HOKKAIDO UNIVERSITY

Title FRBIKRKDMER : KGR aBDRELEETKIIVEY R - RI—VDFMICDONT
Author (s) ¥AM, 253%; MATSUDA, Masuyoshi; &k, FHER ftb
Citation KRR, ¥IEE, 34, 163-171
Issue Date 1977-03-25
Doc URL https://hdl. handle.net/2115/18308
Type departmental bulletin paper
File Information 34 p163-171. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Masuyoshi MATSUDA, Gorow WAKAHAMA and W. F. BUDD 1976 Twinning of
Ice from Antarctic Ice Sheet. Observations of a-axis Orientation associated with Dia-
mond c-axis Orientation Fabric. Low Temperature Science Ser. A, 34. (With English
Summary p. 169)

Mo K K Xk o R O&

XHERaloERDL & 25X
XA XEy Ptz —vOHRIDONT

BmOomE &
(R RA AT TE4)
H & OH K
E B B WO R
W. F. Budd

(A=A + 79 ¥YEBER)
(R 51 4210 f =8

L. £ 2 N 2

F—A N5 ) YEHEBLAIE (Australian National Antarctic Research Expedition, B&FR
ANARE) i3, 19694, B ® Low Dome D ItVhius Cape Folger i TXKIKIC A -V v 7%
fIfcvy, BEAEEFTETS3I0OmM OEBKDO =2 7R 2R L7, Low Dome OKDHH
BjEBEE LT, 1970 L3k, “hb = 7R OBE KN FHEN P #DHOh TE 1, KO
REEMEBMS OB T 5 FTRBRO—TILT CRERED T X » THRE SRR, FOKRI
HIZ KR ORBEE R I OKORERKER L O o F B3 25 f s MiTiEDbhi, &
BETI AL OFMFEREDO5 L, ThickvT 4 BARERES MG OB
2H L LWERE DN,

ABABERERFMLIFE 2RO CRLELIE, Y2 iy bdhy PREALESE
RS A A v E v FEIZ LTCWABDT, IF1 v v Pz —v] Liuvbhb,
Rigsby?® it KK CRE LCLE, £ < OUEXACEMKK CHRVWTRE SR, K
HEXhTEl, TOBRRLERFLCOVTUL L OMEENRERSCERCT X » TLOHER
FRATEL, FERECHWHTCIBMKEE R FHANHEBE 2L s ORBEPY THS
7, ABRABESMERKIBO ok, BROWEE, ThETEELT SHEHKOETN
FHFHLEC LD, ZOBRIVERR S ELFHAB IR T, 46, EEHDIL
Cape Folger XD fERICEE, EROMRNEI2BARRCTIH, Tibb, D
MR X5 ABAFMNOBREEZ 12D T, DTEhi@ET S,

* I EAYERRFERER 1803 %
ESRE MEE #3348 R4



depth (my

cross sectional area (X10°mm?)
) 2 4 68 24 6810

50

100p

-
I}
=]
¥

[N
<
(=]

T

2501

# 1K Cape Folger XKXko
WALARREIT BT
HRIE, KRTHLLE
XIWR B ORNE LD B
LbhsDT, Tthb
BEEEEEC LT, L
LAttt s

inclination (degree)
10 20 30 40

#IM FH2RERL-EEHMSMCHE
T 5 2 MEERFEONES M
LoThoAERES Lk ES
EHrhwF LN

¥91

bubble elongation

1 2 3 4 5 6 78 910 20 30
e average elongation
50 ’ o maximum
/ e
/
¢ o
Ay //
> o
100 R -
I, //
I, ///
y O~
o« N
150 Seel >~
= .- N
E T T
Tre--a el
z ~ — o
2 200 o -
° hN \ H
I e b Bt
U, > -7 0T
e ey 13
250 T T - Tl .
N
__________________ > L S _.=>
Pad ol =
O -
o pe) =0
- -
- - //
—— -
300 ’—r? ___,o/
w e e
- P

# 4 Cape Folger KEKXKOBEI T KT 5 KMO WERE
(EEFEHE O Ko B EE S )



FRIKIK K O B

1I.

