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Abstract: The active emission of gas (mainly methane) from terrestrial and subsea permafrost in
the Russian Arctic has been confirmed by ample evidence. In this paper, a generalization and some
systematization of gas manifestations recorded in the Russian Arctic is carried out. The published
data on most typical gas emission cases have been summarized in a table and illustrated by a map.
The tabulated data include location, signatures, and possible sources of each gas show, with respective
references. All events of onshore and shelf gas release are divided into natural and man-caused.
and the natural ones are further classified as venting from lakes or explosive emissions in dryland
conditions that produce craters on the surface. Among natural gas shows on land, special attention is
paid to the emission of natural gas from Arctic lakes, as well as gas emissions with craters formation.
In addition, a description of the observed man-caused gas manifestations associated with the drilling
of geotechnical and production wells in the Arctic region is given. The reported evidence demonstrates
the effect of permafrost degradation on gas release, especially in oil and gas fields.

Keywords: gas hydrates; methane emission; gas venting; Arctic lakes; crater; drilling; permafrost;
permafrost degradation; intrapermafrost gas; deep gas; gas seep; Russian Arctic; Arctic shelf

1. Introduction

The significant increase in atmospheric greenhouse gases, especially methane, in the Arctic regions
is among the major causes of climate change and related environmental risks [1,2]. Warming in the
Arctic induces degradation of permafrost and the ensuing dissociation of intra- and subpermafrost gas
hydrates that maintain voluminous methane fluxes to the atmosphere [1-6]. Most natural methane
emission occurs in water-logged depressed landforms, such as dried thaw lakes locally called khasyreys,
or poorly flowing river arms and thermokarst sinkholes turned into lakes and swamps, etc. [7-10].
Active gas emission from the Arctic permafrost was observed during gas surveys of the near-surface
atmosphere [8,11], the active layer, and water bodies [10,12-19]. Crater features on the surface record
explosive emission of deep methane [20-26].

The evidence of more or less intense gas release reported since the onset of petroleum exploration
includes ejection of cuttings and mud, and even expulsion of drilling tools, from boreholes, drilling fluid
degassing, etc. [27-34]. Gas shows of this kind were observed in northern West Siberia, Taymyr
Peninsula, northern Yakutia, and northern Chukchi Peninsula.

Gas releases from both terrestrial and subsea permafrost, and numerous cases have been observed
in the Arctic shelf for two recent decades. They are gas seeps and pockmarks found in the Barents and
Kara Seas, nonpoint methane emissions in the Laptev and East Siberian Seas, local methane plumes
in the East Siberian Sea, as well as gas blows while sampling from bottom sediments. Gas venting
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from shelf sediments has been attributed to the dissociation of gas hydrates in paleopermafrost [35-38].
The relation of methane venting from bottom sediments with gas hydrates on the Russian Arctic shelf
has received no direct proof though, in the absence of test boreholes [39,40], but it was recently reported
regarding the continental slope of the Russian Arctic in Chukchi Sea [41], and from other Arctic areas
(Spitsbergen, Beaufort Sea, etc.) [42,43].

We are undertaking inventory and synthesis of the available ample published evidence on methane
emission cases in the Russian Arctic to provide a basis for the discovery of potentially dangerous
zones of natural and man-induced gas emission, prediction of the hazard, and assessment of the
environmental risks.

2. Gas Emissions in the Russian Arctic

Purposeful studies of gas emissions in the Russian Arctic began about 60 years ago when the
Urengoy (1966), Yamburg (1969), Bovanenkovo (1971), and other large gas fields were discovered in
northern West Siberia. Many exploration and development people engaged in building infrastructure
facilities and roads, drilling, and laying pipelines witnessed gas release from shallow monolith
permafrost. It was the spontaneous blowout or prolonged release of combustible gas from geotechnical
boreholes, or natural emission from Arctic Seas and lakes, which attracted the attention of geoscientists.

The reported cases can be conventionally divided into emissions from terrestrial and subsea
(shelf) permafrost according to the place and into natural and anthropogenic according to the origin.
Natural gas release on the land often occurs in river valleys, lakes, or swamps, or leaves traces as
craters discovered in recent decades during exploration in the West Siberian Arctic.

