
J ournal qfClaciology, To!. 45, .vo. 1+9, 1999 

Debris entrainm.ent and transfer in polytherm.al 
valley glaciers 

MIC HAELj. HAMBREY,I MATTHEW R. BENNETT,2 J U LIAN A. DOWDESW ELL/ 

NEIL }. GLASSER,+ DAVID HUDDART
5 

I Cell treJor Claciology, IlI stitute qfCeograjJlry and Earth Sciences, Cniversi~y qfT I hlps, "1beIJ1stw),tlz, Ceredigion S]"233DB, r I (des 
2ScllOOl qf Earth Sciences, [Jll iversiry qfCreenwic/t, ;Iiedway Towns Camplls, Pembroke, Clzatham Maritime, k ent .lIE4 -I f1 r I: Englalld 

3 Bristol Claciology Centre, School qfCeograjJhical Scienw~ Clliversity qf Bristol. Bristol BS8 /SS, England 
I School qf Biological and Earth Sciences, LiverpoolJ ol1ll iIloores Cniversi~y, Bpolll Street, L iverpool L33AF, England 

5 School qf Education and COI1lI1l11niry Studies, Liver/Jool J ohn Aloores Universiry, [ Ni. Alarsh Campus, Liver/Jool L37 6EN, England 

ABSTRACT. M od es of debri s entrainment a nd subseque nt transfer in se\ 'en "norm al" 
a nd five surge-typ e g lac iers in Svalba rd (76- 79° N ) a re o utlined in the context of the 
structura l e\'olution o f a glac ier as the ice deforms during fl ow. Three m a in modes of en­
trainme11l and tra nsfer a re inferred fro m structu ra l a nd sedime11l010gical obsen 'ati ons: 
( i) Th c incorpora ti o n o[ a ng ul a r r ocH a l1 materi a l within th e stra tifi ed sequence o f 
snow/firn /superimposed ice. This debri s ta kes a n englacia l pa th through the g lacier, be­
coming folded. At the m a rgins a nd a t the bound aries offl ow units the stra tifi ed ice includ­
ing debris is strongly fo lded , so that near th e snout the debris emcrges a t the surface on the 
hinges a nd limbs of th e folds, producing medi al mora ines which merge towa rds the snout. 
The res ulting lines o f d ebri s a rc transmitted to the proglac ia l a rea in the form of regula r 
tra ins of a ng ul a r d ebris. (ii ) Incorpora ti o n of debris of bo th supraglae ia l a nd basa l cha r­
acte r within longitudina l foli ati on. This is pa rticula rl y evide nt a t the surface of the glac ier 
a t the m argins or a t fl ow unit bound a ri es. It can be some times demonstra ted tha t foli ati on 
is a product of strong fo lding, since it usua ll y has a n ax ia l pl a na r rel ati onship with folded 
stratification. Folia ti o n-pa ra ll el debri s thus represents a m o re ad\'anced stage of deforma­
ti o n tha n in (i). Altho ug h the presence of basa l debri s is probl ematic, it is p ro poscd tha t 
thi s m ateri a l is tig htl y fo lded ice deri\Td from the bed in the m a nner ofdi sh a rmonic fold­
ing. The readil y defo rmed subglacial sedime11l or bedrock surface represents the pla ne of 
dcco llement. (iii ) Thrusting, whereby d ebri s-rich basa l ice ( including regelati on ice ) and 
subg lacia l sedimrnl s a re uplifted i11l0 a n englac ia l pos iti o n, sometimes em erg ing at the ice 
surface. This materi a l is much more va ri a bl e in cha rac ter th a n th at deri\ "Cd frol11 rockfa ll s, 
a nd reOee[s the subsLra te lithologies; dia micton with stri a ted clas ts a nd sandy g ravels a rc 
th e most common fac ies represented . Thrusting is a d yna m ic process, a nd in poly therm a l 
g lac ie rs is proba bl y linked mainl y to the tra nsition from sliding to froze n bed conditions. 
It is not therefore a so lel y ice-m argina l o r proglacia l process. 

INT RODUCTION 

M od ern Arctic glac ie rs prO\' ide excelle nt opportuniti es fo r 
the study of debri s in tra nsport because o f th e combin ati o n 
of rel a tivel y clea n ice surfaces, stee p-sided m a rgins a nd , oc­
casiona lly, tidewater cliIT secti ons. It is thus possible to d ec i­
pher how debri s is transported in basal, englac ia l a nd 
supraglac ia l positi o ns, pa rticul a rl y if the relaLi onships 
be tween ice structures (foli ati on, fo lding a nd thrusting ) 
a nd d ebri s a re resoh-ed. This paper explo res these rel a ti on­
ships fo r a \'ari ety o f surge-type a nd non-surge-ty pe 
g la eius, a nd offers new model s for the transfer of debri s in 
such g laciers. Cold o r p oly therm a l g lac ie rs differ from tem­
pera te g laciers in ge nera ll y having a much g rea ter loa d of 
basall y deri\ 'ed debris (Boulton, 1970; D owdeswcll, 1986; 
Knig ht, 1997). Howe\ 'er, it has a lso been suggested th a t th e 
true contras t is g reate r be t ween surge-t yp e glac iers (g reater 
basal d ebri s content ) a nd non-surge-typ e glaciers (Clapper­
ton, 1975), irrespecti ve of their therm a l regime. Contras ting 
vi ews have emerged conce rning the d e\"Clopment o f en­
g lacia l debris-rich laye rs that appear to ri se towa rds the 

glac ier surface from th e bed , as summa ri sed by Boul ton 

(1970, p. 720; Knight, 1997). Some authors (\ Vee rtma n, 1961; 
Hooke, 1973) ha\'e fm'o lll-ed pass i\ 'e mo\"C m e nt of subgla­

cia ll y derived debris as the ice fl o\\'lines turn upwa rds to­

wards the fronta l marg in , whil e others (Swinzow, 1962; 

H ambrey a nd l\lull er, 1978) h m"C suggested tha t th r usting 
and shearing a rc the processes which allow debri s-rich basa l 

ice, o r subg lac ia l debri s, to rise to the surface a long disc rete 

surfaces o r na rroll' zones o f rapidly defo rming ice. From 

studies in S\'a lbard, :'\o rway, Boulton (1970) m a de a cO I1\·in­

cing case (o r th e inco rpo ra tion of debri s by thrusting, by 
identifying fo lds ,,·ith truncated lower limbs. On Axel Hei­

berg Isla nd , Canadi an Arctic Archipelago, H a mbrey a nd 

Mul le r (1978) linked th e cb "C lopment o f d ebri s-bea ring 

thrust zones to pre-ex isting structures, es pec ia ll y crenlsse 

traces tha t had become ro ta ted from a \"C nical to a ge ntl e, 

up-glac ier-dipping altitude near the snout o n Vhite G lac ier. 
In closely m onitored Trapridge G lac ier, Yuko n Territory, 

Canada, Cl a rke and Bl a ke (1991) linked thrusting a nd re­

cumbent fo lding with th e Lra nsition from wa rm to cold ice 
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at the bed. More recently, the assoc iati on of debris-bearing 
thrusts with the movement of a surge front through a glacier 
has been described from Ba kaninbreen in Svalbard (H a m­
brey and others, 1996; Murray and others 1997). Thrusting 
has a lso been documented in temperate glaciers, but only 
in surge-type glaciers does there appear to be significant in­
corpora tion of debris (e.g. Sharp and others 1994). In a re­
view of debris entra inment processes, Alley and others 
(1997) conclude that incorporation of debris by thrusting 
a nd folding a rc valid mechanisms. 

In contras t to studies of the basal debris load of Arctic 
glaciers, those concerned with supraglacia l transport a rc 
few. However, observations on many glac iers by the authors 
suggest that debris derived from supraglacial sources car­
ried on cold or poly thermal glaciers is much less than on 
temperate glaciers. In all cases, supraglacia l debris trans­
port is generally concentrated in lateral or medial moraines. 
Other authors investigating medial mora ine development 
in temperate glaciers have attempted to identify sources of 
debris in relation to the Grn line and to flow-unit bound­
aries, and the effect these have on their m orphology (e.g. 
Eyles and Rogerson, 1977; Small and others, 1979; Vere and 
Benn, 1989). Hown'er, the various models that have been 
proposed by these authors for temperate " alley glaciers, 
which a re based on convergence of di sc rete flow units, do 
not explain certa in types of media l moraine in Svalbard. 

