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The results of studies of the methane content in the active layer and upper permafrost horizon in the areas
of the Marre-Sale station (western Yamal Peninsula) and the Pechora River mouth are presented. Data on the
methane content in Quaternary permafrost and ground ice of different geneses and data on methane emission
from the surface of typical tundra in Marre-Sale are analyzed. The highest methane content in sediments of both
the active layer and the upper permafrost is characteristic of boggy floodplains and waterlogged depressions on
the surface of the marine terrace. In well-drained landscapes, methane is virtually absent in sediments of the
active layer. In the upper permafrost, its content is 5—6 times higher than in the overlying active layer. A large
amount of methane (on average, about 2 mL/kg) is contained in loamy clay marine sediments at the base of the
Marre-Sale section, as well as in the massive ice. The distribution of methane in permafrost and ground ice is
close to a lognormal distribution. Significant methane flux (up to 10.7 mg/(m?h)) has been determined for

highly moistened surfaces occupying about 45-50% of the area of a typical tundra.
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INTRODUCTION

The greenhouse effect on climate change cannot
be assessed without taking into consideration green-
house gases emitted to the atmosphere from natural
sources. Permafrost contains enormous reserves of
greenhouse gases [ Rivkina et al., 1992; Sturtevant et
al., 2012; Christensen, 2014; Schuur et al., 2015;
Euskirchen et al., 2017; Streletskaya et al., 2018b; van
Huissteden, 2020]. The high content of greenhouse
gases in permafrost is related to the considerable con-
tent of organic matter in the Quaternary sediments of
the Arctic region. Greenhouse gases — methane CHy
and carbon dioxide CO4 — are produced in the course
of microbial decomposition of organic matter. The
warming potential of methane is at least 28 times
higher than the warming potential of CO4 (over
100 years) [IPCC, 2018]. Continuing warming in the
Arctic [IPCC, 2018] may lead to the emission of
greenhouse gases that are currently stored in perma-

frost and ground ice [McCalley et al., 2014; Dean et
al., 2018).

According to available estimates, methane emis-
sions from Arctic ecosystems, primarily from water-
logged and boggy areas, reach 8 to 29 Tg C/yr [McGu-
ire et al., 2012], which corresponds to about 10% of the
global CH, emission from natural wetlands [ Ciais et
al., 2013]. Some researchers believe that current esti-
mates of CO, and CH, emissions caused by dramatic
permafrost thawing may be underestimated [Anthony
et al., 2018]. The point is that the greenhouse gas emis-
sions increase due to the expansion of waterlogged are-
as and thermokarst lakes, where organic carbon beco-
mes available for microbial decomposition [van Huis-
steden, 2020]. There is also an opposite opinion stating
that the emission of greenhouse gases related to perma-
frost degradation is not so large and may not have a
significant impact on climate change | Anisimov, 2007].
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Methane may have abiogenic, biogenic, thermo-
genic, and pyrogenic origins. Biogenic CHy is a final
product of the organic matter decomposition by
methanogenic archaea in the anaerobic environ-
ments, such as waterlogged soils, bogs, and marine
sediments [Streletskaya et al., 2018a]. In typical tun-
dras, the biogenic CHy is formed in the oxygen-free
water-saturated active layer and in talik zones in the
presence of sufficient amount of organic carbon in
available forms [Kraev et al., 2013; Kraev, Rivkina,
2017).

It has been experimentally found that no meth-
ane is generated in frozen sediments [Walz et al.,
2017], i.e., the entire amount of methane emitted
from frozen sediments was formed before or during
freezing and is a characteristic of host sediments
themselves. The same can be stated for ground ice.
The microbial activity in the active layer (AL) con-
tinues until the moment of its complete freezing
[Sturtevant et al., 2012]. It has also been confirmed
that a decrease in sediment temperatures reduces the
activity of methane-oxidizing microbes in the upper
horizons of the active layer [Sachs et al., 2008].

Field observations and experiments in the north-
east of Siberia demonstrated that biogenic methane
tends to accumulate near the lower boundary of the
AL [Kraev et al., 2017]. During freezing, CH, may be
squeezed out of this layer down into the permafrost
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for the first few meters and accumulate in lithological
“pockets”.

