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ABSTRACT. An opportunity to analyse the mechanism 
for the formation of a basal ice layer was provided by 
Glacier de Tsanfleuron in the Swiss Alps. This glacier has 
some lateral subglacial cavities in which a basal ice layer 
forms on the bedrock floor and is subsequently incorporated 
at the base of the glacier. Petrographic and crystallographic 
analyses of the different types of ice have provided a 
means of investigating the successive stages of the process. 
These analyses show major structural changes which provide 
field confirmation of the deformation mechanisms studied 
by several authors in laboratory experiments. 

INTRODUCTION 

Alpine glaciers often have at their bases an ice layer, 
up to about I m thick, which is clearly different from the 
glacier ice above. This basal ice layer contains much more 
debris than the glacier ice which is almost particle-free. It 
is generally stratified and consists of a sequence of 
different types of layers with variable thicknesses. In most 
cases, bubble-poor ice layers (almost particle-free and 
0.2-3 cm thick) alternate with ice-cemented debris layers of 
about the same thickness. Several authors have paid 
attention to the origin of these basal ice layers, either on a 
theoretical basis related to glacier-sliding processes 
(Lliboutry, 1964-65, p. 689; Weertman, 1964; Robin, 1976) 
or through field observations, ice-fabric, chemical or 
isotopic analyses (Kamb and LaChapelle, 1964; Boulton , 
1970; Vivian, 1975; Hallet and others, 1978; Souchez and 

Lorrain, 1978; Jouzel and Souchez, 1982; Souchez and De 
Groote, 1985). On the one hand, these studies emphasize the 
role of refreezing of melt water at the base of Alpine 
glaciers and on the other the resulting incorporation of 
debris within the basal ice layer and its transfer 
down-glacier by displacement of the ice. In spite of the 
numerous studies cited above, there is a lack of 
observations concerning the way a basal ice layer is formed. 
This paper describes the mechanism for the formation of an 
unusual kind of basal ice layer observed in the Alps. Fabric 
analyses of different ice layers allow us to follow the 
successive stages of the process. These analyses show major 
structural changes that are the field illustration of the fabric 
changes obtained by the artificial deformation of ice 
samples. 

STUDY SITE 

The field work was carried out on Glacier de 
Tsanfleuron, which is located north-west of the town of 
Sion in the Swiss Alps. This little plateau glacier, extending 
over about 4 km 2 between 2420 and 2850 m a.s .l., flows 
towards the east on Cretaceous limestones. A conspicuous 
morainic ridge dating from 1860 (Maire, unpublished) trends 
parallel to the glacier margin (Fig. I) . Up-stream of this 
ridge, the glacier retreat has exposed a smooth striated 
bedrock surface carved into the massive limestone, which is 
locally covered by a veneer of glacial debris. 

Occasionally, fluted moraines, some of them up to 
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Fig. I. Locatioll map. The ice margin is shown by the pecked line and the murail/es are dOlled. The 
framed area around the sampling site (A) gives the reference directions fur the fabric-allal.1'~is 

diagrams. 
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Fig . 2. One of the cavllles studied at the margin of Glacier 
de Tsanfleuron . Note the continuous ice coatin g on the 
bedrock floor (lower left ). the folded sheets of ice 
removed from the bedrock (middle). and the basal part of 
the glacier ( top ). The glacier ice flo ws from left to 
right; the part of the cavity shown in the photograph is 
3.5 m long. 

several hundred metres long, extend eastward from the 
glacier margin. This is the case in the immediate vicinity of 
the study site indicated on Figure 1. This site consists of 
two tunnel-like cavities, about 10 m long and 2 or 3 m 
wide, which are formed as the glacier slides over a series 
of roches moutollflt!es. As these features are located at the 
edge of the glacier, the ice is thin so that it loses contact 
with the bed between the roches moutonlllies, form ing 
decol/ements 2 or 3 m high. They offer an excellent 
opportunity to observe what happens at the ice-bedrock 
interface. 

MECHANISM OF FORMATION OF THE OBSERVED 
BASAL ICE LAYER 

The following features are present in these natural 
cavities: 

(a) The polished bedrock floor is coated with ice layers 
1-10 cm thick, extending over most of the surface even 
where the slope is steep as, for instance, on the side of a 
roche moutonnee (Fig. 2). These coatings are generally 
bubble-fr~e and always have, at their contact with the 
bedrock, a thin debris layer 1-2 mm thick. In some cases, 
such debris layers also occur within these coatings, parallel 
to the ice-bedrock interface. Up to five of these debris 
layers have been observed in an 8 cm thick ice coating. 

(b) In some places, especially along the up-glacier 
margins of the cavities, these ice coatings are fractured, 
detached from the bedrock, deformed, and even folded, 
giving rise to twisted sheets of ice (Figs 2, 3, and 4). 

