INTRODUCTION

In the Antarctic continent, permafrost is mainly
found in the ice-free areas located around
the continent margins, islands and nunataks
(Bockheim 1995, Hrbacek et al. 2018). Permafrost
is defined as ground at a temperature equal
or lower than 0 °C for a minimum period of
two years, where the active layer fluctuates
seasonally between positive and negative
temperatures (Dobinski 2020). It is very sensitive
to climatic changes once it intermediates the
heat flux between atmosphere and substrate
(Smith 1990). Maritime Antarctic region is more
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Abstract: Active layer and permafrost are important indicators of climate changes in
periglacial areas of Antarctica, and the soil thermal regime of Maritime Antarctica is
sensitive to the current warming trend. This research aimed to characterize the active
layer thermal regime of a patterned ground located at an upper marine terrace in Half
Moon Island, during 2015-2018. Temperature and moisture sensors were installed at
different soil depths, combined with air temperature, collecting hourly data. Statistical
analysis was applied to describe the soil thermal regime and estimate active layer
thickness. The thermal regime of the studied soil was typical of periglacial environment,
with high variability in temperature and water content in the summer, resulting in
frequent freeze-thaw cycles. We detected dominant freezing conditions, whereas soil
temperatures increased, and the period of high soil moisture content lasted longer over
the years. Active layer thickness varied between the years, reaching a maximum depth
in 2018. Permafrost degradation affects soil drainage and triggers erosion in the upper
marine terrace, where permafrost occurrence is unlikely. Longer monitoring periods
are necessary for a detailed understanding on how current climatic and geomorphic
conditions affect the unstable permafrost of low-lying areas of Antarctica (marine
terraces).

Key words: climate change, holocene terraces, soil moisture, soil thermal regime,
permafrost.

sensitive to short climatic changes than the
Antarctic continent due to its greater oceanic
influence (Curl 1980), which brings greater
effect from sea ice, ocean currents and global
ocean circulation. The warmer and wetter
conditions, compared to the colder and dryer
continent interior, favor the formation of an ice-
cemented permafrost (moisture content > 10%,
Bockheim & Tarnocai 1998), and the occurrence
of more freezing and thawing cycles. However,
permafrost is generally absent or degraded on
marine terraces (Francelino et al. 2011).

Many studies have pointed to a warming
trend of the active layer and permafrost at
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the global scale. The Antarctic Peninsula has
experienced a major warming over the last 50
years, with temperatures at Faraday/Vernadsky
station having increased at a rate of 0.56 °C
decade™ over the year and 1.09 °C decade™
during the winter; both figures are statistically
significant at less than the 5% level (Turner
et al. 2005). Most recent studies in the AP and
surrounding islands, such as the South Shetland
Islands (SSI), found a shift of this atmospheric
warming trend to a cooling trend during 1999-
2014 (Turner et al. 2016, Oliva et al. 2017). This
cooling trend was observed to be seasonally
dependent, being more pronounced during
the autumn and winter season, and strongly
influenced by the extent and duration of the sea
ice (Oliva et al. 2017). This period has led to the
thinning of the active layer and even permafrost
aggradation at several areas in the SSI (Ramos
et al. 2017, 2020).

Beyond its climatic relevance, the active
layer controls hydrological, geomorphological
and pedological processes, such as frost heaving,
sorting, gelifluction and cryoturbation, which
can lead to important impacts on periglacial
landscapes (Lopez-Martinez etal.2012). Due to its
importance, research has focused on the active
layer thermal regime throughout Antarctica,
especially in the Antarctica Peninsula, which
concentrate most of the monitoring sites of the
Circumpolar Active Layer Monitoring program
(CALM, Vieira et al. 2010). Many results on the
behavior of the active layer thermal regime
(ALTR) have been published (Almeida et al. 2014,
2017, Chaves et al. 2017, de Pablo et al. 2013,
2014, Guglielmin et al. 2012, Michel et al. 2012,
2014, Oliva et al. 2017), highlighting changes in
the ALTR induced by vegetation (Guglielmin et
al. 2014, Hrbacek et al. 2020, Silva et al. 2020),
climate (Guglielmin & Cannone 2012, Hrbacek
et al. 2016, Wilhelm & Bockhiem 2016), birds
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(Schaefer et al. 2017b), landforms (Schaefer et
al. 2017a), and substrates (Hrbacek et al. 2016).

