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Haraldsgade 68, DK-2100 Copenhagen 0 , Denmark) 

ABSTRACT. Investigat ions ha\'e bee n made of th e gcomorphologYI inter­
nal structure, and till fab ric of sm a ll drumlins in a drumlin fi eld ex posed in 
fron, of the retrea ting northern pari o f M)'rdalsjokull , Iceland . The drum­
lins eith er comprise irregu lar drumlin complexes or they show cIrarl y the 
shape of ,ypi ca l drumlins wi,h their hig hes' points a' the up-glacier ends of 
streaml ined hills. 

The core of each drumlin consis ts e ither of lIlldislUrbed glacio-nU\'ial 
deposits or glacio-dynamically deformed drif .. The dist ributi on of the first 
type often has a characteristic ell ichelon a rrangement, similar to the inlcr­
stream arcas in the upper reaches of o utwash fans. The second type forms 
a pattern with a predominant tre nd conforming to the g lacier margin; this 
type is superimposed on o\'erriddell ice-margin push-moraine ridges. It is 
show n that the materi al in the druml in cores is on ly slig htl y eroded by th e 
glacie r ,hat form ed the drumlins. The co re is mantled b) su bg lacial lodge­
men' 'ill abou, 0.1-1.5 m in thi c kn ess. 

Seve nteen fab ric analyses of 25 clasts each were performed on material 
from within the till mantle. These analyses show a preferred long-axis 
orientation but indica te a consid e rable betwee n-si le va riabilit y rangi ng up 
to 45° even be tween samples ta k('n a few metres apart. The preferred c1ast 
orienta tio n for samples taken a lo ng th e druml in cres ts o nl y d eviates 0-- 10° 
from the regional ice-flo"" direction indi cated by fluted moraines, whereas 
the deviat ion fo r sa mples from th e Oanks and the stoss-sid es is up to 35°. 
However, the fabrics show a c haracteris ti c pattern relati ve to the shape of 
the drumlin; o n their topS, the clast fabric parallels the ice-fl ow direction, 
whereas it lends to foll ow the co ntour d irec tion on the flanks and !.;toss-sidcs. 

It is concluded that the cores of the drumlins consis t of pre-existing 
deposits, whereas the malllles a rc composed of sub g lac ia l till. R ega rding 'he 
processes involved , the material co ntained in the core is ma inl y eroded by 
pro-glacial mel t-water st reams a nd Ilo t by ice. During the subsequent fl ow 
of ice across the area) the most prominent terrain elements have aClrd as 
subglac ial ohstacles, lead ing to local ized 'ill deposition and drumlin filr­
mation. Thus. the drumlins were form ed mainly by su bg laci a l d eposi'ion of 
till but th e obstacles acted as a n essential factor favouring th eir initiat ion. 

RESUME. M orphologie, slraligraphie el origine de pelils drumlills devanllefronl du 
glaciaire MjrdalsjiJ"kull, Islande du Sud. On a pourslI ivi d es rec herches sur la 
geomorphologie , la structure inte rne et I'origine des depo ts d e petits drum­
lins dans une zone faisa nt fa ce it la panie nord , en recul , du M yrdalsjokull , 
Island e. Les drumlins ou bien con sti,uen, des complexes irreguliers d e 
drum lins, ou bien montrent c1airement la forme de drumlins typiqucs, 
collines allongees dans le sells de I'ecoulc ment avec des points hauts du cote 
regardant I'a mo nt du glacier. 

Le coeur de chaque drumlin co nsisle soit en des depots giaciofiuviaux soil 
en amoncellements deformes p a r la d yna miqu e glaeiaire. La distribution du 
premier type a souvenlun ca rac le re "en echelon" semblable aux interAu\'es 
dans les zones sllperiellres d 'e, ·entails d e drain age hydrologiqll e. Le second 
type es t d istribue avec une tend a nc e predominanlc a se con formcr au trace 
du front g laciaire; ce type es t surimpose aux rid es de mo rain es de pOllssee 
qui surmontenl le front g laciaire. On mo ntre que le mal c ricllro U\'c dans le 
coe ur des drumlins est seulclllC'llt faiblcment erod e par le glacier qui a 
constitue les drumlins. Le coe ur est enveloppi' dans mo ra ine de Ca\· iles 
so us-g laciaires sur environ 0) I a 1,5 m cn epaisscur. 

17 analyses cristallographiques de 25 cchantillons chacunes ont ete con­
duites sur du maleriel provenanl du manteau morainique . ers analyses 
monlrent une orientation prefercnlieile des grands-axes Inais indiquee une 
variab ilitc considerable entre les si tes allant jusq u'a 45° mCll1c el1lrc des 
echanti llons prelc\·es it qllclques me lreS k s uns des aulrcs. Lcs o rientations 
preferentiell es dans les echantillons pn' le,·'" le long de la c rete d es druml ins 

INT RO DU CT ION 

Ouring the past three de cades t here have been im­
portant advances i n the stu dy of drumlin forma tion in 
areas of Pleistocene glaciation in North Ameri ca and 
Europe . A vari ety of s treamli ned features of different 
s ize, elongation, and i nter na l structure are covered 
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different seu lement de 0° it 10° de la direc tion lora le de !' reou le men, 
g laciai rc indiquee par les moraines nutees, a lors que les deviations nOlces 
pour les excm pla ires issus des f1ancs e ' de la base va jusqu·il 35 . Cependen' 
la crisla llographie montre un compo ncment parti cu li er selon la form e du 
drumlin: sur IClIr som mel les oricntat io ns so nt parallelcs a la direction de 
I'ecoulement de la g lace, tandis qu'elles lende nl it sui\'re les lignes de nin:au 
sur Ies !lanes et la base. 

On conclut que le eoeur des drumlins est forme de depots preexistants 
tandis que leur ma ntca u est com pose de depots sOlls-glaciaires. A I'egard du 
processus ill\'oque le matfriel contenu dans le eoeur est Crode surto ut par 
les eaux de fante proglaciaire mais non par la g lace. Dural1lles eroul eme nls 
ulle rieurs de glace clans la zone des drumlins les principallx elements du 
relief de terrain a nt agi commr des obstacl es so us-glaciaircs, co nduisan t a 
loeal iser le depo t d e male riel morainique et la formation de druml in. Done 
lcs drumlins se sont formes sun ollt pa r d e po t sous-g laciaires de materid 
morainique mais les obstacles jouent un role essentiel pour favoriser le ur 
ge nese. 

ZUSAMMENFASSUNG. A4orphologie, Slra ligra/Jhie und Gf1Iese kleiner Drumlins 
lIor dem Glelscher ,Iljrdalsjdkull, Siid- Islalld. I n einem Drumlinfeld \'or 
dem zuruckgehenden i':ord,eil d es .vl )' rdalsjokull auf Isla nd wu rden 
Untersuchunge!l d ef Geomorphologie, der inneren Struktur lInd des 
G cschie bcgefliges klc iner Drumlins a ngestcllt. Die Drumlins bilden 
e ntweder unregelm assige Drllml in verb ~lnd e ode r sic zeigen klar di e Form 
typischer Drumlins mit dem hoc hsten Punkt aufden gletsc hcrzugewandten 
End en von stromlini e nfOrmigcn H i.igeln. 

