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ABSTRACT. For the construction of a hydro-electri c power station in western Norwa y, a di version tunnel 
was made to collect subglacial melt water under a n outlet glacier from the Folgefonni ice cap. Many investi­
ga tions w ere carried out by glac iologists a nd e ngineers before the proj ect could begin , a nd several unexpected 
problems arose during the completion of the project. This pa per d eals with some of the problems and how 
they w ere solved. 

T o a void coarse glacier-carri ed material from being Aushed into the water-collecting tunnel system , a 
large sedimentation cha mber was constructed in the bedrock under the glacier. The dimensions of this huge 
chamber were decided from sediment-transp ort studies in the glac ie r stream a nd from studies of old bottom 
d eposits in a lake close to the glacier front. 

Ice- velocity measurem ents were made on the glacier surface a nd similar stud ies were attempted in sub­
glacial ice caves made by spraying hot water nea r the glacier bed , where the ice is 170 m thick. 

The subglacial water-drainage system was studied fi' om a horizontal tunnel constructed in the bedrock 
under the glacier. Some preliminary conclusions a re drawn from these studies. 

In future, it will still be possible to undertake subglacial studies because inspection tunnels have been left 
in the bedrock, and the a ccessibility is relatively good . 

RESUME. Constructions et obseruatiolls S OllS g laeiaires au Bondhusbreen, .Noruege. Pour la construction d 'un c 
usine hydroelectrique dans l'Ouest de la Norvege, une ga lerie a e te c reusee pour collecte r les eaux de fusion 
sous glaciaires sous un glacier emissa ire de la calotte glacia ire du F olgefonni. Beaucoup d'observations ont 
ete executees par les glac io logues et les ingenieurs a vant que le proj e t a it pu demarrer e t plusieurs problemes 
inattendus ont ete soul eves au cours de l'ach evem ent du proj et. e e t a rticle rapporte quelques uns d e ces 
problemes et les solutions qui leur ont ete apportees . 

Pour eviter les a pports dans les galeries d'amenee d 'eau des m a teriels grossiers tra nsportes par le glacier, 
un va ste bassin de sedimentation a dli et re amenage dans la roch e sous le glacier . L es dimensions de eette 
immense cavite ont ete decidees it la suite d 'etude des transports solides dans les emissaires glac ia ires e t 
d'etudes d es depots anciens dans un lac proch e du front. 

D es m esures de. vitesse d e la glace ont ete fa ites sur la surface du glacier et d es e tudes simila ires furent 
tentees dans les cavernes sous-glaciaires en en voya nt de l'ea u chaude pres du lit glacia ire OU la glace est 
epaisse de 170 m. 

Le systeme de dra inage sous-glac ia ire a e te e tudie it l'aide d ' une ga lerie horizon tale construite sur le lit 
sous le glacier. On tire quelques conclusions preliminaires d e ces e tudes. 

Dans le futur il sera en core poss ible d 'entreprendre des etudes sous-glac ia ires ca r d es ga leri es d ' inspection 
ont ete la issecs dans la roche, dont l'access ibilite es t rela tivement bonne. 

Z USAMM ENFASSUNG. S ubgla z iale Bauwerke wld U nter.",ehungell a lll B ondlwsbreell ill "Vorwegen. Beim Bau eines 
\Vasserkra ft werkes in W est- Norwegen wurde ein Uberl eitungstunnel zur Aufnahme subglazialen Schmelz­
wasse rs unter einem von d el' Folgefonni-Eiska ppe a bAiessenden G letscher gcbohrt. Vor Ba ubeginn wurden 
von Glaziologen und I nge nieuren zahlreich e U ntersuchungen a nges te llt , und noch wahrend der Ausfuhrung 
tra ten m ehrere unerwartete Probleme a uf. Einige davon und ihre Losungen werden in diesem Beitrag 
beha ndelt. 

Urn die Einspulung groben M ateria ls aus d e r Innenmora ne in d en Sammeltunnel z u vermeiden, wurde 
eine grosse Sedimentationska mmer in das Felsbe tt unter dem Gletscher gebaut. Di e Dimensionen dieser 
Kammer wurden durch Studien des Sedimenttra nsports im Gletsch erbach und der a lten Bod enablagerungen 
in einem See di cht von d er Gletscherfront bestimmt . 

