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ABSTR ACT. Some Rutes which occur on the surface of a se ri es of glac io-Ru via l sedi ments a t the ma rgin of 
Blomstra ndbreen, north-wes t Spitsbergen, a re described . A sec tion in one has revealed a complex intern al 
structure, in which origina lly horizonta l beds have been folded into a n a nticline whose axis is normal to the 
ice margin, a nd whose structure is rel a ted to the morphology of the Rute. 

Comparison of the observed deformation with the theoretica l distribution of s tresses around the base 
of a subglacia l tunnel shows tha t this deforma tion could have resulted from Row under such a stress system . 
It is considered tha t these observa tions support the hyp othes is th a t Rutes a re formed when un frozen, wa ter
soaked ma teri a ls defo rm subglacia ll y due to the pressure differences which exist in the vicinity of an ice 
tunnel formed in the lee of some rigid obs truc tion to ice Row. 

R ESUM E. Observations sllr la slruclllre et l'origine de qllelqlles call1lelll res dans les sidiments jllIvio-glaciaires dll 
B lomslralldbreell, all Nord-Ollest dll Spitsbergen. On decrit quelques formes cannelees (Rutes) que I'on trouve a la 
surface d 'une seri e de sediment3 Ruvio-glaciaires sur les bords du Blomstra ndbre dans le Nord-Oues t du 
Spitsbergen. La section de l' une d'ell es a revele une structure interne complexe, dans laquelle les lits hori
zontaux originels ont e te plisses sous la forme d 'un anticlina l dont l'axe es t perpendicula ire au bord du 
glac ier, e t la structure en rela tion avec la morphologie de la Rute. 

La compa raison d e la deforma tion observee avec la distribution theorique d es efforts a utour d e la base 
d ' un tunnel sous-glaciaire, montre que cette deforma tion pourrait e tre issue d 'un tel systeme d 'efforts. On 
pense que ces observations sont en faveur de I' hypo these que les Rutes sont formees lorsque des ma teriels 
sous forme boueuse non gelee se deforment sous le glac ier sous l' inRuence des differences de pression qui 
naissent a u voisinage d 'un tunnel d e glace a I'abri de quelque obstacle rigide oppose a I'ecoulement de la 
glace. 

Z USAMMENFASSUNG . Beobachtllllgen lIber die illllere Slrllklllr lllld die Herklll1JI einiger " Fllltes" ill glaz ijfllvialen 
SedimetZletz am Blomstralldbreen, N W-Spitsbergen. Einige " Flutes" (orgelpfeifenartig a ngeordnete, niedrige 
l\![ora nenkamme), die auf der OberRache einer Serie von glaziRuvia len Sedimenten a m R a nde d es Blom
stra ndbreen, N ord wes t-Spitsbergen, a uftre ten, werden beschreiben. In einem Querschnitt durch einen 
d avon zeigte sich eine komplizier te innere Struktur, bei der urspri.inglich horizon ta le Schichten in eine 
Antiklinale a ufgefa ltet wurden, deren Achse senkrecht zum Eisra nd verIa uft und d eren Struktur von der 
M orphologi e des " Flute" abha ngt. 

D er Yergleich der beobachteten D eformation mit d er theoretischen Spa nnungsverteilung a n der Bas is 
eines subglazia len Tunnels zeigt, dass diese D eformation das Ergebnis von Fliessvorga ngen unter einem 
solchen Spannungssys tem sein konnte. Diese Beobachtungen scheinen zur Sti.itzung d er Hypothese geeignet, 
dass " Flutes" da nn entstehen, wenn ungefrorenes, wassergetra nktes Materi a l sich subglazia l durch Druck
unterschied e in d er Nachbarschaft eines Tunnels verformt, d er auf der Lee-Seite eincs starrcn Hinderni sses 
gegen d en EisRuss gebilde t wird. 

INTRODUCTION 

Fluted lodgem ent-till surfaces exposed beyond the margins of modern glaciers have been 
described by several authors. It is commonly considered that these flute form subglacially 
when differential pressure causes the till to flow into cavities or tunnels immediately beneath 
the glacier sole (Dyson, 1952; Hoppe and Schytt, 1953) but, since the ti ll involved is often 
massive and structureless, clear evidence of flow is not usually seen. 

