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A B S T R A C T

The insoluble fraction of aerosols is typically quantified as the dust concentration, but its elemental composition remains poorly characterized, whereas the soluble 
fraction is commonly measured as the ion concentration. Analyzing the elemental composition of the insoluble fraction is crucial for identifying aerosol sources and 
understanding the factors that drive their variability. This study investigates temporal variations in total (i.e., soluble and insoluble) metal concentrations in an ice 
core from the southeastern dome of Greenland, covering the period from 1957 to 2014. Crustal elements (Al, non-sea salt (nss) Ca, and Fe) exhibited high con
centrations during 1957–1975 (Period 1), low concentrations during 1976–1999 (Period 2), and a subsequent increase after 2000 (Period 3). The elemental ratios 
and seasonal flux patterns suggest that the aerosol sources and the factors controlling aerosol concentrations varied among the periods. Periods 1 and 2 are influenced 
by long-range transport of Asian mineral dust and anthropogenic emissions from North America and Europe, whereas Period 3 reflects growing contributions from 
local Greenland sources. Period 3 can be further divided into two periods: Period 3a (2000–2007) and Period 3b (2008–2014), based on differences in their 
compositions. During Period 3a, the enrichment in nssCa likely reflects increased inputs of soluble nssCa from coastal meltwater streams, along with additional 
contributions from the weathering of newly exposed carbonate rocks. In Period 3b, local Greenland soils became the dominant source, reducing the influence of Asian 
dust. Elevated Fe levels suggest additional contributions from volcanic soils, possibly from Iceland.

1. Introduction

Greenland ice cores have been extensively used to investigate the 
long-term variability in the composition and sources of atmospheric 
aerosols. Metal components in ice cores exist in both soluble and 
insoluble forms. Ice cores and snow samples are typically melted before 
analysis, and soluble fractions of aerosol components are commonly 
measured via ion chromatography (IC) or continuous flow analysis 
(CFA) after dissolution in water. The soluble fraction of aerosol com
positions in many Greenland ice cores has been investigated, with each 
ion serving as a tracer for its respective source. For example, Ca2+ traces 
mineral dust, Na+ and Cl− reflect sea salt, NH4

+ and K+ indicate biomass 
burning, and SO4

2− serves as a tracer for anthropogenic emissions as well 
as volcanic activity and biogenic sources (Legrand and Mayewski, 1997; 
Dibb et al., 2007; Kuramoto et al., 2011; Oyabu et al., 2016; Nakazawa 
et al., 2021). However, this approach can be limited in the amount and 
robustness of information that can be obtained. For example, the rela
tionship between Ca2+ and mineral dust depends on its solubility, origin, 

mineralogy, and coexisting components (Ruth et al., 2002, 2008; Banta 
et al., 2008; Lai et al., 2017).

The number, mass, and size distribution of the particles in the 
insoluble fraction are measured as the dust concentration. Deep ice cores 
from inland Greenland show that dust concentrations are closely 
correlated with temperature and are 10–100 times higher during glacial 
periods than during interglacial periods (Steffensen, 1997; Ruth et al., 
2002; Schüpbach et al., 2018). Recent studies have indicated an increase 
in dust from coastal Greenland, associated with ongoing warming 
(Amino et al., 2021; Kjær et al., 2022). Dust particle size is frequently 
used as an indicator of transport distance, in combination with back
ward trajectories and meteorological data, to identify its sources. In 
some cases, aerosol sources have been identified by comparing Sr, Nd, 
and Pb isotope ratios or mineral compositions with reference data (e.g., 
Bory et al., 2003a, 2003b; Lupker et al., 2010; Nagatsuka et al., 2021). 
However, in many other cases, the elemental composition of insoluble 
particles is not available, necessitating the indirect inference of sources.

Efforts have been made to characterize the composition of the 
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insoluble fraction. For example, metal components in filter-captured 
particles from the Dome C ice core drilled in Antarctica were 
measured via particle-induced X-ray emission (PIXE; Ghermandi et al., 
2003; Marino et al., 2004) and acid dissolution followed by mass anal
ysis via inductively coupled plasma–sector field mass spectrometry 
(ICP-SFMS; Gaspari et al., 2006). These studies indicate that many metal 
components are predominantly found in the insoluble fraction. In 
particular, metal components derived from crustal dust, such as Al and 
Fe, are less soluble (Gaspari et al., 2006; Lai et al., 2017). Therefore, 
measurements of the insoluble fraction are essential for understanding 
the compositions of crustal origin aerosols (Sato et al., 2013). Currently, 
such measurements have been attempted in Greenland snow samples, 
but they are limited to two sites in the northwest coastal region and the 
northeast inland region and cover only the last few years (Lai et al., 
2017; Komuro et al., 2024).

