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RATE CONTROLLING PROCESSES IN THE CREEP OF POLAR GLACIER ICE 

P. PIMIENTA and P. D W A L  

Laboratoire de Glaciologic et GBophysique de l'Environnement, 
B.P. 96, F-38402 St-Martin-dlH&res Cedex, France 

Des e s s a i s  mecaniques en torsion ont ete e f fec tues  sur  de la  g lace  a r t i f i c i e l l e  e t  
s u r  des echant i l lons provenant d'une c a r o t t e  e x t r a i t e  B l a  s t a t i o n  de Pale Sud. Les 
r e s u l t a t s  indiquent un exposant n in fe r ieur  B 2 pour des con t ra in tes  in fe r ieures  B 
0 , l  MPa. L'analyse des donndes dl incl inometr ie  de Dye 3 conduit au meme r e s u  l t a t  . 
Les mecanismes de deformation pour la glace po la i re  sont d i scu tes .  La migration des 
j o i n t s  de gra in  associee au grossissement des g ra ins  peut accommoder l e  g l i s s e m e n t  
i n t r a c r i s t a l l i n  e t  conduire B une v i s c o s i t e  Newtonienne. Cependant, l a  r o t a t i o n  des 
g ra ins  r e s u l t a n t  du glissement des d i s loca t ions  e t  l a  migration des j o i n t s  de gra in  
i n d u i t e  par  l a  deformat ion  s o n t  des  mecanismes complementaires e t  e f f i c a c e s  pour 
accommoder l a  deformation p las t ique  e n t r e  l es  g ra ins  d 'o r ien ta t ion  d i f f e r e n t e .  Ces 
mecanismes de deformation concernent une grande p a r t i e  des g laces  po la i res .  

Abstract 

Tors ion  t e s t s  have been c a r r i e d  out on a r t i f i c i a l  i c e  and on samples cut  from an 
i c e  core obtained a t  South Pole S ta t ion .  R e s u l t s  g i v e  a s t r e s s  exponent  s m a l l e r  
t h a n  2 f o r  s t r e s s e s  lower than 0 .1  MPa. Analysis of the inclinometer survey of the  
Dye 3 borehole y ie lds  the same r e s u l t .  The deformation mechanisms of po la r  i c e  a t  
low s t r e s s e s  a r e  reviewed. A Newtonian v i s c o s i t y  may be expected with d i s loca t ion  
g l ide  accommodated by grainboundary m i g r a t i o n  l inked  wi th  g ra ingrowth .  However, 
r o t a t i o n  of c r y s t a l s  by d i s loca t ion  g l i d e  and strain-induced boundary migration a r e  
cmplementary and e f f i c i e n t  mechanisms t o  accommodate t h e  incompat ib le  p l a s t i c  
deformat ion  between g r a i n s  of d i f f e r e n t  l a t t i c e  o r i e n t a t i o n .  h e s e  deformation 
mechanisms concern a g rea t  par t  of polar i ce .  

1. Introduct ion 

P o l a r  i c e - s h e e t  f low modell ing is hindered by the limited knowledge of  the 
rheological  law for po lycrys ta l l ine  ice. S t resses  a r e  t y p i c a l l y  around 0 . 1  MPa 0.r 
l e s s .  In the l i t e r a t u r e ,  f i e l d  s t u d i e s  suggest a r e l a t i o n s h i p  between s t r a i n  r a t e &  
and s t r e s s  T o £  the form & = A v n  with n ranging from 1 t o  3 [r-61 . A t  these 
low s t r e s s e s  laboratory d a t a  are questjonable i f  t h e  minimum c r e e p  r a t e  & min i s  
n o t  reached .  However i t  appears t h a t  E m i n  is obtained over a t o t a l  s t r a i n  of l ess  
than 1 % [7][8]. Several laboratory t e s t s  have yielded an exponent n smaller than 2 
a t  low s t r e s s e s  [ 9  - 101. 

