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ABSTRACT

Rapidly changing permafrost landscapes are a potential key terrestrial source of greenhouse gases (GHGs) at a global scale, yet,
remain poorly characterized regarding GHG origins and environmental controls on emissions. Subsurface ice wedges, com-
monly found across many permafrost landscapes, harbor GHG-rich gas bubbles. Analyzing these bubbles aids comprehension
of subzero temperature GHG formation in permafrost. The Batagay megaslump, Earth's largest known thaw slump in northern
Yakutia, provides an opportunity to study mixing ratios and isotopic compositions of both GHGs and non-GHG in ice wedge
samples from two stratigraphic units: the Upper Ice Complex (UIC) and the Lower Ice Complex (LIC). The Ar/N,/O, composi-
tions and bubble shapes indicated that the studied ice wedges were likely formed through dry snow and/or hoarfrost compaction,
and microbial activity remained active after ice wedge formation. The high CO, and CH, mixing ratios and carbon stable iso-
tope values suggested that CO, and CH, primarily originated from microbial sources. N,O showed an “exclusive relation” with
CH,—meaning that high N, O is observed only when CH, is low, and vice versa—and N,0 mixing ratios vary at different depths.
These findings suggest that GHG formation in ice wedges is not solely controlled by physiochemical conditions, but involves a
complex interplay between microbial activity and environmental conditions. Our study contributes to a better understanding of
the dynamics involved in GHG formation within degrading permafrost landscapes.

1 | Introduction

In the current global warming crisis, the rapid increase in
greenhouse gas (GHG) in the atmosphere is of great concern.
Permafrost contains a large reservoir of organic carbon and ni-
trogen in terrestrial regions and multiple lines of evidence show
that permafrost may emit a significant amount of GHGs into the
atmosphere up on thawing, thus accelerating global warming

[1-3]. Yedoma, found in East Siberia and Alaska, refers to Late
Pleistocene organic and ice-rich silty permafrost deposits con-
taining large ice wedges, which are characterized by higher ice
content compared with other permafrost sediments, making it
particularly vulnerable to the impact of climate change [4, 5].
The Intergovernmental Panel on Climate Change (IPCC) re-
ported that permafrost regions are more sensitive to global
warming owing to their high latitudinal location; hence, GHG
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formation from Yedoma deposits is a key factor affecting further
GHG emissions [6].

Ice wedges are characteristic of permafrost regions, and are
formed when thermal contraction cracks appear in the ground
during winter [7]. The cracks are filled via two main processes:
meltwater refreezing in spring and snow/hoarfrost accretion in-
filling [8]. Additionally, sediment and soils from the land surface
or the active layer can enter frost cracks with water or snow and
produce foliation in ice wedges. Soils combined with water and
snow may facilitate microbial activities related to GHG formation.
Although GHG emissions from permafrost soils have been inves-
tigated comprehensively [9-11], previous studies pertaining to ice
wedges have primarily focused on winter climate reconstructions
and stable water isotope analysis [12]. Meanwhile, studies that di-
rectly measure the mixing ratios of GHGs and the compositions
of other gases within ground ice and ice wedges are rare [13-15].

Investigations pertaining to ice wedges in Alaska and Siberia, par-
ticularly in Yakutia, have progressed, with emphasis on the anal-
ysis of ice wedges in lowland areas near rivers or coastlines [13].
However, ice wedges in continental highlands are rarely investi-
gated. The Batagay megaslump is located in the Yana Highlands,
which are characterized by some of the most extreme continental
climate conditions in the Northern Hemisphere [16]. The exposure
of the Batagay megaslump provides valuable data pertaining to
GHGs within the ice wedges formed under continental conditions.
This megaslump has experienced rapid thawing and significant
growth in the past, with a thermo-denudation rate of 15m/year.
As of 2019, the maximum width of the slump was 890m [17]. In
the Batagay megaslump, there are 7 stratigraphic units exposed.
Our study focuses on two ice complex units, namely the Upper Ice
Complex and the Lower Ice Complex. Henceforth, we will use the
abbreviations UIC and LIC for these ice complexes.

These ice complexes reveal the presence of ice wedges that
formed during the Middle and Late Pleistocene [18]. The Batagay
megaslump has revealed ancient syngenetic permafrost, which

formed simultaneously with the ongoing sedimentation in
cold climates. The stratigraphy of the Batagay megaslump im-
plies that the gas bubbles and sediments trapped within the ice
wedges may contain valuable information about the environ-
mental conditions during their formation in the Middle and
Late Pleistocene [18, 19]. Additionally, ice wedges serve as a
sanctuary for diverse and active microbial communities in cold
permafrost regions, and the presence of active microorganisms
contributes to the formation of GHGs [20].

In thisstudy, we analyze the gasin bubbles entrapped in ice wedges
from two ice complex units of the Batagay megaslump, along with
sediment and stable water isotope chemistries to unravel the po-
tential influence of biogeochemical and environmental factors on
the GHG formation within ice wedges. The potential of GHG for-
mation and emission potentials from permafrost of the Batagay
megaslump could be significant, due to the high wedge-ice vol-
ume in both ice-oversaturated ice complex deposits; amounting
up to 70% by volume in the UIC and 56% by volume in the LIC [21].

The specific objectives of this study are (1) to propose a possible
formation process for the ice wedges based on air composition
(Ar/N,/0,) and stable water isotopes to predict the occurring
gas-forming reactions in a stable system and under climatic
conditions during formation, and (2) to propose possible biogeo-
chemical processes of GHG formation for both ice complex units
under subfreezing temperatures. Achieving these objectives will
lead to a deeper comprehension of the process of GHG formation
and potential GHG emissions from permafrost areas.

