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Abstract 

 
Permafrost can be a significant source of greenhouse gases (GHGs) under global 

warming in the future. However, the source and control mechanisms of GHGs in 

permafrost regions are not well understood. Ice wedges, commonly found in 

subsurface permafrost regions, contain gas bubbles with very high concentration of 

GHGs. Analysis of GHGs in the gas bubbles may help us better understand control 

mechanisms of GHG formation at subzero temperature in permafrost regions. The 

Batagay megaslump, which is located in the Yana Highlands of northern Yakutia, is 

the largest thaw slump in the world. Here, I used ice-wedge samples from two 

stratigraphic units: the Upper Ice Complex (UIC) and the Lower Ice Complex 

(LIC) of the Batagay megaslump. I estimated the ice-wedge formation processes by 

analyzing the Ar/N2/O2 compositions of the gas bubble and stable water isotopic 

ratios (δ18O and δD) of the wedge ice. Then, the sources and control mechanisms of 

GHGs in the occluded gas within the ice wedge were constrained by analyzing 

carbon stable isotopes of the GHGs (CO2, CH4) and the sediment particles included 

in the wedge ice, the relationships between the mixing ratios of GHGs (CO2, N2O, 

CH4), and various soluble inorganic ionic compositions of the wedge ice. The 

Ar/N2/O2 compositions indicated that the studied ice wedges were likely formed 

through dry snow or hoarfrost compaction, and microbial activity remained active 

after ice wedge formation. The δ18O and δD values of the ice suggested colder 

winter temperatures in the UIC compared to the LIC. CO2 and CH4 primarily 

originated from biogenic sources. N2O showed exclusive correlation with CH4, and 

its mixing ratios vary at different depths, likely due to differences in the 

microbiome. 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 

permafrost. 

Keyword : Batagay megaslump, Greenhouse gases, Ice wedge, Water stable 

isotopes, Permafrost, Northeastern Siberia 

Student Number : 2021-29005 
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Chapter 1. Introduction 
 

In the current global warming crisis, the rapid increase in greenhouse gas 

(GHG) in the atmosphere is of great concern. It is crucial to identify the processes 

involved in GHG formation and estimate its potential for emissions into the 

atmosphere. Because GHG species are associated significantly with the global 

carbon and nitrogen cycles, one must acknowledge active or inactive carbon and 

nitrogen reservoirs as well as their chemical reactions. Permafrost contains a large 

reservoir of organic carbon and nitrogen in terrestrial regions and it is an active 

area of research on active global carbon and nitrogen cycles.(Hugelius et al. 2014; 

Salmon et al. 2018) Multiple evidences show that permafrost may emit a 

significant amount of GHGs into the atmosphere via thawing, thus accelerating 

global warming.(Liljedahl et al. 2016) Yedoma, which is an Late Quaternary 

organic and ice-rich permafrost deposit around East Siberia and Alaska, has a 

higher ice content than typical permafrost soils and is highly susceptible to climate 

change. The Intergovernmental Panel on Climate Change (IPCC) reported that 

permafrost regions are more sensitive to global warming owing to their high 

latitudinal location; hence, GHG formation from the Yedoma deposits is a key 

factor affecting further GHG emissions.(Pörtner, Roberts, and Masson-Delmotte 

2022)  

Although permafrost can be distinguished based on several features, ice wedges 

are characteristic of permafrost regions. Ice wedges are formed when thermal 

contraction cracks appear in the ground during winter.(Opel et al. 2018) The cracks 

are filled via two main processes: meltwater refreezing and snow/hoarfrost 

accretion infilling.(St-Jean et al. 2011) Additionally, sediment and soils on the land 
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surface or active layers can enter frost cracks with water or snow and define 

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 investigated comprehensively,(Brouchkov and Fukuda 

2002; Teepe, Brumme, and Beese 2001; Ö quist et al. 2004) previous studies 

pertaining to ice wedges are primarily limited to winter climate reconstructions and 

stable water isotope analysis.(Wetterich et al. 2021) Meanwhile, studies that 

directly measure the mixing ratios of GHGs and the compositions of other gases 

within ground ice and ice wedges are few.(Kyungmin Kim et al. 2019; Boereboom 

et al. 2013; J. Yang et al. 2022) 

Investigations pertaining to ice wedges in Alaska and Siberia, particularly in 

Yakutia, have progressed, with emphasis on the analysis of ice wedges in lowland 

areas near rivers or coastlines. However, ice wedges in continental highlands are 

rarely investigated. The Batagay megaslump is located in the Yana Highlands, 

which are characterized by highly continental climate conditions north of the Arctic 

Circle. The nearby settlement Verkhoyansk is known as the cold pole of the 

Northern Hemisphere.(Ashastina et al. 2017) Therefore, the Yana Uplands are 

considered to have the most extreme continental climate in the Northern 

Hemisphere. 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 15 m/year. As of 2019, the maximum width of the 

slump was 890 m.(J. Murton et al. 2023) 

Because of its exposed stratigraphy and active thawing of permafrost, the 

Batagay megaslump reveals the presence of ice wedges that formed during the 
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Middle and Late Pleistocene.(J. B. Murton et al. 2022) This exposure allows one to 

obtain paleo-environmental and biogeochemical information for these 

times.(Jongejans et al. 2022) The absence of peatland soils indicates that this area 

did not undergo a thermokarst process.(Ashastina et al. 2017) The ancient 

syngenetic permafrost exposed in the Batagay megaslump suggests that gas 

bubbles and sediments trapped within the ice wedges may have preserved valuable 

information pertaining to the environmental conditions at the time of their 

formation. 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.(Wilhelm et al. 2012)  

The formation and emission potentials of GHGs differ across different regions 

as well as different layers and depths in a region. These spatial differences may be 

due to the biogeochemical and environmental factors in each region. I compared 

two different stratigraphic units of the Batagay megaslump. They might reflect 

different paleoenvironmental factors, thus suggesting that they affect 

carbon/nitrogen pools and microbiomes differently during GHG formation. The 

potential of GHG formation and emission potentials from permafrost of the 

Batagay megaslump is obvious from the high wedge ice content in both ice 

oversaturated Ice Complex deposits; amounting up to 70 vol% in the UIC and 56 

vol% in the LIC.(Kizyakov et al. 2023) 

In this study, I analyzed the gas in bubbles entrapped in ice wedges from two ice 

complex units of the Batagay megaslump. The soil and stable water isotope 

chemistries are analyzed as well. The objectives of this study are (1) to propose a 

possible formation process for Batagay ice wedges based on air composition 

(Ar/N2/O2) and stable water isotopes to predict the occurring gas-forming reactions 
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in a stable system and under climatic conditions during formation, and (2) to 

propose possible biogeochemical processes of GHG formation for both ice 

complex units under subfreezing temperatures.  
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Chapter 2. Site and sample description 
 

Ice wedge samples were obtained from the Batagay megaslump region 

(67.58°N, 134.77°E) in north-eastern Siberia, Russia (Figure 1). The Batagay 

megaslump is near the village of Batagay on the east bank of the Yana River in the 

Yana Highlands. It is situated on a hillslope at an elevation of approximately 290 m 

above sea level and is known as the world’s largest thaw slump.(Ashastina et al. 

