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Understanding Mountain Glaciers

Glacier retreat is regularly cited as one of the more obvious symptoms
of global warming. Most of us will have seen examples in the

mountains ourselves and perhaps been surprised to be traversing smoothed
rock and debris where a not-so-old map suggests we should be on a glacier.
The flights of ladders necessary to reach the Konkordia Hut from the ice
highlight the reduction in size of the Grosser Aletsch glacier during the last
150 years. However, the implications may not be quite as apocalyptic as
the more sensational reports would have us believe.

Understanding glacial behaviour requires an appreciation of physics,
crystal chemistry and meteorology1mt, most importantly, of time scales
much greater than human history. It is unrealistic to view any particular
moment as 'the norm' and to regard ongoing changes, including those
caused by human activity, as freak events disturbing what would otherwise
be 'steady state' equilibrium. There is little doubt that human activity is
affecting the Earth's atmosphere as a system but this can be viewed simply
as an additional, if undesirable, short-term contributory factor to those
natural processes which are occurring independently of human involvement.

In this paper I have reviewed and summarised some of the processes at
work in mountain glaciers.

Glacial History
Ice currently covers about 10.8% of land and 7.3% of the ocean surface. At
its greatest extent during the last major glacial event, 32% of the Earth's
land surface was ice covered. The valley glaciers and small mountain ice
caps of the northern hemisphere (excluding Greenland) contain only 4%
of the world's ice.

Advance and retreat of ice sheets and mountain glaciers have occurred
in irregular cycles, since onset of the latest widespread global cooling, about
17 million years ago. During the last 3 million years there have been at least
17 major continental ice glacial cycles. Each cycle comprised cold and tem
perate intervals, leading to the inter-glacial event during which we live.

Numerous advances and retreats of continental ice sheets occurred within
the last 900,000 years, culminating with the Late Devensian cycle (25,000
to 6,000 years ago). During this period, northern Europe, including most
of the British Isles, was covered to depths of 1000 metres by an ice cap
which reached its maximum extent about 18,000 years ago. This event and
the retreat of the ice sheets from Britain and North America some 6,000
years ago shaped the hills and mountains of northern Europe and large
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parts of North America. Hominids, including Homo Sapiens Neanderthalensis
(150,000 to 30,000years ago) and Homo Sapiens Sapiens, which evolved in
its present form about 100,000 years ago, lived through some of these
climatic changes. Human cultural records, in the form of cave paintings
dating from 35,000 years ago, survived the last major glacial advance.

Composition and behaviour of Glaciers
Glaciers are made of snow, ice and rock debris. In some cases liquid water
is also present. A glacier's existence depends on a budget for which the
income is snow supply and the outgoings are loss of ice by ablation (melting,
run-off and evaporation) and!or loss of ice by detachment of blocks from
the snout or margin (falling seracs or 'calving' of floating icebergs).

Snow falling on to the glacier, together with avalanche debris, undergoes
a transition through an intermediate hard snow stage (firn or nhe) to water
ice. During this transformation, snow re-crystallises into a mosaic of
interlocking water crystals which resemble marble in microscopic texture.

A glacier, as a system, is in equilibrium with its environment when the
supply of snow is matched by loss of ice by ablation etc. In temperate
climates, snow supply and melting vary with season. In consequence, there
is a net gain of ice in winter and a net loss in summer. During winters,
snow commonly accumulates over the whole glacier but in summer it
disappears from significant areas to reveal bare ice (so called 'dry glacier').

For a glacier to maintain meta-stability, the net accumulation of snow
must at least equal loss of ice over a period of years. Surge and retreat of
glaciers occur rapidly as responses to short-term climatic fluctuations. The
Rivista of the CAr (Vol.I23, May-June 2004) contains a summary of research
into the behaviour, over the last 75 years, of 115 valley glacier 'units' of the
approximately 800 in the Italian Alps. The results indicate widespread
retreat between 1925 and 1960. There was then a significant advance
between 1960 and 1980 in 90% of the glaciers studied. This was followed
by further retreat between 1990 and 2003. Taken with the geological record,
these results serve only to show that retreat and advance in valley glaciers
is unpredictable and can occur on cycles both of long and short timescale.
Glacial change on the scale of a human lifetime is insignificant in terms of
Earth history.

Glacier Types, Systems and Mechanisms
In addition to precipitation, the existence and movement of glaciers depends
on thermal energy from the atmosphere and geothermal heat from within
the Earth. There are two basic types of glacier; so-called 'cold' and 'warm'
glaciers.

