Journal of Glaciology

£

IGS

Article

*Present address: JEOL Ltd., 1-2 Musashino,
3-Chome Akishima, Tokyo 196-8558, Japan.

Cite this article: Uchida T, Shigeyama W,
Oyabu I, Goto-Azuma K, Nakazawa F, Homma
T, Kawamura K, Dahl-Jensen D (2022).
Discovery of argon in air-hydrate crystals in a
deep ice core using scanning electron
microscopy and energy-dispersive X-ray
spectroscopy. Journal of Glaciology 68(269),
547-556. https://doi.org/10.1017/jog.2021.115

Received: 4 August 2021

Revised: 11 October 2021

Accepted: 12 October 2021

First published online: 18 November 2021

Key words:

Air hydrate; argon; energy-dispersive X-ray
spectroscopy; NEEM ice core; scanning
electron microscopy

Author for correspondence:
Tsutomu Uchida,
E-mail: t-uchida@eng.hokudai.ac.jp

© The Author(s), 2021. Published by
Cambridge University Press. This is an Open
Access article, distributed under the terms of
the Creative Commons Attribution licence
(https://creativecommons.org/licenses/by/4.0/
), which permits unrestricted re-use,
distribution, and reproduction in any medium,
provided the original work is properly cited.

cambridge.org/jog

https://doi.org/10.1017/jog.2021.115 Published online by Cambridge University Press

Discovery of argon in air-hydrate crystals in
a deep ice core using scanning electron
microscopy and energy-dispersive

X-ray spectroscopy

Tsutomu Uchida® @, Wataru Shigeyama?3*, Ikumi Oyabu3,
Kumiko Goto-Azuma?3, Fumio Nakazawa?3, Tomoyuki Homma?,

Kenji Kawamura?3>( and Dorthe Dahl-Jensen®

Faculty of Engineering, Hokkaido University, N13 W8 Kita-ku, Sapporo 060-8628, Japan; The Graduate University
for Advance Studies, SOKENDAI, 10-3 Midori-cho, Tachikawa, Tokyo 190-8518, Japan; 3National Institute of Polar
Research, 10-3 Midori-cho, Tachikawa, Tokyo 190-8518, Japan; 4Nagaoka University of Technology, 1603-1
Kamitomioka-machi, Nagaoka 940-2188, Japan; >Japan Agency for Marine Science and Technology (JAMSTEC), 2-
15 Natsushima-cho, Yokosuka 237-0061, Japan and SCentre for Ice and Climate, Niels Bohr Institute, University of
Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen K, Denmark

Abstract

Tiny samples of ancient atmosphere in air bubbles within ice cores contain argon (Ar), which can
be used to reconstruct past temperature changes. At a sufficient depth, the air bubbles are com-
pressed by the overburden pressure under low temperature and transform into air-hydrate
crystals. While the oxygen (O,) and nitrogen (N,) molecules have indeed been identified in
the air-hydrate crystals with Raman spectroscopy, direct observational knowledge of the distribu-
tion of Ar at depth within ice sheet and its enclathration has been lacking. In this study, we
applied scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
to five air-hydrate crystals in the Greenland NEEM ice core, finding them to contain Ar and
N. Given that Ar cannot be detected by Raman spectroscopy, the method commonly used for
0O, and N,, the SEM-EDS measurement method may become increasingly useful for measuring
inert gases in deep ice cores.

1. Introduction

The pores in snow contain atmospheric air that transforms to preserved-air bubbles when the
pores close off. These air bubbles in an ice core are the only known paleoenvironmental arch-
ive of the actual ancient atmosphere with a time axis in the depth direction. For the orbital
dating of ice cores, the composition ratio of oxygen (O,) to nitrogen (N,) is useful because
it correlates with fluctuations in local summer insolation (e.g. Bender, 2002; Kawamura and
others, 2007; Suwa and Bender, 2008a, b; Landais and others, 2012; Bazin and others, 2013,
2016). In particular, summer insolation may influence certain physical properties of snow
that control the magnitude of close-off fractionation (Bender, 2002; Kawamura and others,
2007; Fujita and others, 2009).

