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Abstract 

Paleoclimate reconstructions from greenhouse gas 

and borehole temperature of polar ice cores, and 

study on the origin of greenhouse gas in permafrost 

ice wedges 

 

The Earth’s climate has been warming since the 20th century, and the current 

warming trend is expected to continue in the upcoming decades. For better projection and 

mitigation, it is essential to understand mechanisms for climate changes. The paleoclimate 

proxy archives provide invaluable information on natural climate variability and forcing 

mechanisms longer than centennial time scale that cannot be obtained from instrumental 

observations. Among the various natural proxy archives, the cryospheric archives that occupy 

about a quarter of the Earth’s surface, provide essential information on climate forcing factors 

in the past, however, due to polar amplification, the cryosphere is vulnerable to ongoing 

global warming. Therefore, this thesis aims to explore the possibility of paleoclimate 

reconstructions using various cryospheric proxy archives – polar ice cores, borehole 

temperature, permafrost ice wedges, and sea ice. 

Firstly, a new gas extraction system is developed for analyzing greenhouse gas 

compositions of the ancient air trapped in polar ice cores. Replicate analysis and comparison 

with previous data measured at Oregon State University demonstrate a good reproducibility 

and integrity for polar ice cores. The reliability of the extraction system was further examined 

for ice wedge ice and sea ice by comparison with needle-crushing dry extraction and biocide-

treated wet extraction. It is found that the wet extraction could bias the methane composition 

of the gas trapped in the ice wedges due to reactivated microbial activity during the melting 

and refreezing. Tests with soil-bearing bubble free ice show that the needle-crushing dry 
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extraction also contaminate CH4 results. Therefore, the biocide-treated wet extraction appears 

to be more reliable method than wet extraction and needle-crushing dry extraction. In the 

meanwhile, the ice wedge N2O measurements appear not to be significantly affected by wet 

extraction. For sea ice, it is difficult to observe the bias due to wet extraction because of 

extremely low air content.  

Using the newly developed gas extraction system, the atmospheric CH4 variability 

during the early Holocene (7.7 to 11.6 ka) was reconstructed from Siple Dome ice core, 

Antarctica. The new early Holocene CH4 records exhibit four abrupt CH4 drops in quasi 

1000-year spacing. Each event occurred in similar timings with abrupt cooling in Greenland, 

southward shift of ITCZ, and reduction of Asian- and Indian monsoon intensity. Comparing 

with the early Holocene CH4 records from Greenland ice core, the inter-polar difference of 

CH4 shows a gradual increase from the onset of the Holocene to around 9.5 ka, implying the 

extension of boreal CH4 source regions following deglaciation. 

The borehole temperature profile at Styx Glacier, northern Victoria Land, Antarctica, 

exhibits a warming signal between the 16th–18th century and the mid-20th century, while no 

recent warming is found since the mid-20th century. Using the annual-mean surface 

temperature data, the composite differences with Southern Annular Mode (SAM) index, 

center pressure and positon of Amundsen-Bellingshausen Sea Low show a significant 

negative correlation with annual mean SAM index. Comparison with the reconstructed SAM 

index indicates that the Styx Glacier temperature has been affected by SAM variability during 

the last centuries. 

The greenhouse gas compositions in permafrost ice wedges reflect the in-situ 

production of CO2, CH4, and N2O by microbial metabolism within ice wedge ice, despite 

abiotic N2O production cannot be ruled out. However, the microbial production of 

greenhouse gases are at least partly affected by reduction-oxidation potentials of ice, 

probably because different type of organic matter was input. In addition, gas diffusion in ice 
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can significantly affect the greenhouse gas compositions and distributions in centimeter scale 

for the Pleistocene-aged ice wedges. 

 

Keywords: paleoclimate, greenhouse gas, ice core, borehole temperature, permafrost, 

ice wedge 
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Chapter 1. Introduction 

 

The global mean surface temperatures have risen since the late 19th century, showing 

higher warming trends of 0.08 ± 0.01°C per decade (IPCC, 2013). The proxy-based 

temperature reconstructions indicate that the warming trend in Northern Hemisphere (NH) 

since the late 19th century is unprecedented for at least the last 1300 years (Mann et al., 2008). 

Together with the global warming, the global mean sea level has increased since the 20th 

century with higher sea level change rate (in 1.7 mm per year) in more recent years (Myhre 

et al., 2013). Under the ongoing global warming, the scientists attain knowledge on how the 

Earth’s climate and environment would respond to the global warming to better projection 

of the future climate change. The histories of the Earth’s climate and environmental changes 

are recorded in divers natural archives (i.e. proxy records). However, the past climate (i.e. 

paleoclimate) needs to be recovered with caution, and requires a proper understanding of 

characteristics of each proxy archive. Therefore, this study aims to explore the reconstruction 

of past climate changes using various proxy archives including Antarctic ice cores, Antarctic 

sea ice, and Arctic ground ice.   

Since the global warming was dominantly caused by anthropogenic greenhouse gas 

(GHG) emissions, knowledge of the GHG control mechanisms is important. However, the 

direct observation of the atmosphere was started since the mid-20th century. The ancient air 

older than the instrumental observation period is preserved in the bubbles in polar ice cores. 

Thus it requires a precise and reliable method for gas extraction from the ice without 

contamination. Without fail, the ice cores in Antarctica and Greenland have provided 

invaluable information on past GHG changes during the glacial-interglacial transitions, 

abrupt climate change events during the glacial period, and high frequency (up to multi-

decadal time scale) variations since 800,000 years before present (e.g. Bereiter et al., 2015; 

Loulergue et al., 2008; Schilt et al., 2010). However, knowledge on the GHG variability due 
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to natural controls under Holocene period is lacking, hampering understanding of 

contribution of natural emissions to the ongoing GHG increase. Therefore, methane (CH4) 

control mechanisms during the early Holocene period are discussed here.  

Another important aspect of global warming is inhomogeneous warming trend across 

regions (Myhre et al., 2013). Antarctica is one of the regions where non-uniform warming 

trends are observed over the recent decades (e.g. Steig et al., 2009; Nicolas and Bromwich, 

2014). On the other hand, surface temperature observations in the recent decades are not long 

enough to detect global warming signal in Antarctica (Jones et al., 2016). Therefore, the 

spatial and temporal coverage of temperature reconstructions need to be improved for better 

understanding of recent climate change and the response of Antarctic ice sheet to 

anthropogenic global warming. However, since the weather station records are scarce before 

the satellite observation commenced, surface temperature changes in Antarctica for older 

time period than satellite records are poorly understood so far. 

Stable isotope ratios of ice (δ18Oice and δDice) have been widely used to infer the past 

temperature changes during the last 800,000 years (e.g. Jouzel et al., 2007). Nonetheless, the 

stable isotope thermometry has problem that the slope between δ18Oice or δDice and 

temperature is not necessarily constant over time and region (e.g. Goursaud et al., 2018). 

Meanwhile, temperatures within the ice boreholes provide absolute temperature estimates 

because ice sheets preserve signal of surface temperature changes in a long-term manner. The 

surface temperature reconstructions using borehole temperatures were carried out in 

Antarctic Peninsula (Zagorodnov et al., 2012), West Antarctica (Barrett et al., 2009; Orsi et 

al., 2012; Cuffey et al., 2016), Dronning Maud Land (Muto et al., 2011), Law Dome (Dahl-

Jenssen et al., 1998), and Mill Island (Roberts et al., 2013), all of which reveal the surface 

temperature changes from the recent decades to last glacial period. However, no borehole 

thermometry data is available around the Ross Sea sector, where temperature change is 

related to global sea level rise, bottom water formation, and ocean productivity. Thus, the 
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surface temperature around the northern Victoria Land is presented here using borehole 

thermometry. 

Magnitude of climate change due to recent global warming is larger in northern high 

latitude regions than the rest of the world (e.g. Lee, 2014), which may lead permafrost 

thawing and subsequent releasing of buried organic carbon (e.g. Zimov et al., 2006). The 

amount of soil organic carbon in northern permafrost is more than twice of atmosphere 

(Tarnocai et al., 2009), sudden release of large amount of carbon could contribute to the 

climate change (e.g. McDonald et al., 2006; Brosius et al., 2012). Ice wedge is one of the 

most common morphological features of ground ice, which is grown by repetitive infilling 

of snow or meltwater into thermal crack during winter season (French, 2007). Because of the 

repetitive nature of forming process, there have been continuous efforts to use the ice wedges 

as paleoclimate or paleoenvironmental proxy archives. The δ18Oice and δDice of the ice wedges 

in northern high latitudes have been used to reconstruct regional winter temperatures in the 

past (e.g. Meyer et al., 2015), despite precise dating is still challenging (Opel et al., 2018). 

Meanwhile, unlikely to the polar ice cores, the GHG compositions in the bubbles of the ice 

wedge ice do not preserve the past atmospheric compositions due to in-situ alteration 

processes (e.g. Boereboom et al., 2013; Kim et al., in review). As most of the GHG produced 

are accumulated within the bubbles, the GHG compositions of the ice wedges likely reflect 

the in-situ microbial metabolism or chemical reactions and provide important information on 

possible contamination ways of the past GHG records in polar ice cores. 

This thesis is consist of seven chapters described as follows. Chapter 2 describes the 

newly designed gas extraction device that allows a high precision measurements of methane 

mixing ratio and total air content of ice core samples. The integrity of the system is validated 

for the Antarctic ice cores. In Chapter 3, the reliability of aforementioned gas extraction 

system is tested for impurity-rich ice samples including Antarctic sea ice and Arctic 

permafrost ground ice to understand the alteration effect during ice melting. Chapter 4 

presents a new high resolution [CH4] records from Siple Dome ice core, Antarctica, and 
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discuss the possible mechanisms for the observed [CH4] variabilities. Chapter 5 deals with 

the borehole temperature logging data from a shallow borehole at Styx Glacier, northern 

Victoria Land, and surface temperature reconstruction in this region since before 19th century 

by borehole temperature inversion. In Chapter 6, the GHG compositions of the Alaskan and 

Siberian ice wedges are presented and in-situ GHG production pathways are discussed. 

Finally, Chapter 7 summarizes the plan for further research. 
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Chapter 2. Analytical method: a melting-

refreezing technique for simultaneous 

measurements of methane mixing ratio and total 

air content in polar ice cores 
 

Abstract. Atmospheric methane (CH4), a potent greenhouse gas, has been increased more 

than 2.5 times since the Industrial Revolution. Understanding the control mechanisms of CH4 

is essential for better projection of future climate change. The polar ice cores preserves the 

ancient air in the bubbles, allowing to study the climate analogues in the past. Above all, the 

reliable and precise analytical method has to be set up to extract the air from the ice cores 

without alteration. This chapter describe the new wet extraction system and methods 

designed for the simultaneous measurements of CH4 mixing ratio in polar ice core samples. 

The analytical precision of our system was estimated using polar ice cores from Siple Dome 

and Styx Glacier, Antarctica. The results of Siple Dome and Styx Glacier ice exhibit a pooled 

standard deviation among the duplicated ice sets from the 334 depths of 2.7 ppb for CH4 

mixing ratio and 0.002 ml g-1 for total air content. Reproducibility tests by measurements of 

the duplicated ice sets from the adjacent depth on different days (up to 225 days difference) 

yields PSD between results of the first and second analysis of 1.3 ppb (n = 15) and 0.003 ml 

g-1 (n = 12), showing long-term stability of our system.  
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2.1. Introduction 

Methane (CH4) is an important greenhouse gas and its global warming potential 

(GWP) relative to CO2 is about 28 at centennial timescales (Stocker et al., 2013). According 

to most of climate model scenarios, atmospheric CH4 mixing ratio ([CH4]) is expected to 

increase in the near future (Stocker et al., 2013). Therefore, knowledge of CH4 budget and its 

control mechanisms is essential for better prediction of future climate- and environmental 

changes. For this purpose, polar ice cores, the unique archive preserving the ancient air, have 

been used to reconstruct past atmospheric [CH4] variability over the past 800,000 years, in 

which [CH4] was lower during glacial periods and elevated during interglacial periods (e.g. 

Loulergue et al., 2008). The ice core records show a rapid growth of atmospheric [CH4] since 

the human industrialization (Etheridge et al., 1992; Macfarling-Meure et al., 2006). The ice 

core data have greatly improved our knowledge of the past evolution of atmospheric [CH4]. 

In addition, the ice core CH4 records are very useful for synchronizing the different ice core 

chronologies (e.g. Blunier et al., 2007) However, the details of analytical methods are not 

sufficiently documented. Therefore, clear and detailed description of methods and the 

uncertainty estimation makes it easier to compare and/or combine the different ice core data 

to draw more significant conclusions and to better simulation of future climate change. 

Several gas extraction techniques have been developed so far for [CH4] measurement 

from polar ice cores. Mechanical milling technique employs a cylindrical vacuum vessel 

having a smaller internal cylinder with cutting edges. The vessel is then oscillated to grate an 

ice sample placed in the internal cylinder. Since the ice sample is not melted and the vessel 

can contain ice sample as large as ~1400 g, this technique can be used for multiple analysis 

of soluble and non-soluble gas species (e.g. Stauffer et al., 1985; Etheridge et al., 1988, 1992; 

Macfarling-Meure et al., 2006). However, such ‘grating’ technique suffers from low 

extraction efficiency for smaller size samples due to lower gravity force (e.g. Etheridge et al., 

1988), and special care is needed to design the sample vessel because metal friction could 
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contaminate CH4 (e.g. Fuchs et al., 1993). Instead, sublimation technique using infrared 

radiation to sublimate the ice samples improves extraction efficiency up to near 100%, and 

eliminates potential contamination by metal friction (Güllük et al., 1997, 1998). The 

sublimation technique requires small ice samples (20 to 50 g) which is favorable for replicate 

analysis and therefore improving precision of measurements. However, this technique is 

time-consuming and labor intensive, and shows relatively large blank offset (48.8 ± 5.8 ppb) 

and high uncertainty for CH4 measurements (1σ = 8.5 ppb from 5 replicates, Güllük et al., 

1998). On the other hand, Robbins et al. (1973) extracted ancient air from Greenland and 

Antarctic ice by melting ~1100 g of ice samples for CH4 and carbon monoxide analysis using 

a gas chromatograph (GC). Later, Craig and Chou (1982) and Chappellaz (1990) introduced 

melting-refreezing extraction technique for CH4 analysis from small amount of ice (~40 g). 

These earlier works showed analytical uncertainty of 20 ~ 40 ppb (Craig and Chou, 1982) 

and 29 ~ 55 ppb (Chappellaz, 1990), respectively. Since then, the analytical uncertainty of 

wet extraction method has been improved to below 10 ppb (e.g. Mitchell et al., 2011, 2013). 

Compared to the dry extraction, the advantage of wet extraction method is twofold: 

(1) Wet extraction method is more time-efficient as multiple ice samples can 

be measured simultaneously (typically 8 to 22 samples per day, depending on system 

setup). This enables to produce [CH4] time series faster from an ice core. 

(2) Near 100% of gas extraction efficiency allows to measure total air 

content (TAC) of ice sample. TAC is also an important proxy of past elevation change 

of the ice sheet (e.g. Raynaud et al., 1997), local summer insolation (e.g. Raynaud et 

al., 2007, Lipenkov et al., 2011; Eicher et al., 2016), summer melting frequency (e.g. 

Hou et al., 2007), and surface temperature change (Eicher et al., 2016). By using 

barometric method described in Lipenkov et al. (1995), TAC can be measured 

simultaneously with [CH4].  

Despite Continuous flow analysis (CFA) system was recently developed and 
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substantially improved temporal resolution of the ice core [CH4] data (e.g. Chappellaz et al., 

2013; Rhodes et al., 2013). In CFA system, the ice rods are continuously melted and the gas 

is extracted from the meltwater flow by degassing membrane (e.g. Schupbach et al., 2009; 

Stowasser et al., 2012). It allows a fast analysis of deep ice cores in the field or in the lab, but 

accuracy of the CFA CH4 measurement has not been validated so far. Therefore, as the ultra-

high resolution CH4 records from CFA method need to be calibrated against the discrete 

measurements (Chappellaz et al., 2013; Rhodes et al., 2015), an accurate discrete analysis 

system is essential to contribute more reliable reconstruction of past climate change. In 

addition, discrete analysis technique is also applicable to fractured cores which cannot be 

used for CFA methods.  

Here, a new wet extraction system was designed for [CH4] and TAC analysis in polar 

ice cores. The system was developed based on the pre-established wet extraction line in 

Oregon State University (OSU), but modifications were made for (1) more precise [CH4] 

blank correction, (2) more robust and integrative [CH4] analytical uncertainty estimation, and 

(3) more reliable correction for thermal effect on TAC. The details of the system as well as 

the modifications compared to OSU system are described in this chapter. 

  



9 

 

2.2. Wet extraction line 

2.2.1. Vacuum line 

The new gas extraction system is composed of vacuum line, gas extraction part, and 

a GC system (Figure 2.1). The vacuum line is constructed with 316 grade stainless steel 

tubing and Swagelok®  bellows valves. The valves are connected with 6.35 mm VCR fitting 

with oxygen-free high conductivity copper (OFHC) gasket. The whole extraction line is 

evacuated by a turbomolecular pump (Alcatel Adixen ATP80, Pfeiffer Vacuum, Asslar, 

Germany) with a dry roughing pump (Alcatel Adixen ACP28, Pfeiffer Vacuum, Asslar, 

Germany). A Pirani pressure gauge (P1 in Figure 2.1, Granville-Phillips®  Convectron 475, 

MKS Instruments, Andover, MA) is installed at the vacuum outlet for test of system leakage.  

Sample container is a custom-made Pyrex glass flask welded to 70 mm diameter 

ConFlat® (CF) stainless steel flange (Larson Electronic Glass, Redwood City, CA). The 

sample flask used in this study is similar to that of OSU one (Grachev et al., 2009) having 

inner diameter of ~41 mm and height of ~110 mm. Our system has 10 blank CF flanges (70 

mm diameter) connected to Swagelok® bellows valves with polychlorotrifluoroethylene 

(PCTFE) stem tips and toggle hand. Once ice samples are placed, the sample flasks are 

connected to blank flanges of the vacuum line, sealed by 70 mm copper gasket. A vertically 

movable ethanol bath is used to keep cold the sample flasks during evacuating and refreezing 

stage. The ethanol bath is double-walled and covered by polyethylene foam to increase 

thermal insulation. The cavity walls are evacuated regularly to under 1.0 mTorr. The ethanol 

bath normally contains ~5.5 liter of ethanol (95% purity) and the ethanol is chilled by an 

immersion chiller (IMC-90, Operon, Incheon, South Korea) with the cold tongue is fixed in 

the bottom. A mechanical screw stirrer is placed in the middle of the bath to prevent thermal 

stratification. The 5.5 liter of ethanol in the bath is chilled down to approximately -85°C 

without placing the sample flasks. During the experiment, the ethanol temperature is 

maintained at -67 to -81°C. This is overall lower than that of OSU system (Grachev et al., 
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2009; Mitchell et al., 2011, 2013). The lower temperature of ethanol bath and inside the flasks 

is advantageous to reduce water vapor pressure in the sample air and hence more precise 

estimate of sample air pressure in the sampling loop (see below). 

 

2.2.2. Gas chromatograph  

For detection of the abundance of CH4 in the extracted sample air, Agilent®  7890A GC 

system was employed with a flame-ionization detector (FID). To exactly quantify the injected 

samples air, an automated six-port two-position valve (Valco gas sampling valve, VICI AG 

International, Schenkon, Switzerland) is mounted at GC and is connected to the extraction 

line, GC inlet, a sample loop and the capacitance manometer. The temperature inside the 

valve box is maintained at 50°C. A capacitance manometer (P2 in Figure 2.1, Baratron®  626A, 

MKS Instruments, Andover, MA) is connected to the six-port valve to measure the pressure 

inside the sample loop. The high purity nitrogen (99.9999% N2) is used for carrier gas 

because it is not explosive (safe), inexpensive, and its supply is stable. Despite the sample 

gas flow should be slower than hydrogen or helium carrier gas that makes peaks broad (e.g. 

Klee and Blumberg, 2002), the broader peak width (lower slope) is advantageous for precise 

analysis of trace-level gases because it is less sensitive to selecting integration windows in 

the automated processing in ChemStation®  software. The GC oven temperature is set to be 

50°C for gas injection. For cleaning up and conditioning of the GC column the oven was 

baked for about 30 min. at 220°C each day before the GC runs. After daily measurements the 

flame of FID turns off and remains a certain amount of column flow to preserve GC stability. 

The detailed GC settings are shown in Table 2.1. The working standards are primary standard 

cylinders calibrated to 395.5 ± 0.2 (mean ± 1σ), 721.3 ± 0.1, 895.0 ± 0.1, and 1384.9 ± 0.2 

ppb CH4 by National Oceanic and Atmospheric Administration Global Monitoring Division 

(NOAA GMD) in NOAA04 scale (Dlugokencky et al., 2005). The daily calibration is 

maintained by 12 injections of standard air, of which six injections are done before the sample 



11 

 

injection and another six injections after to take into account of possible change of GC 

condition throughout the analysis. Calibration curve is constructed by linear regression fit 

between CH4 peak area and total air pressure expanded through sample loop as follow: 

𝑃𝐴𝐶𝐻4
= 𝑎 ∙ 𝑃𝑎𝑖𝑟 + 𝑏                                               (Equation 1) 

where 𝑃𝐴𝐶𝐻4
  represents the peak area, 𝑃𝑎𝑖𝑟   is the air pressure in the sample loop, 

coefficient a and b is slope and intercept of the regression line. The regression of the 12 

calibration runs yields R2 better than 0.999. The [CH4] of sample air is determined by ratio 

of 𝑃𝐴𝐶𝐻4
 to 𝑃𝑎𝑖𝑟  that leads to: 

 [𝐶𝐻4]𝑠𝑎𝑚𝑝𝑙𝑒 = [𝐶𝐻4]𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ×
𝑃∙𝐴𝐶𝐻4−𝑏

𝑎∙𝑃𝑎𝑖𝑟
                               (Equation 2) 
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Figure 2.1. Schematic diagram of the wet gas extraction system for discrete measurement of CH4 and TAC in frozen sample 
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Table 2.1. Settings for gas chromatograph system 

Equipment/Parameters Specifications/Settings 

Detector 

(FID) 

Temperature 200°C 

Helium flow 40 cm3 min-1 

Air flow 350 cm3 min-1 

Make-up flow 10 cm3 min-1 

Oven temperature 50°C (220°C for column conditioning) 

Sample loop 
Temperature 50°C 

Volume 5 cm3 

Column 

Type HAYSEP D 

Material Stainless Steel 

Length 183 cm 

Internal diameter 2.1 mm 

Mode Constant pressure 

Flow pressure 20 psi 

Pressure gauge 
MKS Baratron capacitance manometer (type 

626A, 0.15% accuracy) 

6-port Valco valve box 

temperature 
50°C 
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2.2.3. Total air content measurement 

The total air content (V in Equation 3) is a measure of the volume of air within unit 

mass of ice sample in standard temperature and pressure (STP) condition. This can be 

calculated following the formulation of Martinerie et al. (1992): 

  𝑉 =
𝑉𝐶

𝑚𝑖𝑐𝑒

𝑃𝐶

𝑇𝐶

𝑇0

𝑃0
                                                    (Equation 3) 

where mice denotes the mass of the ice samples, 𝑇0 and 𝑃0 are atmospheric temperature and 

pressure at STP conditions; 𝑉𝐶, 𝑇𝐶  and 𝑃𝐶  are pore volume, temperature and pressure of 

the air enclosed at pore close-off. This equation can be rewritten by the ideal gas law, 

  
𝑃0𝑉

𝑇0
=

𝑃𝐶𝑉𝐶

𝑇𝐶
=

𝑃𝐹(𝑉𝐹−𝑉𝑖𝑐𝑒)

𝑇𝐹
                                          (Equation 4) 

where 𝑉𝐹 , 𝑇𝐹  , and 𝑃𝐹   are volume, temperature and pressure inside a sample flask, 

respectively, and 𝑉𝑖𝑐𝑒  is volume of ice sample. Once the sample air is expanded into vacuum 

line and sample loop, then Equation 4 is divided into three terms due to different temperatures 

at vacuum line (20°C) and sampling valve box (50°C).  

