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EFFECT OF HYALOCLASTITE BRECCIA BOULDERS
ON MESO-SCALE PERIGLACIAL-AEOLIAN
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ABSTRACT. In this study we aim to describe the processes leading to the crea-
tion of a specific periglacial and aeolian landsystem, which evolves around the
hyaloclastite breccia boulders on James Ross Island, north-eastern Antarctic
Peninsula. These boulders were deposited as a result of the Late Holocene advan-
ce of Whisky Glacier, forming a well-developed boulder train approximately 5-km
long, stretching from Whisky Glacier moraine to Brandy Bay. The combination
of ground temperature monitoring, SNow cover measurements, grain size analysis
and field survey were used to quantify and understand the interplay of perigla-
cial and aeolian processes leading to the formation of the specific meso-scale
landsystem around the boulders. The ground temperature probes were installed
during January 2017 in the vicinity of two selected boulders. The two study sites,
at Monolith Lake (large boulder) and Keller Stream (smaller boulder), were also
fitted with snow stakes and trail cameras. An automatic weather station (AWS)
on the Abernethy Flats, located approximately two kilometres to the north-west,
was used as a reference site for ground temperature and snow cover thickness.
The hyaloclastite breccia boulders act as obstacles to wind and trap wind-blown
snow, resulting in the formation of snow accumulations on their windward and lee
sides. These accumulations affect ground thermal regime and lead to the trans-
port of fine particles by meltwater from the snow during the summer season. The
snow cover also traps wind-blown fine sand resulting in the formation of fine-
grained rims on the windward and lee sides of the boulders after the snow has
melted. Furthermore, the meltwater affects ground moisture content, creating fa-
vourable, but spatially limited conditions for colonisation by mosses and lichens.

1 This paper has received the First Prize and Honorable Mention (shared) from the Young
Researcher Innovation Award on Cryosphere Science, granted by the Research Group on Physical
Geography in High Mountains, Complutense University of Madrid (Department of Geography),
Spain.
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Importancia de los bloques de hialoclastita en la morfogénesis periglaciar
y edlica a escala media en ambiente semidrido antdrtico, Isla James Ross,
Peninsula Antdrtica

RESUMEN. En este trabajo tratamos de describir los procesos que conducen a
la creacion de un sistema especifico periglaciar y edlico, que evoluciona alrede-
dor de bloques de hialoclastita en la Isla James Ross, nordeste de la Peninsula
Antdrtica. Estos bloques fueron depositados como resultado del avance a finales
del Holoceno del Glaciar Whisky, formando un cordon de bloques de unos 5 km
de longitud, desde la morrena del Glaciar Whisky hasta la Bahia Brandy. La
combinacion del seguimiento de la temperatura del suelo, medidas de la cubierta
nival, andlisis granulométricos y trabajo de campo permitieron cuantificar y en-
tender las interacciones de los procesos periglaciares y edlicos que conducen a
la formacion de un sistema especifico a mediana escala alrededor de los bloques.
Se instalaron sondas de temperatura del suelo en enero de 2017 en la proximidad
de dos bloques seleccionados. Los dos lugares de estudio, en el Lago Monolith
(bloque mayor) y el rio Keller (bloque menor), fueron también controlados con
estacas de nieve y cdmaras de seguimiento. Una estacion meteorologica automd-
tica en los Abernethy Flats, localizada aproximadamente 3 km al nordeste, fue
utilizada como lugar de referencia para la temperatura del suelo y el espesor de
la cubierta nival. Los bloques brechosos de hialoclastita actiian como obstdculos
y atrapan la nieve desplazada por el viento, dando lugar a la formacion de acu-
mulaciones de nieve a sotavento y barlovento. Estas acumulaciones afectan al
régimen termal del suelo y conducen al transporte de particulas finas por el agua
de fusion durante el verano. La cubierta nival también atrapa arena fina trans-
portada por el viento, dando lugar a la formacion de anillos de arena fina en los
lados de sotavento y barlovento de los bloques, una vez que la nieve ha fundido.
Ademds, el agua de fusion afecta al contenido de humedad del suelo, creando
condiciones favorables, aunque espacialmente limitadas, para la colonizacion
por musgos y liquenes.
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1. Introduction

Ice-free areas in Antarctica, in which periglacial processes dominate, form less than
0.5% of the continent (Burton-Johnson et al., 2016; Hrbacek et al., 2019). Moreover,
significant parts of the ice-free areas are formed by rock outcrops or nunataks, which
prevent the development of soils. Nevertheless, sorted ground can be found covering the
whole range of deglaciated surfaces in Antarctica, regardless of age. The oldest sorted
ground can be found in Victoria Land, and are estimated to be in excess of 8.1 Ma
(Marchant et al., 2002). In the Antarctic Peninsula region, the origin of sorted ground is
related to the Late Pleistocene-Holocene deglaciation of the area (O Cofaigh et al., 2014);
however, sorted ground in the early stage of development have also been observed in areas
that have become deglaciated during the last few decades (e.g. Oliva and Ruiz-Fernandéz,
2015). Mapping of periglacial landforms in the South Shetland Islands suggests that sorted
ground form about 20% of all ice-free surfaces in this region (Lopéz-Martinez et al.,2012).

