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Abstract

Rising temperatures and melting of snow and ice since 2000 CE may result in coastal soil regions in
Greenland providing more mineral particles to the Greenland ice sheet than before. To examine seasonal
variations of the concentrations and source regions of mineral particles in recent snow in inland Northeast
Greenland, we analyzed the total (z.e., soluble and insoluble) concentrations of major metallic elements (Al
Ca, and Fe) and the size distributions of mineral particles in snow pit samples covering 2013-2017 at the
East Greenland Ice Core Project site. The total concentrations of metallic elements showed clear seasonality
with spring maxima, indicating that the mineral particle concentrations peaked in this season. Volcanic
products from the 2014-2015 eruptions of Bardarbunga, Iceland, had little effect on the metallic element
concentrations. The increased Ca/Al ratio, Ca solubility, and fine particle fraction (<5bum) in winter-spring
indicated that the relative contributions of mineral particles originating from distant arid regions increased
in those seasons. In summer-autumn, the Ca/Al ratio and Ca solubility decreased, and the coarse particle
fraction (>5um) increased, suggesting that the relative contributions from coastal soil regions in Greenland

increased in those seasons.
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1. Introduction

Mineral particles contained in the Greenland ice sheet
provide information about their source regions, their
transport pathways, and the past climate and environ-
ment in Greenland. To understand past climatic and envi-
ronmental changes, the concentrations, fluxes, mineralogy,
and strontium/neodymium isotopic ratios in Greenland
ice cores have been investigated (e.g., Biscaye et al., 1997;
Steffensen, 1997; Svensson et al., 2000; Ruth et al., 2002).
Studies of deep ice cores from inland sites on the Green-
land ice sheet found that mineral particle concentrations
strongly correlated with temperature changes and were
10- to 100-fold higher in glacial periods than in interglacial
periods (e.g., Steffensen, 1997; Ruth et al., 2002). The
mineralogy and strontium/neodymium isotopic ratio
analysis of the mineral particles in the inland ice cores
(Greenland Ice Core Project [GRIP] and Greenland Ice
Sheet Project 2) showed that Asian arid regions (e.g., the

Taklamakan Desert) are the most likely sources of the
particles during both the Holocene and the last glacial
period (Biscaye et al., 1997; Svensson et al., 2000). The
isotopic ratio analyses of mineral particles in an ice core
from an inland site (Dye-3) from the 1786-1793 period
indicated Asia as their primary source and North Africa
as an additional source (Lupker et al., 2010). The isotopic
ratio analysis of mineral particles in snow pit samples
collected from the inland site (North Greenland Ice Core
Project [NGRIP]) covering the 1998-2001 period
suggested that the mineral particles come from the Asian
regions in all seasons (Bory et al., 2003a). Bory et al.
(2003b) compared ice core data from various sites in
Greenland and found that the concentrations, fluxes,
mineralogy, and isotopic ratios of mineral particles at the
coastal sites (Renland and Hans Tausen) differed
substantially from those at the inland sites (GRIP, NGRIP,
and Dye-3). Simonsen et al. (2019) found that mineral
particles collected from Renland were dominated by those
originating from the coastal soil regions in Greenland
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during interglacial periods because the Greenland ice
sheet retreated, exposing the coastal soils. Recent coastal
ice core studies in Greenland have focused on changes in
mineral particle emissions from the coastal soil regions in
Greenland due to warming after 2000 CE (Amino et al.,
2021; Nagatsuka et al., 2021). Amino et al. (2021) found a
higher annual flux of mineral particles during the 2000-
2014 period at the SE-Dome site in the southeastern part
of the Greenland ice sheet compared with that during the
1960-2014 period. They showed that mineral particle
emissions increased due to the decreased snow-covered
area in Greenland resulting from warming after 2000 CE.
Nagatsuka et al. (2021) analyzed the mineralogy and
morphology of mineral particles contained in an ice core
drilled from the SIGMA-D site in northwestern Greenland.
They demonstrated that the mineral particle supply from
the coastal soil regions in western Greenland increased
during 2005-2013 and 1915-1949 due to the higher air
temperature and shorter snow cover duration in the
coastal regions in the two periods. Therefore, after 2000
CE, the mineral particle emissions from coastal soil
regions in Greenland have likely been increasing. In
particular, the mineral particle emissions are likely
increasing in autumn due to the recent decrease in snow-
covered area in Greenland in this season (Amino et al.,
2021). The contribution of mineral particles from the soil
regions on the Greenland coast may be increasing not
only in the coastal regions, but also in the inland regions
of the Greenland ice sheet (Kjeer et al, 2022). However, in
the inland regions of the Greenland ice sheet after 2000
CE, the seasonality of concentrations and source regions
of mineral particles are not fully understood because
there are few previous studies (Carmagnola et al., 2013;
Kjeer et al., 2022).