An ice core 90.45 m deep was drilled at the SE-Dome site in south
eastern Greenland in May 2015 (Iizuka et al., 2016). This area is a high 
accumulation zone, with an accumulation rate of 1.01 ± 0.22 m water 
eq. yr− 1 (1960–2014; Iizuka et al., 2017). Cores recovered from 
high-accumulation sites do not reach great ages; however, their high 
temporal resolution and reduced effects from chemical alteration at the 
snow surface enable the strong preservation of their chemical signals 
(Iizuka et al., 2017, 2018; Wei et al., 2025). The SE-Dome core can be 
precisely dated, with an uncertainty of approximately ±1 month 
(Furukawa et al., 2017). During ice core extraction, a 3.55 m deep snow 
pit was also excavated, allowing for the observation of seasonal varia
tions in water isotope ratios and major ion concentrations (Oyabu et al., 
2016). The high temporal resolution and strong chemical preservation 
of the SE-Dome core enable a wide range of proxy analyses. Iizuka et al. 
(2018) reconstructed major ion fluxes and reported that the non–sea salt 
SO4

2− flux from the SE-Dome core (1970–2010) closely corresponded to 
anthropogenic SOx emissions from North America. Iizuka et al. (2022)
analyzed sulfate aerosols extracted by sublimation and demonstrated a 
significant decline in particles smaller than 0.4 μm after 2010–2012, 
following the implementation of emission controls after a period of high 
anthropogenic emissions (1973–1975). Furthermore, Miyamoto et al. 
(2022) used X-ray absorption near-edge structure (XANES) data to show 
that Ca in ice cores predominantly occurred as calcite (CaCO3) during 
the 1970s–1980s but as gypsum (CaSO4•2H2O) during the 
1990s–2000s. This change in form suggests that atmospheric SO2 reacts 
with dust particles containing calcite, originating from East Asia, to form 
gypsum. Amino et al. (2021) analyzed the number, mass, and size dis
tribution of dust particles in the SE-Dome core and reported higher dust 
concentrations and a greater fraction of coarse particles after 2000, 
likely reflecting the expansion of snow-free areas along the Greenland 
coastline due to ongoing warming, which contributed additional local 
dust.

These proxy data enable the reconstruction of paleoenvironmental 
conditions at the SE-Dome over the past 60 years; however, some details 
are inconsistent. For example, the Ca2+ in SE-Dome snow pit samples is 
predominantly derived from terrestrial dust and reaches a maximum in 
spring (Oyabu et al., 2016), whereas the dust mass flux in the SE-Dome 
ice core peaks in autumn after 2000 (Amino et al., 2021). Furthermore, 
although Miyamoto et al. (2022) suggested that Ca in the SE-Dome ice 
core originates from East Asian calcite, backward trajectory analysis 
reveals little contribution from Asia (Iizuka et al., 2018). Analyzing both 
soluble and insoluble fractions may help resolve these uncertainties and 
enable a more comprehensive understanding of aerosol compositions.

In this study, we reconstructed total metal concentrations in the SE- 
Dome ice core over the past 60 years. This approach enables a quanti
tative evaluation of aerosol compositions, including both soluble and 
insoluble fractions. Analyzing their temporal trends and seasonal vari
ations at 10–to 20-year intervals helps complement and strengthen 
previously derived information from ion and dust data, thereby 
providing a more comprehensive view of the variation in aerosol 
composition.

2. Material and methods

2.1. Ice core samples and age scale

In this study, we used an ice core drilled to a depth of 90.45 m at the 
SE-Dome site (67.18◦N, 36.37◦W, 3170 m above sea level) in south
eastern Greenland. The annual mean temperature at SE-Dome is 
− 20.9 ◦C, based on firn temperature measurements at a 20 m depth 
(Iizuka et al., 2017). The SEIS2016 age scale, constructed using oxygen 
isotope matching for the period 1960–2014, was used for ice core dating 
(Furukawa et al., 2017). The SEIS2016 age scale was carefully evaluated 
against independent dating markers, including tritium and volcanic 
events, with an accuracy of within two months. For 1957–1959, 
maximum Na+ concentrations were used as depth markers for February 
precipitation, and ages were determined by linear interpolation (Iizuka 
et al., 2018).

2.2. Total metal concentration measurement

Ice core samples were cut at 50 mm depth intervals in a − 20 ◦C cold 
room at the Institute of Low Temperature Science, Hokkaido University. 
The outer 5 mm of each sample was removed with a clean ceramic knife 
to eliminate contamination, and the samples were placed in clean 
polyethylene bags. The samples, which were kept frozen at − 20 ◦C after 
being transported to Yamagata University, were melted at room tem
perature before analysis. Inside a Class 100 clean bench, the melted 
samples were transferred to perfluoroalkoxy alkane (PFA) containers 
(DV-7, San-ai Kagaku) and placed in a chamber on a ceramic hot plate at 
180 ◦C to evaporate to dryness. After complete evaporation, 0.3 mL 
nitric acid and 0.2 mL hydrofluoric acid were added to the residues in 
the PFA containers, which were then placed in pressure decomposition 
vessels (P-25, San-ai Kagaku) and heated in a microwave oven at 200 W 
for 15 min to dissolve the residues. The samples were subsequently 
heated again on a hot plate to evaporate to dryness. After complete 
evaporation, 0.1 mL of nitric acid was added to dissolve the residues, 
and the solution was transferred to centrifuge tubes (SuperClear Tubes 
with Plug Seal Cap, Labcon) and diluted to 10 mL with ultrapure water 
(18.2 MΩ cm). All PFA containers and centrifuge tubes were cleaned by 
soaking in 1 N nitric acid overnight to remove metal contamination. The 
detailed methods for dissolving the insoluble fraction are described by 
Suzuki and Sensui (1991).

The concentrations of Na, Al, Ca, and Fe were measured via ICP‒MS 
(7700, Agilent Technologies) at the National Institute of Polar Research. 
Sample concentrations were determined using calibration curves pre
pared from standard solutions (XSTC-13, SPEX). Procedural blanks were 
also measured and subtracted from the results. The relative standard 
error was within 5 %. Measurements were conducted on 717 samples 
collected at 50 mm depth intervals from the 90.45 m ice core, with some 
gaps in the measurement intervals (Fig. 1).