Cold glaciers, typified by the major polar ice caps, are terrestrial ice bodies
whose surface interface with air is almost always below freezing point (O°C).
To.qualify as 'cold', a glacier must have a surface temperature low enough
to prevent melting at the ice base by the earth's internal heat. Pressure
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exerted by the 'head' of ice, lowers the freezing point and so the bottom of
a 'cold' ice sheet or glacier is normally -I°e or colder. With air temperatures
below freezing, the whole system remains below freezing temperature and
the rock below the ice is maintained in a permafrost condition. Liquid
water cannot, except in very special circumstances, exist in a cold glacier.

In contrast, 'warm' glaciers generally contain melt water. This is the typical
state of mountain glaciers in a temperate climate, many of which have air
above ooe in contact with the ice surface for long periods. Liquid water
can exist within a warm glacier as well as at its surface. Furthermore,
geothermal heat can be conducted from rock into the ice. This allows liquid
water to exist and flow at the interface with the underlying rock, a
phenomenon that has some profound effects on the dynamics of mountain
glaciers in temperate climates such as that of the Alps. The effects of
geothermal heat flow are significant. Some impression of the energy
supplied from the earth is given by conditions in Alpine tunnels. For
example, despite an efficient forced ventilation system, temperatures in the
centre of the Mont Blanc tunnel, approximately 3000m below surface in
granite, a notably 'hot' rock, are 18-20oe, when air temperatures at the
portals may be _10° Without ventilation, the rocks in the centre of the
tunnel would reach temperatures not far short of the boiling point of water.

A valley glacier, as a system, can be represented by a longitudinal profile
model (Fig I). Above the equilibrium point - also known as the Firn Line
- permanent snow, including neve, normally covers ice (Photo 83). This is
the area of net accumulation. Below the Ern Line is the zone of net wastage.
For a glacier in equilibrium, the volumes of water represented by the
accumulation and wastage wedges will, in three dimensions, be the same.

A glacier cannot become larger in the accumulation area and smaller in
the wastage wedge. There must be a transfer of material past the equilibrium
line. This occurs by the action of gravity and is achieved by several
mechanisms. Fig.l also shows vectors representing the direction and relative
velocity of ice movement within the glacier. The downward direction of
vectors in the accumulation area leads to the assimilation into the ice of
objects on the surface, eg crashed aeroplanes, the bodies of First World
War Italian and Austrian soldiers etc. After burial periods of years or
decades, flowage in the direction of the vectors leads to exhumation in the
wastage wedge (Fig I).

Fig I. Longitudinal vertical section model of a valley glacier, showing
equilibrium point ('Firn Line'), accumulation and wastage wedges. Open-tipped
arrows show the relative amounts of water added to and removed from the
system in different parts of the glacier. Solid head arrows represent movement
vectors in the glacier; vector orientation indicates direction of movement and
length of arrow represents speed. The form of the vector pattern allows the
glacier to maintain its shape as material is transferred from the accumulation
to the ablation wedges.



83. The 'Firn Line' forming the boundary between the snow-covered accumulation
zone and 'dry glacier' ablation/wastage wedge of a valley glacier (summer).
(John McM Moore)

The continued existence of a glacier depends on many factors, the most
important of which are snow supply and annual ambient temperatures. Ice
conservation depends more on low melt rates than high levels of snow
precipitation. Antarctica has relatively low precipitation but very low melt
rates. In contrast, in Scotland, relatively high precipitation but high melting
rates mean north-facing corries do not quite meet the boundary condition
for perennial conservation of snow and thus ice formation.

Glacier flow rates vary enormously. Glaciers in humid areas are generally,
more active than those in cold dry climates. The 12-17km per year reported
for the Jakobshvn Isbrae in Greenland is exceptional. More usual is a flow
rate of 200-300m per annum but 1-2km per year is not uncommon in steeply
inclined glaciers and icefalls. Each glacier has its own identity in terms of
flow rate, surge or retreat. These are dependent on setting, local climatic
conditions, morphology of the glacier bed and form of the valley. Inclination
and evenness of the valley floor appear to be the most important factors
influencing glacier flow rate.

84. (right) Viscoplastic deformation in dry glacier ice below the firn line,
demonstrated by folding of dust and silt lenses in the ice matrix.
Mer de Glace, Chamonix (summer). (John McM Moore)
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Ice Movement
Ice is a mosaic of interlocking water crystals. Mechanically, it deforms in
analogous ways to many other crystalline solids, notably geological
materials, albeit over much shorter time scales. Maintenance of a glacier as
a dynamic system depends on both the mechanical and thermal properties
of crystalline ice.

Shape change within a body of glacier ice is induced by complex quasi
plastic or visco-plastic processes, causing progressive re-crystallisation
within the mosaic of ice crystals. There is almost no deformation when ice
is subjected to low shear stress for short time periods but under greater
stress, applied for longer periods, the crystal aggregates respond at first
rather like a fluid and then as a plastic substance. Layers and films of dark silt
or dust trapped in the ice record internal deformation as streaks and folds
(Photo 84) similar in appearance to those observed in metamorphic rocks.