Auf d e r G letscherobe rAache wurde die Eisgeschwindigkeit gem essen ; ahnliche Studien wurden in sub­
glazia len Eishohlen " ersu cht , die durch Verspruhen heissen v" asse rs in der Nahe de s Gletsch erbetts bei einer 
Eisdicke von 170 m herges tellt worden wa rcn . 

Das subglaziale \~'asserabAussystem wurd e in einem hori zontalen Tunnel studie rt , d er in das Felsbett 
unte r d em Gletscher geba ut worden wa r. Die Untersuchungen liessen einige vorla ufige Schlussfolgerungen z u . 

Auch in Zukunft werden subglazia le Studien moglich sein, d a I nspektionstunnels mit relativ leichter 
Z uga nglichkeit im Felsbe tt erhalten bliebe n. 

INTRODUCTION 

All electrical energy in Norway is produced by hydro-electric power stations. Some of 
these receive their water from high mountain-drainage basins, where the water is collected 
in a main reservoir at a high altitude. At the Mauranger power station, situated at the 
Hardangerfjord south of Bergen (Fig. I ), it was decided to locate the main reservoir at an 
a ltitude of about 850 m a .s.l. All galleries collecting water from various streams and creeks 
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Fig. I. Location map showing a generali zed outline of the Folgifonni ice cap and part of the water-collecting system (bedrock 
galleries ) for the hydro-electric power station at Hardangerfjordell. 

(in total from 162 km2) must therefore be placed at a slightly higher altitude. One of the large 
water resources in this project is a part (62 km2) of the Folgefonni ice cap. Bondhusbreen, one 
of the outlet glaciers from this ice cap, draining a part of it, penetrates down the valley to an 
altitude of about 450 m, so melt water could not be coHected at the glacier terminus unless it 
was pumped up to the colIecting tunnel. It was therefore decided to make a subglacial water 
intake under this outlet glacier (Fig. 2) . 

Bondhusbreen extends from the dome-shaped part of the Folgefonni ice cap at I 630 
m a .s.l., the length of its flow line is approximately 6 km and its total area is 12.3 km2. The 
ice cap itself rests on a gneissic granite, which forms an almost horizontal sub-Cambrian 
peneplain. The outlet glaciers, such as Bondhusbreen, have eroded valleys down below the 
former peneplain, in general along tectonic joints and faults. 

TECHNICAL INVESTIGA TlONS 

Hot-point drilling 

It was necessary to determine the bedrock topography in the area where the subglacial 
intake was to be located. Seismic methods proved useless because of the narrow valIey and 
the many deep crevasses which introduced so much noise that no reliable results could be 
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Fig. 2 . An oblique air photograph showing the steep outlet glacier Bondhusbreen draining north-westwards from the ice cap. 

obtained. Therefore, it was decided to determine the ice thickness by hot-point drilling at a 
large number of points in a cross-section of the glacier . Electric hot points were run simul­
taneously by a powerful generator placed on the glacier and 12 vertical holes penetrated 
about 150-170 m of glacier ice. The results of this operation indicated that there existed three 
independent depressions in the cross-sectional profile (Fig. 3) . A bedrock tunnel was then 
constructed beneath the glacier. 
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Fig. 3. A rough cross-section was cOllstructed from 12 hot-point drillings, but details in the bedrock topography could not be 
determined by this method. 
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Soundings through the bedrock 

To check the results from the above-mentioned hot-point drillings and to obtain a more 
detailed picture of the bedrock topography, a number of drillings were made from the roof of 
the tunnel to the glacier sole by means of diamond drills. Such drillings were definitely 
necessary to obtain a sufficiently detailed knowledge of the ice/bedrock · interface before 
further tunnelling was made to the glacier. 

The drillings indicated that the ice was slightly thicker than the hot-point drillings had 
shown, the difference was in the order of 20 m (Fig. 4). This systematic error might be a result 
of debris collecting at the bottom of the holes melted by the hot point or that the hot point 
itself struck an englacial stone before it reached the sole of the glacier. Another reason for 
the discrepancy could be that the hot-point drillings were not made at exactfy the same 
location as the bedrock drillings, since the hot-point drillings were made in a heavily crevassed 
area. Only a small inaccuracy in positioning might cause relatively large errors in ice-thickness 
determination. 

m O . S 1. 
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900 

BONDHUSBREEN 

Fig. 4. A better knowledge 0.1 the subglacial bedrock topography was obtained by rock drillings from the roof oIa tunnel under the 
glacier. The existence 0.1 three possible drainage channels was discovered by this operation. 