This paper, therefore, examines the processes whereby 
ice deformation influences the incorpora tion and redistribu­
tion of debri within poly thermal glaciers in Svalbard (Fig. 
I). The sedimentary facies associated with the different de­
formational processes are a l 0 characterised. The principa l 
relationships between debris and structure that are explored 
are: 

(i) rockfall debris associated with sedimentary stratifica­
tion; 

(ii ) basally derived debris associated with longitudina l 
foliati on; and 

(iii ) basally derived sediment forming a rcua te debris layers, 
tho ught to be associated with thrusting. 

Mecha nisms related to the formation of the basal debris 
layer a re al so important (see reviews by Hubbard a nd 
Sharp, 1989; Souchez and Lorrain, 1991; Knight, 1997), but 
are considered only superficia lly in this paper, as few suit­
able sites were available {o r study at the Svalbard glacie rs. 
These mechani sms include regelation, fl ow through a vein 
system, bulk freezing-on, shearing and folding (Knight, 
1997). The basal debris layer is generall y thin in tempera te 
glaciers, but can become thicker by folding, shearing a nd 
thrusting (Sharp and others, 1994; H art, 1995). As a fram e­
work for the following di sc uss ion, the known and inferred 
sources of debris and modes of incorporation arc sum­
marised in Figure 2. 

Understanding the processes of debris entrainment a nd 
modification during flow is critical to expla ining land form 
assemblages in the proglac ia l a reas of Arctic glaciers. This 
understanding takes on added importance because ma ny 
Pleistocene landforms in Europe and North America a re 
more similar to those observed at modern Arctic glacie r 
margins than to those a t alpine glaciers (Boulton, 1967, 
1972; Sollid and Sorbel, 1988; Hambrey a nd HuddarL, 1995; 
Benne tt a nd others, 1996b, in press; Hudda rt and Hambrey, 
1996; H a mbrey and others, 1997). H ence, investigations of 
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this nature a re a lso needed in order to examine the climatic 
implications of Quaternary glaciallandform assemblages. 

MODERN GLACIERS IN SVALBARD 

Svalbard (approximately 77- 80° l'\ ) (Fig. le) is an archipel­
ago affected by a maritime- Arctic climate, and is 60°!., gla­
cieri zed (H agen and others, 1993). From obsen 'ations of the 
thermal regime of a small number of glaciers, it is believed 
that extensive areas of tempera te ice occur beneath the accu­
mulation a reas of the thicker glaciers, whereas the ice mar­
gins and snout areas are frozen to the bed (H agc n and 
S<e trang, 1991; 0degard and others, 1992; Bjornsson and 
others, 1996; Jania and others, 1996; Nuttall and others, 1997). 
In such "poly thermal" glaciers, the transition from sliding to 
freezing conditions at the bed has been used to expla in why 
thrusting is a n important process in the incorporation of 
debris into glacier ice (Cla rke and Blake, 1991; H ambrey and 
others, 1996), and leads to the de"elopment of proglacial 
thrust-moraine complexes of hummocky character (Ham­
brey and Huddart, 1995; Bennett and others, 1996a, b; Hud­
dart and H ambrey, 1996; H ambrey and others, 1997). 

Many glaciers in Svalbard a re of the surge type. O" er 80 
have been obsen 'ed to surge (Dowdeswell a nd o thers, 1991; 
Hagen a nd others, 1993). Studies of looped mora ines and 
other surface features di agnostic of former surges suggest 
that about 35% ofSvalbard ice m asses may be of surge type 
(Hamilton and Dowdeswell, 1996). 

GLACIERS INVESTIGATED 

Twelve glaciers, of both surge and non-surge type, were in­
vestigated a long the west coast of Spitsbergen, Svalbard, 
between K ongsfj orden in the north and Hornsund in the 
south (Fig. 1). Surge-type g laciers are recog nised in their 
quiescent sta te by their looped medial moraine patterns, 
crevasse-free nature a nd well-developed supraglacial 
stream networks with broad, open or sca led potholes (Meier 
and Post, 1969; Post and La Chapelle, 1971). The glaciers in­
vestigated range from sm a1l- to medium-sized vall ey 
glaciers sever al km long terminating on land , to large com­
plex tidewa ter systems tens of km long. In all cases, multiple 
acc umul a ti on basins feed ice into relati vely narrow tongues, 
while ice structures, pa rticula rly foli ation, can be used to 
delineate the composite fl ow units. Those glaciers inferred 
to be non-surge type {i'om surface structural and m orpholo­
gical evidence were Midre Lovcnbreen, Austre Lovenbreen, 
Uvcrsbreen, Edithbreen and Steenbreen (Fig. 1). However, it 
has been cla imed that the first two arc surge-type on the 
basis of the steep fromal cl iffs observed at the beginning of 
the century (Liestol, 1988), a fea ture that is common to all 
advancing poly thermal a nd cold glaciers. Furthermore, the 
complex of "push moraines" at Uvcrsbreen has been in­
ferred by Croot (1988) to indicate surge-type behaviour, a 
criterion which we believe to be unreli able (H a mbrey and 
Huddart, 1995; Huddart a nd H a mbrcy, 1996). Surge-type 
glaciers studied were Kongsvegen, Pedcrsenbreen, Bakanin­
breen, Hessbreen and Finsterwalderbreen (Fig. 1). All these 
glaciers except the second (Bennett and others, 1996b) have 
a known surge hi story, whilst Bakaninbreen was 
approaching the end of a susta ined surge when the work 
was underta ken (Dowdeswell a nd others, 1991). Additional 
observations were made on Austre Bmggerbreen, which is 
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Fig. I. Localion map rif glaciers investigaled in Svalbard. (a) Van /I/ijerifjorden and Van IlelllenJjordell area; (b) . \ y-AleslIlld 
( Kongsfjorden) area; (c) key mal} if Svalbard. 

a thin glac ier, almost comple tely frozen to its bed (Liesto l, 
1988), a nd H a nsbreen in H ornsund, a tidewater glacier 
whose d yna mic cha rac ter is uncerta in. Ta bl e I lists the prin­
cipal cha racteristics o f these glaciers. A ll of them arc cur­
rentl y receding. 

METHODS 

Ice structures, inferred to be longitudina l foli ati on a nd 
thrusts, in the snout a reas o f Midre Lovenbreen a nd Finster­
walderbreen wne mapped from I : 15 000 (1991) a nd I: 30 000 
(1995) vertical aeri a l photographs of the No rsk Pola rinstitutt , 
Oslo, respecti vely, whil e their three-dime nsional orienta­
ti ons were recorded on the g ro und. The domina nt structures 
mcasured wcre longitudina l foliation a nd tra nsverse arcuate 
layers (with debris in pl aces ), interpreted as thrusts. The 
orienta ti o ns of small er-scale structures, such as the axes of 
minor fold s, not visible in the photog raphs, we re a lso 
measured . 

r n o rder to charac teri se dcbris sources, the size, sorting, 

fabric a nd sha pe cha rac teri sti cs o f de bris assoc ia ted with 
thrusts, folds a nd foli ation we rc recorded a nd compared 
with material of known ori g in, such as scree, g lacio OLl\·ia l 
sediment or basal tilL Sorting was esti mated yisua lly. Fabric 
was recorded in two dimensio ns fo r materi a l rela ted to fold 
structures a nd plotted on rose di ag rams. Data from thrusts 
a rc three-dime nsional a nd a rc plot ted on Schmidt equal­
a rea stereog raphic proj ecti o ns; bo th point-plots a nd co n­
tour-plots a rc g iyen, a nd eige nva lues a rc ca lrul a tedto illus­
tra te the streng th of the fabric. I n each case 50 clas ts we re 
measured. To cha racteri se sha pe, Krumbein ro undness 
values were obta ined from a vi sua l roundness cha rt , whil e 
the lengths o f the long (a), inte rmedi ate (b) a nd short (c) 
axes, were a lso recordcd. Aga in , each datase t conta ined a 
populat ion of 50 clas ts. Ciast-surface features such as facets 
a nd stri a ti o ns were also doc umented . The da ta were a na­
Iyzed using the approach advocated by Benn a nd S a ll an­
t yne (1994) in which the RAi ndex (percentage o f a ng ular 
a nd \'ery a ng ul a r clasts) is plo tted aga inst the C~() index 
(perce I1lage o f clas ts with cIa ra ti os of O.'~), or as a cO\'a ri ant 
plot (Bennetl a nd others, 1997). 
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Fig. 2. Schematic representation of /Jrincipal sources and 
modes cif incorporation cif debris in Svalbard glaciers. 

