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SUMMARY 

The ice -cored moraine which occurs on the margin of the 
Greenland Ice Cap, east of Thule Air Base, was investigated during 
the summers of 1954 and 1955. A synthesis of the field data gathered 
leads to the following conclusions. 

l. The outer zone of the ice margin is composed of stagnant ice 
which acts as a barrier to movement of mobile ice from the interior. 

2. The mobile ice overrides the barrier zone in a series of high
angle imbricate shears. 

3. These shears carry old ground moraine from the subglacial 
floor toward the surface. 

4. Differential ablati.on on the surface results in the formation of 
ice-cored moraine ridges, parallel to the st_rike of the shear . 

5. Recent stagnation and recession of the ice margin in the Thule 
area has resulted in the formation of a belt of successive shear 
moraines. 

6. Geomorphic processes in addition to ablation (particularly 
wind action) control the surface expression of the shear moraines. 

7. Subglacial topography is the primary control on the trend of 
both ice edge and moraine ridges. 

8. The complex Thule Ramp shear moraine has resulted from a 
faster- moving ice mass to the north overriding the Thule Ramp ice. 

9. The promi.nent ice cliffs are manifestations of erosion by wind 
and water. 

l 0 . The tunnel in the Thule Ramp ice cliff indicates a former 
development of shear moraine in the area . 

11. Structural and geomorphic features indicate glacial cycles in 
the area of both long and· short duration. 

12. The shear moraines in the Thule area offer a possible 
explanation for the mode of ground moraine deposition in some areas 
of continental glaciation during the late Pleistocene. 

The work done in 1954 and 1955 was in the nature of a glacial 
geomorphologic reconnaissance. Intensive study remains to be done, 
particularly in the Thule Ramp area, on ice structure, movement, 
and ablation before a complete understanding of both present and past 
glacial regimes can be reached . 



SHEAR MORAINES IN THE THULE AREA, NORTHWEST GRE"ENLAND 

INTRODUCTION 

General Description 

On the margin of the Greenland Ice Cap, east of Thule Air Base, there is an 
unusual and little -known type of moraine. This ice -cored moraine developed from 
debris supplied by shear planes at the boundary between the stagnant outer zone and 
mobile inner zone of the ice cap. During the summers of 1954 and 1955, the writer 
investigated this morainal type and its related geologic and glaciologic conditions. 

These moraine features are located on the margin of the inland ice, trending 
generally south-southwest, between the Moltke and Petowik glaciers (Fig. i). The 
glacial margin consists of two zones. The outer or· westward zone, from 500 to 
l 000 m wide, con·sists of ·"stagnant" ice. The inner or eastern zone is marked by 
high-angle imbricate shears developed as plastic ice, moving westward from the center 
of the ice cap, overrides the stagnant outer zone. The imbricate shear pattern 
appears to be from l to 2 plus km wide, but may extend farther inland under "super
imposed ice. 11 

Shearing is most manifest at the boundary between the two zones, where a shear 
plane or planes bring debris to the surface; This . debris supplies a protective veneer 
along the shear on the surface, and differential ablation takes place during the melt 
season. Over a period of many ablation seasons, a moraine -veneered ice ridge 
develops. This is the surface expression of the debris-carrying shear plane that 
separates the stagnant outer zone from the mobile inner zone of the· ice (Fig. 2). 

Previous Work 

An exhaustive search of the available literature reveals that this type of shear 
moraine is rare and has never been thoroughly investigated. Both T. C. Chamberlain 
( 1895) and Rollin D. Salisbury ( 1896) mentioned similar features along the ice margin 
in Inglefield Land ( 78° 30 1 North), and recognized that these ridges of debris were 
ice-cored and were supplied with debris from "up-bending ice-strata, 11 but they made 
no serious investigation. A somewhat related moraine feature on the southern end of 
the Barnes Ice Cap, Baffin Island, has recently been described by Richard P. 
Goldthwait ( 1951). The best previous description of this type of feature is by Koch 
and Wegener (1930). Wegener, in 1903 and again in 1912-13 on the Danish Dronning 
Louises-Land Expedition, found moraine features identical with those in the Thule· area 
at 76° 30' North on the eastern shore of Greenland. 

Study Area 

The marginal zone of the Ice Cap bearing this morainal expression (Fig. 65) 
extends north to within 0. 8 km of a nunatak which is 9. 6 km south-southwest of the 
present terminus of the Moltke Glacier. From .this point, the shear-moraine belt 
runs generally southwest for 32 km, broken in two areas by ice lobes devoid of moraine 
ridges and by ice cliffs. A pattern of successive parallel moraine ridges, prominent 
along most of the area is most fully developed north of these breaks. 

The area falls naturally into five divisions: 

l. The multiple-moraine zone which runs for 12. 5 km between the northernmost 
extent of the feature and the ice cliffs (designated Area B). 

2. The ice cliff zone, 4. 8 km long, _ which ends in vertical cliffs (designated 
Area D). 

3. The dual-moraine zone, extending 6. 4 km between the ice cliffs and the Tuto 
moraine (de signa ted Area C). 

4. The Tuto moraine and the Thule Ramp; a complex area, 5. 7 km in extent 
(designated Area A). 

5. The 3. 2 km of moraine ridges south of the Thule Ramp (designated Area E). 
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CHAPTER I. PHYSIOGRAPHIC DESCRIPTION OF STUDY AREA 

Simple Shear Moraine Area (Areas B and C) 

Along two of the five natural divisions of the study area (Area_s B and C), the 
shear moraines trend parallel to the ice-edge and consist of one, two, or even more 
successive ridges. These two divisions run from the northern end of the study area 
south to the Tuto moraine and are separated from each other by the ice cliff area 
In both Areas B and C, the shear moraines are locate_d between 200 and 400 m inland 
fi·om the ice edge, at an elevation of from 60 to 80 m above the outwash plains. 

· The most pronounced shear moraine development is found immediately north of the 
ice cliff area (Figs. 3,4). Here successive shear moraine ridges form a belt 12.5 km 
long. The belt trends generally north, then swings east paralleling the Moltke Glacier, 
and finally ends wit;h. a southeast orientation. 

The northern end of this morainal belt is shown in Figures 5 and 6. This curved 
southeast-trending prong of moraine ends 1600 m inland from the ice edge. A series of 
lenticular-shaped "islands" of morainal debris, 40 to 60 m long and 10 to 20m wide, 
extends farther inland and is a manifestation of the debris-bear~ng shears that created 
the prong. These features show little or no relief above the surrounding ice, as the 
morainal veneer is only from 5 to 15 em thick. The debris is composed primarily of 
subangular, well weathered, dark ferromagnesium particles ranging from sand to 
cobbles in size. 

Thirty meters south of this line of "islands" is a gentle dome- shaped. light-colored 
area, 35 m wide and 95 m long. Because of its shape and color (differing from the 
"islands" to the north), this feature resembles a nunatak. However, close inspection 
disclosed it 'to be another moraine "island," composed predominantly of quartzite. 
The depth of debris is again 5 to 15 em. 

The curved prong is composed of two parallel ridges with a prominent snow bank 
in the depression between the two (Fig. 6). A profile across this prong is shown in 
Figure 8, A-A' {location of profile shown on Fig. 9). Here the moraine is 133 m wide 
and rises 17 m above the ice on the north and 6. 2 m above the ice on the south. The 
average grade is 10 deg on the north slope, and 15 deg on the south slope. -The thick
ness of debris covering the ice varies from a few millimeters at the edge of base ice 
to 70 em on the higher crest. Several dirt mounds from 0. 5 to 2 m high are located on 
the south side of the prong. 

The debris found here is typical of that composing the shear moraines throughout 
the study area. It is an unconsolidated heterogeneous matrix composed primarily of 
quartzite, granite, gneiss, diabase, and other crystalline rock. The individual 
particles vary in size from fine sand to boulders 2. 5 m in diameter with 80o/o of the 
debris being pebble and cobble size. They are sub-angular to well rounded in shape. 
All are well weathered. The degree of weatherin-g is best seen in the diabase particles. 
A fresh surface is smooth, homogeneous, and gray- black in color, but the weathered 
surface is brownish-orange and pitted, due to chemical weathering. The same degree 
of weathering was found in particles contained beneath the surface in shear planes. 
Assuming that the chemical weathering cannot take place while the debris is frozen, 
as it is in the shears, the debris making up the morainal cover in this area must be 
"old", previously rounded and weathered ground moraine (Fig. 7). 

This prong of moraine trends approximately normal to the ice edge, and therefore 
points into the prevailing katabatic wind. The ref ore, snow does not accumulate along 
the prong except in the slight depression between the two crests. However, where the 
shear moraine turns and trends south, parallel to the ice edge and normal to the 
prevailing wind, long snow banks, with a slope of from 8 to 15 deg, have been deposited 
on the lee, or west, side of the moraines. This feature, strikingly illustrated in 
Figure 9, is continuous along the entire ice edge in the study area, with the exceptions 
of the ice cliff area and the Thule Ramp. 

South of the moraine prong, the number of successive moraine ridges increases. 
Seven kilometers south of the moraine prong the shear moraine reaches a maximum of 
780 m in width. The eastern 200 m of this area is composed of a thin veneer of debris, 



Figure . " tagnant" outer zone mo 
separated by prominent debris- carrying 

Figure 4. Aerial view of multiple shear moraine belt 
looking southwest. 

Figure 5. Aerial view of north end of moraine. 
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Figure 6. Dual ridges at north end of mor.aine. Figure 7. Glacial debris composing morainal cover 

PROMINENT SHEAR PLANE 

I 
Figure 8. Profiles of multiple moraines, Area B. 

A-:A' =Profile across moraine prong; B-B' =Profile across multiple moraine belt. 
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I 

Figure 9. Stereopair of north end of moraine. 

Figure 10. Stereopair of multiple moraine belt. 
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not more than 1 m thick, and shows no ridges. Fifteen hundred meters north of the 
ice cliff area, the moraine is 310m wide and has eight distinct parallel crests. 
Figure 8 B-B', shows a profile through the multiple shear moraine area (location 
shown on Fig. 10). The highest ridge is 76 m above the outwash plain. The inland ice 
slopes toward the moraine at 5 deg, while the snow bank to the west has a slope of 
14 deg. The innermost moraine ridges have the best defined crests and trends; the 
ridge expression is gradually lost toward the margin, owiz:1g to geomorphologic 
processes. Here, as throughout the study area, the western or outer slope of the ridges 
is strikingly steeper than the inland slope. 

The depressions between the successive ridges are partially filled in spots with _ 
snow or, during the ablation season, small ponds. 

