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ABSTR ACT. Ba ka ninbree n, a 17 km lo ng g lacie r te rmina tin g in Go rd wate rs in 
ce n tra l Spi tsbe rge n (77 +5' N . 17 20' E ). bega n to su rge betwee n th e spri ngs o f' 1985 
a nd 1986 . By summer 1994 th e surge front hac! reached a positio n 3 km fi'om th e 
terminus and had a lm os t ceased pro paga ti o n. Structura l il1\ 'es ti g ati o ns we re 
und erta ken to cha ra cte ri se th e tectonic e\'o lution of thi s th e rm a ll y compl ex surge
type g lacie r, a nd th e ro le p layed by thrusting a nd its e ffec t on d e bri s entra inm ent. 
l\luch of th e g lac ie r surface, pa rti cul a rl y within a nd belo\l' th e surge [i-onto di spla yed 
tra ns\ 'C rse hi g h- a ng le thrusts, d efined by di scre te fi-ac rures bound ed by coa rse clea r ice. 
Som e frac tures were assoc ia ted \I'ith a film o f mud , wh ereas in o th ers a di scre te la \T r o f 
dia mi c ton, with interstiti a l ice se\'era l d ec ime tres thi ck, \I 'as C\'idel1l , Within th e :s urge 
fro nt , and ge ne ti call y re la ted to th e thrusts, \I'as Lt number o f shea r zones se\'era lmetres 
wide. These were d efin ed by fin e-g ra ined ice tha t was th e produ c t o f th e g rinding up of 
c rys tals during shea r (m ylonitiza ti on ) , Three m a in sedim enta ry fac ies a rc assoc ia ted 
\I,ith th e thrusts: mud , g rm 'e ll y mud a nd clas t-ri ch mudd \' di a mi c ton, Th e di a mi c lOn 
has th e cha rac te r o f basa l g lac ia l d ebris: g rain -size di stributi on ra ng ing ri-o m cla y to 
co bble size, c1 as ts with a pred ominance in th e sub-a ng ul a r a nd sub- ro unded classes, 
a nd stria ted a nd f~lce led c las ls, H ot - \l'a ter drillin g thro ugh th e g lac ie r rC\'ea led se\ 'C ra l 
englacia llaye rs a bo \'e th e surge rronl , and d e bri s bro ught up on th e drill stem sugges ts 
a basa l orig in, At leas t so m e o r these eng lac ial laye rs a re probab ly th e sub-surface 
continuati ons o f' th c thrusts. Th e obse n 'ed fac ies indi cate that th e g lacier is m o \'ing 
O\'e r a so ft , d efo rm a ble bed a nd th a t thrustin g is an impo rtant process in tra nsfcrring 
d ebris to th e surface , es pec ia ll y when th e surge ri 'o nt is pro paga ting d own-g lac ie r. 

INTRODUCTION 

The ro le o r thrusting 111 g lac ie rs has bee n th e subj ec t o f' 
consid e ra ble d e bate, and in pa rt icul a r w he th e r th e 
process ca n lead to basal d ebri s ri sing fi-om th e bed to 
a n eng lac ia l a nd e\'en supraglac ia l pos iti on , E\,id ence has 

bee n prese nted from po la r rcg ions th a t thrustin g o r 

di sc re te shea ring in ice-margin a l a reas is a n important 

process (e.g. So uchez . 1967 ; Hambrey a nd \ fi.i 11 er , 1978 ) , 
Thrustin g is a lso a m aj o r fea ture o f bo th tempera te a nd 
po ly th e rm a l su rge-type glacie rs, I n th e case of \ -a ri ega ted 
Gl acie r, Al as ka , thrusting \\'as obsen'e{l to ta ke pl ace at th e 

surge fro nt during its 1982- 83 surge (Sh a rp a nd o th ers, 

1988 ) . Furth erm ore, basal d ebris la ye rs benea th surge

type g lac icrs are th o ught to be la rge ly teClon ic in orig in , 
res u lting es pec ia ll y from fo ldi ng a nclthrusting (Sh a rp a nd 
o th e rs, 1994) . The su b-pola r Tra prid ge G lac ie r, Yuko n 
T errito ry, d em onstra tes th e slow p ropaga ti on of a wave

