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Abstract. Climate conditions largely control the properties and distribution of permafrost. Its sensitivity to
warming makes it a valuable indicator of ongoing climate change. This is especially true for High Latitudes,
where climate warming accelerates at the highest rates worldwide. However, little is known about permafrost
conditions, its properties and features on the High Arctic Islands, the northernmost land where permafrost occurs.
For the first time, the present study summarizes Soviet literature data, recent drilling and other observation data
of periglacial landforms, ground temperatures, cryostratigraphy and ground ice properties (including stable water
isotope data, partly obtained during the Arctic Century Expedition in 2021) on the Severnaya Zemlya Archipelago
and adjacent Wiese Island in the Russian High Arctic. The study provides baseline information on High Arctic
permafrost to encourage and promote further investigations of the state and dynamics of warming permafrost.
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AnHoranus. Kimmarndeckue yclnoBus B 3HAYUTEIbHOM CTENCHU ONPEIENAT PacpoCTpaHEHUE U XapaKTe-
PUCTHKH MHOTOJICTHEH Mep3I0ThL. UyBCTBHTENBHOCTE MEP3IOTHI K MOTEILICHHUIO TO3BOMISET PACCMATPHBATh €¢
KaK BaXKHBII MHIMKATOP TIPOUCXOASIIMX U3MEHEHHH KIMMara. ITo 0COOEHHO aKTyanbHO IS BBICOKHX IIHPOT
CeBepHOro HoMyIapys, Iie CKOPOCTh KIMMATHIECKOTO TOTEIIeHHs. HanOobIasi Ha TuiaHeTe. Mep3lIoTHbIe
YCIIOBHS OCTPOBOB B BBICOKOIITMPOTHON APKTUKE — CaMBIX CEBEPHBIX YYACTKOB CYIIIH, TIe BCTPEYAETCst MHOTO-
JIETHSS MEP3JI0Ta, — OCTAIOTCA c1abo u3ydyeHHbIMH. B HacTosmel padote s apxumnenara CeBepHast 3emis
1 Ommsnexaniero octposa Buse BrepBble 0000MIEHB! TaHHEIE HCCIENOBAHMI COBETCKOTO BPEMEHH BMECTE
C pe3ynbTaTaMu HeaBHHUX paboT, BKIIOYABIINX OypeHne, HaOmofeH s 3a KpHOTeHHBIMU (hopMaMH penbeda,
TEeMIepaTypoil opojl, H3yueHHe KPUOCTpaTurpaduy U COAEpKaHUs CTAOMIBHBIX H30TOIOB BOJbI, JAHHBIE
TI0 KOTOPBIM YacTHYHO TOTyYeHbl Bo BpeMs dkcrennimn “Arctic Century” B 2021 . [Ipencrasnennas padora
3aKJIaJbIBACT OCHOBY JUIA TAIbHEHINETo MCCIeTOBAHNSA COBPEMEHHOTO COCTOSHHS M JMHAMHUKH MEP3IOTHI
B BBICOKOIIMPOTHOH APKTHKE.

Karouessle cioBa: Poccuiickas Apxruxa, CeBepHast 3emis, 0. Buse, MHOTroneTHss Mep3/10Ta, Ce30HHO-TablIi
CIIOH, TOMMTOHANBHO-KIJTBHBIH JIeJT, HANEIHBINA Oyrop
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Introduction

Since the archipelago (Fig. 1) was discovered in 1913, large-scale geological,
physiographic, hydrometeorological and glaciological studies have been carried out on
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Meteorological stations:
1 — Taymyr Peninsula, Cape Chelyuskin, 2— Maly Taymyr island, 3 — Bolshevik island,
Bay Solnechnaya, 4 — Bolshevik island, Cape Baranova ice Base, 5 — Bolshevik island,
Cape Peschany, 6 — Golomynny island, 7 — Wiese island
Fig. 1. Location of the Severnaya Zemlya Archipelago and surrounding islands showing the position
of the study sites on Bolshevik and Wiese islands (dotted frames; see Fig. 2), and the meteorological
stations referred to in the study
Puc. 1. Pacnonoxenue apxunenara CeBepHas 3eMiIsi U OKPYXKAIOLIUX OCTPOBOB C YKa3aHHEM Me-
CTOIOJIOKEHUSI yYacTKOB MCCIJIeIOBaHUI Ha ocTpoBax bombmieBuk u Buse (IyHKTHpHBIE paMKy;
CM. PUC. 2), a TAKKe METEOPOJIOTMYECKUX CTAaHLUH, YIIOMSHYTHIX B MCCIEI0BaHUU

Severnaya Zemlya, while Wiese Island has largely remained unstudied since its discovery
in 1930. On Severnaya Zemlya, distinct permafrost research, if any, has so far been only
sporadic. Studies of seasonal thawing and cryogenic processes on October Revolution
Island are among the few works published in Russian [1-3]. However, the results of these
studies are too insufficient to give even a preliminary idea of the large-scale permafrost
conditions of the archipelago, primarily due to the lack of data on the temperature of
the frozen strata and their thickness. The geocryological map of the USSR at a scale
of 1:2 500 000 shows the regional ground temperature characteristics of the permafrost
based only on theoretical calculations'. Meanwhile, from a natural-scientific point of view,
the study of the Severnaya Zemlya Archipelago is of interest if one is to understand the
specifics of permafrost formation under extremely severe High Arctic climatic conditions.

To study the permafrost conditions of Severnaya Zemlya and to establish permafrost
monitoring, fieldwork, including drilling of boreholes, was carried out in 2021 in the north
of Bolshevik Island close to the research station Cape Baranova Ice Base (Fig. 2a). In
a physio-geographical context, the other islands of the Kara Sea, including Wiese Island,
although not part of the Severnaya Zemlya Archipelago, are referred to as the Northern
Land Province of the Arctic desert zone [4]. In 2023, a permafrost observation point
was established on Wiese Island as part of the Russian National System of Background
Permafrost Monitoring [5].

The present study aims (1) to summarize and make available previously conducted
permafrost studies to identify permafrost characteristics in comparison to other high-latitude
regions of the Earth and (2) characterize for the first time the current permafrost conditions
of Severnaya Zemlya and Wiese Island for the first time based on newly obtained data.

' Kondtrateva K.A. Severnaya Zemlya (to the Geocryological Map of the USSR, scale 1:2.500.000).
Merzlotnye issledovaniya = Permafirost Research. 1982;20:84-96. (In Russ.).
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Fig. 2. Sampling and observation points (a) on Bolshevik Island near the Cape Baranova Ice Base
on Bolshevik Island (Sentinel-2 Quarterly mosaics, 1 July 2021), and (») on Wiese Island (Landsat
image, 8 June 2024)

Puc. 2. Toukn orbopa npo6 u Habmoaenus () Ha ocrpoBe BonbuieBuk B paiione «JlenoBoii 6a3b
Mpic bapanoBay (Mo3anka cHuMkoB Sentinel-2, 1 uronst 2021 1) u (b) Ha ocTpoBe Buse (cHUMOK
Landsat, 8 urons 2024 1.)

Study region

Severnaya Zemlya Archipelago

The Severnaya Zemlya Archipelago consists of four large islands — October
Revolution, Bolshevik, Komsomolets and Pioneer — and many small islands between
77°55" and 81°16" N (see Fig. 1). The relief of the archipelago is plateau-like and
low-hilly. The maximum relief marks are confined to glacial domes. The bedrock base
of the glaciers reaches heights of up to 800 m (Tumannye Mountains, October Revolution
Island). In the river valleys, Quaternary sediment sections up to 70 m thick are known [6].
However, the Quaternary sediments only play a minor role, as the surface morphology
consists mainly of rock covered by thin cryo-eluvium. Only the accumulative marine
Quaternary terraces at the northern part of Bolshevik Island near Cape Baranova and Cape
Peschany and in the northern part of Komsomolets Island near Cape Arctic, as well as on
the western end of October Revolution in the area of the Uzkiy Gulf cover considerable
areas®. The bedrock on Bolshevik Island and in the eastern part of October Revolution
Island is mainly represented by Proterozoic-Lower Paleozoic metamorphic rocks crushed
into steeply dipping folds and ruptured by granitoid intrusions, while the western parts of
October Revolution, Komsomolets islands and Pioneer Island is mainly formed by folded
Ordovician, Silurian and Devonian sedimentary rocks. Cenozoic deposits represent the
northern part of Komsomolets Island.