Dirt mounds are prevalent along the inland boundary of the morainal belt through
out the entire study area, but are most numerous in Area C (Figs. 11, 12). These 
elliptical ice-cored mounds of debris vary from 0. 5 to 2m high and from 1 to 3m long. 
Seen in stereo (Fig. 13) they seem to have no order or pattern, but close observation 
shows them to trend in lines parallel to the shear moraine crests. 

The area of the moraine prong is the source area for the headwaters of North Star 
River ( Pitufik River). This outwash stream follows the edge of the ice south for 4 km; 
goes through a narrow canyon, 50 m deep, with walls of bedrock on the west and ice on 
the east (Fig. 14); then leaves the ice edge and flows west over a well developed 
outwash plain through Thule to North Star Bay. Behind the morain.al belt (on the 
marginal slope of the Ice Cap), consequent superglacial streams abound during the 
ablation season. These streams have developed a tight meander pattern and flow at a 
fast rate down 2- to 6- deg slopes. The moraine ridge, which trends normal to the ice 
slope with few exceptions, causes the streams to seek a lateral drainage in the 
depression between glacial ice and the innermost moraine (Fig. 15). Where gaps or 
low areas are present in the shear moraine, the streams have cut water gaps. In 
areas of successive moraine ridges, a trellis drainage pattern has developed similar 
to that found in the Valley and Ridge province of the United States. This lateral 
drainage has had the effect, through fluvial erosion, of increasing the relief between 
moraine crests and intervening depressions. 

In many places along the shear moraine in Areas B and C, the drainage has eroded 
a "moulin" througb moraine cover and ice on the east side of the moraine (Fig. 16). 
One "moulin" descends vertically for over 30 m. The streams finally issue from 
tunnels in the ice edge on to the outwash plain. The drainage in this area, whether sub
aerial or internal, descends to the outwash plain on the west and flows in a braided 
pattern into the North Star and South rivers. 

Complex Shear Moraine Area (Area A) 

This complex area was the subject of intensive study during the 1954 field season 
(See figures 17-21). 

The relief of the area gives an erroneous impression of the amount of debris 
present. Only a veneer of from 5 to 115 em of debris exists. The average thickness, 
determined from 265 pits along 25 profiles, is only 26. 5 em, while the total volume 
of debris is only 688 m 3 ( 900 cu yd) within an area l 7 5 by 145 m. 

Physiographically, the Thule Ramp moraine may be broken down into six units: 
( 1) the simple shear moraine trending north from Lake Tuto; ( 2) the ice cliff 
bordering Lake Tuto on the north; ( 3) the salient of moraine trending east-west 
between M-3 and M-4 (Fig. 23); (4) the salient of moraine trending north-south 
between M-2 and M-3; (5) the drainage area west of the prominent water gap; and 
( 6) the prong-shaped salient of moraine which trends east from M-2. 

(1) The simple shear m oraine between M-5 and the ice cliff on the north side of 
Lake Tuto forms only one long, linear ridge, trending north parallel to the ice margin 
and approximately 400 m inland. It varies from 25 to 50 m wide, and pinches out on 
the southern end, some 75 m from the ice cliff. In several places, supe.rglacial 
streams have cut water gaps through the moraine ridge. The relief between moraine 
crest and clean ice to the east is 10m in the area of M..:.5, but decreases south toward 
the ice cliff. Figure 1 9 , A- A' is a profile across this ridge (its location is shown on 
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Figure 11. Aerial view along mo r aines 
of Area C looking toward Thule Takeoff 
(note the dirt mounds) . 

Figu r e 12. Ground view of dirt mounds 
shown in Fig. 11. 

Figure 13. Stereopair showing dirt mounds (Area C). 
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Figure 14. Stereopair of the gorge of the North Star River. 

Figure 15. Aerial view of superglacial streams 
diverted by moraine ridge (Area B). 

Figure 16. Stream tunnel or 
"moulin" in shear moraine 
(Area B). 
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Fig. 21). Several unusually large boulders are present (Fig. 22). West of the 
simple moraine, the streams that cut through · the water gaps in the ridge have 
channeled deep gullies in the ice as they flowed west, down slope, to the margin . 
Headward erosion of the gullies is cutting back into the moraine ridge in this are a, 
creating a "biscuit board" effect (Fig. 23). 

( 2) The most prominent ice cliff in the area trends northwest for 600 m , from a 
point 50 m north of M-4 to the ice margin on the north side of Lake Tuto. It has a 
concave slope, vertical at the top and averaging over 50 deg, and a maximum height 
of 42 m. 

The superglacial streams that drain the area immediately north of M-3 and M-4 
flow above the ice cliff, through a break in the morainal expression. During the 
ablation season, these streams cascade in waterfalls over the lip of the cliff and empty 
into Lake Tuto. The streams have eroded into the face of the cliff as much as 5 to 6 m. 

( 3) Between M-4 and M-3, the moraine trends east. The width of debris cover 
varies from 100 to 150m. The crest of the moraine, as everywhere else in the study 
area, indicates the trend of debris -bearing imbricate shear (or, in places, a zone of 
shears). 

The moraine area for 150 m east of M -4 does not exhibit a prominent crest. It is 
scoured by old stream channels that are now filled with debris. Just northeast of M-4 
and west of the old channels, pattern ground is beginning to develop in the form of 
small rock polygons 1 5 to 4 5 em in diameter (Fig. 24). This area has the thickest 
debris, averaging 80 em. 

In this area there is no abrupt break in slope between the debris -covered moraine 
and the clean ice to the north (Fig. 19, B-B'). Farther east, in the area of M-3, the 
moraine again exhibits a marked crest. The relief between M-3 and the moraine-edge 
to the northeast is 12 m. 

(4) At M-3 the trend of the moraine swings 90 deg and runs south to M-2. This 
segment of the ridge is broken by a prominent water gap, which drains the basin 
dammed behind the salient of moraine from M- 3 to the end of the prong. The present 
course of this stream forms the southern boundary of the moraine between M-4 and 
the water gap (Fig. 25). The slope between the crest of the moraine and the stream 
in this area is the steepest found anywhere in the area mapped. From M-4 southwest 
to the stream there is 39m relief. At M-3 there is 32m relief. Between M-3 and 
the water gap, the relief on the marginal side of the moraine decreases to 9 m in the 
gap itself. Here the stream has cut a series of entrenched meanders in attempting to 
reach local base level (Fig. 26). 

( 5) The area bounded on the north and east by the moraine that runs from M -4 to 
M-2, on the south by Thule Ramp, and on the west by Lake Tuto, shows several stages 
of stream erosion through the water gap. Two old stream courses are present as deep 
gullies which contain underfit streams during the ablation season. The more 
prominent has its head 75 m west of M-2 and flows west-northwest into Lake Tuto. 

The present stream course enters this old channel some 175 m east of Lake Tuto. 
The whole area has a thin, uneven veneer of debris that is carried along the melt
water streams and redeposited. The streams are fed primarily with debris that 
creeps or slides down the .steep slope between M -4 and the water gap. Some of the 
material, mainly fines, is carried along in suspension (some larger particles by 
saltation) and dropped as a deltaic deposit at the mouth of the main stream. The 
surface in this area, which in places is lower than the Ramp surface immediately to 
the south, is covered by a spotty veneer of debris. This uneven distribution is due to 
fluvial action of the melt-water streams. The thin veneer of debris gives an erroneous 
impression of the extent and boundaries of the shear moraine (Fig. 21). 

West of M-4, adjacent to and paralleling the large ice cliff, a moraine-veneered 
ridge formed by stream deposition projects into Lake Tuto. 

( 6) At M-2 the moraine ridge swings 90 deg east and trends parallel to the 
direction of glacial flow. This prong of moraine is symmetrical in shape, with a 



Figure 17. Aerial view of Thule Ramp shear moraine looking 
north. 

Figure 18. Aerial view of Thule Ramp shear moraine looking 
east. 
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Figure 19. Profiles of Thule Ramp shear moraine. 
A-A' =Profile across moraine south of M-5; 
B-B' =Profile across moraine east of M -4; 
C-C' =Profile across moraine east of M-1. 
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Figure 21. Stereotriplet of Thule Ramp shear moraine. 
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Fig ure 22. Tabular boulder on moraine 
near M-5. 

Figure 24. Small polygon on moraine 
north of M- 4 . 

Figure 26. Entrenched meanders we st of 
w ater g ap. 

F igur e 23. Gullies erodi n g back into 
m orai ne ridge south of M-5. 

Figure 2 S. Aerial view of drainage pattern 
on Thul e Ram p moraine west of water gap. 

Fig ur e 27. End of moraine prong east 
of M-1. 
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maximum width of 100m west· of M-1. It pinches out into the ice at an elevation of 
584 m (Fig. 27). Its axis is offset closer to the Thule Ramp side. Therefore, while 
the amount of relief is equal on both sides of the crest ( 16-18 mat M-1), the gradient 
is steeper on the Ramp side. Figure 19, C-C' is a profile across this prong 37m 
east of M-1. The crest of the moraine in this segment, as elsewhere, represents the 
outcrop of a debris-carrying imbricate shear. The position of crest and differences in 
slope indicate that the shear is dipping steeply to the north. 

Shear Moraines South of the Thule Ramp (Area E) 

The Thule Ramp, a broad wedge of ice with an average grade of 3. 5 deg, 
stretches south from the complex Thule Ramp shear moraine for 6 .km. The ice 
structure of this wedge is extremely complex. In the southern part of the Ramp, the 
ice edge projects farther west than in the Thule Take-Off area, filling a bedrock low 
caused by the headwaters of the south branch of the South River. 

A small lenticular shear moraine, 130 m long and 50 m wide with a trend parallel 
to the ice edge occurs 3. 2 km south of the Thule Ramp shear moraine. This 
symmetrical ice-cored and even crested ridge has a thin veneer af debris primarily 
of quartzite. It rises 6 m above the ice surface and is 2. 2 .km inland from the ice edge. 

Along the same shear zone 780 m farther south, moraines are again present 
(Fig. 28). The more westerly one is a long, thin, discontinuous ridge, 800 m long 
and 10-30 m wide. Three prominent water gaps have been cut in the ridge by impeded 
superglacial drainage and the typical snow banks and intervening gullies have been 
developed by the action of wind and water. The morainal veneer of this ridge is 
composed primarily of quartzite. The middle of the ridge is unusual in that the debris 
is not weathered or rounded at all, but fresh and extremely angular. This would 
indicate that this debris is de rived from shattered bedrock, and not ground moraine 
as elsewhere. 