like bu lge d own-g lacier , a nd th e m ovem ent o f basal 

d e bri s to wa rds th e surface a long thrusts th a t termina te 

\I-ithin th e body o f th e g lac ier , th e re being no surface 

ex press ion o f eithe r thrusts o r d ebri s (C la rke a nd Bla ke, 

199 1) , On S\'a lba rd tid e-\\'a ter g lac iers of surge typ e. th e 
cha ng ing stress regim e o f th e acri\ 'C ph ase o r th e surge 
cyc le has a lso bee n inyes tiga ted (H od g kin s a nd Dowcl es
we ll , 1 99 "~ ) , In th e co ld and po ly th erm a l g lac ic rs tha t a re 

typi ca l o f th e Arc ti c, thrusts a re commo nl y assoc ia ted 

\\'ith la rge \'o lulll es of d e bris th a t a rc dem onstra bl y of 

subglac ia l o ri g in, This pa per co nsid ers thi s aspect o r 
d e fo rm a tion with re ference to a surg ing g lacie r as it 
app roac h es th e end of its acti\'C p hase . 

Th e m a nne r in \\'hi ch d e bris is entra ined is impo rta nt 

fo r se \'era l reaso ns, First , it prO\' id es e\'idence of basa l 

conditi ons, in term s of bo th th e ri g idity o f' th e substra te 

a nd th e \'a ri a ble n a ture o f un co nso lidated material o\ 'C r 
whi ch th e g lac ie r !lows, Seco ndly. the rela ti on bc t\\'ee n 
d ebri s laye rs a nd stru c tures is use ful in assessin g th e 
d efo rm a ti on rcgime within a n ice m ass , Thirdl y, th e 

tra nsfe r o f d e bris fro m th e bed to the surface is importa nt 

in und e rstanding how ce rta in sediments a nd d epos itio na l 

24 1 https://doi.org/10.3189/1996AoG22-1-241-248 Published online by Cambridge University Press

https://doi.org/10.3189/1996AoG22-1-241-248


Hambrey and others: Debris entrainment in a surging glacier 

la nd fo rms d evelop , especia ll y suprag lacia l flow ti ll , 
hummocky mora ine and thrust-moraine complexes. A 
surge of Ba kaninbreen, Svalbard , has provided a uniqu e 
opportunity to exa min e th ese processes in a modern 
Arctic glacier, and may serve as a n ana logue for the 
glaciers a nd ice shee ts of the last g lacia tion that produced 
ma ny of the la ndforms observed tod ay in more sou therly 
la ti tudes . 

AREA OF INVESTIGATION 

Svalba rd is a region of the high Arctic where glacier 
urges a re common place, a l th ough glaciers here often 

have a n ac tive phase lasting a number of yea rs and a 
co rres pondingly long qui escent ph ase (Dowdeswell and 
others, 1984, 199 1; H age n, 1987; H age n and others, 
1993 ) . Ba kaninbreen is a 17 km long vall ey glacier, 
dra ining a basin covering a lmos t 60 km2

. For the lower 
6.5 km it fl ows pa ra ll el to the la rger Paula breen, a la rge 
med ia l moraine defining the boundary between th e two 
glaciers. Bakaninbreen terminates both in the shallow 
Gord waters of Rind ersbukta , and on the adj ace nt slopes 

tha t are mantled with d ebris originating from a form er 

surge (Punning and others, 1976; Fig. I). 
Th e bedrock und erl ying Ba ka ninbreen comprises 

sand sto ne a nd friabl e mud sto ne of Cre taceous to 
Palaeogene age (Sa lvigsen a nd Wi nsnes, 1987 ). Th ese 
rocks break down readil y under the influence of frost 
ac ti on a nd subsequent transport by ice. Frequent debris 
slid es from th e surrounding mountains add a la rge 
amount of supraglacia l deb ri s to the glacier surface, 
mu ch of which is buried within the acc umulation area 
and subseq uently d eform ed as the ice moves downward s. 
Surging glaciers in Svalba rd m ay be preferenti a ll y 
situ a ted on soft sedimentary bedrock, suggesting that 
th ere is a link between th e ability of a glacier to form a 
thi ck basal d ebris layer a nd the substra te (H a milton and 
Dowdeswell, 1996). 