2 Geological map of Severnaya Zemlya, scale: 1:1 500 000. Moscow: Ministry of Geology of
the USSR; 1967. (In Russ.).
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Due to its offshore location, the climate of Severnaya Zemlya is less continental than
that of the Taymyr Peninsula to the south, but more continental than that of the western
sector of the Russian High Arctic. Marine climate features are most pronounced in
the north-western part of the archipelago due to westerly air transport. The interaction
between cold air masses from the inner Arctic, continental air masses from Siberia and
relatively warm and humid masses from the North Atlantic intensifies cyclonic activity
here. Another climate-forming feature of the archipelago (especially for its western part)
is the inflow of advective heat from sea waters from the Atlantic and continental rivers.
Heat transfer from the sea causes relatively warm winter air temperatures on Severnaya
Zemlya, while relatively cool summer air temperatures result from the buffering effect of
sea water and sea ice. According to meteorological observations since 2013 at the research
station Cape Baranova Ice Base, the average monthly temperature is consistently above
0 °C only in July, while in August and June there are years when it can be below 0 °C [7].
The average monthly temperature of winter months is in the range of —30 to —15 °C.

About half of the archipelago's territory is covered by ice caps. According
to the drilling data of the largest glacier on the archipelago on Komsomolets Island,
the Akademii Nauk (AN) ice cap, the ice thickness reaches 761 m [8]. Direct glacier
mass-balance measurements and further mapping revealed that the glaciation significantly
decreased in the 20" century [9; 10]. The glaciers largely determine the distribution and
regime of the rivers on Severnaya Zemlya. The rivers are mainly fed by melting glaciers
and snow [6]. In winter, all the rivers are frozen to the bottom. The river valleys are
canyon-shaped; only the largest rivers of the archipelago have flat-bottomed valleys with
terraced slopes. There are about 30 lakes on the archipelago with a mirror area of more
than 1 km?. Small thermokarst lakes are common on marine terraces.

The vegetation cover is exceptionally scarce, as the archipelago belongs to the Arctic
desert zone [4], although in favorable areas in the southern part of the archipelago, Arctic
tundra vegetation occurs, forming a cohesive network hosting small reindeer populations.
The altitudinal belt is manifested in the fact that the vegetation is poorer on the elevated
inner plateaus, with only small areas covered with mosses and lichens.

Wiese Island

Wiese Island (79°29' N, 76°59' E) is located 265 km west of Severnaya Zemlya in
the Kara Sea. It is 36 km long and up to 11 km wide (see Fig. 1). The climatic conditions
here are generally similar to those of Severnaya Zemlya. Distinctive characteristics
of Wiese Island are the absence of glaciation, the low-lying, gently hilly relief with
absolute elevations up to 22 m above sea level®, and the prevalence of sandy deposits.
The fine-grained Lower Cretaceous sands that form the island have horizontal bedding
and many nodules in the form of interlayers and large spherical contractions of dense
rocky soils [11]. In the island’s eastern part, the lower terrace is composed of Quaternary
deposits. As a permafrost monitoring station was being established in 2023, more than
ten reindeer antlers were found on the surface and in the gullies. The position of these
finds and their distance to the meteorological station rule out the possibility of the antlers
being moved by the dogs belonging to the station. Further surface features on Wiese Island
are rare boulders of igneous rock. The hills are intersected by narrow troughs, which in
summertime carry water. Closed troughs fill with meltwater and form small lakes, which

> Topographic map of USSR 1:200 000. T-43 IV, V; VI, Polar station Wiese; 1957. (In Russ.).
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dry-up during the summer period. The coastal zone exhibits some lagoons filled with salty
water and dissected by sand and stone spits from the sea.

The island's vegetation is sparse, reaching about 50 % coverage, and mainly
composed of mosses and lichens, while grass is rare.

Material and methods

Fieldwork

Permafrost drilling was carried out by the UKB-12/25 (Vorovskiy Machine
Factory, Ekaterinburg, Russia) dry drilling machine using core barrels ranging from
108 to 73 mm in diameter [12]. As the cores were retrieved, photo documentation of
the cores, sampling, description of lithology and cryostructures took place. Drilling of
frost blisters was carried out using Kovacs core and auger samplers (Kovacs Enterprise,
LLC, USA). Cryopeg brines originated from the boreholes and were collected in plastic
bottles and transported at approximately 0 °C to laboratory for analysis. For temperature
measurements in the borehole #1 on Bolshevik Island, thermistor chains were installed
using equipment from MSU-Geophysics LLC (Russia) and from Marlin-Yug LLC (Russia)
in borehole #1 on Wiese Island (see Fig. 2), which measure temperature with a resolution
of 0.01 °C and accuracy of £0.1 °C. Both loggers collect temperature measurements at
6-h intervals. Observational data from Wiese Island borehole are transferred automatically
using a satellite-based data transmission system and data from borehole on Bolshevik
Island are collected manually during occasional visits.

Air temperature and soil temperature data at the meteorological stations were
obtained from the Federal Service for Hydrometeorology and Environmental Monitoring®.
Measurements of the seasonal active-layer thickness (ALT) were carried out at the end
of the thawing period using a metal gauge on a 50 by 50 m site with a 5 m spacing.
Furthermore, ALT measurements were complemented by AM-21 type permafrost
meters (Ecolog-Yug LLM, Russia; see Fig. 2), which record the freezing depth of
distilled water in a rubber tube immersed in the ground. On Bolshevik Island, wedge-ice
samples were obtained by excavation in a pit and on Wiese Island sampled in a coastal
exposure (see Fig. 2). At both locations the upper 5 cm of ice was moved away by hammer
and chisel to ensure uncontaminated ice samples. Oriented ice blocks with approximate
dimensions 10x10%20 cm crossing the wedge growth direction were cut and transported
at subzero temperature to the laboratories. In August 2021, a snow patch was sampled in
a 5 cm resolution for stable isotope analysis in a 100 cm deep snowpit at Wiese Island in
the framework of the Arctic Century expedition. In September 2023, samples of freshly
fallen snow were collected in sealed plastic tubes in the vicinity of weather stations on
Bolshevik and Wiese islands (see Fig. 2). After collecting and until laboratory analyses,
the samples were stored at sub-zero temperatures.

Analytical work
The ice (or moisture) content of the sediments was determined by the weight method
in 53 samples expressed as weight percentage (wt%). An Agilent 720-OES (Agilent
Technologies, Inc., USA) inductively coupled plasma optical emission spectrometer was
used to analyze the cation content (Na'', K*', Mg™, Ca™) in eight samples of cryopeg
brines, and anions (CI', SO,>, HCO,") were determined titrimetrically.

4 Roshydromet. All-Russian Research Institute of Hydrometeorological Information — World Data

Centre. 2024. Available at: http://aisori-m.meteo.ru/waisori/ (accessed: 28.05.2024). (In Russ.).
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In total, 32 samples originated from one excavated horizontal ice-wedge profile
1 (combined BA-IW1-01 and BA-IW1-02 sample sets; Table S2). Profile 1 was taken
frozen in two blocks, which remained frozen upon laboratory analysis. After manual
cleaning, both blocks (each ca. 15 cm wide) were sub-sampled at 1.5 cm resolution in
the cold lab (4 °C). In this study we measured and considered additional 14 samples from
a second horizontal ice-wedge profile 2 (combined BA-IW1-03 to BA-IW1-08 sample
sets; Table A.2). A second ice wedge (Wiese-IW2, n = 6) on Wiese Island and four snow
samples from Wiese (n = 1) and Bolshevik (n = 2) islands, and Cape Chelyuskin (n = 1),
Taymyr Peninsula were analyzed using a Picarro L2120-1 analyzer of the Climate and
Environmental Research Laboratory (CERL, AARI, St. Petersburg, Russia) with an
analytical precision of £0.08 %o for 6'*0 and +0.4 %o for dD.

The stable oxygen (6'*0) and hydrogen (6D) isotope ratios of BA-IW1 wedge-ice and
snow samples from the 2021 Arctic Century expedition (n = 20, from a 100 cm snow pit
on Wiese Island) were determined at the ISOLAB facility of the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine Research in Potsdam (Germany), using a Picarro
L.2130i cavity ringdown spectrometer (CRDS) with an analytical precision of £0.08 %o for
880 and £0.5 %o for 6D. Stable water isotope ratios are reported in per mil (%o) versus
Vienna Standard Mean Ocean Water (VSMOW?2). The deuterium excess d was calculated
as d = 38D — 8-3"%0 [13].

