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ABSTRACT. R eview of published desc riptions of drumlin fi elds suggests tha t th e 
following conditions a re importan t to drumlin grow th: ( I ) compressive longitudinal 
and poss ibly ex tending transverse strain ra tes in the ice, (2) thin ice such a occurs near 
the glacier margin , a nd (3) high pore-water pressure in the subglacial sediments. M os t 
drumlin fi elds display a ll of these, a nd no fields of well-developed drum lins were found 
tha t did not. On th e other hand , the li thology of drumlin-forming sediment appears 
not to be importa n t in promoting drumlin growth , since it vari ed widely, nor are the 
lithology and large-scale topogra ph y of the bed . 

INTRODUCTION 

In order to defin e the physical conditions under whi ch 
drumlins form, we h ave studied published descripti ons of 
drumlin fi elds and determined, wherever possible: ( I ) the 
na ture o[ the large-scale bed to pography on which the 
drumlins are found , (2) the qua lity of drumlin develop
ment, (3) the spa ti a l organiza tion of individual drumlins 
in a field , (4) the characteristics of the material in the 
drumlins and substra te, (5) the time of drumlin form
a tion, (6) the basal ice conditions a t the tim e of drumlin 
fo rm a tion, (7) th e sense of st rain in th e ice (e.g. 
compressive or ex tending), a nd (8) the hydro logic 
conditions of the bed . We emphasize that we d o not 
propose a model of drumlin forma tion, but ra ther a ttempt 
to define the range of ph ysical conditions under which 
well-developed drumlins have formed. 

Physica l conditions that a re always or nearly a lways 
observed in drumlin fields suggest factors tha t should be 
considered in any general theory of drumlin forma tion . I n 
th e same vein, physical conditions tha t differ apprecia bl y 
between fi elds a re presumably less important. 

This stud y is an initi al phase of a n in ves tigation o[ 
the hypothesis tha t th ere is a n ice-flow insta bility 
cap a ble of creating drumlins. Our suspicion is tha t 
wh en unsta ble preconditions a re perturbed , forces a re 
set up tha t cause a departure fro m the origina l sta te 
( ay[eh, 1993 ) . For exam ple, a bump on the bed , 
represen ted by the drumlin cores tha t a r e o ft en 
o bserved , might se t up a press ure distribution or flow 
pa ttern that results in erosion adj acent to the bump or 
d eposition over it, or both. For a drumlin to form, thi s 
perturba tion not only must be present but must gro w so 
tha t the resulting la nd form exceed s the height of the 
origina l obstacle. 
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PRESENTATION OF DATA 

T a ble I summarizes ma ny o[ the characteristics inves t
igated . Throughout the pa per, drumlin fi elds are referred 
to by their numbers in thi s table. A lower-case superscrip t 
following a cited fi eld number identifi es a specific source. 
Some of the charac teristics chosen [or stud y were not 
usually d escribed in the litera ture or were not easily 
meas ured. Others a re based on necessaril y indirec t 
evidence; these characteristi cs are discussed but do not 
appear in the table. Space limita tions required a selected 
reference list; a more complete list o[ drumlin references 
can be o btained (M enzies , 1984; Pa tterson, 1989). 

Drunllin quality 

A subj ective ra ting of q ua lity was assigned to the drumlin 
fi eld s to indica te th e to pographic express ion a nd 
comple teness of the bes t la ndforms in a given field. The 
ra ting ra nges from 1 to 3; a ra ting of I m eans that the 
land[orms are well-formed and distinct and 3 means tha t 
they a re faint and indistinct. 

D r umlins vary in length and width be tween fields and 
also within a field . H owever, a ingle form invariably 
domina tes each area of the field , and the change to 
another shape is gradua l. The shape has been said to vary 
acco rding to topogra phy, position with respect to the 
bounda ries of the fi eld , the amOUl1l of drift ava il able, ice 
velocity, strain in the ice, and the drumlin-forming and 
substra te ma teri als. Such situa tions are not documented 
[req uently enough, h owever, to show tha t a causa l 
rela tionship exists. 