Metallic components must be analyzed to estimate
the mineral particle concentrations and fluxes on the ice
sheet. Al is a major element that accounts for about 8 %
of the continental crust by weight, and thus it is used as
a proxy for mineral particles (Wedepohl, 1995; Spolaor et
al., 2013; Sato et al., 2013). In previous studies, usually
only the soluble metallic components in snow and ice
have been analyzed using ion chromatography (e.g., Dibb
et al., 2007; Kuramoto et al., 2011; Nakazawa et al., 2021).
However, mineral particles also have insoluble components,
and thus it is necessary to obtain the total (z.e., soluble
and insoluble) concentrations of metals for quantitative
analysis of the metallic elements derived from mineral
particles (e.g., Sato et al., 2013).

The metallic composition of mineral particles in
snow and ice reflects the composition of their source
regions. A large amount of Ca is concentrated in arid
regions as soluble calcium salts (e.g., calcite and gypsum)
(Formenti et al., 2011). Therefore, the Ca contents of
mineral particles in snow and ice can be used to evaluate
the supply of particles from arid regions. The Ca/Al ratio
of mineral particles in snow and ice can be used as a
proxy corresponds to the Ca contents. Similarly, because

the calcium salts are soluble, the mineral particles from
arid regions should have a higher Ca solubility, and the
Ca solubility of mineral particles in snow and ice can be
used to identify the particle source.

The source regions of mineral particles are also
investigated by measuring the particle size distribution,
which is generally measured by insoluble particle
analysis with the Coulter counter method (e.g., Baccolo et
al., 2018; Simonsen et al., 2019). The atmospheric
residence time of mineral particles depends on their
diameter, and the larger the diameter, the shorter the
residence time (Tegen and Lacis, 1996). Therefore,
mineral particles transported from distant regions are
dominated by smaller particles (Biscaye et al., 1997; Bory
et al., 2003b). For example, because of the large contribu-
tion of long-range transported mineral particles, particles
less than 4um in diameter accounted for approximately
90% of the particle mass in the central region of the Green-
land ice sheet (GRIP) during the Holocene (Steffensen et
al., 1997). In contrast, mineral particles transported from
the coastal soil regions in Greenland showed large
fractions of coarse particles (>5um) (Steffensen et al.,
2001; Simonsen et al., 2019), and the coarse mineral
particles were treated as originating mainly from the
coastal soil regions in Greenland (Simonsen et al., 2019;
Amino et al., 2021). Thus, the coarse particle fraction of
total mineral particles can be used to assess the relative
contribution of mineral particles originating from coastal
soil regions in Greenland (Amino et al., 2021).

This study aims to reveal the recent temporal
variations of the concentration and source regions of
mineral particles with seasonal resolution in the inland
region of the Greenland ice sheet. For this aim, we
conducted snow pit observations at the East Greenland
Ice Core Project (EGRIP) site (75.38°N, 36.00°W, 2720 m
above sea level), a northeastern inland site on the ice
sheet, and we measured the total concentration of metals
and the size distribution of insoluble particles in the snow
pit samples. Additionally, to examine the Ca solubility
and the contribution of volcanic products to the
concentration of metals and insoluble particles, we
measured the concentrations of soluble components in
the snow pit samples.

2. Methods

2.1 Sampling and measurements

The snow samples used in this study were collected
from a snow pit observation at the EGRIP site on June
16, 2017 (Fig. 1). The snow pit was named Pit 4 by
Komuro et al. (2021), who reported details of its obser-
vation and dating. The snow pit was 2.01 m in depth and
covered the years 2013 to 2017. Snow samples for chemical
and insoluble particle analyses were collected every 0.03
m from the surface to the bottom of the pit. The samples
were collected using a pre-cleaned plastic spatula and
ceramic knife and were placed in dust-free plastic bags
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Fig. 1. Map of the study sites.

for chemical analyses and in pre-cleaned Nalgene
straight-side wide-mouth jars for insoluble particle
analysis. The samples were frozen and transported to the
National Institute of Polar Research (NIPR).

The snow samples were melted in the Class 10,000
clean room at NIPR. The samples for insoluble particle
analysis were transferred to pre-cleaned 20 mL glass
bottles (Nichiden-Rika), and those for chemical analyses
were transferred to pre-cleaned polypropylene bottles
(surface contamination control 100 mL bottle, AS ONE).
The concentrations and size distribution of insoluble
particles (diameters of 0.52-12 um) were measured with a
Coulter counter (Multisizer 4, Beckman Coulter) in the
Class 10,000 clean room. The error of the measured
values was approximately 10% (Nakazawa et al., 2021).
To calculate Ca solubility and examine the supply of
volcanic products, Ca’*, SO,*", and F~ concentrations
were measured from part of the samples for chemical
analyses with two sets of ion chromatographs (ICS-5000
+, Thermo Fisher Scientific) in the Class 10,000 clean
room. The analytical precision was better than 2% at the
1ng mL ™" level for all ions (Nakazawa et al, 2021). For
oxygen isotope ratios of water (5°°0), we used measure-
ment data reported by Komuro et al. 2021. For the total
concentration analysis of metallic elements, 2mL of the
samples for chemical analyses was dispensed into
perfluoroalkoxy alkane (PFA) vials (Savillex), and then
0.1mL HNO; (Tama Chemicals) and 0.05mL HF (Tama
Chemicals) was added to the vials in the Class 100 clean
room. After the PFA vials were sealed, they were covered
with polypropylene and PTFE microwave decomposition
jacket assemblies (San-ai Kagaku). The particulates in the