Results

Recent regional climate warming

Data from seven meteorological stations on Severnaya Zemlya and its islands
and continental surroundings allow us to analyze trends and variabilities of the almost
century-long mean annual air temperature (MAAT) and annual precipitation records.
The fluctuations of MAAT at the meteorological stations were synchronous (Fig. 3).
The difference in absolute values of MAAT between the stations during most of
the observation period was within 2 °C. The cooling trend in the first half of the observation
period was replaced in the mid-1970s by a more pronounced trend of mean annual air
temperature increase. The MAAT on the westernmost Wiese Island is slightly higher
than that on Golomyanny Island and on northern Taymyr (Chelyuskin station). MAAT
calculated according to the WMO standard’ for the thirty-year periods from 1961 to
1990 and from 1991 to 2020 increased by 2.6 °C on Golomyanny Island, by 3.0 °C on
Wiese Island and by 2.0 °C on northern Taymyr (Chelyuskin station) corresponding to an
increase rate of the MAAT rise of between 0.07 and 0.1 °C per year. In 2021, the MAAT
at the meteorological stations were —12.1 °C on Golomyanny Island, —12.4 °C on the Cape
Baranova Ice Base, —11.4 °C on Wiese Island and —12.1 °C on northern Taymyr (Chelyuskin
station). Mean annual precipitation calculated for 1991-2020 at the meteorological
stations are as follows: Wiese Island 205 mm, Golomyanny Island 180 mm, northern
Taymyr (Chelyuskin station) 212 mm. The meteorological stations do not show any clear
trends in MAP. Concerning the influence of precipitation on the ground-temperature regime
on Severnaya Zemlya, the following features are noteworthy: the overwhelming majority
of precipitation falls as snow, snow thickness is generally low while snow density is
high. The duration of the snow cover, as well as unevenness in distribution depends on
the relief [1].

5 WMO guidelines on the calculation of climate normal. Ne 1203. Geneva: WMO; 2017.
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-6 7 Meteorological stations
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Fig. 3. Change of the Mean Annual Air Temperature (MAAT) over the last nine decades in
the Severnaya Zemlya Archipelago and adjacent areas (see Fig. 1)

Puc. 3. VI3MeHeHHe cpeHerooBoi TeMIepaTyphl BO3LyXa 3a MOCJIEAHUE IEBIHOCTO JIET Ha apXH-
nenare CeBepHas 3eMiIs U MPUIIETAIOMINX TEPPUTOPHSX (cM. puc. 1)

In the seas surrounding Severnaya Zemlya, there is a well-pronounced trend of
changes in ice conditions. The ice-cover extent of the northeastern part of the Kara Sea and
the western part of the Laptev Sea decreased by 14 and 8 %, respectively, in the 30-year
period between 19862015 compared to 19561985 [14].

Permafrost temperature, thickness and seasonal thawing

The mean annual ground temperature (MAGT) at the meteorological stations on
Golomyanny and Wiese islands and at Cape Chelyuskin since 1989 are shown in Figure 4.

In 1989, the MAGT at all the three observation sites were in the range of —14
to —13 °C and increased progressively to —10 to -9 °C in 2018, corresponding to a temperature
increase rate of 0.14 °C per year. According to the measurement data in borehole #1 on
Bolshevik Island (Fig. 5), the mean annual ground temperature within the layer of seasonal
temperature variation at a depth of 9.5 m was about —9.8 °C in 2022-2023.

According to measurements in 2023-2024 in borehole #1 on Wiese Island at a depth
of 19 m corresponding to the depth of zero annual temperature amplitude, the temperature
is —10.4 °C. Thus, the characteristic range of modern MAGT in the layer of seasonal
temperature ranges from about —10 to -9 °C. The mean annual air temperatures are only
slightly lower than the MAGT. The difference between MAAT and MAGT does not exceed
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Fig. 4. Change of the Mean Annual Ground Temperature (MAGT) since 1989 on Golomyanny and
Wiese islands, and at Cape Chelyuskin

Puc. 4. U3menenue cpenHerofnoBoil remmeparypsl rpyHTa ¢ 1989 r. Ha ocrpoBax l'onomsHHBIA 1
Buse, a Taxoke Ha MbIce YeltockuH

3°C. In borehole #1 on Wiese Island, starting from the depth of zero-annual temperature
amplitudes at 19 m and down to the bottom of the borehole at 25 m, the ground temperature
decreases from —10.4 to —10.9 °C (see Fig. 5).

Due to the lack of deep drilling data, an approximation of the thickness of the negative-
temperature strata can only be obtained by calculations using the MAGT within the layer of
seasonal temperature variation and the assumed average values of the geothermal gradient.
If we assume the range of MAGT is —12 to -9 °C and the temperature is linearly rising
with a gradient of 1-2 °C per 100 m, the permafrost thickness will amount to 450—-1200 m.
The actual permafrost thickness is primarily determined by the paleogeographic scenario and
changes in the past not only in the MAAT, but also in the glaciation boundaries and sea level.

The permafrost distribution on Severnaya Zemlya continues beneath the glaciers
as those are cold-based. According to temperature measurements in boreholes drilled
to the base of the Vavilov and Akademii Nauk ice caps, a temperature increase with
depth was observed, but the temperature at the glacier bed does not reach values higher
than —6 °C [6; 15]. Even in the case of the largest ice caps on Severnaya Zemlya,
the combination of mean annual surface temperatures, ice thickness and geothermal
gradient do not allow the temperature at the bed to reach positive values. Thus, the glaciers
are currently cold-based and do not have subglacial taliks. According to radio-sounding
data, the Akademii Nauk ice cap buries several islands and straits, and a significant part of
its bed is at absolute elevations below 0 m a. s. 1. [6]. If the ice cap's formation occurred
during a period when the sea level was not lower than the present day one, we cannot
exclude the presence of cryopeg brine lenses near the lower boundary of the glacier.

Closed seasonal taliks are formed underneath the river channels. In summer,
permafrost meters installed in the channel of the Mushketova River on Bolshevik Island
recorded positive ground temperatures at depths of more than 1.5 meters. In winter,
the groundwater in these taliks freezes, squeezes and forms frost blisters at the surface.
The 10 m deep borehole #2 (see Fig. 5), drilled in April 2021 on Bolshevik Island in
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Fig. 6. Seasonal dynamics of the thaw depth according to measurements by permafrost meters in
the vicinity of the Cape Baranova Ice Base in (a) 2021 and (b) 2017

Puc. 6. Ce30HHast TMHAMHKA TTyOMHBI IPOTAWBAHMS 110 TaHHBIM MEP3JIOTOMEPOB B OKPECTHOCTAX
«Jlenosoii 6a3e1 Mric bapanosa» B (a) 2021 u (b) 2017 .

the bed of the Novaya River at the base of a frost blister, showed the absence of thawed
ground, indicating the seasonal nature of the river talik. Most of the lakes on islands of
the Severnaya Zemlya Archipelago are either shallow and freeze to the bottom in winter
or are too small to allow the formation of through-taliks. The presence of through-taliks
can only be expected below several of the largest lakes and only if they have existed for
thousands of years.

According to detailed observations of the seasonal active-layer dynamics using
permafrost meters in the area of the Cape Baranova Ice Base station in 2017-2023
(see Fig. 2), thawing starts in late May to early June (Fig. 6).

The ALT reaches its maximum in August, less often in late July or
September (Table A.1), at the end of a stable increase of mean daily air temperatures
or with a delay of about two weeks relative to this moment. The maximum ALT values
varied from 47 to 115 cm depending on the location of the permafrost meter and the
year of measurement. No later than late October the ALT completely refreezes. Except
for the increase in the maximum ALT in the anomalously warm year of 2020, no clear
correlation of the ALT with the MAAT, surface temperature and the sum of positive
temperatures for the warm period were observed. The average ALT values measured with
a metal probe at a 50 by 50 m site near the Cape Baranova Ice Base station yielded 50
cm on 9 September 2021, 50 cm on 15 August 2022 and 51 cm on 24 August 2023. At
Wiese Island, similar measurements at the site on 22 September 2023 showed an average
ALT of 45 cm.
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Periglacial landforms and permafrost features

Since Quaternary deposits on Severnaya Zemlya are generally poorly developed,
the dominant geological process is the cryogenic weathering of pre-Quaternary rocks,
transport of weathering products — cryo-eluvium — down the slopes and their sorting.
Among slope processes, in addition to solifluction (Fig. 7a), the formation of basins during
anomalously warm summers plays a significant role, reaching, for example, on October
Revolution Island dimensions up to 100 by 200 m [2]. The large number of snowfields
leads to an active role of nivation in surface weathering. Patterned ground is common on
the archipelago such as stone polygons on the inner plain of October Revolution Island [10].
On watersheds, patterned ground is represented by stone rings, less often polygons, and on
the slopes, it turns into various types of sorted stripes [2]. Similar forms of patterned ground
are described at the northern end of Bolshevik Island [16], where small-scale polygon frost
cracking is widespread in areas with sandy and loamy soils (Fig. 7b). On Wiese Island, due
to the large aggregations and layers of coarse rock material in the Cretaceous sands, their
bulging occurs, as do many stone hillocks and stone placers.