The aim of this study is to analyze factual data
on the methane content in the AL and Quaternary
permafrost, especially in the upper permafrost hori-
zon (UPH), or the transient and intermediate layers
according to Yu.L. Shur [French, Shur, 2010] and in
the ground ice, as well as on the methane emission
from the predominant landscapes of studied regions
in the western sector of the Russian Arctic.

STUDY SITES

Long-term studies of the geological, geocryolog-
ical, and landscape conditions have been performed in
the areas of geocryological stations in the Yamal Pen-
insula (Marre-Sale) and the Pechora River mouth
[Pavlov et al., 2002; Kaneuvskii et al., 2005; Streletskaya
et al., 2009, 2018a; Malkova, 2010]. In the area of the
Marre-Sale station, measurements of the methane
content in the AL, permafrost and ground ice, and
methane emission from the surface of predominant
landscapes were performed. In the area of the Pecho-
ra River mouth, initial data on the CH, content in
frozen and thawed sediments were obtained (Fig. 1).

The Marre-Sale Station

The Marre-Sale permafrost station is located
near the weather station of the same name. The sta-
tion belongs to the zone of typical tundra with mari-
time Arctic climate. According to the Marre-Sale
weather station data, the mean annual air tempera-
ture (MAAT) from 1961 to 1990 (the period of the
climatic norm) was —8.5°C. The coldest month is
February with the mean monthly air temperature of
—22.7°C; the warmest month is July (7.1°C). In re-
cent decades (approximately since 1970), air temper-
ature has been rising everywhere in the Arctic. In the
studied region, the mean annual temperature has in-
creased by about 2.8°C (1970—present), which is
close to the “hard” scenario of climate change [IPCC,
2018]. The area belongs to the zone of continuous
permafrost. Despite the presence of relatively homo-
geneous sandy or loamy sandy sediments in the upper
part of the section, the AL depth varies from 0.3 to
2 m and more in dependence on the landscape condi-
tions.

The landscape structure within the station area
(Fig. 2) is representative of the typical tundra of Ya-
mal Peninsula. The studied territory is located on the
third marine terrace with heights from 15 to 30 m asl.
The terrace is dissected by the system of ravines and
runoff hollows and by deep (10-15 m) lake basins.
The northern part of the territory is occupied by the
wide floodplain of the Marre-Yakha River and by
towpath and sea beach barrens. The floodplain is sub-
divided into low (regularly flooded, 0.1-0.5 m above
the river water level), medium (periodically flooded,
0.5—1.5 m), and high (rarely flooded, >1.5 m) flood-
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plain sections. The floodplain is boggy and contains
numerous lakes occupying about 40% of the flood-
plain area. Flat areas between the lakes are occupied
by polygonal herb-moss and dwarf shrub-herb-moss
bogs. The total lake coverage is about 11% of the
studied territory.

Herb-dwarf shrub-lichen tundras predominate
on marine terraces; they are allocated to relatively
drained positions between the lakes (sampling point
BH6). Widespread herb-moss boggy lake depressions
(point BH44) indicate the processes of active drain-
age of the lakes through runoff hollows. These two
types of landscapes together occupy about 57% of the
area, excluding the area of the lakes. Other landscape
types almost equally occupy the remaining area
(Fig. 2).

Hydrological conditions play an important role
in the methane production in the active layer. The
landscapes in the Marre-Sale area can be divided into
four main classes according to their moisture content.
The class of drained tundras includes sandy blowouts
with fragments of tundra vegetation (point BH43)
and drained polygonal tundra (point BH6).

The class of poorly drained tundras includes flat
areas with wet surface covered by herb-dwarf shrub-
lichen vegetation (point BH1) and the high flood-
plain of the Marre-Yakha River (point SB06). The
class of wet tundras includes flat areas of wet herb-
dwarf shrub-lichen-moss tundra (point BH3) and
wet polygonal tundra with the herb-dwarf shrub-li-
chen-moss vegetation with small shallow ponds
(points BH2, BH2a). The class of waterlogged tun-
dras includes heavily moistened areas of ravines and
runoff hollows (point BH4), lake basins (point
BH44), polygonal herb-moss and dwarf shrub-moss
areas of the low (point SB05) and medium (point
BH36) floodplains of the Marre-Yakha River. The
landscape of flat raised peatlands with the predomi-
nation of shrub-lichen-moss vegetation is distin-
guished separately.