samples in the vials were decomposed by microwave
radiation for 2.5 min using a 600 W microwave oven. The
decomposed sample solution in the PFA vials was
entirely evaporated, and then 0.5 mL HNO; was added to
the sample residue in the vials. After evaporating the
sample solution again, the sample residue in the vials was
dissolved with 1% HNO; in a 10 mL flask. The total
concentrations of Al, Ca, Fe, and Na (Al . Cawur Feoun
and Na,... respectively) in the sample solution were
measured by inductively coupled plasma mass spectrom-
etry (7700 ICP-MS, Agilent Technologies). The total
concentrations were not obtained for the samples from
depths of 0.03-0.06 and 1.23-1.26 m because the sample
volumes were not sufficient to perform the total concen-
tration analysis.

Mineral particle concentrations in samples can be
estimated from Al (Sato et al., 2013). In this study,
assuming that all Al is of crustal origin, the mineral
particle concentration ((C,,;,.,..]) Was calculated by

[Cmineml] = [A Zloml] / 823 X 100

where 8.23 is the percentage of Al abundance in the
crust (Taylor, 1964). The non-sea salt fractions of Cayy
and SO,* ([nssCa,,,,) and [1ssSO,*"]) were calculated by

[nss Camml] = [Camml] - (Ca2+ / Na+)seu X [SSNa]

[12ssSO,2 =[SO, 1— (SO /Na™),,, X [ssNa]

where (Ca** /Na™)., and (SO, /Na™),, are the Ca®* /Na*
and SO,” /Na" ratios of seawater (0.0371 and 0.254)
(Broecker and Peng, 1982), respectively, and [ssNa] is the
sea salt-origin Na concentration. The soluble non-sea salt
Ca (nssCa) concentration was calculated by

[nss Casoluble] = [Casaluble] - (Ca / Na)sea X [SSN(Z]
and the soluble nssCa fraction was calculated by
Ealubl{) = [ﬂSS Casnluble] / [nsscatntal]

where [nssCa,,,.) 18 the soluble nssCa concentration,
F, . 18 the soluble nssCa fraction, and [Cag,y,.) 1s the
soluble Ca concentration measured by ion chromatography.
Assuming that all Al is crustal in origin, sea salt-origin
Na concentration was calculated by (Sato et al., 2013)

[SSNa] = [Namml] - (Na/Al)crust X [A Z[oml]

where (Na/Al).. is the Na/Al ratio in the crust (0.287)
(Taylor, 1964).

2.2 Back-trajectory analysis

To investigate the source regions of the mineral
particles, the transport pathways of the air masses that
reached EGRIP during 2013-2017 were calculated by the
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Stein et al., 2015) distributed by the
National Oceanic and Atmospheric Administration. We
used NCEP/NCAR reanalysis dataset (Kalnay et a/., 1996)
to run the HYSPLIT model. The starting points were set
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at 50, 500, 1000 and 1500 m above ground level (a.gl) at
EGRIP (Nagatsuka et al., 2021). We started the back-
trajectory every 6 hours. The sum of air masses at the
four altitudes was used for our analysis. The probability
distribution of the air mass below 1500m a.gl. was
calculated with a spatial resolution of 1° (Nagatsuka et al,
2021). The regional contribution from the probability
distribution was also calculated.

3. Results and discussion

3.1 Dating and profiles of major metallic elements,

nssSO,°~, and F~

The date for each layer was determined by the 60
profile (Fig. 2). The local maxima and minima of the §°°0
were assigned to summer and winter centers for each
year, as reported by Komuro et al. (2021). For the seasonal
analysis of pit data, we assigned seasons to not only the
layers of summer and winter centers but also other layers.
In this assignment, we assumed that the summer and
winter centers are January 15 and July 17, respectively,
for each year, and that the progression of time between
the centers corresponds linearly to the change in depth
between the centers. The date of the surface (depth of
0.00m) was set to June 15, 2017, assuming that the surface
snow was deposited on the day before the observation
date. We did not assign the seasons for the layers below
the 2013 summer center (below 1.83m), because we could
not determine the 2012/13 winter. Based on these
assumptions, we determined the layers of spring (March-
May), summer (June-August), autumn (September-
November), and winter (December-February) (Fig. 2).

The depth profiles for the metallic elements,
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nssCa,y/ Al ratio (corresponding to the Ca/Al ratio
and Ca content in mineral particles), soluble nssCa
fraction, nssSO,””, and F~ along with the "0 profile are
shown in Fig. 2. The Al concentration showed clear
seasonal variation, with higher concentrations in spring
and lower concentrations in other seasons. The seasonal
variations of Fe,, and nssCa,,, concentrations were
similar to that of the Al concentration. The Fe,, and
nssCa,,, concentrations were strongly correlated with
the Al concentration (»=0.95, p<<0.001 and »=0.89, p<
0.001, respectively). The nssCa,,,/ Al ratios and soluble
nssCa fraction were higher in winter-spring and lower in
summer-autumn. However, unseasonal increases in the
soluble nssCa fraction were observed in autumn 2014.
The concentrations of nssSO,*~ and F~ were higher in
the depth range of 0.90-1.32m (summer 2014 to summer
2015) than in the other depth ranges.

