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Permafrost is key to maintaining the stability of steep mountain
slopes. Yet as the climate warms, this frozen ground is becoming
increasingly prone to thawing. In some cases, these events can
trigger cascades of loose rock, with potentially devastating
consequences for surrounding communities. Using a combination
of computer modelling, and daring field experiments, Dr Florence
Magnin at the Laboratory of Environments, Dynamics and
Mountain Territories (EDYTEM) aims to better predict when and
where these rockfalls are likely to occur, and how the state of
mountain permafrost will evolve in the future.

Permafrost
Even at the height of summer,
temperatures in Earth’s coldest regions
will very rarely rise above freezing. In
these regions, any water in the ground
will remain permanently frozen, and will
form strong bonds with solid materials
including rocks, soil, and sand. Known
as permafrost, this material can extend
for over a kilometre beneath Earth’s
surface, and has a strong impact on the
geology of these regions.
Today, permafrost has been widely
studied in the vast expanse of the Arctic,
and researchers can make reasonable
predictions of how it will evolve as
Earth’s climate warms. However, in
freezing mountainous regions, intricate
topographies and microclimates
mean that permafrost is far more
discontinuous, making it far more
difficult to study. As a result, its evolving
characteristics have remained far more
elusive until recently.

Less than 20 years ago, scientists
started to investigate permafrost within
rock walls, which is a particular form
of mountain permafrost. ‘This type of
permafrost has only been studied since
2003, following the heat wave that
struck the European Alps,’ describes Dr
Florence Magnin, of EDYTEM Laboratory.
‘During this time, a remarkable number
of rockfalls occurred in high mountains,
many of them showing ice in their scars.’
In the years since this event, the
likelihood of intense, long-lasting
heatwaves has increased, and as
Earth’s climate continues to warm, this
trend is only expected to accelerate
throughout the century. Global heating
is also causing the steady increase of
temperatures deep underground.
Through her research, Dr Magnin aims
to gain a better understanding of how
mountain permafrost is changing –
through a combination of cutting-edge
computer models, and field studies that
take her to some of the most extreme
environments on Earth.

W WW.SCIENTIA.GLOBAL

Consequences of Thawing Permafrost
At high altitudes, permafrost plays an
integral role in maintaining mountain
topographies. By holding rocks together,
it allows steep slopes and cliffs to
remain stable, even on geological
timescales. However, when permafrost
thaws, the bonds between ice and rock
begin to deteriorate, until steep slopes
are no longer mechanically stable under
their own sheer weight. As this happens,
up to millions of cubic metres of rock
may suddenly collapse into more stable
configurations.
In some cases, this material can fall
into meltwater lakes, which occupy
the deep valleys carved out by glaciers
over many millions of years. These
events displace vast volumes of water
in almost an instant, producing tsunami
waves which can go on to devastate
areas surrounding the lake and beyond.
Clearly, rockfalls and rock avalanches
can pose serious threats to any people
or communities in the vicinity, making
them all the more important to study.

‘Today, rockfalls and rock avalanches seem to be increasing
in high mountain areas of cold regions worldwide,’ Dr
Magnin illustrates. ‘These events sometimes have dramatic
consequences, including infrastructure destabilisation or
destruction, threat for mountaineers, and the triggering of
mega-tsunamis in glacial lakes or fjords.’ These events are now
being seen in mountainous regions across the world – from
the European Alps, to the Andes and Himalayas. As a result,
Dr Magnin’s research will provide vital guidance to mountain
communities who wish to predict when and where rockfalls are
most likely to occur as the climate warms.

‘We try to determine where this invisible permafrost exists, to
understand how it responds to climate signals and changes,
and to understand its role in steep rock slope destabilisations,’
Dr Magnin explains. ‘This allows us to better assess areas
and periods at risk, and also to understand how permafrost
shapes the landscape.’ From these assessments, Dr Magnin
also aims to determine which specific areas are at a greater risk
of experiencing future rockfalls by considering environmental
factors, including the retreat of glaciers.

Building on Lab Experiments

Achieving these goals has required a feat of physical endurance
for Dr Magnin and her team. Not only is mountain permafrost
hidden underground in discontinuous patches, making the
validity of existing permafrost maps uncertain; they are often
also located in remote and inaccessible regions. As a result,
they require expert mountaineering skills to reach them, and
carefully coordinated logistics are essential to producing
reliable results.