(c) At the down-glacier margins of the cavities, where 
the glacier again makes contact with the bedrock, these 
contorted ice layers are picked up, stretched, and dragged 
along by the glacier movement and thus progressively form 
a basal ice layer (Figs 2, 3, and 4). 

The alternation of ice and debris layers, which 
characterizes this basal ice layer, may be achieved either 
during the formation of the ice coatings or by subsequent 
recumbent folding as is explained below: 

(a) In the first case, water enters the cavity from the 
up-glacier direction and the penetration of cold air allows 
refreezing. As observed, this can occur overnight. 
Occasionally, a substantial amount of debris is spread over 
the ice coatings, either carried by the water or by falling 
from the ceiling. Later on, when frozen in, these particles 
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Fig. 3 . Detail of the down-glacier part of the second cavity. 
The glacier flo ws f rom upper lef t 10 middle right . Note 
the twisted sheets of ice on the roof of the cavity and the 
folded ice coating incorporated in the basal ice layer (in 
the background) . T he ice accretion hanging from the 
ceiling ill the upper right corner is 15 cm wide. 

Fig. 4. Close-up view of the folded ice coatillg alld of the 
basal part of the glacier . Th e fillger poillls to the basal 
ice layer alld glacier ice occurs in the upper part of the 
photograph. 

form a debris layer in the ice coating. A sequence of such 
events builds up the observed layering. 

(b) In the second case, a downward movement of the 
up-glacier margin of the cavity drags the ice coatings along , 
detaches them from the bedrock, and causes folding . Such 
changes in the form of the cavity, observed from one year 
or even one summer month to another, also modify its 
down-glacier margin. Here, the folds are subsequently 
pinched between the glacier sole and the bedrock, and 
become recumbent. This allows repetition of the debris-layer 
sequence within the basal ice layer. 

Samples of the incoming water have been analysed for 
their isotopic composition in 6D and 6180. This was done 
for the ice coatings, for different layers of the basal ice 
layer, and also for glacier ice sampled above the cavities . 
The results of these analyses, which have been published 
elsewhere (Lemmens and others, 1982), show that the layers 
in the basal ice layer have an isotopic composition 
completely different from that of the glacier ice but very 
similar to that of the ice coating the floor of the cavities . 
They also indicate that these coatings are produced by 
freezing of water flowing into the cavities. These results 
therefore add some weight to the suggestions made above. 
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ICE FABRICS 

The different types of ice observed have been sampled 
for petrographic and crystallographic analyses. The thin 
sections were made in the fi eld using the techniques 
described by Langway (1958), and the fabric diagrams were 
drawn following standard methods (Langway, 1958; Hooke, 
1969). In Figure 5, ice-crystal boundaries and c-axes are 
compared for the different types of ice. The optic axes are 
plotted on the lower hemisphere of a Schmidt projection, 
with the flow direction indicated on each diagram. In all 
cases, the thin sections were cut parallel to the bed and "n" 
is the number of axes measured. 

Glacier ice (Fig. 5, T4) 
The thin section shows large crystals (3-4 cm) with 

imbricated margins and a large number of spherical bubbles. 
Most of the c-axes are clustered in one maximum, 45

0 
to 

the vertical. It should be noted, however, that the 
distribution of some of the optic axes suggests the presence 
of a small girdle around the vertical. 

In Figure 6 is plotted the theoretical pattern of c-axes 
for the case of a pure shear (longitudinal compression and 
vertical extension), which is a possible stress field in the 
ablation area near the margin of the glacier . This pattern 
implies two maxima at 45

0 
to the vertical and in the plane 

of the principal stresses. Now, if the stress is sufficiently 
strong, the shear plane T 2 might become an effective sliding 
plane, leading to instability of the maximum Ml and to 
reinforcement of maximum M2 as deformation proceeds, 
since the basal planes of the crystals become parallel to the 
sl iding plane. The occurrence of it stress 02 during the 
deformation history of the ice T4 might explain the small 
girdle suggested on this diagram, thus describing a general 
three-dimensional stress pattern (Kamb, 1972). The flow 
direct ion deduced from the conclusions developed above is 
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Fig . 5. Line drawings of crystal boundaries alld fabric 
diagrams of the different types of ice sampled ill the 
subglacial cavities of Glacier de Tsanfleuron . The thin 
sections were cut parallel to the bedrock. "n" is the number 
of crystals measured. Because of software requirements, 
all the equatorial optic axes are plotted on the left-hand 
side of the diagrams. The dotted area in T2 represents the 
microcrystalline ice matrix. 

TisUIl Qlld Lorraill: Mechanism of basal ice-layer formatioll 

in general agreement with the alignment of the most recent 
part of the fluted moraines near the study site and with the 
present-day movement of the glacier, 

Ice coatings on the cavity floor (Fig, 5, Tl ) 
In a plane perpendicular to their elongation (i.e. 

parallel to the bedrock), the shape of the crystals is 
anhedral and their cross-section varies from 2 mm2 at the 
base of the layer to 10 mm2 near the surface. The optic 
axes either lie in the horizontal plane (45% equatorial) or 
are scattered in a random pattern. 