2017; Opel et al. 2019; J. Murton et al. 2023) The region is characterized by a 

strong continental climate and increasing temperature and precipitation since the 

mid-twentieth century.(J. Murton et al. 2023) The permafrost is continuous and 

200–500 m thick, whereas the active layer is 0.2–1.2 m thick. The vegetation near 

Batagay mainly comprises open woodlands dominated by Dahurian larch (Larix 

dahurica) with birch undergrowth and lichen-green moss ground cover.  

The Batagay megaslump exposes Pleistocene and Holocene permafrost 

formations spanning from at least Marine Isotope Stage (MIS) 16 to 1.(J. B. 

Murton et al. 2022) Previous studies have identified six main stratigraphic units in 

the area.(Ashastina et al. 2017; Opel et al. 2019; J. B. Murton et al. 2022; 2017) 

The lowest unit comprises clasts-supported diamicton. The LIC (MIS 16) above 

includes V-shaped ice wedges that are 2–3 m high and approximately 1 m wide at 

the top, and are truncated by thaw unconformities. The lower sand unit (~MIS 7 to 

4) is approximately 20 m thick and composed of yellowish pore ice-cemented sand 

with gray horizontal bands. It contains narrow syngenetic ice wedges up to 0.5 m 

wide. The UIC (MIS 4 to 3), which is 20–25 m thick, is dominated by large 

syngenetic ice wedges.(Opel et al. 2019) 

For my study, I examined samples from three ice wedges from the LIC and 10 
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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-gas1, 2; B19-IW9-gas1, 2, 3, 4; B19-IW10-gas1, 2; and 

B19-IW11-gas1, 2. The samples were cut from the ice wedges with a chain saw as 

huge blocks(approximate size 25x15x15 cm). 
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Chapter 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 methods have the same purpose; however, 

wet extraction is predominantly used owing to its high air yield. Both extraction 

systems were employed at the SNU.(Kyungmin Kim et al. 2019; Ryu, Ahn, and 

Yang 2018) The details of the extraction systems have been compared 

comprehensively by Yang et al.(J. W. Yang et al. 2020) I extracted 22 subsamples 

via dry extraction and 33 subsamples via wet extraction. Most of the ice wedge 

subsamples were cut using a band saw. However, in situations where the band saw 

proved insufficient for cutting through high-hardness ice, a hand saw and a hammer 

were employed as alternatives. For gas extraction, 33 g of ice was used in the dry 

extraction method. As the dry extraction system can only measure a maximum of 

12 g of ice simultaneously, I conducted three separate attempts to obtain data for 

one subsample. For the wet extraction, I placed 50 g of ice in a glass bottle. The 

gas extracted from the ice wedges was trapped at -256℃ using a He closed-cycle 

refrigerator, which effectively cryogenically preserved the gas in a stainless-steel 

tube. To remove water vapor, I used a cold trap with ethanol at -85°C in dry 

extraction and soaked the glass bottles in an ethanol bath at -70°C for 

approximately 20 minutes in wet extraction. After trapping, the sample tubes were 

sealed, heated to room temperature, and separated into 2 tubes for measure air 

composition (Ar/O2/N2) and greenhouse gas mixing ratios (CO2, CH4, NO2). After 

wet extraction, I preserved the remaining water and soil mixtures in high density 

polyethylene (HDPE) bottles and stored them in a freezer at -20°C for later use. 



 

 ８ 

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 CO2 mixing ratios. The N2O and CH4 concentrations were measured using 

an Agilent 7890B GC system equipped with an electron capture detector and FID. 

To measure the mixing ratios of Ar, O2, and N2, a 7890A GC system equipped with 

a FID/TCD was utilized. The values of Ar, O2, and N2 were used as indicators of 

gas alteration during or after ice wedges were formed. The δ(N2/Ar) and δ(O2/Ar) 

values were expressed as percentages (%) of the present-day molar atmospheric 

ratio using the following equation, where X represents N2 or O2:  

 

During the Quaternary, the atmospheric molar ratios of N2/Ar and O2/Ar remained 

almost constant.(HOLLAND 1984) Consequently, the changes in these values can 

serve as indicators of gas alteration during or after ice wedge formation. 
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3.2  Stable water isotope analysis 
 

Stable water isotope composition analysis (δ18O and δD) for the ice wedges 

was conducted using meltwater that remained after the wet extraction process. The 

meltwater samples were centrifuged and filtered to remove organic matter and 

microparticles using a 0.45 μm 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 compositions 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 

(VSMOW2), Standard Light Antarctic Precipitation (SLAP), USGS 46, 47, and 48, 

whose mean standard deviations were less than 0.9 ‰ for δ18Oice and less than 0.8 

‰ for δD. A total of 11 and 29 samples were obtained from the LIC and UIC, 

respectively. The isotopic ratios were expressed in per mill (‰) relative to the 

standard mean ocean water (SMOW) using the following equation: R = 18O/16O or 

D/H. 
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3.3  Soil and major ion chemistry 
 

To analyze the soil and major ion chemistry, I obtained 3 mL of filtered water 

and stored it in HDPE bottles. Both anions (Cl-, NO3
-, NO2

-, SO4
2-) and cations 

(NH4
+, Ca2+, Mg2+, Na+, 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, I 

analyzed 10mL of filtered water using an Inductively Coupled Plasma-Mass 

Spectrometry (ICP-MS) at the NICEM. 

I separated the soil samples and dried them under ambient conditions for 48 h. 

After the soils were completely dried, I used Midwood and Boutton’s (1998) 

method to remove carbonate minerals.(Midwood and Boutton 1998) For the 

removal, I performed the following steps: 0.3 g soil for each sample was soaked in 

0.5 M HCl solution. The soil–HCl solution was maintained at 24 h and stirred 

thrice during the reaction. Subsequently, they were separated via centrifugation at 

4000 RPM for 7 min. Next, they were washed with deionized water four times via 

the same centrifugation process. Meanwhile, the soils were dried at 87 °C for 24 h, 

stored in a 1.5 mL conical tube, and sent to NICEM for the analyses of δ13C, δ15N, 

total carbon, and total nitrogen. 
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3.4  Stable carbon isotopes for greenhouse gas  
 

I determined the carbon isotope ratios of CO2
 and CH4 to identify their sources. 

The wet extraction method was used to extract CO2 and CH4, which were then 

stored in stainless-steel tubes for subsequent analysis. The δ13C-CO2 and δ13C-CH4 

values were measured at Nagoya University, Japan, using a CF-IRMS 

system.(Tsunogai et al. 2000; Kawagucci et al. 2005; Hirota et al. 2010) Three 

samples from both the LIC and UIC were analyzed for δ13C-CO2, whereas one 

sample from the LIC and two samples from the UIC were measured for δ13C-CH4. 

