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Abstract This study reports the chemical composition of particles present along Greenland’'s North
Greenland Eemian Ice Drilling (NEEM) ice core, back to 110,000 years before present. Insoluble and soluble
particles larger than 0.45 um were extracted from the ice core by ice sublimation, and their chemical
composition was analyzed using scanning electron microscope and energy dispersive X-ray spectroscopy
and micro-Raman spectroscopy. We show that the dominant insoluble components are silicates, whereas
NaCl, Na,SO4, CaSO,, and CaCOs represent major soluble salts. For the first time, particles of CaMg(COs),
and Ca(NOs),+4H,0 are identified in a Greenland ice core. The chemical speciation of salts varies with past
climatic conditions. Whereas the fraction of Na salts (NaCl + Na,SO,4) exceeds that of Ca salts (CaSO,4 + CaCOs)
during the Holocene (0.6-11.7 kyr B.P.), the two fractions are similar during the Bglling-Allerad period
(12.9-14.6 kyr B.P.). During cold climate such as over the Younger Dryas (12.0-12.6 kyr B.P.) and the Last
Glacial Maximum (15.0-26.9 kyr B.P.), the fraction of Ca salts exceeds that of Na salts, showing that the most
abundant ion generally controls the salt budget in each period. High-resolution analyses reveal changing
particle compositions: those in Holocene ice show seasonal changes, and those in LGM ice show a difference
between cloudy bands and clear layers, which again can be largely explained by the availability of ionic
components in the atmospheric aerosol body of air masses reaching Greenland.

1. Introduction

Aerosols are of central importance for atmospheric chemistry and physics, and climate [Péschl, 2005]. Primary
aerosols are emitted directly as liquid or solid particles from land or sea surface. On the other hand, secondary
aerosols are formed by gas-to-particle conversion and chemical reactions in the atmosphere [Hinds, 1999].
During transport, all aerosols may undergo various physical and chemical interactions, changing their size,
structure, and composition [Pdschl, 2005].