Technical experience 

All the efforts over several years to determine the ice/bedrock interface have given valuable 
experiences-particularly valuable for future operations of a similar kind. The chief engineer, 
Mr H. D0hlen, has therefore summarized the most important points from his experience in a 
special technical report (D0hlen, 1977). Some of the main points of this report are mentioned 
here to give glaciologists and engineers an idea of possible solutions to many practical problems. 

An almost horizontal tunnel must be constructed more or less at right-angles to the 
glacier movement. Ideally, this tunnel should be constructed not more than 5-10 m below 
the deepest point in the cross-sectional profile. This requires that the ice/bedrock interface 
must be determined with a high degree of accuracy. Hot-point drilling proved to give slightly 
lower values for the glacier thickness an~ other methods have so far not given sufficiently 
accurate results, at least under conditions such as those at Bondhusbreen. 

As soon as this horizontal tunnel has been constructed, it is possible to draw a very accurate 
cross-sectional profile by drilling vertical holes up from the roof of the tunnel. Local depres­
sions in the cross-sectional profile, i.e. "local valleys" where subglacial drainage channels 
could be expected, can then be easily detected provided the distances between the "sounding 
holes" are selected carefully. 
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A contour map showing the ice/bedrock interface must be constructed, based on the 
information obtained by drillings. Further, new tunnels might be required to reach potential 
areas for water intakes. Finally, relatively small tunnels must be made up to the glacier sole 
to start melting of ice caves or subglacial tunnels for detailed inspection of bedrock topography 
at potential intake areas. 

It may be possible to locate existing subglacial drainage channels by one of the following 
methods: 

1. Acoustic observations might reveal noise in areas of running water, particularly if the 
water is carrying small rocks and stones. This can be verified by vertical drillings (from 
the horizontal tunnel) to find the water-carrying channel. 

H. Chemical tracers can be injected in melt-water holes up-glacier. The vertical sounding 
holes in the tunnel roof will normally carry some water during the summer, but some 
of the water might only be melt water produced locally near the hole. The tracer 
method can indicate whether or not the water originates from a larger part of the 
glacier. 

The construction of oblique bedrock tunnels (for water intakes) causes, in general, no 
technical problems except when the tunnel reaches the upper parts of the bedrock. Heavy 
layers of compacted and/or frozen morainic material may be found before one reaches the 
glacier ice. The penetration of these layers may be difficult and dangerous so it is necessary to 
protect workers by making a solid "roof" of a part in the tunnel's cross-sectional area. 

PROBLEMS OF SOLID MATTER 

Some early measurements of the ice velocity indicated that the ice surface at Bondhusbreen 
moved faster than 100 m year-I. This considerable ice discharge was expected to cause fairly 
extensive erosion and this was confirmed by sediment-transport studies at the front of the 
glacier. During the summers of 1972 and 1973 an annual amount of about 7 000 metric tons 
was moved by the stream and a bed load of almost the same size was also observed (Ziegler, 
1974; Haakensen, 1975)' It was therefore necessary to solve the problem of coarse material 
carried by the melt water below the glacier, because such material should not be allowed to 
enter the diversion tunnels. These are almost horizontal and could therefore be filled up by 
material carried as bottom load (Fig. 5). 

It was therefore decided to construct a sedimentation chamber in the bedrock beneath the 
glacier. The size of this sediment trap had to be made large enough to take care of the total 
bottom load during any summer, even during a summer with abnormal high melt-water 
drainage. 

To determine the highest possible annual amount of transported material, a special study 
was made at the glacier front and in Bondhusvatn, a small lake not far from the glacier tongue 
(Ziegler, 1974; Haakensen, 1975; 0strem and Olsen, 1975)' 

Calculations based on field observations in 1972 and 1973 in the river between the glacier 
and the lake indi~ated that the suspended sediment and the bottom load were of approxi­
mately the same amount. For the engineering problems, only coarse bottom-load material 
was of interest but suspended sediment is much easier to observe. Furthermore, previous years' 
transport of suspended material in the glacier stream is in fact recorded on the bottom of the 
lake because 70- 80% of such material is deposited in the lake. 

