
Journal of GlaCJiology , Vol. 30 , No . 104, 1984 . 

ENGLACIAL DELTAIC SEDIMENTS AS EV IDENCE FOR BASAL FREEZING 
AND MARGINAL SHEARING, LEIRBREEN, SOU THERN NORWAY 

By CHARLES HARR IS and KEITH BOTHAMLEY 

(Geograph y Section, Department of Geology, Un iversity College, P.O. Box 78, Ca rd iff CFI IXL, U .K. ) 

ABSTRACT. A frozen eng lacial band of current- bedd ed silts, sa nd s, a nd 
g ravels were observed close to the snout of th e temperate glacier Le irbrccn . 
Little-disturbed sedimentary struc tures indi ca ted a d elta ic origin , the lack 
o f disturbance showing th at the sedimenls were frozen prior lO th eir incor­
poration by the glac ier a nd did not sufle r shearing d uring glacia l tra nspo rt. 
Tt was concl uded tha t they acc umula ted o rig in a ll y in a subglacia l pool 
w he n th e g lacier was morc ex tensive th an today. Subsequent thinning orthe 
g lac ier du ring recession a llowed penetrat io n o f winter cooling to th e base 
and freezing of sub g lacia l sed im cll ls. T he resu lting laycr of frozen sedim ent 
was pro tected from summ er thawi ng by the overl ying glarir l" and mig ht 
therefore ha\'e bee n subject to ru rt her increase in thi ckness during successive 
\vinters. Incorporation o rlh e frozen sed iment ba nd in to the glac ier resu lted 
rro m com pressive flovv aga inst the margin al zon e or cold-based ice, lea ding 
to th e d e\'elopment of thrust pla nes whi ch pen e trated through th e g lac ie r 
and in to the frozen subglac ial materia l. Shearing a long such a thrust plane 
immed iately below the rrozen sediment layer, brought it through tht" g lacier 
to th e su rface in a relati vely undisturbed state. 

RESUME. Une assise de sMimenl inlraglaciair, de type dellaigue, indice du gel au 
fond el d'un eisaillemenl pres duji'onl au Leirbreen - Norvege du Sud. U n ni vea u 
intraglaciaire gele de li mons, sabl es et g raviers deposes par un courant a e te 
o bserve pros cl u front du glacier tempere d e Lcirbreen . Des struc tures 
sedim erHaires peu penu rbces indiquenL un e o rig in e dcltai·que, I'absencc de 
perturbati on montrant qu e les sedi ments o nt ete gclcs ava nt leur inco rpo­
rati on par le g lacier et n'ont pas sou ffert du cisa illemcnt pend ant le trans­
port g laciaire. On en a conclu qu'ils se sont acc umu les it I'origi ne da ns un 
resca u sous g laciaire alo rs que le g lac ier e lail plus ctendu qu 'aujourd'hui . 
U n amincissement ulteri eur d u glacier a u cours d 'une periode de re tra it a 
permis la penetra ti on ciu refroidissemenl hi vcrn aljusqu'a u fond Cl le gel des 
scdimcnts sous glacia ires. Le ni vea u de seci imcnts gelcs qui en est rcsullc a 
ele protege de la rusion es ti vale par le g lacier Cl pellt done ava il" e te sujet 
it des acc roisscments en epaisseur a u cours d'hi ve l"s successirs. 

INTRODUCTI ON 

Sediments along a 60 m sect i on of the no rth -western 
ma r gin s of Lei rbreen, i n sout h No rway, were stud i ed in 
August 1981. Here t he gl ac i e r fl ows aga i nst a reve rse 
bed rock slope , produc i ng a steep (15° to 16°) com­
pressive lower section with no c revasses (Fig . 1) . 
Shear i ng cl ose to the i ce ma rgin had brought frozen 
cur rent-bedded s il ts , sands, and gravels fr om a sub­
gl aC i al l ocat i on to t he gl acie r su rface, wh ere t hei r 
gradual release du r i ng ablation was assoc i ated with 
onl y s li ght in t ernal di sturba nce . The ir incorpo rat i on 
int o t he gl ac i er is cons i dered t o result from basa l 
freezin g close t o t he i ce margi n. 