On Severnaya Zemlya ice-wedge polygons can be found in areas with relatively thick
Quaternary deposits. On October Revolution Island, they are mainly confined to marine
terraces, rarely to river terraces and floodplains [17]. Frost cracks are filled with vertical
vein ice, forming ice wedges. On an early-Holocene marine terrace on October Revolution
Island, such wedge ice is described from a pit to be about 0.7 m wide [3]. Polygons on this
island are tetragonal, with sides 7-20 m long [2]. Similar patterns in the development of
ice-wedge polygons are characteristic of Bolshevik Island. On the vast accumulative-erosion
plains around the Cape Baranova Ice Base, individual areas with weakly-expressed ice-wedge
polygons can be found almost everywhere at absolute elevations between 10 and 60 m a. s.
1. Well-expressed polygons are much less common here (see Fig. 7a). One of these areas on
Bolshevik Island is located close to borehole #1, where a 45 cm thick section of ice wedge
has been described in the pit (see section 4.4). The northern part of Komsomolets Island
represents one of the most well-developed polygon reliefs on the archipelago.

The entire surface of Wiese Island — except for the gully network — is shaped
by tetragonal and pentagonal ice-wedge polygons (Fig. 7¢). The polygons have typically
5—-15 m long sides. Exposed ice wedges are up to 75 cm wide (Fig. 8). As on the islands
of Severnaya Zemlya, the polygons on Wiese Island do not have rims characteristic of
low-center polygons but represent high-center polygons marked in the relief by shallow
depressions reaching up to several decimeters. On the terrace in the island's eastern part,
larger polygons of a different generation occur with 15-65 m long sides.

The generally low ALT on Severnaya Zemlya causes unfavorable conditions for
frost-heave landforms, which are consequently rare [4]. On the river terraces of October
Revolution Island, frost-heave mounds are described as being up to 1.2 m high and up
to 10 m in diameter, covered with a network of radially diverging ice-filled cracks [2].
In the riverbeds, small icings formed partly from the meltwater of the seasonally thawed
active layer. Figure 7d shows such icings reaching a length of about 100 m in the north
of Bolshevik Island in the lower reaches of the Basic River. The ice is bluish in colour,
in some places it is lifted upwards and cracked.

During the spring field work in 2021, frost blisters were discovered close to the Cape
Baranova Ice Base station. They form cones up to 3 m high, having a rounded or elongated

¢ Topographic map of USSR 1:200 000. T-43 IV, V, VI, Polar station Wiese. 1957. (In Russ.).
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Fig. 7. Periglacial landforms and permafrost features on Bolshevik and Wiese islands: (@) solifluction
stripes and ice-wedge polygons on Bolshevik Island, (») small-scale polygons on Bolshevik Island,
(c) ice-wedge polygons on Wiese Island (note the meteorological station in the background), (d) icing
on Bolshevik Island, (e) frost blisters on Bolshevik Island, (f) gushed gas-saturated cryopeg brine
on Bolshevik Island, (g) stone cones on Bolshevik Island, (%) thermo-abrasion cliff on Wiese Island

Puc. 7. KpnoreHHbIe SIBICHUS U IPOLIECCH Ha 0CcTpoBax bonbmieBrk 1 Buse: (a) commdmoKImoHHbIe
TIOJIOCH! ¥ TIOJIUTOHBI TTOBTOPHO-XXMJIBHBIX JIBA0B Ha 0. bonbimeBnk; (b) MeIKONOMMTOHATIBHBIE 00-
pa3oBaHus Ha 0. bonbIeBHK; () TTOMUTOHEI MOBTOPHO-KIIIBHBIX JIBA0B Ha 0. Buse (Ha 3amHeM ma-
He — MeTeopoJiorndeckast crannust); (d) Haiens Ha o. borbieBuk; (e) HaneaHsIi Oyrop (6mmcTep) Ha
0. borbmeBuk; (f) n3nmusHNE Ta30HACKHIIIEHHOTO KPHOIIATA M3 CKBAYKMHEI Ha HaJeJHOM OyTpe (OrmrcTepe)
Ha 0. bonbmeBnk; (g) kaMeHHbIe KOHYCHI Ha 0. bornbieBrk; (/) TepmMoabpa3noHHbIH kiand Ha 0. Buze
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crescent shape in plan (Fig. 7e). The round cones are dissected by a network of radially
diverging cracks, and the elongated ones are dissected by longitudinal cracks. Frost
blisters are confined exclusively to riverbeds. Moreover, they gravitate to their estuarine
zones but can also be formed more than 10 km away from the estuary, as is the case in
the Doubt Valley on the Basic River (Fig. 2a). As a rule, frost blisters occur in groups,
but free-standing single cones were also found. When drilling in the central part of several
large frost blisters, water cavities were recorded, from which gas-saturated cryopeg brine
gushed (Fig. 7f). The height of the fountain above the top of the cone in the first seconds
after opening reached several meters. At the base of the cone in the mouth of the Novaya
River, borehole #2 was drilled to a depth of 10 m, a section of which is completely
composed of frozen soils without signs of any salinization. The formation of frost blisters
on Severnaya Zemlya is due to seasonal comprehensive freezing of river taliks, during
which cryogenic metamorphosis and gas concentration occur. Cryopeg brines from frost
blisters in the lower reaches of the Novaya River had a chloride-calcium composition and
mineralization of up to 70 g L™'. On the Basic River, cryopeg brines from frost blisters
have a sulfate magnesium-calcium composition and mineralization of up to 20 g L.
The growth of frost blisters during freezing of the talik is ensured by two processes:
the outflow of pressure water to the surface due to hydraulic fracturing and its freezing in
the form of ice, as well as the progressive swelling of ice and its growth from below on
the ice-water contact according to the growth model of injection ice and surface heave.

Specific phenomena in cone-shaped piles of coarse clastic material are formed on
the periphery of glaciers. The height of the cones can reach tens of meters. Their formation
is due to the concentration of clastic material in glacial springs. The cones, which are
distant from current glacier boundaries, mark the position of glaciers in the past. Such
stone cones are present in the north of Bolshevik Island (Fig. 7g). Previously, similar
forms were described on Pioneer and October Revolution islands [18].

Severe temperature conditions and weak development of loose deposits limit
thermokarst development. On October Revolution Island, shallow thermokarst lakes are
located on accumulative marine terraces reaching water depths of up to 1 m [2]. On
Bolshevik Island, similar thermokarst lakes are present on the marine terrace on Oleniy
Peninsula. On Wiese Island, interpolygonal ponds occur above melting ice wedges, most
pronounced in the northern part of the island. The sea shores in the study area are mainly
composed of rock, causing only a weak effect of thermo-abrasion. Known areas of intense
thermo-abrasion include the southern shore of Malyi Taymyr Island [19], composed of
sand-clay deposits, and Wiese Island, composed of sands (Fig. 74). In the latter, thermo-
abrasion slows down to some extent due to a large amount of rock aggregations in
the sands, which form pebble-boulder beaches. On both islands, frozen blocks with wedge
ice erode due to the formation of undercut niches. The modern coastline of Wiese Island,
compared to those on the 1957 topographic map®, shows coastal retreat up to 300 m in
places. A coastal retreat of about 150 m is notable at the meteorological stations. Instead,
in the eastern part of the island, in the reaches of the lower terrace, sediment aggradation
toward the sea takes place, highlighting the modern age of the terrace.

Cryostructures and other permafrost properties
To date, the main sources of information on the cryogenic structure of sediments
result from cryolithological descriptions of Quaternary deposits in pits and sweeps on

¢ Topographic map of USSR 1:200 000. T-43 IV, V, VI, Polar station Wiese. 1957. (In Russ.).
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October Revolution Island [6; 7], complemented by drill cores recently obtained on
Bolshevik Island in 2021 and on Wiese Island in 2023.

The marine terraces studied on October Revolution Island are composed of silt,
sand and gravel. The sands have massive cryostructure, while the silts show wavy and
fine-reticulated cryostructures with ice lenses up to 3 mm thick [2; 3]. Frozen deposits of
marine terraces in the north of Bolshevik Island were recovered from borehole #1 drilled at
an absolute elevation of 31 m above sea level (a. s. 1.) in the lower reaches of the Novaya
River, 2 km inland from the shore of Mikoyan Bay (see Fig. 2a). The 10 m deep borehole
penetrated grey dusty loams with different contents of gravel and pebbles, underlain below
8 m depth by collapsed large fragments of Proterozoic metamorphic rocks (see Fig. 5).
A distinctive feature of borehole #1 is the presence of a nearly dry surface soil layer
up to 0.5 m thick. At the time of drilling in April 2021, there was no snow cover at
the work point. Below the dry soil layer, the loams have a massive cryostructure, with
thin subhorizontal ice veins occurring only in certain depth ranges. The ice content of
the loams along the borehole section varies from 5 to 25 %, with an average value of 14 %.
The terrace surface is shaped by ice-wedge polygons. A 45-cm wide ice wedge (BA-IW1)
was uncovered in a pit close to borehole #1 at a depth 75 cm below a layer of gravel with
a loamy matrix. The vein ice is opaque, with inclusions of clayey material, with subvertical
layering; individual ice veins are several millimeters thick (Fig. 8a).