Having reviewed the available relevant publications, we compiled a table showing the location,
signatures, and possible gas sources for major known cases of gas release (Table 1) and illustrated it
with a map of gas emission sites in the Russian Arctic (Figure 1). Note that gas generation in the active
layer is beyond the consideration in this study.
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Table 1. Known gas emission sites in the Russian Arctic.
No. in Map Type Location Signatures Possible Gas Sources Reference
1 Yamal Peninsula, Lake Neyto Gas plumes on wateri:ixiace, mudflows, holes Deep gas from Neyto field [10]
2 Yamal Peninsula, Crater Lake Craters and parapets on lake bottom, mudflows Possibly, deep gas-water fluids [10,44]
" -
3 2 Yamal Peninsula, group Of. lakes south of Blue water, holes in ice, mudflows Active emission, possibly, deep gas [9]
= Bovanenkovo field
Gydan Peninsula, a lake 4 km from Merkuto . . .
4 lake on the left bank of Yuribey River A crater encircled by a parapet Prolonged ascending flow, possibly, deep gas [9]
5 Yamal Peninsula, 54 km northeast of Arctic field, Large craters (up to 40 m in diameter on Deep gas, possibly, from Cenomanian [45]
g ] Otkrytie Lake lake bottom) gas reservoirs ;
g
= = . .
@ = . A large crater (up to 40 m in diameter and ~70 m
5 Z 6 Yamal Peninsula, 30 kf“ south of deep), encircled with a well-pronounced Possibly, intrapermafrost gas [22,44,46-49]
Bovanenkovo field . -
parapet; ground dispersed to a distance of 120 m
7 Gydan Penms.ula, 100 km northwest of A crater, 10-13 m in diameter and ~15 m deep; Possibly, intrapermatrost gas [50]
@ Antipayuta Village no parapet
[
< A crater, 10-12 m in diameter and ~20 m deep,
v Yamal Peninsula, floodplain of with a preserved fragment of a 2-3 m high . . . .
8 Erkuta-Yakha River mound and ground dispersed to a distance of Biogenic gas in a talik and deep gas 261
100 m
Yamal Peninsula, 33 km northwest of Seyakha, Fire gas explo§10n t.hat p rc.)duce.ed a50 m deep 50 .
9 . . X 70 m crater in a river, with dispersed blocks of Possibly, deep gas [24,45]
Myudriyakha River L . 3
permafrost and ice-rich soil, up to 150 m
Gydan Peninsula, north of Deryabino field, bank  Fire gas explosion that produced a 20 m deep .
10 of Mongoche River crater, with dispersed large fragments of rock Possibly, deep gas 9,291
11 North Yakutia, Anabar-Khatanga interfluve Gas shows at depths of 70-120 m Intrapermafrost gas [51]
12 - Yamal Peninsula, Yuribey River Gas shows at depths of 10-50 m Intrapermafrost gas [52,53]
= 13 % Taz Peninsula, Zapolyarny field Gas shows at depths of 50-120 m Intrapermafrost gas, possibly relict gas hydrates [30]
% 14 g Taz Peninsula, Yamburg field Gas shows at depths of 45-55 m Intrapermafrost gas, possibly relict gas hydrates [30,54]
; 15 £ Yamal Peninsula, Kharasavey field Gas shows at depths of 10-210 m Intrapermafrost gas, possibly relict gas hydrates [55,56]
g 16 %D Yamal Peninsula, South-Tambey field Gas shows at depths of 40-60 m Intrapermafrost gas, possibly relict gas hydrates [57]
17 E Gydan Peninsula, Pelyatka field Gas shows at depths of 20-30 m Intrapermafrost gas [30]
18 Gydan Peninsula, Salman (Utrenneye) field Gas shows at depths of 50-150 m Intrapermafrost gas, possibly relict gas hydrates [33]
19 Yamal Peninsula, Bovanenkovo field

Gas shows at depths of 20-130 m

Intrapermafrost gas, possibly relict gas hydrates

[28,56,58-60]
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4 0f23

No. in Map Type Location Signatures Possible Gas Sources Reference
20 Laptev Sea, Yana Delta Ebullition Deep gas [30,61]
21 East Siberian Sea, Bennett Island Gas plumes, up to 1000 km long Possibly, deep gas [61,62]
Laptev Sea, between Semyonovsky Island and .
22 ; Lena Delta Gas seeps Possibly, deep gas [63]
o
] i ;
23 b Laptev Sea, Ivashkina Lagoon About 20 gas seeps; h1gh concentration of Deep gas [64-66]
e methane in air
<
24 - Laptev Sea, Kotelny Island Gas seeps Possibly, deep gas [67]
® S
E 25 2 Laptev Sea shelf, New Siberian Islands A cluster of gas seeps at 50-90 m sea depths Possibly, deep gas [68]
S 0
Z k= Laptev Sea (between 76.5° and 77.5° N; More than 700 gas seeps, up to 1.3 km . o
26 5 121-132° E) in diameter Possibly, deep gas [66,69]
9]
b Chukchi Sea, Herald Canyon and
. 27 < Wrangel Island About 90 gas seeps at 50-95 m sea depths Deep gas [70-72]
5 . R R
= 28 Kara Sea, near Marre-Salle polar station Gas seep at 6 m sea df:pthg 2 min height and Biogenic gas [73]
E 15 m in width
o
29 Kara Sea, Universitetskaya structure Gas seep s.from a depth of 80 m and Deep gas [74,75]
pingo-like features
- 10 m high gas fountain from a borehole at ;
30 § Pechora Sea, Kara Gates sub-bottom depth 50 m Deep gas [53,54]
g 10 m high gas fountain from a borehole at
° 31 ?& Pechora Sea, Vaygach Island sub-bottom depth 50 m, with an ebullition zone Gas from subsea permafrost [76,77]
b < up to 200 m in diameter on the sea surface
3
g 32 -é) Kara Sea, Baydaratskaya Bay Gas show from sub-bottom depth 10-50 m Possibly, deep gas [78]
n
p 33 g Kara Sea, Leningrad field Gas show from a 200 m deep borehole Possibly, deep gas [78]
0
34 g Laptev Sea, Lena Delta Gas show from a borehole at 9 m depth Gas from permafrost [79]
35 ‘D: Laptev Sea, Buor-Khaya Gulf Gas show from a 13-16 m deep borehole Gas from permafrost [79]
36 Laptev Sea, Mamontov Klyk Cape Gas show from boreholes up to 80 m deep Gas from permafrost [80]
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Figure 1. Map of gas emission sites in the Russian Arctic.
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2.1. Emission from Terrestrial Permafrost