T h e o r e t i c a l  s t u d i e s  s u g g e s t  t h a t  n may b e  1 a t  low s t r e s s e s  where t h e  
rate-control l ing processes a r e  l a t t i c e  and grainboundary d i f f u s i o n  [ll]. However, 
t h i s  d e f o r m a t i o n  mechanism does not seem t o  be an e f f i c i e n t  process f o r  polar i c e  
1121. A kind of superp las t ic  behavior linked with g r a i n  growth h a s  been sugges ted  
b y  Duval and Lliboutry 1121, giving an exponent smaller than 3.The purpose of the 
paper is  t o  c l a r i f y  the  deformation processes of polar i c e  a t  low s t r e s s e s  b o t h  by 
experimental techniques and t h e o r e t i c a l  analyses.  
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2. Laboratory creep t e s t s  

Tors ion  c r e e p  t e s t s  were performed on 
a r t i f i c i a l  and n a t u r a l  f i n e d - g r a i n e d  
po lycr  y s t a l l i n e  i c e  w i t h  random c - a x i s  
o r i e n t a t i o n .  A r t i f i c i a l  i c e  was prepared 
using the technique described by Duval and 
I... Gac [13]. Natural i c e  comes from a  130 m 
deep d r i l l i n g  c a r r i e d  o u t  a t  South Pole 
S t a t i o n .  The i c e - t r a n s i t i o n  o c c u r s  a t  a  
d e p t h  o f  about  115 m .  The d e p t h  of  t h e  
studied i c e  samples was approximately 120 m 
with a  dens i ty  of about 0.85 g/cm3 . 
T e s t s  were conducted a t  -15OC w i t h  t h e  
to rs ion  apparatus described by Duval [14]. 
Samples were c y l i n d r i c a l  with diameter 70 
nun and length 130 mm. Results on a r t i f i c i a l  
and n a t u r a l  i c e  a r e  presented i n  t ab le  1. 
We have quoted the  measured s t ra in - ra tes  a t  
t h e  end o f  experiments. For a r t i f i c i a l  i c e  
t h e  t e s t  was conducted on one sample b y  
increasing the  applied s t r e s s  from 0.034 t o  
0.114 MPa. The t o t a l  s t r a i n  ranged from 2  
t o  9 X 10" f o r  each p o i n t .  By analyzing 
creep curves i t  was shown t h a t  Andrade's 
law was v e r i f i e d  (Pimienta,  unpublished). 
The extrapolated creep r a t e s  a r e  g i v e n  i n  
t a b l e  1. Figure 1  shows the measured s t r a i n  
r a t e s  v e r s u s  s h e a r  s t r e s s  f o r  bo th  
a r t i f i c i a l  and South Pole i c e s .  Ihe deduced 
s t r e s s  exponent i s  s m a l l e r  t h a n  2. A 
s i m i l a r  r e s u l t  i s  o b t a i n e d  wi th  t h e  
extrapolated minimum s t r a i n  r a t e s .  

I I I 
TORSION CREEP TESTS 

A Artif'iciol ice 
P .. South PO* ice 

ii 
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Fig.l : Minimum measured shear s t r a i n  
r a t e  a s  a  funct ion of shear  s t r e s s .  
Temperature T  = -15OC 

TABLE 1: Sulrmary Of labratoxy IY2SUl t -3  at -15 C 

3. Inclinometer d a t a  a t  Dye 3 

An i n c l i n o m e t e r  p r o f i l e  o f  t h e  bore-ho le  a t  Dye 3   reen en land) was obtained by 
Gundestrup and Hansen [IS]. Fran t h e  v e l o c i t y  p r o f i l e  estimated by the  a u t h o r s ,  we 
have c a l c u l a t e d  t h e  h o r i z o n t a l  s h e a r  s t r a i n  r a t e .  F i g u r e  2  shows the adjusted 