𝑃0𝑉

𝑇0
=

𝑃𝐿(𝑉𝐹−𝑉𝑖𝑐𝑒)

𝑇𝐹
+

𝑃𝐿𝑉𝐿

𝑇𝐿
+

𝑃𝐿𝑉𝑆

𝑇𝑆
                                    (Equation 5) 

𝑉 =
𝑃𝐿𝑇0

𝑚𝑖𝑐𝑒𝑃0
(

(𝑉𝐹−𝑉𝑖𝑐𝑒)

𝑇𝐹
+

𝑉𝐿

𝑇𝐿
+

𝑉𝑆

𝑇𝑆
)                                    (Equation 6) 

where PL is the sample air pressure after the air expansion and measured by a Baratron gauge. 

VL is the volume of the vacuum line excluding the sample flask and the sample loop, VS is 

the volume of sample loop and vacuum line inside the valve box, and VF is the inner volume 

comprising the sample flask, flange, 6.35 mm gland, and bellows valve. VF of one flask is 

measured by weighing the mass of 20°C deionized water filled in that flask, and this flask 

was used as a volume standard. Since the volume is not identical for each sample flask, VF 

was manometrically measured for each flask with a known volume of dry air. This was 

repeated 10 times for each, and mean of the 10 measures was taken as VF (143.8 ± 1.6 ml) of 

that flask. VL (31.6 ± 0.2 ml) and VS (6.0 ± 0.2 ml) was then estimated by the same method. 

TF, TL, and TS denote the temperature of air in the sample flask, vacuum line, and inside the 
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valve box, respectively. However, there is no direct measure of TF, TL, and TS which are the 

temperature inside the vacuum line. 

Therefore, the effective temperature (Teff) of sample air is used instead of TF, TL, and 

TS that are unknown. Teff is an average temperature of the molecules of sample air. The 

terminology of effective temperature (Teff) was first used in Mitchell et al. (2015), but here I 

estimate differently. Substituting the temperature terms with Teff, Equation 5 can be modified 

as below. 

𝑉 =
𝑃𝐿𝑇0

𝑚𝑖𝑐𝑒𝑃0
(

𝑉𝐹−𝑉𝑖𝑐𝑒+𝑉𝐿+𝑉𝑆

𝑇𝑒𝑓𝑓
)                                     (Equation 7) 

Teff of the sample air under the typical condition of gas extraction routine is 

determined as follow. A known amount of air was injected in a sample flask (142.3 mL) filled 

with glass beads (5 mm diameter). A total of 782 glass beads (equivalent to a total volume of 

51.2 mL) were used to account for the volume occupied by ice sample. For accurate measure 

of air pressure inside the flask (PFR), the air was injected under ambient temperature condition 

(i.e., no ethanol bath cooling, no valve box heating, and no GC oven heating). Then the 

immersion cooler and GC were turned on to set temperature gradient. After 6 hours the 

ethanol temperature stabilizes at -79°C, the air in the flask was expanded three times, and the 

air pressure change before and after expansion was observed. The air pressure inside the 

chilled flask before expansion (PF) cannot be measured directly, instead it was calculated by 

using Charles’ law with PF and the stabilized ethanol temperature of -79°C. The air pressure 

inside the vacuum line after expansion (PL,1, PL,2, and PL,3) was measured at the sample loop 

by capacitance manometer (P2 in Figure 2.1). From the ideal gas law, the sample air 

expansion can be written as below: 

𝑃𝐹(𝑉𝐹−𝑉𝑏𝑒𝑎𝑑𝑠)

𝑇𝐹
=

𝑃𝐿,𝑖(𝑉𝐹−𝑉𝑏𝑒𝑎𝑑𝑠+𝑉𝐿+𝑉𝑆)

𝑇𝑒𝑓𝑓,𝑖
, (𝑖 = 1, 2, 3)                        (Equation 8) 

where Vbeads is total volume of glass beads, and Teff,i is the effective temperature of sample air 

for the i-th expansion. Therefore, Teff,i is estimated from Equation 8: 
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𝑇𝑒𝑓𝑓,𝑖 = 𝑇𝐹 (
𝑃𝐿,𝑖

𝑃𝐹
) (

𝑉𝐹−𝑉𝑏𝑒𝑎𝑑𝑠+𝑉𝐿+𝑉𝑆

𝑉𝐹−𝑉𝑏𝑒𝑎𝑑𝑠
) , (𝑖 = 1, 2, 3)                        (Equation 9) 

From the tests, I obtained PL,1/PF = 0.877 and PL,2/PF = PL,3/PF = 0.758. The PL,1/PF 

reflects the condition that the cold air expands into the vacuum line at ambient temperatures 

(i.e. TL ≈ 20°C, TS ≈ 50°C). In contrast, PL,2/PF and PL,3/PF are the cases where the sample air 

expands into the vacuum line that is pre-chilled by the cold sample air expanded previously, 

so that the temperature difference between the sample air and the vacuum line is less than the 

PL,1/PF case. Here I consider 0.758 is more realistic ratio than 0.877 because the cold air is 

successively expanded during the typical gas extraction routine.  This is different from the 

method of Mitchell et al. (2015) where the authors calibrated Teff so that the resulting TAC 

data agree with the values predicted by empirical relationship between surface temperature 

and TAC (e.g. Martinerie et al. 1992, 1994). This method needs assumption that Martinerie 

et al.’s parameterization is correct.  

It should be noted that a portion of air bubbles located at the surface of the ice sample 

is opened and the air is lost by ice cutting during the sample preparation. The fraction of 

bubble air loss can be determined by mean bubble size, shape and bubble number density 

(e.g. Martinerie et al., 1990; Hou et al., 2007). The mean bubble diameter of Siple Dome ices 

is 0.34 ± 0.16 mm (1-σ, n = 130, bubble number density = 150 cm-3) at a thin section of ice 

sample at 580.56 m depth, which gives us the fraction of air loss of 6 ± 3% for an ice sample 

of 2.5 × 2.5 × 10 cm dimension assuming all spherical bubble shape. This value was taken as 

representative for the early Holocene samples and then corrected for all our measurements. 

According to Equation 6 and bubble cutting effect uncertainty, error propagation yields an 

analytical uncertainty of 0.003 ml g-1 for the Siple Dome ice. 

Through the melting-refreeze process, the extracted sample air contains water/ice 

vapor and it affects PF. The vapor pressure at given TF is calculated by Classius-Clapeyron 

equation (Wexler, 1977) and subtracted from PF. The vapor pressure in the sample flasks is 

lower than 0.005 torr over the range of TF below -65°C. The water vapor correction accounts 
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for less than 0.2 ppb for [CH4] and 0.0001 ml g-1 for TAC. 

The above assumption that TF is equal to the ethanol temperature is examined below 

by measuring vapor pressure of refrozen meltwater. The vapor pressure was estimated with 

evacuated sample flask containing the refrozen meltwater of glacial ice samples and a 

manometer with a pressure range of 0.1 to 100 mtorr (Baratron® 722A, MKS Instruments, 

Andover, MA). After evacuation, the flask was submerged in chilled ethanol bath and stored 

6 hours in order to equilibrate with ethanol temperature and to saturate the headspace with 

water vapor. Then the flask was opened and the pressure increase was observed. The pressure 

stabilized after ~5 min. and this pressure increment was considered to be due to ice vapor 

pressure. Assuming the headspace and vacuum line were saturated, the vapor pressure was 

converted to the temperature inside the flask by using the relationship given by Marti and 

Mauersberger (1993). The resulting TF is in average 2.7K higher than ethanol temperature. 

However, this gives the upper limit of TF, because the fact that TL and TS are higher than TF 

might increase the pressure estimate by the manometer at the end of the vacuum line. 

Furthermore, given the time between air expansion and GC injection (typically ~5 seconds) 

is not sufficient to establish thermal equilibrium, the actual TL and TS are likely to be lower 

than the ambient temperature and valve box temperature. Since there is no direct measure of 

temperature and pressure of sample air inside the vacuum line, the above assumption could 

bias TAC results. 

 

2.2.4. Analytical procedures 

Ice samples are prepared early morning in a walk-in freezer (under -20°C) and cut by 

dimension of 2.5×2.5×10 cm3, yielding an average weight of 40 to 55 g. Sample flasks are 

pre-chilled within a laboratory freezer (-24°C) overnight to prevent surface melting of the 

specimen in contacting with inner surface of flask. To prevent contamination by lab air, the 

outer 2 mm of the ice sample was trimmed out using a bandsaw. If samples contain cracks, 
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the ice around the crack was removed. The bandsaw was cleaned with ethanol before the first 

use. The ice flakes attached to the ice surface were removed with a paintbrush. The paintbrush 

for ice samples was cleaned by ethanol and ultrasonic cleaner before the first use. Then the 

ice samples are placed in each sample flask, and transported in an insulated ice box with an 

eutectic gel pack to the laboratory. The sample flasks are installed manually to flanges as 

soon as possible to reduce the time of exposure to ambient temperature. The flasks are sealed 

with OFHC copper gasket. To keep the ice samples frozen, the flasks are partially submerged 

into the chilled ethanol bath during sealing. After all the flasks are installed, the flasks are 

fully submerged into the chilled ethanol (under -80°C), and evacuated ambient air for more 

than 60 minutes. Air pressure of the sample flasks and vacuum line after evacuation is 

typically lower than 10 mTorr. The sample flasks containing ice samples are closed, and the 

standard air is injected into the flasks with bubble-free artificial ice. Then, a plastic bath with 

warm tap water (50°C) is placed to melt samples. After melted completely the flasks are 

submerged into ethanol bath again to refreeze. Generally, it takes ~40 minutes for refreezing 

completely. During refreezing, the GC pre-runs (20 runs) are done. Once the melting-

refreezing procedure is completed, the extracted air from each sample is analyzed three times 

with GC and average of the three measurements is taken as a mean [CH4] of each sample. 

The FID signal is obtained and the CH4 peak area is calculated automatically by Agilent 

ChemStation® software. To enhance signal-to-noise ratio of the CH4 peak, I reduced the 

sampling rate of the GC chromatogram to 5 Hz. The signal integration is ended at 1.6 min. 

after injection, and it takes ~1.5 min. to evacuate the vacuum line to baseline pressure. 

Ethanol temperature is maintained under -65°C during the GC measurement to minimize 

possible interaction with water vapor (vapor pressure of ice < 0.005 Torr). After the analysis 

of the 10 sample flasks is finished and the daily calibration curve is constrained, the entire 

sample flasks remained submerged in cold ethanol are evacuated sufficiently more than 1 

hour until the air pressure of the flasks decreases under 0.1 mTorr. Then the melting and 
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refreezing procedures were repeated in the same way as the first extraction. The air by the 

second extraction is expanded into GC sample loop to estimate the residual gas fraction (see 

Section 3.1) and [CH4] of air in refrozen meltwater ([CH4]residual; see Section 3.2). Due to 

small quantity of sample air, the air of the second extraction is analyzed only one time, and 

the CH4 peak area is manually integrated. After finishing the analysis, refrozen ice samples 

are weighted to calculate total air content per unit mass of the samples. Sample flasks and its 

plastic caps are washed every day after use with Alconox® detergent (Alconox, White Plains, 

NY) and dried in ultraviolet sterilizer under 50°C for 1 hour.  

The bubble-free artificial ice used for blank experiments is prepared as follows. 

Firstly, ultrapure water (18.2 ΩM cm) is boiled for 20 minutes in a 15.24 cm cylindrical 

vacuum chamber to expel dissolved air from water. An outlet bellows valve is attached with 

3.175 mm tubing to the flange and the valve is kept opening during boiling to vent water 

vapor out. Then, the outlet valve is closed and the chamber is slowly cooled from the bottom 

in a small ethanol bath for 12 hours. The ethanol temperature is maintained at -20°C by an 

immersion cooler (NESLAB CC100). After cooling, the chamber is taken out from the bath 

and remained at room temperature to gradually warm up. The artificial ice has cylindrical 

shape of 15.24 cm diameter and 15 cm height. From gas extraction test using our bubble-free 

ice without injecting standard air, no significant pressure increase was observed at the 

pressure gauge with a detection limit of 0.01 Torr (corresponding to less than 0.03% of 

sample air pressure in the extraction line) after melting-refreezing the bubble-free ice. 

 

2.2.5. Ice samples 

Siple Dome deep ice core was drilled from 1997 to 1999 on the Siple Coast, West 

Antarctica (81.65°S, 148.81°W; 621 m a.s.l.) (Taylor et al., 2004). The Siple Dome ice 

samples were collected and cut at National Ice Core Laboratory (NICL, Denver, Colorado, 

USA) from January to February of 2013. The brittle zone of Siple Dome ice starts below 400 
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m and continues to the bottom of the core at 1004 m (Gow and Meese, 2007) and samples 

from this region are more likely to be fractured. Hence, the samples were carefully collected 

from unbroken subsections during sample preparation at NICL. The samples were packed in 

insulated foam boxes with numerous eutectic gels, and shipped to South Korea via expedited 

airfreight. Temperature loggers showed the temperatures were maintained below -25°C. The 

boxes were picked up directly just after custom clearance at the airport and then the ice 

samples were stored in a walk-in freezer at Seoul National University (SNU, Seoul, South 

Korea) that was maintained below -20°C.  

Styx Glacier ice core is located in northern Victoria Land, Antarctica (73.85°S, 

163.69°E; 1623 m a.s.l.) (Han et al., 2015). A shallow (210 m) ice core was recovered in 2014 

– 2015 austral summer, and the firn air was sampled from 13 depth intervals (Han et al., 

2015). The Styx ice cores were shipped to cold storage at Korea Polar Research Institute 

(KOPRI, Incheon, South Korea), or which the ice samples for gas study were allocated in 

SNU. During transport of the samples, the ice cores were packed in isothermal boxes with 

eutectic gels, and the temperature inside the boxes were recorded. The temperature was 

maintained below -20°C.  

 

2.3. Data corrections 

2.3.1. Residual gas fraction 

Because the air is soluble to water, the extraction efficiency yields ~99% depending 

on samples. The fraction of re-dissolved gas during the melting-refreeze process is referred 

to residual gas fraction (r), which is calculated as a ratio between amount (pressure) of gas 

liberated by first- and second melt-refreeze procedures. Assuming the residual gas fraction 

being a constant (common ratio), the total air pressure (𝑃𝑡𝑜𝑡𝑎𝑙)  can be inferred by gas 

pressure after first extraction and residual gas fraction as below: 

  𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 𝑃3 + ⋯ =  
𝑃1

1−𝑟
                           (Equation 10) 
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(Pi=1,2, 3… = gas pressure at ith extraction) 

Thus the air content data were corrected for the residual gas fractionby multiplying 

1/(1-r). It should be noted that the residual gas fraction of bubble-free artificial ice is smaller 

than those of bubbly ice samples (glacier ice, ice wedge ice and sea ice). For example, a 

fraction of 0.4 ± 0.1 (1σ)% is obtained for the bubble-free artificial ice, 1.0 ± 0.1 (1σ)% for 

Siple Dome, and 0.9 ± 0.1 (1σ)% for Styx Glacier ice samples. JBS sea ice samples exhibit 

the residual gas fraction ranging from 0.5 to 3.6% (average of 1.3 ± 0.7 (1σ)%). The residual 

gas fractions of JBS sea ice appear to be related with salinity (see Chapter 3). The mean 

residual gas fraction of the ice wedge ice is obtained to be 0.8 ± 0.4 (1σ)%. 

 

2.3.2. Solubility correction 

Different solubilities of air components can alter gas mixing ratios during melting 

procedure. As the solubility of CH4 is higher than the other major components of air – 

nitrogen (N2), oxygen (O2), and Argon (Ar), the CH4 mole fraction of the extracted air is 

lower than originally enclosed air (solubility effect). The CH4 mole fraction of air enclosed 

in the original ice sample ([CH4]total) is estimated from residual gas fraction, CH4 mixing ratio 

in extracted air in headspace ([CH4]head), and in air remained in refrozen meltwater 

([CH4]residual) as below:  

[𝐶𝐻4]𝑡𝑜𝑡𝑎𝑙 = (1 − 𝑟) ∙ [𝐶𝐻4]ℎ𝑒𝑎𝑑 + 𝑟 ∙ [𝐶𝐻4]𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙                (Equation 11) 

[CH4]residual was estimated from selected sampled of Styx Glacier ice. Direct 

measurements of [CH4]residual were carried out by the 2nd gas extraction using the ice samples 

after the first gas extraction and GC analysis Although the pressure of second extraction air 

ranges 0.1 ~ 0.3 torr, and it unavoidably deteriorate robustness of peak area integration, I 

found a mean ratio of [CH4]residual to [CH4]head of 3.1 ± 0.5 from Styx Glacier (n = 12) and 3.0 

± 0.8 from bubble-free ice samples (n = 7, Table 2.).  
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Table 2.2. Summary of [CH4]head and [CH4]residual from the second gas extraction using Styx 

Glacier and lab-made bubble-free ice. 

  

Sample 
[CH4]head [CH4]residual [CH4]residual/[CH4]head  

ratio (ppb) (ppb) 

Styx Glacier 852.7 2249.6 2.6 

 857.3 2405.2 2.8 

 804.7 2264.1 2.8 

 799.6 2006.2 2.5 

 762.1 2547.2 3.3 

 761.1 2820.7 3.7 

 764.2 2581.9 3.4 

 761.7 2728.8 3.6 

 714.8 1891.9 2.7 

 720.5 2257.6 3.1 

 683.8 1794.3 2.6 

 686.6 2860.2 4.2 

Bubble-free 

ice 
903.3 2893.2 3.7 

 904.1 2060.9 2.2 

 901.4 2737.2 2.9 

 898.9 2926.4 3.3 

 904.0 2829.1 3.3 

 903.5 2115.9 1.4 

 901.0 3230.0 3.7 
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The results are compared with theoretical estimate of solubility effect. [CH4]residual 

was calculated by applying Henry’s law to the four gas species considered (i.e. N2, O2, Ar, 

and CH4) that gives us the moles of each gas species dissolved in meltwater (Equation 12). 

Here Henry’s constants at 0°C are used, as it is assumed that all dissolution process occurs 

at 0˚C reaching complete equilibrium state in closed system, and that there are no changes in 

relative amounts of each gas components during the outgassing by refreezing process.  

[𝐶𝐻4]𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =
𝑘𝐶𝐻4𝑋𝐶𝐻4

∑ 𝑘𝑖𝑋𝑖𝑖
 (𝑖 = 𝑁2, 𝑂2, 𝐴𝑟, 𝐶𝐻4)                   (Equation 12) 

where ki denotes Henry’s constant in mol kg-1 Pa-1, and Xi is mixing ratio for gas species i. 

Under above assumptions, [CH4]residual appears to be enriched ~1.97 times than [CH4]head, 

which is lower than the result of direct measurements from the 2nd gas extraction (Table 2.2). 

The exact reason of why the [CH4]residual estimated by 2nd gas extraction are higher 

than those predicted by Henry’s law is currently unknown. The factors that affect [CH4]residual 

include the degrees of equilibrium during melting and refreezing processes, different gas 

diffusion speed in meltwater, and the blocking the gas escape pathway by rapid refreezing.  

 

2.3.3. Systematic offset correction 

I carried out tests with bubble-free artificial ice and standard air to determine 

systematic offset as follows. The bubble-free artificial ice was prepared with boiled deionized 

water (see Section 2.5) and cut by 2.5 × 2.5 × 10 cm3 dimensions in the work-in freezer using 

a bandsaw. After evacuation of the sample flasks containing the bubble-free artificial, the 

standard air is injected into the flasks, in which the pressure of the standard air is ~40 Torr. 

The sample flasks are then melted and refreeze in the same manner as described in Section 

2.4. The solubility correction for the bubble-free ice was done by Equation 11, where 

[CH4]residual is calculated by multiplying 3.0 to [CH4]head. After the solubility correction, it is 

observed that the corrected [CH4] from blank tests is greater than the assigned [CH4] of the 

injected standard air. The offset between the mean of the corrected bubble-free ice results and 
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the assigned standard concentration is defined as the systematic offset. Because the offset 

varied day by day, each day 4 bubble-free ice samples were measured together with natural 

ice samples. Then the mean daily systematic offset estimated from the bubble-free ice is 

subtracted from the results of glacial ice after correction for gas solubility effect. It was found 

that the inter-day systematic offset has a large range of ~2 to 22 ppb, but daily offset among 

the four bubble-free artificial ice appears nearly constant. I consider that our method of 

correction for the systematic offset is reliable because our results on different days agree well 

(Table 2.3). The offset is probably caused by small leakage on sample flask sealing and 

contaminants in vacuum line or bellows valves. The systematic offset of TAC measurements 

cannot be measured because no standard material is available for TAC. 

Rubino et al. (2013) reported that the bubble-free ice could induce a contamination 

of ~0 to 25 ppb CH4, depending on quantity of ice and the method of the bubble-free ice 

preparation. To test the bubble-free ice used in this study (SNU bubble-free ice), I performed 

the identical wet extraction procedure without injecting standard air. Amount of gas extracted 

from the SNU bubble-free ice was lower than detection limit (0.01 Torr) of pressure gauge 

used in our system, which is corresponding to less than 0.03% of sample air pressure. Further, 

I also conducted the same test with different mass of bubble free ices, but no systematic 

correlation with bubble free ice quantity was observed. Thus, I conclude that the 

contamination by air included within the bubble-free ice is negligible. 

 

2.4. Results and Discussion 

2.4.1. Analysis of Antarctic ice cores 

To test reproducibility of our system, additional measurements were made using Siple 

Dome and Styx Glacier ice cores, Antarctica. A total of 15 depths were randomly chosen 

where early duplicate ice sets were analyzed (8 from Siple Dome and 7 from Styx Glacier). 

Then, another duplicate set was cut at each adjacent depth of the first measurement, and 
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analyzed 8 to 225 days after the first measurement to check long-term change of the system 

conditions and the daily-offset correction methods. Table 2.3 summarizes the results of the 

reproducibility test and demonstrates good agreements between the first and second analysis. 

The PSD between the means of the first and second replicate analysis yields 1.3 ppb, and 

PSD of the four-individual ice sets from the 15 depth intervals is 2.8 ppb. Considering 

possibility of inhomogeneous distribution of [CH4] in ice, it is expected that the analytical 

uncertainty should be better than the PSD. Thus, the reproducibility check with adjacent ice 

supports that our air extraction and correction methods are robust. Since practically two ice 

samples for each depth of ice cores were analysed, and report the means of the duplicate sets 

for publication, the data uncertainty at a specific depth can be estimated by the PSD of the 

individual ice divided by square root of 2. It is interesting to note that the PSD of the duplicate 

means (1.3 ppb) is smaller than the PSD of the 4 individual sets divided by square root of 2 

(2.8 / 21/2 = 2.0 ppb). It may be attributed to the actual smoothing of inhomogeneous [CH4] 

distribution by taking the mean of the two individual ice samples is greater than the case that 

the [CH4] in ice follows Gaussian distribution. Because the individual ice has a size of ~50 

g, the mean of duplicates represent the mean [CH4] in ~100 g ice. Thus, I suspect that the 

scattering of [CH4] distribution in ~50 g size can be well smoothed out in ~100 g size level 

in the two Antarctic ice cores. 
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Table 2.3. Replicate measurements for [CH4] from eight depth intervals of Siple Dome and seven intervals of Styx Glacier ice core. Duplicate 

results of the first and second measurements are shown. The rightmost columns demonstrate the difference and experimental time interval 

between the original and replicate results measurements. The Siple Dome results are from Yang et al. (2017). 