Bottom samples, taken by a piston corer, revealed that annual varves were present and 
they could be relatively easily recovered from the last 200-300 years of sedimentation. The 
thickest varves must have been deposited during years of large sediment transport and such 
years were also considered to represent the largest bottom load. The five heaviest deposits 
during the last 200 years were therefore carefully examinated and the total amount of sus­
pended load in the glacier stream was calculated for these years. This study indicated that as 
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Fig. 5. Coarse 1IIf/lerin l carried by melt wa ter f rom a subglacial intake during the sUlIlmer of 1974. Such lIIa terial must not be 
allowed to enter the almost horizontal diversion tunnels (the galleries ) . 

much as 8000 m 3 of coarse material m ay be expected during a year of exceptionally high 
wa ter discharge, so the sedimenta tion chamber had to be dimension ed accordingly. This 
means that the chamber will normally not be filled completely during ;;tn average summer. 
The material must be removed from the chamber during the winter to leave space for the 
following summer 's d eposits. T echnical installa tions were constructed for this opera tion 
which will take place normally during the months J a nuary-March, when practically no 
water is draining and the sedimenta tion chamber can be emptied by bulldozers a nd trucks. 
The m a terial can then be transported through a specia l tunnel and dumped back on to the 
glacier (cf. Fig. 7). 

ICE-VELOCITY MEASU REMENTS 

Ice movement at the glacier surface 

The surface movem ent of the glacier ice has been observed several times during the last 
few years in an area just above the subglacial intake points (Fig. 6). Several stakes were drilled 
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5 

Fig. 6. Stake positions and triangulation points for ice-sUlJace velocity measurements. The subglacial water intake is located 
under the I 100 m contour line. 

into the ice and their movement was determined by standard triangulation methods from 
three fixed points on the valley sides. The results of these observations are given in Table I. 

The variation in average daily velocity is either based on a real change in ice velocity or 
different ice velocities at different locations, i.e. the velocity seems to change when the stake 
moves away from the original observation area. To eliminate this possible error, the stakes in 
positions 10 and 20 were moved back to exactly the original location before a new velocity 
measurement was made. For this purpose, two theodolites were placed in triangulation points 
Tp II and Ill, and the exact positioning of the stakes was then secured. 

Stake 

10 

20 

24 

TABLE 1. ICE VELOCITY (cm d - I) 

Period 

12 October 1974-1 August 1975 

34. 1 

33·3 

15 March 1976-23 April 1976 

38,5 
38.8 

IS June 1977-21 September 1977 

39. 2 

37·3 
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R epeated observations were made on IS J une and 21 September 1977. In addition to the 
stakes in the two above-mentioned positions, four other stakes higher up-glacier were a lso 
surveyed. The results are shown in Table 11. 

TABLE 11. ICE MOVEMENT 15]UNE- 2 1 SEPTEMBER 1977 (98 cl ) 

Stake 

10 

20 

30 

40 

50 
60 

T otal displacement 
m 

38-45 
36 .55 

30 .77 
32 . 18 
28·35 
30 .2 3 

Daily movement 
cm 

39.2 

37·3 
31.4 
32 .8 
28·9 
30 .9 

Direction of movement 
g 

379 
388 
388 
386 
383 
382 

In stake positions 10 and 20 a dditional observations were made to determine the move­
m ent within 24 h. The stakes were then placed exactly in a straight line between Tp 11 and 
Tp IV. After 24 h a metric stick was held horizontally at each of the stakes and the movement 
could be directly read by theodolite. The two stakes had then moved 33 and 30 cm, res­
pectively, between IS and 16 June, whereas for the 24 h period 20- 21 September the corres­
ponding figures were 34 and 3 I cm. 

U we compare these measurements m ad e on 15- I 6 June and on 20- 2 I September with the 
dail y mean velocity throughout the entire summer, it is clear that the summer mean indicates 
a 15- 20 % higher velocity than the point measurements. I t is difficult to explain this; one 
possibility could be that the measuring points moved closer to the ice fa ll during the summer, 
hence, giving a higher velocity. However, the horizontal displacement is only 37- 38 m a nd 
the g lacier'S surface slope and cross-sectional profile are practically unchanged in this 
area. 

Another explanation could be an assumed fluctuation in ice velocities in general. It is 
possible that the glacier moved faster during the summer (or during parts of the summer) . 
Meteorological observations indi cate that the ice-melt conditions during the measurements in 
June a nd September were very close to the mean melting rate of the entire summer. I t is 
possible, however, that during short periods of extreme melt the g lacier may have moved 
faster a nd thus caused a higher mean velocity during July and August. Muller a nd Iken 
(1973) have shown that short-term discharge variations have a pronounced effect on glacier 
movement. 