Ocr Kern jed es Drumlins besteht e ntwed er aus ungeslo n en 
Auvi oglazialen Ablage rungcn odeI' aus glclscherdyn3misch \Trfonntem 
G esc hiebe . Di e V c rt e ilung des crsten T yp s ha, of' die charak,eri st isr hc 
SlaOel-Anordnung, a hnlich den Zwischenstromgebie{cn in den oberen 8 er­
eichcll der Sanderflachen. Ocr zweitc Typ formt sich zu ), [uste rn mit {" iner 
\'orherrschenden Ri c htung in Ubereinstimmung mit dem Glclscherrand; 
di eser T yp ist aut' iiberfahrenc Stauchmodinen am Glelsc he rra nd auf~ 

gesetzl. Es wird gezeigt, dass das )' [ateriai in de n Drumlinkernen Ilur leicht 
von dem Gletscher, cl e r die Druml ins geformt hat , erodicn isl. Ocr K e rn ist 
\'on subglazialen Geschiebes mit 0, 1- 1,5 III Dicke unmantelt. 

17 Gefligeana lyse n van jewei ls 25 Pro ben wurden am ~ I a t c rial aus dem 
G eschiebemantel durc hgefiihrt ; sic zeige n eine bevorzugtc Orie nti e run g der 
langen Achscn, weisen jedoch cine betrachlliche Varialionsbre ite zwisc hell 
den \'crschicdcnen Probes tellen auf, die bis ZlI 45° zwisc hen Pro ben, die in 
\.,,'enigen Metern Entfc rnung voneinander e ntnommCI1 wurcien, rei c ht. Die 
bevorzugle Ri chtung fUr Proben alls den Sc he iteln der Drumlins weichtllm 
0- 10° van der reg ionalen Richtung des E isfl usses, ZlI crkenncn aus gcricften 
Yi oriinell , ab, wahrend dic Abweichung fur Proben aus den Flanken und 
den Stossfronten bis zu 35° be,rag l. Doc h zeig t das Geftige e in char­
a kterist isches :VI us ter in Bezug zur Drumlinfo rm . Auf den Scheiteln lii uft 
das Gefiige pa ra ll el zur Fl iessrichtung des E ises, wiihrend es a n den Flanken 
und SlOssfronten d e r R ichtung der K o ntudinie n ZlI folgcn suchl. 

Es wird geschlossen, dass die Kern e d e r Drumlins aus vorgefundenen 
Ablagerungcn beslchcn, wahrc nd d ie Ma n tcl aus Crllndmodine gcbildel 
sind . \\'as die beteilig ten Prozcsse be lrifft , so wurde das Kf'rnmalcrial vor 
a ll em durch Schmelzwasserstrome im Gl c tsc hc rvorfcld und nicht durc h das 
Eis erod ien. W~ihrend del' anschl iesscn c n Uberstromung des Gf"bie tes 
durch das Eis wirktc n di e am meisten hervortretenden Geiandeelemente 
als subglaziale Hi ndernissc, die zur lokalen Ablagerung \'on Geschiebe und 
zur Drumlinbildung ruhncn . So cntstandcn die Drum lins VDI' allcm 
durch subglal ialc G t'sc hicbca blagerung, doc h spielten die Hi ndcrnisse eine 
wesentl iche Rolle zur Auslosung d es Bildungsprozcsses. 

by t he te rm "dr um lin " (Fl int, [C! 971] ; Hill, 1971; 
G1Licke rt, 1973 ; Grave nor, 1974; Rose and Let ze r, 1977 ; 
Men zi es , 197 9[b] ; Whi t te ca r and Mi ckelson, 1979 ; 
De Jong and oth e rs , 1982 ) ; but a l so repo rts on th e 
spat i al di stributi on of dr um l in s dif fe r (Reed and 
others , 1962 ; Hei de nreich, 1964; Vern on, 1966; 
Sma l ley and Unwin, 1968; Trenh ail e , 1971 ; Hill, 
1973; Rose and Letzer, 1977 ; Menzi es , 1979 [b]). Their 
great vari ety point s t o variati ons in the theo ry of 
dr umlin formati on and nu me rou s con fli ct i ng hypotheses 
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Fig. 1. Map showing the Myrdalsjokull ioe oap and the 
looation of the study area in front of the norther l y 
ext ension of the ioe oap known as srettjokuH . I n the 
study area the magnet i o variation was measured as 
22 °E in 1979. In the followin g, the direotiona l i n­
dioations have been oorreoted f or the magnet ic vari­
ation. 

have been put forward. In the literature, three main 
theories have been suggested for drumlin formation: 
by glacial erosion of pre-existing deposits or knobs 
of bedrock, by basal deposition of drift from flowlng 
ice, or by a combination of e rosional and deposition ­
al processes (Kupsch , 1955; Jewtuchowicz, 1956; 
Charlesworth, 1957; Smalley and Unwin , 1968; 
Baranowski , 1969; Hill, 1971; Shaw and Freschauf, 1973; 
Aa ri o, 1977; Menzies, 1979[b); De Jong and others, 
1982) • 

There have been few attempts to apply the many 
theories of drumlin formation in Ple i stocene areas 
to comparative investigations of form - process re­
l ationships in areas of recent glac i ation (e . g. 
Boulton, 1979). However, Menzies (1979[b]) suggested 
that, if the druml i ns 1 eft by the Pl ei stocene ice 
sheets were to have the ir mode of formation under­
stood, the most likely source of new information would 
be that obtained by interpreting present -day sub ­
glacial cond i t i ons . 

In the following, the di stribution, morphology, 
and stratigraphy of sma ll drumlins from the north­
eastern forefield of Myrdalsjokull, south Iceland, 
are described and their genesis discussed (Fig . 1). 

Kpuger & Thomsen : Small druml in s in sout h Ioeland 

LOCATION OF STUDY AREA 

Myrdalsjoku ll is a small, temperate ice cap 
situated about 150 km east-south-east of Reykjav i k. 
The ice cap , which covers the volcanic Katla massif, 
has a surface area of 596 km 2 (Bjornsson, [1980]) . 
The northern part of Myrdalsjokull, known as 
Slettjokull (Rist, 1967), has a continuous glacier 
terminus almost 21 km in length. The pro-glacial area 
has a gentle relief about 600 m a.s . l . and consists 
of unlithified sediments of mainly glacial and glacio­
fluvial origin . 

GEOMORPHDLOGY AND STRATIGRAPHY UF THE GL AC IE R FORE ­
FIELD 

The large -scale geomorphology of the glacier fo re­
field is given in Figure 2. The forefield is bounded 
by an ice-marginal push moraine which extends 1200-
1500 m beyond the present-day glacier front , separa ­
ting extensive a reas of fluted or slightly drumlini zed 
ground moraine from the outwash pla i n, known as 
Maelifell sandur . The marginal moraine was probably 
formed during a glacier advance at the end of the 
nineteenth century when many of the Icelandic gl ac i ers 
were of greater extent . In 1906 the north-eastern mar­
gin of Slettjokull was situated only 50- 140 m behind 
the most outlying ridges of the marginal moraine 
(Sappe r, 1909). Since that time the glacier has 
apparently retreated continuously and with a sharp 
boundary between the flowing ice and the ice-free 
glacier forefield (KrLiger and Humlum, 1981) . The re ­
sult of the frontal glacier retreat is the exposure 
of ground moraine which is much diversified by basins 
of lacustrine sediments, melt -water channels, and 
outwash fans . 