2.3. Estimation of the non-sea salt fraction

Among the four measured elements, Al and Fe are mainly crustal, 
whereas Na and Ca are also derived from sea salt. Assuming that all the 
Al originates from the crust, the sea salt fraction (ss) and crustal non-sea 
salt fraction (nss) of Na were first calculated using the following 
equations: 

[nssNa] = (Na/Al)crust × [t-Al]                                                            

[ssNa] = [t-Na] – [nssNa]                                                                   

Here, [t-Na] is the total concentration of Na, and (Na/Al)crust is the 
average crustal composition ratio of Na to Al, which is 0.287 (Taylor, 
1964). Using [ssNa], the non-sea salt fraction of Ca was calculated as 
follows: 
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[t-nssCa] = [t-Ca] – (Ca/Na)sea × [ssNa]                                             

where (Ca/Na)sea = 0.022 is the average seawater composition ratio 
(Broecker and Peng, 1982). In this study, total concentrations are indi
cated by a "t-" prefix (e.g., t-Ca) to distinguish them from ion 
concentrations.

3. Results & discussion

3.1. General characteristics of total metal concentrations

The average total concentrations of the four measured elements are 
shown in Table 1. Among them, t-Na and t-Ca had the highest concen
trations. Elevated Na+ concentrations have also been reported in snow 
pit samples from SE-Dome, likely due to its proximity to the coastline 
(Oyabu et al., 2016). The high t-Na concentration observed in this study 
similarly suggests a substantial contribution from sea salt. Among the 
four elements, Na and Ca are derived from both sea salt and continental 
sources. After removing the sea salt fraction, the average non–sea salt 
concentrations were 7.0 ± 6.8 μg L− 1 for nssNa and 43.9 ± 36.1 μg L− 1 

for nssCa. The average proportions of the non–sea salt fractions relative 
to the total concentrations were 15.3 % for Na and 96.3 % for Ca. These 
results indicate that Na in the SE-Dome core is primarily of marine 
origin, whereas Ca is mainly of continental origin.

Fig. 1 shows the time series of total metal concentrations (t-Na, t-Al, 

t-Ca, and t-Fe) from 1957 to 2014. The variation patterns of t-Al, t-Ca, 
and t-Fe are highly consistent, with concentration peaks in the late 
1960s to early 1970s and after 2000. A clear increasing trend is evident 
after 2000. In contrast, t-Na concentrations were elevated in the early 
1990s, marking the highest levels observed during the past 60 years.

Table 2 presents the correlation coefficients among the total con
centrations of the four elements. All four elements exhibit relatively 
strong positive correlations (r > 0.57), with the highest correlation 
observed between t-Fe and t-Al (r = 0.85). These results indicate that 
aerosols containing these elements likely originated from similar sources 
and were transported to the SE-Dome during comparable periods via 
similar pathways.

3.2. Comparison of trends in total metals and dust

Ca in Arctic snow is generally considered to be derived from sea 
spray or mineral dust, and nssCa, after correction for marine contribu
tions, is frequently used as a proxy for dust concentration (de Caritat 
et al., 2005; Dibb et al., 2007; Krnavek et al., 2012). In the SE-Dome 
core, non–sea salt fractions account for 96.3 % of the total Ca, 

Fig. 1. Time series of total metal concentrations in the SE-Dome ice core from 1957 to 2014 CE. The blue line indicates the annual average, and the gray bars indicate 
the concentration for each measured sample. The values indicate overshoot spikes in concentration (μg L− 1). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)

Table 1 
Average values and standard deviations of total metal concentrations in all 
measured samples (μg L− 1).

t-Na t-Al t-Ca t-Fe

Average ± 1σ 45.7 ± 30.7 24.4 ± 23.6 44.8 ± 36.4 26.7 ± 26.4

Table 2 
Correlation coefficients among the total concentrations of four elements (t-Na, t- 
Al, t-Ca, and t-Fe) measured from the SE-Dome ice core (n = 694). All the cor
relations are statistically significant (p < 0.001).

t-Na t-Al t-Ca t-Fe

t-Na 1 0.58 0.61 0.57
t-Al ​ 1 0.75 0.85
t-Ca ​ ​ 1 0.66
t-Fe ​ ​ ​ 1
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indicating a limited contribution from sea spray. To investigate the re
lationships with other crustal elements and dust, nssCa concentrations 
were used in subsequent analyses. In addition to nssCa, the elemental 
concentrations of Al and Fe in ice cores are commonly used as proxies for 
terrestrial dust (e.g., Whitlow et al., 1992; Drab et al., 2002). Because 
these elements are predominantly contained in insoluble dust, we 
evaluated their relationships by comparing the concentrations of t-Al, 
t-nssCa, t-Fe, and dust in the SE-Dome core. The mass concentration of 
dust in the SE-Dome core was previously reported by Amino et al. 
(2021). However, these values were derived by converting particle 
volumes measured by a Coulter Counter, assuming a constant density. 
Consequently, they are not directly comparable with total metal con
centrations. To facilitate comparison, we normalized the annual average 
concentrations of t-Al, t-nssCa, t-Fe, and dust to their respective 
entire-period average values and assessed their variation trends (Fig. 2). 
The variation patterns of the total concentrations of the three crustal 
elements are similar, with maximum values occurring in 1967. While 
high concentrations above the average frequently appear during 
1960–1975 and after 2000, few such cases are observed during 
1976–1999; in particular, t-nssCa remained below its average during 
this period. The variation in dust concentration broadly followed the 
pattern of total concentrations, with higher-than-average values after 
2000. However, during 1960–1975, the dust concentration was only 
slightly above the average and did not reach more than twice the 
average, in contrast to the total concentrations. Based on these variation 
patterns, we divided the data into three periods: Period 1 (1957–1975), 
Period 2 (1976–1999), and Period 3 (2000–2014), for further discussion 
of their respective variation mechanisms.

