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Abstract

Polar ice sheets conserve atmospheric mineral dust (aerosols) at the time of snowfall, and this material can be used to recon-
struct historical climate and environmental conditions. Snowpit samples were obtained from the East Greenland Ice Core
Project (EGRIP) site in July 2017. Mineral dust concentrations as well as stable water isotope (5'%0, 8D, and deuterium
excess) and major ion (F~, C17, NO;, NO3, SOZ‘, methanesulfonic acid (MSA), Na*, NH', Mg2+ and Ca*) concentrations
were analyzed in this study. The seasonal 8'0 and 8D cycles indicate that the snowpit samples covered the period from
winter 2012 to summer 2017. The concentrations of mineral dust and Ca’>* showed seasonal deposition events with maxima
in the spring layers. The concentrations of MSA exhibited maxima in the summer layers, making them useful indicators for
the summer season. Moreover, an anomalous non-sea salt SOi_ (nss SOi_) event was recorded at a depth of 130 — 85 cm that
corresponded to the Holuhraun eruption (31 August 2014). In addition, a significant short-term cooling effect was observed.
A back-trajectory analysis suggests that a major ash event from Iceland contributed to the Greenland ice sheet (GrIS). These
results provide insight for future studies of the EGRIP ice core.
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Introduction

Ice core chemistry studies from the Greenland and Antarc-
tic ice sheets have provided important information on the
historical atmospheric chemistry over various time periods,
including the industrial and preindustrial eras and the last
glacial cycle (Legrand and Mayewski 1997). In the Arctic,
impurities in the atmosphere and cryosphere can strongly
affect the atmospheric radiation and surface energy balance
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(Groot Zwaaftink et al. 2016). Several studies have analyzed
the impurities, chemical compositions and pollutants in ice
cores from the GrIS and provided information about his-
torical climate and environmental changes (McConnell and
Edwards 2008; Steffensen 1997; Mayewski et al. 1993). A
significant negative correlation has been observed between
dust flux and temperature records during glacial periods,
which can be attributed to a strengthening of dust transport
patterns (Fischer et al. 2007; Ruth et al. 2003; Biscaye et al.
1997). For example, dust concentration profiles are consist-
ent with the GISP2, GRIP, NGRIP and NEEM ice cores
(Oyabu et al. 2015; Ruth et al. 2003; Fuhrer et al. 1999; Ram
et al. 1997). These results revealed that mineral dust was a
primary factor that controlled the climatic variations during
the last glacial-interglacial cycle.

Volcanic eruptions are an important natural cause of cli-
mate change on different timescales. The energy of these
blasts is sufficient to inject megatons of material directly
into the upper atmosphere (Robock 2000). Large and pow-
erful volcanic eruptions inject sulfur gases and ash into the
stratosphere. The ash and pyroclastic materials fall rapidly
to the ground due to gravity, but the gases remain in the
atmosphere over longer timescales. These materials are
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transported by atmospheric circulations and deposited on
polar ice sheets. Among the gases derived from these events,
SO, is of particular interest due to its conversion to small
sulfuric acid aerosols, which can potentially impact the radi-
ative budget of the atmosphere at the global scale (Williams
et al. 2009; Ambrose 1998). However, the effects of historic
eruptions on climate can also be preserved in ice cores and
assessed using non-sea salt SOi_ (nss SOﬁ‘) concentrations
(Sigl et al. 2013; Cole-Dai et al. 2009; Larsen et al. 2008).

The East Greenland Ice Core Project (EGRIP), which is
an international ice coring project led by the University of
Copenhagen in Denmark, explores the climatic and ice sheet
variations in Greenland. In 2017, we excavated one snowpit
with a depth of 2.0 m at the EGRIP site (75°37'N, 35°59'W,
2702 m asl) to examine the seasonal variations of major
ion species in the snow samples, which will be beneficial
to study depth ice core in future. Snow sampling was car-
ried out at 5-cm intervals in this snowpit, and a total of 40
snow samples were analyzed for concentrations of dust and
ions, including Na*, NHJ, Mg**, Ca®*, F~, CI-, NO;, NO;,
SOi_ and CH;SO;-methanesulfonic acid (MSA), and stable
isotopes of snow melt water (8'%0 and 8D).