The ground moraine is eithe r gently undulating or 
almost flat with a relief rarely exceeding 3-4 m. It 
is associated wi th flutes, small druml in s, and annual 
mo raine ridges formed by small - sca l e glacier advances 
during the winter (paper by J . KrLiger in preparation). 
Furthermore, there are large-scale transverse fea ­
tures which are gently arcuate and conform with the 
marginal moraine system and the present glacier 

Fig . 2 . Geomor phologioal outline map of t he Sle t tjoku ll 
f or ef ield . 1. I oe ; 2 . Marginal mor aine r idges; 
J. Medial moraine ; 4 . Fluted gr ound moraine; 5 . Over ­
ridden push-mor aine r idge ; 6 . Small melt- water ohan­
nel in ground mor ai ne; 7. Large melt - water ohannel ; 
8 . Erosion soar p; 9 . out wash plai n wit h braided 
r iver ohannels ; 10 . Basalt topogr aphy . Mapped on t he 
basis of f ie ld obser vati ons and air photographs taken 
i n 1979 . The l ooations of the f our seleot ed druml ins 
( A, B, C, and DJ and t he druml i n f ie lds (Fig . 4a 
and bJ ar e shown . 
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front. They appear as very smoothed ridges, 2-4 m 
high and 50-100 m wide, often with a fluted or drum-
1inized surface and a core of dislocated drift. These 
ridges are interpreted as overridden ice-marginal 
moraines. They were formed by an earlier ice advance 
and have survived the later ice movement across the 
area (Kruger and Hum1um, 1981). 

South of Mae1ife11, a complex system of outwash 
fans has formed by migrating braided streams con ­
currently with the glacier retreat. Close to the melt­
water exit points, the sandur surface demonstrates 
coarse, gravel-dominated facies, representing proxi­
mal outwash sedimentation . Because of the disintegra­
tion of the original outwash fans by erosion of melt 
water, a branching network of channels and interven­
ing bars, sharp-cut plateaux and terraces of varying 
age characterizes the morphology of the proximal out­
wash sediments . Furthermore, melting of buried ice 
has developed a distinct kettle topography on the sur­
faces of some of the plateaux. 

A generalized picture of the stratigraphy of the 
glacier forefie1d south-west of Mae1ife11, showing the 
major 1ithostratigraphic divisions and the locations 
of structural deformation, is given in Figure 3. 

The lowest division is mainly a cross-bedded and 
parallel-bedded medium- to coarse-grained sand facies, 
indicating a pa1aeocurrent direction towards the 
north . The thickness of this undisturbed division ex­
ceeds 2-3 m. 

At site a, close to the present glacier front, 
the sand facies is over1ain by lower till which has a 
yellow-grey colour . Sorted sediments embedded in the 
till consist of sub-horizontal lenses and sch1ieren 
of sand and gravel deposits . The observed maximum 
thickness of this till bed is 1 m. On the basis of 
its sedimento1ogica1 and structural components , the 
lower till is interpreted as lodgement tilL Duri ng 
the stage of deposition, the ice flow was directed to­
wards the north . The lower till passes laterally into 
a zone of structural deformation, indicating an ice 
push from the south (site b situated on the overridden 
marginal moraine ridge) . Immediately in front of this 
zone there is a wedge of coarse gravel facies repre­
senting proximal outwash sedimentation (site cl . The 
lateral contact of these deposits emphasizes that the 
ice-thrust ridge marks a former ice-marginal inter­
face between contemporaneous, pro-glacial sedimenta-

N c b • s 

Fig . 3 . SeLected gLacio-stratigraphic coLumns represen­
ting a simpLified section through the gLacier fore­
field south-west of MaelifeLl. The LithoLogicaL 
units are not drawn to scaLe. 1. Upper tilL; 2. Lower 
till; 3 . Clast pavement or Layer of sand; 4. Clacio­
dynamic deformation; 5 . Coarse gravel facies; 
6 . coarse-grained sand facies; 7. Ice-fLow direction 
indicated by till fabric; 8 . Ice-flow direction in­
dicated by clast striae; 9 . Direction of gLacial 
push . Location of the coLumns.' a. In the drumLinized 
ground moraine between the overridden marginal mor­
aine ridge and the gLacier front; b. On the over­
ridden moraine ridge; c . On the till pLain about 
900 m behind the furthermost push moraine but im­
mediateLy in front of the overridden marginal moraine 
ridge; d. On the furthermost push-moraine ridge; 
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e. On the outwash fan about 20 m in front of the 
furthermost moraine ridge. 

tion to the north of it and subg1acia1 sedimentation 
of the lower till to the south of it . 

At sites a , b, and c, the succession is capped 
by an upper ti l l which is dark grey and compact . The 
thickness of this bed is 0. 1-1.5 m. Geomorpho1ogica1 
and sedimento1ogica1 components indicate an ice move­
ment towards the north-north-east during deposition 
of the upper till. At site d, the upper till passes 
laterally into a zone of glacio-dynamic deformation, 
indicating an ice push from the south-south-west . 
This zone coincides with the outermost marginal 
moraine ridge, representing the maximum forward posi­
tion of the re-advancing ice cap. 

The surface of the upper till (sites a, b, and c), 
and occasionally the interface between the lower and 
upper till s (site a), is characteri zed by a coarse 
layer of c1asts 1-15 cm in size . This layer is inter­
preted as a residual which has escaped subg1acia1 
frictional deposition (Hum1um, 1981). At present this 
surface layer is being deposited subaeria11y from the 
glacier sole concurrently with retreat of the glacier 
front. 

fuiij!J1 

rn 2 
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Fig . 4. GeomorphoLogy of the drumLin field in two seL­
ected areas in the forefield of sLettiokuLL; for 
Locations see Figure 2. 1. CLacier margin with supra­
gLacial melt-water streams; 2. Cround moraine with 
basins of glacio-fLuvial and Lacustrine sediments; 
3 . Small meLt-water channel in ground moraine; 
4 . Drumlin; 5. Outwash plain with braided river 
channeLs; 6 . Large melt-water channel; 7. Erosion 
scarp and kettles; 8. Overridden marginal moraine 
ridge; 9 . Lake . The locations of the selected drum­
lins (A , B, and C) are also shown. Mapped on the 
basis of field observations and air photographs 
taken in 1979 . 
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Taken together, the lithostratigraphic divisions 
of the glacier forefield are interpreted as a response 
to a limited glacier advance, a following retreat, and 
a more extensive re-advance succeeded by the present 
retreat of Slettjokull. 

GEOMORPHOLOGY OF THE ORUMLIN FIELD 

The detailed geomorphology of drumlin fiel ds in 
two selected areas (see Fig. 2), representing differ­
ent distributions of drumlins, is given in Figure 4. 
In both areas, moraine ridges in the shape of small 
low-relief drumlins are widely distributed in the 
glacier forefield and are furthermore currently emer­
ging from beneath the retreating ice front. The drum­
lins are 20-80 m long, 1-3 m high, and their breadth 
averages between 15 m and 40 m. Generally, they show 
a strong long-axis orientation in the regional ice­
movement direct i on and each has its summi t in the 
proximal part of the hill. Thus, the shape of the 
hi 11 s with respect to the i ce-fl ow di rect i on fits 
well with the description of drumlins in the litera­
ture, but the present drumlins are extremely small. 

