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ABSTRACT. lce-movement sun'eys in the Fra mnes r-.1 0 unta ins from a ustra l 
summ ers 1993- 94 a nd 1994-95 a re presented with compl ementa ry surface elevati ons 
a nd structura l interpreta ti ons. Surface ve loc iti es of 2 1m a 1 have been reco rd ed in I ce 
Strea m B a nd 3 1 m a 1 in I ce Stream C. The Oow ra te va ri ed between 11.6 a nd 
21 .0 m Cl 1 O\T r a la tera l ra nge of 2 . I km wes t o f Rumd oodle Peak a nd between 17.1 
a nd 3 I .5 m a l over 2 km wes'r o f' \!J ou n t Pa rso ns. T wo ice streams of' rela ti ve hig h now 
betwee n the centra l NIasso n a nd D avid R a nges a nd several zo nes of in crementa l 
increase in now ra te ha ve been identifi ed within I ce S tream B, using shear-sense 
crite ri a based as ice-fracture geometry a nd subsequent de form a ti on of crevasse traces . 
Th ese zo nes of localized strain co rrela te with ice-Oow surve y measurem ents. 

INTRODUCTION 

Th e g lacia l sys tem th a t Oows thro ugh the Fra mnes 

M ountains, M ac.Ro bertson La nd , Eas t A nta rcti ca (Fig . 
I ) consists o f th ree o utl e t glacia l strea ms, di vided by the 
M asso n a nd D avid R a nges, moving a t betwee n 15 a nd 
40 m a I . Th ese ice streams cove r a pproxima tely 2400 km 2 

a nd help dra in the Eas t Anta rc ti c ice shee t into H olme 

Bay. A previous stud y has been mad e of the g lacia l sys tem 

focused on th e Casey R a nge a rea, Forbes Gl ac ier a nd the 
M awson a rea by Ki za ki (1969a , b ). In th e sum me rs of 
1993- 94 a nd 1994-95, g ro und-based sur\'('ys were con­
ducted using differenti a l GPS meth ods to d etermine the 
locali za tion of 155 stra in ma rkers divid ed into fi ve stra in 

g rid s. Bo th sta ti c a nd kinema ti c GPS procedures we re 

employed. Wo rk has concentra ted on th e a bl a ted blue-i ce 
a reas, which compri se one-third o f the g lacia l sys tem. 
Abl a ti o n ra tes a re betwee n 150 a nd 350 mm al . Th ese 
regio ns have been se lec ted in ord er to stud y the rela ti on­
ship between \'a ri a ti ons in ice -O o w a nd ice-frac ture 
geo metries. Severa l difTc rent frac ture pa tterns ha\ 'e been 
recognized a nd are used to indica te loca li zed shea r sense, 
The d eve lopment o f these different patterns is contro ll ed 
by surface topogra ph y a nd by cha nges in the ice-now 
ra te. 

SURVEY METHODS 

Fi\ 'e stra in g ri ds have been es ta bli shed using 6 m leng ths 
o f bamboo cane as stra in m a rk ers. Th e survey has 
concentra ted on hig h shear-stra in regions identili ed by 
ice morphology from ae ri al pho togra phs. T\\'o of these 

388 

grids consist or a se ri es or lines ac ross Ice Strea m A a nd 
Ice Strea m B with ca nes spaced between 700 m a nd 1 km 

a pa rt (Fi g . I ). W est of Rumdoodle Peak a nd Fea rn Hill 

a re fin e box g rids with ca nes spaced betwee n 200 a nd 
300 m , a nd wes t of \'l o unt Pa rsons a re t\\'o trave rse line. 
with canes spaced 200 m a nd th e lines a re sepa ra ted by 
1. 5 km with a long itudin a l line o r live ca nes joining th em 
(Fig. I ), Se \'en survey contro l sta ti o ns have bee n 
es ta blished in bedrock using stee l pipe 20 mm in di a meter 

in ord er to conduct GPS m eas urements on a ll stra in 
ma rkers, Th ere a re three control sta ti ons in th e D a \'id 
Ra nge, three in the north r-.I asson R a nge a nd one a t 
M ount Hend erson (Fig . I ) . 