Drumlin elongation often varies sys temati call y within a 
fi eld , with Outes being end members. Longer streamlined 
featu res are most common down-ice from a drumlin field (9, 
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Table 1. Summa1]1 of drumlin-field characteristics. Q)s a subjective rating of quality of best drumlins in afield: 1 (well
formed and distinct ) to 3 (jJoorly formed and indistinct). L is sense of longitudinal strain: -, compressive; +, extensive. T 
is relative transverse strain using l /r (see texl ) . Material denotes drumlin-forming material and its structure, and Core is 
described by the same symbols: B, sand alld gravel-bar deposits in streams; Cl, clay; Cone, concentric bedding parallel to 
surface; CT , clayeJl till; G, gravel; GM, ground moraine; fM , ice-marginal deposits; LT, lodgement till; RK, rock; S, 
stratified; Sd, sand; SM J 11, sllbglacial meltwater deposits; SL, sandy loam; ST, sandy till; T , till. Topo indicates 
topography over which drumlin-forming ice advanced: AP LA T , slightly ascending plateau (ice opposing); CSP LN, 
coastal plain; DESC, descending slope; DPLA T , slightly descending plateau; fSHGT, isolated height; LLND, 
lowland; OPPOS, opposing slope; PLAIN, plain; PLAT, plateau 

Field 

ALASKA 
Clacier Bay 
ALBERTA 

2 Lac La Biche 
A:-JTARCTI C 

3 j a mes R oss Is. 
4 BRIT. COLUM. 

C HILE 
5 Patagonia 

Ei\"CLA:\,D 
6 C umbria 

ESTON IA 
FINLAND 

8 K eitele 
9 Pieksamaki 
ION. Finn. Lap. 

CER~IA:\,Y 

11 AlIgau 
12 Bad Oldesoe 
13 Brussow 
14 Furstenwere! er 
15 La ke Oberucker 
16 La ke Lieps 
17 Roseno\\" 

[CELA ND 
18 South Iceland 

IRELAND 
19 Ards Penins ul a 
20 Ballina 
2 1 Cas tlebar 
22 Clew Bay 
23 S. Donega l 
24 Co. Down 
25 Lough :\'eagh 
26 ClI·!. U lster 

LlT H UA:-J IA 
27 Kl aipee!a 

MASS. 
28 Boston 

29 \\'in th rop 
MI C HI GAN 

30 Alger Co. 
3 1 Alpena Co. 
32 C heboygan 
33 
34 
35 

Crane! Traverse 
[ ron Co. 
\\ ' . Leelanau Co. 

36 Les Cheneau" 
37 M enominee 
38 M ull et Lake 
39 Northport 
40 Ona\\"a)" 
+ I Presq ue [sIc Co. 
+2 R ogers City 
43 U nion City 

MINNESOTA 
44 Automba 
45 Bra inerd 
46 Pierz 
47 T oimi 

Q. L T 

2 

2 
2 

2 

2 
2 

2 
2 
2 

2 

2 
2 
2 
3 
3 

3 

2 

2 

3 

2 

2 

2 
2 
2 
2 
2 
2 

3 
2 
2 

.05 

+ 

.22 

.0 1 

.01 

+ 

.0 1 

. 11 

.08 

.02 

.06 

o 
.0 1 

1\10leriol 

T 

LT 

LT 

ST 
T 

ST 
ST. S 
T 

T , I M 
T 
CM 
C~I 

CJ\I 
C'\ I 
C M 

LT, I~[ 

T 
T 
T 
T 
LT, SMW 
T 
T , S 
LT, S~[\V 

T 

T 

T 

T 
CT 

CT 
Cone 
T 
S, C, T 
T 
T 

CT 

ST 

Core 

RK 
RK 

RK , C ,S 
RK , C ,S 

B 

T 

T 

T , RK 
T , RK 

T , RK 

ST 

RK 

Topo 

CSPLN 

PLAI:-J 

DESC 

LLND 

LLND 
LLND 

PLAT 
PLAT 
LLN D 

PLAIN 
PLAT 
OPPOS 
LLND 
OPPOS 

DESC 

DESC 
CS PLN 
PLAIN 
DESC 
DESC 
LLND 
OPPOS 
OI'POS 

CS PLN 

LLND 

CSPLN 

PLA IN 
PLA IN 
PLAI N 
PLAIN 
PLAIN 
PLAT 
I'LAT 
PLA IN 
PLAIN 
PLAT 
PLAIN 
PLAIN 
PLAIN 
PLAIN 

Sources 

Cole!thwait, 1974 

j ones, 1982 

Ra bassa, 1987 
Annstrong a nd Tipper, 1949 

Clappenon. 1989 

Ril e)', 1987 
R ii uk ane! R a ukas, 1989 

C luckert , 1973 
Clucken , 1973, 1987 
H eikkinen and Tikkanen , 1979 

D e j ong and others, 1982 
j auhiainen, 1975 
j a uhiainen, 1975 
j auniaine n, 1975 
j a uhiainen, 1975 
j auniainen, 1975 
j a uniainen , 1975 