Experimental section
Snowpit sample collection and preparation

A 2.0-m snowpit was excavated at the EGRIP site in East
Greenland in June 2017 (Fig. 1). The reconstruction of the
annual layer thickness from the 67-m shallow ice core at the
EGRIP site indicated that the accumulation rate was 0.11 m/
year (ice equivalent). Then, the snow samples were frozen
and transported to the State Key Laboratory of Cryospheric
Science (SKLCS) in July 2017. A total of 40 samples with
a 5-cm resolution were analyzed for stable water isotopes,
including oxygen (8'80) and hydrogen (8D) isotope, using a
Picarro L1102-i wavelength-scanned cavity ring-down spec-
trometer (Picarro Inc., USA) in SKLCS. In addition, the ion
and dust concentrations of the samples were measured via
ion chromatography (Dionex 3000) and an Accusizer 780A
counter (PSS Corporation), respectively, at the SKLCS in
Lanzhou, China.

Measurement method

The major ions, i.e., Na*, NHI, Mg?* and Ca®* as well as
F~, MSA, NO3, Cl, NO; and SOi_, were analyzed via
IC at SKLCS. The polypropylene vials were triple-rinsed
with ultra-pure water (Milli-Q, > 18.2 MQ) and ultrasoni-
cally cleaned for 30 min. This processing was repeated
three times, and the major ion contents of the Milli-Q water
were below the detection limits. The vials were dried for
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Fig. 1 Map of the snowpit site at the EGRIP site

2-3 h at 50 °C before use. Once the samples had melted
in closed LDPE bottles at room temperature (20 °C) at
SKLCS, the liquid samples were transferred into cleaned
polypropylene vials, and the concentrations of ions were
analyzed. The CS-12A and AS-11HC columns and CG-
12A and AG-11HC guards were used for the analysis of
cations and anions, respectively. A volume of 1 ml was
injected, and then an isocratic analysis was performed for
cations and a gradient analysis was performed for anions (Li
et al. 2014). Blanks were measured alongside the analyzed
samples, and the average blanks of Na™, NHI, Mg?* and
Ca®*, F~, MSA, NO;, Cl, NO; and SOi‘were 0.46 ng/g,
3.27 ng/g, 0.16 ng/g, 0.91 ng/g, 0.08 ng/g, 0.001 ng/g,
1.19 ng/g, 0.99 ng/g and 1.81 ng/g, respectively. The ana-
lytical errors determined from replicate measurements of
chemical standards were within 5% of the average concen-
trations measured in the samples. The isotopic ratios were
expressed in per mil (%o) using 8'80 and 8D values relative
to the Vienna Standard Mean Ocean Water (V-SMOW).
The samples were measured on a Picarro L1102-i cavity
ring-down spectrometer (CRDS) using the high-throughput
Picarro-A0212 vaporizer. The results were calibrated with
Vienna Standard Mean Ocean Water (VSMOW) and normal-
ized to the VSMOW-SLAP (Standard Light Antarctic Pre-
cipitation) scale using 8" 0VSMOW = 0.0%o, §'8*0SLAP =
—55.5%0, 5SDVSMOW =0.0%0 and SDSLAP =—427.5%o.
Note that this approach implies the use of a fixed two-point
calibration line. We used three in-house standards with
well-calibrated 8'80 and 8D values with respect to the pri-
mary IAEA (International Atomic Energy Agency) standard
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waters. Two of the in-house standards were used to estimate
the two-point calibration line, and the third standard was
used for quality control. The overall precision of the sys-
tem was determined to be greater than 0.1%o for 8'30 and
greater than 0.5%o for 8D. Each sample measurement was
repeated six times, and the average value was calculated.
The 1o reproducibilities were 0.02%o for 8D and 0.07 %o for
8'%0. The procedure for analyzing dust concentrations and
size distributions was adopted from previous studies with
minor modifications (Dong et al. 2016). The preparation and
analysis of the samples was conducted in a class 100 clean
room at SKLCS. The measurement of the particle size dis-
tribution of the snow samples was performed in a class 100
clean hood using an Accusizer 780A counter, which uses
the single-particle optical sensing (SPOS) method and is
equipped with a 120 orifice. Size data were acquired for the
range of 0.57—400 um equivalent spherical diameters. Back-
ground counts were subtracted from the sample data. All
samples were analyzed in random order and in triplicate. The
results were then averaged for individual samples, yielding
an estimated error of 10% or less for particle concentrations
(Dong et al. 2016).