Greenhouse gases such as carbon dioxide (CO,) and methane (CH,) are trace components in
the atmosphere, and their past atmospheric concentrations can only be known from the analysis
of deep ice cores. Their concentrations correlate strongly with past global climate, so they are an
important part of the ice-core analysis (e.g. Barnola and others, 1988; Kobashi and others, 2007;
Chappellaz and others, 2013). Analyses of noble gases such as argon (Ar), krypton (Kr), and
xenon (Xe) have been attracting attention because their elemental and isotopic ratios can be
used to reconstruct various environmental parameters such as the temperature changes in the
firn or ocean (e.g. Severinghaus and others, 1998; Severinghaus, 1999; Kobashi and others,
2008a, b, 2015; Orsi and others, 2014, 2017; Bereiter and others., 2018). Also, the “°Ar/*®Ar
ratio can be used for dating very old ice, based on the increasing rate of atmospheric *°Ar
over a million-year timescale (Bender and others, 2008).

As they descend deeper, the loading pressure causes the air bubbles to shrink. Below a certain
depth, the temperature and pressure are sufficient for them to transform to air-hydrate crystals.
During this phase change, the molecule with the lower dissociation pressure at the same tem-
perature is enclathrated at a higher concentration than that in the original air in the bubble.
In the ice sheet, the guest fractionation in air-hydrate crystals is enhanced by the different per-
meation rates of air molecules (N,, O,, Ar, ...) in the ice matrix (Ikeda and others, 1999;
Ikeda-Fukazawa and others, 2001; Salamatin and others, 2001, 2003). For example, of the N,
and O, components, the O, concentration becomes higher in the air-hydrate crystals than
that in bubbles in the bubble-to-air hydrate transition zone (BHTZ), which has been identified
by Raman spectroscopy as the change of the peak intensity ratio between O, and N, (Nakahara
and others, 1988; Ikeda and others, 1999; Ikeda-Fukazawa and others, 2001). This bubble-air
hydrate fractionation effect would be caused by the dissociation pressure of O, hydrate is
lower than that of N, hydrate (about 6.5 MPa vs 9 MPa at —20°C, Miller, 1969) and the
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permeation effect of O, in ice matrix is larger than that of N,
(Salamatin and others, 2001; Ikeda-Fukazawa and others, 2005;
Oyabu and others, in review, 2021).

Argon forms a gas hydrate with a dissociation pressure of
about 5 MPa at —20°C (Nagashima, and others, 2018), which is
below those of N, and O, hydrates (Fig. 1). Thus, Ar might be
selectively enclathrated into air-hydrate crystals. In addition, as
N,, O,, and Ar all form the type II crystal structure of clathrate
hydrates (Davidson, and others, 1984; Hondoh and others,
1990), these gases can be enclathrated in the same type of crystal
structure.

Atmospheric components in ice cores are usually measured
by extracting all air from the ice by either melting or by physically
destroying the bulk ice core sample (100 g or less). Concerning Ar,
detailed analyses of firn air and ice cores have found Ar subject to
size-dependent and mass-dependent fractionation during the close-
off and post-coring gas loss (Bender and others, 1995; Huber and
others, 2006; Severinghaus and Battle, 2006; Severinghaus and
others, 2009; Kobashi and others, 2015; Oyabu and others, in
review, 2021). At depths below the bubble-air-hydrate transition
zone, Ar is considered to be included in air-hydrate crystals, but
has yet to be confirmed directly by microscopic analysis. Such direct
observation of Ar is difficult because it has a very small mixing ratio.
Moreover, Ar is an inert gas, which makes it difficult to measure by
the common spectroscopic methods used for N, and O,. Also, little
is known about the movement of Ar in the ice matrix, with only a
few published simulations (Ikeda-Fukazawa and others, 2004;
Kobashi and others, 2015) and experiments (e.g. Satoh and others,
1996). By identifying the presence and dynamics of Ar in the ice
sheet, the accuracy of ice-core analysis should be further improved.

Here, we examine sections of the ice core retrieved at NEEM,
Greenland, applying scanning electron microscopy (SEM) to five
air-hydrate crystals in the deep ice. By analyzing the Ar signal
from energy-dispersive X-ray spectroscopy (EDS) of the air-
hydrate crystals, we argue that Ar exists in the air-hydrate crystals
of deep ice cores.