Since 2003, experiments in the lab have provided researchers
with important insights into the physical properties of
mountain permafrost, and how they will change as the
ground thaws. These studies have confirmed a clear negative
relationship between the strength of permafrost bedrock,
and its rising temperature. They have also shown how this
behaviour is affected by the heat transferred by water that has
already melted.
Although their results have now been supported by
observations in the field, these studies haven’t been extensive
enough to explain or predict the onset of real rockfall events.
To overcome this challenge, Dr Magnin and her colleagues
have set out several goals for investigating permafrost on real
mountain slopes.

Daring Field Experiments

Dr Magnin hasn’t been deterred by such challenging
circumstances. ‘So far, we have achieved the assessment and
mapping of permafrost distribution in the steep slopes of the
Mont Blanc massif, Norway, and currently, across the entire
French Alps,’ she recounts. ‘We have performed some of the first
systematic geoelectrical soundings in steep rock faces to detect
permafrost occurrences and validate existing maps.’
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These sounding experiments involve boring holes into the
permafrost, placing electrodes into them, and then measuring
the degree to which the ground resists the electrical current
passing between the electrodes. Since this resistance will vary
depending on whether the current passes through rock, ice,
or liquid water, the technique allows the researchers to build
up a precise picture of permafrost locations, and its properties
at different depths, as well as any variations with warmer
temperatures.

‘The model can better determine the role of critical
parameters for permafrost responses and steep rock slopes
to destabilisations, such as snow accumulations and water
infiltrations,’ Dr Magnin describes. In turn, by incorporating the
data gathered during their field experiments, the technique will
allow the researchers to study permafrost processes that have
led to real rockfall events in unprecedented detail.

In Norway, measurements across 25 rock slope sites, spread
across almost 1,000 kilometres of the mainland, provide a
detailed picture of where discontinuous permafrost occurs.
In Southern Norway, the researchers showed that this ground
remains frozen above altitudes ranging from 1,300 to 1,700
metres – with unfrozen conditions existing higher up on southfacing slopes. At the same time, the studies also showed that
mountain permafrost has been in retreat over the past two
decades. On the Mont Blanc massif, it has disappeared on
southerly faces up to altitudes of 3,300 metres; and warmed to
close to 0°C at altitudes as high as 3,850 metres.

In their latest study, Dr Magnin’s team used their modelling
approach to simulate the onset of 209 real rockfalls, recorded in
the Mont Blanc massif between 2007 and 2015. ‘These rockfalls
were a direct reaction to higher than usual temperatures at
depth of failure,’ Dr Magnin describes. ‘This generally results
from spells of extraordinary high temperatures at the rock slope
surface, lasting over one month.’

Modelling the Evolving Permafrost
Building on the discoveries made through these experiments,
Dr Magnin and her colleagues aim to assess how mountain
permafrost will evolve as the Earth’s climate warms.
Subsequently, they aim to offer better predictions of when
and where rockfalls will occur. In parallel with field studies,
a knowledge of this evolution requires the use of accurate
computer models, which use the latest theories to predict how
permafrost thawing will occur at specific sites, and at varying
depths.
Dr Magnin has contributed to the development of a modelling
approach that can predict current and future responses of rock
slopes to rising temperatures. The approach is now allowing
researchers to track this evolution from as early as the Little
Ice Age – a cool period lasting from around the 16th to 19th
centuries – to the end of the 21st century.

Predicting Disasters

In the study, the researchers simulated varying bedrock
temperatures at each rockfall site, and then compared the
occurrence of rockfalls with the permafrost distributions
observed in their field studies. For all of these events, Dr
Magnin’s team consistently found thawing permafrost, with
temperatures close to 0°C, at depths greater than 6 metres.
Each of these cases was associated with prolonged spells of
warm weather at the surface – confirming previous predictions
that areas of warm permafrost are particularly prone to
rockfalls, and that these events are a direct response to high
bedrock temperatures.
Researchers now widely predict a rapid retreat of mountain
permafrost in the near future. Dr Magnin’s results clearly show
that this retreat will likely be accompanied with an uptick in
rockfall events. With an improved understanding of where
discontinuous permafrost is located, and how it will evolve in
the near future, she ultimately hopes that local communities
will be far better prepared for their potentially devastating
consequences.
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