 

Ice core Depth (m) 

First measurement Second measurement 
1st – 2nd  

in duplicate means 

Dup. 1 
(ppb) 

Dup. 2 
(ppb) 

Mean ± 1σ 
(ppb) 

Date 
(dd/mm/yy) 

Dup. 1 
(ppb) 

Dup. 2 
(ppb) 

Mean ± 1σ 
(ppb) 

Date 
(dd/mm/yy) 

CH4 
(ppb) 

Date 
(days) 

Siple 

Dome 
523.15 634.8 634.7 634.7 ± 0.1 27/01/14 637.5 634.3 635.9 ± 1.6 24/02/14 -1.2 ± 1.6 29 

Siple 

Dome 
530.95 669.0 665.8 667.4 ± 1.6 03/02/14 669.4 670.7 670.0 ± 0.7 24/02/14 -2.6 ± 1.7 22 

Siple 
Dome 

558.30 682.5 678.2 680.3 ± 2.2 14/03/14 687.5 678.3 682.9 ± 4.6 02/04/14 -2.6 ± 5.1 20 

Siple 

Dome 
559.85 689.8 680.3 685.0 ± 4.7 03/02/14 683.8 690.0 686.9 ± 3.1 26/03/14 -1.9 ± 5.6 52 

Siple 
Dome 

561.15 687.8 689.2 688.5 ± 0.7 14/03/14 684.0 690.4 687.2 ± 3.2 02/04/14 1.3 ± 3.3 20 

Siple 

Dome 
562.41 687.2 685.5 686.4 ± 0.8 26/03/14 689.4 686.4 687.9 ± 1.5 02/04/14 -1.5 ± 1.7 8 

Siple 
Dome 

575.91 679.2 679.2 679.2 ± 0.0 07/02/14 686.7 678.9 682.8 ± 3.9 28/03/14 -3.6 ± 3.9 50 

Siple 

Dome 
578.15 675.6 685.1 680.4 ± 4.7 04/02/14 676.0 680.7 678.3 ± 2.4 24/04/14 2.0 ± 5.3 80 

Styx 

Glacier 
120.63 684.1 683.1 683.6 ± 0.5 10/11/15 683.2 680.4 681.8 ± 1.4 22/06/16 1.8 ± 1.5 225 

Styx 

Glacier 
122.54 683.1 679.9 681.5 ± 1.6 12/11/15 686.0 678.7 682.3 ± 3.6 13/01/16 -0.8 ± 3.9 62 

Styx 

Glacier 
124.57 678.1 673.7 675.9 ± 2.2 12/11/15 682.9 678.0 680.4 ± 2.4 14/01/16 -4.5 ± 3.3 63 

Styx 

Glacier 
125.58 675.1 670.3 672.7 ± 2.4 03/09/15 676.5 677.0 676.7 ± 0.2 14/01/16 -4.0 ± 2.4 133 

Styx 

Glacier 
135.14 673.6 679.2 676.4 ± 2.8 05/07/16 678.4 679.6 679.0 ± 0.6 08/09/16 -2.6 ± 2.9 65 

Styx 

Glacier 
136.14 683.0 681.5 682.2 ± 0.8 24/11/15 681.4 686.1 683.8 ± 2.3 14/01/16 -1.5 ± 2.4 51 

Styx 

Glacier 
155.65 653.6 657.0 655.3 ± 1.7 08/12/15 654.0 648.5 651.2 ± 2.8 12/07/16 4.0 ± 3.3 217 
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The precision of our results from Siple Dome and Styx Glacier ice samples are 

comparable with those of Oregon State University (OSU). Mitchell et al. (2011) measured 

duplicate ice sets from the identical depths and reported PSD between the mean of the first 

and second results of 2.8 ppb from West Antarctic Ice Sheet (WAIS) Divide WDC05A ice 

core samples. Mitchell et al. (2013) also showed 2.4 ppb from both WAIS Divide WDC06A 

core and Greenland Ice Sheet Project 2 (GISP2) ice. 

The reproducibility tests of TAC were carried out using Siple Dome and Styx Glacier 

ice samples as well, and shown in Table 3. The results exhibit that PSD among the means of 

the first and second duplicate sets is 0.003 ml g-1, and PSD of the individual ice measurements 

is also 0.003 ml g-1. In addition, PSD of the four individual measurements divided by square 

root of 2 (0.002 ml g-1) agrees with PSD between the duplicates of the Siple Dome and Styx 

Glacier data set produced in this study (0.002 ml g-1, n = 338), which is smaller than PSD 

between the means of the first and second duplicate sets (0.003 ml g-1, n = 12). It might be 

due to the centimeter-scale TAC fluctuations and/or system condition change over the time 

period between the first and second measurements.  

To test reliability of our system, I analyzed ice samples at selected depths from Siple 

Dome ice core and compared our results with previous data measured at OSU (Ahn et al., 

2014) and Washington State University (WSU, E. Brook, personal communication). Siple 

Dome samples were chosen at the nearest available ices from the samples measured 

previously at OSU and WSU. All sample pairs have depth difference of 10 cm, which 

corresponds to age difference of 3.1 years at 600 m, and 11.2 years at 730 m depth according 

to Siple Dome gas chronology (Severinghaus et al., 2009). These age discrepancies are 

negligible given that the full width at half height of the age distribution of CO2 is ~42 years 

in Siple Dome (Ahn et al., 2014). For CH4 comparison, the most recently published OSU 

dataset were used because OSU wet extraction system has been updated considerably (e.g. 

Grachev et al., 2009; Mitchell et al., 2011) since the earlier publication (e.g. Brook et al., 
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2005). The solubility corrections of SNU dataset were estimated based on direct measure of 

[CH4]residual by the second gas extraction (see Section 3.2). I measured 20 samples from 10 

depth intervals over 520-595 m, and 8 samples from 4 depths over 688-710 m. The data agree 

well with OSU data yielding an average (SNU – OSU) of 0.8 ± 5.2 ppb (Figure 2.2 and Table 

2.5).  

For TAC, I compared 12 samples in 520–595 m, and 5 samples in 645-710 m interval. 

SNU TAC data show higher values than previously measured WSU/OSU data set (Figure 

2.3). Since WSU/OSU records were not corrected for the bubble-cut effect, I used the SNU 

data uncorrected for the bubble-cut effect for better comparison. The average difference of 

17 sample pairs is 0.011 ± 0.005 ml g-1. 

As a well-mixed gas, [CH4] time series from different Antarctic ice cores should 

record similar [CH4] change in the past atmosphere, despite the ice core [CH4] records are 

smoothed by different firn conditions. The Siple Dome CH4 records measured in this study 

show good agreements with WAIS Divide CH4 data measured at OSU and Pennsylvania State 

University (PSU, University Park, PA) (Figure 2.4). WAIS Divide ice samples from 115.05 

to 1097.78 m (0.17 to 4.67 ka on WD2014 scale) were measured at OSU, and the samples 

from 1101.40 to 1948.30 m (4.69 to 11.24 ka) and from 2709.38 to 3403.00 m (26.39 to 67.15 

ka) were analyzed at PSU. For the interval of 1955.30–2708.43 m (11.31–26.36 ka), the 

WAIS Divide ice were measured at OSU and PSU. The PSU-WAIS data were corrected by 

increasing 7 ppb to all measurements to fit to OSU results (WAIS members, 2015). The 

chronology of Siple Dome CH4 records was synchronized to WD2014 scale by matching CH4 

and time derivative of oxygen stable isotope of atmospheric O2 (Seltzer et al., 2017). 
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Figure 2.2. Comparison of Siple Dome CH4 measured at SNU with previous results. 

Composite record of Siple Dome discrete CH4 measurements at SNU and OSU is plotted in 

gray (Seltzer et al., 2017). SNU results using adjacent samples of OSU dataset are plotted in 

red square (Yang et al., 2017; this study), and corresponding OSU results are shown in blue 

triangle (Ahn et al., 2014; Brook, E. J., unpublished data). The differences between SNU and 

OSU results are demonstrated in the lower panel. 
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Figure 2.3. Comparison of Siple Dome total air content (TAC) measured at SNU (this study) 

with previous results at OSU (blue, Brook, E. J., unpublished data) and WSU (green, Brook, 

E. J., unpublished data). SNU results using adjacent samples of previous measurements are 

plotted in red square, and corresponding OSU/WSU results are shown in blue. The 

differences between SNU and OSU/WSU results are demonstrated in the lower panel. 
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Figure 2.4. Comparison of Siple Dome CH4 records with WAIS Divide (WDC06A) discrete 

CH4 data for the period from the last glacial maximum. Siple Dome CH4 data measured in 

SNU are marked in red dots and WAIS Divide CH4 in gray (WAIS Divide project members, 

2013; Marcott et al., 2014).
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Table 2.4. Replicate measurements for total air content from six depth intervals of Siple Dome and six intervals of Styx Glacier ice core. 

Duplicate results of the first and second measurements are shown. The rightmost columns demonstrate absolute difference between the original 

and replicate results and time intervals between the two measurements. Correction for bubble cut effect is not applied in the below results. 

 

Ice core 
Depth 

(m) 

First measurement Second measurement 
Difference in means  

of 1st – 2nd 

Dup. 1 Dup. 2 
Mean ± 1σ 

(ml g-1) 

Date 

(dd/mm/yy) 
Dup. 1 Dup. 2 

Mean ± 1σ 

(ml g-1) 

Date 

(dd/mm/yy) 

Air content 

(ml g-1) 

Date 

(days) 

Siple Dome 523.15 0.127 0.129 0.128 ± 0.001 27/01/14 0.124 0.125 0.125 ± 0.001 24/02/14 0.003 29 

Siple Dome 530.95 0.132 0.131 0.132 ± 0.001 03/02/14 0.131 0.130 0.131 ± 0.002 24/02/14 0.001 22 

Siple Dome 558.30 0.130 0.133 0.132 ± 0.001 14/03/14 0.125 0.127 0.126 ± 0.001 02/04/14 0.007 20 

Siple Dome 559.85 0.131 0.130 0.130 ± 0.001 03/02/14 0.128 0.130 0.129 ± 0.001 26/03/14 0.004 52 

Siple Dome 561.15 0.126 0.130 0.128 ± 0.002 14/03/14 0.124 0.130 0.127 ± 0.003 02/04/14 0.004 20 

Siple Dome 562.41 0.133 0.127 0.130 ± 0.003 26/03/14 0.126 0.131 0.128 ± 0.003 02/04/14 0.003 8 

Styx 

Glacier 
120.63 0.119 0.117 0.118 ± 0.001 10/11/15 0.120 0.119 0.120 ± 0.001 22/06/16 0.002 225 

Styx 

Glacier 
122.54 0.116 0.114 0.115 ± 0.001 12/11/15 0.124 0.122 0.123 ± 0.001 13/01/16 0.008 62 

Styx 

Glacier 
125.58 0.122 0.120 0.121 ± 0.001 03/09/15 0.125 0.123 0.124 ± 0.001 14/01/16 0.003 133 

Styx 

Glacier 
135.14 0.120 0.124 0.122 ± 0.002 05/07/16 0.115 0.113 0.114 ± 0.001 08/09/16 0.008 65 

Styx 

Glacier 
136.14 0.124 0.123 0.123 ± 0.001 24/11/15 0.118 0.120 0.119 ± 0.001 14/01/16 0.004 51 

Styx 

Glacier 
155.65 0.132 0.135 0.133 ± 0.002 08/12/15 0.119 0.120 0.120 ± 0.000 12/07/16 0.014 217 
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Table 2.5. Comparison of Siple Dome CH4 measured in SNU and OSU. The older OSU data 

(Brook et al., 2005) are not used for SNU-OSU comparison (see text). 

SNU OSU SNU-OSU 

Depth 

(m) 

CH4 

(ppb) 

Depth 

(m) 

CH4 

(ppb) 

Depth 

(m) 

CH4 

(ppb) 

520.09 636.9 520.18 642.2 -0.09 -5.3 

523.15 635.5 523.05 627.8 0.10 7.7 

524.14 632.3 524.04 635.2 0.10 -2.9 

526.13 651.1 526.03 647.7 0.10 3.4 

532.91 652.8 532.98 661.0 -0.07 -8.2 

534.15 660.3 534.05 657.8 0.10 2.5 

538.27 666.4 538.17 664.3 0.10 2.1 

570.66 702.5 570.66 704.4 0.00 -1.9 

585.32 705.8 585.26 709.9 0.06 -4.1 

592.35 707.5 592.25 694.8 0.10 12.7 

688.82 467.2 688.81 464.7 0.01 2.5 

699.19 405.1 699.19 406.8 0.00 -1.7 

707.08 373.1 707.11 372.2 -0.03 0.9 

709.63 377.3 709.66 373.7 -0.03 3.6 
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2.4.2. Internal error sources in polar ice 

Since the daily systematic offset is calculated from the mean of the four flasks with 

bubble-free ice and standard air, scattering of the bubble-free ice results causes uncertainty 

in the systematic offset correction. The uncertainty of the daily systematic offset is estimated 

with the standard error of the mean (SEM) of the four bubble-free ice results, because the 

daily systematic offset is calculated from the mean of the bubble-free ice samples. From the 

Siple Dome and Styx Glacier analysis, the SEM of the four corrected bubble-free ice was 

obtained as 2.0 ± 1.0 ppb (n = 318) on average. The difference between the duplicate ice 

samples from the same depth reflect another important uncertainty sources. Since the 

duplicate ice samples from the same depths were always measured in the same day, the 

identical systematic offset correction was applied, and therefore the differences between the 

duplicate ice samples are caused by another uncertainty sources except for the systematic 

offset. It may include the uncertainties due to the solubility correction and inhomogeneous 

distribution of CH4 in ice. I calculate this uncertainty as PSD between the duplicate samples 

from entire depths, yielding 3.3 ppb (n = 129) from Siple Dome, and 2.1 ppb (n = 217) from 

Styx Glacier data sets. Our solubility correction uses the mean value of residual gas fraction 

and the CH4 mixing ratio of the residual gas ([CH4]residual) which enriches in the retrapped air 

by the order of 1.022 ± 0.001 for Siple Dome, and by 1.019 ± 0.002 for Styx Glacier ice. 

Taking both uncertainty sources into account together, the final uncertainty of individual 

measurement is given by error propagation as (1.92 + 3.32)1/2 = 3.8 ppb. The uncertainty for 

the mean of a duplicate set is calculated by dividing the individual uncertainty by square root 

of 2, as (3.8 / 21/2) = 2.7 ppb. This is larger than the PSD between the means of the 1st and 2nd 

duplicate sets results (1.3 ppb, n = 15) as shown in Table 2.3.  

The composition of air occluded in ice samples could be affected by ice cracks 

through contamination by modern air, or selective enrichment due to diffusive loss of other 



35 

 

gas species such as O2 and Ar (Craig et al., 1988; Sowers et al., 1989). Therefore, if the ice 

is cracked, the samples are cut along with the crack into two or more pieces and trimmed 

both side of crack to avoid possible alteration. To examine whether presence of cracks affects 

data quality, I compared difference between duplicates for the cases of samples with and 

without crack. By trimming out all the crack surfaces, the samples originally containing 

cracks were divided by 2 or 3 pieces after the trimming. The mean offset between the 

duplicate sets of fractured samples (3.5 ± 2.1 (1σ) ppb, n = 47) is similar to that of non-

fractured ice (3.5 ± 2.8 (1σ) ppb, n = 52). Therefore, it was found that dividing an ice sample 

into 2 or 3 pieces to eliminate fracture does not affect significantly [CH4] results.  

For TAC, absence of direct measure of temperature of extracted air inside the sample 

flasks may introduce uncertainty in TAC measurements. From the indirect measure by vapor 

pressure, the upper-limit of the temperature inside the sample flask is estimated to be 2.7 K 

higher than ethanol temperature (see Section 2.3). The TAC sensitivity to 2.7 K change in TF 

is 0.0002 ml g-1ice, therefore the uncertainty due to the temperature inside the flask is 

considered to be negligible compared to other sources of uncertainty (Table 2.4).  
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2.5. Conclusion 

This Chapter describes a wet extraction system developed for simultaneous 

measurements of [CH4] and TAC in polar ice cores. The replicate measurements using the 

adjacent ice samples indicate that described method show a good reproducibility and long-

term stability. [CH4] measurements using Siple Dome ice core samples agree well with the 

previous results from OSU, confirming the integrity of the system. However, TAC data 

calculated by the described method are offset from the previous results at OSU and WSU. 

The offset probably stems from different correction method for thermal effect and bubble cut 

effect.  
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Chapter 3. Precise measurements of CH4 and 

N2O compositions in gas trapped in permafrost 

ice wedges and sea ice 

 

 
Abstract. The greenhouse gas (GHG; CO2, CH4, and N2O) compositions of the gas tra

pped in permafrost ice wedges may allow to study the microbial activities under subfre

ezing environment and rapid emission to the atmosphere when permafrost thaws due to

 global warming. Further, the GHG profiles in sea ice may provide insights into gas e

xchange between atmosphere and ocean. Nonetheless, accurate gas extraction methods f

or CH4 and N2O have not been established. Most former works employed melting-refre

ezing under vacuum (wet extraction) or melting in saturated sodium chloride (NaCl) so

lution, which are, however, vulnerable to reactivated microbial activity due to increasin

g temperature during melting. Thus, the reliability of the melting techniques need to be

 tested. In this chapter, I examine the hypothesis that microbes included in ice wedges 

and sea ice become reactivated during melting-refreezing and hence affect the CH4 and

 N2O measurements. To do this, the control wet extraction results were compared with 

two treatment experiments – needle crushing (dry extraction) and biocide treated wet e

xtraction using Siberian ice wedges and Antarctic sea ice. The biocide treatment was d

one by adding 250 μL of 0.15 M mercuric chloride (HgCl2) solution. Results show tha

t wet extraction results of [CH4] are significantly higher than dry extraction and the H

gCl2-treated wet extraction results. In the meanwhile, no significant difference in N2O i

s observed among the three extraction methods. Any significant finding can be inferred

 from the tests with Antarctic sea ice due to extremely small gas content and relatively

 large blank contamination by the extraction system.  

3.1. Introduction 
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Methane (CH4) is an important greenhouse gas and its global warming potential 

(GWP) is about 28 times larger than carbon dioxide (CO2) at centennial timescales (Stocker 

et al., 2013). The atmospheric CH4 mixing ratio ([CH4]) shows rapid growth since the human 

industrialization (Etheridge et al., 1992; Macfarling-Meure et al., 2006) and according to 

most of climate model scenarios, atmospheric [CH4] is expected to increase in the near future 

(Stocker et al., 2013). For better understanding of future climate change, the study of past 

evolution of CH4 and its control mechanisms are essential. However, because the direct 

observation of atmosphere was started since mid-20th century, scientists use polar ice cores – 

as the unique archive of ancient air, to reconstruct past atmospheric [CH4]. Therefore, a 

precise method for extraction of gas from the ice core is important in paleoclimate study. The 

first part of this chapter describes the new wet extraction system developed in Seoul National 

University and the system performance is tested using Antarctic ice cores. 

On the other hand, there are growing observations on CH4 and nitrous oxide (N2O) 

compositions in gas enclosed in ground ice and sea ice. Previous studies found that CH4 and 

N2O compositions in ground ice and sea ice reflect no atmospheric signal, however, these 

observations provide distinct information about in-situ biogeochemical processes within 

these ice. Despite of the pioneering works having greatly extended our knowledge no 

consensus has been reached on appropriate extraction method for the enclosed gas in ice. 

Most of recent studies of ground ice and sea ice have employed the ice melting-refreezing 

(wet extraction) technique for CH4 and N2O analysis (Boereboom et al., 2013). Since the 

ground ice and sea ice contain large amount of impurities and microorganisms compared to 

polar ice cores, [CH4] and [N2O] measurements can be biased by re-activated microbial 

metabolism during melting-refreezing procedure, and this may introduce large uncertainties 

in previous findings.  

To answer the hypothesis, the wet extraction results of [CH4] and [N2O] (control 

experiments) were compared with two treated experiments: needle crusher and biocide 
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(mercuric chloride)-treated wet extraction. The needle crusher method is a technique that 

liberates the enclosed gas by crushing ice samples without melting (e.g. Ahn et al., 2009). 

Despite it prevents the microbial metabolism, the friction between the metal needles and 

impurities (soils and organic matters) may release additional CH4 from the soil aggregates 

and/or produce CH4 by reaction with released carbon with hydrogen gas (e.g. Higaki et al., 

2006). Instead, the mercuric chloride-treated wet extraction effectively inhibits microbial 

activity during melting and any friction with metals. 

Below in this Chapter, first I describe the analytical procedure of each experiment. 

Then the results of the three gas extraction methods are compared and discussed. Also 

addressed is the possible bias of the melting in sodium chloride (NaCl) solution method by 

preferential dissolution of gas species. This study may contribute to more accurate 

determination of greenhouse gases in permafrost ground ice, as well as to better 

understanding of GHG production mechanisms in permafrost.  

 

3.2. Analytical methods and ice samples 

3.2.1. Ice samples 

The ground ice samples were taken from the bluff of the two alas (thermokarst 

depression) in central Yakutia. Churapcha site (61.97°N, 132.61°E) is located about 180 km 

east from Yakutsk. 30-cm long ice wedge cores were drilled perpendicularly to the outcrop 

surface. Cyuie ice wedge (61.73°N, 130.42°E) is located about 30 km southeast from Yakutsk. 

Samples were collected from two outcrops at Cyuie site, which are named CYB and CYC 

(Kim et al., in press). The portions for gas analysis were transported by a direct passenger 

flight from Yakutsk to Seoul. The ice wedge samples were stored in a ground ice-dedicated 

chest freezer maintained under -18°C. 

Antarctic sea ice cores were recovered in November 21 of 2014 on the first-year sea 

ice in front of the Jangbogo Station (JBS), located in Terra Nova Bay (74.62°S, 164.23°E). 
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The sea ice cores were drilled using a hand auger down to 120 to 140 cm below. After 

recovery, the JBS sea ice cores were stored over the sea ice overnight, and then packed into 

an isothermal box with eutectic gels. The JBS cores were shipped to Korea by icebreaker 

Araon and stored in a deep freezer maintained under -45°C before analysis.  

 

3.2.2. Sample preparations 

The ground ice and sea ice are not homogeneous horizontally nor vertically. Therefore, 

the inhomogeneity of ice could bias the results of comparison among the adjacent ice samples. 

To minimize this bias, 100 to 200 g of ice samples were cut into 8 to 15 subsamples in cubic 

shape of ~12 g each, and, for each experiment, three randomly chosen subsamples were used 

for a gas extraction.  

  

3.2.3. Dry extraction 

[CH4]dry and [N2O]dry of ground ice and sea ice samples are measured by the needle-

crusher (dry extraction) system in SNU. The details of the system and gas extraction 

procedures are described in elsewhere (Ahn et al., 2009; Shin, 2014). As the extraction 

chamber cannot accommodate the three subsamples at once, the three subsamples are crushed 

one by one, and the extracted gas from each subsample is trapped in the same sample tube. 

The sample tubes are then attached to the GC equipped with electron capture detector (ECD) 

and FID for [CH4]dry and [N2O]dry measurements. Details of the GC-ECD-FID system are 

given in Ryu et al. (2018). The daily calibration curves were established using the working 

standards of 15.6 ± 0.2 ppm CH4, 10000 ± 30 ppm CH4, 2960 ± 89 ppb N2O, 29600 ± 888 

ppb N2O (Air Korea), and a modern air sample from surface firn at Styx Glacier, Antarctica, 

which was calibrated as 1758.6 ppb CH4 and 324.7 ppb N2O. 