The westernmost of the selected area s (Fig. 4a) 
demonstrates a characteristic en echelon arrange-
ment of many of the drumlins . Close to the glacier 
margin, however, melt water from nu merou s supragla cial 
streams is currently eroding small channels into the 
pro-glacial area in a direction predominantly normal 
to the ice front (Fig. 5). This process has affected 

Fig . 5 . View towards the east ~howing the d~umliniz~d 
gr ound moraine between druml.n c and the .ce marg.n . 
The t errain i s s t r ongly dissected by numerous melt­
wat'er channels . (Photograph taken in 1979 . ) 

many moraine ridges assumed to be drumlins to such an 
extent that it has been impossible to recognlze thelr 
ground plan. Therefore, the map given in Figure 4a 
only shows the best-preserved drumlins. 

In the easternmost of the selected areas (Fig. 
4b), many of the present drumlins are ar~anged side 
by side with a predominant trend conformlng wlth the 
glacier margin. Apparently, they ~re superlmposed ,on 
the overridden marginal push moralnes. Compared wlth 
the western of the selected areas, the easternmost 
is characterized by a low drumlin density, and the 
inter-drumlin areas are almost flat and much diversi ­
fied by small lakes and basins of lacustrine sedi­
ments. Supraglacial melt-water streams are almost 
absent and therefore only a few melt-water channels 
are found in the ground moraine close to the glacier 
margin . 

The presence of drumlins developed in two differ­
ent situations makes the Slettjokull forefield a 
particularly interesting one for an investigation of 
the processes of drumlin formation. , 

In the following, four selected drumllns (A, B, 
C, and D) are described. Their locations are shown 
in Figures 2 and 4. 

DESCRIPTION OF LOCALITIE S 

Druml in A: a till-mant led drumlin containing an un­
disturbed core of l ower t i ll and sorted dri ft 

This drumlin is located 100-140 m in front of 
the present ice margin. It was exposed in the early 

Kruger & Thomsen : Smal l drumlins i n south Iceland 

1970's as interpreted from air photographs and field 
observations. The drumlin is elongated in a south­
south-west to north-north-east direction and appro xi­
mates a half pear in shape with the crest line close­
ly paralleling the i ce-flow direction, and the trans ­
verse axis is situated up-stream from the mldpolnt of 
the long axis (Fig. 6). The stoss end is steep and 

Fig . 6 . The mor phology of dr umlin A clear ly shows the 
shape of a typical drumlin , indicating that its 
highest point is situated at the up- glacier end of 
the small elongated hill . Glacier flow is f r om 
right to left . Note the lar ge number of clasts 
scattered on the ground moraine . View towards the 
east- south- east . (Photograph taken in 1982 . ) 

blunt, whil e the l ee end is more poin ted and gentler 
in slope . Measured on the geomorphological field ma p, 
the drumlin is 38 m lon g, 22 m wide, and 1.5- 2 m 
hi gh (Fi g. 7a). 

The charact er of the drumlin surface corre spond s 
to t hat of the gentl y undulatin g ground-mora i ne ter­
rain between the drumlins. The surface is flut ed and 
there are a great number of c lasts (>1 0 cm lon g ax i s ) 
with a smoothed, often bullet-nosed, up-glacier t er­
minati on and an abruptl y trun cated down-gla cier t er­
mination. Ta ken coll ecti vel y , they su ggest subglaci al 
deposition by lodgement and indi cate the last ice­
flow direction across the hill (Boult on, 1978 ; 
Kruger, 1979; Sharp, 1982 ). 

The internal composition of drumlin A is s hown in 
Figures 8 and 9. The faces bein g work ed into a , bank, 
whi ch is located at the stoss end of the drumlln, are 
approximately at right-angle s and t end to be trans~ 
verse (s ection s X - Y and Z - V) or parallel (sectlon 
Y - Z) to the drumlin long axis. Furthermore, holes 
were dug along the centre line of the drumlin. Exam­
ination in this manner enabled the authors to dis­
tinguish between two till beds resting on three 
different facie s of glacio-fluvial deposits. 

In the lower zone of section Z-V, the right-hand 
part consists of ripple-laminated fine sand showing 
stoss-side preservation . This facies indi cates that 
the suspended load contributed significantly to 
sedimentation. Apparently, the sedi mentation was con­
ne cted with pro-glacial ponding of melt water in what 
wa s formerly a subglacial depression. The palaeo­
current directions are towards the east and north­
east. The left-hand part consists of a channel fill ed 
with essentially massive medium- to coarse-grained 
sand . The channel axi s has a north-north-west trend . 
Close to the right-hand bank, a wedge-shaped struc­
ture of sediment-flow deposits cuts the fine sand 
f ac ies. This structure is interpreted as a collap se 
feature re lated t o the channel formation . 

The two sand fa cie s pass upwards with an abrupt 
facies change into a coarse-gravel facies consisting 
of well-rounded to sub-angular clasts up to 30 cm in 
size . This facies can be traced laterally along the 
whole exposure and al so occurs at the bottom of the 
three excavations (Fig. 9) . The thickness of the 
boulder gravel varies from 20 to 30 cm. The gravel 
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Fig . 7. a. GeomorphologioaL map of drumlin A. contours are at 0 .25 m intervals. 1. FLuted moraines; 
2 . Annual moraine; J . cLast with stoss- and- Iee form . Lee side to the right; 4 . Clast fabrio in the 
upper tilL; 5 . cutting with soree; 6 . Basin of gLaoiofLuviaL or Laoustrine deposits; 7 . Melt- water 
stream. The Looations of the seotions X - y - Z - V (Fig . 8) and L1 - L2 (Pig . 9) are shown . 
Glaoier fLow is from the south-south-west . Mapped in the field in 1982 . 
b . Projeotions (on the Lower hemisphere of a Wulff net) of the three-dimensional orientation of oLast 
a- axes for the upper tiLL in drumLin A. The oontouring prooedure foLLows the method suggested by Kamb 
(1959) . However , the area of the oounter is modified in aooordanoe with the graduaL modifioation of the 
soale from the oentre to the periphery of the WuLff net . The oontour intervaL is three times the standard 
deviation from a random distribution . The dotted area visuaLizes the statistioaL signifioanoe of the 
apparent orientation peak whioh is shown by the bLaok arrows . The dot - dash Line indioates the sLoping 
terrain surfaoe . Nos 1- 7 oorrespond to the sample sites shown in Fig. 7a . 

surface rises 50-70 cm above the base of the drumlin 
and slopes gently northward. This facies is inter­
preted as a bar deposit situated on the upper reach 
of a pre-existing outwash fan. 

The above change of facies represents deposition 
under in creasing flow strength, which i s commonly 
associated with glaci er advance. However, evidence 
of weathering and soil development on the bar de­
posits makes it reasonable to conclude that the bar 
had been exposed for a long time. It appears, then, 
that the increased flow velocity was connected with 
glacier retreat. It is suggested that the gravel 
facies migrated laterally concur rentl y with the ex­
tension of an outwash fan. The fan was formed in 
front of the glaci er margin which retreated across a 
horizontal or low-angle normal s lo pe . In this way, 
pro -gl acial lake sediments and channel depos it s were 
bu ri ed by coa rse-grained bar deposits. This conclus­
ion i s supported east of drumlin A {see Fig. 2}, 
where present-day development of fan-shaped wedges 
of glacio -fluvial sed iment s is taking place. 