Wind is an important geomorphic agent in both hot and cold desert environments
(e.g. Koster and Dijkmans, 1988; McKenna Neuman, 1993; Seppild, 2004), mainly
resulting from the absence of ground-protective vegetation. Analogies can therefore be
drawn between some of the features commonly observed in the hot deserts of the world
and the ice-free areas of Antarctica (McKenna Neuman, 2004). Wind derived landforms
are especially common in the Antarctic regions with an abundance of source material
and sufficient wind velocities. Ripples reaching a height of several decimetres have
been reported from Marion Island (Hedding et al., 2015), as well as dunes located near
Canada Glacier in Taylor Valleys (Sabackd ef al.,2012). The largest Antarctic dune field,
Packard Sand Dunes, covers an area of approximately 1.5 km? near Lake Victoria in the
McMurdo Dry Valleys (McGowan et al., 2014).

One of the most important group of processes acting in periglacial environments are
aeolian and niveo-aeolian processes (French, 2017). In the polar regions, comparatively
little research has been conducted on this topic until present (Hedding er al., 2015).
Traditionally, the majority of the studies dealing with these processes and their dynamics
in cold regions were focused on sedimentation rates (e.g. Koster and Dijkmans, 1988;
McKenna Neuman, 1993; Brookfield, 2011), a situation which was similar for research
conducted on niveo-aeolian processes in Antarctica (e.g. Lancaster, 2004; Ayling and
McGowan, 2006; Atkins and Dunbar, 2009; Gillies ef al., 2013). Consequently, studies
in to landform evolution (e.g. Speirs et al., 2008; Bourke er al., 2009), as well as the role
that niveo-aeolian erosion plays in rock weathering (e.g. Matsuoka et al., 1996; Hedding
et al.,2015) are limited to a few pioneering investigations.

In this paper, we present the findings of a study investigating the interplay between
periglacial and aeolian processes forming a specific landsystem around hyaloclastite
breccia boulders on James Ross Island, Eastern Antarctic Peninsula. Landsystem
approach includes the range of processes and forms; and their relationships associated
with the past and present geographic setting of the area (Eyles, 1983; Benn and Evans,
2010). Mostly glacial, periglacial, or paraglacial landsystems and associated sediment-
landform assemblages were defined in the literature (Evans, 2003; Davies et al.,
2013; Kovanan and Slaymaker, 2015). The assemblages can be recognised at a range
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of scales, from the site to the continent scale. The hierarchical approach is a powerful
means of describing how sediments and landforms fit together, and determining how
organisation in the landscape reflects the depositional processes and external controls in
the environment. In our case, we intent to describe the processes and forms at the site
and its surroundings, which is referred to as the meso-scale level. However, it is probably
the first time when such a periglacial-aeolian landsystem at the meso-scale was described
from Antarctica. The main objectives of this study are: (i) to describe the processes
leading to the formation of snow accumulation and its geometry around the boulders,
(ii) to quantify the effect of snow on ground thermal regime, and 3) to discuss the role of
hyaloclastite breccia boulders on the formation of specific meso-scale landforms in the
periglacial environment of semi-arid maritime Antarctica.

2. Study area

James Ross Island lies off the northeastern coast of the Antarctic Peninsula (Fig.
1). It covers an area of approximately 2500 km?in the altitudinal range of 0-1630 m, of
which approximately 25% is ice-free. The largest ice-free area on James Ross Island is
the Ulu Peninsula, which covers approximately 300 km?, and is also the largest ice-free
area within the Antarctic Peninsula region.

The climate of James Ross Island is classified as semi-arid polar as it lies in the
precipitation shadow of the Antarctic Peninsula mountain range. Estimates of average
annual precipitation range between 200-500 mm, most of which falls in the form of snow
(van Lipzig et al., 2004). However, snow accumulation distribution across James Ross
Island is spatially heterogeneous as a result of strong winds.

The geological composition of James Ross Island comprises Jurassic to Cretaceous
sedimentary rocks of the James Ross Basin (del Valle et al., 1992), which crop out
mostly in the low-lying areas of James Ross Island (MI€och et al.,2018). The Mesozoic
strata are protruded and overlain by Neogene to Quaternary rocks of the James Ross
Island Volcanic Group (Nelson, 1975; Smellie et al., 2013), which consists of various
types of hyaloclastites, basaltic lavas, dykes and subordinate pyroclastic rocks (Kosler
et al., 2009; Altunkaynak et al., 2018) that predominantly originate in a subglacial
setting (Smellie et al., 2008). At the Abernethy Flats, siltstones and sandstones of the
Alpha Member of the Santa Marta Formation (Olivero et al., 1986; Crame et al., 1991)
are covered by boulders of hyaloclastite breccia brought to the area from the Stickle
Ridge and Smellie Peak volcanic elevations during the Holocene advance of Whisky
Glacier, forming well-developed boulder trains (Hjort ez al., 1997; Davies et al.,2013).

