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ABSTRACT. Observat ions on Tunsbergdalsbreen show that a n ice-dammed lake, Store Brimkjelen, over
flowed on to the surface of the glacier. T h e lake lifted a section of the glacier and formed a long irregular 
crevasse along the line of dislocation. 

RESUME. Extension mjiru-glaciaire d'xm lac d'un barrage tie glace. Timsbergdalsbre, j\:orvege. Des observations 
faites au Tunsbergdalsbre mont rcn t q u ' u n lac de bar rage giaciaire. Store Brimkjelen, inoncla la surface du 
glacier. Le lac souleva une pa r t i e dn glacier et forma u n e longue crevasse irreguliere le long de la ligne de 
dislocation. 

ZUSAMMENFASSUNG. Ausdehmmg eines Eisstausees am Tumbergdakbre. jfbrwegsn, aiifdas Glelschereis. Beobach-
tungen am Tunsbergdalsbre zeigen. dass cin Eisstausee. der Store Brimkjelen, die Glctschcroberl lache 
uberflutct hat . Der See hat eiuen Teil des Gletschers hochgehoben: ati tier Hebungsl inie bildete sich cine 
lange unregelmassige Gletscherspaltc. 

INTRODUCTION 

Between 1956 and 1964, the Brathay Exploration Group, in consultation with Dr J . F. 
Nye, undertook a programme of glaciological investigations on Tunsbergdalsbreen, the largest 
outlet glacier in Norway. As part of this project, the author studied an ice-dammed lake, 
Store Brimkjelen, situated on the western margin of the glacier. This paper considers (he 
development of a supraglacial extension of the lake that was formed in 1962. 

TUNSBERGDALSBREEN AND STORE BRIMKJELEN 

Tunsbergdalsbreen (lat. 6 t ° 3 5 ' N . , long. 70 05 ' E.) flows south from the ice cap of 
Jostedalsbrccn, located between the Nordfjord and the Sogncfjord on the west coasl of Norway. 
Its valley section, from the edge of the ice cap to the snout, is approximately 13 km long, and 
over this distance its width varies between 1 000 m and 1 700 m. The snout of the glacier 
rests on a rock bar and the main outlet stream occupies a gorge cut through the rock bar. 

Brimkjelen forms a branch valley of Tunsbergdalsbreen, the sides and headwall of which 
are extremely steep. The valley is situated on the wesl side of Tunsbergdalsbreen below a low 
ice fall, a distance of 4 500 metres from the snout of the glacier. Tunsbergdalsbreen widens as 
Brimkjelen joins the main valley, and ice from the western side of the glacier turns to flow 
towards the side valley. The ice ends in a steep cliff, which produces the dam for the lake. 
An indication of the ice flow towards the side valley is given by a medial moraine which curves 
from south through to south-west to end in the crevassing close to the ice cliff (Fig, 1). 

T H E DEVELOPMENT OF STORE BRIMKJELEN 

The retreat of the glacier that occupied Brimkjelen has been comparatively rapid. In 
1903 it was still in contact with Tunsbergdalsbreen (Rekstad, 1911, p. 15). By 1937 it had 
retreated to the head of the lake then occupying the valley (Pillewizer, 1952), and all that 
remains at present is a narrow glacier tongue suspended above the headwall of the valley. 

Records of outbursts from the lake have been well documented. Every year between 1896 
and 1900, and again in 1903, floods occurred in the Leirdal river draining from the glacier 
(Liestol, 1956, p. 132). In igoo and 1903, Rekstad (1901, 1904) visited the glacier to try to 
determine the cause of the flooding. 
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The flood of 1900 took place on 6 August. When Rekslad visited the glacier in September, 
he found that the surface of the ice in the inner part of Brimkjelen was approximately 100 m 
lower than the main glacier of Tunsbergdalsbreen and was badly broken up (Rckstad, 1901, 
p. 83). He suggested that the ice in Brimkjelen had sunk into the bottom of the valley after a 
lake, formed beneath the glacier, had drained. As there was no evidence that the water had 
flowed over the surface or the glacier, he considered that the lake must have drained through a 
tunnel underneath Tunsbergdatsbreen (Rckstad, 1901, p. 85). 