LOCATION AND RECENT GEOMORPHOLOG ICAL HI STORY 

Lei rbreen l ies on the nort hern flan ks of 
Sm~r sta b bt in de n, 2 km east of Krossbu i n weste r n 

Pig . l . Pa pt of the snout of Lei pbpeen showi ng sedi ments 
brought to the gl aciep supface by shearing . Note 
figupes , right centpe . 
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L'incorpo rat io n de cette ass ise de sedi me nts geles da ns le g lacier est due it 
un ecoulcment compressir co ntre la zo ne margina le de g lace basale froid c, 
condui sa nr a u developpcment de p lans d 'intrusion qui o nt penc Lrc a travers 
le gl acier e t it l'inter-jeur du ma tcriel sous-glaciaire gel c. Le cisaillemcnt le 
long d'un tcl plan d'intrusio n, immed iatement sous le nivea u des scd iments , 
geies, les it conduit a lravers le g lacier jusqu 'en surrace cl ans un CUlt relal ive­
ment pe u pe rturbe. 

Z USAMM EN FASSUNG Della-Sedimente aus der hmmmoriine ah Bewfis fiir An­
frie ren am Untergnmd und Scherung am Rllllde, LeirbrulI, Siidnorwegetl. f'a hc der 
Zunge des tcmperien en Leirbree n-G le tschers wu rdc c in gefro renes Band 
von nu via til a bgeJ agertem Schl a mm, Sa nd und Sch o tt e r a us de l' J n­
nenmo ra ne Beobachtet. N ur wenig gestorte Sedi me ntstrukturen wiesen aur 
die Herkunft aus Eincm Delta hin , wobei aus dem Fehlen vo n Storungen 
geschlossen werden ka nn , dass di e Scdim ente vor ihrer Aufnahme durch 
den Gle tsc hcr gefroren wa ren und w~i hrend des glazia len Transports keine 
Sche rung e rfuhren . Es wurde gefolge n , dass sic urspru ng lich in einern 
subglaz ia len T eich angesa mmclt wur-d en, als der G le tscher cine grosse re 
Auscl ehnun g ha lte a ls hellte. Di e AuscJunnung des Gl etsc hers wii hrend des 
Ruckzugs e rl a ubt e das Eindri nge n der Winterk ii lte bis zum G rund , was 
zu m Gefrieren der subglaz ialen Sedimente ruhrt c. Die hieraus resulti ercnde 
Schicht ge frorenen Sed irn ellls w urde durch den d a ru ber liegend en 
Gletsc her vor dem AurtCl ll en im Sommer gesr hutz l: sie di.irrte daher in den 
folgend e n Wintern ihre Di cke noch ve rgr6ssert haben . Die AlIrn a hme d es 
gefro re n e n Sedi melll ba nd es in d e n G letscher ergab sic h durr h das kom­
pressive Fliessen gegen die R a nd zone mi t kal tem Eis a m Un tergrll nd, d as 
zu r Entw icklung von Schu bebe ne n fuh ne, die d llrch d e n Gl e tscher in cl as 
gefrore ne n subglaziale ~'J a t e ria l e indra ngen. Scherllng lii ngs <iner solc hen 
Schubcbcne unmittelba r unter de l" gcrrorencn Scdim entsc hi cht brac hte 
di ese in re lat i\- ungestortcm Zusta nd durch den Gl etsr her an die 
O bern iich e. 

Jot unheimen (Fig . 2a) . Its lower li mit s li e at an al ­
t i tude of 1500 m, where the mean annual temperature 
is app rox i mate ly -2 . 2°C wi th a mean Ja nuary tempera ­
tu re of around - 10°C and mean Ju ly temperature 6. 5°C 
(based on al t i tude adjusted data from Fanar3ken 
(2 062 m) , Bruun , 1967) . 

