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ABSTRACT 

The purpose of th i s study i s twofold« (1) to i n v e s t i ­

gate seismic ve l o c i t y inhomogsneity and anisotropy i n 

strongly deformed g l a c i e r i c e j and (2) to determine the 

form and dimensions of that part of a sub-glacial valley 

where two large temperate g l a c i e r s merge. The f i e l d i n ­

vestigations were c a r r i e d out during the summers of 1964 

and 1965 at the confluence of the North and Central Arms of 

the Kaskawulsh Glacier i n the St. E l l a s mountains, Yukon 

Ter r i t o r y , Canada. 

Continuous seismic noise i n t e r f e r e d with the measure­

ments. I t i s a t t r i b u t a b l e c h i e f l y to wind. Individual 

pulses of noise were also recorded. They are apparently 

associated with the process of ice deformation and changes 

in a i r temperature. 
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A c c o r d i n g t o the r e s u l t s of w i d e - a n g l e s e i s m i c r e f l e c ­

t i o n measurements, the mean v e r t i c a l P-wave v e l o c i t y i n the 

g l a c i e r i s 3.70 km./sec. At depths of 10-100 meters the 

mean P-wave v e l o c i t y i s 3.63 km./sec., S-wave v e l o c i t y i s 

1.74 km./sec. and P o i s s o n ' s r a t i o i s 0.350. From 10 m. 

depth t o the s u r f a c e the v e l o c i t i e s of P- and S-waves de­

c r e a s e markedly t o a p p r o x i m a t e l y 3.0 km./sec. and 1.5 

k m . / s e c , r e s p e c t i v e l y . The low v e l o c i t i e s near the g l a c i e r 

s u r f a c e a r e a p p a r e n t l y due t o m e l t i n g , f r a c t u r i n g , and 

r e l a t i v e l y h i g h p o r o s i t y o f the i c e . 

Where f o l i a t i o n and p r e f e r r e d o r i e n t a t i o n of i c e c r y s t a l 

o p t i c - a x e s a r e s t r o n g the v e l o c i t y of P-waves p e r p e n d i c u l a r 

t o the S_-planes of t h e f o l i a t i o n i s s m a l l e r than the v e l o ­

c i t y of P-waves p a r a l l e l t o the jS - p l a n e s . I t i s c o n c l u d e d 

t h a t v e l o c i t y a n i s o t r o p y i s m a i n l y caused by the f o l i a t i o n 

s t r u c t u r e of a l t e r n a t i n g l a y e r s of c l e a r and bubbly i c e . 

When f o l i a t i o n i a s t r o n g v e l o c i t y a n i s o t r o p y from t h i s 

cause p r e d o m i n a t e s over v e l o c i t y a n i s o t r o p y due t o c r y s t a l -

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

enough t o cause s i g n i f i c a n t v e l o c i t y a n i s o t r o p y . 

V e l o c i t y a n i s o t r o p y a l s o o c c u r s where the s u r f a c e i c e 

has a s t r o n g f r a c t u r e p a t t e r n . P-wave v e l o c i t y p e r p e n d i c u l a r 

t o the t r e n d of t h e f r a c t u r e s i s s m a l l e r than p a r a l l e l t o i t . 

In no case does P- or S-wave v e l o c i t y v a r y w i t h d i r e c ­

t i o n of p r o p a g a t i o n by more than a few p e r c e n t . 

S e i s m i c measurements of i c e t h i c k n e s s and of s t r i k e and 

d i p of the bed of the g l a c i e r were made a l o n g t r a n s v e r s e 
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p r o f i l e s above and below the c o n f l u e n c e . L o c a t i o n s had t o 

be c o r r e c t e d f o r g l a c i e r movement, which v a r i e s w i t h p o s i t i o n 

and t i m e , and was a p p r e c i a b l e d u r i n g the p e r i o d of s e i s m i c 

s h o o t i n g . 

The g r e a t e s t depth o f i c e i n t h e C e n t r a l Arm, which i s 

3000 m. wide, and i n the combined g l a c i e r , which i s 5000 m. 

wide, i s about 1000 m. The North Arm i s somewhat l e s s deep. 

The base of the i c e i s l o w e r than the g l a c i e r t e r m i n u s , 40 

km. d o w n - g l a c i e r , but no bedrock d e p r e s s i o n was found a t the 

c o n f l u e n c e . Both g l a c i e r arms a r e r o u g h l y p a r a b o l i c i n 

c r o s s - s e c t i o n . There i s no break i n the s l o p e of the v a l l e y 

w a l l where the g l a c i e r s u r f a c e meets i t . The v a l l e y s of the 

two arms merge a t a p p r o x i m a t e l y the same d i s t a n c e down-

g l a c i e r from the p o i n t of c o n f l u e n c e t h a t the s u r f a c e move­

ments of the two g l a c i e r s merge i n t o a u n i f o r m f l o w of i c e . 

The a c o u s t i c impedances of the r o c k s found i n the 

v i c i n i t y of the c o n f l u e n c e were de t e r m i n e d and the r e f l e c ­

t i o n c o e f f i c i e n t s a t i n t e r f a c e s between i c e and t h e s e r o c k s 

were c a l c u l a t e d . The f i e l d data agree w e l l w i t h c a l c u l a t e d 

v a l u e s e xcept f o r some t o t a l l y n o n - r e f l e c t i n g r e g i o n s which 

may c o n t a i n p o c k e t s of d e b r i s between i c e and r o c k . 

Impedances of the r o c k s were too c l o s e t o one a n o t h e r f o r 

s u b - g l a c i a l c o n t a c t s t o be d e l i n e a t e d . 

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

c i r c u m s t a n c e s can s e i s m i c measurements be used p r a c t i c a l l y 

i n the study of c r y s t a l l o g r a p h i c f a b r i c s i n g l a c i e r i c e . 

However, s t r o n g f o l i a t i o n i n v o l v i n g c l e a r and bubbly i c e 

l a y e r s i s p o t e n t i a l l y s u b j e c t t o such i n v e s t i g a t i o n . 
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GENERAL INTRODUCTION 

T h i s i n v e s t i g a t i o n was un d e r t a k e n i n o r d e r t o determine 

some of the p h y s i c a l p r o p e r t i e s of g l a c i e r i c e and the n a t u r e 

of the s u b - g l a c i a l topography a t the c o n f l u e n c e of two l a r g e 

temperate v a l l e y g l a c i e r s . The f a c t o r s i n f l u e n c i n g the 

v e l o c i t y of s e i s m i c waves a r e of p a r t i c u l a r i n t e r e s t . The 

problem of the s o u r c e s of s e i s m i c n o i s e i n a g l a c i e r i s a l s o 

t r e a t e d . The c o n f l u e n c e of the North and C e n t r a l Arms of 

the Kaskawulsh G l a c i e r i n the S t . E l i a s Mountains, Yukon 

T e r r i t o r y , Canada, was chosen as a s u i t a b l e s i t e f o r the 

f i e l d s t u d i e s . 

The major p a r t s of the r e s e a r c h program, i n o r d e r of 

t r e a t m e n t , a r e as f o l l o w s : 

( 1 ) S t u d i e s of s e i s m i c n o i s e s o u r c e s i n the g l a c i e r 

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

graph s t a t i o n . 

(2) S e i s m i c r e f r a c t i o n and wid e - a n g l e r e f l e c t i o n 

measurements. 

(3) I n v e s t i g a t i o n of the r e l a t i o n s h i p of s e i s m i c wave 

v e l o c i t y t o i c e c r y s t a l o r i e n t a t i o n , f o l i a t i o n , and f r a c t u r e , 

and the v e l o c i t y d i s t r i b u t i o n near the upper s u r f a c e of the 

g l a c i e r . 

( 4 ) S e i s m i c r e f l e c t i o n s u r v e y , i n c l u d i n g the problems 

p r e s e n t e d by g l a c i e r movement. 

1 



2 

These problems a r e i n t e r r e l a t e d . S e i s m i c n o i s e a f f e c t s 

the c o l l e c t i o n of data f o r a l l the o t h e r i n v e s t i g a t i o n s . 

The u/ide-angle r e f l e c t i o n o b s e r v a t i o n s p r o v i d e mean v e l o c i t y 

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

f l e c t i o n survey d a t a . The v a l i d i t y of ass u m p t i o n s of 

homogeneity and i s o t r o p y t h a t a r e made i n the r e f l e c t i o n 

survey i s examined under t o p i c ( 3 ) . The p r i m a r y i n t e r e s t 

i n t o p i c ( 3 ) , however, i s the use of s e i s m o l o g i c a l methods 

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



CHAPTER I 

PRELIMINARY MATERIAL 

1.1 P h y s i o g r a p h y 

The Kaskawulsh G l a c i e r l i e s on the n o r t h e a s t e r n s l o p e 

of the I c e f i e l d Ranges (Map, F i g . l ) . These mountains form 

the c o r e of the S t . E l i a s M o untains, which s t r a d d l e the 

boundary between Canada and the n o r t h e r n p a r t of the A l a s k a 

p a nhandle. They c o n s t i t u t e the l a r g e s t range of h i g h peaks 

and c o n t a i n the g r e a t e s t number of g l a c i e r s and i c e f i e l d s 

i n N orth A m e r i c a . P h y s i o g r a p h i c a l l y , the S t . E l i a s Mountains 

b e l o n g t o the o u t e r mountain a r e a of the western system of 

the Canadian C o r d i l l e r a ( B o s t o c k , 1943). They are about 

300 km. l o n g by 150 km. wide and b o r d e r e d by the Yukon 

P l a t e a u on the n o r t h e a s t , the P a c i f i c Ocean on the s o u t h ­

west, the Coast Mountains of B r i t i s h Columbia on the s o u t h ­

e a s t and the Chugach, U l r a n g e l l and N u t z o t i n mountains of 

A l a s k a on the n o r t h w e s t . 

Between the Yukon P l a t e a u and the h i g h mountains of 

the I c e f i e l d Ranges a s e r i e s of e l o n g a t e p h y s i o g r a p h i c 

s u b d i v i s i o n s p a r a l l e l s the n o r t h w e s t t r e n d of the mountains 

and i s t r a v e r s e d by the Kaskawulsh G l a c i e r and i t s d r a i n a g e 

i n the f o l l o w i n g o r d e r t 

3 



F i g u r e 1. lYlap of southwest Yukon T e r r i t o r y and v i c i n i t y , 
showing l o c a t i o n of Kaskawulsh G l a c i e r . 
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(1) b o r d e r ranges,-a de e p l y d i s s e c t e d complex of r i d g e s 

20-30 km. wide, w i t h peaks r e a c h i n g 2500-3000 m. They are 

composed of m i d - P a l e o z o i c t o Mesozoic sedimentary and meta-

morphic r o c k s and g r a n i t i c i n t r u s i v e s . These r o c k s u n d e r l i e 

the Kaskawulsh G l a c i e r and d e b r i s from them forms the 

moraines t h a t i n p a r t c o v e r , and i n p a r t u n d e r l i e , the i c e . 

(2) Duke D e p r e s s i o n , a p l a t e a u - l i k e s t r i p of subdued 

r e l i e f i n which the Kaskawulsh G l a c i e r t e r m i n a t e s . 

(3) Kluane Ranges, the f r o n t ranges of the S t . E l i a s 

M ountains, s e v e r a l k i l o m e t e r s wide, w i t h rugged topography 

and peaks r e a c h i n g 2000-2500 m. 

(4) Shakwak V a l l e y , one of the g r e a t C o r d i l l e r a n 

t r e n c h e s , more than 300 km. l o n g by 15 km. wide, t r e n d i n g 

n o r t h 50°-60° west. I t forms a b o r d e r between the S t . E l i a s 

M ountains and the Yukon P l a t e a u and c o n t a i n s Kluane Lake, 

which r e c e i v e s p a r t of the Kaskawulsh G l a c i e r d r a i n a g e . 

1.2 T e c t o n i c s 

The t r e n d of the ranges and of such major s t r u c t u r a l 

f e a t u r e s as the Shakwak V a l l e y and the v a l l e y s of the 

Hubbard and Logan g l a c i e r s i s n o r t h w e s t - s o u t h e a s t . S e v e r a l 

major t r a n s c u r r e n t f a u l t s and f a u l t zones w i t h the same 

g e n e r a l s t r i k e have been t r a c e d or h y p o t h e s i z e d i n the 

r e g i o n . A f a u l t p o s t u l a t e d t o run a l o n g the Shakwak V a l l e y -

Kluane Range f r o n t may l i n k up w i t h the D e n a l i f a u l t of the 

A l a s k a Range ( S t . Amand, 1957). S p o r a d i c s e i s m i c a c t i v i t y 
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near Kluane Lake may be a s s o c i a t e d w i t h t h i s f a u l t . South 

of the v a l l e y and p a r a l l e l i n g i t i s a f a u l t zone t h a t may 

ex t e n d from G l a c i e r Bay to the head of Cascade G l a c i e r , 

a major t r i b u t a r y of the Kaskaioulsh. N o r t h w e s t - s t r i k i n g 

t h r u s t f a u l t s have been mapped by Wheeler (1963) i n the 

l a t t e r r e g i o n . 

A n o r t h w e s t - s t r i k i n g f a u l t near L i t u y a Bay may be 

c o n t i n u o u s w i t h one t h a t appears s e v e r a l hundred k i l o m e t e r s 

to the n o r t h w e s t i n the C h i t i n a R i v e r v a l l e y and p o s s i b l y 

i n the g r e a t trough of the Hubbard and Logan g l a c i e r s . 

The Chugach-St. E l i a s f a u l t p a r a l l e l s the c o a s t . S e v e r a l 

l a r g e e a r t h q u a k e s t h a t o c c u r r e d n o r t h w e s t of Y a k u t a t Bay 

d u r i n g 1954-64 have been a t t r i b u t e d to movement on t h i s 

f a u l t ( T o b i n and Sykes, 1 9 6 6 ) . 

The s e c t o r of the C i r c u m - P a c i f i c b e l t between c e n t r a l 

A l a s k a and C e n t r a l America i s of r e l a t i v e l y low s e i s m i c i t y 

compared to most of the r e s t of the b e l t . The p a t t e r n i n 

t h i s r e g i o n has been c o n t i n u o u s minor a c t i v i t y w i t h l a r g e 

shocks a t c o m p a r a t i v e l y l o n g time i n t e r v a l s . A l l the 

ea r t h q u a k e s i n the S t . E l i a s r e g i o n are s h a l l o w , p r o d u c i n g 

h i g h i n t e n s i t y motion over a r e l a t i v e l y s m a l l a rea (Gutenberg 

and R i c h t e r , 1949). 

There has been s p e c u l a t i o n about p o s s i b l e r e l a t i o n s 

between the g l a c i e r s and the s e i s m i c i t y of the r e g i o n ( M i l l e r , 

1 9 58). Large changes i n a c c u m u l a t i o n , such as appear to 

have o c c u r r e d d u r i n g the 19th C e n t u r y , may have r e s u l t e d i n 
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widespread secondary r e s u l t s when an earthquake o c c u r s . 

The s e i s m i c n o i s e e f f e c t s of e a r t h q u a k e s and a v a l a n c h e s 

w i l l be c o n s i d e r e d i n Chapter I I I . 

1.3 The Kaskawulsh G l a c i e r 

The g l a c i e r s of the S t . E l i a s Mountains cover more 

than 25,000 s q . km. and form p a r t of a c o n t i n u o u s i c e f i e l d 

e x t e n d i n g 350 km. from the A l s e k R i v e r t o the Chugach 

Mount a i n s . The t r a n s e c t i o n g l a c i e r s i n the c e n t e r of the 

range s l o p e outward and s e p a r a t e i n t o broad v a l l e y g l a c i e r s . 

The g l a c i e r system e x t e n d s through a g r e a t range of e l e v a t i o n 

from the f l a n k s of the mountains t o the neve f i e l d s at 

2000-3000 m. t o the c o a s t a l piedmont g l a c i e r s which reach 

sea l e v e l , ffleltwater from the o u t l e t g l a c i e r s f l o w s 

d i r e c t l y i n t o the P a c i f i c Ocean i n the s o u t h , i n d i r e c t l y 

t o the P a c i f i c i n the e a s t and west v i a the A l s e k and Copper 

R i v e r systems, r e s p e c t i v e l y , and i n t o the Yukon R i v e r system 

i n the n o r t h . 

Most of the i c e f l o w s toward the P a c i f i c Ocean. The 

d i v i d e between t h i s i c e and t h a t moving toward the Yukon 

P l a t e a u l i e s r o u g h l y a l o n g a l i n e between Mt. A l v e r s t o n e 

and Mt. S t e e l e , i . e . , n o r t h e a s t of the a x i s of the mountain 

range. 

The d i v i d e between i c e moving toward the Yukon R i v e r 

and the A l s e k R i v e r d r a i n a g e l i e s between Mt. A l v e r s t o n e 

and the Kaskawulsh G l a c i e r . M e l t w a t e r from the Kaskawulsh 
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G l a c i e r c o n t r i b u t e s t o both the Yukon and A l s e k R i v e r systems, 

v i a the S l i m s and Kaskauiulsh R i v e r s , r e s p e c t i v e l y . The 

Kaskawulsh R i v e r f l o w s through the Duke D e p r e s s i o n . 

The Kaskawulsh i s one of a group of l a r g e v a l l e y g l a c i e r s 

which f l o w n o r t h e a s t w a r d through the b o r d e r ranges toward the 

Yukon P l a t e a u . The i c e f i e l d t h a t s u p p l i e s most of the i c e 

i n the Kaskawulsh G l a c i e r c o v e r s about 500 s q . km. between 

the b o r d e r ranges and the f i r s t row of major peaks of the 

I c e f i e l d Ranges. T h i s i c e f i e l d has an elevation of about 

2500 m. and i s p u n c t u r e d by many nu n a t a k s . In a d d i t i o n t o 

f e e d i n g the Kaskawulsh G l a c i e r , i t a l s o d r a i n s n o r t h w a r d 

i n t o Kluane G l a c i e r and westward and southward i n t o the 

Hubbard G l a c i e r ( P a c i f i c Ocean d r a i n a g e ) . A s e i s m i c t r a v e r s e 

has been made a c r o s s t h i s i c e f i e l d ( C l a r k e , 1964). 

The Kaskawulsh G l a c i e r i s formed by two c o n v e r g i n g 

o u t l e t g l a c i e r s , the C e n t r a l and North Arms ( F i g . 2 ) . The 

i c e f i e l d f u n n e l s i n t o t he C e n t r a l Arm a t 2000 m. e l e v a t i o n 

( j u s t above the f i r n l i m i t ) , about 10 km. west-southwest of 

the c o n f l u e n c e . The C e n t r a l Arm m a i n t a i n s a f a i r l y c o n s t a n t 

g r a d i e n t and a w i d t h of about 3.5 km. from i t s head t o the 

c o n f l u e n c e . There i s no r e a l i c e f a l l , though the g l a c i e r 

i s s e v e r e l y c r e v a a s e d i n i t s upper r e a c h e s . I t r e c e i v e s 

many s m a l l , steep f e e d e r g l a c i e r s from both s i d e s . A 

l a r g e g l a c i e r j o i n s i t from t h e s o u t h e a s t about 3 km. above 

the c o n f l u e n c e w i t h the North Arm. 



F i g u r e 2. A p o r t i o n of the S t . E l i a s Mountains, Yukon 
T e r r i t o r y , Canada, shou/ing the a r e a of the p r e s e n t s t u d y . 
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The North Arm emerges from the I c e f i e l d a t about 2300 m. 

e l e v a t i o n , a p p r o x i m a t e l y 16 km, west-northwest o f the c o n ­

f l u e n c e . T h i s arm of the g l a c i e r descends i n a s e r i e s of 

i c e f a l l s and narrows t o a w i d t h of about 2 km., then widens 

a b r u p t l y as i t s l o p e s down s t e e p l y t o the c o n f l u e n c e . The 

North Arm r e c e i v e s many s m a l l g l a c i e r s from the n o r t h s l o p e 

o f the r i d g e t h a t s e p a r a t e s i t from the C e n t r a l Arm. 

At the c o n f l u e n c e ( e l e v a t i o n 1770 m.) the combined 

g l a c i e r i s 5-6 km. wide ( F i g . 3 ) . I t narrows to a w i d t h 

of 4-5 km. and m a i n t a i n s t h i s w i d t h throughout most of i t s 

lower c o u r s e . The g l a c i e r t e r m i n a t e s 40 km. below the 

c o n f l u e n c e a f t e r r e c e i v i n g s e v e r a l more t r i b u t a r i e s , the 

l a r g e s t of which a r e t h e Cascade G l a c i e r and the South Arm. 

The m o r a i n e - c o v e r e d t e r m i n u s spreads out t o a w i d t h of more 

than 6 km. a t an e l e v a t i o n o f about 850 m. 

The term " p o i n t of c o n f l u e n c e , " as used below, r e f e r s 

t o t h a t p o i n t a t the upper s u r f a c e o f the g l a c i e r where 

the margins of the two arms and the d i v i d i n g r i d g e come 

t o g e t h e r ( F i g . 3 ) . 

1.4 L o c a l Geology 

The S t . E l i a s Mountains form p a r t of the Nevadan 

o r o g e n i c b e l t . L a r g e - s c a l e i n t r u s i o n and i n t e n s e f o l d i n g 

o c c u r r e d i n the J u r a s s i c and C r e t a c e o u s P e r i o d s . Complex 

i g n e o u s and metamorphic s t r u c t u r e s a r e c h a r a c t e r i s t i c of 

the bedrock exposures i n the v a l l e y of the Kaskawulsh 

G l a c i e r . 
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Greyu/acke, s l a t e , g r e e n s t o n e and q u a r t z i t e a r e exposed 

i n the mountains n o r t h of the North Arm and on the d i v i d i n g 

r i d g e j u s t above the c o n f l u e n c e . There i s a sharp n o r t h -

s t r i k i n g c o n t a c t between t h e s e r o c k s and a massive Devonian 

l i m e s t o n e about 4 km. west of the p o i n t of c o n f l u e n c e . The 

l a t e r a l moraines which r e c e i v e d e b r i s from the d i v i d i n g 

r i d g e and the m e d i a l moraine which forms from t h e i r merger 

a t the c o n f l u e n c e c o n s i s t l a r g e l y of l i m e s t o n e f r a g m e n t s . 

S l a t e , greywacke and l i m e s t o n e crop out on the south s i d e 

of the C e n t r a l Arm above the c o n f l u e n c e , f a r t h e r down­

stream the v a l l e y w a l l s c o n s i s t l a r g e l y of g r a n o d i o r i t i c 

r o c k s (U/heeler, 1963; d u l l e r , 1 9 6 7 ) . D u r i n g the p r e s e n t 

study i t was observed t h a t the l a t e r a l moraines on the south 

s i d e of the C e n t r a l Arm c o n t a i n l a r g e amounts of q u a r t z and 

b a s i c i g n e o u s r o c k s . 

1.5 G l a c i a l H i s t o r y 

During the P l e i s t o c e n e epoch the i c e f i e l d s of the S t . 

E l i a s Mountains were t h i c k e r than a t p r e s e n t and the o u t l e t 

g l a c i e r s were much more e x t e n s i v e . They f i l l e d the Shakwak 

V a l l e y and c o v e r e d p a r t of the western Yukon P l a t e a u . The 

l a t e P l e i s t o c e n e upper l i m i t of i c e appears t o be at about 

1800 m. i n the Kluane Ranges. D u r i n g t h i s time the Kaskawulsh 

G l a c i e r f o r k e d at i t s p r e s e n t t e r m i n u s and one branch f l o w e d 

down the S l i m s V a l l e y w h i l e the o t h e r f l o w e d through the 

Duke D e p r e s s i o n and dammed the A l s e k R i v e r (Denton, 1965; 

K r i n s l e y , 1965; Denton and S t u i v e r , 1966). 
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A c c o r d i n g t o G o l d t h u j a i t (1966) and Borns and G o l d t h w a i t 

( 1 9 6 6 ) , the Kaskawulsh G l a c i e r has f l u c t u a t e d g r e a t l y d u r i n g 

the l a s t 10,000 y e a r s . P r i o r t o H y p s i t h e r m a l Time (7100¬

2200 B.C.), i t was r e t r e a t i n g r a p i d l y a f t e r t h e l a s t major 

advance. H y p s i t h e r m a l c l i m a t e was d r i e r and about 1° C. 

warmer than today and the g l a c i e r r e t r e a t e d u n t i l i t s 

t e r m i n u s was about 20 km. up the v a l l e y from the p r e s e n t 

t e r m i n u s . D u r i n g t h i s p e r i o d outwash may have been d e p o s i t e d 

on the v a l l e y f l o o r , and i t may now u n d e r l i e much of the 

lo w e r Kaskawulsh G l a c i e r . 

A c o o l e r p e r i o d began around 1400 B.C., and N e o g l a c i a -

t i o n reached i t s peak between 1500 and 1850 A.D., when the 

mean annual t e m p e r a t u r e was p r o b a b l y about 2° C. lo w e r than 

a t p r e s e n t . In the l a s t 100 y e a r s the Kaskawulsh, l i k e most 

of the n e i g h b o r i n g g l a c i e r s , has r e t r e a t e d . The t e r m i n u s 

now i s about 1.6 km. from i t s p o s i t i o n 100 y e a r s ago ( B o r n s 

and G o l d t h w a i t , 1966). 

1.6 C l i m a t e 

C l i m a t o l o g i c a l d a t a f o r the S t . E l l a s mountains a r e 

s c a n t y . P r e c i p i t a t i o n i s very heavy near t h e c o a s t , but 

on the l e e w a r d s i d e of the mountains i t d i m i n i s h e s g r e a t l y . 

There i s very l i t t l e p r e c i p i t a t i o n a t the North A r m - C e n t r a l 

Arm c o n f l u e n c e of the Kaskawulsh G l a c i e r d u r i n g the summer, 

but t h e r e i s f r e q u e n t o v e r c a s t and f o g i s common. A p i t 

dug i n the mi d d l e of the C e n t r a l Arm near the c o n f l u e n c e 
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b e f o r e the melt season began r e v e a l e d 3 m. of snow accumu­

l a t e d d u r i n g the w i n t e r of 1964-1965 (Marcus, 1965a). 

The c o n f l u e n c e i s j u s t below the f i r n l i m i t , and mean 

a i r t e m p e r a t u r e a t the s u r f a c e of the g l a c i e r i s p r o b a b l y 

not f a r from 0° C. The p e n e t r a t i o n of the w i n t e r c o l d wave 

has an e f f e c t on s e i s m i c wave v e l o c i t i e s which w i l l be t r e a t e d 

i n the f i n a l d i s c u s s i o n ( C h a p t e r V I I ) . N e a r - s u r f a c e tempera­

t u r e i n the i c e a ppears t o have r e a c h e d 0° C. by the time 

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

One of the most s t r i k i n g f e a t u r e s of the weather i s the 

wind t h a t u s u a l l y blows s t r o n g l y down the v a l l e y a l l day, 

but d i m i n i s h e s a t n i g h t . The s e i s m i c n o i s e e f f e c t s of t h i s 

wind a r e c o n s i d e r e d i n C h a p t e r I I I . 

M e t e o r o l o g i c a l d a t a f o r p a r t s of the summers of 1964 

and 1965 a t i n s t r u m e n t s h e l t e r s i n the c o n f l u e n c e a r e a a r e 

g i v e n i n T a b l e 1 ( M a r c u s , 1965b; Marcus, Rens and T a y l o r , 

1966). 

1.7 P h y s i c a l Concepts and D e f i n i t i o n s 

The b a s i c c o n c e p t s p r e s e n t e d i n t h i s s e c t i o n were 

developed l a r g e l y by C h r i s t o f f e l (1877) and V o i g t ( 1 9 2 8 ) . 

Other r e f e r e n c e s f o r t h i s b r i e f r e v i e w w i l l be g i v e n a t 

the head of each s u b - s e c t i o n . 
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S t r e s s , s t r a i n , and e l a s t i c c o n s t a n t s  

( L o v e , 1944; Nye, 1 9 5 7 ) . 

In a C a r t e s i a n c o o r d i n a t e system w i t h axes X, Y, Z, 

numbered 1, 2, 3, r e s p e c t i v e l y , the s t r e s s components are 

w r i t t e n , i n t e n s o r f o r m i 

a l l a 1 2 a13 
a 2 1 a 22 a23 = ^ i j l ( i»J = 1» 2» 3) . . . ( 1 ) 

a 3 1 a 32 a33 

Here the f i r s t s u b s c r i p t r e f e r s t o the a x i s normal t o the 

p l a n e upon which the f o r c e a c t s , and the second s u b s c r i p t 

r e f e r s t o the a x i s p a r a l l e l t o the d i r e c t i o n of the f o r c e . 

T h i s i s a symmetric t e n s o r , a ^ . = a , so t h e r e a r e s i x 

s t r e s s components. 

In m a t r i x form, they a r e i 

°1 a 6 ° 5 

cr g a 2 a 4 = (a.) (1=1,.-, 6) . . . ( 2 ) 

a 5 a 4 a 3 

The s t r a i n t e n s o r i s i 

E l l 2 E 1 2 2 E 1 3 

2 E 2 1 E 2 2 2 E 2 3 s [ E j j ] (i,j=i,2,3) . . . ( 3 ) 

2 E 3 1 2 E 3 2 E 3 3 

Here the f i r s t i n d e x r e f e r s t o the c o o r d i n a t e a x i s normal 

t o t he p l a n e p e r p e n d i c u l a r or p a r a l l e l t o which d i s p l a c e ­

ment t a k e s p l a c e ; the second i n d e x r e f e r s t o the a x i s 

p a r a l l e l t o the d i r e c t i o n of d i s p l a c e m e n t . E^. = Ej^> so 

t h B r e are s i x s t r a i n components. In m a t r i x form they a r e ; 
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u 6 2 
E r- E 

4 (E. ) ( i = 1 , " \ 6.) 
. . . ( 4 ) 

5 "4 "3 

The g e n e r a l i z e d Hooke's Law r e l a t i n g t h e s t r e s s and 

s t r a i n m a t r i c e s i s t 

CT1= C l l E C 1 2 E 2 + C 1 3 E 3 * C 1 4 E 4 + C 1 5 E 5 + C 1 6 E 6 

°2 = C 2 1 E C 2 2 E 2 + C 2 3 E 3 * C 2 4 E 4 • C 2 5 E 5 + C 2 6 E 6 

a 3 s C 3 1 E C 3 2 E 2 + C 3 3 E 3 * C 3 4 E 4 + C 3 5 E 5 + C 3 6 E 6 

a 4 = C 4 1 E C 4 2 E 2 + C 4 3 E 3 * C 4 4 E 4 + C 4 5 E 5 + C 4 6 E 6 

a 5 * C 5 1 E C 5 2 E 2 + C 5 3 E 3 * C 5 4 E 4 + C 5 5 E 5 + C 5 6 E 6 

°6 s C 6 1 E C 6 2 E 2 + C 6 3 E 3 • C 6 4 E 4 + C 6 5 E 5 C 6 6 E 6 

o r , a i = i 
j =i 

E J 
i = 1 • 

» 

• • • • 
, 6. 
• • 

• 

The m a t r i x of c o n s t a n t s , i s c a l l e d the " s t i f f n e s s 

m a t r i x . " I t i s symmetric, so i n the most g e n e r a l case 

t h e r e a r e 21 independent e l a s t i c c o n s t a n t s . In the t e n s o r 

n o t a t i o n the two-index c o n s t a n t , C^., i s e x p r e s s e d by a 

f o u r - i n d e x c o n s t a n t , C ^ ^ , which the f i r s t two i n d i c e s 

r e f e r t o the c o r r e s p o n d i n g s t r e s s t e n s o r component and the 

l a s t two i n d i c e s r e f e r t o the c o r r e s p o n d i n g s t r a i n t e n s o r 

component. Thus, = ^2323* D o t h e x p r e s s i o n s r e f e r t o 

the c o n s t a n t t h a t r e l a t e s the cr^ ( a 2 3 ^ s t r e s s component 

t o the E 4 (^23^ s t r a i n component. G e n e r a l l y i n t h i s t r e a t ­

ment the m a t r i x n o t a t i o n w i l l be u s e d . 

C o n v e n t i o n a l l y , a c o n s t a n t d e f i n e d by the p a r t i a l 

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

i z e d d i s p l a c e m e n t i s c a l l e d a "modulus," w h i l e the c o n s t a n t 
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d e f i n e d by the i n v e r s e r e l a t i o n s h i p i s c a l l e d a " c o e f f i c i e n t . " 

C. . i s the e l a s t i c modulus, and the e l a s t i c c o e f f i c i e n t , 
X J 

s±y i s d e f i n e d by the r e l a t i o n t 

E, = I s . . , i = 1, 6 . . . ( 7 ) 
j = i J J 

C A j and S j ^ j a r e a l s o c a l l e d the " s t i f f n e s s " and " c o m p l i a n c e , " 

r e s p e c t i v e l y , and ( s£j) i s c a l l e d the " c o m p l i a n c e m a t r i x . " 

The two c o n s t a n t s a r e r e l a t e d t o each o t h e r as f o l l o w s ) 

6 
I C i k S j k = a i j . . . ( 8 ) 

k=i 
1 f o r i = j 

where S. . i s the K r o n e c k e r d e l t a i 5 . . = 
1 J 1 J 0 f o r i j 

E l a s t i c c o n s t a n t s of c r y s t a l s (Cady, 1964). 

In the g e n e r a l i z e d Hooke r e l a t i o n s h i p t h e r e a r e 21 

independent e l a s t i c c o n s t a n t s . T h i s i s the case f o r a 

c o m p l e t e l y non-symmetric medium, e.g., a t r i c l i n i c h e m i h e d r a l 

c r y s t a l . The i n t r o d u c t i o n of symmetry elements r e d u c e s the 

number of independent c o n s t a n t s * some a r e r e p e a t e d , and 

some v a n i s h . The h i g h e s t symmetry i s i s o t r o p i c , f o r which 

t h e r e a r e o n l y two e l a s t i c m o d u l i , the Lame c o n s t a n t s A and 

y. In e l a s t i c a l l y i s o t r o p i c media the e l a s t i c c o n s t a n t s 

and the v e l o c i t i e s o f e l a s t i c waves do not vary w i t h r e s p e c t 

t o d i r e c t i o n a t a f i x e d p o i n t . In media o f l o w e r symmetry, 

i . e . , a n i s o t r o p i c media, the e l a s t i c c o n s t a n t s depend upon 

the d i r e c t i o n of a p p l i c a t i o n of s t r e s s and the v e l o c i t i e s 

of e l a s t i c waves depend upon the d i r e c t i o n of wave p r o p a g a ­

t i o n . 
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T h i s study i s concerned w i t h the i c e c r y s t a l , which 

b e l o n g s t o the h e x a g o n a l system of symmetry. In the hexa­

gonal system t h e r e i s one c r y s t a l l o g r a p h i c a x i s of s i x - f o l d 

r o t a t i o n a l symmetry ( t h e r e may be o t h e r c r y s t a l l o g r a p h i c 

symmetry e l e m e n t s ; t h e e l a s t i c c o n s t a n t s a r e d e f i n e d by 

the r o t a t i o n a l symmetry). E l a s t i c a l l y the hexagonal a x i s 

i s an a x i s of °°-fold r o t a t i o n a l symmetry. T h i s type of 

symmetry i s a l s o r e f e r r e d t o as t r a n s v e r s e i s o t r o p y because 

the e l a s t i c p r o p e r t i e s a r e the same i n any d i r e c t i o n 

p e r p e n d i c u l a r t o the a x i s of symmetry. 

In the hexagonal symmetry system t h e r e a r e f i v e i n d e ­

pendent e l a s t i c m o d u l i . The m a t r i x of moduli i s i 

c l l C 1 2 C 1 3 0 0 0 

C 1 2 C l l C 1 3 0 0 • 

C 1 3 C 1 3 C 3 3 0 0 0 

0 0 0 C 4 4 0 0 

0 0 0 0 C 4 4 0 

0 0 0 0 0 c 6 6 

. . . (9) 

where C 6 f i = £ ( C n - C 1 2 ) . 

The a x i s o f e l a s t i c symmetry c o i n c i d e s w i t h the 

c r y s t a l l o g r a p h i c C - a x i s , i . e . , t h e o p t i c a x i s . The a^, 

& 2 > a 3 axes which d e f i n e the b a s a l p l a n e of the hexagonal 

c r y s t a l a r e c o n s e q u e n t l y normal t o the a x i s of e l a s t i c 

symmetry and the b a s a l p l a n e of the c r y s t a l c o i n c i d e s w i t h 

the X, Y ( o r 1, 2) p l a n e of the e l a s t i c c o o r d i n a t e system. 

The a^ c r y s t a l l o g r a p h i c a x i s i s u s u a l l y t a k e n t o c o i n c i d e 

w i t h the e l a s t i c X - a x i s , but t h i s c h o i c e i s a r b i t r a r y . 
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The p h y s i c a l meaning of t h e hexagonal moduli i s 

i l l u s t r a t e d i n F i g u r e 4. and C 3 3 r e p r e s e n t l o n g i t u d i n a l 

r esponse to t e n s i o n ( o r compression) i n the d i r e c t i o n s 

p e r p e n d i c u l a r and p a r a l l e l t o the symmetry a x i s , r e s p e c t i v e ­

l y . C 1 2 and C 1 3 are " c r o s s - c o n s t a n t s " r e p r e s e n t i n g t r a n s ­

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

t e n s i o n ( o r c o m p r e s s i o n ) . Thus, the r a t i o M ^ = C ^ / C ^ i s 

analogous t o P o i s s o n ' s r a t i o i n an i s o t r o p i c s u b s t a n c e . C^^ 

and Cgg r e p r e s e n t response t o s h e a r i n g s t r e s s p a r a l l e l and 

p e r p e n d i c u l a r t o the symmetry a x i s , r e s p e c t i v e l y . 

The e l a s t i c c o n s t a n t s of s i n g l e i c e c r y s t a l s have been 

determined t h e o r e t i c a l l y by Penny (1948) and e x p e r i m e n t a l l y 

by Jona and S c h e r r e r ( 1 9 5 2 ) , Green and fflackinnon ( 1 9 5 6 ) , 

and Bass, Rossberg and Z i e g l e r ( 1 9 5 7 ) . D e t e r m i n a t i o n s of 

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

o r i e n t a t i o n of t h e C-axes were made by Brockamp and 

Q u e r f u r t h ( 1 9 6 4 ) . The r e s u l t s of the l a t t e r workers w i l l 

be u t i l i z e d i n the p r e s e n t s t u d y . 

E l a s t i c wave v e l o c i t y (Musqrave, 1959? K r a u t , 1963). 

The p r o p a g a t i o n of e l a s t i c waves can be r e p r e s e n t e d i n 

a c a r t e s i a n c o o r d i n a t e system, by the e q u a t i o n s ! 

3 2 u . 3°-ii 9 a 1 2 

+ 1 
9a j 3 

3 t 2 9x 9y 9z 
_ 9 a 2 1 9 a 9 , 9 a 2 3 

9 t 2 9x 9y 9 z 
a 2 ° w . ^ 3 1 ^ 3 3 

4- + 
^ 3 3 

2 
3t 

9x 3y 9 z 

. . . (10) 
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>• DIRECTION OF THE APPLIED STRESS 
OUTLINE OF A DEFORMED PARALLELEPIPED 

^ 1,2, OR 3 REPRESENTS DIRECTION' OF THE 
X.Y.OR Z COORDINATE AXIS 

F i g u r e 4. C h a r a c t e r of the deforma 
e l a s t i c m o d u l i C,. i n the h e x a g o n a l 

t i o n s c o r r e s p o n d i n g 
c r y s t a l . 

to 
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where p i s the d e n s i t y of the medium, u, v, w a r e the 

components of d i s p l a c e m e n t of the medium a l o n g the c o o r d i n a t e 

axes X, Y, Z, and o ^ ^ a r e the components of s t r e s s , which a r e 

r e l a t e d t o the components of s t r a i n by e q u a t i o n ( 6 ) . 

For i s o t r o p i c media th e s e e q u a t i o n s l e a d t o the two 

f a m i l i a r r e l a t i o n s h i p s f o r c o m p r e s s i o n s ! and shear wave 

v e l o c i t i e s : 

a A +2y * # # # ( n ) 

P P 

V = iL ^ . . . ( 1 2 ) 
s p 

For a n i s o t r o p i c media c o n s i d e r a wave t r a v e l i n g i n 

an a r b i t r a r y d i r e c t i o n d e f i n e d by the v e c t o r b. 

b = 3 X X + 3 y Y + 3 Z Z , where 3 x , $ y , 3 2 a r e d i r e c t i o n c o s i n e s . 

The d i s p l a c e m e n t components, u, v, w, a r e f u n c t i o n s of the 

d i r e c t i o n of p r o p a g a t i o n b, so the s t r a i n components becomei 

r _ 9u^ r _ 3v r _ „ 3w 
E l - " x l f e 2 ' E

2 - a y 9b2' E 3 - a z 3 b 2 
3 w 3v 

E 4 = % J E + a

Z 3 b 

E 5 = ax3b- + a z 9T5 

e c = a l y . + a i y . 

6 x 9b y 9b 

S u b s t i t u t i n g ( 13) i n t o ( 6 ) and ( 6 ) i n t o ( l ) , t h e wave 

e q u a t i o n s becomei 
9 2v 92w 

1 2 3b 2 1 3 3b 2 

3 2v „ 32w 

(13) 

3 2u 3 2u 
+r p 

3 2u 
+r 

d t 2 11 3b 2 
+r 

3 2v 3 2u 
+r p 

3 t 2 = r 
3 2u 

+r 
3 t 2 2 1 3 b 2 

+r 

32w 3 2u 
+r p = r 

3 2u 
+r 

3 t 2 
3 1 3b 2 

+r 
23 b2 

9 2v 32w . . . (14) 
3 2 3b 2 + 3 3 9b 2 
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u/hare r ̂  = r l k , the C h r i s t o f f e l m o d u l i , a r e f u n c t i o n s 

of the e l a s t i c m o d u l i , C.., and the d i r e c t i o n c o s i n e s a , 

a , a , 

The d i s p l a c e m e n t i s d e f i n e d by a v e c t o r £ t h a t i s a 

f u n c t i o n of the d i s p l a c e m e n t components and t h e i r d i r e c t i o n 

c o s i n e s , p, q, r . 

