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ABSTRACT

Results obtained during the International Polar Year (IPY) on the thermal state of permafrost and the active layer in the
Antarctic are presented, forming part of ANTPAS (‘Antarctic Permafrost and Soils’), which was one of the key
projects developed by the International Permafrost Association and the Scientific Committee for Antarctic Research
for the IPY. The number of boreholes for permafrost and active-layer monitoring was increased from 21 to 73 during
the IPY, while CALM-S sites to monitor the active layer were increased from 18 to 28. Permafrost temperatures during
the IPY were slightly below 0°C in the South Shetlands near sea-level, showing that this area is near the climatic
boundary of permafrost and has the highest sensitivity to climate change in the region. Permafrost temperatures were
much lower in continental Antarctica: from the coast to the interior and with increasing elevation they ranged between
—13.3°C and —18.6°C in Northern Victoria Land, from —17.4°C to —22.5°C in the McMurdo Dry Valleys, and down
to —23.6°C at high elevation on Mount Fleming (Ross Island). Other monitored regions in continental Antarctica also
showed cold permafrost: Queen Maud Land exhibited values down to —17.8°C on nunataks, while in Novolazar-
evskaya (Schirmacher Oasis) at 80m a.s.l. the permafrost temperature was —8.3°C. The coastal stations of
Molodeznaya at Enderby Land showed permafrost temperatures of —9.8°C, Larsemann Hills — Progress Station
in the Vestfold Hills region — recorded —8.5°C, and Russkaya in Marie Byrd Land, —10.4°C. This snapshot obtained
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during the IPY shows that the range of ground temperatures in the Antarctic is greater than in the Arctic. Copyright ©

2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Antarctica contains 90% of the World’s ice and exerts a
predominant influence on the Southern Hemisphere and
global atmospheric and cryospheric systems (Bockheim,
2004). Compared with other components of the cryosphere,
our understanding of Antarctic permafrost is poor, especially
in relation to its thermal state and evolution, its physical
properties, links to pedogenesis, hydrology, geomorphic
dynamics and response to global change (Bockheim, 1995,
Bockheim et al., 2008). Because permafrost is one of the
major controlling factors of the dynamics of Antarctic
terrestrial ecosystems, its thorough characterization is of
utmost importance. Despite occupying only 0.36%
(49 800 km~) of the Antarctic region, permafrost is present
beneath virtually all ice-free terrain, except at the lowest
elevations of the maritime Antarctic and sub-Antarctic
islands. An understanding of the distribution and properties
of Antarctic permafrost is essential for the cryospheric
sciences, but also for life sciences, since it will be a major
control on ecosystem modification following climate-
induced changes.

The contribution of permafrost to the global biogeo-
chemical cycle of carbon also needs elucidation (Schuur
et al., 2008). In contrast to the Arctic, Antarctic permafrost
is low in carbon content and its contribution to greenhouse
gas fluxes is minor at a global scale (Turner et al., 2009).
However, the contribution of Antarctic permafrost may be
the opposite of that in the Arctic, because recently
deglaciated terrain, or areas with a thickening active layer,
may function in the intermediate- to long-term as carbon
sinks, due to increased biomass from colonization by new
plant species and microbial communities. A better under-
standing of climate-change effects on Antarctic permafrost
will also be important for infrastructure, particularly in
coastal areas with abundant ground ice. Of major concern is
the effect of climate change on subsidence, since despite the
small total area of infrastructure in Antarctica, financial
investments are substantial.

The lack of information on permafrost is applicable to
most of Antarctica, with the possible exception of the
McMurdo Dry Valleys (MDV), where substantial research
has taken place over the past several decades. Elsewhere in
Antarctica, permafrost research has been less systematic.
Additionally, there has not been a coordinated effort to
monitor permafrost properties and active-layer dynamics,
except by individual countries and researchers, mostly in the
vicinity of their research stations.

Copyright © 2010 John Wiley & Sons, Ltd.

The ‘Antarctic and sub-Antarctic Permafrost, Periglacial
and Soil Environments’ (ANTPAS) project, coordinated by
the International Permafrost Association’s working group on
Antarctic Permafrost and Periglacial Environments and the
Scientific Committee on Antarctic Research Expert Group
on Permafrost and Periglacial Environments, aims at
addressing key issues of Antarctic permafrost science (see
Bockheim, 2004). ANTPAS was approved as a core project
of the IPY and among its objectives are: (a) integrating
existing datasets on permafrost, ground ice, active-layer
dynamics and soils; and (b) implementing borehole, active-
layer, periglacial process and soils monitoring networks as
the Antarctic component of the ‘IPA-IPY Permafrost
Observatory Project’ (TSP) and of the Circumpolar Active
Layer Monitoring programme (CALM).

This paper provides an overview on the ANTPAS
coordinated effort, with a focus on permafrost temperatures
and active-layer monitoring across the region, particularly
during the IPY. Permafrost boreholes are also a product of
the TSP project. More detailed regional results, as well as the
results from other elements of ANTPAS, will be reported
elsewhere.

NEW MONITORING SITES AND METHODS

An important ANTPAS objective was the development and
implementation of a common methodology for observation,
mapping and monitoring of permafrost and the active layer
across Antarctica. In view of the size and paucity of ice-free
areas, we divided the continent into eight major ice-free
areas following Greene et al. (1967) (Figure 1). A set of
common protocols for permafrost and active-layer monitor-
ing, mapping and soil sampling, classification and mapping
was developed (http://erth.waikato.ac.nz/antpas) and these
have been generally followed by the participating teams.