The Pechora River mouth

In the European part of Russia (Nenets Autono-
mous District), field studies were conducted in the
areas of three geocryological stations — Bolvansky,
Kumzha, and Kashin — in the southern tundra sub-
province of marine and alluvial accumulative plains.

The mean annual air temperature for the climat-
ic norm period (1961-1990) is —4.7°C at the Cape
Konstantinovsky weather station, which is the clos-
est weather station to the study area. Over the last
15 years, the mean annual air temperature has risen to
—2.7°C. The lowest mean annual air temperature
(-9.1°C) over the entire observation period (since
1935) was recorded in 1998; and the highest mean an-
nual air temperature (—0.7°C), in 2013. A general
trend towards the mean annual air temperature rise
by 0.06°C/yr has been observed in the past 30 years.

The Bolvansky station in the delta of the Pecho-
ra River on the southern coast of the Pechora Bay
(the Barents Sea basin) within the gently hilly third
marine plain raised at 25 to 35 m asl. The poorly
drained spotty moss-lichen-dwarf shrub tundra on
the tops and slopes of the hills predominates in this
area. Surface sediments are represented by marine
and coastal loamy sands and loams with interlayers
and lenses of silty sands. Peat from 0.5 to 5 m in
thickness occurs at the surface of polygonal peatlands
and bogs. The territory of the station belongs to the
area of continuous permafrost. Two pits were sampled
at the Cape Bolvansky site. The first pit was located
on the gently sloping surface of the polygonal water-
logged peatland (point 20P4). The second pit was
excavated on a gently sloping surface of the polygon
between runoff hollows within waterlogged peatland
(point 20P6).

The Kashin geocryological station, 50 km west
of the Bolvansky station, was established in 2009. It
is found on Kashin Island in the Korovinskaya Bay of
the Pechora River mouth, on the first marine terrace
elevated at 2—10 m asl. Kashin Island is mostly com-
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Fig. 2. Landscape structure of the Marre-Sale site.
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posed of frozen sands covered with peat (up to 2 m in
thickness) in some places. One pit and one exposure
of the retreating coast were described and sampled.
The pit was excavated on a gently inclined poorly
drained surface with hillocky microtopography and
lichen vegetation (point 20P3). The second sampling
point was allocated to a polygonal peatland on the
first alluvial-marine terrace elevated by about 1.6 m
(point 20P7).

The Kumzha site was established 7 km to the
south of Kashin Island, in the Pechora River delta-
front, on a remnant of the first alluvial terrace at
5-8 m asl. Two pits were sampled. The first pit was
laid on a slightly wavy drained surface flat-topped
peatland with dwarf birch-lichen vegetation sur-
rounded by waterlogged sedge-dominated depres-
sions (point 20P1). The second pit was found in the
central part of the depression (drained thermokarst
lake) with sedge-sphagnum vegetation (point 20P2).

The Kashin and Kumzha sites belong to the zone
of sporadic permafrost. The average depth of the ac-
tive layer in the recent decades, according to data
from CALM R24 (Bolvansky) and R24A (Kashin)
sites, has been about 1.0—1.2 m.

METHODS

To determine the content of methane in frozen
and thawed sediments, sediment samples of about
50 cm?3 were taken and placed in 150-mL plastic sy-
ringes after weighing. The samples were degassed us-
ing the Head Space method [Kampbell et al., 1989].
A highly concentrated NaCl solution and air of the
known volume (about 50 cm?®) were pumped into the
syringe. After complete thawing of the sample, emit-
ted gas was pumped from the syringe into sealed
10-mL glass test-tubes with rubber corks. The
samples were transported to the laboratory of the
VNIIOkeangeologiya, where the gas composition was
determined by gas chromatography on the SHI-
MADZU GC 2014 (Japan) flame ionization detector.

To determine the water content, the samples
were taken in parallel with the samples for the gas
composition determination.

In the late July and early August 2018, 2019, and
2020, CHy specific fluxes were measured in predomi-
nant landscapes in the Marre-Sale area. Isolated cu-
bic chambers of 25 x 25 x 25 cm made of acrylic glass
were used for measurements. Inside the chambers, air
was automatically stirred for 15 s by fans every
10 min. Two-channel loggers HOBO Pro v2 (USA)
with sensors on the surface (in a layer of the vegeta-
tion cover) and at a depth of 10 cm were installed
near the chambers to measure temperature. Accuracy
of the logger measurements was £0.1°C.