To further assess the variation trends, correlation coefficients were 
calculated between the dust concentration and the total concentrations 
of three elements (t-Al, t-nssCa, and t-Fe) (Table 3). Over the entire 
period (1960–2014), dust showed moderate positive correlations with 
the three elements (r = 0.52–0.58). When analyzed by period, no sig
nificant correlations were found in Period 1, and only weak correlations 

appeared in Period 2 (r = 0.21–0.35). In contrast, Period 3 showed 
moderate to strong positive correlations (r > 0.49), with the strongest 
correlation observed for t-nssCa (r = 0.73). Although some correlations 
were not statistically significant (p > 0.05), the overall trend indicates a 
progressive increase in correlation strength over time. This suggests that 
the sources, transport pathways, and deposition processes influencing 
both dust and total metal concentrations have become increasingly 
similar in recent decades.

3.3. Period-based differences in aerosol composition and seasonality

Distinct temporal trends were observed between dust and total 
concentrations, suggesting that aerosol composition varied across the 
three periods. In Period 1, the total concentrations of crustal elements 
were up to three times higher than the average, whereas the dust con
centrations increased by only approximately 1.3 times. Moreover, the 
timing of peak concentrations did not coincide between the two (Fig. 2). 
To further investigate these period-specific differences in aerosol 
composition, we examined the relationship between total and ion con
centrations, along with the variation in elemental ratios within the total 
concentrations.

Ion concentrations in the SE-Dome core were measured by Iizuka 
et al. (2018), and annual fluxes were calculated as the product of the 
annual mean concentration and accumulation rate. In this study, we 
focused on Ca, for which both total and ion concentrations were avail
able. Iizuka et al. (2018) also calculated the non–sea salt Ca2+ (nssCa2+) 
flux and used it as a dust proxy. We calculated the flux of t-nssCa by 
multiplying the concentration by the accumulation rate and compared 
its temporal trend with that of nssCa2+. Fig. 3 shows the annual fluxes of 
t-nssCa and nssCa2+ in the SE-Dome core from 1957 to 2014. The t-nssCa 
flux increased during Periods 1 and 3, whereas the nssCa2+ flux 
remained nearly constant from 1957 to 2000 and increased thereafter 
(Iizuka et al., 2018). Assuming that nssCa2+ represented the entire sol
uble fraction, we estimated the solubility of nssCa by dividing the ion 
concentration by the total concentration (Fig. 3). The average solubility 
over the entire period was 10.6 %, but it varied considerably, ranging 
from 3.2 % to 34.4 %. A comparison of periods with high total con
centrations revealed that the solubility was lower in Period 1 (7.0 %) 
than in Period 3 (12.4 %). In Period 2, both the total and ion concen
trations were low, resulting in a relatively high average solubility of 
12.3 %. Although studies comparing t-Ca, including its insoluble frac
tion, with Ca2+ concentrations in Greenland snow samples are limited, a 
few examples have been reported. Lai et al. (2017) reported an average 
Ca solubility of 70.6 ± 34.9 % in snow samples from multiple sites in 
northwestern Greenland. Komuro et al. (2024) analyzed nssCa in snow 
from an inland site in northeastern Greenland (EGRIP) and observed 
substantial seasonal variation, with solubility approaching 100 % from 
winter to spring. In contrast, the average solubility of nssCa in the 
SE-Dome core was 10.6 %, which was considerably lower than that re
ported in these previous studies. This result reflected much higher total 

Fig. 2. Temporal trends of normalized t-Al, t-nssCa, t-Fe, and dust mass con
centrations in the SE-Dome ice core. Each variable is scaled to its mean over the 
entire period (1960–2014, with a mean of 1). The dust mass concentrations are 
from Amino et al. (2021).

Table 3 
Correlation between dust mass and total concentrations by period. Correlation 
coefficients are shown between dust mass concentration (particle size range 
0.6–18 μm; Amino et al., 2021) and total concentrations of t-Al, t-nssCa, and t-Fe 
in the SE-Dome core for each period. The sample size (number of years) for each 
period is indicated by n.

t-Al t-nssCa t-Fe n

Period 1 (1960–1975) 0.07+ 0.01+ 0.14+ 16
Period 2 (1976–1999) 0.21+ 0.29+ 0.35+ 24
Period 3 (2000–2014) 0.58# 0.73* 0.49+ 15

Period 3a (2000–2007) 0.30+ 0.76# 0.23+ 8
Period 3b (2008–2014) 0.75+ 0.70+ 0.66+ 7