To prov ide a perm a nent reference, seven survey 

contro l sta ti ons have been es tab lished o n rock; thi s is in 

additi on to a perma nent Austra lian Surveying a nd La nd 
Inform a tion Gro up (AUSLlG ) m onum ent , AU S64, 
loca ted a t \ifawso n Sta ti on , Eac h sta ti o n co nsists of a 
20 mm di a meter stee l rod drill ed to a d epth or 200 mm, 
Three sta ti ons are loca ted in th e D a vid Ra nge, three in 
th e north Masson R a nge a nd a noth er in th e M ount 
H enderson a rea. A ll the sUlyey-control sta ti ons we re 
m easured \I'ith GPS SUI'\T)' equipm ent a nd eac h o f the 
ma rkers was meas ured using G PS a nd /o r com 'entiona l 
survey tec hniqu es. The maj ority of th e sUl'\ 'eys were 
und erta ken \l'ith t\l'O sing le-frequ ency Ashtech \f-XIl 
receive rs a nd a sing le-frequency Ashtech MS-XII rece i­

ver; also, t\l'O dua l frequency Wild GPS Sys tem 200 Leica 
receivers were utili zed during th e 1994- 95 season, GPS 
d a ta from a dua l frequency R ogue Sf\R-8100 recei\'e r 
perm a nentl y loca ted a t \'l a wso ll Sta ti on has a lso been 
in corpo rat ed into the d a ta J"(>ducti o ns, Com'enti onal 
sUlyey meas urements \I'e re made \I'ith a So kki sha Set 
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Fig, 1, Glacial 5)'stell7 of t/ie Frail/lie:, .I/ ollll taills, .\Jac ,Robert5011 Lalld, l( 'itlt major p01('lilles alld CI'I'l'aS,II' pelds, 
Localities of straill grids alld SllIT~J ' (olltrol for (;PS slln '~)'s are illrliwted, h e elemtio/lj' alld l'eloci~)1 l'ectorJ e,ltablished 

jiOIll these grids are JhOll' lI ill FI~[1,lI re 3, Ill sl't iJ £ ast Alltarctic ice slteel u'ith lite .I/OlI 'JOIl Statioll area ShOU'II, 

+C Total Station , \\'ith dista nce, hori zonta l angles and 
\ 'C rti ea l a ngles measurements used to determine m a rker 

locations, 

Using th e Ashteeh reee i\Trs, strain markers \IT IT 

sUrlT)'Cd \I'ith ohse rl 'ation sessions ge nerally ran ging from 
30 to 100 min O\'er di stances o r I 20 km, ObS('r\',llion 
periods were determined , acco ullling (or leng th or base 
lin e a nd satellite geome try, GPS base lines be tween 

sUlyey-eontrol sta ti ons were meas ured using o bse lya tion 

per iods o f' 60~ 180 min O\'('r di sta nces 3 20 km, Using th e 

L eica rece i\ 'e rs, the sunTy-contro l statio ns a nd strain 
markcrs II'e lT measured Il'ith o\)sen 'atiol1 tim es ra ng ing 
(l'om 2 to 30min, 

Wh ere poss ible , G PS obse rl 'ations Il'e re mad e to th e 

o ri g in a l surface-ma rk er posi ti o n, Tilting due to melt-out. 

makin g se t-up directly ol'(' r th e ma rk er impossibl e , In 

Inost cases, th e recei\ 'e rs were se t up approx ima te ly 
30 mm ri 'om th e marker and a m ag nell c bea ring a nd 

onse t distance used to rel a te the marker pos ition to eac h 
GPS o bse n 'a tion, 

TIle' a pprox im a tc coordinatcs o r th e :'\[ a\\,son R og ue 

GPS recei\ 'e r a ndmOllumcnl (AUS64) ha\'(' bcen used as 

a bso lute refercnce fo r a ll surH')' measurements whi ch 
ha\T been mad e on the \\'GS8+ e ll ipsoid , Th e coo rdin a tes 
or A US64 a rc s supplied by AUSLIG , 

RESULTS 

In 1993- 9+, strain g rid s 1,2 and + lITre eS labli shed (Fig, 
I ), a nd stra in g rid 3 Il'as put in p lace a nd sUl'I 'elTd ear '" 
in th e 1994- 95 season, All g rid s II'(' re sunT)'ed aga in latc 

in 199+--95 a ndmo\'ement \'('ctors ha\'e bee n obta ined by 

co mpa rin g rela ti\ 'e pos itions, Th e scalar component of 
th ese \'ec tors has bec n sta ndardi zed to mo\'ement OI'er 
365 cl (Fig, 2 ) , This may res ult in a n ol'erest imate of' 
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Fig. 2. Summary ~[velocity vectorsJor strain grids obtainedfrom CPS survey dataJrom the summer seasons o[ /993- 94 and 
1994-95. Vector lengths have been scaled to represent velocity. 

a nnual di spl ace ment for stra in grid 3, as movement has 
been calcul a ted from one summer's survey when th e 

veloc ity may be higher th a n average. Rela ti ve movement 
within strain g rid 3 is still va lid. 