In Half Moon Island, located between
Livingston and Greenwich Islands in the SSI,
the periglacial phenomenon is important, and
active processes and landforms are found,
with an unusual widespread patterned ground
development on upper, older (>10 m a.s.l)
marine terrace (>10 m a.s.l) marine terrace
(Serrano & Lopez-Martinez 1997). Patterned
ground is widespread in the SSI and is generally
associated with the presence of permafrost,
being one of the most developed and significant
features promoted by freezing and thawing
cycles (Lopez-Martinez et al. 2012), but it is
generally absent on low lying marine terraces
(Francelino et al. 2011). Thus, the tiny Half Moon
Island represents an interesting site for active
layer monitoring since it suffered intense post
glacial uplift of Late Holocene marine terraces,
without any significant glacier and is located in
a very area sensitive area to climate change.

Despite the recent efforts, there is still a
lack of information about Antarctic permafrost
spatial variability and its thermal dynamic
compared to other polar regions (Hrbacek et al.
2018). In this paper, we characterize the active
layer thermal regime of an unusual permafrost-
affected soil with patterned ground located at
the upper marine terrace of Half Moon Island,
from 2015 to 2018 period.

MATERIALS AND METHODS

Study area

Half Moon Island (HMI) is a tiny (171 ha) island,
lying in the McFarlane Strait, in the SSI. It is
located between the latitudes 62°34'50.57"S and
62°35'54.04"S and longitudes of 59°53'24.44"W
and 59°56'0416"W (Figure 1a). It has one of the
13 Argentinian research bases in Antarctica,
that served as a permanent base from 1953 to
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Figure 1. Half Moon Island. a) Local and regional maps; b) Monitored soil profile.

1988, and as a summer season facility since
then. The Koppen’s classification for the region
show a polar (ET) climate. The mean annual air
temperature of HMI is near -2 °C and the average
summer temperatures are above freezing point,
which allow snow cover melting and freezing-
thawing cycles. These conditions favor the
formation of a shallow lake, at the uppermost
marine terrace (16.8 m above the present shore
line), with enough water to meet the Argentine
Camara Base demands.

Geologically, the island is mainly composed
of andesites and basaltic andesites rocks
(Smellie et al. 1984). The island altitude at
the northern portion reaches 101 m a.s.l. HMI
was formed by the junction of three smaller
islands during the Holocene, and is structurally
controlled by two rock outcrops on the east and
west portions of the island, linked by a tombolo
formed by the marine deposition of gravel and

finer sediments near coastlines. This process
builds up opposite terraces that developed into
a connecting isthmus formed a gravelly uplifted
marine terrace with a succession of well-defined
raised beaches, which are the result of the
glacio-isostatic rebound of the Shetland Islands
following the Holocene deglaciation (Fretwell et
al. 2010).

Permafrost occurs over wide areas on high
Holocene beaches, being sporadic on the lowest
present-day platforms (LOpez-Martinez et al.
2012). Landforms related to permafrost, such as
patterned ground, are widespread in HMI. They
occur on the Holocene uplifted marine terrace,
over gently slopes and stable surfaces, and
mainly present circular and polygonal forms
(Araya & Hervé 1972, Martinez & Massone 1995
Lopez-Martinez et al. 2016, Serrano & Lopez-
Martinez 1997). At more elevated terrain, stone
stripes, gelifluction sheets and gelifluction
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lobes prevail due to slope angle and outcrops of
andesite intrusions, which provide raw material
enabling the formation of these features
(Serrano & Lopez-Martinez 1997).

Penguin rookeries are located mainly on
Baliza Point at the east portion of the island.
Plant communities comprises a variety of
species including bryophytes, lichens, one of the
flowering plants (Deschampsia antartica Desv.)
of Antarctica and terrestrial algae (Schmitz et al.
2018). HMI is one of the main landing locations
of the touristic visitation activity in the Shetland
Islands during the summer season.

Soil and air temperature monitoring

The active layer and permafrost monitoring site
(62°35'23.8" S, 59°55'18.3" W at 44 m of altitude)
was installed in the summer of 2015 and
consists of five soil temperature sensors (L107E,
Campbell Scientific Inc., Utah, USA - accuracy of
+ 0.2 °C) arranged vertically in the soil profile
down to the bottom of the active layer, at 5 cm,
10 cm, 30 cm, 50 cm and 100 cm depth; four soil
moisture content (SMC) sensors (CS656 water
content reflectometer, accuracy of + 2.5%) at 10
cm, 30 cm, 50 cm and 100 cm depth; and one air
temperature probe (L107E, Campbell Scientific
Inc., Utah, USA - accuracy of + 0.2 °C) at T m
above the ground. The system was installed in a
Turbic Eutric Cryosol, developed on an uplifted
marine terrace deposits with well-developed
patterned ground, where angular cobbles also
occur and are product of frost transported
shattered material along the slope (Figure 1b).
Probes were connected to a data logger (model
CR1000, Campbell Scientific Inc.), recording data
at hourly intervals from March 2015 to December
2018.