2.1.1. Gas Venting from Lakes

Gas venting from Arctic lakes was discovered in the 1950s. It can be recognized from several
signatures. The most spectacular evidence appears in the blue color of water in the summertime:
the so-called blue lakes that look greenish-blue from above and are transparent to a depth of
3-4 m [7,12,13]. When these lakes were first found in the 1950s, their blue color was attributed to
light reflection by bottom sediments, but became later explained by seeps or venting of deep gas that
changes water chemistry. Venting of deep hydrocarbon gas through previously unknown crater-like
features visible through clear water was discovered in 1971 on the bottom of a blue lake in the Urengoy
gas field [81,82]. The unnamed lake was called Regin-To and became the first object of gas emission
studies. The blue lakes differ from ordinary Arctic lakes that are dark due to organic matter, and their
bottom is invisible below 0.5-1.0 m of water.

In addition to the water color, modern remote sensing methods can confirm high gas contents in
Arctic lakes [10] from the presence of craters on the lake bottom, gas seeps in water, bubbles entrapped
in seasonal ice, active coastal erosion, and frost heaving near the water line. Gas emission through
the lake bottom can be prolonged (seeping) or blow-like (fountaining). The seeps produce a plume of
dissolved gas on the lake surface while the explosions produce cone-shaped craters surrounded by
parapet-like ridges of ejected material.

Most of the Arctic lakes with signatures of gas venting, which have been revealed in field
campaigns and by deciphering of satellite images, are small and unnamed, and count hundreds
only in the Yamal Peninsula [24]. More than half of about a thousand blue lakes mapped in West
Siberia (without Yamal and Gydan Peninsulas) are located above accumulations of hydrocarbons [82].
The tabulated data (Table 1) are limited to a few largest lakes or lake systems that either have proper
names or can be referenced to known geographic objects.

Satellite images (Figure 2) reveal active gas fluid dynamic processes in Lake Neyto, ~17 km in
diameter, in the central Yamal Peninsula, within the Neyto field of oil, gas, and condensate reservoirs
located at least 600 m below the lake [10]. The images indicate day-long or possibly periodic venting of
deep fluids. Active fluid emission could be seen by the color change (from light blue to dark blue;
20.07.13-30.06.16), zones of gas discharge on the bottom of the lake (dark spots; 27.06), and turbidity
flows (27.06-07.07.16).

Figure 2. Remote sensing monitoring of Lake Neyto [10]. Satellite images of different dates (number
on the map: 1).
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Another large lake, about 600 m in diameter, is located 10 km south of the Bovanenkovo field at
~70° N (conventionally called Crater Lake) [10,44] and is surrounded by several small and large lakes
with clear water. Gas releases through a few crater-like deep vents, from 15 to 60 m in diameter, which
are visible under the transparent lake water and must be quite deep as they look almost black against
the background (image of 2009, Figure 3a). In the image of 2013, Crater Lake is turbid but the water in
all surrounding lakes remains clear (Figure 3b). The turbidity may result from bottom mud that was
stirred by explosive emission of gas or a water-gas mixture and was rising through a 20 x 40 m vent in
the southwestern lake part. Two years later, preserved rock fragments, possibly, pieces of the parapet,
were detected during a helicopter survey campaign.

(a) (b)

Figure 3. Satellite images of Crater Lake south of Bovanenkovo field: (a) 4 July 2009 and (b) 21 July
2013 (number on the map: 2) [10].

A group of blue lakes is known also from the central Yamal Peninsula south of the Bovanenkovo
field, including several large actual (Kharangangoto, Sidya-Nadovarto, and Syakoto) and dried
(Tomboyto, Ityatoraveyto, and Nyudimdato) lakes [9], with signatures of frost or thermal erosion
on the shores. Lake Khalevto, the largest one in the group, is currently shrinking, as evidenced by
satellite data: it was 5.2 X 2.8 km in 1999 but reduced to 3.2 X 1.4 km in 2013. Active gas venting
from such shrinking lakes is indicated implicitly by blue water, mudflows, and active erosion on the
shores detectable in satellite images. The erosion may be due either to water temperature change
(some wintertime images show holes in ice) or to the warming effect of gas, which is especially active
near the shores.

A dried lake was detected in a satellite image from the central Gydan Peninsula on the left bank
of the Yuribey River, 4 km south of Lake Merkuto [9]: a crater-like feature, 45 m in diameter, encircled
by a parapet, is well pronounced in the lake center (Figure 4). Older images of August 2001 show that
the lake was filled with water, though a cone-shaped feature already existing on the bottom. Therefore,
the crater appeared before 2001 and was, possibly, associated with a long-lasting flux of gaseous fluids
from beneath the lake.