Fi«. 1. The location of Brimkjelen. The positions of the mpmgladd extension of live lake and the irregular crevasse have been 
superimposed an the map produced by Kick ( /966) . 

In 1903, a severe flood occurred on 22-23 August which destroyed a bridge over the Leirdal 
river (Rekstad, 1904, p. 1). Rekstad visited Tunsbergdalsbrcen in September of that year and 
again found that in the inner part of Brimkjelen, the ice had sunk into the bottom of the valley. 
On this visit, he also observed that a large crevasse had been formed where the glacier from 
Brimkjelen joined with Tunsbergdalsbreen. At the crevasse, the surface of Tunsbcrgdalsbreen 
was 5 to 10 m higher than the ice flowing from Brimkjelen (Rekstad, 1904, p. 2-3). 

The effects ofa severe flood in 1926 were observed by Ingstad (1927). Gravel and boulders 
were carried into the Jostedal (a distance of approximately 14 km from the snout of the 
glacier) causing the river in that valley to be dammed and a lake to be formed. Ingstad 
reckoned that 25 to 30 million cubic metres of water must have been released from Brimkjelen 
during this flood. 
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The ice-dammed lake was mapped for the first time in 1937 by Finsterwalder and others 
as part of a photogrammctric survey of the glacier (Pillewizer, 1952). The survey was repeated 
by Kick and Dorrer in 1961, at which time the lake did not occupy the valley, and it was 
calculated that in 1937, Store Brimkjclcn must have held 19.2 million cubic metres of water 
(Kick, 1966, p. 9), 

A map of the glacier at a scale of 1 : 20 000 was also published in 1966 by the Hydrologisk 
Avdeling of Norges Vassdrags- og Klekrisitctsvcscn (Otnes and Ostrem, 1967). The map of 
the lower half of the glacier, based on vertical aerial photography flown in 1955, provides 
additional information on the downwastage of the glacier surface. 

Since 1937, and perhaps earlier, the ice cliff has maintained virtually the same position in 
relation to the valley of Brimkjclcn that it has today, forward movement of the glacier being 
balanced by collapse from the ice cliff. In spile of this, the glacier lias shown general down-
wastage of its surface, concurrent with the retreat of its snoul. On the map of Tunsbergdals-
breen produced by Kick (1966), it can be seen that the ice surface in the area of Brimkjclcn 
has been lowered by approximately 50 m in 24 years. This figure amounts to almost 60 m 
close to the northern wall of Brimkjclcn, the increased ablation probably being due to the 
effect of heat from the valley side. The result has been gradually to increase die angle of slope 
of the glacier surface close to the northern wall ol Brimkjelen and lo form a depression running 
east west between the ice surface and the valley side. 

A topographic map of Jostcdalcn, at a scale of 1 : 50000 and based on vertical aerial 
photography flown in 1966. is to be published soon by the Norges Geografiske Oppmaling. 
A blue-print of this map, which includes almost the entire area of Tunsbergdalsbreen, has 
been kindly sent to the author by Dr Ostrem. On the map, the 800 m contour in the area of 
Brimkjelen clearly indicates the depression formed between the glacier and the valley side. 
This depression was occupied by asupraglacial extension of Store Brimkjelen, formed in 1962. 

OBSERVATIONS IN 1962 

In August 1962, the floor and sides of Brimkjelen were filled with blocks of ice. The lake 
which had deposited these icebergs had drained, although water could be seen in the very 
bottom of the valley amongst the icebergs close to the ice cliff. The upper limit of deposition of 
icebergs formed a very regular line, clearly indicating the maximum height of the lake (Fig. 2). 
From the contours on the map produced by Kick (1966), it is estimated that the height of the 
lake surface was approximately 815 m a.s.I. 

