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INTRODUCTION

The soils of different sectors of Antarctica and Sub�
antarctica have been studied for decades by foreign
researchers [23–25, 27–33, 37, 39, 43–46]. Russian
studies of Antarctic soils began during the Interna�
tional Geophysical Year of 1957–1958. Field descrip�
tions and rock samples taken by K.K. Markov during
the Second Antarctic Expedition of the Soviet Union
served as the basis for a theoretical notion about the
essence of initial pedogenesis and weathering in Ant�
arctica developed by M.A. Glazovskaya [12]. During
the next 50 years, no special studies of Antarctic soils
were performed by Russian scientists. In the recent
decade, Russian soil studies in Antarctica have been
resumed [1–5, 11, 13, 17, 18, 34, 36]. At present,
more or less detailed information about soils of Ant�
arctic oases in the areas of active and mothballed Rus�
sian Antarctic stations is available. Marie Byrd Land
remains one of the least studied regions of Antarctica.

The aim of our work was to obtain information
about the character of pedogenesis in this one of the
remotest (even by Antarctic standards) regions of the
Earth (Fig. 1) and to map the soils of a key plot in the
area of the Russkaya Antarctic Station.

The studied region differs from other parts of con�
tinental Antarctica in its climatic parameters. Accord�
ing to the Catalogue of Russian Data on Antarctic Mete�
orology [22], the mean annual precipitation in the area
of Russkaya station is up to 2000 mm, which is by
four–ten times higher than in other parts of the conti�
nent (except for the Antarctic Peninsula). This area is
also specified by the extremely severe wind regime, the
coldest mean annual temperature, and the highest rel�
ative humidity of the air among coastal Russian Ant�
arctic stations. Thus, it can be supposed that the char�
acter of pedogenesis and weathering in Marie Byrd
Land should differ from that in other parts of Antarc�
tica.

STUDY OBJECTS

Physiography. The total area of Marie Byrd Land is
more than 200000 km2; it occupies the Antarctic sec�
tor between 158°00′ and 103°24′ W and includes five
coasts: the Saunders, Ruppert, Hobbs, Bakutis, and
Walgreen coasts (from west to east).The area free of ice
is small: the total areas of oases, mountain chains, and
separate nunataks is less than 1000 km2. Small oases
are mainly located in the western part of Marie Byrd
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Land; their number in the eastern part is smaller. The
northernmost ice�free area is Mount Siple (73°20′ S,
126°05′ W; 3110 m a.s.l.), and the southernmost ice�
free area is within the Rockefeller Plateau (78°05′ S,
155°00′ W; 400 m a.s.l.). The key site of our studies is
found in the area of the Russkaya station, the south�
ernmost coastal Russian Antarctic station located on
the Berks Cape of the Hobbs Coast (74°46′ S, 136°48′ W;
150–200 m a.s.l.). Two more studied sites are found on
the Lindsey Islands (73°36′ S, 103°01′ W) and in the
Hudson Mountains (74°20′ S, 99°25′ W). Formally,
these sites belong to Ellsworth Land, but the environ�
mental conditions there are close to those in the area
of the Russkaya station.

Climate and permafrost. The climatic characteris�
tics are given according to meteorological data
obtained at the Russkaya station during the period of
its operation (from March 1980 to March 1990) [21,
22]. The mean annual air temperature is –12.4°С, the
warmest month is January (–2.5°С), and the coldest
month is August (–19.8°С). The absolute minimum of
air temperatures is –46.4°С, and the absolute maxi�
mum is +7.4°С. Because of the coastal position of the
station and the low temperatures in this area, the mean
annual relative humidity of the air is high (78.7%); the
mean annual relative air humidity at the Novolazor�
evskaya and Progress�2 stations is 50.7 and 59.1%,
respectively. Annual precipitation—about 2000 mm—

is also the highest [22]. However, it should be taken
into account that precipitation occurs only in the form
of snow. Under conditions of strong winds, it is possi�
ble that rain gauges could be partly filled with snow
moving in the horizontal direction. It is also possible
that some portions of snow could be blown out from
rain gauges. The redistribution of snow by winds is an
important factor: some locations may remain without
snow, whereas thick snow patches may accumulate in
other locations. Blizzards are very frequent: about
150 days per year. The average duration of sunshine is
1190 h/yr. Eastern winds predominate. The wind
regime at the Russkaya station is exceptionally severe.
The mean annual wind velocity is 12.9 m/s. The max�
imum monthly wind velocity (18.1 m/s) is in March,
and the minimum monthly wind velocity (9.6 m/s) is
in January. The maximum wind velocity reaches 46–
61 m/s and increases up to 77 m/s during sudden gusts.
There was a period, when winds of up to 50–60 m/s
continuously blew for 16 days. During 264 days per
year, wind velocities exceed 15 m/s; during 136 days,
wind velocities exceed 30 m/s. Under these condi�
tions, the redistribution of snow is clearly pronounced.
Thick snow patches are formed. At the same time,
snow is blown out from the shore�fast ice. Some
amount of snow can be blown out beyond the oasis.

According to the results of temperature measure�
ments in 2008–2009, the maximum temperature of
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Fig. 1. Location of key sites: (1) Russkaya station (74°46′ S, 136°48′ W), (2) Lindsey Islands (73°36′ S, 103°01′ W), and (3) Hud�
son Mountains (74°20′ S, 99°25′ W).
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the soil surface on a horizontal plot was +6°С, and the
minimum temperature was –39°С [4]. On the north�
facing slopes, the maximum temperatures of the soil
surface may reach +20…+30°С. The same results
were obtained in other regions of continental Antarc�
tica [17, 19]. Dry permafrost predominates in the area
of the station; its mean annual temperature as mea�
sured at the depth of 1.5 m is –10.4°С [5]. In local
closed depressions and on slopes under snow patches,
the active layer may be underlain by the ice�cemented
permafrost with ataxic or coarse�schlieren structure.
In some cases, separations of congelation ice were
described.

Geological structure and relief. Marie Byrd Land is
composed of mafic or intermediate basalt–trachyte
igneous rocks and metamorphic gneiss rocks with
intrusions of granodiorite and granite rocks [35, 41,

48]. The relief of the territory is shaped by the endog�
enous processes and modified by the ice sheet dynam�
ics. Rift zones and volcanoes are known under the ice
sheet [44]. In the Holocene, the thickness of the ice
sheet in this area has decreased by about 700 m, which
has resulted in the appearance of some volcanic cones
earlier buried under the ice sheet [43]. A larger part of
the onshore ice�free area is represented by mountain
ridges and separate peaks. The soils developed on
them remain unstudied.