"Kruger and Thomsen , 1984; bKruger , 1987 

"\' crnon, 1966; " H ill, 1973; ' Charlesworth , 1939 
Coue!c, 1989 
Coue!':, 1989 
Coue!c, 1989 
"W. B. Wright , 19 12; " Hanvey , 1989 
"Vernon , 1966; " H ill , 1973; ' Charlesworth , [939 
"Charleswort h , 1939; bDardis and othe rs, [984 
D a re!is. 1981 , 1985 

j a uhiainen, 1975 

"Cros by, 1934; "ShaleI', 1870; 'u pham, 1894a; 
dNewman and othe rs, 1990 
Upham , 1894a 

Bergquist, 1942 
Bergq uist, 1942 
Bergq uist, 1943 
Bergqu ist, 1942 
Bergquist, 1942 
Lontan a nd Shetron , 1968 
Bergq uist, 1942 
Bergquist, 1942 
Bergquist, 1943 
Lotan a nd Shetron , 1968 
Bergqu ist, 1943 
Bergq uist, 1942, 1943 
Bergq uist, 1943 
Bergq uist, 1942 

vV right, 19 73 
Wright , 1973 
"Wright, 1973; bM ooers, 1989 
Wright and W atts , 1969 

48 Wad en a 2 .02 T Sd 

OPPOS 
PLAIN 
DESC 
DESC 
OPPOS "Wright, 1957, 1962; " Leverett, 1932; ' Schneider, 196 1; 

dColdstein, 1989 
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Field CL L T Material Core 

NE \'" HAI\IIP. 
49 in general 2 T,CT T , S 
50 Lake Squam T T,G 

NEW YORK 
5 1 Ctrl. W. N.Y. Cone, T 
52 Chauta uqua RK 
53 W. Finger Lakes T 
54 Niagara-Geness 3 T 
55 Palmyra I T RK 
55 Sodus Bay 2 Cone, T 

N. DAKOTA 
57 Warwiek-Tokio 3 .04 T 

N. W . TERR . 
58 Barren Grounds 2 0 CT 
59 P . of Wales Is. 2 .07 T 
50 Chezzetcook 
51 H alifax .02 T T , LT 
62 Liseomb 
53 Lunen burg 
64 Yarmouth 2 .02 G, T 

ONTARIO 
55 Arran 2 + T G, Sd, T 
66 Big H ead Valley 
67 Caledonia 
68 N. Gower 2 SL 
69 Guelph 2 ST T 
70 Manitoulin Is. 2 T 
71 S. Ottawa ST 
72 Peterborough 2 ST G, Sd , Cl 
73 Simcoe 
74 Teeswater ST 
75 Woodstock .02 ST T , S 

POLAND 
75 Dobropole 3 GM 
77 Dzwnowo 2 T 
78 Kornik 2 T 
79 Smiegiel 2 T 
80 Stargaard 2 T 

QUEBEC 
81 Ungava Penin. 2 LT 

SASKATCH . 
82 Doll ard I S 
83 Livingstone Lake 2 .01 S 

subset of L.L. 2 S 
subset of L.L. 3 S 

84 SCOTLAND 
S' '''EDEN 

85 Boras 2 T RK 
86 Emmaboda 2 ST RK 
87 Falbygden I RK 
88 Falkenberg 3 
89 Kinnekulle 2 0 
90 Narke 3 0 G 
9 1 Sommen Solgen 2 .01 RK 
92 Varend 2 .0 1 RK 

WASHINGTON 
93 Puget Lowland 

W ISCONSIN 
94 M adison .03 T Sd, G,S 

95 Waukesha Co. 2 .02 T G, RK 

52, 54, 55, 74, 80b
) , but were also found up-ice from drumlins 

(48,57) and in both locations (2). 
Consistent with the pattern of flutes forming nearest 

the ice m argin is the observation that, during a glacier 
retreat, flutes tend to form la ter than drumlins and 
therefore under thinner ice ( 11 , 82- 84). 
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Topo Sources 

CS PLN Hiteheoek, 1875 
PLAT Upham, 1897 

"Slater, 1929; bFai rchild , 1907 
PLAT aMuller, 1953; bFairchild , 1907; ' Miller, 1972 
LLND Fairehild , 1907 
PLAT Fairehild , 1907 
LLND Fairehild , 1907 
OPPOS Fairehild , 1907 