A se ri es of aer ia l pho togra phs acquired by the 
Norsk Pola rinstitutt between 1936 and 1977 shows 
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Fig . 1. Location ma/) of Bakaninbreen, Sval bard, showing 
movement of surge .Fonl down-glacier (after Dowdeswell 
and olhers, 1991 ) . 

Ba ka ninbreen to be in its q uiescen t phase. In 1985 the 
fi rst evid ence of su rging in th e rese rvo ir a rea was 
o bse rved in the fi eld , a nd by 1986 the surge was well 
und er way (D owdeswell a nd others, 199 1) . DUI'ing the 
succeed ing period , the surge front propaga ted down
g lacier, initi a ll y at ra tes in excess of I km yea r- 1 (Fig. 
1), and the glacier surface upstream becam e heavily 
crevassed. The last se ri es of aeria l photographs, taken 
in Aug ust 1990, indica tes th a t the surge fron t had 
reac hed a position app roxim a te ly 3 km from the 
terminus. Since that tim e there has been only a bo ut 

a further 200 m of propaga tion of the fron t down

glacier. Th e heav il y c revassed a rea behind th e front 
had a lmost entirely a bla ted away b y the summer of 
1994 when the prese nt in vestigation took place. Th e 
a rea inves ti gated lay between th e top of th e surge C1'ont 
a nd th e g lacier terminus. D e tailed studies o f a ll 
s tru ctures were und ertak en , a lth ough th e m a in 

emphasis here is given to th e thrusts a nd associa ted 
phenomena (Figs 2 a nd 3) . 

METHODS 

Th e structure of Ba ka ninbreen was investigated by 
means of (i) aeria l photogra ph ic a na lysis (especia ll y a t 
th e scale of 1 : 15000), a nd (ii ) field identifica tion and 
three-dim ensional orienta tion meas urements of the 
pl a nar ice st ructures, whi ch includ ed sed im enta ry 
stra tifi ca tion , longitudinal foliation and several se ts of 
frac tures . The ori en ta tions of th e thrusts were m easu red 
on a series of tra nsve rse pl'o fi les above, wi thi n a nd 
below the surge front , a nd a long longitudin a l profi les 
thro ugh the surge front in three of the constituent fl ow 
units. D ata from th ese profiles were plotted on equ al
a rea stereographic proj ec tions. Attention was pa id to 
the crystal structure a nd d ebris content of th e thrusts. 
C las ts were a na lyzed for Powers' roundness, a nd th e 
d a ta plotted for compa ri son with th e d ifferent g lacia l 
se ttings documented by Dowd eswell ( 1986) . Su rface 
fea tures on clasts, such as stri ae and face ting, were a lso 
reco rd ed. 

STRUCTURAL GLACIOLOGY 

Morphology of the surge front, 1994 

By August 1994, th e form erl y near-vertica l, strongly 
convex , heavily crevassed surge front had ab lated to a 
gentle ra mp approx im ate ly 50 m hig h, a lth ough th e 
upper limit was poorl y d efin ed. Three longitudinal 
profi les, one in each of the principa l constituent fl ow 
units, were measured (Fig. 4) . A prominent convex 
profi le through the surge front was on ly evident towa rds 
the base of fl ow unit C; thi s had a maximum slope of 20°. 
Flow units A and B had uneven profiles but with hints of 
th e remn a nts of two bulges (which appear more 
prominently in the 1990 ae ria l photographs) . Th e 

maximum a ngles in fl ow units A and B were 13° and 
11 °, respectively . Numerous struc tures were evident in 
thi s a rea, of wh ich the transverse struc tures are shown in 
Fig ure 4 . 
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PROFILE 2 PROFILE 3 
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km 
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n- l1 n- 15 n-21 

Fig. 2. Outline /lwj) of 11I0railles and tit rusts 011 Bakallillbree/l, based 011 1990 aerial /lho tograjJh , showillg tlte sectorJrom the 
surge FOllt to the termillus. Structural jJrofiles are illus/ra/ed with accomjJan)'ing Lambert equal-area stereograj)/Zic 

projections oJ thrust- and shear-zone orientatioll data. 

