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Abstract. Mercury (Hg) is a toxic substance and accumulates in the biosphere causing negative impacts to the well- being
15 of flora and fauna as well as humans. In this study, we analysed the long-term time-series (2001- 2013) of the gaseous
elemental mercury measurements at the Arctic station Amderma (Russia). We explored the influence of long-range
atmospheric transport of gas-phase mercury into the Arctic from the volcanic eruptions in Iceland in 2010-2011. The
change in the dynamics of atmospheric Hg concentration was identified. Contrasting time periods of 2001-2009 and 2010-
2012 periods, we quantified a negative trend of -0.66 ng for the earlier period and a positive trend of +0.97 ng for the latter
20 period. Our analysis highlighted that the elevated Hg concentrations at Amderma were associated with active volcanic
eruptions in Iceland, namely Eyjafjallajokull and Grimsvétn in 2010 and in 2011, respectively. The observed Hg
concentrations were in the range of 1.81+2.58 ng m= in Apr-Jun 2010 and 1.81+3.31 ng m~ in May-Jun 2011 compared
with the annual average Hg concentrations of 1.51+0.41 ng m™. This is the first time to detect such an elevated Hg
concentration during the active volcanic eruptions measured over 3200 km away from the eruption source. The calculated
25 atmospheric backward trajectories (at altitudes of 500, 1500 and 3000 meters above sea level) underlined the occurrence of
the Hg elevated concentrations and confirmed the atmospheric transport from the areas of these two volcanoes. Therefore,
it can be assumed that these volcanoes were the main source of the increased Hg concentrations at the Amderma station

resulted due to the long-range atmospheric transport of the volcanic emissions.

30 Keywords: Amderma station; Russian Arctic; Long-term atmospheric mercury measurements; Volcanic eruptions in

Iceland; HYSPLIT trajectory modeling; gaseous mercury.

1 Introduction

Mercury is bioaccumulative and toxic to the environment (Sonke et al. 2013). The mercury in the Arctic is due to global
mercury emissions and their transport to high latitudes (Dastoor et al. 2022a; Dastoor et al. 2022b). The transported
35 mercury is deposited to terrestrial environments and into the Arctic Ocean. The evasion of Hg® from the oceans is balanced
by the total oceanic deposition of Hg" from the atmosphere. The mechanisms whereby reactive Hg species are reduced to
volatile Hg® in the oceans are poorly known, but reduction appears to be chiefly biological (Mason et al. 1994). Lateral
transport through rivers (Sonke et al. 2018) is important, as well as cryosphere emissions (Araujo et al. 2022; Yue et al.
2023). Volcanic eruptions are also an important source for atmospheric mercury (Ariya et al. 2015). It is also necessary to
40 have accurate data on the amounts of different forms of Hg from the volcanic emissions so that these values can be used as
data for mathematical models describing the lifecycle of Hg in the Earth System (Lee et al. 2001; Ryaboshapko et al. 2002).
1
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Volcanic emissions disperse on long distances. For example, the Eyjafjallajokull volcano (Iceland) on 13 Apr and 17-21
Apr 2010 (Flentje at al. 2010) resulted in elevated concentrations of the particulate fractions (with particle size more than 3

45 nm) were recorded at the global atmospheric monitoring stations (Zugspitze/ Hohenpeissenberg - Germany, 2650 m above
sea level, asl). Volcanoes are the main natural sources of Hg entered into the atmosphere (Krabbenhoft and Schuster, 2002).
The volcanogenic Hg flux from passively degassing volcanoes is about 30 t yr-t. The flux from erupting volcanoes is much
larger, and it is about 800 t yr%, and geothermal sources contribute to the atmosphere roughly 60 t yr* (Varekamp and
Buseck, 1986) however, other authors considered that the emission is not so significant and amounts to not any more than

50 1.3 tyr* (Pirrone et al. 2001). Therefore, current estimates of the global Hg emissions suggest that the overall contribution
from natural and anthropogenic sources is nearly 2320 t yr* (Pirrone et al. 2010). Measurements of Hg speciation at the
crater edge of the volcanoes Masaya (Nicaragua) showed that over 90% of Hg was presented in its elemental form. The
particulate and reactive gaseous fractions comprised 1-5% and ~1%, respectively, of the total Hg (Witt et al. 2008). The
contributions from primary natural sources of Hg (estimated as ~500 t yr™') remain as a subject of considerable uncertainty.

55 This is particularly the case for volcanic activity, which is considered an important but poorly understood source of Hg to
the environment (Edwards et al. 2021). Integrated over the past 270 years of ice core history, anthropogenic inputs
accounted -52%, volcanic events - 6%, and background sources - 42%. More importantly, over the past 100 years,
anthropogenic sources contributed about 70% of the total mercury input. (Krabbenhoft and Schuster 2002). Overall,
considerable uncertainties remain in the lifecycle of Arctic atmospheric mercury and particularly monitoring in sensitive

60 environments is needed (Dastoor et al. 2022b).

Many studies of global volcanogenic mercury (Hg) emissions showed that, in general, the transport of atmospheric mercury
from the volcanic activity can be estimated relatively to other compounds that are formed during degassing and eruption
stages of volcanoes. During a volcanic eruption about 45 different trace elements from the Earth's crust can be emitted into
the atmosphere. However, there is no yet direct correlation between the amounts of the trace elements emitted into the

65 atmosphere during the eruption and the number of reported cases of the volcanic eruptions (Mambo and Youhida,
1993).The volcanic eruptions and their carbon emissions to have driven severe environmental events in the geological past.
Applying excess mercury loading to estimate large igneous province-associated carbon emissions, revealing that multi-
millennial episodes of activity plausibly drove recognized and temperature increases that demonstrates mercury’s potential
as a tool to resolve past carbon fluxes (Fendley et al. 2024).

70 Some studies show that continuously degassing volcanoes emit up to several hundred tons of SO per day during dormancy,
while total gas emissions (~H.O+ CO,+ SO,) are at least an order of magnitude greater and can reach values is about 27+55
tyr! (Etna, Masaya or Satsuma-lwo Jima). Accordingly, the question arises whether passive degassing can trigger some of
the processes that can lead to an eruption (Girona T. et al. 2015). Mercury levels in volcanic fumaroles in combination with
sulfur analyses and sulfur dioxide (SO2) flux data, allowed to estimate the global Hg flux. The average contribution of SO,

75 to the atmosphere by volcanoes, estimated largely by extrapolation from direct measurements of volcanic SO, is about 18 t
yrt. The estimated 6 t yr* (36%) is from non-erupting degassing volcanoes (Stoiber et al. 1987). SO, contributes 64% to
the global volcanic sulfur flux of 10 t yr*. (Andres and Kasgnoc, 1998). However, we can use the directly measured SO,
fluxes and known molar ratios (e.g., H2S/SO,) for a semi-quantitative estimate of other gas components emitted (e.g., H2S).
The total annual emission of HCl is 1+170 t yr* (Halmer et al. 2002). For active volcanoes, the average Hg/S ratio value