Finally, gas emissions in a thermokarst lake near the Seyakha River in the Yamal Peninsula were
inferred from a large hole in the ice found in March 2019. The previously unnamed lake was called
Otkrytie (Russian for discovery) by Bogoyavlensky et al. [45]. Remote sensing revealed four large
craters, up to 30-40 m in diameter, on the lake bottom, including a new crater which was the gas vent
responsible for the hole. This case may represent the ascent of fluids from Cenomanian reservoirs along
a permeable fault zone. Such a periodic release of gas or a gas-water mixture can produce craters.
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Figure 4. Dried lake with a gas emission crater in the center. Satellite image of 17 July 2013 (number on
the map: 4) [9].

2.1.2. Gas Emission with the Formation of Craters

More than 10 gas-emission craters encircled with ridge-like parapets of ejected ground resulting
from explosive events (cryovolcanism) have been found so far in the Yamal, Gydan, and Taymyr
Peninsulas in northern Siberia (Table 1) [19,22,24-26]. Cryovolcanism of this kind became first known
to the international scientific community in 2014, when a 70 m deep crater (Yamal Crater) [22,44-49]
was discovered 30 km south of the Bovanenkovo field, 5 km away from the Bovanenkovo-Ukhta gas
pipeline. The crater formed no earlier than in the fall of 2013 in the place of a pingo with a base diameter
of 45-58 m and a relative height of 5-6 m [48]. At the time of the first field trip, the radioactivity
around the crater was within the background and the methane contents measured in the crater reached
9.6-9.8%, or slightly above the background but within the allowable maximum beyond the explosion
hazard [46].

The Antipayuta gas-emission crater formed about the same time (27 September 2013) in the
western Gydan Peninsula 3 km west of the Soletskoye gas field and 10 km northwest of Antipayuta
Village, after which the crater was called. The crater is located on the edge of a slope in the watershed
near the Yuribey River terrace, in the place of a pingo that was about 2 m high and 20 m in diameter
before the explosion event. The crater has a total depth of 15-19 m, with its cone- and cylinder-shaped
parts, and is remarkable by the absence of a parapet [50].

Two more gas-emission craters were found in June 2017 in the Yamal Peninsula: the Erkuta and
Seyakha craters. The former was discovered in the floodplain of the Erkuta-Yakha River 220 km north
of Salekhard and 30 km east of the Erkuta Science Center. People of the Center reported heaving and
rupture of the previously flat surface a year before the crater discovery. The crater is located south of all
other such features known in northern West Siberia [26]. When it was found, the crater had a diameter
of ~10-12 m and a depth of 20 m (Figure 5). The mound was destroyed only partly by the gas explosion
event and left a 2-3 m high parapet. The carbon isotope composition of methane from ground ice
in the crater wall (—72%o0 PDB §!3C) indicates a biogenic origin of permafrost methane. Apart from
methane, its homologs (ethane and propane) were presented in the gas samples, which demonstrates
the possibility of catagenic gas participation in crater formation [26].
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Figure 5. Gas-emission crater in the floodplain of the Erkuta—Yakha River (Yamal Peninsula),
summer 2017. Photograph by A. Sinitsky (number on the map: 8).

The Seyakha crater was discovered 33 km north of Seyakha Village soon after an event of
spontaneous ignition and explosion of gas on 28 June 2017. Gas kept burning for about 90 min and
the flame reached a height of 4-5 m. The crater was located in the Myudriyakha River valley and
became flooded four days after the event. It had an asymmetric shape elongated parallel to the
river, was 50 X 70 m in size at the water level and deeper than 50 m. The gas vent was marked by
ebullition. Analysis of gas samples revealed isotopically light predominantly methane composition
with §'3C(CH,) = —80.6%o0 PDB indicating biogenic origin. The ejected ground consisted of sand and
clay silt permafrost and was dispersed for about 1 km around the epicenter. The biggest block of
permafrost and ice-rich soil, which split into halves in the southwestern crater margin within the river,
had an approximate size of 4 X 8 X 10 m or 100-150 m3 [24,45].

Another crater (Figure 6) was found in the eastern Gydan Peninsula by a local reindeer herder on
12 April 2013. It was located on the left bank of the Mongoche River, 10-15 km far from the mouth,
in the southwestern coast of the Yenisey Gulf near the Deryabino gas field, 110 km far from Nosok
Village. Fragments of permafrost and ice dispersed by the event reached sizes of 3 X 5 m. Like the case
of the Seyakha crater, the explosion triggered gas ignition [25]. Judging by historic images, the crater
formed in the place of a pingo 2025 m in diameter. In July 2013, the crater was about 35 and 20 m in
diameter on the outer and inner contours, respectively, according to satellite imagery, and expanded to
70 m, with a depth of 12 to 18 m, at the time of the summer 2014 field campaign run by the group of
Epifanov (Novosibirsk). The crater was separated from a lake by a ridge composed of thawing and
slumping rocks [9].