Structural sequence 

The prog ressive d eve lopment of st ructures in Bakan in

breen may be rela ted broad ly to qui escent-phase ductil e 

deformation and surge-related brittl e fracture, as has 
been demonstrated for Variegated Glacier (Lawso n a nd 
o th ers, 1994) . In the \'ic init y of th e surge front th e 
fo llowing structures, listed in orde r of th eir inferred 
deve lopment, a re present (F ig. 5) : 

( I ) Sedimentary stra tification with debri. la yer. , form ed 
in th e acc umu la tion area a nd carried down with li ttle 
deforma ti on during surges . This structure rema ins 
sub-horizo nta l, but has a hig hl y \'a r ia ble strike. The 
debris is mainl y a ngu lar and sugges ti\'e of a rock-fa ll 

onglll. 

(2) Longitudina l fo li a tion , defined by intercalated layers 
of coa rse bubbly, coarse clear a nd fin e ice . T hi s 
structure pervades most o f the g lacier, and is a lig ned 
parall e l to moraines fo rm ed by interna l deformation 
during qui escenr-nO\oV stages. Disruption and bending 

of th is structure has taken place during surg ing . 

(3) Strong deform a tion of stratifi ca tion , in th e form of 

che\Ton fo lding and associated with longitudin a l 
compress ion , is obse rvable loca ll y a t the surge front. 
A tra nS\'erse ax ia l- p la ne fo liat ion , remini scen t of sla ty 

c1 ea\'age in rocks, is d e\'eloped within th e north ern 

part of the bu lge. This fo lia tion m ay or iginall y have 
been long itudin a l as (2), but was rotated to a 
tranS\'e rse orientation as th e surge front passed 
through . 

(4) Thrusting- a nd sh ea r-zone development, associated 

with the passage of th e surge front (a compressive 
wa\ 'e ) through th e g lacier. 

(5) Longitudin a l fracturin g, espec ia ll y ev id ent in th e fo rm 
o f' sho rt crevasses or tensiona l \ 'C i ns, de\ 'C loped as the 
su rge fron t passes th roug h. 

(6) Hig h-angle tranS\'e rse fau lts, formed in th e lower pa rt 

of, and below, the bu lge . From the morphology of 
their ou tcrop a t the surface (ove rhanging wa ll rac ing 
up-glacier) , th e lower wa ll appea rs to have been 
di sp laced up\\'a rds rcl a ti\ 'e to th e up-g lac ier wall. 

Structures (1) a nd (2) a re re lated to qui escent-ph ase 

d eformation , a nd (3) to (6) to surge-phase d eform at ion. 
Basa l debris is associated mainly with (4 ) and to a lesser 
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Fig. 3. A Ira llsl'erse. stee/)!)! rlijJfJillg . debris-bearillg tlt mst 
ridge e.l/ending across tlte sllljare oJ Bakaninbreell a Jew 

h1lndred metres above the terlllilll/s. Tlte jJredominance of 
sub-allgular alld sub -roullded dasts, m(L}~J' oJ 1(,lt iclt are 
jaceted ({nd slriated. indicates a basal derivation. The 
wltite ice ill tlte background belongs to Paulabreell . August 
199-1 /)IIO/ograjJh . 

WNW 

dirt cones of 
supraglacial debris 

j 

veneer of 
basally - derived 

debris 

1 

d eg ree with (3 ), whil e supraglac ia l d ebris IS assoc ia ted 
w ith ( I ) a nd (2). 

Surface expression of thrusts and related 
phenolIlena 

Distribution alld .ljJacing o/Ilirusts 
Frac tures, comm o nl >' ex tending fa r 50- 100 m (a nd 
sometim es mo re) ac ross th e g lac ie r surrace in a tra nS\'(Tse 

direc ti on a nd dipping stee pl y up-g lac ier, a re interpre ted 

as thrusts. They a re bes t d e\'elo ped within th e surge fro nt 

a nd nea r th e te rminus, but exa mples occur thro ug ho ut 
th e leng th of th e lower g lac ier. The spac i ng or th ese 
fi'ac turcs is m a inl y in th e ra nge 50- 200 m , but a 
pa rti cul a rl y well-deyeloped se t with a spac ing o r a bo ut 
1 m Occurs ha lfway d O\\'Jl th e bulge. Some thrusts pass 

la tera ll y into well-d eve lo ped shea r zo nes within th e bulge . 