80 resulted is 1.2x1077 and the mercury emissions from the Stromboli volcano (Italy) were estimated in the range of 1.3+5.5 kg
yr! (Ferrara et al. 2000). After correcting for ‘unmeasured” SO emissions, the estimated total global flux of Hg into the
atmosphere is about 112 t yr-'. At the same time, new data on volcanic emissions Hg were obtained on the basis of satellite
sounding of sulfur dioxide (SO2) - 232 t yr!. It should also be noted that more than 90% of volcanic mercury emissions

occur in various latitudes of the Northern Hemisphere, 1.8 times higher than in the Southern Hemisphere (Geyman B. M. et
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85 al. 2023). There are regional differences in average emissions as shown by Nriagu and Becker (2003) from analysis of a
long-term (20 years) dataset. Previous estimates for Hg, based on limited measurements from the volcanic plumes, span
three orders of the magnitude ~100 t yr™!, or from <1% to ~50% of the total natural Hg emissions (Pyle and Mather, 2003).
According to Bagnato et al. (2009) the gas emissions of the La Soufriére volcano (Italy) had the mean total Hg/H,S mass
ratio (~3.2x107%) of the volcanic plume measured close to the source vent, with the H,S plume flux (~0.7 t day'). Hinkley
90 et al. (1999) mentioned that there are still open questions regarding the volcanic origin of other elements. Both before the
eruption of the volcano and at the end of the active phase of the eruption, large amounts of gases escape through the cracks
in the Earth's crust an active process of degassing. Research conducted from 1991 to 1995 in the area of the Etna volcano
(Italy) showed that during the eruption the atmospheric concentrations of the elements such as Bi, Cu, Cd, Sn and Zn had
increased (Gauthier and Le Cloarec, 1998). The collected samples of magma showed that the concentrations of Hg and Bi
95 are approximately equal. Considering that the ratio of Bi/SO, concentrations is in a range from 107° to 10~ it can be
assumed that the ratio of Hg/SO- will be also in the same range. Annual contribution of Bi is about 37 t yr~! from the active
phases of eruptions, and it is about 5 t yr™! from the degassing (Gauthier and Le Cloarec, 1998). Main discussions about
emissions during eruptions are focused on amounts of emissions that are produced by each particular volcano (Mather et al.
2004), and at which ratio the mercury in a gas-phase vs. mercury deposited on aerosol particles in the same volume is
100 observed. A usage of data retrieved from natural deposition of Hg in peat bogs or ice cores samples (Roos-Barraclough et
al. 2002) or measurements of Hg concentration in a gas-phase during volcanic eruption (Temme et al. 2003) can provide
more accurate information about Hg flux into the atmosphere (tested this assumption applying trajectory modeling
approach). Large excess degassing is associated with various volcanic activities, including explosive and effusive eruptions.
Excess degassing is an important concept for understanding volatile balance, eruption mechanisms, and crustal magma
105 differentiation, but the mechanism, source, and causes of excess degassing are not yet fully understood. It should be taken
into account that data on volcanic gas composition are still very limited, particularly for volatiles released during eruptions,

and the initial source of excess degassing is still unclear, particularly for siliceous volcanism (Shinohara, 2008).
The aim of our study was to provide an analysis of the long-term gaseous elemental mercury concentrations from the
Amderma station located in the Russian Arctic. The measurement dataset covered period from Jun 2001 to Dec 2013.
110 Particularly, we explored the seasonal cycle and trends of the Hg concentrations and identified two potential emission
sources such as the Eyjafjallajokull and Grimsvétn volcanos in Iceland that influenced the observed elevated Hg

concentrations in 2010 and 2011.

2 Methodology
2.1 Site measurement. Long-term measurements of atmospheric mercury

115 Since Jun 2001 the long-term monitoring of the gaseous elemental mercury (hereafter, mercury, Hg) in the surface
atmospheric layer was carried out near the Amderma settlement (69°72° N; 61°62" E; Meteorological station WMO-230220,
28 m asl, Yugor Peninsula, Russia). It is located on the shore of the Kara Sea and close to the Arctic border between Europe
and Asia (Fig 1).
Amderma settlement is located on the northern tip of the Yugor Peninsula on the coast of the Kara Sea. The Pai-Khoi ridge

120 occupies the center of the peninsula, and it is a continuation of the Polar Urals. The surrounding Amderma area is swampy
tundra. The vegetation period is short and lasts only 2 months. Amderma is in the subarctic belt, characterized by severe
and variable weather, cloudiness, and long winters with frequent snowstorms. The climate is formed in conditions of low
solar radiation in winter, under the influence of the northern seas and intensive western (from the Atlantic Ocean) moist air
masses transport as well as under influence of local physical-geographical features of the territory. The radiation processes

125 play a major role in climate formation. Polar day and polar night cause extremely uneven distribution of solar radiation
3
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throughout the year.
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Figure 1. Geographic layout (© Google Earth 2018; 3 photos (A, B, C) by F. Pankratov) of the Russian Arctic station Amderma
(Yugor Peninsula) for the mercury measurements with respect to the sources (i.e., the volcanoes Eyjafjallajokull and Grimsvotn
130 in Iceland).
The climate is Arctic. Most of the year the sea surface is covered with ice and snow. Winter is slightly softened by the
influence of the surrounding sea. It lasts from the end of September until the end of May. The lowest air temperatures are
below -40 °C and frequently observed during January-March. At the same time, thaws are observed when Atlantic air
135 masses arrived. Summer is short and cool, with average air temperatures ranging from +2.3 to +7.3 °C. The average annual
air temperature is -7 °C, with the coldest month of February and the warmest month of August. More than 300 mm of
precipitation falls annually (with about 30% in November-March), and precipitation is observed for about 200 days. During
the year, there are about 290 days with the air humidity over 80%, and there are up to 200 cloudy days. Snow cover
remains for most of the year (more than 230 days), and it appears at the end of September (occasionally - by August) and it
140 lasts until the beginning of June (occasionally - by July). There are up to 100 days with snowstorms, which observed during
September-June.
During the 13-year (2001-2013) measurement period the analyzer “Tekran 2537A” was located at three points/sites at
different distances (i.e., 8.9, 2.9, and 0.2 km) from the coast of the Kara Sea. It should be noted that from September 2015
to July 2016, at the 3rd site the parallel measurements of atmospheric mercury were carried out using the “Tekran 2537A”
145 and “Lumex 915 AM” analyzers. The “Tekran 2537A” instrument hardware complex kept continuous measurements of
mercury in the surface layer of the atmosphere. The distance from the ground up to the inlet filter ranged from 5 to 8 m.
The measurement complex included the following equipment: (1) Mercury Vapor Primary Calibration Unit “Tekran 2505;
(2) Tekran Model 1100 Zero Air Generator; (3) Tekran Model 1120 Standard Additional Controller; and (4) Automated
Ambient Air Analyzer “Tekran 2537A”.
150 The analyzer exhibits the following characteristics: high temporal resolution, with adjustable regimes ranging from 5
minutes to 200 hours, and an air pumping capacity of 0.7 to 1.5 liters per minute. Its detection limit is 0.11 ng m3, with a
measurement error of £10% (source: Tekran Model 2537 CVAFS Automated Mercury Analyzer). Mercury sorption is

facilitated using a triple nine gold trap. The device features automated internal calibration, ensuring full autonomy in
4
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measurement and data processing. Mercury, accumulated on a gold sorbent cartridge ("A" or "B"), undergoes thermal
155 desorption and quantification through a cold vapor atomic fluorescence spectrometer. Mercury concentrations in ambient
air were measured at 30-minute intervals across two channels. After verifying the data quality, an average of two
consecutive measurements (1-hour averages) was calculated, along with daily average mercury concentrations. Sampling,
preparation, and analytical methods for atmospheric mercury monitoring were implemented based on EPA Method 1669.
This methodology was adapted for background concentration measurements at the station by modifying the automatic
160 calibration period and setting the sorption period to 30 minutes. The reliability of Hg background concentration
measurements hinges on precise sampling and the application of cold vapor atomic fluorescence techniques to register
detected signals. Calibration posed a critical challenge due to the lack of stable standards for reduced mercury
concentrations (ng m3). Consequently, a mercury vapor generator (“Tekran 2505") housed in a thermocontainer was utilized
to introduce precise amounts of mercury gas-air mixtures with known concentrations. An internal Hg vapor source
165 complements this external calibration. The "Tekran 1120" standard addition controller enables programming of Hg
injection time from the internal source into sampled ambient air. Additionally, the controller supplies clean air to the system
via a connection to the "Tekran 1100" clean air generator. This setup ensures accurate calibration and reliable operation
(Pankratov et al., 2015).
This analyzer was selected as the primary instrument used for the Hg continuous measurements at all polar stations
170 including Amderma (Steffen et al. 2005). In 1998 the “depletion” of atmospheric mercury in the air (AMDESs - Atmospheric
Mercury Depletion Events) has been recorded on the polar station “Alert” (Canada). This event is an abrupt decrease of the
mercury concentration in the atmospheric boundary layer in the spring time (Schroeder et al. 1998). Our monitoring at
the Amderma station demonstrated that the Hg background concentrations in the surface layer in the Russian Arctic
(1.51+0.41 ng m3) are similar to the global background of 1.51+1.71 ng m2 in the Northern Hemisphere (Steffen et al.
175 2008). Moreover, the atmospheric mercury depletion events (AMDEs) were observed at Amderma each year. During the
Hg depletion, the average Hg concentrations usually decreased below 1 ng m- and with a significant variability (Pankratov
et al. 2013).
Note that this Hg monitoring in the surface layer of the atmosphere at the Russian Arctic station Amderma was carried out
for the first time. Table 1 shows the spatial distribution (at selected locations) of the Hg concentration in the Northern
180 Hemisphere for years of 2001-2005.