The key site to study soils of Marie Byrd Land at
the Russkaya station is about 4 km2 in area (Fig. 2).
This territory consists of low (<150–200 m a.s.l.)
rocky mounts composed of biotite–hornblende pla�
giogneiss. Relatively gentle slopes of the mounts are
often terraced by glacial processes. In some depres�
sions of the relief, thin layers of loose sediments are
accumulated. There are several shallow lakes in the
area of the station; they are covered by ice all the year
round; in some years, they may be partly free of ice in
the summer.

The most vivid manifestation of physical weather�
ing of the bedrock is the presence of platy eluvium of
gneiss rocks. The thickness of such plates is only about
1.0–1.5 cm, and their width is up to 15–20 cm.
Another specific feature of physical weathering is the
formation of small (up to 1 m) hoodoos (residual rock
carved by wind). Tafoni features typical of many oases
in continental Antarctica are not widespread in the
area of the Russkaya station. Residual hoodoos are
often table�shaped or mushroom�shaped. A relatively
thick (2–3 cm) brown ferruginous crust is formed on
their surface; this crust is more resistant to weathering
in comparison with the main rock body. Winds carry�
ing sand particles, small gravels, and ice crystals knock
out the least resistant (biotite, muscovite, etc.) miner�
als and mineral grains that are not cemented with iron
from the rock surface. Ferruginous crusts covering
large boulders are of 2 to 15 mm in thickness; in some
cases, they are strongly fissured.

In the local mesodepressions of the relief and on
gentle slopes below snow patches that supply snow�
melt in the summer, cryogenic processes forming pat�
terned ground features are clearly manifested. As a
rule, patterned ground features are represented by
sorted stony circles or sorted stony stripes on slopes.

Vegetation and soil meso� and microbiota. Accord�
ing to the Atlas of Antarctica [8], only one lichen spe�
cies—Umbrilicaria decussata (Vill.) Zahlbr.—is
present in the area of the Russkaya station. A recent
study by Andreev and Kurbatova [6] has shown that
the flora of mosses and lichens in this area is much
richer: 4 moss species and 26 lichen species have been
described. Thus, this is the area with the high diversity
of bryo� and lichenoflora. Several moss and lichen
species found in this area have not been described in
other oases of continental Antarctica. In particular,
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Fig. 2. Soil map of a key plot in the area of the Russkaya
station, 1 : 3000 (contour interval of 2 m): (1) perennial
snow patches; (2) steep slopes, stone fields, regoliths, and
stony barrens devoid of soil and vegetation covers; (3) dry
stony soils under crustose and fruticose lichens; (4) wet
stony soils under mosses and lichens; (5) ornithogenic and
post�ornithogenic stony soils under guano of penguins; (6)
anthropogenically disturbed soils; and (7) location of soil pits.
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lichen Ephebe multispora (А.E. Dahl) Henssen has
been identified for the first time in Antarctica; earlier,
it was described in Greenland [6]. Ceratodon purpureus
(Hedw.) Brid. and Schisticidium antarctici (Cardot)
L.I. Savisz & Smirnova are the two major moss spe�
cies. The plant cover is mainly represented by these
two moss species and by fruticose Usnea antarctica Du
Rietz and foliose Umbrilicaria decussata (Vill.) Zahlbr.
lichen species. The projective cover of vegetation
reaches 60–80% in some places and averages about
25–40%. These values are uniquely high for continen�
tal Antarctica [4]. Thalli of lichens are often interlaced
with one another and create a specific biotic mat on
the soil surface. This mat protects the surface from the
wind action and favors snow retention; in general, it
stabilizes the surface. Mosses are mainly developed
within stony circles in wind�protected loci between
large stones, where moisture is retained. Moss cush�
ions are often black in the center, where dead moss
residues are present. Living mosses of the brownish
green or bright green color are found in the peripheral
zone of moss cushions. Often, such moss cushions also
include relatively large rock fragments. The plant
cover of leeward slopes and small depressions without
snow patches is more diverse. Specific nitrophilous
species—Prasiola crispa (Lightfoot) Kutzing algae
and Lecania racovitzae (Vain.) Darb. lichens—are
developed in small and rare places of former penguin
rookeries.

Soil mesofauna is represented by tarbigrades and
several species of nematodes, infusoria, and flagel�
lates. An endemic Antarctic rotifer Phylodina gregaria
has been described in the area of the station. Geomyces
pannorum and Penicillium frequentans are present
among micromycetes.

METHODS

Field methods and soil classification decisions. In
this paper, data on 15 soil pits described on the key plot
in the area of the Russkaya station are summarized.
Three more soil pits were described on the Lindsey
Island. Two pits were described in the area of the Hud�
son Mountains. Unfortunately, there are no data on
soils within the inner mountain chains and separate
nunataks that differ in their environmental conditions
from the coastal oases because of the predominance of
mafic rocks, higher elevation, smaller precipitation, etc.

Field descriptions followed the ANTPAS guide [27].
The major rock�forming minerals were identified in
the field; the presence of carbonates was tested with
10% HCl. The redox conditions were estimated with
10% K3[Fe(CN)6] solution. The composition and
density of vegetation cover were described. The thick�
ness of the active layer was measured, and the cryo�
genic structure of the upper permafrost (in the case of
loose rocks) was determined: the character of cryo�
genic microtopography was described [24, 26, 28, 35].

Soil temperatures at the surface and in the frozen
horizon were measured with a Hobo U12 temperature
logger with accuracy of ±0.21°C.

The soils were classified in a number of systems.
The major system was a separate part of Soil Taxonomy
specially developed for Antarctic soils [27]. In parallel,
we tried to find appropriate analogues in the WRB sys�
tem [49] and in the modern Russian soil classification
system [15]. A topographic map on a scale of 1 : 3000
was used for soil mapping of the key plot in the area of
the Russkaya station.

Laboratory methods. Routine laboratory methods
were applied to characterize the major chemical and
physicochemical properties of the fine earth in the
sampled soils [7, 9, 40, 47]. The content of the coarse
(>1 mm) fraction was determined with the use of a
standard set of screens. Soil analyses were performed
in the Chemical Analytical Laboratory of the Institute
of Physicochemical and Biological Problems of Soil
Science in Pushchino; soil samples from the Lindsey
Island and from the Hudson Mountains were analyzed
in the Laboratory of the Department of Soil Science
and Soil Ecology of St. Petersburg State University.
The bulk elemental composition of the soils was ana�
lyzed on an X�ray SpectroScan Max�GV vacuum
X�ray spectrometer in Pushchino. The total concen�
tration of petroleum hydrocarbons was measured with
an infrared AN�2 spectrometer in the Laboratory of
Biology of Plasmids of the Institute of Biochemistry
and Physiology of Microorganisms in Pushchino. The
analysis of persistent organic pollutants in the soils was
performed in the Analytical Center of the Institute of
Experimental Meteorology (NPO Taifun) in Obninsk.