The deglaciation of Ulu Peninsula is altitude-dependent, with the low-lying
areas (< 50 m a.s.l.) having become deglaciated during the late Pleistocene (12.9 +
1.2 ka; Nyvltet al.,2014); however, areas of mid-altitudes (200-400 m a.s.l.) remained
ice-covered throughout the early Holocene (Johnson et al., 2011). During the mid-
Holocene, glacier extent was broadly similar to present glacial coverage (Glasser et
al., 2014). The mid-late Holocene is characterised by Neoglacial advances of local
glaciers that have been recognised from Ulu Peninsula based on sedimentary sequences
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of glacial landforms (Hjort et al., 1997) and associated lacustrine records (Bjorck et
al., 1996). Modelling experiments suggest that glaciers on Ulu Peninsula remained
stable during the mid-late Holocene, and that the Neoglacial re-advance took place in
the last millennium, or during the local Little Ice Age (Davies et al., 2014). Current
glacier systems include ice aprons, cirque, piedmont and land-terminating valley
glacier, as well as small ice caps located on volcanic mesas (Carrivick et al., 2012;
Engel et al., 2012). To the south, the ice-free area of Ulu Peninsula is bounded by the
Dobson Dome and Mt. Haddington Ice Caps (Davies et al.,2012). All of these glaciers
have experienced a pronounced amount of mass loss during the previous few decades
(Davies et al., 2012; Engel et al., 2012; Seehaus et al., 2018); however, positive mass
balances have been observed between 2009 and 2015 (Engel et al., 2018).

70°0'0"W 60°0'0"W
r60°0'0"S Shoreline 0 1 2 4 km
—
60°00"S 7 Contours (50 m) @
Stream 5o Gustav Channe/ &~
Lake pri n J.G.Mendel /
i Station_g—— /
Glacier Station g N N/ N
Braidplain \
K A AWSsite
o A Studysite
K "5 James Ross @ Research station
& “4/ Archipelago
r65°0'0"S
65°00"S y T N
\. Brandy Bay ) -z
N Y
v AN /
Weddell
Sea
[70°0'0"S
70°0'0"S:
r75°0'0"S
80°0'0"W 70°0'0'W 60°0'0"W 50°0'0"W
0 100 200 300 400 500 km
A |
Ice-free areas Ice sheet, glaciers [ Ice shelf

Figure 1. Regional setting and the location of study area on James Ross Island.

3. Methods

3.1. Ground temperature monitoring

Automatic systems for ground temperature monitoring were installed in January
2017 in close proximity to the two selected boulders of hyaloclastite breccia. The two
monitored boulders vary in size. The larger boulder is located close to Monolith Lake,
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with the smaller boulder lying approximately 500 m to the west of Monolith Lake, next
to Keller Stream. Both boulders were selected based on their location, as they were
located in relatively flat areas with no other boulders shielding them from the prevailing
wind direction. The boulder on the Monolith Lake site is approximately 5 m high and
measures 46.7 m in circumference. The smaller boulder on the Keller Stream site
measures approximately 1.8 m in height and is 8 m in circumference. The scheme of
ground temperature probe positions can be seen in (Table 1) and (Fig. 2).

Table 1. Distance of the ground temperature probe from the boulder for Monolith Lake and
Keller Stream sites in cm.

71 72 73 74
M1 75 175 385 600
M2 75 175 385 600
K1 40 150 380 -
K2 40 150 420 -

Jk‘%- - : A L i

e~ A 4

-~ “Brandy Bay —*

Figure 2. Study area. A panoramic view from the Whisky Glacier moraine towards the
hyaloclastite breccia boulder train with Abernethy Flats and Brandy Bay (A), the study sites at
the Monolith Lake (B) and Keller Stream (C).

The ground temperature measuring equipment consists of two dataloggers at both
the Monolith Lake site (V12 EMS) and at the Keller Stream site (Fiedler MiniLog). Pt100
temperature probes (accuracy + 0.15 °C) were installed across transects at various depths
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(2cm, 5 cm and 15 cm for Monolith Lake site; 5 cm and 15 cm for Keller Stream site and
at various distances from the boulder, see Table 1). The orientation of the primary transect
(dataloggers M1 and K1) corresponds to the prevailing local wind direction (azimuth
205°), with the secondary transect (dataloggers M2 and K2) orientated perpendicular to
the primary transect (azimuth 295°). The temperature was measured and recorded every
30 minutes. The data were used for the calculation of mean, maximum and minimum
daily temperatures. Additionally, the daily amplitude was used as a marker of snow
presence on the site (e.g. Hrbacek et al., 2016; Oliva et al., 2017).

In order to describe ground thermal properties, the thermal indices were calculated,
which are commonly used in other studies in both the Arctic and Antarctic (e.g. Frauenfeld
et al.,2007). The thermal indices used in this study are:

a) Freezing degree days (FDD) as a sum of mean daily temperatures < 0 °C of air
(FDDa) and 5 cm depth (FDDg)

b) Thawing degree days (TDD) as a sum of mean daily temperatures > 0 °C of air
(TDDa) and 5 cm depth (TDDg)

¢) The freeze-thaw days with the maximum daily temperature > 0.15 °C and the
minimum daily temperature < -0.15 °C

d) Isothermal days as days with the daily amplitude < 0.3 °C

The freeze-thaw and isothermal days were defined with a respect to the accuracy of
the temperature sensors.