As well as filling part of the valley, it was apparent that, the water had overflowed on to the 
surface of the glacier. The supraglacial extension of the lake had occupied the depression 
between the surface of the glacier and the valley side (Fig. 1). The rise of the ice surface away 
from the valley side had prevented drainage from the lake over the surface of the glacier. 

Large blocks ofclean, white ice, some at least 5 m high, had been deposited on the surface 
of the glacier. The largest blocks can be seen at the bottom of Figure 2, close to the edge of the 
glacier, A number of the smaller blocks of ice had formed "glacier tables" by protecting the 
underlying pedestal of surface ice from melting (Fig. 3). Whether the height of the pedestal 
represents the ablation that had occurred after the lake had drained, it is impossible to say, 
for the ice blocks could easily have slipped more than once. From the contours on the map 
produced by Kick (1966), however, the depression at the edge of the glacier would easily have 
permitted blocks of ice to be floated on to the surface of the glacier, assuming the height of the 
lake surface to have been approximately 815 m. 

In addition to the ice blocks, the surface of the glacier indicated the former presence of 
water, areas of it having been washed clean of the finer debris. The ice in these parts had a 
crenulated micro-relief, similar to that produced in areas of small, shallow, slow-flowing supra-
glacial streams. It suggests that perhaps the water had only recently vacated this part of the ice. 
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Fig. s. Brimkjelenfrom the northern side of the valley. The height of the lake which occupied the valley is indicated by the upper 
limit of deposition of icebergs. Icebergs deposited on the surface of the glacier by the supraglacial extension of the lake can 
be seen at the bottom of the photograph. Pari of the irregular crevasse runs down the centre of the medial moraine at the left 
side of the photograph. 

Fig. j . "Glacier tables" formed by small icebergs of while ice deposited on the glacier surface by the lake. 
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The most important effect of the water was to cause bodily movement of the glacier. A 
whole section of the glacier appeared to have been lifted by the lake, and an irregular crevasse 
(Figs. 1 and 4) indicated the line of dislocation, which resulted from this movement. The 
crevasse ran from the base of the ice fall (in the middle distance of Figure 4) to the ice shelf 
above Brimkjelen, where it was at least 200 m from the side of the valley. The normal crevasses 
in this part of the glacier are longitudinal, meeting the valley side at angles of at least 6o°, In 
contrast to this, the irregular line of dislocation ran almost at right angles to the normal 
crevasse pattern. Dislocation of the ice had also occurred at the edge of the glacier. Here, 

Fig. 4. Part of the irregular crevasse extending to the base of the low ice fall in the middle distance. This crevasse runs at right 
angles to the normal direction of crevassing in this area. Jv'ote the debris of the medial moraine on the surface of the glacier. 

crevasses running parallel to the side of the valley were formed, and cracks were developed in 
snow gullies extending on to the edge of the ice. There was slumping of snow and moraine on 
to the surface of the glacier. 

Upward movement of the ice had occurred in the area where the supraglacial lake had 
occupied the depression between the ice surface and the valley side, but in what manner the 
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lifting of this section of the glacier took place could not be determined. It is possible that the 
whole section was raised as a single unit. Alternatively, either the crevasse forming the line of 
dislocation, or the crevasses close to the side of the glacier, could have acted as a "hinge line" 
about which the vertical movement took place. Whatever the exact mechanism involved, it 
indicates that forces strong enough to overcome the contact between the glacier and its bed, 
to cause fracture of the ice, and to lift the ice front, were generated. 

The final problem is the route by which the water escaped from Brimkjelen. There was no 
evidence that water escaped directly from the surface of the glacier, and even if it did, this 
would not have led to complete drainage of the lake. After the lifting of part of the glacier, it 
would perhaps have been possible for the water to have escaped subglacially from this section 
of the ice cliff. There was no direct evidence for this, however, and the mass of icebergs along 
the front of the ice cliff prevented inspection of the base of the ice. Assuming that this was the 
means by which the water escaped, there is still the problem of explaining how the water was 
able to penetrate the portion of the glacier that had not been raised up. 