Based on our discovery, we will be able to analyze the gas
distribution in ice sheets. For example, the data on N,/O, frac-
tionation in the transition zone obtained with Raman spectra
measurements (Ikeda and others, 1999; Ikeda-Fukazawa and
others, 2001) were used to constrain mathematical models
describing the formation and growth of air-hydrate crystals in
ice sheets and to estimate the permeation coefficients of N, and
O, molecules in ice (Salamatin and others, 2001, 2003), later on
these estimates of permeation coefficients were used to simulate
the diffusive smoothing of the delta O,/N, orbital signal in old
ice (e.g. Oyabu and others, in review, 2021). Knowledge of perme-
ation coefficients (including that of Ar) is also important for
assessing the selective gas loss from ice cores after coring (e.g.
Ikeda-Fukazawa and others, 2005; Oyabu and others, 2020).
Experimental data on the Ar/N, ratio may help to extend the
existing models of bubble-to-hydrate transformation and of diffu-
sive mass transport of air constituents through the ice matrix. The
isotopic measurements would also be available by some micro-
scopic methods in the future.

2. Methods
2.1 NEEM ice core

The Greenland NEEM ice core was extracted at 77.45 °N, 51.06 °
W, at an altitude of 2450 m above sea level. The location has an
annual mean temperature of —29°C with an annual mean surface
mass-balance of 0.22m in ice equivalent. The NEEM project
(2008-2012) drilled to bedrock at a depth of 2537 m, with the
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Fig. 1. Dissociation curves of air hydrates (left ordinate) and temperature-depth pro-
file at the NEEM site (right ordinate, matched to left). Red circles are the depths of the
samples used here, the blue rectangle is the estimated bubble-hydrate transition
zone (BHTZ). The N,, O,, and air hydrate data are from Miller (1969). The Ar hydrate
data are from Nagashima and others (2018). NEEM Ddata are from Sheldon and
others (2014).

resulting extracted ice going back about 130 000 years (NEEM
comm. members, 2013).

Until present, no detailed investigation has been conducted on
air-hydrate crystals in NEEM ice cores. Considering the bore-hole
temperature profile (Sheldon and others, 2014), the phase equilib-
rium condition of air-hydrate crystal (Miller, 1969), and the air-
hydrate distributions analyzed in various deep cores (Uchida
and others, 2014), the BHTZ should occur from about 850 to
1250 m (rectangular box in Fig. 1). It has been reported that
the brittle zone in this core is from 600 to 1250 m, particularly
in 750-1100 m (Rasmussen and others, 2013), where the mechan-
ical properties of the core samples are weakened. As the brittle
zone and the transition zone are known to be in good agreement
(Uchida and others, 1994a), we consider that the prediction of the
transition zone in Figure 1 would be valid.

Here we analyze ice-core samples from two depths: 1548 m (last
glacial period, about 19.2 ka BP) and 2406 m (last interglacial per-
iod, about 125.5 ka BP). These ages of the core samples were
derived from Rasmussen and others (2013). As these depths are
well below the transition zone, the air inclusions in these ice
cores immediately after retrieval should be only air-hydrate crystals.

The 1548 m core was drilled in 2009, the 2406 m core in 2010.
Both were kept at about —20 to —25°C during the drilling oper-
ation and transportation. After arriving in Japan, they were stored
in a low-temperature room at —50°C at the National Institute of
Polar Research (NIPR) for about 8 years.

2.2 SEM sample preparation

We followed essentially the same experimental procedures as
Shigeyama and others (2019), so here we describe them only
briefly.

From the ice core stored at —50°C, we cut out a thin-section
sample (about 10-20 mm X 10 mm x 1-4 mm) with a band saw
in a low-temperature room at —20°C. The ice sample was set to
the SEM holder (consisting of a shuttle and an aluminum stub)
with a frozen adhesive (Tissue Tek, Sakura Finetek Japan) that
includes polyvinyl alcohol and polyethylene glycol (safety data
sheet, Tissue Tek). Then, the surface of the ice sample was flat-
tened with a microtome. The air inclusions were observed and
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Fig. 2. Thin section samples with locations of the analyzed air-hydrate crystals in the sample. (a) From the 1548 m ice core (2815-C-IV-1). Box shows air-hydrate H1.
(b) Air hydrate H2 from the 1548 m ice core (2815-D-I-1). (c) Air hydrate H3 from the 2406 m ice core (4375-A-V-1). (d) Air hydrate H4 and H5 from the 2406 m ice core
(4375-B-11-2). The core numbers are the same as those described in another study (Shigeyama and others, 2021).

check their locations in the sample by an optical microscope (BX
51; Olympus Corporation, Tokyo, Japan) to analyze the same air-
hydrate crystal by SEM/EDS. These processes lasted more than 5
h during which the sample was kept at —20°C.

