n  s e v e r a l  
s econds  ' s h e a r e d  o f f '  a  smal l  b r i d g e  . . . t h e  
e x p l o s i o n  was accompanied by a l o u d  sound l i k e  
a cannon s h o t ;  masses of i c e  were c a r r i e d  o f f  
by t h e  w a t e r  with a r o a r  o f  a t r a i n .  The 
c a t a s t r o p h i c  e v e n t  on t h e  Onon R i v e r  d i d  no t  
l a s t  long  and i n  an hour  o r  two e v e r y t h i n g  was 
q u i e t ,  the  wa te r  had f lowed o f f ,  t h e  i c e  had 
s e t t l e d  i n  t h e  v a l l e y ,  and t h e  o n l y  t r a c e  of 
t h e  c a t a s t r o p h e  was t h e  clump of i c e  and t h e  
f r a g m e n t s  of t h e  b r i d g e ,  f l a t t e n e d  s h r u b s  and 
t h e  s c r a t c h e s  on t h e  bark  o f  l a r g e  t r e e s  from 
t h e  i c e . "  

C O N C L U S I O N S  

Qui ck Condi t i  ons 
P. r * 

" 

The r e s u l t s  of computa t ions  u s i n g  t h e  model s u g g e s t  

. % ~  
I .. t h a t  a l t h o u g h  a r t e s i a n  c o n d i t i o n s  can o c c u r  i n  t h e  w i n t e r  '" 

P- ~ 

- 2 -  -. . beneath a s e a s o n a l l y  f r o z e n  l a y e r ,  high heads  a r e  n o t  l i k e l y  - -. 
- >. 

<$ - t o  deve lop .  T e s t  d r i l l i n g  a l o n g  t h e  proposed  p i p e l i n e  r o u t e  

g e n e r a l l y  c o n f i  rms t h i s  concl u s i o n .  

Q u i c k  c o n d i t i o n s  do n o t  a p p e a r  l i k e l y  t o  o c c u r .  The 

,h>TiA;.r. > 

one e x c e p t i o n  may be i f  t h e  p i p e  were t o  be  b u r i e d  i n  f i n e  
f~p," 
. .. "7 5" 

sand o v e r l y i n g  a h i g h l y  permeable l a y e r  o f  c o a r s e  s a n d  o r  
i . a d  < 

7 4% g r a v e l ,  t h e  s i t u a t i o n  d e p i c t e d  i n  f i g u r e  4C. T e s t  d r i l l i n g  
pF< . = A  should  i d e n t i f y  t h i s  g e o l o g i c  s e t t i n g .  I n  t h i s  s i t u a t i o n ,  
.T: 

p .'"' . *!.A - ca re  s h o u l d  be t aken  t o  b a c k f i l l  wi th  permeable  sand  and 

t r ench  of  permeable  m a t e r i a l  w i l l  form a  good d r a i n  f o r  

ground w a t e r ,  e s p e c i a l l y  i n  t h e  w i n t e r .  One can e x p e c t  

numerous " s p r i n g s "  a s s o c i a t e d  wi th  t h e  b a c k f i  l l e d  t r e n c h ,  

as a lmos t  e v e r y  t c p o g r a p h i c  low i s  a zone of  p o t e n t i a l  
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w ~ n t e r t i m e  d i s c h a r g e .  These w i l l  no d o u b t  i n c r e a s e  t h e  

number and f r equency  o f  i c i n g s .  I n  t h e  m a j o r  s t r e a m s  and 

on l a r g e r  a l l u v i a l  f a n s ,  t h e s e  i c i n g s  could  be  l a r g e  a n d  

p o t e n t i a l l y  t r o u b l e s o m e .  

I c i n g  Mounds 

Exp los ive  i c i n g  mounds can probably  be  i d e n t i f i e d  

dur ing  t he i  r  growth .  Because o f  t h e  e x p l o s i v e  p o t e n t i a l  

o f  t h e s e  f e a t u r e s ,  measures s h o u l d  be t a k e n  t o  r e l i e v e  t h e  

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