Temperature was recorded every 10 min. Gas
was sampled after the beginning of the experiment
every hour during four hours (i.e., five measurements)
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by a 150-mL plastic syringe from the center of the
chamber; then, gas was immediately pumped into
10-mL sealed glass test-tubes. The samples were ana-
lyzed in the laboratory of the VNIIOkeangeologiya
with the use of the above-mentioned instrument. The
CHy specific fluxes were further calculated from the
slope of linear trends of the CHy4 concentration in
mg/(m?h) taking into consideration changes in the
temperature and air pressure during the experiment
[ Glagolev et al., 2010].

Data on the CH, concentration in sediments and
ice and on the CH,4 emission were analyzed by stan-
dard statistical methods. All data were sorted into
groups according to their geological and genetic
background or according to the landscape character-
istics of sampling sites. Mean, minimum, maximum,
standard deviation, and median values were calcu-
lated for the analyzed statistical samples. The results
were presented in graphs, diagrams, and figures. In
box plot diagrams, the lower and upper edges of a
rectangle (“box”) correspond to the first and third
quartiles of the sample. The crosses in each field rep-
resent the mean methane content. The ends of the
“whiskers” are the edges of a statistically significant
selection (the lower end is the difference of the first
quartile and one and a half interquartile distance; the
upper end is the sum of the third quartile and one and
a half interquartile distance). Dots on the box plot
diagram designate the values of the methane content
or methane flux.

RESULTS AND DISCUSSION

The methane content in the active layer
and upper permafrost horizon

The methane content in the AL (regardless of
the AL thickness in different years) and in the upper
permafrost horizon (UPH) (to a depth of 3.6 m) in
the Marre-Sale station area have been studied annu-
ally since 2012. Overall, 369 samples have been ana-
lyzed, including 249 samples in the thawed state and
120 samples in the frozen state. For the Pechora Riv-
er mouth, 42 samples were taken (11 samples in the
frozen state, 31 in the thawed state). The methane
content was not studied in peat bogs, the Marre-
Yakha River towpaths, and on the sea beach. The
methane content in such areas is low due to the unfa-
vorable conditions for significant methanogenesis
[Kwon et al., 2017].

Figure 3 demonstrates sediment sections ob-
tained from shallow (up to 3.6 m) boreholes: compo-
sition of the sediments, total weight water content,
and the methane content in AL and UPH in different
years for the area of the Marre-Sale station.

Against the background of considerable variabil-
ity in the methane content in the AL, in general, there
is a natural increase in the CHy content with depth.
This probably indicates an important role of diffusion
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mechanism of methane transfer to the surface. The
amount of methane in the UPH is always higher than
in the AL. The highest methane contents in both AL
and UPH are typical for the most waterlogged sedge-
dominated landscapes. The diffusion mechanism of
the methane distribution in the AL may indicate the
strong influence of methanotrophic bacteria that use
methane as the only source of carbon and energy. As a
rule, aerobic layers, where methanotrophic bacteria
develop, are located above anaerobic zones of the
methanogenesis [ Whalen, Reeburgh, 1990].

Figure 4 demonstrates the statistical data on the
CH, content in the AL and UPH at the Marre-Sale
area. It can be seen that the CH, content varies con-
siderably in dependence on a landscape. The ratio of
the average CH, content in the landscapes with the
maximum CHjy contents to that in the landscapes
with the minimum CH;, contents is up to 400. Differ-
ences in the amount of methane are significant for the
samples both from the AL and from the UPH.