The top half of the section {F i g. 8} cons ists of 
two tills: the lower till, which has a yellow-grey 

colour, and the upper till, which is dark grey and 
compact. 

The lower till is 40-50 cm thick in the centre of 
the hill but it l enses out rapidly in transverse di ­
rections. Sorted sediments included within the till 
consist partly of sub-ho rizontal lenses of sand and 
grave l, and partly of smudges of so i 1 remnant s . It 
seems reasonable that the len ses and smudges were 
detached from the substratum by dragg in g {cf. KrUger, 
1979}. The bar su rfa ce underlying the lower till is 
striated in an approximately south to north direction. 
The smoothed and st riated up-glacier termination of a 
clast {16 cm long} embedded in the lower till suggest­
ed an i ce -flow direction towards the north-north-east. 
The lower till i s therefore thought to have been de­
posited by a north-moving glacier . The lithostrati­
graphic columns shown in Figure 9 reveal that the 
l ower till is not related to the druml in surface. 

There is evidence to indi cate the nature of the 
i nterva 1 between depos i t i on of the lower and upper 
tills. A thin laye r of sand or cla sts has been found 
between the two tills in the three exca vation s {Fig. 
9} . It i s suggested that the coa rse layer of clasts 
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Fig . 8 . Exposure in the .stos~ end of.drum Lin A (s ee Fig . 7a) . 1. Upper t iLL mant Led by a coarse Layer 
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Fig. 9. Lithostratigraphic columns r epresenti ng a 
l ongitudinal section through drumlin A (see Fi g. 7a ) . 
1. InitiaL stoss-side surface; 2. Pr es ent surface of 
scree; 3 . CLast pavement; 4. Upper ti lL ; 5 . Layer of 
sand; 6. Lower till; 7 . Coarse gravel facies. 

indicates an ice-free period between the two glacial 
phases. Furthermore, in section Z - V (Fig. 8) a 
pocket-like structure (1 m wide and 0. 8 m deep) cuts 
the lower till, the boulder-gravel facies, as well as 
the underlying sand facies . It is filled with sedi­
ment - flow deposits and the upper till. The long axis 
of this structure strikes south-south-east to north­
north-west, diverging approximately 40° from the 
drumlin trend. It is interpreted as a melt-water 
channel formed i n exposed ground moraine during a 
frontal deglaciation of the area (cf . Kruger and 
Humlum, 1980). During the following ice advance across 
the area, the channel was filled with subglacial sedi­
ments . Similar channels have been studied in st atu 
nascendi along the present-day ice margin (see Figs 
4a and 5) . It is therefore concluded that the area 
was deglaciated by frontal retreat after deposit i on 
of the lower till. 

The succession is capped by the upper till, form­
ing a 40-80 cm thick surface layer on the top and on 
the stoss side of the drumlin, and thinning slightly 
to 10-20 cm on the flanks and on the lee side . It is 
seen that the characte ri stic shape of the drumlin is 
exclusively related to the upper till (Fig. 9) . 

In section X - Y (Fig. 8), two streamlined clasts, 
21 cm and 34 cm long, were found in a characteristic 
position with a stoss -and-l ee form relative to the 
ice-movement direction . Striae on the smoothed up-

glacier termination of the boulders show a strong 
south -south - west to north-north-east orientation which 
coincides approximately with the long -axis orientation 
of the drumlin and the bullet-nosed clasts deeply em­
bedded in the druml i n surface . The upper till is 
therefore interpreted as being a lodgement till de­
posited by a north-north-east-moving glacier. 

Clast orientations have been determined at seven 
sites, all within the upper ti 11 range. The arrange­
ment of the sampling sites is shown in Figure 7a. 
Samples of 25 clasts (blades and rods) were taken 
10-15 cm below the terrain surface . Pebbles less than 
0. 6 cm long, or with a length: width ratio of less 
than 3 : 2, were excluded . Mean orientations were de­
termined using the symmetry axis of the dotted areas 
in the diagrams (Fig . 7b). 

The fabric diagrams indicate a distinct long-axis 
orientation. The mean orientations deviate 0-33 ° from 
the ice-flow direction . Between-site variability is 
considerable, ranging up to 45 ° even between samples 
a few metres apart . The mean orientation for samples 
taken along the crest of the drumlin deviates only by 
0_20 (sites 1 and 2) from the regional ice-flow direc­
tion, whereas the deviation for samples located at the 
flanks is up to 21 0 (sites 4- 7) . At site 3, situated 
on the stoss side, most clasts are in a diagonal 
position relative to the ice-movement direction. 
Apart from sites 6 and 7, the fabrics show a charact­
e ri stic pattern relative to the shape of the drumlin; 
on the stoss side and eastern flank the preferred 
clast orientation tends to follow the contour direc­
tion, and on the crest the fabric strongly pa rallels 
the ice-flow direct i on . The fabrics show no pre­
ferred a-ax i s dip down-slope or any other evidence 
of disturbance by solifluction. The close relation­
ship between fabrics and druml in shape suggests that 
drumlin A is mainly depositional in origin. 

It seems justified to conclude that the strati ­
graphy and sedimentology of drumlin A implies that an 
interstream area of bar deposits covered by the lower 
till has acted as a subglac i al obstacle leading to 
localized lodgement-till deposition and druml i n form­
ation with the morpho logica l axi s paral l el to the 
regional ice-flow direction . 

99 

https://doi.org/10.3189/S0022143000008534 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000008534


JournaL of GLacioLogy 

N S __ 4.~"~ ____ ~ •• __ ~. __ -J·'~.~-~.~~_~··----~--~ .. ~~ - . , . 
~.=-~---. 

~~ 2ri} ~: iJ: 
~ :_-::/-;.----.--' C [[2] 5 ~ 6 

5m 1-"_- \7 ~ 8 ~ 9 1~)~-1 1o 1~ 11 

Fig . 10. a . GeomorphoLogical map of drumlin B. contours are at 0.25 m intervals . 1. Clast with stoss-and-lee 
form . Lee side to the right; 2. Clast fabric in the upper till; J. Exposure; 4. Melt-water channel; 
5. Terrace of glacio-fluvial deposits; 6. Erosion scarp. The arrow indicates the location of the sec-
tion shown in Figure lOb . Glacier flow is from the south- south-west. Mapped in the field in 1982 . 
b. CoLLapse structure deveLoped in glacio-fluvial deposits in the proximal end of drumLin B. 7. Upper 
till; 8 . Medium- to coarse- grained melt-water sand; 9 . GLacio-fLuviaL gravel; 10. ColLapsed meLt-water 
deposit s and sediment- flow deposit s; 11. GLaciodynamically disturbed drift . 
c . Fabric diagrams showing clast a- axis orientation in the upper tiLL . For an explanation of the data 
presentation and contouring method, see the caption t o Figure 7 . 

DrumLin B: a tin-mantled drumlin consisting predom­
inantLy of undisturbed sorted drift 

Drumlin B, which is located 170-200 m in front of 
the glacier, became exposed about 1970 (Fig. 4a). 
It is 30 m long and with its long axis mainly south­
south-west to north -north-east (Fig. lOa). This direc­
tion accords with the regional ice flow. The drumlin 
is 1-1.5 m high with its highest point located in the 
up-glacier part. The surface is characterized by a 
network of small channels, obviously formed by melt­
water erosion during the last glacier retreat across 
the hill. 