Table 1. Annual average concentrations (ng m-3) of the gaseous elemental mercury in the Northern Hemisphere, (Reports of the
Russian Academy of Science (RAS), and the Swedish Environmental Research Institute (SERI/ IVL)) (Pankratov et al., 2015).

Location Coordinates 2001 | 2002 | 2003 2004 2005 Source

Andoya, Norway 69°N, 16°E 1.64 VL, 2010

Pallas, Finland 68°N, 24°E 141 1.48 1.57 1.49 1.63 | IVL, 2010
Ny-Alessund, Norway 79°N, 12°E 161 | 163 | 163 152 161 | IVL, 2010
Amderma, Russia 69°N, 61°E 1.65 1.73 171 152 1.54 | Pankratov etal. 2013
Northern Sea

Shipping Route 64°N, 40°E | 0.32 RAS., vol. 322, 2002
Kara Sea, Russia 0.89 RAS., vol. 322, 2002
Barents Sea, Russia 0.61 RAS., vol. 322, 2002

2.2 HYSPLIT trajectory modelling

185 Backward trajectory modeling is a widely used tool to assess the potential of the atmospheric transport from different
geographical locations where natural or anthropogenic sources of Hg may be presented. Determination of spatial positions
of the air parcels in the atmosphere during such movements may allow an identification of the potential paths and regions
where pollution can be found and how it is related to the potential sources (Mahura at al. 2013). The accuracy of the

5
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trajectory calculation is generally of the order of 20% of the travel distance, although in some cases the ratio may be even
190 higher (Stohl et al. 1998). In our study, the National Oceanic and Atmospheric Administration (NOAA) on-line transport
and dispersion Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) v 4.5 model available in an
interactive mode was employed (http://www.arl.noaa.gov/ready/open/hysplit4.html; Draxler and Rolph, 2003; Rolph 2003).

For the trajectory modeling, the meteorological gridded dataset (http://dss.ucar.edu/pub/reanalysis; NCEP / NCAR global

Present — 1948; Kalnay at al. 1996) was utilized as input. Each trajectory was calculated for cases with the Hg elevated
195 concentrations at the Amderma station. For simplicity, the trajectories arriving at the station at 3 levels (i.e., 500, 1500 and
3000 m asl) were calculated backward in time up to 120 hours (i.e., 5 days). To calculate the trajectories the modeled
vertical motion method was used. Note, there is also a difference of 4 hour between the Amderma local standard time
(LST) and Coordinated Universal Time (UTC) provided in the dataset and used in the model, respectively. Hence, all
trajectories were calculated with a corrected time in order to match the corresponding measurements at Amderma. Then, all

200 calculated trajectories were attributed to sectors according to the pathways of the atmospheric transport.

3 Resultand discussions

3.1 General features of mercury concentrations in Amderma

The Amderma station was chosen to assess the flux of Hg and persistence organic pollutants (POPSs) to the ecosystems of
the Russian Arctic. The long-term (2001-2013) time-series of the obtained atmospheric Hg concentrations is shown in Fig.

205 2. As mentioned in the section 2.1 the analyzer “Tekran 2537A” was subsequently placed at three points/sites at three
different distances (8.9, 2.9 and 0.2 km) from the coast of the Kara Sea.
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Figure 2. The long-term time-series of the atmospheric mercury concentration at the Amderma station for the periods: 2001

210 2004 (A, B), 2005-2010 (C, D), and 2010-2013 (E, F). For the entire period: mercury concentration above the red dash-dotted
line with two points is the AMEEs area; mercury concentration below the blue dash-dotted line is the AMDEs area (Pankratov,
2015).
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Analysis of the data measured at site Nel (at distance of 8.9 km from the coast) showed that during 2001-2004 the average

215  Hg concentration was 1.65+1.91 ng m™3 (maximum - 75.51 ng m~3 and minimum - 0.11 ng m=3, which is the detection limit
of the Tekran Instrument (see Fig. 2, A-B)). The atmospheric mercury depletion events (AMDES) occurred at the site Nel
were less frequent compared to two other sites (Ne2 and Ne3) located closer to the coast (see Fig. 2, C-D and D-F).
Similarly to AMDEs, the term Atmospheric Mercury Enhancement Events (AMEEs) was used for cases with a relatively
long time (at least, 2 hour) elevated concentrations of Hg (>1.81 ng m™2). For the site Ne2 (2.9 km), during 2005-2010, the

220  average Hg concentration was 1.48+0.42 ng m~3 (maximum - 14.53 ng m3). For this site a decreasing trend for the Hg
concentration was observed (see Fig. 2, C-D). In Jun 2010, the analyzer was installed at the site Ne3 (0.2 km). Analysis of
these data showed that from Jun 2010 to Oct 2013 the average concentration was 1.38+0.84 ng m 2 and maximum - 94.35 ng
m~3 (Fig. 2, E-F) as well as seasonal dynamics for the entire observation period (ARCTIC DATASETS as part of PEEX
International Collaboration, https://www.atm.helsinki.fi/peex/images/after_2.pdf )

225 3.2 Seasonal variability of mercury

As analysis of the 2001-2013 dataset showed the average Hg concentration was about 1.15+0.41 ng m3. For 2001-2009,

there is a decreasing trend in the concentration which is on average is about 1.32+0.31 ng m2 (Fig. 3). However, for

2010-2012, there is an increase in the concentration (1.67+0.31 ng m~3) by about 26.5%.

The analysis underlined that throughout the entire period of the measurements there were events showing a significant
230 temporary decrease in the Hg concentration (i.e., below 1.0 ng m~3). Such periods, called the AMDEs, are seen in Fig. 2.

Note these events occurred every year, and mostly took place from the late Mar to the early Jun. Moreover, during

AMDEs the smallest variability in the concentration was observed mainly in the winter months.
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Figure 3. Seasonal variability of the mercury concentration in the surface layer of the atmosphere at the Amderma station
235 represented by the linear trends for the periods: (a) 2001-2012, (b) 2001-2009, and (c) 2010-2012. Comments: The bars indicate

the seasonally averaged data. The red line indicates the median, the boxes depict the quartile ranges and the whispers 5 and 95

percentiles. The blue dots illustrate the statistical outliers. The short black line inside the boxes is the mean concentration for a

given season (Pankratov, 2015).
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240 The dynamics of Hg in the ambient air was not typical in 2010 compared with the previous years (see Fig. 3). The
elevated Hg concentrations were recorded in spring and summer. One of the reasons for this behavior could be assigned
to the long-range atmospheric transport from Iceland which took place during the eruption of the Eyjafjallajokull volcano.
We explored this connection in more details. From 13 Apr to 12 May 2010 the Hg concentrations were significantly
higher (1.81+2.75 ng m™®) than the average long-term values (1.51+0.41 ng m™) and characteristic for the Northern

245 Hemisphere (Fisher et al. 2012). The analysis of the pathways of the air masses transport (i.e., the calculated backward
atmospheric trajectories) from Iceland suggests that in the middle and second half of Apr 2010 the Amderma station was
in the area affected by the volcanic emissions, unlike other global stations of the Hg monitoring (e.g., Alert, Canada and
Ny-Alesund, Norway). Note that similar behavior was also observed in 2011 during eruption of the other lcelandic
volcano — Grimsvotn. For the 2001-2009 period the negative trend (-0.35 ng per period) was obtained (see line b in Fig.

