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Abstract

In recent decades, surface melting on the inland Greenland ice sheet has increased, leading to
significant meltwater-refreezing in the snow and firn. Increased knowledge of the physical and
chemical characteristics of these melt features (i.e., ice layers) is needed to help estimate future
global sea-level rise. Here, using a combination of microscopy and spectroscopy, we investigate
the size, shape, location, and chemical compositions of inclusions in 12 ice layers of the
SIGMA-A ice core in the northwestern Greenland ice sheet (78°03′06′′N, 67°37′42′′W, 1490m
a.s.l.). In the ice layers, we found inclusions exceeding 30 μm diameter that could only be formed
by melting–refreezing, which we classify into columnar-, particle-, and rod-like inclusions. We
propose that the smaller columnar- and particle-like inclusions of solid Na2SO4⋅10H2O and
CaSO4⋅2H2O form first, within the ice grains, followed by the larger rod-like inclusions of brines
with mainly Na+ and Cl− in grain boundaries. Our results suggest a new proxy that may help
identify past warm climates in deeper ice cores in Greenland and for studying future ice sheet
melting behavior.

1. Introduction

In recent decades, snow melting has been increasing on the surface of the Greenland Ice Sheet
(van den Broeke and others, 2016; Otosaka and others, 2020). In the percolation zones, sum-
mer meltwater percolates through the snowpack and refreezes to form horizontally oriented ice
slabs, ice layers (0.1–1 m thick), and ice lenses (<0.1 m thick) (Benson, 1962; Koerner, 1977; de
la Peña and others, 2015; MacFerrin and others, 2019). Hereafter, we refer to all such features
as ‘ice layers’. Ice layers have been studied remotely using radar (e.g., Otosaka and others,
2020) and satellite remote sensing (e.g., Tedesco and others, 2013), as well as climate models
(e.g., MacFerrin and others, 2019), due to their existence as an indicator of surface melting.

Direct measurements of ice layers involve analyzing ice cores to determine the melt-feature
percentage (MFP), which is then used to reconstruct the history of such surface melting
(e.g., Herron and others, 1981; Koerner and Fisher, 1990; Graeter and others, 2018; Fujita
and others, 2021). In the deeper part of ice cores with higher densification, the ice layers
are difficult to discern, making the MFP there less reliable. Therefore, in deeper ice, past sur-
face melting cannot presently be reconstructed from MFP. Nevertheless, in the firn, the process
of redistributing chemical impurities associated with melting and refreezing can be a proxy for
ice sheet surface melting.

After examining recent Greenlandic ice cores, Graeter and others (2018) argued that a
warming of 1.2°C in the summertime led to a near doubling of the MFP in 1995–2015 com-
pared to that in 1870–1900. Moreover, on 14 August 2021, rain fell at the summit area of
Greenland, the area’s first rain in recorded history that dates from 1950 (Scambos and others,
2021), implying that even such a dry snow zone may someday be a percolation zone (e.g.,
McGrath and others, 2013). In such a percolation zone, ice layers can cause meltwater to run-
off much more rapidly, increasing the mass loss (Culberg and others, 2021) and associated sea-
level rise. Thus, it is important to determine how such layers respond to a warming trend, par-
ticularly with the occurrence of Arctic amplification of global warming (e.g., AMAP, 2017).
However, determining the ice-layer response requires knowledge of their chemical compos-
ition and inclusion properties, both of which are presently lacking.

Many studies (e.g., Eichler and others, 2001; Iizuka and others, 2002; Avak and
others, 2019) have examined chemical-impurity redistribution in snow, firn, or refrozen ice
during the melting. Most such studies focused on the redistribution before and after
melting, not the distribution of inclusions and impurities within the ice layers. A few studies,
such as Iizuka and others (2002), examined impurity redistribution in refrozen ice, but the
method involved bulk ion concentrations after melting, not in the ice-layer’s inclusions. The
recent Arctic warming should affect not only the thickness but also the chemical impurity con-
tent of the ice layers. For example, if meltwater refreezing is incomplete (e.g., Ashmore and
others, 2019), then the resulting runoff flushes out chemical impurities from the refrozen melt-
water (e.g., Cragin and others, 1993). Such flushing points to the importance of understanding
the chemical characteristics of ice layers, particularly in the inclusions formed by
melting-refreezing processes.
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Two promising micro-analysis methods for studying impurity
chemistry within ice layers are SEM (scanning electron micro-
scope)–EDS (energy dispersive X-ray spectroscopy) and Raman
spectroscopy (Stoll and others, 2020). These approaches have
been applied to dry ice cores without melting. For example,
Mulvaney and others (1988) used SEM–EDS microanalysis on
polar ice from Antarctica to show that H2SO4 concentrations
are several orders of magnitude higher at triple junctions than
in grain interiors. A similar finding was later made for H2SO4

and HNO3 using Raman spectroscopy (Fukazawa and others,
1998). In addition, solid Na2SO4 and CaSO4 salts in ice grains
have been found in polar ice from Antarctica using Raman spec-
troscopy (Ohno and others, 2005, 2006; Sakurai and others, 2011).
The use of SEM–EDS also showed the impurities were mainly in
triple junctions and grain boundaries, with Na and Cl primarily in
the Greenland ice core (GISP2), whereas Mg and S were primarily
in an Antarctic ice core (Byrd) (Cullen and Baker, 2001; Obbard
and others, 2003). Using a similar method, Stoll and others (2020)
reported that insoluble inclusions are often found in the grain
interior, whereas soluble inclusions occur at both the grain
boundaries and grain interior. For a dry ice core, the inclusions
were typically a micrometer in diameter. However, for an ice
core with melting, these methods have yet to be applied.

With melt-refreezing, the impurities in meltwater become con-
centrated in the liquid phase during freezing, collecting mainly in
the triple junctions in the last region of freezing (e.g., Takenaka
and others, 1996; Bartels-Rausch and others, 2014). Therefore,
in these ice layers, this approach should be particularly useful.
Moreover, we have little understanding of the chemical character-
istics of inclusions distributed by the refreezing. Therefore, it is
essential to investigate how inclusions are distributed and pre-
served in the ice layer.

In this study, we aim to establish a new proxy for ice layers
formed by refreezing processes. Using an ice core from north-
western Greenland, we examine the shape and chemical forms
of inclusions in the ice layers by applying liquid analyses, as
well as the micro-inclusion measurements of SEM–EDS and
Raman spectroscopy. Here we describe how the inclusions redis-
tribute in the thick ice layers during the refreezing process.

2. Methods

2.1. SIGMA-A ice core and stratigraphic analyses

Between 23 and 28 May 2017, we extracted a 60.19 m ice core near
the SIGMA-A observation site (78°03′06′′N, 67°37′42′′W, 1490 m
above sea level (a.s.l.)) in northwestern Greenland (Matoba and
others, 2018). The site lies on the ridge of the Hayes Peninsula,
70 km northeast of the seaside village of Qaanaaq, in a percolation
zone with an estimated annual average accumulation rate of
0.25–0.40m yr−1 between 1903 and 2005 (Kurosaki and others,
2020). The temperature at 20m depth is −18.9°C. The SIGMA-A
ice core covers from the period from 1903 to 2017 and was dated
by examining the measured δ18O, high resolution density, electric
conductivities, and tritium content (Kurosaki and others, 2020).

Each SIGMA-A core section was cut to ∼30 mm thickness
with a band saw (Ryowa, BSW-200), and its surface was then
polished with a microtome (Leica, 2400) to obtain parallel planes
for physical observation in a cold room of the Institute of Low
Temperature Science at Hokkaido University, Japan. The sections
were photographed under transmitted light (Elpa, ALT-1090IR
(D)) using a Nikon D3300 camera. In the photograph insets of
Figure 1b, the firn is darker than the white ice layers due to the
lower transmittance of light in firn. Ice layers were also identified
by high (1 mm) resolution density by X-ray transmission method
(Fig. 1a; Kurosaki and others, 2020).

The SIGMA-A ice core has many ice layers. We chose 10 thin
ice layers at random depths (Table 1) plus the two thickest ice
layers, from 4.330–4.480 to 6.056–6.211 m (Table 1). With the fol-
lowing methods, we examined the shape and chemical forms of
inclusions in the ice layers. In addition, we investigated the
depth distribution of inclusions in the two thick ice layers at
4.330–4.480 m and 6.056–6.211 m depths.

2.2. Microscope observations and Raman spectroscopy
analyses of inclusions

Using a microscope (Olympus STU-UM) in a cold room of −22°C,
we observed micro inclusions in five cuboid samples that we chose
as three thin ice layers at random from 2.780–2.805m, 20.581–
20.596m, 34.610–34.661m depth, as well as the two thick ice layers
from 4.330–4.480 to 6.056–6.211m (Table S1). (The objective lens
is an Olympus ULWD Neo SPlan 50, with settings of numerical
aperture (NA) 0.55, magnification 50× and 500×). We scanned
the sample (field of view is 1.6mm by 2.4 mm) while adjusting
the z-axis by 5mm to scan the depth. We examined any inclusion
greater than 1 μm across, noting its location, shape, and size.