v a l u e s  of  shea r  s t r a i n  r a t e  a s  a  func t ion  of  s h e a r  s t r e s s  between 1000 and 1784 m .  
Data  were r e f e r r e d  t o  a  t e m p e r a t u r e  o f  -20°C u s i n g  an a c t i v a t i o n  energy o f  60 
k ~ / m o l .  Shear s t r e s s  was c a l c u l a t e d  with a  s u r f a c e  s l o p e  o f  3 . 3  x  1 0 - ~ r a d .  [16]. 
Data  f o r  Wiscons in  i c e  were not  included i n  t h i s  a n a l y s i s .  Q u a s i - l i n e a r i t y  o f  t he  
flow law is observed whi le  t h e  s t r e n g t h e n i n g  o f  f a b r i c s  be tween  1000 and 1784 m 
[17] g i v e s  a n  a p p a r e n t  e x p o n e n t  n  h i g h e r  t h a n  expec ted  f o r  i s o t r o p i c  i c e .  This 
f i e l d  i n v e s t i g a t i o n  i s  t h e r e f o r e  i n  a  ood agreement with t h a t  o f  Doake and Wolff 
[ g  and t h a t  of  L l ibou t ry  and Duval [2?. 

Figure  2 : 

Calcula ted shea r  s t r a i n  r a t e  
( r e f e r r e d  t o  a  temperature  of 
-20°C us ing  an  a c t i v a t i o n  
energy of 60 K J )  ve r sus  shea r  
s t r e s s  (from incl inometry  d a t a  
of Gundestrup and Hansen I1 53 ) . 

I I 1 
003 004 0.0s 

Shear s t c e s s  (YP.1 

4 .  Texture  o f  p o l a r  i c e  

Changes i n  i c e  t e x t u r e  w i t h  i n c r e a s i n g  depth i n  po la r  i c e  s h e e t s  r e v e a l  s t r i k i n g  
s i m i l a r i t i e s  [IS]. An e x c e l l e n t  i l l u s t r a t i o n  o f  t h e  t e x t u r e  o f  p o l a r  i c e  h a s  b e e n  
g i v e n  by  Gow and W i l l i a m s o n  [19] w i t h  t h e  2164 m i c e  c o r e  a t  Byrd S t a t i o n  
( A n t a r c t i c a ) .  In the  upper 450 m c r y s t a l  s i z e  i n c r e a s e s  l i n e a r l y  w i t h  d e p t h ,  t h e  
d r i v i n g  f o r c e  coming from t h e  f r e e  e n e r g y  a t  g r a i n b o u n d a r i e s .  No p r e f e r r e d  
o r i e n t a t i o n  o f  c-axes is  ev iden t  i n  t h i s  u p p e r  l a y e r .  Between 4 5 0  m and 1200 m ,  
w i t h  a  n e a r  c o n s t a n t  c r y s t a l  s i z e  (1' 5 4 0  mmz ), t h e  p r o g r e s s i v e  growth o f  an  
o r i e n t e d  f a b r i c  i s  observed. A h i g h l y  o r i e n t e d  f  i n e - g r a i n e d  s t r u c t u r e  i s  found 
be tween  1200 and 1800 m i n  g l a c i a l  i c e .  A r a p i d  t r a n s f o r m a t i o n  from s i n g l e  t o  
m u l t i p l e  maximum f a b r i c  o c c u r s  below 1800  m accompanied b y  t h e  g rowth  o f  l a r g e  
c r y s t a l s .  T h i s  t r a n s f o r m a t i o n  i s  an  o b v i o u s  e f f e c t  o f  r e c r y s t a l l i z a t i o n .  I n  
G r e e n l a n d ,  r e c r y s t a l  l i z a t i o n  d o e s  n o t  seem t o  o c c u r ,  p r o b a b l y  b e c a u s e  t h e  
temperature  i s  below -10°C n e a r  bedrock [20]. 