Note that some gas-emission craters in permafrost were observed only in helicopter surveys or
detected in satellite images. They are, for example, the craters in the central Yamal Peninsula 20 km
north of the Yamal Crater and 10 km south of the Bovanenkovo field, and one 10 km west of the Yamal
Crater [83]. These craters have not been visited and documented yet, for different reasons, and some
even remain not located, such as Osokin’s crater discovered on 26.07.2013 in the Yamal Peninsula.
The crater was named after the person who provided its photograph taken from a helicopter [25].
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Figure 6. A crater on the left bank of the Mongoche River (Gydan Peninsula), summer 2014.
Photograph by Epifanov [9] (number on the map: 10).

2.1.3. Gas Emission Observed During Drilling in Permafrost

Numerous gas shows were observed during drilling of geotechnical, exploration, and test
boreholes in permafrost within Arctic petroleum provinces in the Yamal, Gydan, and Taz
Peninsulas [28,30-33,53,59,84-88]. The daily gas flow rates reached tens or even hundreds of cubic
meters and the emission events lasted from a few minutes to a few months [28]. The largest
drilling-related gas shows were reported from the Yamal and Taz Peninsulas from depths of 40
to 130 m in permafrost. The first evidence of gas release from permafrost was documented in the late
1940s during petroleum exploration in the Yenisey-Khatanga basin on the left side of the Anabar River
and on the Laptev Sea coast [51]. The natural gas that is released through boreholes was dominated
by methane and its heavier homologs. Intrapermafrost gas from drilling depths of 70-120 m in the
Anabar-Khatanga interfluve was venting at rates from 120 to 11,500 m3/d [30,51].

Gas release problems arose frequently during drilling campaigns of the 1980-1990s in northern
West Siberia. Intense gas emissions in 1986-1990 was reported, for example, from a site along the
Obskaya-Bovanenkovo railroad (Yamal Peninsula) where a rising gas flux expulsed soil and even
drilling tools from 10 to 50 m deep geotechnical boreholes drilled across the Yuribey River. In the case
of gas ignition, some gas flares kept burning for a month or longer [52,53].

Gas emission from permafrost was observed in the Zapolyarny oil-gas-condensate field in northern
West Siberia (Figure 7) from 13.0 to 13.8 m and 14.0 to 14.5 m depth intervals in <20 m deep geotechnical
boreholes. Gas that ignited at the head of one borehole was burning for about 24 h [89]. Furthermore,
fire gas emission from 50 to 120 m deep intervals in permafrost occurred during drilling of exploration
and production boreholes [33].

According to chemical and isotope data (Table 2) for gas sampled from gryphons in annular
depressions (subsided zones of thawed permafrost) encircling the heads of producing boreholes in the
Zapolyarny field, intrapermafrost gas released into unfrozen ground around the boreholes. The gas
gryphons appeared as ebullition in water-filled depressions in the snow-melting spring season.
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Figure 7. Burning of intrapermafrost gas rising from a depth of 15 m at the head of a geotechnical
borehole (Zapolyarny field). Photograph by people from Fundamentproekt Company (number on the
map: 13) [89].

Table 2. Gas components and §!3C (in methane) in gryphons around boreholes, Zapolyarny field [89].

Gas Components, %

Borehole No. §13C, %0 PDB
CH,4 CO, N,
110.1 67.89 3.88 28.23 -69.92
110.2 64.63 591 29.46 —-69.67
110.3 59.10 3.89 37.01 -73.01
110.4 41.40 10.45 48.15 —-67.97

More or less long and intense gas emission from permafrost in the Yamburg oil-gas-condensate
field was witnessed during exploration drilling in the 1970s from depths of 45-55 m in several
boreholes [54]. Gas emission that occurred during drilling of a 53 m borehole in 1985 lasted for four
months (the initial gas rate was 500 to 1000 m3/d). Gas emission occurred also in annular thaw zones
around operated boreholes in the course of production [30].

Other cases of active gas emission were observed during drilling of test and producing boreholes in
the Kharasavey gas-condensate field at depths from 10 to 210 m [55,56]; South-Tambey gas-condensate
field [57], from a depth interval of 40-60 m; Pelyatka gas-condensate field, at depths of 20-30 m
(Figure 8); Salmanovskoye (Utrennee) oil-gas-condensate field, within 50 to 150 m [30].

The greatestamount of data on the release of intrapermafrost gas is available from the Bovanenkovo
field in the Yamal Peninsula. The first gas shows were observed in the early 1980s from exploration
and geotechnical boreholes, with ebullition and ejection of drilling mud in some cases [58].

Engineers of the Cryos R&D company, which drilled more than 50 test boreholes through the
whole permafrost thickness (about 200 m), reported gas emission from most of the boreholes. The gas
shows were widely spread in depth (from 20-30 to 130 m) and laterally (Figure 9) [27,56,59]. The gas
rate decayed with time, from a few days to six months [90].

According to statistical analysis, most gas emission sites in the Bovanenkovo field are located in
Lower-Middle Pleistocene silt and clay silt sediments, mainly (~67%) at depths between 60 and 120 m
(Figure 10a), where the gas flux reaches the highest rate of 14,000 m3/d (Figure 10b). Note that the gas
rate at shallower depths (<50 m) does not exceed 50-150 m3/d [60,90].
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Figure 8. Methane emission from depths of 20-30 m during drilling of geotechnical boreholes in
Pelyatka gas—condensate field (Gydan Peninsula, number on the map: 17).