Soil samples were collected in respect to
the pedological differentiation of horizons for
the soil texture analysis. The <2 mm samples
were passed through mechanical dispersion
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in distilled water, sieving and weighting of the
coarse and fine sand, sedimentation of the
silt fraction followed by siphoning of the <2
pum fraction (Gee & Bauder 1986). Soil textural
classes were determined using a soil textural
chart (Coarse Sand 0.2 - < 2 mm, Fine Sand 0.05
-< 0.2 mm, Silt 0.002 - < 0.05 mm and Clay <
0.002 mm).

We calculated the thawing days (days in
which all hourly soil temperatures are positive
and at least one reading is warmer than 0.5
°C), freezing days (days in which all hourly soil
temperature measurements are negative and
at least one reading is colder than -0.5 °C),
isothermal days (days in which all the hourly
measurements range only between + 0.5 °C,
Chambers, 1966), freeze-thaw days (days in
which there are both negative and positive
temperatures with at least one value higher
than 0.5 °C or lower than -0.5 °C), thawing degree
days (TDD, obtained by the cumulative sum of
the mean daily temperatures above 0 °C) and
freezing degree days (FDD, obtained by the
cumulative sum of the mean daily temperatures
below 0 °C) (Guglielmin et al. 2008). The active
layer thickness (ALT) was calculated as the 0 °C
depth by using a simple regression function for
extrapolating the thermal gradient from the two
deepest positive daily averages, for each year
separately (Guglielmin 2006).

Statistical analysis was applied to describe
soil temperature time series. All statistical
procedures were performed using the
software R version 4.0.4 (R Core Team 2020).
The histograms were created to evaluate the
frequency distribution of temperature readings
and the time series were decomposed into its
remainder, seasonal and trend components,
by locally weighted smoothing (Loess) with a
window of 25 hours, using the stl package, based
on Cleveland et al. (1990).
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RESULTS
Soil profile characterization

The profile was classified as a Turbic Eutric
Cryosol, according to the World Reference Base
for Soil Resources (ISSS 1988). It presented
patterned ground at the surface and developed
overan abandoned penguin breedingsite. Due to
the coarse nature of the profile, features such as
frost heave and solifluction were not observed;
wind erosion was evident. Horizons A, B1 and B2
expressed weak angular block structure, loamy
fine sand (A) and sandy loam (B1and B2) textures
and greater silt content, specially B2, that also
presented greater clay content (Table I). At 25 cm
there was a clear transition from B2 to C, where
gravel content increased considerably, and the
ornithogenic influence reduced. The texture is
still sandy loam, although the percentage of sand
increases. At 100 cm a saturated transition layer
just above the permafrost table was presented,
characterized as Cg horizon, and ice-cemented
permafrost was just below it.

Temperature and moisture regimes

The maximum mean daily temperature of the air
was 6.9 °C, registered in May 10" 2016, and the
highest mean daily soil temperature was 6.1 °C,
recorded in January 30" 2017, at 5 cm soil depth
(Figure 2). Between March 2015 and December
2018, there was an increase of the mean annual
air and soil temperatures for all soil depths,
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although they remained below 0 °C (Table ).
At all soil depths, 2015 presented the lower
mean annual soil temperatures compared with
subsequent years. The 5 cm depth presented
the highest mean annual soil temperature for
all period, except in 2015, with the lowest one
recorded in association with the coldest year,
where near surface the active layer is the most
influenced by cold airtemperatures. On the other
hand, the lowest mean annual soil temperature
for all the analyzed period was recorded at 50 cm
depth. Between 2016 and 2017 the mean annual
soil temperatures at all soil depths presented
a slight decreasing trend, increasing again from
2017 to 2018. The mean annual SMC increased
during the analyzed period, being higher in
2018 at all soil depths (Table I1). The 100 cm soil
depth presented the highest mean annual SMC
in all years, except in 2016, in which the 10 cm
depth presented the highest SMC. On the other
hand, the 30 cm soil depth presented the lowest
SMC in all years, except in 2015, in which the 10
cm depth had the lowest SMC value.