Below th e surface o r th e g lac ier , prelimina ry ra di o-ec ho 
sound ing a nd drillhole d a ta indica te th a t th ese thrusts 
ex tend to th e bed or th e g lac ier . 

ComjJosi t iOIl 
Thrusts a re pro minent fea LUres a t th e ice surface because 

of th eir assoc ia ti o n with coa rse clear ice, whi ch melts 
m ore qui ckl y th a n th e adj ace nt coarse bubbl y ice. The 
thrust itselr is usua ll y marked Iw a di sc re te p la na r 
di sc011lillu ity, o n eith er sid e o r whic h th e c lea r ice 

ex tends fo r se\'e ra l centime tres, th ence passing transition

a ll y into th e bubbly ice. Th e coa rse c lea r-ice laye rs a tta in 
a width o f' 30 cm , a nd pro ba b ly represe nt zo ne'S or 
rccrys ta lli za ti on assoc ia ted with th e di spl ace m e'n ts. Thin 
film s of mud cO l11n1.o nl ), occ ur a long th e thrust pl a ne. 
l\lud may a lso be di ssemina ted within th e coa rse clea r-ice 
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Fig. 4. Longitudinal/JrQ/iles through the tlirusts and dO IU I1 -glacier-dijJfJillg Ira l1sverse jalllts ill the sllrge:/ront bulge of 
Augusl 1994, combining sll/face observations wilh radio-erlLO-soullding da ta jrom .flow twit C. 0 111]! Ihose {lu u.I'!s whose 
orientations were measured are illllstraled; tit!!)! represell t ([ small proportioll oj the tola/ visible at the surface. "!rnimum 
slojJe angles are indiwted. 
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Fig , 5, Schelllatic t/i ree-dilllfllsiollal sketch q/ a sectioll throllgh ti,e sUIp,ejiollt [(,line it has im/Jillged 011 tlie 1(lIll,£' medial 
lIIoraille 011 the north jide 0/ the glacier (IS rez'ealed ill the It'alls 0/ /Jartia/~)' ablated IOllgitodillal crel'{/,I,leS , The lIIain 
structures are chenoll-folded slmlij/[{Jlioll lL'ilh a llear-l'frlieal (lIial -/Jlalle./iJlialioll. ill ll'/"jl'l'lf'(ll~)' IlIj~h {Jllgll' Ihrusl,l if 
sligltl[r dff/erflll orienlalioll, 

zo nes . Also o bsen'ed \\'e re less \\-e ll-d efin ed thrust zo nes, 
up to O,5m \\'id e. comprising d eb ris-ri ch ice ITry simil a r 
to d in >' basa l ice (cL Sha rp and o th ers, 199+ Fro m thi s 
icc , d ebri s ra ng ing in size ri'om mud to co bble \\'as m clting 

o ut (fi g . 3), Se\'e ra l thrust zo nes o f simil a r width, 

compri sing nea r-so lidl y froze n di a mi cto n \\' ith int e rstiti a l 

ice, a ppea r to ha \'(' been uplifted direct ly from the basa l 

laye r or th e g lac ier. 

Sell,le if disjJla cel1l I'll I 
Th e m ag nitud e a nd se nse o l'di spl ace m ent o l'thrusts co uld 

so me times be ga uged from th e m a nner in \\'hi ch ge ntly 

dip p ing st r uc tures, such as stra tifi ca t io n , a rc di spl aced 
up\l'a rd s a bow' th e fi'act ure a nd fo ld cd, Th ese a rc bcs t 
obsc l'\ 'Cd in lo ng it udin a l s trca m chann els , Vi sible eli s
pl ace m ents o r a fe\\' d ec im e tres 10 me tres arc commo n , 

but much la rge r dis placem ents a rc pro ba b le, a lthoug h 

no t d ec iphe ra b le . beca use of th e sm a ll sca le o f th e ex posed 

sec ti o ns, [ n additi o n . distin c t g ro ups of ro li ae \\' ithin th e 
lo ng itudina l fo li a ti on locall y sho\\' la tera l di spl ace rn ents 
o f' sel-e ra l ce ntimetres to \l'a rd s th e ri ght. Th ese thrusts, 
th ere fore, rep rese n t o bliqu e-slip frac tu res, th e la tera l 