Figure 9. Release of intrapermafrost gas from a depth of 64 m in a test borehole. Bovanenkovo field.
Photograph by Kondakov (number on the map: 19).

Almost all released natural gas was methane (98-99%), with minor amounts of nitrogen, oxygen,
carbon dioxide, and hydrogen. According to isotope analysis, methane sampled at depths from 30
to 120 m was of biogenic origin (-70.3 to —74.6%o. PDB §13C) and differed markedly from that in the
upper Cenomanian gas reservoir with §'3C within —46 to —48%o [27,28,30].

Thus, active gas emission observed during drilling of geotechnical and producing boreholes in
many Arctic areas is due to high gas contents in shallow permafrost.

2.2. Gas Emissions in the Arctic Shelf

For the past three decades, gas venting was reported from onshore and offshore areas of the Arctic
shelf: gas seeps and plumes, pockmarks and plow marks, as well as gas release from boreholes drilled
in subsea permafrost [2,24,36,64,79,91,92].
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Figure 10. Frequency, as the number of gas shows, per 10 m depth interval (a) and initial flow rate
(b) of gas in permafrost within the Bovanenkovo field.

2.2.1. Natural Gas Emission

Gas venting from the bottom of the Laptev Sea was observed in the Lena Delta in the 1960s,
locally as intense ebullition [61]. Chemical analysis of the emitted gas with gas impurities from the
atmosphere revealed 39% CH, (and its heavier homologs) and 7.4% CO, [53,61]. Possibly, in this area,
the emission of deep catagenic gases mixed with atmospheric air occurred, which can be concluded
based on the presence of components of deep origin (ethane, propane, hydrogen, argon, and helium)
in the gas composition [30].

A wealth of data on methane venting in the eastern Russian Arctic sector (Laptev, East Siberian,
and Chukchi Seas) was collected in the late 20th to early 21st century: seeps and plumes of methane
from the bottom and anomalous contents of dissolved methane in seawater, often attributed to the
degradation of subsea permafrost with the formation of taliks [35,91].

Several large gas plumes were found in the 1970-1980s near Bennett Island on the East Siberian
shelf, and one was more than 300 km long and 10 km wide. Retrospective analysis of satellite images
revealed multiple gas emission events in the area: at least 150 events between 1973 and 1986 [62] and
in later years as well, e.g., a gas plume of 1000 km in length and 25 km in width detectable in satellite
images of 2008 [10]. Note that the Skoltech research team, with the participation of a member of our
team (B.A.B.), found anomalous methane concentrations neither in water nor in air around the Island
in October 2019 during a cruise of R/V Akademik Mstislav Keldysh, though several large gas seeps
appeared over an area of 12 m? in the central East Siberian shelf at a sea depth of 45-47 m. According to
onboard chemical analyses, the gas was pure methane (99.9%), and its content in air was 6-9 times the
background: 16 ppm against 2 ppm, respectively [93,94] (Figure 11).
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Figure 11. Gas seeps on the East Siberian shelf. Photograph by Bukhanov, October 2019.

In September 2004, gas seeps were observed between Semyonovsky Island and Lena Delta in
the Laptev Sea [63]. The area, extended to Ivashkina Lagoon (between 71° and 74° N and 129° and
131° E) was explored later [64], and the concentration of methane in the air was found to exceed
significantly the background (~5 x 102 nM). Additional studies by the same team in October 2013 and
monitoring over the whole of 2015 revealed anomalously high methane fluxes to the atmosphere (5 to
24 mg CHy/m?/d in October 2013 and ~35 mg CHy/m?/d during 2014), as well as 17 seeps of different
intensities in the shallow Ivashkina Lagoon at a sea depth within 4 m [65,66].

A large gas seep was discovered by chance at a sea depth of 60 m in the central Laptev Sea,
northwest of Kotelny Island, during a cruise of R/V Viktor Buinitsky in 2007 [67]. A year later, in 2008,
a group of researchers found more than one hundred seeps, with up to 4 mm gas bubbles in water,
during a cruise of R/V Yakov Smirnitsky in the Laptev shelf, in the area of New Siberian Islands at a
sea depth of 50-90 m [68,91].

Studies in 2011-2012 [66,69] in another area of the Laptev Sea (between 76.5° and 77.5° N and
121° and 132° E) revealed more than 700 seeps of presumably deep gas at a water depth of 50-160 m,
including some large ones reaching 1000-1300 m in diameter, with bubbles from 1 to 10 mm.

Methane venting in the Laptev Sea and East Siberian shelf areas can be inferred from high
concentrations of methane in near-surface water: 10-15 nM or locally more than 100 nM recorded on
the shelf of Great Lyakhovsky Island northeast of the Lena Delta and in the Laptev Strait (up to 138 nM);
methane anomalies were also measured in air above Great Lyakhovsky Island [36]. Gas apparently
releases all year round, judging by the ubiquitous presence of methane bubbles entrapped within the
sea ice (recovered from boreholes of ~0.3 m average diameter) [36].