RESULTS

As the classification of Antarctic soils has a provi�
sional character and is not officially recognized, the
major components of the soil cover (soil units) are
described below with special emphasis on their mor�
phology. Their classification position is separately dis�
cussed.

Dry stony soils under lichens represent the most
widespread component of the soil cover of the key
plot. These soils are found on leveled divides and on
moderately steep slopes. Snow is blown out from these
positions, and they are not moistened with snowmelt
from snow patches. Usnea antarctica predominates in
the plant cover; the thalli of this lichen are of 3–5 cm
in size, and their projective cover reaches 40–60%.
Rare moss cushions are small (1–3 cm in thickness
and 2–4 cm in diameter) and suppressed. Lichens
grow between large rock fragments and bind soil sepa�
rates together by their thalli. Cryoturbation processes
are weakly pronounced; their features in the form of
stony circles and stripes are only seen in the profiles
developing within relatively thick (>30–40 cm) layers
of loose sediments. Flat�topped or slightly concave
polygons are up to 70–100 cm in diameter. The size of
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particles of the eluvium (bedrock residuum) increases
from the central parts (0.5–3(7) cm) to the periphery
(10–15(30) cm) of the polygons. Coarse rock frag�
ments on the surface are often covered by dark red�
brown ferruginous films. In places of fissuring of these
films, greenish, yellow, and bluish salt efflorescences
are often seen. In the better moistened middle and
lower parts of the profiles, iron films have a more
intense color. Fine earth material concentrates under
the surface rock fragments. Films of secondary miner�
als on the surface of rock fragments of different sizes
are seen at different levels of the study of soil morphol�
ogy. The soils do not effervesce with HCl, and the
reaction with potassium ferrocyanide is absent. The
soil reaction is close to neutral. The stoniness of the
upper horizon reaches 95–98%; in the lower parts of
the profiles, it decreases to 50–70%. The fine earth
content increases from about 1% in the surface layer to
12–20% at the contact with massive bedrock. This dis�
tribution of the fine earth material is controlled by the

severe wind regime and is generally typical of all the
Antarctic oases. The organic soil components are
mainly represented by the weakly decomposed thalli of
fruticose lichens. The underlying frozen rock virtually
does not contain visible ice (except for separate crys�
tals of congelation ice) because of the general water
deficit. The soil water content at all the depths does
not exceed 2–3%. The major analytical data on the
studied soil profiles are given in Tables 1–3.

Similar soils were also described in the Hudson
Mountains, where they develop from the volcanic
pyroclastic deposits. The eluvium of these deposits is
characterized by the almost black color and by the
cubic form of separates. The soils are developed under
Usnea antarctica that binds together the loose material
in the surface horizons by its thalli. The thickness of
the soil profiles is up to 5–10 cm, and the fine earth
content increases up to 20% in the lower horizons. The
soil pH values are shifted toward slightly alkaline reac�

Table 1. Chemical properties of major soil groups of Marie Byrd Land

Major soil 
groups Pit Horizon Depth, 

cm Corg, %
Adsorbed cations, meq/100 g Hydrocar�

bons, mg/kgCa2+ Mg2+ Na+ K+

Dry soils un�
der lichens

LA55�Rs�01 OC 0–2 Not det.

C1 2–7 0.91 5.38 Not det.

C2 7–31 0.56 5.33 0.90 1.20 0.50 0.24 63.33 ± 2.81

⊥R 31↓ 0.37 5.41 Not det.

Hudson�1 OC 0–5 0.42 7.40 0.51
0.54

3.65
2.87

Not det.

Hudson�2 OC 0–5 0.67 7.30 ''

LA55�Rs�03 OC 0–3 8.34 5.91 Not det.

C 3–15 1.96 5.95 ''

Regoliths, 
stone fields, 
barrens

LA55�Rs�05 C1 0–1 Not 
det.

6.01 ''

C2 1–5 1.11 5.35 ''

C3 5–17 1.10 5.40 0.30 0.30 0.07 0.01 65.20 ± 3.12

Rus 4 C1 0–5 0.60 5.53 Not det.

C2 5–15 0.51 5.40 ''

C3 15–30 0.90 ''

Wet soils un�
der mosses 
and lichens

LA55�Rs�06 AO 0–4(7) 8.64 5.01 3.70 2.00 1.27 0.39 Not det.

C 4–16 1.03 5.34 0.90 0.90 0.19 0.09 ''

Ornithogen�
ic and post�
ornithogen�
ic soils

Rus 10 O 0–5 10.57 6.50 Not det.

OC 5–15 0.70 5.90

Lindsey 1 O 0–5 18.23 7.20 0.35
0.21

0.25
0.15

''

C 5–15 1.29 6.70 ''

Anthropo�
genically dis�
turbed

LA55�Rs�04 Average 
sample

0–5 1.77 4.98 Not det. 2205.95 ± 22.70

pHH2O
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tion. It can be supposed that the soils with close mor�
phological and physicochemical characteristics pre�
dominate within ice�free areas of Marie Byrd Land, as
they are mainly composed of mafic volcanic rocks.

A typical profile of dry soils under lichens was
described in pit LA55�Rs�01 on the southwestern
flank of a glacial valley extending from the southwest
to the northeast. The pit was excavated on a slope of
5°–10°; a small glacier developed from the windblown
snow was present in the bottom of the valley. Patterned
ground features—sorted stone circles of up to 1 m in
diameter on gentle slopes and sorted stripes composed
of relatively small (up to 5–7 cm) and larger (10–15 cm)
rock fragments on steeper slopes—were clearly seen.
The studied slope was well drained. Water was only
retained in the microlows. Some amounts of snow
were seen between coarse rock fragments along the
periphery of stone circles. Usnea antarctica predomi�
nated in the plant cover; crustose lichens were also
present on rock fragments.

OC, 0–2 cm. Coarse dry eluvium of bedrock; rock
fragments of different sizes (from 2–4 to 10–15 cm);
iron films are virtually absent on the upper rock faces
and are locally present on the lower rock faces. The
fine earth content is negligibly small. The soil surface
is covered by the Usnea antarctica lichens; their thalli
bind the rock particles together. The lichens are in the
friable dry state. Clear smooth boundary. The transi�
tion is seen from changes in the color, moisture con�
tent, and abundance of iron films.

C1, 2–7 cm. Yellowish brown eluvium of smaller
sizes (1–3 cm); loose; slightly dry; with thin silt cap�
pings; iron films are better pronounced; fine earth
material is accumulated in some amounts between
rock fragments; rare fragments of lichens. Clear
uneven boundary. The transition is seen from changes
in the color, moisture content, and abundance of iron
films.