2 | Site and Sample Description

Ice-wedge samples were obtained from the Batagay megas-
lump (67.58°N, 134.77°E) in north-eastern Siberia, Russia, in
March to April of 2019 (Figure 1). The Batagay megaslump
is located near the village of Batagay on the east bank of the
Yana River in the Yana Highlands. It is situated on a hillslope

FIGURE 1 | (a) Location map of Batagay and the Arctic Ocean. Red box indicates location of panel (b). (b) Location map showing Batagay
megaslump within the Yana River basin in northern Yakutia. Shaded and dashed orange lines depict two mountain ranges surrounding the Yana

Uplands. Red box indicates location of panel (c). (c) Topographic map of Batagay megaslump (red box), illustrating its position on a northeast-facing

hillslope.
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at an elevation of approximately 290 m above sea level and is
the world's largest known thaw slump [16, 17, 22]. The region
is characterized by a strong continental climate, with increas-
ing temperature and precipitation trends since the mid-20th
century [17]. The permafrost is continuous and 200-500m
thick, and the active layer is 0.2-1.2m thick. The vegetation
near Batagay mainly comprises open woodlands dominated
by Dahurian larch (Larix gmelinii (Rupr.)) with dwarf birch
(Betula nana subsp. exilis(L.)) understory and ground cover
consisting of lichens and mosses [17].

The Batagay megaslump exposes Middle and Late Pleistocene to
Holocene permafrost formations spanning from at least Marine
Isotope Stage (MIS) 16 to 1 [18]. Previous studies have identi-
fied seven main stratigraphic units in the area [16, 18, 22, 23].
The lowest unit comprises clasts-supported diamicton. The
LIC (Lower Ice Complex, MIS 16) above includes V-shaped ice
wedges that are 2-3m high and approximately 1 m wide at the
top, and are truncated by thaw unconformities. An overlay-
ing lower sand unit (~MIS 7 to 4) is approximately 20m thick
and composed of yellowish pore ice-cemented sand with gray
horizontal bands. It contains narrow syngenetic ice wedges
up to 0.5m wide. The UIC (Upper Ice Complex, MIS 4 to 3),
which is 20-25m thick, is dominated by large syngenetic ice
wedges [22].

For our study, we examined three samples from three ice wedges
from the LIC and ten samples from four ice wedges of the UIC
(Figure 2). In the LIC, the ice wedge samples were labeled as
B19-IW1-gas, B19-IW3-gas, B19-IW5-gas, while in the case
of UIC, as B19-IW8-gasl, 2; B19-IW9-gasl, 2, 3, 4; B19-IW10-
gasl, 2; and B19-IW11-gasl, 2. The samples were cut from the

B19-IwW-01 B19-IW-05

(a) B19-IW-03

ice wedges with a chain saw as huge blocks (approximate size
25x15x15 cm) and kept frozen until laboratory analyses.

3 | Materials and Methods

3.1 | Gas Extraction and Mixing Ratio
Measurements

Dry and wet (melt-refreeze) extraction methods were used to
extract the gas enclosed in the ice wedge samples. Both meth-
ods have the same purpose; however, wet extraction is predom-
inantly used owing to its high air yield. Both extraction systems
were employed at the SNU (Seoul National University) [13, 25].
The details of the extraction systems have been compared com-
prehensively by Yang et al. [26].

We collected three ice blocks from the LIC and ten blocks from
the UIC for subsequent gas analysis. For every block, we ex-
tracted gas from three to six subsamples (7cmX3cmX3cm). A
total of 22 subsamples were extracted using the dry extraction
method and 33 subsamples were analyzed via the wet extraction.
Ice wedge subsamples were mainly cut with a band saw, but for
particularly hard ice, we also used a hand saw and a hammer.

For the dry extraction method, 33 g of ice was used, and be-
cause the system could only measure a maximum of 12g of
ice simultaneously, we conducted three separate attempts to
obtain data for one subsample. Each ice sample was placed in-
side the vacuum chamber, and needle were used to crush the
ice. To remove water vapor, we used a cold trap with ethanol
at —85°C.

B19-IW-09

B19-IW-08 B19-IW-10 B19-IW-11

S5 UpperIC

. LowerSand /'

FIGURE 2 | (a) Headwall of the Batagay megaslump with approximate sampling positions. (b) Ice wedge B19-IW1 from the Lower Ice Complex
with sample locations. (c) Ice wedge B19-IW9 from the Upper Ice Complex with sample locations. The images are modified from Batagay field report

in 2019 [24].
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For the wet extraction, we placed 50g of ice in a glass bottle.
Each ice sample was melted to extract gas and then refrozen to
increase the extraction efficiency and remove water vapor by
soaking the glass bottles in an ethanol bath at —70°C for approx-
imately 20 min. Afterwards, we preserved the ice melt and sedi-
ment mixtures in high density polyethylene (HDPE) bottles and
stored them in a freezer at —20°C for later use.

For both extraction systems, the gas extracted from the ice
wedges was trapped at —256°C using a He closed-cycle refrig-
erator, which effectively cryogenically preserved the gas in
a stainless-steel tube. After trapping, the sample tubes were
sealed, heated to room temperature, and separated into two
tubes for measuring air composition (Ar/O,/N,) and green-
house gas mixing ratios (CO,, CH,, and N,0). Because the
dry extraction method shows lower gas yield then the wet
extraction method, only greenhouse gas mixing ratios of the
gas extracted from dry extraction could be measured, while
both air composition and greenhouse gas mixing ratios could
be measured from the wet-extracted gas. There was little dif-
ference in results of greenhouse gas concentrations between
the two extraction methods, confirming a previous method-
ological study [25].