In the Marre-Sale area, the highest methane
content in the AL was observed in the middle flood-
plain of the river (point BH36) and averaged
1.59 + 1.36 mL/kg with the maximum of 6.55 mL/kg.
Almost the same values (1.57 £ 2.62 with the maxi-
mum of 9.05 mL/kg) were obtained for the low flood-
plain. On the main surface of the third marine terrace,
the highest methane content in the AL was obtained
for the moistened surface of the runoff hollows (point
BH4) and averaged 1.54 = 1.09 mL/kg with the max-
imum of 3.93 mL/kg. The high values of the methane
content in AL were recorded in polygonal tundra
(points BH2, BH2a). All other landscapes were
characterized by much lower methane contents in
thawed sediments (Fig. 4). In the moist typical tun-
dra (point BH3), the average methane content was
0.13 +0.18 mL/kg; in point BH44 (lake basin), it was
0.28 £ 0.23 mL/kg. The methane content was less
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than 0.1 mL/kg in the AL of the moist flat tundra
(point BH1), in drained sandy blowouts (point
BH43), and in the high floodplain of the Marre-Yakha
River (point SB06). On the basis of the obtained
data, it can be assumed that there is a definite ten-
dency for an increase in the methane content with an
increase in the degree of surface moistening and in
the water content of the AL; however, this relation-
ship is not linear and is not observed over the entire
area.

In all cases, the methane content in the UPH is
higher than in the AL (Fig. 4). The difference in the
ratio of the methane content in the UPH to the me-
thane content in the AL for different types of land-
scapes is significant and ranges from 130—150 to 500—
600% and higher. The maximum methane contents
are observed near the upper permafrost horizon and
0.3-0.5 m deeper than the maximum thickness of the
AL. Below, the methane content gradually decreases
down the section. The similar distribution of methane
was previously established for the sections in the
northeastern Siberia [ Kraev, Rivkina, 2017].

In general, the high methane contents in the
UPH were obtained for sampling points BH43,
BH36, BH4, BH2a, and SB05, i.e., for the same land-
scapes, where the high methane content was observed
in the AL. In a single case (point BH43, drained sur-
face of a sandy blowout), the high methane content
values were obtained for the underlying frozen sedi-
ments (the average methane content 5.14 + 1.9 mL/kg
with the maximum value of 7.29 mL/kg), though in
the AL, the methane content was exceptionally low.
This can be explained by a high degree of drainage of
the upper sandy horizon, which does not provide the
anaerobic conditions and the methane formation.

In the area of the Pechora River mouth, the CH,
content was determined at the sites within several
landscape structures (Fig. 5).
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Fig. 4. Box-plot diagrams of the methane content at observation points in the Marre-Sale area in the (a)

active layer and (b) upper permafrost horizon.

Figures indicate the number of samples.
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METHANE IN FROZEN AND THAWING SEDIMENTS OF WESTERN RUSSIAN ARCTIC

The high methane content in thawed sediments
of the AL near the Pechora River mouth was record-
ed at sampling sites 20P3 and 20P4; the average
CH/ contents were 1.24 = 1.08 mL/kg (maximum
2.5 mL/kg) and 1.1 = 0.83 mL/kg (maximum
1.9 mL/kg), respectively. At point 20P2, the average
methane content in the AL was 0.42 + 0.2 mL/kg
(maximum 0.67 mL/kg); at point 20P6, the average
value was 0.24 £ 0.19 mL/kg (maximum 0.41 mL/kg).
At points 20P1 and 20P7, the CH4 concentrations
were insignificant, less than 0.05 mL/kg. The given
data, as well as the data for the Marre-Sale territory,
indicate some increase in the amount of CHy in the
more moistened landscapes compared to the drained
surfaces.

Frozen sediments in the UPH were sampled at
points 20P3, 20P4, 20P6, 20P7. The CH, content in
them was higher than in the AL for all points, except
for 20P3. The maximum values were obtained for
frozen sediments in the coastal cliff on Kashin Is-
land (point 20P7); they average CH, content was
8.15 £ 6.14 mL/kg (maximum 15.78 mL/kg). In oth-
er points, the average methane content comprised
1.68 mL/kg (20P4), 0.46 mL/kg (20P3), 0.3 mL /kg
(20P6).

The maps illustrating the spatial distribution of
methane in the AL and UPH are presented in Fig. 6.
The earlier created landscape map of the study area
[Oblogov et al., 2020] was used as the base map. To
show the methane content in sediments, average data
obtained at sampling points were sorted into five un-
equal gradations shown by color on the map.

The maps clearly illustrate the spatial distribu-
tion of methane in the AL and UPH and allow us to
estimate the amount of methane that will be emitted
into the atmosphere for different scenarios of climatic
warming and permafrost degradation under the typi-
cal tundra conditions.