The mean standard deviation was 0.1‰–0.2‰ for δ13C-CO2 and < 0.2‰ for δ13C-

CH4.  
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Chapter 4. Results 
 

4.1  Stable water isotopes 
 

The δ18O and δD values of the LIC ranged from -32.82‰ to -30.58‰ and -

251.04‰ to -234.65‰ respectively. The UIC showed more depleted values of δ18O 

and δD than the LIC, which ranged from -33.05‰ to -36.63‰ and -259.30‰ to -

284.74‰, respectively (Table 1, Figure 4). The deuterium excess (d-excess) values 

of the LIC and UIC were 7.72‰ to 18.14‰ and 4.64‰ to 10.96‰, respectively. 

The linear regression between δ18O and δD yielded equations of δD = 7.3189 × 

δ18O -15.746 and δD = 9.3108 × δ18O + 54.243 for the LIC and UIC, respectively. 

Comparing our results with those of Opel et al.,(Opel et al. 2019) the UIC samples 

were within the same range and followed the global meteoric water line (GMWL). 

However, compared with Opel et al.,(Opel et al. 2019) the LIC samples showed 

enriched δ18O and δD, a much wider range of stable isotope values, and a steeper 

slope as compared with the GMWL.  
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4.2  N2, O2 and Ar mixing ratios 
 

The δ(N2/Ar) molar ratios or other noble gas ratios can be analyzed to elucidate 

the formation process of ice wedges. N2 and other noble gases are not significantly 

affected by biological activity and exhibit different solubilities in water. If ice 

wedges have undergone physical processes, such as melt–refreezing or formation 

from liquid water, then the δ(N2/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 contrast, if ice is formed through snow compaction or have not 

undergone melt–refreezing, then the δ(N2/Ar) value should be approximately 

0%.(St-Jean et al. 2011) Our measurements of δ(N2/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. 

These values suggest a minimal melting effect or its absence on the Batagay ice 

wedges (Figure 5). 

The δ(O2/Ar) ratio serves as an indicator of biological activity. In the absence 

of biological activities in the ice wedges, we can expect δ(O2/Ar) to be 

approximately 0%. However, a δ(O2/Ar) value of below 0 suggests the presence of 

biological activities, as most underground biological processes consume oxygen 

gas. The δ(O2/Ar) values ranged from -89.01% to –67.43% and -98.07% to -

47.06% for the LIC and UIC, respectively. These values indicate the presence of 

biological activity in the ice wedges. 
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4.3  Greenhouse gas mixing ratios  
 

The mean CO2, CH4, and N2O mixing ratios (1σ) of the Batagay ice wedge for 

the LIC and UIC were 3.88 ± 2.14%, 3.90 ± 2.23% %, 90.08 ± 47.51 ppm , 54.97 ± 

24.94 ppm, and 1.16 ± 2.05 ppm, 19.45 ± 25.30 ppm, respectively (Table 1, Figure 

6). These GHG mixing ratios in gas bubbles in the Batagay ice wedges were two to 

three orders of magnitude greater than those at the Pleistocene atmospheric 

level.(Lüthi et al. 2008; Loulergue et al. 2008; Schilt et al. 2010) The relationship 

between the GHG mixing ratios in the Batagay ice wedges did not indicate any 

significant correlations, except for the exclusive relations between the N2O and 

CH4 mixing ratios (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 CO2 but high 

N2O and CH4 levels (Figure 8).(J. Yang et al. 2022; Kyungmin Kim et al. 2019) 
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4.4 Soil and ion properties  

 

The mean soil contents (1σ) of the LIC and UIC ice wedge samples were 

0.0136 ± 0.0038 and 0.0179 ±0.0158 g/gice, respectively (where gice is the unit 

weight of an ice and soil mixture from an ice wedge). The mean carbon and 

nitrogen ratios,C/N (1σ) for the LIC and UIC were 9.76 ± 1.18 and 10.19 ± 0.84, 

respectively; their mean δ13C values (1σ) were -25.80 ± 0.09 ‰ and -25.56 ± 0.24 

‰; and their mean soil δ15N values (1σ) were 3.38 ± 2.23 ‰ and 4.10 ± 0.24 ‰, 

respectively (Table 1). In general, both the LIC and UIC exhibited similar soil 

characteristics, and their chemical activities might be similar regardless of the 

formation age. 

Ion and Fe concentrations in the meltwater samples from LIC and UIC are 

described in Table 3. In particular, NO3
- concentrations were 9.21 mg/L (n=1) and 

10.13 ± 0.15 mg/L (n=2) for the LIC and UIC, respectively. NH4
+ concentrations 

were 2.25 ± 1.42 mg/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 NO2
- concentrations were only measured 

in the UIC samples, and the concentration was 1.58 ± 1.44 mg/L (n=3). The LIC 

samples either were not measured or fell below the detection limit for NO2
-. 

Additionally, the Fe concentrations were 386.11 ± 216.84 μg/L (n=5) and 47.50 ± 

67.82 μg/L (n=5) for the LIC and UIC, respectively. 
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4.5 δ13C for greenhouse gas 
 

The δ13C values for CO2 were -22.8 ± 1.80‰ (n=3) and -23.8 ± 1.43‰ (n=3) 

for the LIC and UIC, respectively, whereas those for CH4 were -48.1 ± 1.12‰ 

(n=2) and -36.7‰ (n=1), respectively.  



 

 １７ 

Chapter 5. Discussion 
 

5.1 Batagay ice wedge formation and related 

climate conditions  
 

I used the gas composition and water-stable isotopes to assess ice wedge 

formation and the related climatic conditions. Our δ(N2/Ar) values relative to 

atmospheric air were approximately 0% or greater (Figure 5). 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. If ice wedges formed 

by refreezing of meltwater, then the bubbles generated may exhibit elongated 

shapes and a preferred orientation. However, upon examining thin sections (~2 mm 

thick) of the Batagay ice wedges, we observed spherical bubbles in the both ice 

complexes (Figure 3). Meanwhile, upon inspecting the bulk ice blocks, we did not 

observe any perturbations in the foliation, thus indicating that the ice wedges were 

not disrupted by melting after formation. 

The δ(N2/Ar) values ranging from 10% to 20% in the Batagay ice wedges, are 

greater than the typically observed values of approximately or less than 0% in other 

Siberian ice wedges (Figure 5). To explain this elevation in the N2/Ar values, we 

may consider a differential gas diffusion through the ice lattice by faster Ar 

diffusion than N2 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) simulations.(Ikeda-Fukazawa, Kawamura, and 

Hondoh 2004; Ikeda-Fukazawa et al. 2002; 2005; Yi et al. 2021) To quantify this 

effect, I employed equations for gas permeation coefficients (diffusion coefficients 
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 solubility) in ice. Using the parameters described by Oyabu et al.(Oyabu et al. 

2021), I calculated the permeation coefficients for N2 and Ar at -10℃, and obtained 

and , respectively. These values indicate 

that the permeability of Ar is higher than that of N2. Consequently, the N2/Ar ratio 

in the Batagay ice complex units can be increased by gas diffusion in ice matrix. I 

observe that the LIC generally exhibited greater N2/Ar values than the UIC. This 

difference may be caused by that the LIC was located at a greater depth, 

experiencing higher pressures and having longer time (~ 650 ka for LIC vs. ~ 40 ka 

for UIC) for the differential diffusion than the UIC. 