ICE STRUCTURES IN SVALBARD GLACIERS 

A ll the glaciers examined appear to have up to five recog­
ni sable types of plana r structure, which have developed 
sequenti a lly in the same manner. These are labclled So-S+, 
in order of formation in a pa rticular "pa rcel" of ice. The first 
structu re is primary stratification, inherited from snowfalls 
in the accumulation a rea (So). This is sometimes intersected 
by a se t or se ts of creyasse traces (SI)' developed in the upper 
basin of the glacier, a lthough this structure has not been de­
lineated in all cases owing to the limited observations. The 
next structure is longitudinal foliation (S2), which occurs in 
a ll glaciers, and is ev ident down-glacier of the topog raphic 
constriction that is inya riably present at the mouth of the 
upper basin. Multiple sets of crevasse traces (S3) intersect 
the foli ation at various angles, and are best represented in 
the glacier tongue. Finall y, a rcuate fr ac tures, sometimes 
with debris, and intnpreted as thrusts ( S~ ) occur towards 

the snout of the glac ier, a lthough, if they are not associated 
with debri s, they are difTicult to distinguish from S3. The 
relative imporLanee of pa rticula r structures m ay depend on 
whether the glacier is surge-type or not, but the pattern is 
not yet clear, as a larger sample size is needed to assess thi s. 
The overall structural sequence has a lready been described 
for H essbreen (Hambrey and Dowdeswel l, 1997) and 
Kongsvegen (Glasser and others, 1998), while thrusts have 
been described specificall y from the surge front and down­
glac ier surface of Baka ninbreen (H ambrey a nd others, 
1996). In view of the general similarities wi th the other 
glaciers, the emphasis here is placed on those structures that 
are associated with debris transport. 

Debris associated with prim.ary stratification 

Character cif stratification 
Prima ry stratifIca tion is inherited from the accumulation of 
snow and superimposed ice in the accumulation a rea. It is 
observed most clearl y in aeria l photographs of g lacier ab­
lation zones, where it commonly form s a diffuse, wa"y, 
broadly transverse pattern extending across the ice surface. 
On the g lacier surface, stratification is defin ed by alterna­
tions of coarse bubbly ice and coarse clear ice, a nd in some 
areas by sheets of angular gravel. Dip is variable but gener­
all y low, refl ecting open-style folding. In certain longitudi­
nal zones the folding is much tighter with steep limbs and 
fo ld axes normally dipping gentl y up-glac ier. These more in­
tensely folded zones coinc ide with fl ow-unit boundaries. 

Fold styles as indicated by debris distribution 
Some stt-atifled horizons are associated with concentrat ions 
of mainly angular gravel, including numerous clasts of 
boulder size. The style and intensity of folding g ives ri se to 
the characteristic debris-distribution patterns observed a t 
the g lacier surface. These relationships a re illustrated in 
two representative glaciers, ~1idre Lovenbreen, which 
shows no evidence of being surge-type (Fig. 3a), and the 
surge-type Finsterwalderbreen (Fig. 3b). Strongly folded 
ice typicall y has a "similar" styl e (i.e. attenuated limbs and 
thickened hinges). If the fold axes plunge gent ly up-glacier, 

Table I. 7jpe, location and length cifglaciers investigated in Svalbard. Data on latitude, longitude, length and dates cif last surge are 
from Hagen and others (1993) 

Glacier Surge ~)'I)e Last surge Lat. ( X ) Long. ( £ ) Lel/gth Terminlls lear if observations 

km 

Austre Broggerbreen l\'o· [c. 1890]' 78? 53' W50' 6.0 1hrestri a l 1994 
Midrc Lovenbrecn No· 78 53' 12° Ocf' 4.8 Terres trial 1994 95 
r\ustre Lovcnbrccn No· [c. 1890( 78 - 53' 12° 09' 4.8 Terrcs tria l 1994-95 
Uvcrsbreen Not 78 47' 12° 32' 20.5 1erres tri al 1992 
Edithbreen No 78 ' 51' 12° 05' c. L~ Terrestri a l 1992 
Stecnbrccn No 78 52' 11 ' 47' c.2 Terrestri a l 1992 
Ha nsbrcen No 77 04' IS' 38' 15.6 Tidewater 1977 

Kongs\"Cgen Yes 1948 78 48' 12' 59' 27.0 Terrestrial /tidewater 1995- 96 
Pederscnbreen \ Cs No rccord 78° 51' 12° 18' 5.4 Terrestria l 1995 
Bakan inbreen \ cs 1985 presem 77 47' 17° 35' 16.0 Tidewater 1994 
Hessbrccn Ycs 1974 77 ' 30' 15° 06' 5.5 Te rrestria l 1995 
Fi nstcrwa lderbrcc n \ cs c. 1900 77° 29' IS' 15' 11.0 Terrestria l 1995 

These glaciers a rc noted as having surged in Liesto l (1988) and Hagen and othe rs (1993); in the abse nce of thc usua l structura l indications of surge-type 
behm'iour, in thi s paper the inferred surges arc rega rded as normal ;\ieoglacial adnlllccs with stccp fromal clilTs. 

t Uvcrsbreen was inferred by CroOl (1988) to be of surge type on the bas is ofa well-de\'e1oped "push-moraine"complex; it has been a rg ued that this mora ine 
compl ex was not produced by a surge. while other moraines of thi s type are not necessa ril y restricted 1.0 surge-t ype glaciers (Hambrey and Huddan , 1995). 
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Fig. 3. Ma/)s if ice structures at the termini if two Sualbard vallf..Y glaciers, derivedji-om aerial photographs. ( a) M idre Loven­
breen, inferred to be if the non-singe ty/Je, based on 1991/)/zotogra/)hs. Ti-ains if sU/Jraglacial(v derived debris, linked to medial 
moraines, extend across the /Jroglacial area. ( b) Finsterwalderbreen, a sll1ge -ty/Je glacier in its quiescent stale, based on 1995 
j)/7otograj)/ts; cross-Jections ojparts if the glacier de/Jiel stru(/u ral relalions/Zi/)s and st)'les of' fo ldillg; cross-section tOj) lift is /Jar­
aLlel to icejlow, the ot/zen are tmnsve1'Se to jlow. (c) Lit/wLogiml assemblages, indimled b)' encircled Lellers. 
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as is normall y the case, a debris laye r emerges at one or 
more point sources, and becomes progressi\'Cly more 
broadl y spread across the ice surface as morc of the folded 
layer is ex posed by abl ation (Fig. 4a). The norm al up-glacier 
plunge m ay be altered to a transverse auitude where looped 
mora ines have developed in surge-type glaciers (Fig. 4b ). 
Differenti a l melting often enables the detailed form of the 
folds to be established with confidence (Fig. 3 b ). 

Less common is chevron-style folding, wh ere the layers 
demonsLra te a near-uniform thickness ac ross the sharply 
defin ed fo ld hinges (Fig. 5). C hevron folds involving debris 
abl ate differentially to gi\ "C pa rticula rl y clear fold cres t­
lines, which in detail show undulatory trends, a nd occasion­
all y anastomose over disLa nces of se\'era l metres (Fig. 4c). In 
ice with more open folds, th e debris emerges beneath the ice 
surface in a uniform spread (Fig. 4d). Where measured, as 
on Fi nstrrwalderbreen, fold axes appear to have a consistent 
ori enta tion, regardless of their pos ition and in tensity offold­
ing (Fig. 3b ). In all cases the debris-rich layers a re parallel to 
stratification and have sha rp boundaries, ind icating tha t 
they were probably incorpora ted into the stra tification in a 
seri es of insta ntaneous rockfa ll events. 

Debris-rich folded laye rs a re ana logous to folds in 
deformed rocks. From measurements at three sites, two-di­
mensiona l c1as t fabrics a long the crests of folded debris 
layers dem onstrate Lhat the long axes have a preferred orien­
tati on pa ra llel LO the lold axes (Fig. 6a and b ). In kinematic 
terms, Lhis a lignment is probably equivalent to stretching 
lineation in deformed rocks, a nd indieatcs that the max i­
Illum extending cumula tive strain axis i pa ra llel to the fold 
ax is, whereas the maximum compression is normal to the 
ax ia l pla ne. Further data of this type a re needed to verify 
whether this is a uni\'ersal rela Lionship. 

Sll1Jace expression if folding 
As tightly folded debris laye rs emerge, they develop into lin­
ear ridges that widen and merge towards the snout. They 
may be descri bed as media l moraines, but their origin is 
quiLe different from the usua l models thaL are presented for 
these la ndforms (e.g. E yles a nd Rogerson, 1978; Small a nd 
others, 1979). T he ridges L ypieall y extend from severa l 
metres to a few hundred m e tres ac ross the ice surface (Fig. 
3). If the fold axis undula tes relat i\'e to the icc surface, the 
ridge m ay be discontinuous as the debris layer plunges in 
and out of the surface (Fig. 3 b). 