About 90 gas seeps were discovered in the Herald Canyon and around Wrangel Island on the
Chukchi shelf in 2014 during a cruise as part of a joint German—Russian—-American project [70].
The seeps occurred on the relatively flat shelf part at a sea depth of 50 to 95 m. Zones of intense gas
emission, with 4-6 mm bubbles, were detectable in processed acoustic images (Figure 12).

In addition, in Chukchi sea high concentrations (with a maximum for methane of 34.6 cm®/kg and
for its homologs: ethane, propane, butan, 0.02 cm3/kg) were registered. Gas seepage sites occur at
water depths of 40-80 m and the intensity of methane fluxes at the sediment-water interface within
the southern and northern sites was estimated to be 14.5 and 0.7 nmol dm™ d~?, respectively [71,72].

On the Kara Sea shelf, near Western Yamal, in 2012 during the expedition of the R/V Neotrazimy
under the direction of VNIIOkeangeologiya, numerous gas seeps were observed at a sea depth of
about 20 m, some of which rose up to 20-25 m above sea level. At the same time, the concentrations
of dissolved methane were measured. The analysis of the results showed a high concentration of
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methane equal to the results of a previous expedition in 2010, which demonstrates the continuity of
gas flows over an area of about 7500 km?. One of the large gas seeps, 2 m in height and 15 m in width,
was detected at a distance of 1.5 km from the coastline near the Marre-Salle polar station at a water
depth of 6 m. In addition, a gas plume with a length of 30-60 km was recorded, extending from the
isobath 20 m to a water depth of >40 m, pertaining to insular permafrost [73].

5

20

s

Range (m)
Sound pressure (dB)

50

65

. .\“m. -
200 300 400 100 125 150 175

Ping number

Figure 12. Acoustic anomalies associated with gas seeps in Herald Canyon (Chukchi Sea, number on
the map: 27) [70].

Later, a team of VNIIOkeangeologiya (St. Petersburg), while cruising on R/V Aldan in 2013 [74],
discovered several seeps in the Kara shelf (Universitetskaya structure) at a sea depth of ~80 m, as well
as typical pingo-like features rising 3040 m above the sea bottom (Figure 13).

Figure 13. A 3D image of a gas plume and a pingo, Universitetskaya structure, Kara Sea shelf
(number on the map: 29) [74].

The existence of gas emissions can be inferred implicitly from pockmarks and plow marks found
locally in the Chukchi, Kara, and Barents Seas [95]. They are abundant in the Barents Sea, at a
depth of 300 m, within the Shtokman gas-condensate field [96-99]. Some plow marks are kilometers
long, 100-200 m wide, and 5-10 m deep [92]. Additionally, large plow marks with a high methane
concentration in bottom sediments were observed in the Pechora Sea at a water depth of 50-100 m
(up to 600 m in diameter and 25 m in height) and in the South Kara sea at a water depth of 35-45 m (up to
1000 m in diameter and 10 m in height) [6]. Small plow marks (5 m deep and 30 m wide) were detected
by acoustic soundings in the Ob Bay (Kara Sea), though some reached widths of 100-200 m [100].
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2.2.2. Man-Induced Gas Emission

Some gas release events in the Arctic shelf have anthropogenic causes associated with drilling
operations. It occurs when drilling taps gas-bearing sediments and gas pockets and may trigger
various kinds of emergency: ejection of drilling fluid and soil, ignition, equipment shut down, etc.

A violent gas explosion was reported from the Pechora shelf in the Kara Strait area [53,54] where
offshore drilling under 64 m of water stripped paleopermafrost in a sand formation at 22 m below the
bottom. Gas released from a clay layer beneath the paleopermafrost at a sub-bottom depth of 50 m rose
in a fountain 10 m above the vessel deck. The explosion was followed by ebullition within 8 m around
and expanded to 100 m in a few minutes. Bubbles disappeared in a few hours but echo sounding four
and ten days after the event detected a high gas fountain more than 10 m in diameter rising 40 m
above the bottom. Core samples from the <50 m sub-bottom depth contained about 70% of freshwater
ice which cracked upon the core recovery, possibly as a result of gas hydrate dissociation caused by
pressure and temperature changes [53,54].

Before that event, in 1995, more than fifty 10-25 m high submarine pingo-like features were
discovered in the Pechora Sea west of Vaygach Island (69.97° N; 57.45° E) at a sea depth of 50 m.
Four geotechnical boreholes in the area stripped permafrost at the 20 m sub-bottom depth and one hole
tapped a zone of overpressure and released a pressurized gas-water mixture at 50 m below the bottom
in ice-rich sediments filling a depression between pingoes. The gas fountain rose 10 m or higher above
the sea surface and was surrounded by a 150-200 m ebullition zone. Drilling was stopped because of
the emergency, while progressively decaying gas venting continued for more than ten days [76,77].

Drilling-related gas emission was observed also at several pipelining sites in the Kara Sea:
Baydarata Bay, Ob Bay, and Taz Estuary, at 10 to 50 m sub-bottom depths [78]. An explosive emission
event during drilling in 1990 within the Leningrad gas field destroyed the borehole head and formed a
crater (200 m hole bottom depth; sea depth <100 m) [78].