LLND aLemke, 1958; "Aronow, 1955, 1959; 
eColton and Lemke, 1955 

Dean , 1953 
aCra ig, 1954; bMorris, 1986; CDyke and Morris, 1988 
Stea and Brown, 1989 

DESC Goldthwait, 1924 
Stea and Brown, 1989 
Stea and Brown, 1989 

CSPLN aGravenor, 1974; "Stea a nd Brown, 1989 

PLAT aChapman and Putnam, 1965; bHarry and Trenhaile, 1987 
LLND aChapman and Putnam, 1966; bHarry and Trenhai le, 1987 
LLNO aChapman and Putnam, 1966; bHarry and Trenhaile, 1987 
OPPOS aChapman and Putnam , 1966; bHarry and Tren hai le, 1987 
OPPOS aChapman and Putnam, 1966; bHarris, 1967; cK a rrow, 1981 
DPLAT Chapman and Putnam , 1966 

Karrow, 198 1 
LLND aKarrow, 1981; bCrozier, 1975; cSharpe, 1987 
LLND Chapman and Putna m, 1966 
PLAI N K a rrow, 1981 
DESC aK arrow, 1981; bpiotrowski and Smalley, 1987 

] a uhiainen, 1975 
DESC ] a uhiainen, 1975 

J a uhiainen, 1975 
J auhi ainen, 1975 

LLND aJ a uhiai nen, 1975; bK a rczewski , 1987 

PLAT aGray and Lauriol, 1985; bBouchard , 1989 

LLND Kaupseh, 1955 
PLAT Shaw and K vi ll, 1984 
PLAT 
PLAT 

Charlesworth, 1939 

1'LAT Gillberg, 1976 
1'LAT Gillberg, 1976 
ISHGT Gillberg, 1976 
CSPLN Gillberg, 1976 
ISHGT Gillberg, 1976 
LLND Gillberg, 1975 
APLAT Gillberg, 1976 
D1'LAT Gillberg, 1976 

DESC Wait! and Thorson, 1983 

O1'POS 
au pha m, 1894b; b Alden, 191 I; cBorowieeka and Erickson, 
1985 
aA lden , 1905 , 19 11 ; bLasca , 1970; c"Vhittecar and 
Miekelson, 1979 

Topography 

R egional large-scale topography, because of its effect on 
ice dynamics, should be a significant variable in drumlin 
formation . However, our data suggest that this is not the 
case. Topographic descriptions were taken from the 
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literature where avail able, or deduced from topographic 
maps. Drumlins are almost eq ually common o n plains, on 
highlands, such as pla teaus a nd isola ted Oa t hilltops, and 
in confined lowlands (T a ble I ) . Slopes do not a ppear to 
be parti cula rly important unless they are exceptionally 
steep. 

Patterns of dru:mlin spacing and spatial 
organization 

Distinct spatia l pa tterns a re observed in drumlin fi elds, 
and vari a tions in drumlin d ensity are common. One 
frequently m entioned spa ti a l pa ttern consists of a lternat
ing concentric bands of high a nd low drumlin d ensity that 
a re perpendicula r to the ice-Oow direction (10, 25, 28, 52, 
85,94, 95) . T ypically the drumlin shapes a nd sizes are 
simila r within a band (Fa irchild , 1905; Muller , 1963; 
Shaw and Kvill, 1984). The spacing of the ba nds may 
decrease up-g lacier (25). E ach band may represent a 
separa te peri od of drumlin fo rm ation associa ted with a 
still stand of the ice margin during a genera l re treat (46b

, 

94b
) . 

Oth er fi eld s or a reas of fields have a radia l banding 
para llel to the ice-Oow direction (4,83,85,95 ) . The outer 
parts of one field (94C) are cha rac terized by ra di a l bands, 
but transverse bands are present in the centra l pa rt. 

Often m entioned in theo ri es of drum lin formation is 
the "en echelon " pa ttern of drumlin spacing (4, 5, 8, 9, 
18, 19, 24). This is not the m ost commonl y seen pa ttern , 
and no fi eld is entirely "en echelon" . O ther pa tterns of 
drum li n grouping a re para llel (side by sid e) (8, 9, 18,85 
87, 90- 92 ), in succession down-ice (9, 85, 87, 9 1, 92 ) and 
overl apping or fu sed (4,9, I 1, 55,87,9 1,92) . 