Individual folded debris layers commonly consist of a 
single lithology, but an adjacent layer may be of a different 
lithology. Thus, trave rses across a seri es of fo ld-defin ed pa r­
allel ridges nea r the sno uLS of the se\'Cral g laciers yielded 
multiple successions, with rep C'liLi on of som e beds, as one 
find s whcn mapping a strongly folded geological succession. 
to r exampl e, a traverse ac ross a seri es of ridges of varying 
lithology, from west to eaSL ac ros the snout ofl'vIidre Loven­
breen, showed a vari ety of unilithology mora ines, compri s­
ing schist, phyllite, amphiboliLic gneiss, augen gneiss, a nd 
psammite and phyllite toge Lher. This pa Ltern refl ecLs differ­
elll point sources in the head walls prior to folding within Lh e 
Ice, 

On Finsterwalderbreen, a si mil a r pa t tern emerges, 
alLhoug h because of the much more varied geo logy in the 
source a reas, most ridges comprise distinct liLhological asso­
ciations, rather than single lithologies. This pa ttern is indi­
cated by the encircled letters in Figure 3 b. The inference 
tha t m ay be drawn from these observa tions is that single 
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li thologies, o r lithological associa tions, often represent the 
same stratu m . T heir repeated occurrence on trans\'ersc 
profiles is due to the intersection of the folded debris layers 
with the glacie r surface in \'arious positions, so defining Lh e 
gross structu re of the glacier. 

ShajJe and sorting characteristics !if debris 
In order to ass i. t in the definiti on of debri s-transport paths 
through the g laciers, shape a na lysis was performed on the 
entrained debris (er Bouiton, 1978; Dowdeswell, 1986; Ham­
brey, 1994; Bennett and Glasser, 1996). In the case of m ateri al 
assoc iated wiLh stratification, the seven samples collec ted 
showed strong clustering within the very angula r a nd angu­
la r classes (group 2 data in Fig. 7a ). This shape distribution 
compares closely with mate ri a l collected from scree (group 
1 data in Fig. 7a ). Clear di sc riminaLion from other facies is 
achieved with a n RA/C 10 plo t (Benn and Balla ntyne, 1994; 
Bennet! and o thers, 1997), a nd highlights especia ll y the high 
degree of ang ula ril y of the m a teri a l. 

The degree of sorting of m a te ri a l carri ed by ice is indica­
tive of the ex tent of comminuti on during fl ow. Although, no 
systematic g ra in-size analyses were made on these samples, 
the bulk of the m aterial is in the boulder, cobble a nd pebble 
categories, with minor am o unts of coarse sand. Thus, 
samples associa ted with strati fi cation arc, in genera l, mod­
erately well sorted, indicating littl e comminutio n or reduc­
tion in grain-size due to fros L ac tion. 

Character of stratification in surge-type glaciers 

Surge-type g laciers arc cha racterised by looped moraines 
(e.g. Meier a nd Post, 1969; Post and La Chapell e, 1971; 
Clarke, 1991; L awson, 1996), but the structura l signi ficance 
of these closed loops has ra rely been studied. The structure 
of closed loops was investigated on Finsterwalderbreen, 
H essbreen a nd Pedersenbreen, each of which sha res com­
mon cha rac teristics. Rather than debris-rich zones of \'al­
Icy-side m a teri a l dipping verti call y or steeply in to the ice 
parallel to fo li ation as one might expecL, the debris layers 
compri se m a teri al of angula r character, representing the 
surface express ion of folds with axes plunging gently up­
glacier (Fig, 8a and b). The apices of the loops show a broad 
spread of debris, whereas the li mbs, a ligned para llel to the 
vall ey sides, show more constra ined debris laye rs ofm ocler­
ate dip. Some loops (e.g. those on Hessbreen) show a series 
of such layers. 

Related to loops, but indicating less deformation, a re Z­
or S-shaped fold s, as on Finsterwalderbreen (Fig. 3 b) and 
Pedersenbreen. These folded m oraines refl ect differenti al 
fl ow after surge ice from a t ributa ry has entered the main 
body of the g lac ier and se ttl ed down into stead y-state flow. 
The axia l-pla ne foliation associated with these folds per­
\'ades the entire loop structure, a nd mainta ins a n attitude 
parall el to the va lley sides throughout. In some cases, loops 
may be rota ted in to a transverse att itucle, especiall y if ice 
has to flow a round a sha rp c urve, as on Baka ninbreen. This 
may result in the axes of folds a nd the associa ted foli ation 
developing a transverse ori en ta tion. 

Curious features associa ted with recently surged ice (as 
on Bakaninbreen) are fi elds o f ice mounds a few metres high 
and of the order of 5- 10 m in di ameter. Interna l stratifica­
tion in these mounds someti mes shows a dome-like structu re 
broadly pa ra llel to the externa l morphology. In a few cases 
rings of debris may be associa ted with such m ounds, when 
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the core or the mound may have melted away through dir­
ferential ablation, giving rise to a crater- like structure (Fig. 
4e ). A lthough they are difficult to explain, one possibi lity is 
that these structures arc the product first or transverse COI11-

pression which produces folded stratification with axes par­
allcl to now (as in steady-state now), followed by 
longitudina l compression as the surge front passed through. 
In a geo logical sense, such ice-mound fields represent a 

[~] 

Fig. 4. Rrlationship between stratification and sll/!raglacial debris (glaciers illustrated shol('lI in Figure 1). (a) Emelgellce V 
.wjJraglacial debris up -glacier vthe snout V AIIstre Lovenbreen; the long linear ridges, parallel to longitudinaljoliation, re/Jresent 
the hillge lines V light folds. (b) "Similar-style 'jolding (a/Jell and allenllated limbs, Ihickened hinges) V mlld{£J' supraglacial 
debris ( derir1edJrom shale) in Bakaninbreen; the ice-a ~e shaft is placed along the fold a \ is; note also the weak l'ertiralfolia tioll 
whichJorms all a '(ial planar relationship to the folds. (c) Ridges VSll/JlaglacialfJl deril'ed lIl11dstoneformillg sets V cheurall -t),pe 
folds, tranSl'erse 10 jlou.', dose to the slIrgefront V Bakaninbreen; the ridge crests cif debris are IIlldulat ing and represent fold a res. 
(d) SUjJraglacialry derived mglacial debrisformillg an O/Jell, low-am/i/itudefold if! the middle vaflow unit ill Hessbreen: the 
ice -a \e is at the bOll1ld(l)~)I between a debris -rich stratum (foreground) and a debrisfree stratllm (background). ( e) Ellglacial 
debrisfrom a supraglacial source emelging toJorm a cone-like structllre ill Bakallinbreell; this structllre is iriferred to be a rifoLded 
fold. 
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Fig. 5. Cross-sec lion iLluslrating Ihe slructure of a singlejlow unil. measured by lape and compass/clinomeler in the middle of Ihe 
surge fronl of Bakaninbreen, August 1994. Note the chevron nature of lite ftlding, defined by angular debris r!f two main sedi­
mentaryJacies: angular grovel and gravelly sand. Solid lines betweenjacies boundaries indicale observed structure ( as in gullies 
and slream channels); dashed lines indicate inferred slmcture, The longitudinalfoliation, in axial planar relalionship to theftlds, 
is incfined consistently al 75- 85° 10 Ihe norllt. 

dome-and-basin structure, the product of two phases offo ld­
ing with stresses operating in two near-perpendicular orien­
tations. Such features, howe\'er, would not survive many 
years of ablat ion following a surge, and the well-defin ed 
domes of debris eventua lly become irregular smears on the 
ice surface, 

Debris associated with foliation 

Longitudinal foliation is a ubiquitous structure of all the 

g laciers studied. In contrast to what happens in many a lpine 

glaciers wh ich have icefall s (e.g. Al ien and others, 1960; 

SUPRAGLACIAL DEBRIS 

Hambrey and Milncs, 1977), longitudina l foliation is not 

overprinted by arcuate foliation, so generally can be traced 

from the equilibrium li ne a lmost to the snout. Following Al­

Ien and others' (1960) dcfinition of ice types, longitudinal fo­

liat ion is t ypica ll y composed of coa rse bubbly, coarse clear 

and occas ionally fine-gra ined ice (Fig. 9), Tt is generall y 

most ob"ious near the ice margins and at fl ow-unit bound­

aries where the foliae are closely spaced, and m ay d isappear 

comple te ly in the middle o f broad flow units, a lthough this 

depends on: (i) the extent to which the ice is constricted as it 

leaves the upper basin; and (ii ) whether la rge amounts of ice 

FOLIATION-PARALLEL 
SUBGLACIALLY DERIVED DEBRIS 

a FINSTERWALDERBREEN b KONGSVEGEN c KONGSVEGEN 

76 

\ 
Strike of 81 

Fig. 6. Two -dimensional dasl -orientation data in sllpraglacialfJ' and basal£y derived debris in zones parallel 10 longitudinal 
.foliation, Finslerwalderbreen and Kongsvegen. The jneferred orienlation is exactly paroLlello longiludinaljoLialion, which in tum 
is ajJproximalely paroLlel to inferredflow dimlion. 
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are tra nsferred throug h the system without sufTicient 
interna l d efo rmation, such as during a surge. Contras ting 
examples are non-surge-type White Gl ac ier which has 
strong long itudinal foli a ti o n throughout m os t of its width 
(H a mbrey a nd M Liller, 1978), a nd surge-type Hessbreen 
which has o nl y locali sed foli a ti on nea r the m a rgins a nd a t 
now-unit bo undari es (H a mbrey a nd Dowdeswe ll , 1997). 