The glacier was visited by de Boer in 1947 
(de Boe r , 1949), who described shoreline terraces com­
posed of s il ty sediments occupying a broad shallow 
gu l ly " recent ly dese rted by the wate rs of a gl ac i er­
dammed lake" (de Boer, 1949, p. 332). The lake had 
appa rent ly drained beneath the gl acier as a resu l t of 
th i nn i ng and recession. The te r races were still pres ­
ent i n 1981, though in a subdued , degraded form, 300 m 
to t he north of the present study area (F i g. 2a) . In 
1947 water was f l owing from the former ice -dammed l ake 
basin unde r the gl ac i e r , southwards towa r ds an area 
of concentric crevasses surrounding a depression i n 
the gl aC i er surface , wh ere subsidence int o a cav i ty 
had apparent ly taken pl ace . App roximate ly 140 m of 
retreat s i nce 1947 had removed this crevassed area by 
198 1 and there was no sign of subsidence in the gl ac­
i er su r face . Howeve r, t he bed rock sl ope continues to 
direc t glacia l me l t water southwards be neat h the 
gl ac i er, paral l el to the i ce margin , as was evidenced 
by a sma ll stream wh i ch eme rged from beneath the ice 
wit hi n the present st udy area (Fig . 2b) . 

SITE DESCRIPTION 

Shear planes in t he steep north -western i ce front 
of Leirbreen showed a somewhat sinuous pattern of out ­
crop (F i g. 1) and wit hi n 30 m of t he gl ac i e r edge 
sma ll amounts of s ilt and sand were obse r ved me l t i ng 
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Pig .2 . (a) Location map . 
(b) Plan of supraglacial and pro- glacial sediment units. 

from these shear planes and washing down over the 
glacier snout in a layer a few centimetres thick. 
However, associated with the lowermost shear plane, 
along a 60 m section of the ice margin, were bedded 
silts, sands, and gravel s forming an irregular layer 
up to about 1. 3 m thick, extending from it s line of 
outcrop on the gla cier down the ice front and beyond 
the apparent i ce limits. A detailed sedimentological 
analysis will be presented elsewhere (paper on 
gl aciodeltaic sediments at Leirbreen, southern Norway, 
in preparation by the present authors) and only a brief 
description will be given here . 

F'ig . ;J . General view of ice margin looking north- east . 
Note spade, right centre . The sandy unit below the 
spade (unit la) is unde rlain by glacier ice . The 
pro- glacial ice- dammed lake termces occupy a smaU 
vaUey beyond the glacier/bedrock skyline in the 
middle distance . 

F'ig . 4 . Englacial sediment band melting out on the 
glacier surface close to the ice margin . 

Below the i ce cave, from whi ch emerged the melt­
water stream, the sediments comprised ma i nly silts 
and sands, and were divided into a pro-glacial sub­
unit (unit la) and a supraglacial sub-unit (unit lb) 
by the stream channel which followed the ice margin 
(Figs 2 and 3) . Above the ice cave, sediment unit 2 
comprised gravel and sand and extended from the out­
crop of the shear plane to beyond the ice limits, 
ri s ing to a distinct mound some 1. 5 m high close to 
the probable limit of glacier ice (Fig . 3). 

Along thei r line of outcrop on the glacier sur­
fa ce these sediments were frozen solid and displayed 
a sharply defined undulating upper boundary (Fig. 4) . 
Down-slope from their outcrop the sediments were in 
process of thawing from the surface downwards . 

Excavation of unit la (Fig . 2b, trenches 1, 2, and 
3) reveal ed a deltaic seq uence (Jop ling, [Cl971J) of 
foreset and bottomset beds . Th e topset was, however , 
replaced by a layer between 30 cm and 60 cm thick 
(Fig . 5) of flu via l granule gravels with channel 
scour and fi 11 structures interrupted by s i 1 t dra pes . 
The underlying foreset layer ran ged from 80 cm in 
thickness in trench 1 to 30 cm in trench 3. The plan­
ar cross beds consisted of fine sand , were between 
5 mm and 30 mm t hick , and were cut by small-scale, 
steeply inclined faults (Fig . 5). 