The increase in nssSO,” and F~ in the summer 2014
to summer 2015 period suggests the supply of volcanic
products emitted from the eruption of Bardarbunga in
Holuhraun, Iceland, which started in the summer of 2014
(Schmidt et al., 2015). SO, and F~ concentrations in
Icelandic precipitation were about 20 times higher after
the eruption than before due to the contribution of
volcanic SO, and HF (Stefansson et al., 2017). Therefore,
the supply of volcanic products emitted from the volcanic
eruption could have greatly increased the SO,”” and F~
concentrations in the snow on the Greenland ice sheet.
The layers in the summer 2014 to summer 2015 period
would have been affected by volcanic products derived
from the eruption. Previous snow pit studies at EGRIP
(Du et al, 2019a, 2019b) also found increases of nssSO,* ",
F~, and non-sea salt S concentrations in the layers during
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Fig. 2. Depth profiles of the metallic elements, nssCa,,,/Al,, ratio, soluble nssCa fraction, nssSO,”~, and F ~, along with that of 60
from Komuro et al. (2021). The red and blue lines indicate the center depths of summer and winter, respectively, for each year.
The yellow, red, green and blue areas indicate the spring, summer, autumn and winter layers, respectively. The black bidirectional
arrow Indicates the period summer 2014 to summer 2015 (volcanic period).
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this period, and attributed them to volcanic products
from the Bardarbunga eruption. Du et al. (2019b) found
that rare earth element patterns in the layers during the
summer 2014 to summer 2015 period were similar to
those of volcanic products emitted from 2014-2015
eruption of Bardarbunga. In the following discussion, we
call the summer 2014 to summer 2015 period the volcanic
period and the other periods non-volcanic periods.

The seasonal variations of Al Feww and nssCay,
concentrations indicate seasonal variation of mineral
particle concentrations with spring maxima (Fig. 2).
Although the volcanic products could be another source
of Al, Fe, and Ca in the volcanic period, the seasonality of
Al Few and nssCa,,, concentrations in this period
was same as those in the non-volcanic periods. Moreover,
the averages of Al,,. Fe,.. and nssCa,,, concentrations
in the volcanic period (8.83, 498, and 6.08 ng mL™") did not
exceed those for 2013-2017 (947, 5.39, and 7.11ng mL™}).
Therefore, volcanic products from the 2014-2015 eruption
of Bardarbunga probably had little effect on those
metallic element concentrations.

The seasonal variation of the nssCa,y /Al ratio
indicates that the Ca content in mineral particles
increased in winter-spring and decreased in summer-
autumn (Fig. 2). The soluble nssCa fraction was also
higher in winter-spring; therefore, the increase of Ca
content in those seasons was probably due to an increase
of soluble Ca. The seasonal variations of soluble Ca
content in mineral particles suggests that their major
source region also varied seasonally. In autumn 2014, the
nssCay,/ Al ratio did not increase; only the soluble
nssCa fraction increased. Thus, this increase in soluble
nssCa fraction was not due to mineral particle supplies
from source regions with high soluble Ca content, as
observed in winter-spring of other years. Because
autumn 2014 is part of the volcanic period, it is possible
that volcanic acids from the 2014-2015 eruption of
Bardarbunga leached Ca from insoluble mineral particles
and increased the soluble nssCa fraction.

Mineral particle concentrations for 2013-2017
calculated from the Al,,, concentrations ranged from 29
to 354 ug kg~ ! with an average of 115 + 82ugkg ™" (unless
otherwise noted, uncertainties here are the standard
deviation). Although recent observations of mineral
particle concentrations in inland regions of Greenland are
limited, Carmagnola et al. (2013) reported mineral particle
concentrations from 49 to 310ug kg™! with an average
value of 138 + 69ug kg™ for May and June 2011 at
Summit. The average concentration of mineral particles
in this study was not significantly different from that in
the previous study. The 4-year average of annual mineral
particle fluxes (summer 2013 to summer 2017) at EGRIP
calculated using accumulation rates reported by Komuro
et al. (2021) was 165mgm 2 yr ' This was within the
range of fluxes at the inland sites of the Greenland ice
sheet (GRIP, NGRIP, and Dye-3) (14-19mgm “yr ")
reported by Bory et al. (2003b).

Du et al. (2019b) reported average concentrations of
water- and acid-soluble Fe of 0.252 and 2.17ng g,
respectively, for 2012-2017 at EGRIP. The average Fe...
concentration for 2013-2017 in this study (5.39ng mL ™}
was 21 and 2.5 times the concentrations of water- and
acid-soluble Fe, respectively. The majority of Fe in snow
is present as insoluble fractions and even leaching
treatment by acidification cannot extract total Fe in
snow (e.g., Gaspari et al., 2006). Thus, the reason for
higher average Fe concentrations in the present study
than in the previous study is that we extracted total Fe
from snow samples by the acid decomposition method.
The comparison of this study with the previous study
suggests that the average percentages in water- and
acid-soluble Fe are approximately 5% and 40 %, respec-
tively, in recent snow at EGRIP.