£ = pu + qv + rw . . . (15) 

so u = pE,, v = qj;, uf = r£ . . . (16) 

S u b s t i t u t i n g (16) i n t o ( 1 4 ) , the wave e q u a t i o n can be 

w r i t t e n i n terms of the wave p r o p a g a t i o n d i r e c t i o n b and 

the d i s p l a c e m e n t E, t 

= K i l l . . . . (17) 

where pk = P 1 ^ • d r

1 2

 + r F

1 3 

qk = P V 2 i + °< r 22 + r F 2 3 * * * ^ 1 8 ^ 

rk = P r 3 1 + q r 3 2 • r r 3 3 

E q u a t i o n s ( 1 8 ) can be s o l v e d i f the d e t e r m i n a n t of t h e 

c o e f f i c i e n t s v a n i s h e s i 

r l l - k r i 2 F 1 3 

r 22 - k r 2 3 
= 0 . . . (19) 

F 1 3 
r 
1 23 

r 3 3 ' k 

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

the p r o p a g a t i o n of t h r e e wave modes w i t h v s l o c i t i e s t 

v i = - / S i i = 1»2,3 . . . (20) 
P 

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

of the d i r e c t i o n c o s i n e s , ftx>£y»$z» a r | d the e l a s t i c m o d u l i , C - j -
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In i s o t r o p i c media the two modes of v i b r a t i o n , com-

p r e s s i o n a l and s h e a r , a r e d i s t i n c t . In a n i s o t r o p i c media 

the t h r e e modes a r e mixed except when wave p r o p a g a t i o n i s 

i n a d i r e c t i o n p e r p e n d i c u l a r t o a p l a n e of symmetry or t o 

an a x i s of r o t a t i o n a l symmetry. In a hexagonal c r y s t a l 

pure modes a r e p r o p a g a t e d p a r a l l e l t o the C - a x i s and i n 

any d i r e c t i o n p e r p e n d i c u l a r t o i t . In th e s e d i r e c t i o n s 

i s the v e l o c i t y of a pure c o m p r e s s i o n a l wave and v^ a n c * ^3 

a r e the v e l o c i t i e s o f pure shear waves. The l a t t e r have 

d i f f e r e n t d i s p l a c e m e n t p o l a r i z a t i o n s and v e l o c i t i e s when 

p r o p a g a t e d p e r p e n d i c u l a r t o the C - a x i s and hence e x h i b i t 

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

c r y s t a l s . U/hen p r o p a g a t e d p a r a l l e l t o the C - a x i s , V 2 and 

V 3 merge. The d i r e c t i o n s o f p o l a r i z a t i o n a r e i l l u s t r a t e d 

i n F i g u r e 5 . 

C o n s i d e r a s u r f a c e t h a t r e p r e s e n t s t he l o c i of end-

p o i n t s of v e l o c i t y v e c t o r s from a s e i s m i c s o u r c e ( F i g . 6 ) . 

In a medium of hexagonal or t r a n s v e r s e i s o t r o p i c symmetry 

t h i s i s a s u r f a c e of r e v o l u t i o n about the a x i s of r o t a t i o n a l 

symmetry. There i s a d i f f e r e n t s u r f a c e f o r each of the 

t h r e e modes, c o r r e s p o n d i n g t o V^, V j , V 3 . In the i c e 

c r y s t a l i s g r e a t e r p a r a l l e l t o the C - a x i s ( <f> = TT/2 i n 

F i g . 6) than p e r p e n d i c u l a r t o i t . T h i s type of f i g u r e w i l l 

be r e f e r r e d t o as " p r o l a t e " ( t h i s does not i m p l y t h a t the 

v e l o c i t y f i g u r e i s e l l i p s o i d a l ) , v^ I s the same a t <j> = 0 

and <f> = TT/2 and r e a c h e s a maximum a t <f> = T T/4. V- i s g r e a t e r 
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Z 
A 

0=tf/2 

DIRECTION OF PARTICLE MOTION 

•>44 

(ANY RADIAL 
DIRECTION) 

DIRECTION OF PARTICLE MOTDN 

V 2 = 

0 = 0 

DIRECTION_OF PARTICLE MOTION 
^66 

F i g u r e 5. P o l a r i z a t i o n of p a r t i c l e motion f o r shear waves. 
P a r t i c l e motion i s shown f o r waves t r a v e l i n g p a r a l l e l to 
the C - a x i s ( a ) and p e r p e n d i c u l a r to the C - a x i s ( b ) of a 
hexag o n a l c r y s t a l . <J> i s the a n g l e between the d i r e c t i o n 
of wave p r o p a g a t i o n and the b a s a l p l a n e of the c r y s t a l . 
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a t <j) = 0 than a t <J> = V 2 and t h i s t y p e of v e l o c i t y s u r f a c e 

w i l l be c a l l e d " o b l a t e . " The r a t i o o f the v e l o c i t y at 

<\> = 0 t o the v e l o c i t y of t he same mode a t <J> = TT/2 i s 

c a l l e d t h e " a n i s o t r o p y f a c t o r " ( U h r i g and Van W e l l e , 1 9 5 5 ) . 

As an i l l u s t r a t i o n o f t h e s e p r i n c i p l e s , i t w i l l be 

noted i n F i g u r e 5 t h a t f o r V 2 a t <f> = 0,the wave d i s p l a c e ­

ment i s p a r a l l e l t o the C - a x i s and p e r p e n d i c u l a r t o an 

a r b i t r a r y a x i s which l i e s i n the b a s a l p l a n e and hence i s 

o r t h o g o n a l t o the C - a x i s . In the t e n s o r n o t a t i o n the C - a x i s 

c o r r e s p o n d s t o the 3 - a x i s . The a r b i t r a r y o r t h o g o n a l a x i s 

can be c a l l e d the 2 - a x i s . The wave d i s p l a c e m e n t r e p r e s e n t s 

the r e s p o n s e of a shear s t r a i n i n t h e p l a n e normal t o the 

2 - a x i s , i n the d i r e c t i o n o f the 3 - a x i s , t o a sh e a r s t r e s s 

i n the same p l a n e and i n the same d i r e c t i o n . The modulus 

r e l a t i n g s h ear s t r a i n and s t r e s s i n t h i s case i s C 2 3 2 3 i n 

the t e n s o r n o t a t i o n , or C^ 4 i n the m a t r i x n o t a t i o n . I n 

t h i s case t h e wave i s p u r e l y i n the sh e a r mode and i t s 

v e l o c i t y i s V 2 = / — — • 

In t h i s s tudy c o m p r e s s i o n a l ( l o n g i t u d i n a l ) waves w i l l 

be r e f e r r e d to as P-waves and shear ( t r a n s v e r s e ) waves w i l l 

be r e f e r r e d to as S-waves. A P-wave t h a t i s r e f l e c t e d from 

an i n t e r f a c e as a P-wave w i l l be c a l l e d a PP r e f l e c t e d wave. 

A P-wave c o n v e r t e d to an S-wave upon r e f l e c t i o n a t an i n t e r ­

f a c e w i l l be c a l l e d a PS r e f l e c t e d wave. SP and SS have 

an a l o g o u s d e f i n i t i o n s . 
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1.8 H i s t o r i c a l Background 

E x t e n s i v e s e i s m o l o g i c a l i n v e s t i g a t i o n s have been made 

i n r e c e n t y e a r s on p o l a r i c e s h e e t s and caps, e.g., i n 

A n t a r c t i c a , G r e e n l a n d , I c e l a n d , and Novaya Zemlya, and on 

f i r n f i e l d s and the a c c u m u l a t i o n zones of temperate g l a c i e r s . 

The l i t e r a t u r e on s e i s m o l o g i c a l s t u d i e s of the a b l a t i o n 

zones of v a l l e y g l a c i e r s i s r e l a t i v e l y l i m i t e d . 

The use of s e i s m i c wave p r o p a g a t i o n i n measurements of 

i c e t h i c k n e s s began i n the A l p s i n the 1920*8, s h o r t l y a f t e r 

the development of p r a c t i c a l methods of s e i s m i c p r o s p e c t i n g . 

Mothes ( 1 9 2 7 ) , Brockamp and Iflothes (1930, 1931), and t h e i r 

c o l l e a g u e s made s e v e r a l such s t u d i e s on the P a s t e r z e and 

H i n t e r e i s G l a c i e r s and t h e i r work was c o n t i n u e d a f t e r World 

War I I by F o r t s c h and V i d a l (1956, 1958) and ot h e r s on the 

H i n t e r e i s and the nearby G u r g l e r G l a c i e r . The Commission  

H e l v a t i q u e des G l a c i e r s made s e i s m i c s o u n d i n g s on the G r o s s e r 

A l e t s c h (Renaud and Mercanton, 1950), the Rhone, and the 

U n t e r a a r G l a c i e r s ( J o s t , 1 9 5 4 ) . I c e t h i c k n e s s has a l s o been 

det e r m i n e d by s e i s m i c means on the Gorner G l a c i e r ( s f l s s t r u n k , 

1951) and on the Bier de G l a c e (Renaud and (tiercanton, 1 9 5 0 ) . 

I t a l i a n w o r k e r s , i n c l u d i n g C a s s i n i s and C a r a b e l l i ( 1 9 5 3 ) , 

C a r a b e l l i ( 1 9 6 1 ) , and De V i s i n t i n i (1963) have made s e i s m i c 

e x p l o r a t i o n s on the Itliage, F o r n i and B e l v e d e r e G l a c i e r s . 

S o v i e t s e i s m o l o g i c a l work on v a l l e y g l a c i e r s was begun 

i n 1956 by K r a v t s o v and T e r e n t ' e v a (1959) on the fflaliy A k t r u 

G l a c i e r i n the A l t a i m o u n t a i n s . T h i s waa f o l l o w e d by the 
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i n v e s t i g a t i o n s of B e r z o n , Bokanenko and I s a s v (1959) and 

B o r o v i n s k i i (1963) on the Tuyuksu G l a c i e r complex near 

Alma A t a , s e i s m i c s t u d i e s d u r i n g the e x p e d i t i o n t o the 

Fedchenko G l a c i e r i n the Pamir Mountains ( B e r z o n , Pak and 

Ya k o v l e v , 1960), and work i n the Caucasus Mountains (Bokanenko 

and I s a e v , 1 9 6 0 ) . K r a v t s o v (1960) p i o n e e r e d i n s e i s m o l o g i c a l 

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

i n the A l t a i . 

D u r i n g 1934-35 G o l d t h w a i t (1936) made a s e r i e s o f 

s e i s m i c o b s e r v a t i o n s near the t e r m i n i of the South C r i l l o n 

and the much s m a l l e r K l o o c h G l a c i e r s i n s o u t h e a s t A l a s k a . 

In 1951 A l l e n and Smith (1953) made s e i s m i c s o u n d i n g s on 

the i c e piedmont of the M a l a s p i n a G l a c i e r and the f o l l o w i n g 

year A l l e n c a r r i e d out s i m i l a r measurements on the S a s k a t c h e ­

wan G l a c i e r , the major o u t l e t of the Columbia I c e f i e l d i n 

the Rocky Mountains ( M e i e r , 1 960). The n e i g h b o r i n g 

Athabaska G l a c i e r was e x p l o r e d l a t e r ( K anasewich, 1963). 

A l l e n f o l l o w e d h i s Rocky Mountain work w i t h s e i s m i c s o u n d i n g s 

on the B l u e G l a c i e r i n the Olympic Mountains ( A l l e n , Kamb, 

Meier and Sharp, 1960) and h i s work t h e r e has been c o n t i n u e d 

by o t h e r s ( e . g . , l i l e s t p h a l , 1 9 6 5 ) . 

In 1956 d e t a i l e d g l a c i o l o g i c a l s t u d i e s were made on the 

Salmon G l a c i e r i n the C o a s t Mountains of B r i t i s h C o l u m b i a . 

The work i n c l u d e d s e i s m i c depth measurements ( D o e l l , 1 9 63). 

Redpath ( 1 9 6 5 ) , w o r k i n g on A x e l H e i b e r g I s l a n d i n the 

Canadian A r c h i p e l a g o , extended s e i s m i c p r o f i l e s down from 

the i c e cap t o the a b l a t i o n zone of one of the major o u t l e t s . 



30 

the Thompson G l a c i e r , and to the s m a l l e r Uihite G l a c i e r , 

a more c l e a r l y d e f i n e d v a l l e y g l a c i e r . 

A feu/ s a l i e n t r e s u l t s o b t a i n e d by these i n v e s t i g a t o r s 

a r e p r e s e n t e d i n Table 2. Most of these workers a l s o 

found t h a t , n e g l e c t i n g the t r a n s i e n t snow c o v e r , the 

g l a c i e r i c e i n the a b l a t i o n zone i s n e a r l y honogeneous i n 

r e g a r d to s e i s m i c wave v e l o c i t i e s . There a r e e x c e p t i o n s . 

G o l d t h w a i t (1936) found i n d i c a t i o n s t h a t t h e r e a r e t h r e e 

l a y e r s of d i f f e r e n t s e i s m i c v e l o c i t y on the South C r i l l o n 

G l a c i e r i an upper l a y e r about 30 m. t h i c k , i n which the 

average P-wave v e l o c i t y , V^, i s 3.23 k m . / s e c ; an i n t e r ­

mediate l a y e r , a t 30-60 m. depth, w i t h Up r a n g i n g from 

3.20 t o 3.60 k m . / s e c ; and a deep l a y e r , e x t e n d i n g from a 

depth of 60 m. to the bottom of the g l a c i e r , w i t h U^ % 4,00 

km . / s e c 

B o r o v i n s k i i (1963) r e p o r t s t h a t on the C e n t r a l Tuyuksu 

G l a c i e r U p v a r i e s a l o n g a l o n g i t u d i n a l p r o f i l e from 3.62*0.08 

km./sec. near the f i r n l i n e to 3.795-0.085 km./sec near the 

t e r m i n u s . However, the v a r i a t i o n i s not c o n t i n u o u s and the 

s c a t t e r of observed v a l u e s i s l a r g e . 

The shapes of s u b - g l a c i a l v a l l e y s , as determined by 

s e i s m i c methods, show g r e a t v a r i a t i o n s . The bed of the 

M a l a s p i n a Piedmont G l a c i e r i s n e a r l y f l a t , w i t h a r i m a t 

t h e t e r m i n u s . Most of the S o v i e t g l a c i e r s have steep s i d e s 

and n e a r l y f l a t beds, but the Mer de Glace has a non-

c l a s s i c a l U-shaped t r a n s v e r s e p r o f i l e i n i t s l o w e r r e a c h e s . 
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Sometimes a bedrock d e p r e s s i o n i s found at the con­

f l u e n c e of g l a c i e r s . The G r o s s e r A l e t s c h G l a c i e r , i n the 

Bernese A l p s , i s formed by the convergence of t h r e e g l a c i e r s 

of n e a r l y equal s i z e . At the c o n f l u e n c e , u/hich, l i k e t h a t 

of the Kaskawulsh G l a c i e r , l i e s j u s t below the f i r n l i m i t , 

t h e r e i s a l e v e l r e g i o n , the K o n k o r d i a P l a t z , which i s 

u n d e r l a i n by a bedrock d e p r e s s i o n . However,on the Highway 

G l a c i e r , a p o l a r g l a c i e r t h a t d r a i n s the Penny I c e Cap on 

B a f f i n I s l a n d , t h e r e i s no s i g n i f i c a n t d e p r e s s i o n a t a 

s i m i l a r major g l a c i e r c o n f l u e n c e ( R o t h l i s b e r g e r , 1955). 



CHAPTER I I 

EQUIPMENT AND OPERATIONS 

2.1 S t a t i o n Seismograph 

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

was o p e r a t e d on the Kaskawulsh G l a c i e r d u r i n g the 1965 

f i e l d s e a s o n . I t ' s p r i m a r y p u r p o s e was t o r e g i s t e r n o i s e 

g e n e r a t e d i n and near the g l a c i e r . The i n s t r u m e n t a t i o n 

c o n s i s t e d of two h o r i z o n t a l motion t o r s i o n seismometers 

(T = 1.0 s e c . ) ^ ^ mounted a t r i g h t a n g l e s t o each o t h e r , 

a v e r t i c a l motion s e i s m o m e t e r - g a l v a n o m e t e r c o m b i n a t i o n 

( T Q = 0.5 s e c ? Tg = 0.3 s e c ) , and a h o r i z o n t a l " s t r o n g -

m o t i o n " seismometer (T = 1.0 s e c ) . These i n s t r u m e n t s 

were a r r a n g e d on a common base and r e c o r d e d o p t i c a l l y on 

s e p a r a t e s t r i p s of 35 mm. f i l m . 

The seismograph s t a t i o n was e s t a b l i s h e d on the m e d i a l 

moraine near Kaskawulsh Camp. A t e n t c o v e r e d by s e v e r a l 

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

f i l m - c h a n g i n g . T i l t i n g due t o d i f f e r e n t i a l a b l a t i o n o f 

v 'T i s t h e n a t u r a l p e r i o d o f o s c i l l a t i o n of the seismom­
e t e r pendulum or s u s p e n s i o n ; Tg i s the n a t u r a l p e r i o d of 
o s c i l l a t i o n o f the g a l v a n o m e t e r s u s p e n s i o n . 
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the i c e under the moraine mas a s e r i o u s p r o b l e m . No s u i t ­

a b l e bedrock s i t e a d j a c e n t t o the g l a c i e r mas f o u n d . 

2.2 E x p l o r a t i o n Seismograph 

A 12-channel commercial seismograph system was used 

f o r the r e f l e c t i o n and r e f r a c t i o n work. A b l o c k diagram 

of t h i s equipment i s shown i n F i g u r e 7. The geophones 

were of the m o v i n g - c o i l type and had a n a t u r a l f r e q u e n c y 

of 20 Hz. The c o u p l i n g between the geophones and the i c e 

was u s u a l l y very good because the geophones melted t h e i r 

way i n t o the i c e . D u r i n g the e a r l y Dart of the f i e l d season, 

when the g l a c i e r s u r f a c e was c o v e r e d by wet snow and s l u s h , 

t h e r e was some t i l t i n g and s i n k i n g of the geophones. 

The geophone c a b l e was 600 f t . (182.88 m.) l o n g , w i t h 

12 t a k e o u t s , one every 50 f t . (15.24 m.). E i t h e r end c o u l d 

be connected t o the seismograph i n p u t . 

The c a b l e was connected to the a m p l i f i e r s t hrough a t e s t i n g 

u n i t which c o n t a i n e d an ohmmeter f o r measuring the r e s i s ­

t a n c e of the geophone l e a d s and the p r i m a r y w i n d i n g of the 

a m p l i f i e r i n p u t t r a n s f o r m e r , and a v o l t m e t e r measuring the 

v o l t a g e s of the t e s t o s c i l l a t o r , a m p l i f i e r o utput and 

b a t t e r i e s . The t e s t o s c i l l a t o r p r o v i d e d a s i g n a l which 

c o u l d be v a r i e d from 1 V. t o 0.1 V. i n 10 db. s t e p s . 

The a m p l i f i e r s were of vacuum tube d e s i g n and were 

a r r a n g e d i n two banks of s i x each. Each bank, w i t h the 

a s s o c i a t e d f i l t e r s , was c o n t a i n e d i n a case w e i g h i n g about 
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40 kg. A l l the seismograph components mere a r r a n g e d i n 

s i m i l a r l y manageable c a s e s . 

A u t o m a t i c g a i n c o n t r o l , which i s of g r e a t u t i l i t y i n 

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

In the p r e s e n t study t h e r e was e s s e n t i a l l y one r e f l e c t i n g 

h o r i z o n , a t v a r i a b l e o r i e n t a t i o n , and r e l a t i v e a m p l i t u d e s 

of s i g n a l s were i m p o r t a n t , so the A .G .C. was i n f r e q u e n t l y 

used. 

Each a m p l i f i e r c h a n n e l passed through h i g h - c u t and 

l o w - c u t f i l t e r s . The l o w - c u t f r e q u e n c i e s werei 18, 21, 48, 

60, 70, 90, 120, 210 Hz.; the h i g h - c u t f r e q u e n c i e s were; 

20, 31, 47, 66, 120, 215, 320 Hz. F i l t e r s c o u l d be c u t 

out, i n which case the band spread was from 5 to 500 Hz. 

S e v e r a l f i l t e r t y pes of i n c r e a s i n g s h arpness of c u t - o f f 

c o u l d be s e l e c t e d : s i n g l e s e c t i o n c o n s t a n t K, s i n g l e 

s e c t i o n M-derived, K-!Y1 c o m b i n a t i o n , double s e c t i o n K, and 

double s e c t i o n M. 

Output was r e c o r d e d on p h o t o g r a p h i c paper by the o s c i l ­

l o g r a p h . The r e c o r d i n g paper c o u l d be f e d a t t h r e e speeds: 

h i g h (85 c m . / s e c ) , medium (34 c m . / s e c ) , and low (17 cm./ 

s e c ) . Medium speed was n o r m a l l y used i n r e f l e c t i o n work; h i g h 

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

the r e c o r d s to be read to a p p r o x i m a t e l y 0.1 m i l l i s e c o n d . 

Shot times were r e c o r d e d by a p u l s e from the b l a s t i n g 

machine. A s h o t - p o i n t seismometer s i g n a l c o u l d a l s o be r e ­

c o r d e d . Shot depths were s m a l l , so t h a t the uphole times 

between time break and s h o t p o i n t seismometer p u l s e were very 

s h o r t . 
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The system was o p e r a t e d w i t h a minimum of two 1 2 - v o l t 

s t o r a g e b a t t e r i e s . Cathode v o l t a g e was taken d i r e c t l y from 

the t e r m i n a l s and p l a t e v o l t a g e (100 V.) from a dynamotor. 

The most f r e q u e n t m a l f u n c t i o n s i n v o l v e d the o s c i l l a t o r 

t e s t u n i t , A.G,C•, o s c i l l o g r a p h t i m i n g motor, and the r e c o r d ­

i n g paper f e e d . Extreme c a r e was taken t o see t h a t f i n e 

snow was not blown i n t o the equipment, where i t c o u l d melt 

and cause m a l f u n c t i o n . Other s e t i o u s problems were e x p e r i ­

enced k e e p i n g the b a t t e r i e s charged and m a i n t a i n i n g p r o p e r 

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

The o p e r a t i n g c o n s o l e , a m p l i f i e r banks, o s c i l l o g r a p h s , 

d e v e l o p i n g box and dynamotor were s e c u r e d t o a 400 k g . 

c a p a c i t y Nansen s l e d g e . S t o r a g e b a t t e r i e s , b l a s t i n g 

machine, c a b l e s , geophones and s t o v e were c a r r i e d on a 

100 k g . c a p a c i t y 6 f t . (1.8 m.) A k h i o s l e d . F u e l , p h o t o g r a p h i c 

s u p p l i e s , e x p l o s i v e s and d r i l l i n g equipment were l o a d e d 

on a n o t h e r A k h i o s l e d . When f u l l y l o a d e d , the Nansen 

s l e d g e c a r r i e d 110 k g . and each of the A k h i o s l e d s about 

80 k g . The s l e d s were man-hauled. Sometimes s u r f a c e 

c o n d i t i o n s r e q u i r e d t h a t t he equipment be back-packed or 

h a n d - c a r r i e d . 

2.3 D r i l l i n g 

Shot h o l e s , u s u a l l y 3 m. deep, were h a n d - d r i l l e d w i t h a 

SIPRE 3 - i n c h (7,6 cm.) d i e m e t e r a u g er. Hand a u g e r i n g on a wet 

g l a c i e r i s d i f f i c u l t ) auger and c o r e form a p l u g between 



3B 

water i n the h o l e and the atmosphere. The d r i l l e r must 

l i f t a g a i n s t a t m o s p h e r i c p r e s s u r e and when the auger i s 

p u l l e d out, the c o r e i s o f t e n f o r c e d by the p r e s s u r e back 

i n t o the h o l e . A l l o p e r a t i o n s were a t e l e v a t i o n s lower 

than the f i r n l i m i t so the h o l e s were d r i l l e d d i r e c t l y 

i n t o s o l i d i c e , except f o r the l a y e r of r e s i d u a l snow a t 

the s t a r t of the season. 

2.4 E x p l o s i v e s 

H i g h - v e l o c i t y , h i g h - d e n s i t y , g e l a t i n i z e d n i t r o ­

g l y c e r i n was used as an e x p l o s i v e c h a r g e . I t was c a r t -

r i d g e d i n r i g i d paper s h e l l s . The c a r t r i d g e s were 2 t i n c h e s 

(5.7 cm.) i n di a m e t e r and weighed 2% pounds (1.14 kg.) or 

5 pounds (2.27 k g . ) . They c o u l d be c u t e a s i l y i n t o s m a l l e r 

s i z e s and " f a s t - c o u p l e r s " were proved f o r j o i n i n g c a r t ­

r i d g e s . The g e l a t i n was w e l l s u i t e d f o r the molding of 

s m a l l c h a r g e s of d i f f e r e n t shapes and s i z e s . The d e n s i t y 

of 1.6 g./cm. p e r m i t t e d easy s i n k i n g i n a shot h o l e f i l l e d 

w i t h c l e a n water, but i f much s l u s h was p r e s e n t the charge 

had t o be w e i g h t e d . No. 8 n o - l a g e l e c t r i c b l a s t i n g caps, 

f i r e d by a condenser d i s c h a r g e b l a s t i n g machine, were used 

as d e t o n a t o r s . The shot h o l e s were u s u a l l y stemmed by 

2-3 meters of wa t e r . 

The g e l a t i n was r a t e d a t 6 0 % s t r e n g t h , w i t h e x p l o s i o n 

p r e s s u r e 65-85 k i l o b a r s , e x p l o s i o n temperature 4000° K., 

and d e t o n a t i o n v e l o c i t y 20,700 f t . / s e c . (6,310 m . / s e c ) . 
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T h i s h i g h v e l o c i t y e x p l o s i o n has a s h a t t e r i n g e f f e c t on a 

b r i t t l e s u b s t a n c e l i k e i c e . U n l i k e the case f o r s h o o t i n g 

i n snow and f i r n , " s p r u n g " h o l e s i n i c e a r e l e s s e f f i c i e n t 

than nem ones. 

Because shear wave v e l o c i t i e s a r e n e c e s s a r y f o r complete 

knowledge of the e l a s t i c p r o p e r t i e s , v a r i o u s methods of 

enhan c i n g t h e i r p r o d u c t i o n were t r i e d . V e r t i c a l l y p o l a r i z e d 

s hear waves a r e n o r m a l l y p r o d u c e d by i n t e r n a l r e f l e c t i o n a t 

a f r e e s u r f a c e and h o r i z o n t a l l y p o l a r i z e d shear waves a r e 

produced by p r o p a g a t i o n o f v e r t i c a l f r a c t u r e s near the s h o t 

p o i n t ( K n o p o f f and G i l b e r t , 1960; K i s s l i n g e r , Itiateker, and 

M c E v i l l y , 1 9 6 1 ) . S h o o t i n g i n deep, w a t e r - f i l l e d b o r e h o l e s 

w i l l p roduce v e r t i c a l l y p o l a r i z e d shear waves p r e f e r e n t i a l l y 

d i r e c t e d downward ( W h i t e and Sengbush, 1963), but deep 

b o r e h o l e s were not a v a i l a b l e i n the p r e s e n t i n v e s t i g a t i o n . 

Asymmetric energy r a d i a t i o n c r e a t e s shear waves. The 

common method of g e n e r a t i n g shear waves a t s h o r t d i s t a n c e s 

by d e t o n a t i n g a b l a s t i n g cap w i t h or w i t h o u t a s m a l l charge 

b e s i d e a p l a n k or s h e e t o f metal b u r i e d i n the ground was 

a t t e m p t e d . A l t e r n a t i v e l y , an embedded p l a n k , i n c o n t a c t w i t h 

a geophone t o p r o v i d e a t i m e b r e a k , was s t r u c k w i t h a s l e d g e 

hammer. F o r g r e a t e r asymmetric energy p r o d u c t i o n e x p e r i ­

ments were made u s i n g the p r i n c i p l e of the Munroe e f f e c t 

(shaped c h a r g e ) (Lawrence, 1947; P o u l t e r , 1 9 5 0 ) . T h i s i s 

i l l u s t r a t e d i n F i g u r e 8. None o f the above methods was 

e n t i r e l y s a t i s f a c t o r y . 
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2.5 Communications 

Short-wave r a d i o communication was m a i n t a i n e d between 

the f i e l d p a r t y and the I c e f i e l d Ranges Research P r o j e c t 

base camp at Kluane L a k e . D u r i n g the w i d e - a n g l e r e f l e c t i o n 

work, when s h o o t e r and r e c o r d i n g crew were up t o 1000 m. 

a p a r t , p o r t a b l e r a d i o s were u s e d . Telephone w i r e was used 

to t r a n s m i t time break and shot p o i n t seismometer s i g n a l s 

from the shot p o i n t t o the seismograph. 

2.6 L o g i s t i c s 

The Kaskawulsh G l a c i e r Camp c o n t a i n e d s e v e r a l t e n t s 

f o r the 5-9 p e r s o n n e l w o r k i n g i n the c o n f l u e n c e a r e a d u r i n g 

the summer. I t was e s t a b l i s h e d on a l e v e l s i t e on the 

m e d i a l moraine c e n t r a l t o the work a r e a . S u p p l i e s were 

brought i n by a i r from the base camp. The H e l i o C o u r i e r 

a i r c r a f t o p e r a t e d by the I c e f i e l d Ranges Research P r o j e c t 

c o u l d make s k i l a n d i n g s on the snow c o v e r u n t i l the m i d d l e 

of June. T h e r e a f t e r , as the snow l i n e r e t r e a t e d u p g l a c i e r , 

u n c o v e r i n g the rough i c e s u r f a c e , l a n d i n g s had t o be made 

p r o g r e s s i v e l y f a r t h e r from the camp. 

Du r i n g the 1964 season s u p p l i e s were brought i n 

p e r i o d i c a l l y t h r o u g h o u t the summer. T h i s r e s u l t e d i n an 

i n o r d i n a t e amount of time spent h a u l i n g s l e d s over a 

c r e v a s s e d , s l u s h - c o v e r e d s u r f a c e . To a v o i d a p i e c e m e a l 

s u p p l y o p e r a t i o n i n 1965, most of the b u l k i t e m s were 
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brought i n e a r l y . F r e e - f a l l drops of s m a l l i t e m s were 

made o c c a s i o n a l l y . At the end of the season most m a t e r i e l 

was cached and the r e s t was h a u l e d 6 km. t o the n e a r e s t 

l a n d i n g s i t e . 

The g e o p h y s i c a l program consumed 200 k g . of e x p l o s i v e , 

300 e l e c t r i c b l a s t i n g caps, 150 g a l l o n s of g a s o l i n e ( m a i n l y 

f o r b a t t e r y c h a r g i n g ) and s e v e r a l c a s e s of p h o t o g r a p h i c 

paper and c h e m i c a l s . Equipment was n o r m a l l y l e f t i n the 

f i e l d o v e r n i g h t , e x c e p t f o r the b a t t e r i e s , which were 

h a u l e d t o depots where the g e n e r a t o r , c h a r g e r , f u e l , and 

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

Once a p r o f i l e had been s t a r t e d i t was u s u a l l y p o s s i b l e t o 

p r e d i c t the time r e q u i r e m e n t s , s i z e and number of c h a r g e s , 

and f u e l consumption f o r b a t t e r y c h a r g i n g t h a t would be 

n e c e s s a r y . 

2.7 F i e l d O p e r a t i o n s 

D u r i n g the 1964 season the s e i s m i c e x p l o r a t i o n program 

was c a r r i e d out by one man, sometimes w i t h an a s s i s t a n t . 

The f o l l o w i n g y e a r , w i t h a three-man p a r t y , i t was p o s s i b l e 

t o i n t r o d u c e some d i v i s i o n of l a b o r i n t o the p r o c e d u r e . 

The s e i s m i c s p r e a d s were u s u a l l y l i n e d up by eye-

s i g h t i n g and compass: on s p r e a d s p a r a l l e l t o the c r o s s -

g l a c i e r p r o f i l e d i r e c t i o n the c a b l e - l a y e r aimed f o r the 

s t a k e marking the n e x t p o i n t on the p r o f i l e . The c r o s s -

s p r e a d s were o r i e n t e d w i t h a Brunton compass. Where 
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g r e a t e r p r e c i s i o n was sought, as i n the s h o r t r e f r a c t i o n 

p r o f i l e s , a t h e o d o l i t e was used f o r l o c a t i n g p o i n t s . 

The 1964 season l a s t e d from m i d - J u l y u n t i l mid-August. 

The e a r l y p a r t of t h i s p e r i o d was spent i n t r i a l s of the 

e f f e c t i v e n e s s of v a r i o u s c o m b i n a t i o n s of shot h o l e depths, 

charge s i z e and shape, and seismograph parameter s e t t i n g s 

i n o b t a i n i n g s e i s m i c r e f l e c t i o n s . T h i s work was performed 

at p o i n t s on the C e n t r a l Arm near the m e d i a l m o r a i n e i the 

X l i n e , p o i n t ID and p o i n t s 10 and 11 of the upper l i n e 

of s t a k e s ( F i g . 3 ) . D u r i n g the l a t t e r h a l f of the season 

r e f l e c t i o n s h o o t i n g was c a r r i e d out on the upper l i n e of 

the C e n t r a l Arm. The r e s t of the r e f l e c t i o n p r o f i l e s , the 

wide-angle r e f l e c t i o n p r o f i l e , and the s h o r t r e f r a c t i o n 

i n v e s t i g a t i o n s were c a r r i e d out i n 1965, when the p a r t y 

was i n the f i e l d from mid-May u n t i l l a t e August. 

Most of the s h o t s of the e x p l o r a t i o n program were 

made a t p o i n t s marked by bamboo p o l e s , which a l s o s e r v e d 

as markers f o r the d e t e r m i n a t i o n of the movement of the 

g l a c i e r s u r f a c e ( A n d e r t o n , 1967). These p o i n t s were a r r a n g e d 

a l o n g t h r e e p r o f i l e s which c r o s s the g l a c i e r t r a n s v e r s e l y 

t o the d i r e c t i o n of i c e f l o w . The "upper l i n e " i s about 

1.5 km. above the c o n f l u e n c e and i s d i v i d e d by the nunatak 

i n t o two segments, the upper C e n t r a l Arm l i n e , and the 

upper North Arm l i n e . The " s t r a i n l i n e , " whose p o i n t s a r e 

surrounded by q u a d r i l a t e r a l s measured f o r the c a l c u l a t i o n 

of s t r a i n r a t e , i s about 200 m. below the c o n f l u e n c e and 
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e x t e n d s a c r o s s the combined g l a c i e r . The "lower l i n e " i s 

about 1.5 km. down-stream from the s t r a i n l i n e and a l s o 

e x t e n d s a c r o s s the whole g l a c i e r . The s t r a i n and l o w e r 

l i n e s a r e each d i v i d e d by the m e d i a l m o raine. 

The numbering of the p o i n t s i s shown i n F i g u r e 3. On 

the upper and l o w e r l i n e s , r i g h t a n g l e L - s p r e a d s were used, 

w i t h the c r o s s - s p r e a d s g e n e r a l l y u p - g l a c i e r from the upper 

l i n e and d o w n - g l a c i e r from the l o w e r l i n e . Double s p l i t -

s p r e a d s a t r i g h t a n g l e s t o each other, where f e a s i b l e , were 

used on the s t r a i n l i n e . D e t a i l s of the movements of the 

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

d e p o t - l a y i n g a r e g i v e n i n a s e p a r a t e r e p o r t (Dewart, 1965). 

2.8 S a f e t y 

Warm c l o t h i n g and m o u n t a i n e e r i n g equipment were p r o ­

v i d e d , and were f r e q u e n t l y n e c e s s a r y . Among the l a t t e r 

were f i v e 30 f t . (9.2 m.) l e n g t h s of c a b l e l a d d e r f o r c r e v a s s e 

r e s c u e and c r e v a s s e and moulin e x p l o r a t i o n . R u l e s of s a f e t y 

imposed by A l p i n e c o n d i t i o n s had t o be o b s e r v e d . The many 

c r e v a s s e s and m o u l i n s i n the c o n f l u e n c e a r e a were snow-

b r i d g e d and d i f f i c u l t t o d e t e c t i n the e a r l y p a r t of the 

se a s o n . S k i s or snowshoes had to be worn, p a r t i e s had t o 

be r o p e d , and c r e v a s s e - p r o b i n g was o f t e n n e c e s s a r y . The 

p r o b a b i l i t y o f f a l l i n g i n t o a mo u l i n i s l e s s than t h a t of 

f a l l i n g i n t o a c r e v a s s e , but the p r o b a b i l i t y of the m o u l i n 
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f a l l b e i n g f a t a l i s much g r e a t e r . These s h a f t s a r e wet, 

smooth-sided, deeper than c r e v a s s e s and, i n c o n t r a s t t o 

most c r e v a s s e s , i n c r e a s e i n c r o s s - s e c t i o n a l a r e a w i t h 

depth ( s e e Ch a p t e r I I I ) . 

M e l t w a t e r streams and snow swamps abounded from mid-

June u n t i l m i d - J u l y . D u r i n g t h i s p e r i o d the p a r t y became 

r e s i g n e d to i c e - w a t e r b a t h s . High winds and n e a r - f r e e z i n g 

t e m p e r a t u r e s p r e s e n t e d an exposure problem t h a t r e q u i r e d 

e x t r a c l o t h i n g f o r q u i c k changes. 

The l a r g e q u a n t i t y o f f u e l used f o r the g e n e r a t o r and 

the l i q u i f i e d gas used f o r c o o k i n g p r e s e n t e d a f i r e h a z a r d . 

Inflammable m a t e r i a l s were s t o r e d a t c o n s i d e r a b l e d i s t a n c e 

from camp b e h i n d a n a t u r a l b a r r i e r . 

E x p l o s i v e s and b l a s t i n g caps were s t o r e d i n dumps 

s e p a r a t e from the f u e l dump. As f a r as p o s s i b l e p r e p a r a t i o n 

of c h a r g e s ( n o t i n c l u d i n g p r i m i n g , of c o u r s e ) was done a t 

a p r o t e c t e d work a r e a b e f o r e l e a v i n g f o r the f i e l d . Non-

s p a r k i n g k n i f e and punch were used i n t h i s work. S h o o t i n g 

i n the v i c i n i t y o f the Camp was s c h e d u l e d t o o b v i a t e t h e 

danger of r a d i o energy p i c k u p by the f i r i n g l i n e . 

G r i z z l y b e a r s d e s t r o y e d m e t e o r o l o g i c a l equipment and 

l o o t e d f o o d c a ches near t h e t e r m i n u s . A high-powered r i f l e 

was k e p t a t Kaskawulsh Camp but, a l t h o u g h bear spoor was 

seen near the c o n f l u e n c e , the a n i m a l s d i d not make t h e i r 

p r e s e n c e known o t h e r w i s e . 



CHAPTER I I I 

SEISMIC NOISE SOURCES 

AND RELATED TOPICS 

3.1 I n t r o d u c t i o n 

An e f f o r t uias made t o o b t a i n a r e c o r d of the s e i s m i c 

b a c k g r o u n d - n o i s e p r e v a l e n t i n the g l a c i e r a r e a . To t h i s 

purpose the c o n t i n u o u s l y - r e c o r d i n g seismograph s t a t i o n was 

op e r a t e d i n t e r m i t t e n t l y between June 9 and August 6, 1965. 

The n o i s e c o n s i d e r e d h e re i s n a t u r a l ground o s c i l l a t i o n , 

as d i s t i n g u i s h e d from n o i s e produced by the i n v e s t i g a t i v e 

p r o c e s s i t s e l f , such as s u r f a c e waves and a i r waves from 

s e i s m i c s h o t s ( O l h o v i c h , 1964). 

The seismograph r e c o r d s e x h i b i t e d f o u r t y p e s of d i s ­

t u r b a n c e which c o n t r i b u t e d t o the background n o i s e t 

( 1 ) C o n t i n u o u s o s c i l l a t i o n s , v a r y i n g i n a m p l i t u d e 

from b a r e l y p e r c e p t i b l e t o f u l l - s c a l e d e f l e c t i o n of the 

t r a c e s . On t h e s e n s i t i v e seismograph components, t h e s e 

d e f l e c t i o n s c o r r e s p o n d t o 0.05 and 17 m i c r o n s , r e s p e c t i v e l y 

( s e e s e c t i o n 3.2, b e l o w ) . F r e q u e n c i e s were 3-5 Hz. 

(2 ) I n d i v i d u a l p u l s e s of one t o t h r e e c y c l e s , d u r a t i o n 

0.8-1.0 s e c , and f r e q u e n c y 2-3 Hz. 

46 
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(3 ) E a r t h q u a k e - l i k e s h o c k s , s e p a r a b l e i n t o p r i m a r y , 

secondary and sometimes l o n g - p e r i o d p h a s e s . These a/ere of 

v a r i a b l e d u r a t i o n and f r e q u e n c y , but a l w a y s more p r o l o n g e d 

than ( 2 ) and u s u a l l y o f l o w e r f r e q u e n c y (1-2 Hz^. 

(4 ) Extended d i s t u r b a n c e s (£-2 minute d u r a t i o n ) , 

d i s t i n g u i s h e d from ( l ) by g r e a t e r a m p l i t u d e and l o w e r 

f r e q u e n c y (1-2 Hz.). They a r e not s e p a r a b l e i n t o d e f i n i t e 

p h a s e s . They f r e q u e n t l y have a sudden commencement, but 

i n v a r i a b l y fade away g r a d u a l l y . 