The gas mixing ratios were measured simultaneously using
three gas chromatography (GC) systems. An Agilent 7890A GC
system equipped with a flame ionization detector (FID) and a
catalyst methanizer was employed to measure CO, mixing ra-
tios. The N,O and CH, concentrations were measured using an
Agilent 7890B GC system equipped with an electron capture de-
tector and FID. To measure the mixing ratios of Ar, O,, and N,
a 7890A GC system equipped with a FID/TCD was utilized. The
8(N,/Ar) and 6(0,/Ar) values were expressed as percentages (%)
of the present-day molar atmospheric ratio using the following
equation, where X represents N, or O,:

< % )sample

) - (Y

—1|x 100 (%)

Ar

The 8(N,/Ar) molar ratios or other noble gas ratios can be used
to elucidate the formation process of ice wedges and as indica-
tors of gas alteration during or after ice wedge formation. N,
and other noble gases are not significantly affected by biological
activity and exhibit different solubility in water, and therefore
if ice wedges have undergone physical re-working processes,
such as melt-refreezing or formation from liquid water, then
the 8(N,/Ar) value is likely to be below 0 and potentially close
to —55.5%. This is based on the assumption that atmospheric
gases equilibrate with water at the freezing point and that the
gas composition remains unchanged during freezing. By con-
trast, if ice is formed through snow compaction or have not
undergone melt-refreezing, then the 8(N,/Ar) value should be
approximately 0% [8].

The 8(0,/Ar) ratio can serve as an indicator of biological ac-
tivity. An absence of biological activities in the ice wedges
would result in 6(0,/Ar) to be approximately 0%. However,
a 3(0,/Ar) value below 0 suggests the presence of oxygen
consuming microbiological activity [8]. Since during the
Quaternary, the atmospheric molar ratios of N,/Ar and O,/Ar

remained nearlyconstant [27]. Consequently, the changes in
these values can serve as indicators of gas alteration during or
after ice wedge formation.

3.2 | Stable Water Isotope Analysis

Stable water isotope composition analysis (8'%0 and 8D) for the
ice wedges was conducted using meltwater that remained after
the wet extraction process. The meltwater samples were centri-
fuged and filtered to remove organic matter and microparticles
using a 0.45pum syringe filter. The filtered samples were placed
inside PVC bottles and stored in a freezer at —20°C until stable
isotope analysis was performed. The stable water isotopic com-
positions were analyzed at Ewha Womans University, Korea,
using an L2140-i model isotopic water liquid analyzer (Picarro
Inc., Sunnyvale, CA, USA) based on the wavelength-scanned
cavity ring-down spectroscopy method. The standards were
Vienna Standard Mean Ocean Water 2 (VSMOW?2), Standard
Light Antarctic Precipitation (SLAP), USGS 46, 47, and 48, whose
mean standard deviations were less than 0.1%. for §'80, , and less
than 1.0%. for 6D. A total of 11 and 29 samples were obtained
from the LIC and UIC, respectively. The isotopic ratios were ex-
pressed in per mill (%o) relative to the standard mean ocean water
(SMOW) using the following equation: R ="180/°0 or D/H.

Bsample = <1§5E‘ﬂ - 1> x 1000 (%o)
Standard

We also calculated deuterium excess (d-excess) as a key met-

ric to characterize the isotopic composition of our ice samples.

This parameter is defined as the difference between the 8D and

8180, ... expressed by the following equation: [28]

Deuterium excess (d — excess) = 6D — 8 x 880,

The water stable isotopes (8D and alsoice) and deuterium excess
provide valuable insights into the circumstances influencing the
formation of ice and contribute to the identification of moisture
sources.

3.3 | Sediment and Major Ion Chemistry

To analyze the sediment and major ion chemistry, we obtained
3mL of filtered water and stored it in HDPE bottles. The analysis
of major ions aimed to identify potential ion-related biotic re-
actions leading to greenhouse gas formation. Both anions (Cl,
NO,~,NO,",and SO,*") and cations (NH,*, Ca?*, Mg?*, Na*, and
K*) were analyzed using an ion chromatograph at the National
Instrumentation Center for Environmental Management
(NICEM, Seoul National University, Seoul, Republic of Korea).
For total Fe concentration, we analyzed 10mL of filtered water
using an Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) at the NICEM. The measurement units for all ions,
excluding Fe, were in the mg/L range, while Fe concentrations
were measured at the pug/L level.

In order to ascertain the origin of greenhouse gases, we analyzed
the content (C and N) and the respective isotopic composition
(8'3C and 8'N) of sediment entrapped within ice wedges. We
separated the sediment samples and dried them under ambient
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conditions for 48 h. After the sediments were completely dried,
we used Midwood and Boutton's (1998) method to remove car-
bonate minerals [29]. For the removal, we performed the follow-
ing steps: 0.3g sediment for each sample was soaked in 0.5M
HCI solution. The sediment-HCI solution was maintained at
24h and stirred thrice during the reaction. Subsequently, they
were separated via centrifugation at 4000 RPM for 7min. Next,
the samples were washed with deionized water four times via the
same centrifugation process. Meanwhile, the sediments were
dried at 87°C for 24 h, stored in a 1.5mL conical tube, and sent
to NICEM (National Instrumentation Center for Environmental
Management) at SNU for the analyses of §13C, §°N, total car-
bon, and total nitrogen in sediments.