To estimate the systematic contamination during the dry extraction procedure, two 

series of tests were carried out. The first is the contamination due to vacuum line and sample 
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tube. After a gas extraction for an ice subsample is completed, the sample tube is secured, 

and the remaining vacuum line is evacuated for 5 min, an identical amount of working 

standard gas is injected into the extraction chamber. This experiment is referred to as internal 

standard test. The Styx Glacier firn air in the canister is used as a working standard. The 

amount of injected standard gas is measured by the pressure gauges and internal volume of 

the vacuum line and the chamber. Then the standard gas within the chamber is trapped into a 

sample tube. As all the samples are consist of three subsamples, the internal standards are 

prepared after each subsample, and trapped together into a separate sample tube. It is found 

that [CH4] and [N2O] of the internal standard samples have reciprocal relationship with 

amount of gas in the sample tube (Figure 3.1). Although the exact cause is unclear, this 

reciprocal relationship might be resulted from the pseudo-constant amount of CH4 and N2O 

emitted from unknown contaminants inside the sample tubes.  

Another potential source of contamination is due to metal frictions during crushing, 

what is referred to as crushing effect hereafter. Higaki et al. (2006) reported that carbon from 

the damaged surface of stainless steel is reacted with hydrogen gas (H2) to produce CH4. This 

was also observed experimentally by Etheridge et al. (1998). To estimate the crushing effect, 

the dry extraction tests with the bubble-free ice and the working standard gas (Styx Glacier 

firn air) were carried out. As the ice wedge samples were crushed 10 to 60 times, it is 

necessary to figure out whether the magnitude of crushing effect differs depending on the 

number of crushing. To test this effect, the crushing effect tests were done with changing 

number of crushing from 10 to 60. Compared to internal standard results, the crushing effect 

tests increase CH4 by 0 to 3.3 ppm depending on air pressure inside the sample tube, while 

no significant increase is observed in N2O. Despite the number of tests is insufficient, any 

meaningful dependency of the crushing effect on hitting numbers is observed. However, the 

tests using bubble-free ice may not fully reflect the crushing effect of ice wedge 

measurements. The ice wedge samples include permafrost soil particles and organic matters 
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that contain certain amount of carbon and/or nitrogen. Therefore, if the carbon and/or 

nitrogen in ice wedge sample is released during crushing, at least a part of the release carbon 

and/or nitrogen can produce additional CH4 and/or N2O.  

To estimate the influences of ice wedge soil on [CH4]dry and [N2O]dry (soil crushing 

effect hereafter), the crushing effect tests were carried out with the refrozen ice wedge 

samples. The refrozen ice wedge samples were prepared from the leftover meltwater samples 

of the Churapcha and Cyuie ice wedges that were used for the control wet extraction 

experiments. The meltwater samples were refrozen and degassed by two melting-refreezing 

and evacuation procedures. The results indicate an additional increase in [CH4] compared to 

internal standards and crushing effect with bubble free ice, but no significant increment of 

[N2O] is observed (Figure 3.1). Therefore, the [CH4]dry data were corrected for the soil 

crushing effect. 
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Figure 3.1. CH4 bias compared to Styx Glacier firn air (ΔCH4 ≡ [CH4] – 1758.58 ppb) by a 

He-Cycled Closed Refrigerator (He-CCR) and sample tubes in various conditions. Dashed 

lines are the regression lines for each data.  
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Figure 3.2. N2O bias compared to Styx Glacier firn air (ΔN2O ≡ [N2O] – 324.38 ppb) by a 

He-CCR and sample tubes in various conditions. Dashed lines are the regression lines for 

each data. Note that the y-axis is expressed in ΔN2O + 50 ppb to fit exponential functions. 
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3.2.4. Control- and HgCl2-treated wet extraction 

The control- and HgCl2-treated wet extraction experiments were carried out by using 

the extraction line described in Chapter 2. This section details the modifications made for 

simultaneous measurement of [CH4] and [N2O]. The bellows toggle valves of the sample 

flask flanges were changed to diaphragm valves that are more resistant to corrosion by HgCl2. 

The He-CCR device was attached to a free port of the vacuum line to cryogenically trap the 

extracted gas in the sample tubes. The gas extraction procedure is identical to that explained 

in Chapter 2. For HgCl2-treated tests, 250 μL of 0.15 M HgCl2 solution was added in the 

sample flasks, and then the flasks were chilled within a deep freezer maintained below -45°C 

to prevent dissolution of laboratory air into the solution. After the wet extraction procedure 

is completed, the vacuum pump is closed, the temperature of the ethanol bath is measured, 

and the sample gas is expanded to P2 (in Figure 2.1) for TAC estimation. The P1 (in Figure 

2.1) is remained closed. Then the valves of the He-CCR and a sample tube are opened. The 

gas transport is monitored by P2. Once the pressure of P2 gauge drops to zero, the sample 

tube and the flask are closed and the vacuum line is evacuated for 5 min. The CH4 and N2O 

compositions of the sample gas are determined by the GC-ECD-FID system. Correction for 

CH4 solubility effect is estimated with gas extraction efficiency and direct measurement of 

[CH4] of air trapped in refrozen meltwater ([CH4]refrozen) as described in Section 2.3.  

The systematic blank contaminations for both control- and HgCl2-treated wet 

extraction experiments were tested using bubble free ice and the working standard gas. Three 

pieces of bubble free ice having similar dimensions were placed in each sample flask, and 

the other procedures are done identically with the real sample experiments. The results 

indicate that the blank contamination of wet extraction experiments is not significantly 

different with that of dry extraction, therefore the control wet- and HgCl2-treated wet 

extraction data were corrected by the regression curve of the composite data set of bubble-

free ice experiments using dry- and wet extraction systems.  
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3.3. Results and Discussion 

3.3.1. Methane  

The comparison of [CH4] by three different gas extraction methods using Churapcha 

and Cyuie ice wedges demonstrates that [CH4]wet results are significantly higher than [CH4]dry 

(p<0.05, two-sided paired t-test). In the individual ice wedge, the null hypothesis of no 

difference ([CH4]wet = [CH4]dry) is rejected at 10% significance level in Cyuie (p=0.06, two-

sided paired t-test), but is not rejected in Churapcha ice wedge (p=0.21, two-sided paired t-

test). This is at least partly because the two ice wedges exhibit different ranges of [CH4] due 

to different geochemical characteristics (see Chapter 6). Instead, it is more reliable to 

compare with ratios of [CH4]wet to [CH4]dry, and [CH4]wet to [CH4]wet,Hg, which are referred to 

as wet-dry ratio and wet-Hg ratio, respectively. The average wet-dry ratio from the both ice 

wedges of 1.5 ± 0.8 (mean ± 1σ) is overall greater than unity, with four exceptions. The null 

hypothesis (wet-dry ratio=1) is rejected at better than 95% in one-sided t-test. The Churapcha 

and Cyuie ice wedges exhibit the wet-dry ratio of 1.4 ± 0.3 (mean ± 1σ, p=0.09) and 1.6 ± 

0.8 (mean ± 1σ, p<0.05), respectively. The wet-dry comparisons indicate that that [CH4]wet is 

in general higher than [CH4]dry. This could be resulted from (1) [CH4] overestimation during 

wet extraction, or (2) underestimation by dry extraction. However, taking into account of the 

crushing effect for ice wedges, the latter is unlikely to explain the observed increase in [CH4] 

by wet extraction. 

To assess the hypothesis that additional CH4 is produced by microbial activity during 

wet extraction, the [CH4]wet results are compared with [CH4]wet,Hg. The mean [CH4]wet of the 

both ice wedges is again significantly higher than [CH4]wet,Hg (p<0.01, two-sided paired t-

test). The individual ice wedges exhibit the enrichment of [CH4]wet compared to [CH4]wet,Hg 

(p<0.05 for both ice wedges, two-sided paired t-test). Consequently, the average wet-Hg ratio 

of both ice wedges is given 2.1 ± 1.7 (mean ± 1σ) that rejects the null hypothesis (wet-Hg 

ratio = 1) at 99% significant level in one-sided t-test. The mean wet-Hg ratios of Churapcha 
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and Cyuie samples are 2.6 ± 2.4 (mean ± 1σ) and 1.7 ± 0.7 (mean ± 1σ), respectively. The 

results of comparison between control- and HgCl2-treated wet extraction indicate that 

microbial activity might be an important factor that is responsible for the [CH4]wet increase. 

On the other hand, the wet-dry ratio and wet-Hg ratio are increasing with increasing 

[CH4]wet. For [CH4]wet higher than ~20 ppm, [CH4]dry and [CH4]wet,Hg show nearly flat trend 

as [CH4]wet continue increasing (Figure 3.3). This may imply that [CH4] bias due to wet 

extraction is maximized in the ice wedge samples having higher [CH4] than ~20 ppm, for 

instance, the Alaskan ice wedges (see Chapter 6). In the meanwhile, the positive correlations 

between [CH4]dry and [CH4]wet (r=0.77, p<0.05) and between [CH4]wet and [CH4]wet,Hg (r=0.75, 

p<0.01) imply that the randomly chosen subsamples are well mixed, despite the four samples 

exhibit higher [CH4]dry values than [CH4]wet (Figure 3.4). There are also two samples that 

show higher [CH4]wet,Hg than [CH4]wet, which could be due to underestimation of systematic 

blank in HgCl2-treated bubble free ice tests, and/or casual selection of high CH4 samples in 

control sample flask.  

 

3.3.2. Nitrous oxide 

Unlikely to methane, the two-sided paired t-tests indicate that no significant 

difference exists among [N2O]dry, [N2O]wet, and [N2O]wet,Hg (Table 3.2). The mean wet-dry 

ratio of N2O from both ice wedges exhibits a wide range of 5.8 ± 11.7 (mean ± 1σ), but 

excluding the two samples (CYB-02-D and CYC-02-B) whose wet-dry ratios exceed 10, it 

becomes 1.7 ± 1.7 (mean ± 1σ). The mean wet-Hg ratio from both ice wedges is given 1.6 ± 

1.1 (mean ± 1σ). The one-sided paired t-test rejects the null hypothesis (wet-Hg ratio=1) at 

better than 95%. Figure 3.3 exhibits no significant trends of [N2O]dry and [N2O]wet,Hg 

depending on [N2O]wet. Therefore, no strong evidence is found that [N2O] analysis results are 

significantly affected by microbial activity during wet extraction. 
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Figure 3.3. Dry- and HgCl2-treted wet extractions compared to control wet extraction. The 

grey dashed lines indicate the slope of 1.  
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Figure 3.4. Comparison of the [CH4] and [N2O] measured by three extraction methods. 
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3.3.3. Reliability of previous method of melting within saturated NaCl solution 

Most former works by Russian scientists on CH4 concentration in ground ice samples 

employed a simple and field-deployable gas extraction method (e.g. Arkhangelov and 

Novgorodova, 1991; Brouchkov and Fukuda, 2002; Cherbunina et al., 2018a). The detailed 

description is given elsewhere in Arkhangelov and Novgorodova (1991) and Cherbunina et 

al. (2018b). In brief, a 1–3 kg of ground ice is melted in 10–15 L of NaCl saturated solution, 

and a funnel is placed upside down into the solution to trap the bubbles. The other side of 

funnel is connected to a 50 mL glass vial filled with NaCl solution so that the extracted gas 

is trapped in the headspace of the vial. After the ice sample is completely melted, the vials 

are transported to measure CH4 mixing ratio. This method allows the immediate gas 

extraction in the sampling site and prevents possible contaminations by partial melt of ground 

ice during transportation. However, the authors did not consider the gas solubility effect (see 

Section 2.3.2). Arkhangelov and Novgorodova (1991) argued that the gas solubility would 

be minimized in the saturated NaCl solution and any correction was made for the solubility 

effect. Therefore, below in this section I roughly estimate the solubility effect of the saturated 

NaCl method.  

Assuming a constant temperature of NaCl solution of 20°C, molality of the NaCl 

solution of 6.15 mol kg-1, gas pressure of the headspace of the vial of 1 bar, ice sample mass 

of 2 kg, and the total air content of 30 mL kg-1. Also assumed is that the time for transportation 

of the 50 mL vials to the laboratory is much longer than the time for melting, so that the 

sample gas is equilibrated only with the NaCl solution in 50 mL vial. The assumed 

composition of sample gas is: N2 (84%), O2 (5%), Ar (1%), CO2 (10%), CH4 (0.05%) and 

N2O (0.005%). The thermodynamic models were extrapolated to calculate gas solubilities of 

N2 (Mao and Duan, 2006), O2 (Geng and Duan, 2010), CO2 (Duan and Sun, 2003), and CH4 

(Duan and Mao, 2006). Ar solubility was calculated by Setschenow equation with Bunsen 

coefficient in pure water (Weiss, 1970) and parameterization of salting out effect by Smith 
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and Kennedy (1983). All gas solubilities are calculated as moles of gas dissolved in unit 

kilogram of saturated NaCl solution (in mol kg-1). Resulting sum of the gas solubilities yields 

0.05 mmol in 50 mL of saturated NaCl solution, implying that about 2% of extracted gas 

from 2 kg of ice wedge sample (2.68 mmol) is dissolved under equilibrium. The [CH4] and 

[N2O] in the dissolved air are given as 110 and 275 ppm, respectively. Therefore, applying 

the solubility correction formula described in Section 2.3.2 yields [CH4]total of 492 ppm and 

[N2O]total of 54 ppm. This results demonstrate that the saturated NaCl method could 

overestimate [CH4] by ~1.6% and underestimate [N2O] by ~9.0%. It should be noted that 

dissolution during melting is not considered and hence the above results would be lower 

bound estimates. 

Another aspect that should be considered is microbial activity in NaCl solution. The 

saturated NaCl method is based on the assumption that microbial activity is entirely inhibited. 

However, previous works have reported halophilic methanogens (e.g. Paterek and Smith, 

1985; Sorokin et al., 2017) and denitrifiers (e.g. Mancinelli and Hochstein, 1986; Sorokin et 

al., 2006). Therefore, HgCl2-treated wet extraction would be a more suitable method for 

ground ice samples because the microbial activities are more efficiently inhibited by HgCl2 

and gas dissolution is minimized by refreezing the meltwater. 
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Table 3.1. CH4 mixing ratios measured by three extraction methods ([CH4]dry, [CH4]wet, and 

[CH4]wet,Hg) from Churapcha (CHC) and Cyuie (CYB and CYC) ice wedges.  

 

Sample ID 
[CH4]dry [CH4]wet [CH4]wet,Hg Wet/dry 

ratio 

Wet/Hg 

ratio ppm 

CHC-07 3.8 4.9 3.2 1.3 1.5 

CHC-19 2.7 3.3 2.8 1.2 1.2 

CHC-10 6.1 5.5 3.8 0.9 1.4 

CHC-08 1.6 5.3 1.3 3.3 4.1 

CHC-18 2.4 3.4 0.4 1.4 8.5 

CHC-30 4.2 4.4 2.6 1.0 1.7 

CHC-04 8.1 7.0 6.1 0.9 1.1 

CHC-12 2.6 3.2 3.7 1.2 0.9 

CYB-06-A 13.4 39.1 11.6 2.9 3.4 

CYC-02-A 5.8 8.0 5.2 1.4 1.5 

CYC-03-B 15.5 20.3 20.5 1.3 1.0 

CYB-05-C 11.3 19.4 13.5 1.7 1.4 

CYB-02-D 7.0 8.3 5.0 1.2 1.7 

CYB-02-C 6.7 5.3 7.8 0.8 0.7 

CYB-04-D 8.4 10.5 8.2 1.3 1.3 

CYC-01-C 14.9 13.9 10.2 0.9 1.4 

CYC-03-C 29.3 30.9 13.2 1.1 2.3 

CYC-02-B 9.3 30.3 13.6 3.3 2.2 
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Table 3.2. N2O mixing ratios measured by three extraction methods ([N2O]dry, [N2O]wet, and 

[N2O]wet,Hg) from Churapcha (CHC) and Cyuie (CYB and CYC) ice wedges. 

 

Sample ID 
[N2O]dry [N2O]wet [N2O]wet,Hg Wet/dry 

ratio 

Wet/Hg 

ratio ppm 

CHC-10 48.1 65.0 31.7 1.4 2.1 

CHC-08 76.5 42.1 46.6 0.6 0.9 

CHC-18 19.4 15.8 14.8 0.8 1.1 

CHC-30 14.1 22.3 13.5 1.6 1.7 

CHC-04 34.4 43.3 39.9 1.3 1.1 

CHC-12 58.6 62.7 47.2 1.1 1.3 

CHC-07 113.7 86.6 119.2 0.8 0.7 

CYB-06-A 0.5 0.7 0.2 1.4 3.3 

CYC-02-A 0.5 0.7 0.2 1.4 3.4 

CYC-03-B 0.8 1.4 0.9 1.8 1.6 

CYB-05-C 0.9 1.0 1.9 1.1 0.5 

CYB-02-D 0.3 13.4 4.7 44.7 2.8 

CYB-02-C 1.3 2.9 3.5 2.2 0.8 

CYB-04-D 0.5 3.9 1.1 7.8 3.6 

CYC-01-C 0.7 0.7 3.2 1.0 0.2 

CYC-03-C 0.7 0.6 3.6 0.9 0.2 

CYC-02-B 0.3 8.6 3.7 28.7 2.3 
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3.3.4. Sea ice 

The JBS sea ice samples show a mean wet-dry ratio of 0.6 ± 0.3 (1σ), rejecting the 

null hypothesis (wet-dry ratio=1) at 90% significant level (p=0.07). However, given that 

scattering of the internal standard tests covering the pressure range of sea ice samples 

becomes larger than ice wedges, the analytical uncertainty should be taken into account. The 

pooled standard deviation of the five internal standard results is 1.3 ppm. The null hypothesis 

that the average offset between [CH4]dry and [CH4]wet is 1.3 ppm cannot be rejected at 90% 

significance level (p=0.13). On the other hand, [CH4]wet,Hg results are not significantly 

different from [CH4]wet (p=0.96).  

In N2O, the average wet-dry and wet-Hg ratios are slightly greater than unity, but both 

are statistically insignificant. If excluding the JBS3-8 sample that shows the highest [N2O]wet 

value, the [N2O]wet,Hg results are significantly lower than [N2O]wet, and the mean wet-Hg ratio 

becomes 0.6 ± 0.2 (1σ, p<0.01). This may imply that N2O consumption mechanisms likely 

occur by microbial activity during wet extraction. However, the fact that [N2O]dry values are 

the lowest among [N2O]wet and [N2O]wet,Hg makes interpretation difficult. As the microbial 

activities are supposed to be inhibited in both dry and HgCl2-treated wet extraction, the offset 

between [N2O]dry and [N2O]wet,Hg might be related to physico-chemical factors. For example, 

it can be hypothesized that needle crushing method cannot extract the highly concentrated 

N2O in brine, unlikely to wet extraction where the brine portion of N2O is extracted as well. 

This hypothesis could partly explain the apparently higher [CH4]dry than [CH4]wet and 

[CH4]wet,Hg, because [CH4] in brine would be lower than [CH4]dry, as shown in the previous 

section. Based on the above evidences, the influences of different gas extraction techniques 

on [CH4] and [N2O] analysis are not clear. To provide a clearer insight, future studies should 

use larger sea ice samples to obtain enough quantity of gas, and address which portion of gas 

is extracted by each methodology. 
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Table 3.3. CH4 and N2O mixing ratios measured by three extraction methods using JBS sea ice samples. NA indicates “not available” due to 

no analysis.  

 

Sample ID 
[CH4]dry [CH4]wet [CH4]wet,Hg Wet/dry 

ratio 

Wet/Hg 

ratio 

[N2O]dry [N2O]wet [N2O]wet,Hg Wet/dry 

ratio 

Wet/Hg 

ratio 
ppm ppm ppm ppm ppm ppm 

JBS4-04 NA 6.3 7.2 NA 1.1 NA 7.3 10.1 NA 0.7 

JBS4-05 10.7 11.4 16.2 1.1 1.4 3.5 4.2 11.5 1.2 0.4 

JBS4-06 13.2 2.8 6.0 0.2 2.1 3.0 2.5 7.0 0.8 0.4 

JBS4-09 NA 17.4 14.7 NA 0.9 NA 7.5 19.3 NA 0.4 

JBS4-10 NA 27.5 27.8 NA 1.0 NA 5.9 10.6 NA 0.6 
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Figure 6.11. Comparison between CH4 and N2O compositions from the five ice wedges.  
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Unlikely to CO2 and CH4, the ice wedge N2O compositions are both higher and lower 

than atmospheric mixing ratios. N2O is produced by nitrification and denitrification processes. 

Nitrification is dominant under presence of O2, and denitrification becomes dominant once 

anoxia is reached. Aerobic denitrification is unlikely to occur in ice wedges because of cold 

temperatures (e.g. Ji et al., 2015). Denitrification is carried out by a variety of denitrifying 

bacteria and catalyzed by enzymes involved in each step of denitrification. However, there is 

a number of abiotic N2O production pathways, including chemo-denitrification, oxidation of 

hydroxylamine (NH2OH), and snow/ice melting. Chemo-denitrification is chemical 

reduction of NO3
- (and its reduced forms) by reaction with ferrous iron (Fe2+) (e.g. Picardal, 

2012). The N2O production by chemo-denitrification has been observed in dark, subzero 

temperature environment in Antarctic lake (Ostrom et al., 2016). Chemo-denitrification 

prefers NO2
- over NO3

- to produce N2O and N2 (Samarkin et al., 2010), and is characterized 

by higher N2O:N2 production ratio than microbial denitrification (Moraghan and Buresh, 

1977; Senbayram et al., 2012). Therefore, chemo-denitrification consumes less NO3
- and 

produces less N2O than microbial denitrification. The molar ratios of NO3
- to N2O in the 

Siberian ice wedges (Churapcha, Cyuie, and Syrdakh) is less than 5% (0.7 ± 1.0% in average), 

indicating that a minor portion of available NO3
- was reduced to N2O. This evidence favors 

chemo-denitrification dominance, but lack of other information makes the source 

discrimination elusive. Chemical decomposition of NH2OH was recognized as an important 

abiotic N2O source (e.g. Bremner, 1997; Schreiber et al., 2012). NH2OH is microbially 

produced via the first step of nitrification, but is hardly detectable in soils due to high 

reactivity (e.g. Heil et al., 2016). The NH2OH is chemically oxidized with ferric iron (Fe3+) 

or manganese (IV) (e.g. Zhu-barker et al., 2015). The chemical oxidation of NH2OH occurs 

dominantly in acidic condition, because, at higher pH, unprotonated NH2OH (NH3OH+) 

reacts with soil organic matters rather than with Fe3+ and Mn4+ to produce N2O (Thorn et al., 

1992). Therefore, the N2O production by chemical oxidation of NH2OH is considered as 
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minor. The other possible cause for elevated N2O is partial melting of snow/ice for the 

samples where no δ(N2/Ar) data are available. The average atmospheric N2O mixing ratio 

over 28000–40000 year BP is 223 ppb (Schilt et al., 2010). Using the theoretical gas 

solubilities (Fogg and Sangster, 2003), the snow/ice melting and dissolution of atmospheric 

N2O would increase N2O composition in refrozen ice up to the order of ~10 ppm under 

equilibrium. Most of the observed N2O composition in Cyuie and Syrdakh ice wedges lie in 

this range, while most of the Churapcha samples are higher than ~10 ppm. However, the 

inverse relationship between CH4 and N2O is not supported by melting because, if snow/ice 

melting is dominant alteration process, it should increase CO2, CH4, and N2O compositions 

simultaneously. Therefore, it can be inferred that the snow/ice melting would not be a 

dominant alteration process. 