A shear moraine 70 m inland from this area of fresh morainal debris ( 200 by 80 m, 
with l 0 m of relief) is composed of the usual we a the red heterogeneous debris, with an 
unusually high proportion of sand in the matrix. 

Figure 2 8 . Stereotriplet of shear moraines and complex ice structure on south side 
of Thule Ramp. 



Figure 29. Aerial view of shear moraine on south side 
of Thule Ramp. 

Figure 31. Ice cliff at north end of Area D. 

Figure 30. Aerial view of ice cliff area. 

Figure 32. Contorted ice in cliff and waterfall. 
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The south side of the Thule Ramp is flanked by a long arcuate shear moraine 
(Fig. 29), 1 km from the ice edge at its northern end and 0. 5 km from the edge 1. 3 km 
farther south, where its trend changes and bends east, normal to the ice edge. The 
ridge is approximately 70 m above the ground moraine to the west. It has a single 
broad flat crest at its northern end, but becomes double at its southern end. The 
morainal debris is composed of heterogeneous weathered crystalline rocks. At the 
northern end upon the flat crest, pattern ground is beginning to develop. 

A striking feature is that this long moraine is cut only orice, by a former water 
gap, now a wind gap, at its northern end. All the streams draining the area behind 
the ridge flow north in the trough on the inland side of the moraine onto the Thule Ramp, 
then do,.vnslope into the south branch of the South River. This drainage has accented 
the ice cliff and long gully that bound the shear moraine on the n:orth (Fig. 29). 

A long sliver of moraine 1. 2 km east of the southern end of the arcuate ridge 
marks the southern extent of the study area. It is a single thinly veneered ridge 5 to 
60 m wide and 1. 1 km long, trending east. Its relief varies from 0. 5 to 4 m above the 
sur rounding clean ice. A shear moraine near the ice -dammed lake of the Petowik 
Glacier was seen from the air by the author, but it is difficult to reach by weasel due 
to crevasse danger. 

Ice Cliff Area (Area D) 

Part of the ice margin north of the Thule Ramp is characterized by extensive ice 
cliffs, and the usual morainal ridges do not occur. The area trends generally east
west for 6 km and is bounded on the north by the multiple moraine development of 
Area B, and on the south by the simple shear moraines of Area C (Fig. 30). 

The surface contours of the ice east of this area run north-south, so that the slope 
of the ice in this section of the margin is almost parallel to the trend of the ice edge. 
The headwaters of the south branch of the North Star River rise in this area. 

The ice edge is broken 2, 6 km from its northern end, by a steep-sloped shear 
moraine, 650 m long and 100-200 m wide. The crest of the moraine rises 50-80 m 
above the outwash plain, and 10-15 m above the clear ice on the east. On either 
side of this moraine, the ice terminates either in steep (10-15 deg) slopes or in 
vertical cliffs 20 to 40 m high. The bottom 5 to 10 m of the face contains layers of 
debris. Whether the ice edge is cliffed or not seems to be controlled by the action of 
both wind and water. 

The northern 1. 2 km of this area contains vertical cliffs rising above an adjacent 
ice-cored moraine ridge. This is not a shear moraine, which is cored with a high
angle imbricate fault bearing debris. This debris comes from horizontal debris
bearing shears in the cliff face, dropped as the face melts back (Fig. 31). 

South of the moraine, the ice edge is cliffed in two places. Here, there is no 
prominent pro-glacial ice-cored, debris ridge, but portions of the ice exposed in the 
cliff face are highly contorted. 

The superglacial streams that drain the ice to the east cascade over the cliffs in a 
series of waterfalls (Fig. 32). 

The southern end of the ice cliff area contains two linear areas of debris, trending 
east-west. The more westerly area is 500 m long and 20 to 100m wide, with a 
prominent crest 15 to 20 m above the surrounding ice and slopes of from 10 to 15 deg. 
The more easterly area, 150 m long and 60 m wide, · is only a thin veneer of debris 
upon the ice. 
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· CHAPTER II. STRUCTURE OF THE MARGINAL ZONE OF 
THE ICE CAP 

Simple Shear Pattern 

Explanation of the formation of shear moraines 

Shear moraines with a simple relationship to the structure of the ice margin are 
found in: ( 1) the multiple moraine belt north of the ice cliff area (Area B), ( 2) the 
dual moraine ridges between the ice cliff area and Thule Take-Off (Area C), and (3) 
the shear moraine south of the Thule Ramp (Area E). In all three areas the trend of 
the ice -cored moraine ridges is parallel to both the ice edge and the foliation in the ice 
immediately east of the shear moraines. 

Assuming that the ice sheet lies on an approximately horizontal sub-glacial floor1 

and that the direction of ice movement is normal to the ice edge, shear moraines will 
form in the following manner. 

1) When the ice edge is no longer advancing but is in a general state of 
equilibrium (net ablation equaling net accumulation), a narrow zone along the margin 
will be at a critical thinness at which plastic movement of the ice either cannot exist 
or is negligible compared with that in the interior. This critical thinness is from 65 to 
80 m. This outer marginal zone acts as a stagnant barrier which impedes ice move
ment from the interior, so that high-angle imbricate shears will form as the mobile 
inner zone of the margin overrides the stagnant outer zone (Fig. 33, stage 1). These 
shears dip inland between 45 and 90 deg in the study area, with the mean dip 
approximately 80 deg. Shearing is most manifest at the contact between the two zones. 

STAGNANT ZONE MOBILE Z 0 N E 

STAGE I 

- •:. •. : '->··· -.... _., _. _ ......... :. ' :-:.": , .. . . ..... .. ............ . . . ,. ••• • ••• •• • .... : •• ..... .. ,, ... . 

STAGNANT ZONE - MOBILE z 0 N E I ----------

·--

STAGNANT Z 0 N E MOBILE ZONE 

------
STAGE 3 s'f~er._ ·----- T I 

, ... ~.~ oJ!,! I-\ \ I I 

/ 
/ 

..,..,- \ \ " 
/ \ \ ", 

IIIOUND /MOIUINf. 

Figure 33. Diagram showing formation of successive shear moraines. 

1. The effect of the subglacial topography is discussed under "Bedrock control. 11 
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These boundary shears project down to the glacier floor where they pick up glacial 
debris which appears to be, for the most part, "old" ground moraine. This debris is 
carried along the shear planes toward the surface. During the summer months, 
ablation will occur on the ice surface. 

2) When the ice margin no longer maintains a state of equilibrium, but is gradually 
retreating toward the interior (ablation is exceeding accumulation), the contact between 
stagnant outer barrier zone and mobile inner zone also moves toward the interior, so 
that new debris -carrying imbricate shears form inland from the first set. As ablation 
reduces the thickness of the ice along the margins, the debris in the initial shear 
contact melts out at the surface and provides a veneer on the ice on both sides of the 
shear planes, which retards the rate at which the ice melts. An ice-cored moraine 
ridge is developed by differential rnelting (Fig. 33, stage 2}. 

3) As the margin of the ice cap retreats, this sequence continues. More debris 
will have melted from the outer debris-carrying shears, so that the thickness of the 
morainal veneer on the ridges diminishes progressively away from the ice-edge 
(Fig. 33, stage 3). Profile B-B' in Figure 8 illustrates this principle of sequential 
moraine development. If the gradual retreat of the ice margin continues without 
interruption, the ice-cores of the moraines will completely melt away, leaving the 
morainal debris lying upon the land surface in the form of ground or end moraine (the 
only diffe renee being degree of relief}. 

This mode of shear moraine formation has been recognized on the east coast of 
Greenland at 76° North latitude (Koch and Wegener, 1930). Around the south end of 
the Barnes Ice Cap, Baffin Island ( 69° 30'N), debris -carrying shears, dipping inland 
at 10-36 deg, are supplying material to form an ice-cored moraine, which eventually 
becom.es end moraine ( Goldthwait, 1951). 

Aerial photographs of the study area show a striking foliation in the clear ice for 
1-2 km east of the shear moraines, before it is obscured by superimposed ice . This 
would indicate that imbricate shearing is taking place along all these planes, which 
raises the question: Why do only certain shear planes contain debris? Intensive 
investigation of the ice structure and petrofabrics is needed before the complete 
answer can be- supplied. However, extensive examination of the shear moraine belt 
indicates that the maximum shear potential is supplied at the contact between the 
stagnant outer barrier zone and mobile inner zone. 

Assuming that all the shears project down to sub-glacial topography, those at the 
contact between the stagnant and mobile zones would have the greatest ability to carry 
debris toward the surface. Also these debris-carrying shears would be less 
competent than the clean shears on either side, and a greater vertical movement would 
be expected. If the gradual inland retreat of the contact between the two zones was 
steady, each successive shear plane would be expected to bring debris to the surface 
as it became the contact between the two zones. This, however, is not the case. 
Ignoring subglacial topography as a controlling factor, the following three explanations 
are possible. 

1. The ice margin does not retreat at a constant rate. Debris would appear along 
the shear planes that were the contact between the stagnant and mobile zones during the 
"pause" periods in the marginal retreat. 

2. The rate of movement of the glacial ice from the interior is not a constant. 
Only those shears at the contact between the two zones during times of rapid ice move
ment would contain debris. 

3. Only certain shear planes project to the glacial floor. Only these would contain 
debris. 

Debris features 

The shears supplying the mate rial that makes up the moraines vary in width, 
amount of debris, and size of debris particles in any section, but are similar along the 
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entire study area. In the multiple moraine belt, as elsewhere, the shears dip inland 
at 45-90 deg, with the average approximately 80 deg. The shear planes are not always 
at a constant angle, but in many cases are wavy. They vary from shears 2 mm wide 
which contain only silt and sand particles to shears 2 m wide which contain particles 
from sand to boulder size. All cobbles and boulders show a preferred orienta tion, 
with the long axis parallel to the dip of the shear. The water content in the debris 
shears varies from 20 to 95 %. Many shears display stratification, with layers of clear 
dense ice l-2 mm thick separating layers of dirty ice and debris. 

All ice in the shear zone contains air bubbles that are under pressure. Many 
bubbles are elongated with lengths of 2 to 10 mm. Ice in the actual shear is very dense 
and contains only an occasional bubble. There is always a very sharp line between the 
dirty ice and/ or debris in a shear plane and the clean ice on either side. The clean ice 
sh.ows a banding of dense blue ice and less dense bubbly ice. These bands are usually 
between 2 and 5 em thick. 

Trenching across the crest of prominent moraine ridges at a dozen locations in the 
study area showed that inevitably they are cored by a debris-carrying shear. These 
ridge -forming shears are from 1 to 2 m wide, contain a high percentage of debris 
evenly distributed along the plane, and can be traced over long distances. 