All Periods (1960–2014) 0.52 0.58 0.56 55

+ p > 0.05, # 0.05 > p > 0.01, * 0.01 > p > 0.001, no remark p < 0.001.
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Ca concentrations relative to the ion concentrations. The discrepancy 
was attributed to several factors, including differences in sampling lo
cations within Greenland, analytical methods used to measure total 
concentrations, and the ages of the samples. Coastal sites in Greenland 
are known to exhibit higher dust fluxes than inland areas (Bory et al., 
2003b; Amino et al., 2021), and their proximity to exposed, snow-free 
terrain near the ice sheet margin likely contributes to increased input 
of insoluble aerosols. Furthermore, total concentration measurements 
require dissolution of insoluble particles, and the dissolution methods 
differ among studies, potentially resulting in varying recovery rates of 
the insoluble fraction. In addition, the previous studies referenced above 
are based on snow samples collected after 2010, whereas the SE-Dome 
core provides an average over the past 60 years. These temporal dif
ferences may also contribute to the observed variability in solubility. 
Thus, multiple complex factors likely underlie the differences in Ca 
solubility among sites.

The correlation coefficient between the annual fluxes of t-nssCa and 
nssCa2+ in the SE-Dome core over the entire period was r = 0.55 (p <
0.001), indicating a moderate positive relationship. When analyzed by 
period, the correlations were as follows: Period 1, r = 0.35 (p > 0.05); 
Period 2, r = 0.09 (p > 0.05); and Period 3, r = 0.64 (p < 0.01), with the 
strongest correlation observed in Period 3. This suggests that during 
Period 3 in particular, t-nssCa and nssCa2+ exhibited similar temporal 
patterns and were likely influenced by common transport processes. 
These findings, together with the comparison between total and ionic 
components, further support the interpretation that aerosol composition 
varied across the three periods.

We compared the concentration ratios of crustal elements (t-Al, t- 
nssCa, and t-Fe). The ternary diagram in Fig. 4 shows the ratios of each 
element to their total sum (100 %), with points closer to a corner indi
cating higher proportions of that element. Period 1 (t-Al: 5–40 %, t- 

nssCa: 32–88 %, t-Fe: 6–46 %) shows enrichment in t-nssCa. Period 2 (t- 
Al: 5–62 %, t-nssCa: 27–85 %, t-Fe: 10–58 %) largely overlaps with 
Period 1 but shows a relative increase in t-Al and t-Fe due to lower t- 
nssCa. In Period 3 (t-Al: 10–42 %, t-nssCa: 20–81 %, t-Fe: 7–67 %), both 
t-nssCa and t-Fe are enriched, whereas t-Al is low. Furthermore, the 
elemental ratios within Period 3 shifted after 2008. From 2000 to 2007 
(Period 3a), many samples are rich in t-nssCa, but after 2008 (Period 
3b), none show t-nssCa >60 %. Instead, several samples present t-Fe >
50 % alongside low t-nssCa. These results highlight differences in 
elemental compositions among periods, as well as a change within 
Period 3 after 2008. The mechanisms responsible for these variations in 
aerosol composition are discussed in Section 3.4.

Previous studies have demonstrated that the chemical components in 
Greenland snow and ice cores exhibit distinct seasonal patterns (e.g., 
Legrand and Mayewski, 1997; Oyabu et al., 2016; Iizuka et al., 2018). To 
assess the seasonal variability in crustal aerosols, we analyzed the sea
sonal trends of t-Al, t-nssCa, and t-Fe in the SE-Dome core. The seasonal 
mean fluxes were calculated by multiplying the seasonal mean total 
concentrations by the corresponding seasonal accumulation rates, 
allowing for comparison with the dust flux from the SE-Dome core re
ported by Amino et al. (2021). Spring (MAM) begins on March 1, sum
mer (JJA) on June 1, autumn (SON) on September 1, and winter (DJF) 
on December 1. The seasonal fluxes of t-Al, t-nssCa, and t-Fe for each 
period are shown as box plots (Fig. 5). The boxes represent the inter
quartile range (IQR) from the first quartile to the third quartile, and the 
whiskers indicate the minimum and maximum values within 1.5 times 
the IQR. Values outside this range are treated as outliers and plotted 
individually. No clear seasonal patterns are observed in Periods 1 and 2, 
although Period 1 has slightly higher values in spring and summer. 
Notably, several high-flux outliers for t-nssCa occur during these seasons 
in Period 1 (Fig. 5). Periods 3a and 3b exhibit generally similar seasonal 
patterns, but with some differences in amplitude and variability among 
seasons. Period 3a shows a slight winter peak across all three elements. 
In Period 3b, some autumn samples, particularly those from 2013 and 
2014, recorded markedly higher fluxes than other seasons, resulting in a 
wider range in the box plots (Fig. 5). Although the median values of 
autumn samples are comparable to or lower than those of other seasons, 
these sporadic high-flux years indicate that enhanced inputs of crustal 
elements occurred in autumn only during certain years. This suggests 
that aerosol characteristics in Period 3b were more variable and influ
enced by episodic dust events in autumn. Amino et al. (2021) reported 
that dust fluxes in the SE-Dome core were relatively uniform across 
seasons from 1960 to 1999 but increased significantly in autumn after 
2000. The sporadic high autumn fluxes of t-Al, t-nssCa, and t-Fe in 
Period 3b are broadly consistent with this post-2000 trend, even though 
they are driven mainly by a few years of strong dust deposition. These 
seasonal variations in crustal elements further suggest that aerosol 
compositions differed among periods. The following section discusses 
the drivers behind the aerosol sources and their associations with dust 
during each period.