The o ri entation oflo li a ti o n remains m a inly within 1.5 of 
the ve rti cal, except near the margins whe re the dip oft en 
dec reases ra pidly to a pproach that of' the bed . Norma lly, thi s 
rel a ti onship is the res ult o f <' transpositio n" o f' older layering, 
and invo lves isoclina l fo lding with a ttenu a ti on of limbs 
(H a mbrey, 1977; H ooke a nd Hudleston, 1978). H owever, in 
the Svalba rd glaciers, th e f'o li ation cross-c uts the more open 
folded laye rs in a simil a r m a nner to sla ty c!ea\'age in rocks 
[olded in a m ore open style. Where the foli a ti on is stronges t, 
however, the stratificati o n m ay be completely ove rprinted. 

D ebri s is associated w ith [oli a ti on in a va ri ety of ways: 
(i) di ssemin ated unevenl y th rough the ice in low concent ra­
ti ons (Fig. lO a ); (ii ) concentrated as thin (sub-centimetre) 

zones in fin e fo li a ted (heavily shea red ) ice; (iii ) as concen­
trated laye rs up to se\'e ra l cm wide in which the proporti on 
of debris m ay exceed 50% by volume (Fig. lOb); (iv) as di s­
continuous pod s up to severa l cm wide, slightl y cross-c utting 
but trending sub-pa rall el to the foli ation; (\' ) bo th di ssemi­
nated a nd concentrated in laye rs in folded fo li a ti o n se­
quences, where the foli a ti o n may be deri ved from 
stratifica ti o n, but not demonstra bl y so (Fig. 10c ). Of these, 
the di scontinuo us pods were o n ly observed on K ongsvegen, 
a nd may be rela ted to deform a tio n of a grave l-fi li ed cha nnel 
that onee trended para ll el to the foli a tion (Ben nett a nd 
others, 1996a). Simil a r features have been desc ribed recently 
from g lac iers in Iceland a nd New Zea la nd (Kirkbride a nd 
Spedding, 1996). 

Unlike debris layers pa ra llel to stra tilicati o n, fo li a ti on­
pa ra ll el debris comprises a wide ra nge of shapes, with a pre­
domina nce of suba ngul a r a nd subrounded elas ts (g roup 5 
data, Fig. 7), which resemble debris that was ex tracted from 
basal ice (g ro up 4 data ). In additi on, depend ing on the 
lithology, m a ny o f the clas ts show face ted a nd stri a ted sur-
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Fig. 8. Alodification ofstratification-fJarallel debris layers in 
sll rge-tyjJe glaciers. ( a) M oraine loops at the east margin of 
Hessbreen; iceflow is to the right; the debris layers re/nesent 
the swjace exjmssion of Jolds with axes gently dijJjJing up ­
glacier to the lift. ( b) M oraine loops of a more diJfilSe nature 
near the west margin of Finsterwalderbreen; these assymetri­
caLJold structures have steep limbs where the ice/debris bound­
my is cLearLy difined, and gently dipping limbs where diffuse; 
theJold axesJor711 a velY low angle with the ice surface, with a 
relative dip up -glacier to the right. 

faces, especia ll y limestones a nd mudstoncs. The sediment is 
poo rl y sorted, with a la rge proportion (30% or more) of 
mud, in addition to sand and gravel. Boulders are smaller 
tha n those concentrated in stratification, ra rely exceeding 
I m in di ameter. 

A lthough most foli ati on-related debris of basal deriva­
tion is concentrated in margina l foliati on, a number of 
examples of medialmoraines eonta i ni ng sueh materi a l have 
a lso been noted. A small ridge near the snout ofKongsvcgen 
(Fig. lOb) runs para llel to foli ation for at least 100 m, emer­
ging from clean ice as a debris-bearing fold , with steep limbs 
a nd a fold axis gcntly plunging up-glacier. This ice is coarsc­
gra ined and clear, a nd had the appearance of regelation icc, 
fo r example the "stratified facies" of Knight (1997; fig. 8). 
Furthermorc, the two-dimensiona l c1asl fabric shows a pre­
ferrcd orientation pa rallel to the foli a ti on, although this is 
not as strong as fo r debris assoc iatcd with fo ldcd stratifica­
tion (Fi g. 6c). A much la rger ridgc of basally dcrivcd debris, 
running para ll el to fo li ation in thc middle of a large media l 
mora ine, is evident further up-glacier; thi s must have bccn 
uplifted at least 100 m from the bcd. Near thc snout of 
H essbreen, a prominent septum of basa l debri s with a num­
ber of point sources is evident in the co re offolds conta ining 
supraglacia l debri s. 

78 

A 

o 5 
cm 

B 

10 

c 
1nl 

D 

Description of ice facies: 

A Coarse bubbly ice with crystals typically 2 cm diameter; bubbles 
in trains, mainly spherical to slightly elongate up to 2 mm diameter; 
little debris. 

B Coarse clear ice with crystals up to 5 cm diameter 

C Debris-rich ice with mud to pebble-sized material , with larger clasts 
elsewhere ; subrounded and subangular shapes dominant 

D Coarse clear ice with crystals typically 1-2 cm in diameter; numerous 
mud clots at inter-crystal boundaries 

Description of ice facies boundaries: 

Planar discontinuity defined by 2 mm wide zone of bubbles; crystal 
boundaries do not cross the discontinuity; branching plane has 
clots of mud 

II Boundary defined by the serrated edges of angular ice crystals; 
mud-clots up to 2 mm diameter at coarse clear ice boundaries 

Fig. 9. Clystal structure associated with debris-richJohated 
ice iflongitudinal orientation al the surface ifBakaninbreen, 
just below surge Font in 1994. T he debris is ajJparently of 
basal origin. 

Debris associated with arcuate transverse layers 
(thrusts ) 

Origin if arcuate debris layers 
Fracturing in glacier ice is a common phenomenon, so that 
by the time the ice reachcs the snout, numerous intersccting 
sets of crevasse traces a re visibl e, prcsumabl y refl ecting 
several gcnerations of crevasse formati on. ' '''here glaciers 
have stecp sides, some fr acture-sets taper up from the basal 
ice layer in a convex down-glacier arc. These se ts intersect 
the surface at a va ri ety of angles: typically 20- 400 for non­
surge-type glaciers and up to 60- 700 for surge-type glaciers 
(H ambrey a nd others, 1996). These same fractures may form 
gently curving arcs at the glacier surface, a nd some are as­
sociated with debri s. 

Such fractures havc a vari ety of origins. Firstly, they 
could simply be rotated transvcrse crevassc traces (er. H a m­
brey and Mu ller, 1978), the debris having washed or fa llen 
into open crevasses. Second ly, they may be basa l crevasses 
into which debris has been squeezed (Sharp, 1985) and then 
deformed by differentia l fl ow. Thirdly, they could be thrusts, 
as described by H ambrey a nd others (1996) and Murray a nd 
others (1997). 
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Fig. 10. Debris inc01porated in Longiludinal foLiat ion. (a) 
lce-lIlclIginaL folialion, Hessbreen, cOll1jJrising disseminated 
debris ir!femd to be cifbasal origin. (b) Septll l11 qflllud, sand 
and gravel, incorporating striated boulders, itifened to be de­
ril,edfrom basal till. snout qf Kongsllegen. (() FoLding cif the 
'~,illlilar -f)IPe "folding alld associated folialion, wilit sand)' 
gravel qf/JTesumed basal origin, Pedersenbreen. 