3.2 C o n t i n u o u s N o i s e 

E x p e r i e n c e showed t h a t when the wind speed r o s e t o more 

than 15 mph (6.7 m./sec.) i t was v e r y d i f f i c u l t t o o b t a i n 

good sh o t r e c o r d s because of the h i g h n o i s e l e v e l . D i u r n a l 

t e m p e r a t u r e and wind v e l o c i t y v a r i a t i o n s have very s i m i l a r 

p a t t e r n s but the few calm days were r e a s o n a b l y q u i e t 

r e g a r d l e s s of t e m p e r a t u r e v a r i a t i o n s . Wind was a s e r i o u s 

problems v e l o c i t i e s over 6.7 m./sec. were r e c o r d e d on 140 

of the 470 3-hour p e r i o d s (29.8$) of the weather r e c o r d 

(May 26 - J u l y 25) a t Kaskawulsh Camp i n 1965, and an even 

l a r g e r p e r c e n t a g e of t h e hours of good v i s i b i l i t y . 

On the days w i t h the most complete r e c o r d s c o n t i n u o u s 

n o i s e was measured i n the f o l l o w i n g manner: the p e a k - t o -

t r o u g h a m p l i t u d e s of the ten o s c i l l a t i o n s of g r e a t e s t 

a m p l i t u d e o c c u r r i n g over a 20-minute p e r i o d from 10 minutes 

b e f o r e the hour u n t i l 10 minutes a f t e r the hour were averaged 
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a r i t h m e t i c a l l y and t h e mean v a l u e was c a l l e d the a m p l i t u d e 

f o r t h a t hour. The u n i t of a m p l i t u d e was a r b i t r a r i l y chosen 

as the average a m p l i t u d e v a l u e , o b t a i n e d as d e s c r i b e d above, 

f o r the q u i e t e s t hour of r e c o r d . With t h i s v a l u e as u n i t y , 

a day of normal n o i s i n e s s r e g i s t e r e d average v a l u e s of about 

5 on the s c a l e , and a very n o i s y day, on which i t was 

d i f f i c u l t t o o b t a i n good e x p l o r a t i o n r e c o r d s , r e g i s t e r e d 

10 or more. When the a m p l i t u d e reached 7 or 8 the t r a c e s 

o v e r l a p p e d and the a m p l i t u d e s became ha r d t o measure. At 

v a l u e s over 15 on t h i s s c a l e the n o i s e became u n r e a d a b l e . 

The v a l u e of 1 on the s c a l e c o r r e s p o n d e d t o a p p r o x i ­

mately 0.1 m i l l i m e t e r of t r a c e d e f l e c t i o n . M a g n i f i c a t i o n 

of the s t r o n g - m o t i o n h o r i z o n t a l seismometer was about 500 

and m a g n i f i c a t i o n of the seismometer-galvanometer systems 

was about 2000. A c c o r d i n g l y , d e f l e c t i o n of 1 u n i t on the 

s t r o n g - m o t i o n h o r i z o n t a l r e c o r d c o r r e s p o n d e d t o ground 

motion of a p p r o x i m a t e l y 0.2 microns a m p l i t u d e ; on the more 

s e n s i t i v e h o r i z o n t a l and v e r t i c a l r e c o r d s d e f l e c t i o n of 1 

co r r e s p o n d e d t o about 0.05 m i c r o n s of ground m o t i o n . In 

the f o l l o w i n g d i s c u s s i o n u n i t s of d e f l e c t i o n w i l l r e f e r t o 

the more s e n s i t i v e i n s t r u m e n t s u n l e s s o t h e r w i s e s t a t e d . 

The 3 - h o u r l y n o i s e a m p l i t u d e r e c o r d f o r J u l y 23, 1965, 

i s shown i n F i g u r e 9. T h i s day was chosen because the wind 

and t e m p e r a t u r e v a r i a t i o n s do not c o r r e l a t e as c l o s e l y as 

they do on most days on which good r e c o r d s were o b t a i n e d . 

The hours of the a m p l i t u d e r e a d i n g s were chosen t o c o i n c i d e 

w i t h the hours of t h e m e t e o r o l o g i c a l o b s e r v a t i o n s . Wind 
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F i g u r e 9. Background n o i s e , wind speed, and temperature 
a t Kaskawulsh Camp a t 3 - h o u r l y i n t e r v a l s , J u l y 23, 1955* 
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v e l o c i t y and t e m p e r a t u r e v a l u e s a r e a l s o p l o t t e d and the 

c l o s e c o r r e s p o n d e n c e between n o i s e a m p l i t u d e and wind 

v e l o c i t y i s a p p a r e n t . 

The e x t e n t t o which d i r e c t t h e r m a l e f f e c t s c o n t r i b u t e 

t o c o n t i n u o u s n o i s e i s not c l e a r . When an i c e c r y s t a l 

undergoes a t e m p e r a t u r e change heat energy i s c o n v e r t e d i n t o 

s t r a i n energy, which i s s t o r e d i f the c r y s t a l i s c o n s t r a i n e d 

and r e l e a s e d s u d d e n l y when r u p t u r e removes the c o n s t r a i n t . 

A f t e r e x t e n s i o n a l r u p t u r e the s i d e s of the f r a c t u r e a c c e l e r ­

a t e a p a r t , c a u s i n g the p r o p a g a t i o n of l o n g i t u d i n a l and 

t r a n s v e r s e e l a s t i c waves. Energy r e l e a s e r e s u l t i n g from 

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

i n d i v i d u a l l y , but the s u p e r p o s i t i o n of i m p u l s e s from a v a s t 

number of g r a i n i n t e r a c t i o n s c o u l d have t h e e f f e c t of 

c o n t i n u o u s n o i s e . The f o r m a t i o n of the r m a l c r a c k s depends 

p a r t l y on t he r a t e of t e m p e r a t u r e change. The e f f e c t a p p e a r s 

t o be g r e a t e s t when s u r f a c e t e m p e r a t u r e drops s u d d e n l y . The 

c o n t r a c t i o n r e s u l t s i n the development of l a r g e l o c a l s t r e s s e s 

which cause r a p i d opening and e x p a n s i o n of c r a c k s . At the 

time of a c o l d "snao" t h i s n o i s e has been r e p o r t e d to be 

a u d i b l e ( l Y l e l l o r , 1 9 6 4). 

G o l d (1963) o b s e r v e d c r a c k f o r m a t i o n i n the s u r f a c e 

of a smooth i c e b l o c k p r oduced by c o n t a c t w i t h a c o l d e r i c e 

b l o c k . The c o n t a c t was made i n s t a n t l y and c r a c k s d e v e l o p e d 

w i t h i n one second. The t e m p e r a t u r e shock a t the s u r f a c e 

n e c e s s a r y t o g e n e r a t e s t r e s s e s e q u a l t o the u l t i m a t e s t r e n g t h 

of the i c e (30-40 kg./cm. ) and, hence, produce f r a c t u r e was 



51 

about 6° C. Under t h e s e c i r c u m s t a n c e s the i c e behaved as a 

b r i t t l e r a t h e r than a p l a s t i c m a t e r i a l . The c r a c k s showed 

a p r e f e r e n c e t o form p a r a l l e l to the b a s a l and p r i s m a t i c 

p l a n e s of the i c e c r y s t a l s . 

The s i t u a t i o n on the g l a c i e r s u r f a c e i s , of c o u r s e , 

q u i t e d i f f e r e n t i n r e g a r d t o r a t e of change of t e m p e r a t u r e . 

Under the c o n d i t i o n s of te m p e r a t u r e shock i n Go l d ' s e x p e r i ­

ments the r a t e of change of te m p e r a t u r e w i t h r e s p e c t t o time 

i s v e r y l a r g e , w h i l e on the g l a c i e r t h e r a t e i s seldom 

g r e a t e r than 1° C. p e r hour. 

The c o r r e l a t i o n between s e i s m i c n o i s e a m p l i t u d e and 

r a t e of change of t e m p e r a t u r e i s much c l o s e r f o r i m p u l s i v e 

energy than f o r c o n t i n u o u s n o i s e ( F i g . 1 0 ) . I m p u l s i v e 

s i e s m i c n o i s e w i l l be d i s c u s s e d i n the next s e c t i o n . 

Running water p r o d u c e s c o n t i n u o u s n o i s e i n the low 

f r e q u e n c y range (1-50 H z ) . Noise from t h i s s o u r c e i s 

u n a v o i d a b l e i n the a b l a t i o n zone of a g l a c i e r d u r i n g the 

melt s e a s o n . Innumerable streams c r o s s the g l a c i e r , r a n g i n g 

i n s i z e from t r i c k l e s to t o r r e n t s w i t h d i s c h a r g e s of s e v e r a l 

c u b i c meters per second. Most of t h e streams d r a i n i n t o 

n e a r l y v e r t i c a l s h a f t s — m o u l i n s or " g l a c i e r m i l l s " — 

which enable them t o re a c h g r e a t depth r a p i d l y . Some of 

the k i n e t i c energy a c q u i r e d i n t h i s manner i s c o n v e r t e d i n t o 

a c o u s t i c n o i s e when the water s t r i k e s the s i d e s or the bottom 

of the s h a f t . E x p l o r a t i o n of s e v e r a l m o u l i n s r e v e a l e d a 

s e r i e s of s t e p s t h a t produce w a t e r f a l l s i n the streams 

(Dewart, 1965). The m o u l i n s r e c e i v e d t r i b u t a r y t u n n e l s and 



F i g u r e 10. Number of i m p u l s i v e n o i s e e v e n t s and time r a t e 
of change of t e m p e r a t u r e a t Kaskawulsh Camp a t 3 - h o u r l y 
i n t e r v a l s . 
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became l a r g e r i n diameter w i t h d e p t h . A s c h e m a t i c s e c t i o n 

of a moulin i s p r e s e n t e d i n F i g u r e 11. 

The m o u l i n s c o n t a i n e d abundant e v i d e n c e of h i g h l y t u r b u ­

l e n t flou/ and l a r g e changes of momentum i n the mater mass, 

such as c o r k s c r e w - s h a p e d passages and plunge p o o l s . Ground 

v i b r a t i o n s from m o u l i n s t h a t were r e c e i v i n g l a r g e q u a n t i t i e s 

of water were p e r c e p t i b l e t o the o b s e r v e r f o r d i s t a n c e s of 

up to 50 m. from the o r i f i c e . 

I f we assume t h a t a c o u s t i c energy r a d i a t i o n i s p r o p o r ¬

t i o n a l to the k i n e t i c energy, ^ ml/ , a c q u i r e d by the water 

a t the depth where i t ends i t s f a l l , X = V /2g, and t h a t 

the energy r e c e i v e d from a s o u r c e per u n i t area d e c r e a s e s 

as the square of the d i s t a n c e from the s o u r c e , the r e l a t i o n ­

s h i p o b t a i n e d i s t h a t : 

energy r e t u r n oc _X_ . . . (21) 
energy produced X 

A l t h o u g h more energy i s r e l e a s e d by a h i g h w a t e r f a l l , l e s s 

i s r e c o r d e d at the s u r f a c e than from a lower one o f the same 

volume. The m o u l i n s which were i n v e s t i g a t e d a l l had p l u n g e 

p o o l s near the s u r f a c e . I f t h i s i s g e n e r a l l y t r u e , most of 

the moulin n o i s e comes from near the s u r f a c e . However, i f 

the s h a f t s u n i t e a t depth i n t o a few l a r g e w a t e r f a l l s , these 

may produce l a r g e l o c a l n o i s e s o u r c e s deep w i t h i n the g l a c i e r . 

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

b o d i e s of water, i n p a r t i c u l a r the oceans near the c o n t i n ­

e n t a l margins, r e s u l t s i n the g e n e r a t i o n of p r o l o n g e d t r a i n s 

of s u r f a c e waves, o f t e n of R a y l e i g h t y p e , and g e n e r a l l y i n 



F i g u r e 11. S e c t i o n of a m o u l i n . The s e c t i o n l i e s p a r a l l e l 
to the p l a n e s of. the nearby c r e v a s s e s . The " c e n t r a l m o u l i n " 
u/as a l a r g e one r e c e i v i n g r u n o f f from s e v e r a l square k i l o ­
meters of g l a c i e r s u r f a c e . 
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the lorn-frequency range from our p o i n t of view, i . e . , 0.1¬

1 Hz. These u/aves can t r a v e l hundreds of k i l o m e t e r s under 

f a v o r a b l e c i r c u m s t a n c e s . S u r f - p r o d u c e d n o i s e , which has a 

h i g h e r f r e q u e n c y spectrum i s d i s s i p a t e d w i t h i n a few k i l o ­

meters of s h o r e . Kaskawulsh Camp i s 80 km. from the head 

and 145 km. from the mouth of Y a k u t a t Bay. The c o l d f r o n t s 

which move eastward a c r o s s the G u l f of A l a s k a as p a r t of 

the normal weather c i r c u l a t i o n a t t h i s l a t i t u d e u n doubtedly 

produce m i c r o s e i s m s t h a t t r a v e l i n l a n d from the c o a s t . 

However, the a b s o r p t i o n r a t e of m i c r o s e i s m s t r a v e l i n g a c r o s s 

mountains i s h i g h f o r p e r i o d s of l e s s than 5 seconds ( C a r d e r , 

1 9 5 6 ) . 

The same e f f e c t o c c u r s w i t h s m a l l e r b o d i e s of w a t e r . 

In t h i s case s h o r t e r p e r i o d waves are p r o d u c e d . Kluane Lake 

may be a s o u r c e of m i c r o s e i s m i c n o i s e , e s p e c i a l l y d u r i n g 

stormy p e r i o d s . S e i c h e s i n Kluane Lake would have c o n s i d e r ­

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

of the l a k e i s 56 km., mean w i d t h about 5.6 km., depth 

perhaps 100 m. ( t h e l a t t e r f i g u r e i s merely a guess based 

upon c o n t o u r s i n the Shakwak v a l l e y ) . U s i n g the f o r m u l a 

T = 2 % / / gh, where T = p e r i o d , % s l e n g t h o f b a s i n , h * 

depth of b a s i n , g = a c c e l e r a t i o n of g r a v i t y (Lamb, 1945), 

the p e r i o d of o s c i l l a t i o n of the l o n g i t u d i n a l u n i n o d a l 

s t a n d i n g wave i s found t o be about 6 m i n u t e s . A t r a n s v e r s e 

u n i n o d a l wave would have a p e r i o d of about 36 s e c o n d s . S m a l l 

" s e l f - d r a i n i n g " l a k e s t h a t form a l o n g the margins of the 

g l a c i e r d u r i n g the m e l t season c o u l d a c t s i m i l a r l y . A l a k e 



56 

of t h i s n a t u r e r e g u l a r l y a p pears on the North Arm j u s t 

e a s t of the i n v e s t i g a t e d a r e a . T h i s l a k e i s a l s o a n o i s e -

maker by o t h e r p r o c e s s e s ! r u n n i n g - w a t e r n o i s e w h i l e i t i s 

d r a i n i n g and n o i s e accompanying the c a l v i n g of i c e b e r g s , 

which a r e p r o m i n e n t on i t s s u r f a c e . 

D u r i n g the d i a g e n e s i s of snow i n t o i c e i n the accumu­

l a t i o n zone of the g l a c i e r some of the a i r i n the snow becomes 

i n c o r p o r a t e d i n the i c e because the f i r n becomes impermeable 

b e f o r e the u l t i m a t e d e n s i t y of s o l i d i c e i s a c h i e v e d . A i r 

p r e s s u r e i n the i c e i n c r e a s e s d u r i n g the f i n a l s t a g e s of 

d i a g e n e s i s and d u r i n g metamorphism, when the b u b b l e s c o n t r a c t 

because o f c r e e p of the i c e a t d e p t h . Bubble p r e s s u r e s as 

h i g h as 28 kg./cm. have been measured by Langway (1958) i n 

i c e from the G r e e n l a n d I c e Cap. However, Bader (1950) and 

o t h e r i n v e s t i g a t o r s ( v i d e S h u m s k i i , 1964) have found much 

lo w e r a i r b u b ble p r e s s u r e s ( e . g . , 2-3 kg./cmf) i n temperate 

g l a c i e r i c e . 

The a i r - l a d e n i c e emerges i n the a b l a t i o n zone as the 

g l a c i e r s u r f a c e m e l t s down. When o n l y a t h i n f i l m of i c e 

s e p a r a t e s the r e l a t i v e l y h i g h p r e s s u r e b u b ble from the atmos­

p h e r e , a p r o c e s s somewhat l i k e t h a t i l l u s t r a t e d i n F i g u r e 12 

p r o b a b l y t a k e s p l a c e . The s h e a r i n g s t r e s s on the f i l m i n ­

c r e a s e s r a p i d l y as the s u p p o r t i n g a r e a d e c r e a s e s u n t i l the 

b r e a k i n g s t r e n g t h of the i c e i n the f i l m i s r e a c h e d . Then 

the i c e r u p t u r e s and the a i r r u s h e s out o f the b u b b l e . Both 

of t h e s e e v e n t s may be accompanied by the r e l e a s e of a c o u s t i c 

energy, and may a c c o u n t f o r a s e e t h i n g sound t h a t was n o t i c e d 
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Fn 

Sn 
_SLL 

Ft 

Fn= Sn(Pb-Pa) 
Ft= St^t 
Fn= 2 F t 

ATMOSPHERE Pa 
•ICE SURFACE 

AIR BUBBLE Pb 

F i g u r e 12. Ice r u p t u r e between a i r b u b ble and atmosphere. 
As the i c e s u r f a c e m e l t s toward the bubble the i c e i n 
between a p p r o a c h e s d i s c - l i k e shape. The f o r c e Fn on the 
d i s c D, due to the p r e s s u r e d i f f e r e n c e Pb-Pa» i s b a l a n c e d 
by the t a n g e n t i a l f o r c e s F t on the s i d e of the d i s c . As 
the t h i c k n e s s d of the d i s c d e c r e a s e s , the a r e a of the 
s i d e d e c r e a s e s . The f o r c e s remain c o n s t a n t , so the s h e a r ­
i n g s t r e s s a t i n c r e a s e s u n t i l the s h e a r i n g s t r e n g t h of the 
i c e i s exceeded and r u p t u r e o c c u r s . 
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i n bubbly i c e on warm days. However, i t does not seem t o 

be an i m p o r t a n t s o u r c e of n o i s e . 

The i n t e n s i t y of t h i s type of n o i s e must be r e l a t e d t o 

the r a t e a t which b u b b l e s a r e exposed and hence t o the r a t e 

of l o w e r i n g of the i c e s u r f a c e . I t tends t o re a c h a maximum 

when the i c e i s r e c e i v i n g maximum heat i n p u t , whereas thermo-

e l a s t i c n o i s e tends t o reach i t s peak d u r i n g the p e r i o d of 

maximum heat l o s s . The r e l a t i o n between the v a r i o u s s o u r c e s 

of heat and the r a t e of a b l a t i o n a t the s u r f a c e o f a g l a c i e r 

has been the s u b j e c t of much i n v e s t i g a t i o n . No s i m p l e 

r e l a t i o n s h i p has been f o u n d . Hoinkes (1955) found a good 

c o r r e l a t i o n between d i u r n a l v a r i a t i o n s i n a b l a t i o n r a t e and 

heat f l u x from the a i r and from s o l a r r a d i a t i o n on A l p i n e 

g l a c i e r s . K e e l e r ( 1 9 6 4 ) , i n the Canadian A r c t i c , found t h a t 

g l a c i e r s u r f a c e l o w e r i n g d u r i n g the melt season was r e l a t e d 

t o c l o u d c o v e r , r a d i a t i o n f l u x , a i r temperature and wind 

speed. A i r temperature and wind speed were the most i m p o r t ­

ant f a c t o r s . Adams ( 1 9 6 6 ) , a l s o w o r k i n g i n the Canadian 

A r t i e , found v a r y i n g time l a g s between r a d i a t i o n maxima 

and r u n - o f f maxima. There may be a c o n n e c t i o n between the 

r e s u l t s of these i n v e s t i g a t o r s and the o b s e r v a t i o n t h a t the 

" s e e t h i n g " d e s c r i b e d above o c c u r r e d a t t i m e s when the 

a l t i t u d e of the sun and the temperature of the a i r were a t 

or near maximum v a l u e s , but these do not seem t o be grounds 

f o r any more d e f i n i t e c o n c l u s i o n s . 
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3*3 I m p u l s i v e N o i s e 

lYIeasuremen t 

I n d i v i d u a l p u l s e s were counted on seven days of r e l a ­

t i v e l y q u i e t c o n t i n u o u s n o i s e i n o r d e r t o a v o i d masking by 

the l a t t e r . The minimum a m p l i t u d e of a c o u n t a b l e i m p u l s e 

was 5 on the n o i s e a m p l i t u d e s c a l e d e s c r i b e d i n the l a s t 

s e c t i o n . T h i s a m p l i t u d e was enough f o r an i m p u l s e to be 

d i s t i n g u i s h e d from t h e background d u r i n g the n o i s i e s t p a r t s 

of the days o f o b s e r v a t i o n . 

By t h i s q u a l i f i e d d e f i n i t i o n o f a c o u n t a b l e " i m p u l s e , " 

a mean of 16.1 s h o c k s p e r hour was r e g i s t e r e d . The s c a t t e r 

was l a r g e , r a n g i n g from a minimum of 1 t o a maximum of 62 

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

a m p l i t u d e range i s shown i n F i g u r e 13. The f r e q u e n c y of 

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

c u r v e a p p r o x i m a t e s an i n v e r s e square r e l a t i o n s h i p . However, 

s i n c e the energy i s p r o p o r t i o n a l t o the square of the a m p l i ­

tude, the few h i g h energy s h o c k s c o n t r i b u t e a s h a r e o f the 

t o t a l r e c o r d e d energy comparable t o t h a t of the many low 

energy shocks ( F i g . 14 and F i g . 15). T h i s s u g g e s t s t h a t 

the s o u r c e s were not e v e n l y d i s t r i b u t e d and o f e q u a l energy, 

f o r i n t h a t c a se the l a r g e r s h o c k s would have a s m a l l e r 

p r o p o r t i o n of the t o t a l e n e r g y , i f low a t t e n u a t i o n i s 

assumed. 

The d u r a t i o n s of 100 s h o c k s r e c o r d e d s u c c e s s i v e l y on 

two days were measured. The d i s t r i b u t i o n of p u l s e l e n g t h s 

i s p l o t t e d i n F i g u r e 16. The mean l e n g t h i s 0.85 s e c o n d . 
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F i g u r e 13. A m p l i t u d e d i s t r i b u t i o n of i m p u l s i v e e v e n t s . 
The graph shows the p e r c e n t of t o t a l e v e n t s w i t h a m p l i ­
tudes between v a l u e s a t i n t e r v a l s of f i v e a r b i t r a r y u n i t s . 
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F i g u r e 14. The p r o p o r t i o n of t o t a l i m p u l s i v e energy as 
a f u n c t i o n of a m p l i t u d e l e v e l . T h i s graph i s based on 
the data of F i g u r e 13. 
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F i g u r e 15. Power law r e l a t i o n s h i p between number and 
a m p l i t u d e of i m p u l s i v e e v e n t s . The exponent -2.3 g i v e s 
the b e s t f i t . 
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a c c o r d i n g to p u l s e l e n g t h a t i n t e r v a l s of 0.2 second. 



64 

I f t h i s v a l u e i s r e p r e s e n t a t i v e of the whole p e r i o d of seven 

days, then an average of only 13.7 seconds per hour was 

o c c u p i e d by i m p u l s i v e shocks* 

In F i g u r e 10 the r a t e of i m p u l s e o c c u r r e n c e i s p l o t t e d 

a g a i n s t time on a 24-hour b a s i s . The v a l u e s are 3-day 

averages o f the mean number of i m p u l s e s per hour f o r 3-hour 

p e r i o d s c e n t e r e d about the t i m e s of m e t e o r o l o g i c a l o b s e r v a ­

t i o n s . The t h r e e days chosen were good r e c o r d days f o r 

which complete m e t e o r o l o g i c a l o b s e r v a t i o n s were a v a i l a b l e . 

F i g u r e 17 shows the 3 - h o u r l y t e m p e r a t u r e s averaged f o r the 

same t h r e e days. Data a r e g i v e n f o r the t h r e e weather 

s h e l t e r s i n the c o n f l u e n c e a r e a : Kaskawulsh Camp, about 

100 m. from the seismograph s t a t i o n , and " I c e " and " K n o l l " 

s t a t i o n s ( F i g . 3 ) . From the d a t a f o r Kaskawulsh Camp, the 

mean r a t e s of change of temperature d u r i n g the p e r i o d s 

between o b s e r v a t i o n s were c a l c u l a t e d and p l o t t e d i n F i g u r e 

10. 

The maximum i m p u l s e r a t e o c c u r r e d i n the e a r l y e v e n i n g 

and l a g g e d s i x h o u r s b e h i n d the temperature and wind v e l o c i t y 

p e a k s . The maximum o c c u r r e d c l o s e t o the time of g r e a t e s t 

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

t o thermal c o n t r a c t i o n , as mentioned i n the p r e c e d i n g s e c t i o n . 

However, the i m p u l s e r a t e was m o d e r a t e l y h i g h when the temper­

a t u r e was b a r e l y c h a n g i n g , so o t h e r f a c t o r s were o b v i o u s l y 

i n v o l v e d . The minimum i m p u l s e r a t e o c c u r r e d near the time 

o f temperature minimum. 
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These data a l s o show t h a t the i m p u l s i v e n o i s e reached 

i t s maximum s e v e r a l h o u r s a f t e r the c o n t i n u o u s n o i s e s t a r t e d 

to recede f r o m i t s maximum. In f a c t , t h i s was one of the 

bes t times f o r s e i s m i c e x p l o r a t i o n i n mid-summers the wind 

had abated and l i g h t was s t i l l a dequate. 

O e l s n e r (1965) measured a c o u s t i c i m p u l s e s which he termed 

" e i g e n i m p u l s e s " on the Lovenbreen G l a c i e r i n West S p i t z b e r g e n 

d u r i n g August, 1964. They were r e c o r d e d a t t h r e e l o c a t i o n s 

on the t e r m i n u s and the c e n t r a l p a r t of the g l a c i e r by a 

g e o p h o n e - a m p l i f i e r system tuned t o the 0-500 H z . f r e q u e n c y 

range. The i m p u l s e l e n g t h s were 0.3 t o 0.5 seconds and the 

dominant f r e q u e n c y was around 60 Hz. The t i m e s of maxima 

v a r i e d w i t h l o c a t i o n s t h o s e on the t e r m i n u s peaked around 

midday w h i l e t h o s e f a r t h e r up the g l a c i e r peaked near mid­

n i g h t . The d i u r n a l t e m p e r a t u r e v a r i a t i o n s were much l e s s 

r e g u l a r than on the Kaskawulsh G l a c i e r but a 3-hour phase 

s h i f t was found between t e m p e r a t u r e and e i g e n i m p u l s e r a t e 

maxima. A t m o s p h e r i c p r e s s u r e v a r i a t i o n s on the Kaskawulsh 

G l a c i e r had such l o n g p e r i o d s t h a t comparison w i t h the 

r e l a t i v e l y s h o r t time segments of the n o i s e r e c o r d s a r e 

not m e a n i n g f u l . However, t h e Lovenbreen r e c o r d s c o v e r e d 

s e v e r a l c y c l e s of p r e s s u r e f l u c t u a t i o n s . O e l s n e r a t t r i b u t e d 

82 p e r c e n t of the e i g e n i m p u l s e power t o temperature and 

p r e s s u r e f l u c t u a t i o n s and the r e s t t o " j e r k y " movements 

of the g l a c i B r , w i t h a p e r i o d i c i t y of 20 t o 115 m i n u t e s . 

These were c o r r e l a t e d w i t h r u n o f f v a l u e s and the d i s c o n t i n u ­

ous motion was a t t r i b u t e d t o the i n f l u e n c e o f a l u b r i c a t i n g 
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water l a y e r i n a c c o r d a n c e w i t h the i d e a s of UJeertman (1957, 

1964). 

O e l a n e r ' s e i g e n i r n p u l s e s u n d o u b t e d l y r e p r e s e n t the 

h i g h f r e q u e n c y components of the same type of d i s t u r b a n c e 

aa those o b s e r v e d on the Kaskawulsh G l a c i e r . No stream 

f l o w measurements were made on the Kaskawulsh G l a c i e r , but 

a q u a l i t a t i v e e s t i m a t e would p l a c e t h e i r maximum l a t e i n 

the a f t e r n o o n . T h i s i s somewhat b e h i n d t he te m p e r a t u r e 

peak and on the upswing of the i m p u l s e r a t e c u r v e ( F i g . 10). 

Thermodynamic r e l a t i o n s 

The f r a g m e n t a t i o n of an a g g r e g a t e of i c e g r a i n s i s 

i n t e n s i f i e d by the t h e r m o e l a s t i c a n i s o t r o p y of the i c e 

c r y s t a l , which changes i n shape as w e l l as s i z e i n re s p o n s e 

to t e m p e r a t u r e change ( F i g . 18). The r e l a t i o n s h i p between 

the t e m p e r a t u r e c o e f f i c i e n t s of e x p a n s i o n f o l l o w s from the 

f i r s t and second l a w s of thermodynamics, i n terms o f the 

s t r a i n energy f u n c t i o n s . I t w i l l be developed a t some 

l e n g t h here i n o r d e r t o e s t a b l i s h some of the p r i n c i p l e s 

used i n the d i s c u s s i o n of e l a s t i c c o n s t a n t s t h a t f o l l o w s . 

The f i r s t law of thermodynamics s t a t e s t h a t the change 

i n the t o t a l i n t e r n a l energy o f a body i s equa l t o the change 

i n the p o t e n t i a l energy p l u s the added heat energy I 

d U = dU7 + dQ . . . ( 2 2 ) 

where U i s the i n t e r n a l energy, w* i s p o t e n t i a l energy, and 

Q i s h e a t energy. 



68 

(a) 

(b) 

T 
I 
I 

- i 

11. 

i f 

IT" 

F i g u r e 18. T h e r m o - e l a s t i c s t r a i n s between two c r y s t a l s 
i n c o n t a c t . P a r a l l e l l i n e s i n d i c a t e d i r e c t i o n of g r e a t e r 
thermal e x p a n s i o n c o e f f i c i e n t . Dashed l i n e s i n d i c a t e 
c r y s t a l o u t l i n e s a f t e r e x p a n s i o n . In ( a ) t h e r e a r e no 
s h e a r i n g s t r a i n s between the c r y s t a l s . In ( b ) s h e a r i n g 
s t r a i n s o c cur a l o n g the boundary because of the d i f f e r e n t 
r a t e s of e x p a n s i o n . 
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The second law d e f i n e s the e n t r o p y r e l a t i o n s h i p between 

the temperature and the change i n heat energy, and can be 

w r i t t e n i n the f o r m i 

l s . . . (23) 

where 5 i s the e n t r o p y (2.08 j o u l e s / g . °K. a t 273° K.), and 

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

From (22 ) and (23 ) i 

d U = dUf + TdS . • • (2A) 

The p o t e n t i a l energy can be w r i t t e n i n terms of e l a s t i c 

s t r a i n e n e r gyt 
6 

dlB = Y a.d E 4 . . . ( 2 5 ) 
i = l 1 1 

s o t 
d U = (c^dEj^ + o2 d E 2 • a 3 d E 3 • a

4 d E 4 • a 5 d E 5 + a 6 d E 6 ^ * T d S 

• • • ( 2 6 ) 

To e x p r e s s the s t r a i n and e n t r o p y i n terms o f the s t r e s s e s 

and t e m p e r a t u r e s , the Gibbs f u n c t i o n , G, i s i n t r o d u c e d ! 

G = U - o ^ E j - TS dg = - E 1 d a i - SdT . . . (27, 28) 

t h e n : 
E s <£S— t s _ | £ . . . ( 2 9 , 30) 

i i 3T 

From the d e f i n i t i o n of t o t a l d i f f e r e n t i a l , the d i f f e r ­

e n t i a l s t r a i n s can be w r i t t e n i n terms o f the d i f f e r e n t i a l s 

of the s t r e s s e s and t e m p e r a t u r e s ! 

( a ) dE x = 1L1
 d o-x + • • • + l£i d o 6 + 2 y ± dT 

I 9 a i . . . 9°6 9 

( f ) dE 6 = ^ ! d o 1 + •* + 1L6
 d a 6 + |-ŜS cfT . . . (31) 3 9a 6 

( g ) dS = 1 L da, + . . . + 1S_ da, • 4$ dT 
3o x 3a 6

 d T 
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The p a r t i a l d e r i v a t i v e s of the s t r a i n s w i t h r e s p e c t 

t o the s t r e s s e s , a t c o n s t a n t t e m p e r a t u r e , a re the i s o t h e r m a l 

e l a s t i c c o m p l i a n c e s ) 

S i . a ! i . . . (32) 
i j 9aj j 

The s i x p a r t i a l d e r i v a t i v e s of the s t r a i n s w i t h r e s p e c t 

t o the te m p e r a t u r e i n the l a s t terms on the r i g h t - h a n d s i d e 

o f e q u a t i o n s (31a) through ( 3 1 f ) are the te m p e r a t u r e c o e f ­

f i c i e n t s of ex p a n s i o n s 

a - «_JL . . . a - — J L . . . ( 3 3 ; 
1 3 T ' ' 6 3T 

Each c o e f f i c i e n t c o r r e s p o n d s t o one o f the components of 

the s t r a i n t e n s o r . F o r the p u r p o s e s of l i n e a r measurement 

the c o e f f i c i e n t s a r e d e f i n e d ass 

_L r£l^ „ 1 2- 1 
a = f 5 o * , l,2" j 1 i • • • (34) 

where l o = l e n g t h of specimen a t 0° C. 

U s i n g e q u a t i o n s (29,30) the temperature c o e f f i c i e n t s can 

a l s o be d e r i v e d i n terms of the e n t r o p y and s t r e s s s 

a = !£i = - 9 ( 5 J L ) . • • (35) 
i 3T T f ^ d o L

 J 

9G i s an e x a c t d i f f e r e n t i a l , sos 

. 9 (LI) = i L S L = - i - f i t ] = i S - . . . (36) 

9T ± d o g T 9a^ ̂  3T ; 9 a A 

The s i x t e m p e r a t u r e c o e f f i c i e n t s can be e x p r e s s e d 

as the components o f a 3x3 symmetric m a t r i x 

A l l s i x a r e non-zero f o r an asymmetric, i . e . , t r i c l i n i c 

c r y s t a l l i n e s u b s t a n c e . The symmetry r e l a t i o n s of h e x a g o n a l , 

t r i g o n a l and t e t r a g o n a l c r y s t a l s and f o r t r a n s v e r s e i s o t r o p y 

e x c l u d e the shear components and r e q u i r e t h a t a l l d e f o r m a t i o n s 



71 

perpendicular to the axis of symmetry be equal. Hence, the 

matrix for ice i s diagonal and has only two independent 

componentsi 

ct^ 0 0 

(o^ ) = 0 a j > 0 . . . (37) 
0 0 a 3 

Thus the i c e c r y s t a l expands upon heating at a d i f f e r e n t 

rate along the C-axis ( c o e f f i c i e n t a 3 ) than i n any d i r e c ­

tion perpendicular to the C-axis ( c o e f f i c i e n t a ^ ) . Experi­

mental determinations of the l i n e a r c o e f f i c i e n t s of thermal 

expansion of ice are not very s a t i s f a c t o r y . Dorsey (1940) 

c i t e d data which indicated l i t t l e difference between the 

c o e f f i c i e n t s perpendicular to the C-axis ( a ^ ) and p a r a l l e l 

to the C-axis ( c * 3 ) # However, La Placa and Post (1960) 

found that the c o e f f i c i e n t s were approximately proportional 

to the dimensions of the unit c e l l of the ice c r y s t a l i 

a » 4.6 x I O " 5 per °C. 
e between -10 C. and -20°C. 

a 3 = 6.3 x 10 per C. 

If t h i s large difference between and a

3 i s assumed, then 

an aggregate of randomly oriented ice c r y s t a l s undergoing 

cooling w i l l be subjected not only to t e n s i l e stresses but 

also to shearing stresses. According to Butkovich (1959) 

the shearing strength of ice i s similar i n magnitude to i t s 

t e n s i l e strength. It i s possible, then, that fracture 

through shear and consequent shear-wave production, can 

occur in si t u a t i o n s of rapid cooling. 
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E l a s t i c c o n s t a n t s . 

The e l a s t i c c o n s t a n t s i n e q u a t i o n (32) a r e d e t e r m i n e d 

under i s o t h e r m a l c o n d i t i o n s . In g e n e r a l , the a d i a b a t i c 

e l a s t i c c o n s t a n t s d i f f e r from t h e s e , and i t i s w i t h the 

a d i a b a t i c c o n s t a n t s t h a t one i s c h i e f l y concerned i n s e i s m i c 

work. With a r a p i d l y v i b r a t i n g body l i t t l e heat i s added 

or s u b t r a c t e d from any e l e m e n t a l volume, and the e l a s t i c 

c o n s t a n t s a r e de t e r m i n e d under a d i a b a t i c c o n d i t i o n s . 

C o n s i d e r a g a i n the e x p r e s s i o n s f o r the d i f f e r e n t i a l s 

of s t r a i n i n e q u a t i o n s ( 3 1 ) . S i n c e t h e r e a r e no r e s i d u a l 

s t r a i n s or s t r e s s e s , l e t dE^ -*"Ê  and dcr^ + o^. Then by 

m u l t i p l y i n g e q u a t i o n (31g) by T and u s i n g the r e l a t i o n of 

e q u a t i o n ( 2 3 ) , the f o l l o w i n g e q u a t i o n s a r e o b t a i n e d i 

( a ) E l = S l l a l + * * * + S 1 6 a 6 + a l d T 

( f ) E f i « s \ s a i + • • • + S g g

 a

6 + a

6 dT . . . ( 3 8 ) 
3 c 

( g ) TdS = dQ * T ( o ^ + . . . + a a g ) + T ^ydT 

The t o t a l h eat c a p a c i t y of a u n i t volume of a body a t 

c o n s t a n t s t r e s s i s : 

or - T - i a • • • ( 3 9 ) 
P L P " ' 3T " 3T 

where P i s the d e n s i t y and C p i s the heat c a p a c i t y a t c o n ­

s t a n t s t r e s s p e r gram of the m a t e r i a l . The l a s t term on 

the r i g h t - h a n d s i d e o f e q u a t i o n (3Bg) i s then pC pdT. 

The a d i a b a t i c c o m p l i a n c e s , S ? j , c o r r e s p o n d t o the 

i s e n t r o p i c c o n d i t i o n : no heat l o s s from the volume element: 

dQ = 0 . . . ( 4 0 ) 
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Then (38Q,) becomes! 

T ( a

1

a

1 + • • • + a

6

a

6 ) + p c

p

d T * 0 . . . (41) 

E l i m i n a t i n g dT from the s e t o f seven e q u a t i o n s ( 3 8 a . , , f , 4 1 ) , 

uie o b t a i n the s i x e q u a t i o n s ! 

T a i 2 T a i a c a i 

( a ) E * S T T - a + . • . + S i - j r — a + dQ 
v . i i i p C i 16 p C„ 6 p Cp 

a + . , • + S T • 
a i a 6 

• x 
a + 

i 16 0 e o 6 
„, 2 

Cfj + • • • + 366 
a6 T a i a R T a c a

c 

<r> E . • - - p V - a * s « - p 4 ^ °« d Q 

P . . . (42) 
The a d i a b a t i c c o m p l i a n c e s a r e then d e f i n e d as the new 

c o e f f i c i e n t s of the s t r e s s e s ! 

T 
s i J = s I j - • • • ( 4 3 ) 

A d i r e c t d e t e r m i n a t i o n of the a d i a b a t i c e l a s t i c com­

pliances S ? j of i c e was made by Baas, Rossberg and Z i e g l e r 

( 1 9 5 7 ) . They measured the n a t u r a l f r e q u e n c i e s of s i n g l e 

c r y s t a l r o d s ( f o r S ^ , S 3 3 , S 1 3 , and S ^ ) and p l a t e s ( f o r 

S 1 2 ) under v a r i o u s modes of v i b r a t i o n ! l o n g i t u d i n a l f o r 

S l l ' S 1 3 * a n d S 3 3 » t o r s i o n a l f o r S ^ ; r a d i a l and s u r f a c e 

f o r S^2« T n e f r e q u e n c y o f o s c i l l a t i o n was v a r i e d from 5 

to 50 kHz, and the te m p e r a t u r e from -2 to -30° C. ( a c c u r a t e 

t o 0.25° C ) . The t e s t specimens were machined from l a r g e 

s i n g l e i c e c r y s t a l s . The a n g u l a r measurements of C - a x i s 

i n c l i n a t i o n , measured under c r o s s e d p o l a r o i d s , were r e p o r t e d 

t o be a c c u r a t e to 0.1 degree; the a n g l e between r o d a x i s and 

p l a t e normal t o l e s s than 1 degree. The c o m p l i a n c e s were 

found t o be s t r o n g l y t e m p e r a t u r e dependent. The a u t h o r s 

g i v e the f o l l o w i n g v a l u e s a t -16° C . i 
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s

l l = 10.13 + 0.05 X I O ' 1 2 2 
cm. /dyne 

S 2 2 = -4.16 + 0.15 X i o -
1 2 

cm. /dyne 

S 1 3 = -1.93 + 0.21 X I O ' 1 2 cm. /dyne 

S 3 3 = 8.28 0.04 X I O " 1 2 cm, /dyne 

S 4 4 = 32.65 + 0.15 X i o -
1 2 

cm. /dyne 

Assuming the f o l l o w i n g v a l u e s f o r i c e f o r T = -16° C. 

(257.1° K.) ( D o r s e y , 1 9 4 0 ) : 

C = 1.973 x 1 0 7 erg/g. 
P 

P * 0.91 g./cm. 

a x = 2 = 51.1 x I O ' 6 p e r °K. 

a 3 » 51.8 x I O " 6 p e r °K. 