This paper describes a situation in which flutes occur on the surface of glacio-fluvial 
sediment, and have an internal structure from which the style of deformation is readily 
apparent. In this case the structure indicates that material has flowed from an area of high 
pressure at the tunnel margin to areas of lower pressure both inside the tunnel and away 
from it. There is good agreement between the observed structure and the theoreti cal stress 
distribution around the base of the tunnel. 
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FIELD OBSERVATIONS 

Blomstrandbreen flows southward into Kongsfjorden in north-west Spitsbergen (Fig. I ) . 
The central part of the ice front is land-based, while to the east and west the glacier terminates 
in the sea (Fig. 2). 
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Fig. 1. Location if Figure 2 in north-west Spitsbergen. 
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Fig. 2 . Map of the ice front of Blomstrandbreen, showing its land-based margin against Blomstralldhalvoya. 
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The fl u tes li e on an apron of sand and silt that occurs at the western end of the land-based 
ice front (point A in Figure 3) . To the immediate west of this area are a number of bedrock 
knobs on which the glacier is partially resting. The flutes originate under the ice and can be 
traced for I I m into the pro-glacial area. Initially they are about 65 cm wide and '20 cm 
high , but they become wider and flatter with increasing distance from the ice front. T hey 
are not evenly spaced . The apron on which they lie is waterlogged, and in some places it is 
washed by small rivulets. 
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Fig. 3. The western part of the land-based margin described in the text. 

A pit dug into an area on the apron away from the flutes shows 0.4 m of silt and fine sand 
resting on massive structureless till. This till, which is soft and waterlogged, was proved to 
a depth of 0.5 m . The overlying silts and sands show a complicated succession in which they 
replace one another rapid ly both horizontally and vertically, individual beds varying in 
thickness along their length . There are also pockets and stringers of coarse sand and fin e 
gravel, particularly in the upper part of the sequence. The beds are horizontal with no 
evidence of Rexuring. The sequence is closely parallelled by others in the area, and it appears 
characteristic of deposits laid down by glacial melt-water streams, which migrate readily 
and show rapid variations in discharge. 

A second pit was dug across one of the flutes and on to the adjacent unfluted surface to 
the east (Figs. 4 and 5). The sections reveal that within the Rutes considerable disturbance 
has affected the upper part of the sequence and that this is directly related to the morphology 
of the flute. To the east, below the unRuted surface, there is some further deformation. 

Figure 4 shows the section below the unRuted surface. In the lower part of the sequence 
there is no disturbance, but in the upper part beds of coarse and fine sand are folded into a 
very broad anticline, which is asymmetric, with the steep limb to the east. This structure is 
truncated by the uppermost bed which appears undisturbed. These beds are also thickest 
to the east and they thin westward. 

The section through the flute itself is shown in Figures 5 and 6a. The main structure is 
an overturned anticline, closing to the west, and whose lower limb is truncated by a thrust 
plane. This plane dips eastward at 30° and is marked by a line of sheared-out wisps of sand 
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Fig. 4. A pit dug i,1 the flat suiface to the east of the flute illustrated in Figure 5. The section reveals folding in the underlying 
beds, in a direction trending away from the flute itself, which lies to the lift just olltside the photograph . 

Fig. 5. The section in the flllte, showing a major overturned anticlinal fold in the body of the flute. The scale is I4 cm high. 
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and silt. T he central part of the flute a bove this thrust plane shows considera ble structural 
complexity, which is essentia ll y due to a large number of tight, sub-parallel overturned folds 
on the limbs of the main structure, some of which are sheared out or cut by sm a ll th rusts. 
T hese folds also close westward and have axial pla nes striking pa ra ll el to the axis of the flute. 
T here is a sys tematic change in the dips of these axial planes . In the core of the flu te they 
are pa rallel to the thrust plane and a lso to the axial pl ane of the gross anticlinal structure. 
In the cres t of the flute, however, dips reduce to 10- 15°, indicating a fl a ttening of the fold 

E 
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Fig. 6. (a ) The sedillZerzts which occur w ithin the flute (cf. Fig. 5) ; (b) A schematic representation of the slntctllres observed 
in Figure 5 . 

pattern . Below the main thrust there are a number of tight overfolds, al so parallel to it. 
M any of these are sheared out into wisps and streaks. The intensity of deformation decreases 
to the west, where the folding becomes more open and flat-lying . 