On the other hand, since N2O is not an end-product of denitrification, N2O can be 

further reduced to N2, despite only about one-third of denitrifiers have the N2O reducing 

enzyme (e.g. Miteva et al., 2016). The activity of the N2O reducing enzyme is dependent on 

temperature (e.g. Melin and Nômmik, 1983) and pH (e.g. Liu et al., 2010). However, large 

difference in temperature among the three Siberian ice wedges is unlikely because the 

Siberian ice wedge sites are close each other, and the pH of meltwater samples exhibit similar 

values. 
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Figure 6.12. Boxplot of (a) CO2, (b) CH4, and (c) N2O compositions in Cyuie, Churapcha, 

Syrdakh, and Fox tunnel TD and 38W ice wedges (from left to right column). Note that the 

y-axis is ploted in log scale. 

  



152 

 

6.4.4. Different GHG compositions among the ice wedges 

Despite of the close locations of the Churapcha, Cyuie, and Syrdakh ice wedges, the 

three study sites exhibit different CH4-N2O compositions. The Churapcha ice wedges exhibit 

N2O compositions as high as ~80 ppm, while CH4 compositions are lower than 20 ppm. In 

contrast, Cyuie and Fox Tunnel ice wedges show high CH4 compositions up to ~130 ppm 

and N2O compositions are lower than 6 ppm. Syrdakh ice wedges have both lower 

compositions of CH4 and N2O, but the number of samples is not enough to see the overall 

range. 

The Churapcha ice wedge ice contain higher NO3
- and SO4

2- concentrations compared 

to Cyuie and Fox Tunnel ice wedges (Table 6.2). The NO3
- and SO4

2- are used as alternative 

electron acceptors in the reduction-oxidation (redox) reactions under anoxic environment. 

The redox potentials of the NO3
- and SO4

2- reductions are higher than methanogenesis. 

Therefore, the higher NO3
- and SO4

2- concentrations imply that microbial CH4 production 

might be hampered in Churapcha ice wedges. In contrast, the NO3
- and SO4

2- are relatively 

depleted in Cyuie ice wedges (Table 6.2). This indicates that redox potential in the Cyuie ice 

wedge ice has been depleted, and hence it is more favorable condition for methanogenesis. 

Then, why the NO3
- and SO4

2- are more depleted in Cyuie than Churapcha ice wedges?  

One possible explanation is that different organic matter inputs could change redox 

condition in ice. The pollen records from lake sediments in central Yakutia demonstrate 

abrupt vegetation shifts from herbs to shrubs and trees roughly over 20–10 kyr BP (Demske 

et al., 2005; Muller et al., 2010; Tarasov et al., 2007). Therefore, considering the radiocarbon 

age of each site, it is likely that organic matters from shrubs and trees were introduced in the 

Cyuie ice wedges, while the organic matters in the Churapcha ice wedges were dominantly 

from herbs. As the plant litters of shrubs and trees show higher C/N ratio than herbs, the 

microbes require additional nitrogen to maintain their own C/N ratio of ~25, causing nitrate 

deficiency around soils (Weil and Brady, 2017). In the meanwhile, organic matter input from 
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herbs and degraded soils with C/N ratio lower than 25 does not lead additional nitrogen 

consumption for organic matter degradation. The high resolution analysis of major ion 

concentrations and comparison with centimeter-scale GHG data will be helpful to better 

understand of chemical control of CH4 and N2O compositions in ice wedges. 
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Figure 6.13. Boxplot of major ion concentrations of Churapcha, Syrdakh, and Fox tunnel 

ice wedge samples. 
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6.5. Conclusion 

This Chapter investigates the compositions, distributions, origins, and control 

mechanisms of GHG (CO2, CH4, and N2O) in Siberian and Alaskan ice wedges. The CO2 and 

CH4 compositions in ice wedges are greater than paleoatmospheric levels found in polar ice 

cores, indicating that in-situ CO2 and CH4 production has occurred within the ice wedge ice. 

The observed CO2 and CH4 compositions are higher than expected by physical and chemical 

alteration processes, suggesting the major source of CO2 and CH4 being microbial respiration 

and methanogenesis, respectively. The N2O compositions exhibit both lower and higher 

values compared to paleoatmospheric mixing ratio records, and are mainly controlled both 

by microbial and/or chemical denitrification. The major ion concentrations in ice wedge 

meltwaters suggest that redox status in ice could be an important control on in-situ CH4 and 

N2O production. The high resolution GHG analysis provide evidences for smoothing of GHG 

variabilities by gas diffusion in ice. The non-significant difference in GHG compositions 

between dark- and clear ice could be partly explained by diffusion.  
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Table 6.6. Summary of discrete GHG measurements of the ice wedge core samples from 

Churapcha site. 
 

 

 

 

 

 

 

 

 

Samples 
weight [CO2]dry [CH4]dry [N2O]dry 

g % ppm ppm 

CHC-01-1 10.1 10.6 22.5 1.5 

CHC-01-2 12.5 9.9 9.2 2.2 

CHC-02-1 9.1 11.6 16.0 16.7 

CHC-03-1 10.0 12.1 5.4 11.1 

CHC-03-2 8.3 11.3 5.9 16.3 

CHC-05-1 12.0 12.1 2.9 111.2 

CHC-05-2 7.4 10.8 4.3 112.2 

CHC-05-3 9.3 11.5 3.6 116.3 

CHC-07-1 9.3 10.2 4.1 77.2 

CHC-09-1 7.7 10.8 4.2 45.9 

CHC-11-1 8.5 11.9 6.3 91.3 

CHC-13-1 8.3 11.2 9.9 68.1 

CHC-15-1 7.5 10.3 3.6 51.6 

CHC-15-2 11.4 10.9 5.9 60.7 

CHC-16-1 6.7 13.8 5.9 16.7 

CHC-17-1 10.7 11.4 7.2 11.9 

CHC-19-1 8.3 12.8 3.8 40.9 

CHC-21-1 9.0 11.8 3.1 43.5 

CHC-21-2 13.6 10.7 3.7 88.5 

CHC-23-1 8.8 11.9 4.6 40.7 

CHC-25-1 8.9 10.7 3.7 88.5 

CHC-26-1 9.8 12.1 4.1 87.3 

CHC-27-1 8.9 11.8 1.3 18.2 

CHC-27-2 8.4 12.1 4.5 19.5 

CHC-31-1 9.3 8.2 4.5 6.7 

CHC-33-1 10.2 8.3 6.4 14.4 
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Table 6.7. Summary of discrete GHG measurements of Syrdakh ice wedges. 

 Samples weight [CO2]dry [CH4]dry [N2O]dry 

 g % ppm ppm 

SYR-02-1 13.7 6.5 4.4 2.3 

SYR-03-1 11.4 8.3 5.0 2.6 

SYR-04-1 9.6 9.5 8.0 2.6 

SYR-05L-1 10.0 10.7 3.3 0.7 

SYR-05R-1 7.6 8.9 9.1 0.5 

SYR-06L-1 6.5 6.8 4.7 2.6 

SYR-06R-1 9.7 5.1 6.1 15.0 

SYR-08-1 13.4 6.3 3.7 0.4 
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Table 6.8. Summary of discrete GHG measurements of Cyuie ice wedges. Data of Kim et al. 

(2019) are not included. The gas composition below detection limit is denoted as ND  

 

  
Samples 

weight [CO2]dry [CH4]dry [N2O]dry 

g % ppm ppm 

CYB-01-a-1 13.4 11.7 14.2 2.0 

CYB-01-a-2 9.9 13.2 12.7 0.1 

CYB-01-d-1 10.0 9.9 28.0 0.7 

CYB-02-a-1 14.5 9.5 21.7 1.5 

CYB-02-b-1 10.0 10.4 86.2 0.3 

CYB-02-c-1 9.9 10.3 30.2 0.5 

CYB-04-d-1 10.3 10.3 11.3 0.5 

CYB-05-a-1 11.9 7.8 56.2 0.4 

CYB-05-b-1 10.5 11.0 18.7 2.2 

CYB-05-c-1 12.5 11.4 11.8 1.2 

CYB-06-b-1 9.5 7.4 47.4 0.1 

CYC-01-b-1 9.3 11.9 11.0 5.5 

CYC-01-c-1 9.3 10.5 32.2 1.6 

CYC-02-c-1 10.4 11.1 62.8 2.4 

CYC-03-a-1 10.3 ND 34.7 ND 

CYC-03-b-1 7.7 9.0 91.2 2.1 

CYC-03-c-1 12.0 11.4 74.8 0.4 



159 

 

References 

Abram, N. J., Mulvaney, R., Vimeux, F., Phipps, S. J., Turner, J., and England, M. H.: 

Evolution of the Southern Annular Mode during the past millennium, Nature Climate 

Change, 4, 564-569, 2014. https://doi.org/10.1038/nclimate2235 

Agnihotri, R., Dutta, K., Bhushan, R., and Somayajulu, B. L. K.: Evidence for solar forcing 

on the Indian monsoon during the last millennium, Earth Planetary Science Letters, 

198, 521-527, 2002. 

Ahn, J., Brook, E. J., and Howell, K.: A high-precision method for measurement of 

paleoatmospheric CO2 in small polar ice samples, Journal of Glaciology, 55, 499-506, 

2009. 

Ahn, J., Brook, E. J., and Buizert, C.: Response of atmospheric CO2 to the abrupt cooling 

event 8200 years ago, Geophysical Research Letters, 41, 604-609, 2014. 

Alley, R. B., and Koci, B. R.: Recent warming in central Greenland?. Annals of Glaciology, 

14, 6-8, 1990. https://doi.org/10.3189/S0260305500008144 

Andreae, M. O., and Merlet, P.: Emission of trace gases and aerosols from biomass burning, 

Global Biogeochemical Cycles, 15, 955-966, 2001. 

Arrigo, K. R., and van Dijken, G. L.: Phytoplankton dynamics within 37 Antarctic coastal 

polynya systems, Journal of Geophysical Research, 108, 3271, 2003. 

https://doi.org/10.1029/2002JC001739 

Avalakki, U., Strong, W., and Saffigna, P.: Measurement of gaseou semissions from 

denitrification of applied 15N, 2. Effects of temperature and added straw, Australian 

Journal of Soil Research, 33, 89-99, 1995, doi:10.1071/SR9950089. 

Barrett, B. E., Nicholls, K. W., Murray, T., Smith, A. M., and Vaughan, D. G.: Rapid recent 

warming on Rutford Ice Stream, West Antarctica, from borehole thermometry, 

Geophysical Research Letters, 36, L02708, 2009. 

https://doi.org/10.1029/2008GL036369 

Baumgartner, M., Kindler, P., Eicher, O., Floch, G., Schilt, A., Schwander, J., Spahni, R., 

Capron, E., Chappellaz, J., Leuenberger, M., Fischer, H., and Stocker, T. F.: NGRIP 

CH4 concentration from 120 to 10 kyr before present and its relation to a δ15N 

temperature reconstruction from the same ice core, Climate of the Past, 10, 903-910, 

2014. 

Berger, A., and Loutre, M. F.: Insolation values for the climate of the last 10 million years, 

Quaternary Science Reviews, 10, 297-317, 1991. 



160 

 

Berkelhammer, M., Sinha, A., Stott, L., Cheng, H., Pausata, F., and Yoshimura, K.: An abrupt 

shift in the Indian Monsoon 4000 years ago, Geophysical Monograph Series, 198, 75-

87, 2012. 

Björck, S., Muscheler, R., Kromer, B., Andresen, C. S., Heinemeier, J., Johnsen, S. J., Conley, 

D., Koç, N., Spurk, M., and Veski, S.: High-resolution analyses of an early Holocene 

climate event may imply decreased solar forcing as an important climate trigger, 

Geology, 29, 1107-1110, 2001. 

Blunier, T., Chappellaz, J., Schwander, J., Stauffer, B., and Raynaud, D.: Variations in 

atmospheric methane concentration during the Holocene epoch, Nature, 374, 46-49, 

1995. 

Blunier, T., and Brook, E. J.: Timing of millennial-scale climate change in Antarctica and 

Greenland during the last glacial period, Science, 291, 109-112, 2001. 

Blunier, T., Spahni, R., Barnola, J.-M., Chappellaz, J., Loulergue, L., and Schwander, J.: 

Synchronization of ice core records via atmospheric gases, Climate of the Past, 3, 

325-330, 2007. 

Boereboom, T., Samyn, D., Meyer, H., and Tison, J. -L.: Stable isotope and gas properties of 

two climatically contrasting (Pleistocene and Holocene) ice wedges from Cape 

Mamontov Klyk, Laptev Sea, northern Siberia, The Cryosphere, 7, 31-46, 2013, 

doi:10.5194/tc-7-31-2013. 

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen, 

H., Hajdas, I., and Bonani, G.: A pervasive millennial-scale cycle in North Atlantic 

Holocene and Glacial climates, Science, 278, 1257-1266, 1997. 

Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M. N., Showers, W., Hoffmann, S., 

Lotti-Bond, R., Hajdas, I., and Bonani, G.: Persistent solar influence on North 

Atlantic climate during the Holocene, Science, 294, 2130-2136, 2001. 

Bosikov, N. P.: Evolution of alases in central Yakutia, Permafrost Institute, Siberian Division 

of Russian Academy of Science, Yakutsk, Russia, 127 pp., 1991 (in Russian). 

Bowman, J. P., McCammon, S. A., and Skerratt, J. H.: Methylosphaera hansonii gen. nov., 

sp. nov., a psychrophilic, group I methanotroph from Antarctic marine-salinity, 

meromictic lakes, Microbiology, 143, 1451-1459, 1997. 

Bremner, J. M.: Sources of nitrous oxide in soils, Nutrient Cycling in Agroecosystems, 49, 7-

16, 1997. 

Broccoli, A. J., Dahl, K. A., and Stouffer, R. J.: Response of the ITCZ to northern hemisphere 

cooling, Geophysical Research Letters, 33, L01702, 2006. 



161 

 

Brook, E. J., Sowers, T., and Orchardo, J.: Rapid variations in atmospheric methane 

concentration during the past 110,000 years, Science, 273, 1087-1091, 1996. 

Brook, E. J., Harder, S., Severinghaus, J. P., Steig, E. J., and Sucher, C. M.: On the origin 

and timing of rapid changes in atmospheric methane during the last glacial period, 

Global Biogeochemical Cycles, 14, 559-572, 2000. 

Brook, E. J., White, J. W. C., Schilla, A. S. M., Bender, M. L., Barnett, B., Severinghaus, J. 

P., Taylor, K. C., Alley, R. B., and Steig, E. J.: Timing of millennial-scale climate 

change at Siple Dome, West Antarctica, during the last glacial period, Quaternary 

Science Reviews, 24, 1333-1343, 2005. 

Brosius, L. S., Walter Anthony, K. M., Grosse, G., Chanton, J. P., Farquharson, L. M., 

Overduin, P. P., and Meyer, H.: Using the deuterium isotope composition of 

permafrost meltwater to constrain thermokarst lake contributions to atmospheric CH4 

during the last deglaciation, Journal of Geophysical Research, 117, G01022, 2012. 

Brouchkov, A., and Fukuda, M.: Preliminary measurements on methane content in 

permafrost, central Yakutia, and some experimental data, Permafrost Periglacical 

Processes, 13, 187-197, 2002, doi:10.1002/ppp.422. 

Buiron, D., Chappellaz, J., Stenni, B., Frezzotti, M., Baumgartner, M., Capron, E., Landais, 

A., Lemiux-Dudon, B., Masson-Delmotte, V., Montagnat, M., Parrenin, F., and Schilt, 

A.: TALDICE-1 age scale of the Talos Dome deep ice core, East Antarctica, Climate 

of the Past, 7, 1-16, 2011. 

Buizert, C., Martinerie, P., Petrenko, V. V., Severinghaus, J. P., Trudinger, C. M., Witrant, 

E., Rosen, J. L., Orsi, A. J., Rubino, M., Etheridge, D. M., Stelle, L. P., Hogan, C., 

Laube, J. C., Sturges, W. T., Levchenko, V. A., Smith, A. M., Levin, I., Conway, T. 

J., Dlugokencky, E. J., Lang, P. M., Kawamura, K., Jenk, T. M., White, J. W. C., 

Sowers, T., Schwander, J., and Blunier, T.: Gas transport in firn: multiple-tracer 

characterization and model intercomparison for NEEM, Northern Greenland, 

Atmospheric Chemistry and Physics, 12, 4259-4227, 2012. 

https://doi.org/10.5194/acp-12-4259-2012 

Buizert, C., Cuffey, K. M., Severinghaus, J. P., Baggenstos, D., Fudge, T. J., Steig, E. J., 

Markel, B. R., Winstrup, M., Rhodes, R. H., Brook, E. J., Sowers, T. A., Clow, G. D., 

Cheng, H., Edwards, R. L., Sigl, M., McConnell, J. R., and Taylor, K. C.: The WAIS 

Divide deep ice core WD2014 chronology – Part 1: Methane synchronization (68-31 

ka BP) and the gas age-ice age difference, Climate of the Past, 11, 153-173, 2015. 

https://doi.org/10.5194/cp-11-153-201 



162 

 

Chappellaz, J., Barnola, J. -M., Raynaud, D., Korotkevich, Y. S., and Lorius, C.: Ice-core 

record of atmospheric methane over the past 160,000 years, Nature, 345, 127-131, 

1990.  

Chappellaz, J., Blunier, T., Raynaud, D., Barnola, J. M., Schwander, J., and Stauffer, B.: 

Synchronous changes in atmospheric CH4 and Greenland climate between 40 and 8 

kyr BP, Nature, 366, 443-445, 1993. 

Chappellaz, J., Blunier, T., Kints, S., Dällenbach, A., Barnola, J.-M., Schwander, J., Raynaud, 

D., and Stauffer, B.: Changes in the atmospheric CH4 gradient between Greenland 

and Antarctica during the Holocene, Journal of Geophysical Research, 102, 15987-

15997, 1997. 

Chappellaz, J., Stowasser, C., Blunier, T., Baslev-Clausen, D., Brook, E., Dallmayr, R., Faïn, 

X., Lee, J. E., Mitchell, L. E., Pascual, O., Romanini, D., Rosen, J., and Schüpbach, 

S.: High-resolution glacial and deglacial record of atmospheric methane by 

continuous-flow and laser spectrometer analysis along the NEEM ice core, Climate 

of the Past, 9, 2579-2593, 2013. 

Chiang, J. C. H., and Bitz, C. M.: Influence of high latitude ice core on the marine 

intertropical convergence zone, Climate Dynamics, 25, 477-496, 2005. 

Chiang, J. C. H., Cheng, W., and Bitz, C. M.: Fast teleconnections to the tropical Atlantic 

sector from Atlantic thermohaline adjustment, Geophysical Research Letters, 35, 

L07704, 2008. 

Christensen, T. R., Johansson, T., Jonas Å kerman, H., Mastepanov, M., Malmer, N., Friborg, 

T., Crill, P., and Svensson, B. H.: Thawing sub-arctic permafrost: effects on 

vegetation and methane emissions, Geophysical Research Letters, 31, L04501, 2004. 

Clow, G. D., Saltus, R. W., and Waddington, E. D.: A new high-precision borehole-

temperature logging system used at GISP2, Greenland, and Taylor Dome, Antarctica. 

Journal of Glaciology, 42, 576-584, 1996. 

https://doi.org/10.3189/S0022143000003555 

Collins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T., Friedlingstein, P., Gao, X., 

Gutowski, W. J., Johns, T., Krinner, G., Shongwe, M., Tebaldi, C., Weaver, A. J., and 

Wehner, M.: Long-term climate change: Projections, commitments and irreversibility. 

In Climate Change 2013: The Physical Science Basis. Contribution of Working 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change,  Cambridge University Press, Cambridge, UK, 2013. 



163 

 

Comiso, J. C., Gersten, R. A., Stock, L. V., Turner, J., Perez, G. J., and Cho, K.: Positive 

trend in the Antarctic sea ice cover and associated changes in surface temperature. 

Journal of Climate, 30, 2251-2267, 2017. https://doi.org/10.1175/JCLI-D-16-0408.1 

Cortés-Lorenzo, C., Rodrigues-Díaz, M., Sipkema, D., Juárez-Jiménez, B., Rodelas, B., 

Smidt, H., and González-López, J.: Effect of salinity on nitrification efficiency and 

structure of ammonia-oxidizing bacterial communities in a submerged fixed bed 

bioreactor, Chemical Engineering Journal, 266, 233-240, 2015. 

doi:10.1016/j.cej.2014.12.083. 

Crabeck, O., Delille, B., Thomas, D., Geilfus, N. -X., Rysgaard, S., and Tison, J. -L.: CO2 

and CH4 in sea ice from a subarctic fjord under influene of riverine input, 

Biogeosciences, 11, 6525-6538, 2014a, doi:10.5194/bg-11-6525-2014. 

Crabeck, O., Delille, B., Rysgaard, S., Thomas, D. N., Geilfus, N. -X., Else, B., and Tison, J. 

-L.: First "in situ" determination of gas transport coefficients (DO2, DAr, and DN2) 

from bulk gas concentration measurements (O2, N2, Ar) in natural sea ice, Journal of 

Geophysical Research, 119, 6655-6668, 2014b, doi:10.1002/2014JC009849. 

Craig, H., and Chou, C.: Methane: The record in polar ice cores, Geophysical Research 

Letters, 9, 1221-1224, 1982. 

Craig, H., Horibe, Y., and Sowers, T.: Gravitational separation of gases and isotopes in polar 

ice caps, Science, 242, 1675-1678, 1988. 

Cruz, F. W., Burns, S. J., Karmann, I., Sharp, W. D., Vuille, M., Cardoso, A. O., Ferrari, J. 

A., Silva Dias, P. L., and Viana, O.: Insolation-driven changes in atmospheric 

circulation over the past 116,000 years in subtropical Brazil, Nature, 434, 63-66, 2005. 

Cvijanovic, I., and Chiang, J. C. H.: Global energy budget changes to high latitude North 

Atlantic cooling and the tropical ITCZ response, Climate Dynamics, 40, 1435-1452, 

2013. 

Cui, Y. -W., Zhang, H. -Y., Ding, J. -R., and Peng, Y. -Z.: The effects of salinity on nitrification 

using halophilic nitrifiers in a Sequencing Batch Reactor treating hypersaline 

wastewater, Scientifica Reports, 6, 24825, 2016, doi:10.1038/srep24825. 

Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16, 436-468, 1964. 

https://doi.org/10.3402/tellusa.v16i4.8993 

Dansgaard, W., and Johnsen, S. J.: A flow model and a time scale for the ice core from Camp 

Century, Greenland. Journal of Glaciology, 8, 215-223, 1969. 

https://doi.org/10.3189/S0022143000031208 



164 

 

Dai, A., and Wigley, T. M. L.: Global patterns of ENSO-induced precipitation, Geophysical 

Research Letters, 27, 1283-1286, 2000. 

De Baere, L. A., Devocht, M., van Assche, P., and Verstraete, W.: Influence of high NaCl and 

NH4Cl salt levels on methanogenic associations, Water Research, 18, 54-548, 1984. 

Demske, D., Heumann, G., Granoszewki, W., Nita, M., Mamakowa, K., Tarasov, P. E., and 

Oberhansli, H.: Late glacial and Holocene vegetation and regional climate variability 

evidenced in high-resolution pollen records from Lake Baikal, Global and Planetary 

Change, 46, 255-279, 2005. 

Deplazes, G., Luckge, A., Peterson, L. C., Timmermann, A., Hamann, Y., Hughen, K. A., 

Rohl, U., Laj, C., Cane, M. A., Sigman, D. M., and Haug, G. H.: Links between 

tropical rainfall and North Atlantic climate during the last glacial period, Nature 

Geoscience, 6, 213-217, 2013. 