3.4. Estimation of factors affecting aerosol composition

The results presented here show that aerosols in the SE-Dome core 
exhibited different compositions during the three periods. The compo
sition of aerosols in ice cores varies depending on the location and 
strength of the sources, as well as the atmospheric circulation during 
transport. Therefore, we estimated the variations in aerosol sources 
supplying the SE-Dome by comparing the total concentration with the 
ion and dust data, and discussed the factors affecting these variations in 
aerosol composition.

In Period 1, the seasonal fluxes of t-Al, t-nssCa, and t-Fe were 
moderately higher in spring and summer (Fig. 5). Peaks in terrestrial 
dust and nssCa2+ have been observed at many sites across the Greenland 
ice sheet from late winter to spring (Legrand and Mayewski, 1997; 
Kuramoto et al., 2011; Oyabu et al., 2016). The chemical and 

Fig. 3. Annual mean t-nssCa and nssCa2+ fluxes and nssCa solubility in the SE- 
Dome core (1957–2014). The nssCa2+ flux data are from Iizuka et al. (2018).
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mineralogical compositions of dust deposited in Greenland are pre
dominantly derived from arid regions in Asia (Bory et al., 2003a, 2003b; 
Drab et al., 2002; Prospero et al., 2002; Fischer et al., 2007), and 
transport from Asia increases in spring due to frequent dust storms (e.g., 
Liu et al., 2020). The spring peak in crustal elements in the SE-Dome 
core may therefore reflect the transport of crustal aerosols from re
gions in Asia. The ternary diagram shows that Period 1 is enriched in 
t-nssCa. This plot overlaps with the soil compositions from arid regions 
in western China, including the Taklamakan Desert, Tarim Basin, and 
Qaidam Basin (Fig. 4). The median t-nssCa/t-Al and t-Fe/t-Al ratios 
during Period 1 are 1.95 and 1.09, respectively (Table 4), which fall 
within the ranges reported for major Asian dust sources (0.31–4.14 and 
0.36–1.74; Formenti et al., 2011; Lai et al., 2017).

However, the years of high concentrations of t-Al, t-nssCa, and t-Fe 
did not coincide with those of dust in Period 1. In particular, the year 
1967 showed the highest concentrations of t-Al, t-nssCa, and t-Fe, 
whereas no corresponding peak was observed in the dust concentration 
(Fig. 2). This discrepancy may be due to the transport of insoluble 
particles that are not captured by dust measurements. Amino et al. 
(2021) measured the dust concentration in the SE-Dome core using a 
Coulter Counter, which targeted particles between 0.6 and 18 μm in 
diameter. Consequently, any particles outside this size range, even if 
supplied, were not included in the dust measurements. Between the 
1950s and 1970s, many countries had not yet implemented air pollution 
controls, and industrial activity and coal combustion were growing, 
releasing large amounts of greenhouse gases and insoluble particles (e. 
g., McConnell and Edwards, 2008; Crippa et al., 2016). Major emission 
sources, such as coal-fired power stations and metal processing facilities, 

emit fly ash and metal vapors containing Al, Fe, and Ca (Goodarzi, 2006; 
Lanzerstorfer, 2018). The flux of nssSO4

2− in the SE-Dome core was high 
during the 1960s–1970s and subsequently declined after 1980, reflect
ing a decline in anthropogenic SOx emissions from North America 
(Iizuka et al., 2018). Furthermore, small anthropogenic sulfate particles 
<0.4 μm are present in samples from the 1970s (Iizuka et al., 2022). The 
seasonal fluxes of SO4

2− and NO3
− in the SE-Dome core peak in spring or 

summer (Iizuka et al., 2018). Although t-Al, t-nssCa, and t-Fe are not 
necessarily derived from the same sources or supplied at the same times 
as the ion components, they may reflect anthropogenic aerosol inputs 
from North America and Europe, which are typically higher in spring 
and summer. The pronounced peak in 1967, despite no specific emission 
event being reported, likely reflects increased anthropogenic emissions 
from industrial activities in these regions.

Period 2 shows seasonal patterns in total metal flux similar to those 
in Period 1 (Fig. 5). The ternary diagram for Period 2 also overlaps with 
that for deserts in western China, and the t-nssCa/Al and t-Fe/t-Al ratios 
are within the range of major Asian sources (Fig. 4; Table 4). However, 
during Period 2, the concentration significantly decreased (Fig. 2). 
Significant reductions in dust events from the late 1970s to the 1980s, 
particularly in the deserts of northern China and East Asia, have been 
reported (Qian et al., 2002). This decline may reflect a decreased input 
of Asian dust during Period 2. Furthermore, anthropogenic SOx and NOx 
emissions are regulated by legislation, including the Clean Air Act 
enacted in 1963 and amended in 1970 and 1977, with emissions sub
sequently declining after 1990 (Iizuka et al., 2018; Feng et al., 2020). At 
least a portion of the decline in total metal concentration between Pe
riods 1 and 2 may be attributed to these reductions in anthropogenic 