All conventiona l a nd GPS meas urements have been 
processed using a leas t-squa res-adjustment technique, 
with sta nda rd deviations ma rked in each coordin a te 

being to th e sub-centimetre level. The offse t measurement 

from the GPS instrument to the stra in ma rker a lso has a n 
error of I mm a nd th e m agnetic bearin g res ults in a 
position erro r of ±0.3- ± 0.5 mm . La rge r errors res ult 
fro m movement of the ba mboo canes due to melting 
a round the base during summer. vVith these move ments 

consid ered , the ove ra ll calcula ti on erro r in the positions is 

believed to be within 50 mm. The maximum sta ndard 

d evia tio n for a ll di spl ace ment vec tors is 100 mm a nd 
0° 15' . 

lee-ve locity ca lcula ti ons have been summa ri zed in 
Fig ure 2. W es t of D avid R a nge, la min a r Oow has been 
record ed with a n increasing Oow ra te to th e wes t from 

17.1 3 to 3 1. 55 m a l ove r 2 km. Th e ice wes t of 

Rumdoodle Peak has a di ve rgent fl ow with 20° difference 
in the o ri enta ti on o f vec tors. The Oow ra te recorded by 
g rid 2 increases to the wes t from 11 .57 to 20.94 m a l ove r 
1.8 km but deCl'Cases downstream by 3- 4 m a I . 'vVes t of 
Feam Hill , th e maximum veloc ity o f 22.29 m a 1 runs 

throug h the centre o f grid 3. The m a rgins of g rid 3 Oow 
a pproxim a tely 0.5- 1 m a 1 slower th a n the centre. Th ere 
is not a prono un ced Oow g radi ent thro ug h the centre of 
I ce Stream B but a low 0[ 2 1.03 m a 1 is reco rd ed at the 
centre of g rid 4 Oa nked by ice moving a t a pproxima tely 
0 .5 m a I. 

ICE FOLIATION 

Two foli a tions have been identifi ed within the g lacia l 

sys tem . A well-d eveloped foli a ti on (S I) occurs as a lter-
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na ting light a nd d a rk laye rs o f blue ice tha t a rc me tres 
wid e and hundreds of metres long (Fig . 3). The SI 
foli a ti on pa ra llels Oow and is bes t d eve loped wes t of 

M asso n and D a vid R a nges a nd wes t a nd north of M o unt 
H end erson (Fig . I ) . Bubbl es in th e li ght ba nds a rc ~ I mm 
in di a meter a nd evenl y di stributed with ~5 mm sepa ra t­
ing each bubble. Th e d a rker ba nds ha ve no ticeabl y fewer 
bubbles which a re ra ndoml y di spersed throug h the ice 

(sepa ra ted by 1- 20 mm) a nd the bubble size a lso va ri es 

g rea tl y from I mm to 10mm. Th e SI foli a tion is produced 
by inhomogeneities within th e acc umula ti on zo ne becom­
ing fl a ttened a nd ro ta ted by progressive simple shear as 
d esc ribed by Hoo ke a nd Hudles ton (1978) . 

A la ter fo li a ti on (S2) loca lly overprints the SI foli a tio n 

eith er at a high a ngle or orthogonall y . Th e foliation is 
defin ed by fin e bubbly laye rs less tha n I mm wide a nd 
i nd i vid ua l layers ex tend severa l metres a nd di ssec t each 
o th er a t low a ng les « 5°) . Th e bubbles a re fin e « I mm ) 
a nd ve ry closely pac ked . In regio ns where Sz is well 
d eveloped the laye rs a re sepa rat ed by 50 JOO mm. Th e S2 
folia ti on a ppea rs to ha ve been produced by a nn ea li ng of 
frac ture traces or th e closure of sm a ll frac ture. Its 
orienta ti on is controll ed by th e pass ive rota ti o n of these 
traces during shea ring a nd tra nsporta ti o n of th e ice m ass . 