3.4 | Stable Carbon Isotopes for Greenhouse Gas

We determined the carbon isotope ratios of CO, and CH, gases
to assist in source attribution. The wet extraction method
was used to extract CO, and CH,, which were then stored in
stainless-steel tubes for subsequent analysis. The §'*C-CO, and
813C-CH, values were measured at Nagoya University, Japan,
using a CF-IRMS system [30-32]. Three samples from both the
LIC and UIC were analyzed for 8'*C-CO,, whereas one sample
from the LIC and two samples from the UIC were measured for
813C-CH,. The standard deviation was 0.1%.—0.2%. for §'3C-CO,
and <0.2%o for 8'*C-CH,.

3.5 | Observation of Bubble Shapes

To examine physical changes in ice wedges, thin sections were
made to observe bubble shapes inside the ice wedges. Two sec-
tion samples were obtained from UIC, and one from LIC. The ice

wedge samples were cut to a thickness of 2mm, and the surfaces
were smoothed using sandpaper (Figure S1).

4 | Results
4.1 | Stable Water Isotopes

The 80 and 8D values of the LIC ranged from —32.82%o to
—30.58%0 and —251.04%o0 to —234.65%o respectively. The UIC
showed more depleted values of §'%0 and 8D than the LIC, which
ranged from —36.63%o to —33.05%0 and —284.74%o to —259.30%o,
respectively (Table 1, S3, Figure 3). The deuterium excess
(d-excess) values of the LIC and UIC were 7.72%o to 18.14%0 and
4.64%o to 10.96%o, respectively. The linear regression between
880 and 8D yielded equations of §D=7.32x8¥0—15.75 and
8D =9.31 x 880 + 54.24 for the LIC and UIC, respectively.

4.2 | N,, O,, and Ar Mixing Ratios

Our measurements of (N,/Ar) in the Batagay ice wedges ranged
from —8.06% to 33.86% for the LIC and from 5.49% to 30.64% for
the UIC (Figure 4, Table S1) The 8(O,/Ar) values ranged from
—89.01% to —67.43% and —98.07% to —47.06% for the LIC and
UIC, respectively.

4.3 | Greenhouse Gas Mixing Ratios

The mean CO,, CH,, and N,0 mixing ratios and their stan-
dard deviation (1o) of the Batagay ice wedge for the LIC
were 3.88+2.14% (CO,), 90.08+47.51ppm (CH,), and
1.16+2.05ppm (N,0), and for the UIC 3.90+2.23% (CO,),

TABLE 1 | Mean, maximum, and minimum values of gas composition (CO,, CH,, N,O, Ar, O,, and N,), air contents, water stable isotopes,

sediment contents, and sediment chemistry for LIC and UIC layers.

Lower Ice Complex (B19-IW1, 3, 5)

Upper Ice Complex (B19-IW8, 9, 10, 11)

Parameter Mean Max. Min. n Mean Max. Min. n
Ar (%) 0.95 1.04 0.76 9 1.07 1.20 0.87 26
0, (%) 4.45 7.50 2.49 9 3.97 12.85 83.48 26
N, (%) 89.63 95.18 79.30 9 92.00 98.77 83.48 26
N,O (ppm) 1.16 8.16 0.12 14 19.45 111.88 0.30 38
CH, (ppm) 90.08 182.04 31.17 14 54.97 136.42 4.76 38
Co, (%) 3.88 10.30 1.88 15 3.90 7.82 0.03 38
Gas contents (mL/gice) 0.0101 0.0193 0.0034 10 0.0110 0.0218 0.0028 25
51801C8 (%o) —32.02 —30.58 —32.82 11 —34.67 —33.05 —36.63 29
<‘5Dice (%o0) —243.87 —234.65 —253.75 11 —269.46 —259.30 —284.74 29
d-excess(%o) 12.27 18.14 7.22 11 7.87 10.96 4.64 29
Sediment contents (g/g,_.) 0.0136 0.0171 0.0083 4 0.0179 0.0592 0.0051 11
Sediment C (Wt%) 0.74 0.99 0.54 5 1.17 1.52 1.00 5
Sediment N (wt%) 0.07 0.10 0.06 5 0.12 0.16 0.09 5
Sediment 8'3C —25.80 —25.74 —25.96 5 —25.56 —25.36 —25.97 5
Sediment §1°N 3.38 6.77 0.92 5 4.10 9.14 2.40 5
C/N 9.76 11.23 8.42 5 10.19 11.42 9.40 5
441
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FIGURE 3 | Dual water stable isotope diagram for Batagay ice wedges. Global Meteoric Water Line (GMWL) is indicated by 8D =8x&¥0 +10
and Local Meteoric Water Line (LMWL for Yakutsk, 600km south of Batagay) is indicated by 8D =8.17 X880 + —21.94, based on Papina et al. [33]
Batagay rainwater (n =4) is indicated by 8D =7.93 X 880 -1.65 based on Opel et al. [22] Dash-dotted red and blue lines are regression lines for LIC and
UIC, respectively.
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FIGURE 4 | &(N,/Ar) and 8(0,/Ar) mixing ratios of various ice wedges corresponding to different locations and ages. Shaded gray and outlined
black diamonds reflect atmospheric ratio or each gas completely dissolved in liquid water, respectively. Unfilled or filled lower triangles indicate
Batagay LIC and UIC, respectively. Other symbols represent ice wedge values in the Yakutsk region in Central Siberia formed during the Last
Glacial Period [15], those near the Laptev Sea region formed in the late Pleistocene and Holocene [14], and those in the Alaska region formed in the
Pleistocene and Holocene [8].