The v a l u e s of sT. • s f . + a j a . j T a r e : 
1J i j 

P 
S n * 10,17 x IO"" 1 2 cm?/dyne 
5 1 2 " ~ 4 » 1 2 x 1 0 " 1 2 cm?/dyne 

5 1 3 = -1.89 x I O " 1 2 cm.2/dyne 

S 3 3 = 8.32 x 1 0 " 1 2 cm.2/dyne 

S 4 4 = 32.65 x 10 cm./dyne ( i n t h i s case the v a l u e s 

a r e i d e n t i c a l because = 0 ( e q u a t i o n 37)). 

Comparison of the a d i a b a t i c w i t h the i s o t h e r m a l com­

p l i a n c e s i n d i c a t e s t h a t the d i f f e r e n c e s a r e s m a l l e r than 

the a c c u r a c y of the measurements of the c o n s t a n t s . S i n c e 

the d i f f e r e n c e i s so s m a l l no d i s t i n c t i o n w i l l be made here 

between the a d i a b a t i c and i s o t h e r m a l e l a s t i c c o n s t a n t s . I t 

i s assumed t h a t as f a r as thermal c o n s i d e r a t i o n s a r e con­

c e r n e d e l a s t i c c o n s t a n t s d etermined d y n a m i c a l l y ( e . g . , by 
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means of s e i s m i c waves) a r e e q u i v a l e n t t o th o s e determined 

from s t a t i c t e s t s . 

M e c h a n i c a l l y t h e r e i s a l s o a p o s s i b l e d i s c r e p a n c y 

between s t a t i c and dynamic c o n s t a n t s . Simmons and Brace 

(1965) found t h a t a t a t m o s p h e r i c p r e s s u r e the c o m p r e s s i b i l i t y 

o f f u s e d q u a r t z , s t e e l , aluminum and f i n e - g r a i n e d l i m e s t o n e 

c a l c u l a t e d from measured v e l o c i t i e s of u l t r a s o n i c c o n g r e s ­

s i o n a l and shear waves d i d not d i f f e r s i g n i f i c a n t l y from 

c o m p r e s s i b i l i t y measured d i r e c t l y by means of s t r a i n gages. 

However, f o r some g r a n i t e s the s t a t i c a l l y and d y n a m i c a l l y 

d e termined c o n s t a n t s d i f f e r e d by l a r g e amounts. At h i g h 

p r e s s u r e (2-3 k i l o b a r s ) good agreement was a l s o o b t a i n e d 

w i t h the g r a n i t e s . Simmons and Brace a t t r i b u t e d the d i s ­

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

the p r e s e n c e of minute c r a c k s which were c l o s e d and ceased 

t o have any e f f e c t a t h i g h p r e s s u r e . 

I t i s not known t o what e x t e n t these c o n s i d e r a t i o n s a r e 

v a l i d f o r g l a c i e r i c e . However, i n a l a t e r s e c t i o n the 

e f f e c t of s m a l l p o r e s on the e l a s t i c c o n s t a n t s of i c e w i l l 

be c o n s i d e r e d . 

M e c h a n i c a l s o u r c e s 

N o n - t h e r m a l l y g e n e r a t e d i m p u l s e s of the type O e l s n e r 

a s s o c i a t e d w i t h g l a c i e r f l o w have been obs e r v e d under 

l a b o r a t o r y c o n d i t i o n s . A c o u s t i c energy g e n e r a t e d by c r a c k ­

i n g a r i s i n g from the creep of i c e was r e c o r d e d by Gold (1960) 

i n h i s i n v e s t i g a t i o n of the i n f l u e n c e of a m a l l f r a c t u r e s i n 

the mechanism o f c r e e p . 
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Depending on the magnitude of the s t r e s s and on the 

time s c a l e of the d e f o r m a t i o n , t h r e e s t a g e s or t y p e s o f 

creep are observed i n g e n e r a l i n a specimen s u b j e c t e d t o 

u n i a x i a l s t r e s s ( F i g . 1 9 ) t 

( 1 ) T r a n s i e n t or p r i m a r y c r e e p . T h i s c o r r e s p o n d s t o 

G r i g g s ' (1939) " e l a s t i c f l o w . " I t r e p r e s e n t s the e a r l y 

s t a g e s of a l o n g - t e r m creep p r o c e s s or a lout s t r e s s s i t u a ­

t i o n i n s h o r t - t e r m c r e e p . F o r most s u b s t a n c e s the c r e e p 

r a t e has a pouier law r e l a t i o n w i t h t i m e i 

t = A t ' n . . . ( 4 4 ) 

where A and n a r e c o n s t a n t s which depend on the m a t e r i a l 

and the c o n d i t i o n s under which the p r o c e s s t a k e s p l a c e , 

n l i e s between 0 and 1 and f o r most s u b s t a n c e s n = 1 or 2/3. 

In the former c a s e , the p r o c e s s i s c a l l e d a l p h a c r e e p ; i n 

the l a t t e r , b e t a c r e e p . Ice has been found t o e x h i b i t b e t a 

creep i n t h i s s t a g e ( G l e n , 1955). S e t t i n g n = 2/3 and 

i n t e g r a t i n g (44) one o b t a i n s the "Andrade Law" e x p r e s s i n g 

the s t r a i n - t i m e r e l a t i o n s h i p f o r i c e and p o l y c r y s t a l l i n e 

m e t a l s t 

E = B t l / 3 . . . (45) 

(2) S t e a d y - s t a t e , or secondary c r e e p . T h i s c o r r e s p o n d s 

t o G r i g g s ' " p s e u d o v i s c o u s f l o w . " I t i s the second s t a g e i n 

a l o n g - t e r m p r o c e s s and o c c u r s a t i n t e r m e d i a t e s t r e s s e s 

i n s h o r t - t e r m c r e e p . I t c o r r e s p o n d s t o the minimum ob s e r v e d 

s t r a i n r a t e . The g e n e r a l e q u a t i o n i s t 
E = D exp V ~ r - V . . . ( 4 6 ) 

Kb 
where w i s the a c t i v a t i o n energy f o r creep t o o c c u r , T i s 
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<T= CONSTANT 

F i g u r e 19. S t r a i n - t i m e c u r v e s f o r : ( a ) l o n g - t e r m c r e e p ; 
( b ) s h o r t - t e r m c r e e p . In ( a ) the s t r e s s cr i s h e l d c o n ­
s t a n t f o r a l o n g p e r i o d of t i m e . In ( b ) the time s c a l e 
i s much s h o r t e r and cr, < a ~ < c^. In each d i a g r a m : 
1 = t r a n s i e n t ( p r i m a r y ) c r e e p ; 2 = s t e a d y - s t a t e ( s e c o n d ­
a r y ) c r e e p ; 3 = a c c e l e r a t i n g ( t e r t i a r y ) c r e e p . 
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a b s o l u t e t e m p e r a t u r e , i s the Boltzmann c o n s t a n t , and D and 

g are parameters uihich depend on the m a t e r i a l * For i c e , 

Glen (1958) has found the r e l a t i o n ! 

E = c a B . . . (47) 

to be a p p l i c a b l e , c i s a c o n s t a n t and 3 i n c r e a s e s w i t h o 

w i t h i n the range 1.85 < 6 <4.16 f o r 1< a <15 kg./cm 2. 

(3 ) A c c e l e r a t i n g c r e ep ( T e r t i a r y c r e e p ) i s observed 

d u r i n g the l a s t s t a g e of l o n g - t e r m creep or under h i g h s t r e s s 

f o r s h o r t - t e r m c r e e p . I t i n v o l v e s r a p i d i n c r e a s e i n the 

s t r a i n r a t e and l e a d s t o f a i l u r e of the m a t e r i a l through 

r u p t u r e . 

Gold (1960) observed two su r g e s of m i c r o - s h o c k s a s s o c i ­

a t e d w i t h c r a c k i n g p r o d u c e d d u r i n g c r e e p . The t e s t s were 

performed under u n i a x i a l c o m p r e s s i v e s t r e s s a t a c o n s t a n t 

temperature of -10 C. between 9 and 16 kg./cm . The 

f i r s t surge o c c u r r e d d u r i n g the t r a n s i e n t s t a g e of creep 

(stage 1, a b o v e ) . The p l a n e of the s m a l l c r a c k s tended to be 

p a r a l l e l to the g r a i n b o u n d a r i e s and to the d i r e c t i o n of 

the s t r e s s , i . e . , they were t e n s i l e c r a c k s . The r a t e a t 

which these shocks o c c u r r e d d e c r e a s e d very markedly as the 

creep r a t e approached a c o n s t a n t v a l u e ( s t e g e 2 ) . D u r i n g 

s t a g e 3 c r e e p , the shocks i n c r e a s e d a g a i n . A l o g a r i t h m i c 

r e l a t i o n was found between t o t a l c r a c k i n g a c t i v i t y and s t r e s s 

d u r i n g the t r a n s i e n t s t a g e ! 

N = I O " 4 e 1 ' 0 3 0 . . . (48) 

where N i s the number o f e v e n t s and a i s i n kg./cm . 
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I t i s c l e a r then t h a t e i g e n i m p u l s e s a r e produced d u r i n g 

the creep p r o c e s s i n i c e and a r e to be e x p e c t e d from a mass 

of i c e under s t r e s s . F o l l o w i n g r u p t u r e the p r o p a g a t i o n of 

c r a c k s p r o d u c e s e l a s t i c waves i n the c o m p r e s s i o n a l and shear 

modes whose r a d i a t i o n p a t t e r n s a r e d e t e r m i n e d by the v e l o c i t y 

of c r a c k p r o p a g a t i o n ( K n o p o f f and G i l b e r t , 1960). 

There i s f i e l d e v i d e n c e ( A n d e r t o n , 1967) t h a t the 

Kaskawulsh G l a c i e r seismograph s t a t i o n was l o c a t e d i n a 

r e g i o n of t e n s i l e s t r e s s i n which c r a c k s were a c t i v e l y 

p r o p a g a t i n g . The s t a t i o n was s u r r o u n d e d by a zone of 

t r a n s v e r s e c r e v a s s e s o f s m a l l s i z e s l e s s than £ m. wide 

and s e v e r a l tens of meters l o n g . S e v e r a l of these c r e v a s s e s 

were o b s e r v e d t o e n l a r g e d u r i n g the summer of 1965. One 

s m a l l c r e v a s s e appeared under t h e moraine near the camp 

a f t e r s e v e r a l days o f l o u d c r a c k l i n g sounds. Presumably 

the sounds a r e r e l a t e d t o the d e f o r m a t i o n but i t i s not 

known whether or n o t t h e s e a u d i b l e s i g n a l s r e p r e s e n t the 

same type of d i s t u r b a n c e as the r e c o r d e d e i g e n i m p u l s e s . 

Nor i s i t known whether the i n i t i a l o pening of c r e v a s s e s 

and t h e i r w i d e n i n g and l e n g t h e n i n g t a k e p l a c e a t auch a r a t e 

as to produce e l a s t i c d i s t u r b a n c e s i n the same f r e q u e n c y 

range as those r e c o r d e d . I t was not p o s s i b l e t o t e s t 

whether r e g i o n s w i t h h i g h r a t e s of c r e v a s s e f o r m a t i o n had 

h i g h e r e i g e n i m p u l s e r a t e s than more s t a b l e r e g i o n s . However, 

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

to e i g e n i m p u l s e p r o d u c t i o n . 
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The d e f o r m a t i o n p r o c e s s l e a d i n g up to the f o r m a t i o n of 

c r e v a s s e s may a l s o p l a y a p a r t i n c a u s i n g e i g e n i m p u l s e s . 

The f o l l o w i n g f a c t o r s s u g g e s t t h a t they a r e r e l a t e d ) 

(1) C r e v a s s e s e x i s t and appear t o form i n the v i c i n i t y 

of the seismograph s t a t i o n . 

(2) C r e v a s s e s r e p r e s e n t r u p t u r e s t h a t have o c c u r r e d 

w i t h i n the i c e body. 

(3) P r i o r t o the r u p t u r e t h a t produced the c r e v a s s e 

the i c e i n the immediate v i c i n i t y of the f u t u r e c r e v a s s e 

must have e x p e r i e n c e d r a p i d l y a c c e l e r a t i n g s t r a i n , i . e . , 

i t must have gone through the p r o c e s s of t e r t i a r y c r e e p . 

(4) Gold (1960) found t h a t t e r t i a r y creep i n i c e i s 

accompanied by m i c r o f r a c t u r i n g and the p r o d u c t i o n of 

e i g e n i m p u l s e s . G o l d ' s e x p e r i m e n t s i n v o l v e d c o m p r e s s i v e 

s t r e s s , whereas the c r e v a s s e s i n q u e s t i o n a r e a p p a r e n t l y 

caused by t e n s i l e s t r e s s . However, Gold's m i c r o f r a c t u r e s 

were a l s o g e n e t i c a l l y t e n s i l e i they developed p e r p e n d i c u l a r 

to the d i r e c t i o n s of p r i n c i p a l t e n s i l e s t r e s s . 

S t u d i e s of " e i g e n i m p u l s e s " were o r i g i n a l l y made by 

Obert and D u v a l l (1945, 1957, 1961) i n minee t h r e a t e n e d by 

s l u m p i n g and r o c k b u r s t s . They found t h a t r e g i o n s of h i g h 

s t r e s s c o u l d be d e l i n e a t e d by measurements of the r a t e and 

a m p l i t u d e of s m a l l s h o c k s , which they c a l l e d " m i c r o s e i s m i m s . " 

The r a t e of shock o c c u r r e n c e was found to be p r o p o r t i o n a l 

to the r a t e of change of p r e s s u r e i n the r o c k . T h i s was 

t r u e whether the change was p o s i t i v e or n e g a t i v e , though the 

p r o p o r t i o n a l i t y f u n c t i o n was g r e a t e r f o r i n c r e a s e s i n 
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p r e s s u r e . A l t h o u g h the shocks were s t r o n g l y g e n e r a t e d both 

i m m e d i a t e l y b e f o r e and c o n c u r r e n t l y w i t h the o c c u r r e n c e of 

v i s i b l e c r a c k i n g , t h e magnitude of the ground movement d i d 

n o t have to r e s u l t i n v i s i b l e c r a c k i n g t o produce s h o c k s . 

The r a t e was found to v a r y w i d e l y w i t h t h e p h y s i c a l p r o p e r ­

t i e s of the r o c k , b e i n g h i g h e s t f o r c o a r s e - g r a i n e d rock 

and l o w e s t f o r f i n e - g r a i n e d metamorphic ro c k c o n t a i n i n g 

l u b r i c a t i n g c o n s t i t u e n t s , e.g., mica and t a l c . 

The c o u n t e r p a r t to deep mines may e x i s t i n g l a c i e r s . 

C r e v a s s e s a r e l i m i t e d t o the upper l a y e r s where t e n s i l e 

s t r e s s e s can e x i a t (Nye, 1951), but m o u l i n s go c o n s i d e r a b l y 

deeper. The g r e a t e s t depth measured on the Kaskawulsh 

G l a c i e r was 65 m. T h i s may have been o n l y the f i r s t p l u n g e 

s t e p . In h a r d r o c k mines where the r o c k s have u l t i m a t e 

c o m p r e s s i v e s t r e n g t h s of the o r d e r of 100 kg./cm. r o c k -

b u r s t s o c c u r a t depths where o n e - f i f t h or more of t h a t 

s t r e s s i s a t t a i n e d . R e l a t i v e l y pure i c e has an u n c o n f i n e d 

c o m p r e s s i v e s t r e n g t h o f 35-60 kg./cm. and the v a l u e f o r 

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

p r o b a b l y l o w e r . At 65 m. depth the h y d r o s t a t i c p r e s s u r e 

i s about 6 kg./cm • I t i s c o n c e i v a b l e t h a t s t r e s s concen­

t r a t i o n s i n the i c e t u n n e l s may exceed the b r e a k i n g s t r e n g t h s 

of the i c e l o c a l l y and produce " i c e b u r s t s . " 



82 

3.4 E a r t h q u a k e s 

E a r t h q u a k e s produce both i m p u l s i v e and c o n t i n u o u s n o i s e . 

The a r r i v a l of p r o m i n e n t phases i s i m p u l s i v e but most e a r t h ­

quake energy can be c o n s i d e r e d c o n t i n u o u s i n r e l a t i o n t o 

the s h o r t spans of time i n v o l v e d i n e x p l o r a t i o n s e i s m i c 

r e c o r d i n g . The p o s s i b i l i t y of h i g h s m a l l - e a r t h q u a k e 

s e i s m i c i t y i n the Kaskawulsh a r e a has been d i s c u s s e d above. 

I t s h o u l d be n oted t h a t the h i g h r e l i e f o f the t e r r a i n and 

the c o m p l e x i t y of the geology a f f o r d the p o s s i b i l i t y of a 

wide v a r i e t y of r e f l e c t i o n and r e f r a c t i o n e f f e c t s on waves 

a r r i v i n g from s h a l l o w l o c a l f o c i . 

S e v e r a l e a r t h q u a k e s were r e c o r d e d by the s t a t i o n . T h e i r 

p r o p o r t i o n of the t o t a l r e c o r d i n g time was v e r y s m a l l . The 

l a r g e s t was d e t e r m i n e d by the time l a p s e between P- and 

S-waves to have o c c u r r e d a t an e p i c e n t r a l d i s t a n c e of about 

350 km. The a zimuth was not d e t e r m i n e d but t h i s i s a p p r o x i ­

m ately the d i s t a n c e to P r i n c e W i l l i a m Sound and the e a r t h ­

quake may have been one of the l o n g t r a i n of a f t e r s h o c k s 

of the g r e a t e a r t h q u a k e o f march 28, 1964 (Hansen, et a l . , 

1966; Wood, 1 9 6 6 ) . 

The s m a l l e s t S-P time n o t i c e d was 2.4 s e conds. I f we 

assume v e l o c i t i e s i n r o c k of 5.57 km./sec. f o r c o m p r e s s i o n a l 

waves and 3.34 km./sec. f o r shear waves i n the upper l a y e r 

o f t h e e a r t h ' s c r u s t ( J e f f r e y s and B u l l e n , 1948), we o b t a i n 

a f o c a l d i s t a n c e of 5.3 km. f o r an a l l - r o c k p a t h . Assuming 

v a l u e s of V_ = 3,70 km./sec. and V 0 = 1.90 km./sec. f o r i c e , 
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the f o c a l d i s t a n c e i s o n l y 4.8 km. f o r an a l l - i c e p a t h . 

Such a shock c o u l d have o c c u r r e d i v i t h i n the p a r t of the 

g l a c i e r under i n v e s t i g a t i o n . 

3.5 A v a l a n c h e s 

As might be e x p e c t e d from the p h y s i o g r a p h i c d e s c r i p ­

t i o n , the steep g u l l e y s on the w a l l s of the Kaskawulsh 

G l a c i e r a r e the scene o f f r e q u e n t r o c k s l i d e s . The c o l l i ­

s i o n s between b o u l d e r s can be d e t e c t e d by ear from one a i d e 

of the g l a c i e r to the o t h e r . The hanging g l a c i e r s above 

them d i s l o d g e masses o f i c e and snow c o n t i n u a l l y . Some­

t i m e s c r e v a s s e b l o c k s as l a r g e as houses f a l l hundreds of 

m e t e r s . The times o f l a r g e o b s e r v e d a v a l a n c h e s were checked 

a g a i n s t the seismograph r e c o r d and found t o c o i n c i d e w i t h 

the type 4 "extended d i s t u r b a n c e s . " A v a l a n c h e n o i s e may 

b e g i n i m p u l s i v e l y but as s e c o n d a r y s l i d e s a r e s t a r t e d and 

the f r a g m e n t s g r a d u a l l y r o l l to a s t o p the v i b r a t i o n p a s s e s 

i n t o a p r o l o n g e d d u l l rumble o f i n c o h e r e n t n o i s e . An a v e r ­

age of two l a r g e d i s t u r b a n c e s of t h i s n a t u r e , w i t h d u r a t i o n 

of more than one minute, were r e c o r d e d p e r 12 hours of 

seismograph o p e r a t i o n . 

3.6 Summary 

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

d i f f e r i n g c h a r a c t e r i s t i c s was I d e n t i f i e d on the Kaskawulsh 

G l a c i e r . The moet i m p o r t a n t from the s t a n d p o i n t o f 
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d i s t u r b a n c e on the e x p l o r a t i o n s e i s m i c r e c o r d s was c o n t i n u ­

ous n o i s e * I t was found t h a t the time p e r i o d s d u r i n g which 

n o i s e on the e x p l o r a t i o n seismograph r e c o r d s ( f r e q u e n c y 

30-200 Hz.) was most troublesome c o i n c i d e d w i t h p e r i o d s when 

c o n t i n u o u s n o i s e r e c o r d e d by the s t a t i o n seismograph 

( f r e q u e n c y 0*5-2 Hz.) was a t maximum a m p l i t u d e . I t was 

con c l u d e d t h a t these r e l a t i v e l y h i g h and low f r e q u e n c y waves 

r e p r e s e n t e d p a r t s of the spectrum of the same g e n e r a l type 

of n o i s e . The major p a r t o f t h i s n o i s e appeared t o be 

caused by wind. Other s o u r c e s of c o n t i n u o u s n o i s e t h a t may 

have been s i g n i f i c a n t were r u n n i n g water and the e x p l o s i v e 

r e l e a s e of a i r p r e s s u r e from b u b b l e s i n the i c e . S e i c h e s 

and d i s t a n t m i c r o s e i s m i c a c t i v i t y were p r o b a b l y u n i m p o r t a n t . 

I m p u l s i v e n o i s e ( " e i g e n i m p u l s e " ) was l e s s of a d i s t u r ­

bance i n the e x p l o r a t i o n s e i s m o l o g i c a l work. I t appeared to 

be a e s o c i a t e d w i t h thermal c o n t r a c t i o n d u r i n g p e r i o d s of 

r a p i d c o o l i n g . Other s o u r c e s o f i m p u l s i v e n o i s e may be 

the c r e a t i o n and e x p a n s i o n of c r a c k s due t o s t r e s s c o n d i t i o n s 

w i t h i n the i c e or a t the i c e - r o c k i n t e r f a c e . Impulse n o i s e 

may be r e l a t e d t o c r e v a s s e and moulin f o r m a t i o n but no 

d i r e c t e v i d e n c e e x i s t s f o r t h i s . 

S e i s m i c energy from e a r t h q u a k e s and a v a l a n c h e s was 

r e c o r d e d , but i t s f r e q u e n c y of o c c u r r e n c e was i n s i g n i f i c a n t 

compared w i t h t h a t of e i g e n i m p u l s e s . A v a lanche s i g n a l s 

were l o n g e r i n d u r a t i o n than any of the o t h e r s and were 

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

tude, then g r a d u a l l y d i e away. 
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In g e n e r a l , i t may be s a i d t h a t s e i s m i c n o i s e on the 

g l a c i e r tuas p r e d o m i n a n t l y caused by c l i m a t i c f a c t o r s — 

mind and tem p e r a t u r e changes. N o i s e r e l a t e d t o movement 

of the g l a c i e r appeared t o be of secondary i m p o r t a n c e . The 

e x t e n t to which the g l a c i e r was a " n o i s y " p l a c e s e i s m i c a l l y 

was c h i e f l y the r e s u l t o f the c l i m a t i c n a t u r e of the r e g i o n . 

Running water was not an i m p o r t a n t s o u r c e of n o i s e but i n 

the c o u r s e of these i n v e s t i g a t i o n s i t was d i s c o v e r e d t h a t 

the d r a i n a g e of water from the s u r f a c e of the g l a c i e r i n v o l v e d 

an e x t e n s i v e system o f s h a f t s and t u n n e l s deep w i t h i n the 

g l a c i e r . 

P r a c t i c a l l y s p e a k i n g , the q u i e t e s t p a r t of the day f o r 

s e i s m i c i n v e s t i g a t i o n d u r i n g the summer was the p e r i o d from 

1500 t o 2400 h o u r s , l o c a l t i m e . 



CHAPTER IV 

WIDE-ANGLE REFLECTION SURVEY 

4.1 I n t r o d u c t i o n 

The d e t e r m i n a t i o n of t h e average v e l o c i t y of s e i s m i c 

waves through the body of the g l a c i e r i s e s s e n t i a l f o r the 

c a l c u l a t i o n of the depth and c o n f i g u r a t i o n of the average 

e l a s t i c p r o p e r t i e s of g l a c i e r i c e . 

S e r i o u s problems a r i s e because of the inhomogeneity 

of the i c e and the v a r i a b i l i t y of the s u b - g l a c i a l t e r r a i n . 

In the f i r s t p l a c e , t h e r e i s no guarantee t h a t the average 

v e l o c i t y of waves t r a v e l i n g between the top and bottom of 

the g l a c i e r i n a r e g i o n where such v e l o c i t y can be e a s i l y 

measured i s the same as i n o t h e r r e g i o n s where t h i s v e l o c i t y 

must be assumed i n o r d e r t o o b t a i n the i c e t h i c k n e s s and 

the o r i e n t a t i o n of the g l a c i e r bed. Secondly, the more 

v a l i d the v e l o c i t y v a l u e t o be o b t a i n e d , the g r e a t e r must 

be the a r e a l e x t e n t of s u b - g l a c i a l topography t h a t must 

s e r v e as a r e f l e c t i n g or r e f r a c t i n g i n t e r f a c e . 

With t h e s e c o n s i d e r a t i o n s i n view, the l o c a t i o n of a 

s i t e f o r the measurement of average v e l o c i t y was d e l a y e d 

u n t i l some i d e a of the s u b s u r f a c e had been o b t a i n e d from 

86 
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the r e f l e c t i o n s u r v e y * A t t h i s s t a g e an assumed v a l u e of 

average v e l o c i t y was used i n the l a t t e r * The s u r v e y i n ­

d i c a t e d t h a t the g l a c i e r bed was r e l a t i v e l y smooth and i t s 

s l o p e c o n s t a n t on the C e n t r a l Arm j u s t below the c o n f l u e n c e . 

T h i s i s a l s o a r e g i o n where the morphology i s of c o n s i d e r ­

a b l e i n t e r e s t . 

The w i d e - a n g l e r e f l e c t i o n p r o f i l e was l a i d o u t from 

s t a t i o n ID to IB ( F i g . 3 ) , a d i s t a n c e of 583.4 m., and 

beyond, i n a s t r a i g h t l i n e , f o r a t o t a l l e n g t h of 944.9 m. 

I t c r o s s e s the d i r e c t i o n of f l o w of the s u r f a c e i c e and 

the f o l i a t i o n bands a t v a r y i n g a n g l e s . The s l o p e from ID 

to IB i s about 2 % , Beyond IB the s u r f a c e i s n e a r l y h o r i ­

z o n t a l , so th e r e i s a s l i g h t c o n c a v i t y i n the p r o f i l e when 

viewed i n a v e r t i c a l p l a n e , and the d i r e c t waves a r e 

s l i g h t l y d i f f r a c t e d . 

T h is i s one of the few e x t e n s i v e r e g i o n s of the g l a c i e r 

i n which t h e r e a r e no c r e v a s s e s . The n e a r e s t ones a r e on 

the m e d i a l moraine, 50-100 m. away. Snow was e n t i r e l y gone 

from the s u r f a c e by the time work began on the p r o f i l e . A 

pond which c o l l e c t e d m e l t w a t e r from the s u r r o u n d i n g g l a c i e r 

s u r f a c e had c o v e r e d p a r t of the p r o f i l e d u r i n g the e a r l y 

summer. There i s a p p a r e n t l y an i n t r i c a t e s u b s u r f a c e d r a i n ­

age system i n t h i s p a r t of the g l a c i e r ( s e e S e c t i o n 3 . 2 ) . 

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

the p r o f i l e . Shot p o i n t s were e s t a b l i s h e d a t both ends o f 

the l i n e . The f o r w a r d p r o f i l e ( ID to the d o w n - g l a c i e r end) 
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was c o m p l e t e l y c o v e r e d * Most of the p r o f i l e was a l s o s h o t 

i n the r e v e r s e d i r e c t i o n . The r e v e r s e p r o f i l e was extended 

two geophone s e p a r a t i o n s (30*48 m.) beyond ID so t h a t the 

t o t a l r e v e r s e p r o f i l e l e n g t h was 975*4 m. Spreads 183 m. 

l o n g t r a n s v e r s e t o the p r o f i l e were s h o t a t ID, 18 and the 

end. 

The shot h o l e s were bored to 4.5 m. to c o n t a i n the ch a r g e s 

of up to 12^ pounds (5.7 kg.) t h a t were n e c e s s a r y f o r the 

most d i s t a n t s p r e a d s . The l a r g e r s h o t s (3.4-5.7 kg.) 

s h a t t e r e d the s i d e s of the h o l e s a f t e r t h r e e or f o u r s h o t s 

and a t each end of the p r o f i l e h o l e s had to be r e - d r i l l e d . 

most of the geophones were o r i e n t e d i n the v e r t i c a l 

d i r e c t i o n to r e g i s t e r the v e r t i c a l component of r e f l e c t e d 

c o m p r e s s i o n a l wave m o t i o n . A t l e a s t one i n each s p r e a d was 

o r i e n t e d i n the t r a n s v e r s e h o r i z o n t a l p o s i t i o n and one i n 

the l o n g i t u d i n a l h o r i z o n t a l p o s i t i o n , r e l a t i v e to the 

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

r e f l e c t e d shear waves. 

The t i m e - d i s t a n c e p l o t of the d e f i n i t e l y - o b s e r v e d 

phases f o r the f o r w a r d and r e v e r s e p r o f i l e s i s p r e s e n t e d 

i n F i g u r e 20. These phases a r e the d i r e c t c o m p r e s s i o n a l , 

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

p hases, which w i l l be d e s i g n a t e d P, S, L and PP, r e s p e c ­

t i v e l y . V e r t i c a l l y and h o r i z o n t a l l y , p o l a r i z e d shear waves 

w i l l be c a l l e d S v and S n , r e s p e c t i v e l y . 
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4.2 D i r e c t P Waves 

The P phase was r e c o r d e d s t r o n g l y on both the f o r w a r d 

and r e v e r s e p r o f i l e s out to about 800 m. Beyond t h a t range 

i t s a m p l i t u d e became s m a l l and the f i r s t b r e a k s became l e s s 

d i s t i n c t . The P phase c o n s i s t e d of a t r a i n of 3-4 c y c l e s , 

s t r o n g l y r e p r e s e n t e d a t low f r e q u e n c i e s (20-50 H z . ) . The 

t r a i n s pread o n l y s l i g h t l y w i t h i n c r e a s i n g d i s t a n c e from 

the s o u r c e . The f i r s t b r e a k s g e n e r a l l y showed up s t r o n g l y 

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

geophones. By r e c o r d i n g a t v a r i o u s f r e q u e n c y r a n g e s an 

a pproximate s p e c t r a l a n a l y s i s was o b t a i n e d which showed an 

a m p l i t u d e peak a t 30-35 Hz. Very d i s t i n c t , a l m o s t p e r ­

f e c t l y s i n u s o i d a l waves w i t h a m p l i t u d e equal to about h a l f 

of the v a l u e a t 30-35 Hz. o c c u r r e d w i t h f r e q u e n c i e s between 

70 and 100 Hz. 

The mean v e l o c i t y of the P wave a l o n g the p r o f i l e , 

computed as the l e a s t s q u a r e s s l o p e of the t i m e - d i s t a n c e 

p l o t of the f i r s t a r r i v a l s , i s i 

V„ = 3.586 - 0.040 km./sec. 
P 

The e r r o r i s the s t a n d a r d d e v i a t i o n due to s c a t t e r about 

the r e g r e s s i o n l i n e . The e r r o r due to time ( r e a d to 0.1 

msec.) and d i s t a n c e ( r e a d to 0.1 m.) measurement i s about 

0.002 km./sec. 

A s i d e from the s i t u a t i o n very near the s u r f a c e , which 

w i l l be d e s c r i b e d i n the n e x t c h a p t e r , the p l o t shows l i t t l e 

e v i d e n c e of i n c r e a s e i n v e l o c i t y w i t h d e p t h . I t was d i v i d e d 
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i n t o segments which showed the same g e n e r a l s l o p e and 

l e a s t - s q u a r e s v e l o c i t i e s a c r o s s these segments are shown 

i n Table 3, 

The s m a l l v a r i a t i o n s here may i n d i c a t e l a t e r a l inhomo-

g e n e i t y . Only i n the l a s t 120 m. of the p r o f i l e i s the 

v e l o c i t y s i g n i f i c a n t l y d i f f e r e n t ( a p p r o x i m a t e l y one s t a n d a r d 

d e v i a t i o n ) from the mean. I t may r e p r e s e n t r e f r a c t i o n from 

a deep l a y e r of h i g h e r v e l o c i t y . 

I f i t i s assumed t h a t the t e r m i n a l s l o p e of the t i m e -

d i s t a n c e p l o t r e p r e s e n t s a ray r e f r a c t e d a l o n g the top of 

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

may use the s i m p l e r e f r a c t i o n f o r m u l a to o b t a i n an e s t i m a t e 

of the depth of the l a y e r : 

V 
z = 1 T T . . . (49) 

2 ( 1 - V a

2 / V b

2 ) * 

where: z = depth to the lower l a y e r 

V_ = mean v e l o c i t y i n the upper l a y e r 

V b = mean v e l o c i t y i n the lower l a y e r 

TQ = i n t e r c e p t time of the segment of the 

t i m e - d i s t a n c e p l o t w i t h s l o p e l/V. . 



Table 3. Mean c r o s s - s p r e a d v e l o c i t i e s of d i r e c t 
c o m p r e s s i o n a l waves (Vp) i n g l a c i e r i c e . The 
p r o f i l e segments were d i s t r i b u t e d a l o n g a l i n e 
945 meters l o n g . Shots were f i r e d a t each end. 

D i s t a n c e from Shot p o i n t Mean U p 

( m e t e r s ) ( k i l o m e t e r s per second) 

15.2 - 182.9 3.60 - 0.02 
198.1 - 335.3 3.55 * 0,03 

350.5 - 533.4 3.58 ± 0.04 
548.6 - 670.6 3.56 * 0.03 
585.8 - 807.7 3.60 £ 0.04 
823.0 - 944.9 3.63 i 0.04 
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I f we take \l„ = 3.575 km./sec. = the mean of the f i r s t a 

f i v e segments of Table 3, and V b = 3.53 km./sec., the l a y e r 

u/i th v e l o c i t y 3.53 km./sec. b e g i n s a t depth of about 64 m. 

There c o u l d be deeper, h i g h e r v e l o c i t y l a y e r s whose r e ­

f r a c t e d r a y s do n o t show up w i t h i n the l i m i t s of the p r o ­

f i l e . For example, a g a i n u s i n g e q u a t i o n ( 49 ), one f i n d s 

t h a t i f i c e i n the upper l a y e r has v e l o c i t y 7 = 3.59 km./ 

s e c , there c o u l d e x i s t a l a y e r i n which the v e l o c i t y i s 

4.00 km./sec. a t depth of 128 m. or more which would remain 

u n d e t e c t e d because the r e f r a c t e d waves would emerge beyond 

the end of the p r o f i l e . 

The o n l y a c t u a l uphole v e l o c i t y f o r depths g r e a t e r 

than the 3-4 m. of the s h o t holes i s from a s h o t f i r e d i n 

a moulin about 500 m. s o u t h of the p r o f i l e . The s h o t was 

f i r e d a t 31.5 m. depth and the uphole v e l o c i t y was 

3.65 £ 0.05 km./sec. This i s s l i g h t l y h i g h e r than the 

v e l o c i t i e s found above f o r the upper l a y e r . I t may r e ­

f l e c t s p e c i a l c o n d i t i o n s i n the v i c i n i t y of the m o u l i n , 

such as r e - f r e e z i n g of m e l t w a t s r . 

4.3 D i r e c t S Waves 

D i r e c t shear waves a r e o f t e n d i f f i c u l t to d i s t i n g u i s h 

from s u r f a c e waves. I t i s sometimes n e c e s s a r y to examine 

the o r b i t a l motion a t d e t e c t o r s i t e s where a l l three compon­

e n t s of ground motion were r e c o r d e d . The v e r t i c a l l y p o l a r i z e d 

s h e ar waves, S^, a r e o f t e n p r o m i n e n t . They o f t e n c o n s i s t of 
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t h r e e or f o u r maves w i t h f r e q u e n c y 30-50 Hz. and a m p l i t u d e 

comparable to t h a t of the d i r e c t P waves. They are 

i n v a r i a b l y f o l l o w e d by motion a p p r o x i m a t i n g the e l l i p t i c a l 

r e t r o g r a d e motion of R a y l e i g h waves. The commencement of 

the l a t t e r i s u s u a l l y i n d i s t i n c t . S h was n o t d e f i n i t e l y 

i d e n t i f i e d . The S-wave a r r i v a l s a r e f i r s t s e p a r a b l e from 

the n o i s e f o l l o w i n g the f i r s t b r e a k s a t a d i s t a n c e of 

106.7 m. They can be f o l l o w e d f a i r l y c l e a r l y out to 

shot p o i n t - d e t e c t o r s e p a r a t i o n of 731.5 m. Over t h i s range 

the l e a s t - s q u a r e s mean v e l o c i t y 1st 

V = 1.722 - 0.019 km./sec. s 

4.4 S u r f a c e Waves 

Beyond 731.5 m. the second d i r e c t phase t h a t appears 

has v e l o c i t y of o n l y 1.63 km./sec. I t p r o b a b l y i s a 

R a y l e i g h wave, the shear wave b e i n g too weak to be d e t e c t e d 

a t these d i s t a n c e s . The v e l o c i t y of the few c o h e r e n t 

R a y l e i g h wave c r e s t s a t s h o r t e r d i s t a n c e s i s 1.625 - 0.025 

km./sec. On the r e v e r s e p r o f i l e weak a r r i v a l s w i t h c r o s s -

s p r e a d v e l o c i t y of about 1.74 km./sec. are r e g i s t e r e d 

between 807.7 m. and 944.9 m. 

The low f r e q u e n c y (20-30 Hz.) R a y l e i g h waves a r e o f t e n 

p r o t r a c t e d f o r 5-10 c y c l e s . The R a y l e i g h waves do n o t 

e x h i b i t any s i g n i f i c a n t d i s p e r s i o n . This c o r r o b o r a t e s the 

e v i d e n c e from the P wave s t u d i e s ( S e c t i o n 4.2) t h a t there 
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i s no s i g n i f i c a n t v e l o c i t y g r a d i e n t over depths comparable 

to the wave l e n g t h s of the R a y l e i g h waves, i . e . , 10-100 m. 

Knopoff (1952) has shown t h a t the r a t i o of R a y l e i g h 

wave v e l o c i t y , V , to shear wave v e l o c i t y , V , can be 

dete r m i n e d as a f u n c t i o n of P o i s s o n ' s r a t i o , ffl. Love's 

e q u a t i o n r e l a t i n g s h e a r , c o m p r e s s i o n a l and R a y l e i g h wave 

v e l o c i t i e s i s w r i t t e n i n the forms 

(W 
16 - 2 4 ( y v

s
)

2

 « a(v
r
/y* - (v

r
/v

3
)

6

 . . .
 ( 5 0 ) 

V 16 [ l - ( V r / U 3 ) 2 ] 

V a l u e s of (V /V ) a r e d e t e r m i n e d f o r v a l u e s of (V„/V ) , p s r s 
and the (V /V„) v a l u e s a r e used to determine v a l u e s of l¥l s p s 

m .
 (

y »
) 2

 -
 1

 . . . ( s i ) 
2 [<v

p
/v

8
)

2

-i] 

( V r / V s ) i s then p l o t t e d a g a i n s t Ifl. F o r the average, n e a r -

s u r f a c e c o m p r e s s i o n a l and shear wave v e l o c i t i e s c a l c u l a t e d 

above t h i s y i e l d s s 

V r Hfl = 0.350 ~ = 0.935 V„ = 1.610 km./sec. V g r 

I t must be emphasized t h a t t h i s s o l u t i o n i s f o r a 

homogeneous, i s o t r o p i c , p e r f e c t l y e l a s t i c medium and can 

o n l y be an a p p r o x i m a t a i o n to the v a l u e s f o r the case of 

g l a c i e r i c e . However, the R a y l e i g h wave v e l o c i t y c a l ­

c u l a t e d on t h i s b a s i s i s i n f a i r agreement w i t h the observed 

v a l u e s . 
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4.5 E l a s t i c C o n s t a n t s 

The i s o t r o p i c e l a s t i c c o n s t a n t s can be de t e r m i n e d from 

the observed v e l o c i t i e s by u s i n g the s t a n d a r d f o r m u l a e 

( N i c h o l l s , 1961): 

E = rj = 7.284 x 1 0 A U dyne/cm. 
A ) 2 . 1 . . . ( 5 2 ) 

p = p v ' = 2.698 x I D 1 0 dyne/cm.* . . . ( 5 3 ) 
9 

X = p V 2 [ ( V „ / V j 2 - 2 ] = 6.300 x 1 0 1 0 dyne/cm. 2 

3 D 8 . . . (54) 

K a p V 2 [ ( V / V ) 2 - V 3 ] = 8.099 x 1 0 1 0 dyne/cm. 2 

s p 8 . . . (55) 

inhere: p = d e n s i t y - 0.91 g./cm. 

E = Young's Modulus 

y = R i g i d i t y ( S h e a r Modulus) 
A s Lame's C o n s t a n t 

K = B u l k Modulus ( i n c o m p r e s s i b i l i t y ) 

P o i s s o n ' s r a t i o , M = 0.350 ( s e e S e c t i o n 4.4) i s some­

what lower than the v a l u e s o b t a i n e d by the e a r l y w o r k e r s i n 

the A l p s , but h i g h e r than those g i v e n by Berzon, Bokanenko, 

and Isaev (1959) f o r " s e i s m i c " f r e q u e n c i e s ( T a b l e l ) . The 

l a t t e r s u g g e s t t h a t the h i g h European v a l u e s might be due 

t o m i s t a k i n g the R a y l e i g h waves f o r shear waves. However, 

our data i n d i c a t e t h a t r a t h e r h i g h v a l u e s of M a r e p o s s i b l e 

on temperate g l a c i e r s . 
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The reason f o r the d i f f e r e n c e s i n IYI i s n o t known, 

but they may be r e l a t e d to v a r i a t i o n s i n e l a s t i c p r o p e r t i e s 

near the m e l t i n g p o i n t of i c e . Near the m e l t i n g p o i n t the 

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

mains l a r g e . From e q u a t i o n ( 5 3 ) and ( 5 5 ) i t can be seen 

t h a t V/s depends on the r i g i d i t y w h i l e v"p depends on both 

r i g i d i t y and i n c o m p r e s s i b i l i t y . I t f o l l o w s from e q u a t i o n 

( 5 1 ) t h a t near the m e l t i n g p o i n t , ffl w i l l i n c r e a a e , a p p r o a c h ­

i n g the v a l u e 0.5 as a l i m i t f o r y = 0. On the Kaskawulsh 

G l a c i e r t h e r e was a good d e a l of i n t e r s t i t i a l water p r e s e n t 

n e a r the s u r f a c e , so one would e x p e c t the r i g i d i t y to be 

l o w e r , and P o i s s o n ' s r a t i o h i g h e r than f o r the case of 

d r i e r , c o l d e r i c e . 