5. Deformation p rocesses  a s s o c i a t e d  wi th  g r a i n  growth 

5.1. Incompa t ib i l i t y  of  d i f f u s i o n a l  c r e e p  and o f  non- l inear  d i s l o c a t i o n  c r e e p  w i t h  
g r a i n  growth 

At low s t r e s s e s ,  de fo rma t ion  can occur by g r a i n  boundary s l i d i n g  accompanied by a  
mechanism o f  d i f f u s i o n  o f  m o l e c u l e s  from c r y s t a l  b o u n d a r i e s  t h a t  c a r r y  a  
c o m p r e s s i v e  load  t o  t o s e  u n d e r  t e n s i o n .  The d r i v i n g  f o r c e  f o r  t h e  d i f f u s i o n  
process  is  about 2ovba)t (b  i s  Burgess' v e c t o r  and 1  t h e  g r a i n  s i z e ) .  For g r a i n  
g r o w t h ,  a  d r i v i n g  f o r c e  o f  about 4  8 b / 1  ( i s  t h e  s p e c i f i c  g r a i n  boundary energy) 
h ighe r  than t h e  drag f o r c e s  i s  r equ i red .  I n  po Ia r  i c e  g r a i n  rowth  o c c u r s  w i t h  a  
d r i v i n g  f o r c e  much h i g h e r  t h a n  t h a t  f o r  d i f f u s i o n a l  c reep  f121. Grains t h e r e f o r e  
grow much f a s t e r  than they  deform by grainboundary s l i d i n g  and molecule d i f f u s i o n .  
On t h e  o t h e r  hand ,  Nabarro-Herring c reep  y i e l d s  a  v i s c o s i t y  much l a r g e r  than t h a t  
deduced by incl inometry  [2]. 

Conce rn ing  t h e  non- l inea r  d i s l o c a t i o n  c reep  wi th  n=3,  it impl i e s  ve ry  high s t r a i n  
energy i n  comparison wi th  t h e  grainboundary energy which d r i v e s  g r a i n  g rowth  [21]. 
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The s t o r e d  e n e r g y  i n c r e a s e s  w i t h  s t r a i n  and c a n  b e  h i g h e r  t h a n  lo9 ~/m3 f o r  a  
s t r a i n  of 1 % .  Since t h e  d r i v i n g  f o r c e  f o r  g r a i n  growth i s  t y p i c a l l y  around 100 ~/rd 
power law c r e e p  w i t h  n=3  i s  n o t  compat ib le  wi th  g r a i n  growth. Since  g r a i n  growth 
does  occur  ano the r  deformat ion p roces s  mus t  t h e r e f o r e  b e  i n v o k e d  t o  e x p l a i n  t h e  
quasi-Newtonian .behavior  of p o l a r  i c e .  

5.2. Newtonian d i s l o c a t i o n  c r e e p  

A l i n e a r  r e l a t i o n s h i p  a t  low s t r e s s e s  c a n  b e  a c c o u n t e d  f o r  by  a d i s l o c a t i o n  
mechanism i f  t h e  d i s l o c a t i o n  d e n s i t y  d o e s  n o t  c h a n g e  w i t h  s t r e s s  [2] [23]. T h i s  
f l o w  p r o c e s s  i s  r e f e r r e d  t o  a s  Harper-Vdrn c r e e p  and has  c h a r a c t e r i s t i c s  which a r e  
markedly d i f f e r e n t  from those  a s s o c i a t e d  wi th  d i f f u s i o n a l  c r e e p .  T h i s  d e f o r m a t i o n  
p roces s  l e a d s  t o  c r eep  r a t e s  which a r e  more than  one o r d e r  of magnitude f a s t e r  t han  
those  p red ic t ed  by t h e  d i f f u s i o n a l  c r eep  law. 