These observa tions sugges t tha t there has been movement a way from the eastern margin 
of the flute. This movement has occurred in two opposite direc tions, westward into the flu te 
and eas tward away from it. In the body of the flute, horizontal compression has resulted 
from movem ent of ma terial wes tward ; this is reflected in the anticlinal folding and thrusting, 
and has also been relieved by the verti cal g rowth of the flute. T o the east of the flute the 
broad overturned folding indi cates hori zonta l compression due lo movement ea stwa rd , bu t 
under conditions of vertical restraint. 
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DISCUSSION 

Consider an origin for the flutes in which sediment is squeezed subglacially into a tunnel 
that exists in the ice in the lee of an obstruction to flow . If this model is correct, it should be 
possible to correlate the observed deformation of the sediments with the stresses imposed on 
them by the ice around the tunnel. W eertman ( 1972 , p. 32 7) has d etermined the stress 
distribution at the base of the ice around such a tunnel. There are several different possible 
solutions which take into account differen ces in the relative magnitudes of the basal shear stress 
and the normal stress change at the tunnel wall. In the present case, the tunnel is initia lly 
empty and hence at the tunnel wall there will be a change in normal stress of the same order 
as the ice-overburden pressure ; this will almost certainly be greater than the basal shearing 
stress. Figure 7 shows th e stress distribution that is considered a pplicable under these condi
ti ~ms. 

Figure 7 shows that the normal stress exerted on th e bed will be greatest beneath the ice 
near the edge of the tunnel and will decay slowly ou tward s. On the bed beneath the tunnel, 
there w ill be no stress imposed by the ice. It is evid ent that under this stress distribution the 
underlying sediments will be squeezed away from the area of high pressure near the tunnel 
edge towards the areas of lower pressure. This movement will occur in two directions: into 
the tunnel itself, and away from it. 
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Fig. 7. The distribution of normal stress considered to exist below the ice tunnel discussed here. The magnitude of the stress 

at a given point is represented by the length of the arrow shawn below the ice. Stress is greatest at a point beneath the ice 
close to the tunnel wall, andfrom that point itfaLls in both directions : rapidly, moving towards the tunnel, and more slowly, 
moving away from it. Beneath the tunnel itself, the normal stress on the bed is zero. 

This predicted pattern of deformation is in close agreement with that deduced from the 
observed structures. The flow of material into the tunnel has produced the folding and thrust
ing observed in the flute body, while flow away from the tunnel has resulted in the folding 
observed beneath the flat surface to the east of the flute. Movement away from a central 
source area is indicated by the direction of overturning of the folds, which is to the west in th e 
flute and to the east under the adjacent flat surface. A corollary of this movement would b e 
the thinning of beds in the source area, and thickening to either side. Figure 4 illustrates som e 
thickening of the sand bed to the right of the scraper handle, where it is folded upwards . 
Immediately above the scraper the sam e bed has thinned but the irregula r nature of the sedi
ments makes it difficult to demonstrate that this is the result of pressure from the ice. In the 
flute itself, thickening has resulted mainly from the repeated overfolding of individual bed s, 
several of which can b e traced throughout the structure . 

Deformation of the sediment would probably be aided by the presen ce of excess pore
water pressure. It is possible that this was generated either by the discharge of melt water 
through the sediments while they were confined beneath the ice or as a result of compression 
during the deformation process itself. During the later stages of deformation , the sediments in 
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lhe tunnel were probably confined , since the decrease in dip of the fold-axial planes in the 
crest of the flute indicates som e restriction to vertical movement, which could be the result 
of the growing flute making contact with the roof of the tunnel. Tllis confinement would 
assist the generation and maintenance of pore pressure. 