CREVASSES AND CREVASSE-TRACE GEOMETRY 

\Vicl espread tensio nal frac turing occurs througho ut th e 
glac ia l sys tem . M os t comm on a re en ec hel o n-style 
crevasses th a t occur in simple shear environments, zigzag 
cre\'asses that fo rm in a reas of di vergent Oow a nd linea r 

crevasses produced by longitudina l ex tension. C revasse 
trace a re ex tensive a nd occ ur as coarse-g ra ined , c lea r ice 
th a t has formed by o pen frac tures becoming fill ed with 
snow a nd /o r water which has become frozen (Hambrey 
a nd Mi lnes, 1977) . 'vVh ere crevasse traces a re no t 
pass ivel y tra nspo rted la rge di sta nces , they ca n be 
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Fig. 3. P/zologra/J/zs oj jlowlines and slruclural jealures ill Ihe Fralllnes ,l/oulllains. ( a ) S, del'elo/Jed wesl oj ,Hassall 
Range. 011 Ihe righl is Feam Hill in Ihe middle dislallce wilh Painled Peak behind il a/ld l/ie lIorlhem seclion cif Ih e !l l oulIl 
Hendersol7 Al assif ill l/ie background. Aerial oblique photogra/JIt laken/iom 300 III above Ih e ice :ill/face . The base widlh oj 
Ihe pholograph is apjJl'o I imate0' 5 km. ( b) Fracture lrace It'ilIL a slllure /J/al/e defilled /J..J'.fil1e bubbles. E/ongaled bubbles 
jJerjJelldicular to the /race are jJl'odllced by cl),stal growth inwardJrom tlteJractllre It'all . (c) De.l lral oJfset of f racture traces 
b..v all aclive crevasse. The jiwture lraces have been jJassive0' trallsported into the crevasseJield ji'om a difJerentJie/d 1.3 km 
u/Jstream. ( d alld e) Lillear-crel'asse trares in ( d) are Iransported 500111 dowlIstream alld become boudillaged by sinistral 
shears. resullillg ill pill ch- swell slructures (e) . The ice-ale scale is 1111 IOllg. 

consid ered to reOec t loca l stress regimes. Commonl y, th e 
trace has a med ia n su ture com posed of a we ll-defin ed 
p lane of fin e bubb les m id way be tween the wa ll s (Fig. 3) . 

Tt has been noted that cre\'asse traces pe rsist for some 
d ista nce dow nstrea m fro m crenlsse fi elds but e\'en tuall y 
become re-incorpora ted into th e b lue ice due to a n 

39 1 https://doi.org/10.3189/S0260305500013689 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013689


,Ifarlno alld DawsolI: Featllres observed ill ice masses, FrallZlles ,\IolllltaiIlS, AlltarcLiw 

Synthetic Reidel fractur~ 
~xtensional en echelon fracture 

Branching / 

Linear 

Active 
zigzag 

crevasse trace 

e 

Fig, 4, Line sketches 0/ important structllral/eaLlIres with ill lite Framnes M ountains, (a alld b) Ell tclteloll fractu re alTa), 
fo rmed ill a de.dra l regime with linear e\tensionaljractlll'es (a) are initiated 4:;0 clockwisejrom SI and (b) a stepping 
./racture initiated as a s)'llthetic reidel fracture at ajJfJro \ illZatelj' 10° clockwise/ram SI . .i ll older linear ell id/eloll crevasse 
trace has beell qffset ~y the stejJjJing irace, illdicating dextral shear , The cOlllleetion oJ tlte medial sutllres sllggests tltat tlie 
/il!earfraetll res and Ihe stejJjJingJracllIre were conlemjJ01"(lllfOllS, (c) <"~!tzag crevasses del'elojJ due to dilation jJerjJendiCIIlar 
to their e/lveLojJing swface. Alternate segments have o/JjJojite senses oJ shecll'. OverjJrinting and rifreezing if slIaessive 
fractllres reslllt ill a braided jraeture pal/em, (d) C'01Y'/lgate set a/fractllres tltat were active contfllzparaneolls/y. /'ieitli er oj 
the medial sutures are ofJret as ClJstal growthjrolll aLlfollr walls are at the same lime, (e) Sinistral oJJset of linear-jractllre 
traces alld a step/Jing jiaetllre, These fractllres have been jJassil'e£J' transported into a Ilew crevasse field and deformed, 