3.2 Insoluble particle concentration

The depth profile for insoluble particle concentration
for the entire size range measured in this study (0.52-
12 um) along with the 6®0 and Al,,, concentration
profiles are shown in Fig. 3. The insoluble particle
concentration showed a seasonal variation, which was
similar to that of Al,,, concentrations. However, in the
volcanic period, the peak depth of the insoluble particle
concentration (0.90-0.99 m) did not match that of the Al
concentration (0.93-1.02m). The correlation between Al
and insoluble particle concentrations was moderate for
2013-2017 (»=0.78, p<0.001) (Fig. 4). The correlation was
stronger for the non-volcanic periods (»=0.88, »<<0.001)
and weaker for the volcanic period (»=0.49, p<0.1). In
non-volcanic periods, the correlation was stronger (»=
094, p<0.001) if the sample from 0.03-0.06 m depth was
excluded as an outlier.

The strong correlation for the non-volcanic periods
indicates that the insoluble particles were mainly mineral
particles for those periods. The weak correlation for the
volcanic period may be caused by inputs of volcanic
products from the 2014-2015 eruption of Bardarbunga.
Volcanic glasses, which are an Al-free volcanic product,
increase only the insoluble particle concentration. Further-
more, dissolution of mineral particles by volcanic H,SO,
and HF can decrease the insoluble particle concentrations
but does not change the Al concentration because Al
ions from these particles are also reflected in the Al
concentration. Therefore, the input of volcanic products can
explain the changes in insoluble particle concentration
without changes in the Al,,, concentration and can also
explain the weak correlation between the two concen-
trations for the volcanic period.

In the sample from 0.03-0.06 m depth, the insoluble
particle concentration appeared to be too high compared
with the Al concentration (Figs. 3 and 4). The insoluble
particle concentration in this layer (984X 10°um*mL ™) was
approximately twice that estimated from the regression
line in the non-volcanic periods (47.8X10°um*mL™") (Fig.
4). Thus, this layer likely contained Al-free insoluble
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Fig. 3. Depth profiles of insoluble particle concentrations and coarse particle fraction along with those of 00 and Al,,. The 60
profile is from Komuro et al. (2021). The insoluble particle concentrations are shown for the entire range (0.52-12um), fine range
(0.52-5um), and coarse range (5-12um). The red and blue lines indicate the center depths of summer and winter, respectively, for
each year. The yellow, red, green and blue areas indicate the spring, summer, autumn and winter layers, respectively. The black
bidirectional arrow indicates the period summer 2014 to summer 2015 (volcanic period).
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Fig. 4. Relationship between concentrations of Al and
insoluble particles for the entire size range. The open
and filled circles denote data from the summer 2014
to summer 2015 period (volcanic period) and the other
periods (non-volcanic periods), respectively. The cross
shows an outlier in the non-volcanic periods (sample
from 0.03-0.06 m depth). The black dashed line is the
regression line for the data for 2013-2017. The grey line
is the regression line for the non-volcanic periods with the
outlier. The black solid line is the regression line for the
data in the non-volcanic periods without the outlier.

particles. This layer was within the non-volcanic periods
and unlikely to be affected by the volcanic products. The
reason for the anomalous insoluble particle concentration
in this layer was unclear in this study.

3.3 Particle size distribution

Average size distributions of insoluble particle

concentrations for 2013-2017 and non-volcanic periods
are shown in Fig. 5. These average size distributions
showed a unimodal distribution with mode diameters of
around 2um. This distribution is also reported from
previous ice core studies in the inland regions of the
Greenland ice sheet (GRIP and NGRIP) (Steffensen, 1997;
Ruth et al., 2003).

In previous studies, mineral particles larger than
S5um in diameter were treated as originating from soil
regions near the Greenland ice sheet (local sources)
(Amino et al., 2021; Nagatsuka et al., 2021). Thus, we
divided the insoluble particle concentration data into fine
and coarse particles with a boundary of 5 um to examine
seasonal variations of the contribution from distant and
local sources (Fig. 3). The concentration of fine particles
(0.52-5um) showed a seasonal variation with maxima in
spring, as did the concentration of particles over the
entire size range. The concentration of coarse particles
varied from layer to layer, however, the seasonal averages
of the concentration in the non-volcanic periods were
similar (3.24-4.18X10° um® mL™"). This difference in
seasonality suggests that the seasonality of mineral
particle supply from local sources differed from that from
distant sources. The volume fractions of coarse particles
in the entire size range (coarse particle fraction)
decreased in winter-spring and increased in summer-
autumn in the non-volcanic periods. These changes
suggest that the fraction of mineral particles from distant
sources increased in winter-spring, whereas that from
local sources increased in summer-autumn.
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3.4  Characteristic estimation of mineral particles from

distant and local sources

To estimate the Ca/Al ratios of mineral particles from
distant and local sources, we examined the relationship
between the coarse particle fraction and nssCayy/ Al
ratio (Fig. 6 and Table 1). In non-volcanic periods, the
nssCay/ Al ratio averages increased with decreasing
coarse particle fraction. The average nssCa,./ Al ratio
for low coarse particle fractions (<20%) was roughly 1.5
times the crustal average Ca/Al ratio (0.50) (Taylor,
1964). This result remained the same even when an
outlier in the non-volcanic period (sample from 0.03-
0.06 m depth; see Section 3.2) was excluded, suggesting