4.6 R e f l e c t e d Waves 

St r o n g r e f l e c t e d c o m p r e s s i o n a l waves (PP) were o b t a i n e d 

on both the d i r e c t and r e v e r s e d p r o f i l e s , but they d i d n o t 

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

240 m. from D l , or on the r e v e r s e d p r o f i l e a t a l l w i t h i n 

183 m. from the s h o t p o i n t . Second P-wave r e f l e c t i o n s or 

P-waves c o n v e r t e d to S-waves ( P S ) , or v i c e v e r s a , a t the 

i c e - r o c k i n t e r f a c e , were n o t d e f i n i t e l y r e c o r d e d . The PP 

r e f l e c t i o n s u s u a l l y had sharp f i r s t b r e a k s f o l l o w e d by 

s e v e r a l c o h e r e n t c y c l e s of ground m o t i o n . They were r e ­

c o r d e d b e s t i n the 90-215 Hz. band-pass f i l t e r r a n g e . The 

s t r o n g e s t r e f l e c t i o n s had a f r e q u e n c y of 130-170 Hz. and 
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t h e i r a m p l i t u d e mas o n l y s l i g h t l y s m a l l e r than t h a t of the 

d i r e c t P-waves. A sharp peak o c c u r r e d i n the a m p l i t u d e of 

PP a t d i s t a n c e s 700-750 m. from ID. This w i l l be d i s c u s s e d 

l a t e r i n c o n n e c t i o n w i t h r e f l e c t i o n c o e f f i c i e n t s a t the 

i c e - r o c k i n t e r f a c e . 

I t s h o u l d be n o t e d here t h a t most of the f o l l o w i n g 

d i s c u s s i o n i n v o l v e s the a p p a r e n t d i p of the g l a c i e r bed, 

i . e . , the component of d i p i n the p l a n e c o n t a i n i n g the l i n e 

of geophones and the s h o t p o i n t and the r a y s from p o i n t s 

on t h a t l i n e to the r e f l e c t i n g i n t e r f a c e . The t r u e d i p 

w i l l be d e s i g n a t e d by 6 and the a p p a r e n t d i p by 6 . 

The u s u a l method of o b t a i n i n g the average v e r t i c a l 

s e i s m i c v e l o c i t y from measurements a t the e a r t h ' s s u r f a c e 
2 2 2 2 2 i s to make p l o t s of X v s . t or X cos 9 v s . t . In 

these graphs the s l o p e of the c u r v e i s the r e c i p r o c a l of 

the square of the average v e l o c i t y . T h i s method p r o v e d 

i n a p p l i c a b l e on the w i d e - a n g l e p r o f i l e because of the steep 

d i p s t h a t were e n c o u n t e r e d . The f o l l o w i n g a l t e r n a t i v e 

methods were used* 

( 1 ) P f l u e g e r (1954) showed t h a t i f the z e r o - d i s t a n c e 

r e f l e c t i o n time i s known a t two l o c a t i o n s and the time f o r 

a wave from one of the l o c a t i o n s to be r e f l e c t e d to the 

o t h e r l o c a t i o n i s known, the average v e l o c i t y can be found 

from t h i s r e l a t i o n * 
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where: X = s e p a r a t i o n of the shot p o i n t s . 

t x = r e f l e c t i o n time between shot p o i n t s . 

t Q£ = z e r o - d i s t a n c e r e f l e c t i o n time a t shot p o i n t i 

(s e e F i g . 2 1 ) . 

The average a p p a r e n t d i p over the r e f l e c t i o n i n t e r v a l 

i s t h e n : 

8 . a I c a i n h j L h . . . . ( 5 7 ) 
a x 

where: s £ ^ p t

0 i * 

In the p r e s e n t s t u d y the v a l u e of t Q 2 had to be o b t a i n e d 

by the u n c e r t a i n means of p r o j e c t i n g from known r e f l e c t i o n 

t i m e s . The r e s u l t s a r e : 

V p * 3.78 km./sec. Q & - 32.2°. 

(2 ) F a v r e ( s e e D i x , 1955) d e v i s e d a f o r m u l a f o r the 

case i n which s h o t s a r e made a t the c e n t e r and a t one ( o r 

both) ends of a l i n e of geophones. I f r e f l e c t i o n t imes a r e 

known from the c e n t e r s h o t d i r e c t l y back to the c e n t e r of 

the l i n e ( t Q ) , from the c e n t e r to each end ( t ^ and t g ) , and 

from a s h o t a t end 1 to the geophone a t end 2 ( t x ) , the 

a p p a r e n t d i p i s g i v e n by: 

( t x

2 - t 2

2 ) 

e a = a r c t a n I 7*7 . . . (58) 
a 2 t ( t 2 - t 2 V 

O v X o ' 

( s e e F i g . 2 2 ) . 

The mean v e l o c i t y i s t h e n : 
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H = TRACE OF THE PLANE OF THE SPREAD 
H'= TRACE OF A PLANE PARALLEL TO H 
S = TRACE OF THE REFLECTING PLANE 
6 A = APPARENT DIP PLANE S 
T0|= ZERO-DISTANCE REFLECTION TIME FOR SHOT AT I 
T ^ ZERO-DISTANCE REFLECTION TIME FOR SHOT AT 2 
V REFLECTION TIME OF SHOT AT I, RECORDED AT 2 

F i g u r e 2 1 . Geometry of P f l u e g e r ' s method of o b t a i n i n g 
a p p a r e n t d i p of a r e f l e c t i n g i n t e r f a c e from r e f l e c t i o n 
t i m e s of s h o t s a t the ends of a s p r e a d . 
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THE SHOT POINTS ARE AT 0,1,2 
H IS THE TRACE OF THE PLANE OF THE SPREAD 
H' IS THE TRACE OF A PLANE PARALLEL TO H 
S IS THE TRACE OF THE REFLECTING SURFACE 
0 A IS THE APPARENT DIP OF PLANE S 
T 0= ZERO-DISTANCE REFLECTION TIME FOR SHOT AT POiNT 0 
T| = REFLECTION TIME OF SHOT AT 0 , RECORDED AT I 
T 2= REFLECTION TIME OF SHOT AT 0 , RECORDED AT 2 
T x = REFLECTION TIME OF SHOT AT I , RECORDED AT 2 

F i g u r e 22, Geometry of F a v r e ' s method of o b t a i n i n g a p o a r -
ent d i p of a r e f l e c t i n g i n t e r f a c e from r e f l e c t i o n times of 
s h o t s a t the c e n t e r and end of a s p r e a d . 
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inheret X = t o t a l d i s t a n c e from 1 t o 2* U s i n g the v e r t i c a l 

r e f l e c t i o n time a t IB to e a t i m a t e t . the r e s u l t s a r e . 
o 

\T = 3.63 km./sec. 9 « 29.9°. 
P 8 

Another method i s i l l u s t r a t e d i n F i g u r e 2 3 . C o n s i d e r a 

l i n e of geophones SDEF s i t u a t e d on a s u r f a c e over a r e f l e c t i n g 

i n t e r f a c e . I i s the image p o i n t of s h o t p o i n t S. The 

r a y p a t h r e p r e s e n t i n g minimum t r a v e l time f o r a ray from 

the s h o t point a t S t o the i n t e r f a c e and back to the s u r f a c e 

i s r e p r e s e n t e d by the p a t h S B C F o r t h i s p a t h . SE i s 

p e r p e n d i c u l a r to BE. 

F i s a n o t h e r p o i n t a t which the t r a v e l time i s known, 

w i t h ray p a t h SCF. The p o i n t s IEF form a r i g h t t r i a n g l e . 

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

I E , IF and EF a r e p r o p o r t i o n a l , r e s p e c t i v e l y , t o the 

minimum r e f l e c t e d t r a v e l time, the t r a v e l time f o r the p a t h 

SCF, and the t r a v e l time f o r the d i r e c t p a t h between E and F. 

The f i r s t two of these q u a n t i t i e s a r e known, so the t r a v e l 

time between E and F can be d e t e r m i n e d . The d i s t a n c e 

between E and F i s known, so the v e l o c i t y can be f o u n d . 

In p r a c t i c e the r e f l e c t i o n time changed so s l o w l y i n 

the v i c i n i t y of the minimum t h a t a l t h o u g h the time was known 

the p o s i t i o n c o r r e s p o n d i n g to E i n F i g u r e 23 c o u l d n o t be 

found p r e c i s e l y . However, by t a k i n g two p o i n t s on the t i m e -

d i s t a n c e c u r v e f a r enough from the minimum p o i n t so t h a t 

d e f i n i t e v a l u e s of r e f l e c t i o n time and c o r r e s p o n d i n g d i s ­

tance can be d e t e r m i n e d , and making use of the Pythagorean 
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F i g u r e 23. Minimum r e f l e c t i o n time when s h o o t i n g u p - d i p . 
Rays from s h o t p o i n t S a r e r e f l e c t e d a t A, B, C and r e ­
corded a t D, E, F, r e s p e c t i v e l y . U s i n g image p o i n t I , 
the p a t h l e n g t h s of the t h r e e r a y s a r e r e p r e s e n t e d by 
IAD, IBE," and ICF. As d i s t a n c e from the s h o t p o i n t i n ­
c r e a s e s between D and F, a minimum r e f l e c t i o n time o c c u r s 
a t E, c o r r e s p o n d i n g to ray IBE. 
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Theorem, the average v e l o c i t y can be found from the r e l a t i o n s 

7/ « h i . . . (60) 

( t 2 + t 2 ) * • ( t 2 - t 2 ) * K Z 1 * Snin ; + \ z 2 cmin ' 

inheres X^ 2

 s d i s t a n c e between d e t e c t o r l o c a t i o n s 1 and 2 

t ^ = r e f l e c t i o n time a t p o i n t i . 

T h i s method g i v e s the r e s u l t : \F = 3,70 km./sec. 
P 

U s i n g t h i s v a l u e of v e l o c i t y , the a p p a r e n t d i p has been 

c o n s t r u c t e d by the method of e l l i p s e s (Gassaway, 1 9 6 4 ) . I f 

the v e l o c i t y , r e f l e c t i o n time and shot p o i n t - t o - d e t e c t o r 

d i s t a n c e s a re known, the t r a c e of the r e f l e c t i n g i n t e r f a c e 

must be a t a n g e n t t o an e l l i p s e which i s the l o c u s of p o i n t s 

the sum of whose d i s t a n c e s from the f o c i i s e q u a l t o ( t h e 

r e f l e c t i o n time) X ( a v e r a g e v e l o c i t y ) . The f o c i a r e the 

s h o t p o i n t and the d e t e c t o r p o s i t i o n . I f e l l i p s e s a r e drawn 

i n t h i s manner f o r a number of d e t e c t o r s , the envelope of 

the e l l i p s e s w i l l a p p r o x i m a t e the i n t e r s e c t i o n of the p l a n e 

of the r a y s and the s u r f a c e of the i n t e r f a c e . The s l o p e of 

the e n v elope i s the a p p a r e n t d i p . 

By t h i s method Qa was fou n d to vary a l o n g the p r o f i l e 

between 28° and 30° f o r \T = 3.70 km./sec. Changing the 

v a l u e of "T to 3.63 and 3.78 km./sec. d i d n o t r e s u l t i n any 

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

i n d i c a t e d by the o v e r l a p p i n g of the e l l i p s e s i n t h i s c o n ­

s t r u c t i o n . By comparison, the v a l u e of a p p a r e n t d i p i n 

the d i r e c t i o n of the p r o f i l e a t p o i n t IB was c a l c u l a t e d from 

move-out times a l o n g a s t a n d a r d spread l e n g t h of 182.9 m. 
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( C h a p t e r V I ) . F o r \~ = 3.70 km./sec. the l a t t e r method gave 

9 = 31.1°. True d i p from move-out times i n two p e r p e n d i c -
a 

u l a r d i r e c t i o n s a t IB was 36.6°, S61° E. 

4.7 A m p l i t u d e of R e f l e c t e d Waves 

The f r a c t i o n s of i n c i d e n t e l a s t i c wave energy t h a t are 

r e f l e c t e d or r e f r a c t e d from an i n t e r f a c e between two d i f ­

f e r e n t m a t e r i a l s a r e c a l l e d , r e s p e c t i v e l y , the r e f l e c t i o n 

and r e f r a c t i o n c o e f f i c i e n t s of the waves a t the i n t e r f a c e . 

E x p r e s s i o n s f o r these c o e f f i c i e n t s a t the boundary between 

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

were developed by Nafe ( 1 9 5 7 ) . From Nafe's r e l a t i o n s 

R o t h l i s b e r g e r (1964) computed graphs of r e f l e c t i o n and r e ­

f r a c t i o n c o e f f i c i e n t s a t b o u n d a r i e s between i c e and 30 

d i f f e r e n t models of s o l i d s w i t h p h y s i c a l p r o p e r t i e s a p p r o x i ­

mating those of common v a r i e t i e s of r o c k s and f r o z e n ground. 

R o t h l i s b e r g e r c o n s i d e r e d shear and c o m p r e s s i o n a l p l a n e waves 

i n c i d e n t a t a n g l e s from 0° to 90° upon a p l a n e i n t e r f a c e . 

In s e i s m i c r e f l e c t i o n s t u d i e s the p o r t i o n of the r e a l , more 

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

u s u a l l y s m a l l enough so t h a t i t a p p r o x i m a t e s a p l a n e . A l l 

the m a t e r i a l s were d e f i n e d as i s o t r o p i c and homogeneous. Ice 

was assumed to have c o m p r e s s i o n a l wave v e l o c i t y 3.60 k m . / s e c , 

shear wave v e l o c i t y 1.80 k m . / s e c , P o i s s o n ' s r a t i o 0.333 and 

d e n s i t y 0.9 g./cm. . These v a l u e s a r e n o t very d i f f e r e n t 

from the v a l u e s o b t a i n e d from r e f r a c t i o n d a t a - i n t h i s c h a p t e r : 



106 

V = 3.63 k m . / s e c , V D « 1.72 k m . / s e c , ftfl = 0.35. A c t u ¬

a l l y , the mean v e r t i c a l c o m p r e s s i o n a l wave v e l o c i t y , 

VT = 3.70 k m . / s e c , would be more a p p l i c a b l e i n t h i s d i s -
P 

c u s s i o n . F o r Iti = 0.35, V would then be 1.78 km./sec. In 
8 

e i t h e r c a s e , the d i f f e r e n c e from R o t h l i s b e r g e r 1 s model i s 

s l i g h t . 

The p r o p e r t i e s of the r o c k u n d e r l y i n g the g l a c i e r i n 

the r e g i o n of the w i d e - a n g l e p r o f i l e were n o t known. However, 

samples were c o l l e c t e d f rom bedrock o u t c r o p s near the p o i n t 

of c o n f l u e n c e , 200-300 m. from the west end of the p r o f i l e . 

The d e n s i t i e s and c o m p r e s s i o n a l wave v e l o c i t i e s of these 

samples were de t e r m i n e d ( s e e S e c t i o n 6 . 4 ) . T y p i c a l of the 

samples was a gr e e n s t o n e w i t h V p = 5.77 km./sec and P = 

2.95 g./cm. . P o i s s o n ' s r a t i o i s u s u a l l y about 0.25 f o r 

ig n e o u s and metamorphic r o c k s ( J a k o s k y , 1 9 6 1 ) . These 

p r o p e r t i e s a r e c l o s e l y a p p r o x i m a t e d by R o t h l i s b e r g e r ' s r o c k 

model number 29« V * 6.00 k m . / s e c , P= 3.00 g./cm. , 

ffl * 0.25. The PP r e f l e c t i o n from t h i s model has a sharp 

peak i n wave a m p l i t u d e , r e a c h i n g 9 0 % of i n c i d e n t wave 

a m p l i t u d e , a t a n g l e s of i n c i d e n c e between 30° and 40°. 

A c c o r d i n g to the r e f l e c t i o n survey ( C h a p t e r V I ) , the 

r e f l e c t i n g s u r f a c e under the wi d e - a n g l e p r o f i l e has a down-

g l a c i e r d i p of a p p r o x i m a t e l y 36° and depth of 485 m. below 

the g l a c i e r s u r f a c e a t p o i n t IB. A ray from s h o t p o i n t ID 

w i t h a n g l e of i n c i d e n c e of 30°-40° on t h i s r e f l e c t i n g s u r ­

f a c e , c o r r e s p o n d i n g t o the t h e o r e t i c a l r e f l e c t i o n a m p l i t u d e 
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peak, m i l l have a PP r e f l e c t i o n t h a t emerges a t the g l a c i e r 

s u r f a c e between 700 and 750 m. from ID. T h i s i s i n a g r e e ­

ment w i t h the o b s e r v a t i o n g i v e n i n the p r e c e d i n g s e c t i o n . 

The w i d t h of the o b s e r v e d peak, about 100 m. on the g l a c i e r 

s u r f a c e , c o r r e s p o n d s to the a n g u l a r w i d t h of the t h e o r e t i c a l 

c u r v e , about 3°-5° i n a n g l e of i n c i d e n c e . F u r t h e r m o r e , 

comparison of the observed PP a m p l i t u d e w i t h the a m p l i t u d e 

of d i r e c t P-waves on the g l a c i e r s u r f a c e t h a t have t r a v e r s e d 

an e q u i v a l e n t l e n g t h of p a t h from an e q u i v a l e n t s i z e of 

e x p l o s i o n r e v e a l s t h a t the peak of PP a m p l i t u d e i s a p p r o x i ­

mately 80-90% of the u n r e f l e c t e d P-wave a m p l i t u d e . T h i s i s 

a l s o i n f a i r agreement w i t h R 8 t h l i s b e r g e r ' s t h e o r e t i c a l v a l u e . 

Hence, t h e r e i s a t l e a s t a rough check between the r e f l e c ­

t i o n survey r e s u l t s and s e i s m i c r e f l e c t i o n c o e f f i c i e n t 

t h e o r y . 

T h e o r e t i c a l l y , t h e r e s h o u l d a l s o be a peak i n the 

a m p l i t u d e of the PS r e f l e c t i o n a t a d i s t a n c e of about 800 m. 

from ID. T h i s would n o t be as s t r o n g or sharp as the PP 

peak. U n f o r t u n a t e l y , the t r a v e l time f o r the PS a r r i v a l 

a t t h i s d i s t a n c e , about 540 m i l l i s e c o n d s , i s such t h a t the 

PS phase f a l l s among h i g h a m p l i t u d e s u r f a c e waves. There 

does appear to be a r e f l e c t i o n on the r e c o r d a t t h i s time 

and d i s t a n c e , but i t cannot be c o n s i d e r e d d e f i n i t e . 

R o t h l i s b e r g e r ' s c u r v e s a l s o show t o t a l r e f l e c t i o n of 

i n c i d e n t S-waves f o r a n g l e s of i n c i d e n c e c o r r e s p o n d i n g to 

the d i s t a n t h a l f of the p r o f i l e from ID. SS r e f l e c t i o n s , 
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however, were n o t o b s e r v e d . T h i s may be a t t r i b u t e d to 

d e f i c i e n t p r o d u c t i o n of shear waves a t the shot p o i n t and 

to the much h i g h e r a t t e n u a t i o n t h a t i s commonly observed 

f o r shear waves, i n comparison w i t h c o m p r e s s i o n a l waves. 

The p o s i t i o n i n g of the s h o t i n a s h a l l o w b o r e h o l e i n a 

r e l a t i v e l y homogeneous medium l i k e i c e was n o t c o n d u c i v e 

to l a r g e shear wave p r o d u c t i o n (White and Sengbush, 1963). 

4.8 C o n c l u s i o n s 

Because the v a l u e 3.70 km./sec. i s o b t a i n e d e n t i r e l y 

from observed d a t a , i t appears to be the b e s t v a l u e f o r the 

average v e l o c i t y . The e r r o r i n d i s t a n c e measurement over 

the whole p r o f i l e was p r o b a b l y l e s s than * 10 cm., or 

1 p a r t i n 10,000. The seismogram r e a d i n g e r r o r i s e s t i ­

mated a t about 1 % of t r a v e l time, which g i v e s a v e l o c i t y 

e r r o r of about * 0.04 km./sec. However, i n view of the 

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

geometry upon which the c a l c u l a t i o n s a re based, t w i c e t h i s 

amount seems to be a more r e a l i s t i c e s t i m a t e of the p r o b a b l e 

e r r o r . The t r u e mean v e r t i c a l v e l o c i t y seems u n l i k e l y to be 

lower than 3.63 k m . / s e c , s i n c e t h i s i s the v e l o c i t y a p p a r ­

e n t l y reached a t depth of 60-70 m., w h i l e i c e t h i c k n e s s a l o n g 

the p r o f i l e i s much g r e a t e r : 200-650 m., and v e l o c i t y g ener­

a l l y i n c r e a s e s w i t h i n c r e a s i n g p r e s s u r e . Near the bottom 

t h e r e may be a d e c r e a s e i n P-wave v e l o c i t y due to p r e s s u r e -

m e l t i n g . 
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There are no r e l i a b l e data on r e f l e c t e d shear waves, 

so t h a t P o i s s o n ' s r a t i o a t depth i s unknown. I t i s p r o b a b l y 

lower than the v a l u e M = 0.350 found above f o r the n e a r -

s u r f a c e zone i f t h a t zone c o n t a i n s much i c e a t the m e l t i n g 

p o i n t . As mentioned above, near the m e l t i n g p o i n t r i g i d i t y 

and shear-wave v e l o c i t y d e c r e a s e g r e a t l y w h i l e c o m p r e s s i ­

b i l i t y and c o m p r e s s i o n a l wave v e l o c i t y do n o t de c r e a s e as 

much p r o p o r t i o n a l l y , so P o i s s o n ' s r a t i o becomes s m a l l e r . 

The c l o s i n g of f r a c t u r e s a t depth i n a g l a c i e r has been 

demonstrated by M e i e r , e t a l . (1957) and Holdsworth ( 1 9 6 5 ) , 

among o t h e r s . F r a c t u r e c l o s i n g under p r e s s u r e a p p a r e n t l y 

i n c r e a s e s c o m p r e s s i o n a l wave v e l o c i t y i n r o c k s (Simmons and 

Brace, 1965), but the e f f e c t s on shear wave v e l o c i t y and on 

P o i s s o n ' s r a t i o have n o t been d e t e r m i n e d . B i r c h (1961) 

found t h a t a t very h i g h p r e s s u r e s ( 4 to 10 k i l o b a r s ) P o i s s o n ' s 

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

but near a t m o s p h e r i c p r e s s u r e the r e s u l t s were e r r a t i c . 

The v a l u e s of the i s o t r o p i c e l a s t i c c o n s t a n t s of i c e , 

o t h e r than M, o b t a i n e d on the Kaskawulsh G l a c i e r , agree 

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

r e c e n t l y by R u s s i a n i n v e s t i g a t o r s ( s e e Table 1 and S e c t i o n 

4 . 5 ) . 

The g l a c i e r bed a l o n g the wide a n g l e r e f l e c t i o n p r o f i l e 

was found to have an a p p a r e n t d i p d o w n - g l a c i e r of a p p r o x i ­

mately 30°. 



CHAPTER V 

ANISOTROPY OF SEISMIC WAVE PROPAGATION 

5.1 I n t r o d u c t i o n 

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

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

and p a r t i c l e s of m a t e r - i n s o l u b l e r o c k s and m i n e r a l s . T h i s 

c h a p t e r m i l l be concerned c h i e f l y w i t h the e f f e c t s of i c e 

c r y s t a l o r i e n t a t i o n and a i r bubble d i s t r i b u t i o n on the 

v e l o c i t i e s of s e i s m i c waves. The o t h e r f a c t o r s mentioned 

may be i m p o r t a n t l o c a l l y , as i n the case of m e l t w a t e r a t 

the s u r f a c e ( C h a p t e r IV) and rock f r a g m e n t s near the base 

of the g l a c i e r ( R o b i n s o n , 1 9 6 4 ) . However, c r y s t a l o r i e n t a ­

t i o n and the heterogeneous d i s t r i b u t i o n of a i r b u b b l e s a r e 

of p a r t i c u l a r i n t e r e s t because of t h e i r p e r v a s i v e c h a r a c t e r 

and t h e i r a p p a r e n t c o n n e c t i o n w i t h g l a c i e r mechanics 

( S h u m s k i i , 1964; A n d e r t o n , 1 9 6 7 ) . F o r the pur p o s e s of the 

p r e s e n t d i s c u s s i o n , the g l a c i e r w i l l be c o n s i d e r e d to c o n ­

s i s t of an aggr e g a t e of i c e c r y s t a l s c o n t a i n i n g a i r b u b b l e s . 

The c r y s t a l s a r e assumed to have hexagonal symmetry and 

t h e i r axes of s i x - f o l d symmetry, i . e . , o p t i c axes, may have 

a l m o s t any degree of p r e f e r r e d o r i e n t a t i o n . 
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5.2 C r y s t a l O r i e n t a t i o n 

In S e c t i o n 1.9 i t was shou/n t h a t the e l a s t i c b e h a v i o r 

of the i n d i v i d u a l i c e c r y s t a l i s determined by f i v e i n d e p e n ­

dent e l a s t i c m o d u l i : ^12* ^13* ^"33' ^ ^ ( a n o t h e r modulus, 

Cgg, i s not i n d e p e n d e n t , s i n c e i t i s e q u a l to biZ^-C^))' 

In an aggregate of a g r e a t many randomly o r i e n t e d c r y s t a l s 

the number of independent e l a s t i c c o n s t a n t s reduces to the 

two of an i s o t r o p i c s u b s t a n c e , A and y . These two r e p r e ­

s e n t an average of the c r y s t a l moduli (lYIusgrave, 1959). I f 

the C-axes a r e a l l p a r a l l e l , the e l a s t i c p r o p e r t i e s of the 

a g g r e g a t e w i l l a p p r o x i m a t e those of a s i n g l e c r y s t a l . In 

the case of t h i n l a k e i c e , the l a t t e r c o n d i t i o n i s c l o s e l y 

approached (Brockamp and Q u e r f u r t h , 1964). In a temperate 

g l a c i e r , the degree of p r e f e r r e d o r i e n t a t i o n l i e s between 

these extremes (Kamb, 1959a, 1959b; R i g s b y , 1951, 1960; 

A n d e r t o n , 1967). I t i s a f u n c t i o n of p o s i t i o n i n the 

g l a c i e r and i s r e l a t e d to the r a t e of s t r a i n of the i c e , 

among o t h e r t h i n g s . 

On the Kaskawulsh G l a c i e r , t h r e e major types of i c e 

p e t r o f a b r i c , c o n s i s t e n t over e x t e n s i v e a r e a s of the g l a c i e r 

s u r f a c e , have been f o u n d . They a r e l a r g e l y c o n f i n e d to the 

margins of the g l a c i e r and the r e g i o n near the m e d i a l mor­

a i n e ( F i g . 2 4 ) . In the c e n t r a l zones of both arms, t h e r e 

i s no c o n s i s t e n c y of p a t t e r n , though s m a l l a r e a s show 

d e f i n i t e and o f t e n s t r o n g f a b r i c s ( A n d e r t o n , 1967). 
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F i g u r e 24. Map of c o n f l u e n c e a r e a shou/ing f a b r i c diagrams 
and t r e n d s of f o l i a t i o n . The f a b r i c c o n t o u r i n t e r v a l s a r e 
1, 3, and 5 p e r c e n t ( s e e F i g . 2 5 ) . 



113 

The f a b r i c s of h i g h l y p r e f e r r e d o r i e n t a t i o n on the 

Kaskawulsh G l a c i e r can be d e s c r i b e d i n terms of the d i s t r i ­

b u t i o n of C-axes on an e q u a l - a r e a s t e r e o g r a p h i c p r o j e c t i o n 

by the f o l l o w i n g t h r e e t y p e s t 

( 1 ) The " g i r d l e " f a b r i c has a c i r c u l a r band o f h i g h 

c o n c e n t r a t i o n t i l t e d u p - g l a c i e r a t about 10° to the s u r f a c e 

of the g l a c i e r . The band i s about 9 0 d i n w i d t h . The h i g h ­

e s t c o n c e n t r a t i o n w i t h i n the band f a l l s a p p r o x i m a t e l y 

p e r p e n d i c u l a r to the d i r e c t i o n of maximum s h e a r i n g s t r a i n 

r a t e . T h i s f a b r i c i s fou n d n e a r the s i d e s of the g l a c i e r 

where the v e l o c i t y of the i c e movement i n c r e a s e s smoothly 

from the margin of the g l a c i e r i n w a r d . 

( 2 ) The m u l t i p l e - m a x i m a f a b r i c has a v a r i a b l e number 

of d i r e c t i o n s of C-axes c o n c e n t r a t i o n s . F r e q u e n t l y t h e r e 

a r e f o u r maxima d i s t r i b u t e d more or l e s s s y m m e t r i c a l l y by 

p a i r s about a c e n t e r . Near p o i n t I B , t h i s f a b r i c o c c u r s 

i n such a way t h a t one p a i r of maxima l i e s i n a h o r i z o n t a l 

p l a n e and the maxima a r e about 85° a p a r t ; the o t h e r p a i r 

i s n e a r l y v e r t i c a l and the maxima a r e about 50° a p a r t . Ten 

to I S % of the p o l e s a r e c o n c e n t r a t e d i n cones of 7^° r a d i u s 

about the c e n t e r of each maximum, so t h a t more than 50% of 

the C-axes a r e w i t h i n 50° of the a x i s of symmetry of the 

f a b r i c ( F i g . 2 5 ) . T h i s a x i s i s o f t e n n e a r l y p e r p e n d i c u l a r 

to the d i r e c t i o n of maximum s h e a r i n g s t r a i n r a t e . 

( 3 ) The single-maximum f a b r i c has a p p r o x i m a t e l y the 

same degree of C - a x i a c o n c e n t r a t i o n as ( 2 ) . T h i s type of 

f a b r i c i s found under the m e d i a l moraine. The a x i s of 
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F i g u r e 25. E q u a l - a r e a c o n t o u r diagram of 4-maxima o p t i c -
a x i s f a b r i c . The c o n t o u r s r e p r e s e n t the p e r c e n t of p o i n t s 
l y i n g u / i t h i n 1 % of the t o t a l a r e a and have the v a l u e s 1, 
3, 6, 9, 12, 15, and 18 p e r c e n t . C i s the a x i s of sym­
metry of the f a b r i c and C i s the a x i s of symmetry of the 
f o l i a t i o n . The m's a r e symmetry p l a n e s of the o p t i c - a x i s 
f a b r i c . T h i s f a b r i c i s t y p i c a l of the r e g i o n near p o i n t 
IB ( s ee F i g . 2 4 ) . 
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symmetry i s n e a r l y p e r p e n d i c u l a r to the d i r e c t i o n of maximum 

t e n s i l e s t r a i n r a t e . 

The f i g u r e s g i v e n above f o r p e r c e n t a g e c o n c e n t r a t i o n s 

of C-axes a r e based upon c o u n t s of c r y s t a l s i n s e c t i o n s 

c u t from v e r t i c a l c o r e s . They do n o t n e c e s s a r i l y i m p l y 

a one-to-one c o r r e s p o n d e n c e to the volumes of the c r y s t a l s 

i n v o l v e d . I f p r e f e r r e d o r i e n t a t i o n comes about through 

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

one would e x p e c t the c r y s t a l s t h a t have a p p r o x i m a t e l y t h i s 

o r i e n t a t i o n to be l a r g e r than the o t h e r s . The volume 

o r i e n t a t i o n of the a g g r e g a t e would then be g r e a t e r than 

the count i n d i c a t e s . 

In S e c t i o n 1.7, i t was p o i n t e d out t h a t s e i s m i c wave 

v e l o c i t i e s i n c r y s t a l l i n e m a t e r i a l s a r e f u n c t i o n s of the 

d e n s i t y , P, and the e l a s t i c c o n s t a n t s of the c r y s t a l , C _ . 

I f symmetry i s l e s s than i s o t r o p i c , t h r e e modes of v i b r a ­

t i o n o c c u r which a r e n o t d i s t i n c t e x c e p t a l o n g c e r t a i n 

d i r e c t i o n s d e termined by the symmetry of the medium. One 

mode u s u a l l y p r e d o m i n a t e s , e i t h e r the q u a s i - c o m p r e s s i o n a l 

wave ( v e l o c i t y V^) or one of the two q u a s i - s h e a r waves 

( v e l o c i t i e s V 2 and V 3 K 

I f the e l a s t i c c o n s t a n t s a r e known, the v e l o c i t y of 

a wave whose normal has a g i v e n a n g u l a r r e l a t i o n s h i p to the 

symmetry axes of a c r y s t a l can be determined p r e c i s e l y from 

the C h r i s t o f f e l e q u a t i o n s ( C h r i s t o f f e l , 1877; Hearmon, 1956; 

Bechrnann and A y e r s , 1 9 5 7 ) . F o r media of t r a n s v e r s e l y i s o ­

t r o p i c ( i . e . , h e x a g o n a l ) symmetry, Postma (1955) g i v e s a 
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g r a p h i c method f o r d e t e r m i n i n g and v^* V 3, the v e l o c i t y 

of the wave whose p a r t i c l e motion i s p e r p e n d i c u l a r to a 

p l a n e through the a x i s of °°-fold symmetry ( m e r i d i o n a l 

p l a n e ) , can be determined from a s i m p l e r e l a t i o n s h i p between 

the two shear c o n s t a n t s of a t r a n s v e r s e l y i s o t r o p i c medium, 

C 4 4 a n d C 6 6 ' 

P V 3

2 = C f i 6 C o s 2 6 • C 4 4 s i n 2 6 . . . (61) 

A c c o r d i n g to the e x p e r i m e n t a l r e s u l t s of Bass, Rossberg 

and Z i e g l e r ( 1 9 5 7 ) , the e l a s t i c m o d u l i of the s i n g l e i c e 

c r y s t a l a r e : 

C u « 13,3 x 1 0 1 0 dynes/cm. 2 

i n o 
C 1 2

 a 6 » 3 * 1 0 dynes/cm. 

C 1 3 • 4.6 x 1 0 1 0 dynes/cm, 2 

C 3 3 - 14.2 x 1 0 1 0 dynes/cm. 2 

C 4 4 = 3 , 0 6 x l o l ° dynes/cm. 2 

( C g 6 * 3.50 x 1 0 1 0 dynes/cm. 2 ) 

U s i n g these v a l u e s and P = 0.91 g./cm. , the maximum 

v a r i a t i o n i n V^, which o c c u r s between 0 = 0 (maiimum v a l u e ) 

and 9 s TT/2 (minimum v a l u e ) i s found to b B 4%. The maximum 

v a r i a t i o n f o r V 2» between 6= 0 or TT/2 (minimum) and 0 = TT/4 

(maximum) i s 3%, and the maximum v a r i a t i o n f o r V 3, between 

6 = 0 (mimimum) and 6 a TT/2 (maximum) i s 5%. 

Now c o n s i d e r the case of the C - a x i s f a b r i c p a t t e r n i n 

F i g u r e 25. The s i m p l i f y i n g assumption i s made t h a t each 

of the f o u r c o n c e n t r a t i o n s of C - a x i s p o l e s i s reduced to a 
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s i n g l e p o i n t l o c a t e d a t the c e n t e r of the c o n c e n t r a t i o n . 

Then, w i t h r e s p e c t to the a x i s C , p e r p e n d i c u l a r to the 

p a t t e r n and p a s s i n g through i t s c e n t e r . 30% of the c r y s t a l s 

a r e i n c l i n e d a t 25° and 30% a r e i n c l i n e d a t 42.5°. The 

o t h e r 40% of c r y s t a l s can be c o n s i d e r e d randomly o r i e n t e d , 

i . e . , they a c t i n the a g g r e g a t e l i k e an i s o t r o p i c medium. 

I f the c r y s t a l s a r e assumed to be e q u i d i m e n s i o n a l , a wave 

whose normal N i s p a r a l l e l to the a x i s C c o v e r s 30% of 

i t s p a t h a t the v e l o c i t y d i c t a t e d by the a n g l e of 25° to 

the C - a x i s , 30% a t the 42.5° v e l o c i t y and 40% a t the i s o ­

t r o p i c v e l o c i t y . The v e l o c i t i e s a t the g i v e n a n g u l a r 

r e l a t i o n s h i p can be c a l c u l a t e d by Postma's method u s i n g 

the d a t a of Bass, R o s s b e r g and Z i e g l e r and the mean v e l o c i t y 

over the t o t a l p a t h can be f o u n d . 

The p r o c e d u r e o u t l i n e d above was r e p e a t e d f o r v a r i o u s 

a n g l e s between N and C and the p a t t e r n of v e l o c i t y v a r i a ­

t i o n s f o r V^, V^, and v"3 was sampled. The maximal and 

minim a l v a l u e s o c c u r r e d a t the a x i s C* and a t a p p r o x i m a t e l y 

90° to the a x i s , r e s p e c t i v e l y . ( S i n c e the p a t t e r n i s n o t 

a x i a l l y symmetric, t h e r e a r e s m a l l v a r i a t i o n s w i t h l o n g i ­

tude - c f . F i g . 25.) T h i s r e s u l t was s i m i l a r to the case 

of the s i n g l e c r y s t a l g i v e n above, w i t h C* r e p r e s e n t i n g 

the C - a x i s . However, the magnitude of the maximum v a r i a ­

t i o n s of V^, V 2, a n d y 3 were c o n s i d e r a b l y l e s s than f o r the 

case of the s i n g l e c r y s t a l . F o r the s i m p l i f i e d f a b r i c . 

A V 1 = 2%? A V 2 = 2%; A V 3 = 3 % . 
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The u s u a l s c a t t e r on v e l o c i t y measurements from r e a d ­

i n g s of f i r s t b r e a k s a c r o s s the spread ( " c r o s s - s p r e a d 

v e l o c i t y " ) was about * 1 % . Hence, i t was c l e a r t h a t g r e a t 

c a r e would have to be taken to d e t e c t v e l o c i t y v a r i a t i o n s 

by f i e l d measurements, 

5,3 F i e l d E xperiment 

A f i e l d t e s t of s e i s m i c wave v e l o c i t y v e r s u s i c e 

c r y s t a l C - a x i s o r i e n t a t i o n was made a t p o i n t IB. T h i s 

p o i n t l i e s i n a r e g i o n of s t r o n g p r e f e r r e d o r i e n t a t i o n of 

type ( 2 ) ( S e c t i o n 5.2). T h i s r e g i o n i s a l s o r e l a t i v e l y 

f r e e of f r a c t u r e s . Geophone spreads were l a i d qut a t a n g l e s 

of 0, TT/4, and TT/2 to the symmetry d i r e c t i o n d e f i n e d by the 

a x i s C i n F i g u r e 25. 

The geophones were c l o s e l y spaced i n o r d e r to d e t e c t 

any v e r t i c a l r e f r a c t i o n : every 2 m. out to 24 m. from the 

s h o t p o i n t ; every 4 m. o u t to 48 m«; every 6 m. out to 72 m; 

every 8 m. out to 96 m.; and the normal spread out to 182.9 m. 

The geometry i s shown i n F i g u r e 26. 

D e t o n a t o r s a l o n e were s u f f i c i e n t f o r the s h o r t e r s p r e a d s . 

D e t o n a t o r s and s m a l l q u a n t i t i e s of e x p l o s i v e (30-50 g.) were 

used f o r the 96 m. and 182.9 m. s p r e a d s . The s h o t s were 

f i r e d a t the s u r f a c e i n h o l e s c u t to the dimensions of the 

c h a r g e s . 

Geophones i m p l a n t e d w i t h t h e i r axes p a r a l l e l to the 

spreads r e c o r d e d the c o m p r e s s i o n a l ( l o n g i t u d i n a l ) wave 
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f i g u r e 26. Spread geometry a t p o i n t I B , showing c r y s t a l ­
l o g r a p h i c f a b r i c , f o l i a t i o n , f l o w , and s t r a i n r a t e i n the 
v i c i n i t y . 
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d i s p l a c e m e n t b e s t , a l t h o u g h v e r t i c a l geophones a l s o r e c o r d 

t h i s w e l l . S i n c e the p l a n e of the spreads i s a l s o a 

m e r i d i o n a l p l a n e of the medium, v e r t i c a l geophones, which 

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

up the ground motion of the wave w i t h v e l o c i t y Geo­

phones which a r e h o r i z o n t a l and p e r p e n d i c u l a r to the s p r e a d s 

respond p r i n c i p a l l y to the V 2 movement and thereby d i f f e r ­

e n t i a t e i t from the V 3 movement. However, s i n c e V 2 

(minimum) = (minimum) on the " a x i a l " s p r e a d ( 6 =TT/2) 

w h i l e V j = maximum and V 2 = minimum on the " b a s a l " spread 

( 6 = 0 ) , the v e r t i c a l geophones a l o n e w i l l s e r v e f o r 

r e c o r d i n g the maximum and minimum v a l u e s of V 2 and V 3 . 