a nnealing process, Traces th a t a re 100 mm w id e pe rsis t 

fo r o nl y 1- 1, 5 km from th e regio n wh ere th ey we re 

initi a ted , 

The cre\ 'asses a nd c revasse traces ge n e ra ll y fo rm a 

reg ula r geo m e tri c pa tte rn, The occ urre n ce a nd style oC 
suc h pa tte rns is controlled b y surface to pogra ph y a nd th e 
nl ri a li o ns in fl ow ra te a nd d irec ti o n , Th e two comm o n es t 

styles o f frac turin g a re lin ea r o r lenti c ul a r fi 'ac tures a nd 

z igzag frac tures, Linea r C1T\ 'aSSes a re g rea te r th a n 10 m in 

le ng th a nd 11G1\'e pl a n a r wa ll s, L en tic ul a r C1T\ 'aSSes a re less 

th a n 10 m lo n g, 0 , 1- 0 ,5 m wide a t th e centre a nd 
te rmin a te a t a po int. Bo th occur wh e n lin es of pa ra llel 
fl o w mO\ 'e ove r a n ice Wa \T, r es ultin g in dil a ti o n 

perpendic ul a r to flow a nd th e d e\ 'elo pme nt o f para ll e l 

fra ctures . \\' h en th e ice w a \'e is broa d , linea r c re \ 'asses 

d evelo p , wh ereas wh en th e geo m e try o f th e wave ch a nges 

O\'e r a sh o rt di sta n ce th e n lentic ul a r c ren1sses form , 
Linea r e re \ 'asses commo nl y fo rm d o \\'n-fl ow I,-om le nti­
c ul a r cre \ 'asses. indica ting th a t th e tips o r lenti c ul a r 

cre\ 'asses m ay continue to pro paga te to fo rm linea r 

fea tures if th e s tress reg ime is a pp ro pri a te , Zig -zag 
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c revasses occ ur wh en di ve rgent fl ow occ urs over a n icc 

w a ye, Th ey a rc prod uced b y dil a ti o n no rm a l to th e 

e m 'e lo ping surface, res ulting in th e d n'e lo pm e n[ of 

a lte rn a tin g d ex tra l a nd sinistra l segm ent s (Fig . 4 ) . O ve r­

prin ti ng o f' success in' zigzag cre \-asses prod uces a bra ided 
Crac ture-trace pa tte rn ( Fig . 4 ) . 

1\ less commo n cre\ 'asse pa tte rn is segm ented o r e n 

ech e lo n c rcvassees w hi ch occ ur o n th e c unTd m a rg ins o f 

ice \\'a \ 'es , These co nsist o f p a ra ll e l lenti c ul a r-sh a ped 

segm ents th a t pa ra ll e l th e linear cre\ 'asses a t th e head o f 

th e ice wa \T , Th e segm e n ts a r e conn ected a t d e pth h y a 
pa re nt fi-ac ture th a t ex tend s ra di a ll y li'o m th e centre o r 
th e icc wave a nd is o blique to th e o ri enta ti o n o f' th e 

segm e nts (Fig , S) , A ro ta ti o n o f th e s tress field nea r th e 

surface o f th e ice Wa\T results in th e brea k-d o wn o f t he 

sing le-pa rent fra cture into seg m ents as th e a rray o f' 

sm a ll e r segm e nts has rcl a ti\ 'e! y less surface a rea to sweep 
O Ul , in o rd e r to re m a in pe rpe ndi c ul a r to 0'3 (minimum 
princ i pl e-st ress direction ) (Po llard a nd o th e rs, 1982 ) , 

L a te ra l o r lo ng itudina l c h a nges in now ra te. o r 

\ 'a ri a ri o ns in n ow direc ti o n , res ult in frac turin g ind e pe n-
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Fig. 5. DeveLojJmell t oJ segmented crevasse geome/ I)I: 
sll1Jace geometl), Fom Jield observa/iolls of the crevasse 
field west oJ M Ol/ Il / E flioll alld ajJfJaren / three-dimensiollal 
geometl) ', As the jJaren! ji'actllre jJ1"OjJagates lI jm'a rd, l/ie 
stress regime appears to rotate all ti-clockwise. 