The above discussion assumes that the sediments were un frozen when d eformation took 
place. This cannot be predicted from the observed structures alone, since both frozen and 
unfrozen sediments may be fold ed and faulted by stresses of sufficient magnitude and dura
tion. H owever, considering the relative mechanical properties of glacier ice and frozen 
sediment, it is known that the sed iment wi ll have a creep rate considerably less than that 
of glacier ice (Hooke and others, 1972 ) . In this event, an empty subglacial tunnel will be 
closed more rapidly by creep of the surrounding ice than by flow of the underlying frozen 
sediment. For this reason, it seems likely that deformation of the sediments took place while 
they were unfrozen . Additionally, the discharge of melt water through the sediments would 
ensure that they remained unfrozen during summer, while the proximity of the site to the 
sea suggests that the permafrost surface would be depressed in this area. It may be noted in 
passing that the structures seem to be unlike those due to freezing, and so the model proposed 
by Baranowski (1970) does not seem to be applicable in this case. 

Finally, we may consider the asymmetry of the folding, which is not expected from the 
predicted symmetrical stress distribu tion on either side of the tunnel. I t was noted that to 
the west of the site there were several partially exposed bedrock knobs, on which the glacier 
was resting. It is possible that the subglacial tunnel itself originates at a similar knob lying 
farther to the east. The asymmetry of structure within the flute is proba bly the result of the 
asymmetric stress distribution expected from this situation, in which to the west of the flute 
the mass of the glacier is borne locally by this seri es of bedrock knobs, whereas to the east it is 
taken directly on the subglacia l sediments. As a result, there will be a lower normal stress 
on the bed to the west of the flute than to the east and hence deformation will be asymmetric. 
A predic tion of this hypothesis is that the d eformation on the other flutes to the east should be 
more symm etri c; unfortunately, conditions in the field did not allow the excavation of further 
pi ts to test thi s. 

CONCL USIONS 

The observations suggest that the flute was formed wh en pre-exlstmg sediments were 
squeezed into a subglacial tunnel and thus that formation was post-depositional. It is likely 
that the sediments were unfrozen at the tim e and the d eformation may have been aided by 
excess pore pressure. The observed structures are those that would be expected from the 
deformation resulting from the theoretical stress distribution imposed on the bed by the ice 
around such a tunnel. 

ACKNOWLEDGEMENTS 

These observations were made while the authors were m embers of the Joint Universities 
Spitsbergen Expedition 1973, and thanks are due to all those who assisted with the expedition. 
Financial support from the R oyal Society, the atural Environment R esearch Council (for 
M.A.P. ) and Norfolk County Council (for H.E. ) is gratefully acknowledged. Field assistance 
was given by R . N. Hoffer. Dr G. S. Boulton read the manuscript and made many helpful 
suggestions. 

MS. received 4 February 1974 

https://doi.org/10.3189/S0022143000023170 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023170


400 J OU R NAL OF GLAC I OLOGY 

REFERE NC ES 

Baranowski, S. 1970. T he origin of fl uted moraine at the fronts of contemporary glaciers. Geografiska Annaler, 
VO!. 52A, No. 1, p. 68-75. 

Dyson, J . L . 1952. I ce-ridged moraines and their relation to glaciers. American J oumal 0/ Science, Vo!. 250, No. 3, 
p. 204-1 I . 

H ooke, R. L. , and olhers. 1972. Creep of ice conta ining dispersed fine sand, by R. LeB. H ooke, B. B. Dahlin 
and M . T. K auper. J oumal o/Glaciology, Vo!. 11 , No. 63, p. 327- 36. 

H oppe, G., and Schytt, V. 1953. Some observa tions on flu ted moraine surfaces. Geografiska Annaler, Arg. 35, 
Ht. 2, p. 105- 15. 

Weertman, J. 1972. General theory of water flow at the base ofa glacier or ice sheet. R eviews o/Geophysics and 
Space Physics, Vo!. 10, No. I , p. 287- 333. 

https://doi.org/10.3189/S0022143000023170 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023170