The freezing of the terrace on which borehole #1 is located and the epigenetic
formation of the wedge ice occurred after the enclosing sediment had been deposited,
i.e. after the yet undated sea-level regression. An earlier palacogeographic study of this
terrace concluded that the marine sediments accumulated during the Last Interglacial in
a rapid rise in relative sea level by tens of meters [20].

Epigenetic freezing was also concluded for ice wedge polygons on the marine terrace
on October Revolution Island [3]. The terrace is up to 8 m high and composed of Early
Holocene loams with inclusions of coarse clastic material. The deep-water depositional
environment together with a decrease in the number of ice lenses and ice content down
the section, favor of epigenetic freezing.

It cannot be ruled out that part of the marine sediments froze syngenetically
below sea level, meaning that deep freezing took place synchronously with ongoing
sedimentation. The presence of ice schlieren — thin lenticular layers of segregated
ice of various orientations — in the silts of the terrace on October Revolution Island
was interpreted as evidence of syngenetic freezing of at least some facies of marine
sediments [2]. Further evidence was obtained by drilling borehole #4 from the landfast
ice and excavating a pit in the coastal zone in the north of Bolshevik Island in
Plashkouta Bay (see Fig. 2a). The sea-ice thickness at the drilling point was 1.5 m, the
water depth under the ice was 1.5 m. The depth of the borehole #4 from the sea
bottom is 6 m (see Fig. 5). The core exposed loams and coarse clastic rocks. From
1.5 m below the sea bottom, ice shards up to several centimeters thick were found in
the samples of the disturbed structure, which in natural composition would represent
ice schlieren. Due to the presence of large rock fragments in the ground and its
temperature close to the freezing point, the natural composition was disturbed during
drilling and it was not possible to identify the original cryostructure. Nevertheless,
the presence of ice inclusions indicates that there are plastic or solid frozen soils in
Plashkouta Bay below the seawater.
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Fig. 8. Ground ice observations and sampling: (@) ice wedge BA-IW1 sampled in a pit at 75 cm
depth on a marine terrace about 15 km from the Cape Baranova Ice Base on Bolshevik Island; () pit
uncovering the interface between sea ice (1.5 m thick) and frozen pebbles and gravel (at least 1 m
thick) at Cape Peschany. Note a shovel for scale, and (c) ice wedge Wiese-IW2 in a thermo-abrasional
exposure at the southern coast of Wiese Island. Note a person and a geological hammer for scale
Puc. 8. HabGmronenus u oT6op mpod Moi3eMHBIX JIbAOB: (@) oOpa3sel MOBTOPHO-KHIBHOTO JIbAA
BA-IW1, oroOpanHblii B iirypde Ha ryOuHe 75 cM B IpejiesaX MOPCKOii Teppachl MPUMEPHO B 15 kM
ot «JlenoBoit 6a3sr Meic bapanoBa» (0. Bonbiuesuk); (b) mypd, BCKpPbIBAIOIINN KOHTAKT MEXLY
MOPCKHUM JbJIOM (MOITHOCTBIO 1,5 M) U MEp3JIbIMH TaJeqHO-TPaBUHHBIMU OTIOKEHUAMH (MOIIIHO-
cTbl0 He MeHee | M) Ha Mbice [lecyansii, U1t MaciTaba yka3aHa jomnara; (¢) HOBTOPHO-KHIIbHBIH
neq ¢ Touku oTbopa obpasua Wiese-IW2 B TepmMoabpa3rnoHHOM 0OHAKEHUH Ha FXKHOM TT00epekbe
o. Buze. [lyst maciitaba B Kajpe 4elI0BEK U Te0IOrMIECKUI MOJIOTOK

Solid-frozen ground was also revealed in pits in the coastal zone at Cape
Peschany (see Fig. 2a; Fig. 8b). A one-meter-thick layer of hard frozen gravel with pebble
inclusions was uncovered below the 1.5 m thick layer of sea ice. The pit did not go beyond
the frozen sediments, but from its bottom, cryopeg brine began to seep into the pit through
the frozen gravel and pebble soil.

The alluvial deposits studied on October Revolution Island are composed of gravel
and pebble material with sandy and sandy loam aggregates, characterized by lens-like
reticulated to layered cryostructures. The thickness of the ice lenses reaches 2 cm, and at
a depth of 1.5-2.0 m ice layers up to 6 cm thick are distinguished. Due to the persistence of
cryostructures along the section and high ice content, syngenetic freezing is concluded [2].
On Bolshevik Island, alluvial deposits were studied from the section of borehole #2, which
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was drilled in April 2021 700 m from the shore of Mikoyan Bay directly in the bed of
the Novaya River. The 10 m deep borehole revealed a section of frozen clayish sand
with varying amounts of gravel and pebbles (see Fig. 5). The cryostructure is massive.
The ice content of the sediments ranges from 10 to 20 %, with an average value of
14 %. The difference in the lithological and cryogenic structure of alluvial sediments
uncovered by borehole #2 and alluvial sediments studied earlier on October Revolution
Island is a consequence of the existence of a relatively wide range of local conditions of
sedimentation and freezing in different parts of river valleys. A common feature of alluvial
sedimentation on Severnaya Zemlya is significant amounts of coarse-grained particles.
In addition, with a complete freezing of all the rivers of the archipelago during most of
the year, the alluvial sediments freeze syngenetically.

Boreholes #3 and #5 were drilled near the Cape Baranova Ice Base at an altitude of
10 m above sea level. The bedrock was overlain by a thin cover of marine sediments and
reworked into cryo-eluvium (see Fig. 5). Unweathered bedrock is exposed at depths of
2.8 and 3 m. Above the section lie dusty loams with inclusions of crushed stones, pebbles
and clasts. The cryostructure of the loams is massive and thin-layered. A distinctive
feature in both boreholes is the presence of ice and ice-soil interlayers in the depth range
of 1.0-1.2 m. Apparently, the presence of such layered ice belts at the lower boundary
of the seasonally unfrozen active layer or slightly below is a characteristic feature of
areas with a thin cover of loose sediments, which formed as cryo-eluvium. On October
Revolution Island, an ice interlayer with rare inclusions of coarse clastic material with
a thickness of 25 cm and an apparent length of 15 m was described from above Devonian
sandstones under 70 cm of cryoeluvial loams [2].

A similar picture emerges on Golomyanny Island (the maximum altitude of the island
is 26 m a. s. l.), where a widespread presence of ice between the surface layer of dusty loam
with inclusions of driftwood and rubble with a thickness of 0.35-0.7 m and the bedrock was
noted. The ice contains inclusions of loam and rubble nests. Buried snowfields formed in
river valleys are also known on Severnaya Zemlya. In the basin of Changeable Lake [21],
located 4 km from the Vavilov Glacier, there are remnants of a lake-alluvial terrace, where
ice with a thickness of up to 3 m was described under a 1-2.5 m layer of sand [2].

On Wiese Island, borehole #1 penetrated epigenetically frozen sands (Fig. 20)
with massive cryostructure and interlayers of coarser rocky material. The ice content of
the sediments ranges from 16 to 31 %, with an average of 21 %. The upper 10 m of the section
penetrated by the boreholes is well exposed in thermo-abrasional cliffs. Inspection of
the outcrop confirms that the sands are characterized by massive cryostructure. Ice wedges
up to 75 cm wide are observed in the outcrop (Fig. 8c) and sampled (Wiese-IW2-01).
The sample Wiese-IW1-01 obtained from a pit at 45 cm depth (ALT 40 cm) is bubble-rich
with elongated bubbles (1 mm in diameter, up to 10 mm long) and contains loamy ground
veins in its center.