Aerosols may have an anthropogenic or natural source. Although it is now well recognized that anthropogenic
activities have strongly modified the load and composition of aerosol in the present-day atmosphere, the
composition of aerosols discussed in this study mainly originate from natural sources. Accordingly, we only
deal with natural aerosols in this study. In the Arctic region, the natural soluble aerosols originate from
the primary emission of sea salt (e.g., NaCl and MgCl,) [e.g., Legrand and Delmas, 1988b; Hansson, 1994;
De Angelis et al., 1997; Legrand and Mayewski, 1997] and terrestrial materials (e.g., CaSO,4 and CaCOs) [e.g.,
Mayewski et al., 1994; Hansson, 1994; De Angelis et al., 1997; Legrand and Mayewski, 1997]. Biomass burning
plumes also represent a significant source of aerosol (e.g., KNOs, K,SO,, and KCl) [e.g., Popovicheva et al.,
2014]. Soluble aerosol of the Arctic region is also secondarily produced from several sources, including NH3
emitted by bacterial decomposition in soils and biomass burning [e.g., Fuhrer et al., 1996; Silvente and
Legrand, 1993; Hansson and Holmén, 2001; Fischer et al., 2015], sulfur species emitted by marine biological
activity (dimethyl sulfide (DMS)) and volcanoes (SO,) [e.g., Legrand and Delmas, 1988b; Hansson and
Saltzman, 1993; Legrand et al., 1997; Legrand and Mayewski, 1997], and nitrogen oxides emitted from the
surface soil by microorganisms and biomass burning or produced within the troposphere (lightning) and
stratosphere (N,O oxidation) [e.g., Fuhrer and Legrand, 1997; Legrand and Mayewski, 1997; Réthlisberger
et al., 2002]. Secondary aerosol contains salts such as NH;NO3, NH4HSO,4, and (NH4)>SO04.
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Such atmospheric water-soluble aerosols are trapped and preserved in ice, representing important proxies
to reconstruct past atmospheric environmental conditions [e.g., Legrand, 1995]. A useful technique for
reconstructing past soluble aerosols from ice cores is the determination of the anions and cations, and this
can be done either by ion chromatography [e.g., Legrand et al., 1993, 1997; Littot et al., 2002] or fluorescence
and absorbance methods [Réthlisberger et al., 2000; Kaufmann et al., 2008; Bigler et al., 2011]. Using ion
concentrations, long-term aerosol studies have been done on Greenland ice cores from Dye 3 [Hammer
et al, 1985], Renland [Hansson, 1994], Greenland Ice Core Project (GRIP) [Fuhrer et al., 1993; De Angelis
et al, 1997; Legrand et al., 19971, Greenland Ice Sheet Project 2 (GISP2) [Mayewski et al., 1994], and North
Greenland Ice Core Project (NGRIP) [Jonsell et al., 2007; Ruth et al., 2007; Bigler et al., 2011; Fischer et al.,
2015]. Concerning specific ions, the concentration of Ca®*, a terrestrial proxy, decreases from cold to warm
periods up to a factor of 80 between the Last Glacial Maximum (LGM; 15.0-26.9 kyr B.P.) and the Holocene
in the GRIP and GISP2 ice cores [e.g., Mayewski et al., 1994; De Angelis et al., 1997; Fischer et al., 2007]. The
Na* concentration, a proxy of sea salt, varies less than Ca®* but is still much more concentrated in cold
periods than in warm periods [e.g., Mayewski et al., 1994; De Angelis et al., 1997; Fischer et al., 2007]. The
NH,4* concentration, originating mainly from continental biogenic emissions, starts to increase around
Balling-Allerad (12.9-14.6 kyr B.P.) from very low values in the last glacial period. Note that NH,* is a major
cation together with H* on a molar basis, whereas NH,* dominates H* on a mass basis in the Holocene
[Hansson, 1994; Fuhrer and Legrand, 1997; Fuhrer et al., 1996; Hansson and Holmén, 2001]. The 5042’ concentra-
tions are higher in cold periods than in warm periods [Hansson, 1994; Legrand et al., 1997]. Whereas noneruptive
volcanic emissions and marine biogenic emissions are the main sulfate sources during the Holocene [Legrand
et al, 1997], the large imbalance observed between cations and anions in LGM Greenland ice [Legrand and
Mayewski, 1997] suggest that the strong increase of sulfate in glacial ice reflects increased terrestrial inputs
(direct emissions of gypsum and CaCOs neutralized in the atmosphere by H,SO,).

Aerosols affect climate by direct and indirect effects [Intergovernmental Panel on Climate Change, 2007,2013].
The effects of atmospheric aerosols on climate changes vary according to their concentration, size, structure,
and chemical compositions [Pdschl, 2005]. Therefore, to determine the relevant chemical compositions of
past atmospheric environments, one should determine not only the ion concentrations but also the chemical
compositions of particles in the ice cores.

The first attempt to identify the chemical composition of soluble salts present in ice was done by measuring
major anions and cations with ion chromatography, doing acidity measurements and examining the resulting
ionic budget. This was done mainly in Antarctic ice [Legrand, 1987; Legrand and Delmas, 1988a]. Though no
acidity measurements were available in Greenland ice from the LGM, an observed imbalance between major
cations and anions measured with ion chromatography also provided some useful information on the
association between anions and cations [Legrand and Mayewski, 1997]. Later, lizuka et al. [2008] estimated
that the major component of the soluble salts in the LGM at Dome Fuji in Antarctica is CaSO,4, whereas
those in the Holocene are Na,SO,4 and MgSO,. Concerning the chemical compositions of single particles,
particle compositions in Antarctic ice spanning several glacial cycles have been reconstructed using the
micro-Raman method [Ohno et al., 2005, 2006; Sakurai et al., 2010, 2011] and the sublimation-energy
dispersive X-ray spectroscopy (EDS) method [lizuka et al., 2009, 2012a, 2012b, 2013; Oyabu et al., 2014].
Then, Sakurai et al. [2009], using micro-Raman spectroscopy, found that CaSOy, is a primary soluble compound
throughout the Holocene and the last glacial period in GRIP. They also found CaCOs; particles in the last glacial
period. However, direct measurements of particle compositions in the Greenland ice sheet remain rather sparse.
Using the sublimation method, we present here the chemical compositions of major soluble and insoluble
particles over the last 110,000 years before present (kyr B.P.) in the Greenland North Greenland Eemian Ice
Drilling (NEEM) ice core.