Permafrost Monitoring Borehole Network

Ground temperatures have been measured for different
purposes on many occasions since the 1960s, especially in
Maritime Antarctica. However, generally monitoring was
conducted for short periods, using non-standardized proto-
cols and with a focus on the active layer (Bockheim, 1995,
2004; Turner et al., 2009). In 1999 a network of boreholes
was implemented in the Antarctic with the objective of
monitoring the effects of climate on permafrost over the long
term. The network was located in the Transantarctic

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Figure 1 Antarctic permafrost monitoring boreholes (pre- and IPY installations) in relation to soil regions according to Greene et al. (1967): 1, Queen Maud
Land; 2, Enderby Land; 3, Vestfold Hills; 4, Wilkes Land; 5a and b, Transantarctic Mountains; 6, Ellsworth Mountains; 7, Marie Byrd Land; 8, Antarctic

Peninsula.

Mountains region in the framework of Italian, New Zealand
and USA programmes.

In 2004, the Antarctic permafrost borehole network
consisted of 21 sites with borehole depths ranging from 1 to
19m. Nine of the sites were located in the MDYV, five in
Northern Victoria Land, four along the Antarctic Peninsula
(AP), and three in Queen Maud Land (QML) (Bockheim,
2004). For permafrost monitoring, the main focus during
the IPY was on increasing the spatial coverage of the
existing network and installing boreholes deeper than
the depth of zero annual amplitude. Because logistics in
the Antarctic are especially complex for transporting drilling
equipment, another option was the installation of shallow
boreholes. The new boreholes were to have similar
temperature measurement depths and casing systems, and
wherever possible, to be drilled in bedrock at sites
representative of the regional climate signal (Guglielmin,
2006). This would help avoid problems linked to latent heat
fluxes in those areas near the climatic boundary of
permafrost, where water contents in the ground change

Copyright © 2010 John Wiley & Sons, Ltd.

significantly with time. Boreholes are classified by depth as
with Arctic boreholes: deep (>125m, 1 borehole),
intermediate (25 to 125m, 6 boreholes), shallow (10 to
25m, 3 boreholes), surface (2 to 10m, 19 boreholes) and
under 2m (44 boreholes). Many of the latter are part of
the CALM-S network. The total number of boreholes in the
Antarctic increased from 21 in 2004 to 73 at the end of the
IPY (Tables 1 and 2, and Figure 1).

Meteorological stations were installed close to the
boreholes in order to evaluate ground—atmosphere coupling.
Some teams also approached the problem of topographic
controls on ground temperatures by developing a multiscale
approach to monitoring. Intermediate boreholes were
installed at key sites showing a regional climate signal,
while shallow and surface boreholes were installed at
different elevations and topographic settings showing local
controls (Vieira et al., 2007; Ramos et al., 2009a,b). To
improve the modelling of permafrost temperatures, Amaral
et al. (2010), in the framework of ANTPAS, organized a
ground thermophysical properties database. It contains data

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Table 1 Development of the Antarctic borehole network during the International Polar Year

Location Deep Intermediate

Shallow

Surface <2m Total

Pre-IPY IPY Pre-IPY IPY Pre-IPY IPY Pre-IPY IPY Pre-IPY IPY Pre-IPY IPY

Antarctic Peninsula 2
Enderby Land

Queen Maud Land

Marie Byrd Land 1

Transantarctic Mountains 1 3
Vestfold Hills

Wilkes Land

1 4 7 1 24 5 34
| 0 1

2 3 2 3 4

1 1 1

1 3 1 10 2 15 7
1 0 1

1 0 1

Pre-IPY - Boreholes before 2007; IPY - New boreholes installed from 2007 to 2009.

from ground and bedrock cores from the South Shetland
Islands (SSI), but the network is being expanded to other
areas of the Antarctic.

The Antarctic Peninsula region received greater perma-
frost monitoring efforts during the IPY than in previous
years. Several national projects and international consortia
led to the installation of two intermediate, one shallow,
11 surface and 25 under 2m deep ground temperature
boreholes. These included activities by Argentina, Brazil,
Bulgaria, Italy, Portugal, Russia, Spain, Switzerland and
the UK (e.g. Ramos et al., 2009a,b; Ramos and Vieira,
2009; Vieira et al., 2007, 2008, 2009; Vieira 2009; de
Pablo et al., 2010). Most of the activity was focused in
the South Shetland Islands, but important boreholes
were also installed on Signy Island and Adelaide Island.
Ongoing and planned projects intend to expand the
borehole network to other sites, such as Seymour,
Brabant and Anvers Islands, as well as to sites on the
Antarctic Peninsula (e.g. Hope Bay, O’Higgins, Paradise
Bay, Sky Blu, Fossil Bluff and Mars Oasis). Sites on
the eastern coast of the AP, as well as in the interior,
however, are still lacking.

The Transantarctic Mountains are the region of the
Antarctic where systematic permafrost research has been
conducted for the longest time, beginning with the Dry
Valley Drilling Project (DVDP) in the early 1970s. The
region currently has one deep, four intermediate, two
shallow, four surface and 12 under 2m deep boreholes.
Bockheim et al. (2007) provided maps showing permafrost
distribution in the MDVs. The permafrost borehole network
has developed especially since the late 1990’s through the
Italian, New Zealand, and US Antarctic Programmes
(Guglielmin, 2006). Boreholes drilled in 2005 by the
New Zealand and Italian programmes were instrumented in
2007, and activities within the IPY were mainly mainten-
ance and data collection from existing boreholes, while
some were also upgraded. New boreholes were drilled in the
framework of the US Antarctic Program at the MDVs,
including one intermediate, one shallow, one surface and
two under 2m deep boreholes in the Taylor and
Beacon valleys. Most borehole data from the Transantarctic
Mountains is archived at the USDA Soil Climate Analysis
Network database (http://www.wcc.nrcs.usda.gov/scan/

Copyright © 2010 John Wiley & Sons, Ltd.