Figure 34 shows ridge-forming shears exposed in a cliff face in Area B. Figure 36 
is a stereopair of the same cliff area. The debris-carrying shears exposed in the cliff 
faces can be traced along the area to the south in the form of small shear moraine ridges. 

I 
About 200 m east of the highest moraine ridge and 1500 m north of the Ice Cliff 

Area, a pr·ominent shear plane runs parallel to the moraine ridges (Fig. 35). This 
debris -carrying shear is 2. 8 em wide and contains silt and fine sand. It dips 70 deg 
to the east. Elongated bubbles under pressure, 1-2 mm long, plunge downdip. 
Alternating clear and bubbly ice bands, 2-5 em wide, dipping inland at a constant 
70 deg were found for 60 m to the west and 30m to the east of the shear. This shear 
supplies a thin, spotty veneer of dirt 0. 5-l. 0 mm thick to the area immediately down
slope. This thin veneer causes the ice below the shear to melt at a faster rate than the 
clear ice above. This has resulted in a drop in the surface at the shear plane of 
1. 75 em. 

Two km north of this point, in the area selected for the ice movement survey 
network, a new shear moraine is developing 150 m east of the highest moraine ridge. 
Here a zone of debris-carrying shears 2 m wide dips inland at a "gentle" 45 deg. 
The shears contain material from silt to boulder size, with a predominance of shale 
particles. 

Dirt mounds are found along the entire study area, generally 2-50 m east of the 
highest moraine ridge (Figs. 11, 12, 13). These mounds, a manifestation of shears 
that contain only a small amount of debris , are 0. 5-2. 0 m high and 1. 0-3. 0 m long. 
The mound shown in Figure 37 has a debris lens composed of material r.anging from 
silt to cobble size. It is 2 m long and 0. 65 m wide and is contained in a shear that 
dips 80 deg inland. The debris that mantles the lens is 40-50 em thick at the crest 
and 15-25 em thick on the sides. 

Ice movement 

During the summer of 1955, ice -mov ement measurements were made in Area B. 
South-southeast of the Site B landing stop, between the road and the North Star River, 
a base line, 789. 842 m long, was laid out parallel to the ice edge, 1600 m to the east. 
From the ends of the base line, two stations, Nand S, were located on the highest 
moraine ridge with a Wild T-2 theodolite. This new base line was 425. 635 m long. 
Between stations N and S, a network of 20 bamboo poles 4 m long were installed in three 
lines, normal to the moraine ridge. Eighteen of the poles were sunk 2. 0-2. 5 m into 
the ice east of the base line. Two were sunk in ice under the debris cover on the 
moraine itself. From stations N and S the absolute movement of the ice was measured. 
The position of the stakes was determined on 3 July and again on 14 August. Using the 
Wild theodolite, the horizontal and vertical angles were read directly to the nearest 
second. The vertical angles were read fro m the top of an orange band painted on the 



Figure 3 4 . Debris-ca rrying s he a r s exposed in ice 
cliff (Are a B ) . 

Figure 35. Prominent silt-carrying shear in Area B 
1500 m north of ice cliff area. 

Figure 36. Stereopair of cliffs exposing debris-carrying 
shears (Area B). 

N 
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poles. A direct reading was taken, the 
instrument plunged, and a reverse 
reading taken. Measurements were done 
on cold days with little wind; light re
fraction was present but was negligible. 

During the six weeks between 
3 July and 14 August, considerable 
movement of the ice took place (Fig. 38) . 
As would be expected the stakes 
farthest east in the mobile zone (X -1, 
Y -1, and Z -1) s·how greatest movement. 
Approaching the moraine, movement 
diminishes until there is little 
appreciable movement along the plane 
of X -4, Y -4, and Z-4 (300m inland 
from the base line). Movement is not 
normal to the moraine ridges and base 
lineN-S, but has a southerly (Y) 
component. 

Change in elevation of the stakes 
plotted against change in the X 
coordinate (Fig. 39) shows no 
correlation between vertical and 
horizontal movement. It is quite possible 

Figure 37. Dissected dirt mound, showing 
lens of debris. 

that a slight error in measurement ( 1-2 em) would be of greater magnitude than the 
absolute change in elevation during the 6 -week period. The elevation of stake Y- 3 is 
due to an unexplained error in reading of the instrument or in recording. 

The greatest difference in horizontal movement is found between 300 and 400 m 
from the base line. Therefore, the line of contact between the stagnant outer barrier 
zone to the west and the mobile ice zone to the east is in this zone. 

The debris-carrying shear plane that is prominent farther south (Fig. 2), first 
thought to be the present contact between the two zones, was traced on aerial photos 
through the ice movement network 220 m east of the base line, and thus is in the 
stagnant ice zone. This was substantiated by a measurement of relative ice movem~nt 
on opposite sides of the shear, 2 km south of the movement network in the vicinity of 
the multiple moraine profile (Fig. 10). Three pairs of bamboo stakes were installed 
on either side of the shears, approximately 20 m apart. On 4 J uly and 7 A u gust the 
stakes were accurately taped and levelled to the nearest millimeter. These measure
ments disclosed absolutely no relative movement of the two sides of the prominent 
shear. 

Bedrock control 

The subglacial topography has exerted an important control upon ice movement and 
the trend of the ice edge throughout the study area. Surficial indications of this control 
are in agreement with the subglacial contour map compiled from gravity meter 
measurements by Mr. David F. Barnes of the United States Geological Survey in 1954 
(Fig. 40). 1 This map indicates the existence of a broad subglacial valley in the Ice 
Cliff-Area B portion of the study area. The effect of this valley in Area B is to give 
ice movement toward the margin a western vector, indicated on Figure 38 by the Y 
coordinate of movement. 

At the northern end of the study area, ice movement toward the margin is up the 
bedrock slope. Movement is further retarded by a large nunatak north of the moraine 
prong (Figs. 9, 65). These two factors combine with the stagnant outer barrier zone 
to produce the eastward-trending moraine prong. 

1. David H. Barnes, personal communication. While the subglacial map is considered 
to have an absolute accuracy in elevation of plus or minus 300 ft, the relative accuracy 
is much greater. 
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Figure 39. Graph showing vertical component of ice move'ment, Area B. 

In the dual moraine section (Area C), the gravity measurements indicate the 
presence of a bedrock ridge paralleling the ice edge. This ridge, 600 m east of the 
ice edge, would be an added barrier to the movement of ice from the interior and 
supply a ready source of debris for the moraine -forming imbricate shears. 

South of the Thule Ramp (Area E), where shear moraines are related to a simple 
ice structure, the bedrock control is similar to that at the northern end of the study 
area. Here two tributaries of a subglacial valley open to the east and south toward 
the Petowik Glacier. Movement of the ice toward the margin is up the bedrock slopes 
of these valleys. As in Area B, this subglacial topography contributes to the imbricate 
shearing of mobile ice over stagnant ice and is a controlling factor in the trend of the 
moraine. The moraine -forming shears pick up debris from the subglacial valley 
slopes. 

Throughout the study area, in sections where the simple moraines are found 
(Ar~as B, C and E), the trend of shear plane foliation is inevitably parallel to the 
moraine ridges and normal to maximum ice movement. 

A striking example of the degree to which bedrock can control the trend of the ice 
edge is shown in Figure 41. In Area B, 3. 8 km north of the ice cliff area, a resistant 
diabase sill trends east-west at the margin of the ice cap. The retarding effect of 
this sill on ice movement from the east is clearly demonstrated. 

Superimposed ice 

Along the entire extent of the study area, wherever moraine ridges break the 
smooth ice surface profile, preglacial s.now banks have been formed by wind-blown 
snow. Over a period of many melt seasons, they change to firn and then to ice by 
sublimation and regelation. Examples of each stage are readily found along the ice 
margin. The banks show annual sedimentary layering, dipping away from the 
interior at 5-10 deg, and usually a dirty banding, caused by an accumulation of wind
blown material from the moraine ridges to the east during the melt season. 

Occasionally this preglacial feature is composed of glacial ice and shows high
angle shear foliation in cross-sections (Fig. 42), but the large majority are of 
sedimentary origin with nearly horizontal banding (Fig. 43). 

In the gorge of the North Star River (Area B), the contact between glacial ice 
and superimposed ice can be seen in the cliff face (Fig. 44). The glacial ice 

\ 



l 

SHEAR MORAINES IN THE THULE AREA, NORTHWEST GREENLAND 25 

THULE 
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CONTOUR INTERVAL: lOOFT. AFTER DAVID H. BARNES,U.S . G. S . 

Figure 40. Surface and subglacial contour maps of the study area. Compiled from 
gravity meter measurements by Mr. David F. Barnes of the United States 
Geological Survey. 



Figure 41. Stereopair showing effect of diabase sill on ice 
margin in Area B. 

Figure 42. Ice cliff composed of glacial ice, showing. 
shear planes accented by differential ablation. 

Figure 43. Ice cliff composed of superimposed ice. 
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Figu re 44. Contact between glacial 
ice and superimposed ice in the 
gorge of the North Star River. 

Figure 45. Contorted ice in the gorge of 
the North Star River. 

(the dark ice mass at the base of the cliff) has a banding which strikes parallel to the 
moraine ridges and dips 15 to 33 deg inland. The shallow dip is to be expected, for 
the foliation is near the base of the ice where the imbricate shears dip at a smaller 
angle. This ice contains elongated pressurized bubbles (2-l mm long) that plunge 
downdip. The contact between superimposed ice and the basal glacial ice contains 
fine morainal material, derived from the moraines to the east, which discolors the 
basal ice. Superimposed ice above the contact is less dense, contains no pressurized 
bubbles and shows a sedimentary layering confo r !ni ng to the topography of the basal 
glacial ice. 

Many cliff faces show complex folding and faulting of the sedimentary strata 
(Fig. 45), by forces exerted on the preglacial snow banks by the mobile ice. 

C omplex Shear Pattern 

Explanation of the formation of the Thule Ram p shear moraine 

The foliat ion of ice in the Thule Ramp maintains no simple trends, as elsewhere I ,.....) 
in the study are a, but is folded, faulte and ove rthrust. The moraine on the north 
side of the Ramp trends in a general east-west direction normal to the ice-edge. 
Between the ice cliff and the end of the moraine prong to the east, the crest of the 
Thule Ramp moraine makes an S-curve. The glaciological survey map of the Ramp 
region prepared in 1954 shows the relationship of this moraine to the complex 
structure of the R amp (Fig. 66). The trend of promine n t foliation in the Ramp ice is 
indicated by broken lines . 