KEDZERBE

165

WAWAKIEI TO/BGMNOTHDOAEZARD, FINMRLE, FBHhokE3, §F
X 236m, 260m } L300 m THREFEHCE > Tnd, ThbEEC LT, EhbHEIE, -
HIVEL IS S5, B O, IVE) Mk O HLE) w5 fRiK P mE

B LTOLHikEw,

HREEOSE LK, BHEHO
BRAGEERSIOCHEB L AR AZE T
%, BIBOTHHWEEIUI B 1IEXR
F@ESE B2 @) 2RL, A
R # (cataclastic texture) TH %,
Thics L, #I1L £ 1IV B 7
AR EEAM 2K b)) 2L,
HE T HEE AR (interlocking tex-
ture) TH 5%,

FEAMOFHMEEL, £B2@ET
TEBEMRZ &3, EioLEd Ko
LA FHERRDOND Z ETHS, T
e, EWMALOSHEIRT X TOES
T, #2R (), bR LL T, o4
OO 2 EEBEA LY B - T,
ZOXFEORE S AL OThOAE
PRI LK ESE DI EFEIRTRL
foo BETEmMELE, FUBRIVE
IVEORRRTCLTOThARDIRE,

FEEOHEAIL, K& ThdRED
g OWTLIRDBh 5, [EOR
Bt o A 4 Bicm L, BT
HhE OB KE, BIIITFHETHD, F
IL 4 IV B o rh il CRIE oMU h & i
&L eh, BBCEIe-> T 5,

DA b#t AR, #EAhBhDT0L, MR
R OME T D OTh, BIUXK
WO ERE L £ OBERR NP LYWL 2
X 51z, Cape Folger it DXKKiz 4 B
DREHLSERINTE D, &EXKEHLD
EODHEBHEITY Lo TWBH T EN

F2E va iy P WACBRYLCEREBITLS N,
FEROPLABBENRE R, HBLIETHE
WP ICEII @I (@) 0k 5 k—BRE
B, ERgEIl SIVEX (b) o X5k
BAB LB Ih, RPOFEMAEN, &
SEEAES O 2 AEESHE#lY, i,
b:e. BREOMWEFHEZRT




166 MERE. D

ooz,
L. EAKERALUEE

3k, KK FLILER Cll) koW TDRBEIR, FEIRTER, L,
cHY AT CIRKEROERTEH UL FEL2CERTEZ LR TE Ry, LT TEELIL, X
DOHRCMBEEFEAZ LI b, clilifdd /e, Bl (afh) X% b HlE L2,

B0 X 5w, HIL FIV BT, BEAr Ml 4B E2Ry, 585X,
HUEOEE29m D a7hby b LA 2R T 5T TOKME M oWTRIE LT
B clis I atlio A, FA—D>Ya iy bRy FREBEFELLLIDOTHD,

cllinA—Fe B BHKES R (A LS TR &, £0alh (RS Tha) & E—H
CHbHT Ebhn, R—DOfRaHMEHHkEMNE, Wihd, S ETikEegE LT
Wighy, THHLT, ThLIR1 20X EHBEERO—HTHE 1D L5, HERHEOTT
DFEB—F LT3,

Ehi, cERFA—AMhBERTE, B5RDA, B C Do [A Dl %R wiho
2#OMER Bl [A, Bl [A, Cl, - ) CBILTh, 2B ERGAIAIEFIC LG
WA FROBRICH B Z LD, TRENROMNHEYH S KK KATH LA,

TRODHERR, FLALEDKEGBRY, ToMETLIR/EMRE, PEVBRAMCBELT
BREOBEREH B EEBMIRE LT WA,

KO RHEETIL, KEBAC X - TRHIEIR T BBELBEDOHE AR, clihft &
TT7THAabb, ThbOMOAEL, FPUTEEAD109°28 1EFE Ly, €5 T, HIEIht c il
L ahioF D, TODHE - BEREEROFMOTNTEMB I ENTES, 420

svEYRYNCYY, 8"0

NN

3
Y
>

HBH5R LI BoREE29m OFTTOH &K H£6F LI EOES 259 m 0% & BT 2w
CoWTHEXIhi clih (BAD) BX T, BEBEOHEEGROLFTMEL Y 2
Calp (ARE) oS, Rbok Ty PRACRELER
X, #&HEOSEBFHE