For transferring the sample to the SEM preparation chamber
(—190°C), we used liquid N, to keep the sample cold to avoid fur-
ther ice relaxation and frost condensation. Then, the sample was
installed on the cold stage (—140°C) in the SEM sample chamber
(120 Pa of N, gas atmosphere). To eliminate surface frost, and to
smooth the sample surface, the sample was sublimed by increas-
ing the temperature of the cold stage to about —80°C for about 5
min before the observations.

2.3 SEM observations and EDS measurements on air-hydrate
crystals

For the SEM observations, we used an environmental SEM
(Quanta 450 FEG; Thermo Fisher Scientific) equipped with a
cryogenic preparation system (PP3010; Quorum Technologies,
Lewes, UK). The EDS measurements used an energy-dispersive
X-ray spectrometer (X-Max 50; Oxford Instruments, plc,
Abingdon, UK) with an acceleration voltage of 20 kV. To reduce
buildup of surface charge, N, gas was purged and observations
were made in low vacuum mode (120 Pa). An EDS measurement
of a single spot was integrated until the X-ray count reached 3 x
10° (about 1 min). To ignore the damage of the sample due to the
EDS measurement, multiple measurements were carried out on
different points for an air-hydrate crystal.

The EDS’s energy resolution is about 10 eV. We estimated the
spatial resolution of the EDS measurements by comparing mea-
surements across an air-hydrate crystal to the surrounding ice
crystal, finding a value of about 15um, which is much smaller
than the roughly 100 um diameter size of the air-hydrate crystals.

Thin-section images showing the two air-hydrate crystals
(labeled H1 and H2) from the 1548 m depth, and the three air-
hydrate crystals (H3, H4, and H5) from the 2406 m depth are
shown in Figure 2.

3. Results and discussion

3.1 Optical microscope observations and SEM images of
air-hydrate crystals

The optical microscopic observations revealed several types of air
inclusions, specifically air-hydrate crystals, air bubbles, and plate-
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Fig. 3. Typical air inclusions in the 1548 m NEEM ice core were observed by an optical
microscope. A plate-like inclusion (top), a transparent air-hydrate crystal (bottom).

like inclusions (PLI: Fig. 3). Since the observed ice core samples
were from depths below BHTZ (Fig. 1), air inclusions other
than air-hydrate crystals were formed after the ice core recovery.
Thus, we briefly consider how the transport and storage may
have affected the hydrate crystal. After recovery, the ice core
was kept at about —20 to —30°C for about 1 year at the drilling
site to its transportation to Japan, and then kept at —50°C in
the storage room for about 8 years until our analysis. At atmos-
pheric pressure and —50°C, almost no air-hydrate crystals dissoci-
ate (Uchida and others, 1994b), indicating that the bubbles and
PLIs observed in the present study likely formed during transport
and storage, or during the thin-section sample preparation.
However, the microscope images showed that many air-hydrate
crystals had not dissociated. We conclude that the storage and
handling conditions of the samples used in the present study
were sufficient for the purpose of this study.
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During the SEM-EDS measurements, cross-sections of the air-
hydrate crystals are exposed to the low pressure (120 Pa N;) con-
dition under low temperature (—140°C) in the SEM sample cham-
ber. So, we briefly consider their stability on the SEM’s stage.
Air-hydrates are thermodynamically unstable under the condition
of —140°C and 120 Pa N, atmosphere, yet the dissociation rate at
sub-zero temperatures is suppressed by the self-preservation effect
(Uchida and others, 2011). Moreover, the dissociation rate of gas
hydrates can be reduced by keeping the SEM’s stage temperature
low, a method that has enabled SEM observations of CH,
hydrates (Stern and others, 2004), CO, hydrates (Kuhs and
others, 2004), and air hydrates (Barnes and others, 2002). From
these considerations, the SEM observations here should accurately
show the hydrate crystals as they were in the deep ice.

