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ICE-FABRIC STUDY OF THE MAWSON REGION , EAST 
ANTARCTICA 

By K . KIZAKI * 
(Antarctic Division, Department of External Affairs, Melbourne, Victoria, Australia) 

ABSTRACT. Attempts arc mad e to tcst the rela tion predicted by Brace (1960) between strain-ra tes a nd 
the ice-fabric pa tterns obtained at M awson station, east Antarctica. T hese orientation fabrics not only are 
hardly related to the prediction by Brace (1960) or Ka mb ( 1959) but also cha nge easil y within a strain grid 
with 100 m diagonals. 

Sta ble pa tterns of two- a nd three-maximum fabri cs a re confirmed. T he la tter is common and stable in 
the coarse ice at the surface of the ice sheet. I t is a ppa rent that the fabri c patterns are generall y related to 
the grain-size. The single-maximum fabric a lways occurs in fin e-grained ice, then more maxima are formed 
in the course of gra in growth. 

It a ppears that syntectonic-secondary recrysta lli za tion is effective in producing the ori enta tion fabrics 
with two, three and multiple maxima. Also, the maxima a lways shift away from the pole of folia tion a s 
grain-size increases a nd there a re severa l stable positions of maximum such as 0°, 17°, 23° a nd 30°. It is 
expected that further sta ble a ngles would occur with coarser crys ta ls as found in tempera te glaciers. 

R ESUME. Fabrique de glace de la region de Mawsoll , Anlarctique orientale. D es essais ont e te realises pour tester 
la relation prevue par Brace (1960) entre la vitesse de deforma tion et les figures de fabrique d e glace obtenues 
a la station Mawson, Anta rctique orientale. Ces fabr iques d 'orientation ne sont pas seulement fortement 
liees aux predictions d e Brace (1960) et d e K a mb (1959) mais changeent aussi da ns une gri lle de deformation 
avec des diagonales d e 100 m. 

Des figures stables a deux ou trois maximum d e fabrique ont e te confirmees. Les dernieres sont communes 
et sta bles dans la glace a gros grains a la surface d e l' ind landsis. Il a pparait que les figures de fa brique sont en 
general en relation avec la grandeur des grains. La fa briq ue a un seul maximum de figure existe toujours 
dans la glace a grains fins, puis plus de maximum se forment a u cours de la croissance des grains. 

I\ apparait que la recristallisation secondaire syntectonic est effecti ve en produisant les fabriques 
d 'orien tation avec deux, trois ou plus de maximum. De meme, le maximum gl isse toujours loin du pole 
de foliation avec l'augmentation des dimensions des grains, e t il ya plusieurs positions stables du m aximum 
comme a 0°, 17°, 23° et 30°. On pense que d'autres angles stables pourra ient appara itre avec des cristaux 
plus gros comme il s'en trouve dans les glaciers temperes. 

ZUSAMMENFASSUNC. EisgejiigewIlersuchullgen in der Nl awson-Regioll , OSI-Anlarktika. Es wurde versucht, die 
von Brace (1960) voraugesagte Beziehung zwischen Defonnationsgeschwindigkeiten und den Mustern des 
Eisgefuges an Proben zu prufen, die an d er Mawson Statio n, Ost-Antarktika, gewonnen worden waren . 
Diese ori entierten Gefuge zeigen nicht nur so gut wie keine U bereinstimmung mit der Vorhersage von Brace 
(1960) oder K a mb (1959), sondern sie verandern sich auch leicht innerhalb eines Spannungsgitters mit 100 m 
Diagonalenlange. 

Stabile Gefugemuster m it zwei- und dreifachen Extremwerten wurden festgestell t. Die letzteren sind im 
grobkornigen Eis a n der Oberft ache des Inla ndeises weitverbreitet und stabi!. Offensichtlich sind die 
Gefugemuster allgemein von der K orngrosse abhangig. Gefuge mit einem Extrem um trelen immer in 
feinkornigem Eis a uf, mehr Extremwerte bilden sich d ann mit dem K ornwachstum. 

Es schein t, dass sekundare syntektonische R ekristallisation eine R olle bei der Bildung von orientiertcn 
Gefugen mit zwei-, drei- odcr m ehrfachen Extremwerten spiel!. Ebenso entfernen sich mit zunehmender 
Korngrosse d ie Maxima immer vom Pol d er Banderung ; dabei gibt es einige stabi le Positionen d er Maximal
werte, etwa 0°, 17°, 23° und 30°. I n groberen Krista llen, wie sic in temperierten Gletschern vorkommen, 
ist das Auftreten weiterer sla biler Winke! zu erwarten. 

I NTRODUCTIO N 

Following the original studies by Bader (195 I) and Rigsby (195 I) on the fabri c of glacier 
ice, which presented a complicated problem on the orientation mechanism of the ice crystal 
and the patterns of its fabric, several studies have been carried out to try to explain the 
problem both from the experimenta l and the theoretical point of view (Shumskiy, 1958 ; 
Steinemann, 1958, p . 46- 50; Kamb, 1959; Brace, 1960; Rigsby, 1960) . In addition to these, 
structural glaciological studies (M eier, 1960; Taylor, 1963; R eid, 1964) provided more 
precise figures on the relationship of glacier tectonics to the fabrics. All thi s, however, did not 
seem to explain the problem satisfactorily. 

* Present add ress: Department of Geology a nd Mineralogy, H okkaido University, Sapporo, J apan. 
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The present study in the vicinity of Mawson station, east Antarctica, was originally 
undertaken with the object of attempting to examine the relationship between the strain and 
fabric pattern. For this purpose, three strain grids were set up on the ice surface and two or 
more specimens were collected from each grid to reveal the fabri c-orientation pattern 
associated with each of the measured strain-rates. Furthermore, a comprehensive fabri c 
investigation on the ice sheet was carried out and about 35 specimens were collected, not only 
from the surface of the ice sheet, but also from the bottom of the ice cliffs . 

The observations and measurem ents given in this paper were made during 1966 as a part 
of the glaciological programme of the Australian National Antarctic Research Expeditions 
(A.N.A.R.E.) at Mawson station, which is located at lat. 67° 36' S. , long. 62 ° 52' E. near 
the head of Horseshoe Harbour in Mac.Robertson Land, Antarctica . 

PHYSICAL SETTING 

The ice sheet between the coast and the Framnes Mountains has an extensive area of 
bare ice up to 15 km and more from the coast, and here it flows with varying velocity. One 
of the outlet streams from the ice sheet and the surrounding area west of Mawson station were 
selected for the present investigation (Fig. I). 

The area between Mawson and Marble Rock is rich in its variety of morphological and 
structural features. Immediately west of Mawson, a broad shallow gully forms a small 
accumulation basin , which is covered with a thin snow drift less than 50 cm deep in wintel· 
but has bare ice exposed in summer. The bare ice, however, was found to be newly formed ice 
recrystallized from snow in situ. To the west of the gully, a higher plateau of the ice shee t with 
indistinct vertical foliation protrudes northwards ending in ice cliffs 30 m high. 

farther west, a hill with severe crevassing on the crest suggests a bedrock protuberance 
beneath the ice. Marble Rock, at the extreme west, obstructs the outward flow of the ice 
stream so that the ice thrusts up towards the rock to form peculiar structures such as an over
turned fold and a shear-moraine belt. 