3.2. Snow cover monitoring

Both sites have been fitted with trail cameras (LTL Acorn 6310 MCW), one at
the end of each transect, facing towards the boulder. Stakes marked with snow height
indicators were placed between the camera and the boulder.

At the Keller Stream site, both trail cameras functioned for the whole year from
January 2017 to January 2018, taking photos approximately every 3 hours. At the
Monolith Lake site, one of the trail cameras installed on the main transect malfunctioned
in mid-June as a result of being buried in a snow drift. The second camera also ceased
working for the same reason at the end of June.

3.3. Field survey

During January 2017, a field survey was undertaken in the vicinity of the hyaloclastite
breccia boulder train. Approximately 50 boulders were selected with the aim of determining
their dimensions in relation to the width of the sorted area around the boulder. For each
boulder, the following characteristics were recorded using the specified equipment:

—  GPS coordinates (Garmin GPSMap 62s handheld GPS device)
—  height (Nikon 550 AS distance meter, accuracy 0.1 m)

— circumference (measuring tape)
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—  width of the sorted area (measuring tape)

— geometry of snow accumulations and sorted zones around the boulders (Garmin
GPSMap 62s handheld GPS device)

3 4. Grain size analysis

Regolith samples were collected from both sites along the main transects, with
samples being collected from the surface as well as from a depth of 10 cm at different
distances from the boulder. At the Monolith Lake site, samples were collected from 4
zones (Z1-Z4), and at the Keller Stream site samples were collected from 3 zones.

As a result of logistical reasons, it was not possible to transport large samples of
regolith from Antarctica to Europe. Therefore, each sample was dry sieved on site, and
only the fraction below 2 mm was transported for further analysis. Once transported to
the laboratory, the samples were processed using a combined laser and camera Bettersize
S3 Plus particle size analyser at Polar-Geo-Lab, Department of Geography, Masaryk
University in Brno.

For a better overall representation of the sorting processes occurring around the
boulders, we also calculated fine-to-coarse sand index, which shows the relative
proportion of the two most commonly found fractions.

3.5. Reference weather station

The reference automatic weather station (AWS) is located on the Abernethy Flats
and provides data for the wider area (Hrbacek ef al., 2017). In this study, the data from
01 February 2017 to 31 January 2018 was processed for analysis. The surrounding area
of the automatic weather station is formed of an approximately flat surface with slope
angles of < 3°, therefore the meteorological parameters measured were not affected by
topography and are lithologically analogical to the surroundings of the studied boulders.
Air temperature data was measured at 2 m above the ground by a EMS 33 sensor
(accuracy + 0.15 °C) mounted in a radiation shield, with the ground temperature at 5 cm
depth measured by Pt100 (accuracy + 0.15 °C). Wind speed and direction was measured
at 3 m above the ground by a Young Wind Monitor-HD 05108 (wind speed accuracy
+ 0.3 m s'; wind direction accuracy + 3 degrees), and the snow thickness was measured
using a Depth Sensor manufactured by Judd Communication (accuracy + 1 cm).

The temperature data were evaluated in an identical way as those from the Monolith
Lake and Keller Stream sites. Wind speed, wind direction, and snow thickness data
provided information necessary for the evaluation of the boulder’s effect on snow
accumulation and ground sorting.
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4. Results

In the following section the results of the ground temperature monitoring, as well as
the snow and wind conditions are presented for the study period. For comparison, data
from the reference AWS on the Abernethy Flats is used. Data collected from environmental
monitoring is supplemented with field survey, mapping, and laboratory analyses.

4.1. Ground thermal characteristics

The mean annual air temperature at the reference site on Abernethy Flats was
-6.6 °C (Table 2), while the mean daily air temperature varied between 7.4 °C and
-28.9 °C (Fig. 3). The warmest month was December 2017 (mean temperature 0.6 °C),
while the coldest month was June 2017 (-15.3 °C). TDDa reached 244 °C-days, FDDa
was -2653 °C-days. The number of air temperature defined freeze-thawing days was
142. Mean annual ground temperature at 5 cm at the Abernethy Flats site was -5.9 °C.
The mean daily ground temperature varied between 10.5 °C and -19.4 °C. TDDg was
480 °C-days, FDDg dropped to -2638 °C-days. The total number of freeze-thawing days
at 5 cm was 81, while the number of isothermal days at 5 cm was 35.

Table 2. Air and ground thermal characteristics at the Abernethy Flats AWS.

Parameter Value

MAAT ( °C) 6.6

MAGT 5 cm ( °C) 59

TDDa ( °C-day) 244

TDDg ( °C-day) 480

FDDa ( °C-day) -2653

FDDg ( °C-day) -2638

F-T days air 142

F-T days 5 cm 81

IT days 5 cm 35

The mean annual ground temperature at the Monolith Lake site varied between
-6.7 and -5.4 °C within the main transect (M1), and between -6.5 and -5.5 °C within
the secondary transect (Fig. 3). There were only very slight differences in mean ground
temperature between the three monitored depths (Table 3). In the main transect, the
lowest mean annual ground temperatures occurred closest to the boulder in Z1, increased
towards Z2, and then decreased slightly in Z3 and Z4. In the secondary transect, the
lowest temperatures occurred at the furthest distance from the boulder and increased
in the direction towards the boulder. The mean daily ground temperature amplitude in
M1 decreased away from the boulder and also with depth. The maximum and minimum
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Figure 3. Variability of air temperature (AT) and ground temperature (GT) at selected depths at
the Abernethy Flats reference site and Monolith Lake and Keller Stream study sites in the zones
1-4(Z1-Z4).
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Table 3. Ground thermal characteristics at the Monolith Lake site.