During the period 24 September 1976- I 6 June 1977, a stake was placed just below the ice 
fall (Fig. 6). The movement of this stake had been calculated from simple a ngle measurements 
from one point and distance measured by tape. The calculated resul t indicated a g lacier 
movem ent of 50 cm d - I during the winter on this lower part of the g lacier. 

Ice movement at the bottom of the glacier 

Some ice-velocity measurements were attempted at the bottom of the glacier. Due to the 
deformation of the ice tunnel by the ice pressure, it proved difficul t to make meaningful 
measurem ents. However , some of the observations indicated that the g lacier ice in the cave 
was moving at a speed of approximately 10 - 20 cm d - I , which is about ha lf of the ice velocity 
observed at the glacier surface. The ice movement at the bottom of the g lacier seemed partly 
to be bottom sliding and partly differentia l movement along shear p lanes in the lower m etre 
of the glacier ice. 
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S UB GLACIAL OBSERVATIONS 

lee caves 

The vertical bore holes made from the roof of the bedrock tunnel could not give a. suffi· 
ciently detailed picture of the ice/bedrock interface. It was particularly important to obtain a 
more detailed picture of the bedrock topography to discover where the wa ter wmaUy flows , 

Fig. 7. Sketch showing the main subglacial tUIInel system.' a, the south-western intakes; b, the middle intakes; c, the lIorth­
eastern intakes; d, the large sedimentation chamber ; e, spillway and unloading tunnel ; 1, the helicopter landing plaiform 
and the mess; g . workshop and storage; h, the dil'rrting tunnel leading the collected waler to the main reservoir. 

Therefore, ice caves were melted by a hot·water spraying method in the bottom layer of 
the glacier from narrow tunnels constructed-from the main, almost horizontal, tunnel below 
the glacier (see Fig. 7). This method had been used previously in France and it also proved 
satisfactory at Bondhusbreen. Hot water at a temperature of 40- 5oQ-C was sprayed through 
a special nozzle (Fig. 8). The return water had a temperature of 0- 5 QC; a higher initial 
temperature would only have produced more water vapour in the tunnel and the return 
water would have been unnecessarily warm. Ice tunnels, 30- 40 m in length were made in 
various directions from the above·mentioned bedrock tunnels to map the ice/bedrock interface. 

The hydrostatic pressure under about 150- 170 m of ice caused a major problem; the ice 
caves were closing fairly rapidly . Measurements made in the various ice tunnels revealed a 
compression of the tunnels by 10- 20 cm d- I • This was partly due to lowering of the roofs and 
partly to movement of the walls into the tunnels. Most of these measurements showed a 
decreased tunnel diameter of 15- 16 cm d- I • The deformation·rate seemed to be independent 
of the size (diameter) of the tunnel. Part of this deformation was eliminated by ice melting 
due to the relatively high air temperature caused by the spraying operation. By continuous 
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Fig. 8. From the meltillg: operatioll , /IInkil/g ice caves alld tlll/Ilels Ilear the ice/bedrock illterjllce. H ot waler is pumped through 
hoses to a Ilo z zle kept ill positioll by ice screws. 

spraying the air temperature in the tunnel was approximately + 3°C and both the walls and 
roof melted away at a rate of approximately 3 cm d - I • The deformation of the ice caves 
seemed to be very steady-and no sudden movements have been reported. 

Vivian and Bocquet ( 1973) have shown that large natural cavities and even crevasses are 
found at the bottom of Glacier d 'Argentiere. No such crevasses were found a t Bondhusbreen 
and only small natural ice caves were occasionally observed behind steep rock knobs. Their 
volumes were usually less than IO 1. We never found water in these cavities, but sometimes we 
could observe the formation of ice spicules (Fig. 9). 