TEMPERATURE AND ABLATION 

Monthly mean temperatures at Mawson in 1966 are given in Table I. The temperatUJoe 
always rises above freezing point in the daytime during D ecember and January, and it has 
reached a maximum of 5.9°C in D ecember. Therefore, the condition of the surface ice of the 
region cannot represent real polar ice, since it is similar to temperate ice for the short summer 
period . The ablation near Mawson is comparatively high: approximately 50 cm year- I 

(Budd , 1967) . 

Jail. 
- o.B 

Feb. 

- 3·5 

March 

- B.o 

STR UCTU RAL FEATURES 

TABLE I. MONTHLY M EAN TEMPERATURE ( CC ) 

April May JUlle July Aug. Sept. Octo 

- IB. 2 - 13.0 - IB.5 - 14.6 - 22-4 - 15-4 - 14.1 

JVo u. Dec. 

- 5·7 - 0·4 

The structural features of a glacier are generally characterized by planar structures such 
as foliation, clear bands, cleavages and crevasses, all of which are developed in this region. 

Foliation . The foliation, as a rule, is defined by alternating layers of bubbly and bubble
free ice of variable thickness. However, the foliation of the ice stream in this region can be 
recognized clearly only from a distance or from the air and not in the ice specimen, because 
there is not much differentiation of bubbles in the layers which are consistently vertical 
throughout the ice sheet between Mawson and the Framnes Mountains. The partial develop
m ent of a pronounced banded structure of clear ice and bubble-rich layers is observed as 

https://doi.org/10.3189/S0022143000031245 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031245


G
LA

C
IO

LO
G

IC
A

L 
M

A
P 

O
F 

W
ES

T 
M

A
W

SO
N

 

".
( 

~
 

~
 

F
O

LI
A

T
IO

N
 

B
U

B
B

LE
 

L
IN

E
A

T
IO

N
 

C
LE

A
R

 B
A

N
D

 

C
LE

A
V

A
G

E
 

C
R

E
V

A
S

S
 

M
O

R
A

IN
E

 

N
E

W
 

IC
E

 

D
IP

 
El

 
S

T
R

IK
E

 

T
E

N
S

IL
E

 
S

T
R

A
IN

 
(
3

. 
IO

-3
yr

.-1
 )

 

C
()

,1
P

R
E

S
S

IV
E

 
S

T
R

A
IN

 (
..

 
) 

W
IT

H
 

LO
C

A
TI

O
N

 
O

F
 S

TR
A

IN
 

G
R

ID
S

 

o
 

90
0m

 
G.

N.
 t 

_
_

_
_

 .~
" 
~
W
·
'
"
 

..
..

..
 

. . 
'" ",

" ..--
------

... ~
Em

1.
~ 

! 
>-~-"

jJ/<'
 r 

M
S

B
I 

~... 
~~
 

..
. ~
~.~

 
. 

•
•
 

~ 
'. 

,_,~
~ _

_
 -
-.:

 
~~
 : 

M
S

A
I'

2 

...
. 

.
.
'
 

. 
/ 

.f.
c.

'" 
-.~

I "
~
,
k

~?
" 

/"
c

l,\ \,~
_~,~

;;,;
?~:c

\{; m 
~

''<~
; .

 
~ I~

" 
./ 

I 
, 

I 
' 

, 
'~

 ___ B
iiJ

oO
C

l' 
/

;,
 

• H
 "

-H
.,

l-
' -

' -,-
-".

lj
,;

' ~M
 i . 

"
,.

. 
/'

 
\I

 I
\
-
' 

' 
_ 

0
. 0

 
O

V
 /

 
/ 

t:
rT
'"
~ i"

~' .
.

. -
c-

., 
3

5
\ 

/,
' 

\\/
~"'

 ,
-
-

tl:l
',%

G1
 

,'
J
-
'+

-
_-r'

:-T,",
;,,*"T~'B

i.~.
'2

d~1
 

• / 
\...<.~
\ \

 \
 

\
'
 

,"
 

' 
'-

"
 

-
-

-
' 

, 
,.

, 
".~

. 
¥ 

/
' 

I 
I 

I
'
 I·

 
-
. 

' 
. 

' 
,
-

' .
.

• ,
', 

. 
/
'
 

"
X

I
 
I
"
 ,

"'le
 

I 
Gl

 
I 

-
' 

T-
"'-

-.
,'-

.~. ,
. 

',1
,' 

.~l
; 

.'
 

,
/
,
,
:
"
 ,

 
" 

I 
, 

, 
' 

-
.

' 
.,

C
.·

 
-~
 r 

/
'
 

""
,(

>
 I
'
 

I 
I 

I 
I 

" 
,

r'-
-l

 
' '

 C
· 

:,
--

i-
-i'

 "0
':'·

 

M
A

R
B

L
E

 
R

O
C

K
 

'
/
 '/

(\
>

-"
 x

 ,
 '

 
, 

I" ,
 " 

, I
' 

,-
--

-
. 

"'i'''
'''~

'',!::''' 
,/

 
/l

(Y
"
 \

 
'\ 

\ 
\ 

\ 
\ 

\ 
\\ 

\ 
\ 

I 
. 

• 
. 
~
 ..... 

. 
. 

"
x

II
I 

"
" 

, 
I
,
 

I 
' 

-
-
,
-

'
" 

"
" 

. 
/
/
'

\
\
1

\
' 
"
ll

,'
 1

1
, 

I 
"

'~
!
 

~ 
...

. 
,\

I
 

I
'
 "

'
 I
'
 

" 
I, 

' 
~
 • ' 

'_
\.-

J.
. 

~.
\ " \

\ \
 \

 "
 \ 

\\
 \ \

 \
 " 

\ 
r: 

\ '
 \-

-\-,.
-\-,.,-,

..,\~
. 

",
1

"
"
"
"
"
"
 

,~
-

I 
I 

, 
I 
I
"
 
\
\
 \

 \
 

\ 
\\

 
~

J, 
F

ig
. 

I.
 

G
lll

ci
ol

og
ic

al
 m

ap
 q

( w
es

l 
M

aw
so

ll
, 

ea
sl

 A
ll/

ar
ct

ic
a

. 

~ =>
 

<.:
J 

M
A

W
S

O
N

 
· .

..
..

..
 . 

· .
..

..
. 

. 
· .

..
..

. 
. 

· .
..

..
. .

 
C"

l 
t'l

 

"'1
 :> 

• 
• 

• 
• 

• 
• 

• 
I 

Cl:
> ;::>
 

C"
l 

en
 ..., C
 o -< Z
 

t"
 

:> <n
 ..., :> z ..., :> ;::>
 

C
i .., C
i :> IV
 

U
1

 
U

1
 

https://doi.org/10.3189/S0022143000031245 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031245


JO U RNAL OF GLACIOLOGY 

alternating layers varying from 0.5 to 5 cm in thickness in the Marble Rock area. This could 
have been caused by the intense shearing resulting from the upthrusting movement towards 
Marble Rock. 