Although daily freeze and thaw cycles
were observed during summer, the active layer
remained with positive temperatures until,
mostly, early April, when the 5 cm soil depth
reaches negative temperatures: -0.03 in 2015,
-0.06 in 2016, -0.37 in 2017 and -0.02 °C in 2018
(Figure 2). The SMC begins a sharp decrease on
April, in 2015 and 2016, and on May, in 2017 and

Table I. Physical and morphological attributes of the soil of Half Moon Island.

Horizon, depth (cm) cs? Fs®
——————————————————— g.kg
A 0-7 0,554 0,266
B17-15 0,415 0,301
B2 15-25 0,34 0,221
C 25-100 0,488 0,216
Cg 100+ 0,519 0,254

Silt* Clay* Class

0,136 0,044 Loamy Fine Sand
0,239 0,045 Sandy Loam
0,337 0,102 Sandy Loam
0,208 0,087 Sandy Loam
0,159 0,068 Sandy Loam

2Coarse sand (0.2-<2 mm), °Fine sand (0.05-<0.2 mm), “0.002-<0.05 mm, “<0.002 mm.
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2018, reaching the lowest records between June
and August, and peaking on June 16" 2015 the
10 cm depth (Figure 3). The complete freezing
of the active layer along the years occurred
after the 100 cm soil depth reaches consistent
negative temperature, which occurred on May
20" 2015, April 25" 2016, May 28" 2017 and May
28" 2018. The subsequent cooling resulted in
the lower minimum annual soil temperatures
for each year during the winter, with 2015
presenting the coldest values at all soil depths
(Table 11). Along the analyzed period, in general,
the minimum annual soil temperatures at all
depths increased, indicating consistent warmer
conditions in 2018.

The soil temperatures began to rise in
September, during spring, but remained negative
and close to 0 °C, showing a strong zero curtain
effect (Figure 2). The soil presented positive
temperatures in January, during summer, when
the5cm depth reached 0.01°C. From 2017 to 2018,
the 5 cm soil depth reached positive temperature
at an earlier date, in December. The complete
thawing of the active layer occurred when the
100 cm soil depth reached consistent positive
temperatures, which was of 0.01 °C on February
29" 2016, 0.02 °C on January 10" 2017 and 0.03
°C on December 31th 2017. The year 2017 was the
only that presented positive temperatures during
December, showing a mean daily temperature of
0.46 and 0.09 °C at 5 and 10 cm depths (Table
I1). Maximum annual soil temperatures were
registered in the summer, with the 5 cm depth
reaching the highest maximum value of 12.06
°C on January 30" 2017. In 2017, the 5 and 10 cm
soil depths presented higher maximum annual
temperatures, whereas in 2018, the 30, 50 and 100
cm soil depths presented the higher readings
(Table I1). Positively mean monthly temperatures
at 100 cm soil depth occurred on February and
March, in 2015 and 2016, and between February
and April in 2017, and from January to April in
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2018, showing a wider thawing period variability
at the bottommost layer, where permafrost
table is present (Table I1). The period in which
the SMC was higher than 10% increased along
years (Figure 3).

During autumn and winter, deeper horizons
showed higher temperatures (although
negative) than shallow depths, with an opposite
behavior during spring and summer (Table 1I).
This is due to the proximity of the soil surface
with the atmosphere, being more susceptible to
changes than the thermally buffer subsurface
soil. According to the histograms (Figure 4), for
the first 50 cm soil depth higher frequency was
found in the -0.5 and 0 °C range, and at 100 cm
depth most reads prevailed between 0 and 0.5
°C.

The additional decomposition of the
temperature time series at different depth layers
helpstodifferentiate the thermal behaviorwithin
the active layer. At the surface the remainder
component of the series varies between -2 and
4 °C, with a seasonal component between -2
and 2 °C, both are concentrated in the summer.
At the beginning of the evolution of the freezing
front, both showed an increase in volatility, for
a longer period for 2017 and 2018 (Figure 5). The
trend also shows 2015 as a colder year, with a
much longer period of negative temperatures
(Figure 5).

Positive temperatures are limited in time,
being progressively grater over the analyzed
period (Figure 5). In 2015, the surface active layer
showed a great resistance in crossing the 0 °C
barrier, with persisting temperatures close to the
freezing point, indicating a zero curtain effect
(Outcalt et al. 1990). The behavior at 10 cm is very
similar, while temperature variations in all years
are lessened (Figure 5). At 30 cm temperatures
vary in a shorter range, the remainder and
seasonal components are less expressive and
more concentrated in time. In 2015 and 2016,
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Table Il. Mean monthly temperatures of the air and soil and mean monthly soil moisture content at 5, 10, 30, 50
and 100 cm depth. Annual mean, minimum, maximum and standard deviation calculated from hourly readings of
the air and soil temperatures and of the soil moisture content at all depths.