2. Methods

2.1. Ice Core Sample

The NEEM ice core was drilled on the Northwestern Greenland ice sheet (77.45°N, 51.06°W; 2450 m above sea
level) from 2007 to 2011. The core is 2540 m long and covers the past 130 kyr [North Greenland Eemian Ice
Dirilling (NEEM) community members, 2013]. The ice core samples applied in this study were transported from
the field to the Niels Bohr Institute’s (Denmark) cold storage facility and afterward to a cold laboratory at the
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Department of Physical Geography, Stockholm University (Sweden), where they were kept frozen at —25°C.
In the NEEM core, stratigraphic disruptions exist below the 2209.60 m depth [NEEM community members,
2013], and for this study samples have been selected from the section above 2200 m. The applied NEEM
ice core timescale is from Rasmussen et al. [2013]. We refer to the NEEM water isotope profile (unpublished)
to select 86 sections from six different climatic stages. The stages follow the Greenland interstadials (Gl)
and Greenland stadials (GS) described in Rasmussen et al. [2014] such that 26 sections are from the
Holocene (0.9-11.7 kyr B.P.), 3 sections are from the Younger Dryas (YD; GS-1, 12.0-12.6 kyr B.P.), 7 sections
are from the Bolling Allerad (BA; GI-1, 12.9-14.6 kyr B.P.), 20 sections are from the LGM (GS-2 and GS-3,
15.0-26.9kyr B.P.), 17 sections are from interstadial periods of Dansgaard-Oeschger (DO) event (GI-3 to
Gl-24), and 13 sections are from stadial periods of DO event (GS-4 to GS-22) (Table 1).

The NEEM isotope data are not available yet, but the overall features are very similar to those of the North
Greenland Ice Core Project (NGRIP) isotope data [Montagnat et al., 2014]. A chronology for the NEEM ice core
has been derived by transferring the annual layer count in the Greenland Ice Core Chronology 2005 (GICCO05)
and its model extension (GICCO5modelext) from the NGRIP core to the NEEM core [Rasmussen et al., 2013].
Thus, we used the NGRIP water isotope profile [Rasmussen et al., 2014] as a reference of the temperature
changes also at NEEM.

The ion and dust concentrations were analyzed using the continuous flow analysis (CFA) system of the
University of Bern [Kaufmann et al., 2008]. The Ca®* and Na* concentrations of 50 bag means (i.e., 55 cm
resolution) from 1282.5 to 1629.65 m are shown in Figure 13; and dust, Ca®*, Na*, NH,*, and NO5;™ from an
early Holocene section (1302.95-1303.50 m) and from a LGM section (1555.95-1556.50 m) in 1 mm resolution
are shown in Figures 14 and 15, respectively.