The western flank of the drumlin is in the pro­
cess of destruction by a violent melt-water stream, 
and a section, 35 m long, located close to the centre 
of the hill exposes the internal composition and 
structure in the long-axis direction of the drumlin. 

The main part of the exposure is of the drumlin 
core and consists of undisturbed sorted layers of 
medium- to coarse-grained sand, occasionally with 
layers of gravel and stones. Bedding planes are nor­
mally straight and parallel to sub-parallel. Special 
attention was focus sed on a collapse structure, 
1 . 5 m wide and 1 m deep, exposed in the proximal 
part of the section during the 1982 survey (Fig. lOb) . 
It could easily be seen that no lateral compaction 
was involved; the underlying sand strata were un ­
affected by the deformation, while the surface of the 
glacio-fluvial deposits showed a depression, about 
0.5 m deep . It was bounded by small-scale displace­
ments and slump phenomena were developed in the 
glacio-fluvial deposits appa rent ly under t he influence 
of gravity . The conclusion can only be that a block 
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of ice, 0 . 5 m thick and 0. 5 m wide (measured in the 
face of the section), became buried by glacio-fluvial 
sediments . When it melted, a kettle was formed . 

Being confined to the up-glacier part of the 
kettle, glacio-dynamic drag structures make the kettle 
interesting for an understanding of the process of 
drumlin formation . Apparently, the kettle acted as a 
subglacial depression when the glacier sole passed 
over the glacio-fluvial formation. South of this de­
pression the internal frictional resistance to move­
ment in the glacio-fluvial deposits was overcome by 
the shear force generated by movement of the glacie r. 
Consequently , the top layers were pushed or sliced off 
and squeezed into the depression, accompanied by form­
ation of thrust planes and drag folds. Measurements 
showed fold axes trending 113-293° and indicating 
north -north -east-moving ice . In contrast to this, the 
down -glacier edge of the kettle did not show any in­
fl uence by movi ng ice. Here, the top 1 ayer of the 
glacio-fluvial formation could be traced from the 
bottom of the kettle to its down-glacier edge, where 
a degree of dip approaching the initial sedimentary 
slope was quickly attained. Thus, the presence of the 
kettle structure makes it possible to conclude that 
subglacial erosion of the sand facies was confined to 
the stoss end of the drumlin core. 

The glacio-fluvial formation is ove r lain by the 
upper till. The contact is sharp and a transitional 
zone of re-worked sand is present only in the most 
proximal part of the druml in . The till forms a thin 
surface layer 20-50 cm thick on the stoss side, and 
thinning to 5-15 cm at the top and on the l ee side . 

Clast orientation has been determined for two 
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b . Fabric diagrams showing clast Long-axis orientation in the upper t i LL . For an explanation of t he 
data presentation and contouring method, see the caption t o Figure 7. 

sites situated at the top and on the southern flank 
(Fig. lOa). The mean orientation for the sample taken 
from the top deviates only 6° from the regional ice­
flow direction, whereas for the fabric at the flank 
the deviation is 28° (Fig . 10c). Furthermore, it is 
seen that the two fabrics accord with the pattern 
found in drumlin A. 

It is concluded that the streamlined shape of 
drumlin B is predominantly related to a pre-existing 
form, which has only been slightly modified by sub­
glacial till sedimentation . 

Drumlin C: a tiLL-mantLed drumLin compLex cor.taining 
an undisturbed core of sort ed drift 

This drumlin is located 75-1 25 m in front of the 
present ice margin (Fig . 4a) . It was exposed in the 
early 1970's. The drumlin is 50 m long, 35 m wide, 
and 1.5-2.5 m high (Fig . lla). It is not a typical 
drumlin but rather a drumlin complex such as des­
cribed by Rose and Letzer (1977). The long axis of 
the ground plan trends north -n orth-west to south­
south-east, diverging 35° from the regional ice­
movement direction . 

The drumlin surface conforms to that of the sur­
rounding ground moraine but, in places, melt water 
from the retreating ice margin has cut small channels, 
only 10-20 cm deep, int o the drumlin su rface. Along 
the stoss side and easte rn flank, where the terrain 
s lope is relatively steep, the surface is di ssected 
by small gullies apparently formed by rain water. 

The internal composition of drumlin C was stud­
ied in a section located at the distal end of the 
drumlin and in a number of excavations. The drumlin 
consists of a core of undisturbed glacio-fluvial de­
posits (medium- to coarse-g raine d sand), overlain 
by the upper till. The till forms a surface layer 
about 60-100 cm thick on the top, stoss side and 

flanks of the drumlin, thinning to 10-20 cm on the 
lee side . 

Clast orientations have been determined at seven 
sites (Fig. lla). The preferred orientation for 
samples taken along the crest of the drumlin deviates 
only 1-9° (sites 1- 3) from the regional ice-flow di­
rection (Fig. llb), whereas the deviation for samp ­
les from the flanks is up to 19° (sites 4-7) . It is 
significant that the fabric variation along the flanks 
shows a systematic pattern related to the shape of the 
hi 11 and much simi I ar to that of druml in A. 

It is suggested that the atypical ground plan of 
drumlin C both in shape and orientation depends upon 
the shape of the glacio-fluvial interstream body 
forming the core of the drumlin. The final shape of 
the drumlin , however, was formed by the gradual accumu­
lation of subglacial till as shown by the systematic 
variation demonstrated in till thickness and fabric . 

Drumlin D: a ti LL-mantled drumLin containing a cope 
of dis Locat ed dpift 

Drumlin D is located approximately 400 m in front 
of the present ice margin (Fig . 2) . It was exposed in 
the early 1960's. Since that time, the drumlin has 
been considerably affected by northward-flowing melt ­
water streams. Not only the eastern flank and distal 
end but also the central part of the hill are cut by 
abandoned melt-water channels, while the western 
flank is in the process of destruction. This made it 
impossible to trace the ground plan of the small hill. 
However, an exposure 50 m long and 4 m high with its 
face more or less parallel to the regional ice-flow 
direction shows the surface profile of a typical drum­
lin. The northern part of this exposure shows three 
divisions (Fig . 12a). 

The lowest division is exposed irregularly at the 
base of the section . It is a medium- to coarse -grained 
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Fig. 12. a. Exposure in the northern (distal) end of drumlin D. The right- and left-hand parts of the 
section are cut by abandoned melt-water channels . 1. Scree; 2. Medium- t o coarse- grained mel t-water 
sand; 3. Dislocated melt-water deposits; 4. Thrust planes in til l ; 5. Tension cracks. 6. Upper till. 
Glacier flow is from right t o left. 
b. Trend of thrust planes (solid lines) and tension cracks (dashed lines), as well as measured (open 
circles) and constructed (solid circles) fold axes (on the lower hemisphere of a Wulff net) . 
c. Point and contour diagram showing the long-axis orientation of 25 blades and rods from the upper 
till . For an explanation of the data presentation and contouring method, see the caption to Figure 7 . 

sand facies, indicating a palaeocurrent direction to­
wards the north. The absence of large-scale deform­
ation structures suggests an undisturbed position for 
these sediments. 