C2, 7–31 cm. Grayish brown gravelly horizon with
inclusions of coarse rock fragments; fine earth mate�

Table 2. Physical properties of the major soil groups of Marie Byrd Land, %

Major soil 
groups Pit Horizon Depth, 

cm

Sum of frac�
tions >1 mm 

(>3 mm)

Fine earth 
(<1 mm)

0.01 
mm/<0.01 

mm

 Field 
moisture

Hygroscopic 
moisture

Dry soils under 
lichens

LA55�Rs�01 OC 0–2 99.14 (98.37) 0.86 Not det. 0.61 Not det.

C1 2–7 87.38 (63.44) 12.62 95.64/4.36 0.71 0.77

C2 7–31 84.58 (55.70) 15.42 93.00/7.00 0.86 0.93

⊥R 31↓ 82.46 (54.68) 17.54 95.76/4.24 2.06 0.61

Hudson 1 OC 0–5 98.90 (95.32) 1.10 Not det. 0.67

Hudson 2 OC 0–5 80.00 (77.24) 20.00 88.62/11.38 Not det. 0.99

LA55�Rs�03 OC 0–3 96.94 (87.11) 3.06 Not det. '' 0.47

C 3–15 96.94 (80.93) 3.06 '' '' 0.27

Regoliths, 
stone fields, 
barrens

LA55�Rs�05 C1 0–1 98.48 (96.58) 1.52 '' 0.07 2.48

C2 1–5 91.93 (50.49) 8.07 95.72/4.28 0.56 0.26

C3 5–17 95.18 (73.21) 4.82 95.96/4.04 1.70 0.28

Rus 4 C1 0–5 Not det. 0.55

C2 5–15 '' 0.40

C3 15–30 '' 0.60

Wet soils un�
der mosses 
and lichens

LA55�Rs�06 AO 0–4(7) 63.28 (30.86) 36.72 92.40/7.60 34.61 3.25

C 4–16 83.95 (54.87) 16.05 91.00/9.00 3.26 0.73

Ornithogenic 
and post�orni�
thogenic soils

Lindsey 1 C 5–15 98.00 (95.67) 2.00 Not det. 0.71

Anthropogen�
ically dis�
turbed soils

LA55�Rs�04 Average 
sample

0–5 95.60 (79.93) 4.40 93.36/6.64 Not det. 0.71
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rial is accumulated in between the large rock frag�
ments, on their upper surface, and in cavities; iron
films cover the particles; rare inclusions of lichen frag�
ments; uneven boundary.

⊥R, 31, >31 cm. Ferruginated slightly disintegrated
frozen gneiss rock; rare small crystals of congelation
ice on the stone surface. Fine earth material with
inclusions of single residues of lichens accumulates on
the upper rock faces and in fissures.

According to Soil Taxonomy, such soils can be clas�
sified as Lithic Anhyorthels and Lithic Anhyturbels
[27]. However, in this case we should ignore one of the
major requirements for Anhy� (waterless) great
groups: the precipitation of less than 50 mm/yr.
According to the WRB system, these soils can be clas�
sified as Leptic Cryosols and Leptic Turbic Cryosols
(in the case of cryoturbation features) [49]. In the new
Russian soil classification system [15], they are close
to Petrozems and Lithozems, but the absence of nor�
mal humus and litter horizons in the studied soils
complicates the decision.

Wet stony soils under mosses and lichens occur in the
ice�free and snow�free local depressions of the
mesorelief or on leeward north�facing slopes near the
upper�lying snow patches that supply the soils with
water. Such positions, as well as positions in rock
baths, seem to be favorable for soil development not
only in Marie Byrd Land but also in other oases of
continental Antarctica (except for the Antarctic Pen�
insula). The active development of vegetation is
observed in these well�moistened niches. The thalli of
Usnea antarctica reach 7–10 cm in length, and moss
cushions may exceed 10–15 cm in diameter and 7–
12 cm in thickness. The network of flat or slightly con�
cave polygons of up to 100–150 cm in diameter is
clearly pronounced on the surface. Cryogenic sorting
of the material results in the accumulation of fine par�
ticles in the central parts of the polygons. The thick�
ness of the loose layer in the center of the polygons
may reach 50 cm. The largest moss cushions are devel�
oped in the overwetted microloci in the cavities
between large rock fragments along the periphery of
the polygons. Moss cushions may completely cover
large stones; small (up to 3 cm) gravelly material is
often interlaced by rhizoids of mosses and is integrated
into the moss cushions. The projective cover of the
surface with the mat of mosses and lichens may reach
80% [4]. The soil water content is from 3–5% in the
mineral horizons to 25–35% in the upper organomin�
eral horizons. The extremely high stoniness of all the
studied soils results in very small differences in the
water content values determined by standard methods.
The differences in the degree of soil moistening
observed in the field are not always confirmed by the
analytical data.

The availability of soil water is confirmed by the
cryogenic structure of the frozen subsoil. Coarse
schlieren and ataxic cryostructures are developed in it.
The fine earth content changes from 10–20% in the

mineral horizons to 30–40% in the upper organomin�
eral horizons. The soil reaction changes from slightly
acid values in the surface horizons (in the lower parts
of moss cushions) to neutral values in the underlying
mineral soil. An increased content of phosphorus in
these soils should be noted. Despite the excessive
moistening of the lower horizons, there are no features
attesting to the anaerobic conditions; the reaction
with potassium ferrocyanide is absent. Salt efflores�
cences are rarely present on the soil surface; no effer�
vescence with HCl is observed.

Wet soils under mosses and lichens were described
in pit LA55�Rs�06 on a southwestern slope (3°–5°) of
a glacial valley. Small snow patches were present both
on the upslope and downslope positions. Their melt�
ing of moderate intensity ensured the good water sup�
ply of the soils. Stone polygons and sorted stony circles
of 100–150 cm in diameter were clearly seen on the
surface. The major water discharge down the slope
proceeded along the margins of the stony circles. The
vegetation cover consisted of lichens and of moss
cushions of up to 10–15 cm in diameter along the
periphery of the polygons. Small pink�white thalli of
lichens developed over the dead black�colored moss
tissues.

AO, 0–4 (7) cm. Moss cushion of dark brown
color; moist; relatively dense; contains small (<3 cm)
gravels; pink�white thalli (0.1–0.5 cm) of parasitic
lichens are seen on the surface of the dead mosses. The
accumulation of silty and sandy particles between
moss tissues is clearly seen in the cushion. The mineral
grains are not rounded, and the films on them are
weakly expressed. Living mosses of the green color are
found along the periphery of moss cushions; their cen�
tral parts are almost black and consist of dead mosses.
Abrupt pocket�shaped boundary follows the surface of
coarse rock fragments under the moss cushions.

C, 4–16 cm. Grayish brown eluvium of bedrock
consisting of small (0.3–1.0 cm) gravels with inclu�
sions of coarse (up to 15 cm in diameter) rock frag�
ments; slightly dry; loose; with accumulation of fine
earth on the surface of coarse rock fragments. The
films of secondary minerals on the surface of rock
fragments are poorly pronounced. Rhizoids of mosses
penetrate from the upper horizon along the fissures.
The lower boundary is indistinct.