Results

Dating of the snowpit samples

Figure 2 shows the vertical profiles of the stable water
isotopes (8'%0 and 8D) and the excess deuterium

(D-excess = 8D-85'%0) of the samples from the EGRIP
snowpit. Seasonal variations in the '30 and 8D values were
clearly observed in the depth profile and indicated that the
snow in the 2.0-m pit was deposited from 2012 to 2017.
The 8'80 and 8D values reached their minima during win-
ter. The §'80 values varied between —45.00 and —28.84%o,
with a mean value of 34.76%o0 (Fig. 2). These results are
similar to the mean annual 8'%0 composition (—36.51%o)
observed for a 67-m firn core drilled at the same location
in 2012 (Vallelonga et al. 2014). In addition, the range of
the 6D values was —361.32 to —226.97%o, with a mean
value of —271.35%0¢. The D-excess was characterized by
values ranging between —0.48 and 11.25%o, with a mean
value of 6.77%. The 5'%0 and 8D depth profiles fluctuated
in phase and recognizable seasonal patterns observed from
Fig. 2. Because both 8'80 and 8D are strongly correlated
with temperature, the maximum and minimum 8'%0 and
8D values were observed in summer 2016 and winter 2017,
respectively.

Seasonal variations in mineral dust and ion
concentrations

The concentrations of insoluble dust in snow depend on the
primary supply from a source region via long-range atmos-
pheric transport as well as depositional processes, and the
particle and mass concentration of mineral dust in snow can
be linked to climate variability (Drab et al. 2002). The verti-
cal profiles of dust particle numbers and anions (Na™, NHT,
Mg** and Ca**) are shown in Fig. 3. Seasonal variations in
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Fig.3 Vertical profiles of the number of particles and the concentrations of mineral dust and ions (Na*, CI~, Mg2+ and Ca®* (nss Ca”™"))

the concentrations of the major ion species were observed.
The concentrations of Na*, NHJ, Mg?*, Ca**, microparti-
cles and dust exhibited annual peaks in the layers during
the spring—winter seasons (Except 2015). The correlation
matrices of all ion concentrations and microparticles are
presented in Table 1. The seasonal variations were mainly
traced using H/O isotopes (8'%0 and 8D) and sea salt ions
(Na*, C1~ and Mg*"). The concentrations of non-sea salt
Ca** (nss Ca®") were calculated with the equation [nss Ca>*]
= [Ca’*]-(Ca**/Na*)seax[Na*], where (Ca**/Na™)sea uses
the seawater ratio 0.038 (w/w) (Kang et al. 2015). The con-
centrations of nss Ca* ranged from 0.68 to 18.88 ng/g, with
an average value of 4.21 ng/g.

The concentrations of MSA exhibited seasonal varia-
tions with the peak during summer, and the maximum val-
ues occurred in the summer-fall layers of the EGRIP snow-
pit (Fig. 4). The concentrations of NO; and NO7 showed
maximum peaks in summer, although another peak occa-
sionally appeared in winter (Fig. 4). Multiple sources of
sulfate aerosols were observed, including sea salt aerosols,
volcanic activity, marine biogenic activity, mineral dust, and
fossil fuel burning, which are usually influenced by com-
plex chemical mechanisms (Legrand and Mayewski 1997).
The nss SOi_ record showed significantly distinct varia-
tions in Na*, Mg?* and Ca** and CI~. The concentrations
of nss SOi_ ranged from 6.3 to 353.9 ng/g, with a mean
value of 70.7 ng/g and an average nss SOi_ of 96% (Fig. 4).
The nss SOi_ reached a maximum (353.9 ng/g) in spring,
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2015 because of the well-known Holuhraun eruption; thus,
air pollutants produced by fossil fuel combustion can be
excluded. In addition, the nss SOi_ record exhibited similar
seasonal variations with MSA and presented maxima in the
summer layers, indicating that dimethylsulfide (DMYS) is also
a predominant source of the SOi‘.

Discussion

Extreme climatic events based on hydrogen
and oxygen stable isotopes

The D-excess values, which depend on the sea surface
temperature and evaporation processes in the vapor source
region (Masson-Delmotte et al. 2005), exhibit seasonal
cycles but are not in phase with the §'%0 or 8D variations.
The D-excess peaks are shifted compared to those of 5'30
and 8D, with the D-excess minimum occurring in spring-
early summer (except 2012) and the D-excess maximum
occurring in fall or winter season. The phase lag between
D-excess and §'%0 and 8D is affected by diffusion, with
D-excess values driven by evaporation over the ocean, subse-
quent transportation to Greenland, and water vapor conden-
sation when snow forms (Sodemann et al. 2008). Although
5'%0 and 8D in polar snow depend primarily on local tem-
peratures, the D-excess in polar snow is largely influenced
by the source temperature. In particular, the lower D-excess
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values during the winter seasons of 2014 and 2012 are con-
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Fig.4 Concentrations of anions (F~, MSA, CI~, NO;, SOi’ and NOJ) in the EGRIP snowpit

during the springs of 2013, 2015 and 2017. The location of
this snowpit is approximately 1000 km downstream of the
outlet glaciers (Vallelonga et al. 2014). Therefore, nss Ca®*
is expected to be abundant. Although data do not indicate
the potential dust source in this region, previous studies have
demonstrated that the large deserts and arid areas in Asia,
such as the Taklimakan and Gobi deserts, could be natural
dust sources for the GrIS (Ijjvéri et al. 2015; Bory et al.
2014).