The SEM images in Figure 4 show fine structures inside the
air-hydrate crystals. The source of this structure is unclear, but
is similar to the structure seen in the ‘globular-type air-hydrate’
from the GRIP ice core (Barnes and others, 2002). To confirm
that the observation targets were air-hydrate, we observed the
crystals during multi-step sublimation. Figure 5 shows the
changes in observation target H5 at each step. Figure 5 (i),
shows the upper-half cross-section of H5. After three sublimation
steps, the size and shape of the newly exposed cross-section
change as shown in Figure 5 (ii). The internal pattern has also
changed, with the fine structure in Figure 5 (i) becoming coarser
in Figure 5 (ii). With further sublimation steps, the outer shape
and internal pattern change further (Fig. 5 (iii)—(iv)). These
observations show H5 to be clearly different from the surrounding
ice, with changes occurring during sublimation. For an object of
this size to exist in the ice core, it would have to be an air-hydrate
crystal. Therefore, we conclude that H5, as well as the similar
cases H1-H4, are air-hydrate crystals.

NEEM ice-core samples are known to have particles of salt and
other compounds (e.g. Oyabu, 2015; Oyabu and others, 2015;
Eichler and others, 2017; Schiipbach and others, 2018). These
particles contain Si, Fe, Na, Mg, Al, S, K, and Ca, with some par-
ticles attached to bubbles (Shigeyama and others, 2021). Using the
following line of reasoning, we selected air-hydrate crystals that
clearly contained fine particles on its surface or inside. First, the
particle can act as a nucleus for promoting the phase change
from bubble to air-hydrate crystal (Ohno and others, 2010).
Therefore, the air-hydrate crystal with a particle would likely
have formed relatively early (i.e. at a shallower depth) in the tran-
sition zone. Then, considering the fractionation effect, we expect
that such an air-hydrate crystal would enclathrate more Ar in the
crystal. Although the air components would be changed to the
original one below BHTZ (Oyabu and others, in review, 2021),
we chose higher possibility conditions that were likely to find
Ar in the air-hydrate crystals.

3.2 EDS measurements of air-hydrate crystals

In examining the EDS results, we start by focusing on hydrate H3
(Fig. 4). Figure 6a shows the position of the air-hydrate crystal
with an optical microscope. The part of the crystal viewed with
a SEM secondary electron image is in Figure 6b. The higher mag-
nification image in Figure 6¢ shows the positions of the EDS mea-
surements on ice outside the air-hydrate (white ‘+’) and on the
inside of the air-hydrate crystal (yellow *+’).

The EDS spectrum of ice in Figure 7a shows a large O peak at
0.53 keV, derived from H,O, plus smaller peaks for C at 0.28 keV,
from the background (likely from the freeze adhesive), and N at
0.39 keV, derived from the chamber gas. There is also a weak,
broad background peak at 1-8keV. In contrast, the spectrum
from the inside of the air-hydrate crystal (Fig. 7b) shows a
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much stronger N peak intensity and a weak, yet distinct, Ar
peak at about 2.95 keV.

For the ice case, we attribute the N peak to the chamber gas
because we observed a similar N peak in the spectrum of pure
ice in a comparative measurement (Fig. S1). We also found that
signals from various substances used in the sample holder and
SEM chamber (Fig. S2) do not appear in Figure 7. These tests
help confirm that the EDS spectra in Figure 7 come from ice, air-
hydrate, and chamber gas, not the sample holder.

To remove the signal that is not from the sample and to extract
the characteristic signals of the air-hydrate crystal, we subtracted
an average ice spectrum from the spectrum from an air-hydrate
crystal. This average ice spectrum comes from averaging the
EDS spectra from several points surrounding the air-hydrate crys-
tal (e.g. the white ‘+’ in Fig. 6¢). The resulting difference spec-
trum for H3 is shown in Figure 8. The difference spectrum of
H3 shows both N and Ar peaks as positive values, whereas the
O peak is negative. As both spectra are from nearby positions,
they should both have the same contribution of N from the
atmosphere of the SEM chamber. Thus, the N signal in the differ-
ence should largely be from the air-hydrate crystal. By this argu-
ment, the three peaks in Figure 8 are considered to be from
elements in the air-hydrate crystal: N,, O,, and Ar. This appears
to be the first time that experiment has shown an air-hydrate crys-
tal in an ice core to contain Ar.