We then used micro-Raman spectroscopy (T64000, Horiba
Jobin-Yvon) with a laser (Quantum Torus 532, Horiba) to deter-
mine the chemical form of selected inclusions. Our method is that
described by Ohno and others (2005, 2006) and Sakurai and others
(2010a). Briefly, the ice layer samples were put in a cold chamber at
−30°C. Laser light (532 nm wavelength, software NGS LabSpec
ver.5.64.15) of power 140mW was focused on an inclusion using
a long-working-distance objective lens with 6mm focal length
(M Plan Apo 100×; Mitutoyo). To identify chemical compositions
in the inclusion, we compared the spectra to reference data (Ohno
and others, 2005, 2014, 2016; Sakurai and others, 2010b, 2011).

2.3. Observation of nonvolatile inclusions by the sublimation–
EDS method

To extract the nonvolatile inclusions in the ice layers, we used two
ice sublimation methods. In the first method, we cut seven thin
ice layer samples collected at random and two thick samples
from the depths given in Table S2. Then, we extracted the non-
volatile inclusions at −22°C by the method described in
Supplementary Information. In the second method, we pulverized
four samples collected at random from the surface snow as well as
ice layers in the 2.780–2.805, 20.581–20.596, and 22.611–22.631m
depths. We then extracted the nonvolatile inclusions from each 1 g
sample at −50°C by following the sublimation method described in
Iizuka and others (2009).

Constituent elements, inclusion diameters, and areas of each
nonvolatile residue were measured using a JSM-6360LV (Japan
Electron Optics Laboratory) SEM and a JED2201 (JEOL) EDS
system. The accelerating voltage was 20 keV with a working dis-
tance of 20 mm and a collecting time of 30–60 s. We determined
the levels of Si, Al, S, Cl, Na, Mg, and Ca in the inclusions, which
were the major detected elements. In this analysis, O, C, and N
were also detected but their levels were considered unreliable
due to their light masses.

Particles containing Si are assumed to have silicate material,
and almost all S and Cl in the nonvolatile particles are from sol-
uble material of sulfate and chloride compounds (Iizuka and
others, 2009, 2012b). The dry-air ventilation removes gas-phase
acidic compounds such as HCl and HNO3, and the remnant
liquid acid droplets (H2SO4) are unstable under the measurement
environment in a vacuum at +25°C of the SEM chamber. The
coefficient of variation (CV) of the atomicity ratio from the
SEM-EDS is based on the average values and standard deviations
of these 20 measurements, which gives a value of 0.40 (Iizuka and
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others, 2012a). The sublimation-EDS method cannot be used to
investigate the preservation and location of inclusions in the ice
matrix, though it can be used to investigate the diameter, surface
shape, and elemental compositions.

2.4. Ion concentration and water isotope ratio measurements

To investigate the depth distribution of ion concentration and
water isotope ratio in the thick ice layers, we used the two thickest
ice layers in the core at 4.330–4.480 m and 6.056–6.211 m depth,

which are 150 and 155 mm thick. To measure the ion concentra-
tions and the water isotope ratio of these ice layers, we first cut the
ice layers from the core sections in the cold room (−22°C). Using
a clean ceramic knife in the cold clean room (class 10 000), the
samples were further divided into 15 samples 10 mm thick for
the 150 mm ice layer and into 31 samples 5 mm thick for
the 155 mm ice, then put into a clean polyethylene bag. The
bagged ice was then melted at room temperature in a clean
room (+25°C). We measured the ion concentrations of
CH3SO3

−, Cl−, SO4
2−, NO3

−, Na+, Ca2+, NH4
+, Mg2+, and K+

a b c

Fig. 1. Depth profiles of physical properties and major ions in the ice. Depth profiles of (a) high resolution density, (b) melt feature percentage (%), and (c) ion
concentrations (SO4

2−, Cl−, Na+, Ca2+, NH4
+). The inset photographs in (b) show ice layers formed in 2006 (6.056–6.211 m, 155 mm thick) and 1981 (20.581–20.596 m,

15 mm thick). The whiter (greater light transmission) parts are ice layers.

Journal of Glaciology 3

https://doi.org/10.1017/jog.2022.101 Published online by Cambridge University Press

https://doi.org/10.1017/jog.2022.101


using ion chromatography (Thermo Scientific ICS-2100). For the
cations, the column was Dionex CS-12A, and the eluent was 20
mM MSA. For the anions, the column was Dionex AS-17A col-
umn with 1–18 mM KOH gradient eluent. The injection volumes
were 1000 μL for anion and 500 μL for cation. The analytical
precision of the ion concentration was 10%. We also analyzed
the stable isotope ratios of the samples using a water isotope ana-
lyzer (Picarro, L2120-i) with an evaporating device (Picarro,
A0212 vaporizer). The analytical precisions of δ18O and δD
were 0.08 and 0.8‰, respectively.

For the ion concentrations and isotope measurements, the
entire SIGMA-A ice core was cut into 894 samples with depth
intervals 50–160 mm (average thickness of 67 mm) in a cold
room (−22°C) and analyzed (Kurosaki and others, 2020).

3. Results and discussion

3.1 Physical and chemical characteristics of the SIGMA-A ice
core

First, we considered the vertical profiles of density. Figure 1a
shows that the x-ray-determined density increases steadily with
increasing depth. Above 6.5 m, which dates back to 2004
(Kurosaki and others, 2020), a few particularly large peaks exceed
830 kg m−3. Such high values exist sporadically through the core
and indicate thick ice layers corresponding with ice layers
observed in the cold room.

There are 243 observed ice layers thicker than 1 mm since
1903, with an average thickness of 13.8 mm. These visual observa-
tions and density characteristics show that the frequency and the
thickness of the ice layers has increased since 2004 (81 layers with
an average thickness of 24 mm). The two thickest layers from
2012 and 2006 may be the result of the warming trend after
2000 in Greenland (Furukawa and others, 2017: MacFerrin and
others, 2019). The MFP profile (Fig. 1b) shows the same trends,
all being consistent with an increase of meltwater refreezing to
ice layers as found by de la Peña and others (2015) in some
regions of the Greenland ice sheet.

Most MFP values are less than 20%. The low values likely
occurred during years when the ice layers formed within the
year that the snow fell. The SIGMA-A site is in northwestern
Greenland where temperatures in the winter are typically below
−20°C (Aoki and others, 2014). Hence, the meltwater tends to
refreeze within the year. On the other hand, the high MPF values
in 2012 and 2006 likely are a result of meltwater percolating
through several years of snowpack before freezing. These two
years also contain the two thickest ice layers: 150 mm in 2012

and 155 mm in 2006. Figure 1b shows an image of a thick ice
layer from 2006 and a thin layer from 1981.

Ion concentration profiles in Figure 1c are averaged over
10-year periods in Table S3. In the table, SO4

2− has high concen-
trations during 1950–1980s (average of 3.35 μeq L−1), a period
when the emission of anthropogenic SO4

2− was at a maximum
(Fischer and others, 1998). In contrast, the core-average
concentrations of NH4

+ and Ca2+ are much less, at 1.08 and
1.05 μeq L−1. Their values increase after 2000, a trend also
observed in other ice cores obtained from Greenland (e.g.,
Iizuka and others, 2018; Nagatsuka and others, 2021). The highest
core-averaged concentrations come from Na+ and Cl−, at 4.51 and
5.29 μeq L−1, generally over twice the averages of the other four
ion species, suggesting a high impurity contribution from sea
salt (Curtis and others, 2018), which is likely due to the site
being in a coastal region. These Na+ and Cl− concentrations
vary by roughly a factor of two between decades, though the
average decadal values hardly change over the past 100 years.

Snowmelt and refreezing processes affect ion concentrations
(e.g., Iizuka and others, 2002), so we expect them to differ
between firn and ice layer. The average concentrations (μeq L−1)
of Na+ and Cl− are 5.25 and 5.65 in the upper firn, which are
just above of the ice layers, 4.07 and 4.97 in the ice layers, and
3.99 and 4.90 in the lower firn, which are just below of the ice
layers. In Figure 2, we compare the values in a given depth region
to that in the region above; in particular, the ratios of the ice layers
to the upper firn values, and of the lower firn to the ice layers
values. For Na+ and Cl− ratios for the ice layers to the upper
firn (magenta), there are a relatively large number of values for
ratios over 1.0, compared to the same ratios for the lower firn
to the ice layers. This shift suggests ion enrichment from the
upper firn to the ice layers, presumably due to ion migration in
meltwater. Figure 2c also shows the general trend in Mg2+/Na+

for the upper firn, ice layers, and lower firn. If Mg2+/Na+ for
the precipitation is assumed to equal that of the sea salt ratio
(0.11), then a high ratio for the ice layers can only be attributed
to the inflow of meltwater (e.g., Iizuka and others, 2002). From
Figure 2c, the Mg2+/Na+ in the upper firn tends to be less than
0.11, whereas that in the ice layers tends to exceed 0.11. These
results suggest that the chemical compositions tend to concentrate
in the ice layers from the upper firn.