Monolith Lake 1 Monolith Lake 2
Parameter

71 72 73 74 71 72 73 74
MAGT 2 em (°C) -6.6 54 -59 57 =55 -62 62 -6.5
MAGT 5 cm (°C) -6.7 =54 -5 5.6 -58 =57 62 -6.3
MAGT 15 cm (°C) -6.5 54 =57 55 =56 =57 -63 -6.3
GTA2(°C) 6.1 40 44 35 7.1 79 43 38
GTAS5 (°C) 48 26 24 15 45 43 26 26
GTA 15 (°C) 27 15 1.1 09 27 24 1.8 1.6
TDD 5 (°C-day) 240 288 232 152 348 397 292 289
FDD 5 (°C-day) -2768 2313 -2391 -2259 -2521 -2546 -2611 -2648
IT days 2 2 63 139 163 0 0 46 56
IT days 5 2 73 149 186 0 0 51 69
IT days 15 21 97 184 205 4 6 54 64
F-T days 2 115 72 89 82 118 138 68 99
F-T days 5 71 22 24 31 73 24 33 56
F-T days 15 30 11 8 11 35 6 18 50

amplitudes were 6.1 °C and 3.5 °C in Z1 and Z4, respectively. A similar pattern was
observed also in M2, with amplitudes reaching slightly higher than in M1, with the
maximum and minimum amplitudes being 7.9 °C (Z2) and 1.6 °C (Z4), respectively.
The number of isothermal days increased away from the boulder. There were only
2 isothermal days observed in the main transect in Z1 close to the ground surface, in
contrast to 163 such days in Z4. The number of isothermal days also increased greatly
with depth. Approximately one third of the total amount of isothermal days were observed
in Z3 and Z4 on the secondary transect; however, in Z1 and Z2 no isothermal days at 2
and 5 cm depths were detected. The number of freeze-thaw days in Z1 was similar in
both transects. The frequency of freeze-thaw cycles decreased with depth. The maximum
number of freeze-thaw days (138) was observed in Z2 in the secondary transect, closest
to ground surface. The minimum (6) was within the same zone, at 15 cm below ground
surface (Fig.4). TDDg was between 152 and 288 °C-days within the primary transect, and
between 289 and 397 °C-days in the secondary transect. FDDg dropped to between -2259
and -2768 °C-days (primary transect) and -2521 and -2648 °C-days (secondary transect).
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Figure 4. Calendar of freeze-thawing days and isothermal days at the Monolith Lake and Keller
Stream sites.

At the Keller Stream site, mean annual ground temperature decreased away from
the boulder in both transects. Overall, in the comparison between the two transects, there
were very similar averages for all zones, with the maximum difference being only 0.2 °C
in Z2 (Table 4 and Fig. 3). Greater differences between the two transects can be seen in
mean daily ground temperature amplitude. This is slightly higher in all zones of K2. The
amplitude in K2 increases away from the boulder; however, in K1, the minimum amplitude
is observed in Z2. The number of isothermal days is higher in K1, where most such days
occur in Z2. The number of isothermal days increases with depth. The occurrence of freeze-
thaw days is higher in the secondary transect, especially in Z2, where 55 freeze-thawing
days were observed at a depth of 5 cm, in comparison to only 19 freeze-thawing days in
the main transect. In Z1 and Z3, the total number of freeze-thawing days is similar for both
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Table 4. Ground thermal characteristics at the Keller Stream site.

Keller Stream 1 Keller Stream 2
Paramet

71 72 73 z1 72 YA]
MAGT 5 em (°C) 54 5.6 -62 -53 58 -6.1
MAGT 15 em (°C) 54 5.6 -6.1 54 57 -6.1
GTA 5 cm (°C) 4.1 3.1 54 48 55 6.1
GTA 15 cm (°C) 23 1.7 2.8 27 28 30
TDD 5 cm (°C-day) 197 332 435 235 360 508
FDD 5 cm (°C-day) 2575 -2490 -2553 2575 -2662 -2588
IT days 5 8 34 14 5 4 10
IT days 15 34 60 27 20 20 18
F-T days 5 24 19 45 27 55 51
F-T days 15 3 1 13 5 1 10

transects. However, fewer freeze-thawing days were observed at a depth of 15 cm than
were observed at a depth of 5 cm (Fig. 4). TDDg on the Keller Stream site was between
197 and 435 °C-days within the primary transect, and between 235 and 508 °C-days in the
secondary transect, with FDDg dropping to between -2490 and -2575 °C-days (primary
transect) and -2575 and -2662 °C-days (secondary transect).