Stable water isotope ratios of ice wedge ice can be used to investigate winter 

temperature conditions during the ice wedge formation, with a positive correlation 

between the winter temperatures and δ18O values.(Yurij K. Vasil’chuk et al. 2020) I 

observed that the UIC exhibited depleted δ18O values as compared to the LIC, with 

a difference of approximately 2.7‰ (Figure 4, Table 1). This suggests that the LIC 

was formed at relatively higher winter temperatures (2.7℃)(Yu K. Vasil’chuk 

1991) as compared with the UIC. These differences might due to from glacial-

interglacial climatic conditions in the UIC and the LIC.(Courtin et al. 2022) 

The potential effect of isotopic fractionation on the use of ice wedges as archives 

for winter temperature must be considered as it can alter the original isotopic 

signature of ice.(Meyer et al. 2002; Opel et al. 2011) Sublimation can enrich 

heavier isotopes in the ice, thus resulting in a lower slope than that of the GMWL. 

In the Batagay ice wedge samples, the isotopic compositions of δD and δ18O 

aligned with the GMWL and the local meteoric water line of Yakutsk. Furthermore, 

the δ18O values of the ice wedges generally reflected a similar trend to that reported 

by Opel et al.(Opel et al. 2019) These observations suggest that the isotopic 
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compositions are unlikely to be caused by sublimation process. 
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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 breakage or disruption. The Batagay megaslump ice 

wedges appeared to be unaltered and well-preserved under stable conditions, as 

indicated by the undisrupted foliation and spherical bubble shapes as well as the 

zero to positive values of δ(N2/Ar) relative to the atmospheric N2/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 likely that the initial mixing ratios of GHGs are 

atmospheric values, and that the observed 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 GHG (CO2, CH4 and N2O) in liquid water can 

increase the mixing ratios of GHGs. If an equilibrium 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 CO2, CH4 and N2O, 

respectively.(J.-W. Yang et al. 2017) Consequently, if the snowmelt-refreeze 

process is involved in ice wedge formation, then we can expect the GHG mixing 

ratios in ice wedges to be up to 16800, 1.4 and 12.6 ppm for CO2, CH4 and N2O, 

respectively.(Kyungmin Kim et al. 2019) However, because evidence of melting 

during or after ice wedge formation was not indicated, I precluded this process as 

the main source of GHGs in ice wedges.  

Microbial activity has been shown to persist even at soil temperatures below 
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0°C.(Nikrad, Kerkhof, and Häggblom 2016; Katayama et al. 2007) Despite having 

limited substrates and energy sources for their metabolic processes, these 

microorganisms 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 

functions or facilitating reproduction can be potentially derived from nutrients 

released from frozen sediments.(Bakermans et al. 2003) In Batagay ice wedges, the 

main source of nutrients might be the soils entrapped during the ice wedge 

formation. 

The initial air composition(O2, N2, Ar) during the formation of ice wedges would 

have been similar to that of the atmosphere.(St-Jean et al. 2011) However, 

microbial activity in the ice wedge that consumes oxygen may result in aerobic to 

anaerobic or oxygen-depleted conditions. Notably, the heterogeneous distribution 

of the soil content in ice wedges must be considered, as the presence or absence of 

oxygen can vary across different microsites in an ice wedge. Furthermore, the 

permeability of gas molecules can influence the mixing ratios in ice bubbles. O2 

and Ar have higher permeation coefficient ( and 

, respectively) than N2 ( ) 

and major greenhouse gases (CO2, : and CH4 : 

 N2O is not constrained) at -10℃.(Ahn et al. 2008; 

Kyungmin Kim et al. 2019) Consequently, due to these differences in permeability, 

the mixing ratios of O2 and Ar are likely to decrease, while the mixing ratios of N2, 

CO2 and CH4 may increase in ice bubbles. However, the increase of CO2 mixing 
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ratio by the gas diffusion is not likely more than that of N2 due to the similar 

permeation coefficients (1.39 vs. 1.31 ). 
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5.2.1.  Carbon dioxide, CO2 

The observed high CO2 mixing ratios in the ice wedges may be caused by 

biological respiration, which is a process that consumes O2 and produces CO2. The 

stable carbon isotope ratio of CO2 can provide valuable information regarding the 

source of CO2 entrapped in ice wedges.(Lachniet, Lawson, and Sloat 2012) The 

average δ13C-CO2 values for the LIC and UIC samples were determined to be -22.8 

± 1.80‰ (n = 3), -23.8 ± 1.43‰ (n = 3), respectively. These values are within the 

range of carbon isotope values of CO2 derived from soil organic carbon (δ13C = -

25.8 ± 0.09 ‰, n = 5 for LIC; δ13C = -25.56 ± 0.24 ‰, n = 5 for UIC), but very 

different from those of preindustrial atmospheric CO2 (δ13C = -6.7‰).(Rubino et al. 

2013) Thus, the isotopic ratios indicate that the CO2 in Batagay ice wedges were 

mostly originated from microbial oxidation of soil organics although the mean 

values of δ13C-CO2 were slightly greater than the soils in the Batagay ice wedges. 

Mixing with atmospheric CO2 could increase the δ13C-CO2 values. However, the 

observed CO2 mixing ratios were approximately 160 times greater than the 

atmospheric values from LGM.(Hönisch et al. 2009) Meanwhile, the weathering of 

carbonate minerals, which typically indicate a δ13C value of approximately 0‰, 

can increase carbon isotope values.(Land 1980) Based on mass balance calculation, 

I estimated that the CO2 production from the carbonate minerals can explain less 

than 12 % of the CO2 in the bubbles. Hence, I concluded that most of the CO2 in 

Batagay ice wedges originated from biological respiration. 
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5.2.2  Methane, CH4 

There are both abiotic and biotic CH4 production processes.(Etiope and 

Sherwood Lollar 2013) Most abiotic processes require suitable thermal conditions 

(300 °C–400 °C) instead of subfreezing conditions.(Etiope and Sherwood Lollar 

2013) Despite the recent exposure of the Batagay megaslump due 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, I can exclude the 

thermogenic process as the primary source of CH4 in the Batagay ice wedges.  

The carbon isotope ratios of methane can provide valuable information 

about methane production processes in permafrost regions.(Whiticar 1999; Rivkina 

et al. 2007; Høj, Olsen, and Torsvik 2005) Courtin et al.,(Courtin et al. 2022) 

identified certain methanogenic archaea in the Batagay ice complex units (UIC, 

LIC), indicating the possibility of biogenic processes occurring in ice wedges. 