⊥R, >16 cm. Slightly disintegrated frozen plagiog�
neiss rock. Large gray fragments contains separate
large crystals of congelation ice on their faces and in
cavities. The texture�forming ice has not been diag�
nosed. In some cavities, the accumulation of silty
material is observed.

These soils can be classified as Lithic Haplorthels
and Lithic Haploturbels [27]. The absence of redoxi�
morphic features does not allow us to attribute them to
Aquiturbels. The accumulation of organic material on
the mineral soil surface is insufficient to classify these
soils as Histels. In the WRB system, these soils should
be classified in the same way as the dry soils under
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lichens (Leptic Cryosols and Leptic Turbic Cryosols)
despite the considerable differences between these two
soil groups. In the Russian system, they can be classi�
fied as raw�humus Lithozems and Petrozems [15].

Ornithogenic and post�ornithogenic stony soils.
These soils are unique in their physicochemical and
morphological characteristics and are rarely found on
the key plot and in the entire Marie Byrd Land. Local
colonies of Pygoscelis adeliae penguins are among the
southernmost penguin colonies (except for colonies
on Cape Royds in the Ross Sea at 77°32′ S). The pop�
ulation of the colonies is small, and the birds produce
relatively small amounts of the organic matter. How�
ever, these amounts are of crucial importance because
of the absence of other significant sources of organic
matter and available nutrients. The soil profiles rarely
exceed 15–30 cm in thickness and are underlain by the
ice�rich bedrock eluvium with the coarse schlieren or
ataxic cryostructure; the stony residuum is mixed with
penguins' guano. Small areas of such soils are present
on the key plot. They are more common on the Lind�
sey Islands in the Amundsen Sea.

Fresh guano has a light brown color. After drying, it
becomes darker and forms a viscous substance that
covers and binds mineral grains in the upper horizon
and protects the lower horizons from overdrying and
from wind erosion. The mixture of mineral and
organic materials (in ratio of 80–60 to 20–40%,
according to Abakumov [4]) often contains the
remains of the birds, feathers, and skeletal bones, egg�
shells, etc. In these soils, the fine earth content usually
decreases down the soil profile in contrast to other
studied soil profiles. The material of the guano firmly
binds silt particles and fine mineral grains and protects
the surface from corrasion by wind and snow. After the
colony is abandoned, cryogenic sorting gradually dis�
places coarse rock fragments to the surface, and the
guano material becomes buried under them. The loci
with ornithogenic soils can be found in different
places; as a rule, penguin colonies occupy elevated
elements of the mesotopography and sea�facing
slopes. The organic matter accumulated in the colo�
nies also affects the soils of downslope positions and
the soils in small depressions of the mesorelief. In the
course of the downslope migration of guano products
dissolved in snowmelt, their chemical activity and tox�
icity gradually decrease. Dissolved organic substances
are accumulated in the depressions. They favor the
development of unique communities of nitrophilous
algae and lichens. Prasiola crispa and Lecania raco�
vitzae predominate in these communities. The distri�
bution of fine earth in the soils under them is close to
the normal pattern: from 2–3% in the surface horizons
to 10% in the lower horizons. Congelation ice crystals
were described at the depths of more than 10 cm.

The soils of penguin rookeries in Marie Byrd Land
were described in pit Rus 10. This soil profile consisted
of the bedrock eluvium mixed with guano and con�
taining inclusions of feathers and bones of penguins.

O, 0–5 cm. Light brown guano of penguins; wet;
abundant feathers and small bones; guano is accumu�
lated between large rock fragments and binds together
smaller mineral particles. The soil surface is covered by
green�colored colonies of Prasiola crispa algae that
also bind mineral particles. The algal organic material
is represented by friable bright green films that can be
easily separated from one another. No other species of
lower plants were identified on the surface. The lower
boundary of the horizon is distinct and uneven.

OC, 5–15 cm. Gray�brown guano material mixed
with gravelly eluvium; slightly dry; compact; the sur�
face of rock fragments is covered by guano films that
act as a glue. The fine earth fraction is virtually absent.
There are no features of salt efflorescence and of sec�
ondary mineral formation. The reaction with potas�
sium ferrocyanide is absent. The soil material does not
effervesce with HCl. Diffuse boundary.

C, 15–25 cm. Gray�colored coarse eluvium of
andesite�basalt; slightly dry; fragments of guano mate�
rial in the fissures between rock fragments; the fine
earth content is very small. The lower boundary of the
horizon is distinguished by the appearance of ice crys�
tals.

⊥R, > 25 cm. Ice�rich frozen bedrock eluvium with
abundant congelation ice and with ataxic cryostruc�
ture in some parts.

These soils can be classified as Lithic Fibristels and
Lithic Haplorthels [27], or as Lithic Leptosols Orni�
thic [49]. There are no analogues of such soils in the
new Russian soil classification system [15]. According
to the field guide on soil correlation [20], they can be
placed in the trunk of organogenic soils. In our earlier
publications about the soils of Antarctica, such soils
were named as ornithogenic (or post�ornithogenic)
Petrozems and Lithozems [1–4, 11].

Massive bedrock and stony surfaces. A larger part of
the surveyed key plot represents a virtually abiotic elu�
vium of bedrock (regolith) with locally developed fru�
ticose and crustose lichens. These are rocky mounts,
steep slopes, eolian monadnocks, taluses, rock fields,
stony pavements, etc. The mineral surface under such
barrens has a specific organization described in pit
LA55�Rs�05 near a lake in the upper part of an east�
oriented glacial valley. In the lower part of the valley, a
relatively large glacier is formed from the windblown
snow; this glacier extends down to the sea coast. The
hilly topography is shaped by the glaciers. In some
places, sorted stony circles are seen on the surface. A
residual rock (a small butte or a hoodoo) composed of
coarse�grained gneiss elevated about the main surface
at about 1 m was studied. This hoodoo was surrounded
by small snow patches on both sides. The surface
around it had a stony pavement composed of relatively
small platy rock fragments. Coarser rock fragments
were found in the microlows. The area around the
hoodoo was well drained; no stagnation of snowmelt
was observed.
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Some of the coarse rock fragments were covered by
Usnea antarctica. This lichen tended to settle in the
microloci protected from the wind action. Crustose
lichens of greenish yellow to orange colors were also
described on some of the stones. Their thalli were of up
to 0.5–1.0 cm in size.

C1, 0–1 cm. Stony pavement composed of small
(1–5 cm) platy fragments of the light�colored gneiss
bedrock with traces of abrasion along sharp edges and
with upper surfaces slightly polished by wind. In some
places, rock fragments are bound together by the thalli
of fruticose lichens. The fragmented material is dry
and well packed. Spaces between larger fragments are
filled with the fine earth fraction. The lower sides of
coarse rock fragments are covered by iron films. Clear
smooth boundary.