54.97£24.94ppm (CH,), 19.45+25.30 ppm (N,0), respectively significant correlations (|r| <0.24). However, it is clear that
(Table 1, S1, Figure 5). The relationship between the GHG N, O is high only when CH, is low, and vice versa (Figures 5, 6
mixing ratios in the Batagay ice wedges did not indicate any ~ and Table S6). We also observed a similar “exclusive relation”
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between the N,0 and CH, mixing ratios in the previous study
at Yakutsk area (Yang et al., 2022, Figure 7). When compared
with ice wedges in other Siberian regions, specifically those
located in the interior of Yakutia, such as Churapcha, Cyuie,
and Syrdakh, the Batagay ice wedges generally exhibited low
CO, but high N,0 and CH, levels (Figure 7) [13, 15]. Finally,
there was a weak negative correlation (r=—0.54) between CO,
and CH,.

4.4 | Sediment and Ion Properties

The mean sediment contents (10) of the LIC and UIC ice wedge
samples were 0.0136+0.0038 and 0.0179 +0.0158 g/g, ., respec-
tively (where g, is the unit weight of an ice and sediment mix-
ture from an ice wedge). The mean carbon and nitrogen ratios,
C/N (10) for the LIC and UIC were 9.76+1.18 and 10.19 +0.84,
respectively; their mean 8'3C values (1o) were —25.800.09%o
and —25.56+0.24%0; and their mean 8N values (1o) were
3.38 +2.23%0 and 4.10 + 0.24%o, respectively (Tables 1 and S5).

Ton and Fe concentrations in the meltwater samples from LIC
and UIC are shown in Table S2. In particular, NO,~ concen-
trations were 9.21mg/L (n=1) and 10.13+0.15mg/L (n=2)
for the LIC and UIC, respectively. NH,* concentrations were
2.25+1.42mg/L (n=>5)and 2.13+1.08 mg/L (n=4) mg/L for the
LIC and UIC, respectively. It should be noted that NO,™ concen-
trations were only measured in the UIC samples, and the con-
centration was 1.58 £ 1.44mg/L (n=3). The LIC samples either
were not measured or fell below the detection limit for NO,™.
Additionally, the Fe concentrations were 386.11 +216.84ug/L
(n=5) and 47.50+67.82ug/L (n=5) for the LIC and UIC,
respectively.

4.5 | 813C for Greenhouse Gas

The average 8'*C-CO, values for the LIC and UIC samples were
determined to be —22.8 +1.80%0 (n=3), —23.8 +1.43%0 (n=23),
respectively. These values are close to or within the range of car-
bon isotope values of CO, derived from sediment organic car-
bon (8'3C =—25.8 +0.09%o, n =5 for LIC; §'3C = —25.56 % 0.24%o,
n=>5 for UIC) (Table S4), but very different from those of pre-
industrial atmospheric CO, (8'3C=-6.7%0) [34]. Additionally,
Average 8'3C-CH, values were —48.1%1.12% (n=2) and
—36.7%0 (n=1) for the LIC and UIC, respectively (Table S4).

5 | Discussion

5.1 | Batagay Ice Wedge Formation and Related
Climate Conditions

We used the gas composition and water-stable isotopes to assess
ice wedge formation and the related climatic conditions. Our
8(N,/Ar) values relative to atmospheric air were mostly 0% or
higher (Figure 4). This suggests that the ice wedges were not
formed by freezing of liquid snowmelt water, but rather by the
compaction of dry snow or hoarfrost. The shapes of the bubbles
within the ice wedges also provide information regarding their
formation (Figure S1). If ice wedges were formed by refreezing
of meltwater, then the bubbles generated may exhibit elongated
shapes and a preferred orientation [8]. However, upon examin-
ing thin sections (~2 mm thick) of the Batagay ice wedges, we ob-
served spherical bubbles in the both ice complexes (Figure S1).
Meanwhile, upon inspecting the bulk ice blocks, we did not ob-
serve any perturbations in the foliation, thus indicating that the
ice wedges were not disrupted by melting after formation.

The 8(N,/Ar) values ranging from 10% to 20% in the Batagay ice
wedges, are higher than the typically observed values of approx-
imately or less than 0% in other Siberian ice wedges (Figure 4).
To explain this elevation in the N,/Ar values, we may consider a
differential gas diffusion through the ice lattice by faster Ar diffu-
sion than N, through ice. Previous studies have confirmed that gas
molecules can diffuse through ice via interstitial or bond-breaking
mechanisms, as supported by molecular dynamics (MD) simula-
tions [35-38]. To quantify this effect, we employed equations for
gas permeation coefficients (diffusion coefficients x solubility) in
ice. Using the parameters described by Oyabu et al. [39], we cal-
culated the permeation coefficients for N, and Ar at —10°C, and
obtained 1.31 x 107*° and 4.16 x 107'° m? /s - MPa, respectively.
These values indicate that the permeability of Ar is higher than
that of N,. Consequently, the N,/Ar ratio in both Batagay ice com-
plex units may be increased by gas diffusion within the ice matrix.
We observe that the LIC generally exhibited higher N,/Ar values
than the UIC. This difference may be caused by the fact that the
LIC is located at a greater depth, experiencing higher pressures
and having longer time (~650ka for LIC vs. ~40ka for UIC) for the
differential diffusion than the UIC.