Clear bands. A conspicuous structural feature in most glaciers is the clear band, which is 
defined as an almost bubble-free band of transparent ice set in predominantly bubbly glacier 
ice. In this region, clear bands can be seen everywhere on the surface of the ice sheet. Most 
of these bands include a layer of bubbles in the middle part parallel to the wall of the band, 
and this always occurs parallel to cleavages or crevasses, suggesting an origin similar to that 
of the cleavages and crevasses. 

Cleavage. A planar structure indicated by a closed crack is described here as a cleavage. 
T he cleavages of the eastern gully show a pattem of tension but those of the plateau indicate 
shear. 

Bubble lineation. The only linear element in glacier structures is the preferred orientation 
of bubbles. They are always vertical in the new ice at the gully, but they can indicate the 
flow direction where the differential movement is intense such as in the thrust structure of 
Marble Rock. 

SURFACE VELOCITY AND STRAIN-RATE 

Grids for measuring strain-rates on the ice surface were set up at three points designated 
as A at the centre of the gully, Band C on the ice stream (Fig. I ) . Each grid had 100 m 
diagonals and was measured twice during the year (see Table 11). A third measurement at 
the end of the year was unsuccessful because the ice melted and some of the stakes floated 
away. A theodolite station was fixed on the rock of the hill for measurement of the velocity 
of the ice sheet, in the same way as the measurements carri ed out by M. Melior in 1957 
(Melior, 1959) (see Table 11) . 

TABLE 11. MOVEMENT OF STRAIN GRIDS 

Grid A B C 
Distance rrom theodolite point 200 

(m) 
500 659·5 

Displacement (m ) 
7 April- 21 October 1966 0 5·9 6·4 
2 1 October 1966- 17 January 

1967 0.02 3. 1 2·7 
Total (285 days) 0 .02 9.0 9. 1 

Velocity (m/year) 0.03 1 1.5 1 I. 7 

M. MELLOR'S R ESULTS ( 1957) 
Slake I Slake 2 Slake 4 

Displacement (m ) 
Total (296 days) 0 9.05 9.84 

Velocity (m /year) 0 11.2 12.1 

The measurements and calculations of strain-rate followed the procedure outlined by 
Nye (1959) . 

The results of the measured and principal strain-rates are given in Table Ill, and the 
directions of the principal strain-rates at A, Band C are shown by the arrows plotted in 
Figure I. The general direction of the crevasses between the gully and the ice stream is 
parallel to the direction of the maximum compression axis. Nye ( 1959), Ward (1955), and 
Wu and Christensen ( 1964) have shown that crevasses in glaciers are the result of tensile 
stresses, and that they trend in a direction perpendicular to that of the maximum tensile stress. 
In the present case the agreement is considered satisfactory. 
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TAB L E ]( I. MEASURED STRAINS AND CAL CULATED PRINCIPAL STRAIN-RATES ( X I o~ I yea r~ ' ) 

Grid i o 

A a. = - 0.38 
a, = - 9 .42 

Av. - 4-90 

b. = + 9·39 c. = 1- 4 .71 
b, = - 4.00 c, = - 1.63 

-!- 2.695 + 1. 54 

a. = - 10.24 b. = t 6·53 c. = + 4.59 
al = - 0-42 hI = - 4.17 Cl = - I.go 

Av. - 5·33 + 1.1 8 - 1. 35 

(i o+ i90) -
i q 5 - (i .,+ i' 35 ) Ex E. 

28 March~ 1 6 October 1966 
d. = - 1.63 -1- 0.1 2 + 1.5 1 
d, = - 10.73 

- 6. 18 

16 OClObcr 1 966~2 J a nuary 1967 
d. = - 0.42 - 0.78 + 1.54 - ;,.q + 2.7:1 - (j .()+ + :;.60 ';- 2 . ++ 1(/ :j .f 
d, = - 8.34 

- 4.38 

28 March~ 1 6 October 1966 
n a. = + 1.09 

a, = + 1.63 
Av. + 1.36 

b. =+0.63 c. =-0.54 d. = - 3·2 1 - 0.20 + 0.33 " 1.4 1 + 2.4 1 - 1.5B - 1. 74 + 3.32 :;8 41 ' 
b, = + 6.02 c, = + 1.09 d, = + 0.24 

-t 3·33 + 0.28 - 1.49 

C a. = - 0. 54 
a, = - 5.45 

Av. - 2.995 

b. = + 2.84 c. = + 1.99 
b, = + 2.55 c, = 0.00 

+ 2.695 + 0·995 

28 March~ 16 OClObcr 1966 
d. = - 7.56 + 2.03 + 3.85 - :; . ~o + 4.7 1 - .) .74 - 0. 35 + 6.09 25 07' 
d, = - 5.89 

- 6·73 

The x-ax is is a long onc diagona l and is directed down Ihe ice now; the z-ax is is a long Ihe ot her diagonal , and thc ) ,-ax is 
is normal to the ice su rface. 

At grid A, the cleavages have two directions which seem to be pal-allel to those of the two 
principal axes, but the cleavage at grids Band C has only one direction , viz. appwximately 
parallel to one of the maximum shear planes. 

The foliation plane, which has been regarded sometimes as the plane parallel to a shear 
plane, is obviously parallel to one of the maximum shear directions at grid B, but the discrep
ancy between the direction of the foliation and that of maximum shear at grid C is almost 20 ° . 

H owevel-, it seems reasonable that the foliation is the result of sheal-ing movement during 
the flow of ice over a long distance, in spite of some local fluctuations of shear direction such 
as at grid C. 

FABRI C ANALYSIS 

Ice specimens were cut from 18 localiti es, not onl y from the surface ice within and near 
each strain grid but a lso from the ice cliff at the coast (Fig. I) . 

Orientations of the coaxes of the ice were measured by the universal-stage technique 
d escribed by Bader ( 1951 ), Rigsby (1951 ) and Langway ( 1958) . The c-axis orientations were 
plotted on the lower hemisphere using a Schmidt equal-area projection , and they were 
contoured by conventional statisti cal methods (Fairbairn and C h ayes, 1949 ; Langway, 
1958) . The m easured c-axis inclinations were corrected for refractive index by Snell 's law 
before being plotted. Most of the di agrams are presented in the horizontal projection plane 
but some of them are vertical sections. The projections are indicated by a local coordinate 
system , consisting of orthogonal axes labelled n- s, w- e and up- dn. Structural-control 
elements, such as foliation, axial plane, clear bands, cleavage and bubble lineation, are shown 
in these diagrams to indicate the relationship between the ori entation of coaxes and their 
controlling elements. 

The fabric data obtained from the Mawson region are summar'ized in Table IV. 