The basal ice layer 

Investigations made at Glacier d' Argentiere have shown that the ice at the bottom of the 
glacier is different from the rest of the glacier. Vivian and Bocquet (1973) have proposed the 
name basal ice layer for this ice. At Bondhusbreen, no investigations were made on the chemical 
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Fig. 9. Natura l small cavity behind (I bedrock kllob. Ice /leedles were fonning within this cavity which was completely dry. 
A compass serves as a scale. The general ice movement is towards the camera. 

and physical properties of this ice but our impression is that it is very similar to the ice des­
cribed from and photographed at Glacier d 'Argentiere and Mer de Glace (Vivian and 
Bocquet, 1973, p. 445)· 

The most typical feature of the basal ice layer at Bondhusbreen was the stratification; 
layers of debris alternated with layers of cleaner ice. The thickness of the debris-laden layers 
ranged from I to 10 ·cm, a nd the number of layers showed variations from place to place. 
The sfrata were usually conformable with the bedrock topography and they were found up 
to about 1.5 m above the ice /bedrock interface. In some places, certain debris layers contain­
ing very fine material seemed to form sliding pla nes . The ice between debris layers was some­
times ra ther clean and sometimes contained gravel and sand. The lower IQ- I 5 cm of the 
glacier ice was, in genera l, r e latively clean. 

In addition to the pronounced layers, several discontinuous layers or lenses were found. 
They contained fine materia l and single rocks up to 0.5 m 3 but almost no such material was 
found above 2 m from the glacier bottom. 

Debris-laden ice, including the abovementioned layers , was found everywhere under the 
glacier, except in an area where water was apparently draining more or less all the year. At 
this place (intake shaft (c) on Figure 7), the ice was quite clean and blue, and no material 
could be seen in the ice. This may be expla ined by the fact tha t water from Holmavatn lake 
drains here during most of the year, and thus a channel is kept free from material by simple 
water transport. Furthermore, because the water stream causes ice melt along this channel , a 
steady inflow of clean ice can take place from the clean parts of the glacier above. 
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In the artificial ice tunnels, we usually had no problem with cracking ice, except in the 
clean ice near the intake shaft (c) . Here we frequently observed a very noisy cracking. All the 
cracks had a direction perpendicular' to the tunnel, and during periods of about 15 min the 
ice walls were made completely white with numerous cracks, and then the situation stabilized 
again. 

Water pockets 

Vivian and Bocquet (1973) reported that most of the water unconnected with the hydro­
logical system at the base of Glacier d'Argentiere was represented by water down-stream of 
blocks ofrocks dragged by the glacier. This type of water pocket has been observed only once 
at Bondhusbreen. In general, we found no water pockets at all, except in a steep area near 
the middle of the glacier. The bedrock gradient here is more than 50° but only about 30 m 
higher up the bedrock is almost flat. The observed water pockets were fairly small, in general 
less than 0.15 mJ, and their number rapidly decreased with increasing size. Most of these 
small water pockets contained rounded pebbles and gravel ( < I cm in diameter) and this may 
indicate that they were formed close to the bottom of the glacier. 

No large water pockets were ever found in Bondhusbreen but in one case it was observed 
that a water pocket drained near an ice tunnel, although the water did not enter the tunnel 
itself. Based on the noise, it was estimated that the total water volume must have been in the 
order of 2-4 m 3• This event occurred under the south-western part of the glacier (near intake 
(a) on Figure 7). 

Subglacial rock surface 

The engineering activities under the glacier proved to be fairly difficult in some places 
because there was no clear-cut junction between bedrock and ice. A transition zone consisting 
of compacted, highly fractured rock was observed in some of the shafts when they were 
approaching the ice. The maximum thickness of this zone was found in the south-western 
depression (marked (a) on Figure 7). We do not know whether this transition zone extends to 
larger areas under the glacier, or whether it is concentrated in areas near the depressions. 
Near the north-eastern intake shaft (marked (c) on Figure 7), where Holmavatn lake drains, 
an approximately 10 m wide area had no loose material at the bottom and the ice contained no 
material whatsoever, and no such transition zone was observed here. Observations in the 
various ice caves revealed a well-polished bedrock but it was more uneven and broken than the 
bedrock at present found in front of the glacier. The leeward side was often covered by a 
layer of "brown skin", particularly near the depressions. So-called "plastic forms" (P-forms; 
see Andersen and Sollid, 1971, p. 11-12) were found occasionally. They were found in small 
areas but they were never so well developed as normally seen near the tongues of glaciers. 
The in-situ formation of striae could be seen at several places where rocks and boulders were 
forced along the bedrock surface. 