B IR AR K © B 167

Hrkt A, B, C, Do, e
BOEHFMERDISONE 6T
bHb, BREHBED T OOEERD S
B, 2~3 40, MiEREORKERE
= LHREH D Ehbh b,

BRSO BIRE B D2 E
520M%, FERMATOBEAFORIN
MBI, % - BRESEHTH
P—F L TCW5B T &k, BHERGD
WELBITRIC H B FTREME R B R LT
Wb, T TRATCDOREFOEAR
fea g 1121) 2Pl & » THE 2
TR 5, BTROFEHEI, LO#%
FEOKE AR, BAMCR DI
WEEEER T, EAELEOME - B
FREAGREOAE X IEHE&EA O
109928 bbb T TFh 3 &
X o TRl X - THBEIR T

composition
plane

FTE gk (1121) ToEER (B, Dl o # &

¥) OIS FOHEAREL RTEE, HRE
FR—BREXC I {ERTS

B, Linl, H2EHBERTIIEF SR, #oC ZOFHERALRS X5, MiEHD
BAECIL BERTERETOIEAWELE LRVIEREGMEN I BRECXECHET S,

(1121) Wik, #ERFB L Qi kdo
X S EIREIC I » TWB R, EFOMER
B LCREMET > Tz, L, K
FoL B, BAENCH-T, FHEHD
cliha 2 4 -3 AL R © & b 180°
DOEERERYTAZ X hER &S,

IV. EXBERKEROSERNSR

ko2 7HRBCE E A KIEDOHERR
R OKEDKKOWEF A & 12IE—5T 5
&y, 19740 ANARE 037 CHED®D
LT 3BY, EREhicd 2 7 e omE
Zefic i3 5 H LI A TH B0, KimD
R AR EAEL T, 2T ORNE &
BDHZENTED, LI T, [EOMESHMA
LORFE S EB OB & OBIFRMIIES &3t
ZESENT B EHE,

E8N BIVEBOWVWAWALME SO G K
CoOWTHE LAy,
BREBRCETh 3 K00 MENRA
rER—-HALEELT (Ko b.e o
H@), A—0va 1y FBCERT
BELLN



168 O R A

HIVBOWAWARFEZIOKILOWTHEIE LickfhElhd, SEOMRFHMEZEA—FA
KEELT R—0Ya iy bMAKERTEELL, #ERCELRLERETRT, K¥oD
clinX 3 M, PEDOLONMED 2 KT ERPCEF LT3, FIHLBROVWTIRALE
ExTlotellh, BERABOBELEL, OoFER, £, HIVOEE, #H30moD
BEIREGERDIBEAETNTORBED, FECAROREDOHRITMUY E - TWHT L'R
LT3, Zhit Rigsby K& L X 51, O & 20K R TCR—TEHHAIICH 5 LN
HMHEDONTHCERZ LE > TV AAREREHIERLT V5,

T, BERI~3Bm D 1ADaT7ab, lemWRTI3KOERFR ZERL, £
hOMANCEENRDTRCOEBOEMALEHE Lic, TOMR, EFEllcem, £X 13cm
DEZDaTVE, BHLEEEY LEECAVBAR, ol HOBEGTHER IR T2 &0
bhrote, A—ORRACH BRI TN TCECERELTNDDTH D,

DEDEENLGROZ LAERIND, BAFMALEAE, F£1vE v F=n sV
mTHIL FIVOWEL, FHCABOBMCKERBAROKEHRTHERIRTEY, £
oM ECRBEFRCS B,

V. £ ¢& &

D Law Dome 0 Cape Folger R CHRIM I W EBKOBERIT L1778 - iR,
T DK OKKITASBRION, K&EX, K[WEOMRE, EHTEGMLENELS 4 ODOFH
Bl > T\ B T Ehvbhnostc, KOBBERHHE ST 2 hbOFENEMCEITIE I,
FRFRRDPEFR IR LTwD, 20T &L, ZhboRERBENACEELBEYS - T
WHZ ERR LTS,