d ent of surface topogra ph y. In a reas of di\'e rge nt fl ow, 

th e re is zigzag frac turing th a t is id enti ca l to th a t 
occ urring on ice wa \'es . Extensiona l shear fr ac tures fo rm 
la rge en echdon a rrays a long th e upstream ma rgin o f th e 
g lacier a t 45° to thc fl ow direc ti on . Th ey a re a lso 
produced in res ponse to locali zed la teral cha nges in fl ow 

ra te within the confin es o f the glac ia l sys tem. Frac tures 

a re la terall y ex tensive (20- 50 m ) a nd form pa ra ll el a rrays 
a t th e surface . Lenticul a r frac tures a lso occur within 
indi vidu a l li g h t laye rs of th e SI fo li a ti on, Som e linea r 
frac tures have sub-para ll e l bra nching fea tures tha t a re 
initi a li zed a t a low a ngle to th e lin ea r frac ture a nd th en 

curve into pa ra ll e li sm w ith th e d omin a nt frac ture se t. It is 

a lso common to see frac tu re that steps be tween two lin ea r 
frac tures a t a low a ng le (5-20°) . S utures in frac ture traces 
indi ca te tha t bo th bra nching and stepping frac tures were 
ac ti ve contempora neo usly with th e linea r frac tures to 
w hi ch th ey a re a LLac hed (Fig. 4 ) , 

SHEAR-SENSE CRITERIA 

D etermin a ti o n o f shea r sense is a criti ca l constraint in th e 
s tud y o f a g lac ie r 's fl ow cha ra c te risti cs . Th e m os t 

prominent shear-sense indica to r is th e onse t o f crevasse 

traces b y either ac ti\'e or yo unge r crevasse traccs (Fig. 3 ) . 
These occ ur when cre\'asse traces a re pass ive ly tra ns­
po rted int o a n ac ti ve crevasse fi eld o r w hen traces of more 
th a n one o ri enta ti o n a re initi a ted in th e sam e fi eld , such 

as stepping-frac ture pa ttern a nd bra id ed-frac ture pattcrn. 

The ori ent a ti o n o f en ec helon ar r ays, s tepping 

fr ac tures a nd ro ta ted CIT \ 'asse traces rela ti\ 'e to S I (flow 
direc ti on ) ca n a lso be used as shear-sense crite ri a . I n a 
d extra l regim e, extensiona l en ec helon frac tures m a ke 450 

clockwise a ngles with S I, a nd in a sini stral regim e, 45 
an ti-cl oc kwise , Th e o ri en ta ti on of stepping-c revasse traces 

Light layer of S I Dark layer of S I 

N 

s, . 

Crevasse trace Suture 
lm 

Fig. 6. Len /iCIIlar frac tures del ,eloped predomina7lt0' 
wilhill figh t bands oJ SI ' Th ese jiwlures haz'e been rolated 
b)' a del tral shea r. T hese are over/Hinted ~) ' a linear en 
echeloll {//I{!Y that bisects both the da rk alld light lr£),ers ~f 

S" 

a lso re fl ects th e o ri en ta ti on of shea r stra in as th ey a ppea r 

to be initi a ted as synthe ti c R I R eidel shear frac tures , This 
is reOec ted in th e o lTsc ts o f th e old er traces w ith shea r 
across th e stepping frac ture sympa th e ti c with a n en 
echelon a rray . I niti a ll y, th e stepp ing trace m a kes a n ac ute 
a ng le c lockwise from th e 00\1' direc ti on in a d extra l 

regim e, a nd a nti-cloc kwise in a sini stra l regime. It should 

be no ted th a t th e ori enta ti on of th e traces with res pec t to 
eac h oth er and SI cha nges wilh ongo ing d efo rm a ti on. 
H o\Vc \'C r , no cases of traces being rota led m ore than 10° 
h a \T been no ted, 

R ota ti o n of cre\'asse traces is a po tenti a l shear-sense 

a nd shea r-strain indi ca to r, except th a t the component of 
ro ta tion due to pure shea r stra in ca nnot be es tima ted. I n 
a reas where th ere is locali zed differenti a l shea r strain , 
such as within laye rs of SI . a sig m oid a l pattern d e\'elo ps 
which ca n be uscd as a shear-sense indi ca tor. In places, 

th e lenti c ul a r en ec helon frac tures within th e lig ht la ye rs 

in S I th a t \I'ere initi a ll y a t 45 0 to th e flow direc ti on , a re 
prog ress ively ro ta ted by simple shea r (Fig . 6 ) . A regular 
sig no id a l pa ttc rn res ulls, indica ting th a t shea r stra in was 
g rea te r a t th e centre of th e laye r th a n a t th e ma rg ins a nd 

tha t pure shea r was no t importa nt in fo rming th e 

geo metry, It a lso indica tes tha t th e shea r stra in is 

pa rtition ed into th e li g ht laye rs, as th ey are rela tively 
less competent th a n lhe d a rk laye rs. 