Subglacial till deposits 

Morainic material could be found almost everywhere beneath the glacier. The thickness 
of the till layer was in the order of 0.2- 1 m. The finest fractions seemed to be absent in this 
layer of "bottom moraine", whereas all coarser fractions from coarse silt up to rocks 1-2 m 3 

in size were present. The material in the bottom moraine was more or less rounded (Fig. 10). 

Close to the depression it tended to be more rounded than in the areas between them, 
where it was more sharp-edged in some places. It could often be seen that some rocks were in 
the process of being over-ridden by others (Fig. 11). Sometimes the surface layers of large 
rocks were peeled off, possibly by pressure release when the tunnel was melted at the base 
of the glacier. 
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Fig. 10 . Bot/olll 1II0raine near the intake shafts at (c) (cJ. Fig. 7) . The material is well comp acted. 

Fig. I I. A rock is being crushed by glacier movement near (c) (Oil Fig. 7). 
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Large rocks, more than I ml, were found in several places and smaller rocks, 0.1-0.2 mJ, 
were very frequent. The large rocks and boulders usually showed an irregular surface, but 
their edges were mostly slightly rounded. It seems that the glacier cannot pick up and 
transport large rocks and boulders within the ice but rather drags them along the bottom. At 
Bondhusbreen all the observed rocks larger than 0.5 ml were resting on the bedrock or on the 
bottom till layer; they were not entirely embedded in the ice. 

Areas between rocks were in general completely filled by ice and all observed till layers 
were very compact and seemed to be "frozen", i.e. interstitial ice was apparently present 
everywhere. 

HYDROLOGY 

Introduction 

The subglacial water intakes are situated beneath 150-170 m of ice where the glacier 
surface is between I 050 and I 100 m a.s.l., i.e. just above the main ice fall (Fig. 2). The slope 
of the ice surface here is about IS°, whereas the slope of the subglacial bedrock is about 30° 
near the intake shaft (a) and about 50° at shafts (b) and (c) (Fig. 7). 

Holmavatn (I 134 m a.s.l.) is situated near to the north-eastern side of the glacier with 
an outlet draining into the glacier more or less throughout the year. The distance from 
Holmavatn to the intake shaft (c) is about 450 m and the mean slope is 28°. 

Both the hot-point drillings from the glacier surface and the rock drillings from the tunnel 
beneath the glacier indicated that the bedrock topography has three major furrows (small 
valleys) where one could expect subglacial streams. Because of technical problems, the shafts 
were originally directed towards only two of these depressions ((a) and (b) on Figure 7). The 
westernmost of these (intake (a)) seemed to be the deepest and most important. Melt water 
did drain in both of the two "valleys" but the amount captured in the shafts showed great 
variations. The shafts at (b) gave water during the first part of the ablation season and became 
dry for the rest of the summer, whereas the other depression (a) gave water during most of the 
summer but usually not more than I ml S-I. 

From the horizontal bedrock tunnel, a series of new holes was drilled more or less vertically 
up to the glacier. Water under high pressure was then located only 5-10 m from the intake 
shaft (b) (Fig. 7). No measurements were made of the water pressure but it seemed to be 
highest in the evening after days of high ablation. 

Tracer experiments 

Several tracer experiments were made to locate the water which almost continuously 
drains from Holmavatn lake. Salt solutions were injected at the outlet of the lake and repeated 
electrical conductivity measurements were undertaken in various bore holes in the tunnel roof. 
The results made it possible to locate the subglacial stream which carried water from the lake. 
The mean speed of the water from Holmavatn lake to point (c) in the tunnel was almost 
0.7 m S-I along a mean slope of 28°. From Holmavatn lake to a point just outside the glacier 
snout the mean speed was about 0.75 m S-I along a slope of 22 °, It should be noted that the 
calculations of these angles is based on a theoretical drainage along the shortest possible 
distance from the lake to the observation point. 

Similar investigations were made in small creeks and streams draining into the glacier 
from the south-western valley slope. The results indicated that this water quickly found its 
way to the bottom of the glacier and appeared in intake (a) within 15-30 min. This indicates 
an average water speed between 0.12 and 0.47 m S-I on slopes ranging from 35° to 70°. 

All these experiments were made in September when water discharge was in general 
relatively low. 
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Observed drainage in the tunnel 

Some water had drained through the vertical shafts since the summer of 1974, and an 
automatic water-level recorder was installed to monitor the amount of collected and diverted 
water. However, the records were unreliable during the first years. 