2.2. Observation of Nonvolatile Particles by Sublimation-EDS Method

To extract the nonvolatile particles, we followed the procedure described in lizuka et al. [2009]. The sublimation
system used in this study is placed at the Stockholm University, Sweden. We decontaminated the ice samples
by shaving about 1-2 mm off the surface using a clean ceramic knife and pulverized about 1 g of ice from the
deepest 5 cm of each of a 55 cm section of the core. The pulverized ice was then placed on a polycarbonate
membrane filter (diameter 13 mm, pore size 0.45 pm) in a sublimation chamber cooled to —40°C. Dry, clean
air with a compression air pressure of 0.55 MPa, containing no oil or solid particles more than 0.03 mm in
diameter flowed through the chamber at a rate of 15Lmin~" for 50 h. The air was produced by an air
compressor (Hitachi oil-free Bebicon, 0.750P-9.5GS5/6), an air dryer, and a cleaner (SMC Coop. IDG60SV).
Each filter yielded more than 700 particles exceeding 0.45 um diameter. Constituent elements and particle
diameter were measured using a JSM-6360LV (Japan Electron Optics Laboratory) SEM (scanning electron
microscope) and a JED2201 (JEOL) EDS (energy dispersive X-ray spectroscopy) system at the Institute of Low
Temperature Science (ILTS), Hokkaido University, Japan. To avoid electrical charging of the filter and to improve
analysis accuracy, the filter was coated with a Pt film by magnetron sputtering (MSP-10 Magnetron Sputter)
before the SEM-EDS measurement. The accelerating voltage was 20keV with a working distance of 20 mm
and a collecting time of 30-60s. To be counted as a nonvolatile particle, a particle had to contain at least one
of the elements Na, Mg, Si, Al, S, Cl, K, and Ca, each with an atomic ratio (%) amount at least twice that of the error
(%). The elements C, Cr, Fe, and Pt were also observed but not used in the analyses because their signal could not
be distinguished from artifacts from the membrane filter (C), the sample mount (Cr), the stainless steel of the
sublimation system (Fe), and the filter coating (Pt). Other elements were only rarely detected.

To evaluate possible contamination during the sublimation process, the sublimation system was run twice
before setting the ice sample on the filter in the sublimation chamber. After flowing air for 100 h, the filter
was observed by the SEM-EDS. As a result, only three to five particles with C and O were found. As each
ice sample would leave behind more than several thousand particles for glacial samples and 700 particles
for Holocene sample, the three to five particles not from the ice constitute less than 1%. Moreover, as particles
containing only C and O are not counted as nonvolatile particles here, we conclude that contamination from
the sublimation system is not an issue.

The analyzed salt particles were likely solid when embedded in the ice sheet, but possibly in the upper 10 m
and in the lower half of the core, some salts such as NaCl may have been liquid. The eutectic temperature
is —21.3°C for NaCl [Usdowski and Dietzel, 1998], whereas those of CaCOs, CaSO,4, and Na,SO,4 are close
to zero [Kargel, 1991; Usdowski and Dietzel, 1998]. The mean annual temperature at NEEM is —29°C
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Table 1. Overview of the NEEM Ice Core Sections Used for This Study®

Depth (m) Age (kyr B.P.) Climate Stage Number of Measured Particles Mean Diameter (um)
219.45 0.9 Holocene 574 1.05
376.75 1.7 Holocene 669 2.23
441.65 2.1 Holocene 585 240
544.50 2.7 Holocene 518 2.18
665.50 34 Holocene 476 1.60
689.15 3.6 Holocene 662 2.25
1282.60 8.9 Holocene 309 2.11
1289.75 9.0 Holocene 301 240
1296.90 9.2 Holocene 300 2.22
1303.50 9.3 Holocene 307 1.96
1311.20 94 Holocene 304 3.22
1319.45 9.5 Holocene 299 233
1326.60 9.6 Holocene 306 243
1333.20 9.8 Holocene 315 1.82
1340.35 9.9 Holocene 293 1.91
1346.95 10.0 Holocene 305 2.64
1354.10 10.2 Holocene 306 273
1360.15 103 Holocene 312 1.92
1367.85 104 Holocene 271 3.15
1374.45 10.6 Holocene 307 1.82
1382.15 10.8 Holocene 301 2.83
1388.75 10.9 Holocene 313 2.50
1395.90 11.1 Holocene 307 2.00
1402.50 1.3 Holocene 313 2.26
1409.65 115 Holocene 298 1.99
1417.35 11.7 Holocene 306 2.27
1424.50 12.0 YD (GS-1) 305 2.00
1431.10 123 YD (GS-1) 309 2.06
1437.70 12.6 YD (GS-1) 307 2.07
1444.85 12.9 BA (GI-1) 301 2.24
1452.00 13.2 BA (GI-1) 333 3.14
1459.15 13.5 BA (GI-1) 306 2.20
1464.65 13.7 BA (GI-1) 309 2.25
1472.90 14.1 BA (GI-1) 305 1.95
1479.50 143 BA (GI-1) 268 2.73
1486.65 14.6 BA (GI-1) 329 242
1493.25 15.0 LGM (GS-2) 306 1.93
1500.40 15.5 LGM (GS-2) 272 3.02
1501.50 15.6 LGM (GS-2) 515 1.33
1508.10 16.1 LGM (GS-2) 301 2.06
1515.25 16.7 LGM (GS-2) 300 1.87
1517.45 16.8 LGM (GS-2) 738 1.64
1522.40 17.2 LGM (GS-2) 305 2.29
1529.00 17.7 LGM (GS-2) 312 1.82
1536.15 18.2 LGM (GS-2) 308 294
1540.00 18.5 LGM (GS-2) 732 1.95
1543.85 18.8 LGM (GS-2) 307 2.59
1551.00 19.4 LGM (GS-2) 304 235
1556.50 19.8 LGM (GS-2) 539 446
1558.15 19.9 LGM (GS-2) 309 2.01
1564.75 20.5 LGM (GS-2) 301 2.98
1571.90 21.0 LGM (GS-2) 306 1.87
1573.00 211 LGM (GS-2) 735 1.66
1578.50 21.6 LGM (GS-2) 304 247
1622.50 26.1 LGM (GS-3) 737 1.79
1630.20 26.9 LGM (GS-3) 763 2.15
1640.10 27.7 GI-3 531 1.99
1646.70 283 GS-4 741 1.73
1652.20 28.8 Gl-4 528 1.38
1669.25 30.6 GS-5.1 536 1.44
1687.40 323 GI-5.2 515 1.26
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Table 1. (continued)