Fabrics of new ice 
The gully in which strain grid A was located is one of the small accumulation basins where 

snow patches occurred on the bare ice of the plateau . It is characterized by newly formed 
ice which is generally difficult to distinguish from the ordinary glacier ice without examining a 
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Locality 
(if. Fig. J) 

MA 

MA 

MA 

MA 

MSA 
MSA 

MSA 

MB 
MB 

MB 

MB 
MB 

MB 
MSB 
MSB 
MC 
MC 
MSC 
MSC 
MD 
MSD 
MSD 
MSC 

MSC 

MSC 

MSF 
MSF 
MSF 
MSF 
MSF 

MSF 
RM 
FG' 

FC' 
FC' 

FC' 

Number of 
specimen 

2 

3 

4 

la 
Ib 

2 

l a 
Ib 

2 

4b 
I 

2 
la 
Ib 
I 

2 

3 

2a 

I 

2 

3 
4 
5 

6 

la 

Ib 
2 

3 
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TABLE IV. FABRIC DATA FROM THE MAWSON R EGION 

lee type 

Polygonal. 
New ice 

Polygonal. 
New ice 

Polygonal. 
New ice 

Equigranular. 
New ice 

Fine 
Fine 

Fine 

Coarse 
Coarse 

Medium 

Coarse 
Medium 

M edium 
Fine 
Medium 
Coarse 
Coarse 
Fine 
Coarse 
Coarse 
Coarse 
Coarse 
Medium 

Coarse 

M edium 

Medium 
Fine 
Fine 
Fine 
Medium 

Fine 
Coarse 
Medium 

Medium 
Fine 

Coarse 

Number of 
axes 

2 10 

200 

172 

130 
150 

232 

173 
I IO 

125 
120 

150 
140 
110 
105 
195 
160 
62 

154 
137 
145 
132 

100 

160 

140 
220 
160 

180 

170 

210 
100 

140 

220 
260 

170 

Fabric type 

I max. with girdle 

2 max. with girdle 

4 max. (not diamond) 
with girdle 

4 max. (not diamond) 
with small girdle 

I max. ( 16° ); sub-max. 
I max. ( 17°) with 

girdle 
I max. ( 13°) 

3 max. 
3 max. with small 

girdle 
I max. with girdle 

2 max. with sub-max . 
I max. with g irdle 

2 max. with g irdle 
I max. 
2 max. 
3 max. 
3 max. 
2 max. 
4 max. incomplete 
Multiple max . 
I max. 
4 diamond max . 
3 max. 

4 max. 

3 max. 

3 max. 
I max. 
I max. with girdle 

max. 
max. with small 
girdle 

3 max. 
3 max. 
3 max. 

2 max. 
2 max. 

3 max. 

Number/ClIl' 
(grain-size ) 

2· 3 

1. 2 

13·5 
9·3 

5.8 

0·7 
0·9 

1.2 

0·5 
1.1 

1.4 
12·5 

4.0 

0·4 
0·4 
6.0 

0·5 
0·7 
0.6 
0.6 
1.2 

0·7 

.. 6 

1.2 

13.0 
15.0 

9.0 

3·3 

6·3 
0·7 
1.2 

2.0 

5·5 

0·7 

, FG fabrics were obtained from the tongue of Forbes Glacier, 20 km west of Mawson. 

Bubble part 
C lear part 

3 max. and 
transi tional 

Clear 
Clear 

A little elongated. 
Shear zone 

Coarse mixture 
with small. 
H eterogeneous 

Heterogeneous 
Clear, shear zone 
Clear 
Clear 
Clear 
30 m from surface 
20 m from surface 
Superimposed? 

Clear 
Incomplete 4 

max. (diamond) 
Clear. Coarse 

part 
Clear . Bubble 

part 
Elongate 
Clear. Elongate 
Clear 
Clear 
Clear 

Clear 
Clear 
Clear, 5 m from 

surface 
Diverging figure 
Superimposed, 

10 m from 
surface 

Clear, surface 

thin section of the ice between polaroids. This basin has a bubbly ice cover several metres 
thick. This bubbly ice is sometimes intercalated horizontally with solid granular snow layers 
unconformably overlying older glacier ice, as seen in the MSD basin (Fig. I). 

Four specimens were collected within 50 m of and in the strain grid A, and designated as 
MAl to MA4 from south to north . The ice has horizontal bubble layers, although these are 
faint and sometimes obscured, and the bubbles are elongated vertically. The ice crystals are 
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fine to m edium (0. 2 to 2.5 cm in diameter) in size and the characteristic polygonal appearance 
of the hexagonal crystals is a clear indication of the ice having been formed from snow recently. 

Specimen MA4, collected at the northernmost location in the area , shows equigranular 
and anhedral crys tal shapes but some relics of the polygonal structure persist. Strain shadows 
within several of the grains a lso indicate that the ice is at a more advanced stage of the 
deformation process than the newly formed ice. 

W e now examine Figure 2a- d and their fabric-orientation patterns. X, rand Z are the 
principal stress axes in which the maximum compression axis is designated by X, and the 
maximum tensile axis, Z , as obtained from the measurem ents of strain grid A. 

MA I (Fig. 23) shows a vague girdle parallel to the zr plane. An incomplete girdle a long 
the XZ plane with some weak maxima around the Z-axis appears in MA2 (Fig. 2b) and MA3 
(Fig. 2C) . In MA4 (Fig. 2d) the pattern is completely different from the others, having a small 
girdle around X with some weak maxima, whilst the c-axes distributed about Z in MA2 and 
YlA3 are absent. 

On the basis of the assumption that the strain-rates are uniform over the area of the grid 
where these specimens were collected, it is noticeable that the orientation pattern of the ice
crystal axes have changed considerably from MAl to MA4, i. e. from a girdle parallel to the 
zr plane to a small girdle about X with an xr girdle. 

The stress distribution of the grid A can be adapted to Brace's (1960, p . 19) case I , in 
which a small girdle would be expected from theory to form around the maximum compression 
stress axi s X. Such a pattern is found in MA4, from outside the grid where the d eformation 
texture is more dominant than in the other sections. 

Could the other three patterns be recrystallization fabri cs under the same stress- strain 
circumstances? These fabrics do not fit the patterns of recrystallization fabri c predicted by 
Kamb (1959, p . 169), but systematic grain growth is evident as follows: 

MAl MA2 MA3 MA4 

Grain-size 2·3 1.7 1.2,0.8 1.5 
(grain numbers /cm' ) 

Texture polygonal polygonal polygonal equigranular; 
strain shadow 

The grains of ice grow gradually, retaining a polygonal structure, and their size decreases 
again in the deformed texture of MA4. Therefore, recrystallization growth is the most likely 
cause of change in the pattern . 

Near grid B two specimens were collected which were found to be new ice. Although the 
fabrics of their c-axis orientations (MB4a and MB4b; Fig. 2e and f ) are identical to those of 
MA4, their strain-rates are different. They have anhedral small crystals as well as porphyritic 
coarse crystals up to 3 cm in diameter, particularly in the specimen of MB4a. In general , the 
bubbles are arranged vertically though some of them lie parallel to the flow direction in 
MB4a. 

It is interesting that the fabric of MB4b, which is equigranular and smaller in grain-size 
with less bubble lineation than MB4a, tends to have a small girdle around the maximum 
compression axis X and a lso an xr girdle just the same as in MA4. In contrast to this, the 
fabri c of MB4a, which is porphyritic in texture, coarser in grain-size and has a marked clear
bubble lineation parallel to the flow, has an incomplete small girdle not around the X-axis 
but around the pole of assumed foliation , and it still shows the xr girdle . This could be a 
transi tional phase to a small girdle around the pole of the foliation plane from one around the 
maximum compression axis X, arising in the course of grain-growth crystallization and from 
the incipient foliation at the shear zone. 