C2, 1–5 cm. A relatively fine�grained (1–3 mm)
eluvium if yellowish gray color with iron films on the
surface of mineral particles; loose; dry; with some
amount of silt particles. Single residues of lichens.
Clear uneven boundary.

C3, 5–17 cm. Brown�colored wet fine�grained elu�
vium with inclusions of coarse rock fragments covered
by relatively thick iron films; few lichen residues. In
some places, the fine material displays a tendency for
aggregation into weak crumb aggregates. It is probable
that iron compounds serve as the main gluing sub�
stances. Gradual transition to the underlying horizon.

R, >17 cm. Coarse moist ferruginated rock frag�
ments; ice crystals are absent.

The diagnostic features of such initial soil forma�
tions generally correspond to the definitions of Lithic
Anhyorthels [27], Nudilithic Hyperskeletic Leptosols
[16, 49], and fragmental Petrozems [15]. On the map,
the areas with such soils are separately distinguished,
though it is probable that they partly overlap the areas
of dry soils under fruticose and crustose lichens.

DISCUSSION

In the course of field studies, landscape niches of
the major soil units on the key plot were clearly identi�
fied.

Deep valleys between the hills and windward slopes
of the hills are often occupied by perennial snow
patches and small windblown glaciers that serve as the
sources of water to the snow�free subordinate ele�
ments of the mesotopography. Rocky summits, steep
slopes, hoodoos cut by wind, stony taluses, rock fields,
and other highly stony surfaces are virtually devoid of
soils and vegetation (except for very sparse and sup�
pressed crustose and fruticose lichens).

A relatively continuous cover of lichens and soils
with morphologically distinct profiles is developed on
flat�topped divides and on upper parts of gentle slopes.
These sites are weakly affected by cryoturbation pro�
cesses because of the deficit of moisture in a thin layer
of loose deposits; the soils are underlain by dry perma�

frost without structure�forming ice separations. The
soils of such loci are distinguished as dry stony soils
under crustose and fruticose lichens.

On the lower parts of slopes and in small snow�free
depressions, wet stony soils are formed under the cover
of lichens and mosses. These soils are well supplied
with water, and their thickness is greater. The vegeta�
tion cover is characterized by a greater species diversity
and by the high participation of moss cushions. Cryo�
turbation processes are more active and result in the
development of sorted stony circles and sorted poly�
gons. The soil profile is underlain by the permafrost
with ataxic and coarse�schlieren cryostructures in the
upper layers.

These general regularities of soil distribution are
also typical of other coastal oases in continental Ant�
arctica [18].

The areas of ornithogenic soils do not have definite
landscape positions. As a rule, penguin rookeries are
found not far from the coastline on insolated slopes
facing the sea. The spatial distribution of these soils is
also controlled by the downward migration of dis�
solved guano compounds with water fluxes toward the
subordinate elements of the local topography. In the
course of the migration, the aggressive chemical
nature of guano in high concentrations decreases. The
presence of biophilous elements in the snowmelt
favors the development of nitrophilous associations of
algae and lichens. The soils of penguin rookeries (par�
ticularly, in local depressions) are also characterized
by considerable saturation with water and are under�
lain by the ice�containing permafrost.

Anthropogenic impact on soils of the key plot. Soils in
the area of the Russkaya station are subjected to two
major negative anthropogenic impacts typical of most
of such areas in Antarctica and in the Arctic: spills of
oil products and mechanical disturbance of the soil
surface by heavy caterpillar vehicles.

The anthropogenically disturbed soils in the area of
the Russkaya station differ from their natural ana�
logues in morphology and in some physicochemical
properties. It should be noted that the soils of Antarc�
tic oases (including those in Marie Byrd Land) are
characterized by the high content of coarse stony
material. The fine earth content varies from 1–3 to
15%, and the content of gravelly and coarser fractions
varies from 50 to 95%. In terms of the ecological prop�
erties of such soils, their high stoniness favors rapid
migration of contaminants down the soil profile and in
the lateral direction with water flows above the perma�
frost table or above the hard bedrock surface [36]. The
fine earth material can retain some amounts of petro�
leum hydrocarbons and other pollutants on the surface
of the mineral particles. Despite the virtual absence of
aggregation processes, the hygroscopic water content
of the upper soil horizons is up to 3% (according to the
results of studies in other oases, up to 7–10%). This
attests to the possibility for the adsorption and accu�
mulation of the pollutants. The concentrations of
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arsenic, mercury, and lead in the anthropogenically
disturbed soils are considerably higher than those in
the background natural soils; the same is true with
respect to the plants of the anthropogenically dis�
turbed and natural sites. It should be noted that pla�
giogneiss rocks composing the studied key plot are ini�
tially rich in copper, arsenic, mercury, cadmium, and
some other elements. Their concentrations in these
rocks are higher than clarke values [10]. The concen�
trations of petroleum hydrocarbons in the soils under
ruts of vehicles and under oil tanks exceed
2000 mg/kg, which corresponds to the moderate
degree of the soil contamination with hydrocarbons.
The background concentration of hydrocarbons in the
natural soils around the russkaya station is about
60 mg/kg (Table 1). Moss cushions sampled on the key
plot contained hexachlorobenzene (up to 1.5 µg/kg),
4.4'�dichlorodiphenyldichloroethylene (DDE, a
product of DDT breakdown) (0.13 µg/kg), and dield�
rin (about 2 µg/kg), which points to the accumulation
of persistent organic pollutants in Antarctic soils
under the impact of transboundary pollution [14].

CONCLUSIONS

Dry stony soils under crustose and fruticose lichens
on flat�topped divided and on gentle slopes were
described in Marie Byrd Land, one of the remotest
and difficultly accessible regions of Antarctica. The
low content of the fine earth fraction in these soils was
explained by its loss from the soils under the impact of
extremely strong winds. The organic matter of these
soils is represented by the virtually untransformed
coarse lichen residues; the latter are mixed with the
mineral eluvium of the bedrock.

Stony barrens, taluses, rock fields, steep slopes,
snow patches, small glaciers developed from wind�
blown snow patches, and other surface formations
were also described. These formations occupy consid�
erable areas and remain virtually devoid of soils even in
the Antarctic meaning of this term.

The highest diversity of vegetation and soil meso�
fauna was described in the wet soils on leeward slopes
and in the bottoms of local valleys under associations
of lichens and mosses. These soils are subjected to pro�
nounced cryoturbation and cryogenic sorting of the
coarse material.

The soils enriched in nutrients and developing
under nitrophilous vegetation communities were
described in places of small rookeries of penguins and
in the downslope loci affected by dissolved products
from these rookeries. These soils were described as
ornithogenic post�ornithogenic stony soils. In Marie
Byrd Land, they occupy minor areas.