CrileriaJar the recognilion qfthrusting 
Th r usts may be recognised on the bas is of tl1(" follow ing cri­
teri a : 

(i) e\·ide nce of di screte trunca tion of o lder structures (e.g. 
CIT\'asse traces o r stratificati on ), with the up-g lac ier ice 
riding O\'er down-glacier ice; thi s provides the bes t in­
dica ti on of thrusting; 

(ii ) zones of myloniti sed ice (fine ice with microshears ), as­
sociated with the frac tures; these may be ev ident in re­
cen tly act in' ice (e.g. in Baka ninbreen which surged 
recentl y; H a mbrey and others, 1996); 

(iii ) clean frac tures with na rrow zones of debris-rich basal 
ice, or e\'en slabs o f frozen subglaeia ll y derived sedi­
m ent, above; 

(iv ) sh a rply defin ed zones of coal' e clea r ice (a few cm to 
0.5 m wide), which represelll rccrysta llisation a fte r 
thrust formation; 

(\' ) direct measurements ofdisplace ments in ac tive ice; th e 
o pportuniti es for these, however, are remote, as m os t 
fractures may no longer be active. 

It is ra re for all of these criteria to be fulfill ed. However, 
if onl y one or two struc tures show these cha racteristics, a nd 
numerous other structures di splay a similar form and geom­
etry, the implication is tha t they all have a common genes is. 
It is rare that one can "p rove" that thrusting has taken place 
in Svalba rd glaciers, but the authors believe that the weig ht 
of evide nce indicates tha t thi s is an important process, a nd 
tha t m os t of the arcua te d ebris layers are indeed thrusts. 

RelatiollsizijJ between ice /yjJes and debris in thrusts 
In de ta il, the thrusts o r thrust zones recognised in the Sva l­
ba rd g laciers studied a rc often structura lly complex. At 
their simplest, they a rc represented by a clean fracture, 
sometimes with a thin sm ear of mud. Most common are 
zones of coa rse clea r ice several cm wide with sha rpl y 
defin ed boundaries a nd a suture in the middl e. Thi . ice 
proba bl y became rec rysta ll ised foll owing cessation of move­
ment. Ncxt arc zones o f clear, strongly foli ated ice seve ra l 
cm wide, with irregul a rl y disseminated debris of mud to 
gravel size, which resembl es regelation ice derived from the 
bed. M ost striking arc zones up to 0.5 m wide, composed of 
many sediment types, which have onl y limited interstiti a l 
ice. Z ones of myloniti sed ice arc ra re since acti ve thrusting 
today is probabl y uncommon, except in g lac iers that have 
recentl y undergo ne a surge, and such ice rapidly rec rysta l­
li ses. 

Normally, on the surface of the glacier, debris is exposed 
in a na rrow zone extending for seve ral m etres, but the frac­
ture bearing the secli m ent may extend fo r 100 m or more 
(Fig. Il a ). In \'ertica l sec tions, where the entire depth of a 
thrust zone may be obse rved, as at H essbreen, the sole 
thrust m ay be at the contac t between the bed and the basal 
ice, but one or two additional bed-pa ra llel di splacements 
may a lso be identifi abl e in the regelati onice layer. Such di s­
place ment zones arc ve ry rich in debris, a nd it is from the 
uppermost of these tha t the main se t of thrusts ri ses (Fig. 
lIb a nd c ). By this means, typica l basa l ice facies (Hubba rd 
and Sha rp, 1995; Hubba rd and others 1996) may be uplifted 
to ele \ 'ated positions within the ice mass (Fig. li e and f), and 
may even be o\'C rturned. Once the debris reaches the sur­
face, a bl ati on concentra tes the debri s, which in turn retards 
abl ati on loca ll y. Thus, prominent ridges form, the up­
glac ier face commonly prese rving the ang le a nd rectilinear 
form o f the thrust (Fig. lId ). 

The di stribution o f d ebris in thrusts is highl y irregular. 
Exa mples observed a t K o ngs\'egen show thick sediment 
wedges a t the base, thinning out g radua ll y or ending 
abruptl y several metres a bove the base, Some thrusts have 
subsidia ry thrusts; oth e l-s bifurcate, bo th with and without 
debris. Some thrusts terminate abruptly before reaching 
the surface, and hence a rc termed "blind" (Murray a nd 
others, 1997). The lack o f obvious thrusts at the surface of 
many g lac iers, except in the lowermos t kilometre or so, 
may be because the thickness of the ice h as a strong bea ring 
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Fig. 11. Incorporation qf subglacial debris by thrusting. (a) View qf lower part qf surge-type Hessbreen in its quiescent state 
showing transverse ridge qf sandy gravel, as well as debris free thrusts. (b, c) Dead ice at snout qf Hessbreen, illustrating low ­
angle dicollement sUlfaces ]ram which modemte6lhigh-angle thrusts have propagated. T hese were probably formed in active ice 
during a sll/ge. Ice rich in basal debris is dark-coloured, some qf which penetrates the light -coloured supraglacial debris at the 
sUljace. Relatively clean ice, though smeared with debris on the sUljace, is indicated by white areas above stream in (c). ( d) 
T hrusts bearing a low concentration qfsandy graveljorming mounds at the sll1face qf M idre Lovenbreen, as a result qf differential 
ablation. (e) East margin qf Midre Lovhzbreen illustrating low -angle thrusts. (j) Close-up view qf thrust zone marked T in 
Figure le, showing basal debris-rich regelation ice below the sharp displacement at the top qfthe photograph. 
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on whether thrusts remain blind . Although some thrusts 
may be reaCliYa ted from older cre\ 'asse traces, as on White 
G lacier, Axel H eiberg Island (H a mbrey and l\ fUll er, 1978), 
most appear to be later, cross-cutting structures. H owever, 
subsidiary thrusts sometimes ap pear to take advantage of 
ex isti ng layer ing (e.g. strati fi ca ti on). 

Although it is likely from the above cvidence tha t thrust­
ing is the dominant means whereby debris is lifted to a high 
eng lacial or supraglacial position, this process is not the 
onl y indication of deforma tion processes at the bed. E\'en 
bclorc thrusting takes place, layers (such as regelati on laye r­
ing and stratifi cation) arc subj ec ted to recumbent foldin g 
which, if taken to its ultimate limit, results in the shearing 
o fT ofth e lower limb of the fo ld a nd the initiati on of a thrust 
(Fig. 12). The fo lding process itself thus prO\'ides a mechan­
ism for uplifting debris, as has been described previously, 
but without thrusting, by Hudleston (1976). 

Sedill7entology I!! tlirust debris 
Sedimentary facies assoc iated with thrusting a re much 
more variable than those derived l'rom supraglac ia l sources. 
Dia miclOn h as been noted on the sur[ace of several g laciers 
(Fig. 13a ), nota bl y Bakaninbreen a nd Kongsvegen, both 
surge-t ype g lac iers. The dia mic ton is massive or weakly 
stra tified, and contains materi a l [rom elay to bo ulder size 
o[ vari ed litho logy, and the g ravel el as ts a rc common ly 
stri ated a nd face ted. Clast shap es range from ve ry angu la r 
to rounded, with a predomina nce o[mean va lues in the sub­
a ng ular and subrounded catego ri es (Fig. 7). The di sc rimina­
tion with suprag lac iall y deri\'ed debris is demonstrated by 
mea ns o[an RA/G lo plot (Fig. 7b). All these a tt r ibutes indi­
cate that thi s fac ies is deri\"Cd [rom basa l glac ia l debris or 
subglacia l till. Di amicton does not form clea rl y defined 
ridges, because on contac t with melting ice it Oows readil y, 
thus smea ri ng the ice su rface, com manl y for some tens of 
metres. 

/\I so common a re sand y g ravels and grave ll y sands, in 
which the g ra in-size distribution is much na rrowe r than for 
di am icton. Pebbl e- a nd cobble-sized materi a l is normal, and 

in cleaned sections appears to be rela ti vely strueture less 
(Fig. 13b), Gravelly sand facies, however, sometimes pre­
se rve plane-bedding and eross-beddi ng, inherited [rom the 
so urce materi al a nd littl e modifi ed despite being upliftedlO 
the surface. Cias t shapes resemble those in di amieton, con­
firming the findings in the proglacial area that glaciofluvi a l 
sediments and diamictons have similar clast-shape distribu­
tions (Fig. 7; cC Bennett and others, 1997). 

l\1ud, sometimes with sand, commonly forms thin films 
on otherwise debris-free, thrust surfaces, but it is likely tha t 
at depth, diamicton is present and provides the source [or the 
mud. On one glacier, Bakaninbreen, the bed is below sea 
level, a nd the mud is thus probably o[ g laeiomarine origin. 