However, on each s p r e a d a t l e a s t one geophone was o r i e n t e d 

i n each of the m u t u a l l y p e r p e n d i c u l a r d i r e c t i o n s f o r a 

check• 

The t i m e - d i s t a n c e p l o t s of the f i r s t b r e a k s i n d i c a t e d 

an i n c r e a s e of v e l o c i t y w i t h depth, so n u m e r i c a l H e r g l o t z -

l U i e c h e r t i n t e g r a t i o n s were made of the t i m e - d i s t a n c e 

c u r v e s to o b t a i n the v e l o c i t y - d e p t h r e l a t i o n s h i p ( S l i c h t e r , 

1932) : 

i f 1 V r l « I * 7 1 VH 
h d = t J c 0 s h \T d X * c o s h " A . . . (62) 

X d X d 

X X =0 X 

where: h^ = depth a t which v e l o c i t y V r f i s reached = depth 

of g r e a t e s t p e n e t r a t i o n of the ray from the o r i g i n to X^. 

X^ = d i s t a n c e a t which ray of maximum v e l o c i t y M ^ 

i s r e c o r d e d a t the s u r f a c e . 
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V x = r e c i p r o c a l of the s l o p e of the t u s * curve a t 

d i s t a n c e X. ( T h i s i s d e t e r m i n e d by o t a i n i n g the l e a s t -

s q u a r e s s l o p e of a segment of l e n g t h AX.) 

v"d = r e c i p r o c a l of the s l o p e of the t v s curve a t 

d i s t a n c e X d . 

This r e l a t i o n s h i p assumes t h a t the v e l o c i t y i n c r e a s e s 

c o n t i n u o u s l y w i t h depth and t h a t the v e l o c i t y g r a d i e n t i s 

p e r p e n d i c u l a r to the s u r f a c e and does n o t vary h o r i z o n t a l l y . 

The v e l o c i t y - d e p t h c u r v e s f o r f o r 4> * 0 and <f> = 90° are 

shown i n F i g u r e 27. The l o w - v e l o c i t y zone near the s u r f a c e 

i s a p p a r e n t . Upon c l o s e i n s p e c t i o n of d i r e c t P-wave v e l o ­

c i t i e s a t o t h e r shot p o i n t s i t was found to e x i s t a t a l l of 

them. I t i s a l s o c l e a r t h a t , down to the depth of 8 m., 

V j ^ <M V 2 ) > V ^ ^ a 0 ) . T h i s i s the r e v e r s e of what would 

be e x p e c t e d on the b a s i s of the known i c e c r y s t a l a n i s o t r o p y . 

The observed a n i s o t r o p y was n o t o n l y d i f f e r e n t i n k i n d , but 

a l s o c o n s i d e r a b l y l a r g e r i n magnitude than the s m a l l p e r ­

c e n t a g e s e s t i m a t e d from c r y s t a l o r i e n t a t i o n data ( S e c t i o n 

5.2). 

The ^2 and V 3 d a t a were i n s u f f i c i e n t f o r the c o n s t r u c ­

t i o n of complete v e l o c i t y - d e p t h c u r v e s , b u t the v e l o c i t y 

g r a d i e n t s were found to be s i m i l a r i n g e n e r a l form to those 

f o r V^. A t a^ s h o t p o i n t - d e t e c t o r d i s t a n c e of 30 m., the 

v e l o c i t i e s a r e t 
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VELOCITY (KM/SEC) 

F i g u r e 27. V e l o c i t y - d e p t h c u r v e s a t p o i n t IB f o r P-waves 
t r a v e l i n g p a r a l l e l and p e r p e n d i c u l a r to the c r y s t a l l o g r a p h i c 
a x i s of symmetry. 
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V 3 (maximum) * 1.71 km./sec. ( <|> = 0) 

V 3 (minimum) = 1.67 km./sec. ( <f> = TT/2) 

v"2 (maximum) a 1.70 km./sec. ( cj> = TT/4) 

v*2 (minimum) a 1.67 km./sec. (cj> a 0) 

In t h i s c a s e , the i n e q u a l i t i e s a r e i n the d i r e c t i o n s p r e ­

d i c t e d : V 3 ( * * 0) > V 3 ( * = TT/2) : V 2 ( cj> a TT/4) > V 2 ( <f> a 0 ) . 

The a n i s o t r o p y f a c t o r , the r a t i o of v"3 ( <J> = 0) to V 3 ( <J> = TT/2) 

i s t A 3 = 1.024. 

I f the assumption i s made t h a t the i c e a g g r e g a t e i n 

the v i c i n i t y of 81 a p p r o x i m a t e s a t r a n s v e r s e l y i s o t r o p i c 

medium whose a x i s of 0 0 - f o l d symmetry i s p a r a l l e l to the 

a x i s of symmetry of the c r y s t a l l o g r a p h i c f a b r i c , e l a s t i c 

m o d u l i f o r t h i s medium can be de t e r m i n e d from the v e l o c i t y 

d a t a . F o r the d i r e c t i o n s <J> a 0, <J> s TT/4, and <f> a TT/2 i n a 

t r a n s v e r s e l y i s o t r o p i c medium, the C h r i s t o f f e l e q u a t i o n s 

a r e as f o l l o w s : 

C N * ( V 1 [ 0 ] ) 2 P C 3 3 = ( U ^ T T / 2 ] ) 2 P 

C 4 4 « ( V 2 [ 0 ] ) 2 p C 6 6 » i ( C n - C l 2 ) a ( U 3 [ T T / 2 ] ) 2 p 

C 1 3 = i [ 2 P ( V 1 [ T T / 4 ] ) 2 - i ( C n + C 3 3 + 2 C 4 4 ) 2 -

*< C11 " C 3 3 > ] 2> * " C 4 4 
* . . (63) 

S i n c e the v e l o c i t i e s and e l a s t i c c o n s t a n t s change w i t h 

depth, v e l o c i t y v a l u e s f o r the same depth f o r the d i f f e r e n t 

modes must be used i f c o n s i s t e n t v a l u e s f o r the mo d u l i a r e 

to be o b t a i n e d . The b e s t V 2 and V 3 v a l u e s o b t a i n e d a r e 

those g i v e n above, so v a l u e s of c o r r e s p o n d i n g to the 

same depth (3 m.) were u s e d . These v e l o c i t i e s a r e : 
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Vj^[0] » 3.52 km./sec. 

V 1 [ 7 T / 2 ] = 3.60 km./sec. 

V 1 [ T T/4]= 3.54 km./sec. 

and the a n i s o t r o p y f a c t o r i s : A^ = 0.977. The mo d u l i 

computed from these data a r e : 

C,, " 11.09 x 1 0 1 0 dynes/cm. 2 

11 

'12 C,, = 6.10 x 1 0 1 0 dynes/cm. 2 

C 1 3 = 5.72 x 1 0 1 0 dynes/cm. 2 

C,_ - 10.61 x 1 0 1 0 dynes/cm. 2 

C 4 4 = 2.39 x 1 0 1 0 dynes/cm. 2 

( C f i f i = 2.50 x 1 0 1 0 dynes/cm. 2 ) 

'33 

'44 

;66 

Note t h a t , i n c o n t r a s t to the r e s u l t s of Bass. R o s s b e r g 

and Z i e g l e r , C ^> C 3 3 . However, i n both i n s t a n c e s C 5 5 > ^ 4 4 » 

5.4 F o l i a t i o n 

A reason f o r the anomalous r e s u l t o b t a i n e d above has been 

sought i n terms of the e f f e c t s of f o l i a t i o n on e l a s t i c wave 

v e l o c i t y . A medium c o n s i s t i n g of p e r i o d i c a l l y l a y e r e d i s o ­

t r o p i c m a t e r i a l s of d i f f e r e n t d e n s i t y and e l a s t i c m o d u l i ap­

pr o x i m a t e a homogeneous t r a n s v e r s e l y i s o t r o p i c medium f o r the 

p r o p a g a t i o n of e l a s t i c waves i f the wave-lengths a r e l a r g e 

compared w i t h the t h i c k n e s s of the l a y e r s . A " l a r g e " wave­

l e n g t h i s one f o r which the d i f f e r e n c e i n ground d i s ­

placement from one l a y e r to the a d j a c e n t one i s an i n s i g n i f ­

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

those l a y e r s . A wave-length 100 or more times the t h i c k n e s s 
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of the t h i c k e s t l a y e r may be c o n s i d e r e d to f u l f i l l t h i s 

c o n d i t i o n ( R i z n i c h e n k o , 1949; Thomson, 1950; Anderson, 1961). 

Such a homogeneous t r a n s v e r s e l y i s o t r o p i c medium i s c a l l e d 

the "long-wave e q u i v a l e n t " of the p e r i o d i c a l l y l a y e r e d 

i s o t r o p i c medium (Backus, 1962). The a x i s of °°-fold 

symmetry i n the long-wave e q u i v a l e n t medium i s p e r p e n d i c u l a r 

to the f a c e s of the l a y e r s i n the p e r i o d i c a l l y l a y e r e d 

i s o t r o p i c medium. 

The s i m p l e s t type of p e r i o d i c s t r u c t u r e which can 

approximate a. homogeneous t r a n s v e r s e l y i s o t r o p i c medium 

f o r e l a s t i c waves w i t h l o n g wave-lengths i s one which c o n ­

s i s t s of two a l t e r n a t i n g i s o t r o p i c l a y e r s w i t h t h i e k n e s s e s 

d^ and d 2 , Lame c o n s t a n t s and ^ 2 , a n d d e n s i t i e s 

p̂  and P 2 . C o n s i d e r now the homogeneous t r a n s v e r s e l y 

i s o t r o p i c medium which i s the long-wave e q u i v a l e n t of such 

a p e r i o d i c , i s o t r o p i c , t w o - l a y e r e d medium. A homogeneous, 

t r a n s v e r s e l y i s o t r o p i c medium, l i k e a medium of hexagonal 

symmetry, i s c h a r a c t e r i z e d by f i v e i ndependent e l a s t i c 

m o d u l i , C ^ , C^ 2, C^ 3, C 3 3 , ^ 4 4 * These m o d u l i can be 

c a l c u l a t e d e x p l i c i t l y as a l g e b r a i c c o m b i n a t i o n s of the Lame 

c o n s t a n t s and y 2 , A 2 of the i s o t r o p i c l a y e r e d medium. 

The e f f e c t i v e d e n s i t y P' of the long-wave e q u i v a l e n t medium 

i s s i m p l y the average d e n s i t y of the l a y e r e d medium. J u s t 

as t h e r e a r e t h r e e e l a s t i c wave v e l o c i t i e s , V^, V 2, v"3, 

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

medium, t h e r e a r e a l s o t h r e e e l a s t i c wave v e l o c i t i e s , V^', 

V ' , V-,', a s s o c i a t e d w i t h a long-wave e q u i v a l e n t 
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t r a n s v e r s e l y i s o t r o p i c medium. L i k e w i s e , the th r e e e l a s t i c 

wave v e l o c i t i e s i n the long-wave e q u i v a l e n t medium a r e 

r e l a t e d to the f i v e e l a s t i c m o d u l i i n t h a t medium through 

the C h r i s t o f f e l e q u a t i o n s (Postma, 1955). 

V a r i o u s l a y e r e d s t r u c t u r e s occur i n the Kaskawulsh 

G l a c i e r . The most pr o m i n e n t i s f o l i a t i o n c o n s i s t i n g of 

a l t e r n a t i n g l a y e r s of r e l a t i v e l y bubbly and b u b b l e - f r e e 

i c e ( A n d e r t o n , 1 9 6 7 ) . T h i s type of s t r u c t u r e appeared to 

approx i m a t e the p e r i o d i c t w o - l a y e r e d medium d i s c u s s e d above 

because a bubbly l a y e r would have d i f f e r e n t e l a s t i c c o n ­

s t a n t s and d e n s i t y from a b u b b l e - f r e e l a y e r . C o n s e q u e n t l y , 

an i n v e s t i g a t i o n was made i n t o the e f f e c t s of t h i s type 

of l a y e r i n g on e l a s t i c wave v e l o c i t i e s . 

Any p l a n a r metamorphic s t r u c t u r e i s g e n e r a l l y r e f e r r e d 

to as " f o l i a t i o n . " In the c o n t e x t of t h i s c h a p t e r , o n l y 

f o l i a t i o n c o n s i s t i n g of c l e a r and bubbly l a y e r s of i c e 

w i l l be c o n s i d e r e d . 

On the Kaskawulsh G l a c i e r s t r o n g p r e f e r r e d o r i e n t a t i o n 

of i c e c r y s t a l C-axes g e n e r a l l y c o i n c i d e s w i t h pronounced 

f o l i a t i o n ( A n d e r t o n , 1967). The o n l y e x c e p t i o n appears to 

be t h a t i n a zone under the m e d i a l moraine t h e r e i s s t r o n g 

single-maximum p r e f e r r e d o r i e n t a t i o n , but very weak f o l i a ­

t i o n . However, even here t h e r e a r e bub b l e s p r e s e n t (1-3 mm. 

d i a m e t e r ) which a r e somewhat f l a t t e n e d w i t h the s h o r t a x i s 

p e r p e n d i c u l a r to the f o l i a t i o n s u r f a c e s i n a d j a c e n t f o l i ­

a t e d p a r t s of the g l a c i e r . 
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The a l t e r n a t i n g c l e a r and bubbly bands c o m p r i s i n g t h i s 

type of g l a c i a l f o l i a t i o n u s u a l l y have v e r t i c a l or n e a r -

v e r t i c a l d i p , U n t e r s t e i n e r ( 1 9 5 5 ) , i n h i s study of the 

s i m i l a r " f e i n b S n d e r " on the P a s t e r z e G l a c i e r i n the A l p s , 

o b s e r v e d t h a t they appeared to d i e out a t d e p t h . The 

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

s u g g e s t s t h a t t h i s may a l s o be the case on the Kaskawulsh 

G l a c i e r , a t l e a s t i n the r e g i o n near the p o i n t of con­

f l u e n c e . 

The c l e a r bands, which appeared t r a n s p a r e n t or b l u e , 

had a few b u b b l e s s c a t t e r e d through them, b u t the p o r o s i t y 

was i n s i g n i f i c a n t . They o f t e n c o n t a i n e d many f i n e p l a n a r 

c r a c k s , which were g e n e r a l l y o r i e n t e d p a r a l l e l to the 

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

The p o r e s i n the bubbly bands, which appeared opaque 

or w h i t e , v a r i e d g r e a t l y i n shape, s i z e and d i s t r i b u t i o n . 

Near the c e n t e r of e i t h e r arm of the g l a c i e r , they were 

g e n e r a l l y s p h e r i c a l . Near the margins, where f o l i a t i o n was 

more s t r o n g l y d e v e l o p e d , they o f t e n assumed a t r i a x i a l 

e l l i p s o i d a l form, w i t h the major a x i s h o r i z o n t a l and p a r a l l e l 

to the f o l i a t i o n s u r f a c e s , the minor a x i s h o r i z o n t a l and 

p e r p e n d i c u l a r to the f o l i a t i o n s u r f a c e s , and the i n t e r ­

mediate a x i s v e r t i c a l . 

There was a preponderance of b u b b l e s w i t h maximum 

dimensions i n the range 2-5 mm. However, i n some l a y e r s 

the b u b b l e s were s m a l l e r (0.5-2 mm. d i a m e t e r ) and c l o s e r 

t o g e t h e r and showed l i t t l e p r e f e r r e d o r i e n t a t i o n . In t h i s 



128 

f i n e l y - b u b b l e d i c e the p o r o s i t y u/as c o n s i d e r a b l y g r e a t e r 

than i n the more common c o a r s e l y - b u b b l e d i c e . F o l i a t i o n 

i n which the bubbly bands c o n t a i n e d p r e d o m i n a n t l y very 

f i n e b ubbles u/as w e l l d eveloped i n a band a d j a c e n t to the 

l a t e r a l moraine on the south s i d e of the g l a c i e r ( e . g . , 

near p o i n t 1 9 0 ) . E s t i m a t e s were made of p o r o s i t y by 

measurements on photographs of cor e c r o s s - s e c t i o n s ( F i g . 

2 8 ) . P o r o s i t i e s ranged from 0.7% i n the bubbly bands of 

weak f o l i a t i o n to 6.2% f o r the f i n e l y - b u b b l e d l a y e r s . 

The l a y e r s ranged i n w i d t h from 5 to 30 cm. The 

s m a l l e s t w ave-lengths w i t h which t h i s i n v e s t i g a t i o n was 

concerned was about 10 m., c o r r e s p o n d i n g to a f r e q u e n c y of 

about 300 Hz. Hence, the s m a l l e s t wave-length i s more 

than 100 times the t h i c k n e s s of the l a y e r s , and the l a y e r 

t h i c k n e s s c o n d i t i o n f o r the long-wave e q u i v a l e n t medium i s 

met. 

In the v i c i n i t y of p o i n t I B , the d i p of the f o l i a t i o n 

was n e a r l y v e r t i c a l and the s t r i k e was about N 70° E. The 

f o l i a t i o n made a s o l i d a n g l e of about 20° to the " b a s a l " 

p l a n e of the c r y s t a l l o g r a p h i c f a b r i c ( F i g . 2 6 ) . The c l e a r 

and bubbly l a y e r s were of a p p r o x i m a t e l y the same w i d t h : 

5-20 cm., a v e r a g i n g about 10 cm. The p o r o s i t y was about 

2.8%. 

The e l a s t i c b e h a v i o r of a s o l i d i s a l t e r e d by the 

pre s e n c e of p o r e s . I f the pore c o n c e n t r a t i o n i s s m a l l 

enough so t h a t each pore can be c o n s i d e r e d as an i s o l a t e d 

c a v i t y i n an i n f i n i t e medium, and i f the p o r e s a r e assumed 
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F i g u r e 23. I l l u s t r a t i o n of types of bubbly i c e . f a ) F i n e 
b u b b l e s , c u t by c l e a n band. P o r o s i t y 6 p e r c e n t , ( b ) Coarse 
b u b b l e s . P o r o s i t y 2 p e r c e n t , ( c ) I r r e g u l a r boundary be­
tween c l e a r band and i c e u/ith c o a r s e b u b b l e s . 
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to be s p h e r i c a l , the r e l a t i o n s h i p s between the e l a s t i c 

c o n s t a n t s are as f o l l o w s (UJalsh and Brace, 1966): 

_1 _ I _ 1 i z S L . • • • (64) 
K_ K ~ K 1-2IYI I F 

JL. 1 1 ( l - f t t ) ( 9 + 5ffl) 
Y " Y ~ Y (7-5111) 

2 j r a 3 . . . (65) 
V 

a - , = H ( l - } i ) 2 ( 5 1 - l ) 2 ^ . . . ( 6 6 ) 

Here the s u b s c r i p t p r e f e r s to the c o n s t a n t f o r the porous 

medium; K = c o m p r e s s i b i l i t y ; Y = Young's modulus; M = 

P o i s s o n ' s r a t i o ; a = average pore d i a m e t e r ; \7 = the volume 

of the body d i v i d e d by the number of p o r e s . 

The i s o t r o p i c e l a s t i c m o d u l i f o r the porous medium 

can be found from the s t a n d a r d f o r m u l a e : 

U = Y . . . (67) 
^ 2 ( l + IYl) 

X = K - | y . . . (68) 

I f i t i s assumed t h a t a l a y e r e d s t r u c t u r e of a l t e r ­

n a t i n g porous and non-porous i s o t r o p i c s h e e t s e x i s t s , a 

long-wave e q u i v a l e n t t r a n s v e r s e l y i s o t r o p i c model can be 

c o n s t r u c t e d whose e l a s t i c m o d u l i a r e determined by the 

e l a s t i c c o n s t a n t s of the non-porous medium and the e l a s t i c 

c o n s t a n t s of the porous medium. The l a t t e r are determined 

by e q u a t i o n s (64) through ( 6 8 ) . 

f o r a l a y e r e d s t r u c t u r e c o m p r i s i n g two media of t h i c k ­

n e s s e s and moduli d^, y^, and d 2 , y 2» ^ 2 * r B S P 8 C t i v e l y • 
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The long-wave e q u i v a l e n t t r a n s v e r s e l y i s o t r o p i c e l a s t i c 

m o d u l i are g i v e n by the f o l l o w i n g f o r m u l a e (Postma, 1 9 5 5 ) t 

c i _ { ( d 1 + d 2 ) 2 ( X 1 + 2 y 1 ) ( X 2 + 2 y 2 ) • 4 d 1 d 2 ( y 1 - y 2 ) ,2 

( d x + d 2 ) d 1 ( X 2 + 2 y 2 ) • 

[ ( + ) - ( X _ + y _ ) ] } 
( a ) 

d 2 ( A 1 + 2 y 1 ) 

i 2 

( d x + d 2 ) d 1 ( X 2 + 2 y 2 ) + d 2 ( X 1 + 2 y 1 ) 

= ( d ^ d 2 ) A 1 X 2 + 2 ( X l d l • X 2 d 2 ) ( y 2 d 1 • y x d 2 ) ^ 

C • 

C i 3 , = ( d 1 , d 2 ) [ X 1 d 1 ( X ^ 2 y 2 ) • X 2 d 2 ( X 1 , 2 y 1 ) ] ^ 

( d 1 + d 2 ) [ d 1 ( ^ 2 * 2 y 2 ) + d 2 ( A 1 + 2 y 1 ) ] 

( d 1 + d 2 ) [ d 1 ( ^ 2 + 2 y 2 ) + d 2 ( x l + 2 y 1 ) ] 

c , = ( d x + d 2 ) v y 2 

L 4 4 — i £ ± — £ ( e ) 
d l y 2 + d 2 y l 

V l * y 2 d 2 ( f ) 

. . . (69) 

The assumption i s made t h a t the i s o t r o p i c e l a s t i c c o n ­

s t a n t s determined i n Chapter IV are a p p l i c a b l e to the non-

porous l a y e r s i n the f o l i a t i o n . These c o n s t a n t s a r e c a l l e d 

and y^. T h i s assumption would be s t r i c t l y t r u e o n l y i f 

the bubbly l a y e r s d i e d out r a p i d l y w i t h depth and the v e l o ­

c i t i e s o b t a i n e d i n Chapter IV a p p l i e d to ray p a t h s i n the 

u n f o l i a t e d i c e below. The i s o t r o p i c e l a s t i c c o n s t a n t s f o r 

the bubbly l a y e r s a re o b t a i n e d from the c o n s t a n t s of the 

d l + d 2 
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non-porous l a y e r s by u s i n g e q u a t i o n s (67) and (68) f o r 

measured v a l u e s of p o r o s i t y . These c o n s t a n t s are c a l l e d 

^2 and l ^ * ^ n e e l a s t i c c o n s t a n t s f o r the c l e a r and bubbly 

l a y e r s are combined a c c o r d i n g to e q u a t i o n s (69) and the 

f i v e t r a n s v e r s e l y i s o t r o p i c e l a s t i c moduli f o r the l o n g ­

wave e q u i v a l e n t medium r e p r e s e n t i n g the f o l i a t i o n are 

computed. These moduli a re g i v e n f o r t h r e e d i f f e r e n t 

v a l u e s of p o r o s i t y of the bubbly l a y e r s i n Table 4. 

Note t h a t i n Table 4 C ^ ^ C - J - J 1 , w h i l e C 6 5
, > C 4 4 ' . 

These r e s u l t s a r e i n agreement w i t h the i n e q u a l i t i e s ob­

t a i n e d e x p e r i m e n t a l l y ( S e c t i o n 5.3). They are the r e v e r s e 

of the i n e q u a l i t i e s c i t e d i n S e c t i o n 5.2 f o r u n - f o l i a t e d 

i c e i n which the i c e c r y s t a l s have s t r o n g p r e f e r r e d 

o r i e n t a t i o n . 

The v a l u e s of the v e l o c i t i e s V^' and M ^ 1 c o r r e s p o n d i n g 

to the e l a s t i c m o d u l i of Table 4 are g i v e n i n Table 5. The 

v e l o c i t y f o r each mode i s g i v e n f o r ray p a t h s p e r p e n d i c u l a r 

and p a r a l l e l to the p l a n e of the f o l i a t i o n , and the 

c o r r e s p o n d i n g a n i s o t r o p y f a c t o r i s g i v e n . 

I t can be seen t h a t weak f o l i a t i o n has a n e g l i g i b l e 

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

has an e f f e c t t h a t i s of the same orde r of magnitude, and 

i n the same sense, as: t h a t observed a t p o i n t I B . The e f f e c t 

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

of i c e . 
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Tabl8 5. Computed v e l o c i t i e s V^' and V 3' f o r 
p r o p a g a t i o n d i r e c t i o n s p a r a l l e l and p e r p e n d i c u l a r 
to the f o l i a t i o n p l a n e s . The v e l o c i t i e s and the 
c o r r e s p o n d i n g a n i s o t r o p y f a c t o r s , A^ and A 3, are 
g i v e n f o r d i f f e r e n t p o r o s i t i e s of the bubbly 
l a y e r s of the f o l i a t i o n . o> i s the a n g l e , i n 
r a d i a n s , between the f o l i a t i o n p l a n e s and the 
d i r e c t i o n of wave p r o p a g a t i o n . 

P o r o s i t y * » 1 ' A x V 3' A 3 

(%) (radiansX km./sec.) (km./sec.) 

0.7 0 3.453 1.002 1.679 1.002 
TT/2 3.447 1.676 

2.8 0 
TT/2 

3.228 1.019 1.606 1.043 
3.165 1.540 

6.2 0 3.015 1.062 1.540 1.060 
TT/2 2.839 1.453 
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Because A^ > 1 f o r f o l i a t i o n , w h i l e A^< 1 f o r c r y s t a l 

p r e f e r r e d o r i e n t a t i o n , a decrease i n i n t e n s i t y of f o l i a t i o n 

w i t h depth s h o u l d be accompanied by a decrease i n the 

a n i s o t r o p y f a c t o r f o r V^. In a r e g i o n of s t r o n g c r y s t a l ­

l o g r a p h i c f a b r i c i n which the normal to the f o l i a t i o n 

l a y e r i n g i s n e a r l y p a r a l l e l t o the maximum C - a x i s concen­

t r a t i o n , as a t s i t e I B , A^ s h o u l d change w i t h depth, 

d e c r e a s i n g from a v a l u e e q u a l to or g r e a t e r than u n i t y to 

a v a l u e l e s s than u n i t y . A 3 > 1 f o r both t y p e s of a n i s o ­

t r o p y , so w h i l e i t w i l l d e c r e a s e i n magnitude, i t w i l l 

remain g r e a t e r than u n i t y . These a r e the observ e d e f f e c t s . 

The assumption t h a t the a i r b u b b l e s a r e s p h e r i c a l tends 

to u n d e r s t a t e the e f f e c t s of p o r o s i t y on the p h y s i c a l 

p r o p e r t i e s . F o r a g i v e n p o r o s i t y , " c r a c k s , " w i t h two 

dim e n s i o n s s u b - e q u a l and the o t h e r s i g n i f i c a n t l y s m a l l e r , 

have a g r e a t e r e f f e c t i n a l t e r i n g the e l a s t i c c o n s t a n t s 

than s p h e r i c a l c a v i t i e s (Walsh and B r a c e , 1 9 6 6 ) . In some 

s t r o n g l y f o l i a t e d i c e the b u b b l e s tend to take t h i s f o r m. 

• F u r t h e r m o r e , the f l a t t e n e d b u b b l e s a r e n o t randomly o r i e n t e d , 

but tend to be a l i g n e d p a r a l l e l to the f o l i a t i o n l a y e r i n g . 

C o n s e q u e n t l y , the bubbly l a y e r s a r e themselves a n i s o t r o p i c , 

and i n a sense such t h a t the f o l i a t i o n a n i s o t r o p y i s r e i n ­

f o r c e d . A s i m i l a r e f f e c t may be br o u g h t about by the s m a l l 

c r a c k s i n the c l e a r l a y e r s . 

The assumption of " s m a l l " p o r o s i t y appears to be j u s t i ­

f i e d . Even when p o r e s a r e s e p a r a t e d by d i s t a n c e s e q u a l to 

t h e i r own d i m e n s i o n s , i n t e r a c t i o n s a r e s m a l l and the 
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e q u a t i o n s of Walsh and Brace ( e q u a t i o n s 64, 65, 66) are 

v a l i d . In most of the f o l i a t i o n examined on the Kaskawulsh 

G l a c i e r the b u b b l e s were s e p a r a t e d by a t l e a s t s e v e r a l times 

t h e i r own d i m e n s i o n s . 

The p r e s e n c e of m e l t w a t e r i n the b u b b l e s w i l l a f f e c t 

the e l a s t i c p r o p e r t i e s of the bubbly l a y e r s . S h u m s k i i (1964) 

has s t a t e d t h a t d u r i n g the m e l t i n g out of i c e c o n t a i n i n g 

a i r b u b b l e s ( s e e S e c t i o n 3.2), the b u b b l e s becomB surrounded 

by a "waterbag." No q u a n t i t a t i v e e s t i m a t e i s a v a i l a b l e f o r 

the amount of water p r e s e n t i n the i c e of the Kaskawulsh 

G l a c i e r . D u r i n g the s e i s m i c i n v e s t i g a t i o n s , water was 

g e n e r a l l y o b s e r v e d to be p r e s e n t on the s u r f a c e of the 

g l a c i e r . I f the assumption of complete s a t u r a t i o n i s made, 

some q u a l i t a t i v e e s t i m a t e s can be g i v e n as to the e f f e c t of 

the water on e l a s t i c wave p r o p a g a t i o n . 

B i o t (1956) made a t h e o r e t i c a l study o f e l a s t i c wave 

p r o p a g a t i o n i n a porous s o l i d s a t u r a t e d w i t h l i q u i d . He 

found a d i f f e r e n c e i n b e h a v i o r between low f r e q u e n c y waves, 

f o r which P o i s e u i l l e f l o w a p p l i e s , and h i g h f r e q u e n c y waves, 

f o r which t h e r e i s a p p r e c i a b l e s l i p p a g e of the l i q u i d i n 

c o n t a c t w i t h ths pore w a l l s . F o r h i g h f r e q u e n c i e s both 

c o m p r e s s i o n a l and shear waves a r e d i s p e r s i v e ! t h e i r v e l o ­

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

The c o m p r e s s i o n a l wave v e l o c i t y i s h i g h e r f o r the l i q u i d -

s a t u r a t e d porous s o l i d than f o r the dry porous s o l i d , b u t 

the shear wave v e l o c i t y i s s l i g h t l y l o w e r f o r the s a t u r a t e d 

s o l i d than f o r the dry s o l i d . 
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K i n g (1966) t e s t e d B i o ^ s theory f o r sandstones a t 

u l t r a s o n i c f r e q u e n c y (500 k H z . ) and a t v a r i o u s c o n f i n i n g 

p r e s s u r e s up to 15,000 p s i . He o b t a i n e d g e n e r a l agreement 

w i t h theory i n the h i g h - f r e q u e n c y range, e x c e p t t h a t a t low 

c o n f i n i n g p r e s s u r e s shear wave v e l o c i t y was found to i n c r e a s e 

s l i g h t l y when the ro c k was s a t u r a t e d w i t h l i q u i d , r a t h e r 

than d e c r e a s e , as theory r e q u i r e s . K i n g a t t r i b u t e d t h i s 

e f f e c t to i n t e r a c t i o n s between the l i q u i d and the s o l i d 

t h a t i n c r e a s e d the r i g i d i t y of the l a t t e r . 

The c r i t i c a l f r e q u e n c y t h a t marks the b e g i n n i n g of 

n o n - l a m i n a r f l o w i s g i v e n by B l o t a s t 

f . = £ J L . . . (70) 
C 4d^ 

where: v = v i s c o s i t y of the s a t u r a t i n g l i q u i d i n p o i s e s 

d = pore d i a m e t e r i n c e n t i m e t e r s . 

For water a t 0° C , Dorsey (1940) g i v e s v = 17.94 x 

10 p o i s e . Then f o r b u b b l e s 1 mm. i n d i a m e t e r , a common 

v a l u e f o r the Kaskawulsh G l a c i e r , f t » 1.4 Hz. The s e i s m i c 

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

than 30 Hz., so B i o t ' s h i g h - f r e q u e n c y theory can be c o n ­

s i d e r e d a p p l i c a b l e . 

I f , as the r e s u l t s c i t e d i n d i c a t e , water s a t u r a t i o n tends 

to i n c r e a s e c o m p r e s s i o n a l wave v e l o c i t y i n the porous l a y e r s 

of f o l i a t e d i c e , then s a t u r a t e d i c e w i l l have a s m a l l e r 

v e l o c i t y d i f f e r e n c e between l a y e r s and hence l e s s v e l o c i t y 

a n i s o t r o p y than w a t e r - f r e e i c e . V e l o c i t i e s i n a l l d i r e c t i o n s 

w i l l be g r e a t e r , b u t the d i f f e r e n c e s between t h e i r magnitudes 
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w i l l be s m a l l e r . For shear waves the e f f e c t s a r e l e s s c l e a r . 

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

average v e l o c i t y d e c r e a s e s l i g h t l y , w i t h water s a t u r a t i o n . 

However, a t the low c o n f i n i n g p r e s s u r e s near the s u r f a c e 

of the g l a c i e r , the e f f e c t w i l l a p p a r e n t l y depend on w a t e r -

i c e i n t e r a c t i o n s . 

5.5 F r a c t u r e s 

J ones (1952) found s i g n i f i c a n t a n i a o t r o p y i n the 

v e l o c i t y of u l t r a s o n i c waves i n c o n c r e t e i n which p a r a l l e l 

c r a c k s were pre-formed by c a s t i n g or c r e a t e d by the a p p l i c a ­

t i o n of s t r e s s . Because f r a c t u r e s and c r e v a s s e s a r e c h a r a c ­

t e r i s t i c of much of the g l a c i e r s u r f a c e , i t appeared l i k e l y 

t h a t they might cause s i g n i f i c a n t a n i s o t r o p y i f s u i t a b l y 

o r i e n t e d . The e f f e c t s of d e n s i t y of s p a c i n g and o r i e n t a t i o n 

of f r a c t u r e s were i n v e s t i g a t e d on the Kaskawulsh G l a c i e r by 

comparing the h i g h e s t d i r e c t P-wave c r o s s - s p r e a d v e l o c i t i e s 

i n two p e r p e n d i c u l a r d i r e c t i o n s i n p a r t s of the g l a c i e r i n 

which the f r a c t u r e p a t t e r n s were d i s t i n c t and r e l a t i v e l y 

s i m p l e . A map of s u r f a c e f r a c t u r e s , taken from a e r i a l 

p h o t o g r a p h s , i s shown i n F i g u r e 29. The r e s u l t s of the 

v e l o c i t y measurements a r e g i v e n i n Table 6. 

I t can be seen t h a t where f r a c t u r e s c u t a c r o s s a s p r e a d 

a t a l a r g e a n g l e , the v e l o c i t y a l o n g t h a t s p r ead i s reduced 

r e l a t i v e to the v e l o c i t y a l o n g the p e r p e n d i c u l a r s p r e a d . 

I f the r e g i o n i s i n t e n s e l y f r a c t u r e d , v e l o c i t i e s a l o n g both 
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CREVASSES AT CONFLUENCE 
OF NORTH AND CENTRAL 
ARMS. KASKAWULSH GLACIER, 
YUKON TERRITORY 

/ ' 0 CREVASSE 

TRIANGULATION STATION 
1964,1965 

MORAINE 

CONTOUR NTERVRLS 25 METERS 

Y u 
REFERENCE AXES 

1500 METERS 

ELEVATIONS R E F E R R E D TO ARBITRARY 
DATUM. TP • 1000 METERS 

F i g u r e 29. C r e v a s s e o a t t e r n s a t the c o n f l u e n c e of the North 
and C e n t r a l Arms of the Kaskau/ulsh G l a c i e r . 
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Table 6. V e l o c i t y of c o m p r e s s i o n a l waves a t l o c a t i o n s on 
the s u r f a c e of the Kaskawulsh G l a c i e r compared w i t h o r i e n t a ­
t i o n and e s t i m a t e d i n t e n s i t y of l o c a l f r a c t u r e s . Ap = 
a n i s o t r o p y f a c t o r f o r P-wavesi the v e l o c i t y i s a d i r e c t i o n 
a p p r o x i m a t e l y p a r a l l e l to the p r i m a r y f r a c t u r e t r e n d d i v i d e d 
by the v e l o c i t y i n a d i r e c t i o n a p p r o x i m a t e l y p e r p e n d i c u l a r 
to i t . ifi = a n g l e between the t r e n d of the pr i m a r y f r a c t u r e 
s e t and the normal to the r e f l e c t i o n survey p r o f i l e on which 
the s t a t i o n l i e s ( F i g . 3 ) . The f o l i a t i o n g e n e r a l l y s t r i k e s 
more or l e s s p e r p e n d i c u l a r to the p r o f i l e s . 

Maximum 
S t a t i o n P-wave v e l o c i t y 

(km./sec.) 

I n t e n s i t y ^ 
F r a c t u r e F o l i a t i o n ( d e g r e e s ) 

190 
195 
199 
201 
204 
205 
58 
68 
2NB 
4NB 
8 
10 
107 
105 
103 

3.73 
3.70 
3.69 
3.70 
3.40 
3.59 
3.74 
3.72 
3.64 
3.47 
3.65 
3.68 
3.43 
3.54 
3.71 

1.02 
1.02 
1.05 
0.98 
1.07 
1.12 
1.02 
1.05 
0.99 
0.97 
1.03 
1.00 
1.05 
1.04 
0.98 

weak 
weak 
weak 
weak 
s t r o n g 
s t r o n g 
weak 
weak 
s t r o n g 
s t r o n g 
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s p r e a d s ar e loiuer than they a r e i n r e l a t i v e l y u n f r a c t u r e d 

r e g i o n s . I n t e n s e f r a c t u r i n g can have an e f f e c t on s e i s m i c 

wave v e l o c i t y comparable i n magnitude to the e f f e c t of 

s t r o n g f o l i a t i o n . 

5.6 C o n c l u s i o n s 

To sum up, s e i s m i c wave v e l o c i t i e s i n the i c e of the 

Kaskawulsh G l a c i e r were found to be a f f e c t e d by c r y s t a l ­

l o g r a p h i c f a b r i c , f o l i a t i o n and f r a c t u r e . Ice near the 

s u r f a c e of the g l a c i e r was h e t e r o g e n e o u s w i t h r e s p e c t to 

p o r o s i t y and e l a s t i c p r o p e r t i e s . A n i s o t r o p y due to f o l i a ­

t i o n and a n i s o t r o p y due to c r y s t a l o r i e n t a t i o n were s u p e r ­

posed near the margins of the g l a c i e r and below the c o n ­

f l u e n c e i n zones f l a n k i n g the m e d i a l moraine. A l o w - v e l o c i t y 

zone s e v e r a l meters t h i c k was found a t the upper s u r f a c e of 

the g l a c i e r ; P-wave v e l o c i t y measured a t the s u r f a c e was as 

much as 25% l e s s than i t was 10 m. below. Low v e l o c i t y i n 

t h i s zone may be due to m e l t i n g , f r a c t u r i n g , and h i g h 

p o r o s i t y of the i c e . The zone appeared to c o n t a i n a c o n ­

s i d e r a b l e amount of m e l t w a t e r . 

Even when the e f f e c t s of f o l i a t i o n and f r a c t u r e a r e 

d i s r e g a r d e d , the low symmetry of most of the i c e p e t r o -

f a b r i c s o b s e r v e d near the s u r f a c e of the Kaskawulsh G l a c i e r 

r e s u l t s i n complex r e l a t i o n s h i p s between s e i s m i c wave 

v e l o c i t y and the d i r e c t i o n of wave p r o p a g a t i o n . The v e l o ­

c i t y a n i s o t r o p y of the a g g r e g a t e s of i c e c r y s t a l s w i t h the 
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s t r o n g e s t p r e f e r r e d o r i e n t a t i o n i n the g l a c i e r i s much 

s m a l l e r than the a n i s o t r o p y observed f o r a s i n g l e c r y s t a l . 

A n i s o t r o p y due to the p r e f e r r e d o r i e n t a t i o n of i c e c r y s t a l s 

does n o t appear to be s u b s t a n t i a l enough to a f f e c t s e i s m i c 

r e f l e c t i o n measurements i n the g l a c i e r s i g n i f i c a n t l y . 

Because f r a c t u r e and f o l i a t i o n a f f e c t s e i s m i c v e l o ­

c i t i e s so s t r o n g l y , the use of the s e i s m i c method to study 

i c e c r y s t a l f a b r i c s appears to be s e v e r e l y l i m i t e d . However, 

t h e r e are r e g i o n s i n the Kaskawulsh G l a c i e r i n which f o l i a ­

t i o n and f r a c t u r e are v i r t u a l l y a b s e n t , f o r example, under 

the m e d i a l moraine, and s i m i l a r s i t u a t i o n s can undoubtedly 

be found i n o t h e r g l a c i e r s . The use of more p r e c i s e a p p a r a t u s 

f o r measuring s e i s m i c wave v e l o c i t y than was a v a i l a b l e i n 

t h i s study might p e r m i t the i n v e s t i g a t i o n of s m a l l u n f r a c -

t u r e d and u n f o l i a t e d domains. Where the study of f o l i a t i o n 

i t s e l f i s sought, the r e l a t i v e l y s t r o n g a n i s o t r o p i c e f f e c t 

of some types of l a y e r i n g i n v o l v i n g c l e a r and bubbly i c e 

s u g g e s t s t h a t the s e i s m i c method might be a p p l i c a b l e . 



CHAPTER VI 

REFLECTION SURVEY 

6.1 I n t r o d u c t i o n 

A s e i s m i c r e f l e c t i o n survey was c a r r i e d out to d e t e r ­

mine the i c e t h i c k n e s s and the shape of the g l a c i e r bed 

i n the r e g i o n of the c o n f l u e n c e of the North and C e n t r a l 

Arms of the Kaskawulsh G l a c i e r . The d i s t a n c e to the bed 

of the g l a c i e r , c o n v e r t e d to v e r t i c a l depth, and the s t r i k e 

and d i p of the bed was determined a t 40 p o i n t s , most of them 

on the three t r a n s - g l a c i e r p r o f i l e s d e s c r i b e d i n Chapter I 

( F i g . 3 ) . 