According to Whiticar et al.,(Whiticar 1999) the δ13C-CH4 value of the LIC (-

47.3‰, -48.9‰) is indicative of bacterial origin (< -45‰), whereas the δ13C value 

of the UIC (-36.7‰) indicates thermogenic origin (-20‰ to -50‰). However, 

since we have already excluded the possibility of thermogenic CH4 production, the 

relatively enriched δ13C–CH4 value from the UIC could be attributable to isotopic 

fractionation during its exchange with and transformation to CO2. Whiticar et 

al.,(Whiticar 1999) suggested using the isotopic separation factor (εc), where εc = 

δ13C-CO2 - δ13C-CH4, to infer the methane production or consumption process. In 

this study, the LIC and UIC exhibited εc values of 24.5 and 12.9, respectively, 
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which were within the range for methane oxidation. Furthermore, methane-

oxidizing bacteria have been reported to alter the carbon isotope composition of 

CH4.(Barker and Fritz 1981) These bacteria preferentially consume 12C, thus 

yielding values of lighter isotopes in the resulting CO2, whereas the remaining CH4 

becomes enriched in heavier isotopes. This can potentially result in the 

misinterpretation of biogenic CH4 signatures as natural gas deposits or having 

thermogenic origins. Earlier studies have shown a correlation between anaerobic 

methane oxidation and reductions in nitrate and sulfate, suggesting that methane 

oxidation can occur even in anaerobic conditions.(McGlynn et al. 2015; Haroon et 

al. 2013) Therefore, it is plausible that methane in ice wedges may have undergone 

such processes, potentially impacting its isotopic composition. 
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5.2.3  Nitrous oxide, N2O 

Compared with atmospheric levels in the Middle Pleistocene and Holocene 

(200–300 ppb),(Schilt et al. 2010) the elevated N2O mixing ratios in the Batagay 

ice wedges may be attributed to N2O production in the ice wedges.  

Microbial nitrification and denitrification processes were considered for 

the N2O production pathways in permafrost-affected soils.(Voigt et al. 2020) In the 

case of Batagay, both nitrification and denitrification process can be potential 

sources of N2O due to the heterogeneous distribution of oxygen gas in the Batagay 

ice wedges.(Tiedje 1988) Multiple studies have demonstrated that N2O production 

can remain active in seasonally frozen soils, even at subzero temperatures, thus 

indicating that the soils within ice wedges can produce N2O within the ice wedge 

system.(Ö quist et al. 2004; Voigt et al. 2020) Nitrification is a strictly aerobic 

condition that requires O2 as an electron acceptor for a series of oxidative reactions 

that convert NH4
+ to NO2

- and NO3
-. This process is facilitated by ammonia-

oxidizing archaea and bacteria, which produce N2O as a byproduct. The low O2 

mixing ratios in the ice complexes from Batagay (< 5%) suggest that nitrification 

dominates in the initial stages of ice wedge formation but may not be the dominant 

source of N2O production in the later stage.(Tiedje 1988; Khalil, Mary, and Renault 

2004) However, significant N2O emissions through nitrification have been 

observed under low-oxygen conditions in other studies;(Bateman and Baggs 2005) 

therefore, we cannot completely preclude the significant contribution of 

nitrification in a later stage.  

In denitrification, both NO2
- and NO3

- act as electron acceptors for 

denitrifiers in an anaerobic respiration pathway, thus resulting in their reduction to 
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N2, with NO and N2O as gas intermediates.(Zhu et al. 2013) Soil incubation studies 

demonstrated that N2O can be produced by denitrification and nitrifier-

denitrification under low oxygen condition.(Zhu et al. 2013; Nathaniel E. Ostrom 

et al. 2010) Under completely anoxic conditions, N2O is predominantly produced 

through denitrification.(Zhu et al. 2013) Hence, it can be expected that 

denitrification and nitrifier-denitrification are dominant processes under low 

oxygen condition periods. 

An exclusive relationship between the N2O and CH4 mixing ratios was 

observed in Batagay. In the LIC, low CH4 was accompanied by very high N2O 

mixing ratios, and vice versa for the UIC (Figure 7b). This pattern is consistent 

with previous findings pertaining to other ice wedges from Siberia, where the 

distribution of CH4 and N2O mixing ratios showed distinct characteristics (Figure 

8b).(Kyungmin Kim et al. 2019; J. Yang et al. 2022) This exclusive relationship 

may be explained by the inhibitory effect of N-containing compounds (NO3
-, NO2

-, 

NO, and N2O) on methanogenesis. Several studies have reported a decrease in 

methanogenic bacterial activity in the presence of N2O.(Klüber and Conrad 1998; J. 

Yang et al. 2022) Hence, the low N2O mixing ratios and relatively high CH4 mixing 

ratios in the LIC is attributable to its low potential to generate N-containing 

compounds, including N2O, which subsequently promotes more active 

methanogenesis. 

Meanwhile, the average N2O mixing ratios in the UIC were considerably 

higher than those in the LIC. In order to elucidate this phenomenon, I examined 

two perspectives related to vegetation and microorganisms. Vegetation can affect 

environmental factors, such as soil pH and nutrient cycling. Therefore, the 

differences in vegetation between the UIC and LIC can provide insights into the 
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variation in biogeochemical factors for N2O production. Courtin et al. suggest that 

LIC reflects interglacial ecosystem which has open forests with grassland, and UIC 

reflects glacial ecosystem that herb communities dominated the vegetation. 

Although reference show that there are environmental differences between the UIC 

and LIC, our analysis of soil characteristics, including soil C/N ratios and δ13CPDB 

values (Table 1), in both ice complex units exhibit no significant differences. On 

the other hand, microbial activities and specific enzymes can play a crucial role in 

N2O the processes of N2O production. Previous studies showed the existence of 

different 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 than in the LIC sediments.(Courtin et al. 2022) Furthermore, numerous 

Nitrososphaeracaea and NItrosopumilaceae families were detected, which 

constitute AOA families and are known to be key contributors to N2O emissions in 

Arctic soils.(Prosser et al. 2020; Alves et al. 2019) These differences in the 

archaeal community may explain the variations in N2O levels between the UIC and 

LIC. On the other hand, the different ages of the LIC and the UIC can influence 

N2O mixing ratios. If denitrification activity is the same in both layers, the LIC 

would reduce more N2O than the UIC due to having more reaction time. However, 

since the availability of NO3
- is crucial in denitrification and AOA plays a 

significant role in creating NO3
-, the low abundance of AOA in the LIC reduces the 

likelihood of NO3
- supply and further N2O reduction. Hence, age differences might 

not significantly affect N2O mixing ratios. Although a specific examination of the 

soil microbiome trapped inside the ice wedges was not conducted in this study, 

insights from the surrounding soils can provide some understanding regarding 

processes occurring in the ice wedges. 
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The abiotic processes involved in N2O production in the ice wedges are 

chemo-denitrification (chemical reduction of NO3
- by reaction with Fe2+) and the 

oxidation of NH2OH,(Picardal 2012; Bremner, Blackmer, and Waring 1980) These 

processes are significantly influenced by ion availability. In my study, most of the 

ion (NH4
+, NO3

-, and NO2
-) concentration data were below the detection limit of 

0.001 mg/L (Table 3). However, significantly small amount of (0.001mg/L) of ions 

have potential to create 10 to 20 ppm N2O, we need to consider abiotic processes.  