Considering now the Na+ and Cl− ratios of the lower firn to
that in the ice layers, the values seem to show two peaks in
Figures 2a and 2b, one of which is less than 1.0 and the other
is∼ 1.5. The peak below 1.0 suggests that the ice layers can collect
ions that would otherwise flush to the lower firn; on the other
hand, the peak near 1.5 suggests further ion migration occurred

Table 1. The methods applied to ice layers in different depths and years

Depth

Year

Method

m
Bulk ion

concentration
Detailed ion
concentration

Detailed stable
water isotope Micro-scope Raman

Ice sublimation
method 1 (−22°C)

Ice sublimation
method 2 (−50°C) SEM-EDS

snow ○ ○
2.780–2.805 2014 ○ ○ ○ ○ ○
4.330–4.480 2012 ○ ○ ○ ○ ○ ○ ○
6.056–6.211 2006 ○ ○ ○ ○ ○ ○ ○
19.700–19.705 1982 ○ ○ ○
20.581–20.596 1981 ○ ○ ○ ○ ○
22.611–22.631 1977 ○ ○ ○
22.975–22.987 1976 ○ ○ ○
33.879–33.882 1957 ○ ○ ○
33.979–33.990 1956 ○ ○ ○
34.610–34.661 1955 ○ ○ ○ ○ ○
44.608–44.618 1935 ○ ○ ○
51.373–51.378 1921 ○ ○ ○
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to the lower firn from the meltwater, which will become ice layers.
Finally, the Mg2+/Na+ values in the ice layers and the lower firn
tend to exceed 0.11, suggesting that these regions are partly
formed by meltwater from the upper firn.

3.2. Shape and chemical components of inclusions in the ice
layers

3.2.1 Microscope observation and Raman analyses
We chose five ice layers, dated 1955, 1981, 2006, 2012, and 2014
in which to examine the inclusions using microscope observations
and Raman analyses (Table S1). In these layers, we first examine

the shape and size of 513 inclusions. Of the 513, the most com-
mon shapes are particle-like (n = 253) and rod-like (n = 230),
with the remaining 30 classified as columnar-like.

Concerning this classification, we first check if the inclusion is
angular, and if so, it is classified as columnar. If not, then we
check if the noncolumnar inclusion has an aspect ratio
(major-to-minor axes) exceeding 2:1, and if so, the inclusion is
classified as rod-like. What remained were particle-like, an
example of which is shown in Figure 3a. The particle-like inclu-
sions occurred both in ice grains and on grain boundaries. The
rod-like inclusions were found in grain boundaries and triple
junctions (Fig. 3b) and had diameters of about 10–100 μm. This
type generally had the longest lengths of all inclusions. Almost
all rod-like inclusions were detected in thick ice layers such as
those from 2012 and 2006 (e.g., Fig. 1b). The columnar-like inclu-
sions were found in ice grains (Fig. 3c). Some of the particle- and
columnar-like inclusions are greater than 30 μm in diameter.

The chemical forms of the inclusions are measured by Raman
spectroscopy. In the spectra, we look for peaks at 982, 984, 990,
and 1008 cm−1. The 982 and 984 cm−1 peaks have a broad half-
width, suggesting liquid inclusions. On the other hand, the 990
and 1008 cm−1 peaks are sharp, suggesting solid inclusions.
Following Ohno and others (2005), we assume the 990 cm−1

peak is Na2SO4⋅10H2O, and the 1008 cm−1 peak is
CaSO4⋅2H2O. The broad peaks at 984 cm−1 indicate SO4

2− in a
liquid phase (Sakurai and others, 2017). However, we found no
prior reference for the broad 982 cm−1 peak, so we ran a few
tests that identified the peak as SO4

2− and NH4
+ in a liquid

phase (Supplementary information).
Among our 525 measurements, 221 showed Raman peaks,

whereas 304 measurements did not (Table S4). Of the 221 with
peaks, 96% (n = 213) show at least one chemical compound at
liquid (NH4)2SO4, liquid H2SO4, solid Na2SO4⋅10H2O, and
solid CaSO4⋅2H2O. The breakdown of the 213 peaks is such
that 31% have the liquid (NH4)2SO4, 31% have the liquid
H2SO4, 10% have the solid Na2SO4⋅10H2O, and 28% have the
solid CaSO4⋅2H2O (Table S4).

The specific peaks depend on the inclusion’s shape-type as
shown by the pie charts on right side of Figure 3. Among the
particle-like type, individual inclusions had one or two com-
pounds, distributed between all four compounds (Fig. 3a, right).
Nearly all of the rod-like inclusions are either liquid (NH4)2SO4

or liquid H2SO4 (35 and 46‰ of cases in Fig. 3b). On the
other hand, all columnar-like inclusions are solid CaSO4⋅2H2O
(gypsum) (Fig. 3c). There are many inclusions with no Raman
peaks, with 56% of them being the particle-like inclusions and
the remaining 44% being the rod-like inclusions. The chemical
composition of these inclusions is discussed next.

3.2.2 Shape and elemental components of nonvolatile inclusions
in ice layers
The microscope observation method used above has the advan-
tage of determining where the inclusions are located in an ice
layer (e.g., within ice grains, along grain boundaries, in triple
junctions). However, the method cannot detect all the inclusions
because bubbles in an ice layer make it difficult to locate every
inclusion. On the other hand, the sublimation–EDS method can
measure the shapes and sizes of almost all inclusions formed in
the ice layers.

The SEM measurements revealed 1230 nonvolatile inclusions
in the three shape types through the 12 ice layers. Of these
types, the particle-like inclusions occur in almost all ice layers
and account for 94.4% (n = 1161) of the total inclusions (light
and dark blue bars in Fig. 4b). Almost all rod-like inclusions
occur in just the two thickest ice layers, though they account for
3.1% (n = 38) of the total inclusions (pink and red bars in

a

b

c

Fig. 2. Ratios of ion concentrations in the ice layers and firn. (a) For Na+ ratios. Not
shown are the ratios exceeding 5.0, which comprise 16% of the cases for [Na+] Ice layer

/ Upper firn and 10% of the cases for [Na+] Lower firn / Ice layer. For [Na
+] Ice layer / Upper firn

and [Na+] Lower firn / Ice layer, the median and Std dev. are 1.26 ± 11.86 and 1.14 ± 13.47.
(b) For Cl− ratios. Not shown are the ratios exceeding 5.0, which comprise 13% of the
cases for [Cl−] Ice layer / Upper firn and 10% of the cases for [Cl−] Lower firn / Ice layer. For
[Cl−] Ice layer / Upper firn and [Cl−] Lower firn / Ice layer, the median and Std dev. are
1.41 ± 7.85 and 1.18 ± 5.90. (c) Mg2+/Na+ ratios. Not shown are Mg2+/Na+ ratios over
0.4. These comprise 0.9, 7.3, and 4.6% of the cases for the upper firn, the ice
layer, and the lower firn, respectively.
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Fig. 4b). The columnar-like inclusions exist in both thin and thick
ice layers, but account for only 2.5% (n = 31) of the total inclu-
sions (light and dark green bars in Fig. 4b).

The cross-sectional area S (μm2) of an inclusion is measured
by tracing the inclusion’s perimeter on a photomicrograph.
For the particle-like inclusions, we then calculate the radius
r (μm) as

r =
��
S
p

√
(1)

We then define the grain diameter as twice the radius. For rod-
like and columnar-like inclusions, the grain length is defined as
the major axis. We refer to the grain diameter and length as
Dinclusion (μm).

The two methods (microscope and SEM) similarly find the
particle type to be relatively common and the rod type to be
more common in thick ice layers. Moreover, both methods
show columnar to be the least common type. The proportion of
particle-like is much larger in the SEM method than in the micro-
scope method. The difference is likely due to the particle-like
inclusions being generally smaller (see below) and more easily
detected with the SEM method. In addition, the rod-like inclu-
sions with small Dinclusion (e.g., Fig. 8a, see ‘(X)’) are difficult to
distinguish from particle-like inclusions in the SEM method, so
some rods may have been counted as particle type.

Almost all nonvolatile inclusions in the surface snow sample at
the site are particle-like (Fig. 4b), with an average grain diameter
of 9.0 ± 8.7 μm. Also, nearly all inclusions in the surface snow are
smaller than 30 μm in diameter, with 66% being smaller than 10
μm. These particle types and sizes are consistent with nonvolatile
inclusions in dry snow and ice cores in Antarctica and Greenland
analyzed previously with the sublimation method (Iizuka and
others, 2012a, 2012b, 2013; Oyabu and others, 2014, 2015,
2020). Given that aerosols are generally less than 30 μm in diam-
eter (e.g., Whitby, 1978), we conclude that the inclusions greater
than 30 μm in diameter formed by refreezing meltwater. So, we
divide the inclusions further into two size categories: smaller
and larger than 30 μm in diameter. For particle-like inclusions,
22% are greater than 30 μm in diameter (dark blue bar in
Fig. 4b). For rod-like inclusions, this percentage is 87% (red bar
in Fig. 4b), whereas for columnar-like inclusions, the percentage
is 61% (dark green bar in Fig. 4b). Thus, most rod-like and
columnar-like inclusions are over 30 μm in diameter, and there-
fore likely formed by refreezing.