The foreset beds graded thro ugh a concave toeset 
into a silt bottomset with ripple lamination s . The 
bottomset was at most only a few centimetres in 

Pig . 5 . Trench 1 shounng foreset beds overlain by 
gravels containing irregula r laye rs of silt and sand. 
Note smaU-scale normal faults in the foreset beds . 
The spade is resting on frozen sediment and the 
unde rlying ice mass is exposed in the right foreground . 
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Fig.6. Base of treneh 1 sho!dng eoneave toeset gmding 
into ripp~e-bedded bottomset sUts whieh are pinehed 
out on the teft by the buried iee mass. Note sharrp, 
smooth, undu~ating boundar>y between sediments and 
bur>ied iee. The seate is appr>oximate~y 25 em in ~ength. 

Fig . '1 . CUmbing ripp~e ~aminations in eng~aeia~ sediment 
band, unit lb. The hammer> is resting on gZaeier> iee. 
The rippZe Zaminated silts grude upwar>ds into medium 
sands. 

thickness, being truncated at its base by a buried 
mass of glacier ice with a sharply defined, smooth, 
slightly undulating surface (Fig. 6). In places this 
buried ice pinched out the bottoms et completely, 
abruptly truncating the foresets. 

The supraglacial sediments of unit 1b ranged in 
thickness from 2U cm to 70 cm and comprised silts and 
fine sands with well-developed climbing-ripple lamin­
ations (Fig. 7). The thickest part of the sequence 
showed a gradational change from ripple-drift silts at 
the base to sands above. These silts and overlying 
sands were texturally indistinguishable from the 
bottomset and foreset respectively of unit la, and 
apparently represented a lateral continuation of them. 
Thawing of these sediments had caused little disturb­
ance of their sedimentary structures. It appeared that 
in their frozen state they contained no excess ice so 
that thaw-consolidation was minimal. 

Above the ice cave was a kame - like deposit of 
planar beds of gravels and coarse sand dipping at up 
to 35° towards the south-east (unit 2, Fig. 2b) . Here 
the englacial sediment band was 60 cm thick at its 
outcrop on the glacier surface and sediment thickness 
increased down the ice margin to approximately 1.5 m 
(Fig . 3) . 

Pro-glacial topography in this area precludes the 
accumulation of these sediments in situ, as does the 
presence of the englacial sediments of unit lb. Shaw 
(1982) and Haldorsen and Shaw (1982) have described 
englacial stratified sediments around the eastern mar­
gin of the stagnatin9 glacier Omnsbreen, south Norway. 
Deposition within englacial passages is described, 
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producing fluvial sed iments interstratified with 
glacier ice. At Leirbreen, however, surface i ce gradi­
ents, the lack of crevasses, and observations of 
recent retreat rates, indi cate active marginal ice 
where compressive shearing rather than stagnation i s 
the dominant process. It is unl ikely that englacial 
passages as described at Omnsbreen would rema in open 
in this compressive marginal zone. 

It i s suggested, therefore, that deposition of the 
delta originally took place in a subglacial pool pon­
ded against the reverse bedrock slope. The corres­
pondence between palaeocurrent directions in the 
sediments (Fig. 2b) and the direction of subglacial 
drainage from de Boer's ice-dammed lake suggests that 
subglacial deposition resulted from drainage of the 
ice-dammed lake, which apparently occurred during the 
1940's. 

MECHANI SM OF SEDIMENT INCORPORATION AND DISPLACEMENT 
BY THE GLACIER 

Weertman's mechanism of basal freezin g for sub­
polar glaciers (Weertman, 1961) whereby lntact un lts 
of frozen subglacial sediment may be inco rporated 
into the base at the transition from warm-based in­
terior to cold-based ma rgin, is well known . Boulton 
(1970, 1972) elaborated on this theory, showing that 
when unconsolidated subglacial sediment freezes to 
the glacier, shearing is likely to occur at the 
boundary between fr ozen and un frozen sediment, since 
this is where shear strength i s lowest . Compression 
in the gl ac i er at the therma 1 t rans it i on 1 eads to 
the development of thru st planes which extend to the 
base of the frozen-on sediment, and shearing along 
the thrust planes brings frozen material to the glac­
ier surface. Menzies (1981) elaborated further on 
possible mo des of subglacial sediment in co rporation, 
and st ressed our lack of knowledge regarding tempera­
tures within subglacial debris. The presence of frozen 
stratified englacial sediments in sub-polar glaciers 
has been reported by Bishop (1957), Goldthwait (1960), 
Boulton (1970, [C!971]), and Hoo ke (1970). Shaw 
(1971, 1972) described similar incorporation of fro­
zen lacustrine sediments by a Pleistocene ice sheet 
in Shropshire, England . 