2015
Month Temperature (°C) Soil moisture content (%)
Air 5 10 30 50 100 10 30 50 100
Mar. 0.84 019 014 011 0.02 0.09 37.63 26.25 39.84 3915
Apr. 010 -017 -0.04 0.05 -0.01 0.07 18.45 24.26 34.32 35.83
May -2.24 -2.08 -1.76 -0.78 -0.50 -0.27 5.66 9.90 13.24 16.21
June -6.29 -5.09 -4.89 -3.95 -3.47 -3.05 474 5.80 71 8.26
July -7.56 -4.48 -4.39 -3.93 -3.72 -3.45 4.72 5.73 7.00 810
Aug -6.31 -4.37 -4.30 -3.91 -3.76 -3.53 474 5.72 7.00 810
Sept. -7.00 -4.97 -4.90 -4.49 -4.32 -4.09 4.71 5.65 6.95 810
Oct. -1.94 =313 =316 =317 -3.25 =317 4.87 5.79 7.00 812
Nov. -1.28 -1.95 -2.00 -2.08 -2.21 =215 5.00 5.93 711 8.24
Dec. 0.47 -015 -0.26 -0.58 -0.84 -0.86 6.12 6.54 743 8.56
Mean =311 -2.62 -2.55 -2.27 -2.20 -2.04 9.68 1015 13.70 14.86
Max. 9.71 2.29 1.71 0.68 0.28 0.21 41.6 369 40.5 39.7
Min. -17.68 -9.08 -8.30 -5.89 -4.84 -4.35 4.6 5.6 6.9 8
SD 4.38 2712 2.05 1.80 1.67 1.60 10.91 816 1211 11.81
2016
Month Temperature (°C) Soil moisture content (%)
Air 5 10 30 50 100 10 30 50 100
Jan. 0.85 0.06 -0.09 -0.24 -0.41 -0.38 8.61 740 8.25 9.21
Feb. 110 1.55 1.00 018 -0.03 0.00 38.89 24.66 13.47 13.26
Mar. 112 0.86 0.73 0.36 012 0.08 38.03 26.44 3819 31.34
Apr. 243 -1.64 -1.23 -0.39 -018 -0.03 20.76 17.47 2513 24.31
May -0.16 -2.24 =217 -1.77 -1.59 -1.37 5.90 5.92 6.77 8.33
June -1.58 -1.52 -1.51 142 -1.47 -1.36 6.04 6.00 6.75 8.29
July -4.22 -2.76 -2.68 -2.28 212 -1.92 5.73 5.84 6.64 817
Aug -6.20 -3.30 -3.24 -2.88 -2.73 -2.53 5.64 5.71 6.52 8.05
Sept. -1.02 -1.07 -118 =143 -1.63 -1.64 6.14 6.00 6.63 813
Oct. -0.82 -016 -0.23 -0.41 -0.61 -0.60 6.90 6.50 6.98 8.48
Nov. -0.36 -0.09 -014 -0.26 -0.42 -0.40 7.28 6.79 713 8.69
Dec. 0.69 -0.02 -0.07 -017 -0.33 -0.29 8.04 7.08 7.30 8.87
Mean -110 -0.87 -0.91 -0.90 -0.96 -0.88 13.06 10.42 11.64 12.09
Max. 12.81 9.20 5.96 118 042 014 40.2 322 389 351
Min. -17.93 -7.41 -5.92 -3.57 -3.34 =310 53 5.6 6.4 7.9
SD 3.37 1.84 1.59 113 0.97 0.89 12.75 797 10.30 7.96
2017
Month Temperature (°C) Soil moisture content (%)
Air 5 10 30 50 100 10 30 50 100
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Table II. Continuation.