The concentrations of Na* and C1~ in polar snow and ice
are used as sea salt aerosol proxies because they originate
primarily from sea spray aerosols (Legrand and Mayewski
1997). The correlation coefficient between Na* and CI™ is
0.874 (p <0.01) due to their identical marine provenances.
The Na*t and CI™ in our snowpit exhibit seasonal variations
with high concentrations in the winter—spring layers (Fig. 4).
This phenomenon is consistent with previous result in the
NEEM snowpit (Kang et al. 2015). The maximum peak of
the C17/Na* ratio occurred in summer of 2016, which sup-
ports a contribution of C1™ derived from seawater because of
the extremely warm event, and the sea ice area was greatly
reduced in this year. Mg?* and Ca** are commonly used as
mineral dust proxies and indicate winter—spring seasonal
dust variations (Kuramoto et al. 2011). Ca>* (nss Ca’*) sea-
sonal variations in the East Greenland snowpit showed that
these ions have the same continental dust source (Fig. 3;
Table 1).

MSA is an important atmospheric oxidation product of
dimethyl sulfide, and it is produced by marine biogenic
activity and indicative of the sea ice extent (O’Dwyer
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et al. 2000). The seasonal cycle of MSA is dominantly
influenced by marine biogenic activities. From spring to
summer, marine phytoplankton, marine algae, and benthic
diatoms begin to produce DMS, which is rapidly oxidized
by hydroxyl and halogen radicals in the atmosphere and
yields MSA and SO, (Legrand and Mayewski 1997). These
seasonal variations are consistent with the changes in
atmospheric MSA concentrations from the northwest GrIS
(Kuramoto et al. 2011). High MSA concentrations were
observed in the 2014 and 2017 summer layers, suggesting
that higher temperatures (higher 8'0 and 8D) and low sea
ice occurred in both years. The nss SOZ‘ signal peaked in
2014, reflecting the well-known 2014 Holuhraun eruption.
The maximum concentration of nss SOZ_ was 353.9 ng/g,
which is approximately 4-56 times greater than that in
other years. No lag was observed between the eruption and
the initial nss SOi_deposition, which is consistent with the
transport time of volcanic aerosols from the known erup-
tion date (31 August 2014). An average 60,000 tonnes/day
of SO, was released into the atmosphere, which affected
the chemical composition of the rain, snow, and surface
water; thus, the 2014/15 Bardarbunga volcanic eruption
was the largest in Iceland for more than 200 years after the
eruption of Baroarbunga’s Lakifissure in 1783 (Galeczka
et al. 2016). Specifically, the high nss SOi_ concentration
corresponds to the lowest values of §'80 and 8D, suggest-
ing that a significant short-term cooling effect occurred
during this eruption. This eruption record provides clues
that can be used to reconstruct the history of eruptions in
Iceland over much longer timescales.
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Holuhraun eruption and transport paths

Volcanic eruptions can produce a considerable amount of
acidic material (mainly H,SO, but also halogenated gases,
such as HF, HC1 or HBr), and the acid content of ash is not
trivial because this material can include H,S, NH; and CH,
(Halmer et al. 2002). A short fissure eruption occurred at
the site of the pre-existing Holuhraun lavas on 29 August,
and it lasted for approximately 5 h and produced less than
1 million m* of lava before the onset of the main basaltic
effusive eruption on 31 August. Over the next 6 months, a
1.4-1.5 km? and 86 km? lava field was produced before the
eruption ended on 27 February 2015 (Pedersen et al. 2017,
Schmidt et al. 2015). In addition, river monitoring indicated
that the dissolution of volcanic gases increased the SO,
F~, and CI™ concentrations in the local surface waters by up
to two orders of magnitude, thereby decreasing the carbon
alkalinity (Galeczka et al. 2016). Melted snow samples col-
lected at the eruption site were characterized by a strong
dependence of the pH on SO2~, F~ and CI~, indicating that
volcanic gases and aerosols acidified the snow (Galeczka
et al. 2016).