Stable water isotope ratios of ice wedge ice can be used to investi-
gate winter temperature conditions during the ice wedge forma-
tion, with a positive correlation between the winter temperatures

o LIC = UIC
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FIGURE5 | Greenhouse gas mixing ratios in ice wedges of the Batagay megaslump. The box represents the interquartile range, with the bottom

and top indicating the 25th and 75th percentiles, respectively. The horizontal line within the box represents the median value, whereas the “+”

symbol denotes the mean value. Whiskers extending from each end of the box represent minimum and maximum values of the data points.
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and our study site Batagay). (a) N,O versus CO,. (b) CH, versus N,O. (c) CH, versus CO,. Ice wedges data from Churapcha, Cyuie, Syrdakh were

obtained from ref. [15]

and 8'80 values [7]. We observed that the UIC exhibited more
depleted 880 values as compared with the LIC, with a differ-
ence of approximately 2.7%. (Figure 3, Table 1). This suggests
that the LIC ice wedges have formed at slightly higher winter
temperatures as compared with those of the UIC, even though
their isotopic composition might be altered due to their old age.

The potential effects of post-depositional isotopic fraction-
ation must be considered for the use of ice wedges as archives

for winter temperature as the original isotopic signature of ice
can be altered due to isotopic exchange between wedge ice and
pore ice of the surrounding sediments [40, 41]. Our LIC samples
exhibited slightly enriched 8'80 and 8D and a steeper slope as
compared with the GMWL. However, the isotopic compositions
of 8D and 80 in the entire Batagay megaslump ice wedges,
largely aligned with the GMWL and the local meteoric water
line of Yakutsk. Furthermore, the 8'30 values of the ice wedges
generally reflected a similar trend to that reported by Opel et al.
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[22] These observations suggest that the isotopic compositions
are unlikely to be significantly altered.

5.2 | Origin of GHGs Within Ice Wedges

To understand the origin of GHGs entrapped in ice wedges, one
must verify whether the ice wedges have been maintained in a
stable state without being subjected to processes such as break-
age or disruption. The Batagay megaslump ice wedges appeared
to be unaltered and well-preserved under stable conditions, as in-
dicated by the undisrupted foliation and spherical bubble shapes
as well as the zero to positive values of 8(N,/Ar) relative to the
atmospheric N,/Ar ratio. Hence, we can assume that the ice
wedges from the Batagay permafrost are quasi-closed and stable
systems. Meanwhile, as Batagay ice wedges are likely formed by
snow and/or hoarfrost compaction, it is probable that the initial
mixing ratios of GHGs are atmospheric values, and that the ob-
served high mixing ratios of GHG in the bubbles of the Batagay
ice wedges are due to the formation of GHG inside the ice wedges.

The dissolution of atmospheric GHGs (CO,, CH,, and N,0) in lig-
uid water can increase the mixing ratios of GHGs. If an equilib-
rium exists between air and snow/ice meltwater, then the GHG
mixing ratios in the liquid water can increase up to 60, 2, and 45
times the atmospheric level for CO,, CH,, and N, O, respectively
[42]. Consequently, if the snowmelt-refreeze process is involved
in ice wedge formation, then we can expect the GHG mixing ra-
tios in ice wedges to be up to 16,800, 1.4, and 12.6 ppm for CO,,
CH,, and N,0, respectively [13]. However, because evidence of
melting during or after ice wedge formation was not indicated, we
precluded this process as the main source of GHGs in ice wedges.
Notable, however, these GHG mixing ratios in gas bubbles in
the Batagay ice wedges were two to three orders of magnitude
greater than those of the Pleistocene atmospheric level [43-45].

Microbial activity has been shown to persist even at soil tem-
peratures below 0°C [46, 47]. Despite having limited substrates
and energy sources for their metabolic processes, these microor-
ganisms are crucial in maintaining high mixing ratios of GHGs
in ice wedges. Bacteria can remain viable for thousands of years
through active reproduction or by maintaining the minimal
activity levels necessary for the repair of cellular damage. In
permafrost, the necessary energy for sustaining cellular func-
tions or facilitating reproduction can be potentially derived
from material released from frozen sediments [48]. In Batagay
ice wedges, the main source of nutrients might be the sediments
entrapped during the ice wedge formation.

The initial main air composition (O,, N,, and Ar) during the
formation of ice wedges would have been similar to that of the
atmosphere [8]. However, microbial activity in the ice wedge
that consumes oxygen gas (O,) may result in oxic to anoxic
or oxygen-depleted conditions. Notably, the heterogeneous
distribution of the sediment content in ice wedges must be
considered, as the presence or absence of O, can vary across
different microsites in an ice wedge. Furthermore, the per-
meability of gas molecules can influence the mixing ratios in
ice bubbles. O, and Ar have higher permeability coefficients
(416 x 107" and 3.39 x 107° m? /s - MPa, respectively) than
N, (1.31x107"”m?/s-MPa) and other major greenhouse

gases (CO,: 1.39x 107" and CH,: 7.08x107°m?/s- MPa,
N, O is not constrained) at —10°C [13, 49]. Consequently, due to
these differences in permeability, the mixing ratios of O, and
Ar are likely to decrease, while the mixing ratios of N,, CO,,
and CH , may increase in ice bubbles. However, the increase of
CO, mixing ratio by the gas diffusion is not likely more than
that of N, due to the similar permeation coefficients (1.39 vs.
1.31x 107 m? /s - MPa).