Methane in permafrost and ground ice
of the Marre-Sale Area

Data on the methane content in the Quaternary
permafrost and ground ice of the Marre-Sale area
were obtained by studying coastal cliffs of 10 to 30 m
in height (Fig. 7) [Kaneuvskii et al., 2005; Streletskaya
et al., 2009, 2018al.

In the upper part of the section, fine-grained al-
luvial sands of the Holocene age (alV) are exposed.
They have the lowest CH4 content among all geolog-
ical varieties; the average value is 0.08 + 0.1 mL/kg;
the maximum value is 0.35 mL/kg.

Continental layered silty loamy sands and sands
of lacustrine-bog (IbIII%) or coastal-marine
(amIII3~%) origin underlie Holocene sands. The CHy
content in these sediments is an order of magnitude
higher than in the Holocene sands; it averages
0.87 £ 1.13 mL/kg with a maximum of 3.81 mL/kg.

Loamy sands and sands (amIII3~*) were formed
within the vast coastal plain with numerous lakes
[Streletskaya et al., 2009]. These sediments are char-
acterized by the high variability in the CH4 content,
with the maximum value of 6.75 mL/kg and the aver-
age value of 0.46 = 1.16 mL/kg.

The base of the section is composed of clay and
loamy sediments with interlayers of sands of the Late
Pleistocene age (mIII') of the marine and coastal-
marine origin. The silty clay sediments are most en-
riched in CH, content: 1.94 = 1.62 mL/kg (average)
and 6.77 mL/kg (maximum).

The am I113-4sediments in the middle part of the
section contain subhorizontal lenses and interlayers
of ice with wave-like bends and single mineral inclu-
sions. The pure ice layers with a thickness from a few
centimeters to 1.5 m (0.2—0.5 m on average) alternate
with sandy (loamy sandy) interlayers. The ice con-
tains irregularly distributed bubbles, 1-2 mm in di-
ameter of a rounded or poorly elongated shape, in
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Fig. 7. Box-plot diagrams of the methane content in the Quaternary frozen sediments and ground ice in the

area of the Marre-Sale coastal cliff.

Figures indicate the number of samples.
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which gas occurs under pressure. The amIII3~* se-
quence of sandy sediments with inclusions of ice lens-
es and interlayers is visually seen as a single ice-rich
horizon and is united into the horizon of massive ice
of the first type (MI 1). The ice lenses contain the
significant amount of methane. The average methane
content is 0.98 + 3.25 mL/kg. The absolute maximum
is 23.29 mL/kg was determined in a sample from the
ice lens in the amIII®~* sediments. This is the maxi-
mum value among all sampled sediments.

Thick massive ice of the second type (MI 2) is
exposed 3.0-3.5 km to the south of the polar station
in the thickness of the mIII' loamy clay sediments.
The apparent thickness of the ice body is more than
8 m; the lower part descends under sea level. The ice
is almost clear and glassy, but there are zones with a
significant number of admixtures of mineral inclu-
sions (mainly clayey and silty fractions) in the form
of suspended matter. Ice includes small irregularly
distributed gas bubbles and their clusters. Gas in the
bubbles is under pressure. The average methane con-
tent in the MT 2 samples is 0.76 + 1.69 mL/kg; the
maximum reaches 6.07 mL/kg.

There are two generations of ice wedges (IW) in
the section. The Holocene ITW of the upper level is
distinctly wedge-shaped and often superimposes the
lower-level of older wedges. The wedges with a width

of 0.5-1.2 m at the top and 1.0-3.5 m in height form
a polygonal network; the size of polygon sides is
6—8 m. The wedges are of the syngenetic type of
growth, as indicated by the relatively high ice con-
tent of host sands and peat. Wedge ice contains nu-
merous vertically oriented gas bubbles of up to 3 mm
in size. The average methane content in the samples
of IW of the Holocene age is 0.15 = 0.24 mL/kg; the
maximum value is 1.03 mL/kg.