Jan. 1.39 1.78 1.23 0.37
Feb. 1.75 2.84 2.53 1.57
Mar. 146 144 1.24 0.82
Apr. -1.08 -0.50 -0.20 0.20
May -1.69 142 -1.20 -0.47
June -4.68 -3.56 -3.31 241
July -3.89 -2.36 -2.30 -2.03
Aug =517 -3.00 -2.94 -2.63
Sept. -4.17 -3.06 -3.04 -2.84
Oct. -2.78 -2.39 -2.40 -2.31
Nov. -0.46 -0.64 -0.75 -0.96
Dec. 0.65 0.46 0.09 -0.24
Mean -1.57 -0.89 -0.94 -0.93
Max. 578 12.06 8.20 2.53
Min. -16.82 -8.31 -7.60 -5.30
SD 3.83 244 212 1.54
Month Temperature (°C)

Air 5 10 30

Jan. 1.48 2.83 2.31 1.01
Feb. 2.47 3.32 3.00 2.07
Mar. 0.68 0.95 0.87 0.70
Apr. -0.48 0.07 012 018
May -1.92 -1.97 -1.46 -0.39
June -3.65 -1.22 -113 -0.67
July -3.39 -148 -142 -1.09
Aug -4.55 -1.51 -1.46 -1.22
Sept. -3.48 -1.37 -1.35 -1.20
Oct. -1.63 -1.31 -1.32 -1.24
Nov. -0.24 -015 -0.23 -0.36
Dec. 0.31 -0.07 -013 -0.20
Mean -1.31 -019 -0.21 -0.22
Max. 8.24 10.4 71 317
Min. -14.45 -615 -4.75 -1.75
SD 3.45 2.01 1.70 1.08

positive temperatures are lower than those 2017
and 2018 (Figure 5). At the bottommost layers
(50 and 100 cm) the remainder and seasonal
components are negligible in 2015 and 2016,
whereas the freezing conditions in 2015 are

0.05
0.96
0.54
0m
-0.22
21
-2.00
-2.51
-2.81
-2.34
114
-0.40
-1.00
145
-4.43
1.33
2018

50
0.46
1.50
0.54
om
-0.16
-0.51
-1.03
-1.22
-1.24
-1.30
-0.51

-0.32
-0.32
2.27
-1.47
0.88
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-0.01 2418 18.62 20.48 15.83
0.73 35.38 23.38 33.25 36.76
0.49 3417 2213 29.57 35.00
017 2432 19.64 25.04 31.22
-0.01 6.02 7.99 13.21 16.05
-1.70 5.31 6.70 8.43 7.38
-1.83 5.39 6.58 8.20 7.01
-2.34 534 6.53 813 6.97
-2.66 5.34 6.49 8.09 6.90
-2.24 5.40 6.52 810 6.96
-113 6.18 6.98 8.39 7.20
-0.35 13.39 7.75 8.84 818
-0.92 14.07 11.53 14.85 15.31
1.09 391 345 375 38.6
-3.72 5 6.3 74 6.8
1.22 13.02 719 9.63 11.63
Soil moisture content (%)

100 10 30 50 100
0.33 36.80 24.88 29.99 29.57
1.24 35.05 22.84 30.66 35.03
0.53 33.88 22.04 27.49 32.80
017 31.53 20.93 26.03 31.64
0.03 9.30 13.41 19.03 24.86
-0.27 6.28 7.27 9.73 10.27
-0.86 6.07 6.99 915 9.24
-110 6.03 6.96 9.09 9.07
114 6.05 6.95 9.07 9.01
-1.21 6.08 6.94 9.07 9.00
-0.47 7.56 7.56 9.37 9.39
-0.27 8.27 7.94 9.60 9.64
-0.26 16.40 1312 16.84 18.69
1.81 38.5 33.6 384 381
-1.32 55 6.8 9 9
0.76 13.35 7.67 9.74 11.20

stronger and last longer. Hourly temperature
data is equivalent to the trend, and positive
temperatures prevail in 2017 and 2018, as
evidenced by the variations at remainder and
at seasonal components (Figure 5). Considering
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daily averages, the ALT reached its maximum
of 135.9 cm in late March 2015, 118.4 cm in early
March 2016, 168.4 cm in early February 2017 and
242.36 cm at early February 2018.

Freezing regime

Thawing days were concentrated between
January and March, occurring at all soil depths
except at 50 and 100 cm in 2015 and 2016, which
did not present thawing days (Figure 6a). The
sum of thawing days during the analyzed period
was 215 at 5 cm, 202 at 10 cm, 159 at 30 cm, 117
at 50 cm and 109 at 100 cm depth. The years of
2017 and 2018 presented the highest numbers
of thawing days, reaching 86 days at 5 cm depth
and 82 days at 10 cm, respectively, and with the
lower layers (> 50 cm) presenting the lowest
numbers (Figure 6a). On the other hand, freezing
days were more frequent than thawing days
Air