Depth (m) Age (kyr B.P.) Climate Stage Number of Measured Particles Mean Diameter (um)
1695.10 33.1 GS-6 615 1.64
1700.60 336 GI-6 529 1.46
1708.30 343 GS-7 528 1.63
1718.20 35.2 GI-7 511 1.19
1727.00 359 GS-8 515 145
1757.25 38.1 GI-8 301 2.02
1765.50 38.8 GS-9 307 223
1790.25 414 GI-10 303 2.02
1795.75 419 GS-11 304 223
1808.95 43.2 GI-11 221 2.04
1811.70 435 GS-12 309 2.13
1844.70 46.7 Gl-12 310 1.98
1852.95 47.7 GS-13 304 2.06
1888.70 519 Gl-14 306 1.86
1925.00 56.0 GS-16.1 303 2.16
1942.60 58.3 Gl-16.2 307 2.04
1963.50 61.5 GS-18 308 223
1986.60 66.8 GS-19.1 308 1.97
2010.25 723 GI-19.2 307 2.19
2063.60 81.9 GI-21.1 305 1.87
2096.60 86.0 GS-22 303 234
2128.50 90.0 Gl-22 306 2.12
2137.85 91.5 GI-23.1 303 2.12
2180.20 101.4 GI-23.1 282 2.11
2195.60 106.7 Gl-24.1 300 1.98

*The event stratigraphies divide the characteristic sequence of Greenland climate changes in the glacial period into
numbered Greenland interstadials (Gl) and Greenland stadials (GS) following Rasmussen et al. [2014].

[NEEM community members, 2013], which means that in summer at the surface and in the lower half of the
core, the in situ temperature may exceed the eutectic temperature of NaCl. When the air temperature
exceeds —21.3°C, NaCl may precipitate as a liquid and then spread or remain as a droplet on the snow
surface. However, NaCl become solid when it buried in the depth of 10 m, where the temperature should be
around —29°C at NEEM. Although the temperature of ice increases at greater depths in the core, being below
the close-off depth ensures that the NaCl remains confined and later precipitates back to solid form in the —25°C
cold room. Thus, we do not consider liquid-phase processes in our analyses of the salt particles.

On the other hand, H,SO;, is expected to be present as liquid in the ice sample and during sublimation (the
eutectic temperature is —62.0°C [Marion, 2002]), but H,SO,4 should not affect the particles during sublimation
[Oyabu et al., 2014]. As a way to check salt sulfatization during sublimation, Oyabu et al. [2014] compared the
number ratio of Na,S0,/CaS0O, from the sublimation method to that from the micro-Raman method. The
micro-Raman directly determined the amounts of both compounds preserved in the ice, from which we
obtained the ratio. The resulting ratio from both methods agreed with each other, suggesting that chemical
reactions between acids and salts are unlikely during the sublimation process.