The moraine is formed by the same processes as the simple moraine features 
(Fig. 33), but a more complex structu ral control is responsible for its sinuous S
shaped pattern. Subglacial topography in the area is an important factor in producing 
this complex ity . An intensive systematic study of structural relations and ice 
petrofabrics in the Thule Ram p area is necessary before a complete understanding of 
the Thule Ramp m oraines can be reached. 
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The Thule Ramp south of the moraine has a slope of 3. 5 deg. The ice margin 
north of the ice cliff at Lake Tuto has an average slope of 10 deg between the shear 
moraine ridges and the ice edge. This difference in grade causes the stagnant barrier
ice zone of the margin to extend farther inland on the Thule Ramp than in the area north 
of the ice cliff. 

The bedrock contour map1 (Fig. 40) indicates a subglacial ridge trending toward 
the interior from a point 1. 6 km east of the end of the moraine prong. This subglacial 
ridge has 400-600 ft of relief and acts as a cleaver in the mobile ice. The map 
indicates that the ice north of the subglacial ridge is 200-400 ft thinner than that to the 
south, where movement is up a large valley that opens toward the Petowik Glacier. 
For a volume of ice equal to that of the Thule Ramp to flow toward the margin north of 
the Thule Ramp moraine, the rate of movement mu·st be strikingly greater than to the 
south. In effect there are two masses of ice moving toward the margin in this area; 
the ma·ss north of the moraine is moving faster than that of the Thule Ramp. 

The stagnant outer barrier blocks the movement of these masses and imbricate 
shearing results (Fig. 46). The fact that the faster-moving ice north of the Thule 
Ramp drags against the Ramp ice, coupled with the relative position of the stagnant 
barrier zone, causes the debris- carrying, moraine -forming contact shear zone to turn 
away from the ice -edge and trend east. The faster moving ice overrides the Thule 
Ramp ice. The movement study in Area B (Fig. 38) , and movement measurements 
in 1954 and 1955 on the Thule Ramp (where movement is of a magnitude of 3 m/yr) 
clearly indicated that the rate of horizontal motion diminishes toward the contact 
between stagnant and mobile ice. This decrease north of the Ramp is associated with 
the trend of the contact between stagnant and mobile ice and thus with the S-curve in 
the Thule Ramp moraine (Fig. 46). The dip and strike of debris- carrying imbricate 
shears on the moraine and of incipient shear foliation in the clear ice to the north and 
south of the moraine were determined at 48 locations by coring with an ice auger 
(Fig. 47). With two exceptions, the shear planes on the moraine dip east and north 
at a high angle. On the Ramp side of the moraine crest, at points 100m south of M-2 
and 125m southeast of M-1, the dip is toward the ramp at 65 and 77 deg, respectively. 
This seemingly anomalous behavior of the foliation indicates an overfolding. As the 
faster-moving ice to the north overrides the nearly stationary Ramp ice in imbricate 
shears, the high -angle foliation of the Ramp ice is ove rfolded in the vicinity of the 
imbricate shear zone. 

East of the end of the moraine prong, the shears have an anticlinal structure. 
Farther inland, the incipient shear foliation parallels the ice edge and dips inland at 
a high angle. 

In all ice cores taken, elongated pressurized bubl;>les were present. In the cores 
taken from between M-2 and the end of the moraine, the pubbles did not plunge directly 
downdip but had an easterly vector of 5-10 de g . This is another indication of the drag 
caused by the overriding of the Ramp ice by the ice mass to the north. 

A small lenticular shear moraine 2 km east of the end of the Thule Ramp moraine 
prong is caused by, and receives its debris from, the crest of the subglacial ridge 
that trends east from this point (Fig. 40) . 

On the Thule Ramp itself, three sets of foliation appear to be present: ( 1) a 
"fossil" ·shear foliation in the stagnant barrier zone, ( 2) an active imbricate shear 
pattern in the complex area south of the shear moraine water gap (the contact 
between stagnant and mobile ice), and ( 3) an incipient shear foliation east of ( 2). 
The dip of the foliation on the Ramp is from 70 deg to vertical 

Four kilometers south of the Thule Ramp shear moraine a series of lenticular 
moraine ridges are forming (Fig. 28) as a direct result of subglacial topographic 
relief. The glacial ice at the southern end of the Thule Ramp moves up the west slope 

1. This map uses feet as the unit of measure. Any elevations based on this map are 
given in feet and not the metric system used elsewhere in the paper. 
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of a subglacial valley that opens toward the Petowik Glacier (Fig. 40). This valley 
slope acts as a barrier to ice movement and produces imbricate shearing. The 
moraine -forming shear picks up debris from this slope . 

The debris -carrying shears in the Thule Ramp area ( Area A) are similar to 
those in other divisions of the study area in width, amount of debris, and debris 
particle size. 

The ice cliff on the north side of the Thule Ramp is in a preglacial superimposed 
ice bank (Fig. 65) . Nearly horizontal annual banding, accented by fine wind-blown 
debris along the contacts, is clearly evident. Bands of bubble -free blue ice that dip 
65 deg toward the flee (lap are exposed in the cliff face. Griscom ( Schytt, 1'955) noted 
offsets up to 20 em in 'which, invariably, the lower side has moved up relative to the 
upper. Thus, this feature cannot be attributed to the same sort of movement as 
overthrusting (a compressional phenomena) but is a tensional feature, perhaps caused 
by anticlinal folds in the ice. 

Debris features 

The mode of origin of the Thule Ramp shear moraine was the object of intensive 
study during the 1954 and 1955 field seasons. 

In the area shown by the contour map (Fig. 20) some 40 ice -cored debris mounds 
were found. These mounds rise above the general le ve l in topography, and are 
easily seen on aerial photographs (Fig. 21). Plotted on the outline map (Fig. 47), 
they show definite linear trends, parallel to the moraine crest, an indication of the 
structural control. A cluster of dirt mounds, especially east of M-3 and north of M-1, 
indicates that the area was, not one, but a zone of debris-bearing shear planes. The 
n1.ajority of mounds are located near the moraine crest, and exhibit a characteristic 
asy:::nmetrical cross -section (see Fig. 19). With the exception of two areas they occur 
on the inland, or north and east, sides of the crest. 

The mounds are elliptical in plan and vary from 1 to 1 0 m in length; from 0. 5 to 
5. 0 m in width; and from 20 em to 2 m in height. 

Eleven of the mounds were dissected. Eight were found to be cored by frozen 
lenses of debris, carried in imbricate shears . These lenses supply the loose debris 
from which the mounds develop. The shape and size of the mounds is a surface 
reflection of the size, shape, and composition of the debris lenses. 

The thickness of loose debris over the solid lens (at ice level) varies between 
20 em and 1. 0 m, depending on the size and age of the mound. The long axis of the 
lens invariably represents the strike of the shear plane in which the lens is contained. 
The dip of the lens -bearing shear varies between 65 and 90 deg. 

The eight lenses investigated were from 23 em to 3 m in width. Four lenses were 
sampled for water content, which varied between 17. 5 and 85. 1%. Some debris lenses 
were consistently heterogeneous in composition , while others had zones of clear ice 
running through them. Tabular cobbles and boulders were found to have a preferred 
orientation with their flat surfaces parallel to the dip of the lens. In several cases, 
dirty bands, bearing sand and silt-size particles, flank the lenses. 

The crest of the mound was not always immediately above the long axis of the 
debris lens, qut sometimes offset slightly toward the marginal side of the lens. This 
is an indication of the direction of dip of the shear planes. 

Figure 48 shows the exposed slope of a large dirt mound 200 m south of 
M-5. A cross-section of this mound is shown on Figure 49. 

A prominent dirt mound is located 60 m northeast of M-4 in a generally flat area 
on which pattern ground is developing. It is 10m long, 5 m wide and 2. 5 m high. 
Its long axis is parallel to the crest of the moraine ridge at M -4. The mound and 
the area for 8-10 m around it is a bright yellow-orange color, due to limonite staining. 
The lens of debris under the mound is 2. 8 m wide and is contained in a vertically 
inclined shear plane. The debris contained in this lens is heterogeneous in size and 
composition and is highly weathered. Figure 50 shows aN -S cross -section across 
this mound. 
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In only two areas (southeast of M-2 and east-southeast of M -1 ) , were di r t 
mounds found on the Thule Ramp side of the moraine crest. In these two areas, the 
lens -bearing shears dip south at a high angle ( 65 and 77 deg t owa r d the Ramp). These 
dips oppose all others found on the moraine, and are caused by the overturning of the 
Thule Ramp shears by the more competent imbri cate shears north of the moraine 
crest. 

Three dirt mounds in the area east of M - 3 were not co re d by a lens of debris, 
though superficially they were identical to lens-bearing mounds. These ice-cored 
mounds, more accurately termed cones, formed by concentration of debris cover on 
the ice surface from fluvial action and differential ablation. 

Six trenches dug across the moraine crest at various points between M-3 and the 
end of the prong (Fig. 47) exposed debris - bearing shears similar in composition, 
particle size, etc. to the lenses in the dirt mounds. It is, therefore, apparent that 
the well-defined moraine ridges seen throughout the study area are a direct 
expression of debris -carrying imbricate shears. 

The crest of the moraine ridge does not always bisect the width of debris cover, 
but is sometimes located closer to the marginal side. The slope of the moraine on 
the ice-edge side is strikingly steeper than on the inland, trough side (Fig. 19, A-A'). 
Both factors indicate the inland dip of the shear planes that core these ridges. 

It is evident from this intensive study that both linear moraine ridges and spotty 
dirt mounds are initiated by: ( 1) former relative movement along the shear planes, 
bringing debris toward the surface from the glacial floor, and ( 2) present-day 
differential ablation at the surface. 

The lenticular bodies of debris, of which dirt mounds are a surface manifestation, 
indicate that ( l) in certain shears, the debris tends to concentrate or localize in 
lenses owing to compressional forces; or (2) the debris is tapped from the subglacial 
topography in an uneven manner; or ( 3) the veneer of subglacial ground moraine 
(the source of this debris) is uneven in thickness. 

Shear Pattern in Ice Cliff Area 

Area D is_ the only section of the study area in which shear moraines were not 
extensively developed. Here the ice margin ends, for the most part, in vertical cliff 
walls 20 to 40 m high. This anomalous expression is due to three factors : ( l) bed
rock topographic relief of the area, ( 2) wind action, and ( 3) stream eros ion. 

Figure 40 shows a broad valley opening west under the lobe of ice that separates 
Area B and the ice cliff area. The latter section of the ice edge runs generally normal 
to both ice surface and subglacial contours. The thickness of ice at the cliff faces 
varies between 200ft at the western end and 400ft at the eastern end .. 