4.2. Snow accumulation

Continuous snow cover at the reference site on the Abernethy Flats occurred
between the beginning of May and the beginning of November 2017 (Fig. 5). The mean
thickness of the snow was 19 cm, with the maximum thickness in mid-October reaching
50 cm. The data from the time-lapse camera at the Monolith Lake site showed a rapid
snow accumulation between mid-May and the beginning of June, during which time
the maximum snow thickness around the boulder increased from 20 to 70 cm (Fig.
5). The minimum thickness at the margin of the snow accumulation corresponds with
the snow thickness measured at the Abernethy Flats site. At the Keller Stream site, the
snow accumulation starts to develop in early March. At this site, the snow thickness
corresponds to those observed at the Abernethy Flats site; however, there were more
peaks indicating the snow accumulation forming. Unlike the Monolith Lake site, the
snow thickness at the Keller Stream site never exceeded 50 cm (Fig. 5).
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Figure 5. Evolution of snow cover at the Abernethy Flats reference site, Monolith Lake and
Keller Stream sites.

4.3. Wind conditions

The most common wind direction azimuths at the reference weather station were
between 210° and 240° (25.5%) and between 240° and 270° (12.6%), which account
for 38.1% of the total wind directions for 60° span (Fig. 6). The mean wind speed was
5.3 m s, however it varied significantly with the wind direction. The highest wind speeds
which exceeded 20 ms? were observed for the azimuth 210° to 240°, while the lowest
wind speeds that rarely exceeded 5 ms? were from 150° to 210° (Fig. 6).

A) 0 B)

270 90 270

0% 5% 10% 15% 20% 25% 30% 0% 10% 20% 30%

180 180

Figure 6. Variability of wind speed and wind direction at Abernethy Flats (A) and the azimuths of
the sorted rims around the boulders (B).
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4.4. Geometry of sorted zone around the boulders

The prevailing wind direction in the area was assumed from the geometry of the snow
accumulations created on windward sides of the boulders. The sorted zones around the
boulders also have slightly elongated geometries, with the main axis orientated towards
the prevailing wind direction. The most frequent azimuths were observed between 210°
and 225° (33.3%), with all the azimuths of the monitored boulders orientated between
180° and 270° (Fig. 6).

A close relationship was discovered between boulder morphometry and the
width of the longest axis of the sorted zone. Strong logarithmical correlation (r =
0.88) significant at p < 0.01 (Fig. 7) was observed between the circumference of the
boulder and the width of the sorted rim. The logarithmical correlation between the
boulder height and the width of the sorted zone was slightly weaker (r =0.81), but also
significant at p < 0.01 (Fig. 7).
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Figure 7. Relationship of sorted rim width to boulder circumference (A) and to boulder height (B).

4.5. Grain size analysis

Grain size analyses of samples from the Monolith Lake site show very low and
relatively stable distributions of clay and silt within the whole transect. The most
significant differences between the individual zones can be seen in the fine sand
fraction, the share of which increases significantly with distance from the boulder,
peaking in Z3 and subsequently decreasing again towards Z4. The maximum share
of the fine sand fraction reaches almost 65% in Z3 at a depth of 10 cm (Fig. 8).
Subsequently, the amount of coarse sand decreases outwards from its maximum in Z1
towards Z3, then increases again in Z4. The share of fine fractions up to medium sand
is higher at 10 cm below the surface than at the surface in all the zones. However, this
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Figure 8. Grain size analysis results for the Monolith Lake (A) and Keller Stream (B) sites.

difference is most pronounced in Z2. The fine-to-coarse sand index increases from
71 to Z3, where there is almost 9x higher proportion of fine sand when compared to
coarse sand. In Z4, the fine-to-coarse sand index decreases to approximately 3 at a
depth of 10 cm (Fig. 8).

The Keller Stream site shows a similar pattern to that of the Monolith Lake site (Fig.
8). The most abundant fraction, comprising > 50% in Z2, is fine sand, but its increase
is not as pronounced as at the Monolith Lake site. The proportion of clay is very low
overall, accounting for less than 2% (Fig. 8). Similarly, the silt share is also negligible. The
differences between the two depths also show slightly coarser material composition on
the surface in Z1 and Z2; however, this is not the case in Z3, where the deeper sample is
coarser. The fine-to-coarse sand index is lower compared to the Monolith Lake site and it
reaches the highest values in Z2 (Fig. 8).

5. Discussion

The breccia boulders represent unique landforms in the central flats of the Ulu
Peninsula, James Ross Island. As natural obstacles to wind-transported material, such
as snow and sand, they strongly affect wind flow and the accumulation of material
around themselves. Therefore, they represent important geomorphological features,
which significantly change the formation of micro- to meso-scale landforms in semi-arid
periglacial environments.
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5.1. Ground thermal effect on material sorting

Ground thermal conditions are one of the most important parameters studied
in periglacial environments (e.g. Frauenfeld et al., 2007). The ground temperature
monitoring around the breccia boulders and its comparison with the reference AWS
site at the Abernethy Flats is therefore important for understanding the specific physical
processes associated with the meso-scale periglacial landsystems found around the
boulders.