A few cases are known from the Laptev Sea. One event, 30 min long, occurred in 2016 during
drilling in the Lena Delta (near Samoylovsky Island research station) at 7-9 m sub-bottom depths.
Another case was reported from the Buor-Khaya Gulf, where a 20—40 cm high gas flare, blue on the
top, appeared during drilling to depths of 13-16 m and kept burning for 30 min. Air samples from
the borehole head showed up to 45% of methane [79]. In 2005 gas ignited at a head of an 80 m deep
borehole during heating of the coring tube in the western Laptev Sea near Cape Mamontov Klyk.
Gas was burning for 10 min and had a visible height decreasing from 30-40 cm to 10-20 cm [80].

3. Discussion

The suggested inventory of the available data on gas emissions in the Russian Arctic collected
for about 50 years follows a previous overview by Are of 1998 [53] which summarized the evidence
available at that time. Are [53] characterized the forms and signatures of gas fluid venting in different
areas of the Arctic controlled by the specificity of the gas sources. We provide more recent evidence
and present the data in a table and in a map (Table 1; Figure 1), arranged according to the location of
emission sites (in lakes, on the land, or on the shelf), with the indication of specific signatures and
possible sources of gas. This synthesis can provide a basis for the prediction of natural and man-caused
gas release hazards for areas of observed methane emissions in the Arctic region.

Gas venting from Arctic lakes has the following signatures (for the described major cases, without
considering ongoing methane generation in lake sediments):

—  Greenish-blue transparent water, often with a visible lake bottom;

—  Craters and similar features on the lake bottom;

— More or less strongly eroded parapet or rock fragments around craters as evidence of
explosive emission;

— Mudflows in clear water associated with the release of a gas-water mixture through muddy
bottom sediments;
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—  Ebullition;
—  Bubbles of various shapes entrapped in ice;
— Ice holes persistent over the winter season, through which gas fluids vent to the air.

The review of published evidence on deep gas-emission craters (Figure 1), along with our field
and laboratory data [26], allows a number of inferences:

— In the witnessed cases, gas release was accompanied by explosions and fire;

—  All gas analyses showed the presence of methane;

— Many of the gas-emission events were preceded by heaving that produced meters high mounds;

— All discovered craters were round in shape but differed in size and depth, up to tens of m;

— Inall cases, rocks around the craters contained ground or pore ice evident in the crater walls or in
the ejected fragments;

—  Most of the craters were encircled by parapets of ejected rock and soil; rock fragments were
dispersed to distances of 100 m or farther around;

—  Most of the craters became filled with water and transformed into lakes in two or three years after
the emission event.

Gas release from geotechnical or producing boreholes in the Arctic region (especially in northern
West Siberia) has the following common features:

—  Gas most often releases from shallow permafrost at depths from 10-20 m to 150 m;

—  Gas flux ranges from seeping to explosions at rates of hundreds to thousands of m3/d;

— Gas emission can last from a few minutes to a month or longer;

—  Most of the emission events are known from oil and gas fields in northern West Siberia (Yamal,
Taz, and Gydan Peninsulas);

—  Gas released from rocks of different lithologies, but most often from sandy-loam and sandy
horizons with low salinity;

—  Gas emission occurs from ice-rich permafrost;

—  Gas mostly consists of methane and smaller amounts of nitrogen and carbon dioxide;

—  The carbon isotope composition of gas indicates its biogenic origin (—65 to —=75%o PDB §!3C);

— Intrapermafrost gas can exist in a free or hydrate form; the presence of free gas is limited by the
amount of pore ice while gas hydrates can remain stable within a certain range of pressures and
temperatures (hydrate stability zone); metastable relict hydrates that formed under favorable
conditions in the past can survive due to self-preservation [33,85,101,102].

The available data on gas emissions in the Russian Arctic shelf show that

— High methane concentrations in surface waters of the Arctic shelf may have different causes,
among which degradation of subsea permafrost, dissociation of intra- or subpermafrost gas
hydrates, and formation of gas-permeable taliks [3,5,38,73];

—  Methane in most of the gas seeps is of deep-seated (thermogenic) origin;

—  Water column transfer of methane occurs by diffusive and ebullition mechanisms; gas migration
in bubbles produces seeps and plumes; gas vents to the atmosphere if bubbles reach sizes at least
3—4 mm;

—  Gas emission can arise when drilling strips intra- or subpermafrost gas accumulations or can
result from the destabilization of gas hydrates;

—  Pockmarks or plow marks are implicit indicators of gas venting on the Arctic shelf.

4. Conclusions

We have synthesized the available extensive published evidence on gas emissions in the continental
and shelf areas of the Russian Arctic and presented the data in a table and in a map (Table 1; Figure 1).
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The table shows the location, signatures, and possible sources of gas emission, with reference to
relevant publications. Gas emission can be natural or anthropogenic; natural venting is possible in
lakes and can be explosive, with the formation of craters. The characterized natural gas emission events
have implications for gas transport mechanisms in terrestrial and subsea permafrost. Anthropogenic
emission cases, which are most often related to drilling, differ in stripping depth of the gas-saturated
permafrost, as well as in characteristics and duration of events.

Although the tabulated and mapped gas emission data are limited to the most active, large,
and well-documented cases, the overview provides an idea of the extent and main trends of the process.
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