Dru:mlin-forming :material 

Most drumlins com prise a composite of ma teri a ls of local 
deriva tion. These materi a ls a re typica ll y g lacia l, but 
sometimes cven weak bedrock may be mo ld ed in to 
drumlin forms (52). i n genera l, tills in drumlins tend to 
be ri ch in sand and g ra vel (K arrow, 198 1). Th e 
sugges tion th a t drumlins a re composed on ly o f clay-rich 
materi a l (Fairch ild , 1907 ) has been disproved , not onl y in 
general (K a rrow, 1981), but a l o with res pec t to the 
specifi c a rea (52) studied by Fa irchild (Mu ller, 1963 ). 
Three recen t regional in ves tiga tions note a co rrespon
dence of drumlin fi elds with a n up-ice so urce of easil y 
erodible, fin e-grained, sedimenta ry rock (Aylsworth and 
Shi lts, 1989; Bouchard , 1989; Co ud e. 1989) . 

Almos t h a lf of the drumlins having exposed interiors 
have d isti nc t cores . The core may be almos t a n ything: an 
older, denser till; stra tified sand a nd grave l, o r g rave l and 
ti ll ; stra tifi ed clay; or so lid rock. These observa tions 
demonstra te that some drumlins a re partl y erosional in 
origin . H owever , others clea rl y have a d epos itional 
component. Any genera l th eory of drum lin fo rmation 
must accommod a te both poss ibiliti es . 

In som e drumlinized a reas, small top og ra phic 
perturba tions tha t might ha ve formed cores d id not 
beco me d r umlins (Fairchild , 1907 ; Aro no w, 1959; 
Gluckert, 19 73; Gi ll berg, 19 76) . Thus the presence of a 
perturba tion a lone, even within a drum lin fi eld , a ppea r 
not to be suffi cient to cause drum li n forma tion . 

Patterso17 and H ooke: Physical environment oJ drumlin formation 

Substrate material 

The substra te is d efin ed as the bedrock or sediment on 
which drumlins were deposited. Surrounding m a terial 
th a t was deposited at or after the time of drum lin form
a tion is not consid ered to be pa rt of the substra te, but 
m a terial in a drumlin co re tha t is la terally continuo us is 
considered to be pa rt of the substra te. 

U nconsolid a ted sedimenrs m a ke up 34% of the 
substrates, 18% being ti ll and 16% being stratified 
sedi ments, typically of outwas h origin. The rem aining 
66% are rock. One-th ird of the rock substrates a re sha les 
a nd slates, one-third crys talline rocks, and one-qua rter 
carbonates, with sandstones, conglomera tes and basa lts 
m a king up the rem a inder. In short, drumlin development 
is not obviously linked to lithology of the substra te. 

In many fi eld s the density of drum lins decreases with 
d ec reasing depth of glacial sediment (40, 41 , 52, 58, 64, 
69, 72 ). In additi on , well-formed drumlins te nd to occur 
on thi cker sediment, while imperfect, poorl y sha ped 
drumlins of lower reli ef occur in a reas of thin sediment 
(40, 72a

, 8 Ib
) . In o ther fi elds, however, the am o unt of 

loose debris ove r lying the bedrock d oes not appear to be 
a n important vari ab le (68, 72b, 85- 92). 

Time of formation 

vVhile it is often possible to determin e the rela ti ve ages of 
various feature within a drumlin fi eld , the lack of 
a bsolute ages fo r the original d eposition of drumlin
fo rming ma teri a l a nd th e difIic u lty of dete rmining 
whether the drumlin material is of the same age as the 
drumlin form a ti o n make interpre ta ti ons of timing 
difficult. In addition, drumlins in difTerent pa rts of a 
fi eld may have form ed at different tim es. 

The mos t likely tim e for drumlins to form (or to form 
a nd then be preserved ) appears to be during the fin al 
stages of adva nce a nd the earl y stages of retreat of th e ice 
m ass. \Vhere ice-m ove ment direc tio ns a re inferred to have 
been different during adva nce a nd re trea t, drumlins a re 
a lig ned with th e re trea t direc ti on (Fairchi ld , 1907 ; 
Lundq,·ist, 19 70) . 

Drumlin fields in North America a re no old er th an 
la te-Wisconsina n , a nd a ll prese rved drum li n fields of 
sig nificant size appear to have formed during this time 
period in the late P leistocene. If drumlins formed during 
ea rli er glacial times, they pro ba bl y were erod ed or 
m asked by subsequen t glacia tions. Only th ree fi eld s, 
co nsisting of a few ve ry small drumlins, a re described 
from the H oloce ne (1,3, 18). 