5
0

-5
-10
-15

THERMAL MONITORING OF A CRYOSOL

and they occurred mainly between May and
November at all soil depths (Figure 6b). The sum
of freezing days during the entire period was 720
at 5. c¢m, 725 at 10 cm and at 30 cm, 775 at 50 cm
and 739 at 100 cm depth. The years of 2015 and
2016 presented the highest number of freezing
days reaching 226 and 201 days at 50 cm depth,
respectively, and 2018 presented the lowest
number, 139 days at 100 cm soil depth (Figure
6b). The freezing days occurred more frequently
at 50 cm soil depth in all years, except in 2018,
when it was more frequent at 5 cm depth.
Isothermal days was less frequent during
winteratall soildepthsand, in general, increased
with depth (Figure 6¢). The highest values of
isothermal days occurred in 2016, reaching a
maximum of 180 days at 30 cm soil depth (Figure
6¢). Freezing-thawing cycles predominate during
December to February and occurred more
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Figure 2. Mean daily temperatures of the air and soil at 5, 10, 30, 50 and 100 cm depths in Half Moon Island.
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frequently in December 2018 at all soil depths
(Figure 6d). In February 2016, freezing-thawing
cycles reached the highest value at 10 cm soil
depth (Figure 6d).

The sum of all positive daily temperature
averages was not expressive at all depths in 2015,
andincreased considerably inthe followingyears
(Figure 7a). The sum during the study period was
494 °C days at surface, 4011 °C days at 10 cm,
227.8 °C days at 30 cm, 133.4 °C days at 50 cm
and 121 °C days at 100 cm. The cumulative TDD
are concentrated between January and March
and showed great differences between years,
varying from a maximum of 6 °C days at 5 cm
depth in 2015 to 213.9 °C days at the same depth
in 2018 (Figure 7a). The cumulative FDD were
much greater than the TDD, and concentrated
between April and December (Figure 7b). The
sum of the cumulative FDD during the analyzed

030 Cod-mmmmmce e oo
020 L--prmmmmmmmmmeeees T s TR

THERMAL MONITORING OF A CRYOSOL

period was 2001 at 5 cm, -1929.4 at 10 cm, -1663.9
at 30 cm, -1631.9 cm and 1488.9 °C days at 100
cm depth. In 2015 the cumulative FDD reached
the lowest number of -806.3 °C days at 5 cm soil
depth and in 2018 it was the highest (-278.8 °C
days) at the same depth (Figure 7). The greater
values of FFD compared to those of TDD indicate
predominate freezing conditions.

DISCUSSION

The soil thermal regime at the small HMI is
periglacial although temperature fluctuation
bellow 30 cm are limited, with much greater
temperature variations near the surface.
Minimum temperature at the bottom of the
active layer is -4.3 °C; permafrost is typically ice
cemented and temperatures are close to freezing
point, corroborating with the classification of
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Figure 3. Measurements of the mean daily soil moisture (%) at 10, 30, 50 and 100 cm depths.
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Figure 4. Histograms of the mean daily temperatures of the air and soil at 5, 10, 30, 50 and 100 cm depth.

this soil as Cryosol. Active layer thickness varied
between the studied years, reaching a maximum
depthin 2018, butasearly as 2015 the Argentinian
Station water supply was compromised.

Patterned ground occurs at the studied
site, but the process appears to be little active
in current times, since plant colonization is
abundant. These conditions, together with the
limited number of freezing-thawing days suggest
that permafrost at the tombolo landform might
no longer be in equilibrium with the current
landscape. The intense Late Holocene uplift
experienced by the island (16.8 m) and limited
period in which it took place (2.8 mm of uplift
peryear, 6,000 yr BP) (Fretwell et al. 2010) created
conditions for permafrost melting leading
to more intense and diverse morphodynamic
processes (Lopez-Martinez et al. 2012).

The soil is located at a snow-covered
landscape, which influences soil temperatures

An Acad Bras Cienc (2023) 95(Suppl. 3)

at surface, and permafrost stability. Air
temperature data must be interpreted with care
due to the possibility of intense snow cover.
Extended periods of snow cover on the soil
surface, reduces the heat exchange between
soil and atmosphere, and affects the energy
balance of the surface, buffering changes in
soil temperature for a longer period (Schaefer
et al. 2017b). This confirms that the snow cover
is an important factor controlling the air-
ground interface, similar results were found in
several sites in the Antarctic continent (Vieira
et al. 2010), in the Eastern Antarctic Peninsula
(Hrbacek et al. 2015, 2016, Schaefer et al. 2017b)
and in the Maritime Antarctica, mostly in the SSI,
such as in Byers Peninsula (de Pablo et al. 2017,
Oliva et al. 2016), Deception Island (Goyanes et
al. 2014), Livingston Island (Ferreira et al. 2017),
and Keller and Fildes Peninsula at King George

€20210692 11|19
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Figure 5. Additional decomposition of the daily time series at 5 (a), 10 (b) and 30 (c) cm depth.
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d) Additional Decomposition 50 cm
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Island (Chaves et al. 2017, Michel et al. 2014,
respectively).