250 3). However, for 2010-2012 the significant positive dynamics and its high variability were identified (see line ¢ in Fig. 3).
On average, the Hg concentrations were 1.43+0.41 ng m 3 and 1.55+0.71 ng m2 in 2010 and 2012, respectively. For this
three-year period, the positive trend (+0.12 ng per period) was found. Note that such significant increase in the Hg
concentration was registered for the first time at the Amderma station. Moreover, such behavior is not typical (if the
long-term trend in the reduction of the Hg concentration in the atmosphere is considered).

255 This can be explained by the Icelandic volcanic eruptions of Eyjafjallajokull (in 2010) and of Grimsvétn (in 2011). The
volcanic cloud passed over the Arctic territories including the Amderma station area where the Hg monitoring was
conducted. We underline that the observed increase of the Hg concentration at the station resulted from the regional long-
range atmospheric transport of the volcanic cloud (consisting of gases and aerosols) through the Russian Arctic. The
arguments are listed in the following paragraphs.

260 First, in general, during spring period (Mar-Apr-May) the Hg concentrations observed are on average tend to decrease.
However, during the Eyjafjallajokull volcanic activity, the corresponding trend was the opposite (Fig. 4, a), i.e., towards
the higher concentrations in spring. During Apr-May 2010 a large variability in the concentration (+0.52 ng m3) was also
observed. Apr 2010 showed also the largest positive trend (+0.97 ng per month).

Second, for the period from May to Jun 2011 the elevated Hg concentrations were also recorded (Fig. 4, b). During this

265 time, the Grimsvétn volcanic activity took place. The positive trend was +1.0 ng per period (being the highest for 13 years
of the Hg measurements at the station) with a large variability of +0.53 ng m=3.
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Figure 4. The observed Hg concentrations at the Amderma station during the eruptions of the Icelandic volcanoes
Eyjafjallajokull and Grimsvétn: (a) Mar-May 2010 (b) Apr-Jun 2011. /The green ovals show the atmospheric mercury depletion

events (AMDEs). The red ovals indicate the increased Hg concentrations associated with the air masses transport from the areas
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For 2010-2011 (Fig. 5, a), the analysis of the time-series on a seasonal behavior revealed existence of the third peak of the
Hg elevated concentrations in spring-summer. When the available data do not allow detecting any development trend
(trend) due to random and periodic fluctuations in the initial data, the moving average method was applied to better identify
the trend (Hyndman, 2009). A moving average is an average value based on subsets of data at specified intervals.
Calculating the average value at certain intervals smoothed the data, reducing the impact of random fluctuations or noise.
This makes it easier to find common trends within the data. The larger the interval (smoothing window) used to calculate
the moving average, the stronger the smoothing occurs, since more data points are involved in each calculated average.

To smooth the yearly series of data, instead of the moving averages, the moving medians were used. This allowed more
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clearly demonstrating the nature of data changes without losing the overall trends. The best results were achieved with a

smoothing window size of 20 days (Fig. 5, a). The ratio of the Hg concentration of the second and third peaks in spring-
285 summer was 0.93 ng m~ (for 2010) and

0.94 ng m=3 (for 2011). In the previous (2001-2009) and in the subsequent (2012-2013) years, two peaks of the increased

Hg concentration were not observed (Fig. 5, b). As a rule, during the spring-summer period only one peak of the Hg

elevated concentration was observed. The most likely explanation for such unusual behavior of the atmospheric Hg is the

impact of the volcanic eruptions in Iceland.
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Figure 5. The behavior dynamics of the mercury concentrations: (a) monthly data 2009-2012; (b) area with high concentration
during the volcanic eruption (2 peaks maximum/brown color); and examples of the Icelandic MetOffice data for the volcanos (c)
Eyjafjallajokull in 2010, and (d) Grimsvétn in 2011 during active phases of the eruptions.
295

The Fig. 5c, d (see red lines) shows the enclosed geographical areas where might be high concentrations of volcanic ash
and aerosol. The atmospheric transport during the eruption may affect levels of the Hg concentrations in a given
geographical region. Consequently, the recorded Hg elevated concentrations during these periods can be connected with the
volcanic cloud passage through the area of the Amderma station.

300 3.3 Volcanic activity during 2010-2011

3.3.1 Eyjafjallajokull

The elevation of the Eyjafjallajokull volcano is about 1670 meters asl with a crater of about 4 km in diameter. On 20 Mar
2010, the first phase of the eruption took place, and at that time a relatively small amount of the volcanic ash was emitted
into the atmosphere (Karlsdottir at al. 2010). During the second phase of the activity, from 7 to 14 Apr 2010, a large cloud
305 of the volcanic ash was emitted into the atmosphere up to altitude of 9.5 km (Sigmundsson et al. 2010; Schumann et al.
2011). Later, during 16-19 Apr 2010, according to the Icelandic MetOffice (based on a single C-band Doppler weather
radar located in Keflavik) the volcanic emissions of gases and ash reached the altitude of about 8.5 km. Subsequently, the
10
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ash layer was observed at different altitudes around Europe (Ansmann et al. 2010; Flentje et al. 2010; Pet&jé et al. 2012;
Pappalardo et al. 2013).

310 The direct shortest distance between the source (the Eyjafjallajokull volcano) and the measurement station (Amderma) is
about 3370 km, as seen in Fig. 1. There are no large sources of both the anthropogenic and biogenic emissions of Hg into
the atmosphere at these high latitudes and along the atmospheric path of the volcanic cloud from Iceland toward the
location (Yugor Peninsula, Russia) of the measurement station.

During the first episode (7-14 Apr 2010) the measured Hg concentration in several cases was more than 2 ng m=. In

315 particular, it reached on 10" Apr 04 UTC - 2.21 ng m™3, on 13" Apr 10 UTC -2.71 ng m™ and on 14 Apr 2010 06 UTC
- 2.07 ng m3. And these concentrations are the highest for the active phase of the Eyjafjallajokull volcano eruption
(Fig. 4, a). The volcanic cloud was mainly transported in the eastern dominated directions. The cloud moved in the
north-eastern direction and passed over the Scandinavian Peninsula, and then, it passed over the Amderma station and
surrounding territories. This passage could be the reason for the observed Hg elevated concentrations recorded at the

320 station. On 16" Apr 2010 (18 UTC) the main atmospheric transport was within the north-west direction and later it turned
to the south-west (Fig. 5, c). During the second episode (18-24 Apr 2010), the Hg elevated concentrations were also
recorded (e.g., on 18 Apr 06 UTC - 2.54 ng m3, on 20 Apr 09 UTC - 2.53 ng m™3, on 22 Apr 00 UTC - 2.25 ng m™3, and on
24 Apr 2010 09 UTC - 2.36 ng m™3). During the third episode (6-12 May 2010), the concentration was also high, i.e., more
than 1.82 ng m3. And in particular, it reached on 9 May 20 UTC - 1.82 ng m3 and 12 May 2010 14 UTC - 2.06 ng m 3 (as

325 seen in Fig. 4, a).

3.3.2 Grimsvotn

The elevation of the Grimsvotn volcano is about 1725 m asl, and the length of the caldera is about 2 km. The Grimsvdtn
eruption began on 21 May 2011 (17 UTC). A 21 UTC the volcanic ash released reached the altitude of about 20 km
(according to observations of the Icelandic Met Office). The volcanic cloud was transported over Europe and Russia

330 (Kerminen et al. 2011; Tesche et al. 2012; Moxnes et al. 2014).

From 23 to 25 May 2011 the cloud passed within the boundary layer over the Yugor Peninsula and the northern territories
of the Polar Urals, and then, it continued to move in the north-eastern direction (Fig. 5, d). Note, there are no local sources
(i.e., industrial facilities) of Hg in the area, and hence, the elevated concentrations could be a result of the volcanic eruption
followed by the atmospheric transport towards the Arctic territories including the Amderma station.