It is now clear that grain growth has an important role in producing the fabric pattern. 
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Fabrics cif coarse ice 
The surface of the plateau ice and outlet ice stream below the firn line, which lies about 

20 km south of Mawson in the summer, is composed mainly of coarse bubbly ice. No fine ice 
bands, such as occur in temperate glaciers, were found anywhere in this region. It was 
revealed by continuous sections that crystals, generally I to 5 cm in diameter, sometimes grow 
up to 10 cm and even longer vertically. An anhedral , irregular and interlocking texture is 
common throughout. Bubbles are round and ovoid, I to 2 mm long, and have bubble 
pressures of I to I.5 atmospheres. * These bubbles tend to cluster into indistinct layers, giving 
rise to indistinct foliated structures, but the differentiation is not sufficient to make the 
structure discernible in a specimen, though the foliations as a flow structure can be clearly 
observed from a distance . 

The coarse ice has a fabric containing several c-axis maxima. It is found that the three
maxima fabri c is common at the surface of the ice sheet, although four-maxima fabrics are 
obtained from the ice cliffs at the edge of the ice sheet. 

A typical three-maxima fabric is that from the strain grid B (Fig. 3a and b) . The maxima 
have a density of more than 9 % per I % area and are connected by a small girdle, the centre of 
which is situated at the pole of the foliation plane. The same three-maxima patterns are 
found at strain grid C (Fig. 3C) and also from the surface of the plateau 10 km south ofMawson 
(RMI , Fig. 3d ) . 

The strain-rates at grids Band C are listed in Table Ill. The centre of a sma ll girdle is 
generally located near the pole of foliation , as in the case of all of the typical four-maxima 
fabrics which have been obtained so far. They may be recrys tallization fabri cs, since they have 
coarser crystals ranging from 0.4 to 0.9 grains per cm 2 on the average. Some changes in 
pattern can be recognized in these diagrams from MCI and MBI to MB3 (Fig. 3e) and then a 
complete change to a single-maximum fabri c (MB2, Fig. 3f) at the high shear zone located 
between the ice stream and the stagnant gully. The three maxima in MC 1 seem to be related 
to the foliation, though it is not as distinct as in MB I, and a small girdle around X is indicated . 
This appearance of a small girdle does not confirm the prediction by Brace ( I 950, p . I9) for 
the strain-rate distribution appropriate to case I in his treatment. The fabric ofMBI has three 
maxima with a small girdle, the centre of which has moved to coincide with the pole of 
foliation . This pattern seems to be a recrystallization fabric as in the case of the four-maxima 
fabri cs. Towards the shear zone at MB3 there appears an incomplete girdle with two d ense 
maxima, and then the fabric completely changes to a single-maximum one with a great circle 
girdle at MB2 in the shear zone. 

The change in these fabri cs could depend upon the increasing shear stress from M C to 
the shear zone via MB from west to east. 

Only one four-maxima fabric was obtained , viz. the one from MSD3 in the middle of the 
ice cliff. This fabric presents a more complex situation because of the disturbance to the ice 
stream caused by the protuberance of the sub-i ce morphology. 

The ice exhibits a linear structure of elongated bubbles in a north- south direction but no 
planar structure. A thin clear band containing fine bubbles folds monoclinally towards the 
west with an axis of 340° (Fig. 4a and b) . The fabri c is undoubtedly superimposed by a later 

* Bubble pressures were measured by the method of Schola nder and Nutt (1960). 

Fig. 2. 

G. 2 10 crystals of Ilew ice (MA I ), at grid A . COlltours [- 2- 3- 4 < % ; maximum 4% per 1% area. X , direction of the 
maximum compressive axis; <:, directioll of the maximum tensile axis. 

b. 200 crystals of new ice (MA 2 ) at grid A. Contours [- 2- 3- 4- 5- 6 < % ; maximum 7% per 1% area . 
c. 230 crystals of Ilew ice (M A3) at grid A. COlltours 1- 2- 3- 4- 5 < % ; maximum 6% per 1% area. 
d. [ 72 crystals of new ice (MA4 ) at grid A. Contours [- 2- 3- 4- 5 < % ; maximum 6 % per 1% area. 
e. [50 crystals of new ice (MB4b ) near grid B. Contours 1- 2- 3- 4- 5- 6 < % ; maximum 7% per 1% area . 
.f. [20 crystals ofllew ice (MB4a ) Ilear grid B . Contours [- 2- 3- 4- 5- 6< % ; maximum 8 % per [ % area. 
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deformation which is indicated by the folded clear band with an axis oblique to the flow line. 
The long axis of the diamond pattern in Figure 4b is sub-parallel to the fold axis, which may 
represent the tensile axis, but the centre of the pattern does not coincide with the pole of any 
actual planar structure such as the axial plane of the fold . 

Another multiple-maximum fabric presented in Figure 4d (MD I ) is difficult to explain 
because of the variation within the fabri c . The pattern of MSC2 (Fig. 4e) suggests a four
maxima fabri c . 

fabrics of fine ice 
The ice at the base of the ice cliffs was generally fine-grained. This ice has an average 

grain-size of 2 to 5 mm, and it is equigranular with some dimensional orientation which 
defin es the foliation plane and the flow direction . The bubble layers also give a significant 
indication of the foliation plane on which the linear arrangement of bubbles (lineation) is 
observable. The bubbles are generally ovoid and sometimes show long and thin columns in 
which the pressure ranges from 1 to 3 atmospheres. The maximum bubble pressure corres
ponds to the hydrostatic pressure of ice si tuated 30 m below the surface. Strain shadows 
within some grains are common . 

A single-maximum fabri c is characteristic of MSA I but the maximum is situated about 15 0 

from the pole of the foliation plane. It is on the line of the bubble lineation and is accompanied 
either by an incomplete or a complete great-circle girdle (Fig. 5a and b) . The fabric ofMSA2 , 
at the sam e location , represents an em erging three-maxima type and indicates the apparent 
grain growth, though the actual crystal size remains in the range of fine-grained ice (5.8 
grains per cm') (Fig. 5c). 

A pronounced single maximum centres on the pole of the foliation plane at MSBI (Fig. 5d) . 
The density of concentration of c-axes is identical to that for the Thule area of Greenland, as 
discussed by Rigsby (1960) . The sample from which Figure 5d was obtained came from 30 m 
below the surface of the shear zone between the stagnant gully ice and the fast-moving ice 
stream . Its fabri c corresponds to the single-maximum one of MB2 (Fig. 3f), which was 
collected at the surface. W eakening shear stress and grain growth at MSB2 might have 
produced the two-maxima pattern (Fig. 5e) at the western margin of the shear zone. 

I t is noticeable that there is a tendency to have two- or three-maxima fabrics associated 
with grain growth, even within a range of the fine-grained crystal sizes. 