F1L, BIVEBOWEI, BB 4B EBERICYTRL, PEOPHBROEXRE M
BRo>TWD, —F, BIBOTEMEEILEL, SHEHRACEHP ESP TS LEREOE
WHRL %R, FEREATR T, BRAMLERMIGEZRL TV, 2, BVWENDL &ETO
KREWBMER EZT DB IR AR EZEZ DD, ok 5 lERTBCS
ERHEEN, MOBCTHENR2~3HEIRIMELTVBEHRED, O EHILRLTVES,

AR OGS, BEAGIATCIGBERCH S & THE IR, W3
NEMCIERECRERH MR THS, HI, FIVETHENZDOI IR IS HEELTWD
DV, TG I BRNGEL, EROPNIVEGETED b DeELLRS,

ORI BERFERMESMETFRB LT AL AL vAKFEREEH BB TTkd
h, TRTEhOMREDE OF « DEEZT I, ¥, RIRRFEHEIOARRE FEHR
DOIE 2 DR EEREZ T, UEOH 2 ELEHOBELYERT S,

X [N

1) HEAML 1974 FET 20 ~XK, VAL AKERBLIO 7 5+ 47 —IBOEBKOESE « e oy
T, MFA8 EFCMER LI RRBETE (A) MBS (RRE: BEKE) 99-108.
2) Rigsby, G. P. 1951 Crystal fabric studies on Emmons Glacier, Mt. Rainier, Washington.



BB AROK D W4 169

J. Geol. 59, 590-598.

3) Rigsby, G. P. 1960 Crystal orientation in glacier and experimentally deformed ice. J. Glaciol.
3, No. 27, 589-606.

4) Kamb, W. B. 1959 Theory of crystal prefered orientation developed by crystallisation under
stress. J. Geol. 67, 153-170.

5) Brace, W. F. 1960 Orientation of anisotropic minerals in a stress field. Mem. Geol. Soc.
Amer., 79, 9-20.

6) McDonald, J. F. 1960 Orientation of anisotropic minerals in a stress field. Mem. Geol. Soc.

Amer., 79, 1-8.
7) Jonsson, S. 1970 Structural studies of subpolar glacier ice. Geografiska Ann., 52, Ser. A,
129-145.

8) Tanaka, H. 1972 On prefered orientation of glacier and experimentally deformed ice. J.
Geol. Soc. Japan, 18, 659-675.

9) Budd, W. F. 1972 The development of crystal orientation fabrics in moving ice. Zeit.
Gletschenkunde Glaziologie, 8, 1-2, 65-105.

10) Kumazawa, N. 1963 A fundamental thermodynamic theory on nonhydrostatic field and on
the stability of mineral orientation and phase equilibrium. J. Earth Sci. Nagoya Univ.
11, 145-217.

1) REEFFHE 1974 Ice fabrics LR L TOMBA. BH B EFETBEHENERRGTRE (A) #
&E (REE: BAEKY), 85-93.

12) Higuchi, K. 1958 The etching of ice crystals. Acta Metallurgica 6, 636.

13) Budd, W. F. 1976 #.{z.

14) Rigsby, G. P. 1968 The complexities of the three-dimensional shape of individual crystals
in glacier ice. J. Glaciol. 7, No. 50, 233-251.

15) Shumskii, P. A. 1964 Principles of structural glaciology. Dover Publications Inc., New
York, p. 497.

Summary

Ice core drilling was carried out to the depth of 330 m (just above the bed) near
the Cape Folger on the Law Dome by ANARE (Australian National Antarctic Research
Expedition) in 1969.

Marked changes in size and shape of ice crystals were found at the depths of
236, 260 and 300 m, as shown in Fig. 1. Very abrupt changes in bubble elongation
(Fig. 4) and crystallographic orientations were also found at exactly the same depths.
These suggest that the Cape Folger ice consists of four ice layers: I, II, III and IV,
with sharp boundaries in-between as shown in Figs. 1, 3 and 4.