In the soils subjected to anthropogenic distur�
bances, the concentrations of petroleum hydrocar�
bons and some heavy metals exceeded the background
values in the undisturbed soils. However, even the lat�
ter soils of the key plot contained polychlorinated

hydrocarbons and their metabolites attesting to the
effect of transboundary pollution in Antarctica.

ACKNOWLEDGMENTS

This study was supported by the Russian Founda�
tion for Basic Research (project nos. 10�05�00079�a
and 12�04�00680�a), by the grant of the President of
the Russian Federation (MK�5451.2011.5), by the
U.M.N.I.K grant (GK no. 10016p/14298), and by the
Federal Target Program of studies in priority direc�
tions of the development of science and technology in
Russia in 2007–2013 (GK no. 11.519.11.2003).

The authors are grateful to managers of the Russian
Antarctic Expedition and, personally, to V.V. Lukin and
V.L. Mart’yanov for their logistic support of field studies.
We are thankful to S.V. Goryachkin, D.E. Konyushkov.
N.S. Mergeloc, S.V. Gubin, G.K. Vasil’eva, A.A. Abra�
mov, and E.V. Spirina for their valuable advice and
support and to A.A. Vetrov, A.A. Ovchinnikov,
D.V. Demin, P.I. Kalinin, and D.V. Stupin for their
help in the analyses of field materials.

We remember with gratitude David Abramovich
Gilichinskii, the initiator of large�scale soil and per�
mafrost studies performed by Russian scientists in
Antarctica.

REFERENCES

1. E. V. Abakumov, “Particle�size distribution in soils of
West Antarctica,” Eur. Soil Sci. 43 (3), 297–304
(2010).

2. E. V. Abakumov, “The sources and composition of
humus in some soils of West Antarctica,” Eur. Soil Sci.
43 (5), 499–508 (2010).

3. E. V. Abakumov, D. Yu. Vlasov, G. A. Gorbunov, et al.,
Monitoring of the Communities of Microorganisms Set�
tling in Residential and Working Areas of Polar Stations,
Transport Vehicles, and Natural Biogeocenoses with the
Aim to Assess Anthropogenic Impact on Antarctic Ecosys�
tems (Report of the Monitoring Group of the 53rd Rus�
sian Antarctic Expedition (November 2007–June
2008) (AANII, St. Petersburg, 2009) [in Russian].

4. E. V. Abakumov, V. N. Pomelov, D. Yu. Vlasov, and
V. A. Krylenkov, “Morphological organization of soils
of West Antarctica,” Vestn. St.�Peterb. Univ., Ser. 3.,
No. 3, 102–115 (2008).

5. A. A. Abramov, V. A. Mironov, A. V. Lupachev,
D. G. Fedorov�Davydov, S. V. Goryachkin, N. S. Mergelov,
A. I. Ivashchenko, V. V. Lukin, and D. A. Gilichinskii,
“Geocryological conditions of Antarctic oases,” in
Polar Cryosphere and Terrestrial Waters. Russian Contri�
bution to the International Polar Year 2007/2008
(Paulsen Editions, Moscow–Saint Petersburg, 2011),
pp. 233–244 [in Russian].

6. M. P. Andreev and L. E. Kurbatova, “New data on
mosses and lichens of the Pacific Sector of Antarctica,”
Nov. Sist. Nizshikh Rast. 42, 142–152 (2009).



EURASIAN SOIL SCIENCE  Vol. 46  No. 10  2013

SOILS OF MARIE BYRD LAND, WEST ANTARCTICA 1005

7. E. V. Arinushkina, Manual on the Chemical Analysis of
Soils (Izd. Mosk. Gos. Univ., Moscow, 1970) [in Rus�
sian].

8. Atlas of Antarctica (Gidrometeoizdat, Moscow–Lenin�
grad, 1969), Vol. 2 [in Russian].

9. A. F. Vadyunina and Z. A. Korchagina, Methods for
Studying Soil Physical Properties (Agropromizdat, Mos�
cow, 1986) [in Russian].

10. A. P. Vinogradov, “Average element concentrations in
the major types of igneous rocks of the Earth crust,”
Geokhimiya, No. 7 (1962).

11. D. Yu. Vlasov, E. V. Abakumov, M. A. Nadporozhskaya,
N. V. Kovsh, V. A. Krylenkov, V. V. Lukin, and
E. V. Safronova, “Lithosols of King George Island,
Western Antarctica,” Eur. Soil Sci. 38 (7), 681–687
(2005).

12. M. A. Glazovskaya, “Weathering and initial pedogene�
sis in Antarctica,” Nauchn. Dokl. Vyssh. Shkoly, Ser.
Geol. Geogr., No. 1, 63–76 (1958).

13. S. V. Goryachkin, D. A. Gilichinskii, E. V. Abakumov,
E. P. Zazovskaya, N. S. Mergelov, and D. G. Fedorov�
Davydov, “Soils of Antarctica: diversity, geography, and
genesis (according to studies in the areas of Russian
Antarctic stations),” in Diversity of Permafrost and Sea�
sonally Freezing Soils and Their Role in Ecosystems
(Mater. of the V Int. Conf. on Cryopedology), (Mos�
cow–Ulan�Ude, 2009), p. 32.

14. D. V. Demin, N. F. Deeva, A. V. Lupachev, A. A. Il’ina,
S. M. Sevost’yanov, and D. Yu. Aladin, “Monitoring of
Pollution of Antarctic Ecosystems with POPs,” in Nat�
ural and Humanitarian Sciences to Sustainable Develop�
ment (PKTs Al’teks, Moscow, 2012), pp. 304–307 [in
Russian].

15. Classification and Diagnostic System of Russian Soils
(Oikumena, Smolensk, 2004) [in Russian].

16. P. V. Krasil’nikov, Soil Nomenclature and Soil Correla�
tion (Petrozavodsk, 1999) [in Russian].

17. A. V. Lupachev, “Soil development in Antarctic oases: a
model of soil formation on cryogenic�type planet,” in
Astrobiology: From the Origin of Life on the Earth to Life
in the Unverse, 1st All�Russia Conf, (Pushchino, 2012),
p. 172 [in Russian].

18. N. S. Mergelov and S. V. Goryachkin, “Soils and soil�
like bodies of Antarctica (the Larsemann Hills oasis),”
in Genesis, Geography, ad Classification of Soils and
Inventory of Soil Resources, Conf. devoted to the 150th
anniversary of the birth of N.M. Sibirtsev (Arkhangelsk,
2010), pp. 38–42 [in Russian].

19. N. S. Mergelov, S. V. Goryachkin, I. G. Shorkunov,
E. P. Zazovskaya, A. E. Cherkinskii, “Endolithic pedo�
genesis and rock varnish on massive crystalline rocks in
East Antarctica,” Eur. Soil Sci. 45 (10), 901–918
(2012).