S e v e r a l  d i s l o c a t i o n  models have been put forward t o  e x p l a i n  H.D. c r e e p .  For po la r  
i c e  t h e  a b s o r p t i o n  o f  l a t t i c e  d i s l o c a t i o n s  a t  g r a i n b o u n d a r i e s  c a n  impede 
s t r a i n - h a r d e n i n g  and makes s t r a i n  energy sma l l  compared wi th  t h e  d r i v i n g  f o r c e  f o r  
g r a i n  g r o w t h .  T h i s  i s  p o s s i b l e  a s  l ong  a s  t h e  g r a i n b o u n d a r y  m i g r a t i o n  (gbm) 
a s s o c i a t e d  w i t h  g r a i n  g r o w t h  accommodates d i s l o c a t i o n  g l i d e .  In each g r a i n  t h e  
e m i s s i o n  o f  n  l o o p s  p r o d u c e s  a  s h e a r  s t r a i n  o f  a b o u t  nb / l .  T h i s  s t r a i n  i s  
accommodated b y  a m i g r a t i o n  of boundar ies  1 which must be  a t  l e a s t  equa l  t o  nb.  
With & =  kb/l and dl/  d t  = K/21 ( K  i s  t h e  growth r a t e )  t h i s  cond i t i on  leads  t o  : 

Table 2: Efficience of g r a i n b u n d a ~ ~  migration as an acaarodation 
process of dislocation glide. 
The condition ~ / 2 1 ~ >  & is verified if grain growth occurs. 
It is important to obseme that few dislocaticms (n=Bl/b) are absorbed 
by GB during one year. 

An u p p e r  bound f o r  &was c a l c u l a t e d  f o r  t h e  Byrd and Dome C i c e  c o r e s  and compared 
with t h e  expected  v e r t i c a l  s t r a i n  r a t e  ( t a b l e  2 ) .  At Byrd t h i s  p r o c e s s  must  t a k e  
p l a c e  down t o  a  d e p t h  o f  450 m  ( g r a i n  growth s t o p s  a t  t h i s  d e p t h ) .  At Dome C i t  
t akes  p l a c e  down t o  a t  l e a s t  900 m  s i n c e  t h e  s u r f a c e  s l o p e  i s  t o o  low f o r  t h e  
h o r i z o n t a l  shea r  s t r a i n  r a t e  t o  be  h ighe r  than loe5 a-'. 

Byrd surface 

Dome c surf. 

Dome C(9OCm) 

Dye 3 surf. 

In conc lus ion ,  -gra inboundary  m i g r a t i o n  a s s o c i a t e d  wi th  g r a i n  growth i s  an e f f i c i e n t  
accommodat ion p r o c e s s  f o r  d i s l o c a t i o n  g l i d e  i n  f ine-gra ined i c e s .  In consequence 
t h e  u s u a l  t r a n s i e n t  c r e e p  cannot  occur  and s t r a i n  energy is  a l w a y s  s m a l l  compared 
with t h e  d r i v i n g  f o r c e  f o r  g r a i n  growth. I f  t h e  number of d i s l o c a t i o n s  emi t t ed  from 
sources  does  not  change wi th  s t r e s s ,  a  Newtonian v i s c o s i t y  i s  expected .  

~/21: 
(year- 1 

2 xlc3 
2 

1.5~10- 

2.5~10- 

Dislocation 
n m b r  absorbed 
by GB in ea* 
grain (yea- 1 
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20 

45 

1200 

Grain szze 
l2 (mn 

3 

1 

4 

3 

K (m2/year) 

1.2x10-~ 

4 X I O - ~ O  

1.2~10-~O 

1.5~10- 

Vertical strlain 
rate ( y e  ) 

7.8~10- 

1 XIO-~ 

,1 XIO-~ 

3 ~ 1 6 ~  



6 .  Deformation p rocesses  i n  t h e  t r a n s i t i o n  zone 

A t r a n s i t i o n  zone c a n  b e  d e f i n e d  a s  I 1 
f o l l o w s  : t h e  zone where  g r a i n  growth does  BRAIN BOUNDARY 
no t  occur a s  a  r e s u l t  o f  an  i n s u f f i c i e n t  MIGRATION IN ICE 
d r i v i n g  f o r c e  and where  dynamic  
r e c r y s t a l l i z a t i o n  i s  n o t  i n i t i a t e d  b e c a u s e  
o f  i n s u f f i c i e n t  d i f f e r e n c e s  i n  s t r a i n  
energy between g r a i n s .  At Byrd s t a t i o n  t h i s  
zone i s  s i t u a t e d  between 450 and 1800 m .  In 
l abora to ry  t e s t s  t h e  c r i t i c a l  s t r a i n  f o r  
t h e  i n i t i a t i o n  o f  r e c r y s t a l l i z a t i o n  i s  l e s s  
than 1  %. With a  s t r a i n  r a t e  o f  10.' and 
w i t h  an  a c c u m u l a t i o n  r a t e  o f  16 g/c i  ;. rn~gration in the 