Antarctica/antarctica.html) making it an example that can
be applied to the whole continent.

The main effort to install new boreholes outside the AP
and TAM during the IPY was conducted by the Russian
Antarctic Programme, with new sites in Enderby Land
(Molodeznaya — Thala Hills), Queen Maud Land (Novo-
lazarevskaya), Marie Byrd Land (Russkaya), Larsemann
Hills (Progress Station) and Wilkes Land (Bunger Hills). In
addition, a collaborative project by South Africa and
Sweden led to three new boreholes in QML (two at
Vesleskarvet and Flarjuven Bluff, and one at Troll Station).
Altogether, these comprise two surface (2-10m) and five
under 2 m deep boreholes.

Temperature data used in this paper provide a snapshot for
the IPY years of 2008 or 2009 and refer to the mean annual
temperatures (ground surface or deepest permafrost
temperature at each borehole), with the more recent data
presented wherever it is available.

Circumpolar Active Layer Monitoring
Network — Southern Hemisphere (CALM-S)

Eighteen active-layer monitoring sites existed in Antarctica
in 2004 (Bockheim, 2004). However, these sites did not have
a common protocol and there was a need to standardize
methodologies. The implementation of the Circumpolar
Active Layer Monitoring (CALM) protocol to Antarctica
has been difficult, mainly due to the rocky terrain which
limits mechanical probing and use of 100 x 100 m grids
(Guglielmin, 2006). The protocol for active-layer monitor-
ing in Antarctica, CALM-S, employs smaller grids and
includes an array of shallow boreholes for monitoring
ground temperatures in areas where probing is not possible.
CALM-S sites emphasize spatial variations in depth and
temperature of the active layer in relation to environmental
parameters such as topography, soil texture, vegetation,
hydrology and snow cover. The deeper boreholes are
monitored for long-term permafrost temperatures. Fre-
quently a CALM-S site includes a permafrost borehole site,
but there are permafrost borehole sites which have no
associated CALM-S grids. At some locations active-layer
boreholes were installed but no other environmental
parameters are monitored. These are not formal CALM-S

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Figure 2 Antarctic Circumpolar Active Layer Monitoring Network (CALM-S). New sites installed during the IPY are underlined.

sites, but may be upgraded following an evaluation of post-
IPY needs. There are currently 28 CALM-S sites, eight in
the AP, 15 in TAM, four in QML and one in the Vestfold
Hills (Figure 2).

In the Antarctic Peninsula most of the active-layer data
are derived from shallow boreholes and mechanical probing
has been implemented only in: (a) the pyroclastic terrain of
the active volcanic Deception Island (where data should not
be directly used for climate monitoring purposes); and (b) on
sedimentary infills, generally present in basins constrained
by topography. No CALM-S sites exist on the eastern side of
the AP.

The Transantarctic Mountains have the largest number of
CALM-S sites in Antarctica. These are pre-IPY sites and
were the precursors of the enlargement of the CALM-S
network to the rest of the Antarctic. Sites have been installed
by the Italian, New Zealand and USA programmes and are
monitored using ground temperatures to detect the position
of the permafrost table. Comprehensive monitoring of other
meteorological parameters such as air temperature, relative

Copyright © 2010 John Wiley & Sons, Ltd.

humidity, wind speed and direction is undertaken at all sites,
while some are also equipped with solar radiation, soil
moisture and snow thickness monitoring instrumentation
(Adlam, 2009; Adlam et al., 2009).

In QML ground temperatures have been monitored since
2004 at Basen Nunatak and since 2006 at Vesleskarvet in
joint research by South Africa and Sweden. At Troll station,
the same countries maintain CALM-S boreholes in
collaboration with Norway. During the IPY, the Russian
Antarctic Programme installed new CALM-S sites at
Novolozarevskaya and in the Vestfold Hills (Larsemann
Hills — Progress Station).

RESULTS
Antarctic Peninsula

The results from the IPY permafrost temperature monitoring
show that the South Shetland Islands have permafrost

Permafrost and Periglac. Process., 21: 182—-197 (2010)



temperatures slightly below 0°C at low elevations, with
values decreasing to about —1.8°C at 270 m a.s.l. and 25 m
depth (Figures 3 and 4). The lowest coastal terrain near sea-
level is essentially permafrost free, but an altitudinal limit
for continuous permafrost has not been identified with
confidence. Field observations on the spatial distribution and
characteristics of periglacial phenomena indicate that
permafrost in the South Shetland Islands is very much
controlled by local factors, such as marine disturbances or
snow conditions and becomes widespread to continuous
above ca. 30 m a.s.l. (Serrano et al., 2008).

Bedrock temperatures from Hurd Peninsula (Livingston
Island) suggest that the continuous permafrost boundary is
higher up, probably closer to ca. 150 m a.s.l. (Vieira et al.,
2009). Active rock glaciers and ice-cored moraines are
present down to sea-level (Serrano and Lopez-Martinez
2000; Hauck et al., 2007; Vieira et al., 2008), accompanied
by what are probably relict permafrost bodies. The
distribution of permafrost is complex in the South Shetlands
archipelago, and several low-elevation boreholes show the
presence of permafrost with temperatures close to 0°C,
especially beneath diamictons or in sedimentary materials.
Such is the case at Bellingshausen, Byers Peninsula, Crater
Lake amongst others (Figures 3 and 4).

On Deception Island, where the substratum is of volcano-
sedimentary origin and dominated by pyroclastic and
pumice deposits, the material shows extremely high
insulation properties and ice-rich permafrost occurs almost
down to sea-level. Thermophysical properties of the ground,
therefore, are an important control on the spatial distribution
of permafrost.

Further south in Rothera Station, at 31 m a.s.l. permafrost
temperatures of —3.1°C have been measured at 21 m depth,
with mean annual ground surface temperatures of —2.8°C
for 2009.