If the air-hydrate crystal contains Ar at the current atmosphere
proportion (0.93%), the intensity of Ar signal would be near the
noise level of this sample or close to the sensitivity limit in the
EDS measurement. We had chosen only air-hydrate crystals
with particles to possibly increase the Ar signal, but it is difficult
to estimate the intensity quantitatively. Thus, the difference-
spectrum analysis method should be useful for Ar observation
in the air-hydrate crystal. Concerning the composition ratio, we
did not calculate this ratio from the peak intensity because we
did not run an EDS measurement on a standard sample. So,
the concentration of each component in the air-hydrate crystal
cannot be discussed here.

Concerning the reason for a negative O peak, we argue as fol-
lows. The O elements producing the peak are H,O molecules in
both the ice and air-hydrate crystals, plus the enclathrated guest
molecule O, in the air-hydrate. (Although we don’t know the
accurate value of O, dissolved in the ice matrix, we consider it
to be negligible small comparing to the sensitivity limit in the
EDS measurement.) Assuming that ice is a pure ice single crystal
(0917 g cm™>), the number concentration of O surrounding the
air-hydrate crystal is the concentration of H,O molecules in ice:

6.02 x 10 [mol ']/(18.015[gmol ']/0.917[gcm>])
~ 3.06 x 10”[cm]. (1)

In the air-hydrate crystal, the number concentration of O equals
the concentration of host H,O molecules constructing the single
crystal of structure-II hydrate plus twice that of the guest O,
molecules. We estimate the total number in a unit cell by assum-
ing the occupancy ratio of a guest molecule to be 0.9 (Hondoh
and others, 1990) and the fraction of O, in guest molecules to
be that in the normal atmosphere. Specifically, for the latter frac-
tion, we use 0.2 because the ice-core samples are from depths
below the transition zone (e.g. Ikeda-Fukazawa and others,
2001). Finally, we divide by the unit-cell volume to get

(136[host H,O] 424 x 0.9 x 0.2[guest O,] x 2)/(1.7
x 1077 [cm])?

~ 2.94 x 10?[cm ™3] ()
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Fig. 4. SEM images of air-hydrate crystals used for the EDS measurements.
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Fig. 5. Temperature-time series of air-hydrate H5 on the SEM cold stage showing multiple sublimation steps (top) and SEM images of the crystal (bottom).

where the denominator on the left side is the unit-cell volume. As
this concentration is less than that of the pure ice, the intensity of
O in the air-hydrate crystal should be less than that of pure ice
making the peak intensity of O negative in the difference
spectrum.

The EDS spectra at multiple points in all five air-hydrate crys-
tals (two from 1548 m and three from 2406 m) indicated the exist-
ence of N, O, and Ar elements. Given the small signal-to-noise

https://doi.org/10.1017/jog.2021.115 Published online by Cambridge University Press

ratio (S/N) of the Ar peak from each spectrum, we added all Ar
signals from both air-hydrate crystals H1 and H2 in the 1548 m
sample to make one spectrum. The same was done for air-hydrate
crystals H3 and H4 in the 2406 m sample and shown in Figure 9.
The Gaussian fit (Origin 2021, Lightstone) gives a weak yet dis-
tinct signal-to-noise ratio of about 3 and peak energy of 2.964
(3) keV (the error being the fit’s standard deviation.). This peak
energy coincides well with the characteristic X-ray line of Ar,
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Air hydrate
*

Fig. 6. Sample images of air-hydrate crystal H3 from the 2406 m ice core. (a) Optical microscope image of the thin section (same as Fig. 2 (c)). (b) SEM image. The
object on the left side is the hollow of a dissociated air-hydrate crystal due either to the surface cutting or by the primary sublimations. (c) Expanded SEM image of
the upper part of air-hydrate (H3) sample. The white ¢+’ is the EDS measurement position in the ice, the yellow ‘3’ that for the air-hydrate crystal.

1000
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8

Energy [keV]

g
|
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Fig. 7. EDS spectra (0-8 keV) obtained from the two
points shown in Figure 6c. (a) Ice. (b) Air-hydrate crystal.