In some laboratory experiments, researchers have reported abiotic 

processes for N2O production. These include chemo-denitrification, which involves 

the chemical reduction of NO3
- through reaction with Fe2+, as well as the oxidation 

of NH2OH in soils.(Bremner, Blackmer, and Waring 1980) However, such natural 

observations are relatively scarce. There was a notable instance of chemo-

denitrification with Fe2+ reported in the brine of ice-sealed Vida Lake, 

Antarctica.(N. E. Ostrom et al. 2016) To investigate the possibility, we analyzed 

total 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 3). 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 2.05 mg/L, respectively.(Lim et al. 2021) 

However, they are two orders of magnitude smaller than the reported Fe2+ 

concentration in the brine of Vida Lake, which was 17.195 ± 1.262 mg/L for 

Fe2+.(Murray et al. 2012; Lim et al. 2021) Further investigation is necessary to 

explore the possibility of these abiotic reactions, including the examination of 

proton concentrations (pH). Protons may have an impact on the abiotic 

reactions,(Gordon and Butler 1986) particularly within the ice veins and thin films 

around soil particles. These areas exhibit distinct geochemical conditions from bulk 
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environment, potentially due to freeze-concentration effects.(Kolhe, Amend, and 

Singh 2010; Kitae Kim et al. 2019; Le et al. 2020) 
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Chapter 6. Conclusion 
 

 

The Batagay ice complex units have provided valuable biogeochemical 

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 N2/Ar ratios and 

bubble shapes. The higher mixing ratios of GHGs in the Batagay ice wedges 

compared with those in the Pleistocene atmosphere implied a substantial 

contribution from microbial activity in the ice wedges. The carbon stable isotope 

values suggested that CO2 and CH4 originated primarily from microbial sources. 

The high level of N2O compared to the preindustrial atmosphere is attributable to 

microbial activity instead of abiotic factors. Notably, the UIC and the LIC units 

show differences in terms of N2O mixing ratios, which is probably due to the UIC 

having more of specific ammonia-oxidizing archaeal families instead of 

environmental or climatic differences. This suggests that biogeochemical 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 microbial activity 

and biogeochemical conditions for GHG formation and storage in permafrost ice 

wedges.  
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Abstract in Korean 

국 문 초 록 

 

 영구동토층은 미래의 지구 온난화 상황에서 온실 가스(GHGs)의 중요

한 원천이 될 수 있다. 그러나 영구동토층 지역에서의 온실가스의 형성 

메커니즘은 잘 이해되지 않고 있다. 영구동토 지역에서 흔히 볼 수 있는 

얼음 쐐기에는 매우 높은 농도의 온실기체를 함유한 버블이 포함되어 

있으며, 이 가스 버블 내의 온실기체 분석을 통해 영구동토 지역, 특히 

영하의 온도에서 온실기체 형성 메커니즘을 더 잘 이해할 것이라 기대

한다. 우리는 북동시베리아 야쿠시아(Yakutia)의 야나 (Yana) 고원에 

위치한 세계에서 가장 큰 해동 슬럼프인 바타가이 메가슬럼프의 상부 

얼음 복합체(UIC)와 하부 얼음 복함체(LIC)에서 얼음쐐기 샘플을 사용

하여 온실기체 농도 분석을 진행하였다. 우리는 가스 버블의 Ar/N2/O2 

조성과 얼음의 물동위원소 비율 (δ18O 및 δD)을 분석하여 얼음 쐐기 

형성 과정을 추정하였다. 그런 다음, 이산화탄소와 메탄의 탄소 안정 동

위원소와 얼음 쐐기에 포함된 퇴적 입자, 온실기체의 혼합 비율과 이온 

조성 간의 관계를 분석함으로써 얼음 쐐기 내부 온실기체의 기원과 형

성 메커니즘을 제안하였다. 연구 지역의 얼음 쐐기는 건조한 눈이나 서

리가 압착되어 형성되었을 것으로 보이며, 얼음 쐐기 형성 이후에도 미

생물 활동이 존재하여 온실기체를 형성하였을 것으로 보인다. 특히, 아

산화질소의 경우, 혼합 비율이 LIC에서 더 적었는데, 이러한 결과는 미

생물 군집의 차이가 있었기 때문으로 보인다. 이러한 결과는 얼음쐐기 

내에서 온실기체 형성이 물리화학적 조건뿐만 아니라 미생물 활동과 환

경 조건 사이의 복잡한 상호작용을 포함한다는 것을 시사한다. 
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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 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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Figure 2. Headwall of the Batagay megaslump with approximate sampling positions 

(A). One of the Lower Ice Complex’s ice wedge, B19-IW1 (B), Upper Ice Complex’s ice 

wedge, B19-IW9 (C). 
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Figure 3. Photographs of ice wedge blocks (a, d) and Microphotographs (b, c, e) of ice 

wedge thin sections from Batagay megaslump. (a,b,c) from UIC and (d, e) from LIC. 

Generally, spherical air bubbles (averaging 2 mm in diameter) are observed in most 

areas and it is respect with low melting of ice. 
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Figure 4. Dual water stable isotope diagram for Batagay ice wedges. Global Meteoric 

Water Line (GMWL) is indicated by  and Local Meteoric Water 

Line (LMWL for Yakutsk, 600 km south of Batagay) is indicated by 

, based on Papina et al.(Papina et al. 

2017) Batagay rainwater (n=4) is indicated by  based on 

Opel et al.(Opel et al. 2019) Dash-dotted red and blue lines are regression lines for LIC 

and UIC, respectively. 
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Figure 5 δ(N2/Ar) and δ(O2/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 in 

the Last Glacial Periods (Yang et al., 2022), those near the Labtev sea region formed in 

the Pleistocene and Holocene (Boereboom et al., 2013), and those in the Alaska region 

formed in the Pleistocene and Holocene (St. Jean et al., 2011). 
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Figure 6. 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. Whiskers extending from each 

end of the box represent minimum and maximum values of the data points. 
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Figure 7. Correlation plot of greenhouse gas mixing ratios in Batagay ice wedges for 

UIC and LIC units. (a) CH4 vs. CO2, (b) N2O vs. CH4, (c) CO2 vs. CH4. Each gas 

mixing ratio was measured simultaneously in the same extracted gas at the LIC and 

UIC. Unfilled and filled lower triangles represent data from UIC and LIC, respectively.  
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Figure 8. Correlation plots of greenhouse gas relationships in ice wedges from 

different ages and locations in Siberia. (a) N2O vs. CO2. (b) CH4 vs. N2O. (c) CH4 vs. 