Basal conditions 

Drum lins appa rentl y form in a res tric ted zone som ewha t 
up-glacier from, a nd separa ted from , the a socia ted ice 
m a rgin . Norma ll y th ere is a drumlin-free zone imm ed
ia tel y up-glacier fro m the moraine. Drumlin belts occur 
10- 80km (95'), 2- 16 km (57C), 5- 50 km (96), 2- 10km 
(D ardi s and oth ers, 1984), 20 30 km (48), 15 20 km (5), 
a nd a t leas t 25 km (46) behind the associa ted m oraine. 
The drum lin-free zone may be due to some minimum ice 
thi ckness being required for drumlin forma tion. The 
W a rwick- T okio fi eld (57 ) may be a n exception to this 
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rule if the drumlins and moraine are contempora neous. 
T emperature modeling sugges ts that stead y-sta te 

basal tempera tures in such a reas were probably a t the 
melting point (M oran and others, 1980). This follows 
from the fact tha t tempera tures in polar glaciers increase 
rapidly with depth in the abla tion zone (e.g. H ooke, 
1977 ). I ce can, of course, ad vance over a zone of 
permafros t, leading to non-stead y-sta te, sub-freezing, 
basal temperatures tha t can persist for a period of some 
decades or perhaps even centuries. But the observation 
(previous sub-sec tion) that drumlins seem to form during 
late phases of an ice advance suggests tha t thermal 
conditions may have had time to reach the stead y sta te. 

Drumlins are found as fa r south as 43° N in North 
America and 46° N in Europe, a nd as far north as 53° S in 
the Southern H emisphere (Fig. I ) . Although thawed-bed 
condi tions existed benea th much of the ice shee t, these 
latitudes suggest tha t frozen m argins may h a ve been 
present. Such frozen margins can be up to 2- 3 km wide 
(M oran and oth ers, 1980). 

Glacial-thrust features a r e additional evidence of 
frozen margins (M oran and others, 1980). These fea tures 
a pparently form when the bed becomes frozen to the 
glacier sole near the margin , while melting conditions 
exist somewha t farther up-glacier. In North America, 
late-Wisconsin an thrust fea tures are common in North 
Dakota (M oran and others, 1980 ), western Canad a from 
southern Saska tchewan to eas t-central Alberta (Kupsch, 
196 1) central to northern Minneso ta (Mooers, 1990) and 
Ontario (Crozier, 1975; Gray a nd Lauriol, 1985), all of 
which are maj or drumlin area. 

Secondly, in the abla tion zones of glaciers a nd ice 
sheets with frozen margins there is generally a sig nificant 
concentra tion of surficial debris (Gold thwait and others, 
195 1; Boulton, 1968, 1971 ; M ora n, 1971 ; Hooke, 1973; 
M enzies, 1979 ) . Hummocky moraine and d ead-ice 
topog ra phy fo rm as a res ult of this debr is. Such 
topograph y is cha racteristi c of moraine down-ice from 
drumlin fi elds. 

Thirdly, paleoclimatic reconstructions provide an 
approach to assessing the condition of the ice ma rgin, 
since a mean a nnual tempera ture of less than - 5°C but 
not much lower than - 10°C is p robably needed to form a 
frozen margin of significant (2 km ) width , (M oran and 
others, 1980). For example, a yearly average temperature 
of below - 2°C is needed for permafrost, and as a rule 
permafrost is present everywh ere north of the _6° to - 8°C 
iso therms (Williams, 1975 ). In areas of drumlin forma tion 
in Europe, the m ean annual temperature was appreciably 
below - 2°C a nd possibly as cold as - 12°C (Frenzel, 1973). 
In the U.S. A. , the upper Midwes t (North D akota; 
Minneso ta) probably had a m ean annual tempera ture 
between _7° and - 10°C with low accumulation , favoring 
permafrost development (Barry, 1983). Thus p ermafrost 
is likely to have bordered the ice sheet in areas where 
drumlins formed . Continuo us permafros t existed in 
Wisconsin from 25000 to 13000 BP (Clayton a nd Attig, 
1989). 

A frozen m argin in a nd of itself canno t be a 
requirement for d rumlin forma tion, however , because 
many lobes tha t formed d rumlins were fl oating a t the 
terminus (1, 19, 22- 26, 28,32 , 36,38,60- 65, 70,8 1, 84). 
One key ch a racteristic tha t ma rine-based ice lobes 
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proba bly shared with those that had frozen margins is 
high pore-water pressure. In the case of the marine-based 
lobes, this would have been provided simply by the heigh t 
of the water surfacc against a calving face . 