The elemental analyses of the nonvolatile inclusions in the sur-
face snow sample and 12 ice-layer samples are shown in Figure 4c.
We do not discuss Mg because its abundance is very small (5%).
Additionally, we do not discuss Al because it is mainly in dust
(insoluble terrestrial materials), which has Si as the main compo-
nent. As a result, we classified the content of the inclusions into
12 categories based on their constituent elements of Na, Ca, S,
and Cl, which are associated with Na+, Ca2+, SO4

2−, and Cl− spe-
cies. For example, inclusions containing all of Na, Ca, S, and Cl
are classified as ‘Na∩Ca∩S∩Cl’. Those with Na and S but without
Ca nor Cl are classified as ‘Na∩S’. Those with only S or only Cl
are classified as ‘only S or Cl’. Finally, ‘Others’ have neither S
nor Cl. (Others mainly contain Si, suggesting silicate minerals.)
In the surface snow sample, 36% of the inclusions are classified
as ‘Na∩S’, and nearly all of the remaining are ‘Others’
(Fig. S1a). Compared to the surface snow, inclusions in the ice
layers contain much more ‘Na∩Ca∩S∩Cl’ (dark blue; 11%),
‘Na∩S∩Cl’ (dark red; 11%), and ‘Na∩Cl’ (dark green; 10%), and
much less ‘Na∩S’ (light pink; 5%) (Fig. S1b). These differences
are more pronounced in the larger inclusions (Fig. S1c). So, the
combination of ‘Na∩Cl’ with or without S and Ca is common
in the inclusions, particularly those formed by refreezing. The
meltwater contains Cl− (4.97 μeq L−1) and Na+ (4.07 μeq L−1)
with a few SO4

2− (2.85 μeq L−1) and Ca2+ (1.28 μeq L−1), and
these ions are considered to aggregate as brine or salt during
the refreezing.

The most common signal in the particle type is ‘Others’
(grey; 42% in Fig. 5a). Most of the ‘Others’ inclusions contain
Si without Na, Ca, S, and Cl, suggesting that the particle-like
inclusions mainly consist of mineral dust. The ‘only S’
inclusions may be NH4

+ and SO4
2− as liquid brine because

Raman measurements showed the liquid 982 cm−1 peak, not
the solid 975 cm−1 peak. In this case, liquid brine may exist at
the ice temperature of −18.9°C due to the eutectic temperature
of (NH4)2SO4 being −19.0°C, or due to an ion balance of SO4

2

−≫NH4
+ (Fig. S2c).

In contrast, the ‘Na∩Cl’ with or without S and Ca inclusions
are considered to be salt mixtures of NaCl, Na2SO4, and CaSO4.
The Na2SO4 and CaSO4, having eutectic temperatures of −1.3
and −0.05°C, are likely to exist as solid salts, whereas the NaCl,
having a eutectic temperature of −21.3°C, can exist as a liquid
brine of Na+ and Cl− at −18.9°C. Thus, by combining the
Raman and EDS analyses, we argue that the particle-like inclu-
sions contain various solid salts of Na2SO4⋅10H2O and
CaSO4⋅2H2O, as well as brines of Na

+, Cl−, NH4
+, and SO4

2−.
The primary category for rod-like inclusions is ‘Na∩Ca∩S∩Cl’

(dark blue; 45% in Fig. 5b). On the other hand, the Raman

a

b

c

Fig. 3. Microscope images and Raman spectroscopy analyses of the three types of
inclusions. (a) Particle-like inclusion in an ice grain from the 2014 ice layer, with
peaks at 990 and 1008 cm−1. At right is the distribution of chemical compositions
of 85 particle-like inclusions from Raman analyses from all ice layers. Colors, defined
at bottom, are based on peaks at 982, 984, 990, 1008 cm−1. ‘Others’ means peaks
found at other wavenumbers. (b) Rod-like inclusion in a grain boundary from the
2006 ice layer, with a peak of 984 cm−1. Right side is the same as that in (a) except
for 97 rod-like inclusions. (c) Columnar-like inclusion in a grain interior from the 2006
ice layer, with a peak of 1008 cm−1. Right side is the same as that in (a) except for 30
columnar-like inclusions.
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measurements show that the rod-like inclusions have mostly broad
peaks of 982 and 984 cm−1 (35 and 46% in Fig. 3b), as well as a
high fraction of nonpeak-detected inclusions. The broad 982 and
984 cm−1 peaks suggested that inclusions have NH4

+ and SO4
2−

(Fig. S2c), whereas the high fraction of nonpeak-detected inclusions
suggests an ionic compound of Na+ and Cl−. Sakurai (2010)

showed that mixtures of Na2SO4 and HCl have an extremely low
eutectic temperature of −42.7°C (Na2SO4: 4.3 wt%, HCl: 2.1 wt
%), which is colder than that of the Raman measurements (−30°
C). Thus, a possible chemical form of the rod-like inclusions is a
brine of SO4

2−, Cl−, Na+, and NH4
+.

For the columnar-like inclusions, the main elemental compo-
nent is ‘Ca∩S’ (green; 55% in Fig. 5c). Thus, the columnar-like
inclusions probably consist of CaSO4. Also, their shape is consist-
ent with the crystal structure of gypsum (CaSO4⋅2H2O), which is
the prismatic class of the monoclinic system. These results suggest
that the columnar-like inclusions contain impurities with the
components of CaSO4, which is consistent with the results from
Raman analyses that indicated that the columnar-like inclusions
contain solid gypsum salts (CaSO4⋅2H2O).

3.3 Chemical form and shape of inclusions in thick ice layers
formed in 2012 and 2006

The two thickest ice layers of 2012 and 2006 have many large rod-
like inclusions (brine of SO4

2−, Cl−, Na+, and NH4
+). In this sec-

tion, we examine the chemical forms, shapes, and distributions
of inclusions in the thick ice layers.

3.3.1 The refreezing processes of the two thick ice layers
Consider first the ice layer formed in 2012. Figure 6 shows its
structure analyzed to 10 mm resolution. In (a), the values of
δ18O and δD vary by 2.1 and 17‰, respectively. According to
previous studies (e.g., O’Neil, 1968), these values are consistent
with meltwater refreezing. δ18O and δD have a correlation
(Craig, 1961), and Dansgaard (1964) defined the deuterium excess
(d−excess) as the following:

d − excess = dD− 8 d18O (2)

Lacelle (2011) suggests that the last ice to freeze is likely to have a
higher d-excess value, such as that at depths∼ 4.370–4.390 m and
4.430–4.450 m, which we mark light yellow in the depth profiles.
Hence, we believe that the 2012 ice layer is formed by at least three
refreezing cycles.

We show similar analyses for the 2006 ice layer in Figure 7.
(Inclusions above 6.071 m depth and below 6.191 m depth are

a b c

Fig. 4. Depth profiles of composition and inclusion type, as well as the elemental compositions in the nonvolatile inclusions. Analyses cover the surface snow and
selected ice layers (Raman: 5 layers; SEM & EDS: 12 layers). (a) The number of times the chemical composition is detected by Raman analyses. (b) The number of
each type of nonvolatile inclusion detected by SEM. (c) The number of times the element combinations are detected by EDS analyses in nonvolatile inclusions.

a

b

c

Fig. 5. SEM-EDS analyses. (a) Particle-like inclusion from the 2012 ice layer and com-
position of 1161 particle-like inclusions from EDS analyses. (b) Rod-like inclusion from
the 2012 ice layer and composition of 38 rod-like inclusions. (c) Columnar-like inclusion
from the 2006 ice layer and composition of 31 columnar-like inclusions.
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not analyzed here due to the lack of water isotope data in those
regions.) In (a), the values of δ18O and δD fluctuate by 1.2 and
6.9‰, respectively. The slope of δ18O and δD is 5.6, suggesting
that the ice was formed by the refreezing of meltwater (e.g.,
Jouzel and Souchez, 1982; Souchez and Jouzel, 1984; Souchez
and de Groote, 1985). We consider the 6.101–6.126 m depths as
the last region to freeze, due to the low δ18O and high d-excess
there, which are marked in light yellow in Figure 7. We believe
that at least two refreezing cycles formed the 2006 ice layer.

Ion concentrations of all species are relatively high at the
depths to freeze last (Figs 6a, 7a). For the 2012 ice layer
(∼ 4.370–4.390 and 4.430–4.450m depths), each ion concentration
is 1.1–1.8 times higher than that of other depths (Table 2). For the
2006 ice layer, each ion concentration except NH4

+ (μeq L−1) in the
last region of refreezing (∼ 6.101–6.126m) is also 1.1–1.4 higher
than other depths (Table 2). As ice rejects impurities upon freezing
(e.g., Halde, 1980; Takenaka and others, 1996), ionic materials in
the thick ice layers should be concentrated in the last ice to freeze.