CO2. Data were obtained from different ice wedges and locations in Siberia (Yang et 

al., 2022) 
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Table 1 Gas composition (CO2, CH4, N2O, Ar, O2, and N2), air contents, water stable 

isotopes, soil contents, and soil 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  

O2 (%) 4.45  7.50  2.49  9  3.97  12.85  83.48  26  

N2 (%) 89.63  95.18  79.30  9  92.00  98.77  83.48  26  

N2O (ppm) 1.16  8.16  0.12  14  19.45  111.88  0.30  38  

CH4 (ppm) 90.08  182.04  31.17  14  54.97  136.42  4.76  38  

CO2 (%) 3.88  10.30  1.88  15  3.90  7.82  0.03  38  

Air contents 
(mL/gice) 

0.0101  0.0193  0.0034  10  0.0110  0.0218  0.0028  25  

δ18Oice (‰) -32.02  -30.58  -32.82  11  -34.67  -33.05  -36.63  29  

δDice (‰) 
-

243.87  
-

234.65  
-

253.75  
11  

-
269.46  

-
259.30  

-
284.74  

29  

d-
excess(‰) 

12.27  18.14  7.22  11  7.87  10.96  4.64  29  

Soil 
contents 
(g/gice) 

0.0136  0.0171  0.0083  4  0.0179  0.0592  0.0051  11  

C (wt%) 0.74  0.99  0.54  5  1.17  1.52  1.00  5  

N (wt%) 0.07  0.10  0.06  5  0.12  0.16  0.09  5  

Soil δ13C -25.80  -25.74  -25.96  5  -25.56  -25.36  -25.97  5  

Soil δ15N 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  
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Table 2 GHG mixing ratios, Ar/O2/N2, δ(O2/Ar) and δ(N2/Ar) values from Batagay ice wedge measured using a dry and wet extraction 

technique. 

Layer 
Sample 

ID 
Ar O2 N2 δ(O2/Ar) δ(N2/Ar) 

N2O 

(ppm) 

CH4 

(ppm) 

CO2 

(%) 
Method 

Lower 

Ice 

Complex 

B19-IW1-gas 

1.01  2.49  89.99  -89.01  6.64  0.23  61.49  3.66  
Wet 

1.03  3.94  90.78  -82.97  5.26  0.51  61.20  7.06  

     0.99  85.38  2.91  

Dry      0.36  110.77  3.77  

     0.19  31.17  2.91  

B19-IW3-gas 

1.04  4.78  89.87  -79.65  2.66  0.57  49.36  3.08  

Wet 0.76  5.21  79.30  -65.87  23.77  2.06  403.43  14.5986 

1.02  5.49  90.92  -76.22  5.67  0.61  64.43  4.43  

     8.16  68.06  3.79  
Dry 

     0.25  31.35  3.35  

B19-IW5-gas 

0.96  3.48  93.44  -83.97  15.56  - - 1.88  

Wet 
0.97  4.08  89.26  -78.36  9.85  1.24  182.04  2.2589 

0.78  3.07  87.96  -82.60  33.86  1.05  106.63  3.42  

1.02  7.50  95.18  -67.43  10.82  1.13  170.31  10.30  

     0.87  137.11  2.86  
Dry 

     0.12  101.87  2.58  
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Upper 

Ice 

Complex 

B19-IW8-gas1 

1.07  0.69  92.92  -97.13  3.12  2.09  62.31  2.12  
Wet 

1.17  1.51  90.16  -94.27  -8.06  0.92  979.82  8.89  

     0.30  78.44  0.03  

Dry      17.56  63.03  3.19  

     0.45  83.23  2.42  

B19-IW8-gas2 

0.87  2.78  94.31  -85.84  28.92  3.07  54.53  2.08  

Wet 
0.90  2.94  98.77  -85.50  30.64  3.07  54.53  2.08  

1.04  1.14  94.12  -95.10  8.20    3.56  

1.11  3.13  98.63  -87.44  6.27  7.65  37.80  3.05  

     1.13  4.76  0.43  Dry 

B19-IW9-gas1 

1.10  1.95  95.51  -92.11  3.43  3.20  136.42  3.02  

Wet 1.11  2.03  94.53  -90.77  1.83  10.68  79.52  3.6584 

0.97  11.58  85.36  -47.06  4.75  0.96  48.10  1.27  

     0.94  20.88  3.30  Dry 

B19-IW9-gas2 

1.09  8.83  91.54  -64.17  -0.36  22.68  51.34  2.05  

Wet 1.02  12.85  85.09  -43.85  -0.21  5.01  53.89  1.4752 

1.09  2.37  94.82  -90.32  3.69  5.04  29.76  3.24  

     1.07  72.42  4.89  Dry 

B19-IW9-gas3 

1.15  6.01  95.03  -76.71  -1.15  9.50  62.40  3.01  

Wet 1.11  1.81  94.13  -92.09  1.44  15.02  25.21  3.6685 

1.03  5.75  87.35  -75.34  0.58  14.78  36.46  4.99  
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     4.93  30.96  2.68  Dry 

B19-IW9-gas4 

0.98  10.67  83.88  -51.76  1.74  39.77  35.16  3.12  

Wet 1.07  7.08  91.21  -70.81  1.88  111.88  32.17  1.5935 

1.05  5.99  90.11  -74.71  2.15  13.21  60.01  2.54  

          7.85  105.72  1.59  Dry 

B19-IW10-gas1 

0.99  1.64  83.48  -92.65  0.29  44.58  37.71  5.77  
Wet 

1.12  1.25  91.94  -95.02  -1.90  43.58  26.75  7.79  

          29.23  57.67  5.48  
Dry 

          32.99  35.74  7.13  

B19-IW10-gas2 

1.05  1.93  89.67  -91.86  1.54  63.38  69.38  5.75  
Wet 

1.11  1.58  92.87  -93.66  0.10  69.53  69.94  7.82  

          68.36  51.26  0.05  
Dry 

          48.86  75.14  6.71  

B19-IW11-gas1 

1.17  3.09  94.88  -88.34  -3.82  15.22  42.32  6.00  
Wet 

1.18  0.51  93.66  -98.07  -5.49  1.97  63.29  7.42  

          1.81  48.66  6.32  
Dry 

          5.27  84.79  4.33  

B19-IW11-gas2 

1.20  3.56  96.33  -86.84  -4.36  6.90  70.64  6.65  
Wet 

1.06  0.54  91.70  -97.76  2.88  4.50  50.39  5.25  

          4.17  40.81  6.50  Dry 
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Table 3. Major ion concentrations and pH from Batagay ice wedge meltwater samples measured at National Instrumentation Center for 

Environmental Management. "n.a." denotes data not applicable. "n.m." denotes data not measured. 

9 
Cl- NO3

- NH4
+ NO2

- SO4
2- Ca2+ Mg2+ Na+ K+ Fe pH 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L μg/L   

Lower 

Ice 

Complex 

B19-IW1-gas 
22.219 n.a. 3.574 n.m.  1.696 13.338 5.587 1.588 19.328 581.42 7.51 

22.3433 n.a. 3.984939 n.a. 2.0299 10.6424 4.956771 3.164975 21.42438 n.m. n.m. 

B19-IW3-gas 
6.136 n.a. n.a. n.m.  2.032 17.448 5.583 1.196 6.956 448.66 7.23 

6.82 n.a. 1.59559 n.a. 2.297 16.35247 5.754809 2.555657 7.598889 n.m. n.m. 