335 The episode with the Hg elevated concentrations took place during the last week of May 2011. At first, such elevated
concentrations were observed on 25" May 01 UTC (1.97 ng m™) and on 28" May 2011 00 UTC (1.87 ng m™3). Although
these values are less than the threshold of 1.87 ng m™, these values can be considered as elevated, because the
calculated 13-year average concentration is about 1.51+0.41 ng m™3. In particular, similar elevated concentrations were
also registered on 29" May 00 UTC (1.78 ng m3) and on 30" May 2011 15 UTC (1.77 ng m™3). Starting from 30" May

340 2011 and later, there were no emissions released to the high altitudes. From 4™ Jun 2011, the registration of the Hg elevated
concentrations was mainly related to the regional atmospheric transport of Hg (and mainly in a gas phase). At the Amderma
station, the elevated concentrations were registered on several occasions (4, 5, 7, 11, 14, 18, and 20 Jun) with the highest
value of 3.87 ng m~ observed on 23 Jun 2011 (see Fig. 4, b). Note that Jun—Jul 2011 could be considered as the period
with a frequent occurrence of the AMDESs events (Pankratov et al. 2010). However, the registration of the Hg elevated

345 concentrations at the Amderma station during the polar spring shows that it can be associated with receiving of a large

amount of Hg from a strong source, which in our case could be the Icelandic volcano in the active phase of eruption.

3.4 Trajectory analysis connecting the volcanic activity and observation
Our analysis of the calculated backward trajectories showed that, indeed, the eruption of the Eyjafjallajokull volcano could

11



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

influence the increase in the Hg concentrations in the surface layer of the atmosphere at the Amderma station. The
350 trajectories were calculated for the three altitudes (500, 1500 and 3000 m asl) and backward in time up to 5 days. Note that
these trajectories were calculated for the time period when the volcanos were in the active phase of the eruption.
The trajectories were calculated for selected dates (13 and 18 Apr, and 1 Jun 2010) when the Hg concentration was
considered as the elevated, about 2 ng m= (see Fig. 6, a). From Apr to May 2010, according to our data, we can assume
that the observed Hg elevated concentrations at the station Amderma are due to the long-range atmospheric transport of the
355 volcanic cloud of gaseous and particulate fractions of components formed during the active phase of the Eyjafjallajokull
eruption (see Fig. 6, a).
From May to Jun 2011, the increase in the Hg concentration also resulted from the long-range atmospheric transport, but in
this case from the eruption of the Grimsvétn volcano (see Fig. 6, b). For selected dates (25 May, 5 and 23 Jun 2011) the
calculated trajectories showed arrival of the air masses from the higher altitudes (between 1-6 km), and it is typical for the
360 global atmospheric transport. For 25" May 2011, the atmospheric transport showed movement of the air masses in the
middle troposphere at the altitudes between 1-5 km. Note, that in Jun 2011 the air flow differed in the altitude profiles
characteristic for the hemispheric scale atmospheric transport in the middle layers of the troposphere (see Fig. 6, b).
It can be confirmed that the Hg elevated concentrations co-inside with the atmospheric transport from the north-west and
linked with the active volcano Grimsvotn. For 23 Jun, the atmospheric flow, moving above the Novaya Zemlya

365 Archipelago (Russia), arrived at the Yugor Peninsula from the north- east direction (similar to the Met Office UK
calculations).
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Figure 6. The atmospheric backward trajectories (calculated by the NOAA HYSPLIT model) arriving at the Amderma station
370 on (a) 13, 18 Apr and 1 Jun 2010 and (b) 25 May and 5, 23 Jun 2011 and corresponding to the eruptions of the (a)
Eyjafjallajokull and (b) Grimsvotn volcanoes.
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Finally, it can be assumed that the volcanoes are the large natural sources of Hg as during the active phase of the eruption,
and possibly also during the degassing, when there are no intense emissions. In our case, considering that the
375 Eyjafjallajokull and Grimsvdtn volcanoes are the main sources of Hg in the Northern Hemisphere, the intake of Hg in the
Arctic ecosystems can be calculated using the Hg concentration measurement data following the periods of the active
volcanoes' eruptions. Moreover, Sonke et al. (2017) showed that a lot of mercury is transported to the Arctic via various

rivers in water soluble form.

4 Conclusions

380 In this study, we performed a detailed analysis of the long-term measurement data of atmospheric mercury concentrations
in the surface layer of the atmosphere. We linked the elevated concentrations with the periods of the eruptions of the two
volcanoes Eyjafjallajokull and Grimsvotn (Iceland). Our analysis of the long-term (2001-2013) time-series of the Hg
concentrations underlined the time periods with the lower and higher concentrations at the Amderma station in the Russian

Arctic. Our key findings are summarized as follows:

385 e For 2001-2009 period, the annual average concentration of Hg decreased from 1.67+0.31 (2001) to 1.32+0.31 ng m~3
(2009) with the negative trend identified as -0.66 ng per period. However, the last three-year period (2010-2012) in the
time-series showed the highest positive trend (+0.97 ng per period).

e During Apr-May 2010 and May-Aug 2011 (the periods of the Icelandic Eyjafjallajokull and Grimsvodtn eruptions) the
Hg concentrations were significantly higher, or elevated, and in particular: 1.81+2.71 ng m 2 and 1.81+3.69 ng m3,
390 respectively. These values are higher compared with the average value of 1.51+0.41 ng m™2 for the Russian Arctic in

the Northern Hemisphere.

e Application of the moving average method to the time-series showed a good correlation between the dates of the
volcanic eruptions in Iceland and the registration of the elevated Hg concentrations at the Amderma station.

e During the polar spring the registration of the low concentrations of Hg in the surface layer of the atmosphere was also
395 observed. It is known as the atmospheric mercury depletion events, AMDEs. Therefore, the presence of the elevated
Hg concentrations is not typical for spring (observed in 2010 and 2011), and the increased Hg concentrations in this

Arctic region are determined by the atmospheric transport at the regional and hemispheric scales.

e The calculated atmospheric backward trajectories showed that the source of the elevated Hg concentrations in this
region of the Arctic are connected with the active phases of the volcanic eruptions in Iceland. At the time of the
400 eruptions of Eyjafjallajokull and Grimsvétn volcanoes, many meteorological models also showed the atmospheric
transport of the volcanic cloud over territories of the Russian Arctic including the Yugor Peninsula. Therefore, the
gaseous mercury deposited on aerosol particles could influence the increase in concentrations measured at specific
locations (e.g., Amderma station). Hence, the Hg inflow into the Arctic during the two Icelandic volcanic eruptions
occurred basically due to Hg presented in the gas phase as well as due to the fractions of Hg deposited on the aerosol
405 particles.
Overall, our analysis indicates that the registration of the elevated Hg concentrations at the Amderma station in 2010 and
2011 is an anomaly in terms of the dynamics of the global atmospheric mercury pollution, and it occurred due to the

volcanic eruptions in Iceland and peculiarities of the atmospheric transport in this part of the Arctic.

5 Acknowledgements

410 The authors gratefully acknowledge colleagues - Strelnikov I., Kozulin S., and Balandin V. - for invaluable assistance,

continuous monitoring and maintaining the Tekran mercury analyzer during 2001-2010, as well as Mikushin A. and

13



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Guskov V. (technical staff of the hydrometeorological service) during 2011-2013 at the Arctic station Amderma (Russia).
The authors gratefully acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT
transport and dispersion model and/or READY website (http://www.arl.noaa.gov/ready.html) used in this publication.

415 Financial support for the monitoring program was provided by Environment Canada, Arctic Monitoring and Assessment
Programme (AMAP) Secretariat and Russian Federal Service for Hydrometeorology and Environmental Monitoring
(Roshydromet). For this study, the financial support was also partially provided by the Kola Science Center of the Russian

Academy of Sciences and the Pan-Eurasian EXperiment (PEEX; https://www.atm.helsinki.fi/peex) programme and the

European Union's Horizon 2020 research and innovation programme under grant agreement No 689443 via project iCUPE

420 (Integrative and Comprehensive Understanding on Polar Environments; https://www.atm.helsinki.fi/icupe).