3.3.2 Formation mechanism of inclusions during the refreezing
processes of the two thick ice layers
The number and size of inclusions in the last region to freeze gives
clues to their formation mechanism. To show the spatial distribu-
tion of inclusions for the example in the last region of the 2012 ice
layer (4.370–4.390 m), we present Fig. S3. For all inclusions in the
entire 2012 ice layer, the SEM measurements give the number n
and average diameter w of 574 and 36 ± 99 μm. Considering just
the last two regions to freeze (4.370–4.390 m and 4.430–4.450
m), the n and w are 311 and 34 ± 115 μm. For the entire 2006
ice layer, these values are 224 and 37 ± 78 μm. At the last region
of refreezing in the 2006 layer (6.101–6.126 m), the values are
143 and 32 ± 45 μm. Table 3 shows the average diameter (μm)

and areas (μm2) of three types of inclusions in the last region
of refreezing in the 2012 and 2006 ice layers. Because of long
length, the average diameters and areas of the rod-like inclusions
are much larger than those of the particle-like and columnar-like
types. For the last refreezing of 2012 and 2006 ice layers, the large
rod-like inclusions are abundant (red bar in Figs 6c, 7c; red frame
on box in Fig. S3). In the 2012 ice layer, 64% of the total rod-like
inclusions over 100 μm in diameter occur (n = 7) in the last ice to
freeze (4.370–4.390 m and 4.430–4.450 m). In the 2006 ice layer,
45% (only 5) of total rod-like inclusions over 100 μm in diameter
occur in the last ice to freeze (6.101–6.126 m).

Figure 8 shows the photomicrographs of the last region of
refreezing in the 2012 and 2006 ice layers. The arrows in the
micrographs (Figs 8a, 8b) show inclusions observed in the ice
grains or grain boundaries. The rod-like inclusions are found
here along grain boundaries (e.g., Fig. 8a X and Y, 8b Z), mostly
in the last regions of refreezing. In the 2012 ice layer, the largest
ones are about 150 μm long and 7.8 μm wide (Fig. 8a Y), and for
the 2006 ice layer, they are about 500 μm long and 15.8 μm wide
(Fig. 8b Z). As such, they are much wider than the other filaments
in ice cores that never experience melting (e.g., Baker and others,
2003). The columnar-like inclusions instead are found within the
ice grain (e.g., Fig. 8a arrow 4 and 8b arrow 6), whereas the
particle-like inclusions (e.g., Fig. 8a arrow 1 and 8b arrow 7)
are found both on the grain boundary and within the ice grain.

With regard to the inclusion compositions, the Raman mea-
surements (see section 3.2.1) indicate that particle-like types
have a brine of NH4

+ and SO4
2− (orange and red arrows in

Figs 8a, 8b) as well as salts of Na2SO4⋅10H2O (s) and
CaSO4⋅2H2O (s) (green arrow in Fig. 8a). The columnar-like
types have salts of CaSO4⋅2H2O (s) (blue arrows in Figs 8a, 8b).
Additionally, the rod-like types have a brine of NH4

+ and SO4
2−

a b c d

Fig. 6. Depth profiles of the thick ice layer formed in 2012. (a) δ18O, δD, d-excess, and major ion species (SO4
2−, Cl−, NH4

+, Na+, Ca2+). (b) The number of times the
chemical compositions are detected by Raman analyses. (c) The number of inclusions of various types. (d) The number of times elements are detected by SEM
analyses. Yellow bands are levels that likely froze last.
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(orange and red arrows in Figs 8a, 8b). However, in the 2012 ice
layer, 65% of the Raman measurements of rod-like inclusions in
4.370–4.390 m, one of the last regions to freeze, show no signifi-
cant peaks (60% for section 4.430–4.450 m). Similarly, in the 2006
ice layer, 55% of the rod-like inclusions in the last region of
refreezing show no significant peaks. These rod-like inclusions
are marked by white arrows in Figures 8a and b. The lack of
peaks is consistent with the rod-like inclusions containing Cl−

and Na+ as described in section 3.2.
In considering how an inclusion’s composition relates to its

size, we examined the relationship between the atomic fractions
of Na, S, Cl, and Ca on the inclusion’s cross-sectional area. The
sum of four fractions equals 1. For the inclusions in the last
stage of refreezing, the fractions of Ca in Figure 9 decrease signifi-
cantly as the inclusion areas increase. Similarly, the fractions of S
decrease gradually in the 2012 ice layer (4.370–4.390 m) and 2006
ice layer. The fraction of Na also decreases gradually, reaching

about 0.4 in the largest areas. For the 2012 ice layer (4.430–
4.450 m), the fraction of Cl instead increases to about 0.5 as the
areas increase (Fig. 9b). In contrast, in the 2012 ice layer
(4.370–4.390 m) and 2006 ice layer, the fraction of Cl has no sig-
nificant change. However, the fraction of Cl is probably the same
as Na, since the fractions of S and Ca decrease to 0 as the inclu-
sion areas increase. Given that the area of the rod-like inclusions
tends to be large, these results suggest that large rod-like inclu-
sions in the last region of refreezing consist mainly of Na and
Cl elements, with relatively little S and Ca. As described above,
the rod-like inclusions show no significant Raman peaks, consist-
ent with a large amount of Na+ and Cl− (brine) in the rod-like
inclusions. On the other hand, S and Ca increase as the areas
decrease.

Generally, the impurities in water concentrate in the liquid
phase during freezing, with a tendency to collect in the triple
junctions in the last region of freezing (e.g., Takenaka and others,
1996; Bartels-Rausch and others, 2014). The waterfront pressed
the brine further down until the porosity or cold front prevents
further progress. Then the brine is more concentrated and

a c db

Fig. 7. Same as Figure 6, except from the ice layer formed in 2006.

Table 2. The average of major ion concentrations (μeq L−1) in the thick ice
layers of 2012 and 2006

2012 ice layer 2006 ice layer

4.370–4.390
ma

4.430–4.450
ma

Rest of
layer

6.101–6.126
ma

Rest of
layer

Cl− 5.73 5.08 3.88 5.21 4.68
SO4

2− 5.54 6.84 3.80 5.99 4.82
Na+ 4.33 4.04 3.05 2.11 1.48
NH4

+ 3.54 3.06 2.37 0.90 1.26
Mg2+ 1.63 1.99 1.20 2.88 2.27
Ca2+ 1.70 2.19 1.56 3.06 2.30
Mg2+/Na+ 0.19 0.25 0.19 0.69 0.77

aLast regions to freeze.

Table 3. Average of diameters (μm) and areas (μm2) of inclusions in the last
stage of refreezing in the 2012 and 2006 ice layers, according to the SEM
analysis

2012 ice layer 2006 ice layer

Particle Diameter 21 25
Area 871 1189

Rod Diameter 472 192
Area 33 032 2159

Columnar Diameter 29 44
Area 96 116
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preserved as rod-like inclusions along the resulting grain bound-
ary or triple junction. Thus, the redistribution of impurities can
be explained by fractionation between solid and liquid impurities

during the freezing. We summarize the proposed process in
Figure 10: (a)–(b) The smaller columnar- and particle-like inclu-
sions of solid Na2SO4⋅10H2O and CaSO4⋅2H2O form in the ice

Fig. 8. Photomicrographs and Raman spectra of inclusions. (a, b) Photomicrographs of regions within 4.370–4.380m (last region to freeze) in the 2012 ice layer (a) and
6.116–6.121m (last region to freeze) in the 2006 ice layer (b). The left edge is shallower depth, right edge deeper. ‘TJ’ indicates a triple junction. Green arrow is a
particle-like inclusion of double salts of Na2SO4⋅10H2O and CaSO4⋅2H2O within an ice grain. Orange arrows are liquid particle- and rod-like inclusions of (NH4)2SO4

in grain boundaries. Red arrows: similar to orange arrows except H2SO4. Blue arrows are columnar-like inclusions of CaSO4⋅2H2O in the ice grain. The purple
arrow is a particle-like inclusion of H2SO4 and CaSO4⋅2H2O in the triple junction. White arrows mark particle- and rod-like inclusions at grain boundaries or ice grains
that have no Raman peaks detected. The black lines show a smaller rod-like inclusion (X) and larger rod-like inclusions (Y and Z). (c) Raman spectra of inclusions
marked in (a) and (b).

a b c

Fig. 9. The fractions of Na (red), S (green), Cl (blue), and Ca (black) of a given inclusion and the inclusion area (μm2) for inclusions formed in the last region of
refreezing. Also shown are the least-square-error straight-line fits for each element. Each of correlation coefficient (r) and p-value are in the box. Inclusions without
Na, S, Ca, and Cl have mainly Si. We consider them as insoluble inclusions and do not plot them here.
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grains. (c) Particle-like inclusions of brines with Na+, Cl−, NH4
+,

and SO4
2− form in grain boundaries. (d) Finally, if sufficient

impurity exists in the meltwater, large rod-like inclusions of
brines with Na+, Cl−, NH4

+, and SO4
2− form at grain boundaries.