In accordance w i t h the r e s u l t s of the i n v e s t i g a t i o n s 

r e o o r t e d i n C h a o t e r s I I I and IV, the i c e has been assumed 

to be i s o t r o p i c and homogeneous w i t h r e s p e c t to s e i s m i c 

wave p r o p a g a t i o n . I t has a l s o been assumed t h a t the g l a c i e r 

s u r f a c e i n the v i c i n i t y of each s h o t p o i n t , and the sub-

g l a c i a l i n t e r f a c e from which the s e i s m i c waves from t h a t 

s h o t point are r e f l e c t e d , are p l a n e s . Hence, the s e i s m i c 

r a y s are s t r a i g h t l i n e s and t h e i r l e n g t h s are d i r e c t l y 

p r o p o r t i o n a l to t h e i r t r a v e l t i m e s . 

The r e f l e c t i o n data have been c o r r e c t e d f o r the d i s ­

placement and r o t a t i o n of s t a t i o n s r e s u l t i n g from v a r i a t i o n s 
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i n s t r a i n r a t e a l o n g the p r o f i l e s , because a p p r e c i a b l e 

s u r f a c e movement took o l a c e u/hile the i n v e s t i g a t i o n mas 

i n p r o g r e s s . C o r r e c t i o n s a l s o have been a o p l i e d f o r the 

s l o o e of the g l a c i e r s u r f a c e , and the change i n i c e t h i c k ­

ness due to a b l a t i o n of the s u r f a c e d u r i n g the f i e l d s eason. 

6.2 P r o c e d u r e f o r D e t e r m i n i n g Depth and 

S t r i k e and DiD of G l a c i e r Bed 

The survey data mere determined by r e a d i n g the times 

T Q, T k, and from the r e c o r d s ( F i g . 3 0 ) . In the f i g u r e 

the shot p o i n t i s a t S; the s p r e a ds are r e p r e s e n t e d by the 

l i n e segments SK and SL. The r e f l e c t i n g p l a n e i s r e p r e s e n t e d 

by the p o i n t s R Q, Rk, and R̂ , which are the D o i n t s of r e f l e c ­

t i o n of r a y s r e f l e c t e d back to the s h o t p o i n t ( t h e z e r o -

d i s t a n c e r e f l e c t i o n ) , and to the ends of SK and SL. S' i s 

the image of the shot p o i n t . SS' = VT Q, KS = VT k, and LS* = 

\l T, . In the t r i a n g l e SS'K, from the law of c o s i n e s : 

c o s 3 = 
SK 2

 + V 2 ( T 2-T 2 ) v o k ' . (71) 

and i n t r i a n g l e SS'L: 

C o s a = 
S L 2 + \l2( T Q

2 - T 1

2 ) 
. . . (72) 

2 SLVT o 

I f n i s a v e c t o r normal to the r e f l e c t i o n p l a n e 

R o R k R l a n d ° a r a l l e l t o SS'» and y i s the a n g l e between 

n and the Z a x i s , 



X = COORDINATE DIRECTION ON SURFACE 
Z = VERTICAL DIRECTION 
S = SHOT POINT 
S'= IMAGE OF SHOT POINT 
n = VECTOR NORMAL TO REFLECTING INTERFACE 

31J 2J 3= DIRECTION COSINES OF n; tf, =DIP 
KJ_= ENDS OF SPREADS 
R0= POINT ON REFLECTING INTERFACE AT MIDPOINT OF SS' 

RK,RL= POINTS ON REFLECTING INTERFACE CUTTING KS'AND LS' RESPECTIVELY 
D = POINT ON SURFACE VERTICALLY ABOVE R0 

M = INTERSECTION OF REFLECTING INTERFACE AND VERTICAL AXIS Z 
H'M = INTERSECTION OF VERTICAL PLANE THROUGH Ftyrf AND PLANE 

PARALLEL TO SURFACE THROUGH M 
THE ZERO DISTANCE REFLECTION TIME T0 IS THE TIME FROM S TO R0 TO S 
THE REFLECTION TIMES AT POINTS K,L ARE TK,TL RESPECTIVELY 

0 d = AZIMUTH OF DIP 

F i g u r e 30. G e o m e t r i c a l r e l a t i o n s h i p between a d i o p i n g r e ­
f l e c t i n g i n t e r f a c e and sp r e a d s on the g l a c i e r s u r f a c e . 
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and 

2 2 2 cos a + c o s 3 + c o s y = 1 . . . (73) 

— 1 1 2 ^ 
Y = c o s (1 - c o s a - c o s 3 ) 7 = diD of the 

r e f l e c t i n g i n t e r f a c e . . . . ( 7 4 ) 

The d i p a z i m u t h , p e r p e n d i c u l a r to the s t r i k e of the 

i n t e r f a c e = e = t a n " 1 c°* B . . . . ( 7 5 ) 
cos a v ' 

The p o i n t D i s the p r o j e c t i o n of R Q on the p l a n e of the 

spreads and the o f f s e t of t h i s p o i n t from the shot p o i n t i s : 

SD = h VT o s i n . . . ( 7 6 ) 

The d i s t a n c e from D to R i s the i c e t h i c k n e s s a t R : 
o o 

d = R QD = b V T Q cos Y . . . ( 7 7 ) 

At some s t a t i o n s o n l y the s l a n t deoth c o u l d be d e t e r m i n e d : 

k SS» = h VT 0 . . . (78) 

6.3 C o r r e c t i o n s to S e i s m i c R e f l e c t i o n Data 

The s t a t i o n s u/ere s u r v e y e d on J u l y 19, 1964 and a g a i n 

on !Y!ay 24, 28, and 30, 1965, and t h e i r movement was comouted 

( A n d e r t o n , 1 967). The p o s i t i o n of each s t a t i o n a t the time 

i t u/as used as a shot p o i n t on the r e f l e c t i o n survey u/as 

o b t a i n e d by time i n t e r o o l a t i o n or e x t r a p o l a t i o n . S i n c e the 

movement u/as more r a p i d d u r i n g the summer months u/hen the 

s e i s m i c survey u/as t a k i n g p l a c e , and t h i s a c c e l e r a t i o n u/as 

g r e a t e r on the C e n t r a l Arm than on the N o r t h Arm, the i n t e r ­

p o l a t i o n had to be c o r r e c t e d f o r these f a c t o r s . Based upon 
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measurements taken d u r i n g J u l y and August, 1964, Anderton 

( p e r s o n a l communication) e s t i m a t e d t h a t on the N o r t h Arm 

movement mas 7% f a s t e r i n the summer than the average f o r 

the year and on the C e n t r a l Arm 23% f a s t e r i n the summer 

than the average f o r the y e a r . 

The s p r e a d s mere o r i e n t e d by s i g h t i n g from one s t a t i o n 

to the n e x t , so the s p r e a d a z i m u t h s had to be c o r r e c t e d f o r 

the e f f e c t s of r e l a t i v e m o t i o n . The p r i n c i p l e i s i l l u s t r a ­

ted i n F i g u r e 31. A t the time of the f i r s t s u r v e y , the 

o o s i t i o n s of tmo a d j a c e n t s t a t i o n s a re A and B and the t r u e 

a z i m u t h from A to B i s the a n g l e 6 . A t the time of the 

second s u r v e y , the p o s i t i o n s a r e A' and 8' and the az i m u t h 

i s 6 ' . At an i n t e r m e d i a t e time t h a t A i s used as a s h o t 

o o i n t , i t s p o s i t i o n , by i n t e r p o l a t i o n , i s A 1' and the p o i n t 

used f o r the a l i g n i n g of s o r e a d s K and L i s a t B' 1. The 

t r u e a z i m u t h i s then <$'*. The d i p azimuth w i t h r e s p e c t to 

the s p r e a d c o o r d i n a t e system i s 9̂  and the t r u e d i p a z i m u t h 

i s <J> ,; the t r u e s t r i k e i s *_,+ 90°. The p o s i t i o n of the 0 Td 
s i g h t i n g s t a t i o n B 1' can be e x p r e s s e d a s : 

v =v • T,1

T',]T

V 0} <V 
1 1 . . . ( 7 9 ) 

where: 

X. 1' = X - c o o r d i n a t e of p o i n t i when p o i n t j i s 
b e i n g s h o t 

T.'1 = time when j i s s h o t 

T^' = time of second s u r v e y of i 

T. = time of f i r s t s u rvey of i 
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F i g u r e 31. Azimuth c o r r e c t i o n f o r r e l a t i v e movement of 
survey m a r k e r s . A t time ( a ) the a z i m u t h of the l i n e from 
A to 8 i s 6. By time ( b ) the a z i m u t h has i n c r e a s e d to 6•. 
A t some i n t e r m e d i a t e time ( c ) the a z i m u t h i s an i n t e r ­
p o l a t e d v a l u e , 6 M . The d i p a z i m u t h =6d~<$ , ,» where 
6d i s the a n g l e between the s u r f a c e t r a c e of the d i p 
a z i m u t h , AD, and the l i n e AB. 
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V ( S ) / v ( A ) = r a t i o o f s u m m e r v e l o c i t y to 
avarage v e l o c i t y 

X.' = X - c o o r d i n a t e o f D o i n t i a t s e c o n d s u r v e y 

X . 
1 

= X - c o o r d i n a t e of o o i n t i a t f i r s t survey 

The e q u a t i o n f o r the Y - c o o r d i n a t e i s analogous. 

S u r f a c e s l o o e v a r i e s from 0° to about 5° a l o n g the 

p r o f i l e s . The r e s u l t i n g a n g u l a r e r r o r s a r e s m a l l but the 

h o r i z o n t a l d i s p l a c e m e n t s they cause i n the p o s i t i o n of the 

r e f l e c t i n g i n t e r f a c e are s i g n i f i c a n t . The c o r r e c t i o n i s 

i l l u s t r a t e d i n F i g u r e 32. In F i g u r e 32(a) the s h o t p o i n t 

i s a t S, w i t h a l t i t u d e . The s u r f a c e p r o j e c t i o n of the 

z e r o r e f l e c t i o n p o i n t D i s a t a l t i t u d e Z ? . The s l o p e i s 

i n d i c a t e d by the g r a d i e n t v e c t o r . The p r o j e c t i o n of SD 

on grad Z i s PD and the ang l e between SD and grad Z i s n . 
s 

The p r o j e c t i o n of the z e r o r e f l e c t i o n p o i n t on the h o r i z o n ­

t a l D i a n e i s D' and the d i s t a n c e DD' i n the s u r f a c e p l a n e 

i s A . 

The r e l a t i o n of A and the a n g u l a r c o r r e c t i o n f o r the 

r e f l e c t i n g i n t e r f a c e £_to the known q u a n t i t i e s PD, d and 

Z i s shown i n F i g u r e 3 2 ( b ) . H e r e i 

I f the s l o p e changes a p p r e c i a b l y i n the v i c i n i t y of D', 

the p l a n e of the spread must be extended to D* and a 

. . . (80) 

and 

A . . . (81) 



F i g u r e 32. P o s i t i o n c o r r e c t i o n f o r the s l o p e of the g l a c i e r 
s u r f a c e . R 0, S and D a r e as d e f i n e d i n F i g u r e 30. S i s a t 
e l e v a t i o n Z i and D i s a t _ e l e v a t i o n Z 2 « The s l o p e of the 
s u r f a c e i s £ s = Z 2 - Z 1/PD, i n the d i r e c t i o n grad Z. The 
p e r p e n d i c u l a r d i s t a n c e from D to Ro i s d. The v e r t i c a l 
d i s t a n c e from R 0 to the s u r f a c e a t D' i s d' =. d. I f £ s 

i s a s m a l l a ngle the o f f s e t between D and D' i s A s £sd» 
The d i r e c t i o n of the o f f s e t i s the azimuth of the s l o p e 
g r a d i e n t , ris» 
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(b) VERTICAL SECTION 
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c o r r e c t i o n made to d' f o r the d i f f e r e n c e between t h i s p l a n e 

and the a c t u a l s u r f a c e a t D'. This c o r r e c t i o n i s u s u a l l y 

very s m a l l , and never more than a few meters. 

The c u m u l a t i v e a b l a t i o n from the b e g i n n i n g of the melt 

season u n t i l the shot time of a g i v e n s t a t i o n i s added to 

the depth d' f o r t h a t s t a t i o n to b r i n g a l l the depths to 

a common time datum. A b l a t i o n r a t e s v a r i e d from 3 cm. of 

i c e per day a t s t a t i o n 68 to 4.6 cm. of i c e per day a t 

IM85. This c o r r e c t i o n was never more than three meters. 

The t o t a l p o s i t i o n c o r r e c t i o n was g r e a t e s t f o r the 

shot p o i n t s i n the c e n t r a l zone of each g l a c i e r arm, where 

the v e l o c i t y of i c e movement was g r e a t e s t . On the o t h e r 

hand, the azimuth c o r r e c t i o n was g r e a t e s t near the margins 

of the g l a c i e r , where the s h e a r i n g s t r a i n r a t e , t*, was 

maximal. The c o r r e c t i o n s f o r the s l o p e and unevenness of 

the g l a c i e r s u r f a c e were s m a l l e x c e p t on the upoer l i n e of 

the N o r t h Arm, e s p e c i a l l y a t i t s south end, which i s j u s t 

below an i c e f a l l . Because the i c e depth was found to be 

r e l a t i v e l y s m a l l here, the p e r c e n t a g e c o r r e c t i o n was 

c o n s i d e r a b l y g r e a t e r than anywhere e l s e . 

The r e s u l t s of the r e f l e c t i o n survey are p r e s e n t e d i n 

Table 7. F i g u r e 33 i s a c o n t o u r map of the s u b - g l a c i a l 

s u r f a c e , c o n s t r u c t e d from the data of t h i s t a b l e . C r o s s -

s e c t i o n s of the g l a c i e r a l o n g the survey p r o f i l e s are 

p l o t t e d i n F i g u r e 34. 
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F i g u r e 34. T r a n s v e r s e s e c t i o n s a c r o s s the Kaskawulsh 
G l a c i e r on the l i n e s of survey markers (see F i g . 3;. 
The d i r e c t i o n s a re a p p r o x i m a t e . The v e r t i c a l and 
h o r i z o n t a l s c a l e s a r e e q u a l . 
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6.4 I n t e r p r e t a t i o n of S e i s m i c R e f l e c t i o n Data 

The r e s u l t s of the r e f l e c t i o n survey are based e n t i r e l y 

upon r e f l e c t e d P-u/aves. The f r e q u e n c y of most of the good 

r e f l e c t i o n s mas about 100 Hz. The r e c o r d s are n o t a b l e f o r 

the l a c k of SS or PS r e f l e c t i o n s or m u l t i p l e P r e f l e c t i o n s . 

The l a r g e d i p s of the g l a c i e r f l o o r D r o b a b l y D r e v e n t e d 

m u l t i D l e r e f l e c t i o n s from b e i n g r e c o r d e d o n the r e l a t i v e l y 

s h o r t spreads t h a t u/ere used. 

As u/as noted i n S e c t i o n 4.7, the normal method of 

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

t i o n of shear uiaves m i l i t a t e a g a i n s t the p r o d u c t i o n and 

p r o p a g a t i o n of shear u/aves. These f a c t o r s may a ccount f o r 

the l a c k of SS r e f l e c t i o n s . For the h i g h a n g l e s of 

i n c i d e n c e i n v o l v e d i n the r e f l e c t i o n s u r v e y , the r e f l e c t i o n 

c o e f f i c i e n t s f o r PS are s m a l l ( R & t h l i s b e r g e r , 1964). 

Sometimes more than one r e f l e c t i o n appears on a r e c o r d . 

When the s t e p o u t s of s e p a r a t e r e f l e c t i o n s on the same r e ­

c o r d are c o r r e l a t e d , the r e f l e c t i o n s u s u a l l y t u r n out to 

be from d i f f e r e n t o a r t s of the g l a c i e r bed s u i t a b l y o r i e n t e d 

f o r r e t u r n of u/aves to the s p r e a d s . Thus, the r e f l e c t i o n s 

i n d i c a t e d on the r e c o r d shou/n i n F i g u r e 35 are i n t e r p r e t e d 

as due to r e f l e c t i n g h o r i z o n s d i s p o s e d as i n F i g u r e 35. 

Hou/ever, a t s t a t i o n s 195, NB3, 104 and 106 low a m p l i ­

tude phases f o l l o w the f i r s t r e f l e c t e d phases a f t e r a feu/ 

m i l l i s e c o n d s ( F i g . 3 7 ) . They appear to be "sub-bottom" 



157 

co 

u 
D 
O 
o 
O O-

o 
in T) c • • 

•H E 
4-> 

CD CM 

x: 
4 J 

•H 4 J 

3 C 

•. co 
x co 
4J a 

CO 

(-• 
CO 
CO 
c 

<»- -*J , H 
CD CO CO cr o 

- H o -u 
• X d 

CQ CO Q) 
co > 

c a>> 
•H CO 
o r> co 
a CM x 

CM 
• CD 

CO X 

c c 
CD ZJ 

X a • 
ID a N 

••-» X 

E C Z > x i 
CO CO <X> < 

f - l » H 5 
cn co i P 
o co o P 
£ 3 CO 0 

co a 
•HOT) .-, 
0) H C u 

CO X CO •> . 
t — X ) * » 

CO O 
• CO r 

m • ca-C 
CO CO D*» 

c 
0) TJ u c a W4J i 
cn H D) 

•H » > - H C 
U . CM ft- O 

C-4.0 
CO 4 * 



158 

2 

(IN) H ld3a 
F i g u r e 36. I n t e r p r e t a t i o n of seismogram a t p o i n t 3B 
( F i g . 3 5 ) . 
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r e f l e c t i o n s . The two phases may r e p r e s e n t r e f l e c t i o n from 

the top and bottom of a l a y e r of moraine or sediment a t the 

bottom of the g l a c i e r . These c a s e s a l l occur near the 

c e n t e r s of the v a l l e y s . The t h i c k n e s s of the l a y e r can 

o n l y be guessed a t i n the absence of v e l o c i t y d a t a . I f 

the v e l o c i t y i s between 4 and 6 km./sec. the l a y e r i s 

40-120 m. t h i c k . 

S t a t i o n s a t which no r e f l e c t i o n s a t a l l were r e c o r d e d 

were r a r e , but a t some s t a t i o n s t here were no r e a d a b l e 

r e f l e c t i o n s i n one of the p e r p e n d i c u l a r s p r e a d d i r e c t i o n s 

so o n l y s l a n t depth and a p p a r e n t d i p are known. However, 

r e a s o n a b l e i n t e r p o l a t i o n s can be made when more complete 

data are a v a i l a b l e a t a d j a c e n t s t a t i o n s . 

Poor r e c o r d i n g of r e f l e c t i o n s may be due to roughness 

or c o n v e x i t y of the i n t e r f a c e or the p r e s e n c e of d e b r i s i n 

the i c e t h a t c o u l d s c a t t e r the s e i s m i c waves. I f t h e r e i s 

water a t the base of the g l a c i e r o n l y weak r e f l e c t i o n s w i l l 

be r e t u r n e d from the i c e - w a t e r i n t e r f a c e , b u t t h e r e may be 

s t r o n g r e f l e c t i o n s from the u n d e r l y i n g w a t e r - r o c k i n t e r f a c e . 

A t each boundary t h a t i s e n c o u n t e r e d by the s e i s m i c waves, 

energy i s l o s t by r e f r a c t i o n or r e f l e c t i o n downward, and 

the s i g n a l t h a t u l t i m a t e l y r e t u r n s to the g l a c i e r s u r f a c e 

i s c o r r e s p o n d i n g l y weakened. 
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6.5 L a b o r a t o r y S t u d i e s 

The r e f l e c t i o n c o e f f i c i e n t of a p l a n e e l a s t i c wave, 

i . e . , the f r a c t i o n of i n c i d e n t energy t h a t i s r e f l e c t e d 

from a p l a n e i n t e r f a c e , depends upon the ang l e of i n c i d e n c e 

of the wave and the a c o u s t i c impedances of the media. In 

S e c t i o n 4.7 t h e r e was a d i s c u s s i o n of the r e s u l t s of 

R o t h l i s b e r g e r (1964) f o r the r e f l e c t i o n and t r a n s m i s s i o n 

c o e f f i c i e n t s a t an i c e - s o l i d i n t e r f a c e f o r s o l i d s of. v a r i o u s 

d e n s i t i e s and P- and S-wave v e l o c i t i e s and f o r v a r i o u s 

a n g l e s of i n c i d e n c e . F o r s m a l l a n g l e s of i n c i d e n c e , such 

as were i n v o l v e d i n t h i s s u r v e y , the s i g n a l a m p l i t u d e r a t i o 

i s , a p p r o x i m a t e l y : 

R = = - . . . (82) 
1 2 1 

where: A_ = a m p l i t u d e of r e f l e c t e d P-wave r 

A A = a m p l i t u d e of i n c i d e n t P-wave 

^1 = P 1 % 1 = a c o u s * ' ^ c impedance of upper medium 

^"2 ~ P2^p2 = a c o u s * ' ; ' , c impedance of lower medium 

I t proved i m p r a c t i c a b l e to measure the s e i s m i c v e l o ­

c i t i e s of the v a l l e y w a l l rock ijn s i t u , so samples were 

brought back f o r l a b o r a t o r y s t u d y . 
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The d e n s i t i e s of specimens of rock were determined to 

about 1 p a r t i n 300 w i t h a J o l l y b a l a n c e . C o m p r e s s i o n a l 

wave v e l o c i t i e s were c a l c u l a t e d from the t r a v e l times of 

u l t r a s o n i c waves through c u t specimens w i t h measured 

d i m e n s i o n s . 

In t h i s e x p e r i m e n t , p u l s e s of r a d i o f r e q u e n c y a l t e r n a t ­

i n g v o l t a g e were a p p l i e d to a p i e z o e l e c t r i c t r a n s d u c e r to 

g e n e r a t e u l t r a s o n i c c o m p r e s s i o n a l wave p u l s e s . The l a t t e r 

were t r a n s m i t t e d through specimens immersed i n water and 

were r e c e i v e d by a n o t h e r t r a n s d u c e r which c o n v e r t e d the 

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

and r e c e i v e d e l e c t r i c a l p u l s e s were d i s p l a y e d on a c a l i ­

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

between them c o u l d be r e ad d i r e c t l y . With c o r r e c t i o n s f o r 

c i r c u i t d e l a y s , the t r a n s i t time of the u l t r a s o n i c p u l s e 

between the t r a n s d u c e r s c o u l d then be o b t a i n e d . Water 

immersion e l i m i n a t e d the problems of m achining the specimen 

s u r f a c e s and a p p l y i n g the optimum p r e s s u r e between specimen 

and t r a n s d u c e r . The geometry of the e x p e r i m e n t i s shown 

i n F i g u r e 38. 

Medium I has v e l o c i t y V j ; medium I I has v e l o c i t y 

The t r a n s i t time f o r a p u l s e to go from the t r a n s m i t t e r 

to the r e c e i v e r through medium I o n l y i s : t = r f - . . . . (83) 
V I 

When the b l o c k of medium I I i s i n s e r t e d the t r a n s i t time i s : 
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Then: A t = t , - L = f " r " F " (B5) 

and: V T T = d . . . . ( 8 6 ) 
1 1 ( d / V j , -A t 

d vuas measured w i t h c a l i p e r s to an a c c u r a c y of - 0.1 mm., 

or b e t t e r than 1 o a r t i n 500. t ^ and t j were r e a d on the 

c a l i b r a t e d cathode r a y o s c i l l o s c o p e and A t c o u l d u s u a l l y 

be o b t a i n e d to about 1 p a r t i n 100. was de t e r m i n e d from 

r e p e a t e d measurements of t r a n s i t time through the water a t 

known t r a n s d u c e r s e p a r a t i o n s . I t was found to be 1490 m./sec, 

w i t h a c c u r a c y of about 1 p a r t i n 100. (Oo r s e y , 1940, g i v e s 

a v a l u e of 1483.1 m./sec. f o r the v e l o c i t y of a c o u s t i c waves 

i n d i s t i l l e d water a t 20°C.) V j j was p r o b a b l y a c c u r a t e to 

i 296. 

The specimens were c u t i n t o o r t h o r h o m b i c b l o c k s w i t h 

d i m e n s i o n s between 5 and 10 cm. The f r e q u e n c y of the waves 

was 1 DflHz. At t h i s f r e q u e n c y the wave-length ( a b o u t 5 mm.) 

was s m a l l enough so t h a t d i s t u r b i n g boundary e f f e c t s t h a t 

a r i s e when wave-length i s s i m i l a r to specimen d i a m e t e r d i d 

n o t o c c u r . The g r a i n d i a m e t e r i n most of the specimens was 

s m a l l enough (< 0.1 mm.) so t h a t l o s s of energy through 

R a y l e i g h s c a t t e r i n g , which t a k e s p l a c e when g r a i n d i a m e t e r 

i s s i m i l a r to w a v e - l e n g t h , d i d n o t o c c u r . The b l o c k y g r a i n s 

of the g r a n o d i o r i t e had d i m e n s i o n s up to 1-2 mm., but 

moderately s t r o n g s i g n a l s were s t i l l o b t a i n e d w i t h these 

specimens. 
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Tor each specimen, measurements u/ere made u/ith a l l t h r e e 

p a i r s of s i d e s p e r p e n d i c u l a r to the u l t r a s o n i c beam, With 

the e x c e p t i o n of one of the l i m e s t o n e s , a l l samples mere 

i s o t r o p i c w i t h r e s p e c t to v e l o c i t y w i t h i n the l i m i t s of 

e r r o r of the e x p e r i m e n t . The e x c e p t i o n a l l i m e s t o n e specimen, 

which p o s s e s s e d marked f o l i a t i o n , was n o t i n c l u d e d i n the 

r e s u l t s . 

The r e s u l t s o b t a i n e d a t a f r e q u e n c y of 1 WHz. were to 

be a p p l i e d i n f i e l d o p e r a t i o n s i n which f r e q u e n c i e s of 

a p p r o x i m a t e l y 100 Hz. were use d . Hampton ( 1 9 6 4 ) , i n a 

study of w a t e r - s a t u r a t e d , l a b o r a t o r y - p r e p a r e d s e d i m e n t s , 

found t h a t c o m p r e s s i o n a l wave v e l o c i t y through t h i s m a t e r i a l 

was 6% h i g h e r a t 600 kHz. than a t 4 kHz. I t may be t h a t f o r 

s e i s m i c f r e q u e n c i e s the v e l o c i t i e s and a c o u s t i c impedance 

g i v e n here are too h i g h and t h a t c o n s e q u e n t l y the a m p l i t u d e 

r a t i o s s h o u l d be somewhat l o w e r . 

The impedance and r e f l e c t i o n data f o r the specimens a r e 

g i v e n i n Table 8. The r a t i o s of the a m p l i t u d e s of r e f l e c t e d 

s i g n a l to i n c i d e n t s i g n a l c a l c u l a t e d here are h i g h compared 

w i t h those e n c o u n t e r e d i n most s e i s m i c r e f l e c t i o n work, 

where the r e f l e c t i n g h o r i z o n i s an i n t e r f a c e between d i f f e r ­

e n t k i n d s of r o c k of low v e l o c i t y c o n t r a s t . I f the r o c k -

i c e boundary i n the p r e s e n t case i s a d i s t i n c t i n t e r f a c e , 

these data l e a d one to e x p e c t s t r o n g s e i s m i c r e f l e c t i o n s . 

However, the a m p l i t u d e r a t i o s f o r the d i f f e r e n t rock types 

a r e so s i m i l a r t h a t t h e r e appears to be l i t t l e chance of 
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l o c a t i n g c o n t a c t s betu/een the d i f f e r e n t t ypes of rock i n 

the v a l l e y f l o o r by comparing a m p l i t u d e s of r e f l e c t e d 

waves. 

The c a l c u l a t e d a m p l i t u d e r a t i o s can be compared w i t h 

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

waves of i n i t i a l energy UJQ per s t e r a d i a n emanating from a 

p o i n t s o u r c e . There w i l l be some a t t e n u a t i o n c o n s t a n t a, 

and a f t e r the waves have moved d i s t a n c e X from the s o u r c e , 

t h e i r energy per u n i t a r e a w i l l be: 

111 

K * " f e " a x • • • ( 8 7 > 
x x * 

Now assume t h a t between d i s t a n c e 0 and X the waves are 

r e f l e c t e d a t an i n t e r f a c e w i t h r e f l e c t i o n c o e f f i c i e n t C. 

T h e i r energy per u n i t a r e a a t X i s then: 

UJ C 
x x * 

The r a t i o of the energy of the r e f l e c t e d wave to an 

u n r e f l e c t e d wave t h a t has t r a v e l e d the same d i s t a n c e i s : 

UP- = C • • • (99) 
x 

and the a m p l i t u d e r a t i o of the two waves i s : 

R = / C . . . (90) 

The a m p l i t u d e of u n r e f l e c t e d P-waves a t a g i v e n 

d i s t a n c e from a s h o t of known s i z e , r e c o r d e d a t known 

i n s t r u m e n t g a i n (most r e c o r d i n g s were made a t l i n e a r 
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a m p l i f i c a t i o n ) , i s a v a i l a b l e from the d i r e c t P-wave r e c o r d s 

of the wi d e - a n g l e p r o f i l e ( C h a p t e r I V ) . R e f l e c t e d waves 

of known path l e n g t h can be compared d i r e c t l y w i t h u n r e f l e c ­

ted waves a t e q u a l p a t h l e n g t h a l o n g the p r o f i l e . 

The a m p l i t u d e must be c o r r e c t e d f o r charge s i z e , 

i n s t r u m e n t g a i n and seismometer r e s p o n s e . Assume t h a t the 

energy of P-wave g e n e r a t i o n by an e x p l o s i o n i s p r o p o r t i o n a l 

to the amount of the e x p l o s i v e ( R o b i n , 1958). Then t o 

compare the a m p l i t u d e A* of a wave from a s h o t of s i z e U/o' 

to the a m p l i t u d e f o r a s h o t of s i z e w*0, A 1 must be m u l t i p l i e d 

by ^o . I f A' was r e c o r d e d a t p' db. a m p l i f i c a t i o n , and i t 

i s to be compared w i t h a m p l i t u d e o b t a i n e d a t e db., A' must 

be mul t i p l i e d by ^|"?, e i f e ' > e, or by /e -e • i f e • < e . The 

PP r e f l e c t i o n i s r e c e i v e d by the seismometer w i t h i t s base 

p a r a l l e l to the wave f r o n t , w h i l e i n most c a s e s the d i r e c t 

P-wave i s r e c e i v e d w i t h the base of the seismometer p e r p e n ­

d i c u l a r to the wave f r o n t . A c o r r e c t i o n must be made f o r 

the d i f f e r e n c e i n re s p o n s e of the seismometer i n these c a s e s . 

S t r o n g PP r e f l e c t i o n s were o b t a i n e d a t s h o t p o i n t 10 

and 11, which had ray p a t h s of a p p r o x i m a t e l y 500 and 400 m., 

r e s p e c t i v e l y . These s h o t p o i n t s were near the p o i n t of 

c o n f l u e n c e , where the bedrock i s a p p a r e n t l y composed c h i e f l y 

of g r e e n s t o n e and greywacke, which have a m p l i t u d e r a t i o s of 

a p p r o x i m a t e l y 2/3 ( T a b l e 8 ) . The ob s e r v e d a m p l i t u d e r a t i o s 

were about ^. The d i s a g r e e m e n t i s s m a l l but a p p a r e n t l y 
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s i g n i f i c a n t . I t i s p r o b a b l y caused by a l e s s than p e r f e c t 

i c e - r o c k i n t e r f a c e , but v e l o c i t y d i s p e r s i o n and a g r e a t e r 

a t t e n u a t i o n c o n s t a n t , a , a t depth may a l s o be f a c t o r s . 

6.6 C o n c l u s i o n s 

C o n s i d e r a t i o n of the r e s u l t s of the r e f l e c t i o n survey 

l e a d s to the f o l l o w i n g c o n c l u s i o n s ! 

( 1 ) The g r e a t t h i c k n e s s of the g l a c i e r - - a maximum of 

a p p r o x i m a t e l y 1000 m.— r e q u i r e s t h a t the bed of the g l a c i e r 

a t the c o n f l u e n c e ( a b o u t 750 m.) be somewhat lower than the 

e l e v a t i o n of the t e r m i n u s , 40 km. d o w n - g l a c i e r (800-850 m.), 

where the i c e i s r e s t i n g on outwash. 

( 2 ) In the immediate v i c i n i t y of the c o n f l u e n c e , the 

mean l o n g i t u d i n a l s l o p e of the v a l l e y f l o o r i s a p p r o x i m a t e l y 

e q u a l to the s l o p e of the g l a c i e r s u r f a c e . 

The t r e n d of s t e p o u t times a l o n g the s e i s m i c 

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

s u r f a c e r a t h e r than the p l a n a r i t y assumed. T h i s r e s u l t s 

i n f o c u s i n g of the r e f l e c t e d waves and s h o u l d enhance the 

s i g n a l s . The e f f e c t does n o t appear to be s t r o n g enough 

to cause s p u r i o u s r e f l e c t i o n s from b u r i e d f o c i . The con ­

c a v i t y , of c o u r s e , i s not unexpected i n a g l a c i a l v a l l e y . 

The assumption t h a t the bottom i s l o c a l l y n e a r l y 

p l a n a r does n o t seem to l e a d to any l a r g e e r r o r s . There 

i s a l a r g e i n c r e a s e i n d i p from s t a t i o n 7 to s t a t i o n 11, 
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but i n the v i c i n i t y of each s t a t i o n the change i s n o t l a r g e . 

A t s t a t i o n 10 the d i p , a zimuth and depth computed on the 

b a s i s of the westward and n o r t h w a r d spreads and a g a i n f o r 

the westward and southward spreads are n e a r l y i d e n t i c a l . 

( 3 ) The v a l l e y s of the two arms and the v a l l e y of the 

combined g l a c i e r have f a i r l y s y m m e t r i c a l t r a n s v e r s e s e c t i o n s . 

The v a l l e y s of the arms are r o u g h l y p a r a b o l i c i n s e c t i o n . 

The combined g l a c i e r i s t w i c e as wide as e i t h e r of the arms 

but a l l have a p p r o x i m a t e l y the same de p t h : the f l o o r of 

the combined g l a c i e r i s merely w i d e r and f l a t t e r than the 

f l o o r of e i t h e r of the arms. 

( 4 ) The r a t e of change of s l o p e of the v a l l e y w a l l s 

above and below the s u r f a c e of the g l a c i e r i s e s s e n t i a l l y 

c o n s t a n t . There i s no e v i d e n c e t h a t g l a c i a l e r o s i o n has 

caused a break i n s l o p e . 

( 5 ) The f l o o r s of the two v a l l e y s merge o n l y two 

k i l o m e t e r s below the p o i n t of c o n f l u e n c e . T h i s i s a p p r o x i ­

mately where the i c e f l o w of the two arms becomes merged 

i n t o a u n i f o r m p a t t e r n of f l o w . 

( 6 ) In the i n t r o d u c t i o n a t t e n t i o n was drawn to the 

d e o r e s s i o n i n the v a l l e y f l o o r a t the c o n f l u e n c e of the 

g l a c i e r s t h a t combine to form the G r o s s e r A l e t s c h G l a c i e r 

i n the A l p s . No s i m i l a r d e p r e s s i o n was found a t the 

Kaskawulsh c o n f l u e n c e . However, t h e r e may be a bedrock 

s i l l d o w n - g l a c i e r from the s u r v e y e d a r e a . At the l o w e s t 
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p r o f i l e on the Kaakau/ulsh G l a c i e r , Anderton (1967) found 

t h a t f l o w was u n i f i e d - - t h e g l a c i e r was b e h a v i n g as a s i n g l e 

stream of i c e . I f t h e r e i s a s i l l d o w n - g l a c i e r from the 

l o w e s t p r o f i l e , i t can be c o n c l u d e d t h a t the bedrock 

d e p r e s s i o n thus formed ex t e n d s beyond the r e g i o n of c o n ­

v e r g i n g i c e f l o w . 

( 7 ) The N o r t h Arm, which has g r e a t e r s u r f a c e s l o p e 

and s u r f a c e v e l o c i t y than the C e n t r a l Arm ( A n d e r t o n , 1967), 

a l s o has a s t e e p e r v a l l e y f l o o r and s m a l l e r i c e t h i c k n e s s . 

( 8 ) F e a t u r e s of s i g n i f i c a n t r e l i e f on the v a l l e y f l o o r , 

such as the i r r e g u l a r i t y i l l u s t r a t e d i n F i g u r e 36, may n o t 

be r e f l e c t e d i n any o b v i o u s way a t the s u r f a c e of the 

g l a c i e r . Presumably the f e a t u r e i l l u s t r a t e d p r e s e n t s no 

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

o b s t r u c t i o n of s i m i l a r magnitude would p r o b a b l y have g r e a t e r 

s u r f a c e e x p r e s s i o n (Nye, 1 9 5 9 ) . 



CHAPTER V I I 

DISCUSSION 

7.1 G e n e r a l Remarks 

Brace (1965) has found s i g n i f i c a n t c o r r e l a t i o n s between 

measured v a r i a t i o n s of l i n e a r c o m p r e s s i b i l i t y i n q u a r t z i t e , 

mica s c h i s t , marble, p h y l l i t e , s l a t e and g n e i s s , and the 

p r e f e r r e d o r i e n t a t i o n of mica, c a l c i t e and q u a r t z g r a i n s i n 

these r o c k s . S i m i l a r agreement u/as found between thermal 

e x p a n s i o n and the r m a l c o n d u c t i v i t y and the p r e f e r r e d 

o r i e n t a t i o n f a b r i c of c a l c i t e i n Y u l e m a r b l e . The use of 

d i r e c t i o n a l p h y s i c a l p r o p e r t i e s to determine the n a t u r e of 

a rock f a b r i c i s sug g e s t e d by B r a c e ' s r e s u l t s . In the 

p r e s e n t work, one a s p e c t of d i r e c t i o n a l p h y s i c a l p r o p e r t i e s 

- - t h e a n i s o t r o p i c p r o p a g a t i o n of e l a s t i c w a v e s — h a s been 

used to e x p l o r e the c r y s t a l l o g r a p h i c and n o n - c r y s t a l l o g r a -

p h i c f a b r i c s of one metamorphic r o c k - - g l a c i e r i c e . 

G l a c i e r i c e has c e r t a i n c h a r a c t e r i s t i c s t h a t a r e 

advantageous f o r the study of rock f a b r i c . In most s i t u a ­

t i o n s e n c o u n t e r e d i n n a t u r e such s t u d i e s a r e obscured by 

the c o m p o s i t i o n a l c o m p l e x i t y of the rock m a t e r i a l , the 

i n d e f i n i t e n e s s of the b o u n d a r i e s of the g e o l o g i c body 
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c o n c e r n e d , and the slow r e s p o n s e of roc k f a b r i c to s t r e s s 

changes. The g l a c i e r i s a m o n o m i n e r a l i c body w i t h s h a r p l y 

d e f i n e d b o u n d a r i e s and r e l a t i v e r a p i d i t y of f a b r i c r e sponse 

to changes i n the s t r e s s f i e l d . On the o t h e r hand, the 

g l a c i e r p r e s e n t s some s e r i o u s d i f f i c u l t i e s f o r the study 

of i t s f a b r i c . Problems a r i s i n g from f r a c t u r e s , v a r i a t i o n s 

i n p o r o s i t y , and c l o s e n e s s t o the m e l t i n g p o i n t of the 

medium have been e n c o u n t e r e d i n the c o u r s e of t h i s i n v e s t i ­

g a t i o n . I t has a l s o been fo u n d t h a t c r y s t a l l o g r a p h i c f a b r i c s 

i n a g l a c i e r can be f a r from s i m p l e . 

R u d z k i (1898, 1911) was a p p a r e n t l y the f i r s t i n v e s t i ­

g a t o r to draw a t t e n t i o n to the p o s s i b i l i t y of a n i s o t r o p i c 

e l a s t i c wave p r o p a g a t i o n w i t h i n the e a r t h . The a p p a r e n t 

double r e f r a c t i o n of t r a n s v e r s e s e i s m i c waves i n the e a r t h 

was n o t e d by B y e r l y i n 1938. S t o n e l e y (1949) i n v e s t i g a t e d 

the p o s s i b l e e f f e c t s , i n c l u d i n g d ouble r e f r a c t i o n , of 

a n i s o t r o p i c wave p r o p a g a t i o n i n the e a r t h ' s c r u s t on 

s e i s m o l o g i c a l o b s e r v a t i o n s . A n a l o g i e s between t e c t o n o -

p h y s i c s and g l a c i e r p h y s i c s were p o i n t e d out by Kamb ( 1 9 6 4 ) , 

and he su g g e s t e d t h a t s t u d i e s of g l a c i e r f l o w and the 

s t r u c t u r e s a s s o c i a t e d w i t h i t c o u l d have g r e a t t h e o r e t i c a l 

s i g n i f i c a n c e i n the u n d e r s t a n d i n g of d e f o r m a t i o n w i t h i n the 

e a r t h . Anderson (1963) p r o p o s e d the a p p l i c a t i o n of s e i s m o ­

l o g i c a l t e c h n i q u e s i n v o l v i n g a n i s o t r o p i c wave p r o p a g a t i o n 

f o r the d e t e r m i n a t i o n of c r y s t a l o r i e n t a t i o n i n g l a c i e r s as 

an a i d to the study of s t r e s s e s and f l o w p r o c e s s e s i n the 
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i c e . I f the g l a c i e r can be c o n s i d e r e d as a model f o r the 

m a t e r i a l of the e a r t h ' s i n t e r i o r i n some r e s p e c t s , a n i s o ­

t r o p i c wave p r o p a g a t i o n , a phenomenon common to both the 

g l a c i e r and the e a r t h ' s i n t e r i o r , may s e r v e both as a 

d i a g n o s t i c t o o l and as a l i n k between them. The p r e s e n t 

work l e a d s one to s u g g e s t t h a t t h i s would be a p r o m i s i n g 

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

7.2 F a c t o r s A f f e c t i n g the E l a s t i c C o n s t a n t s 

Th i s work has r e l i e d p r i m a r i l y on measurements of 

e l a s t i c wave v e l o c i t i e s , which a r e f u n c t i o n s of the e l a s t i c 

m o d u l i and d e n s i t i e s of the media through which they a r e 

p r o p a g a t e d . The m o d u l i a r e i n f l u e n c e d by s e v e r a l f a c t o r s 

which r e q u i r e some comment. 