B19-IW5-gas 

2.605 n.a. 1.105 n.m.  1 8.399 3.479 n.a. 1.913 55.017 7.21 

3.448 n.a. 1.002 n.m. 1.008 9.546 4.652 1.013 3.169 292.89 7.43 

4.106 9.2123 n.a. n.a. 1.3915 9.790093 4.203909 2.517449 2.951867 552.55 7.36 

Upper 

Ice 

Complex 

B19-IW8-gas1 4.284 n.a. n.a. n.m. n.a. 21.125 8.003 1.342 5.535 8.835 7.41 

B19-IW8-gas2 2.973 n.a. n.a. n.m. n.a. 20.736 6.02 1.389 3.396 12.794 7.43 

B19-IW9-gas1 5.2474 n.a. 1.275299 n.a. 5.2789 10.21926 4.146379 2.161805 2.822374 191.96 7.56 

B19-IW9-gas2 1.9431 n.a. 2.535427 1.49 1.9805 50.10762 20.95881 3.348837 8.118776 5.713 7.31 

B19-IW9-gas3 1.7386 n.a. 1.234158 n.a. 0.6 11.21968 3.638247 2.14455 2.881372 133.12 7.43 

B19-IW9-gas4 2.9053 10.0202 n.a. n.a. 2.021 49.62763 13.1508 3.776448 5.592395 3.329 7.57 

B19-IW10-gas1 2.2971 n.a. n.a. 1.75 0.9832 16.64973 3.871045 2.445932 3.917898 11.126 7.71 

B19-IW10-gas2 
1.794 n.a. n.a. n.m. n.a. 13.86 3.933 n.a. 3.625 18.332 7.53 

2.0458 n.a. n.a. 1.51 0.9777 13.25502 3.176137 2.208118 3.443052 n.m. n.a. 
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B19-IW11-gas1 3.6033 n.a. 3.467607 n.a. 0.7728 14.37643 3.512146 2.329047 5.531155 n.m. 7.3 

B19-IW11-gas2 
1.997 10.237 n.a. n.m. 1.775 36.292 10.179 1.297 4.585 42.272 n.m. 

2.8884 n.a. n.a. n.a. n.a. 15.00981 3.735384 2.312981 4.031102 n.m. n.m. 
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Table 4. Stable water isotope ratio from Batagay ice wedge measured at Iwha Womans University in Korea. 

Layer Sample ID 
δ18OVSMOW 

(‰) 

δ2HVSMOW  

(‰) 

d-excess 

(‰) 

Lower 

Ice 

Complex 

B19-IW1-gas 

-32.41  -246.09  13.22  

-32.07  -242.16  14.38  

-30.58  -236.09  8.59  

B19-IW3-gas 

-31.70  -236.51  17.05  

-31.60  -234.65  18.14  

-31.68  -235.81  17.61  

B19-IW5-gas 

-32.82  -253.75  8.79  

-32.62  -251.04  9.92  

-31.87  -247.71  7.22  

-32.23  -247.80  10.01  

-32.64  -251.01  10.08  

Upper 

Ice 

Complex 

B19-IW8-gas1 

-33.98  -264.19  7.68  

-33.86  -262.67  8.24  

-34.17  -265.21  8.14  

B19-IW8-gas2 

-34.41  -266.03  9.27  

-34.11  -262.29  10.58  

-33.78  -259.30  10.96  

-34.12  -263.33  9.66  

B19-IW9-gas1 
-34.30  -268.15  6.28  

-34.26  -266.75  7.34  
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-34.33  -267.91  6.76  

B19-IW9-gas2 

-34.30  -268.22  6.20  

-34.14  -266.07  7.07  

-33.59  -262.66  6.05  

B19-IW9-gas3 

-33.88  -264.83  6.22  

-33.71  -262.55  7.14  

-33.51  -260.94  7.13  

B19-IW9-gas4 

-34.03  -267.25  4.99  

-33.83  -264.35  6.29  

-33.05  -259.75  4.64  

B19-IW10-gas1 

-36.63  -284.74  8.32  

-36.63  -283.67  9.39  

-36.26  -281.34  8.75  

B19-IW10-gas2 

-35.86  -278.72  8.17  

-35.64  -275.45  9.67  

-35.68  -276.22  9.23  

B19-IW11-gas1 
-35.98  -280.31  7.51  

-35.77  -278.16  8.01  

B19-IW11-gas2 
-35.88  -278.38  8.64  

-35.59  -274.96  9.78  
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Table 5. Carbon isotope data and concentration of CO2 and CH4 measured by Nagoya University, Japan. "n.m." denotes data not measured. 

Layer 
Sample 

ID 
Measurement 

CO2 

(%) 

δ13C-

CO2 

(‰) 

CH4 

(ppm) 

δ13C-

CH4 

(‰) 

Lower 

Ice 

Complex 

B19-IW1-

gas 

CO2 & CH4 3.3 -24.9 58 -47.3 

CO2 3.4 -22.2  n.m. n.m. 

B19-IW3-

gas 

CO2 2.6 -21.5 n.m. n.m. 

CH4 n.m. n.m. 117 -48.9  

Upper 

Ice 

Complex 

B19-IW10-

gas1 

CO2 4.8 -24.1 n.m. n.m. 

CH4 n.m. n.m. 124 -36.7  

B19-IW11-

gas1 

CO2 3.7 -25.0 n.m. n.m. 

CO2 3.5 -22.2  n.m. n.m. 
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Table 6. Soil N,C,and H weight composition and C/N ratio, also carbon stable isotope and nitrogen stable isotope data from Batagay ice wedge 

samples measured at National Instrumentation Center for Environmental Management. 

Layer Sample ID 
N 

(wt%) 

C 

(wt%) 

H 

(wt%) 
C/N 

δ13CPDB 

(‰) 

δ15NAIR 

(‰) 

Lower 

Ice 

Complex 

B19-IW1-gas 0.0881 0.9891 0.3848 11.22701 -25.77 3.3 

B19-IW3-gas 0.1008 0.9542 0.3835 9.46627 -25.74 3.93 

B19-IW5-gas 0.0638 0.5372 0.3091 8.420063 -25.79 0.92 

B19-IW5-gas 0.0614 0.5514 0.2938 8.980456 -25.96 6.77 

B19-IW5-gas 0.0605 0.6482 0.2936 10.71405 -25.76 1.99 

Upper 

Ice 

Complex 

B19-IW8-gas1 0.1177 1.2175 0.3872 10.3441 -25.43 2.54 

B19-IW9-gas1 0.1621 1.5235 0.4249 9.398519 -25.36 3.69 

B19-IW9-gas2 0.0979 1.0159 0.3636 10.37692 -25.58 2.74 

B19-IW9-gas4 0.0878 1.0029 0.3486 11.42255 -25.97 2.4 

B19-IW10-gas1 0.1141 1.0737 0.3751 9.410167 -25.47 9.14 
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Table 7. Correlation table for major greenhouse gases (CO2, CH4, N2O) 

Parameter 

1 

Parameter 

2 
  r p-value 

N2O CH4 

LIC 0.0012 <0.001 

UIC -0.14 <0.001 

ALL -0.23 <0.001 

N2O CO2 

LIC 0.013 0.00127 

UIC 0.15 <0.001 

ALL 0.12 0.00136 

CH4 CO2 

LIC 0.24 <0.001 

UIC -0.023 <0.001 

ALL 0.08 <0.001 
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