Large ice wedges began to form at the end of
MIS-3 (Marine Isotope Stage 3) and continued ac-
tive growth in MIS-2 [Forman et al., 2002]. The
wedges of 1.5-4.0 m in width and up to 10 m in height
form a polygonal network of 10-20 m in size. The
wedges are syngenetic, as indicated, in particular, by
the repeatedly encountered layered cryogenic struc-
ture of the host sediments. The wedge tails in the cen-
tral part of the coastal cliff are involved in the MI 1
massif, branching and bending in different directions.
The IW is transparent, with thin vertically oriented
interlayers of mineral inclusions of sandy silt fraction.
Numerous gas bubbles 0.1-2.0 mm in size extend ver-
tically in the ice. The average methane content of the
Pleistocene IW samples is 0.63 = 1.89 mL/kg, with
the maximum value of 11.11 mL/kg.

The CH, concentrations within the same geo-
logical and genetic variety can differ by several orders

Sands (a, IblV) Silty loamy Sanqs Sands, loamy sands (amllI®) Clays, loams (mlll")
and sands (Iblll")
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Fig. 8. Methane contents in different genetic types of frozen sediments and ground ice in the Marre-Sale

area.
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of magnitude, in dependence on the place of sampling.
This is primarily relevant to massive ice areas, where
completely different values were obtained in samples
taken within a few tens of centimeters from one an-
other. Figure 8 demonstrates the distributions of the
CH, content in the Quaternary frozen sediments and
ground ice in the Marre-Sale area.

It is evident that in most of the considered geo-
logical-genetic varieties, the pattern of the CHy dis-
tribution is close to the lognormal one. In general, the
maximum values range from 0.01 to 0.10 mL/kg. Sig-
nificant deviations from the lognormal distribution
are observed only for marine loamy clay sediments
mlII!, where the values ranging from 1 to 10 mL/kg
distinctly predominate, and for MI 2, where the range
of 0.01 to 0.10 mL/kg predominates.

The obtained data point to the high methane
content in the Quaternary permafrost and ground ice.
Nevertheless, each geological and genetic type is
characterized by its own methane content indicating
the influence of the conditions of sediment deposition
and freezing. Thus, methane can act as an additional
indicator for geocryological subdivision of frozen
sediments.

Emission of methane from the surface
of the predominant landscapes of Marre-Sale

The specific CHy efflux to the atmosphere (meth-
ane emission) was measured in the Marre-Sale area in
the late July — early August in 2018, 2019, and 2020
at nine key points (BH1, BH2, BH2a, BH3, BH4,
BH36, BH44, SB05, SB06) within eight dominant
landscapes.

The measurements were not performed in peat-
lands, drained surface of sandy blowouts, Marre-
Yakha River towpath, and the sea beach. For similar
types of landscapes, it was previously established that
methane efflux is virtually absent [ Kwon et al., 2017].

Twenty six four-hour experiments were conduct-
ed at the surface temperatures from 5.7 to 20.0°C.

12 4
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od T—15_ 2.8 +IC53
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Specific methane flux, mg/(mh)

BH1 BH2 BH2a BH3 BH4 BH36 SB05 SB06 BH44

Measurement points

Fig. 9. Box-plot diagrams of the specific methane flux
from predominant landscapes of Marre-Sale area.

Figures indicate the number of samples.

Figure 9 demonstrates the results of the measure-
ments.

There are several types of landscapes with high
positive values of the specific methane fluxes. These
are the waterlogged floodplain (points BH36 and
SB05), the heavily moistened runoff hollows (point
BH4), the waterlogged surface of the lake basin
(point BH44), and the highly moistened surface of
the polygonal depression (point BH2a). The
maximum value of the specific methane flux
(10.7 mg/(m?h) was obtained in point BH36 at the
surface temperature of 20.0°C. In point BH4, the
maximum methane flux was 4.5 mg/(m?h) at the
surface temperature of 16.9°C; in point BH44,
these values were 2.99 mg/(m?h) and 17.1°C, respec-
tively. The greatest methane flux at point BH2a
(1.5 mg/(m?-h)) was obtained at the surface tempera-
ture of 13.1°C. In other points, the specific flux values
were always less than 0.1 mg/(m?h). Approximately
the same methane fluxes were measured earlier in
various ecosystems of Alaska in the zone of continu-
ous permafrost [ Euskirchen et al., 2017].