The run-off frequently observed on the ice surface in 
summer, the elongation of the crystals in a direction 
perpendicular to the bedrock, the perfect fit of the ice 
coatings to the bedrock irregularities, and the total lack of 
contact with the glacier ice above strongly suggest a 
con gelation process, The fabric of congelation ice has been 
reported in detail by Lliboutry (1964-<;5) and Shumskiy 
(1964). Shumskiy has shown that protocrystallization leads to 
a pattern with c-axes parallel to the interface when the 
freezing front proceeds from the liquid to the bedrock. For 
instance, this fabric will develop when a water film flowing 
over the bedrock is chilled during the night. This situation 
is likely to occur in the cavities of Glacier de Tsanfleuron, 
thus explaining the large number of equatorially orientated 
c-axes observed. Furthermore, the same authors have 
described a random pattern in congelation ice either when 
the water is flowing or when irregularities in the rock 
surface act as nuclei for crystallization, Both processes might 
have been active in the present case, leading to the "mixed" 
fabric of diagram Tl . In addition, the geometric selectivity 
which usually appears in the second phase of crystallization 
has not yet developed here, because the thickness of ice 
must reach 50-lOO times the mean dimensions of the 
crystals in the initial layer (Shumskiy, 1964). 

Deforming ice coatings (Fig, 5, T2) 
The texture is bimodal: the ice crystals are either part 

of a microcrystalline matrix in which each of them does 
not exceed 0,5 mm2, or, less often, they reach a mean size 
of 10-40 mm2, which is always larger than those observed 
in the undeformed ice coatings, Deformation suffered by 
the latter has therefore strongly altered the ice-crystal 
shapes and numbers, in a way similar to that described in 
experimentally deformed ice (Kamb, 1972; Tanaka, 1972; 
Wilson and Russell-Head, 1982; Duval, unpublished). In 
these laboratory experiments, the original equidimensional 
crystals increase in number and decrease in size as stress is 
applied, Then, as deformation proceeds, the crystal size 
increases and a new fabric is developed, The small number 
of large crystals in our sample suggests that recrystallization 
has only just begun, Indeed, the fabric has not yet been 
strongly modified: the proportion of equatorially orientated 
c-axes has fallen to 38%, and two groups seem to have 
appeared in the initially random population, sketching the 
pattern described below, 

Deformed ice coatings incorporated at the sole of the glacier 
(Fig. 5, T3) 

The trends observed in experimentally deformed ice are 
confirmed here. The crystals grow in size, becoming similar 
to those in the glacier ice above, and the crystals' 
boundaries become more irregular. Now, the fabric has been 
strongly modified, showing an increased influence of the 
local glacier-stress conditions, The optic axes are clustered 
in two groups centred at the theoretical positions of the 
maxima in pure shear (Fig, 6). In this case, however, 
deformation is early enough so that the unstable maximum 
Ml is not destroyed, 

The links between the different fabrics confirm the 
mechanism of formation of the basal ice layer suggested 
above. This mechanism, leading to a rapid disappearance of 
the fabric of con gelation ice, noticeably differs from other 
mechanisms described in the literature. A "regelation layer" 
similar to that described from beneath Blue Glacier by 
Kamb and LaChapelle (1964) has been studied by one of us 
(Tison, unpublished) in the Swiss Alps. Crystallographic 
analyses done on this basal ice layer have shown a random 
pattern which is completely different from that developed in 
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Fig . 6. Theoretical pattern for the optic axes of ice crystals 
in pure shear and in a general three-dimensional state of 
stress. 

the glacier ice just above and is therefore not affected by 
the local stress conditions. Moreover, basal ice with a 
specific petrographic and crystallographic signature has also 
been observed in other environments (Gow, 1970; Budd, 
1972; Anderton, 1974). 

CONCLUSION 

Direct observation, and petrographic and crystal1o­
graphic analyses of the different types of ice sampled at 
the base of GlacIer de Tsanfleuron allow us to suggest the 
successive stages leading to the formation of an unusual 
basal ice layer. Major changes in both ice texture and 
fabric occur during the growth of this basal ice layer. 
Changes in the form of the subglacial cavities bring the 
glacier sole into contact with the congelation ice formed on 
their floors which contain layers of fine debris . This ice is 
deformed and picked up by the glacier, giving rise to 
effective stress conditions which erase the initial fabric . 
Such a basal ice layer may be considered as an effective 
tool for glacial abrasion since, as indicated by Lemmens and 
others (1982), it melts down-glacier of the cavities, thus 
releasing fresh rock particles at the ice-bedrock interface. 

The petrographic and crystal10graphic changes studied 
here provide confirmation in the field of the deformation 
mechanisms previously described in laboratory experiments. 
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