co m po nent being d ue to m o\ 'em ent o f ice during the 

surge aro und a 90 bend 6- 7 km from the p resent g lac ie r 
te rm inus, 

Oriflllalioll alld dOlclI -glacier lI1or/i/i'mtioll if Ihrusl,l 
T he m ajo ri ty o r thrusts di p u p-g lac ier a t a h ig h a ngle 

irrespecri \'(' o f positi on on th e g lac ie r , \\'ith 50% fa lling in 

th e ra nge 70- 80 (Fig . 6), This o ri enta ti on is quite 

different from th e a ng le o f di p o r thrusts in non-surging 
g lac ie rs, where a ng les less th a n 45 c a rc more typica l. 
Thrusts tend to hm 'e a stra ig ht or sli g htly cun'eel surfacc 
ex pressio n ; so me a rc a nasto m os ing, Il'hile ot he rs cut 

ac ross each o th e r. r\ fel\' ex tend di ago na ll y d O\l'n-

g lacie r. Some th rusts pass thro ug h m ed ia l mo ra ines into 
adj ace nt no\\' u nits, Th ere is lill le dincre nce in o ri enra ti on 
he tween th e m argins a nd th e midd le , a nd th ere is lilll e 
indica ti on o f' sig nifi ca nt rota ti on to a I ()\\'(T a ng le d own

g lac ie r , as indi ca ted b y th e co nsiste ncy o f d ata in 

stCTeog ra phi c proj ec ti ons fo r bo th tra ns\ 'e rSe a nd long

itud in a l p ro fil es [Fig , 2) , In fac t. th ere is a rem a rka ble 
u ni fo rmi ty o f' o ri enra ti o n o f' thrusts th ro ughou t th e g lac ie r 
from th e surge front to th e snOUl (Fi g , 6 ) , This suggcS ts 
th a l. once th ese struct ures ha lT fo rm ed , shearin g a t th e 

m a rg ins a nd base of th e g lac ie r is sm a ll , o th en \' ise 

cUr\ 'a rure of th e th rusts \\'ould be m o re pronoun ced, 

R a th er , th e thru sts a re transm ittecl d ow nwa rd s m a inh
d urin g su rge ph ases , 

Shear .::.olles 

or simil a r o ri enta ti on to th e thrusts arc t\\'O pro min ent 

a nd se\ 'C ra l lesse r zo nes co m p ri sing inte rca la ted fin e- a nd 

coa rse -g ra in ed ice, Th ese zo nes a rc confin ed to th e midd le 
a nd uppe r pa n s oft lw surge front. a nd a rc bes t d C'\'e lo ped 
on its nonh ern side , The fin e-g ra ined ice co nsists of d ense 
bubbh- ice \I' ith bu b bles u p to I mm . sli g htl y elonga ted 

pa ra ll el to th e shea r zo ne , Finel y di ssemina ted mud g in's 

a brOll"l1 ish hu e to thi s ice a nd , in places, it is pa ra ll e l to a 

diffu se fo li a ti on d efin ed by ba nds o f' c lea r ice, a few 
millim e tres across , Coa rse c lea r ice (w ith cr\'sta ls up to 
5 cm in di ame ter ) fo rms irreg ul a r to sha rp bound a ri es 
\\' ith th e fin e ice . a nd inc ludes di ssemina ted clo ts or mud 

up to I cm in d iame ter , a nd sca tte red pe bbles. H OI\'C\'e r , 

th e a m o unt of recogni sa b le basa l d ebri s is li mit ed, 

Isoclina l [o ldin g of difTe- rent ice types within th e shea r 
zones \I-as o bse l'\'ed arter \I'as hing the surrace of the 
g lacie r. T he ax ia l pl a nes o f such fo lds a rc th emse h-es 
pa ra ll e l to th e shea r zo nes, The la rges t shea r zo nes 

m eas ure 2 m across a nd ha\'e sO ll1 e\\'h a t ir reg ul a r 
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'bound a ri es, a lthough their o ri enta ti on is consistent with 
th e adj ace nt thrusts in to wh ich th ey pass. In one case, 
part of the glacier had clearly been washed by water 
emanating from the shear zone. 