In t emperate glaciers, ice thrusting c lose to the 
margins has been explained in terms of compressive 
flow resulting from ice thinning (Kupsc h, 1962). Gunn 
(1964) reported thru st planes near the fronts of the 
Fox and Franz Joseph Glaciers in New Zealand. Flow 
velocities in these glaciers decreased rapidly near 
the snout, resulting in transverse foliation dipping 
up-glacier and thrust planes parallel to the foliation. 
Morainic debris was incorporated in these thrust planes 
giving supraglacial ridges refe rred to by Gunn as 
"moraine ogives". He did not state whether the debris 
associated with the thru st planes was frozen, nor did 
he mention the presence of stratified material. 
Apparently similar thrust planes with associated deb­
ris which formed dirt cones on the surface of 
Svartisen, north Norway, were described by Stokes 
(1958) • 

Okko (1955) mentioned water-lain sed iments deliv­
ered by sheari ng to the snout of Hoffel sjokull, Ice­
land, and Faegri (1934) photographed fluvio-gla cial 
material associated with shear planes at the snout 
of Nigardsbreen, south Norway. At Midtdalsbreen, 
Hardangerj~kulen, south Norway, Andersen and Sollid 
(1971) have described marginal ice-cored moraines 
derived from till-laden bands emerging from the 
glacier . Fluv i o-glacial sediments were also delivered 
to the ice front in thi sway. Andersen and So 11 i d pro­
posed that debri s was frozen onto the base of the 
glacier close to the snout due to winter cold pene­
trating through the ice . Freezing of the marginal zone 
to the bed caused compressive flow and shearing which 
brought the frozen subglacial material to the surfa ce . 

Hooke (1981), however, cast doubt on the effective­
nes s of the shear mechanism in brin ging debris fro m 
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the glacier bed to the surface. He cited evidence 
that debris concentrations in excess of 10% stiffen 
ice rather than soften it, making shear along a deb­
ris band unlik-ely. Iken (1981) argued that shear 
fracture occurs in clear ice above the debris zone 
rather than within it, although how such shearing 
would bring debris to the surface was not explained. 
At Leirbreen the englacial sediment was frozen and 
its internal sedimentary structures were largely un­
disturbed. It is probable, therefore, that the sedi­
ments were frozen in a subglacial location close to 
the ice margin by the penetration of winter cold prior 
to their incorporation by the glacier. A thrust plane 
then developed through the marginal ice, extending 
below the frozen-on sediment. Thrusting along this 
plane brought the frozen debris to the surface. In 
this example, therefore, it is argued that shearing 
along a thrust plane took place immediately below 
the debris band, probably along its lower boundary. 

It is generally suggested that the maximum thick­
ness of ice through which winter cooling may pene­
trate is approximately 15 m (80ulton, 1972; 
Derbyshire, 1979; Paterson, 1981). Should basal treez­
ing occur, the resulting frozen subglacial sediments 
would be protected from summer melting by the pres­
ence of overlying ice, the temperature of which can­
not rise above freezing. Indeed, near-surface tem­
perature measurements by Paterson (1972) in the 
ablation zone of the Athabasca Glacier showed ice 
temperatures remaining below the pressure-melting 
point throughout the summer. Paterson concluded that 
where summer ablation is less than the depth of win­
ter cold penetration (c. 15 m) near-surface ice may 
remain permanently below its melting point in the 
ablation zone . 

Ablation at Leirbreen has not been measured, but 
at the adjacent glacier, Storbreen, at an altitude 
of 1 400 m (somewhat lower than the margins of 
Leirbreen), net ablation has averaged around 2.2 m 
during the 1970's (Liest~l, 1972-80). At Leirbreen 
it therefore appears that the surface few metres of 
ice in the ablation area may not by warmed to the 
freezing pOint during the summer. 