The fabric of c1asts associated with thrusts has been 
measured at several localiti es (Fig. 14). Compared with 
basal ice, which has a strong [abric para ll el to Oow (Fig. 
14a), thrusts have weak gird le (Fig. 14b), or multi-maxima 
(Fig. 14e and d ) fabrics. However, in the case of one low­
a ngle thrust uplifting basa l ice, the origina l fabric parallel 
to south- north Oow is preserved, a ltho ugh it is weakened 
by the development of a transverse fa bric (Fi g. 14e). At none 
of the sites do the c1ast fabrics associated with the thrusts 
show any clea r geometrical relationsh ip with the thrusts. 
Perhaps the pre-thrusting fabri cs a re a lready variable, while 
the thrusting process itse lf can modify the fabric sig nifi­
cantl y or not at all. 

DISCUSSION 

Debris entrainInent and transport InechanisIns 

Several modes of debri s en trainment a nd subsequent defor­
ma tion have been identifi ed in poly th e rm a l glaciers in Sva l­
ba rd: rege lati on a nd shea ring in basa l ice; folding of 
stratificati on; incorpo ra ti on of basa l debris in fold-gener­
a ted foli ati on; deposition in foli ation-pa ra ll el supraglacial 
a nd englac ial streams followed by defo rm a ti on; and thrust­
ing. Of these, the regelation mecha ni sm has not ye t been 
studied in any de ta il in Svalbard g lac ie rs. H owever, it is 

~,~.~,??. , (clouds) , .~ 
,,",,:-::::-;;:c:~:-.--~. _--..,-,------ - . --.:= . - . .,.-,.-

H a n s b 

.. d . 

Cliff height estimated at 5 - 15 m high 

r e n e 

Hornsund 

(glaCier 
mainly sno SUrface; 

W-covered) 

Fig. 12. Sectioll along west mmgin qf Hall,fbreen, illustrating the rela tionships between debris (stiPfJled), thrusting with debris 
entminll7ent ( thick Lines) and recumbentJolding ( titilllilles) ( dmwnJro17l pllOtogra/J/z s). 
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Fig. 13. 7j/Jical sedimentmy f acies associated with thTllsting. 
(a) Diamicton eme7ging at a high-angle thrust which has 
brought debris -rich basal ice to surface; jlowage rif the re­
leased debris has smeared the gLacier surface, close to the s1l7ge 
ji-ont rif Bakaninbreen; titis material is inferred to be typical 
basal debris or till. (b) Cleaned cross-section rif a mass of 
thmstsand)! gravel at the snout qf Pedersenbreen; this materi­
al, inter/neted as glaciofltwial sediment, contains only a min­
or al710unt rif interstitial ice, and the mound is almost 
disconnectedji"Ol77 the glacier. (c) Rounded gravels emerging 

Ji"Ol77 t hmst a tthe S710ut rif ivfidre L ovenbreen in contrast 1.0 the 
angular rockjall-derived supraglacial debris to the lift.; these 
gravels are /JTovisional[y interjJreted as reworked raised beach 
deposits. 

know n from other glaciers in th e Arctic that severa l metres 
of regelation ice may bui ld up (e.g. Gemmell and others, 
1986), whil e in alpine glac ie l-s as many as seven different 
basal ice facies hm'e been identifi ed (Hubbard a nd Sharp, 
1995; Hubba rd and other ', 1996). 

82 

a 

b 

cl 

e 

STEENBREEN 
(basal ice) 

BAKANINBREEN 
(high-angle thrust) 

. · .· 0 

MIDRE LOVENBREEN 
(mod. Iow-angle thrust) 

MIDRE LOVENBREEN 
(Iow angle basal 

ice thrust) 

8 , = 0.653 
82 = 0.318 
83 = 0.029 

Fig. 14. Glast fa bric datafrom thrusts in various glaciers; 
Schmidt lower-hemisphere equal-area projecl. ions including 
point pLots, contour plots with contours at 2% intervals jJer 
I % of area, and eigenvalues. Fifty clast s were measured at 
each site. 

T he supply of rockfall debris, its subsequent transport in 
a high-level positio n, and its role in the development of 
med ia l moraines on valley glaciers has received much atten­
ti on, especially in A lpine regions (e.g. Bouiton, 1978; E yles 
a nd Rogerson, 1978; Boulton a nd E yles, 1979; Small a nd 
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others, 1979). However, the role played by la l"ge-sca le folding 
within glaciers in the production of medial moraine systems 
doe not appear to have been widely recogni sed. Large­
scale folding may be associated with g laciers ofa particul a r 
morphology, that is those contain ing multiple acc umu lat ion 
basins, fe eding into a narrow tongue with no icefa ll. 
Glaciers of thi s morphology represent the normal type o f 
self-contained \'all cy g lacier in Svalbard today. In order to 
expla in the relationships between the distribution and form 
of debris layers, a nd the prima ry folded stratification, a con­
ceptual model (Fig. 15) h as been developed. This shows in 
pla n v iew and cross-sec tion how debris which fall s into the 
upper acc umulat ion basins is transported a long converging 
Oowlines (profi le AN ). This results in folding of the stra tifi­
cation, espec ia lly where tranS\'e rse compression is strong at 
the narrowing of the g lacier channel (profi le BB'). This fold­
ing is not of uniform intensity, but is characterised by zones 
of tight and isoclina l folding. It is the emergence from an 
englacia l position of tightl y fold ed debri s-bearing limbs, 
trending pa ra llel to ice Oow, that produces medial moraines 
(profi le CC' ). 

In the co res of some tightly fold ed zones, in which a 
strong axia l- planar longitudinal foli at ion is de\'eloped , 
debris of subglacia l origin is present, espec iall y in the lower 
I km or so of the glacier. Although some a uthors hm'e a r­
g ued that basal glacia l debris can be incorporated into an 
englacia l position under conditions of diverging ice Oow 
which resu lts in a type of helicoidal Oow within the iee body 
(Shaw, 1975; a rio, 1977), these ideas a re contrary to our un­
dersta nding of basa l ice m echan ics (Menzies, 1995). Perhaps 

] 
b Cross-sections 

] 

Rockfall from ridges bordering 
upper reaches of glacier, 
forming spreads of supraglacial 
debris; burial of debris 

Converging flow and initiation 
of folding of stratification and 
supraglacial debris layers 

Zone of strong lateral compression, 

~:~~~i~~~~O~O ~~~~~b~i~ r~~~~~~ 
development of axial plane foliation 
of longitudinal orientation 

Emergence of Mmedial moraines· as 
strongly folded layers of supraglacial 
debris derived from upper reaches of 
accumulation area 

ridges bounding upper 
glacier basin 

rockfall debris derived 
from ridges 

flow lines 

stratification 

~ debris concentrations 
Jl~ associated with 

V - stratification 

Fig. 15. Schematic diagmm illustrating the progressive down­
glacierJolding ojstmtijicaLioll, illcluding debris layers, 

more reali sti c is the model de\'eloped by Eyles and Roge r­
son (1977) for temperate Berendon G lacier, British 
Columbi a, Canada, whieh invokes il~ ec ti on of basal mar­
ginal debris in deep crevasses, and redi stributi o n by shear­
ing at the zone of cO I1\ 'C rge nce between two glaciers. 
However, in the S\'albard g laciers slUdied we h ave evidence 
for a differe nt mechanism. This involves folding with axes 
parallel to fl ow deep within the glacier, in th e Sil llle way th at 
the materi a l transpo rted a t a high le\·el is a lso folded. In 
other word s, the basal debris forms simply the 10\\'C r pan 
of the fold sequence, but where the folding is most intense. 
this basal d ebri s can reach the surface (Fig. 16). This basal 
debris m ay be contained in regelation ice, o r it ma) rep­
resent deform a ble till. In a ny case, to expla in the fold geom­
etry, whic h in relation to the bedrock must ha\'C a 
disharmonie relat ionship, deformable materia l a t the bed 
needs to be envi saged to act, possibl y in assoc iation with 
sliding on bed rock, as the p la ne of dccoll ement, a t the ice/ 
bedroek inte rface. In a typ ica l poly therma l g lac ier, the dc­
collemelll is unlikely to occ ur nea r the snout as the ice is 
frozen to the bed. Instead , it is inferred that the struct ure 
form ed in the m a in zone o f convergence, before being trans­
ferred relat ively passi\'C ly through the na rrow tongue, It is 
accepted that, a lthough thi s model seems to best fit the 
structura l a nd sedimel1lo logical e\'idence, it needs to be 
tes ted. Thi s wo uld best be ac hie\'ed by means o f deta iled 
structura l m apping, the appli ca tion of ground-penetrating 
radar techniques, as demonstrated 011 Ba ka ninbreen (r-,rur­
ray a nd o the rs, 1997), combined with borehole st udi es of the 
glacier inte ri o r a nd the bed. 

n debris-free 
I \ stratification 

\ stratification with VVJ supraglacial debris 

\ III 
\ I I I longitudinal 
\ t I ! foliation 

~ basally-derived 
~ debris 

c.200m I 

Vertical exaggeration 
approx. x 4 

Fig. 16. Schematic cross-sectioll q/lou.'er /Jart q/ a Sl'albard 
vall/!.y glacier, illllstrating Jold s~)'lej alld sllbglacial debn:, 
septlll7l . 