Author contribution. FP - designed and carried out the mercury measurements with technical support, analysis and
formalization data, writing draft of the manuscript. AM - co-writing draft of the manuscript, comments and remarks with
contributions from all co-authors. OK - data formalization, calculation algorithm, data post-processing. TP — comments
and remarks with contributions from all co- authors. VP - comments and remarks with contributions from all co-authors.
425 VM - comments and remarks with contributions from all co-authors.
Competing interests. The authors declare that they have no conflict of interest. There are no competing interests. Prof.
Tuukka Petdjé is an Editor of Atmos Chem. Phys.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
430 Data Availability Statement: Data supporting reported results can be found as “Dataset on Long-term monitoring of
gaseous elementary mercury in background air at the polar station Amderma, Russian Arctic” at
http://www.atm.helsinki.fi/icupe/images/Datasets/DS_Hg-Amderma_20200125.zip (last access on 27 January 2025),and

readme file at https://www.atm.helsinki.fi/icupe/images/Datasets/Readme_iCUPE-Collabor_DatasetReleased Hg.pdf (last

access on 27 January 2025), and at the ZENODO portal - Fidel Pankratov (2020). Long-term monitoring of gaseous
435 elementary mercury in background air at the polar station Amderma, Russian Arctic (Version 1) [Dataset]. Zenodo.
https://doi.org/10.5281/zen0odo.4060211 (last access on 27 January 2025).

6 References

Andres, R.J. and Kasgnoc, A.D.: A time-averaged inventory of subaerial volcanic sulfur emissions, Journal of Geophysical
Research - Atmospheres, 103 (D19), 2525125261, https://doi.org/10.1029/98JD02091, 1998.

440 Ansmann, A., Tesche, M., GroB, S., Freudenthaler, V., Seifert, P., Hiebsch, A., Schmidt, J., Wandinger, U., Mattis, I.,
Muller, D., and Wiegner, M.: The 16 April 2010 major volcanic ash plume over central Europe: EARLINET lidar and
AERONET photometer observations at Leipzig and Munich, Germany, Geophysical Research Letters, 37 (13), L13810,
https://doi.org/10.1029/2010GL 043809, 2010.

Araujo, B.F., Osterwalder, S., Szponar, N., Lee D., Petrova, M.V., Pernov, J.B., Heimbiirger-Boavida, L.-E., Laffont, L.,

445 Teisserenc, R., Tananaev, N., Nordstrom, C., Magand, O., Stupple, G., Skov, H., Steffen, A., Bergquist, B., Aspmo-
Pfaffhuber, K., Thomas, J.L., Scheper, S., Petéja, T., Dommergue, A. and Sonke, J.E.: Mercury isotope evidence for Arctic
summertime  re-emission of mercury from the cryosphere. Nature Communications, 13, 4956,
https://doi.org/10.1038/s41467-022-32440-8, 2022.

Ariya, P.A., Amyot, M., Dastoor, A., Deeds, D., Feinberg, A., Kos, G., Poulain, A., Ryjkov, A., Semeniuk, K., Subir, M.

450 and Toyota, K.: Mercury physicochemical and biogeochemical transformation in the atmosphere and at atmospheric

interfaces: a review and future directions, Chemical Reviews, 115, 10, 3760-3802, https://doi.org/10.1021/cr500667¢,
14



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

2015.
Bagnato, E., Allard, P., Parello, F., Aiuppa, A., Calabrese, S., and Hammouya, G.: Mercury gas emissions from La
Soufriere  Volcano, Guadeloupe Island (Lesser Antilles), Chemical Geology, 266 (3-4), 267-273,

455 https://doi.org/10.1016/j.chemge0.2009.06.011, 2009.

Edwards, B.A., Kushner, D.S., Outridge, P.M., and Wang, F.: Fifty years of volcanic mercury emission research:
Knowledge gaps and future directions. Science of The Total Environment, 757, 143800,
https://doi.org/10.1016/j.scitotenv.2020.143800, 2021.

Dastoor, A., Wilson, S.J., Travnikov, O., Ryjkov, A., Angot, H., Christensen, J.H., Steenhuisen, F. and Muntean, M.:

460 Arctic atmospheric mercury: Sources and changes, Science of The Total Environment, 839, 156213,
https://doi.org/10.1016/j.scitotenv.2022.156213, 2022a.

Dastoor, A., Angot, H., Bieser, J., Christensen, J.H., Douglas, T.A., Heimbirger-Boavida, L.-E., Jiskra, M., Mason, R.P.,
McLagan, D.S., Obrist, D., Outridge, P.M., Petrova, M.V., Ryjkov, A, St. Pierre, K.A., Schartup, A.T., Soerensen, A.L.,
Toyota, K., Travnikov, O., Wilson, SJ. and Zdanowicz, C.: Arctic mercury cycling, Nature Reviews Earth and

465 Environment, 4, 270-286, https://doi.org/10.1038/s43017-022-00269-w, 2022b.

Draxler, R.R. and Rolph, G.D.: HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) Model access via
NOAA ARL READY Website (http://www.arl.noaa.gov/HYSPLIT.php), NOAA Air Resources Laboratory, Silver Spring,
MD, 2003.

Ferrara, R., Mazzolai, B., Lanzillotta, E., Nucaro, E., and Pirrone, N.: Volcanoes as emission sources of atmospheric

470 mercury in the Mediterranean basin, Science of the Total Environment, 259 (1-3), 115-121, https://doi.org/10.1016/S0048-
9697(00)00558-1, 2000.

Gauthier, P.-J., and Le Cloarec, M.-F.: Variability of alkaliand heavy metal fluxes released by Mt Etna volcano, Sicily,
between 1991 and 1995, Journal of Volcanology and Geothermal Research, 81 (3-4), 311-326,
https://doi.org/10.1016/S0377-0273(98)00002-X, 1988.

475 Flentje, H., Claude, H., Elste, T., Gilge, S., Kéhler, U., Plass-Diilmer, C., Steinbrecht, W., Thomas, W., Werner, A., and
Fricke, W.: The Eyjafjallajokull eruption in April 2010 — detection of volcanic plume using in-situ measurements, ozone
sondes and lidar-ceilometer profiles, Atmospheric Chemistry and Physics, 10 (20), 10085-10092,
https://doi.org/10.5194/acp-10-10085-2010, 2010.

German, B. M., Thackray, C. P., Jacob, D. J., and Sunderland, E. M.: Impacts of Volcanic Emissions on the Global

480 Biogeochemical Mercury Cycle: Insights From Satellite Observations and Chemical Transport Modeling, Geophysical
Research Letters, Volume50, Issue21, https://doi.org/10.1029/2023GL 104667, 2023.

Girona, T., Costa, F., Shubert, G.: Degassing during quiescence as a trigger of magma ascent and volcanic eruptions,
Scientific Reports, 5:18212. https://doi:10.1038/srep18212, 2015.
Halmer, M.M., Schmincke, H.-U., and Graf, H.F.: The annual volcanic gas input into the atmosphere, in particular into the

485 stratosphere: a global data set for the past 100 years, Journal of Volcanology and Geothermal Research, 115 (3-4), 511—
528, https://doi.org/10.1016/S0377-0273(01)00318-3, 2002.

Hinkley, T.K., Lamothe, P., Wilson, S.A., Finnegan, D.L., and Gerlach, T.M.: Metal emissions from Kilauea, and a
suggested revision of the estimated worldwide metal output by quiescent degassing of volcanoes, Earth and Planetary
Science Letters, 170(3), 315-325. https://doi.org/10.1016/S0012-821X(99)00103-X, 1999.

490 Fendley, I.M., Frieling, J., Mather, T.A., Ruhl, M., Hesselbo, S.P., and Jenkyns, H.C.: Early Jurassic large igneous
province carbon emissions constrained by sedimentary mercury, Nature Geoscience, 17, 241-248,
https://doi.org/10.1038/s41561-024-01378-5, 2024.