Tempera t u r e 

The temperature dependence of the e l a s t i c c o n s t a n t s 

of s i n g l e c r y s t a l s of i c e was d i s c u s s e d above i n c o n n e c t i o n 

w i t h the e x p e r i m e n t s of Bass, R o s s b e r g and Z i e g l e r ( 1 9 5 7 ) . 

The e l a s t i c m o d u l i of p o l y c r y s t a l l i n e l a k e i c e i n which 

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

t h e i r C-axes v e r t i c a l were d e t e r m i n e d by Brockamp and 

Q u e r f u r t h (1954) over the temperature range 0° to -20.5°C. 

The mo d u l i were d e r i v e d by means of the C h r i s t o f f e l equa­

t i o n s from u l t r a s o n i c wave v e l o c i t i e s . A l l f i v e m o d u l i C^. 

i n c r e a s e w i t h d e c r e a s i n g t e m p e r a t u r e , but the r a t e of change 



175 

d e c r e a s e s . Thermodynamic c o n s i d e r a t i o n s and some e x p e r i ­

mental r e s u l t s i n d i c a t e t h a t f o r a l l s u b s t a n c e s 9 T 

becomes z e r o a t 0°K. (Hearmon, 1956). The temperature 

dependence of e l a s t i c wave v e l o c i t i e s i n p o l y c r y s t a l l i n e 

i c e t h a t i s assumed to be i s o t r o p i c has been t r e a t e d by 

Robin (1958 ), Brockamp and Kohnen ( 1 9 6 5 ) , and Thyssen 

( 1 9 5 7 ) . 

I n f o r m a t i o n on temperature d i s t r i b u t i o n i n the i n t e r i o r 

of a temperate g l a c i e r i s l i m i t e d . No temperature-depth 

data a r e a v a i l a b l e f o r the Kaskawulsh i c e . Sharp ( 1 9 5 1 ) , 

w o r k i n g on the f i r n of the upper Seward G l a c i e r , on the 

P a c i f i c s i d e of the S t . E l i a s Mountains, found t h a t the 

annual c h i l l e d l a y e r d i s a p p e a r e d w i t h i n the f i r s t 10 days of 

J u l y a t an e l e v a t i o n of 1791 m. Grew and lYIellor (1966) 

o b t a i n e d temperature p r o f i l e s a t Seward Camp (1900 m.), 

near the s i t e of Sharp's s t u d i e s , and a t D i v i d e Camp 

(2600 m.), on the i c e d i v i d e between the Hubbard and 

Kaskawulsh G l a c i e r s ( s e e F i g . 2--map of i c e f i e l d a r e a ) . 

Seward Camp i s comparable i n e l e v a t i o n to Kaskawulsh Camp 

but w i n t e r t e m p e r a t u r e s a r e p r o b a b l y h i g h e r a t Seward 

because of i t s more m a r i t i m e l o c a t i o n . On August 3, 1964, 

no d e f i n i t e c h i l l e d zone was app a r e n t i n the upper 4 m. 

of snow and the maximum temperature range over t h i s depth 

was l e s s than 2°C. A t D i v i d e Camp, which i s somewhat 

c o l d e r than the Kaskawulsh c o n f l u e n c e (Marcus, 1965b; Marcus, 

Rens and T a y l o r , 1966), the w i n t e r c h i l l e d zone was s t i l l 
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i n e v i d e n c e on August 16, 1964: 1 m. and 15 m. t e m p e r a t u r e s 

mere near 0°C. w h i l e a minimum of about -2.3°C. was reached 

a t 7*5 m. d e p t h . A c c o r d i n g to the data of Brockamp and 

Q u e r f u r t h , a temperature v a r i a t i o n of 2.3°C. a t tempera­

t u r e s j u s t below 0°C. c o r r e s p o n d s to v e l o c i t y v a r i a t i o n s 

of about 10 m./sec. and 15 m./sec. f o r P-waves and S-waves, 

r e s p e c t i v e l y . T h i s i s b a r e l y above the margin of e r r o r 

f o r s e i s m i c v e l o c i t y measurements i n the p r e s e n t s t u d y . 

The data above p e r t a i n to the s n o w - f i r n l a y e r . More 

a p p l i c a b l e to the case of i c e are the measurements taken 

by M c C a l l (1952) i n an i c e t u n n e l about 50 m. below the 

f i r n l i n e of the Skauthoe c i r q u e g l a c i e r i n Jotunheim, 

Norway. This l o c a t i o n i s comparable i n l a t i t u d e 

(Skauthoe i s a t 61°37.5'N.) and e l e v a t i o n ( a p p r o x i m a t e l y 

2000 m.) to the Kaskawulsh c o n f l u e n c e a r e a . L i k e the 

Kaskawulsh G l a c i e r , Skauthoe i s s i t u a t e d on the c o n t i n e n t a l 

s i d e of an e x t e n s i v e l y g l a c i e r i z e d c o a s t a l mountain range. 

M c C a l l found t h a t a c o l d zone o u t l i n e d by hoar f r o s t de­

p o s i t i o n on the t u n n e l w a l l extended from the s u r f a c e to 

a depth of 30 m. i n both August and December, and he i n f e r r e d 

t h a t i t p e r s i s t e d t h r o u g h o u t the y e a r . The p r o f i l e f o r 

August showed t h a t the temperature was 0°C. a t the s u r f a c e , 

-0.6i0.1°C. a t a depth of 12 m. (minimum t e m p e r a t u r e ) , and 

n e a r l y 0°C. a g a i n a t 30 m. d e p t h . T h i s temperature range 

c o r r e s p o n d s to o n l y about 2 or 3 m./sec. i n s e i s m i c wave 
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v e l o c i t y a c c o r d i n g to the da t a of Brockamp and Q u e r f u r t h 

( 1 9 6 4 ) . C o n s e q u e n t l y , a te m p e r a t u r e d i f f e r e n c e of t h i s 

magnitude mould have no measurable e f f e c t on s e i s m i c tuave 

v e l o c i t y . 

F o r i c e a t the m e l t i n g p o i n t , Brockamp and Q u e r f u r t h 

f o und anomalous b e h a v i o r , w i t h some v e l o c i t y v a l u e s f a l l i n g 

f a r below the i n t e r c e p t of the v e l o c i t y - t e m p e r a t u r e c u r v e . 

Robin (1958) a l s o n o t e d t h i s e f f e c t . The low v a l u e of 

s e i s m i c wave v e l o c i t y i n the n e a r - s u r f a c e zone of the 

g l a c i e r , d i s c o v e r e d through the s h o r t r e f r a c t i o n e x p e r i m e n t s 

i n the p r e s e n t i n v e s t i g a t i o n , may be due i n p a r t to t h i s 

l o w e r e d v e l o c i t y i n i c e a t the m e l t i n g p o i n t . I t i s n o t 

known i f i c e below the s u r f a c e i s a c t u a l l y b r o u g h t to the 

m e l t i n g p o i n t d u r i n g the summer. Of c o u r s e , i f an a c t u a l 

phase change to the l i q u i d s t a t e t a k e s p l a c e , the v e l o c i t y i s 

s h a r p l y r e d u c e d because P-wave v e l o c i t y i n water i s o n l y about 

387c of i t s v a l u e i n i c e ( D o r s e y , 1 9 4 0 ) . S h u m s k i i (1964) 

a s s e r t s t h a t a f t e r the s u r f a c e l a y e r of a g l a c i e r b e g i n s 

to m e l t , the r a d i a t i o n a l m e l t i n g does n o t go deeper than 

1-2 m. i n the i c e . 

S t r e s s 

C o m p r e s s i o n a l wave v e l o c i t y i n a s o l i d body i s known 

to i n c r e a s e as the body i s s u b j e c t e d to i n c r e a s i n g p r e s s u r e 

( B i r c h , 1960, 196 1 ) . T h i s o c c u r s p a r t l y as the r e s u l t of 

r e d u c t i o n of pore volume and c l o s i n g of c r a c k s and p a r t l y , 
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as p r e s s u r e i s i n c r e a s e d , by changes i n the e l a s t i c c o n s t a n t s . 

In the l a t t e r c ase, Hooke's law becomes e f f e c t i v e l y non­

l i n e a r and the " t h i r d o r d e r " e l a s t i c c o n s t a n t s a r e i n t r o ­

duced (Hearmon, 195 6 ) . In a g l a c i e r the f i r s t e f f e c t i s 

c o n s i d e r a b l e and i s undoubtedly connected u/ith the d i s ­

appearance of the "low v e l o c i t y " e f f e c t s e v e r a l meters 

below the s u r f a c e . The f r a c t u r e s e v i d e n t a t the s u r f a c e , 

from minute c r a c k s to c r e v a s s e s , become c l o s e d a t depth 

( H o l d s w o r t h , 1965). A i r b u b b l e s a l s o decrease i n s i z e . As 

n oted above i n C h a p t e r V, t h i s e f f e c t tends to decrease 

p o r o s i t y i n the more porous l a m i n a e and hence the d i f f e r e n c e 

i n the d e n s i t y and e l a s t i c p r o p e r t i e s between f o l i a t i o n 

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

The second e f f e c t i s p r o b a b l y n o t g r e a t . P r e s s u r e a t 

the base of the Kaskawulsh i s l e s s than 1Q0 b a r s , f o r 

most c r y s t a l l i n e m a t e r i a l s the change i n e l a s t i c modulus 

w i t h p r e s s u r e i s of the o r d e r of 10"^ (modulus and p r e s s u r e 

both e x p r e s s e d i n cm. / k g . ) . Robin (1958) measured P-wave 

v e l o c i t y i n samples of compacted snow compressed to a 

p r e s s u r e of 200 b a r s a t t e m p e r a t u r e s between -5° and -60°C. 

E x t r a p o l a t i o n to -3°C. gave a v a l u e w i t h i n e x p e r i m e n t a l 

e r r o r of the v e l o c i t y of P-waves i n c l e a r i c e from the 

J u n g f r a u j o c h i c e f i e l d , S w i t z e r l a n d , a t -3°C. 

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

a g g r e g a t e s i s n o t w e l l known. Tocher (1957) measured P-wave 

v e l o c i t i e s i n s e v e r a l t y p e s of r o c k under u n i d i r e c t i o n a l 
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s t r e s s and found t h a t the v e l o c i t y p a r a l l e l to the s t r e s s 

d i r e c t i o n i n c r e a s e s as much as i t does i n the same subst a n c e 

under h y d r o s t a t i c p r e s s u r e of the same magnitude. Perpen­

d i c u l a r to t h i s d i r e c t i o n , v e l o c i t y i n c r e a s e s a t a much 

lower r a t e w i t h i n c r e a s i n g s t r e s s . S i n c e g l a c i e r i c e does 
2 

no t s u s t a i n d e v i a t o r i c s t r e s s e s of much more than 1 kg./cm. 

( S h u m s k i i , 1964), the e f f e c t on e l a s t i c c o n s t a n t s and wave 

v e l o c i t i e s would appear to be s l i g h t . The e v i d e n c e from 

s t r a i n r e l e a s e i n Chapter I I I t h a t l o c a l l y l a r g e s t r e s s e s 

may b u i l d up t e m p o r a r i l y p r o b a b l y does n o t a l t e r t h i s 

p i c t u r e a p p r e c i a b l y . 

Other e f f e c t s 

The e l a s t i c p r o p e r t i e s of c r y s t a l s a r e a f f e c t e d by 

a n e l a s t i c i t y and d e f o r m a t i o n of the medium, e l e c t r o m a g n e t i c 

and n u c l e a r r a d i a t i o n , and, i n c r y s t a l s e x h i b i t i n g p i e z o ­

e l e c t r i c i t y , e l e c t r i c a l c o n d i t i o n s . Pounder (1965) has 

demonstrated t h a t f o r p e r i o d s l e s s than one second, which 

c o r r e s p o n d to a l l but the l o n g e s t s u r f a c e waves e n c o u n t e r e d 

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

are s m a l l . P l a s t i c d e f o r m a t i o n and c o n c o m i t a n t d i s ­

l o c a t i o n s are known to decrease e l a s t i c m o d u l i by s m a l l 

amounts ( H u n t i n g t o n , 1958). Because these p r o c e s s e s a r e 

p r e s e n t to v a r y i n g degrees throughout the g l a c i e r , some i n -

homogeneity and a n i s o t r o p y i n e l a s t i c b e h a v i o r a r e undoubted­

l y i n t r o d u c e d by them, but the magnitude of these e f f e c t s i s 

unknown. E l a s t i c p r o p e r t i e s of q u a r t z , s i l i c o n and sodium 
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c h l o r i d e c r y s t a l s have been a l t e r e d by X-ray, Y - r a y , 

e l e c t r o n , n e u t r o n , deuteron and o t - p a r t i c l e bombardment 

by as much as 1 % (Hearmon, 1956; H u n t i n g t o n , 1958) but the 

e f f e c t of n a t u r a l r a d i a t i o n on the e l a s t i c p r o p e r t i e s of 

i c e has n o t been i n v e s t i g a t e d . A l t h o u g h i c e c r y s t a l s 

e x h i b i t e x t e r n a l hemimorphism and the C - a x i s appears to 

be p o l a r , the p i e z o e l e c t r i c e f f e c t , which o c c u r s w i t h p o l a r 

symmetry, has not been demonstrated i n i c e ( S h u m s k i i , 1964). 

B r i l l and Camp (1961) s u g g e s t t h a t t h i s i s due to random 

o r i e n t a t i o n of p o l a r domains w i t h i n the c r y s t a l . 

I t s h o u l d be n o t e d t h a t i n the shock zone i n the 

immediate v i c i n i t y of a s h o t the temperature, s t r e s s and 

r a t e of d e f o r m a t i o n w i l l be g r e a t l y d i f f e r e n t from the 

magnitudes c o n s i d e r e d h e r e . 

7.3 Seismology and S t r u c t u r a l A n a l y s i s 

This d i s c u s s i o n w i l l use the c o n c e p t s and t e r m i n o l o g y 

of Turner and UJeiss (1963) and t h e i r i n t e r p r e t a t i o n of the 

s t r u c t u r a l i d e a s of Sander ( 1 9 3 0 ) . In d i s c u s s i n g symmetry 

the c o n v e n i e n t S c h o e n f l i e s n o t a t i o n w i l l be used, e.g., 

D°°h to r e p r e s e n t the symmetry of an a x i s of i n f i n i t e - f o l d 

symmetry p e r p e n d i c u l a r to a p l a n e of r e f l e c t i o n ( P h i l l i p s , 

1 9 49). 

S t r u c t u r a l a n a l y s i s seeks to d e s c r i b e the i n t e r n a l 

o r d e r of deformed r o c k s , r e c o n s t r u c t the movements t h a t 
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brought them to t h e i r p r e s e n t p o s i t i o n s and d e r i v e the 

e x t e r n a l and i n t e r n a l s t r e s s e s t h a t produced the deforma­

t i o n . The i n t e r n a l o r d e r , or f a b r i c , of the rock i s 

deformed or r e p l a c e d by a n o t h e r f a b r i c and t h i s deformed 

or new f a b r i c p r o v i d e s a r e c o r d of the d e f o r m a t i o n . The 

study of the e f f e c t s of f a b r i c s on the p r o p a g a t i o n of 

s e i s m i c waves i n r o c k s i s a l s o a study of the e f f i c a c y of 

s e i s m o l o g y as a t e c h n i q u e of s t r u c t u r a l a n a l y s i s . T h i s 

can be on the s c a l e of g e o l o g i c b o d i e s , such as g l a c i e r s , 

and on the s c a l e of t e c t o n o p h y s i c s mentioned a t the b e g i n n i n g 

of t h i s c h a p t e r . In o t h e r words, the q u e s t i o n may be a s k e d ! 

What can s e i s m i c methods t e l l us about the f a b r i c of a 

deformed r o c k ? 

S t r u c t u r a l a n a l y s i s i n v o l v e s the study of two types of 

f a b r i c : c r y s t a l l o g r a o h i c and n o n - c r y s t a l l o g r a p h i c . In the 

p r e s e n t work, f a b r i c s of both types have been found s u p e r -

oosed: the c r y s t a l l o g r a p h i c f a b r i c c o n s i s t i n g of p r e f e r r e d 

o r i e n t a t i o n of i c e c r y s t a l C-axes, and the n o n - c r y s t a l l o ­

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

of r e l a t i v e l y bubbly and b u b b l e - f r e e i c e . These f a b r i c s 

d i f f e r i n t h e i r r e l a t i o n s h i p to the p r i n c i p a l s t r a i n - r a t e 

axes and hence to the s t r e s s system of the g l a c i e r . 

A n d e r t o n ' s a n a l y s i s (1967) of s u r f a c e s t r a i n - r a t e s and 

p e t r o g r a p h i c data on c r y s t a l o r i e n t a t i o n l e d him to the 

c o n c l u s i o n t h a t i n r e g i o n s of h i g h s t r a i n r a t e (> 10~Vday), 

where t h e r e i s a d i r e c t r e l a t i o n s h i p between f a b r i c and 
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c u r r e n t d e f o r m a t i o n , the s t r e s s f i e l d i s s y m m e t r i c a l l y 

r e l a t e d to the c r y s t a l l o g r a p h i c f a b r i c . 

The m u l t i p l e - m a x i m a f a b r i c p a t t e r n s a r e c e n t e r e d on 

a d i r e c t i o n of maximum s h e a r i n g s t r a i n r a t e o r , near the 

me d i a l moraine, the s i n g l e maximum i s c e n t e r e d on the 

d i r e c t i o n of p r i n c i p a l c o m p r e s s i v e s t r a i n r a t e ( s e e a l s o 

B r a c e , I 9 6 0 ) . Hou/ever, f o l i a t i o n i n t h i s r e g i o n does n o t 

show any s y m m e t r i c a l r e l a t i o n s h i p to the s t r e s s f i e l d : 

the f o l i a t i o n S - p l a nes a r e n o t p a r a l l e l t o p l a n e s of 

maximum s h e a r i n g s t r e s s but r a t h e r to the median p l a n e of 

the combined g l a c i e r below the c o n f l u e n c e . A t the edge of 

the g l a c i e r , where the i c e i s a p p a r e n t l y d e f o r m i n g by 

s i m p l e s h e a r , the f o l i a t i o n does tend to form p a r a l l e l to 

o l a n e s of maximum s h e a r i n g s t r e s s , and to the i c e - r o c k 

i n t e r f a c e . 

I t has been shown above t h a t both b a s i c t y p e s of f a b r i c 

can be t r e a t e d as t r a n s v e r s e l y i s o t r o p i c media, or s u p e r ­

p o s i t i o n s of such media, w i t h r e s p e c t to the p r o p a g a t i o n 

of s e i s m i c waves. F u r t h e r m o r e , s i n c e the a n i s o t r o p y 

f i g u r e of the c r y s t a l l o g r a p h i c f a b r i c i s " p r o l a t e , " w h i l e 

t h a t of the n o n - c r y s t a l l o g r a p h i c ( f o l i a t i o n ) f a b r i c i s 

" o b l a t e , " w i t h r e s p e c t to s e i s m i c wave p r o p a g a t i o n , the 

two t y p e s of f a b r i c a r e c l e a r l y d i s t i n g u i s h a b l e . I f one 

f a b r i c type i s a b s e n t , or i f the a n i s o t r o p y f a c t o r of one 

s t r o n g l y p r e d o m i n a t e s , then the type and s t r e n g t h of t h a t 

f a b r i c can, i n p r i n c i p l e , be gauged by s e i s m i c means. 
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Seismology then appears to be a p o t e n t i a l t o o l i n s t r u c t u r a l 

a n a l y s i s . However, the p r e s e n t study i n d i c a t e s t h a t the 

a b s o l u t e magnitudes of the a n i s o t r o p y f a c t o r s of the two 

f a b r i c t y p e s can be very s i m i l a r , i n which case c a n c e l l a t i o n 

of the e f f e c t o c c u r s and the u s e f u l n e s s of the t e c h n i q u e i s 

l i m i t e d . In r e g i o n s of h i g h s t r a i n r a t e (>10"Vday) on a 

g l a c i e r , f l o w appears to take p l a c e mainly a l o n g the basal 

p l a n e s of i c e c r y s t a l s , w h i l e f l o w i s a l s o r e l a t e d to the 

d i f f e r e n t i a t i o n p r o c e s s t h a t r e s u l t s i n f o l i a t i o n ( S h u m s k i i , 

1964; A n d e r t o n , 1 9 6 7 ) . Hence, f o l i a t i o n s and c r y s t a l l o g r a ­

p h i c f a b r i c a r e c l e a r l y r e l a t e d to f l o w , a l t h o u g h , as n o t e d 

above, they a r e not g e n e r a l l y c o i n c i d e n t w i t h one a n o t h e r . 

The S-planes of both f a b r i c s , however, are o f t e n sub- > 

p a r a l l e l , and n e a r - c a n c e l l a t i o n can be a c h i e v e d . 

7.4 Symmetry C o n s i d e r a t i o n s 

In the i n v e s t i g a t i o n of s e i s m i c wave v e l o c i t i e s i n 

s t r u c t u r e s d e f i n e d by c r y s t a l l o g r a p h i c and n o n - c r y s t a l -

l o g r a p h i c f a b r i c s , we a r e concerned w i t h the symmetry of 

the f a b r i c s . In c r y s t a l l o g r a p h i c f a b r i c s , the symmetry 

i s d e r i v e d from the symmetry of the c o n s t i t u e n t c r y s t a l s 

and the symmetry of the f a b r i c p a t t e r n . A f a b r i c may have 

the same or low e r symmetry than i t s component e l e m e n t s ; i t 

cannot have h i g h e r symmetry. In the case of the f a b r i c 

d e f i n e d by the p r e f e r r e d o r i e n t a t i o n of i c e c r y s t a l C-axes, 
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each i n d i v i d u a l c r y s t a l has symmetry. I f the f a b r i c 

l i k e w i s e had D°°n symmetry, the symmetry e x h i b i t e d i n the 

a n g u l a r d i s t r i b u t i o n of s e i s m i c wave v e l o c i t i e s w i l l be 

D°° n. This i s the case i n the v i c i n i t y of the m e d i a l 

moraine, where the c r y s t a l l o g r a p h i c f a b r i c has a s i n g l e 

c i r c u l a r maximum, and i n the case of c o n c e n t r i c g i r d l e 

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

s h e a r i n g s t r a i n r a t e tend to assume ( o r t h o r h o m b i c ) 

or ( t e t r a g o n a l ) symmetry. In these c a s e s , the p a t t e r n 

of s e i s m i c wave v e l o c i t i e s w i l l have the l o w e r symmetries, 

or 0^ n» r a t h e r than the Doon symmetry of the i n d i v i d u a l 

c r y s t a l . S t r i c t l y s p e a k i n g , they w i l l a l s o have more 

independent e l a s t i c c o n s t a n t s . 

I t may be remarked t h a t f o l i a t i o n has Doo^ symmetry 

and s u p e r p o s i t i o n of t h i s symmetry w i t h the l o wer symmetry 

of a c r y s t a l l o g r a p h i c f a b r i c , such as w i l l r e s u l t i n 

a t o t a l f a b r i c w i t h symmetry. I f the c r y s t a l l o g r a p h i c 

a n i s o t r o p y i s g r e a t enough, the lower symmetry f a b r i c may 

be d e t e c t e d even when the two f a b r i c s are superposed and 

the a n i s o t r o p y f a c t o r s are s i m i l a r . 

The p r o c e s s e s of d e f o r m a t i o n and the i n t e r n a l mechan­

i c a l and c r y s t a l l o g r a p h i c r e s p o n s e s to i t tend to a l t e r the 

i n t e r n a l symmetry of a g e o l o g i c body. The development of 

p r e f e r e n t i a l c r y s t a l growth, zones of c a t a c l a s i s or 

b u b b l e - l a y e r i n g , f r a c t u r i n g , e t c . , i n homogeneous, i s o ­

t r o p i c i c e r e s u l t i n a change from s p h e r i c a l symmetry to 
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t r a n s v e r s e i s o t r o p i c symmetry, as i n the case of s i n g l e -

p o l e c r y s t a l o r i e n t a t i o n , f o l i a t i o n , and p a r a l l e l f r a c t u r e : 

Koo^ L>° n. S t i l l l o w e r symmetry, such as u 3 n » a n d 

^4h' m a y develop, but n o t n e c e s s a r i l y p r o g r e s s i v e l y . 

Anderton ( 1 9 5 7 ) found no e v i d e n c e t h a t D 2 h f a b r i c s had 

p a s sed through a Doo^ s t a g e . 

S e i s m i c mave v e l o c i t i e s a r e f u n c t i o n s of the e l a s t i c 

c o n s t a n t s , which are symmetry-determined. In a sense, the 

s e i s m i c a p p l i c a t i o n s p r e s e n t e d here are s y m m e t r y - d e t e c t i n g 

t e c h n i q u e s u s i n g symmetry-dependent t o o l s . Changes i n 

symmetry, which go on c o n t i n u o u s l y i n a g l a c i e r , a r e 

accompanied by changes i n the a n i s o t r o p y of s e i s m i c wave 

propaga t i o n . 

7.5 A d d i t i o n a l N o n - c r y s t a l l o g r a p h i c F a b r i c s 

H e r e t o f o r e , f o l i a t i o n c o n s i s t i n g of a s i m p l e model of 

a l t e r n a t i n g l a y e r s of porous and non-porous i c e of e q u a l 

t h i c k n e s s has been t r e a t e d . V a r i a t i o n s were i n t r o d u c e d 

by c h a n g i n g the p o r o s i t y of the " b u b b l y " l a y e r s . There 

can, of c o u r s e , be c y c l i c s t r a t i f i c a t i o n of any number of 

l a y e r s of d i f f e r e n t t h i c k n e s s e s and p o r o s i t i e s . Any model 

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

p l a n a r b o u n d a r i e s and homogeneous, i s o t r o p i c c o m p o s i t i o n 

can be o n l y an a p p r o x i m a t i o n of the r e a l f o l i a t i o n which 

t y p i c a l l y c o n s i s t s of i r r e g u l a r , d i s c o n t i n u o u s , l e n t i c u l a r , 
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en e c h e l o n , and sometimes f o l d e d l a y e r s . I n t e r n a l l y the 

l a y e r s are o f t e n inhomogeneous, though they do n o t seem 

to be so i n any r e g u l a r f a s h i o n , such as by h a v i n g graded 

p o r o s i ty. 

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

d ata on s e i s m i c wave v e l o c i t i e s , one e n c o u n t e r s the f a m i l i a r 

g e o p h y s i c a l problem t h a t t h e r e i s no unique c o n f i g u r a t i o n 

t h a t p r o d u c e s the measured e f f e c t . The v e l o c i t i e s of the 

th r e e wave modes p r o p a g a t e d i n a t r a n s v e r s e l y i s o t r o p i c 

medium c o n s i s t i n g of a l t e r n a t i n g or c y c l i c a l l y r e p e a t e d 

i s o t r o p i c l a y e r s depend n o t o n l y on the e l a s t i c c o n s t a n t s 

of the l a y e r s , but a l s o on t h e i r d e n s i t i e s ( i . e . , p o r o s i t i e s ) 

and the r e l a t i v e t h i c k n e s s e s of the l a y e r s . A l l these 

p a r a m e t e r s may v a r y . Measurements on the Kaskawulsh 

G l a c i e r i n d i c a t e t h a t w h i l e p o r o s i t i e s vary w i d e l y , they 

tend to be f a i r l y c o n s t a n t among c o r r e s p o n d i n g l a y e r s of a 

p a r t i c u l a r f o l i a t i o n domain. S i m i l a r l y , l a y e r s p a c i n g i n 

f o l i a t i o n f o r a g i v e n domain can u s u a l l y be d e s c r i b e d as 

" f i n e " ( b l u e l a y e r s , 0.5 - 10 cm. wide and spaced 5 - 5 0 cm. 

a p a r t ) or " c o a r s e " ( b l u e l a y e r s , 10 - 30 cm. t h i c k and 

spaced 50 - 200 cm. a p a r t ) ( A n d e r t o n , 1 967). I t i s the 

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

v e l o c i t y a n i s o t r o p y ( a ssuming t h a t a l l s p a c i n g i s s m a l l 

compared to w a v e - l e n g t h ) and, hence, very f i n e l a y e r i n g 

must be taken i n t o c o n s i d e r a t i o n . With these known l i m i t a ­

t i o n s on the p a r a m e t e r s , the problem of i n t e r p r e t a t i o n can 

be c o n s i d e r a b l y s i m p l i f i e d . 
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The problem of u n i q u e n e s s i n r e p l a c i n g a s t r a t i f i e d 

inhomogeneous medium by a t r a n s v e r s e l y i s o t r o p i c homogene­

ous medium when the wave l e n g t h s are l o n g compared w i t h 

s t r a t a t h i c k n e s s e s has been s t u d i e d by Backus ( 1 9 6 2 ) . He 

found t h a t i f a homogeneous t r a n s v e r s e l y i s o t r o p i c medium 

can be r e p l a c e d by any medium c o n s i s t i n g of c y c l i c a l l y 

a r r a n g e d i s o t r o p i c l a y e r s , i t i s a l s o e q u a l to a l a y e r e d 

medium c o n s i s t i n g of o n l y t h r e e homogeneous i s o t r o p i c 

m a t e r i a l s , and under c e r t a i n i n e q u a l i t y r e l a t i o n s among 

the e l a s t i c m o d u l i C. ., i t i s e q u i v a l e n t to such a medium 

c o n s i s t i n g of o n l y two homogeneous i s o t r o p i c m a t e r i a l s . 

The l a t t e r case a p p l i e s i n the examples used i n the p r e s e n t 

work. Backus a l s o found t h a t , i n g e n e r a l , t h e r e e x i s t 

t r a n s v e r s e l y i s o t r o p i c media t h a t cannot be r e p l a c e d by 

l a y e r s of i s o t r o p i c m a t e r i a l . 

T h i s study has been c o n f i n e d to the c o n s i d e r a t i o n of 

th r e e types of f a b r i c : f o l i a t i o n d e f i n e d by bubble l a y e r i n g , 

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

i c e c r y s t a l C-axes, and f r a c t u r e f a b r i c s d e f i n e d by p a r a l l e l 

a l i g n m e n t of p l a n a r d i s c o n t i n u i t i e s . Other types of s t r u c ­

t u r e s d e f i n e d by l a y e r i n g or p r e f e r r e d o r i e n t a t i o n of 

elements can e x i s t i n g l a c i e r i c e . To the e x t e n t t h a t 

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

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

and d e n s i t i e s , they may be a p p r o x i m a t e d by long-wavB e q u i ­

v a l e n t media i n the manner d e s c r i b e d above. Such s t r u c t u r e s 
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i n c l u d e l a y e r i n g of d i f f e r e n t mean g r a i n s i z e and a l t e r n a t e 

l a y e r s r e l a t i v e l y f u l l of and f r e e from i m p u r i t i e s . 

N o n - c r y s t a l l o g r a p h i c elements may d i s p l a y p r e f e r r e d 

o r i e n t a t i o n , e.g., t a b u l a r i c e c r y s t a l s or d e b r i s f ragments 

and f l a t t e n e d b u b b l e s . The l a t t e r form a f a b r i c s i m i l a r 

to f r a c t u r e f a b r i c . Wore commonly, b u b b l e s assume t r i -

a x i a l e l l i p s o i d a l forms u/ith D 2 n i n s t e a d of Dooh symmetry. 

L i n e a r s t r u c t u r e s can a l s o e x i s t . They i n c l u d e p r e ­

f e r r e d o r i e n t a t i o n of e l o n g a t e b u b b l e s or d e b r i s f ragments 

and l i n e a r d i s t r i b u t i o n s of bu b b l e s or fragments of any 

shape or o r i e n t a t i o n . These s t r u c t u r e s a l s o have D r o

n 

symmetry, u/ith the a x i s of «>-fold symmetry p a r a l l e l t o the 

l o n g a x i s of the s t r u c t u r a l e l e m e n t s . 

The e f f e c t s of these o r i e n t e d i n c l u s i o n s of v a r i o u s 

shapes and of l i n e a r s t r u c t u r e s on the e l a s t i c c o n s t a n t s 

of m a t e r i a l s a r e n o t u/ell knou/n. Only randomly o r i e n t e d 

p l a n a r d i s c o n t i n u i t i e s have been t r e a t e d i n any d e t a i l 

(Walsh and Bra c e , 1 9 6 6 ) . 

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

of these f a b r i c types s u p e r p o s e d . A common example from 

near the f l a n k of the Kaskawulsh G l a c i e r i s p r e s e n t e d 

d i a g r a m m a t i c a l l y i n f i g u r e 39. 
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a. GENERAL SCHEME b. DETAIL AT ® 

DIRECTION OF OPTIC AXIS 
0 ELONGATE BUBBLE 

/ / / FRACTURES 

® BUBBLE ORIENTATION 
© FRACTURE 

GRAIN TEXTURE AND BUBBLE FOLIATION 
® OPTIC AXIS OF. CRYSTALS 

c ORIENTATION OF SYMMETRY AXES OF THE FABRICS 

F i g u r e 39. Examples of superposed f a b r i c s * 
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7.6 C o n c l u s i o n s 

C o n t i n u o u s seismograph r e c o r d i n g on the Kaskawulsh 

G l a c i e r e s t a b l i s h e d t h a t i t i s a source of s e i s m i c energy. 

Some of the energy i s r e l e a s e d i n d i s c r e t e e v e n t s r e s e m b l i n g 

minute e a r t h q u a k e s . These may be r e l a t e d to d i s c o n t i n u o u s 

movement of the i c e mass. 

D e s p i t e the l a r g e d i f f e r e n c e i n a c o u s t i c impedance 

between i c e and the s u r r o u n d i n g rock demonstrated by 

l a b o r a t o r y s t u d i e s of r o c k samples, the r e f l e c t i o n of s e i s m i c 

energy from the bottom of the g l a c i e r was o f t e n p o o r . These 

n o n - r e f l e c t i n g a r e a s may be c h a r a c t e r i z e d by the p r e s e n c e of 

m o r a i n a l m a t e r i a l i n the l o w e r l a y e r s of i c e , m e l t i n g i n 

thess l a y e r s , or u n s u i t a b l e c o n f i g u r a t i o n of the i c e - r o c k 

i n t e r f a c e f o r the r e f l e c t i o n of c o h e r e n t energy. 

No s i g n i f i c a n t i n h o m o g e n e i t i e s were found w i t h i n the 

g l a c i e r . V e l o c i t i e s of c o m p r e s s i o n a l and shear waves do 

n o t vary a p p r e c i a b l y e x c e p t near the s u r f a c e . There, a 

l a y e r s e v e r a l meters t h i c k p o s s e s s e s a p o s i t i v e v e l o c i t y 

g r a d i e n t a p p a r e n t l y r e l a t e d to d e c r e a s i n g amount of p o r o s i t y , 

m e l t i n g , and open f r a c t u r i n g w i t h d e p t h . 

The p o r o s i t y of f o l i a t e d i c e was measured and p o r o s i t y 

i n bubbly l a y e r s was found to range up to 6%* The e f f e c t 

of f o l i a t i o n on s e i s m i c wave v e l o c i t y a n i s o t r o p y was c a l ­

c u l a t e d . 1 Both f o l i a t i o n and p r e f e r r e d o r i e n t a t i o n of i c e 

c r y s t a l symmetry axes were found to produce s m a l l but 

measurable a n i s o t r o p y i n s e i s m i c wave p r o p a g a t i o n . 
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With r e s p e c t to the symmetry a x i s of the f a b r i c , the 

a n i s o t r o p y f a c t o r i s g r e a t e r than u n i t y f o r f o l i a t i o n and 

l e s s than u n i t y f o r c r y s t a l l o g r a o h i c f a b r i c . In r e g i o n s of 

h i g h s t r a i n r a t e , the S - planes of both f a b r i c s tend to be 

s u b - p a r a l l e l and the tu/o a n i s o t r o p y e f f e c t s a r e opposed. 

Where p o r o s i t y d i f f e r e n c e s between f o l i a t i o n l a y e r s d i m i n i s h 

w i t h depth, the r e s u l t a n t a n i s o t r o p y f a c t o r becomes l e s s 

than u n i t y a t d e p t h . 

The g r o s s s t r u c t u r e of the c o n f l u e n c e of the N o r t h 

and C e n t r a l Arms of the Kaskawulsh G l a c i e r was r e v e a l e d 

by s e i s m i c r e f l e c t i o n i n v e s t i g a t i o n s . The v a l l e y s were 

found to be r o u g h l y p a r a b o l i c and s y m m e t r i c a l i n p r o f i l e . 

Maximum i c e t h i c k n e s s measured was s l i g h t l y over 1000 m. 

i n the c e n t e r of the C e n t r a l Arm. The s l o p e of the v a l l e y 

w a l l s i s c o n t i n u o u s from above to below the s u r f a c e of 

the g l a c i e r . The r i d g e s e p a r a t i n g the two arms ends a t 

the same d i s t a n c e downstream from the p o i n t of c o n f l u e n c e 

a t which the two arms a c h i e v e u n i t y of f l o w . The C e n t r a l 

Arm i c e i s t h i c k e r than the f a s t e r f l o w i n g North Arm i c e . 

There i s no b a s i n and s i l l s t r u c t u r e i n the immediate 

c o n f l u e n c e a r e a . 

7.7 S u g g e s t i o n s f o r F u r t h e r Work 

S e v e r a l l i n e s of i n v e s t i g a t i o n i n t h e o r y , i n the f i e l d 

and i n the l a b o r a t o r y , a r e s u g g e s t e d by the r e s u l t s of the 

p r e s e n t study and the problems e n c o u n t e r e d w h i l e c a r r y i n g 
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i t o u t . I t i s c l e a r t h a t a g r e a t d e a l remains to be l e a r n e d 

about the e f f e c t of i n c l u s i o n s and po r e s i n media on the 

t r a n s m i s s i o n of s e i s m i c waves. The e f f e c t s of v a r i o u s 

shapes and o r i e n t a t i o n s of p o r e s , c r a c k s , and i n c l u d e d 

fragments a re of s p e c i a l i n t e r e s t . The consequences of 

s u p e r p o s i n g d i f f e r e n t t y p e s of f a b r i c a t v a r i o u s o r i e n t a ­

t i o n s on the p r o p a g a t i o n of d i f f e r e n t modes of s e i s m i c wave 

p r o p a g a t i o n s h o u l d be e x p l o r e d . Wave p r o p a g a t i o n i n 

a n i s o t r o p i c p o l y c r y s t a l l i n e a g g r e g a t e s d e s e r v e s some 

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

The d i f f e r e n t i a t i o n of pure and mixed modes of wave 

p r o p a g a t i o n might be f r u i t f u l i n the e x p l o r a t i o n of 

a n i s o t r o p i c s t r u c t u r e s . Pure modes are t r a n s m i t t e d o n l y 

a l o n g the axes of symmetry and the d e t e c t i o n of such modes 

might be u s e f u l i n the d e t e r m i n a t i o n of the f a b r i c symmetry 

of a g e o l o g i c body. 

In the f i e l d , i n s i t u s t u d i e s of rock p r o p e r t i e s c a l l 

f o r more e f f e c t i v e means of p r o d u c i n g and d e t e c t i n g shear 

waves, and p o s s i b l y o t h e r modes of wave p r o p a g a t i o n . F i e l d 

s t u d i e s t h a t might y i e l d v a l u a b l e i n f o r m a t i o n on s e i s m i c 

wave p r o p a g a t i o n i n deformed m a t e r i a l i n c l u d e i n v e s t i g a t i o n s 

of s t r o n g and r e l a t i v e l y s i m p l e f a b r i c s i n g l a c i e r s . F o r 

example, the s n o u t s of some c o l d g l a c i e r s show very s t r o n g 

p r e f e r r e d o r i e n t a t i o n of i c e c r y s t a l o p t i c a x e s . 

L a b o r a t o r y work on wave p r o p a g a t i o n i n models and i n 

i c e samples under v a r i o u s c o n d i t i o n s of temper a t u r e , s t r e s s , 
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s t r a i n r a t e , e t c . , a r e recommended. The use of u l t r a s o n i c 

u/aves i s c l e a r l y a p p l i c a b l e here and i n some f i e l d i n v e s t i ­

g a t i o n s . More knowledge of the v a r i a t i o n of p h y s i c a l 

p r o p e r t i e s of r o c k s and i c e w i t h e l a s t i c wave f r e q u e n c y 

would be v a l u a b l e i n comparing the r e s u l t s of l a b o r a t o r y 

and f i e l d i n v e s t i g a t i o n s . 
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Figure 40. Seismic shooting on the Kaskasuulsh Glacier . 



APPENDIX I 

MAPPING 

The base map of the c o n f l u e n c e area of the Kaskawulsh 

G l a c i e r ( F i g * 3) was p r e p a r e d by the Department of G e o d e t i c 

S c i e n c e , of The Ohio S t a t e U n i v e r s i t y , from a e r i a l p h o t o ­

graphs taken by the R o y a l Canadian A i r F o r c e . A d e t a i l e d 

d i s c u s s i o n of the p r e p a r a t i o n and adequacy of the map i s 

p r e s e n t e d by Anderton ( 1 9 6 7 ) . The a e r i a l p hotographs were 

taken i n 1951. Ground o b s e r v a t i o n i n d i c a t e d t h a t the major 

f e a t u r e s of the g l a c i e r s u r f a c e had not changed s i g n i f i c ­

a n t l y between t h a t time and 1964-1965. 

L o c a t i o n of the p o i n t s used as shot p o i n t s i n the s e i s m i c 

survey was c a r r i e d out as p a r t of the g l a c i e r movement survey 

of the I c e f i e l d Ranges Research P r o j e c t d u r i n g the summers 

of 1964 and 1965. T h i s o p e r a t i o n i s a l s o d i s c u s s e d by 

Anderton (1967 ) . 
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