Wedge-ice and snow stable isotopes
The stable water isotope data from ice wedges on Bolshevik and Wiese islands are
the first published in the study region. The sampling location on Bolshevik Island near
Cape Baranova on a polygon-patterned marine terrace speaks clearly of the epigenetic
formation of wedge ice. The wedge ice was obtained at a depth of 75 cm below the surface
exceeding the seasonal thaw depth and no indications of recent cracking could be observed.
Mean values and standard deviations for all BA-IW1 samples were —17.7 = 0.8 %o for
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Fig. 9. (a) Co-isotope relationship (3'*0, 6D) of the ice wedge BA-IW1, ice wedge Wiese-IW2,
snow from Cape Baranova, Wiese Island, and Cape Chelyuskin compared to Global Meteoric Water
Line (GMWL) [23] and ice-core data from the Akademii Nauk ice cap considered as LMWL [22],
(b) Profile 1 of the ice wedge BA-IW1 with detailed 3'*O and d data
Puc. 9. (a) CoorHomeHue §'*0 u 8D Jy1s OBTOPHO-XHIBHOTO JibJia BA-IW 1, MOBTOPHO-KUIIBHOTO
nmeia Wiese-IW2, cHera ¢ mpica bapanoBa, 0. Buse u mMpica UenmtockuH B cpaBHeHHH ¢ [TT00ampHOM
nHuel MeteopHbIX Box (GMWL) [23] i nanHBIMY TI0 JIeITHOMY KepHY ¢ JeqHnKa Akagemun Hayk,
paccMarpuBaeMbIMH B KaueCTBE JOKAILHON JIMHIK MeTeopHbIX Box (LMWL) [22]. (b) [Ipoduns 1
MMOBTOPHO-XMWIHHOTO Jibia BA-IW1 ¢ neransupivu qanabivu 1o 8'%0 U neiitepueBoMy dKCIieccy

8"0, —135.1 + 6.2 %o for 8D and 6.6 + 0.6 %o for d (Table A.2). The co-isotope relationship
of the wedge ice (slope of 7.45 and intercept of —3.08, R = 0.99, n = 32; Fig. 9) is very
close to those of ice-core data for Akademii Nauk (AN) ice cap on Komsomolets Island
covering the time period 1883—-1998 (slope of 7.46 and intercept of —0.11, R? = 0.98,
n = 2248), which is considered to represent the Local Meteoric Water Line (LMWL)[22].
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The isotopic composition of the ice wedge Wiese-IW2 shows a more depleted isotopic
composition with —20.4 £ 0.5 %o for 5'%0, —150.3 + 3.0 %o for 6D and 12.9 + 0.9 %o for
d (Table A.2). The co-isotope relationship of the wedge ice shows a distinctly lower slope
of 6.21 with an intercept of —23.56 (R*> = 0.99, n = 6, see Fig. 9).

Single samples of surface snow from the vicinity of the Cape Baranova Ice Camp
station as well as from Cape Chelyuskin and Wiese Island were analyzed. The isotopic
composition of these samples shows —16.1 and —15.1 %o for 3*0O, —117.4 and —111.3 %o
for 8D and 11.2 and 9.6 %o for d at Cape Baranova, —18.9 %o for 6'%0, —135.5 %o for 6D
and 16.0 %o for d at Cape Chelyuskin, and —11.8 %o for "0, —83.0 %o for 6D and 10.9 %o
for d on Wiese Island (Table A.3). Additional snow samples from a snow pit at Wiese
Island represent winter precipitation affected by post-depositional processes and due to late
summer sampling, likely also by summer precipitation. Mean values and standard deviations
are —15.4 + 1.7 %o for 6'*0, —109.8 + 13.8 %o for 6D and 13.3 + 1.1 %o for d (Table A.3).
The co-isotope relationship for all the Wiese Island snow samples (slope of 7.92 and intercept
of 12.01, R* = 0.99, n = 21; see Fig. 9) is closer to the GMWL than to the LMWL.

Discussion

Permafrost conditions, properties and processes

According to direct measurements the MAGT on Severnaya Zemlya and Wiese Island
in the layer of annual heat circulation is in the range of —10 to -9 °C. It can be assumed
that on Komsomolets Island, due to its high-latitude position, colder permafrost exists with
temperatures reaching —12°C. Comparison of MAAT and MAGT trends (see Fig. 3 and
Fig. 4) shows that the MAAT are only slightly below the MAGT. One of the main factors
explaining the proximity of the values of MAGT and MAAT is the low influence of snow
cover and vegetation on the temperature regime of permafrost. The low thickness and
high density of snow leads to its low warming capacity. The vegetation is scarce and also
does not shift the mean annual ground temperature from the mean annual air temperature.

On Severnaya Zemlya and Wiese Island, the recent increase in MAAT from 0.07
to 0.1 °C per year began in the mid-1970s. In borehole #1 on Wiese Island, a negative
temperature gradient is observed below the bottom of the annual heat turnover layer,
which indicates an ongoing temperature increase in the upper part of the frozen ground
section under the influence of the warming climate.

The ALT remains in a typical range of 45-90 cm. The low thickness of the snow
cover and its blowing-out, combined with low winter temperatures and humidity, create
vast snowless areas with dry permafrost. The presence of dry permafrost over ice-saturated
permafrost is due to free sublimation of ice under low temperature conditions. Similar dry
permafrost overlying ice-cemented ground is known from the Dry Valleys of Antarctica [24].

The permafrost conditions of Severnaya Zemlya and Wiese Island are significantly
harsher compared to those on Spitsbergen, where the MAGT are in the range
of =5.2 to —1.1 °C and the characteristic ALT are 100-200 cm’. The Franz Josef Land

7 Christiansen H., Gilbert G., Demidov N., Guglielmin M., Isaksen K., Osuch M., Boike J.
Permafrost thermal snapshot and active-layer thickness in Svalbard 20162017 In: Orr E., Hansen
G., Lappalainen H. (Eds). SESS report 2018, The State of Environmental Science in Svalbard —
An Annual Report. Longyearbyen, Svalbard: Svalbard Integrated Arctic Earth Observing System;
2018. P. 26-47. Available at: https://www.sios-svalbard.org/sites/sios-svalbard.org/files/common/
SESS 2018 FullReport.pdf (accessed: 01.01.2025).
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Archipelago, where, according to RNS BPM data, the MAGT is about -9 °C and the ALT
is about 80 cm [5], is closer in its permafrost conditions to Wiese Island and Severnaya
Zemlya. At similar latitudes on the islands of the Canadian High Arctic, where no warming
influence of the Atlantic Ocean occurs, ground temperatures are significantly lower,
reaching about —16.5 °C, while the ALT is about 60 cm, similar to Severnaya Zemlya
and Wiese Island [25]. Such a comparable ALT is attributed to the continental climate
of the Canadian High Arctic. Despite lower MAAT, summer months are warmer here
than on Severnaya Zemlya. In the North-East of Greenland, MAAT are slightly lower
than on Severnaya Zemlya, but permafrost temperatures in the region are relatively high,
i. e. =8 to —7 °C. Similar ground temperatures and ALT to those on Severnaya Zemlya
and Wiese Island are observed in the coastal oases of Antarctica [26]. At the same time, in
continental Antarctica, the permafrost conditions are much more severe than on Severnaya
Zemlya, while on the Antarctic Peninsula, permafrost temperatures are higher.

On Severnaya Zemlya, the dominant types of cryogenic-geological processes
are the cryogenic disintegration of rock deposits, the movement of the weathering
products (cryoeluvium) downslope and their sorting to form structural soils. Cryoeluvium
is often characterized by ice layers near the active-layer boundary. Ice-wedge polygons
with 7-20 m side lengths are present in areas with relatively thick Quaternary sediment
strata. They are mainly confined to marine terraces and less frequently to river terraces.
The widths of the ice wedges studied are 45—75 cm. The host sediments are characterized by
a significant amount of coarse-grained particles, and massive and schlieren cryostructures.
The detection of ice-bearing sediments in the nearshore marine area indicates the possibility
of freezing marine terraces by both epigenetic and syngenetic processes.

In contrast to Spitsbergen, where warm-based glaciers feed subglacial water whose
unloading promotes pingo formation and icings [27; 28], related landforms are missing on
Severnaya Zemlya, where the glaciers are cold-based. The dominant cryogenic geological
processes and phenomena on Wiese Island, which is composed of epigenetically frozen
Lower Cretaceous sands with a massive cryotexture are frost heave, shallow polygon
cracking in the seasonally thawed active layer and epigenetic ice-wedge formation.
The observed small ice-wedge widths suggest late Holocene formation ages although
direct dating is lacking. Except for the northern part of the island, where sedimentation
occurs, the island's coastline has retreated several hundred meters in the last 70 years due
to thermo-abrasion. The rate of coastal retreat on the island will increase in proportion to
the increase in the duration of the ice-free period due to climate warming.

Ice wedge isotopic composition

The mean ice wedge 6'%0 values of both Wiese Island (—20.4 %o) and Cape
Baranova (—17.7 %o) indicate a Holocene origin of the ice wedges studied. They fit very
well into the regional pattern of Holocene ice wedges with decreasing %0 values from
West to East [29; 30]. While Spitsbergen ice wedges with a less depleted 3'*0 mean value
of —13.9%o reflect a more maritime winter climate, ice wedge 6'*O values from the Kara
Sea coast and the Taymyr Peninsula scatter between —23.1 %o and —16.7 %o, reflecting
the colder and less maritime winter climate of the Kara Sea and adjacent land areas.

The differences between Wiese Island (more depleted 6 values, higher mean d value
of 12.9 %o, lower slope of 6.21) and Cape Baranova, Bolshevik Island (less depleted
0 values, lower mean d value of 6.6 %o, higher slope of 7.45) ice wedges may have
several causes. As it is unclear when exactly the ice wedges were formed, different climate
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conditions throughout the Holocene might have played a role. Differences in moisture
sources and pathways, potentially related to regional sea-ice cover, might have contributed
as well as the incorporation of non-precipitation water sources or Snow-cover processes
before infiltration of frost cracks and ice-vein formation.