The soil has a textural change at 25 cm, to
a coarser one, with increasing gravel content,
resulting from the marine sedimentation. The
water soil content was high during the thawing
period, due to the snow pack melting, and
experienced little variations with depth, due to
good internal drainage, promoting a buffered
effect on temperature variations, near 0 °C.
This situation is the classical zero curtain effect,
already observedinsimilar periglacial sitesin the
Maritime Antarctica (Almeida et al. 2017, Michel
et al. 2014, Schaefer et al. 2017b). SMC remains
high through the soil and the thawing season
increased over the years, being greater in 2018.
ALT at HMI shows high variability between the
years, with 2015 as a colder year, when maximum
temperature at the bottom of the profile and the
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thermal gradient in relation to the 50 cm layer
were considerable.

The decomposition of the time series
illustrates how the time series are stationary in
its essence. Noise is increasing over the years;
the trend component over the thaw period is
also more pronounced as time goes by and is
present for a longer period. All fluctuations are
attenuated with depth although the seasonal
component is neglectable in 2015 at 100 cm,
indicating preservation of the frozen layer. The
trend component highlights the time it takes to
break the freezing point in the thaw season, the
texture of the profile reduces water retention
and limits the zero curtain effect (temperature
buffering near the freezing point), while the
study period shows greater resistance in the
freezing point in the thaw season of 20176.
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Figure 6. Thawing days (a), freezing days (b), isothermal days (c) and freezing-thawing cycles (d) during 2015 - 2018
at 5, 10, 30, 50 and 100 cm soil depth.
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While the seasonal period in which the
bottommost layer remains unfrozen is short, the
landscape effects are evident, since permafrost
melting promote great hydrological implications,
with sudden changes in adjacent lakes and
pools (Bockheim et al. 2013). The uplifted
marine terrace where the monitoring system
was installed is exposed to both sides of the
coast, making it more vulnerable to geomorphic
disturbances. Also, we should consider the fact
that all man-made structures of the island were
built over this fossil beach (Figure 1). Climate
change in the Shetland lIslands increases
permafrost degradation leading to greater
geomorphic dynamics and slope erosion from
the upper platforms to the coast line (Cannone
et al. 2006, Vieira et al. 2008).
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Although uplifted marine terraces are
considered stable low entropy environments,
the presence of permafrost associated with
poor drainage, resulting in water saturation
during thawing period, affects the thermal
regime and implies very dynamic processes
in the active layer (LOpez-Martinez et al. 2016).
Permafrost degradation at HMI not only alter
soil drainage, but also triggers further lowering
of the permafrost table. Hence, uplifted
marine terraces offer a suitable environment
for periglacial morphodynamics systems with
intense sediment transfer and slope processes
(Bockheim et al. 2013). The increasing intensity
of periglacial morphodynamics at the Holocene
uplifted terraces is yet to be investigated given
its ecological importance for vegetation growth.
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Figure 7. Thawing degree days (a) and freezing degree days (b) during 2015 - 2018 at 5, 10, 30, 50 and 100 cm soil

depth.
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CONCLUSIONS

1) The active layer thermal regime of a low-
lying Cryosol at Half Moon Island, over
a four-year period, shows a dominance
of freezing conditions, with active layer
thickness reaching a maximum of 242 cm
during late March 2018, as a response of air
temperature variations.

2) These large variations in the active layer
depth highlight the strong intrinsic
interannual variability of the local
permafrost, reaching deeper layers over the
analyzed period, highlighting a degradation
trend

3) The intense late Holocene uplift of marine
terraces experienced by HMI, counteracted
with recent air temperature variations,
affect the active layer depth and drainage
properties of the unusual, relict patterned
ground, where Cryosols are found, on the
upper marine terrace. Longer monitoring
periods are necessary for a detailed
understanding on how current climatic and
geomorphic conditions affect permafrost
and the morphodynamics of HMI, in relation
to other uplifted marine terraces spread
over the SSI.
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