Ice thickness and basal s hear s tress 

Since drumlins formed rela ti vely near ice margins, the ice 
under which they developed cannot h ave been very thick. 
The lobate shape of many ice margins associa ted with 
drumlin fi elds also indicates tha t the ice was thin a nd 
controlled by topogra phy. Precise es timates of ice 
thickness at the time of drumlin forma tion are few. 

In the case of the Holocene drumlins of southern 
I cela nd (18), the ice was 100- 150m thick over the 
drumlin fi eld during the maximum historical extension. 
D r umlins are absent from the terminal 500 m of the 
glacier forefi eld where the maximum ice thickness was less 
tha n 100 m (K ruger a nd Thomsen, 1984). 

N una taks provid e a record of ice thicknesses over 
drumlins. In one case (82) a maximum thickness of 400 m 
was found , and in a nother (94b

) the thickn ess ranged 
between 140 and 440 m . A reconstruction of the Puge t 
lobe (93 ) yielded a m aximum ice thickness of 200- 300 m 
a t the terminus and 1100- 1200 m a t 250 km from the 
ma rgin. Drumlins form ed throughout this zone. 

Assuming a parabolic profil e and constant basal shear 
stress, the shear stresses in the a bove examples a re 
0.1 5 bar (82), 0.1 1- 0 .35 bar (94) and 0 .14-0.22 bar (93) . 
In the last case, th e calculated shear stress depends on 
whe th er the drumlins formed a ll a t one tim e or 
successively as the ice retreated. These basal sh ear 
stresses suggest that ice fl ow may have been relatively 
sluggish at the time of d rumlin forma tion. However , it is 
a lso p ossible that the low shear stresses implied by thin ice 
refl ec t the weakness of the bed over which the ice was 
moving. 

Sense of strain in the glacier 

Longitudinal compression is cha racteristic of abla tion 
areas of glaciers. On present-day ice caps and ice sh eets 
the a blation area comprises approxima tely the outer 10% 
of the flowline. M ost drumlin fields are located sufficiently 
near a contempora neous ice margin to ensure tha t they 
formed beneath the a bla tion area. 

Although d rumlin pa tterns are not a lways simple and 
symmetric (Sla ter, 1929; Gillberg, 1976), the sense of 
tra nsverse strain can usually be determined by the 
pa ttern of drumlins within a fi eld . Fan-shaped field s 
resul t from transverse extension and funnel-shaped fi elds 
from transverse compression. 

In a cylindrical flow fi eld , the circumferential (or 
tra nsverse) strain rate, cB is uj r (N ye, 1953 ) where u is 
the ice velocity in the down-glacier direc tion and r is the 
dista nce from the axis of the cylinder. However, the 
velocity of the ice under which the drumlins formed is 
unknown, a nd r varies. Thus, to obtain a m o re 
quantitative measure of relative tra nsverse strain ra tes, 
we chose a point where two typical drumlins were I km 
apa rt, drew radii p a rallel to the axes of these drumlins 
and measured the distance from either of the drumlins to 
the point of intersection of the radii . Lines converging in 
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an up-ice direc tion define a POS itive value for r , a nd 
di verging lines define a negative value. The reciprocal of 
this di stance, l / r , is then equal to £O ju for tha t particu lar 
loca ti on, and to th e extent tha t u does not va ry 
excessively among the various drumlin-forming situa 
tions, the ra tio £o/u is a mcasure of th e relative value of £0 . 

This meas urement was made wherever field s we re 
adequ a tely mapped and drumlin oricnta tions suffi ciently 
consistent to make a meaningful measurement. 

In the drumlin fi elds studied , l / r ra nges from - 0. 22 to 
0. 08, with more tha n half the values falling between 0.01 
and 0.02 (T able I ; Fig . 2). Thus, the m ajority of drumlin 
fi elds a pparently formed under conditions of tra nsverse 
ex tension. This may be simply beca use they are located in 
the a bla tion area, where transverse ex tension is common, 
but the cluster of l / r va lues between 0 a nd 0.02 may be 
sig nificant . Only three fi elds consid ered here (2, 6, 59) 
have negative values . In one of these (59) the ice involved 
may have been an ice stream. 
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Fig . 2. Histogram oJ 1/1' values for the drumlin fie lds 
measured. The ratio 1/1' is a measure oJ relative transverse 
strain rale. Positive values indicate transverse extension. 
See text Jor explanation. 

The role of w ater 

Evid ence for the presence of subglacial wa ter a t the time 
of drumlin formation is theoretical a nd /or indirect. As 
noted earlier, temperature models sugges t tha t the beds of 
land-based lobes, in the region of drumlin forma tion 
somewhat up-glacier from the margins, were probably a t 
the pressure-melting temperature. In the case of m arine
based lobes, subglacial tempera tures were certainly a t the 
pressure-mel ting point. 