Th e shear zones a re ge neti call y related to the thrusts, 
but instead of being as.'ociated with a clean fracture, th ey 
a ppea r to be the product of myloniti za ti on of coa rse ly 
crys ta lline ice into fin e-g rained ice, assoc iated with 
simultaneous development of shea r-parall el fold s and 

foliation. Pos t-shea r rec rysta lli zation probably occurred 
subsequentl y, fin e ice being progressively replaced by 
coa rse clear ice . Thin sec tions a nd ice-crys ta l fa bri c 
measurements wou ld provid e useful inform ation concern
ing these inferred processes . 

Prominent la tera l displace ments a re associa ted with 
the two wid es t shea r zo nes and , where they intersec t 
medial moraines, show a shift of 3- 5 m, accompanied by 
bending of the longitudina l foliat ion. 

SEDIMENTOLOGY OF THRUST FACIES 

Sediment associa ted with thrusts at the glacier surface 
includ es mud a nd diamicton (Fig. 3). The mud va ri es 
from a cohesive sedim ent of uniform gra in-size, to poo rl y 
sorted sedim ent with minor sand a nd g ravel. T hi s 
materia l forms either sma ll ridges (abo ut 0.1 m high) or 
shallow depressions in the ice acco rding to its effi cacy in 
protecting the ice from a bl a tion. Th e di amic ton com
pri ses ma terial from clay to cobble size , with ra re 
boulders, a nd may be classified as " clas t-ri ch muddy 
diami cton" (according to th e modifi ed M oncrieIT ( 1989 ) 
c lass ificat ion in H a mbrey (1994)) . In places, th e 

dia mi cton forms ridges up to I m high on the g lacier 
surface and , when it dri es out, it a ppea rs to reta in its 
textural integrity as a non -stratifi ed, compact ma teri a l. 
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D own-g lacier of the thrust, this ma terial is remobili sed 
with mel ting ice to form ex tensive a reas of debris nows (cr. 
Lawso n, 1982) . The clasts are of limes tone and sandstone, 
and were examined for shape a nd surface tex ture. All 
sha pes from angu la r to rounded were present. Numerous 
clas ts were striat ed and face ted. 

In terms of th e total glacier mass, th e proporti on of 
debris in thrusts is tin y; it is imposs ible to quantify as ye t, 
as th e densest d ebris concentra tion is likely to be near the 

bed , out of sight. 
We interpret the sedim ent as having been subglac ia ll y 

d eri ved. Th e mud at th e surface is simil ar to mud 
recove red from the basa l layer during ho t-wate r drilling. 
Since the bed throughout the length of the secto r of th e 
g lac ier studied is below sea level, it is likely that this mud 
was of g laciomarine o ri gin. In contras t, th e diami cton has 
th e cha rac teri sti cs of ma terial carri ed in the zo ne of 
traction (cf. Boulton, 1978), no ta bl y grain-size distrib
ution from mud to bou lders, c1 as t sha pe dominated by 
sub-round ed a nd sub-a ngula r ca tego ri es, and clast surface 
fea tures such as face ts a nd stri a tions. This diami cton is 

th erefore proba bly uplifted basal d ebris, entra ined by 
regelalion at th e g lac ier bed , especia ll y where the ta te of 
th e bed passes from sliding or deforma ble to frozen. In a 
few rid ges the u pI i fl ed sedi me n t may be recycled 
subglac ia l ti ll. 

MODEL OF DEBRIS ENTRAINMENT 

Th e passage of a surge front through a typi ca l 
poly thermal glacier such as Baka ninbreen is accompa
nied by the d evelopment of thrusts a nd shear zo nes 

whi ch break out a t th e surface a t a high angle (Fig. 7) . 
In compa rison with observa tions on Variega ted G lacier 
(L a wson a nd others, 1994), a new thrust propaga tes 
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Fig . 7. Schematic iLLustration oJ development oJ thmsts and shear zones during a surge, the associated entrainment oJ debris 
Fom the glacier bed, and its transfer to the swjace by thrusting during surge-Font propagation. The morplzology oJ tlte 
resulting landfonns is also shown. 