Fig. 4. Comparison of elemental ratios with potential dust source regions. The concentration ratios of t-Al, t-nssCa, and t-Fe in the SE-Dome core by period are 
compared with the soil composition ratios from potential dust source regions. The data for western China include those from the Taklamakan Desert, Tarim Basin, 
and Qaidam Basin. References for these regions include Greenland coastal sediments (Loring and Asmund, 1996; Saito, 1998), Icelandic soils (Baldo et al., 2020), 
Western Chinese deserts (Zhu et al., 2021; Zhao et al., 2019; Makra et al., 2002), and average crustal compositions (Taylor, 1964). These soil composition data are 
from modern samples and do not correspond to Periods 1–3.
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emissions.
Period 3 exhibits high total concentrations, dust, and nssCa2+ (Figs. 2 

and 3). The correlation coefficients between the total concentration and 
dust concentration are relatively high for all the elements during this 
period, especially for t-nssCa (r = 0.73; Table 3). This suggests that the 

total concentration during Period 3 largely reflects inputs from the same 
sources and transport routes as dust. Amino et al. (2021) suggested that 
the increase in dust flux in the SE-Dome core after 2000 may be due to a 
relative increase in coarse dust particles and an increase in their trans
port from nearby coastal sources in Greenland. Rising temperatures have 
been observed across much of the Arctic since 2000, including in 
southeastern Greenland (Bjørk et al., 2012). This warming contributed 
to glacial retreat and the exposure of previously ice-covered coastal 
areas (Bendixen et al., 2017; Mouginot et al., 2019), thereby increasing 
the supply of local dust (Amino et al., 2021). A similar process may have 
contributed to the increase in total concentration in the SE-Dome core 
during Period 3; however, its composition exhibits a marked change 
after 2008 (see Section 3.3). The correlation coefficients between the 
total concentration and dust concentration varied between Periods 3a 
and 3b (Table 3). The sources and variation factors for each period are 
discussed in relation to their aerosol compositions.

Period 3a shows a tendency toward t-nssCa enrichment on a ternary 
diagram of crustal elements (Fig. 4), with exceptionally high t-nssCa 
values observed from 2003 to 2005 (Fig. 2). One possible explanation is 
an increase in soluble nssCa. Based on back trajectory analysis, Amino 
et al. (2021) identified the 65–75◦N section of Greenland’s east coast as 
a likely source and reported an expansion of snow-free areas there after 
2000. In various coastal regions of Greenland, glacial meltwater lakes 
and streams are present, often exhibiting high concentrations of soluble 
Ca2+ and Mg2+ (Auqué et al., 2019). Some exposed bedrock in these 
areas consists of dolomite, represented as CaMg(CO3)2 (Geological 
Survey of Denmark and Greenland, 2005), which typically contains 
abundant Ca2+ (Drits et al., 2005). In addition, Period 3a exhibited 
elevated dust concentrations (Fig. 2), indicating increased inputs not 
only of soluble nssCa but also of insoluble particles. Southern and 
eastern Greenland are dominated by Precambrian metamorphic rocks 
and granite, which are rich in Fe and Al but poor in Ca (Kolb et al., 
2016). In contrast, limestone and dolomite sediments are found along 
the western coast and in northeastern basin areas (Geological Survey of 
Denmark and Greenland, 2005; Salomon et al., 2020). Glacial retreat 
may have exposed these carbonate rocks, promoting their weathering 
and contributing Ca-rich aerosols to the SE-Dome. Some autumn sam
ples during Period 3b, showed elevated fluxes of t-Al, t-nssCa, and t-Fe 
(Fig. 5). These episodic increases are broadly consistent with the 
post-2000 trend of enhanced autumn dust fluxes reported for the 
SE-Dome core (Amino et al., 2021). The autumn increase in dust flux 
observed in the SE-Dome core has been attributed to delayed seasonal 
snowfall along the Greenland coast due to rising temperatures, which 
expand snow-free areas. The elevated fluxes observed in this study may 
similarly reflect enhanced local dust input from the Greenland coast 
during those specific years.

The correlations between the t-Al, t-nssCa, t-Fe concentrations, and 
coarse dust (>5 μm) concentrations were weak from Periods 1 to 3a but 
moderate during Period 3b (r = 0.57 for t-Al, r = 0.50 for t-nssCa; 
Table 5). Although not statistically significant (p > 0.05) due to small 
sample sizes, these stronger correlations in Period 3b support increased 
dust input from local sources. The compositional ratios of the three 
crustal elements during Periods 1 to 3a are enriched in t-nssCa, matching 

Fig. 5. Box plots of seasonal fluxes (mg m− 2 season− 1) of t-nssCa, t-Al, and t-Fe 
in the SE-Dome core for each period. The boxes represent the interquartile 
range (IQR), spanning from the first quartile to the third quartile. The whiskers 
indicate the minimum and maximum values within 1.5 times the IQR. Values 
outside this range are considered outliers and are plotted individually. Yellow, 
red, green, and blue correspond to spring, summer, autumn, and winter, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)

Table 4 
Median and average t-nssCa/t-Al and t-Fe/t-Al ratios for each period in the SE- 
Dome core.

t-nssCa/t-Al t-Fe/t-Al

Median Mean Median Mean

Period 1 (1957–1975) 1.95 1.99 1.09 1.12
Period 2 (1976–1999) 1.67 1.65 0.99 1.07
Period 3a (2000–2007) 1.79 2.06 1.02 1.13
Period 3b (2008–2014) 1.52 1.45 1.36 1.31

All Periods (1957–2014) 1.73 1.79 1.09 1.12

Table 5 
Correlation coefficients between >5 μm dust concentration (Amino et al., 2021) 
and t-Al, t-nssCa, and t-Fe in the SE-Dome core for each period (1960–2014). The 
sample size (number of years) for each period is indicated by n.

t-Al t-nssCa t-Fe n

Period 1 (1957–1975) 0.17+ 0.19+ 0.26+ 16
Period 2 (1976–1999) − 0.18+ − 0.07+ − 0.03+ 24
Period 3a (2000–2007) 0.36+ 0.09+ 0.02+ 8
Period 3b (2008–2014) 0.57+ 0.50+ 0.36+ 7

All Periods (1957–2014) 0.29# 0.36* 0.31# 55

+ p > 0.05, # 0.05 > p > 0.01, * 0.01 > p > 0.001.