The following general relationships o! the ice cliffs to the east of the study area 
are shown by the photomosaic (Fig. 65 ) : 

l. The trend of the cliffs is normal to the general trend of the rest of the study 
area. 

2 . Several large melt-water streams flow west from this area, making an acute 
angle with the ice edge. This differs from the drainage to the south, which is normal 
to the ice edge, and from the entrenched lateral drainage to the north. 

3. The east-west trend of the ice cliffs is parallel to the prevailing katabatic 
wind direction. 

Because of its trend, the ice in. this area offers no barriers to the streamlined 
airflow off the inland ice. The wind, instead of depositing preglacial snow banks, 
sweeps the ice cliff area clean of any snow accretion. Superglacial streams 
maintain an erosional truncation of the ice margin so that the ice ends in vertical 
cliffs, 20-40 m high. 

Both factors contribute to making the stagnant outer zone in this area very 
narrow. As a result, and because of the increased energy of the mobile ice moving 
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down the subglacial valley, no appreciable resistance to ice movement is present and 
imbricate shearing does not take place. Instead, the mobile inner ice zone pushes the 
stagnant ice in front of it. The cliff faces show debris -bearing shears that vary 
between the horizontal and a dip 20 deg inland. 

One shear moraine does exist in the divide area between two prominent 
outwash streams (Fig. 65). Here fluvial erosion was not sufficient to keep the 
stagnant ice from acting as a barrier. Debris-carrying imbricate shearing has 
resulted, as in the other divisions of the study area. 

This moraine and several other minor debris featurep in the area are of a sufficient 
height to disrupt airflow down the ice surface. As a result, small snow banks have 
begun to develop. 

The aerial photos of the region show incipient high-angle shear foliation l 00-200 m 
inland from the margin. This differs greatly from the nearly horizontal attitude of 
shears in the cliff faces . The transition from the apparent structure farther inland to 
the exposed structure in the ice cliffs is not altogether clear, but probably occurs 
because the plastic ice flow is much faster down the subglacial valley than along the 
margin in Areas B and C. This theory is supported by the fact that prominent debris
carrying s h ears may be traced from Area B through the cliff faces of Area D into the 
dual -morain e belt of Area C. 

1\ 
The top 6-10 m of the cliff section along the whole area is composed of 

superimposed ice. This ice is less dense and whiter than glacial ice, and contains no 
press u r ized or elongated bubbles. Several sections of the cliff face reveal only 
s uperimposed ice which has been highly contorted by movem ent from the interior 
( Fig. 3 2) . 

The bottom 10-15 m along most of the cliff is composed of glacial ice, containing 
debris - carrying shears (Figs. 51, 52) . 

Figure 48 . Trench across dirt mound south ofM-5(Area A). 



34 .SHEAR MORAINES IN THE THULE AREA, NORTHWEST GREENLAND 

E W 

5 

0 2 4 6 8 12 
METERS 

Figure 49. Cross section of dirt mound 
200m south of M-5. 
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Figure 52. Close-up of debris 
c a rrying shear in Fig. 51. 
Actual debris -carrying 
shear is 2. 5 m thick. 
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Figure 50. Cross sect ion of dirt mound. 
60 m northeast of M-4. 

Figure 51. Debris -carrying 
shears exposed in face of 
ice cliff (Area D). 
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CHAPTER III. GEOMORPHOLOGIC PROCESSES 

Ablation 

In the marginal zone of the Greenland Ice Cap in the Thule area, net ablation 
(melting and evaporation) is taking place at the present time. All glaciological data 
indicate this fact. 

An intensive study on the Thule Ramp during the 1954 field season (Schytt, 1955) 
revealed that snow equivalent to 35-40 em of water was deposited on the rnarginal 
two kilometers of the Thule Ramp during the winter of 1953-54 (August through June), 
and 80-110 em of water was ablated between the end of June and 28 August (ablation 
season for 1954). According to the ablation and accumulation curves, all the Ramp 
below 700 m (elevation) belonged to the area of ablation. While accumulation and 
ablation vary from year to year (much greater ablation occurred in 1954 than in 1955), 
resulting in a fluctuation of the position of the fi rn line, the overall result is net ablation 
and stagnation. 

During the winter, snow accumulates unevenly on the shear moraines. The ridge 
crests are kept free of snow by the wind, while de·ep deposition occurs on the lee side 
of the ridges in lateral stream channels and other prote .cted spots. In the trough on 
the interior side of the inlandmost moraine crest, the snow fills in a turbulent area 
and tends to smooth the surface profile down which the wind moves. Snow accumulates 
to a depth of 1. 0-1. 5 m in this area, while deeper drifts develop in the low drainage 
areas on the moraine. During the winter months, the morainal debris composing the 
veneer of the shear moraines is frozen solid. Before net ablation can result, the 
pre vious winter's snow accumulation must be ablated and the morainal veneer must be 
thawe d to the ice surface beneath it . 

The ablation season in the area begins the last of June, reaches a climax in July, 
and ends sometime in late August. During the early part of the ablation season, a 
great volume 6f water drains from the area. Snow from the previous winter turns to 
slush upon the ice surface behind the moraines; often slush avalanches result. Snow 
banks ·n the moraine depressions melt rapidly. The .amount of net ablation in the 
area varies from place to place and from year to year, depending on many factors. 

Because shear moraines are located in the ablation zone and are~ in part, the 
topographic express ion of the ablation process, a study was initiated during the 
summer of 1955 to ( 1) determine the rate of ablation on the ice-cored moraines 
relative to that on surrounding clean ice, and ( 2) develop, if possible, an insight 
on the time factor in moraine formation. The movement network stakes (Fig. 38) 
were used for the measurement. 

In the 6-week period between 3 July and 14 August, ablation on the clean surface 
east of the new moraine varied between 43. 8 em at X -4 and 155. 2 em at X- 5 ( in a 
superglacial stream channel). The average ablation at the 15 stakes was 84 em. 
The exact depth of the previous winter's accumulation was not obtainable, since 
ablation was well advanced w hen the me asurements were begun . Little or no net 
ablation occurred between the new moraine and the moraine ridge to the west (site of 
N -S baseline) since a deep accumulation of snow in the lateral trough was supplemented 
during the summer by wind-deposited s n ow from several storms. 

Ablation under the new moraine (X-6, Y-6, and Z-6), covered by an average of 
17 em of debris , averaged only 47. 5 em, 36.5 em less than average ablation on the 
clear ice . However , it should be remembered that the ice under the moraine was of 
a greater density than the previ ous winter's snow covering the ice to the east. If a 
comparison were made with ice of a common density, the effect of the morainal 
veneer, though still striking, would be of less magnitude. 

A more comprehensive ablation study was carried out on the Thule Ramp shear 
moraine. Observations during the summ er of 1954 indicated that the rate of ablation 
on an ice-cored shear moraine must be a function of ( 1) thickness of debris, (2) degree 
of slope, and ( 3) orientation of slope. 1 The Thule Ramp moraine is the only location 

l. A fourth f actor is the composition of debris, but this aspect was not included in 
the study. 
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in the study area where all three factors were known. Moraine slopes with north, 
south, east and west orientation are present. The depth of debris at any point along 
25 profiles had been determined in 1954. The degree of slope could be c.ornputed 
from the contour map (Fig. 20). 

Therefore an ablation network was installed using thickness of debris, degree of 
slope, and orientation of slope as variables. While 80 different situations were 
possible in the system devised, only 33 actual situations were found on the Thule Ramp 
moraine. 

The ice was exposed by trenching, and 60 -ern deep holes were drilled with a ship's 
auger. Hardwood dowels, 1 rn long and 2. 0-2. 5 ern in diameter, were implanted, and 
their exposed length above the ice measured. Then the morainal debris was replaced. 

The dowels were implanted on 15 July and rerneasured on 16 August. Melting was 
invariably greater under points that had only 5-14 em of debris-cover, no matter what 
the degree of slope. Maximum ablation (54. 7 ern) took place on an approximately 
horizontal slope under 6 ern of fine to coarse sand. Ablation decreased with increase 
in debris thickness until, when the veneer was 55 em thick, the thaw zone did not 
penetrate to ice. The depth of debris below which no ablation takes place varies from 
year to year. Because of an unusually cold and stormy summer in 1955, several of 
the ablation dowels could not be reread on 16 August, as they were covered by fresh 
snowbanks and the debris was frozen solid. 

South-and west-facing slopes showed a slightly greater average ablation than 
north-and east-facing slopes. This is explained by the fact that during the ablation 
season the sun is highest in its orbit during the period when the south and west slopes 
are most exposed to most direct radiation. 

Ablation dowels were installed in the new mo.raine 1. 6 km east of the Thule Ramp 
moraine prong on 15 July, but all except one dowel were covered by new snow on 
16 August. The dowel that could be read showed only 2. 4 ern ablation under 12 em of 
debris. It therefore can be concluded that this small moraine was close to the 
accumulation zone (i.e., near the firn line) in 1955. 

One dirt mound, 100 rn south of M-5, was photographed on 19 July (Fig. 53) and 
again on 16 August (Fig. 54) . The dowel at the left of the picture revealed 10 em 
of ablation under 10 em of debris while that at the right showed 5 ern of ablation under 
5. 2 ern of debris. The mound itself, 185 ern long, 120 ern wide and 30 ern high in 
July, increased its length 30 ern, its width 5 ern, and its height 5 em by 16 August. 
Comparison of photos taken in the area in 1954 and 1955 show that dirt mounds 
20-50 ern high can form during one ablation season. 

For a fuller knowledge of the effect of ablation on the rate of shear moraine 
formation, a correlation between :rates of melt on clean ice and on debris -covered ice 
must be made over a period of years. At this time the ablation data for the 1955 
field season is not available. 

Drainage 

The effects of drainage on the shear moraine features have been discussed in 
Chapter I. Fluvial erosion by melt-water streams during the ablation season is of 
considerable importance. The degree of relief between moraine ridges and intervening 
troughs is primarily controlled by stream action. The prominent trough to the interior 
of the innermost moraine ridge is deepened by fluvial erosion. Debris on the 
moraines is washed away by stream action in some areas and redeposited closer to the 
ice -edge. The stream that drains the water gap area on the Thule Ramp moraine 
picks up mate rial of all sizes at the base of the slope between M -4 and the water gap, 
carries it along primarily by saltation, and drops it in a deltaic deposit in Lake Tuto 
(Figs. 20, 21 ) . Supe rglacial streams, by cutting water gaps in the moraine, initiate 
the sculpturing of preglacial snow banks by wind action. 