The main part of the exposure shows strongly de­
formed till and sorted dr i ft . The structures range 
from simple thrusts to complicated overfolds. The 
maximum thickness of this div i sion is 1.3 m. The dis­
located inclusions and schlieren of sorted drift con­
sist of sand which corresponds to the mechanical 
composition of the subjacent bed of glacio - fluvial 
deposits . The inclusions are interpreted as fragments 
of the underlying formation . 

Thrust planes and fold axes display a consistent 
directional pattern . Measurements show fold axes 
trending approximately east-west and thrust planes 
dipping towards the south (Fig. 12b) . Structural de­
formation of the drumlin's internal material, probab­
ly indicative of the effects of overriding ice, have 
been demonstrated by Minell (1973). However, the zone 
of tectonic - like structures seen in the section under 
discussion coincides with the form of the overridden 
marginal moraine ridge that trends towards the east­
north-east (see Fi g. 2). Therefore, it may be con­
cluded that in the present case the dislocated part 
has resulted from marginal deformation and by ice 
coming from the south. 

The dislocated part is discordantly overlain by 
the upper till (0.5-1 m thi ck) whi ch forms the outer 
mantle of the hill, except where the till cover has 
been removed by glacio-fluvial erosion (see the 
right- and left-hand parts of the section shown in 
Figure 12a) . The maximum thickness of the till occurs 
in the proximal part of the hill . 

Clast orientations have been determined for the 
lee side of the druml in and about 20 cm below the 
terrain surface within the upper till . The fabric 
diagram indicates a distinct south -south-west to 
north-north-east long-axis orientation (Fig. 12c). 
This fabric accords with the regional ice-flow direc­
tion . 

In the central part of the section, one set of 
closely spaced cracks cuts the glacio-dynamic struc ­
tures and the underlyi ng sand faci es (Fi g. 12a) . The 
cracks dip at 30-60° towards the north - north-east 
and are slightly concave upwards in the section . They 
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show a consistent structural trend of approximately 
east-south-east to west-north-west (Fig . 12b) . These 
cracks are interpreted as tension features formed by 
ice moving towards the north-north-east across the 
marginal moraine ridge . 

The exposure suggests two phases in the formation 
of drumlin 0: first, the formation of the marginal 
push-moraine ridge and, subsequently, drumlinization 
of the most prominent parts of the moraine ridge by 
the gradual accumulation of till from the base of an 
overriding glacier . 

DISCUSSION 

Investigations of small drumlins in front of the 
northern margin of Myrdalsjokull have revealed stream­
lined hills of both pre-existing and newly deposited 
sediments. Two main types of composition are present. 
First, drumlins which contain an undisturbed, or 
slightly disturbed, core of pro-glacial melt-water 
deposits covered by a layer of upper till about 
0.1-1 m in thickness (drumlins A, B, and Cl; occas­
ionally, a lower till is found in the upper part of 
the core (drumlin A). Secondly, drumlins which have 
cores of strongly deformed and sorted drift covered 
by an upper till about 0. 5-1 m in thickness (drumlin 
D). 

A relationship between the composition and spat­
ial arrangement of the drumlins has been demonstrated. 
The first type often shows a characteristic en echelon 
arrangement like elongated interstream areas in the 
present glacier forefield. The second type mainly 
forms individual drumlins arranged side by side with 
a predominant trend conforming to the glacier margin. 
This type is superimposed on overridden ice-marginal 
push-moraine ridges. In both cases, studies of the 
cores show that the orientations of directional para­
meters cannot be related to the 1 ast ice that fl owed 
across the area. 

It is seen that the present druml i ns cannot be 
regarded as a set of points across a flat landscape 
but some account needs to be taken of the pre-exist­
i ng topography. 

The above drumlin characteristics suggest that 
prior to drumlin formation the two main types of core 
were morphological elements located in a glacier fore-
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field. They were marginal push-moraine hills or inter­
stream areas of melt-water deposits between incised, 
erosional melt-water channels in the upper reaches of 
outwash fans, op they were fragments of ground mor­
aine of lower till which had been considerably affect­
ed by pro -glacial melt-water erosion. Areas of the 
present glacier forefield demonstrate similar scenery 
under development . 

None of the drumlins investigated supports the 
hypothesis that drumlins are formed mainly by sub­
glacial erosion. Instead, both the surface elements 
and the concentric arrangement of the upper till over 
the cores suggest that the drumlins were formed mainly 
by deposition of the upper till. It should also be 
noted that the streamlined drumlin surface, as seen 
in drumlin A, is moulded in upper till and not in the 
core which retains an irregular surface. 

Banding and partings similar to those described 
by Hi 11 (1971) have not been observed withi n the upper 
till. The till within the drumlins appears to be very 
similar to that in the inter-drumlin areas. Therefore, 
as a formative factor, texture may have little or no 
significance . 

The analyses of till fabric from the four selec­
ted drumlins indicate that the upper till fabrics 
have preferred orientations within ± 35° of the ice­
flow direction. This fabric variability differs sig­
nificantly from that in the ground moraine between the 
drumlins where the fabrics have preferred orientations 
withi n ± 12° of the regional ice-flow di rection 
(Kruger and Thomsen, 1981). However, these fabrics 
show a characteristic pattern relative to the shape 
of the drumlin: on the top, the fabric parallels the 
ice-flow direction, whereas it tends to follow the 
contour direction on the flanks . No evidence of 
modification by solifluction subsequent to drumlin 
formation has been found in the fabric characteristics 
nor in the field. A similar relationship between 
fabric and drumlin shape has been presented by De 
Jong and others (1982) from Pleistocene areas . 

There seem to be di fferent processes by which 
fabri cs mi ght be related to druml i n shape: (1) by the 
influence of the drumlin relief on the local flow 
pattern of the basal ice; (2) by differential move­
ment of the till beneath the glacier (Boulton, 1979); 
(3) by ice flow with a helicoidal motion (Shaw and 
Freschauf, 1973; Aario, 1977). 

In the first case, the ice flow is increasingly 
deflected around the obstruction . In the proximal 
part of the drumlin the flow pattern may produce pre­
ferred clast orientations, which are directed slight­
ly outwards, and in the distal part slightly inwards 
with respect to the drumlin axis . This implies that 
the till was deposited on a bulging glacier bed with 
considerable variability in dip and slope direction . 
Small drumlins emerging from beneath the retreating 
ice front demonstrate such an intimate adjustment of 
the debris-band foliation in basal i ce to the drumlin 
shape. 

In the second case, Boulton (1979) has demonstra ­
ted that beneath a moving glacier irregularities at 
the ice - till interface may produce a lateral com­
ponent of flow in already deposited till . Thus, 
differential movement of the till wi 11 occur along 
smooth flow lines mainly following the shape of the 
glacier bed . If this process is widespread, it seems 
likely that the fabrics describe mean directions of 
movement of the till mass rather than basal ice - flow 
directions . This explanation seems to be supported by 
the fact that fabrics may diverge from the orienta ­
tion of fluted moraines and bullet-nosed clasts (see 
Figs 7a and 11a) . 