10" 4

100 -

Insoluble particle, dV/din(d) (x10% pm3 mL-")

10~ "
Diameter (um)

Fig. 5. Average size distributions of insoluble particles by
volume. The black and dashed lines show the average
for 2013-2017 and the non-volcanic periods, respectively.
The red, purple, and blue lines show the averages for low
(<20 %), moderate (20 %-40 %), and high (>40 %) coarse
particle fraction ranges for the non-volcanic periods,
respectively.

that the mineral particles from distant sources had
higher Ca/Al ratios than the crustal average. The
average nssCa,,, /Al ratio for high coarse particle
fractions (>40 %) was 0.7 times the crustal average,
suggesting that mineral particles from local sources had
the same or lower Ca/Al ratios than the crustal average.
As well as the nssCa,,/Al,., ratio, the average soluble
nssCa fraction increased with the decrease of coarse
particle fraction (Table 1), suggesting that the higher
nssCay/ Al ratios of mineral particles from distant
sources were due to their higher soluble Ca contents.
These relationships were unclear in the volcanic period,
possibly due to the contributions of volcanic products
from the 2014-2015 eruption of Bardarbunga in this
period. In Section 3.6, we discuss the source regions of
mineral particles in more detail using the nssCa,,/ Al
ratios obtained from these analyses.

The Fe../Al ratio in non-volcanic periods showed
no significant changes with the changes in the coarse
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Fig. 6. Relationship between coarse particle fraction and
nssCa, g,/ Al ratio. The open and filled circles denote
data during the summer 2014 to summer 2015 period
(volcanic period) and the other periods (non-volcanic
periods), respectively. The cross shows an outlier in the
non-volcanic periods (sample from 0.03-0.06 m depth).

Table 1. Averages and standard deviations of nssCa,g,/ Al Few/ Al and soluble nssCa fractions for low
(<20 %), moderate (20 %-40 %), and high (>40 %) coarse particle fraction ranges.

Non-volcanic period

Volcanic period

Coarse particle

Soluble nssCa

Soluble nssCa

fraction ns8Caou/Alou  Feua/ Al fraction nssCau/Aloa  Fewou/Aliou fraction
(%)
75+0.2 +2
Low 0.75£0.29 0.60 +0.26 7327 0.49 +0.04 0.61+0.22 77+7
(0.72£0.22) (73 £ 28)
Moderate 0.57+0.23 0.55+0.23 58 +£20 0.62+0.21 0.62+0.20 70 £ 25
High 0.34+0.05 0.52+0.36 33+17 0.77* 0.48" 87"

The values in parentheses show the average and standard deviation of the data with an outlier (sample from 0.03-

0.06 m depth) excluded from the non-volcanic periods.

*1n88Ca /Al Fem/ Al and soluble nssCa fractions of a single datum are shown because this range in the

volcanic period has only one datum.
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particle fraction (Table 1), indicating that there was no
significant difference in Fe/Al ratios between mineral
particles from distant and local sources.

Figure 5 shows the average size distribution of insol-
uble particle concentrations for each coarse particle
fraction in non-volcanic periods. The average size distri-
bution for the low coarse particle fraction had a clear
unimodal distribution with a mode diameter of around
2um, showing that mineral particles from distant sources
had a unimodal distribution with a mode diameter of
around 2um, as reported previously (Steffensen et al.,
2001; Bory et al., 2003b). However, the unimodal distribution
became unclear as the coarse particle fraction increased,
suggesting a difference in the size distributions of mineral
particles from distant and local sources. The average size
distribution for the high coarse particle fraction suggests
that for the mineral particles transported from local
sources to EGRIP, as the particle size increased, the
particle concentration changed little for 0.52-2 um
particles, decreased for 2-5um particles, and increased
again for 5-10um particles.

3.5 Source estimation of coarse mineral particles using
back-trajectory analysis
To estimate the local source regions, the origin of
coarse mineral particles, we calculated the probability
distribution of air masses arriving at EGRIP for 2013-
2017 (Fig. 7a). The atmospheric residence time of
particles larger than 5um is roughly 3 days or less (Tegen

180°

a)

and Lacis, 1996); therefore, we show the distribution of
the 3-day backward trajectories. To calculate regional
contributions of the air masses, land regions were divided
into the Greenland coast, Canada (including Alaska),
Iceland, and northern Eurasia (Europe and Russia) (Fig.
7b). The regional contributions of the air masses were
calculated as averages for annual (January-December),
spring (March-May), summer (June-August), autumn
(September-November), and winter (December-February)
(Fig. 7¢). The calculation results show that the air masses
in the range of 0-1500m a.gl. that reached EGRIP came
mainly from the coastal regions in Greenland, and that
the contribution from other regions was small (Fig. 7a).
The contribution from the Greenland coast was 88 %-
92% and the remainder from the rest of the regions was
<12% (Fig. 7c). The seasonal contribution from the
Greenland coast showed a maximum in spring and a
minimum in autumn; however, the range of variation was
small (4%). These results indicate that the local source
regions for the coarse mineral particles were primarily
the Greenland coast in all seasons.