GPO 829109 • 4 
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Sorting 

Throughout the study area, two well defined particle- sorting processes were / 
observed on the surface: gravity sorting and pattern grcrund formation. 

On many slopes along the shear moraines, the fine-grained particles have been 
washed away from larger boulder-and cobble-size particles. These larger specimens, 
stripped of the matrix which held them to the ice slope, have rolled to varying distances, fi 
depending on topography and theV\parhc e size, shape, and weigh '. Larger, heavier, ;.j u 
rounder particles can roll farther than smaller, lighter, ess round ones (see Fig. 55). / ./ 

At several points in the study area stone polygons and frost boils are forming. 
This solifluctuation phenornenon is restricted to "old," approximately level areas of 
moraine where the depth of debris is from 80 em to over l m (Fig. 24). Two well 
developed areas were found, one northeast of M-4 on the Thule Ramp moraine and the 
other on the moraine on the south side of the Thule Ramp. 

Sliding and Slumping 

During the climax of the ablation season, the ice surface under the mantle of 
debris is lubricated by melt water to a degree that mass sliding and slumping results 
on the steeper slopes, predominantly those facing south and west. On unusually warm 
days, lubrication at the ice -debris contact will cause entire slopes to slide, something 
like a mud avalanche, toward the bottom of the slope, leaving patches of bare ice 
covered only by a thin film of dirt. 

Slumping- is a slower, more continuous process, but is caused also by lubrication 
of the i·ce surface. Figu·res 57 and 58 show the slumping on a 38-day slope immediately 
south of M -4 on the Thule Ramp. The debris came from the debris-bearing shears 
marking the crest of the moraine, and was deposited on the slope by gravity sorting. 

Even mbre striking evidences of slumping were revealed by the ablation dowel net 
on the Thule Ramp moraine. Of the 33 dowels installed on 15 July, 10 showed the 
effect of slumping when remeasured on 16 August. Six of the ten were located on 
southern slopes, two on western, and two on eastern slopes. Seven of the dowels 
were on slopes of 20-35 deg while three were on 10-20 deg slopes, with a 
correspondingly thicker debris cover. 

One dowel (under 33 em of debris on a 35-deg southern slope) had been broken off 
flush with the ice surface and was lying on the ice. The other nine all showed various 
degrees of warping or bending. In five cases, large boulders, not in contact with the 

Figure 53. Small dirt mound south of 
M- 5 (Area A) photographed on 19 
July 1955. 

Figure 54. Same dirt mound photographed 
on 16 August 1955, showing amount of 
ablation. 



Figure Gravity sorting in water 
gap area of Thule R~mp moraine. 

Figure 57. Moraine slope immediately 
south of M-4 (Area A) photographed 
on 20 July 1955. 

Undermined section of 
moraine in Area B (see Fig. 10). 

Figure 58. Same slope (Fig. 1) 
photographed on 16 August 1955 
showing amount of slumping. 
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dowels when they were installed, were resting against the dowel on the uphill side. 
In four cases, the debris on the downhill side of the dowel had pulled away, leaving a 
small trench as wide as the width of the dowel and 3 to 10 em long. All this evidence 
indicates the powerful force exerted by slumping of debris on steep slopes during the 
melt season. 

Undermining 

Undermining is a widespread degradational process in flat poorly drained sections 
of the shear moraine study area. During the ablation season, melt water percolating 
down through the debris concentrates silt and fine sand on the ice surface. As the 
amount of melt water increases and the ice surface begins to melt, sheet wash will 
begin. The lubricated zone of fine mate rial flows toward any low areas in the 
drainage pattern of the moraine (such as watergaps) and is carried away, sapping the 
fine material in the area, and lowering the debris_ surface. 

Areas that are being undermined have a characteristic wet, muddy appearance 
and are often quick, (i.e., they lose their rigidity on agitation). Ponds are numerous, 
indicating a high level of the local water table upon the ice surface. As the fines are 
washed away and the surface is lowered, large boulders in the debris will be exposed .. 
The boulder may have a veneer of finer material over it and resemble a dirt mound 
until the undermining process exposes it further. If the process were to continue over 
many years, all the fines would be sapped away leaving a "pavement" of coarser 
material on the ice surface. This condition has not been found, although many areas 
along the shear moraine exhibit active undermining, particularly Areas B and C. 
In Area B, 1500 m north of the ice cliff area, practically the entire mantle of debris 
has been carried away (Fig. 56) and down a "moulin. 11 

Wind Action 

Throughout the study area, the effect of wind action on landforms is perhaps the 
most striking of all geomophologic processes. With the exception of the Thule Ramp }<. 
and ice cliff area, the shear moraines parallel the ice i\edge and are normal to the 1 
slope of the inland ice, i. e. , to the direction of the prevailing wind. Meteorological 
data collected at Camp Tuto during the summer of 1954 (Schytt, 1955) show that 
81% of all wind observations fell between northeast and southeast (boundaries 
inclusive). The moraine ridges, as they develop, rise above the profile of the ice 
surface and cause turbulence on their lee side. Here proglacial snowbanks built up 
by aeolian action of the wind have become superimposed ice, truncated in many places 
on either the north or south flank (the long axes of the snowbanks are parallel to the 
prevailing wind direction) as east-west forming cliffs. The cliffs have a concave 
upward slope of between 45 and 90 deg and vary from 15 to 40 m in height. Any 
control by the sun is ruled out because as many of the cliffs face north as face south, 
and are equally well developed. 

Extensive field observations show that wind action is the primary erosional 
process that creates and maintains these cliffs. Wherever a gap or break exists in / #-
the moraine ridges, such as wate gaps and win gaps, the zone of turbulent air is V · 
eliminated. Wind, flowing along the smooth ic surface from the interior, tends to 
funnel through the gap with an increase in wind velocity, preventing snow deposition 
on the ice edge or western side of the gap. There is reason to believe that the wind 
also erodes and truncates the proglacial snow features. Any small ice particle at 
winter temperatures would have a hardness of approximately 4-5 (Mohs •·scale). ~ 
These grains when carried by high velocity winds must abrade the proglacial 
snowbank very effectively. 

An example of wind- induced cliff formation is shown on Figure 59. On the small 
moraine 2 km east of the Thll'le Ramp moraine prong two trenches were dug in 1954, 
normal to the moraine trend. At that time one continuous gentle snow bank existed 
on the lee side of the ridge. One year later in 1955, wind-cut cliffs 1 m high were 
present on the lee side of the two gaps in the ridge. The Thule Ramp ice cliff was 
largely developed by wind action. 
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While superglacial streams caused the gaps in the moraine ridges, stream 
erosion has little to do with the development of these ice cliffs. The low areas 
between snowbanks occasionally contain melt-water streams, but these are small 
compared with the size of cliff that borders one side of the gully (cliffs are never 
present on both sides of a preglacial gully). Many of the preglacial gullies do not 
contain streams but head in dry windgaps. However,, ice cliffs are still present. I P 
Therefore these preglacial snowbanks and the cliff faces in the snow banks are 
primarily constructional rather than erosional features. 

The effect of wind action is also seen in some of the shear moraines thems.elves. 
At the end of the prong of the Thule Ramp shear moraine, the streamlined crest and 
fluted linear terraces on the slopes are due to wind action. 

During the ablation season a great deal of aeolian erosion occurs. Fine-grained 
silt and sand particles are picked up by the wind and deposited on the preglacial 
snowbanks (Figs. 32, 45) and on the outwash plains farther to the west. 

Figure 60 shows the streamlined profile of the ice margin maintained by wind 
action. 

Figure 60. Snow banks 
in Area B, the result 
of wind action. 

Figure 59. Small cliff 
2 km east of Thule 
Ramp moraine prong 
that formed in one year 
due to wind action. 
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CHAPTER IV. RECENT GLACIAL HISTORY OF THE ICE MARGIN 

Sequential Deposition of Parallel Ridges and the 
Formation of Ground Moraine 

The explanation for the formation of successive shear moraines in the Thule Area 
was fully ~eveloped in Chapter II. 

The glacial margin is now receding. If stagnation and retreat of the ice margin 
continue at the present rate for several hundred years, the ice coring the multiple 
moraine ridges will gradually melt away and a new successive shear moraine belt will 
develop farther inland. As this takes place, the debris composing the present moraine 
ridges will be "let down" upon the glacial floor. The linear pattern of parallel ridges 
will be lost, to a large degree, as the ice cores disappear and ground moraine will 
result. 

Ground moraine, containing widely d,eveloped pattern ground, is found to the west 
of the preglacial snowbanks throughout the study area, having been deposited during a 
former widespread ice retreat from the Thule area (see Fig. 61}. The debris 
composing the shear moraines in the study area appears to have been derived from old 
ground moraine that forms the glacial floor. It is probable that this source mate rial 
is of the same age as that west of the ice margin. This indicates that a former 
rece ssion of the ice sheet was followed by a readvance. Subsequent stagnation and 
retreat during recent times have produced the shear moraines present today. 

If deposition of the present shear-moraine debris takes place, ground moraine 
representing two glacial stadia will be present. Ground moraine of the former more 
e t e ns ive stadium will underlie ground moraine which is formed from the present 
s he ar moraines but is composed of redeposited debris of the same age as the lower 
ground moraine. 

Mobile ice overriding a stagnant outer barrier zone of ice in high angle shears is 
not peculiar to the Thule Area. It has been found in Drenning Louise.s Land, East 
Greenland (Koch and Wegener, 1930) and on the Barnes Ice Cap, Baffin Island 
( Goldthwait, 1951). In all cases ground moraine is being deposited in a manner similar 
to that described above. 

This writer believes that this sequential deposition of shear moraine debris 
illustrates a probable mode of deposition of ground moraine in central North America 
during the late Pleistocene. Where·ver the retreat of a Pleistocene ice front involved 
imbricate shearing of mobile ice over a stagnant outer barrier zone of ice, ground 
moraine probably was deposited in this fashion. Extensive areas in the mid-continent 
where end moraines are not present amidst the ground moraine can be explained in 
this . manner. 

Indications of major recession 

The fact that the shear moraines are composed of old ground moraine transported 
up imbricate she ars from a basal position indicates a former recession of the Green
land ice sheet in th is area. In 1955 Philip Harri s on of the University of Chicago found 
a specimen of varved clay in a debris -carrying shear immediately north of the 
lenticular moraine in the middle of the Thule Ramp (personal communication). 
Because of th~ high angles of the imbricate shears throughout the marginal zone and 
because of the thickness of ice in the area today (85-150 m), it is believed that the 
shears do not project inland very far, but pick up debris from the glacial floor locally. 
The lack of contorti.on in this specimen uf varved clays indicates that it has not been 
transported far from its source, and therefore indicates the existence of former 
marginal lakes in the area now covered by ice. The ice edge during the period of 
varve deposition lay farther to the east. 