r e c r y s t a l l i z a t i o n  s h o u l d  b e  i n i t i a t e d  i n  2 E 
t h e  f i r s t  m e t e r s  o f  t h i s  t r a n s i t i o n  zone. - 
It seems t h e r e f o r e  q u i t e  r e a s o n a b l e  t h a t  
g ra inboundar i e s  absorb l a t t i c e  d i s l o c a t i o n s  613- 
produced b y  d e f o r m a t i o n  t o  make p o s s i b l e  g 
t h e  r o t a t i o n  of c r y s t a l s .  The idea  t h a t  gbm g 
can occur t o  accommodate t h e  i n c o m p a t i b l e  
d e f o r m a t  i o n  t h a t  a r i s e s  i n  n e i g h b o r i n g  
g r a i n s  has  b e e n  p u t  f o r w a r d  by Means and 
J e s s e l l  1231 .  The o c c u r r e n c e  o f  gbm i n  16" - 

deforming i c e  i s  i l l u s t r a t e d  i n  f i g u r e  3  
which shows t h e  r e l a t i o n s h i p  between the  
m i g r a t i o n  r a t e  and t h e  d r i v i n g  f o r c e  a t  
t h r e e  t e m p e r a t u r e s  [21]. For the  Byrd i c e  
co re  we have p l o t t e d  p o i n t s  c o r r e s p o n d i n g  loR 
t o  g r a i n  growth near  t h e  s u r f a c e  and t o  t h e  to2 I o4 10' 

Driving fwce ( ~ l m ' l  
beginning o f  r e c r y s t a l  l i z a t i o n  a t  1800 in. A  
c r i t i c a l  d r iv ing  fo rce  of  about l o Q  ~ / d  was 
assumed for  the  initiation o f  Fig.3 : Migrat ion r a t e  of p a i n  boun- 

recrys ta l l iza t ion [21]. A linear d a r i e s  a s  a  f u n c t i o n  of d r i v i n g  f o r c e  
r e l a t i o n s h i p  be tween  b o u n d a r y  m i g r a t i o n  
r a t e  and d r i v i n g  f o r c e  was assumed i n  po la r  i c e  s i n c e  irn u r i t i e s  do n o t  g e n e r a l l y  
e x e r t  a  d rag  f o r c e  on boundar ies  when g r a i n  growth occur s  f24]. F i n e - g r a i n e d  i c e s  
a r e  however found i n  some i c e  c o r e s  which c o n t a i n  a  h i g h  c o n c e n t r a t i o n  o f  
m i c r o p a r t i c l e s  and s o l u b l e  i m p u r i t i e s ,  e s p e c i a l l y  i n  Arc t i c  i c e  s h e e t s  [25] [18] . 
I n  t h e  t r a n s i t i o n  z o n e ,  gbm o c c u r s  a s  a  r e s u l t  o f  d i f f e r e n c e s  i n  s t r a i n  energy 
between two g r a i n s .  The o c c u r r e n c e  o f  accommodat ion m i g r a t i o n  i n  p o l a r  i c e  i s  
d e m o n s t r a t e d  i n  t h e  Byrd i c e  c o r e .  The f a b r i c  p a t t e r n  g r a d u a l l y  changes from a  
random t o  a  s i n g l e  maximum a s  a  r e s u l t  o f  t h e  r o t a t i o n  o f  b a s a l  p l a n e s  b y  
d e f o r m a t  i o n  [26]. The c u m u l a t i v e  h o r i z o n t a l  s h e a r  s t r a i n  l a r g e l y  exceeds 0.5 a t  
1200 m where the  s i n g l e - v e r t i c a l  maximum i s  observed and r e c r y s t a l l i z a t i o n  does  not 
occur .  The e f f i c i e n c y  of  gbm a s  an  accommodation process  dec reases  with depth  and 
r e c r y s t a l l i z a t i o n  i s  i n i t i a t e d  a s  soon  a s  t h e  d r i v i n g  f o r c e  e x c e e d s  10' ~/m* 
( f i g . 3 ) .  
The a p p a r e n t  low v a l u e  o f  t h e  exponent n  o f  t h e  flow law ( f i g . 2 )  between 450 and 
1800 m [ l -31 c a n  be  e x p l a i n e d  b y  g r a i n b o u n d a r y  accommodation m i g r a t i o n  which 
impedes  t h e  reaching of secondary c r e e p  corresponding t o  the  minimum c reep  r a t e  a t  
s t r a i n  of about 1  X .  
At high s t r e s s e s  the  development of  Frank-Read Sources ,  r e q u t r i n g  a  s t r e s s  of  
T= 2 ~  b/l ( p  i s  the  shea r  modulus),  leads  t o  t h e  emission o f  a  g r e a t  number o f  