The role o f thrusting in the incorporati o n of debris has 
now been delllonstratedusi ng structural and sed i mentologi­
cal c\·idencc in several S\'a l ba rd glac iers (e.g. Boulton, 1970; 
Bennett a nd others, 1996b; H ambrey and oth ers, 1996; Ham­
breyand Dowdeswell , 1997; t\[urray and othe rs, 1997; Glas­
ser and others, 1998). Furthermore, the process has actually 
been observed to take place during a surge of a temperat e 
glac ier (Sha rp and others, 1988). 

Character istically, except for iso lated examples, thrusts 
mainl y beg in to appear a t the ice surface within I km of'th e 
snout (Fig. 17). H o\\'e\'Cr, obsen 'ati ons a long steep glac ier 
Oanks sugges t th at the reason so few reach the surface higher 
LIp is because they are"blind" in ice more th a n se\ 'Craltells of 
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Fig. 17. Schematic three-dimensionaL view if the snout qfa /yjJ icaL receding SvaLbard valley glacier, showing relationships betweenJolded 
stratification, LongitudinaLJoLialion, thrusting and debris distribution. 

metres thick, i. e. the thrusts only propagate through the 
lower part of the ice m ass. Most thrusts a re not associa ted 
with significant volumes of debris, and most of those tha t 
do have debris ridges ex tending latera ll y for onl y sever a l 
metres (Fig. 17). Exceptiona ll y, howeve r, indi\'idual debris 
ridges extending for 2 km have been noted, as on Uvcrs­
breen (Hambrey and Huddart, 1995). These observatio ns 
sugges t that debris incorporation is non-uniform. Possibl y, 
meltwater locally facilita tes enhanced di splacements a long 
thrusts, enabling debris to be uplifted preferenti ally in such 
positions. Certa inly, on ra re occasions, e\·idence for sub­
glacial water di scharge a long short leng ths of thrusts has 
been documented, as on Bakaninbreen (Hambrey a nd 
others, 1996). Alterna ti vely, concentra tions of debris m ay 
occur where two thrusts intersect, as di sc ussed by Bennell 
and others (in press ). 

In order for thrusts to develop, sliding displacements a re 
necessa ry within the ice. Water is an ideal medium for lubri­
cating thrusts; hence, their initi ation is m ost likely to occ ur 
in temperate ice. In m any cases, thrusts appear to be in­
itiated in regelation ice, a nd a sole thrust m ay develop pa r­
a ll el to the regelation layering, but then rise upwards in a 
convex down-glacier arc (Fig. llb). As suggested by Cl a rke 
and Blake (1991) and H ambrey and Hudda rt (1995), thrust 
initia tion may take place preferentially where sliding ice 
meets ice that is frozen to the bed. Simila rly, propagati o n 
upwards probably norma ll y requires temperate ice, so if 
the upper part of the ice m ass is cold, the thrust may tcrmi­
nate before breaking the surface, and would therefore be 
blind. Thrusts may also propagate upwa rds from bedrock 
irregul a riti es, especia lly where ice is Oowing over a rock 
step. H ere, a d<':co llem ent surface extends from the top of 
the step, which allows the upstream ice to fl ow much faste r 
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than icc in the lee of the step. This mechanism is ev ident in 
cliffs at the m a rgin ofHessbreen, where the basal zone could 
be observed. 

In m any Syalbard g laciers today, thrusts occur in ice 
which is probably cold. Therefore it is unlikcly that they 
formed where they a re now visible. Ei ther they formed 
much higher up-glacier, wh ere temperate ice is present at 
the bed, or formed when the thermal regime was different, 
such as during the Neoglacia l m ax imum when the glaciers 
were much thicker. E\·idence that the ice is structurally in­
active in a t least one of the glaciers studied (NIidre Lo\'<':n­
breen) com es from the coarsely crystalline na ture of ice 
adj acent to a thrust with strong preferred optic axis ori enta­
tion beari ng no relation to the ori entation of the th rust (Fig. 
18). This ice p robabl y gained its presellt fabrie in the low­
stress conditions that charac terise the ice front today. 

Com.parison of debris transfer m.echanism.s In 

surge-type and non-surge-type glaciers 

All of the debri s-entrainment m echanisms, described abo\'e, 
apply to bo th surge-type and normal glaciers in Svalbard. 
Thrusting o f basally deri ved debris towards the glac ier sur­
fare is a feature of both typ es of glacier, a lthough in norma l 
glac iers the surface expression of thi s process is limited 
mainly to within a few hundreclmctres of the snout, whereas 
in surge-type glaciers, thrusting may be evident much 
further up-glacier. It is thus likely that the greater propen­
sity for thrusting in surge-type glaciers is responsible for 
their assimil ating a la rger am ount of basal debris than nor­
mal glaciers, although this is not refl ectcd in the di stribution 
of debris a t the surface. 

There a re some subtle differences in the manner in 
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Fig. 18. lce-Cl),stalfabrics ( c axes) near snout of Nlidre Love­
nbreen ( northeast side), plotted on Schmidt equal-area J)Tojec­
tion ( lower hemisphere); contours at 4 % intervals per 1 % of 
area; nllmbe-rofcrystals = .50. c axes were oblained by measur­
ing the basal plane of large crystals ( >1 cm), defined by flat­
tened bubbles in weathered ice. Pole to thrust plane indicated 
by (7"05S. 

which suprag lac ially derived debris is transported. In surge­
type glaciers, the folding is relatively ge11l1e and may lack an 
ax ial plane fo li ation . Surface moraines arc commonly in the 
form of loops, refl ecting fo lding of supraglacia lly deri\'ed 
debris layers, accompanied by rotation of fo ld axes. In nor­
mal glaciers, folding also occurs, but may be tighter, and the 
res ulting supraglac ial mora ines a rc linear. These character­
istics may be transmitted to the proglacial area during de­
position; for example, a former moraine loop of surge-t ype 
Pedersenbreen can be mapped out as a curving tra in of an­
gular debris in the proglac ia l a rea. 

Basally derived debris associated with longitudinal folia­
tion seems equally preva lent in both types of glacier. It gen­
erall y is best developed nea r the margins, but occasional ly 
form s longitudinal septa in mid-g lacier; however, these fea­
tures were only obsen'ed in two surge-type g laciers (H ess­
breen and Kongsvegen). 

CONCLUSIONS 

Analysis of the distribution and character of debris trans­
ported in severa l poly therm a l va lley glac iers in S\'albard 
demonstrates the importance of ice-tectonic processes that 
have been unrecognised or underestim ated previously: 

(I) The development of medial moraines is related to the 
incorporation of roekfa ll debris into the firn and ice 
within broad accumulation basins, followed by fo lding 
in response to lateral compression as the ice moves into 
a narrower tongue. 

(2) It is suggested that the effec t of the sa me pha "C of fold­
ing at the base of the ice mass results in the high-level 
incorporation of glacia l debris of basa l character from 
a bed of deforming ti ll , to form longitudinal r idges at 
the glacier surface (Fig. 16). 

(3) Incorporation of debris-rich basal icc and a \'a rie ty of 
subglacial sedimentary facies by thrusting commonly 
results in large masses of debris vvhich are transported 
towards the surfaec of the glacier, and depos ited to 

form transverse ridges (Fig, 17), The initiat ion of thrust­
ing is facilita ted by (i) the transition from basal sliding 
to frozen-bed conditions near the terminus, (i i) the 
presence of bedrock steps, and (iii ), in a surging g lacier, 
the passage of the surge front through the system. 

A number of implications arise from this work . Firstl y, 
the di stribution of fold-rel ated ridges composed of rockfaJl 
debris has the potential, when combined with mapping of 
the source areas, of not only tracing particle paths throug h 
the glacier, but a lso defining the large-scale structure of the 
lower part of the g lacier, Work of this nature would be en­
hanced substantially by the application of techniques to 
determine distribution of debris at depth in the glacier, such 
as ground-penetrating radar. Secondly, understanding th e 
di stribution of debris within the glacier system in the con­
text of ice-structural e\'olution allows the de\Tlopment of 
improved models for the ex planation of certain glacial de­
positional landforms, For example, Omv-parallel linea r 
ridges of angular debri s are the proglac ia l continuations of 
medial moraines th a t were formed by strong foldin g of 
layers of rockfall-derived debris; while deposition from en­
glacial debris-bearing thrusts leads to the de\"clopment of' 
at least one form of "hummocky mora ine". 
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