further forward s o f the previous one, and provides a 
mech anism whereby th e surge front can move down
glacier a t a rapid ra te. From th e cha racter o f the debris 
which a rri ves a t th e surface via some of th ese thrusts, it is 
evident th a t the thrusts ex tend to the glacier bed . 
Furth ermore, the substrate at Baka ninbreen is likely to 
be no t bedrock but d eform a ble sediment of two typ es: 
basal till simi la r to th a t reported from Trapridge G lacier 
(Cla rke a nd Blake, 1991 ), and glaciom arin e mud . These 
two facies form the initi a l p la ne of d ecollem ent from 
whi ch thrusts propaga te upwa rd s through th e ice, 
allowing ma teri a l whi ch adh eres to th e base of th e 
glacier by freeze-on to m ove upwards immedi a tely a bove 

th e thrust p la ne. Altern a ti vely, unfrozen d ebris may 
move a long the thrust p la ne a nd re freeze eng lacia ll y. In 
most cases d ebris d oes not reach th e surface, but w hen it 
does, it melts out a nd in its wet sta te fl ows across the 
glacier surface . 

As the surge front propaga tes towards th e terminus, 

old thrusts may become reac ti va ted . Fo llowing the 
passage of the bulge, those thrusts which had alread y 
formed a re transported passively; they a re not subjec t to 
any signifi cant interna l deforma tion . This supports th e 
view th a t, during a surge, mos t movement is acco m
plished by sliding . 

Following the surge, the ice stagna tes in situ. Th e 
debris incorpora ted a long thrusts is released to form 
hummocky moraine (Fig. 7d ), refl ecting the va ri a ble 
concentra tion of d ebris in the ice, a lthough short linear 

moraine elem ents preserve the form a nd ori en ta tion of the 
d ebris-lad en thrusts. 

This topogra ph y may be superimposed eith er on the 
basal glacial layer or on ice, the la tter giving rise to a 
kett led topogra ph y and partially und ermining th e ridges . 
Th is type of landform assemblage may be see n in 
assoc ia tion with ma ny surge-type g lac iers, including 
th a t of the Pa ulabreen- Baka ninbreen complex from a n 
ea rli er surge. 

CONCLUSIONS 

Th e g ra du a l cessa tio n of a 9 yea r long surge of 
poly thermal Ba ka nin breen, Spitsbergen, has provid ed 
an opportunity to stud y th e structura l evoluti on of a 
g lacier as a surge fron t passes through, and the role this 
process pl ays in d ebris recycling. Th e following con
clusions may be drawn: 

(I) Pro paga ti on of the surge fron t is a t leas t pa rti ally 
accompli shed by the development of thrusts which 
break th e g lacier surface a t a high a ngle. 

(2) The rela ti ve ly stra ight transverse ori enta tion of thrusts 
is ind ica tive of plug-flow (near-uniform velociti es 
across the grea ter part of a transverse profile). 

(3) Thrusts down-glacier of' the surge front , whi ch may 
ha ve bee n form ed d u ri ng prev ious su rges, a re 
reacti va ted as a new surge front approaches . 
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(4 ) D ebri s d eri\-ed frolll th e substrate is incorporated 
within basa l ice and lifted up wa rds throug h th e g lac ier 
a long thrusts , in sO lll e cases reach ing the surface , 
fo rming distinc t lin ear ridges, ri 'o lll wh ich d ebris [l ows 

across th e iee surface . 

(5) Two main fa cics , mud o f probable g lacioma rin e or igin 
a nd diam icton (basa l ti ll ) a re invo h-ed , and indi cate 
that th e g lacier is moving over a soft, deformab le bed . 

(6) Thrusts pen'acle much of th e glac ier, a lthough some 

a re cleri\'CcI from ea rli er surges. Th ey ha \'e a fa irl y 
consta nt ori enta tion , a nd th eir lack or modifi ca ti on 
do\\,nstream sugges ts th a t \'e ry li tt le down \\'a I'd 
m O\'e m ent in rh e 10wC'l" pan of the g lac ie r IS 

acco m pi ished by in tem al dcforma tion . 

(7) D ebris-bea rin g thrusts in the ice ex p la in the origin of 
th e la ndform assemb lage comm o nly found below 
surge-t ype g laciers, na mely a li g ned hUlllmocky mor
a ine rid ges superimposed on ke ttl e-h ole topograp hy. 
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