N. Esashi et al.                                                                                                                                                                                                                                  Polar Science 47 (2026) 101303 

7 



the composition of desert regions in western China. However, in Period 
3b, samples with more than 50 % t-nssCa became rare, whereas those 
enriched in t-Fe increased (Fig. 4). This compositional shift likely re
flects changes in the intensity or contribution of different sources. The 
disappearance of t-nssCa enrichment in Period 3 may be explained by an 
increased local dust supply from Greenland, which relatively reduced 
contributions from Asian arid regions. This is supported by the compo
sitional ratios falling between those of the western Chinese deserts and 
the Greenland coastal region (Fig. 4). Previous studies have shown a 
decreasing trend in Asian dust intensity from approximately 1980 to 
2020 (Nagashima et al., 2016; Liu et al., 2020), suggesting that reduced 
input from Asian arid regions may have contributed to the composi
tional change in SE-Dome aerosols. Samples enriched in t-Fe were also 
observed during Period 3b (Fig. 4). Volcanic soils derived from basaltic 
rocks represent a potential source of Fe-rich aerosols. Icelandic andosol, 
a volcanic ash-derived soil, contains high Fe2O3 (10–15 wt%) and 
moderate amounts of Al2O3 and CaO, reflecting its volcanic origin 
(Baldo et al., 2020). The compositional ratios of the three crustal ele
ments in the SE-Dome core during Period 3b overlap with those of Ice
landic soil (Fig. 4). This suggests that Fe-rich aerosols may have been 
transported from Iceland to the SE-Dome during this period.

In summary, Period 3 featured an increase in the local dust supply 
from the Greenland coastal region alongside a relative decrease in the 
input from Asian arid regions. The compositional differences between 
Periods 3a and 3b likely reflect these changes in source contributions. 
Supplementary inputs from Iceland may also have contributed during 
this period.

4. Conclusions

This study measured the total concentrations of four major metal 
elements (Na, Al, Ca, and Fe) in an ice core from SE-Dome, southeastern 
Greenland, and reconstructed their temporal variations from 1957 to 
2014. The results show that the crustal elements (t-Al, t-nssCa, and t-Fe) 
exhibit similar variation patterns, with high concentrations during 
1957–1975 (Period 1), low concentrations during 1976–1999 (Period 
2), and a subsequent increase after 2000 (Period 3). These pronounced 
concentration variations served as the basis for defining the three pe
riods and identifying the factors that affected their respective concen
tration trends.

The compositional ratios of t-Al, t-nssCa, and t-Fe did not differ 
significantly between Periods 1 and 2. However, Period 3 exhibited a 
shift: the earlier half (Period 3a, before 2008) was enriched in t-nssCa, 
whereas the latter half (Period 3b, after 2008) tended toward higher t- 
Fe. The seasonal mean fluxes of these three elements peaked in spring 
and summer during Period 1, whereas in some years of Period 3b, 
elevated fluxes were observed in autumn. These differences in elemental 
ratios and seasonal trends across the periods suggest variations in 
aerosol composition. The high concentrations of t-Al, t-nssCa, and t-Fe 
during Period 1, with peaks in spring, likely reflect inputs of dust from 
arid regions in Asia. In addition, the discrepancy between dust and total 
concentration trends may indicate contributions from anthropogenic 
aerosols originating in North America and Europe. The marked decrease 
in concentrations during Period 2 may be attributed not only to reduced 
dust transport from Asian deserts but also to declines in anthropogenic 
emissions due to air pollution regulations. An increased influence from 
local Greenlandic sources characterizes period 3. The t-nssCa-enriched 
composition of Period 3a likely resulted from elevated soluble nssCa2+

concentrations in meltwater from rivers and lakes along the Greenland 
coast, as well as from weathering products of carbonate rocks newly 
exposed by glacial retreat. In Period 3b, greater contributions from local 
Greenland soil led to a relative decline in dust transported from Asia, 
resulting in an intermediate elemental composition. The presence of Fe- 
rich compositions also suggests the possibility of additional aerosol 
input from volcanic soils in Iceland.

This study analyzed total metal concentrations, including both 

soluble and insoluble fractions, revealing aerosol inputs and potential 
changes in their sources that were not fully captured by conventional ion 
or dust concentration data alone. These results highlight the importance 
of identifying the composition of insoluble particles. Although total 
metal concentrations allow for a more detailed estimation of aerosol 
sources, they do not provide definitive identification, as achieved 
through isotope ratio analyses of Sr, Nd, and Pb. However, the signifi
cance of this study lies in integrating previously independent discussions 
of dust and ion concentrations to reconstruct the entire aerosol load, 
including both components quantitatively. Future studies that incorpo
rate total metal concentrations, along with fundamental analyses of ions 
and dust, and interpret these data together will help strengthen and 
refine reconstructions of past climate and environmental changes using 
aerosols. The present results may also serve as a basis for improving 
chemistry transport models, particularly by providing constraints on 
how local emissions are represented.
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