d i s l o c a t i o n s .  Areas  o f  h i g h  d i s l o c a t i o n  d e n s i t y  a r e  found on b o t h  s i d e s  o f  
g r a i n b o u n d a r i e s .  The m i g r a t i o n  o f  b o u n d a r i e s  i s  t h e r e f o r e  r a p i d l y  s t o p p e d .  
N u c l e a t i o n  and p r o p a g a t i o n  o f  dynamic  r e c r y s t a l l i z a t i o n  n u c l e i  occur a s  soon a s  
s t r a i n  energy exceeds l o4  J/d ( f i g . 3 ) .  The smal l  s t r a i n  (o f  a b o u t  1  1) n e c e s s a r y  
t o  i n i t i a t e  r e c r y s t a l l i z a t i o n  i s  caused by t h e  p a t t e r n ' o f  i n t e r n a l  s t r e s s e s  which 
develop wi th  minima a t  g r a i n s  which a r e  f a v o r a b l y  o r i e n t e d  f o r  b a s a l  s l i p  and 
maxima a t  t h e  unfavorably o r i e n t e d  g r a i n s  [21]. 
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7. Conclusion 

E x p e r i m e n t a l  l a b o r a t o r y  t e s t s  c o n d u c t e d  a t  low s t r e s s e s  and a n a l y s i s  o f  t h e  
i nc l inome te r  survey of t h e  Dye 3 bore  ho le  y i e l d  a r e l a t i o n s h i p  between s t r a i n  r a t e  
and s t r e s s  w i t h  a n  e x p o n e n t  < 2. Seve ra l  deformat ion mechanisms must be  involved 
f o r  po la r  i c e .  Accormnodation m i g r a t i o n  o f  g r a i n b o u n d a r i e s  a s s o c i a t e d  w i t h  g r a i n  
g rowth  o c c u r s  i n  t h e  f i r s t  hundred me te r s  o f  i c e  s h e e t s .  In t h i s  ca se  a Newtonian 
v i s c o s i t y  i s  expected i f  t he  number o f  d i s l o c a t i o n  sou rces  i s  c o n s t a n t .  Below t h e r e  
i s  a t r a n s i t i o n  zone where  g r a i n  g r o w t h  and r e c r y s t a l l i z a t i o n  c a n n o t  o c c u r .  
Rota t ion  of c r y s t a l s  by  d i s l o c a t i o n  g l i d e  and g h  can accormnodate t he  i n c o m p a t i b l e  
p l a s t i c  deformat ion between g r a i n s .  ?he exponent o f  t h e  flow law i s  always sma l l e r  
than 3. In Greenland t h i s  zone  i s  found down t o  b e d r o c k  w h e r e a s  i n  A n t a r c t i c a  
r e c r y s t a l l i z a t i o n  i s  i n i t i a t e d  in  t h e  l a s t  hundred me te r s .  
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