Ko at 2.958 keV (Goldstein and others, 2003) within the energy
resolution of the EDS measurement (approximately 10eV).
Another element that has a characteristic X-ray line in this energy
region is silver (Ag: Lo=2.984keV (Goldstein, and others,
2003)), but an Ag signal was not observed in the EDS measure-
ment of the SEM holder (see Fig. S2) nor in the fine particles.
The analysis thus confirms that this peak is Ar in the air-hydrate
crystal.

https://doi.org/10.1017/jog.2021.115 Published online by Cambridge University Press

Energy [keV]

We ran the same analysis on both the N and O spectra, with
the results of the gaussian fitting summarized in Table 1. The ana-
lyses indicate that all peaks could be identified with the literature
values, and that the difference between the ice-core samples taken
from different depths was within the error range.

As another test of the source of the N signal in the air-hydrate
spectra, we ran the EDS measurements at several steps during the
sublimation of hydrate H5. The peak for N in Figure 10
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continuously decays after each sublimation step. For example, sev-
eral curves included in the group of (i) in Figure 10 were obtained
between when SEM images (i) and (ii) were obtained, in which
three sublimation steps were operated (Fig. 5). Note that the spectra
obtained between sublimation processes were reproducible (for
example, spectra with the highest peak). Therefore, an air-hydrate
crystal was dissociated not by an EDS measurement, but by the
sublimation process in our experimental conditions. By the sublim-
ation step imaged as (iii), the N peak has vanished. Thus, as the N
peak vanished with the inner fine structure, the EDS measurements
suggest that the measured N (as well as the Ar) signals came from
the guest molecules in the air-hydrate crystal.

We also ran SEM-EDS measurements on the fine particles
associated with these five air-hydrate crystals. In the resulting
EDS spectra, we frequently observed that the signals from the par-
ticle overlapped those from the neighboring air-hydrate crystal
(for detailed data, see Shigeyama and others, 2021). Therefore,
it is difficult to confirm whether the constituent elements of the
fine particles contain those with a peak near 3 keV. However,
when the hydrate H5 sample was sublimated until the N peak
vanished, the EDS measurement of the fine particles attached to
the hydrate showed no peaks near 3 keV. Consistent with this
finding, previous SEM-EDS analyses of 838 particles from
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32 the combination of 13 spectra. Solid circles are data points,
’ red solid line is the Gaussian fitting curve (R*=0.73), and the
blue dashed line is the fitted base line.

Table 1. EDS peak fittings of Ar, N, and O in air-hydrate crystals.

Average [keV] S.D. [keV] n
Ar 1548 m 2.968 0.009 3
(Koty: 2.958 keV) 2406 m 2.964 0.003 13
N 1548 m 0.386 0.001 4
(Koty: 0.392 keV) 2406 m 0.387 0.001 11
(¢] 1548 m 0.520 0.002 4
(Koty: 0.525 keV) 2406 m 0.521 0.001 11

(Reference values in parentheses are the characteristic X-ray lines from Goldstein and
others, 2003).

1550.7 and 2401.6 m depths in the NEEM ice core showed almost
no particles with a peak near 3 keV, which were analyzed by a
similar SEM (JSM-6360LV, JEOL)-EDS (JED2201, JEOL) system
(Oyabu, 2015; Oyabu and others, 2015). Because their method
excluded the signals from the surrounding ice and air-hydrate
crystals, and their findings being consistent with ours, we argue
that the fine particles associated with the air-hydrate crystals ana-
lyzed in this study contain almost no elements showing Ar peaks.
The Ar is thus most likely from the air-hydrate crystal.
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Fig. 10. Differential spectra of N-peak (~0.39 keV) intensity of H5 (inset images) after succession of sublimation steps. Images are from the temperature-time series

in Figure 5.

4. Conclusions

In this study, we ran SEM-EDS measurements on air-hydrate
crystals from sections at 1548 m and 2406 m of the NEEM ice
core, Greenland. The measurements gave direct experimental evi-
dence of enclathrated Ar in five air-hydrate crystals below the
bubble-air-hydrate crystal transition zone. The difference EDS
spectrum between air-hydrate crystal and surrounding ice had
an N peak, thus indicating the existence of N, in the air-hydrate
crystals. Although N, in the air-hydrate crystal had been detected
before by Raman spectroscopy, it had not been detected with
EDS. These results showed that the SEM-EDS measurement is a
promising method for observing the presence of Raman-inactive
inert gases in air-hydrate crystals. Future studies with this method
will examine the composition ratios of the components in the air-
hydrate crystals.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/jog.2021.115.
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