Bulk movement in a warm glacier is achieved by combinations of internal
creep, re-crystallisation and widespread but localised, brittle fracture,
together with mass slippage of ice across rock, lubricated by liquid water.
Basal slip is a major factor in warm glacier movement. It has been uniquely
documented in a hydro-electric facility under the Argentiere glacier, above
the Chamonix valley, where there is access to the base of the ice by a rock
tunnel. A 'bicycle wheel' type distance-measuring device has been rigged
against the ice sole. This monitors rates of ice movement over the shaft
mouth. Seasonal variations in flow rate can be clearly seen in time-lapse
films of the tachometer monitor wheel. Indirect evidence of basal slip is
given by polished 'boiler plate' slabs and striae scored by rock fragments,
on exhumed bedrock. Glaciers therefore 'flow' by a combination of sliding
on bed rock, lubricated by pressure melt, percolating surface meltwater
and by internal visco-plastic deformation whose rate varies with load.

Flow velocities in a valley glacier vary in a complex three-dimensional
pattern. Ice nearer to the surface moves faster than that at the base. Friction
with the banks causes the central parts of ice streams to flow faster than the
edges. Seen in plan, a line of markers placed transversely across the surface
will 'deform' to an arcuate shape over time as the central region moves

Fig 2 (left) Generalized models of a valley glacier.
A Longitudinal Section: note areas of extensional and compressional flow

and transverse crevasses.
B Plan. Note ogives below ice fall and generalized crevasse types:

A Marginal. The marginal crevasses marked 1 are older - like 1 they
originally pointed upstream, but were subsequently rotated and re
oriented by the differential movement rates between the central ice
stream and its peripheral zones.

B Transverse. The curvature of transverse crevasses is changed by the
same process as that which modifies the marginal crevasses.

C Splaying.
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downstream faster than the flanks. Similarly, a vertical borehole to the base
will deform with time, to a rougWy parabolic shape in longitudinal, vertical
cross section.

Ice Falls and Crevasses
Where a glacier passes over a step in the rock floor, the rate of deformation
may be too fast for a visco-plastic response, and the ice then behaves as a
brittle material and fractures to form the crevasse fissures and seracs of an
icefall.Where the channel gradient decreases, the ice thickens and com
pressional shear failure can occur, creating thrust and wrench 'faults'
analogous to those in rocks. The crevasse-bounded tottering ridges and
pinnacles which comprise an icefall are imperceptibly 'nudged' in the
direction of flow, creating that fearsome and completely unpredictable
danger serac collapse/ ice avalanche which, over the years, has killed a
number of eminent mountaineers. Below the icefall, serac debris is re
incorporated into the ice continuum and viscoplastic flow resumes.

Several geometrical systems of crevasse fractures are common (Fig 2).
The simplest is a set of fissures on the crest of a convex bulge, where the ice
is in extension over a substrate step or bump. Although initially approxi
mately transverse to the direction of flow, as they are transported
downstream, these crevasses change shape because of the differential rates
of flow between the centre and margins of the ice stream. Stresses caused
by frictional drag of the rock walls and floor near glacier edges create com
plex belts ofmarginal crevasses near the banks. These too become distorted
by differential rates of movement across the glacier and in some places
several crevasse generations cut across each other, transforming the mar
ginal zones of the glacier into a 'crazy paving' of crevasse-bounded blocks.
There are good examples of this on the Mer de Glace below Montenvers
station (Photo 86). A third type of crevasse forms in the centre of the flow
whenever the valley widens and ice can spread laterally. These are splaying
crevasse systems and are particularly noticeable in the fan-shaped snouts
of glaciers which spread as they discharge on to an outwash plain.

As is typical with brittle fracture, creation of a crevasse is a sudden event.
It occurs by instantaneous nucleation and rapid propagation of a crack. A
quiet night on a glacier can be disturbed disconcertingly by the sudden
'explosive discharge' of crevasse creation and propagation. There are
dramatic reports from those who have experienced the appearance of a
fissure in a tent floor.

Study of a dry glacier, particularly from viewpoints above, can help the
mountaineer to understand the patterns of crevasses which may lie beneath
the snow above the firn line. A summer glacier walk on the Mer de Glace
can make skiing the Vallee Blanche in spring a matter for greater circum
spection than is awarded to it by most piste skiers on an exciting day out
from the Midi teIeferique. Louis Lachenal was killed in a crevasse accident
while skiing the area above the Glacier du Geant icefall.