5.21 | Carbon Dioxide, CO,

The observed high CO, mixing ratios in the ice wedges may be
caused by biological respiration, which is a process that con-
sumes O, and produces CO,. The stable carbon isotope ratio
of CO, can provide valuable information regarding the source
of CO, entrapped in ice wedges [50]. The isotopic ratios (see
Section 4.5) indicate that the CO, found in Batagay ice wedges
mostly originated from microbial oxidation of sediment organics
[51]. However, the mean values of §'*C-CO, were slightly greater
than those of sediments in the Batagay ice wedges. This discrep-
ancy could be attributed to mixing with atmospheric CO,, which
tends to increase the 8'*C-CO, values. However, the observed
CO, mixing ratios were approximately 160 times greater than
the atmospheric values from LGM [52]. Meanwhile, the weath-
ering of carbonate minerals, which typically indicate a §'3C
value of approximately 0%o, can increase carbon isotope values
[53]. Based on mass balance calculation, we estimate that the
CO, production from the carbonate minerals can explain less
than 12% of the CO, in the bubbles. For instance, if we take the
fraction of CO, originating from carbonate as “f,” the mass bal-
ance equation (0%o X f+ —25.8%0 X (1 —f) =—22.8%o) yields solu-
tion for “f” at 0.12. Hence, we conclude that most of the CO, in
Batagay ice wedges originated from biological respiration.

5.2.2 | Methane, CH,

There are both abiotic and biotic CH, production processes
[54]. Most abiotic processes require suitable thermal conditions
(300°C-400°C) instead of subfreezing conditions [54]. Despite the
recent exposure of the Batagay megaslump due to anthropogenic
disturbance, the permafrost and ice wedges in the area remain in
a stable state, characterized by low temperatures. Furthermore,
the undisturbed foliations observed in the ice wedges indicate that
they were not affected by geothermal and physical activity during
or after their formation. Hence, we can exclude the thermogenic
process as the primary source of CH, in the Batagay ice wedges.

The carbon isotope ratios of methane can provide valuable in-
formation about methane production processes in permafrost
regions [55-57]. Courtin et al. [58], identified certain methano-
genic archaea in the Batagay ice complex units (UIC, LIC), in-
dicating the possibility of biogenic processes occurring in ice
wedges. According to Whiticar et al. [55], the 8'3C-CH, values
of the LIC (—47.3%o0, —48.9%0) are indicative of bacterial origin
(< —45%o), whereas the 8'3C value of the UIC (—36.7%o) indicates
thermogenic origin (—20%. to —50%o) [55]. However, as we have
already excluded the possibility of thermogenic CH, production,
the relatively enriched §'3C-CH, value from the UIC could be
attributable to isotopic fractionation during its exchange with
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and transformation to CO,. Whiticar [55] suggested using the
isotopic separation factor (g.), where g, =8"C-CO,—8"*C-CH,,
to infer the methane production or consumption process. In this
study, the LIC and UIC exhibited ¢, values of 24.5 and 12.9, re-
spectively, which were within the range for methane oxidation
[55]. Furthermore, methane-oxidizing bacteria have been re-
ported to alter the carbon isotope composition of CH, [59]. These
bacteria preferentially consume '2C, thus yielding values of
lighter isotopes in the resulting CO,, whereas the remaining CH,
becomes enriched in heavier isotopes. This can potentially result
in the misinterpretation of biogenic CH, signatures as natural
gas deposits or having thermogenic origins. Earlier studies have
shown a correlation between anaerobic methane oxidation with
reductions in nitrate and sulfate, suggesting that methane oxida-
tion can occur even in anaerobic conditions [60, 61]. Therefore,
it is plausible that methane in ice wedges may have undergone
such processes, potentially impacting its isotopic composition.

5.2.3 | Nitrous Oxide, N,0

Compared with atmospheric levels in the Middle and Late
Pleistocene and Holocene (200-300 ppb) [45], the elevated N,O
mixing ratios in the Batagay ice wedges may be attributed to
N, O production in the ice wedges.

Microbial nitrification and denitrification processes were con-
sidered for the N,O production pathways in permafrost-affected
sediments [62]. In the case of Batagay, both nitrification and
denitrification processes can be potential sources of N,O due
to the heterogeneous distribution of oxygen gas in the Batagay
ice wedges [63]. Multiple studies have demonstrated that N,O
production can remain active in seasonally frozen soils, even
at subzero temperatures, thus indicating that the sediments
within ice wedges can produce N,O within the ice wedge system
[11, 62]. Nitrification is a strictly aerobic condition that requires
0, as an electron acceptor for a series of oxidative reactions that
convert NH,* to NO,~ and NO,~. This process is facilitated by
ammonia-oxidizing archaea and bacteria, which produce N,O
as a byproduct. The low O, mixing ratios in the ice complexes
from Batagay (<5%) suggest that nitrification could have dom-
inated in the initial stages of ice wedge formation but may not
be the dominant source of N,O production in the later stage
[63, 64]. However, significant N,O emissions through nitrifica-
tion have been observed under low-oxygen conditions in other
studies [65]; therefore, we cannot completely preclude the signif-
icant contribution of nitrification in a later stage.

In denitrification, both NO,~ and NO,™ act as electron accep-
tors for denitrifiers in an anaerobic respiration pathway, thus
resulting in their reduction to N,, with NO and N,O as gas in-
termediates [66]. Soil incubation studies demonstrated that N,O
can be produced by denitrification and nitrifier-denitrification
under low oxygen condition [66, 67]. Under completely anoxic
conditions, N,O is predominantly produced through denitrifi-
cation [66]. Hence, it can be expected that denitrification and
nitrifier-denitrification are dominant processes under low oxy-
gen condition periods.