Interestingly, the Baranova ice-wedge isotopic values from Bolshevik Island —
representing cold-season precipitation — are more enriched (by about 2 %o in 6'*0) than
those of the AN ice core, which is a year-round archive (mean 6'*0 of —20.1+2.0%o for
1883-1998) [22]. Besides the abovementioned aspects, isotopic enrichment in the snowpack
before ice-wedge formation due to e. g. sublimation and/or depth hoar formation [31] may
have occurred. However, one has to consider that the ice core was drilled at an altitude
of about 750 m and the isotopic composition of the precipitation forming the ice cap
underwent (additional) depletion due to the altitude effect compared to the ice-wedge
feeding snow at about sea level®, reported 6'*O-altitude gradients between —0.16 %o per
100 m on the windward slope and —1.5 %o per 100 m on the lee slope of the Vavilov ice
cap. This would imply an additional depletion of at least —1.2 %o (maximum —11.25 %o)
for the Akademii Nauk ice core site. Using a value of about —0.6%o per 100 m as reported
for Greenland by Dansgaard et al. [32] would yield —4.5 %o additional depletion for
the Akademii Nauk ice core site, which seems to be a more realistic value for Severnaya
Zemlya, considering also the different locations of the Baranova and Akademii Nauk ice
cap with respect to the prevailing wind and moisture transport patterns.

Conclusions

Severnaya Zemlya and Wiese Island are characterized by a continuous distribution of
frozen strata, which is not interrupted below glaciers. The permafrost in the study region
is cold, with typical ground temperatures at the depth of the zero annual amplitude of
about —10 to -9 °C and a typical range of active layer thickness of 50-80 cm (in 2021-2024).
Colder permafrost with temperatures up to —12 °C can be assumed on Komsomolets Island,
due to its high-latitude position. Ground temperatures have been warming at a rate of
0.14 °C per year over, approximately, the last about 30 years, corresponding to mean annual
air temperatures increasing at a rate of up to 0.1 °C per year (since the mid-1970s). Further
observation of the changes in meteorological and permafrost conditions is conducted by
newly-installed permafrost monitoring sites in the RNS BPM framework.

The ground ice content in permafrost deposits on the Severnaya Zemlya Archipelago
and Wiese Island is generally low and most often characterized by massive cryostructures.
Snowless areas with very dry uppermost (0.5 m deep) frozen deposits exist on Severnaya
Zemlya. Noticeable amounts of ground ice are represented by ice layers near the active-layer
boundary in cryoeluvium on Severnaya Zemlya, as well as by ice wedges forming polygons
on both the Severnaya Zemlya Archipelago and Wiese Island. The isotopic composition of
the wedge ice points to Holocene ice-wedge formation and fits into the regional pattern from
Spitsbergen to the Taymyr Peninsula. Frost blisters are present in the river valleys and estuaries
of Severnaya Zemlya, where seasonal taliks above cryopeg brines refreeze in the wintertime.

8 Klementyev O.L., Potapenko V.Y., Savatyugin L.M., Nikolaev V.I. Studies of the internal
structure and thermal-hydrodynamic state of the Vavilov Glacier, Archipelago Severnaya Zemlya.
In: Kotlyakov V.M., Ushakov A., Glazovsky A. (Eds.). Glaciers-Ocean-Atmosphere Interactions:
Proceedings of the International Symposium held at St. Petersburg, September 1990. I[AHS-AISH
Publication; Ne 208. Wallingford: IAHS Press, Institute of Hydrology; 1991. P. 49-59.
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Pacumpennsbiii pedgepar

Juia apxunenara CesepHast 3emiis U ocTpoBa Buze XapakTepHO CIIJIOIIHOE pac-
MPOCTPAaHEHHUE MEP3JI0ThI, KOTOPOE HE MpepbiBaeTcs noj jegnukamu. B 2021-2024 rr.
TeMIIepaTypa Mopoj] Ha TIyOHMHE HyJEBBIX TOJOBBIX aMIUIMTY]] HaXO[MJach B JUara3o-
He —10...-9 °C, a xapakTepHBIi TUaa30H MOITHOCTH CE30HHO-TANIOT0 citosg — 5080 cm.
CpenneronoBasi TeMIieparypa rpyHTa okasbiBaeTcst He Ooiiee yeM Ha 3 °C BbIlIe cpejiHe-
TOZIOBOH TeMITEpaTyphl BO3AyXa. BaXHBIM GakTopoM, OOBICHSIIOMNM OIH30CTh ITHX T10-
Kazareliei, sIBIsIeTCs OTHOCUTEIbHO HU3KOE BIMSIHUE CHEKHOTO OKPOBA M PACTUTEIBHOCTH
Ha TeMIeparypHbIi pexxuM rpyHToB. Ha octpoBe Komcomorern, B cuily ero BBICOKOIIH-
POTHOTO TOJOKEHMS, MOJKHO TIpeonaraTth 0onee HU3KHE TeMIIepaTypbl MEp3ibIX TO-
pox, BmoThk 10 —12 °C. PacyeTHas MOITHOCTh KPHOJIUTO30HBI B PETHOHE COCTABIACT OT
450 mo 1200 m. B mocexnane 30 jet Temneparypa TpyHTOB IOBBIIIAETCS CO CKOPOCTBHIO
oxono 0,14 °C B roj, 4TO CBS3aHO C POCTOM CPEIHErOI0BOM TeMIeparypbl Bo3ayxa co
ckopocTthio 110 0,1 °C B rox (¢ cepeaunbl 1970-x rr.). JlanbHEHIIUH MOHUTOPUHT U3Me-
HEHMH METEOPOJIOTHYECKUX U MEP3JIOTHBIX YCIOBUH OCYIIECTBIISICTCS Ha IyHKTaX Ha-
OmonieHuit cucteMsl [ocyapcTBEHHOTO (POHOBOTO MOHUTOPHHTA COCTOSIHUSI MHOTOJICTHEH
MEp3JIOTHI, YTO CO3/ACT OCHOBY JJISI CPAaBHUTEJIHLHOTO aHAIHM3a C APYTHMH PETHOHAMHA
Apkruku. JIbIUCTOCTh Mep3ibIX OTIOXKEeHUH apxumenara CeBepHas 3eMis U OCTPOBA
Buse B nienom HU3Kas, Ul HUX HanOoJee TUIIMYHBI MAaCCUBHBIE KPUOTEHHbBIC TEKCTYPBI
1 B MeHbIIeH crenenn nutpossie. Ha CeBepHoit 3emite BCTpedaroTces: 0ecCHEKHBIC ydacT-
KM, IJIe BEPXHUE [IOJIMETPA I'PYHTA MIPEACTABICHBI MOPO3HOU IIOPOJOM, JIMIIEHHOH JIbJa.
[TposiBIIeHNS TTOA3EMHBIX JIBJI0B MTPEICTABICHBI JIMH3AMH JIbAA Y TPAHUIIBI CE30HHO-TAJIOT0
ciost B KproamoBuu Ha CeBepHOi 3emiie, a TakKe TOBTOPHO-KHIIBHBIMU JIbJIaMu, (op-
MHPYIOMIMMH MOJIUTOHAIBHBIE CTPYKTYPBI Kak Ha apxurnenare CeBepHas 3eMils, Tak U Ha
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octpoBe Buze. M30TONHBII cocTaB )KUIBHOTO JIbJIa TOBOPUT B HOJIB3Y €TI0 FOJOLEHOBOIO
Bo3pacra. B peunsix noimnHax u sctyapusix CeBepHOW 3eMiM NPUCYTCTBYIOT HaJeHbIC
OyTpsl (OHCcTEepHI), 0Opa3yIONINEcs B Pe3yIbTaTe 3UMHETO MPOMEP3aHUs CE30HHBIX MOA-
PYCIJIOBBIX TAJIMKOB C KPUOIIATAMH.

Appendix A. Supplementary data

Table A.1

Maximum active-layer thickness according to measurements by permafrost meters
in the vicinity of the Cape Baranova Ice Base and meteorological parameters
measured on this station during 2017-2023

MaxkcumaJibHasl TOJIIHHA CE30HHO-TAJIOT0 CJI0s
10 JAHHBIM U3MEPEHHIi ¢ HOMOIIBI0O MEeP3JI0TOMETPOB
B OKpecTHOCTAX «JlenoBoii 6a3p1 Mbic BapanoBa» n MeTeopoJiornyeckue napaMerTpsl,
H3MepeHHbIe Ha 3Tol cTanuuu B nepuox 2017-2023 rr.