On Signy Island, permafrost is colder than in the SSI at
similar elevations, with values close to —2.5°C at 90 m a.s.l.
(Guglielmin et al., 2008). This agrees with the lower mean
annual air temperatures towards the eastern side of the
Antarctic Peninsula along an eastwards air temperature
gradient of ca. 6°C (Reynolds, 1981). Similarly, permafrost
observations from James Ross Island reported by Fukuda
et al. (1992) indicate temperatures of ca. —6°C.

Active-layer thicknesses are diverse in the Antarctic
Peninsula with values measured at the boreholes generally
between 0.8 and 2.0 m and very much controlled by ground
characteristics (Figure 3). For example, in Deception Island
at the Crater Lake CALM site (85 m a.s.l.) in pumice and ash
deposits, active-layer thickness measured with probes is ca.
40 cm, but about 2.6 km away at 130m a.s.l. the thickness
doubles with values of ca. 0.7-0.8 m. These differences at
short distances and even higher elevations show the complex
influence of such factors as ground properties and snow
cover.

The effects of microscale factors on active-layer
temperatures are currently being studied in detail at two
CALM sites on Deception Island (Crater Lake and Irizar) by
the Spanish, Portuguese and Argentinean programmes. The

Copyright © 2010 John Wiley & Sons, Ltd.
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main monitoring site at Crater Lake evaluates active-layer
thickness by probing at the end of the summer, and has two
boreholes with 1 and 1.5 m depth, three surface boreholes
from 5 to 6 m depth, continuous temperature monitoring at
the base of the active layer (0.45 m) in 16 nodes of the grid,
continuous electrical resistivity monitoring, snow tempera-
ture poles, a time-lapse digital camera, a meteorological
station, as well as monitoring of solifluction and thermokarst
(Ramos et al., 2009b). Four years of active-layer thickness
monitoring enabled detection of microscale variations in
active-layer thickness, with an interannual repetition of the
spatial pattern, showing similar controlling factors. Pre-
liminary analysis of the patterns and a comparison with the
time-lapse photos of 2008 shows the significance of the date
of snowmelt in spring, allowing for a deeper thaw of the
ground (Figure 5).

Transantarctic Mountains

Typically, the MDVs show a dry (water content of 2—-3%)
sandy active layer lacking ice-cement because of sublima-
tion. Immediately beneath the active layer the sediments are
generally poorly sorted sands with abundant pebbles firmly
ice-cemented. However, ice-bonded permafrost, as well as
buried ice, can also occur beneath the active layer or beneath
a dry permafrost layer in the Transantarctic Mountains
region (Campbell and Claridge, 2006). Recently, a Russia—
USA-New Zealand team reviewed the 1995 (Friedmann
et al. 1996; Wilson et al., 1996, 2002) and 1999 (Sletten
et al., 2003) field studies of the MDYV, which focused on
permafrost physical and chemical characteristics at 5-20 m
depth (Gilichinsky et al., 2007). An unexpected finding was
that all permafrost cores had high ice contents, comparable
to the more humid Arctic (25 to 50% by weight), therefore
revising the earlier thesis of deep dry Antarctic permafrost
(Gilichinsky, 2008).

Permafrost temperatures in Victoria Land are typically
between —14°C and —24°C, with the highest temperatures
in Northern Victoria Land and lowland coastal sites, and the
lowest temperatures in the MDVs and the Ross Sea region
(Figure 6). Mean annual ground surface temperatures are
similar to permafrost temperatures in the MDV. Results from
the DVDP show that permafrost thicknesses in the TAM
range from 350 to 970 m (Decker and Bucher, 1977). A
decade of temperature monitoring in the 20-m-deep Beacon
borehole by the University of Washington indicates a stable
regime without significant trend.

The thickness of the active layer in Victoria Land varies
between 0.03 m at Mount Fleming (1800 m a.s.l.) to more
than 0.9 m at Granite Harbour (5m a.s.l.) (Figure 6). Values
of 1.6 m were recorded in 2009 in Oasi in northern Victoria
Land. This borehole is drilled in granite and due to thermal
properties of the rock, the active layer is thicker than at sites
with surficial materials. For the MDYV and Ross Sea Region,
high correlation coefficients have been obtained between
elevation and active-layer thickness, as well as between
latitude and active-layer thickness, showing that average
active-layer thickness can be reasonably modelled using

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Figure 4 Temperature versus depth profiles for selected Antarctic IPY boreholes.

these two variables (Adlam, 2009, Adlam er al., 2010).
Active-layer thicknesses in the MDV are also strongly
dependent on summer temperatures and vary considerably
from year to year. Guglielmin et al. (2003) and Cannone
et al. (2008), however, have shown that surface conditions
are the prevailing controls on active-layer thickness in
Northern Victoria Land, rather than elevation or latitude.

Other Antarctic Regions

Regions outside the Transantarctic Mountains and the
Antarctic Peninsula have sparser and shallower permafrost
boreholes.

Mean annual permafrost temperatures in QML show
values between —8.3°C at Novolazarevskaya and —17.8°C
at Troll Station, with a strong influence of elevation on the
decrease in temperature between the two (Figures 4 and 7).
Mean annual ground surface temperatures show lower
values at lower altitude. Active-layer thickness varies from
0.08 m at high elevation in Troll Station (1275 m a.s.l.) to
0.7 m at Novolazarevskaya (80 m a.s.l.) (Figure 7).

In Enderby Land, Molodeznaya (Thala Hills) recorded a
mean ground surface temperature of —10.8°C and a
permafrost temperature of —9.8°C. The annual ground

Copyright © 2010 John Wiley & Sons, Ltd.

temperature envelope shows minimum near-surface tem-
peratures of —30°C and maxima of ca. 6°C with an active
layer thicker than 1m (Figure 4). At Progress Station,
Larsemann Hills (Vestfold Hills region), permafrost
temperatures at —8.5°C are comparable to coastal regions
in Queen Maud Land, and the active-layer is 0.7m
(Figures 4 and 7).