In total, 32,867 particles from 86 ice samples were analyzed. Of all the particles on a given filter, about 300-500
were chosen at random to analyze, averaging in 380 particles/sample. The major diameters of the particles were
measured. Aggregate particles such as those shown in Figure 1a are regarded as multiple particles, and particles
such as those shown in Figures 1b-1e are regarded as single particles. The mean diameters of the particles
analyzed in each sample are listed in Table 1. The mean diameter of all 32,867 analyzed particles is
2.08 £0.46 um. Our study focuses on the compositions of particles originating from terrestrial material
and sea salt, including their secondary aerosols, particles that occur mainly in coarse particle mode
(>1 um) [Whitby, 1978]. Therefore, the mean diameters of the particles measured in this study are consistent
with particles that originate from terrestrial material and sea salt.

The mole numbers of CaCO3, CaSO,, Na,S0,4, NaCl, Ca-Cl, and NaX were calculated for each sample using the
spectrum ratios of each element obtained by SEM-EDS. The calculation procedure for the calculation of moles
and their uncertainties are explained in Appendix A.
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Figure 1. SEM images of representative particles from 13.5 kyr B.P. (a) Particle
containing Ca and S. (b) Particle containing Si. (c) Particle containing Na, Mg,
Al, Si, S, and Ca. (d) Particle containing Ca. (e) Particle containing Na and Cl. The
left peak is C (artifact from the filter), the peak second from the left is O, and the
peak near 2.0 keV is Pt (artifact from the coating).

2.3. Separating the Soluble and
Insoluble Components

To separate the nonvolatile particles
into soluble and insoluble components,
we ran water immersion experiments
on the Holocene (2.7 kyr B.P.) and the
LGM (19.8 kyr B.P.) sections by following
the procedure described by lizuka et al.
[2009]. After extracting the nonvolatile
particles, their elemental compositions
were measured using SEM-EDS without
a Pt film coating. Then the water-soluble
particles were dissolved by continually
putting an ultrapure water drop on the
filter at 25°C for 24 h, and letting each
drop pass through the filter. Thus, parti-
cles do not float and get away from fil-
ter. After drying, the filter was coated
by a Pt film, and then the residue of
insoluble particles remaining on the fil-
ter was analyzed once more using
SEM-EDS. In this way, we could measure
the elemental compositions of nonvola-
tile and insoluble particles from the
same sample. From the Holocene sec-
tion, 518 nonvolatile particles and 218
insoluble particles were analyzed. From
the LGM section, 539 nonvolatile parti-
cles and 232 insoluble particles were
analyzed. After considering the possible
remaining combination of elements, we
classified the nonvolatile particles into
insoluble and soluble particles.

2.4. Micro-Raman Spectroscopy
of the Calcium Compounds

A certain amount of soluble Ca-
containing particles was observed
during the SEM-EDS measurement.
To determine the compositions of such
soluble Ca-containing particles, we ana-
lyzed particles extracted by sublimation
system using micro-Raman spectro-
scopy, and then the same particles
were measured by SEM-EDS. Glacial
ice from 19.8kyr B.P. and 28.3 kyr B.P.
was selected. A 5% 5x1mm?> Cr plate
was mounted to a membrane filter

before placing the ice sample in the sublimation chamber. Then about 1 g of pulverized ice sample was placed
on the Cr plate, and volatile materials were sublimated at —40°C as described in section 2.2. A total of 223
particles from the 19.8kyr B.P. sample and 200 particles from the 28.3 kyr B.P. sample were analyzed by
micro-Raman spectrometer at ILTS (Japan). The micro-Raman spectrometer at ILTS has a triple monochromator
(Jobin-Yvon, T64000) equipped with a charge-coupled device (CCD) detector (Jobin-Yvon, Spectraview-2D).
Laser light of wavelength 514.5nm and power 150 mW was focused on a particle for 60s. To identify the
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