To examine the local source regions in more detail,
the regional contribution of the air masses for the coasts
in Greenland was calculated (Fig. 8). The probability
distribution of the air masses over the Greenland coast
shows that they came mainly from the western and
eastern coasts in central Greenland (coasts between 64°N
and 76°N), and rarely from the northern and southern
coasts in Greenland (coasts above 76°N and below 64°N,

0.0 0.1 0.2 0.3 0.4 0.5
Probability (%)

Fig. 7.
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Spring

(a) Probability distribution of air masses arriving at EGRIP from a 3-day three-dimensional back-trajectory analysis

for 2013-2017. (b) Four regions used for calculating regional contributions (GrC: Greenland coast, green; CND: Canada
and Alaska, orange; NEU: northern Eurasia, light blue; ILD: Iceland, purple). (¢) Annual and seasonal averages of the

contributions from the four regions.
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(a) Probability distribution of the air masses in the Greenland coasts for 2013-2017 and four coastal regions used for
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76°N and 64°N lines are the boundary between the northern coast and the eastern/western coasts, and between the
southern coast and the eastern/western coasts, respectively. (b) Annual and seasonal averages of the contribution for the

four coastal regions.

respectively) (Fig. 8a). Calculating the regional contribu-
tions of the air masses for these coasts shows that the
contributions of western and eastern coasts (29 %-46 %
and 33 %-52 %) were similar (Fig. 8b). The sum of
contributions for the western and eastern coasts was
80 % for the all-season average with a small seasonal
variation (<4 % from the average). These results suggest
that the local source regions were primarily the western
and eastern coasts in central Greenland in all seasons.

3.6 Possible source regions of mineral particles and their

seasonal changes

Bory et al. (2003b) pointed out that nearly uniform
annual fluxes of mineral particles in the inland regions
(GRIP, NGRIP, and Dye-3) are due to the long-distant
transported fine mineral particles that fall uniformly on
the ice sheet from high elevations. Thus, the similarity of
the annual fluxes between EGRIP and these inland
regions (see Section 3.1) is evidence that the mineral
particles deposited at EGRIP could come mainly from
distant regions. Additionally, the average particle size
distribution for 2013-2017 was the unimodal distribution
(see Section 3.3), which is interpreted as the signature of
mineral particles from distant source regions to the
Greenland ice sheet (Simonsen et al., 2019), also sug-
gesting that the mineral particles could come mainly from
distant regions.

In addition to fine mineral particles, we observed
coarse mineral particles (see Section 3.3). The presence of
coarse mineral particles indicates that there were also
local mineral particle sources. The back trajectory
analysis suggested that the local source regions were
primarily the western and eastern coasts of central
Greenland (see Section 3.5). The coarse mineral particle
concentration varied from layer to layer (see Section 3.3),
thus, it is suggested that the mineral particle supply from
the coastal regions varied with time. Although the intra-
annual variation in dust event days in the western coast
(Kangerlussuaq) is reported by a previous study (Bullard
and Mockford, 2018), the seasonal average of coarse
mineral particle concentration in this study varied little.
The variation of dust event days is close to a monthly
scale; thus, the coarse particle concentrations averaged
by seasons were possibly unable to capture the variation.

The increase in fine particle concentration and
decrease in coarse particle fraction (i.e., increase in fine
particle fractions) in winter-spring (see Section 3.3)
suggest that the contribution of fine mineral particles
from distant regions is large in those seasons. Bory et al.
(2003a) found that the strontium/neodymium isotopic
ratios of mineral particles in spring at Summit could be
explained by those of arid regions in Asia. Thus, the fine
mineral particles found in winter-spring in this study
could also have originated from the Asian arid regions. In
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general, Ca/Al ratios of soils in arid regions are higher
than that of the crustal average due to the abundance of
calcium salts, such as calcite. The Ca/Al ratios of Asian
soils are in the range of 0.31-4.14 (Formenti et al., 2011).
Asian mineral aerosols in the North Pacific (Mauna Loa)
have a Ca/Al ratio of 099 £ 0.71 during the season of
high mineral aerosol concentrations (around spring)
(Holmes and Zoller, 1996). These Ca/Al ratio ranges in
Asian mineral particles can explain the nssCa,./ Al
ratios for the low coarse particle fractions in this study
(Table 1). Similarly, the Fe/Al ratio range in the Asian
source regions (0.36-1.74) (Formenti et al., 2011) can also
explain the Fe,/Aly. ratios for the low coarse particle
fractions. The Sahara is also proposed as an additional
distant arid source of mineral particles transported to
Greenland (Lupker et al, 2010); however, the Ca/Al ratio
in the Sahara (0.36-0.92) (Formenti et al., 2011) cannot
fully explain the nssCay,/ Al ratios with the low
coarse particle fractions. The mineral particle emissions
from the Sahara increase in spring and summer (Laurent
et al., 2008), which cannot explain the increased
contribution of fine mineral particles in winter-spring in
this study. Therefore, the Asian arid regions are more
plausible for explaining our results.