In Marie Byrd Land, the borehole at Russkaya showed a
permafrost temperature of —10.4°C and a very shallow
active layer (0.1 m), with a thermal envelope showing near-
surface temperatures between —32°C and 3°C (Figures 4
and 7).

DISCUSSION AND CONCLUSIONS

The Antarctic expansion of the Global Terrestrial Network
for Permafrost (GTN-P) and the Circumpolar Active Layer
Monitoring Network (CALM-S) represent major achieve-
ments for ANTPAS during the IPY. Due to the short data
series for most boreholes, it is not yet possible to provide an
overview of permafrost temperature trends in the Antarctic.
However, an updated and continent-wide snapshot of the
thermal state of permafrost and the active layer now exists.

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Figure 5 Active-layer thickness at Crater Lake CALM-S in the South Shetlands from 2006 to 2009. Note the relatively similar pattern of thaw every year,
reflecting snow cover that lasts longer in the bottom part of the CALM-S grid. Data obtained by probing.

The number of permafrost monitoring boreholes increased
from 21 to 73, with most coastal areas represented. The
CALMS-S network showed a smaller increase, but includes
important new sites in the South Shetland Islands,
Larsemann Hills (Progress Station) and Novolazarevskaya.
Several new boreholes under 2 m depth are being considered
as candidates for CALM-S sites.

Permafrost temperatures that were recorded reflect the
climatic characteristics of the Antarctic with major controls
of latitude, elevation and continentality. The Antarctic
Peninsula is one of Earth’s most rapidly warming regions
with an increase in the mean annual air temperatures of

Copyright © 2010 John Wiley & Sons, Ltd.

0.56°C per decade from 1950 to 2000 (Turner et al., 2005).
Impacts on the glacial environment are relatively well-
known, but the reaction of permafrost is only starting to be
monitored systematically. Permafrost temperatures recorded
during the IPY were slightly below 0°C at low elevation in
the South Shetlands, an archipelago that marks the northwest
boundary of permafrost in the Antarctic Peninsula region.
This is, therefore, an extremely important area for detecting
the impacts of climate change on permafrost and on the
terrestrial environment. The rugged relief of the South
Shetlands implies a transition from seasonal frost to
permafrost over a short distance. This occurs along a

Permafrost and Periglac. Process., 21: 182—-197 (2010)
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Figure 6 Transantarctic Mountains permafrost temperatures and active-layer thickness. Data from 2008 and 2009 except Simpson Crags (1999).

boundary that is still difficult to locate precisely, since site-
specific conditions, such as ground material and snow are
very variable and major influencing factors.

It is difficult to predict the response of terrain and
landforms to rapidly warming ground in areas where
monitoring is absent or at an early stage. This has
implications for a geomorphology-based permafrost map-
ping along this transition zone, and investment to monitor
both ground temperatures and climate, as well as key
geomorphic features, is needed. This was one of the
objectives of ANTPAS, and several geomorphic monitoring
sites were installed and interdisciplinary activities
involving geomorphological mapping are taking place in
the South Shetlands (e.g. Koch et al., 2008; Serrano et al.,
2008).

The Transantarctic Mountains are the Antarctic region
where there is the best understanding of permafrost

Copyright © 2010 John Wiley & Sons, Ltd.

characteristics and temperatures. This region has been
intensively studied for several decades by a number of
researchers and a permafrost monitoring program was
implemented in the late 1990s (see e.g. Campbell and
Claridge, 2006; Guglielmin, 2006; Bockheim et al., 2007,
Bockheim and McLeod, 2008; Gordon and Balks, 2008;
Adlam er al., 2010). Given the low temperatures recorded
during the IPY (Figure 6), permafrost in the Transantarctic
Mountains is not as likely to thaw in the near future as the
warm permafrost in the Antarctic Peninsula region.
However, the mean data hide the seasonal variability and
especially the sensitivity of the active layer that may alter
hydrological and ecological conditions (Turner et al., 2009).
An example is the anomalous summer conditions that have
occurred in recent years in the MDVs, including the ‘wet
event’ in December 2000 to January 2001 (Doran et al.,
2008; Turner et al., 2009; Adlam et al., 2010).

Permafrost and Periglac. Process., 21: 182-197 (2010)
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Mountains.

The other monitored regions in continental Antarctica
also showed cold permafrost, with all measured mean
ground temperatures below —8.3°C. Overall, the range of
permafrost temperatures recorded in the Antarctic greatly
exceeds that from the Arctic (e.g. Romanovsky et al., 2010;
Smith et al., 2010) because of the very low values obtained at
high elevations inland. In other words, the data indicate that
Antarctica currently has the coldest mean permafrost
temperatures on Earth, with the possible exception of those
on high mountain ranges such as the Himalayas.

The active layer is typically greater than 0.9m in
thickness on monitored boreholes in the South Shetlands
Islands, with the exception of sites in Deception Island
where it is ca. 0.3 m. In continental Antarctica, values range
generally from 0.2 to 0.7m, occasionally with >0.9m in
coastal sites and with very shallow active layers (<0.1 m) at
high elevation sites. In Victoria Land, at a borehole site in
granite, active-layer thicknesses of 1.6m have been
measured. The large differences reflect ground thermo-
physical properties and show the spatial complexities that

Copyright © 2010 John Wiley & Sons, Ltd.

occur even under cold conditions. It is expected that new
CALM-S sites installed during the IPY will provide
significant advances into the understanding of the active-
layer dynamics and evolution, but a longer time-series is still
needed.