Marble Rockfold 
A remarkable overturned fold structure was found in the ice cliff on the east of Marble 

Rock (Fig. 6) . The structure is clearly shown by the moraine bands, which are essentially 
composed of fine sand, and the foliation plane is defined by the alternation of thin bubble-rich 
and bubble-poor layers. The obstruction by Marble Rock of the ice stream flowing towards 
the north has given rise to the recumbent fold and the upthrust structure. A belt of shear 
moraine is also observable in the cliff on its north-east end and this makes the fold structure 
more easily visible. At the western side of the area, a clear banded structure is made con
spicuous by the a lternation of bubble-rich and clear bands which are 0.5 to 5 cm thick. The 

Fig. 3. 

a. 11 0 crystals of coarse ice (MBl a) at grid B. Contours 1- 3- 5- 7- 9 < %; maximum 17% per 1% area. 
b. 173 crystals of coarse ice (MB Ib ) at grid B . COlltours 1- 2- 3- 5- 7- 9 < %; maximum 12% per I % area. The seclioll 

is parallel to the adjacellt layer. 
c. 193 crystals of coarse ice (MC/ ) at grid C. COil tours 1- 3- 5- 7- 9 < %; maximum 10% per 1% area. 
d. 100 crystals of coarse ice (RMI ) ; the surface ice of 10 km up-stream. COli tours 1- 3- 5- 7- g- II- 13 < %; maximum 

26% per 1% area. 
e. 125 crystals of coarse ice (MB3) east of grid B . Contours 1- 3-5- 7- g- I1 < %; maximum 20% per 1% area . 
.f '42 crystals of medium ice (MB2) at Ihe shear zone between grids A alld B. COlltours 1- 3- 4- 5- 7- 9 < %; maximulIl 

9 % per 1% area. 
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bubble lineation in the banded structure indicates the glide direc tion. It is evident that all 
these structures must be the result of the upthrust movement of the ice stream onto Marble 
Rock. The crystals are consistently fine, flattened and elongated in textUl'e, and the boundaries 
of the crystals are sometimes not clear; this is probably due to boundary flow in the sheared 
specimens. Intense strain shadows are common. The small bubbles ( I to 3 mm) are ovoid 
and elongated, and they have pressures ranging from I to 2 atmospheres. 

The fabric pattern for the Marble Rock fold is basically a single-maximum fabri c, although 
some girdles or sub-maxima are also present. It is evident that the single maximum is located 
on the pole of a shear plane which is called the axial plane of the fold , but not the pole of the 
foliation plane (MSF3, MSF4, MSFS) inside the structure (Fig. 7a- c). The foliation plane, 
however, is still an effective controlling element on the fabri cs of MSF2 and MSF6, which are 
outside of the fold. Both of these fabrics show high concentrations at the pole of foliation 
together with another maximum or sub-maximum on the pole of the shear plane which is 
nearly parallel to the axial plane. A similar observation has been made by Rigsby (1960, 
p. S92 ); some of the diagrams from Malaspina Glacier were more closely related to the 
orientation of the foliation plane, which is parallel to the axial plane of the folds, than to the 
orientation of the limbs of the fold. The maxima of MSF4 and MSFS are located on the line 
of the bubble lineation or elongation of the crystals about IS 0 away from the pole of the plane. 
The former has an incomplete great-circle girdle, and the latter has a small girdle. These 
characteristi cs are quite similar to those of MSAI and MSA2, of which the latter could be a 
recrystallization fabri c in the course of crystal growth. 

The fabric of MSF3 also has a single maximum on the pole of the axial plane, but an 
associated girdle is composed of clear and coarser crystals (0.8 mm as compared with 0.3 mm 
in groundmass) without strain shadows. It is clear that the orientation of the recrystallized 
coarser crystals may concentrate into a new sub-maximum, the controlling element of which is 
not known. 

The fabri c of MSF I shows the only multiple-maximum fabri c in the area. H ere the 
maxima appear to be controlled by the axial plane on which the crystals are slightly elongated, 
although the foliation plane is still significant ; this can be seen by the alternation of bubble-rich 
and bubble-poor layers :2 to 6 mm thick (Fig. 7f). It should be noted that this is the specimen 
with the largest grain-size among those collected in the area. The grain growth could cause a 
multiple-maximum fabri c even under the moderate shear stress associated with the fold 
structure. 

On the western side of the area, the orientation patterns of the banded ice are clear three
maxima fabrics (MSGI, Fig. 8a) . The coarser grain-size (1.6 to 0.7 grains/cm') could be one 
of the reasons why these fabri cs are different from those for the fold structure. MSG:2a and 
MSG2b are the sections obtained from the bubble-free part with the coarser crystals and the 
bubbly part with the smaller crystals in the same specimen (Fig. 8b and c) . It is clear that a 
maximum at the pole of foliation ofMSG2b has moved out 160 from the pole on the glide line 
and another maximum has appeared , thus making a multiple-maximum fabri c of MSG2a 
in conjunction with grain growth . 

Fig. 4. 

a. Block diagram of coarse ice (MSD3) showing a superimposed diformatioll. 

b. 145 crystals of coarse ice (MSD3) of Figure 4fl. Contollrs 1- 3- 5- 7- frIl - 13 < % ; maximum 21% per 1% area. 
A pallem of sllperimposedfabrics. 

c. 160 crystals of fille ice (MSC/ ). COlltollrs 1- 3- 5- 7- 9- 11 < %; maximllm 12% per 1% area. 

d. 154 crystals of coarse ice (MDI ) west of grid C. Contollrs 1- 2- 4- 6- 8 < %; maximum 10 % per 1% area. 

e. 62 cTJ1stals of coarse ice (MSC2). COli tours 1- 3- 5- 7- 9 < %; maximum 17% per 1% area . 
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REC R YSTALLIZA TION * FABRICS 

Grain-growth effect 
It has been shown that the change of grain-size in ice has always given rise to a change in 

the fabri c pattern at the same location or even in the same specimen. The tendency is con
sistently to have two or more and multiple-maxima fabrics arising from fabrics with a single 
maximum or a smaller number of maxima in the course of grain growth. This is particularly 
evident in the specimens of fine and medium grain-size. It has been noted that these fabri cs 
are related to a controlling plane such as the foliation and axial planes except in newly formed 
ice. 

The relation between grain-size, number of maxima and the distance of each maximum 
from the pole of the controlling plane is shown in Table V for selected specimens. Evidently, 
grain growth produces the increase in the number of maxima. Also, the single maximum at 
the pole of the controlling plane tends to shift away from the pole, resulting in two or more 
maxima; furthermore, the outward shift of each maximum of the three-maxima fabric from 
the centre is observable with an increase in the grain-size (MSGI and 2 , Fig. 5d and e; 
MSGn and b, Fig. 8b and c) . 

10 m 

Fig. 6. Overturned fo ld structure at Marble Rock. 

Kamb (1959) obtained single-maximum fabrics from fine ice layers and multiple
maximum fabri cs from coarse layers, each of which a lternated closely with the othel', so that 
he inferred the multiple-maximum fabric was a recrystallization fabri c. Rigsby (1960, p . 605) 
has a lso stated that recrystallization under melting conditions probably tends to change the 
strong orientation of crystals from a single maximum with optic axes normal to the foliation 
plane into three or four maxima. 