In this way, when the ice layer is particularly thick, as is the
case with the 2012 and 2006 ice layers, the grain boundaries
can have particularly large rod-like brine inclusions.

3.3.3 Ion amount needed to form a large rod-like brine inclusion
To form a large rod-like brine inclusion, a certain amount of ion
flux is needed. The major ion species in a large rod-like brine
inclusion are Na+ and Cl− (Fig. 9). To evaluate the ion amount,
three parameters should be considered: (i) the concentration of
impurities in the precipitation, (ii) how ion levels change as the
meltwater percolates to the ice layer, and (iii) enrichment in the
liquid phase during refreezing. As an example, we consider the
large rod-like inclusion in 2012 (Fig. S3a-(1)) with the inclusion
size as a cuboid of about 1600 μm in diameter and about 50 μm
in width. The elemental mass ratios of Na and Cl compared to
all seven elements (Si, Al, S, Cl, Na, Mg, and Ca) are 15.9 and
19.0%, respectively. With these numbers, we estimate that the
inclusion contains 1.6*10−6 g Na and 1.9*10−6 g Cl.

For (i), the concentration of impurities in the precipitation,
Na+ and Cl− have average concentrations of 4.51 and 5.29 μeq
L−1, respectively, averaged over the entire core (Fig. 1). For (ii),
the percolation process, the median values of the ion flushing
ratio to ice layers from the upper firn are 1.26 for Na+ and 1.41
for Cl−, respectively (Fig. 2). Multiplying the ratio by the original
concentrations, any ice layer in this ice core should have a potential
of about 5.66 and 7.47 μeq L−1 for Na+ and Cl− before refreezing.

Finally, we evaluate (iii), enrichment in liquid phase during
refreezing. To aggregate the estimated 1.6*10−6 g Na in the

inclusion from the initial water concentration of 5.66 μeq L−1,
12.31 g of water is required. For Cl, 7.17 g of water is required.
Assuming uniform freezing in one direction as sketched in
Fig. S4, the thickness of ice needed for the Cl case is about 7 cm.

This threshold thickness should depend on characteristics of
the core, but in this case, the value is roughly consistent with
nearly all rod types found in the 15.0 and 15.5 cm thick layers
of 2012 and 2006 except those in thin ice layers. For example,
in the earlier warm period of the 1920s, the thickest ice layer
was 0.7 cm, and here we chose a 0.5 cm ice layer at random and
detected in it no rod-like inclusions.

3.4 Implications of the large rod-like inclusion

Large rod-like inclusions such as those found here have not been
reported in ice cores that had never experienced melting. A possible
reason for their not appearing in such dry ice cores is that they
might only appear in the last regions to freeze of thick ice layers.

Concerning their implications, a high concentration of such
inclusions in grain boundaries would decrease the pressure melt-
ing point and lead to melting in veins along grain boundaries
(Wolff and Paren, 1984). In this way, they could change the elec-
trical properties and thermodynamics of the ice. In addition,
Fisher and Koerner (1986) and Paterson (1991) suggest that a
high concentration of inclusions produces a higher deformation
rate of the ice. Thus, large rod-like inclusions in grain boundaries
are a place of special vulnerability in the ice layer, which could
affect the motion of the entire glacier or ice sheet.

As a proxy, the rod-like inclusions may be an indicator that a
large amount of meltwater has refrozen. Such a proxy may be use-
ful for identifying past warm climates (e.g., MIS5e) in deeper ice
cores in the Greenland ice sheet. Furthermore, the millimeter-

Fig. 10. Proposed formation mechanism of inclusions at the last region of refreezing in the two thick ice layers. The sequence of inclusion formation is summarized
in the last (green-framed) drawing. White lines are grain boundaries or triple junctions.
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scale rod-like brine inclusions might become a weak point in the
refrozen ice against the Arctic warming. The brine can then
change into water veins in the refrozen ice. In this way, the
millimeter-scale brine may accelerate the melting of the ice sheet.
Further studies should help clarify these possible implications.

4. Conclusion

We measured the size, shape, location, and elemental composition
of inclusions preserved in ice layers formed by melt-refreezing in
the Greenland ice sheet. In the ice layers, we identified three types
of inclusions: (1) Particle-like inclusions in ice grains and grain
boundaries that contain solid salts of Na2SO4⋅10H2O and
CaSO4⋅2H2O, as well as brine with NH4

+ and SO4
2−. (2) Rod-like

inclusions in grain boundaries that contain brine with SO4
2−, Cl−,

Na+, and NH4
+. (3) Columnar-like inclusions within ice grains

that consist of CaSO4⋅2H2O (gypsum). We argued that the inclu-
sions over 30 μm in diameter had formed by melt-refreezing.

In thick ice layers that formed in 2012 (4.330–4.480 m
depths) and 2006 (6.056–6.211 m depths), we discovered
particularly large rod-like inclusions up to about 1 mm in diam-
eter at depths corresponding to the last region of refreezing. In
this region, we argued that the process followed the following
sequence. (1) First, the smaller columnar-and particle-like inclu-
sions of solid Na2SO4⋅10H2O and CaSO4⋅2H2O form within the
ice grains. (2) Then, particle-like inclusions of brines with Na+,
Cl−, NH4

+, and SO4
2− form in grain boundaries. And finally, in

the case that the meltwater has sufficient impurity, then (3), large
rod-like inclusions of brines with Na+, Cl−, NH4

+, and SO4
2− form

in grain boundaries as the final product. We suggested that the
large rod-like inclusions could be used to indicate that a large
amount of meltwater refroze. Such a proxy may help identify
past warm climates in deeper ice cores in Greenland and for study-
ing future ice sheet melting behavior.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2022.101.

Acknowledgements. We are grateful to the drilling and initial analysis
teams of the SIGMA-A ice core. The paper was significantly improved as a
result of comments by two anonymous referees and Scientific Editor Dr
E. Isaksson, to whom we are greatly indebted. The paper was also significantly
improved as a result of comments by Dr Shin Sugiyama. This study was sup-
ported in part by MEXT/JSPS KAKENHI Grant Numbers JP18H05292,
JP16H01772: the Arctic Challenge for Sustainability (ArCS) Project: the
Arctic Challenge for Sustainability II (ArCS II) Project, Program Grant
Number JPMXD1420318865.

References

AMAP (2017) Snow, Water, Ice and Permafrost in the Arctic (SWIPA) 2017.
Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway.
xiv + 269 pp.

Aoki T, Matoba S, Uetake J, Takeuchi N and Motoyama H (2014) Field
activities of the “snow impurity and glacial microbe effects on abrupt warm-
ing in the Arctic” (SIGMA) project in Greenland in 2011–2013. Bulletin of
Glaciological Research 32, 3–20. doi: 10.5331/bgr.32.3

Ashmore DW, Mair DWF and Burgess DO (2019) Meltwater percolation,
impermeable layer formation and runoff buffering on Devon Ice Cap,
Canada. Journal of Glaciology 66(255), 61–73. doi: 10.1017/jog.2019.80

Avak SE and 7 others (2019) Melt-induced fractionation of major ions and
trace elements in an Alpine snowpack. Journal of Geophysical Research:
Earth Surface 124 (7), 1647–1657. doi: 10.1029/2019JF005026

Baker I, Cullen D and Iliescu D (2003) The microstructural location of impur-
ities in ice. Canadian Journal of Physics 81(1-2), 1–9. doi: 10.1139/p03-030

Bartels-Rausch T and 25 others (2014) A review of air–ice chemical and
physical interactions (AICI): liquids, quasi-liquids, and solids in snow.
Atmospheric Chemistry and Physics 14, 1587–1633. doi: 10.5194/acp-14-
1587-2014)

Benson CS (1962) Stratigraphic studies in the snow and firn of the Greenland
Ice Sheet, Research Report 70, Snow, Ice and Permafrost Research
Establishment.

Cragin JH (1993) Elution of ions from melting snow. Army Cold Regions
Research and Engineering Laboratory. CRREL Report, 93–8.