Calcium salts contained in the soils of arid regions
are soluble; thus, the higher Ca solubility in distant
source mineral particles (see Section 3.4) is explained by
the contribution of the calcium salts. The increase in
soluble Ca content in winter-spring supports a strong
contribution from mineral particles originating from arid
regions in those seasons.

The characteristics of mineral particles in summer—
autumn suggest that the main source regions of mineral
particles in this season were different from those in
winter-spring. Bory et al. (2003a) suggested that the
mineral particles at Summit came from the arid regions
in Asia not only in spring, but also in the other seasons.
However, the increase in coarse particle fraction in
summer-autumn (see Section 3.3) cannot be explained by
the mineral particles transported from distant source
regions, such as Asia. In summer-autumn, the relative
contributions of mineral particles from the western and
eastern coasts in central Greenland probably increased
due to the decrease in supply of fine mineral particles
from distant arid regions.

The direct comparison of the elemental compositions
of mineral particles in this study and soils in the western
and eastern coasts in central Greenland was difficult
because the information about the composition of the
soils is poor. However, the accumulation of calcium salts
requires high air temperatures and low precipitation (Zhu
et al., 2012), as found in Asian arid regions, whereas the
coastal regions in Greenland have lower temperatures
and receive more precipitation than arid regions
(Cappelen, 2018; Li et al., 2012). Therefore, the soils in the
Greenland coasts probably do not accumulate calcium
salt minerals and the soil Ca content and solubility may

be low compared with distant arid regions. An X-ray
absorption near-edge structure spectroscopy study of
soils in the eastern coast (around SE-Dome) suggested
that calcite and gypsum contributed little to the soil
spectra (Miyamoto et al., 2022). Wientjes et al. (2011)
reported the mineralogical and elemental compositions of
mineral particles deposited on the western coastal region
of the Greenland ice sheet and concluded that the
particles likely originated from the coastal soils on west
Greenland. The Ca/Al and Fe/Al ratios reported by
Wientjes et al. (2011) (0.38-0.51 and 0.53-0.61) were close
to the ratios of nssCa,, /Al and Feu/ Al in the
layers with high coarse particle fractions, respectively
(Table 1). This result supports the hypothesis that the
western coast was a main local source of mineral
particles containing coarse particles to EGRIP. For the
eastern coast, we could not perform a comparative
analysis similar to that for the western coast because of
the poor observation data for mineral particles from the
eastern coast. In future work, we will perform time-series
comparisons of atmospheric and ground surface
conditions for the Greenland coasts and mineral particles
deposited in EGRIP to understand their local sources
better.

4. Conclusion

At EGRIP, the Al Fe,u., and Ca,y, concentrations
showed clear seasonality. These concentrations increased
in spring, indicating an increase in mineral particle con-
centrations. Volcanic products came from the 2014-2015
eruptions of Bardarbunga, Iceland, and likely had little
effect on the concentrations of these metallic elements.
The depth profile of insoluble particle concentrations was
similar to that of the Al concentrations, suggesting
that a large fraction of the insoluble particle volumes in
snow at EGRIP consisted of mineral particles. The supply
of volcanic products may explain the discrepancy
between the depth profiles of Al and insoluble particle
concentrations in the summer 2014 to summer 2015
layers.

The average annual fluxes and size distributions of
mineral particles in this study matched those from the
other inland sites on the Greenland ice sheet reported in
previous studies. Thus, a large proportion of the mineral
particles deposited at EGRIP may have the same origin
as those at other inland sites on the Greenland ice sheet
and may have come from distant regions. However, the
coarse mineral particles contained in the snow at EGRIP
suggested that nearby soil regions also supplied mineral
particles. The back trajectory analysis suggested that the
nearby source regions were primarily the western and
eastern coasts of central Greenland. The decrease in
coarse particle fraction (i.e., the increase in fine particle
fraction) in winter-spring likely indicated that the
relative contribution of mineral particles transported
from distant regions increased in those seasons. The



KOMURO et al. 59

increase in average nssCa,,./Al,. ratio and soluble
nssCa fraction with the increase in fine particle fraction
suggested that the mineral particles from distant regions
came from arid soil regions, such as those in Asia, which
contain a large fraction of calcium salts. In contrast, in
summer-autumn, the coarse particle fraction increased
and the nssCa,/ Al ratio and soluble nssCa fraction
decreased, suggesting that the relative contribution of
mineral particles transported from the western and
eastern coasts increased in summer-autumn. In future
work, we will investigate atmospheric and ground
surface conditions using resources such as satellite
observations and reanalysis data to reveal the cause of
temporal variations in the concentrations, fluxes, and
source regions of mineral particles. Additionally, we will
analyze ice core data at EGRIP to understand longer-
term variations in the factors affecting mineral particles
in the inland regions.
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