Desyatkin, R. V., and Aparin, B. F.: Soil formation in thermokarst depressions-alases of 

cryolithozone, Nauka, Novosibirsk, Russia, 323 pp., 2008 (in Russian). 

Dlugokencky, E. J., Myers, R. C., Lang, P. M., Masarie, K. A., Crotwell, A. M., Thoning, K. 

W., Hall, B. D., Elkins, J. W., and Steele, L. P.: Conversion of NOAA atmospheric 

dry air CH4 mole fractions to a gravimetrically prepared standard scale, Journal of 

Geophysical Research, 110, D18306, 2005, doi:10.1029/2005JD006035. 

Dlugokencky, E. J., Bruhwiler, L., White, J. W. C., Emmons, L. K., Novelli, P. C., Montzka, 

S. A., Masarie, K. A., Lang, P. M., Crotwell, A. M., Miller, J. B., and Gatti, L. V.: 

Observational constraints on recent increases in the atmospheric CH4 burden, 

Geophysical Research Letters, 36, L18803, 2009. 

Douglas, T. A., Fortier, D., Shur, Y. L., Kanevskiy, M. Z., Guo, L., Cai, Y., and Bray, M. T.: 

Biogeochemical and geocryological characteristics of wedge and thermokarst-cave 

ice in the CRREL permafrost tunnel, Alaska, Permafrost and Periglacial Processes, 

22, 120-128, dx.doi.org/10.1002/ppp.709, 2011. 

Duan, Z., and Mao, S., A thermodynamic model for calculating methane solubility, density 

and gas phase composition of methane-bearing aqueous fluids from 273 to 523 K and 

from 1 to 2000 bar, Geochimica et Cosmochimica Acta, 70, 3369-3386, 2006. 

Duan, Z., and Sun, R.: An improved model calculating CO2 solubility in pure water and 

aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar, Chemical Geology, 

193, 257-271, 2003. 

Dyke, A. S.: An outline of North American deglaciation with emphasis on central and 

northern Canada, in: Quaternary Glaciations - Extent and Chronology Part II: North 



165 

 

America, Volume 2, edited by: Ehlers J. and Gibbard, P. L., Elsevier, Amsterdam, 

373-424, 2004. 

Dykoski, C. A., Edwards, R. L., Cheng, H., Yuan, D., Cai, Y., Zhang, M., Lin, Y., Qing, J., 

An, Z., and Revenaugh, J.: A high-resolution, absolute-dated Holocene and deglacial 

Asian monsoon record from Dongge Cave, China, Earth and Planetary Science 

Reviews, 233, 71-86, 2005. 

Eicher, O., Baumgartner, M., Schilt, A., Schmitt, J., Schwander, J., Stocker, T. F., and Fischer, 

H.: Climatic and insolation control on the high-resolution total air content in the 

NGRIP ice core, Climate of the Past, 12, 1979-1993, 2016. 

Elovskaya, L. G.: Classification and diagnostics of Yakutian permafrost soils, Yakutian 

Section of the Siberian Branch of the Academy of Science USSR, Yakutsk, Russia, 

172 pp., 1978 (in Russian). 

Etheridge, D. M., Pearman, G. I., and de Silva, F.: Atmospheric trace-gas variations as 

revealed by air trapped in an ice core from Law Dome, Antarctica, Annals of 

Glaciology, 10, 28-33, 1988. 

Etheridge, D. M., Pearman, G. I., and Fraser, P. J.: Changes in tropospheric methane between 

1841 and 1978 from a high accumulation-rate Antarctic ice core, Tellus B, 44, 282-

294, 1992. 

Etiope, G., Lassey, K. R., Klusman, R. W., and Boschi, E.: Reappraisal of the fossil methane 

budget and related emission from geologic sources, Geophysical Research Letters, 

35, L09307, 2008. 

Etiope, G., and Lollar, B. S.: Abiotic methane on Earth, Reviews of Geophysics, 51, 276-299, 

2013. https://doi.org/10.1002/rog.20011 

EPICA community members: One-to-one coupling of glacial climate variability in Greenland 

and Antarctica, Nature, 444, 195-198, 2006. 

Fedorov, A, N., Ivanova, R. N., Park, H., Hiyama, T., and Iijima, Y.: Recent air temperature 

changes in the permafrost landscapes of northeastern Eurasia, Polar Science, 8, 114-

128, 2014. https://dx.doi.org/10.1016/j.polar.2014.02.001 

Ferretti, D., Miller, J. B., White, J. W. C., Etheridge, D. M., Lassey, K. R., Lowe, D. C., 

MacFarling-Meure, C. M., Dreier, M. F., Trudinger, C. M., van Ommen, T. D., and 

Langenfelds, R. L.: Unexpected changes to the global methane budget over the past 

2000 years, Science, 309, 1714-1717, 2005. 



166 

 

Finkel, R. C., and Nishizumi, K.: Beryllium 10 concentrations in the Greenland Ice Sheet 

Project 2 ice core from 3-40 ka, Journal of Geophysical Research, 102, 26699-26706, 

1997. 

Fischer, H., Behrens, M., Bock, M., Richter, U., Schmitt, J., Loulergue, L., Chappellaz, J., 

Spahni, R., Blunier, T., Leuenberger, M., and Stocker, T. F.: Changing boreal 

methane sources and constant biomass burning during the last termination, Nature, 

452, 864-867, 2008. 

Fleitmann, D., Burns, S. J., Mangini, A., Mudelsee, M., Kramers, J., Villa, I., Neff, U., Al-

Subbary, A. A., Buettner, A., Hippler, D., and Matter, A.: Holocene ITCZ and Indian 

monsoon dynamics recorded in stalagmites from Oman and Yemen (Socotra), 

Quaternary Science Reviews, 26, 170-188, 2007. 

Fogt, R. L., and Wovrosh, A. J.: The relative influence of tropical sea surface temperatures 

and radiative forcing on the Amundsen Sea Low. Journal of Climate, 28, 8540-8555, 

2015. https://doi.org/10.1175/JCLI-D-15-0091.1 

Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J., Barrand, N., Bell, R., Bianchi, C., 

Bingham, R. G., Blankenship, D. D., Casassa, G., Catania, G., Callens, D., Conway, 

H., Cook, A. J., Corr, H. F. J., Damaske, D., Damm, V., Ferraccioli, F., Forsberg, R., 

Fujita, S., Gim, Y., Gogineni, P., Griggs, J. A., Hindmarsh, R. C. A., Holmlund, P., 

Holt, J. W., Jacobel, R. W., Jenkins, A., Jokat, W., Jordan, T., King, E. C., Kohler, J., 

Krabill, W., Riger-Kusk, M., Langley, K. A., Leitchenkov, G., Leuschen, C., 

Luyendyk, B. P., Matsuoka, K., Mouginot, J., Nitsche, F. O., Nogi, Y., Nost, O. A., 

Popov, S. V., Rignot, E., Rippin, D. M., Rivera, A., Roberts, J., Ross, N., Siegert, M. 

J., Smith, A. M., Steinhage, D., Studinger, M., Sun, B., Tinto, B. K., Welch, B. C., 

Wilson, D., Young, D. A., Xiangbin, C., and Zirizzotti, A.: Bedmap2: improved ice 

bed, surface and thickness datasets for Antarctica, The Cryosphere, 7, 375-393, 2013. 

https://doi.org/10.5194/tc-7-375-2013 

Fritz, M., Wetterich, S., Meyer, H., Schirrmeister, L., Lantuit, H., and Pollard, W. H.: Origin 

and characteristics of massive ground ice on Herschel Island (western Canadian 

Arctic) as revealed by stable water isotope and Hydrochemical signatures, Permafrost 

and Periglacial Processes, 22, 26-38, dx.doi.org/10.1002/ppp.714, 2011. 

Fogg, P. G. T., and Sangster, J.: Chemicals in the Atmosphere: Solubility, Sources, and 

Reactivity, John Wiley & Sons, Inc., 2003. 



167 

 

Fung, I., John, J., Lerner, J., Matthews, E., Prather, M., Steele, L. P., and Fraser, P. J.: Three-

dimentional model synthesis of the global methane cycle, Journal of Geophysical 

Research, 96, 13033-13065, 1991. 

Geng, M., and Duan, Z.: Prediction of oxygen solubility in pure water and brines up to high 

temperatures and pressures, Geochimica and Cosmochimica Acta, 74, 5631-5640, 

2010. 

Ghafari, S., Hasan, M., and Aroua, M. K.: Effect of carbon dioxide and bicarbonate as 

inorganic carbon sources on growth and adaptation of autohydrogenotrophic 

denitrifying bacteria, Journal of Hazardous Materials, 162, 1507-1513, 2009, 

doi:10.1016/j.jhazmat.2009.06.039. 

Gillett, N. P., and Fyfe, J. C.: Annular mode changes in the CMIP5 simulations, Geophysical 

Research Letters, 40, 1189-1193, 2013. https://doi.org/ 10.1002/grl.50249 

Goldewijk, K. K., Beusen, A., and Janssen, P.: Long-term dynamic modelling of global 

population and built-up area in a spatially explicit way: HYDE 3.1, The Holocene, 20, 

565-573, 2010. https://doi.org/10.1177/0959683609356587 

Gorham, E., Lehman, C., Dyke, A., Janssens, J., and Dyke, L.: Temporal and spatial aspects 

of peatland initiation following deglaciation in North America, Quaternary Science 

Reviews, 26, 300-311, 2007. 

Goursaud, S., Masson-Delmotte, V., Favier, V., Orsi, A., and Werner, M.: Water stable 

isotope spatio-temporal variability in Antarctica in 1960-2013: observations and 

simulations from the ECHAM5-wiso atmospheric general circulation model, Climate 

of the Past, 14, 923-946, 2018. https://doi.org/10.5194/cp-14-923-2018 

Gow, A. J., and Meese, D.: Physical properties, crystalline textures and c-axis fabrics of the 

Siple Dome (Antarctica) ice core, Journal of Glaciology, 53, 573-584, 2007. 

Grachev, A. M., Brook, E. J., and Severinghaus, J. P.: Abrupt changes in atmospheric 

methane at the MIS 5b-5a transition, Geophysical Research Letters, 34, L20703, 2007. 

Grachev, A. M., Brook, E. J., Severinghaus, J. P., and Pisias, N. G.: Relative timing and 

variability of atmospheric methane and GISP2 oxygen isotopes between 68 and 86 

ka, Global Biogeochemical Cycles, 23, GB2009, 2009, doi:10.1029/2008GB003330. 

Grasset, O.: Calibration of the R Ruby Fluorescence Lines in the pressure range [0-1 GPa] 

and the temperature range [250-300 K], High Pressure Research, 21, 139-157, 2001. 

Greene, C. A., Gwyther, D. E., and Blankenship, D. D.: Antarctic Mapping Tools for 

MATLAB, Computers & Geosciences, 104, 151-157, 2017. 

https://doi.org/10.1016/j.cageo.2016.08.003 



168 

 

Guo, Z., Zhou, X., and Wu, H.: Glacial-interglacial water cycle, global monsoon and 

atmospheric methane changes, Climate Dynamics, 39, 1073-1092, 2012. 

Gupta, A. K., Das, M., and Anderson, D. M.: Solar forcing on the Indian summer monsoon 

during the Holocene, Geophysical Research Letters, 32, L17703, 2005. 

Güllük, T., Wagner, H. E., and Slemr, F.: A high-frequency modulated tunable diode laser 

absorption spectrometer for measurements of CO2, CH4, N2O, and CO in air samples 

of a few cm3, Review of Scientific Instruments, 68, 230-239, 1997. 

Güllük, T., Slemr, F., and Stauffer, B.: Simultaneous measurements of CO2, CH4, and N2O in 

air extracted by sublimation from Antarctica ice core: Confirmation of the data 

obtained using other extraction techniques, Journal of Geophysical Research, 

103(D13), 15971-15978, 1998. 

Hamilton, T. D., Craig, J. L., and Sellmann, P. V.: The Fox permafrost tunnel: a late 

Quaternary geologic record in central Alaska, Geological Society of America Bulletin, 

100, 948-969, dx.doi.org/10.1130/0016-7606(1988)100<0948:TFPTAL>2.3.CO;2, 

1988. 

Han, Y., Jun, S. J., Miyahara, M., Lee, H. G., Ahn, J., Chung, J. W., Hur, S. D., and Hong, 

S. B.: Shallow ice-core drilling on Styx glacier, northern Victoria Land, Antarctica in 

the 2014-2015 summer. Journal of Geological Society of Korea, 51, 343-355, 2015. 

https://doi.org/10.14770/jgsk.2015.51.3.343 

Hao, W. M., and Ward, D. E.: Methane production from global biomass burning, Journal of 

Geophysical Research, 98, 20657-20661, 1993. 

Haug, G. H., Hughen, K. A., Sigman, D. M., Peterson, L. C., and Röhl, U.: Southward 

migration of the intertropical convergence zone through the Holocene, Science, 293, 

1304-1308, 2001. 

He, X., Sun, L., Xie, Z., Huang, W., Long, N., Li, Z., and Xing, G.: Sea ice in the Arctic 

Ocean: Role of shielding and consumption of methane, Atmospheric Environment, 67, 

8-13, 2013, doi:10.1016/j.atmosenv.2012.10.029. 

Herron, M. M., and Langway, C. C.: Firn densification: an empirical model. Journal of 

Glaciology, 25, 373-385, 1980. https://doi.org/10.3189/S0022143000015239 

Higaki, S., Oya, Y., and Makide, Y.: Emission of methane from stainless steel surface 

investigated by using tritium as a radioactive tracer, Chemistry Letters, 35(3), 292-

293, 2006. 



169 

 

Hodson, E. L., Poulter, B., Zimmermann, N. E., Prigent, C., and Kaplan, J. O.: The El Niño-

Southern Oscillation and wetland methane interannual variability, Geophysical 

Research Letters, 38, L08810, 2011. 

Holtan-Hartwig, L., Dörsch, P., and Bakken, L. R.: Low temperature control of soil 

denitrifying communities: kinetics of N2O production and reduction, Soil Biology and 

Biochemistry, 34, 1797-1806, 2002. 

Hopcroft, P. O., Valdes, P. J., and Beerling, D. J.: Simulating idealized Dansgaard-Oeschger 

events and their potential impacts on the global methane cycle, Quaternary Science 

Reviews, 30, 3258-3268, 2011. 

Hosking, J. S., Orr, A., Marshall, G. J., Turner, J., and Phillips, T.: The influence of the 

Amundsen-Bellingshausen Seas Low on the climate of West Antarctica and its 

representation in couples climate model simulations. Journal of Climate, 26, 6633-

6648, 2013. https://doi.org/10.1175/JCLI-D-12-00813.1 

Hosking, J. S., Orr, A., Bracegirdle, T. J., and Turner, J.: Future circulation changes off West 

Antarctica: sensitivity of the Amundsen Sea Low to projected anthropogenic forcing. 

Geophysical Research Letters, 43, 367-376, 2016. 

https://doi.org/10.1002/2015GL067143 

Hou, S., Chappellaz, J., Jouzel, J., Chu, P. C., Masson-Delmotte, V., Qin, D., Raynaud, D., 

Mayewski, P. A., Lipenkov, V. Y., and Kang, S.: Summer temperature trend over the 

past two millennia using air content in Himalayan ice, Climate of the Past, 3, 89-95, 

2007. 

Hughen, K. A., Overpeck, J. T., Peterson, L. C., and Trumbore, S.: Rapid climate changes in 

the tropical Atlantic region during the last deglaciation, Nature, 380, 51-54, 1996. 

Huh, Y., Tsoi, M. -Y., Zaitsev, A., and Edmond, J. M.: The fluvial geochemistry of the rivers 

of Eastern Sibera: I. Tributaries of the Lena River draining the sedimentary platform 

of the Siberian Craton, Geochimica et Cosmochimica Acta, 62, 1657-1676, 1998. 

Hur, S. D.: Development of core technology for ice core drilling and ice core bank (Rep. 

BSPE13070-037-7), Korea Polar Research Institute, Incheon, Republic of Korea, 

2013. 

Isnansetyo, A., Getsu, S., Seguchi, M., and Koriyama, M.: Independent effects of temperature, 

salinity, ammonium concentration and pH on nitrification rate of the Ariake seawater 

above mud sediment, HAYATI Journal of Biosciences, 21, 21-30, 2014. 

https://doi.org/10.4308/hjb.21.1.21. 

Ivanov, M. S.: Cryogenic structure of Quaternary deposits of the Lena-Aldan-Depression, 



170 

 

Nauka, Novosibirsk, pp.125, 1984 (in Russian). 

Jacobs, S. S.: Bottom water production and its links with the thermohaline circulation, 

Antarctic Science, 16, 427-437, 2004. https://doi.org/10.1017/S095410200400224X 

Ji, B., Yang, K., Zhu, L., Jiang, Y., Wang, H., Zhou, J., and Zhang, H.: Aerobic Denitrification: 

a review of important advances of the last 30 years, Biotechnology and Bioprocess 

Engineering, 20, 643-651, 2015. https://doi.org/10.1007/s12257-015-0009-0 

Jiang, H., Muscheler, R., Björck, S., Seidenkrantz, M. S., Olsen, J., Sha, L., Sjolte, J., 

Eriksson, J., Ran, L., Knudsen, K. L., and Knudsen, M. F.: Solar forcing of Holocene 

summer sea-surface temperatures in the northern North Atlantic, Geology, 43, 203-

206, 2015. 

Joabsson, A., and Christensen, T. R.: Methane emissions from wetlands and their relationship 

with vascular plants: an Arctic example, Global Change Biology, 7, 919-932, 2001. 

Jorgenson, M. T., Kanevskiy, M., Shur. Y., Moskalenko, N., Brown, D. R. N., Wickland, K., 

Striegl, R., and Koch, J.: Role of ground ice dynamics and ecological feedbacks in 

recent ice wedge degradation and stabilization, Journal of Geophysical Research: 

Earth Surface, 120, 2280-2297, 2015. http://doi.org/10.1002/2015JF003602 

Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd, S., Hoffmann, G., Minster, 

B., Nouet, J., Barnola, J. -M., Chappellaz, J., Fischer, H., Gallet, J. C., Johnsen, S., 

Leuenberger, M., Loulergue, L., Luethi, D., Oerter, H., Parrenin, F., Raisbeck, G., 

Raynaud, D., Schilt, A., Schwander, J., Selmo, E., Souchez, R., Spahni, R., Stauffer, 

B., Steffensen, J. P., Stenni, B., Stocker, T. F., Tison, J. L., Werner, M., and Wolff, 

E. W.: Orbital and millennial Antarctic climate variability over the past 800,000 years, 

Science, 317, 793-796, 2007. https://doi.org/10.1126/science.1141038 

Kaartokallio, H.: Evidence for active microbial nitrogen transformations in sea ice (Gulf of 

Bothnia, Baltic Sea) in midwinter, Polar Biolology, 24, 21-28, 2001. 

Katasonov, E. M., Ivanov, M. S., and Pudov, G.: Structure and absolute geochronology of 

alas deposits in central Yakutia, Nauka, Novosibirsk, Russia, 95 pp., 1979 (in 

Russian). 

Katayama, T., Tanaka, M., Moriizumi, J., Nakamura, T., Brouchkov, A., Douglas, T. A., 

Fukuda, M., Tomita, F., and Asano, K.: Phylogenetic analysis of bacteria preserved in 

a permafrost ice wedge for 25,000 years, Applied and Environmental Microbiology, 

73, 2360-2363, 2007. https://doi.org/10.1128/AEM.01715-06 



171 

 

Kaplan, J. O., Krumhardt, K. M., Ellis, E. C., Ruddiman, W. F., Lemmen, C., and Goldewijk, 

K. K.: Holocene carbon emissions as a result of anthropogenic land cover change, 

The Holocene, 21, 775-791, 2011. 

Karhadkar, P. P., Audic, J. -M., Faup, G. M., and Khanna, P.: Sulfide and sulfate inhibition of 

methanogenesis, Water Research, 21, 1061-1066, 1987. 

Kauman, D. S., and Manley, W. F.: Pleistocene Maximum and Late Wisconsinan glacier 

extents across Alaska, U.S.A, Developments in Quaternary Sciences, 2, 9-27, 2004. 

https://doi.org/10.1016/S1571-0866(04)80182-9 

Killawee, J. A., Fairchild, I. J., Tison, J. -L., Janssens, L., and Lorrain, R.: Segregation of 

solutes and gases in experimental freezing of dilute solutions: Implications for natural 

glacial systems, Geochimica et Cosmochimica Acta, 62, 3637-3655, 1998. 

Kim, J., Torres, M. E., Choi, J., Bahk, J.-J., Park, M., and Hong, W.-L.: Inferences on gas 

transport based on molecular and isotopic signatures of gases at acoustic chimneys 

and background sites in the Ulleung Basin, Organic Geochemistry, 43, 26-38, 

dx.doi.org/10.1016/j.orggeochem.2011.11.004, 2012. 

Kim, K., Yang, J. -W., Yoon, H., Byun, E., Fedorov, A., Ryu, Y., and Ahn, J.: Greenhouse gas 

formed in ice wedges at Cyuie, central Siberia, Permafrost Periglacial Processes, in 

press, 2019. 

Kirby, M. E., Lund, S. P., Patterson, W. P., Anderson, M. A., Bird, B. W., Ivanovici, L., 

Monarrez, P., and Nielsen, S.: A Holocene record of Pacific Decadal Oscillation 

(PDO)-related hydrologic variability in Southern California (Lake Elsinore, CA), 

Journal of Paleolimnology, 44, 819-839, 2010. 

Klee, M.S., and Blumberf, L.M.: Theoretical and practical aspects of fast gas 

chromatography and method translation, Journal of Chromatographic Science, 40, 

234-247, 2002. 

Klüber, H. D., and Conrad, R.: Effects of nitrate, nitrite, NO and N2O on methanogenesis and 

other redox processes in anoxic rice field soil, FEMS Microbiology Ecology, 25, 301-

318, 1998. 

Kobashi, T., Severinghaus, J. P., Brook, E. J., Barnola, J. -M., and Grachev, A. M.: Precise 

timing and characterization of abrupt climate change 8200 years ago from air trapped 

in polar ice, Quaternary Science Reviews, 26, 1212-1222, 2007. 

Kobashi, T., Severinghaus, J. P., and Barnola, J. -M.: 4±1.5°C abrupt warming 11270 yr ago 

identified from trapped air in Greenland ice, Earth and Planetary Science Letters, 

268, 397-407, 2008. 



172 

 

Kuttippurath, J., and Nair, P. J.: The signs of Antarctic ozone hole recovery, Scientific 

Reports, 7, 585, 2017. https://doi.org/10.1038/s41598-017-00722-7 

Lacelle, D., Lauriol, B., Clark, I. D., Cardyn, R., and Zdanowicz, C.: Nature and origin of a 

Pleistocene-age massive ground-ice body exposed in the Chapman Lake moraine 

complex, central Yukon Territory, Canada, Quaternary Research, 68, 249-260, 2007. 

https://doi.org/10.1016/j.yqres.2007.05.002 

Lacelle, D., Radtke, K., Clark, I. D., Fisher, D., Lauriol, B., Utting, N., and Whyte, L. G.: 

Geomicrobiology and occluded O2–CO2–Ar gas analyses provide evidence of 

microbial respiration in ancient terrestrial ground ice, Earth and Planetary Science 

Letters, 306, 46-54, 2011. https://doi.org/10.1016/j.epsl.2011.03.023 

Landais, A., Dreyfus, G., Capron, E., Masson-Delmotte, V., Sanchez-Goñi, M. F., Desprat, 

S., Hoffmann, G., Jouzel, J., Leuenberger, M., and Johnsen, S.: What drives the 

millennial and orbital variations of δ18Oatm?, Quaternary Science Reviews, 29, 235-

246, 2010. 