A relationship between the N,O and CH, mixing ratios was
observed in Batagay ice wedges. In the UIC, low CH, was

accompanied by very high N,O mixing ratios, and vice versa
for the LIC (Figure 6b). This pattern is consistent with previ-
ous findings pertaining to other ice wedges from Siberia, where
the distribution of CH, and N,O mixing ratios showed distinct
characteristics (Figure 6b) [13, 15]. This “exclusive relation-
ship” may be explained by the inhibitory effect of N-containing
compounds (NO,~, NO,~, NO, and N,O) on methanogenesis.
Several studies have reported a decrease in methanogenic bac-
terial activity in the presence of N,O [15, 68]. Hence, the low
N,O mixing ratios and relatively high CH, mixing ratios in the
LIC is attributable to its low potential to generate N-containing
compounds, including N,0, which subsequently promotes more
active methanogenesis.

Meanwhile, the average N,O mixing ratios in the UIC were con-
siderably higher than those in the LIC. In order to elucidate this
phenomenon, we examined two perspectives related to vegeta-
tion and microorganisms. Vegetation can affect environmen-
tal factors, such as soil pH and nutrient cycling. Therefore, the
differences in vegetation between the UIC and LIC at the time
of formation provide insights into the variation in biogeochem-
ical factors for N,O production. Courtin et al. [58], suggest that
LIC reflects an interglacial ecosystem which has open forests
with grassland, and UIC reflects a glacial ecosystem with herb
communities dominating the vegetation. Although the reference
shows that there are environmental differences between the
UIC and LIC, our analysis of sediment characteristics, including
sediment C/N ratios and 8'3C values (Table 1), in both ice com-
plex units exhibit no significant differences. On the other hand,
microbial activities and specific enzymes can play a crucial role
in N,O production. Previous studies showed the existence of dif-
ferent prokaryotic communities in the sediments of upper and
lower units of the Batagay megaslump, with higher numbers of
ammonia-oxidizing archaea (AOA) in the UIC sediments than
in the LIC sediments [58]. Numerous Nitrososphaeracaea and
Nitrosopumilaceae families were detected, which constitute
AOA families and are known to be key contributors to N,O emis-
sions in Arctic soils [69, 70]. These differences in the archaeal
community may explain the variations in N,O levels between
the UIC and LIC ice wedges. On the other hand, the different
ages of the LIC and the UIC can influence N,O mixing ratios
as well. If denitrification activity is the same in both units, the
LIC would reduce more N,O and produce more N, than the UIC
due to having more reaction time. However, as the availability
of NO,~ is crucial in denitrification and AOA plays a significant
role in creating NO,~, the low abundance of AOA in the LIC re-
duces the likelihood of NO, ™~ supply for N,O production. Hence,
age differences might not significantly affect N,O mixing ratios.
Although a specific examination of the sediment microbiome
trapped inside the ice wedges was not conducted in this study,
insights from the surrounding sediments can provide some un-
derstanding regarding processes occurring in the ice wedges.

In some laboratory experiments, abiotic processes for N,O
production have been reported. These include chemo-
denitrification, which involves the chemical reduction of NO,~
through reaction with Fe?*, as well as the oxidation of NH,OH
in soils [71]. However, such natural observations are relatively
scarce. There was a notable instance of chemo-denitrification
with Fe’* reported in the brine of ice-sealed Vida Lake,
Antarctica [72]. To investigate the possibility, we analyzed total
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Fe concentration and obtained values of 0.386+0.216 mg/L and
0.048 +0.068 mg/L for the LIC and UIC, respectively (Table S2).
These Fe concentrations are comparable to those found in the
pore water and peat ice of the Western Siberian Lowland, which
are 0.68 and 2.05mg/L, respectively [73]. However, they are two
orders of magnitude smaller than the reported Fe?* concentra-
tion in the brine of Vida Lake, which was 17.195+1.262mg/L
for Fe?* [73, 74]. Further investigation is necessary to explore
the possibility of these abiotic reactions, including the examina-
tion of proton concentrations (pH). Protons may have an impact
on the abiotic reactions [75], particularly within the ice veins
and thin films around sediment particles. These areas exhibit
distinct geochemical conditions from bulk environment, poten-
tially due to freeze-concentration effects [76-78].

6 | Conclusion

The Batagay ice complex units have provided valuable biogeo-
chemical information pertaining to ground ice in the Yana
Uplands since the Middle Pleistocene. Our observations indicate
that the ice wedges were formed by the compaction of dry snow
and/or hoar frost, as indicated by the N,/Ar ratios and bubble
shapes. The higher mixing ratios of GHGs in the Batagay ice
wedges compared with those in the Pleistocene atmosphere im-
plied a substantial contribution from microbial activity in the
ice wedges. The carbon stable isotope values suggested that CO,
and CH, originated primarily from microbial sources. The high
level of N,O compared with the preindustrial atmosphere can
be attributable to microbial activity instead of abiotic factors.
Notably, the UIC and the LIC units show differences in terms of
N,O mixing ratios, which is likely due to the UIC having more
of specific ammonia-oxidizing archaeal families instead of en-
vironmental or climatic differences. This suggests that biogeo-
chemical factors in ice wedges can vary even within the same
location, thus highlighting that GHG formation in ice wedges is
not solely controlled by physiochemical conditions. This study
provides insights into the complex relationships between micro-
bial activity and biogeochemical conditions for GHG formation
and storage in permafrost ice wedges.
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