In some regio ns, th e thi ck cre\'asse traces (> I 00 I11m ) 
become bo udin aged a nd pin ch- swell struc tures d e\·c!0p. 
A g radu a l d ownstrea m progression , from linea r traces 

fo rm ed a t o r nea r a cre\'asse fi e ld to th e d e\'clopment of 

metre-leng th boudin s, ca n be obsen 'ed wes t of th e centra l 
i\fasson R a nge (Fig . 4 ) . The lac k of bubbles a nd rela ti\'e ly 
coarse-grained na ture of lhe ice th a t infills th e cl'C\'assc 
traces ma kes th em more competent in compa rison to th e 

surrounding bubbl y blue ice . The prese nce of boudins 

sugges ts th a t th ere is a n extensiona l regim e sub-para llel to 

th e orienta tion o f th e cre\'asse traces . Th e bo ud ins 
o bsen 'ed west of th e centra l i\fasso n Range a ppea rs to 
ha lT bee n p rodu ced by ex tension norm al to Oow in order 
to fill th e void north of Fe rg uso n Pea k. The re la ti\T 
position of the boudins is useful fo r shea r-sense d etermin-
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a tion. Th e boudins west of th e centra l M asso n R a nge 

ap pea r to have been produced by sinist ra l shea rs breaking 

up the cre\'asse traces. Care m ust be taken, as si m ita r 
geo metri es could produce back-rota tion of the cre\'asse 
traces within a de:-;tra l regime (Ha nm er and Passchier, 
1991 ). T I)(' orientation 0 (' the intac t traces upst ream is 
known to parallel th e ori entat ion of th e boudins, so back­

rota tion can be e:-;cluded as a poss iblit y and shea r sense ca n 
be obta ined. 

STRUCTURAL INTERPRETATION 

M acrosea le zones ofl oea li zed strain have been identifi ed , 
using th e orienta tion a nd sense-of~movemenr o f frac tures. 
These zo nes a rc hund reds of metres wide and kilom etres 
lo ng (Fig. 7) . Th e most promin ent a re the dext ra l zones 
th a t begin be tween th e north 1\lasson a nd D avid R a nges 

th a t extend for tens of kilom etres and 'epara te areas of 

frac ture-free ice . These zo nes of loca li zed shea r strain 
re prese nt regions where th e flow rate is increas ing 
la tera ll y (to th e west) , wh ereas th e zones of fi 'ae ture-free 
ice a re regions where th e flo w ra te is constant. 

Betvl'een th e centra l Masson and David R a nges , a 

zo ne of sin istra l shea r be tween two zones of d ex tra l shear 

indica tes th ere are a t leas t two streams of high flo w ra te, 
o ne elose to D av id R ange a nd a second 3 km wes t of 

N 

1 ~ Fracture free ice 

Relative high flow 

Shear sense 

<i Crevasse field 

:. Moraine 

Flow line 

5km 

•• . '~\ 

Fig . 7. SchellZatic diagram if zones ~/ localized strain 
deve/oj)ed lIsing shear-sense crileria (lnd ./raclll re geo ll7e­
Iries. .'1 weslward increlllenla/ increase of slraill is 
indicated b)1 ZOlles if localized dntral shear in the Ilorthem 

sectioll oJ Ice Stream B. Between David Rallge alld 
Massoll Range are two :::.ones if high flo w indicated by 
a/temalillg ZOlles of shear sense. 
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Fig. 8. Fracture-jJattem arrrry in the grid 2 area wilh 
['e/oeity vectors. The vectors illdicate a 20° dive/gence if 
}low fi'OIll west to east . A .::.one of active ;:, ig;:,a/f, jiaclllres 
has deve/oj;ed Ihrough the eelllre of the grid. The ellvelojJillg 
slllJaces oJ these crevasses paraLLel the flow direct iOll, 

sllltgestlllg that they are jJlodllced by dilation pelpendiwlar 
to }low. The ice ill the sOllt/zeastern comeI' is Ji·acture:/ree. 
III Ih e lIorth and northeast are linear (llld ste/J/J illgji'aclllres 
that inrlicate de;\tra/ shear. This is nu/ecled ill Ihe 
westward increase oJ flo w rate . 