Fisher, J.A., Jacob, D.J., Soerensen, A.L., Amos, H.M., Steffen, A., and Sunderland, E.M.: Riverine source of Arctic Ocean

mercury inferred from atmospheric observations, Nature Geoscience, 5, 499-504, https://doi.org/10.1038/nge01478, 2012.
15



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

495 Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., Saha S., White G., Woollen J.,
Zhu Y., Leetmaa, A., Reynolds, R., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C.,
Wang, J., Jenne, R. and Joseph, D.: The NCEP/ NCAR 40-Year Reanalysis Project, Bulletin of the American
Meteorological Society, 77 (3), 437-470, https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2,
1996.

500 Karlsdéttir, S., Petersen, G.N., Bjérnsson, H., Pétursson, H., borsteinsson, H., Vogfjord, K. and Arason, b.: Eldgos i
Eyjafjallajokli - hlutverk Vedurstofu islands. Icelandic Meteorological Office (IMO) (
https://en.vedur.is/media/vedurstofan/myndasafn/Eyjafjallajokull_SK_20101214 1.pdf, last access - 27 Jan 2025), 2010.
Kerminen, V.-M., Niemi, J.V., Timonen, H., Aurela, M., Frey, A., Carbone, S., Saarikoski, S., Teinila, K., Hakkarainen, J.,
Tamminen, J., Vira, J., Prank, M., Sofiev, M., and Hillamo, R.: Characterization of a volcanic ash episode in southern Finland

505 caused by the Grimsvétn eruption in Iceland in May 2011. Atmospheric Chemistry and Physics, 11 (23), 12227-12239,
https://doi.org/10.5194/acp-11-12227-2011, 2011.

Krabbenhoft, D.P. and Schuster, P.F.: Glacial Ice Cores Reveal A Record of Natural and Anthropogenic Atmospheric
Mercury Deposition for the Last 270 Years, U.S. Geological Survey, Fact Sheet 051-02. https://doi.org/10.3133/fs05102,

2002.

510 Lee, D.S., Nemitz, E., Fowler, D., and Kingdon, R.D.: Modelling atmospheric mercury transport and deposition across
Europe and the UK, Atmospheric Environment, 35(32), 5455-5466, https://doi.org/10.1016/S1352-2310(01)00284-9,
2001.

Witt, M.L.1., Mather, T.A., Pyle, D.M., Aiuppa, A., Bagnato, E., and Tsanev, V.l.: Mercury and halogen emissions from
Masaya and Telica volcanoes, Nicaragua, Journal of Geophysical Research — Solid Earth, 113(B6), B06203,

515 https://doi.org/10.1029/2007JB005401, 2008.

Mahura, A., Nuterman, R., Petrova, I., and Amstrup, B.: Atmospheric trajectory and chemical transport modelling for
elevated ozone events in Denmark, Atmospheric and Climate Sciences, 3(2), 87-99,
https://doi.org/10.4236/acs.2013.31011, 2013.

Mambo, V.S., and Yoshida, M.: Behavior of arsenic in volcanic gases, Geochemical Journal, 27 (4-5), 351-359,

520 https://doi.org/10.2343/geochemj.27.351, 1993.

Mason, R.P., Fitzgerald, W.F., and Morel, F.M.M.: The biogeochemical cycling of elemental mercury: anthropogenic
influences, Geochimica et Cosmochimica Acta, 58(15), 3191-3198, https://doi.org/10.1016/0016-7037(94)90046-9, 1994.
Mather, T.A., Pyle, D.M., and Oppenheimer, C.: Tropospheric volcanic aerosol, In monograph “Volcanism and the Earth’s
Atmosphere” (Eds. Robock A., Oppenheimer C.), 139, 189-212, https://doi.org/10.1029/139GM12, 2004.

525 Moxnes, E.D., Kristiansen, N.1., Stohl, A., Clarisse, L., Durant, A., Weber, K. and VVogel, A.: Separation of ash and sulfur
dioxide during the 2011 Grimsvotn eruption, Journal of Geophysical Research - Atmospheres, 119(12), 7477-7501,
https://doi.org/10.1002/2013JD021129, 2014.

Nriagu, J.O. and Becker, C.: Volcanic emissions of mercury to the atmosphere: global and regional inventories,
Science of the Total Environment, 304 (1-3), 3-12, https://doi.org/10.1016/S0048-9697(02)00552-1, 2003.

530 Pankratov, F.F., Konoplev, A.V., Mahura, A. and Kats, O.V.: Analysis of the data of long-term monitoring of atmospheric

mercury content and meteorological parameters at Amderma polar station, Russian Meteorology and Hydrology, 38, 405

413, https://doi.org/10.3103/S1068373913060058, 2013.

Pankratov, F.F., Mahura, A.G., Korpusova, J.V. and Katz, O.V.: Dynamics of atmospheric mercury in the Russian arctic
depending on the measurement position versus coastline, pp. 324-329, In report series in aerosol science N163, ISSN 0784-

535 3496, ISBN, by Finnish Association for Aerosol Research (https://www.atm.helsinki.fi/faar/reportseries/rs-163.pdf, last
access — 27 Jan 2025), 2015.

Pankratov, F.F.: Dynamics of Atmospheric Mercury in the Russian Arctic, PhD thesis dissertation, November 2015,
16



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.13140/RG.2.1.4255.1767, 2015.
Pankratov, F.F.: Long-term monitoring of gaseous elementary mercury in background air at the polar station Amderma,
540 Russian Arctic, Dataset in Zenodo, https://doi.org/10.5281/zenod0.4060211, 2020.
Pappalardo, G., Mona, L., D'Amico, G., Wandinger, U., Adam, M., Amodeo, A., Ansmann, A., Apituley, A., Alados,
Arboledas, L., Balis, D., Boselli, A., Bravo-Aranda, J. A., Chaikovsky, A., Comeron, A., Cuesta, J., Tomasi, F. De.,
Freudenthaler, V., Gausa, M., Giannakaki, E., Giehl, H., Giunta, A., Grigorov, l., GroR}, S., Haeffelin, M., Hiebsch, A.,
larlori, M., Lange, D., Linné, H., Madonna, F., Mattis, I., Mamouri, R.-E., McAuliffe, M. A. P., Mitev, V., Molero, F.,
545 Navas- Guzman, F., Nicolae, D., Papayannis, A., Perrone, M. R., Pietras, C., Pietruczuk, A., Pisani, G., Preifller, J.,
Pujadas, M., Rizi, V., Ruth, A. A., Schmidt, J., Schnell, F., Seifert, P., Serikov, I., Sicard, M., Simeonov, V., Spinelli, N.,
Stebel, K., Tesche, M., Trickl, T., Wang, X., Wagner, F., Wiegner, M., and Wilson, K.M.: Four-dimensional distribution of
the 2010 Eyjafjallajokull volcanic cloud over Europe observed by EARLINET, Atmospheric Chemistry and Physics, 13(8),
4429-4450, https://doi.org/10.5194/acp-13-4429-2013, 2013.

550 Petdja, T., Laakso, L., Gronholm, T., Launiainen, S., Evele-Peltoniemi, 1., Virkkula, A., Leskinen, A., Backman, J.,
Manninen, H.E., Sipila, M., Haapanala, S., Hameri, K., Tuomi, T., Vanhala, E., Paatero, J., Aurela, M., Hakola, H.,
Hillamo, R., Vira, J., Prank, M., Sofiev, M., Laaksonen, A., Lehtinen, K.E.J., Kulmala, M., Viisanen, Y. and Kerminen, V.-
M.: In-situ observations of Eyjafjallajokull ash particles by hot-air balloon, Atmospheric Environment, 48, 104-112,
https://doi.org/10.1016/j.atmosenv.2011.08.046, 2012.

555 Pirrone, N., Costa, P., Pacyna, J.M., and Ferarra, R.: Mercury emissions to the atmosphere from natural and anthropogenic
sources in the Mediterranean region, Atmospheric Environment, 35(17), 2997-3006, https://doi.org/10.1016/S1352-
2310(01)00103-0, 2001.