* R ecrystallization here signifies essen tiall y seconda ry recrys ta llization in the strict sense. 

Fig. 5. 

a. 130 crystals of fille ice (MSAra ). Contours 1- 3- 5- 7- !)- 11 < %,- maximum 15% per 1% area. 
b. 150 crystals of fine ice (MSAlb ), which is a clear balld in MSAIa . COil tours 1- 3- 5- 7- 9- II < %,- maximum 15 0 0 

per 1% area. 
c. 232 crystals offille ice (MSA2). Contours 1- 2- 4- 6-8- 10- 12 < %,- maximum 18% per 1% area. 
d. 140 crystals offine ice (MSBI ). COlltours 1- 3- 5- 7- !)- 11- 13 < %,- maximum 34% per 1% area. 
e. 120 crystals of medium ice (MSB2). Contours 1- 3- 5- 7- !)- II - 13 < %,- maximum 27% per 1% area . Opell circles 

indicate the bigger crystals from the clear band. 
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TABL E V. GRAIN-S[ZE, NUMBER OF MAX[MA AND D[ST ANCE FROM THE POLE OF CONTROLLING PLANE 

Graill-size Distallce Jrom pole oJ 
(Ilumber/cm' ) Number oJ maxima cOlltrollillg plane 

MSF3 [5.0 1.0 00 
MSA[ [3·5 1.5 [60, 430 
MSB [ [2 ·5 1.0 00 

MSF4 9.0 1.0 [60 

MSA2 S·8 2·5 [40, 300, 320 
MSB2 4.0 2.0 300, 300 
MSF5 3·3 1.5 [50 
MSG2b 1.6 3.0 0 °, 30°, 45° 
MSF[ 1.2 4·5 16°, 24°,25°,3 1°, 42° 
MSG 2a 0·7 4·5 16°, 17°, 22°, 32°, 50° 

As is clearly shown above, even in the fine grain-size range, the evidence indicates that the 
coarser the grain-size, the greater the number of maxima formed and the further the maxima 
move away from the pole of the folia tion plane, a lthough there may be a limit to the distance 
moved . The relation between the grain-size and the number of maxima, and between the 
grain-size and the distance from the pole of the controlling plane is plotted in Figure 9a and b. 
These figures confirm the influence of rec rystallization, particularly annealing crystallization, 
on the orientation pattern of crystal axes of ice under non-hydrostatic stress conditions. 

The distance of each maximum of a multiple-maxima fabric, mainly the fo ur-maxima 
fabric, from the pole of the controlling plane varies greatly among the figures of many investi
gations so far (R eid, 1964, p. 258). This has probably been due to the variabi lity in grain
size, i.e. the grade of recrystallization. 

A frequency diagram for the distance of each maxima from the pole of the controlling 
p lane in the area investigated reveals some tendencies towards concentration on 0°, 17°, 23° 
and 30° (Fig. IQ). One of them, 0°, is the only position of a maximum which has been verified 
experimentally as well as theoretically as the basal glide. As for the other angles, they could 
reflect the influence of the symmetry of the crystal lattice of ice. However, neither the crystal
lographic treatmen t nor the thermodynamic prediction so far seems to explain satisfactorily the 
positions of these maxima as a stable fabric. 

Annealing is essentially a de-orientating process, as shown by Rigsby's ( 1960) experiment. 
vVhat could happen under syntectoni c crystallization, i. e. annealing plus deformation, is 
likely to provide the multiple-maxima fabrics with or without a small gird le in general 
centred on the pole of foliation. 

In the course of grain growth of ice both from the bottom of the ice cliffs and the surface 
of the ice stream , particularly near the surface where grain growth is conspicuous from the 
summer temperature gradient, the pattern of the orientation fabri c generall y changes from a 
single-maximum one to a multiple-maxima one, typically a three-maxima fabri c when 
stability is reached . 

Axis-distribution analysis 
If grain growth were the only cause of the change in orientation of ice optic axes, the 

coarser crystals could have different orientations from the smaller ones in the same thin section. 
This is one of the reasons why Kamb (1959) employed scatter diagrams with different symbols 
for different crystal sizes. T his difference between the large and small grains is observable in 

Fig. 7. 

a. 170 crystats oJ fille ice (MSF3). COlltours 1- 3- 5- 7- 9- 11- 13- 15 < % ; maximum 27% per 1% area. 
b. 180 crystals oJ fill e ice (MSF4 ). COlltours 1- 3- 5- 7- 9- 11- 1J- 15 < % ; maximum 26% per 1% area. 
c. 170 crystals oJmedium ice (MSF5 ). Contours 1- J-5- 7- 9-11- 13 < % ; maximum [8% per 1% area. 
d. 220 crystals oJ fine ice (MSF2 ). Call tours 1- 3- 5- 7- 9- 11- 13- 15- 17 < % ; maximum 24% per 1% area. 
e. 210 crystals oJ fine ice (MSF6). Contours 1-3- 5- 7-9-1 [ < % ; maximum 17% per 1% area. 
J. 140 crystals oJmedium ice (MSF1 ). Contours 1- 3- 5- 7- 9-11 < % ; maximum 14% per 1% area. 
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the fabric ofMSF3 (Figs. 7a and I la) in which the axes of fine grains (2 to 4 mm) concentra te 
on the pole of the axial plane of the fold , whereas those of the coarser crystals (8 mm) and the 
crystals of the clear band tend to cluster near the pole of the lineation of the bubbles, and also 
form a girdle. There is hardly any spatial differentiation between them except for (he clear 
band. The recrystallization orientation might take place in association with clear-band 
forma tion because the orientation of the coarser crystals is identical to that of crys tals in the 
clear band. 

Axis-distribution analyses were carried out on some sections. These were to detennine 
whether there was any relationship be tween the orientation groups of the ct'ystals and theit, 
positions in the thin sec tion. If such a relationship could be found to exist, then it migh t be 

Flow 

(a) 
Flow 

I 
1 

i ~ 
I .. 
I 
I 

(c) 

Fig. 8. 

Flow 

( h) 

a. 132 crystals of medium ice (MSG1 ). Contollrs 1- 3- 5- 7- 9- 11 < % ; maximum 20% per 1% area. 
b. 100 crystals of coarse ice (MSG2a). Contours 1- 3- 5- 7- 9-11 < % ; maximum 26% per 1% area . Bubble:free part of 

banded ice. 
c. 160 crystals of medium ice (MSG2b). Contours 1- 3- 5- 7- 9- 11 < % ; maximum 20% per 1% area. Bubb()I part of 

ballded ice. 
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possible to associate the fabric with a deformation domain such as the region of shear bands 
in a thin section. The deformation domain actually exists as a row of grains, of which each 
individual shows the same orientation in a fine-grained and a sheared sample. However, the 
samples " 'ith crystals large enough for the axis-distribution analyses do not show any deforma
tion domain or spatial distribution of the orientation of c-axes in the thin sections (Fig. I I b 
and c) . It may therefore be suggested that such a domain which existed in fine and sheared 
specimens, could be obliterated during the process of recrystallization . 
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{t. Relation ~f grain-size (grain /lumber/cm') to Illlmber of maxima. 
b. R rlo /;on of grain-size to distance from pole of folia tion. 