The relationship between the specific methane
fluxes and the surface temperature at the time of sam-
pling clearly demonstrates a tendency for the increase
in the methane fluxes with a rise in the surface tem-
perature (Fig. 10). This is best manifested for the
landscapes with large methane fluxes. In particular, at
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Fig. 10. The relationship between the specific meth-
ane fluxes and the surface temperature at measure-
ment points in the predominant landscapes of the
Marre-Sale area.

1-8 — measurement points (7 — drained smooth tundra, 2 —
drained polygonal tundra, 3 — wet smooth tundra, 4 — runoff
hollow, 5 — middle floodplain, 6 — low floodplain, 7 — high
floodplain, 8 — lake basin). Linear trends are presented for some
data sequences.

45



N.A.ZADOROZHNAYA ET AL.

point BH36, we can distinguish three temperature
ranges, at which we measured the methane fluxes. At
the surface temperature of 5.7 to 7.2°C, the lowest
methane flux close to zero or negative was observed.
At the surface temperature of 8-9°C, the methane
flux increased significantly and reached 1.68—
2.47 mg/(m?-h). The highest methane flux of 8.6—
10.7 mg/(m?h) at point BH36 was obtained at the
surface temperatures from 18.8 to 20.0°C.

CONCLUSIONS

As a result of the studies conducted in the
Marre-Sale area, new statistically reliable data on the
methane content in the AL and the underlying UPH
(transient and intermediate permafrost layers) were
obtained.

In Marre-Sale, the highest methane content in
the AL was recorded in the waterlogged landscapes of
the middle and low floodplains; it averaged
1.59 + 1.36 and 1.57 + 2.62 mL/kg, respectively. For
the third marine terrace, the high methane content in
the AL was obtained for the waterlogged runoft hol-
lows and for the polygonal tundra. In well-drained
landscapes (drained surface of typical tundra, sandy
blowouts, etc.), the lowest methane content in the AL
was observed. A typical increase in the CH, content
with depth in the AL probably indicates an important
role of methane diffusion to the surface.

In the UPH sediments, the methane content is
up to 5-6 times higher than in the AL and averaged
3 mL/kg. The high methane content in the UPH was
obtained for the landscapes, in which the high me-
thane content was also observed in the AL. The high
CH, content in the UPH is explained by penetration
of methane into the underlying layers during the au-
tumn freezing of the AL.

The transient layer of permafrost with the high
content of methane can be considered as a significant
potential source of methane, which may be involved
in the turnover of greenhouse gases in the atmosphere
during the permafrost degradation.

The content and distribution of methane in vari-
ous geological and genetic types of the Quaternary
permafrost and ground ice of different origins in the
Marre-Sale area were analyzed. The highest methane
concentrations were found in the loamy clay sedi-
ments of marine origin (mIII') (on average, about
2 mL/kg with a maximum of 6.77 mL/kg). These
sediments occur at the base of the section and consti-
tute a larger part of the sediments exposed in the
coastal cliff. High methane contents were also estab-
lished for ground ice of the area. The absolute maxi-
mum of the methane content (23.29 m1L/kg) was ob-
tained in the interlayers and lenses of glassy ice in the
alluvial-marine (coastal-marine) sandy loams and
sands (amIII3-%); although, in this type of ice, the av-
erage methane content did not exceed 1 mL/kg. It
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was shown that the methane content within the same
genetic type of sediments can differ by several orders
of magnitude in dependence on the local conditions
of particular sampling sites. The methane distribution
pattern for most of the distinguished genetic types of
frozen sediments and ground ice is close to lognormal.

The peak values of the specific methane fluxes
into the atmosphere from the surface of typical tun-
dra landscapes in the Marre-Sale area were deter-
mined. Stable and significant methane fluxes were
observed for the waterlogged surface of the low and
middle floodplains, waterlogged runoff hollows, wa-
terlogged surfaces of lake basins, and highly moist-
ened surfaces of polygonal depressions. The maxi-
mum value of methane flux (10.7 mg/(m?h)) was
obtained on the middle floodplain at the surface tem-
perature of about 20.0°C. On the surfaces of the poor-
ly moistened and drained landscapes, the specific
methane fluxes are always less than 0.1 mg/(m?h).
Taking into consideration the landscape structure of
the Marre-Sale area, the sources of significant meth-
ane emissions occupy 45—-50% of the territory.
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