The results presented here, together with the database
organized in the framework of ANTPAS, allow for a
continent-wide insight into the thermal state of Antarctic
permafrost and provide the means for the future modelling
and validation of ground temperatures. This was a major
achievement of ANTPAS and an important IPY legacy. The
permafrost boundary in the Antarctic is located in the South
Shetlands archipelago in the Antarctic Peninsula region. The
mountainous nature of the terrain and the changing ground
conditions imply a complex spatial distribution, especially
in the lower terrain, and different authors place the boundary
of continuous permafrost between 30 and 150 m a.s.l. This
corresponds to mean annual air temperatures of ca. —2°C, a
higher value than for the boundary of continuous permafrost
in the Arctic. It is not yet known whether the difference

Permafrost and Periglac. Process., 21: 182—-197 (2010)



between Antarctic and Arctic conditions is due to the rapid
atmospheric warming recorded in the Antarctic Peninsula
region and a delay in permafrost reaction to change, or if it is
caused by different coupling between air and ground to that
in the Arctic (i.e. different moisture and vegetation
conditions).

Finally, it is noteworthy that despite the significant
development of the borehole and CALM-S networks,
observational gaps still exist, with a need for key sites to
be installed in Coats Land (Shackleton and Pensacola
ranges), Wilkes Land, Oates Land, Marie Byrd Land,
Ellsworth Mountains, Graham Land, Palmer Land and
Alexander Island, and the Queen Maud Mountains. With the
new technologies for sensors and with low-cost and low-
power consumption dataloggers now available, a strategy for
the full implementation of such a network should be
envisaged, without the need for annual visits. However, the
availability of continuous funding over the long term will
remain critical in order to maintain the existing borehole and
CALM-S networks, and to allow reactivation of some
existing boreholes.

ACKNOWLEDGEMENTS

The research was supported by: Antarctica New Zealand,
British Antarctic Survey, Brazilian Antarctic Programme,
Bulgarian Antarctic Programme, Direccion Nacional del
Antartico (Argentina), New Zealand Foundation for
Research, Science, and Technology, Programa Gulben-
kian-Ambiente, Italian Antarctic National Research Project
(PNRA), Portuguese Polar Programme - Portuguese
Science and Technology Foundation (Permantar), Russian
Antarctic Expedition, Russian Academy of Sciences, Rus-
sian Fund for Basic Research, South African National
Antarctic Program, Spanish Antarctic Programme, Swedish
Antarctic Research Programme and U.S. National Science
Foundation. The authors are grateful for the helpful com-
ments of the anonymous reviewers and of the editor on an
earlier version of the manuscript.

REFERENCES

Adlam LS. 2009. Soil climate and permafrost temperature
monitoring in the McMurdo Sound region of Antarctica.
MSc Thesis, University of Waikato, New Zealand.

Adlam LS, Balks MR, Guglielmin M, Baio F, Campbell DI.
2009. Borehole Establishment for Ice-Cemented Core
Sampling and Permafrost Temperature Monitoring at Marble
Point and Wright Valley, Antarctica. Antarctic Research Unit
Special Report No. 2, University of Waikato; 73 pp.

Adlam LS, Balks MR, Seybold CA, Campbell DI. 2010.
Temporal and spatial variation in active layer depth in the
McMurdo Sound Region, Antarctica. Antarctic Science
22(1): 45-52.

Amaral P, Correia A, Vieira G, Ramos M, Trindade A. 2010.
Condutividade térmica de testemunhos obtidos em duas
perfuracoes realizadas na Ilha de Livingston (Antarctida).

Copyright © 2010 John Wiley & Sons, Ltd.

Thermal State of Permafrost in the Antarctic 195

Resultados preliminares. In Proceedings of II Iberian Con-
ference of the International Permafrost Association: Perigla-
cial, Environments, Permafrost and Climate Variability,
Blanco JJ, Ramos M, de Pablo MA (eds.). Coleccion Obras
colectivas, Universidad de Alcala.

Bockheim JG. 1995. Permafrost distribution in the Southern
Circumpolar Region and its relation to the environment: a
review and recommendations for further research. Permafrost
and Periglacial Processes 6: 27-45.

Bockheim JG. 2004. International Workshop on Antarctic
Permafrost and Soils, November 14-18, 2004, University
of Wisconsin, Madison, WI. Final report submitted to Office
of Polar Programs, Antarctic Section, National Science
Foundation, Project OPP-0425692.

Bockheim JG, McLeod M. 2008. Soil distribution in the
McMurdo Dry Valleys. Antarctica. Geoderma 144: 43-49.

Bockheim JG, Campbell IB, McLeod M. 2007. Permafrost
distribution and active-layer depths in the McMurdo Dry
Valleys, Antarctica. Permafrost and Periglacial Processes
18: 217-227.

Bockheim JG, Campbell IB, Guglielmin M, Lépez-Martinez J.
2008. Distribution of permafrost types and buried ice in ice-
free areas of Antarctica. In 9th International Conference
on Permafrost, Proceedings. University of Alaska Press:
Fairbanks; 125-130.

Campbell IB, Claridge GGC. 2006. Permafrost properties,
patterns and processes in the Transantarctic Mountains
region. Permafrost and Periglacial Processes 17: 215-232.

Cannone N, Wagner D, Hubberten H-W, Guglielmin M. 2008.
Biotic and abiotic factors influencing soil properties across a
latitudinal gradient in Victoria Land. Antarctica. Geoderma
144(1-2): 50-65.

De Pablo MA, Ramos M, Vieira G. 2010. Un nuevo emplaza-
miento CALM-S en Peninsula Byers, isla Livingston, Antar-
tida. In Proceedings of Il Iberian Conference of the
International Permafrost Association: Periglacial, Environ-
ments, Permafrost and Climate Variability, Blanco JJ, Ramos
M, de Pablo MA (eds.). Coleccion Obras colectivas, Uni-
versidad de Alcala.