Lee, S.: A theory for polar amplification from a general circulation perspective, Asia-Pacific 

Journal of Atmospheric Science, 50, 31-43, 2014. https://doi.org/10.1007/s13143-

014-0024-7 

Levine, J. G., Wolff, E. W., Jones, A. E., Sime, L. C., Valdes, P. J., Archibald, A. T., Carver, 

G. D., Warwick, N. J., and Pyle, J. A.: Reconciling the changes in atmospheric 

methane sources and sinks between the Last Glacial Maximum and the pre-industrial 

era, Geophysical Research Letters, 38, L23804, 2011. 

Levy II, H.: Normal atmosphere: large radical and formaldehyde concentrations predicted, 

Science, 173, 141-143, 1971. 

Light, B., Maykut, G. A., and Grenfell, T. C.: Effects of temperature on the microstructure of 

first-year Arctic sea ice, Journal of Geophysical Research, 108, 3051, 2003. 

Lipenkov, V. Y., Candaudap, F., Ravoire, J., Dulac, E., and Raynaud, D.: A new device for 

the measurement of air content in polar ice, Journal of Glaciology, 41, 423-429, 1995. 

Liu, B., Mørkved, P. T., Frostegård, A., and Bakken, L. R.: Denitrification gene pools, 

transcription and kinetics of NO, N2O and N2 production as affected by soil pH, 

FEMS Microbiology Ecology, 72, 407-417, 2010. https://doi.org/10.1111/j.1574-

6941.2010.00856.x 

Liu, Y., Peng, L., Ngo, H. H., Cuo, W., Wang, D., Pan, Y., Sun, J., and Ni, B. -J.: Evaluation 

of nitrous oxide emission from sulfide- and sulfur-based autotrophic denitrification 

processes, Environmental Science and Technology, 50, 9407-9415, 2016. 



173 

 

https://doi.org/10.1021/acs.est.6b02202 

Long, A., and Péwé, T. L.: Radiocarbon dating by high-sensitivity liquid scintillation 

counting of wood from the Fox Permafrost Tunnel near Fairbanks, Alaska, 

Permafrost and Periglacial Processes, 7, 281-285, 1996. 

Loulergue, L., Parrenin, F., Blunier, T., Barnola, J.-M., Spahni, R., Schilt, A., Raisbeck, G., 

and Chappellaz, J.: New constraints on the gas age-ice age difference along the 

EPICA ice cores, 0-50 kyr, Climate of the Past, 3, 527-540, 2007. 

Loulergue, L., Schilt, A., Sphani, R., Masson-Delmotte, V., Blunier, T., Lemieux, B., 

Barnola, J. -M., Raynaud, D., Stocker, T. F., and Chappellaz, J.: Orbital and 

millennial-scale features of atmospheric CH4 over the past 800,000 years, Nature, 

453, 383-386, 2008. 

Lyon, B., and Barnston, A. G.: ENSO and the spatial extent of interannual precipitation 

extremes in tropical land areas, Journal of Climate, 18, 5095-5109, 2005. 

MacDonald, G. M., Beilman, D. W., Kremenetski, K. V., Sheng, Y., Smith, L. C., and 

Velichko, A. A.: Rapid early development of circumarctic peatlands and atmospheric 

CH4 and CO2 variations, Science, 314, 285-288, 2006. 

MacFarling-Meure, C., Etheridge, D., Trudinger, C., Steele, P., Langenfelds, R., van Ommen, 

T., Smith, A., and Elkins, J.: Law Dome CO2, CH4 and N2O ice core records extended 

to 2000 years BP, Geophysical Research. Letters, 33, L14810, 2006. 

Mackay, J. R.: Ice-wedge cracks, Garry Island, Northwest territories, Canadian Journal of 

Earth Sciences, 11, 1366-1383, 1974. http://doi.org/10.1139/e74-133 

Magalhães, C. M., Joye, S. B., Moreira, R. M., Wiebe, W. J., and Bordalo, A. A.: Effect of 

salinity and inorganic nitrogen concentrations on nitrification and denitrification rates 

in intertidal sediments and rocky biofilms of the Douro River estuary, Portugal, Water 

Research, 39, 1783-1794, 2005. doi:10.1016/j.watres.2005.03.008 

Mancinelli, R. L., and Hochstein, L. I.: The occurrence of denitrification in extremely 

halophilic bacteria, FEMS Microbiology Letters, 35, 55-58, 1986. 

Mao, S., and Duan, Z.: A thermodynamic model for calculating nitrogen solubility, gas phase 

composition and density of the N2-H2O-NaCl system, Fluid Phase Equilibria, 248, 

103-114, 2006. 

Marchitto, T. M., Muscheler, R., Ortiz, J. D., Carriquiry, J. D., and van Geen, A.: Dynamical 

response of the tropical Pacific Ocean to solar forcing during the early Holocene, 

Science, 330, 1378-1381, 2010. 



174 

 

Marcott, S. A., Shakun, J. D., Clark, P. U., and Mix, A. C.: A reconstruction of regional and 

global temperature for the past 11300 years, Science, 339, 1198-1201, 2013. 

Marcott, S. A., Bauska, T. K., Buizert, C., Steig, E. J., Rosen, J. L., Cuffey, K. M., Fudge, T. 

J., Severinghaus, J. P., Ahn, J., Kalk, M. L., McConnell, J. R., Sowers, T., Taylor, K. 

C., White, J. W. C., and Brook, E. J.: Centennial-scale changes in the global carbon 

cycle during the last deglaciation, Nature, 513, 616-619, 2014. 

Marshall, G. J.: Trends in the Southern Annular Mode from observations and reanalyses, 

Journal of Climate, 16, 4134-4143, 2003. 

Marshall, G. J.: Half-century seasonal relationships between the Southern Annular Mode and 

Antarctic temperatures, International Journal of Climatology, 27, 373-383, 2007. 

https://doi.org/10.1002/joc.1407 

Martinerie, P., Lipenkov, V. Y., and Raynaud, D.: Corrections of air-content measurements in 

polar ice for the effect of cut bubbles at the surface of the sample, Journal of 

Glaciology, 36, 299-303, 1990. 

Martinerie, P., Raynaud, D., Etheridge, D., Barnola, J.-M., and Mazaudier, D.: Physical and 

climatic parameters which influence the air content in polar ice, Earth and 

Planetenary Science Letters, 112, 1-13, 1992. 

Matsuo, S., and Miyake, Y.: Gas composition in ice samples from Antarctica, Journal of 

Geophysical Research, 71, 5235-5241, 1966. 

Maule, C. F., Purucker, M. E., Olsen, N., and Mosegaard, K.: Heat flux anomalies in 

Antarctica revealed by satellite magnetic data, Science, 309, 464-467, 2005. 

http://doi.org/10.1126/science.1106888 

Melin, J., and Nômmik, H.: Denitrification measurements in intact soil cores, Acta 

Agriculturase Scandinavica, 33, 145-151, 1983. 

Meyer, H., Schirrmeister, L., Andreev, A., Wagner, D., Hubberten, H. -W., Yoshikawa, K., 

Bobrov, A., Wetterich, S., Opel, T., Kandiano, E., and Brown, J.: Lateglacial and 

Holocene isotopic and environmental history of northern coastal Alaska - results from 

a buried ice-wedge system at Barrow, Quaternary Science Reviews, 29, 3720-3735, 

2010, doi:10.1016/j.quascirev.2010.08.005. 

Meyer, H., Opel, T., Laepple, T., Yu Dereviagin, A., Hoffmann, K., and Werner, M.: Long-

term winter warming trend in the Siberian Arctic during the mid- to late Holocene, 

Nature Geoscience, 8, 122-125, 2015. http://doi.org/10.1038/NGEO2349 



175 

 

Mischler, J. A., Sowers, T. A., Alley, R. B., Battle, M., McConnell, J. R., Mitchell, L., Popp, 

T., Sofen, E., and Spencer, M. K.: Carbon and hydrogen isotopic composition of 

methane over the last 1000 years, Global Biogeochemical Cycles, 23, GB4024, 2009. 

Mitchell, L. E., Brook, E. J., Sowers, T., McConnell, J. R., and Taylor, K.: Multidecadal 

variability of atmospheric methane, 1000–1800 C.E., Journal of Geophysical 

Research, 116, G02007, 2011. 

Mitchell, L. E., Brook, E.J., Lee, J.E., Buizert, C., and Sowers, T., 2013, Constraints on the 

Late Holocene anthropogenic contribution to the atmospheric methane budget, 

Science, 342, 964-966, 2013. 

Miteva, V., Sowers, T., Schüpbach, S., Fischer, H., and Brenchley, J., 2016, Geochemical and 

microbiological studies of nitrous oxide variations within the new NEEM Greenland 

ice core during the last glacial period, Geomicrobiology Journal, 33, 647-660. 

Moore, J.C., Nishio, F., Fujita, S., Narita, H., Pasteur, E., Grinsted, A., Sinisalo, A., and 

Maeno, N.: Interpreting ancient ice in a shallow ice core from the South Yamato 

(Antarctica) blue ice area using flow modeling and compositional matchiing to deep 

ice cores, Journal of Geophysical Research, 111, D16302, 2006. 

Moraghan, J. T., and Buresh, R. J.: Chemical reduction of nitrite and nitrous oxide by ferrous 

iron, Soil Science Society of America Journal, 41, 47-50, 1977. 

Morley, N., Baggs, E. M., Dörsch, P., and Bakken, L.: Production of NO, N2O and N2 by 

extracted soil bacteria, regulation by NO2
- and O2 concentrations, FEMS 

Microbiology Ecology, 65, 102-112, 2008. 

Muller, S., Tarasov, P. E., Andreev, A. A., Tutken, T., Gartz, S., and Diekmann, B.: Late 

Quaternary vegetation and environments in the Verkhoyansk Mountains region (NE 

Asia) reconstructed from a 50-kyr fossil pollen record from Lake Billyakh, 

Quaternary Science Reviews, 29, 2071-2086, 2010. 

Moy, C. M., Seltzer, G. O., Rodbell, D. T., and Anderson, D. M.: Variability of El 

Niño/Southern Oscillation activity at millennial timescales during the Holocene 

epoch, Nature, 420, 162-165, 2002. 

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., 

Lamarque, J. -F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., 

Takemura, T., and Zhang, H.: Anthropogenic and natural radiative forcing. In 

Climate Change 2013: The Physical Science Basis, Contribution of Working Group 

I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 

(pp. 659-740), Cambridge University Press, Cambridge, UK, 2013. 



176 

 

Nakawo, M.: Measurements on air porosity of sea ice, Annals of Glaciology, 4, 204-208, 

1983. 

Nakawo, M., and Sinha, N. K.: Growth rate and salinity profile of first-year sea ice in the 

high Arctic, Journal of Glaciology, 27, 315-330, 1981. 

Narcisi, B., Proposito, M., and Frezzotti, M.: Ice record of a 13th century explosive volcanic 

eruption in northern Victoria Land, East Antarctica. Antarctic Science, 13, 174-181, 

2001. https://doi.org/10.1017/S0954102001000268 

Neff, U., Burns, S. J., Mangini, A., Mudelsee, M., Fleitmann, D., and Matter, A.: Strong 

coherence between solar variability and the monsoon in Oman between 9 and 6 kyr 

ago, Nature, 411, 290-293, 2001. 

Nicholas, J. P., and Bromwich, D. H.: New reconstruction of Antarctic near-surface 

temperatures: multidecadal trends and reliability of global reanalyses. Journal of 

Climate, 27, 8070-8093, 2014. https://doi:10.1175/JCLI-D-13-00733.1 

Nye, J. F.: Correction factor for accumulation measured by the thickness of the annual layers 

in an ice sheet, Journal of Glaciology, 4, 785-788, 1963. 

Orsi, A. J., Cornuelle, B. D., and Severinghaus, J. P.: Little Ice Age cold interval in West 

Antarctica: Evidence from borehole temperature at the West Antarctic Ice Sheet 

(WAIS) Divide, Geophysical Research Letters, 39, L09710, 2012. 

https://doi.org/10.1029/2012GL051260 

Orsi, A. J., Cornuelle, B. D., and Severinghaus, J. P.: Magnitude and temporal evolution of 

Dansgaard-Oeschger event 8 abrupt temperature change inferred from nitrogen and 

argon isotopes in GISP2 ice using a new least-squares inversion, Earth and Planetary 

Science Letters, 395, 81-90, 2014. https://doi.org/10.1016/j.epsl.2014.03.030 

Orsi, A. J., Kawamura, K., Masson-Delmotte, V., Fettweis, X., Box, J. E., Dahl-Jensen, D., 

Clow, G. 1D., Landias, A., and Severinghaus, J. P.: The recent warming trend in 

North Greenland, Geophysical Research Letters, 44, 6235-6243, 2017. 

https://doi.org/10.1002/2016GL072212 

Ostrom, N. E., Gandhi, H., Trubl, G., and Murray, A. E.: Chemodenitrification in the 

cryoecosystem of Lake Vida, Victoria Valley, Antarctica, Geobiology, 14, 575-587, 

2016. https://doi.org/10.1111/gbi.12190 

Otto-Bliesner, B. L., Brady, E. C., Clauzet, G., Tomas, R., Levis, S., and Kothavala, Z.: Last 

Glacial Maximum and Holocene Climate in CCSM3, Journal of Climate, 19, 2526-

2544, 2006. https://doi.org/10.1175/JCLI3748.1 

Paterek, J. R., and Smith, P. H.: Isolation and characterization of a halophilic methanogen 



177 

 

from Great Salt Lake, Applied and Environmental Microbiology, 50, 877-881, 1985. 

Pakulski, J. D., Benner, R., Whitledge, T., Amon, R., Eadie, B., Cifuentes, L., Ammerman, 

J., and Stockwell, D.: Microbial metabolism and nutrient cycling in the Mississippi 

and Atchafalaya river plumes, Estuarine, Coastal and Shelf Science, 50, 173-184, 

2000. https://doi.org/10.1006/ecss.1999.0561. 

Petrenko, V. V., Severinghaus, J. P., Brook, E. J., Reeh, N., and Schaefer, H.: Gas records 

from the West Greenland ice margin covering the Last Glacial Termination: a 

horizontal ice core, Quaternary Science Reviews, 25, 865-875, 2006. 

https://doi.org/10.1016/j.quascirev.2005.09.005 

Picardal, F.: Abiotic and microbial interactions during anaerobic transformations of Fe(II) 

and NOx
-, Frontiers in Microbiology, 3, 112, 2012. 

https://doi.org/10.3389/fmicb.2012.00112 

Pilson, M.E.Q.: An Introduction to the Chemistry of the Sea, Cambridge University Press, 

2012. 

Prather, M. J., Holmes, C. D., and Hsu, J.: Reactive greenhouse gas scenarios: Systematic 

exploration of uncertainties and the role of atmospheric chemistry, Geophysical 

Research Letters, 39, L0980, 2012. 

Qin, S., Yuan, H., Hu, C., Oenema, O., Zhang, Y., and Li, X.: Determination of potential N2O-

reductase activity in soil, Soil Biology and Biochemistry, 70, 205-210, 2014, 

doi:10.1016/j.soilbio.2013.12.027. 

Randall, K., Scarratt, M., Levasseur, M., Michaud, S., Xie, H., and Gosselin, M.: First 

measurements of nitrous oxide in Arctic sea ice, Journal of Geophysical Research, 

117, C00G15, 2012. https://doi.org/10.1029/2011jc007340. 

Rasmussen, S. O., Andersen, K. K., Svensson, A. M., Steffensen, J. P., Vinther, B. M., 

Clausen, H. B., Siggaard-Andersen, M. -L., Johnsen, S. J., Larsen, L. B., Dahl-Jensen, 

D., Bigler, M., Rothlisberger, R., Fischer, H., Goto-Azuma, K., Hansson, M. E., and 

Ruth, U.: A new Greenland ice core chronology for the last glacial termination, 

Journal of Geophysical Research, 111, D06102, 2006. 

Rasmussen, S. O., Abbott, P. M., Blunier, T., Bourne, A. J., Brook, E., Buchardt, S. L., 

Buizert, C., Chappellaz, J., Clausen, H. B., Cook, E., Dahl-Jensen, D., Davies, S. M., 

Guillevic, M., Kipstuhl, S., Laepple, T., Seierstad, I. K., Severinghaus, J. P., 

Steffensen, J. P., Stowasser, C., Svensson, A., Vallelonga, P., Vinther, B. M., 

Wilhelms, F., and Winstrup, M.: A first chronology for the North Greenland Eemian 

Ice Drilling (NEEM) ice core, Climate of the Past, 9, 2713-2730, 2013. 



178 

 

Renssen, H., Goosse, H., and Muscheler, R.: Coupled climate model simulation of Holocene 

cooling events: oceanic feedback amplifies solar forcing, Climate of the Past, 2, 79-

90, 2006. 

Rezania, B., Cicek, N., and Oleszkiewicz, J. A.: Kinetics of hydrogen-dependent 

denitrification under varying pH and temperature conditions, Biotechnology and 

Bioengineering, 92, 900-906, 2005. https://doi.org/10.1002/bit.20664. 

Rhee, T. S., Kettle, A. J., and Andreae, M. O.: Methane and nitrous oxide emissions from the 

ocean: A reassessment using basin-wide observations in the Atlantic, Journal of 

Geophysical Research, 114, D12304, 2009. 

Rhodes, R. H., Faïn, X., Stowasser, C., Blunier, T., Chappellaz, J., McConnell, J. R., 

Romanini, D., Mitchell, L. E., and Brook, E. J.: Continuous methane measurements 

from a late Holocene Greenland ice core: Atmospheric and in-situ signals, Earth and 

Planetary Science Letters, 368, 9-19, 2013. 

Rhodes, R. H., Brook, E. J., Chiang, J. C. H., Blunier ,T., Maselli, O. J., McConnell, J. R., 

Romanini, D., and Severinghaus, J. P.: Enhanced tropical methane production in 

response to iceberg discharge in the North Atlantic, Science, 348(6238), 1016-1019, 

2015. 

Rinzema, A., van Lier, J., and Lettinga, G.: Sodium inhibition of acetoclastic methanogens 

in granular sludge from a UASM reactor, Enzyme and Microbial Technology, 10, 24-

32, 1988, doi:10.1016/0141-0299(88)90094-4. 

Robbins, R. C., Cavanagh, L. A., Salas, L. J., and Robinson, E.: Analysis of ancient 

atmospheres, Journal of Geophysical Research, 78(24), 5341-5344, 1973. 

Rubino, M., Etheridge, D. M., Trudinger, C. M., Allison, C. E., Battle, M. O., Langenfelds, 

R. L., Steele, L. P., Curran, M., Bender, M., White, J. W. C., Jenk, T. M., Blunier, T., 

and Francey, R. J.: A revised 1000 year atmospheric δ13C-CO2 record from Law Dome 

and South Pole, Antarctica, Journal of Geophysical Research, 118, 8482-8499, 2013. 

Ruddiman, W. F., Kutzbach, J. E., and Vavrus, S. J.: Can natural or anthropogenic 

explanations of late-Holocene CO2 and CH4 increases be falsified?, The Holocene, 

21, 865-879, 2011. 

Rysgaard, S., Thastum, P., Dalsgaard, T., Christensen, P. B., and Sloth, N. P.: Effects of 

salinity on NH4
+ adsorption capacity, nitrification, and denitrification in Danish 

estuarine sediments, Estuaries, 22, 21-20, 1999. 

Rysgaard, S., and Glud, R. N.: Anaerobic N2 production in Arctic sea ice, Limnology and 

Oceanography, 49, 86-94, 2004. 



179 

 

Rysgaard, S., Glud, R. N., Sejr, M. K., Blicher, M. E., and Stahl, H. J.: Denitrfication activity 

and oxygen dynamics in Arctic sea ice, Polar Biology, 31, 527-537, 2008, 

doi:10.1007/s00300-007-0384-x. 

Ryu, Y., Ahn, J., and Yang, J. -W.: High-precision measurement of N2O concentration in ice 

cores, Environtal Science and Technology, 52, 731-738, 2018, 

doi:10.1021/acs.est.7b05250. 

Samarkin, V. A., Madigan, M. T., Bowles, M. W., Casciotti, K. L., Priscu, J. C., McKay, C. 

P., and Joye, S. B.: Abiotic nitrous oxide emission from the hypersaline Don Juan 

Pond in Antarctica, Nature Geoscience, 3, 341-344, 2010. 

https://doi.org/10.1038/NGEO847 

Sander, R.: Compilation of Henry's law constants (version 4.0) for water as solvent, 

Atmospheric Chemistry and Physics, 15, 4339-4981, 2015. 

Sanderson, M. G.: Biomass of termites and their emissions of methane and carbon dioxide: 

A global database, Global Biogeochemical Cycles, 10, 543-558, 1996. 

Sapart, C. J., Monteil, G., Prokopiou, M., van de Wal, R. S. W., Kaplan, J. O., Sperlich, P., 

Krumhardt, K. M., van der Veen, C., Houweling, S., Krol, M. C., Blunier, T., Sowers, 

T., Martinerie, P., Witrant, E., Dahl-Jensen, D., and Röckmann, T.: Natural and 

anthropogenic variations in methane sources during the past two millennia, Nature, 

490, 85-88, 2012. 

Schneider, D. P., Deser, C., and Okumura, Y.: An assessment and interpretation of the 

observed warming of West Antarctica in the austral spring, Climate Dynamics, 38, 

323-347, 2012. https://doi.org/s00382-010-0985-x 

Schreiber, F., Wunderlin, P., Udert, K. M., and Wells, G. F.: Nitric oxide and nitrous oxide 

turnover in natural and engineered microbial communities: biological pathways, 

chemical reactions, and novel technologies, Frontiers in Microbiology, 3, 372, 2012. 

https://doi.org/10.3389/fmicb.2012.00372 

Schumpe, A.: The estimation of gas solubilities in salt solutions, Chemical Engineering 

Science, 48, 153-158, 1993. 

Schuur, E. A. G., McGuire, A. D., Schadel, C., Grosse, G., Harden, J. W., Hayes, D. J., 

Hugelius, G., Koven, C. D., Kuhry, P., Lawrence, D. M., Natali, S. M., Olefeldt, D., 

Romanovsky, V. E., Schaefer, K., Turetsky, M. R., Treat, C. C., and Vonk, J. E.: 

Climate change and the permafrost carbon feedback, Nature, 520, 171-179, 2015. 

Schwander, J.: The transformation of snow to ice and the occlusion of gases, The 

environmental record in glaciers and ice sheets, edited by: Oeschger, H. and Langway, 



180 

 

C. C., physical, chemical, and earth sciences research reports, John Wiley and Sons 

Ltd., New York, 53-67, 1989. 

Schupbach, S., Federer, U., Kaufmann, P. R., Hutterli, M. A., Buiron, D., Blunier, T., Fischer, 

H., and Stocker, T. F.: A new method for high-resolution methane measurements on 

polar ice cores using continuous flow analysis, Environmental Science and 

Technology, 43(14), 5371-5376, 2009. 

Schilt, A., Baumgartner, M., Blunier, T., Schwander, J., Spahni, R., Fischer, H., and Stocker, 

T. F.: Glacial-interglacial and millennial-scale variations in the atmospheric nitrous 

oxide concentration during the last 800,000 years, Quatarnary Science Reviews, 29, 

182-192, 2010, doi:10.1016/j.quascirev.2009.03.011. 