STRAI:\ A:\D FABRIC PATTERN 

The principal strain axes calculated from the strdin-grid measurements in this region are 
marked on each diagram and the relation between the strain-rates and the fabric patterns are 
examined with reference to the predictions by Brace (1960). It is anticipated that his pre
dictions could som ehow be adapted to the grid A area, because the ice there might not be 
much a ffected by recrystallization after new ice is formed . Even so, only one fabri c of the four 
diagrams, viz . the one which is more intensely deformed than the others, can be roughly 
adapted to Brace's case I. The other three fabrics cannot be fitted to it at all. In other words, 
even in a grid with 100 m diagonals, the orientation fabric is always changing due to re
crystallization even though it may have little effect in this case. It seems reasonable that the 
direct effect of stress and strain on the orientation fabri c of ice may be much smaller in 
recrystallized ice, especially the coarser ice, although the stress field is necessary to a certain 
ex tent [ 0 produce such patterns as three and four maxima. 
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The only pure deformation phenomenon observed in ice crystals in thin sections is the 
formation of strain shadows resulting from crystal bending. Strain shadows were found in 
almost all specimens from this region, but the number of crystals showing them in a thin 
section was quite small. The orientation of the crystals showing strain shadows was found to 
be no different in general from that of the other crystals. Strain shadows represent undulatory 
extinction bands parallel to the optic axis, and narrow wavy bands with the same orientation 
are generally alternately arranged to indicate a periodic bending of the basal pinacoid of the 
ice crystal. The angle of bending is 5° on the average but it can reach 16°. It has sometimes 
been observed that the sharp boundaries between the parts with different orientations happen 
to show polygonization under maximum bending. The maximum bending angle obtained in 
natural ice of this region is in agreement with the figure (less than 15°) found by experimental 
deformation of an ice plate (Wakahama, [964) . 

That bending is associated with basal slip has been clearly illustrated by Nakaya ( 1958) 
on single crystals and by Wakahama (1964) on polycrystalline ice. Furthermore, bending 
causes the c-axes to rotate. 
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An example of the rotation of the c-axes of strained crystals in the thin section of yIB3 is 
shown together with the directions of the maximum compression axis, maximum tensile axis 
and maximum shear directions in Figure 12. It seems that the plot of the c-axes of bent crystals 
tends to move parallel to either the direction of the maximum compression axis or in some cases 
the direction of the maximum tensile axis, but in others the direction of maximum shear. 
Although the c-axes should theoretically tend to rotate such as to approach the direction of the 
maximum compression, this does not seem to happen in the present case. 

CONCLUDING REMARKS 

The ice crystals in a glacier are continually being subjected to gliding, bending and 
recrystallization under the action of glacier flow. The deformation mechanism of ice is 
considered to be consistent with that of rocks or metals, so that it can be accounted for by 
factors such as translation gliding, Riecke's diffusion and grain-boundary flow. Strain shadows 
are presumably due to intra-crystalline translation gliding. Riecke's diffusion is a phase change 
in crystals related to stress vectors, i.e. it is a recrystallization phenomenon. Grain-boundary 
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flow can be clearly observed in those specimens with fine grains which have been subjected 
to intense deformation. These factors govern the preferred orientation of ice crystals which are 
associated with a stress field in glaciers. 

It is, however , evident that syntectonic-secondary recrys tallization , i. e. crys tal growth with 
tress, is effective in producing orientation fabri cs with two, three and multiple maxima. Also 

the maxima always shift away from the pole of foliati on as the grain-size increases, but it 
appears that there are several stable positions fo r maxima as shown in Figure 10. This figure 
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groups with different orientations. 
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suggests that there are three significant angles between a maximum and the pole of foliation 
other than 0°, viz. 17°, 23° and 30°. Furthermore, it may be expected that more stable angles 
would occur with coarser crystals as has been typically found in temperate glaciers. These 
stable angles could reflect the symmetry of the crystal lattice of ice, although it is necessary 
to verify this theoretically as well as experimentally. 

n 

w 

s 
Fig. 12. The shift oJ optic axes in strained crystals. Note the periodic bmdillg. 
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APPENDIX 

Four specimens were obtained a t the tongue of Forbes Glacier a bout 20 km west of lYlawson sta tion . The 
pattern of orienta tion of the c-axes is qui te typically tha t of a three-maxima fabric a t a nd near the surface of the 
glacier (F G3 and FG[ a; Fig. [3a and b ). Also, gra in growth from the bottom towa rds the surface gives rise to 
a n outward shift of m axima from the pole of foliation from FGl a (18°, 24°, 30°) to FG3 (25°,30°,30°). 

The specimen (FG2) from [0 m below the surface is fine in gra in-size with elongated bubble lineation pa rallel 
to the flow direc tion. Its fabric with two m axima a nd a gird le represents a complex superimposed pa ttern 
(Fig. [3d). 

The fabric of FG lb, a specimen which was collected from a clear lens 10 cm thick a nd lOO cm long in the 
bubbly ice of FG l a 5 m below the surface, is surprisingly consistent with the pa ttern of Steinemann's (1958, 
p . 46-50) torsion-shear experiment, immedia tely a fter unloading (Fig. 13c) , Very fine crysta ls (less tha n I mm) 
aggrega te to form a n irregular lens a nd they are distributed along the grain bounda ries of coarser crystals which 
closely resemble a sheared quartzite or a sort of mylonite. Furthermore, a ll of the bubbles a re segrega ted out to 
the bounda ries of the gra ins. The texture of the ice is obviously different from ordinary glacier ice. It is clear tha t 
the ice must have been subjected to intense shearing deforma tion in order to reduce the grain-size and to segrega te 
the bubbles. According to the direction of these lenses of very fin e crysta ls, the new orienta tion of the shearing 
deforma tion seems to have been normal to the flow direction . Thus, the rota tion of the flow direction could have 
produced a fa bric identical to that of the torsion-shear experiment by Steinemann, though the original positions 
of the m axima of FG l a still seem to have rema ined effective in the new sheared fa bric ofFG lb. 
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f/. 170 crystals of coarse ice (FG3 ) f rom Forbes Glacier. COlltollrs 1- 3- 5- 7- 9- 1 I < %; maximum 20~0 /Jer 1% area. 
Surface sample. 

b. 140 crystals of me diu III ice (FGw ) from Forbes Glacier. COlltours 1- 3- 5- 7- 9 - 11- 13 < %; maximulII 20% per 100 
area. 5 m below surface. 

c. 220 crystals oJ medium ice (FG l b)Jrom Forbes Glacier. COlltollrs 1- 2- 3- 4- 5- 7- 9 < %; maximulII 10% per 1% area. 
5 m below surface. Clear lellsJrom FGw. 

d. 260 crystals oJ fill e ice (FG2 ) Jrom Forbes Glacier. COlltOllrS 1- 3 - 5- 7- 9 < %; maximulIl 150'0 per 1% area . 10 III 

below SlI~face. 
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