An oblique aerial photograph of Brimkjelen (Licstol, 1956, p. 135) shows that in 1954 the 
entrance of a tunnel was visible at the base of the ice cliff. This tunnel occurred at the lowest 
part of the valley floor, and it is possible that in 1962 the lake drained once again by way of 
this former route. In this area, towards the southern side of the valley, collapse of the ice was 
much more extensive in 1962 than along the remainder of the ice cliff. Large sections of the ice 
had subsided, rather than individual pieces breaking off the ice cliff. The collapse of the ice 
could have resulted from a lifting of this part of the ice barrier to initiate drainage, or alter
natively, could have resulted from the release of water pressure against the ice cliff, after 
drainage had occurred. 

DISCUSSION 

From the historical records available, it is evident that drainage of the lake followed the 
pattern suggested by Thorarinsson (1939, p. 223). He considers that an ice-dammed lake 
experiences three stages during the general wastage and retreat of a glacier. Initially the lake 
is permanent ; this is followed by a period of outbursts from the lake, which gradually diminish 
in intensity as the damming effect of the ice barrier becomes weaker, and finally the lake ceases 
to refill and a permanent outlet is maintained. It seems likely that in 1962 drainage from the 
lake had not completely attained the third stage suggested by Thorarinsson. 

Thorarinsson (1939) has suggested that drainage from an ice-dammed lake is initiated by 
lifting of the ice barrier, once the critical level is reached. This critical level is attained when 
the water is deep enough for the ice barrier to float and overcome the contact between the 
glacier and its bed. As an example, Lindsay (1966, p. 443) observed that 94 per cent of the ice 
cliff of an ice-dammed lake on the Casement Glacier, Alaska, was covered by water, before the 
ice barrier was lifted to allow the water to escape. From observations of Brimkjelen, it appears 
that in this case the critical level for floatation of the glacier was exceeded along part of the ice 
cliff, with water overflowing on to the surface of the glacier. All parts of the ice cliff may not 
necessarily experience the forces of floatation at the same time, because of the variations in 
height of the surface of the glacier in this area. Thus, the lower parts of the glacier, close to the 
valley sides, could undergo strong forces of uplift before the water could reach the critical level 
in the higher, central parts of the ice cliff. 

Glen (i9 r ,4, p. 318) has criticized the suggestion that an ice-dammed lake will drain 
completely after the ice barrier has been lifted. Once the level of the water in the lake falls 
below nine-tenths of the height of the ice barrier, the glacier will no longer be floating and 
outflow is likely to be prevented. From experiments on the mechanical properties of ice he has 
suggested that drainage may start when the water in the ice-dammed lake opens a tunnel as 
a result of the pressure of the water exceeding the pressure of the ice. 
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Liestol (1956, p. 123 25) has suggested that movement of a glacier over an irregular 
surface will open small cavities under the ice sufficient to allow water to penetrate and start the 
drainage from the lake. Once the water begins to flow, the tunnel under the ice will be 
widened by melting as a result of a heat surplus if the temperature of the water is above zero 
degrees Celsius. The oblique aerial photograph of Brimkjclcn in 1954 (Licstol, 1956, p. 135) 
indicates that drainage from the lake has been through a tunnel overlain by almost 100 m of ice, 

From the observations at Tunsbergdalsbrccn, it is evident that both floatation of (lie ice 
(Thorarinsson, 1939) and the formation oi'a subglaciaJ tunnel (Glen, 1954; Liestol, 1956) have 
occurred, and it is suggested that drainage from the ice-dammed lake may be produced by a 
combination of these two processes. When the critical level was reached in the central parts of 
the ice cliff, uplift of the ice barrier would allow subglacial penetration of the water. The 
pressures then exerted by the water beneath the ice could have initiated drainage through the 
former subglacial stream course in (he bottom of the valley. 
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