Pirrone, N., Cinnirella, S., Feng, X., Finkelman, R.B., Friedli, H.R., Leaner, J., Mason, R., Mukherjee, A.B., Stracher,
G.B., Streets, D.G., and Telmer, K.: Global mercury emissions to the atmosphere from anthropogenic and natural sources,

560 Atmospheric Chemistry and Physics, 10(13), 5951-5964, https://doi.org/10.5194/acp-10-5951-2010, 2010.

Pyle, D.M., and Mather, T.A.: The importance of volcanic emissions for the global atmospheric mercury cycle,

Atmospheric Environment, 37 (36), 5115-5124, https://doi.org/10.1016/j.atmosenv.2003.07.011, 2003.

Rolph, G.D.: Real-time  Environmental  Applications and Display System (READY)  Website
(http://www.arl.noaa.gov/ready.php), NOAA Air Resources Laboratory, Silver Spring, MD, 2003.
565 Roos-Barraclough, F., Martinez-Cortizas, A., Garcia-Rodeja, E., and Shotyk, W.: 14.500-year record of accumulation of
atmospheric mercury in peat: volcanic signals, anthropogenic influences and a correlation to bromine accumulation, Earth
and Planetary Science Letters, 202(2), 435-451, https://doi.org/10.1016/S0012-821X(02)00805-1 2002.
Hyndman, R.J.: Moving averages. (https://robjhyndman.com/papers/movingaverage.pdf, last access - 27 Jan 2025), 2009.
Ryaboshapko, A., Bullock, R., Ebinghaus, R., llyin, I., Lohman, K., Munthe, J., Peterson, G., Seigneur, C., and Wangberg,
570 .. Comparison of mercury chemistry models, Atmospheric  Environment, 36(24), 3881-3898,
https://doi.org/10.1016/S1352-2310(02)00351-5, 2002.
Schroeder, W.H., K.G. Anlauf, L.A. Barrie, J.Y. Lu, A. Steen, D.R. Schneeberger, and T. Berg.: Arctic springtime
depletion of mercury, Nature, 394, 331-332, https://doi.org/10.1038/28530, 1998.
Schumann, U., Weinzierl, B., Reitebuch, O., Schlager, H., Minikin, A., Forster, C., Baumann, R., Sailer, T., Graf, K.,
575 Mannstein, H., Voigt, C., Rahm, S., Simmet, R., Scheibe, M., Lichtenstern, M., Stock, P., Riiba, H., Schauble, D.,
Tafferner, A., Rautenhaus, M., Gerz, T., Ziereis, H., Krautstrunk, M., Mallaun, C., Gayet, J.-F., Lieke, K., Kandler, K.,
Ebert, M., Weinbruch, S., Stohl, A., Gasteiger, J., GroB3, S., Freudenthaler, V., Wiegner, M., Ansmann, A., Tesche, M.,
Olafsson, H., and Sturm, K.: Airborne observations of the Eyjafjalla volcano ash cloud over Europe during air space
closure in April and May 2010, Atmospheric Chemistry and Physics, 11(5), 2245-2279, https://doi.org/10.5194/acp-11-
17



https://doi.org/10.5194/egusphere-2025-393
Preprint. Discussion started: 3 March 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

580 2245-2011, 2011.
Shinohara, H.: Excess degassing from volcanoes and its role on eruptive and intrusive activity, Rev. Geophys., 46, RG4005,
https://doi:10.1029/2007RG000244, 2008.
Sigmundsson, F., Hreinsdéttir, S., Arnadéttir, T., Pedersen, R., Oskarsson, N., Auriac, A., Decriem, J., Einarsson, P.,
Geirsson, H., Hensch, M., Ofeigsson, BG., Hooper, A., Roberts, MJ., Sveinbjérnsson, H., Sturkell, E., and Feigl, K.L.:
585 Intrusion  triggering of the 2010  Eyjafjallajokull  explosive  eruption,  Nature, 468,  426-430,
https://doi.org/10.1038/nature09558, 2010.
Dangendorf, S., Marcos, M., Woéppelmann, G., Conrad, C.P., Frederikse, T., and Riva, R.: Reassessment of 20" century
global mean sea level rise, PNAS 114 (23), 5946-5951, https://doi.org/10.1073/pnas.1616007114, 2017.
Sonke, J.E., Heimbiirger, L.-E. and Dommergue, A.: Mercury biogeochemistry: Paradigm shifts, outstanding issues and
590 research needs, Comptes Rendus. Géoscience, 345(5-6), 213-224, https://doi.org/10.1016/j.crte.2013.05.002, 2013.
Sonke, J.E., Teisserenc, R., Heimbirger-Boavida, L.-E., Petrova, M.V., Marusczak, N., Le Dantec, T., Chupakov, A.V., Li
C., Thackeray, C.P., Sunderland, E.M., Tananaev, N., and Pokrovsky, O.S.: Eurasian River Spring flood observations
support net Arctic Ocean mercury export to the atmosphere and Atlantic Ocean, PNAS 115(50), E11586-E11594,
https://doi.org/10.1073/pnas.1811957115, 2018.
595 Steffen, A., Schroeder, W. H., Macdonald, R., Poissant, L., and Konoplev, A.: Mercury in the arctic atmosphere: an
analysis of eight years of measurements of GEM at Alert (Canada) and a comparison with observations at Amderma
(Russia) and  Kuujjuarapik  (Canada), Science of the Total Environment, 342(1-3), 185-198,
https://doi.org/10.1016/j.scitotenv.2004.12.048, 2005.
Steffen, A, Douglas, T., Amyot, M., Ariya, P., Aspmo, K., Berg, T., Bottenheim, J., Brooks, S., Cobbett, F., Dastoor, A.,
600 Dommergue, A., Ebinghaus, R., Ferrari, C., Gardfeldt, K., Goodsite, M. E., Lean, D., Poulain, A., Scherz, C., Skov, H.,
Sommar, J., and Temme, C.: A synthesis of atmospheric mercury depletion event chemistry linking atmosphere, snow and
water, Atmospheric Chemistry and Physics, 8(6), 1445-1482, https://doi.org/10.5194/acp-8-1445-2008, 2008.
Stohl, A.: Computation, accuracy and applications of trajectories — a review and bibliography, Atmospheric Environment,
32(6), 947-966, https://doi.org/10.1016/S1352-2310(97)00457-3, 1998.
605 Stoiber, R.E., Williams, S.N., and Huebert, B.: Annual contribution of sulfur dioxide to the atmosphere by volcanoes,
Journal of Volcanology and Geothermal Research, 33(1-3), 1-8, https://doi.org/10.1016/0377-0273(87)90051-5, 1987.
Temme, C., Slemr, F., Ebinghaus, R., and Einax, J.W.: Distribution of mercury over the Atlantic Ocean in 1996 and 1999—
2001, Atmospheric Environment, 37(14), 1889-1897, https://doi.org/10.1016/S1352-2310(03)00069-4, 2003.
Tesche, M., Glantz, P., Johansson, C., Norman, M., Hiebsch, A., Ansmann, A., Althausen, D., Engelmann, R., and Seifert,
610 P.: Volcanic ash over Scandinavia originating from the Grimsvétn eruptions in May 2011, Journal of Geophysical Research
— Atmospheres, 117(D9), D09201, https://doi.org/10.1029/2011JD017090, 2012.
Varekamp, J.C. and Buseck, P.R.: Global mercury flux from volcanic and geothermal sources, Applied Geochemistry, 1(1),
65-73, https://doi.org/10.1016/0883-2927(86)90038-7, 1986.
Yue, F., Angot, H., Blomquist, B., Schmale, J., Hoppe, C.J.M., Lei, R., Shupe, M.D., Zhan, L., Ren, J., Liu, H., Beck, I.,
615 Howard, D., Jokinen, T., Laurila, T., Quéléver, L., Boyer, M., Petdja, T., Archer, S., Bariteau, L., Helmig, D., Hueber, J.,
Jacobi, H.-W., Posman, K. and Xie, Z.: The Marginal Ice Zone as a dominant source region of atmospheric mercury during
central Arctic summertime, Nature Communications, 14, 4887, https://doi.org/10.1038/s41467-023-40660-9, 2023.

18