20. Field Guide on Correlation of Russian Soils (Pochv. Inst.
im. V.V. Dokuchaeva, Moscow, 2008) [in Russian].

21. L. M. Savatyugin, M. A. Preobrazhenskaya, and
V. N. Pomelov, Scientific and Technical Description of
the Environmental Conditions and Material Base of Rus�
sian Antarctic Stations with the Environmental Impact

Assessment. Vol. 8. Russkaya Station (St. Petersburg,
1995) [in Russian].

22. http://www.aari.aq/stations/russkaya/russkaya_ru.html

23. L. Beyer, J. G. Bockheim, I. B. Campbell, and
G. G. C. Claridge, “Genesis, properties and sensitivity
of Antarctic Gelisols,” Antarctic Sci. 11, 387–398
(1999).

24. H.�P. Blume, L. Beyer, M. Bölter, H. Erlenheuser,
E. Kalk, S. Kneesch, U. Pfisterer, and D. Schneider,
“Pedogenic zonation in soils of southern circumpolar
region,” Adv. Geoecol. 30, 69–90 (1997).

25. J. G. Bockheim, “Soil development in the Taylor Valley
and McMurdo Sound area,” Antarc. J.U.S. No. 12,
105–108 (1977).

26. J. G. Bockheim and C. Tarnocai, “Recognition of cry�
oturbation for classifying permafrost�affected soils,”
Geoderma 8, 281–293 (1998).

27. J. G. Bockheim, M. R. Balks, and M. Mcleod, ANTPAS
Guide For Describing, Sampling, Analyzing and Classify�
ing Soils of the Antarctic Region (ANTPAS, 2006).

28. J. G. Bockheim and F. C. Ugolini, “A review of
pedogenic zonation in well�drained soils of the south�
ern circumpolar region,” Quat. Res, 47–66 (1990).

29. I. B. Campbell and G. G. C. Claridge, “A sequence of
soils from a penguin rookery, Inexpressible Island, Ant�
arctica,” N.Z. J. Sci, 361–372 (1966).

30. I. B. Campbell and G. G. C. Claridge, Antarctica: Soils,
Weathering Processes and Environment (Elsevier,
Amsterdam, 1987).

31. I. B. Campbell and G. G. C. Claridge, “Morphology
and age relationships of Antarctic soils,” Quatern.
Studies, pp. 83–88 (The Royal Soc. of New Zealand,
Wellington, 1995).

32. K. R. Everett, “A survey of soils in the region of the
South Shetland Islands and adjacent parts of the Ant�
arctica Peninsula,” Ohio State Univ. Inst. Pol. Stud.
Rep. 58 (1976).

33. K. R. Everett, “Soils of the Meserve Glacier Area,
Wright Valley, Southern Victoria Land, Antarctica,”
Soil Sci. 112, 425–438 (1971).

34. D. Gilichinsky, E. Abakumov, A. Abramov, D. Fyo�
dorov�Davydov, S. Goryachkin, A. Lupachev,
N. Mergelov, E. Zazovskaya, “Soils of Mid and Low
Antarctic: diversitym geographym temperature
regime,” Proc. 19th World Congr. Soil Sci. (Brisbane,
Australia, 2010), Symp. WG. 1.4, pp. 32–35.

35. W. E. LeMasurier and J. W. Thomson (Eds.) Volcanoes
of the Antarctic Plate and Southern Oceans (Am. Geo�
phys. Union, Antarctic Res. Ser., Washington, DC,
1990), Vol. 48.

36. A. V. Lupachev, A. A. Ovchinnikova, A. A. Vetrova, and
P. I. Kalinin, “Anthropogenic pressure on soils of Ant�
arctic oases: Russian Antarctic stations network case
study,” Abstr. 8th Int. Conf. Contaminants in Freezing
Grounds (Obergurgl, Tyrol, Austria, 2012), p. 37.

37. B. P. Luyendyk, et al., “Recent progress in Antarctic
earth science,” Proc. 6th Symp. Antarctic Earth Sci�



1006

EURASIAN SOIL SCIENCE  Vol. 46  No. 10  2013

 LUPACHEV, ABAKUMOV

ence (Saitama, Japan) (Terra Publ., 1991), pp. 279–
288.

38. E. E. MacNamara, “Soils and geomorphic surfaces in
Antarctica,” Biul. Periglac. 20, 299–320 (1969).

39. E. A. McDonald, “Exploring Antarctica’s phantom
coast,” Natl. Geogr. Magaz. 121, 250–273 (1962).

40. Methods of Soil Analysis Part 3 (SSSA Book Ser., Mad�
ison, USA, 1994).

41. T. K. Meunier, “U.S. Geological Survey scientific
activities in the exploration of Antarctica,” Introduction
to Antarctica (Including USGS Field Personnel: 1946–
59) Open�File Report 2006�1117, S. Richard, J. Will�
iams, and J. G. Ferrigno (Eds.) (U.S. Geological Sur�
vey, Washington, DC, 2006).

42. Soil Survey Staff, Keys to Soil Taxonomy (11th Ed.)
(USDA, NRSC, Washington, DC, 2010).

43. E. J. Steig, J. L. Fastook, C. Zweck, I. D. Goodwin,
K. J. Licht, J. W. C. White, R. P. Ackert, “West Antarc�
tic ice sheet elevation changes,” in The West Antarctic
Ice Sheet: Behavior and Environment (Antarct. Res. Ser.
AGU, Washington, DC, 2001), Vol. 77.

44. J. O. Stone, G. A. Balco, D. E. Sugden, M. W. Caffee,
L. C. Sass, S. G. Cowdery, C. Siddoway, “Holocene
deglaciation of Marie Byrd Land, West Antarctica,”
Science 299, 99–102 (2003).

45. B. W. Taylor, The Flora, Vegetation and Soils of Macqua�
rie Island, A.N.A.R.E. Rep., Ser. B2, (1955).

46. J. C. F. Tedrow and F. C. Ugolini, “Antarctic soils,” in
Antarctic Soils and Soil Forming Processes, Antarct. Res.
Ser. Am. Geophys. Union, 8 (Washington, DC, 1966).

47. US Salinity Laboratory Staff, Diagnosis and Improve�
ment of Saline and Alkali Soils (USDA Handbook
no. 60, Washington, DC, 1954).

48. F. A. Wad, C. A. Cathey, and J. B. Oldham, Reconnais�
sance Geologic Map of the Alexandra Mountains Quad�
rangle, Marie Byrd Land, Antarctica. Map A�5. Scale
1 : 250000 (Reston, VA, 1977).

49. IUSS Working Group WRB, World Reference Base for
Soil Resources, 2nd ed. (World Soil Resources Rep.
no. 103, FAO, Rome, 2006).

Translated by D. Konyushkov