Former glacial recession is further substantiated by several major drainage 7 
features along the ice ·edge. In area B, 3. 5 kl;ll north of the ice cliff area, a stream / -
channel 10 m deep emerges from a preglacial snowbank and flows, normal to the 
ice edge, into the North Star River (Fig. 61). The stream in this channel is greatly 
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Figure 61. "Old" stream channel emerging from preglacial snow bank in Area B. 
(Note the pattern ground. ) 

underfit. This indicates that the channel was cut at a former time when the ice -edge 
was located farther east and a greater discharge of melt water was flowing from the 
ice during the melt season. 

Two kilometers north of this channel, the north branch of the North Star River 
flows through a deep canyon (Fig. 63). The west wall of the canyon is cut into a 
flat-lying sedimentary sequence of bedrock~ west of this wall the land surface, as 
elsewhere, is covered with ground moraine. The east wan of the canyon is cut into 
glacial ice overlain by superimposed ice (Figs. 44, 45). The present bed of the 
North Star River is 50 m below the west rim, at the same general elevation as the 
subglacial land surface which extends east from the river under the ice. 

The continuation of the sedimentary sequence seen in the west wall, which 
formerly extended east, was eroded away either before the earlier glacial advance 
or by fluvial action during the retreat of this ice sheet. After retreat the ice sheet 
readvanced to the bluffs on the west side of the present canyon. This dammed the 
drainage of the North Star River and a lake developed north of the canyon neck. This 
ice-dammed lake is associated with the very recent glacial history of the area, 
discus sed in the following section. 

The subglacial contour map (Fig. 40) indicates the existence of a broad 
subglacial valley opening to the west in the Ice Cliff-Area B portion of the study area. 
Drainage on the outwash plain west of the ice edge in this area follows the course of 
the former valley (Fig. 65). The south branch of the South River (Area E) also 
follows a former stream valley, the head of wh_ich is now covered by the margin of 
the ice sheet, as shown on the subglacial map. The map also shows a large valley, 
with east~and south-trending tributaries, trending south toward the Petowik Glacier. 
This subglacial drainage pattern could have developed only when the ice had receded 
from t.his area. 

Indications of recent glacial recession 

Indications that the present Thule Ramp shear moraine overlies a similar shear 
moraine developed at a former time were found in a 151.5 m (500ft) tunnel, 
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excavated in the Thule Ramp ice cliff in 1955 (Fig. 62). The tunnel is located 215 m 
north of M -4 (Fig. 4 7), oriented normal to the surface shear f oliation, and inclined 
1. 5 deg to the west. For the first 63 m it passes through superimposed ice, but at 
that point it strikes morainal debris. This debris mass has a rounded outline in cross 
section, rises a maximum of 1. 25 m above the tunnel floor, and is 4. 5 m long. 
East of this debris, the tunnel passes through 5. 4 m of superimposed ice before again 
hitting a band of morainal debris 0. 4 m thick that dips west at approximately 50 deg. 
East of this layer of debris the tunnel enters glacial ice containing debris-bearing 
shears dipping east (or inland) between 10 and 30 deg. 

The debris first encountered in the t unnel is part of a "fossil" shear moraine now 
overlain by 45 m of superimposed ice. T h e important fact to note is that shear 
foliation on the ice surface has no relat ionship to the foss i l moraine features found in 
the tunnel 45 m below and 20-25 m to t he w est. Data were insufficient to permit a 
correlation of the surface shear fol i ati on with the debr i s - bearing shears found in the 
tunnel east of the mo r a ine feature. 

However, the "fossil" moraine features do indicate a recent cyclic behavior of 
the ice margin in the Thule Area and former shear moraine development. At some 
time in the past, the debris features found in the tunnel were at the surface of a 
former shear moraine development. This was a time of retreat and stagnation similar 
to that of today. Then followed a change in climatic conditions and snow accumulation. 
The shear moraines that existed then were buried under more than 50 m of snow while 
the ice-edge was extended farther west. Thi s snow changed to superimposed ice. 

Wi th the increase in ice thickness, the contact betw een the stagnant outer zone 
a nd m obile inner zone was shifted farther west and the present imbricate shear 
f oliati on, visible on the surface, developed. This was followed again by stagnation 
and r etreat, accompanied by development of the present shear m orainic system. 

Undoubtedly the actual events in this history were much m o r e c·omplex, but a 
simplified cycle can be deduced from the tunnel section. The present information 
indicates that at least one complete cycle in the recent history of the ice margin is 
represented in the Thule Ramp shear moraine area. 

It was during this last glacial advance that the North Star River was impeded, and 
an ice -dammed lake formed (see Fig. 63). This lake spilled over the dam at the 
contact between rock and ice, and the outlet stream sought out the most easily eroded 
course, the linear contact between the bedrock and the ice. Eventually the North Star 
River downcut 45-50 m to its present stream profile, draining the lake area north of 
the dam . The effect of progressive lowering of the lake level is shown north of the 
pr.esent neck by a series of strand lines in the shale and glacial debris slopes west of 
the river. The very narrow width of the present canyon ( 100 m from r im to rim) 
indicates that the lake has been completely drained only recently. 

Immediately south of the canyo n neck on the west side of the river is a "hangi ng" 
cutoff meander ( F ig. 63 ) 35m above the p resent profile of the N orth Star River. 
The meander i s U -shaped in pla n and opens to the n o rtheas t a nd southeast. It is 
entrenched 10 -15 min fla t shal e l a yers and i ts bed lies on more resistant sandstone. 
This remnant of a f orm e r m e ander patte r n may b e a s sociated w ith an older drainage 
when the ice edge lay far ther to the e as t or w ith the d rainage of the recent ice -dammed 
lake. 

Another ice -dammed l a ke along the west e d ge of the P etowik Glacier exhibits a 
striking sequence of str a nd line s but h as not comple tely dra ined away. 

Several geomorphi c featu re s in the s t udy a rea indi cate a ve r y recent rapid 
recession and stagnation of the ic e margin , pe r hap s i n the las t 100 years. This rapid 
stagnation and recession is ass ociated wi th the g r owth and develop ment of the present 
belt of multiple shear moraines . 

At the northern end of the study a rea, immediately west of the ice edge, a 
prominent trim line exi sts (Fig. 64). A trim line is the line of demarcation between 
an area from which ice melted a considerable time ago and an area from which ice has 
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Figure 62. Cross section of Thule Ramp ice cliff {showing tunnel). 

F1gure 63. Aerial view of the North Star River gorge 
(note "hanging meander"). Figure 64. Northern end of study area showing trim lines 

and pattern ground. 
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only recently melted. This trim line indicates a very recent rapid recession of the 
ice edge for 100 to 200 m. The recently uncovered ground moraine, containing pink 
crystalline rocks, is not covered by any lichen growth and stands out as a light-colored 
area on a photograph (Fig. 65). West of this area the ground moraine is covered with 
well developed lichen and shows solifluction features. Both well developed lichen 
growth and pattern ground required a considerable length of time t o form. The contact 
between the two zones is sharp; no lichen or solifluction patterns are found between the 
contact and the ice edge. Therefore, in very recent times the ice margin has made a 
r apid retreat. Trim lines are present at various points along the entire study area. 

These and other geomorphic featu-res, plus the glaciological data c ompiled during 
the last few y ears , show a definite stagnation and retreat of the ice edge in the Thule 
area. 

Age of the Shear Moraine 

A knowledge of the time required for the formation of the shear moraine in the 
Thule area would have great glaciologic and geologic significance. 

If the age of pattern ground and plant life locate d throughout the study area were 
known, these features would perhaps be an indication of the age of shear moraines. 
Small polygons and frost boils located on the Thule Ramp shear moraine and on the 
moraine that flanks the south side of the Thule Ramp indicate that these two moraines 
p erhaps are older than the rest of the shear m oraines in the study area. The same 
reasoning applies to the age of ground mo raine recently uncovered by the receding ice 
margin. 

The question of moraine age can be answered only after a more complete 
knowledge of structural and glaciological phenomena has been obtained. 

CONCLUSIONS 

A synthesis of field data gathered in the study area during the summers of 1954 
and 1955 leads to the following conclusions: 

1. The outer zone of the ice margin is composed of stagnant ice which a ct s as a 
barrier to movement of mobile ice from the interior. 

2. The mobile ice overrides the barrier zone in a series of high -angle 
imbricate shears. 

3. These shears carry old ground moraine from the subglacial floor toward 
the surface. 

4. Differential ablation on the surface results in the formation of ice -cored 
moraine ridges, parallel to the strike of the shear. 

5. Recent stagnation and recession of the ice margin in the Thule Area has 
resulted in the formation of a belt of successive shear moraines. 

6. Geomorphic processes in addition to ablation (particularly wind action) · 
control the surface expression of the shear moraines. 

7. Subglacial topography is the primary control on the trend of both ice edge 
and moraine ridges. 

8. The complex Thule Ramp shear moraine has resulted from a faster-moving 
ice mass to the north overriding the Thule Ramp ice. 

9. The prominent ice cliffs in Area D are manifestations of erosion by wind and 
water. 

l 0 . The tunnel in the Thule Ramp ice cliff indicates a former development of shear 
mo raine in the area. 

11 . Structural and geomorphi.c features indicate glacial cycles in the area of both 
long and short duration. 

12. The shear moraines in the Thule Area offer a possible explanation for the mode 
of ground moraine deposition in some areas of continental glaciation during the late 
Pleistocene. 
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RECOMMENDATIONS 

The work done by the author on the marginal zone of the Greenland Ice Cap in 
1954 and 1955 was in the nature of a glacial geomorphologic reconnaissance. Intensive 
study remains to be done, particularly in the Thule Ramp area, on ( l) ice structure, 
( 2) movement, and ( 3) ablation before a complete understanding of both present and 
past glacial regimes can be reached. The following field investigations are 
particularly recommended: 

l. Measurement of ice movement north of the Thule Ramp shear moraine. 
2. Measurement of the amount of material that melts from significant debris

bearing shears during one ablation season. 
3. Correlation of ( 2) with the number of significant moraine -forming shears 

and the volume of debris present in the area, to obtain a possible age for the 
moraine feature. 

Measur~ment of ice movement in the ice- cliff area. / 4. 
5. Determination of the relationship betwee glacial ice and superimposed ice 

in the marginal zone. 
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FIGURE 66. GLACIOLOGICAL MAP OF 
THE THULE RAMP AREA, 

GREENLAND 
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