In both cases, pore-water press ures were proba bly 
high . In the case of la nd-based glaciers, as noted, drumlin 
a reas bo rd er m argins tha t we re probably in th e 
permafrost zone. Frozen margins would have blocked 
th e release of meltwa ter, thus increasing subglacial wa ter 
pressures. Moran and others (1980) a ttribute the form
ation of glacial-thrust terranc, often found down-glacier 
from drumlin fi elds, to high pore-wa ter pressures. Pore
water p ressures were probably also high in the case of 
ma rine-based margins, particula rly if the wa ter was d eep. 
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The thin-ice profil es reconstructed a bove imply low 
basal sh ear stresses . A weak bed, res ulting from high pore
water pressures would be consistent with these observa
tions. There are a few d ocumented cases of druml ins 
containing deformation structures such as diapirs or dikes 
(e.g. 95 ) . Such fea tures can be created by the fl ow of 
sa tura ted sediment as a res ult of weakening of the 
sediment by high pore-wa ter press ure. 

The presence of flu vial sediment ben ea th drumlins 
does no t necessarily mean that the flu vial d eposition was 
contemporaneous with drumliniza tion. Stra tified deposits 
lapping onto a drumlin in its lee (Chapma n a nd Purnam, 
1966; D a rdis and others, 1984) require the drumlin for 
their accumulation, but there is no evid ence that the 
flu via l ac ti vity and drumlin formation were rela ted . 
H owever , concentrically bedded, fluviall y deposited , 
upper la yers that conform to the drumlin profile, as in 
the Livingstone Lake fi eld (83), suggest that flu via l ac
cumula tion may have been an integral p art of the la ter 
phases of the formation of some drumlins. Likewise, the 
common associa tion of esker (8,9, 24, 26, 29, 30, 37, 46, 
72, 8 1- 83, 88) and , less commonly, tunnel valleys (46, 83, 
94; Grube, 1983), with drumlins is not conclusive 
evidence for the presence of wa ter a t the time of drumlin 
forma tion , because some drumlins are known to pre-date 
these fea tures . However, eskers and tunnel valleys are 
indicative of subglacial drainage shortly a ft er drumlin 
forma tion . Although these observa tions do not rela te 
conclusively to the subglacial hydrology during drumlin 
forma tion , they sugges t that wate r was present soon after 
forma tion. 

In summary, high pore-water pressures likely existed 
in a ll of the drumlin fields studied, beca use a t least one of 
the following is true: ( I ) a frozen toe was probably 
present; (2) the glacier terminated in wa ter ; (3) subglacial 
drainage followed drumlin formation; (4) flu vial deposits 
a re an in tegral part of the drumlin form; or (5) the till is 
deformed . 

CONCLUSIONS 

Param eters studied tha t were significantly variable were 
( I ) regional topography, (2) material in drumlins, (3) 
substra te lithology, and (4) substra te thickness. These, 
therefore, a re not central to drumlin forma tion. 

Sha red characteristics a re linked to ice physics . 
Drumlins were formed within the ablation a rea relatively 
near ice margins. As a result, the longitudinal strain ra te 
was norma lly compressive and the transverse strain ra te 
ex tending. The ice must have been rela tively thin . The 
drumlin-free zone between the moraine a nd the drumlin 
fi eld suggests, however, tha t there is a limit to how thin 
the ice can be and still form drumlins. This drumlin-free 
zone varies from 2 to 25 km in width. 

In m any drumlin fields a frozen toe was probably 
present. Evidence for this includes paleoclimati c recon
structions, ice-thrust fea tures and areas of stagnation 
moraine . Such a frozen toe wo uld be likely to cause high 
pore-wa ter press ures in the area of drumlin formation. 
Frozen toes could not have been present where ice sheets 
terminated in wa ter, but the presence of a n appreciable 
depth of water a t the terminus wo uld also have led to high 
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pore-water press ures farther up-glacier. No drumlin fi elds 
were found in areas where elevated pore-water pressures 
would have been unlikely. 

Within fi elds, two common patterns of drumlin 
spaci ng can be distinguished: transverse and radial 
banding. Transverse banding i. the more common and 
may be a result of time-transgressive formation of 
drumlins during retreat of an ice margin. One drumlin 
form typically dominates an area within a fi eld , a nd the 
cha nge to another form is gradual. Drumlins normally 
become elonga ted down-ice. 
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