Senbayram, M., Chen, R., Budai, A., Bakken, L., and Dittert, K.: N2O emission and the 

N2O/(N2O + N2) product ratio of denitrification as controlled by available carbon 

substrates and nitrate concentrations, Agriculture, Ecosystems and Environment, 147, 

4-15, 2012. https://doi.org/10.1016/j.agee.2011.06.022 

Severinghaus, J. P., Beaudette, R., Headly, M. A., Taylor, K., and Brook, E. J.: Oxygen-18 

of O2 records the impact of abrupt climate change on the terrestrial biosphere, Science, 

324, 1431-1434, 2009. 

Severinghaus, J. P., Albert, M. R., Courville, Z. R., Fahnestock, M. A., Kawamura, K., 

Montzka, S. A., Mühle, J., Scambos, T. A., Shields, E., Shuman, C. A., Suwa, M., 

Tans, P., and Weiss, R. F.: Deep air convection in the firn at a zero-accumulation site, 

central Antarctica, Earth and Planetary Science Letters, 293, 359-367, 2010. 

https://doi.org/10.1016/j.epsl.2010.03.003 

Shakhova, N., Semiletov, I., Sergienko, V., Lobkovsky, L., Yusupov, V., Salyuk, A., 

Salomatin, A., Chernykh, D., Kosmach, D., Panteleev, G., Nicolsky, D., Samarkin, V., 

Joye, S., Charkin, A., Duderev, O., Meluzov, A., and Gustafsson, O.: The East 

Siberian Arctic Shelf: towards further assessment of permafrost-related methane 

fluxed and role of sea ice, Philosophical Transactions of Royal Society A, 373, 

20140451, 2015. 

Shapiro, N. M., and Ritzwoller, M. H.: Inferring surface heat flux distributions guided by a 

global seismic model: particular application to Antarctica, Earth and Planetary 

Science Letters, 223, 213-224, 2004. https://doi.org/10.1016/j.epsl.2004.04.011 

Sieburth, J. M., Johnson, P. W., Eberhardt, M. A., Sieracki, M. E., Lidstrom, M. E., and Laux, 

D.: The first methane-oxidizing bacterium from the upper mixing layer ofo the deep 

ocean: Methylomonas pelagica sp. nov., Current Microbiology, 14, 285-293, 1987. 



181 

 

Smith, D. J., Timonen, H. J., Jaffe, D. A., Griffin, D. W., Birmele, M. N., Perry, K. D., Ward, 

P. D., and Roberts, M. S.: Intercontinental dispersal of bacteria and archaea by 

transpacific winds, Applied Environmental Microbiology, 79(4), 1134-1139, 2013. 

Smith, S. P., and Kennedy, B. M.: The solubility of noble gases in water and in NaCl brine, 

Geochimica et Cosmochimica Acta, 47, 503-515, 1983. 

Sinclair, K. E., Bertler, N. A. N., Bowen, M. M., and Arrigo, K. R.: Twentieth century sea-

ice trends in the Ross Sea from a high-resolution, coastal ice-core record, Geophysical 

Research Letters, 41, 3510-3516, 2014. https://doi.org/10.1002/2014GL059821 

Solomon, S., Ivy, D. J., Kinnison, D., Mills, M. J., Neely, R. R., and Schmidt, A.: Emergence 

of healing in the Antarctic ozone layer, Science, 310, 307-310, 2016. 

https://doi.org/10.1126/science.aae0061 

Sorokin, D. Y., Tourova, T. P., Galinski, E. A., Belloch, C., and Tindall, B. J.: Extremely 

halophilic denitrifying bacteria from hypersaline inland lakes, Halovibrio 

denitrificans sp. nov. and Halospina denitrificans gen. nov., sp. nov., and evidence 

that the genus name Halovibrio Fendrich 1989 with the type species Halovibrio 

variabilis should be associated with DSM 3050, International Journal of Systematic 

and Evolutionary Microbiology, 56, 379-388, 2006. 

Sorokin, D. Y., Makarova, K., Abbas, B., Ferrer, M., Golyshin, P. N., Galinski, E. A., Ciordia, 

S., Mena, M. C., Merkel, A. Y., Wolf, Y. I., van Loosdrecht, M. C. M., and Koonin, 

E. V.: Discovery of extremely halophilic, methyl-reducing euryarchaea provides 

insights into the evolutionary origin of methanogenesis, Nature Microbiology, 2, 

17081, 2017. 

Sowers, T., Bender, M., and Raynaud, D.: Elemental and isotopic composition of occluded 

O2 and N2 in polar ice, Journal of Geophysical Research, 94(D4), 5137-5150, 1989. 

Sowers, T.: Atmospheric methane isotope records covering the Holocene period, Quaternary 

Science Reviews, 29, 213-221, 2010. 

Spahni, R., Schwander, J., Flückiger, J., Stauffer, B., Chappellaz, J. and Raynaud, D.: The 

attenuation of fast atmospheric CH4 variations recorded in polar ice cores, 

Geophysical Research Letters, 30, 1571, 2003. 

Spahni, R., Chappellaz, J., Stocker, T. F., Loulergue, L., Hausammann, G., Kawamura, K., 

Flückiger, J., Schwander, J., Raynaud, D., Masson-Delmotte, V., and Jouzel, J.: 

Atmospheric methane and nitrous oxide of late Pleistocene from Antarctic ice cores, 

Science, 310, 1317-1321, 2005. 



182 

 

Sperlich, P., Schaefer, H., Mikaloff Fletcher, S. E., Guillevic, M., Lassey, K., Sapart, C. J., 

Röckmann, T., and Blunier, T.: Carbon isotope ratios suggest no additional methane 

from boreal wetlands during the rapid Greenland Interstadial 21.2, Global 

Biogeochemical Cycles, 29, 1962-1976, 2015. 

Stauffer, B., Fischer, G., Neftel, A., and Oeschger, H.: Increase of atmospheric methane 

recorded in Antarctic ice core, Science, 229, 1386-1388, 1985. 

Stieg, E. J., Schneider, D. P., Rutherford, C. D., Mann, M. E., Comiso, J. C., and Shindell, 

D. T.: Warming of the Antarctic ice-sheet surface since the 1957 International 

Geophysical Year. Nature, 457, 459-463, 2009. https://doi:10.1038/nature07669 

St-Jean, M., Lauriol, B., Clark, I. D., Lacelle, D., and Zdanowicz, C.: Investigation of ice-

wedge infilling processes using stable oxygen and hydrogen isotopes, crystallography 

and occluded gases (O2, N2, Ar), Permafrost and Periglacial Processes, 22, 49-64, 

dx.doi.org/10.1002/ppp.680, 2011. 

Stenni, B., Caprioll, R., Cimino, L., Cremisini, C., Flora, O., Gragnani, R., Longinelli, A., 

Maggi, V., and Torcini, S.: 200 years of isotope and chemical records in a firn core 

from Hercules Névé, northern Victoria Land, Antarctica. Annals of Glaciology, 29, 

106-112, 1999. https://doi.org/10.3189/172756499781821175 

Stenni, B., Proposito, M., Gragnani, R., Flora, O., Jouzel, J., Falourd, S., and Frezzotti, M.: 

Eight centuries of volcanic signal and climate change at Talos Dome (East Antarctica). 

Journal of Geophysical Research, 107, 4076, 2002. 

https://doi.org/10.1029/2000JD000317 

Stenni, B., Buiron, D., Frezzotti, M., Albani, S., Barbante, C., Bard, E., Barnola, J. -M., 

Baroni, M., Baumgartner, M., Bonazza, M., Capron, E., Castellano, E., Chappellaz, 

J., Delmente, B., Falourd, S., Genoni, L., Iacumin, P., Jouzel, J., Kipfstuhl, S., 

Landais, A., Lemieux-Dudon, B., Maggi, V., Masson-Delmotte, V., Mazzola, C., 

Minster, B., Montagnat, M., Mulvaney, R., Narcisi, B., Oerter, H., Parrenin, F., Petit, 

J. R., Ritz, C., Scarchilli, C., Schilt, A., Schüpbach, S., Schwander, J., Selmo, E., 

Severi, M., Stocker, T. F., and Udisti, R.: Expression of the bipolar see-saw in 

Antarctic climate records during the last deglaciation. Nature Geoscience, 4, 46-49, 

2011. https://doi.org/10.1038/NGEO1026 

Stenni, B., Curran, M. A. J., Abram, N. J., Orsi, A., Goursaud, S, Masson-Delmotte, V., 

Neukom, R., Goosse, H., Divine, D., van Ommen, T., Steig, E. J., Dixon, D. A., 

Thomas, E. R., Bertler, N. A. N., Isaksson, E., Eyaykin, A., Werner, M., and Frezzotti, 

M.: Antarctic climate variability on regional and continental scales over the last 2000 



183 

 

years. Climate of the Past, 13, 1609-1637, 2017. https://doi.org/10.5194/cp-13-1609-

2017 

Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels, A., 

Xia, Y., Bex, V., and Midgley, P. M. (Eds.): IPCC, 2013: Climate Change 2013: The 

Physical Science Basis, Contribution of Working Group I to the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change, Cambridge University 

Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp., 2013. 

Strikis, N. M., Cruz, F. W., Cheng, H., Karmann, I., Edwards, R. L., Vuille, M., Wang, X., 

de Paula, M. S., Novello, V. F., and Auler, A. S.: Abrupt variations in South American 

monsoon rainfall during the Holocene based on a speleothem record from central-

eastern Brazil, Geology, 39, 1075-1078, 2011. 

Tarasov, P., Williams, J. W., Andreev, A., Nakagawa, T., Bezrukova, E., Herzschuh, U., 

Igarashi, Y., Müller, S., Werner, K., and Zheng, Z.: Satellite- and pollen-based 

quantitative woody cover reconstructions for northern Asia: Verification and 

application to late-Quaternary pollen data, Earth and Planetary Science Letters, 264, 

284-298, 2007. 

Taylor, K. C., Alley, R. B., Meese, D. A., Spencer, M. K., Brook, E. J., Dunbar, N. W., Finkel, 

R. C., Gow, A. J., Kurbatov, A. V., Lamorey, G. W., Mayewski, P. A., Meyerson, E. 

A., Nishiizumi, K., and Zielinski, G. A.: Dating the Siple Dome (Antarctica) ice core 

by manual and computer interpretation of annual layering, Journal of Glaciology, 50, 

453-461, 2004. 

Teller, J. T., and Leverington, D. W.: Glacial lake Agassiz: a 5000 yr history of change and 

its relationship to the δ18O record of Greenland, GSA Bulletin, 116, 729-742, 2004. 

https://doi.org/10.1130/B25316.1 

Thompson, D. W. J., Solomon, S., Kushner, P. J., England, M. H., Grise, K. M., and Karoly, 

D. J.: Signatures of the Antarctic ozone hole in Southern Hemisphere surface climate 

change, Nature Geoscience, 4, 741-749, 2011. https://doi.org/10.1038/ngeo01296 

Thorn, K. A., Arterburn, J. B., and Mikita, M. A.: 15N and 13C NMR investigation of 

hydroxylamine-derived humic substances, Environmental Science and Technology, 

26, 107-116, 1992. 

Tison, J. -L., Haas, C., Gowing, M. M., Sleewaegen, S., and Bernard, A.: Tank study of 

physico-chemical controls on gas content and composition during growth of young 

sea ice, Journal of Glaciology, 48, 177-191, 2002. 

Tung, H.C., Bramall, N.E., and Price, P.B.: Microbial origin of excess methane in glacial ice 



184 

 

and implications for life on Mars, Procedings of National Academy of Sciences of the 

United States of America, 102(51), 18292-18296, 2005. 

Tzedakis, P. C., Pälike, H., Roucoux, K. H., and de Abreu, L.: Atmospheric methane, 

southern European vegetation and low-mid latitude links on orbital and millennial 

timescales, Earth Planetary Science Letters, 277, 307-317, 2009. 

Utting, N., Lauriol, B., Lacelle, D., and Clark, I.: Using noble gas ratios to determine the 

origin of ground ice, Quaternary Research, 85, 177-184, 2016. 

https://doi.org/10.1016/j.yqres.2015.12.003 

Valdes, P. J., Beerling, D. J., and Johnson, C. E.: The ice age methane budget, Geophysical 

Research Letters, 32, L02704, 2005. 

Vancoppenolle, M., Meiners, K. M., Michel, C., Bopp, L., Brabant, F., Carnat, G., Delille, B., 

Lannuzel, D., Madec, G., Moreau, S., Tison, J.-L., and van der Merwe, P.: Role of sea 

ice in global biogeochemical cycles: emerging views and challenges, Quaternary 

Science Reviews, 79, 207-230, 2013. https://doi.org/10.1016/j.quascirev.2013.04.011 

Vasil'chuk, Y. K.: Syngenetic ice wedges: cyclical formation, radio-carbon age and table-

isotope records, Permafrost and Periglacial Processes, 24, 82-93, 2013. 

https://doi.org/10.1002/ppp.1764 

Vasiliev, A. A., Streletskaya, I. D., Melnikov, V. P., and Oblogov, G. E.: Methane in ground 

ice and frozen Quaternary deposits of Western Yamal, Doklady Earth Sciences, 465, 

1289-1292, 2015. 

van der Hoek, J. P., Latour, P. J. M., and Klapwijk, A.: Denitrification with methanol in the 

presence of high salt concentrations and at high pH levels, Applied Microbiology and 

Biotechnology, 27, 199-205, 1987. 

Vieten, B., Conen, F., Seth, B., and Alewell, C.: The fate of N2O consumed in soils, 

Biogeosciences, 5, 129-132, 2008. 

Yang, J.-W., Ahn, J., Brook, E. J., and Ryu, Y.: Atmospheric methane control mechanisms 

during the early Holocene. Climate of the Past, 13, 1227-1242, 2017. 

https://doi.org/10.5194/cp-13-1227-2017 

Wang, Y., Cheng, H., Edwards, R. L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M. J., Dykoski, 

C. A., and Li, X.: The Holocene Asian monsoon: links to solar changes and north 

Atlantic climate, Science, 308, 854-857, 2005. 

Wang, S., Huang, J., He, Y., and Guan, Y.: Combined effects of the Pacific Decadal 

Oscillation and El Niño-Southern Oscillation on global land dry-wet changes, 

Scientific Reports, 4, 6651, 2014. 



185 

 

WAIS Divide Project Members: Onset of deglacial warming in West Antarctica driven by 

local orbital forcing, Nature, 500, 440-446, 2013. 

WAIS Divide Project Members: Precise interpolar phasing of abrupt climate change during 

the last ice age, Nature, 520, 661-665, 2015. 

Walter, K. M., Zimov, S. A., Chanton, J. P., Verbyla, D., and Chapin III, F. S.: Methane 

bubbling from Siberian thaw lakes as a positive feedback to climate warming, Nature, 

443, 71-75, 2006. 

Walter, K. M., Edwards, M. E., Grosse, G., Zimov, S. A., and Chapin III, F. S.: Thermokarst 

lakes as a source of atmospheric CH4 during the last deglaciation, Science, 318, 633-

636, 2007. 

Walter Anthony, K. M., Zimov, S. A., Grosse, G., Jones, M. C., Anthony, P. M., Chapin III, 

F. S., Finlay, J. C., Mack, M. C., Davydov, S., Frenzel, P., and Frolking, S.: A shift 

of thermokarst lakes from carbon sources to sinks during the Holocene epoch, Nature, 

511, 452-456, 2014. 

Weber, S. L., Drury, A. J., Toonen, W. H. J., and van Weele, M.: Wetland methane emissions 

during the Last Glacial Maximum estimated from PMIP2 simulations: Climate, 

vegetation, and geographic controls, Journal of Geophysical Research, 115, D06111, 

2010. 

Weil, R. R., and Brady, N. C.: The nature and properties of soils, 15th edition, Pearson, 2017. 

Weiss, R. F.: The solubility of nitrogen, oxygen and argon in water and seawater, Deep-Sea 

Research, 17, 721-735, 1970. 

Weldeab, S., Lea, D. W., Schneider, R. R., and Andersen, N.: 155,000 years of West African 

monsoon and ocean thermal evolution, Science, 316, 1303-1307, 2011. 

Wexler, A.: Vapor pressure formulation for ice, Journal of Research of the National Bureau 

of Standards A, 81, 5-20, 1977. 

Wilhelm, R. C., Radtke, K. J., Mykytczuk, N. C. S., Greer, C. W., and Whyte, L. G.: Life at 

the Wedge: the Activity and Diversity of Arctic Ice Wedge Microbial Communities, 

Astrobiology, 12, 347-360, 2012. https://dx.doi.org/10.1089/ast.2011.0730 

Williams, R.T., and Bainbridge, A.E.: Dissolved CO, CH4, and H2 in the Southern Ocean, 

Journal of Geophysical Research, 78(15), 2691-2694, 1973. 

Yen, Y. C.: Review of thermal properties of snow, ice and sea ice (Rep. 81-10), United States 

Army Cold Region Research and Engineering Lab, Hanover, USA, 1981. 

Yu, Z., Loisel, J., Turetsky, M. R., Cai, S., Zhao, Y., Frolking, S., MacDonald, G. M., and 

Bubier, J. L.: Evidence for elevated emissions from high-latitude wetlands 



186 

 

contributing to high atmospheric CH4 concentration in the early Holocene, Global 

Biogeochemical Cycles, 27, 1-10, 2013. 

Zagorodnov, V., Nagornov, O., Scambos, T. A., Muto, A., Mosley-Thompson, E., Pettit, E. 

C., and Tyuflin, S.: Borehole temperatures reveal details of 20th century warming at 

Bruce Plateau, Antarctic Peninsula. The Cryosphere, 6, 675-686, 2012. 

https://doi.org/10.5194/tc-6-675-2012 

Zhang, M., Lin, Q., Rui, J., Li, J., and Li. X.: Ammonium inhibition through the decoupling 

of acidification process and methanogenesis in anaerobic digester revealed by high 

throughput sequencing, Biotechnology Letters, 39, 247-252, 2017. 

Zhou, Z., Tison, J. -L., Carnat, G., Geilfus, N. -X., and Delille, B.: Physical controls on the 

storage of methane in landfast sea ice, The Cryosphere, 8, 1019-1029, 2014, 

doi:10.5194/tc-8-1019-2014. 

Zhu, X., Burger, M., Doane, T. A., and Horwath, W. R.: Ammonia oxidation pathways and 

nitrifier denitrification are significant sources of N2O and NO under low oxygen 

availability, Proceedings of the National Academy of Sciences of the United States of 

America, 110, 6328-6333, 2013, doi:10.1073/pnas.1219993110. 

Zhu-Baker, X., Cavazos, A. R., Ostrom, N. E., Horwath, W. R., and Glass, J. B.: The 

importance of abiotic reactions for nitrous oxide production, Biogeochemistry, 126, 

251-267, 2015. https://doi.org/10.1007/s10533-015-0166-4 

Zürcher, S., Spahni, R., Joos, F., Steinacher, M., and Fischer, H.: Impact of an abrupt cooling 

event on interglacial methane emissions in northern peatlands, Biogeosciences, 10, 

1963-1981, 2013. https://doi.org/10.5194/bg-10-1963-2013 

 

  



187 

 

국문초록 

 

극지 빙하코어에 포집된 온실기체와 시추공 온도를 이용한 

고기후 복원 및 영구동토 얼음쐐기에서의 온실기체 생

성 기원에 관한 연구 
 

20 세기 이후 지속된 지구온난화는 다가올 수십 년 간 이어질 것으로 

예상된다. 미래 기후 환경 변화를 정확히 예측하기 위해 기후변화 기작을 

이해하는 것이 중요하다. 고기후 프락시 자료는 관측으로는 획득할 수 없는 백 

년 규모의 자연적 기후변동성과 강제력에 대한 정보를 제공한다. 이러한 고기후 

프락시 자료들 중, 지구 표면의 약 사분의 일을 차지하는 빙권 자료는 기후변화 

기작에 대한 정보를 제공하지만, 최근의 지구온난화와 극 증폭 현상에 의해 

소실될 위험에 처해 있다. 따라서, 본 학위논문은 극지 빙하코어, 시추공 온도, 

얼음 쐐기 및 해빙 시료를 이용한 고기후 복원 가능성에 대해 연구하였다. 

본 논문에서는 빙하코어에 포집된 오래된 공기의 온실기체 조성을 

분석하기 위한 습식기체추출장비를 새롭게 개발하였다. 동일 시료의 반복 측정 

실험 및 미국 오레곤 주립 대학교와의 비교 실험 결과 우수한 성능을 확인했다. 

또한, 얼음쐐기 및 해빙 시료에 대한 장비의 신뢰도를 검증하기 위해 

건식추출법과 염화수은을 첨가한 습식추출법으로 측정한 결과와 비교 실험을 

진행했다. 그 결과, 얼음 시료를 녹인 후 다시 얼리는 습식추출과정에서 다시 

활성화된 미생물 대사 작용에 의해 메탄 조성 분석 결과가 오염될 수 있음을 

발견했다. 토양을 포함한 인공 빙하를 이용한 실험 결과 얼음을 파쇄하는 

건식추출과정 또한 메탄 농도를 오염시킬 수 있음을 발견했다. 따라서, 

얼음쐐기에 포집된 메탄 농도를 분석하는 데에는 염화수은을 첨가한 

습식추출법이 건식추출법 및 일반적인 습식추출법보다 더 정확하다. 얼음쐐기의 

산화이질소 농도는 습식추출과정에 의해 유의미한 영향을 받지 않는다. 한편, 

극미량의 기체함량으로 인해 해빙에 대한 비교실험에서는 유의미한 결과를 

도출하지 못하였다.  

새롭게 개발한 기체추출장비와 남극 사이플돔 빙하 시료를 이용하여 초기 

홀로세(약 11600 년 전부터 7700 년 전까지) 동안의 대기 중 메탄 변동성을 

복원하였다. 새롭게 복원한 초기 홀로세 메탄 기록은 약 1000 년 주기로 

발생했던 네 차례의 급격한 메탄 감소 사건을 나타낸다. 각 메탄 감소 사건은 
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그린란드의 급격한 기온 감소, 적도수렴대의 남하, 그리고 아시아 및 인도 

몬순의 약화 현상과 유사한 시기에 발생했다. 그린란드 빙하코어의 메탄 자료와 

비교하여 계산한 메탄의 양극간 차이는 홀로세 시작부터 약 9500 년 전까지 

점진적으로 증가했고, 이는 빙하의 후퇴에 따라 고위도 메탄 배출량이 

증가했음을 의미한다.  

시추공 온도를 이용한 남극 북빅토리아랜드의 스틱스 빙하의 과거 표면 

온도 복원 결과 20 세기 평균 온도는 16-18 세기에 비해 약 1.7 도 상승한 

것으로 나타난 반면, 20 세기 중반 이후에는 유의미한 기온 상승이 관찰되지 

않았다. 남극 연평균 표면 온도 복원 자료를 이용하여 남반구 극진동 지수, 

아문젠해 저기압의 중심기압과 중심위치에 대해 계산한 합성값 편차에서 

남반구 극진동과 유의미한 음의 상관관계를 관찰하였다. 또한, 빙하코어에서 

복원한 과거 2000 년 간 남반구 극진동 지수와 비교한 결과 지난 수백 년 동안 

남반구 극진동에 의한 영향을 받았음을 발견했다.  

얼음쐐기에 포집된 온실기체 농도는 미생물 활동에 의해 온실기체가 

생성되었음을 나타낸다. 하지만, 유입된 유기물의 종류와 상태에 따른 

얼음쐐기의 산화 환원 전위의 차이에 의해 얼음쐐기 내 메탄과 산화이질소 

생성 작용이 달라질 수 있다. 또한, 플라이스토세 연령의 얼음쐐기의 수 

센티미터 규모의 온실기체 조성은 얼음 내 온실기체 확산 작용에 의해 영향을 

받을 수 있음을 발견했다.  

 

주요어 : 고기후, 온실기체, 빙하코어, 시추공 온도, 영구동토, 얼음쐐기 

학  번 : 2012-20343 
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