The ground thermal conditions around the breccia boulders differ in some parameters
when compared to the AWS at the Abernethy Flats. The main impact that the boulders
had on ground thermal regime was caused by the shadowing effect of the boulders that
prevented some of the summer incoming radiation reaching the ground, reducing an
important input for ground thermal balance (e.g. Smith and Riseborough, 1996), as well
as inducing increased snow accumulation around them. Unlike flat areas on James Ross
Island, where snow thickness is usually less than 30 cm and its effect on ground thermal
regime is not very significant (Hrbacek et al., 2016), snow accumulation around breccia
boulders can exceed 40 cm for longer periods of time. Such thickness is considered
sufficient to cause the isothermal regime of the ground (Zhang et al., 2005).

The effect of the above-mentioned factors is well demonstrated in thawing and
freezing degree day indices. The shadowing effect of the boulders was most pronounced
in the primary transects and zones closest to the breccia boulders, where TDDg reached
the lowest values of approximately 40-50% lower than at the reference AWS on the
Abernethy Flats. In the marginal zones, low values of TDDg were affected by snow
accumulation, which caused a shorter thawing period (e.g. Zhang et al., 2005; Oliva
et al.,2017). Conversely, in the Z3 zone of both transects from the Keller Stream site,
TDDg were very close (K1) or even higher (K2) than on the Abernethy Flats (Table
2). This suggests that these parts of transects were not affected by either the boulder
shadowing or the snow accumulation.

The most pronounced effect of the snow was observed in the primary transects,
particularly at Z3 and Z4 zones of the Monolith Lake site. Despite the hiatus in snow
data for the majority of the winter, the available measurements demonstrate that the snow
thickness reached at least 70 cm, and that snow cover exceeding 40 cm, which corresponds
to the occurrence of isothermal days, persisted for more than 150 days (Fig. 4).

During the summer months when the area is snow-free, the thermal regime is
typical, with high occurrence of freeze-thawing days, which are most frequent at the
surficial 2 cm depth in all transects. Areas with this type of thermal regime that have
high moisture contents from the thawing of snow, creates suitable conditions for ground
sorting. As a result, sorted rims are commonly found around the breccia boulders.

5.2. Wind-conditioned snow and sand accumulation

In cold semi-arid climates, such as that found in the ice-free areas of James Ross
Island, frost and snow are very important factors affecting landscape-forming processes.
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Snowfall is generally redistributed by strong winds (e.g. Nyvlt et al., 2016). This leads
to snow filling topographic depressions; however, a substantial portion of snow also
accumulates on the windward and lee sides of obstacles in the form of large drifts. The
remaining snow is blown towards the lowest altitudes and commonly accumulates on
sea-ice during the winter, or is deposited into the open sea during the summer. The drift
surfaces may also bear sastrugi that resemble similar shapes as sand dunes. Tsoar (2001)
describes the types of dunes controlled by topographical obstacles such as cliff faces,
boulders etc. The airflow streamlines are forced to separate when they hit the front of the
obstacle. The front and sides of the obstacle are therefore the most heavily eroded parts.
On the windward side, an echo dune is formed of either sand or, in this case, wind-blown
snow. Shaped as a semicircle in plan view, its windward slope has a convex profile, with
a steep lee slope. Furthermore, a lee dune is created on the lee side of the obstacle.

The shape of the echo dune and, subsequently, the sorted zone around the boulder,
is not perfectly circular, but is slightly elongated along the main axis pointing in the
prevailing wind direction (Fig. 9). The prevailing azimuths of the sorted rims around
the boulders (Fig. 6), which also represent the azimuths of the snow accumulations,
corresponds well with prevailing wind direction on the northern Ulu Peninsula (Kavan
et al., 2018). Prevailing south-southwestern wind directions are deviated by up to 90°
as a result of comparatively large-scale topography (for example, in the San Jose Pass,
or near to Triangular Glacier). In a similar way, the wind direction varies around the
boulders, especially where the boulders are clustered in a small area, which therefore
affects the airflow direction between them. The direction from which the material is
transported by wind in the Abernethy Flats corresponds well (> = 0.55; p < 0.01) with
prevailing wind direction (Fig. 6).

The most common fraction in the sorted rim around the hyaloclastite breccia boulders
is fine sand (0.063-0.250 mm). This fraction is most easily entrained by wind, as it is not as

Figure 9. Periglacial-aeolian landsystem evolution. Hyaloclastite breccia boulder during the
summer with the remnants of an oval-shaped snow accumulation (A), large snow accumulation
with standing person for scale (B), detail of wind-blown sand on the surface of the snow (C), detail
of ground sorting around the boulder (D), vegetation cover in the proximity of the boulder (E).
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electrostatically and molecularly cohesive as clay or silt particles, but is still light enough
compared to coarser fractions to be entrained and transported by the wind in suspension.
Saltation induced by bombardment of already wind-transported particles, represents the
other important process of sand grain entrainment by the wind (Thomas, 1997).

The limiting factors of aeolian sediment transport are usually sediment supply,
to a lesser extent wind speed (Lancaster, 2002), and also surface moisture (McKenna
Neuman, 2004; Wiggs, 2004). Surface moisture was reported as an important factor
limiting the amount of fine-grained material entrainment by wind and its subsequent
transport on James Ross Island, with a higher probability of aeolian transport at the
end of summer season when surface moisture is at its minimum (Kavan et al., 2018).
Accumulation of snow as a result of the presence of boulders, plays an important role
in the subsequent deposition of fine sandy material on the windward and lee sides of the
boulders. The adhesion of a wet surface of snow (or later melt-water) is certainly greater
than of the surrounding relatively dry surface, thus leading to higher accumulation rates
on snow surfaces (Fig. 9).