In the absence of heat conducted from above, 
thawing of the frozen submarginal sediments can only 
occur through basal melting by geothermal heat, which 
would reduce the thickness of the frozen layer only 
slightly, and by sensible heat carried beneath the 
glacier by melt water. Clearly, the latter may be 
locally significant . There are, however, no crevasses 
at the margins of Leirbreen to allow penetration of 
melt water and warm air from the ice surface to the 
glacier bed. In addition, with a negative thermal 
gradient near the bed of the glacier, heat from 
laterally penetrating melt water is likely to be con­
ducted upwards to warm and melt the glacier base, as 
well as downwards to warm and thaw frozen subglacial 
sediments. 

Beneath the marginal zone of Leirbreen, therefore, 
sediments frozen by winter cooling are likely to re­
main frozen throughout the following summer, pro­
tected from thawing by the overlying ice. It follows 
that if the ice thickness above a particular location 
remains less than approximately 15 m for a number of 
years, that is the glacier is neither advancing nor 
retreating rapidly, the thickness of the submarginal 
frozen sediments would increase annually as the cold 
wave of successive winters penetrated to the bed. 
Such incremental freezing over a number of years mi ght 
well be responsible for producing a submarginal layer 
of frozen sediments of the extent and thickness ob­
served melting out of the ice surface at Leirbreen 
in 1981, and described in this paper. 

CONCLUSIONS 

A band of deltaic sediments was observed melting 
out of the glacier surface close to the margins of 
Leirbreen . Along its outcrop on the glacier surface 

Ha rr>iB a nd Bothamley: Englacial de ltaic sediment s 

the sediment band was frozen solid, and ripple lamin­
ations in silts and sands were well preserved. On the 
basis of palaeocurrent directions in the deltaic se­
quence, it was concluded that deposition occurred sub­
glacially during drainage of an ice dammed lake to the 
north, during the 1940's (de iloer, 1949). At that time 
the glacier was larger than today, the snout extending 
some 150 m beyond its position in 1981. 

The lack of disturbance in the sediment band ex­
posed in the glacier surface suggested that it was 
frozen prior to incorporation by the glacier, and 
that it was not affected by sheari ng duri ng subse­
quent glacial transport. Initial subglacial freezing 
of the sediments, and their freezing onto the sole 
of the glacier, probably resulted from winter cool­
ing through thin marginal ice. Consideration of the 
thermal regime suggested that if winter cooling led 
to freezing of unconsolidated sediments beneath the 
glacier, they would be protected from subsequent 
summer thawing by the overlying ice. Further cooling 
during subsequent winters might then lead to incre­
mental increases in the thickness of the subglacial 
frozen sediments. Annual winter cooling of glacier 
ice below its freezing point can be shown to occur 
to some 15 m depth, and subglacial frozen sediments 
are likely, therefore, in a zone within approximately 
41 m of the snout of Leirbreen, where ice thickness 
is less than 15 m. Such a frontal zone of cold ice, 
with subglacial frozen sediments, is most likely to 
occur in higher, more continental glaciers where 
winter snow accumulation and summer ablation rates 
are rel ati vely low. It may be an extremely important 
factor in explaining variations in moraine morphology 
and composition between different glaCiers in 
Jotunhei men. 

At Leirbreen, compressive flow against the bed­
rock slope, or against col d-based ice frozen to the 
bed, led to the formation of thrust planes which 
penetrated through the ice and into the frozen sub­
glacial sediment. Transport through the glacier to 
the surface resulted from shearing along a thrust 
plane which lay immediately below the lower boundary 
of the frozen sediment layer. Internal deformation 
within the layer itself therefore did not occur. The 
preservat i on potential of the result i ng ice-cored 
deltaic sediments is however low, melting of the 
buried ice will inevitably cause slumping and fault­
ing, and pro-glacial drai nage during spri ng periods 
of ni val thaw is 1 ikely to erode the soft sediments 
rapidly . 
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