In the third case, Shaw and Freschauf (1973) have 
suggested that ice may flow with a helicoidal motion 
as it passes over the irregular bed, the resultant 
direction of flow being parallel to the direction of 
the main ice movement. This complex motion will re ­
sult in erosion of the subglacial material where the 
ice flow is vertically directed downwards ~nd depo-
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sition of material where ice flow is upwards (the 
glacial kinematic fluting theory) . This model predicts 
a "he r r i ng-bone" till-fabric pattern . However, the 
helicoidal ice motion will result in redistribution 
of debris in the basal ice. Debris-charged ice will 
move towards separation points and clean ice will re­
place debris-charged ice in areas around points of 
attachment. There is no evidence of the redistribu ­
tion of debris resulting from a helicoidal flow 
pattern within the active ice mass of Slettjokull. 

The close relationship between fabric and drumlin 
shape favours the hypothesis that the drumlins con­
sidered here are mainly depositional in origin . If 
they were formed by eros i on of the upper till, the 
fabric characteristics within the drumlins would be 
similar to those in the ground-moraine areas between 
the drumlins . Consequently, subglacial till deposi­
tion on an irregular glacier bed may produce sig­
nificant fabric variability in contrast to a smoother 
glacier bed, which may lead to fabrics strongly 
parallel to the ice-flow direction . It should be 
noted that this relationship may result in misinter­
pretation of fabric analyses performed on Pleistocene 
till beds, because the palaeogeomorphology of over­
ri dden till beds is still genera lly unknown . 

Thus, investigations of these small drumlins 
suggest that pre -existing terrain elements have acted 
as obstacles leading to localized till deposition 
and the formation of drumlins with their morphological 
axes parallel to the re~ional ice-flow direction. 
According to Boulton ([ 1974J), pressure differen­
tials are produced across obstacles in the path of 
the moving ice mass . Therefore, the location of the 
maximum till thickness in the proximal parts of the 
drumlins may be explained by the increased accumula­
tion of till at the glacier base, in a zone of 
higher pressure in the proximal parts of obstacles 
(Boulton, [C[974J, 1979). 

It is a pre-condition of the present theory that 
an already existing core exists to allow accretion to 
proceed. For those drumlins that have no apparent core, 
other mechanisms to allow drumlin initiation have been 
proposed in the literature, such as the dilatancy theory 
(Smalley and Unwin, 1968; Trenhaile, 1975) and the 
frost-heave theory (Baranowski, 1969). Menzies 
(1979[aJ) discussed the mechanics of drumlin formation 
with particular reference to the change in pore-water 
content of the till. He postulated that, if till is 
flowing beneath an ice mass, small local areas of low 
pressure could act at locations where the till could 
develop into a proto-drumlin, act i ng as an obstruc-
tion around whi ch more ti 11 would accrete. In front 
of Slettjokull, the pre -existing topography, the 
internal composition of the drumlins, and the nature 
of the sub-drumlin materials all indicate the valid-
ity of the mechanisms of pore -water and water-film 
removal . However, in the present case an already ex­
isting body of drift is a pre-requisite to drumlin 
initiation . 

There is some evidence to indicate the subglacial 
pressure conditions which have led to drumlin forma­
tion . During glaciation of the drumlin field, the 
glacier bed became irregular as a result of pro­
glacial melt-water erosion, and it consisted of appar­
ently deformable porous sand and gravel . In such 
cases, subglacial water rapidly drains into cavities 
or may be discharged into permeable beds. The dissi­
pati on of pore water wi 11 increase the shear strength 
of sands and gravels at the interface thus allowing 
it to withstand higher imposed basal ice stresses . It 
i s possible that this factor may explain the absence 
of large-scale deformation structures within the drum­
lin cores . Furthermore, a relatively high effective 
normal pressure is produced through the rapid loss of 
water from the glacio - fluvial deposits, and the 
effective normal pressure will then be equal to the 
pressure of the overlying ice (Boulton, [C1974J) . 

During the maximum extens i on of Slettjoku l l in 
historical times (about 1900) , the thickness of ice 
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covering the present drumlin field was 100-150 m, as 
interpreted from ai r photographs and field observa­
tions (KrUge r and Humlum, 1981) . It shou l d be noted 
that druml ins are absent from the terminal 500 m of 
the glacier fo refield where the maximum thickness of 
ice was less than 100 m. It is therefore reasonable 
to conclude that, under the above conditions, drumlins 
may be formed beneath ice thicknesses greater than 
100 m, corresponding to a subglacial pressure ex­
ceeding 8 bars. This view is supported by the fact 
that drumlins are not moulded in the lower till, the 
extent of which seems to be confined to the area be­
hind the overridden marg i nal push moraines which are 
located 500-700 m in front of the present ice margin 
(see Fig . 2) . 

In compa rison with the descr i ptions of drumlins 
in the literature, the present drumlins are extremely 
small. This can be explained as having resulted from 
variation in different glac i er factors such as con­
tent of debris in basal ice and duration of glacia ­
tion of the drumlin field. It seems that both the 
content of materials and the space of time available 
for drumlin formation have been extremely restricted 
(Humlum, 1981; Kruger and Humlum, 1981). 

the above-mentioned glacier factors have also 
affected the drumlin shapes, which range from stream­
lined hills to more irregular drumlin complexes . It 
is believed that pre-existing sediment bodies, elong­
ated in the ice-flow direction, mainly led to perfect 
drumlin forms. In contrast to this, minimal till de­
position prevented oblique bodies from being com­
pletely masked by the till mantle and moulded in the 
ice-movement direction. By this means, the last type 
of sediment body gave rise to the more irregular 
drumlins. 

During the present-day retreat of the glacier, 
the extensive ground moraine and the numerous ex­
posed drumlins are in the process of destruction by 
melt-water erosion. Furthermore, a branching network 
of channels, sharp-cut plateaux, and terraces charact­
erizes the morphology of the proximal parts of out­
wash fans formed concurrently with glacier retreat . 

Given the present glacier forefield, it is pos­
sible to predict from the above model for drumlin 
formation how drumlins might evolve under a future 
advance of Slettjokull across the forefield; prom­
inent interstream areas in the upper reaches of the 
outwash fans and remnants of ground moraine between 
i nci sed melt-water channel s wi 11 1 ead to the forma­
tion of new drumlins, while pre -existing drumlins 
will be enlarged. In such cases, it is meaningless 
to relate morphometric analysis statements of ran ­
domness or non-randomness of drumlin distribution 
to the characteristics of moving ice as has been 
frequently proposed in the literature (Reed and 
others, 1962; Trenhaile, 1971) . 

CONCLUSIONS 

The internal composition and till fabrics of 
small drumlins in front of the northern margin of 
t~yrda l sjokull, Iceland, suggest that the cores of the 
drumlins consist of pre-existing deposits, while the 
mantle is composed of subglacial till . As regards the 
processes involved , the material contained in the 
cores is mainly eroded not by ice but by pro-glac i al 
melt-water streams . Du r ing the subsequent flow of 
ice across the area, the most prominent terrain ele ­
ments have acted as subglacial obstacles, leading to 
localized t i ll depos i tion and drumlin formation . 
Thus, it is concluded that the drumlins were formed 
mainly by the subglacial deposition of till but ob­
stacles acted as essential factors favouring the 
initiation of drumlins . Although this mode of forma­
tion, beginning with a core, may be one initiating 
mechan i sm for drumlin development, it by no means 
accounts for drumlins without such cores , and there ­
fore explains only a part of the overall problem con­
cerning the origin of drumlins . 
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