Craig H (1961) Isotopic variation in meteoric waters. Science 133(3465),
1702–1703. doi: 10.1126/science.133.3465.1702

Culberg R, Schroeder DM and Chu W (2021) Extreme melt season ice layers
reduce firn permeability across Greenland. Nature Communications 12, 1–9.
doi: 10.1038/s41467-021-22656-5

Cullen D and Baker I (2001) Observation of impurities in ice. Microscopy
Research Technique 55, 198–207. doi: 10.1002/jemt.10000

Curtis CJ and 6 others (2018) Spatial variations in snowpack chemistry,
isotopic composition of NO3

− and nitrogen deposition from the ice sheet
margin to the coast of western Greenland. Biogeosciences 15(2), 529–550.
doi: 10.5194/bg-15-529-2018

Dansgaard W (1964) Stable isotopes in precipitation. Tellus 16(4), 436–468.
doi: 10.3402/tellusa.v16i4.8993

de la Peña S and 8 others (2015) Changes in the firn structure of the western
Greenland ice sheet caused by recent warming. The Cryosphere 9(3), 1203–
1211. doi: 10.5194/tcd-9-541-2015

Eichler A, Schwikowski M and Gäggeler HW (2001) Meltwater-induced reloca-
tion of chemical species in alpine firn. Tellus Series B: Chemical and Physical
Meteorology 53(2), 192–203. doi: 10.1034/j.1600-0889. 2001.d01-15.x

Fischer H, Wagenbach D and Kipfstuhl J (1998) Sulfate and nitrate firn con-
centrations on the Greenland ice sheet: 2. Temporal anthropogenic depos-
ition changes. Journal of Geophysical Research 103(D17), 21935–21942.
doi: 10.1029/98JD01886

Fisher DA and Koerner RM (1986) On the special rheological properties of
ancient microparticle-laden Northern Hemisphere ice as derived from bore-
hole and core measurements. Journal of Glaciology 32(112), 501–510.
doi: 10.3189/S0022143000012211

Fujita K and 6 others (2021) Physically based summer temperature recon-
struction from melt layers in ice cores. Earth Space Science 8,
e2020EA001590. doi: 10.1029/2020EA001590

Fukazawa H, Sugiyama K, Mae S, Narita H and Hondoh T (1998) Acid ions
at triple junction of Antarctic ice observed by Raman scattering. Geophysical
Research Letters 25(15), 2845–2848. doi: 10.1029/98GL02178

Furukawa R and 6 others (2017) Seasonal-scale dating of a shallow ice core
from Greenland using oxygen isotope matching between data and simula-
tion. Journal of Geophysical Research. Atmospheres 122(20), 10873–10887.
doi: 10.1002/2017JD026716

Graeter KA and 9 others (2018) Ice core records of West Greenland melt and
climate forcing. Geophysical Research Letters 45, 3164–3172. doi: 10.1002/
2017GL076641

Halde R (1980) Concentration of impurities by progressive freezing. Water
Research 14(6), 575–580. doi: 10.1016/0043-1354(80)90115-3

Herron MM, Herron SL and Langway CC Jr (1981) Climatic signal of ice
melt features in southern Greenland. Nature 293(5831), 389–391. doi:
10.1038/293389a0

Iizuka Y and 7 others (2009) Constituent elements of insoluble and non-
volatile particles during the Last Glacial Maximum exhibited in the Dome
Fuji (Antarctica) ice core. Journal of Glaciology 55(191), 552–562. doi:
10.3189/002214309788816696

Iizuka Y and 9 others (2012a) The rates of sea salt sulfatization in the atmos-
phere and surface snow of inland Antarctica. Journal of Geophysical
Research. Atmospheres 117, D04308. doi: 10.1029/2011JD016378.

Iizuka Y and 6 others (2012b) Sulphate-climate coupling over the past
300,000 years in inland Antarctica. Nature 490(7418), 81–84. doi:
10.1038/nature11359

Iizuka Y and 8 others (2013) Sulphate and chloride aerosols during Holocene
and last glacial periods preserved in the Talos Dome Ice Core, a peripheral
region of Antarctica. Tellus. Series B, Chemical and Physical Meteorology 65
(1), 20197. doi: 10.3402/tellusb.v65i0.20197

Iizuka Y and 9 others (2018) A 60 year record of atmospheric aerosol deposi-
tions preserved in a high-accumulation dome ice core, southeast Greenland.
Journal of geophysical research. Atmospheres 123(1), 574–589. doi: 10.1002/
2017JD026733

Iizuka Y, Igarashi M, Kamiyama K, Motoyama H and Watanabe O (2002)
Ratios of Mg2+/Na+ in snowpack and an ice core at Austfonna ice cap,
Svalbard, as an indicator of seasonal melting. Journal of Glaciology 48
(162), 452–460. doi: 10.3189/172756502781831304

12 Kaoru Kawakami and others

https://doi.org/10.1017/jog.2022.101 Published online by Cambridge University Press

https://doi.org/10.1017/jog.2022.101
https://doi.org/10.1017/jog.2022.101
https://doi.org/10.5331/bgr.32.3
https://doi.org/10.1017/jog.2019.80
https://doi.org/10.1029/2019JF005026
https://doi.org/10.1139/p03-030
https://doi.org/10.1139/p03-030
https://doi.org/10.5194/acp-14-1587-2014
https://doi.org/10.5194/acp-14-1587-2014
https://doi.org/10.1126/science.133.3465.1702
https://doi.org/10.1038/s41467-021-22656-5
https://doi.org/10.1038/s41467-021-22656-5
https://doi.org/10.1038/s41467-021-22656-5
https://doi.org/10.1038/s41467-021-22656-5
https://doi.org/10.1002/jemt.10000
https://doi.org/10.5194/bg-15-529-2018
https://doi.org/10.5194/bg-15-529-2018
https://doi.org/10.5194/bg-15-529-2018
https://doi.org/10.5194/bg-15-529-2018
https://doi.org/10.3402/tellusa.v16i4.8993
https://doi.org/10.5194/tcd-9-541-2015
https://doi.org/10.5194/tcd-9-541-2015
https://doi.org/10.5194/tcd-9-541-2015
https://doi.org/10.5194/tcd-9-541-2015
https://doi.org/10.1034/j.1600-0889. 2001.d01-15.x
https://doi.org/10.1034/j.1600-0889. 2001.d01-15.x
https://doi.org/10.1034/j.1600-0889. 2001.d01-15.x
https://doi.org/10.1029/98JD01886
https://doi.org/10.3189/S0022143000012211
https://doi.org/10.1029/2020EA001590
https://doi.org/10.1029/98GL02178
https://doi.org/10.1002/2017JD026716
https://doi.org/10.1002/2017GL076641
https://doi.org/10.1002/2017GL076641
https://doi.org/10.1016/0043-1354(80)90115-3
https://doi.org/10.1016/0043-1354(80)90115-3
https://doi.org/10.1016/0043-1354(80)90115-3
https://doi.org/�10.�1038/293389a0
https://doi.org/�10.�3189/002214309788816696
https://doi.org/10.1029/2011JD016378
https://doi.org/10.�1038/nature11359
https://doi.org/10.3402/tellusb.v65i0.20197
https://doi.org/10.1002/2017JD026733
https://doi.org/10.1002/2017JD026733
https://doi.org/10.3189/172756502781831304
https://doi.org/10.1017/jog.2022.101


Jouzel J and Souchez RA (1982) Melting–refreezing at the glacier sole and the
isotopic composition of the Ice. Journal of Glaciology 28(98), 35–42. doi:
10.3189/S0022143000011771

Koerner RM (1977) Devon Island ice cap: core stratigraphy and paleoclimate.
Science 196(4285), 15–18. doi: 10.1126/science.196.4285.15

Koerner RM and Fisher DA (1990) A record of Holocene summer climate
from a Canadian high - Arctic ice core. Nature 343(6259), 630–631 doi:
https://doi.org/10.1038/343630a0.

Kurosaki Y and 9 others (2020) Reconstruction of sea ice concentration in
northern Baffin Bay using deuterium excess in a coastal icecore from the
northwestern Greenland Ice Sheet. Journal of Geophysical Research:
Atmospheres 125, e2019JD031668. doi: 10.1029/2019JD031668

Lacelle D (2011) On the δ18O, δD and D-excess relations in meteoric precipi-
tation and during equilibrium freezing: theoretical approach and field exam-
ples. Permafrost and Periglacial Processes 22, 13–25. doi: 10.1002/ppp.712

MacFerrin M and 13 others (2019) Rapid expansion of Greenland’s low-
permeability ice slabs. Nature 573(7774), 403–407. doi: 10.1038/
s41586-019-1550-3

Machguth H and 9 others (2016) Greenland meltwater storage in firn limited
by near-surface ice formation. Nature Climate Change 6(4), 390–393. doi:
10.1038/nclimate2899

Matoba S and 9 others (2018) Field activities at the SIGMA-A site, north-
western Greenland Ice Sheet, 2017. Bulletin of Glaciological Research 36,
15–22. doi: 10.5331/bgr.18r01

Mcgrath D, Colgan W, Bayou N, Muto A and Steffen K (2013) Recent
warming at Summit, Greenland: global context and implications.
Geophysical Research Letters 40(10), 2091–2096. doi: 10.1002/grl.50456

Mulvaney R, Wolff EW and Oates K (1988) Sulphuric acid at grain bound-
aries in Antarctic ice. Nature 331(6153), 247–249. doi: 10.1038/331247a0

Nagatsuka N and 15 others (2021) Variations in mineralogy of dust in an ice
core obtained from northwestern Greenland over the past 100 years.
Climate of the Past 17, 1341–1362. doi: 10.5194/cp-17-1341-2021

Obbard R, Iliescu D, Cullen D and Baker I (2003) SEM/EDS comparison of
polar and seasonal temperate ice.Microscopy Research Technique 62(1), 49–61.
doi: 10.1002/jemt.10381