Decker ER, Bucher GJ. 1977. Geothermal studies in Antarctica.
Antarctic Journal of the United States 12: 103—-104.

Doran PT, McKay CP, Fountain AG, Nylen T, McNight DM,
Jaros C, Barrett JE. 2008. Hydrologic response to extreme
warm and cold summers in the McMurdo Dry Valleys, East
Antarctica. Antarctic Science 20: 499-509.

Friedmann EI, Gilichinsky D, Wilson G, Ostroumov V,
Vorobyova E, Soina V, Shcherbakova V, Vishnivetskaya T,
Chanton J, McKay C, Rivkina E. 1996. Viable bacteria,
methane and high ice content in Antarctic permafrost:
relevance to Mars. Origins of Life and Evolution of the
Biosphere 26(3-5): 303.

Fukuda M, Strelin J, Shimokawa K, Takahashi N, Sone T,
Trombotto D. 1992. Permafrost occurrence of Seymour
Island and James Ross Island, Antarctic Peninsula Region.
In Recent Progress in Antarctic Earth Science, Yoshida Y,
Kaminuma K, Shiraishi K (eds). Terrapub: Tokyo.

Gilichinsky D. 2008. Permafrost Analogues of Martian
Habitats. In 9th International Conference on Permafrost,
Proceedings. University of Alaska Press: Fairbanks; 517—
522.

Gilichinsky D, Wilson G, Friedmann EI, Mckay C, Sletten R,
Rivkina E, Vishnivetskaya T, Erokhina L, Ivanushkina N,
Kochkina G, Shcherbakova V, Soina V, Spirina E, Vorobyova

Permafrost and Periglac. Process., 21: 182—-197 (2010)



196 G. Vieira et al.

E, Fyodorov-Davydov D, Hallet B, Ozerskaya S, Sorokovi-
kov V, Laurinavichyus K, Shatilovich A, Chanton J, Ostrou-
mov V, Tiedje J. 2007. Microbial populations in Antarctic
permafrost: biodiversity, state, age, and implication for
Astrobiology. Astrobiology 7(2): 275-311.

Gordon S, Balks MR. 2008. The Latitudinal Gradient Project
(LGP): Summary of progress to date and proposed activities.
In Proceedings of the 10th International Symposium on
Antarctic Earth Sciences, Antarctica: A Keystone in a Chan-
ging World, August 26 to September 1 2007, Santa Barbara,
California, Extended Abstracts, Cooper AK, Barrett PJ,
Stagg H, Storey B, Stump E, Wise W, 10th ISAES editorial
team (eds). The National Academy Press: Washington, DC;
USGS OF- 2007-1047.

Greene SW, Gressitt JL, Koob D, Llano GA, Rudolph ED,
Singer R, Steere WC, Ugolini FC. 1967. Terrestrial Life
of Antarctica. Antarctic Map Folio Series 5, American
Geographical Society: New York.

Guglielmin M. 2006. Ground surface temperature (GST), active
layer, and permafrost monitoring in continental Antarctica.
Permafrost and Periglacial Processes 17(2): 133—143. DOI:
10.1002/ppp.553.

Guglielmin M, Balks M, Paetzold R. 2003. Towards an antarctic
active layer and permafrost monitoring network. In Proceed-
ings of the 8th International Conference on Permafrost,
Zurich, Switzerland, 21—25 July 2003, Vol. 1, Phillips M,
Springman SM, Arenson LU (eds). Balkema Publishers:
Lisse; 367-372.

Guglielmin M, Boschi D, D’Agata C, Ellis-Evans C, Worland
MR. 2008. Periglacial and Permafrost Map of Signy Island,
South Orkneys Islands, Maritime Antartica. In Proceedings
of the 9th International Conference on Permafrost, 29 June—3
July 2008, Fairbanks, Alaska, Extended Abstracts, Vol. 1,
Kane D, Hinkel K (eds). University of Alaska Press: Fair-
banks; 569-574.

Hauck C, Vieira G, Gruber S, Blanco JJ, Ramos M. 2007.
Geophysical identification of permafrost in Livingston
Island, Maritime Antarctic. Journal of Geophysical Research
112: FO2S19. doi:10.1029/2006JF000544.

Koch M, Lépez-Martinez J, Schmid T, Serrano E, Gumuzzio J.
2008. Application of ALOS PALSAR and Landsat ETM+
data for the study of periglacial features and permafrost
within the South Shetland Islands, Western Antarctica. Pro-
ceedings International Geoscience and Remote Sensing Sym-
posium (IGARSS), Boston University; 343-346.

Ramos M, Vieira G. 2009. Evaluation of the ground
surface enthalpy balance from bedrock shallow borehole
temperatures (Livingston Island, Maritime Antarctic).
The Cryosphere 3: 133-145. www.the-cryosphere.net/3/
133/2009/

Ramos M, Vieira G, Gruber S, Blanco JJ, Hauck C, Hidalgo
MA, Tomé D, Neves M, Trindade A. 2007. Permafrost and
Active Layer Monitoring in the Maritime Antarctic: Prelimi-
nary Results from CALM Sites on Livingston and Deception
Islands. USGS OF-2007-1047, Short Research Paper
070, U.S. Geological Survey and the National Academies.
doi:10.3133/of 2007-1047. srp070

Ramos M, Vieira G, Blanco JJ, Gruber S, Hauck C, Hidalgo
MA, Tomé D. 2008. Active layer temperature monitoring in
two boreholes in Livingston Island, Maritime Antarctic: first
results for 2000—2006. In Proceedings of the 9th Inter-
national Conference on Permafrost, 29 June—3 July 2008,
Fairbanks, Alaska, Extended Abstracts, Vol. 1, Kane D,

Copyright © 2010 John Wiley & Sons, Ltd.