86. Marginal crevasses in the 'dry' section of the Mer de Glace, Chamonix (summer).
Note the Glacier du Geant icefall in the background. (John McM Moore)

87. Ogives and lateral and medial moraine debris trains on the Mer de Glace
(summer), viewed from above the Geant icefall, looking towards Montenvers.
(John McM Moore)



88. Icefall and snout of the Haut Glacier de Tsa de Tsan, near the Rif Aosta (summer 1973).

Note discharge of water from the base of the ice. (John McM Moore)

89. Glacier des Bossons and Glacier du Taconnaz flowing from Plan Glacier and Les Grands
Mulets towards the Chamonix valley. Note the firn line. The periodic surges of the Glacier
des Bossons towards the village may be due in part to the steepness of its channel.
(John McM Moore)
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Surface Features
Rock is an important part of most valley glaciers. It accumulates as material
is plucked or ground from the glacier walls, or as debris falling on to the ice
surface. Debris plays an important role in the wastage wedge. Clastic
fragments and fme ground dust accumulate as moving belts of debris along
the edges of the ice. Adjacent to the sides of the dry glacier, they form
ridges known as lateral moraines, whose crests are stable but slopes are at
the angle of rest - a fact soon appreciated by the frustrated alpinist trying
to climb off the ice. Where glaciers converge to a single stream, lateral
moraines merge to form a ridge-like train of debris, known as a medial
moraine, riding upon the ice, parallel to the flow direction.

When a glacier is stable for a reasonable length of time, debris accumulates
around the snout as a terminal moraine. If preserved by abandonment as
ice retreat occurs, terminal and other moraines remain as distinctive relics
and indicators of the ephemeral presence of the glaciers.

Where a glacier emerges from an icefall, a curious phenomenon of arcuate
dark debris bands, called ogives, can be observed on the surface in summer
(Photo 87). Ogives are seasonal features with a complex three-dimensional
geometry representing the alternating relics of summer seasons' debris, and
cleaner 'winter' ice. Their curved form is another indication of differential
flow rate between the axial line and flanks of an ice stream. Being annual
features, ogives can be used to calculate rate of ice flow. Based on ogive
count, the transit time taken by ice in the Mer de Glace from the Geant
icefall to the snout is approximately 50 years.

Warm air, particularly as wind, in daytime and not infrequently during
summer nights, causes widespread melting acting on the surface of
temperate climate glaciers. The melt water flows on the surface and forms
torrents whose polished runnels are potentially so dangerous to cross. The
water disappears into crevasses and meltwater pipe systems in the body of
the ice, and thence eventually to the base where it lubricates and speeds
basal slip. Evidence of the volumes of water moving through and under
warm glaciers can be seen in snout discharge torrents (Photo 88) and lakes
like the Lac du Miage. This lake was the scene of a tragedy several years
ago when the sudden 'calving' of serac blocks into the lake created a tsunami
surge which killed several tourists on the opposite bank.

Direct interaction of solar radiation with glacier surfaces also produces
some interesting features. Clean snow approximates to the physical concept
of a 'black body radiator' - that is to say that it absorbs and then re-emits
almost all the solar energy which falls upon it. Consequently, on a sunny
windless day, clean snow is less vulnerable to melting than in cloudy, warm
and windy conditions. When snow or ice is covered by a film of rock dust
or layers of debris the physical response is different. Rock dust absorbs
solar radiation and does not re-emit the energy. This results in clusters of
tubular pits 0.5-4cm deep floored by one or two millimetres of dark silt.
The pits continue to deepen until shadow and water depth limit further
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melting creating the 'pockmarked' appearance so typical of many glaciers
with a silt, dust or gravel veneer. In contrast, thicker blankets of debris
insulate the underlying ice, creating the ice-cored hummocks and ridges
which can make walking so unpleasant. Erratic blocks protect the under
lying ice from melt by insulation and shade and become 'rock tables' perched
on an ice column. The height of some 'perched' blocks illustrates the high
rates of ice loss by ablation from the unprotected surfaces of dry glaciers in
temperate climates.

Postscript
Although there is debate about what is happening to the major cold-glacier
ice caps, there is no doubt that the majority of mountain glaciers have been
in net retreat since the end of the 'Little Ice Age' of the 18th -19th century.
At various times in recorded history, however, mountain glaciers have surged
dramatically. There are several instances of the inhabitants of the Chamonix
valley being threatened by rapid advance of the Argentiere, Bossons and
other glaciers (Photo 89). •

One such event led to a notable entrepreneurial initiative by the Bishop
of Annecy, whose visit in 1690 to pray for the salvation of the villagers
from the advancing ice was followed by a reported retreat of 250 metres
and a large invoice for services rendered. The overall picture over the last
150 years has been one of widespread retreat. Perhaps the time has come
to retain the current Bishop's services for the opposite purpose.
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