Ohno H and 5 others (2014) Potassium alum and aluminum sulfate micro-
inclusions in polar ice from Dome Fuji, East Antarctica. Polar Science 8
(1), 1–9. doi: 10.1016/j.polar.2013.11.003

Ohno H and 12 others (2016) Physicochemical properties of bottom ice from
Dome Fuji, inland East Antarctica. Journal of Geophysical Research-Earth
Surface 121(7), 1230–1250. doi: 10.1002/2015JF003777

Ohno H, Igarashi M and Hondoh T (2005) Salt inclusions in polar ice core:
location and chemical form of water-soluble impurities. Earth and
Planetary Science Letters 232(1–2), 171–178. doi: 10.1016/j.epsl.2005.01.001

Ohno H, Igarashi M and Hondoh T (2006) Characteristics of salt inclusions
in polar ice from Dome Fuji, East Antarctica. Geophysical Research Letters
33, L08501. doi: 10.1029/2006GL025774

O’Neil JR (1968) Hydrogen and oxygen isotope fractionation between ice and
water. Journal of Physical Chemistry 72(10), 3683–3684. doi: 10.1021/j100856a060

Otosaka IN and 17 others (2020) Surface melting drives fluctuations in air-
borne radar penetration in West Central Greenland. Geophysical, Research
Letters 47, e2020GL088293. doi: 10.1029/2020GL088293

Oyabu I and 8 others (2014) Chemical compositions of sulfate and chloride
salts over the last termination reconstructed from the Dome Fuji ice core,
inland Antarctica. Journal of Geophysical Research: Atmospheres 119,
14045–14058. doi: 10.1002/2014JD022030

Oyabu I and 8 others (2015) Chemical compositions of solid particles pre-
sent in the Greenland NEEM ice core over the last 110,000 years. Journal
of Geophysical Research: Atmospheres 120, 9789–9813. doi: 10.1002/
2015JD023290

Oyabu I and 7 others (2020) Compositions of dust and sea salts in the Dome
C and Dome Fuji ice cores from Last Glacial Maximum to early Holocene
based on ice-sublimation and single – particle measurements. Journal of
Geophysical Research: Atmospheres 125, e2019JD032208. doi: 10.1029/
2019JD032208

Paterson WSB (1991) Why ice-age ice is sometimes “soft”. Cold Regions
Science Technology 20(1), 75–98.

Sakurai T (2010) Studies on phase equilibrium states and spatial distributions
of water-soluble microparticles preserved in polar ice sheets (PhD thesis).
Hokkaido University, Sapporo, Japan.

Sakurai T and 5 other (2010a) Magnesium methanesulfonate salt found in the
Dome Fuji (Antarctica) ice core. Journal of Glaciology 56(119), 837–842.
doi: 10.3189/002214310794457335

Sakurai T and 5 others (2010b) A technique for measuring microparticles in
polar ice using micro-Raman spectroscopy. International Journal of
Spectroscopy 2010, 384956. doi: 10.1155/2010/384956.

Sakurai T and 6 others (2011) The chemical forms of water-soluble micropar-
ticles preserved in the Antarctic ice sheet during termination I. Journal of
Glaciology 57(206), 1027–1032. doi: 10.3189/002214311798843403

Sakurai T, Ohno H, Horikawa S, Motoyama H and Uchida T (2017)
Micro-droplets containing sulfate in the Dome Fuji deep ice core,
Antarctica: findings using micro-Raman spectroscopy micro-droplets con-
taining sulfate in the Dome Fuji deep ice core, Antarctica. Journal of
Raman Spectroscopy 48(3), 448–452. doi: 10.1002/jrs.5040

Scambos T, Stroeve J, Koenig L, Box JE and Fettweis X (2021) Rain at the
Summit of Greenland. Published in Greenland Ice Sheet Today on
August 18, 2021, by the National Snow and Ice Data Center. Available at
http://nsidc.org/greenlandtoday/2021/08/rain-at-the-summit-of-greenland/.

Souchez RA and de Groote JM (1985) δD-δ18O relationship in ice formed by
subglacial freezing: paleoclimatic implications. Journal of Glaciology 31(109),
229–232.

Souchez RA and Jouzel J (1984) On the isotopic composition in δD and δ18O
of water and ice during freezing. Journal of Glaciology 30(106), 369–372.
doi: 10.3189/S0022143000006249

Stoll N, Eichler J, Hörhold M, Shigeyama W and Weikusat I (2020) A
review of the microstructural location of impurities in polar ice and their
impacts on deformation. Frontier Earth Science 8, 615613. doi: 10.3389/
feart.2020.615613

Takenaka N and 5 others (1996) Acceleration mechanism of chemical
reaction by freezing: the reaction of nitrous acid with dissolved oxygen.
Journal of Physical Chemistry 100, 13874–13884. doi: 10.1021/jp9525806

Tedesco M and 6 others (2013) Evidence and analysis of 2012 Greenland
records from spaceborne observations, a regional climate model and
reanalysis data. The Cryosphere 7(2), 615–630. doi: 10.5194/tc-7-615-2013

van den Broeke MR and 7 others (2016) On the recent contribution of the
Greenland ice sheet to sea level change. The Cryosphere 10(5), 1933–
1946. doi: 10.5194/tc-10-1933-2016

Whitby KT (1978) The physical characteristics of sulfur aerosols. Atmospheric
Environment 12, 135–159. doi: 10.1016/0004-6981(78)90196-8

Wolff EW and Paren JG (1984) A two-phase model of electrical conduction in
polar ice sheets. Journal of Geophysical Research. Solid Earth 89, 9433–9438.
doi: 10.1029/JB089iB11p09433

Journal of Glaciology 13

https://doi.org/10.1017/jog.2022.101 Published online by Cambridge University Press

https://doi.org/�10.�3189/S0022143000011771
https://doi.org/10.1126/science.196.4285.15
https://doi.org/10.1038/343630a0
https://doi.org/10.1038/343630a0
https://doi.org/10.1029/2019JD031668
https://doi.org/10.1002/ppp.712
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.1038/s41586-019-1550-3
https://doi.org/10.1038/nclimate2899
https://doi.org/10.5331/bgr.18r01
https://doi.org/10.1002/grl.50456
https://doi.org/10.1038/331247a0
https://doi.org/10.5194/cp-17-1341-2021
https://doi.org/10.5194/cp-17-1341-2021
https://doi.org/10.5194/cp-17-1341-2021
https://doi.org/10.5194/cp-17-1341-2021
https://doi.org/10.1002/jemt.10381
https://doi.org/10.1016/j.polar.2013.11.003
https://doi.org/10.1002/2015JF003777
https://doi.org/10.1016/j.epsl.2005.01.001
https://doi.org/10.1029/2006GL025774
https://doi.org/10.1021/j100856a060
https://doi.org/10.1029/2020GL088293
https://doi.org/10.1002/2014JD022030
https://doi.org/10.1002/2015JD023290
https://doi.org/10.1002/2015JD023290
https://doi.org/10.1029/2019JD032208
https://doi.org/10.1029/2019JD032208
https://doi.org/10.3189/002214310794457335
https://doi.org/10.1155/2010/384956
https://doi.org/10.3189/002214311798843403
https://doi.org/10.1002/jrs.5040
http://nsidc.org/greenlandtoday/2021/08/rain-at-the-summit-of-greenland/
http://nsidc.org/greenlandtoday/2021/08/rain-at-the-summit-of-greenland/
https://doi.org/10.3189/S0022143000006249
https://doi.org/10.3389/feart.2020.615613
https://doi.org/10.3389/feart.2020.615613
https://doi.org/10.1021/jp9525806
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-7-615-2013
https://doi.org/10.5194/tc-10-1933-2016
https://doi.org/10.5194/tc-10-1933-2016
https://doi.org/10.5194/tc-10-1933-2016
https://doi.org/10.5194/tc-10-1933-2016
https://doi.org/10.1016/0004-6981(78)90196-8
https://doi.org/10.1016/0004-6981(78)90196-8
https://doi.org/10.1016/0004-6981(78)90196-8
https://doi.org/10.1029/JB089iB11p09433
https://doi.org/10.1017/jog.2022.101

	Inclusions in ice layers formed by melting and refreezing processes in a Greenland ice core
	Introduction
	Methods
	SIGMA-A ice core and stratigraphic analyses
	Microscope observations and Raman spectroscopy analyses of inclusions
	Observation of nonvolatile inclusions by the sublimation--EDS method
	Ion concentration and water isotope ratio measurements

	Results and discussion
	Physical and chemical characteristics of the SIGMA-A ice core
	Shape and chemical components of inclusions in the ice layers
	Microscope observation and Raman analyses
	Shape and elemental components of nonvolatile inclusions in ice layers

	Chemical form and shape of inclusions in thick ice layers formed in 2012 and 2006
	The refreezing processes of the two thick ice layers
	Formation mechanism of inclusions during the refreezing processes of the two thick ice layers
	Ion amount needed to form a large rod-like brine inclusion

	Implications of the large rod-like inclusion

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