Apart from the depositional processes on the windward and lee side of boulders,
the effect of melting snow on local microecosystems is directly connected to the boulder
surface and its immediate vicinity (Fig. 9). The boulders are often inhabited by lichens
or algal/cyanobacterial crusts where conditions are favourable and the communities are
protected from the wind (Balks and O"Neill,2016). Also, ground moisture is substantially
higher on the windward and lee sides of the boulders, as a result of meltwater originating
from the accumulated snow. This results in a greater abundance of mosses and lichens,
and presumably also algae and cyanobacteria. This localised nature of colonisation
resembles colonisation around seal carcasses that are spread around the ice-free area of
Ulu Peninsula (Nyvlt ez al., 2016).

5.3. Meso-scale periglacial-aeolian landsystem around the hyaloclastite breccia
boulders

The origin of specific meso-scale landsystems driven by periglacial and aeolian
processes that evolved around the boulders of hyaloclastite breccia, can be presented in
a three-step development model (Fig. 10).

a) Hyaloclastite breccia boulder train deposition. The boulders were transported
to their present position by the Late-Holocene advance of Whisky Glacier
(Davies et al., 2013, 2014) and deposited when the glacier receded. The
boulders must have been supraglacially transported as the hyaloclastite breccia
would have easily disintegrated if transported subglacially or englacially. This
phase represents the only stage where glacial processes dominate the landscape
formation. Physical weathering including freeze-thaw induced disintegration
of the boulder surfaces produced coarse-grained weathering rims around the
boulders (Fig. 10).

b) Snow and sand accumulations around the breccia boulders. The hyaloclastite
breccia boulders act as natural obstacles for the prevailing south to southwestern
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winds, allowing snow to accumulate in elongated shapes around the boulders
with the echo and lee dunes being the highest (Fig. 10). Subsequently, dry winds
transporting loose material from the ice-free surface of the Abernethy Flats
(Kavan et al., in prep.) deposit fine sand on the surface of snow accumulations
(cf. Fig. 10). The snow cover around the boulders effectively insulates the

snow accumulation
fine sand accumulation

C)

B breccia boulder —>  prevailing wind direction =%  scree

]  glacier snowfall meltwater

E ground aeolian sediment flux N freeze-thaw processes

fine sand sedimentation
weathering mantle

vegetation cover

Figure 10. Three-step development model of a meso-scale periglacial and aeolian landsystem
around the hyaloclastite breccia boulder. The boulder is transported supraglacially (A), the
winter situation with snow accumulation forming on the windward side (B), the summer situation
with fine sand accumulation and vegetation cover (C).
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active layer, inducing an isothermal ground regime (Zhang et al., 2005). This
is important as snow accumulation in the flat areas of James Ross Island is
generally limited (Hrbacek ez al., 2016), and therefore isothermal ground
regimes do not widely occur.

¢) Snow melting and formation of sorted rims around breccia boulders. After the
melting of snow accumulations around the hyaloclastite breccia boulders, the
fine sand released from the snow deposits in the windward sector of the boulders
making a well-developed rim of sorted fine material (Fig. 10). This is further
enhanced by freeze-thaw processes associated with increased moisture in the
surrounding of boulders. The width and distance of the sorted rim from the
hyaloclastite boulder corresponds with the width of the boulder (represented in
our case by the measured circumference) and less importantly with the height
of the boulder (Fig. 7). Continuous melting of accumulated snow also develops
specific niches for colonisation by mosses and lichens (Fig. 10).

6. Conclusions

In this paper, a three-step development model of a meso-scale periglacial and aeolian
landsystem, which is specific for the arid to semi-arid environment within the Antarctic
Peninsula region, has been presented. The hyaloclastite breccia boulder train located in the
central part of Ulu Peninsula presents a unique opportunity to study periglacial and aeolian
processes at a micro- to meso-scale. The hundreds of large and small boulders, forming a
5-km long belt, mainly act as obstacles to the prevailing wind, causing snow to accumulate
in dune-like drifts on their windward and lee sides. Normally, the snow is blown away
from the flat surfaces of James Ross Island, and limited snow thickness has generally been
observed on such surfaces. The snow accumulations are well-developed in the south to
southwestern sector of the boulders, aligned with the direction of the snow-bringing winds
that come during the winter. The presence of snow significantly affects the thermal and
hydric regime of the underlying permafrost and active layer. Thick layers of snow decrease
the ground temperature and increase the number of isothermal days, while the number
of freeze-thaw cycles is reduced. The adhesive surface of snow also acts as a trap for the
particles of wind-blown fine sand, producing fine-grained rims around the windward and
lee sides of the boulders. Water content of the ground is often a limiting factor for biota
development in the otherwise semi-arid climate of James Ross Island. Meltwater from
the accumulated snow presents a unique source of moisture, and enables moss and lichen
colonization in the vicinity of the boulders. The hyaloclastite breccia boulders can therefore
be considered a significant agent for the creation of localised favourable biotic conditions.
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