Hinkel K (eds). University of Alaska Press: Fairbanks;
1463-1467.

Ramos M, Hassler A, Vieira G, Hauck C, Gruber S. 2009a.
Setting up boreholes for permafrost thermal monitoring on
Livingston Island in the Maritime Antarctic. Permafrost and
Periglacial Processes 20: 57-64. DOI: 10.1002/ppp.635.

Ramos M, Vieira G, Gilichinsky D, De Pablo MA. 2009b.
Establecimiento de estaciones de medida del régimen tér-
mico del permafrost en el area de ‘Crater Lake’. Isla Decep-
cion (Antartida). II Iberian Congress of the International
Permafrost Association, Siguenza, Spain, 21—23 June.

Reynolds JM. 1981. The distribution of mean annual tempera-
tures in the Antarctic Peninsula. British Antarctic Survey
Bulletin 80: 21-49.

Romanovsky VE, Drozdov DS, Oberman NG, Malkova GV,
Kholodov AL, Marchenko SS, Moskalenko NG, Sergeev
DO, Ukraintseva NG, Abramov AA, Gilichinsky DA,
Vasiliev AA. 2010. Thermal state of permafrost in Russia.
Permafrost and Periglacial Processes 21: 136-155.
DOI:10.1002/ppp.683.

Schuur EAG, Bockheim J, Canadell JG, et al. 2008. Vulner-
ability of permafrost carbon to climate change: implications
for the global carbon cycle. BioScience 58: 701-714.

Serrano E, Lopez-Martinez J. 2000. Rock glaciers in the South
Shetland Islands, Western Antarctica. Geomorphology 35:
145-162.

Serrano E, Lopez-Martinez J, Cuchi JA, Duran JJ, Mink S,
Navas A. 2008. Permafrost in the South Shetland islands
(maritime Antarctica): spatial distribution pattern. In Pro-
ceedings of the 9th International Conference on Permafrost,
29 June—3 July 2008, Fairbanks, Alaska, Extended Abstracts,
Vol. 1, Kane D, Hinkel K (eds). University of Alaska Press:
Fairbanks; 1621-1625.

Sletten R, Hallet B, Fletcher R. 2003. Resurfacing time of
terrestrial surfaces by the formation and maturation of
polygonal patterned ground. Journal of Geophysical
Research 108(E4): 8044. doi:10.1029/2002JE00 1914.

Smith SL, Romanovsky VE, Lewkowicz AG, Burn CR, Allard
M, Clow GD, Yoshikawa K, Throop J. 2010. Thermal state of
permafrost in North America: a contribution to the Inter-
national Polar Year. Permafrost and Periglacial Processes 21:
117-135.

Turner J, Colwell SR, Marshall GJ, Lachlan-Cope TA, Carleton
AM, Jones PD, Lagun V, Reid PA, Iagovkina S. 2005.
Antarctic climate change during the last 50 years. Inter-
national Journal of Climatology 25: 279-2294.

Turner J, Bindschadler R, Convey P, et al. 2009. Antarctic
Climate Change and the Environment. Scientific Committee
on Antarctic Research: Cambridge.

Vieira G. 2009. The International Polar Year 2007-08 and the
development of Portuguese research on Antarctic permafrost.
Finisterra- Revista Portuguesa de Geografia 87: 83-94.

Vieira G, Ramos M, Gruber S, Hauck C, Blanco J. 2007. The
permafrost environment of northwest Hurd Peninsula
(Livingston Island, maritime Antarctic): Preliminary results.
USGS OF-2007-1047, Extended Abstract 2, U.S. Geological
Survey and the National Academies.

Vieira G, Lopez-Martinez J, Serrano E, Ramos M, Gruber S,
Hauck C, Blanco JJ. 2008. Geomorphological observations
of permafrost and ground-ice degradation on Deception and
Livingston Islands, Maritime Antarctica. In Proceedings of
the 9th International Conference on Permafrost, 29 June—3
July 2008, Fairbanks, Alaska, Extended Abstracts, Vol. 1,

Permafrost and Periglac. Process., 21: 182—-197 (2010)



Kane D, Hinkel K (eds). University of Alaska Press: Fair-
banks; 1839-1844.

Vieira G, Ramos M, Trindade A, Gruber S, Hauck C, Mora C,

Batista V, Neves M, Pimpirev C, Kenderova R, De Pablo MA.
2009. Spatial distribution and characteristics of permafrost in
Hurd Peninsula, Livingston Island, Maritime Antarctic. Geo-
physical Research Abstracts, European Geosciences Union:
Vienna.

Wilson G, Braddock P, Foreman S, Friedmann EI, Rivkina E,

Gilichinsky D, Fedorov-Davydov D, Ostroumov V, Soroko-

Copyright © 2010 John Wiley & Sons, Ltd.

Thermal State of Permafrost in the Antarctic 197

vikov V, Wizevich M. 1996. Coring for microbial records of
Antarctic climate. Antarctic Journal of the USA 31(2): 83—-86.

Wilson G, Barron J, Ashworth A, Askin R, Carter J, Gurren M,

Dalhuisen D, Friedmann EI, Fyodorov-Davydov D, Gili-
chinsky D, Harwood D, Hiemstra J, Janecek T, Licht K,
Ostroumov V, Powell R, Rivkina E, Rose S, Stroeven A,
Stroeven P, Meer J, Wizevich M. 2002. The Mount Feather
Diamicton of the Sirius Group: an accumulation of indicators
of Neogene Antarctic glacial and climatic history. PALEO
182: 117-131.

Permafrost and Periglac. Process., 21: 182—-197 (2010)