The concentrations of F~ and NH;r have increased sig-
nificantly since autumn 2014. The concentrations of F~ and
NH;r also reached maximum values in spring 2014/2015
and were associated with peaks of nss SOi_ (Fig. 5). These
records indicate that gas emissions (including HF and NH5)
were a primary component in this eruption. Why high con-
centrations of NOJ occurred during the autumn season of
2012 is unclear. The variations in NO7 in 2014/2015 show

that the Holuhraun eruption was accompanied by a decrease
in NOj. Similar phenomena have been found in previous
studies on Antarctic and Greenland ice cores (Rothlis-
berger et al. 2000; Clausen et al. 1997). Two possibilities
were proposed by Rothlisberger et al. (2000) to explain this
phenomenon. First, after a volcanic eruption, large amounts
of SO, are emitted into the atmosphere, which will reduce
the concentration of oxidants in the atmosphere and result
in a decreased formation of NOJ. Another explanation is
the mobilization of the ions occurring in snow and ice. A
similar explanation was proposed by Wolff (1995), who
suggested that when sulfate is deposited into snow, NO;
is mobilized and pushed to the sides of the SOi_ peak after
recrystallization, leaving a NOJ decrease that coincides with
the H,SO, peak and slightly increased NOJ concentrations
on the shoulders of the H,SO, peak. This variation can be
demonstrated in the EGRIP snowpit.

The nss SOZ‘ layer at the depth of 90-130 cm is asso-
ciated with an episode of increased Holuhraun eruption
inputs. However, significant correlations are not observed
between the nss SOi_ peaks and dust microparticles or mass
concentrations (Fig. 5). As mentioned above, because the
Holuhraun eruption released much more gas (SO,) at the
start of the event, the eruption was gas rich and ash poor. The
volume of tephra produced during this eruption was not sub-
stantial (Galeczka et al. 2016). The maximum plume height
close to the eruption site was in the range of 1-3 km above
ground. Therefore, gases were more easily transported to
the GrIS and deposited into the snow. Based on the Lagran-
gian particle dispersion model FLEXPART, a previous study
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Fig. 6 Backward trajectories of air masses arriving at the EGRIP site from 2012 to 2017 a represents the winter—spring seasons and b represents

the summer—autumn seasons)

indicated that approximately 6% of the dust deposited in the
near-Arctic (> 60°N) was from Icelandic sources in the Arc-
tic (Groot Zwaaftink et al. 2016). To obtain information on
long distance sources of dust and anthropogenic pollutants
during the sampling period, the HYSPLIT model was used.
The seven-day backward trajectories were initialized every
6 h. The back-trajectory analysis for paths were at a low level
(500 m AGL), and they were divided into winter—spring
and summer—autumn seasons, which represented the dust
and non-dust periods during 2012-2017, respectively. The
Holuhraun fissure erupted on 31 August 2014, continued for
6 months, and officially ended on 28 February 2015. There-
fore, this eruption mainly occurred in the winter season.
Figure 6 shows that approximately 5-10% of the air mass
from Iceland clearly arrived at the EGRIP snowpit. The air
masses mainly originated from North America and Europe
all the year. The air mass transporting paths are much more
complicated during dust periods as observed in the effect
from low latitudes, such as the Eurasian continent.

Conclusions

As part of an ongoing effort to develop impurity records
at the EGRIP deep ice core, seasonal records of mineral
dust and major ion concentrations were measured. Most
of the ion concentrations showed maximum peaks during
spring, which indicated that mineral dust originating from
low altitudes was the main potential dust source. More
importantly, our study revealed a well-known Holuhraun

@ Springer

eruption event with high rates of F~, NH;and nss SOZ_
and low rates of NO3 deposition from 31 August 2014 to
27 February 2015. Moreover, the lag of microparticle and
dust mass concentrations (90 — 70 cm) compared with the
nss SOi‘ concentrations (135-85 cm) in the EGRIP snow-
pit indicated that this volcanic event was gas rich and ash
(particle) poor and may indicate that SO, gas much more
easily migrated to the bottom of the snow/ice by wet depo-
sition. Therefore, these processes resulted in different lay-
ers between microparticle/dust and nss SOﬁ‘concentrations
in this snowpit. A back-trajectory analysis suggests that a
major contributor to the Greenland aerosols (ash) was an
air mass passing over Iceland. These results will contribute
to an improved understanding of the snow chemistry of
future deep EGRIP ice cores and provide additional clues
to the mechanisms underlying the dramatic variations in
the volcanic history of the GrIS in the future.
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