Fearn Hill (Fig. 7) . D owns trea m from th e sinistra l zo ne is 
a zone of dominantl y d ex tral shea r. The tra nsiti on 
between the two zo nes is charac teri zed by zigzag crevasses 
which d enote latera l ex tension. The area immediatel y 
west of the sinistral shear zo ne is relative ly fra c ture free 
but does have some conjuga te fra c tures th at indica te a 
component of pure shear (Fig. 4d ), whi ch are consistent 
with a zone 0 [' low fl ow ra te bordered by a sini stra l shear 
zone to th e eas t a nd a dextra l shea r zone to th e wes t. 

Zones of localized strain are a lso prod uced by th e 

interaction o f the difle rent streams. A d ex tra l en eche lon 
fi-acture a rray has developed in l ee Stream B a long its 
ma rg in with Ice Stream C, north of D avid Range. Thi s 
sugges ts th a t I ce Stream C has a hig her fl ow rate, 
resulting in d ex n-a l shea ring within Ice Strea m B. On th e 
eas t m a rgin of I ce Stream B, stepping frac tures and offsets 

or old er crevasse traces indicate sini stra l shear norma l to 
flow. These a ppear to be produced by wes tward press ure 
['rom Ice Stream A as it fl ows around north w1asson 
R a nge a nd into Ice S tream B. 

Through th e centre of strain grid 2 is a localized 

region of zigzag crevasses th at a re up to 15 m long and 

50 mill wid e . These fractures are produced by th e 
divergence of fl ow west of Rumdood le Peak a nd Pa inted 
Peak , which is re fl ected in the orienta ti on of flowlin es (S I) 
a nd ve locity vectors (F ig. 8 ). Th e en velop ing surfaces of 
zigzag crevasses parall e l th e orie nta ti o n of velocit y 
"ectors, sugges tin g th a t dilation is perpendi cul a r to th e 

fl ow direction. Th e presence of th ese crevasses a lso 
enab les longitudina l compression , ex p la ining " 'hy th e 
ice \'e locity is reduced downstrea m. 

DISCUSSION AND CONCLUSIONS 

The macrosca le structures a lso appea r to be con-elated 
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with initi a l surface now-ra te measurem ents in the o utl e t 
g lac ie rs in th e Fra mnes .\lounta ins. Th e zo ne of re la til"(' 
hig h fl ow wes t o f north .\Iasso n R a nge \\'as id ent ifi ed 
using structura l d a ta th a t is re fl ec ted by th e centre of 

stra in g rid 3 fl owing 0. 5 m a I f"as ter th a n its eas te rn and 
wes te rn ma rgins. The survey d a ta a rc a lso in good 
ag recm ent with th e zon e of I"rae ture-frce icc be tween 
D cwid a nd north ~1asson R a nges where there is o nl y a 
0.05 m a I la te ra l cha nge in fl ow ra te O\ 'er 1 km. This 

region is bound ed by a sini stra l zo ne to th e east a nd a 

d extra l zone to the west, res ulting in it fl owing 0. 5 m a I 

slol\"(' r re la til "(' to th e neig hbo urin g regions. 
The mac roscale zo nes of loca li zed shea r stra in sugges t 

th a t the la tera l cha nge in fl ow ra te is incremental. Thc 
incrcmenta l cha nges in fl ow ra te a re contro ll ed by th e 
d el'e lo pmcnt o f th ese zones 0 1" loca li zcd stra in-du ctile 

d efo rm a ti o n in th e downslope movement of the ice 

m asses . Sh ea r-sense criteria used to interpre t la rge-scale 
stru c tures within th e g lac ia l sys tem appea r to be 
confirmed by th e sun'ey results. I n th e northeas te rn 
co rn er 01" strain g rid 2 is a well-d el'e lo ped se t of linear 
ex tension a nd stepping frac tures, whi ch indica ted a 

d extra l-shea r regime. This is refl ec ted by th e \\"('s twa rd 

increase in Oo\\' ra te calcula ted (i'om initi a l sUrI'ey res ults. 
Th e o ri enta ti on of both th e lin ea r fi-ac tures and th e 
stepping fi-ac tures re la tive to th e ve loc it y vec to rs a rc as 
predi c ted. 
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