The existing records indicate that the discharge before 1978 was, in general, less than I 

m3 S- I . According to glacier ablation measurements, this was only about 15 % of the total 
water available. Only during shorter periods, mainly no longer than a couple of days, the 
water discharge rose as high as 3-4 m3 S-I. This usually happened at the end of June or at 
the beginning of July. The records show a quick rise, closely connected with increasing 
glacier melting, and a quick decrease. This quick decrease is not related to glacier melting, 
as the glacier melt maximum seems to follow several hours or even days later. 

During the period 12-18 June 1976 a number of unexplained periodic oscillations in 
water discharge (Fig. 12) were recorded. During these 6 days the discharge ranged from 0.15 
to 0.80 m 3 S-I, within periods of 1-2 h. The glacier ablation decreased during these days 
but it is not known whether the variations in discharge originated from a smaller or larger part 
of the glacier, and the reason for the oscillations is also unknown. 

Gauge 
reading 

JUNE 1976 

Fig. 12. Unexplained oscillations in water discharge were recorded at the outlet of the sedimentation chamber during a short 
period in June 1976. 

Since the new intake shafts in the north-eastern bedrock furrow (marked (c) in Figure 7) 
were completed during the spring of 1978, the situation has changed completely. Even before 
any melting had begun on the glacier, a discharge of about lOO I S-I was observed. It is 
believed that most of this water originated from Holmavatn lake. 

When the glacier ablation began in the middle of May, a sudden increase in water flow 
occurred, and a steady discharge of about 5 m3 S-I was reached within a few days. During the 
summer the water discharge in the tunnel system ranged between 2 and 10 m 3 S-I. The total 
amount of water draining from the glacier into the diverting system proved to be as high as 
50 X 106 m 3. This is more than 90 % of the theoretical amount of water available at the intake 
level, and nearly all this water came through the new intake shaft ((c) in Figure 7). The other 
shafts were completely dry and plugged by ice during the entire summer, but still some water 
drained from bore holes near shaft (b). 

Conclusion 

Rothlisberger (1972) has stated: "In large valley ghciers it is likely that a major channel, 
the bottom conduit, runs along the thalweg, but two additional main streams may exist at 

. lesser depth closer to both glacier margins". 
From the investigations made at Bondhusbreen, we can now draw the following pre­

liminary conclusions: 

1. Most of the water seems to drain in a main subglacial channel in the lower part of the 
subglacial valley. 
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H. The existence of a draining channel along the north-eastern side of the valley, kept 
permanently open by the water from Holmavatn, seems to facilitate the drainage of 
water from large parts of the glacier. 

lll. Only small areas of the glacier above the intake altitude drained outside the north­
eastern channel (intake (c)) in 1978. However, this stability did not seem to be 
representative of the previous years when large water volumes were captured through 
the other intakes ((a) and (b)) during certain periods. 

IV. At the intake level, no additional main streams seem to exist at smaller depths clo~er 
to the glacier margins. 

v . When the draining channels have been established, they also seem to be kept open at 
fairly low water discharges. 
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DISCUSSION 

R. BREPSON: Have you observed undulations in the bands of dirty ice? And in this case, do 
these undulations differ from the profile of the base? 

G. 0STREM: The bands of dirty ice are undulating and seem to reflect the form of the sub­
glacial topography. 

B. HALLET: Were the very large boulders you found in the tunnel carried there by water? 

0STREM: Yes. In fact this caused concern amongst the engineers. 

S. M. HODGE: Did you measure the surface motion before and after removing water from the 
glacier bed? If so, did it change significantly? 

0STREM: The velocity measurements were made at the surface just above the water intakes. 
We have no indication of any change in velocity after capturing the water. 

HODGE: Did you observe any interstitial ice or water in the "till" underlying the basal ice that 
might correspond to the sub-sole drift observed under Blue Glacier by Kamb and others? 

0STREM : Interstitial ice was often observed in the basal "till". 

HALLET: Although you observed ice in the basal debris layer, one must be careful to note that 
it is quite possible for ice to invade rapidly the debris once the pressure is released by the 
melting of your tunnel. Directly after melting, .did you ever observe debris-free ice at the 
glacier base? 

0STREM: The interstitial ice in the debris layers was often observed only a few minutes after 
the pressure had been released by making the tunnel. Directly after melting, debris-free ice at 
the glacier base was observed only at very few places. Debris-free ice at the base seems to be 
present only where water has recently been draining. 
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