Tabnuya A.1

Z 4 2017 2018 2019 2020 2021 2022 2023

LES g Location ALT, cm |ALT, cm | ALT, cm | ALT, cm | ALT, cm | ALT, cm | ALT, cm

E g date date date date date date date

Mean air T [°C] —11.8 | —11.6 | —12.1 -8.9 -12.4 | -11.9 | —12.8

Mean soil surface T [°C] -114 | -11.1 | -11,8 -8.6 -12.0 | -11.4 | —12.3

Sum of positive temperatures 52.2 159.6 | 133.7 | 310.1 | 140.2 | 121.6 89.7

uring the warm period* [°C]

6 Accumulative-abrasion 67 66 65 94 95 76 68
marine terrace 02.08 | 28.08 | 26.08 | 17.09 | 19.08 | 20.08 | 11.08

7 Accumulative-abrasion 61 74 65 91 75 76 73
marine terrace 06.08 | 17.08 | 26.08 | 15.08 | 09.08 | 20.08 | 11.08

1 Second floodplain terrace| 51 59 59 75 73 61 61
of the right bank of 27.07 | 26.08 | 26.08 | 24.09 | 13.08 | 23.08 | 10.08
the Mushketova River

2 First floodplain terrace 57 69 70 78 92 71 71
of the right bank of 15.08 | 26.08 | 20.08 | 19.09 | 20.08 | 12.08 | 10.08
the Mushketova River

4 First floodplain terrace 47 63 65 91 88 78 74
of the left bank of 11.08 | 31.08 | 26.08 | 21.09 | 20.08 | 23.08 | 23.08
the Mushketova River

5 Second floodplain terrace| 71 90 89 115 105 98 96
of the left bank of 15.08 | 14.08 | 26.08 | 28.09 | 16.09 | 23.08 | 23.08
the Mushketova River

Note. *  Warm period — a period characterized by a stable transition of the average daily air temperature

above 0 °C

Ipumeuanue. * Terutblii Iepruoa — NEPHOJ, XapaKTePHU3YFOLIUICS CTaA0MIBHBIM IIEPEX0I0M CPEIHEe-
CyTOUYHOH TeMIepaTypbl Bo3ayxa Beiiie 0 °C.
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Table A.2

Stable water isotopes (6'*0, D) and deuterium excess values (d)
of two profiles of the ice wedge BA-IW1 (Bolshevik Island)
and one profile of the ice wedge Wiese-IW2 (Wiese Island)

Tabruya A.2

KoHueHnTpauuu craduibHbIX H30TONOB BoAbI (6'30, D) u neiitepueBoro xkcuecca (d)

110

B 00pa3uax u3 AByx npodueii seasiHoii ksl BA-IW1 (0. BoibmeBuk)
U O/IHOTO MpoduIs JeasHoii skuibl Wiese-IW2 (0. Buze)

Sample No.

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32

Sample 1D 6180, %0 BD, %o d, %o
Ice wedge BA-IW1 profile 1, Bolshevik Island 79°12.211' N, 102°20.305' E
BA-IW1-1-01 —-18.11 —138.30 6.60
BA-IW1-1-02 —-18.15 —-138.14 7.03
BA-IW1-1-03 —-18.35 -139.77 7.01
BA-IW1-1-04 -18.32 —139.49 7.07
BA-IW1-1-05 -18.15 —-138.69 6.53
BA-IW1-1-06 -17.96 —-137.31 6.35
BA-IW1-1-07 -17.83 —135.88 6.76
BA-IW1-1-08 -17.72 —-135.07 6.72
BA-IW1-1-09 —-17.64 —134.32 6.81
BA-IW1-2-01 -17.75 —-135.08 6.89
BA-IW1-2-02 -17.76 —-135.49 6.57
BA-IW1-2-03 —-17.83 -136.70 5.92
BA-IW1-2-04 -17.99 -137.71 6.20
BA-IW1-2-05 —-18.21 —-139.44 6.26
BA-IW1-2-06 -18.31 —-139.74 6.71
BA-IW1-2-07 -17.78 -135.70 6.57
BA-IW1-2-08 —-18.13 —138.57 6.48
BA-IW1-2-09 —-18.07 —137.68 6.89
Ice wedge BA-IW1 profile 2, Bolshevik Island 79°12.211' N, 102°20.305' E
BA-IW1-3-01 -18.23 —138.08 7.72
BA-IW1-3-02 -18.67 —-140.70 8.70
BA-IW1-5-01 -17.98 —-137.47 6.39
BA-IW1-5-02 -17.99 —137.53 6.37
BA-IW1-5-03 -18.21 —138.76 6.95
BA-IW1-6-01 -17.81 —-135.75 6.73
BA-IW1-6-02 -17.94 -136.84 6.70
BA-IW1-6-03 -17.84 —135.64 7.08
BA-IW1-7-01 -17.76 —136.06 5.99
BA-IW1-7-02 -17.84 —-136.02 6.68
BA-IW1-8-01 —-15.36 —-117.81 5.03
BA-IW1-8-02 —-15.37 -117.23 5.71
BA-IW1-4-01 -15.86 -121.23 5.63
BA-IW1-4-02 -15.97 -121.82 5.97
n 32 32 32
Mean -17.72 —-135.13 6.59
Min -18.67 —-140.70 5.03
Max -15.36 -117.23 8.70
Std 0.83 6.24 0.64
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End of the table A.2

Oxonyanue maonuyvt A.2

Sample No. Sample ID | 6%0,% | D% |  d %
Ice wedge Wiese-IW2, Wiese Island 79°29.332' N, 77°0.83' E
01 Wiese-IW2-01 -20.37 -150.27 12.65
02 Wiese-IW2-02 -20.12 —148.28 12.71
03 Wiese-IW2-03 -20.17 —-148.79 12.58
04 Wiese-IW2-04 -20.78 —-153.01 13.19
05 Wiese-IW2-05 -21.12 —154.62 14.36
06 Wiese-IW2-06 -19.80 —-146.79 11.63
n 6 6 6
Mean -20.39 —-150.29 12.85
Min -21.12 —154.62 11.63
Max -19.80 —-146.79 14.36
Std 0.48 2.99 0.89
Table A.3
Stable water isotopes (60, D) and deuterium excess values (d)
of present-day snow samples from multiple locations
Tabnuya A.3

KoHueHTpanuu cradujibHbIX H30TONOB Boabl (6'°0, dD) u neiirepueBoro sxcuecca (d)
B 0TOOpaHHBIX 00pa3Lax cHera

Sample No. Sample ID | 380, %o | 3D, %o | d, %o
Snow pit, Wiese Island 79°36.028' N, 76°40.681' E (August 14, 2021)
01 WI-SP-1-01 —-18.24 —134.67 11.22
02 WI-SP-1-02 -17.95 -131.13 12.46
03 WI-SP-1-03 -17.74 —-129.06 12.87
04 WI-SP-1-04 -17.56 —-127.48 13.04
05 WI-SP-1-05 -17.29 -125.30 13.04
06 WI-SP-1-06 -17.91 —-127.68 15.62
07 WI-SP-1-07 -15.84 -112.67 14.03
08 WI-SP-1-08 -15.34 -108.53 14.22
09 WI-SP-1-09 -15.11 -106.47 14.41
10 WI-SP-1-10 -15.26 -106.89 15.17
11 WI-SP-1-11 —14.99 —105.65 14.27
12 WI-SP-1-12 —-14.59 -103.25 13.45
13 WI-SP-1-13 -14.31 -101.48 13.03
14 WI-SP-1-14 -14.19 —-100.64 12.86
15 WI-SP-1-15 —14.30 -101.77 12.67
16 WI-SP-1-16 -14.33 —-101.72 12.94
17 WI-SP-1-17 -14.34 -101.38 13.38
18 WI-SP-1-18 -13.96 -98.66 13.01
19 WI-SP-1-19 -13.93 -97.92 13.49
20 WI-SP-1-20 -14.22 -100.19 13.58
n 20 20 20
Mean —-15.58 —111.13 13.44
Min -18.24 —134.67 11.22
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End of the table A.3

Oxonuanue mabnuyvt A.3

Sample No. Sample ID 830, %o 8D, %o d, %o
Max —13.93 -97.92 15.62

Std 1.57 12.74 0.98
Snow sample, Wiese Island 79°29.326' N, 77°03.197" E (September 26, 2023)

01 [WI-s-1 |  -n7s | 8304 | 1093

Snow samples, Bolshevik Island 79°17.155' N, 101°37.939" E (October 8, 2023)
79°16.729' N, 101°39.770' E (October 8, 2023)
01 B-S-1 ‘ ~15.11 ~111.33 ‘ 9.58

02 B-S-2 -16.07 -117.37 11.20
Snow sample, Cape Chelyuskin, Taymyr Peninsula 77°42.777' N, 104°17.960' E
(October 12, 2023)
01 [MC-s-1 | 1894 | 13553 | 1597
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