Crystallographic orientations were measured by the universal stage and etch-pit
techniques. For each thin section from the ice layers II and IV remarkable multi-
maxima preferred orientations of c-axes, the so-called diamond pattern, were found.
C-axis and a-axis directions of all the crystals in the section from the core at the
depth of 259 m in the layer II were plotted on an equal area projection net (Schmidt
net) respectively with solid and open symblos in Fig. 5. Ice crystals which have the
same c-axis orientation (indicated by the same symbol) have their a-axes also in the
same orientations. Although all the crystals in the same orientation plotted in Fig. 5
were apparently separated in the thin section, they appear to be the parts of a large
single ice crystal connected in the third dimension.
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It was also found that any pair, e.g. (A, B), (B, C), -+ except (A, D), of four crys-
tal groups A, B, C and D has one plane or two planes of symmetry, i.e. a relationship
of mirror reflection. The mirror planes are indicated in Fig. 5 by the great circles.
These facts strongly suggest that all the four crystal groups A, B, C and D should be
regarded as having twinning relations with each other except (A, D), as far as their
crystallographic orientations are concerned.

In an ice crystal, the oxygen-oxygen line linked by a hydrogen bond has a c-axis
and six other different oblique directions making a tetrahedral angle of 109°28. All
the possible orientations of 0-0 lines thus derived from the four crystal groups A, B, C
and D in Fig. 5 are plotted in Fig. 6 by using corresponding symbols. Two or three
0-0 lines out of seven orientations of each crystal group closely coincide with the 0-0
lines of other crystal groups. This coincidence also strongly suggests that the four
crystal groups may have twinning relations.

As for the mirror plane (B, D), for instance, oxygen atoms closest to the composi-
tion plane (1121) can be held in common by the two neighbouring ice crystals, while
those second closest to the plane cannot. However, only a slight change, a few de-
grees, of the 0-0-0 angle of the crystal lattices very close to the composition plane
allows us to join two neighbouring crystal lattices very closely as shown in Fig. 7.
Strictly speaking, the plane (1121) is, therefore, not the reflection plane, hence not the
twinning plane. However, the congruence of the oxygen atom positions is achieved by
the operation of rotation through 180° about the twinning axis which lies in the direc-
tion bisecting the angle formed by the c-axes of the two neighbouring ice crystals.

The relative crystallographic orientations of the diamond pattern obtained for the
different depths in each of the layers II and IV were compared, assuming that the
bubble elongations are in the same direction throughout each of the two layers II and
IV, because the bubble elongation has since been found by D. Russel of the 1974
ANARE to coincide with the flow direction of the ice mass. Then, fixing the bubble
elongation, all the c-axis orientations of ice crystals in the thin sections from several
different depths of each layer were plotted on one and the same Schmidt net. Fig. 8
is that for the layer IV. Most of the c-axes are concentrated in three small areas and
a few c-axes in fourth and fifth areas, each of which makes a diamond pattern together
with the other three c-axes concentration areas. Similar results were obtained for the
layer II as well. This fact gives rise to the possibility that all crystals having the
same orientation may be interconnected to be a large single crystal of ice outside of
the thin section as described by Rigsby in 1968. To examine this possibility, thirteen
successive thin sections were prepared at intervals of 1cm from the core at the depth
of 327-328 m and the orientations of all crystals in these sections were measured. It
was found from this observation that the 13 cm long core was composed of only five
crystals of complex shape, that is, all the crystals in the same orientation were inter-
connected with each other. From all the observed results described above, it could
be concluded that both ice layers II and IV are composed of a very small number of
extremely large network-like ice crystals in mutually twinning relations.

Multi-maxima patterns (diamond patterns) were found throughout the layers IT
and IV which consist of large crystals of network-like texture, while single maximum



FA RO AR K o B 171

c-axis preferred orientations in the vertical direction were observed throughout the
lower half of the layer I and in the layer III which consist of small crystals of cata-
clastic texture. Air-bubbles in these layers (I and III) are much more elongated (two
or three times) than those in other layers (Il and IV). The cataclastic texture may be
derived from extensive deformation under high shear stress. Hence, the twinning of
ice crystals seems to have developed with less deformation in the layers Il and IV,
producing a multi-maxima preferred c-axis orientations in a diamond-like pattern.



