
Lithuanian Journal of Physics, Vol. 59,  No. 1, pp. 47–56 (2019) 
© Lietuvos mokslų akademija, 2019

LONG-TERM STUDY OF ATMOSPHERIC MERCURY DEPOSITION 
AT MONITORING STATIONS IN LITHUANIA

J. Šakalys, K. Kvietkus, I. Garbarienė, and A. Urba

State Research Institute Center for Physical Sciences and Technology, Saulėtekio 3, 10257 Vilnius, Lithuania
Email: kestutis.kvietkus@ftmc.lt

Received 12 July 2018; revised 4 October 2018; accepted 15 October 2018

The results of the  long-term study of atmospheric mercury concentrations in the  rain water carried out at 
the Aukštaitija and Žemaitija integrated monitoring stations are presented in this work. The bulk precipitation sam-
ples at both stations were collected every week during the 2007–2017 period. The mercury measurement method is 
based on the absorption of radiation by mercury vapour at the 253.7 nm line. The monthly samples of precipitation 
after preparation were analysed using a mercury analyzer ‘Gardis’ developed at our institution. The average annual 
concentrations, deposition amounts and trends of mercury in the precipitation over the period of 2007–2017 were 
analysed. The tendency of average monthly mercury concentrations in the precipitation at the Žemaitija station was 
continuously increasing before 2011, however, after 2012 it has a decreasing tendency which was contrary to that 
at the Aukštaitija station. At the same time, the tendencies of average monthly amounts of mercury deposited with 
precipitation showed decreasing amounts, especially at the Žemaitija station. Explanation of the above-mentioned 
phenomenon is complicated and the main reason is very changeable air mass trajectories and irregularity of precipi-
tation.
Keywords: mercury, atmosphere, precipitation, concentration, deposition
PACS: 92.60.Sz, 92.60.Fm, 92.60.Jq, 92.70.Cr

1. Introduction

Human activities and natural processes emit gaseous 
mercury into the atmosphere, therefore, the atmos-
pheric deposition to the ground surface and aquat-
ic ecosystems is the  major source of mercury  [1]. 
Deposition rates of mercury increased globally with 
the  increasing industrial activity during the  last 
century  [2]. However, this trend has decreased in 
the  recent years  [3–5]. Long-term monitoring of 
total gaseous mercury (TGM) at two European 
background sites has confirmed a  decreasing ten-
dency in atmospheric mercury since 1990  [4–6]. 
At the Canadian Arctic site any significant changes 
of annual average mercury concentrations have not 
been detected since 1995 [7]. Strict regulations were 
applied to the major anthropogenic mercury emis-
sion sources in Europe and North America [8–11], 
however, mercury emissions increased in develop-

ing countries [10, 12, 13]. Long-term monitoring of 
mercury concentrations at the  Mace Head atmos-
pheric research station on the west coast of Ireland 
did not show any trend in the concentration levels 
during the measurement period. A slight increase in 
the concentration levels was determined when only 
air masses clearly of the  marine origin were used 
and investigated [9–11, 14, 15]. However, the global 
decrease of TGM concentrations between 1990 and 
1996 was detected  [16] and it was assumed that it 
was probably caused by a substantial decrease of an-
thropogenic emissions. This information consists of 
a large-scale geographical distribution and can eval-
uate the worldwide trend of atmospheric mercury.

The atmospheric emission, transport and deposi-
tion of mercury to the Earth’s surface are complex: 
many large direct sources of mercury have been elim-
inated or greatly reduced; thus, the dominant path-
way for the new mercury input is via atmospheric 
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emission, transformation, transport and deposi-
tion [17]. Deposited mercury can migrate in eco-
systems by water pathways and even low concen-
trations can damage ecosystems as well as they are 
dangerous for human health  [18, 19]. Therefore, 
it is important to know the amount and trends of 
deposited toxic compounds on the Earth’s surface.

The aim of the  study is to provide long-term 
regional variations and trends of mercury con-
centrations in the atmospheric depositions and to 
evaluate possible quantitative changes in Lithu-
ania during the period of 2007–2017.

2. Materials and methods 

2.1. Location of sampling sites and sampling 
methodology

Precipitation samples were collected at the Aukš-
tai tija and Žemaitija integrated monitoring sta-
tions (IMS) in Lithuania. The  Aukštaitija IMS 
is located in the  east of Lithuania (55°26′26′′N, 
26°04′05′′E) in a forested, hilly area about 300 km 
from the Baltic Sea. The nearest residential areas 
are Tauragnai, Utena (12 and 26 km west of the sta-
tion) and Ignalina (17  km southeast of the  sta-
tion). The climate is characterized as moderately 
cold with high precipitation. The  long-term an-
nual mean temperature is 5.8°C and the amount 
of precipitation is 648 mm.

The Žemaitija IMS is located in the  west of 
Lithuania (56°00′42′′N, 21°52′33′′E). The Že-
maitija IMS is situated in the  strict reserve zone 
of Žemaitija National Park at the 50 km distance 
from the Baltic Sea. The annual average air tem-
perature is 5.9°C and the annual average amount 
of precipitation reaches up to 788 mm. The dis-
tance between both stations is about 300 km.

The bulk precipitation samples at both stations 
were collected every week during the 2007–2017 pe-
riods. Three bulk collectors were used at each station. 
The measurement data from three parallel collectors 
were averaged to avoid the influence of the acciden-
tal contamination on the final results [20].

2.2. Analysis of liquid samples using a mercury 
analyzer ‘Gardis’

The mercury measurement method is based on 
the absorption of radiation by mercury vapour at 

the  253.7  nm line. The  mercury is first reduced 
to the  elemental state using the  procedure out-
lined in the EPA Method 245.1  [21]. Air is bub-
bled through the liquid sample, carrying the mer-
cury vapour to the absorption cell. The 253.7 nm 
mercury line emitted by the lamp is absorbed by 
the mercury vapour in the cell. The result is trans-
mitted to the digital screen on which the concen-
tration of mercury can be directly read.

The monthly samples of precipitation after 
preparation  [21] were analysed using the  AAS 
Mercury analyzer ‘Gardis’  [22–24]. Standard ref-
erence materials were used for checking the cali-
bration procedure. The measurement methodolo-
gies were tested every year by EMEP international 
intercalibration exercises. The  results from 
the  intercalibration exercises have shown that 
analytical methods used for the  analysis of en-
vironmental samples give reliable and repre-
sentative results  [25, 26]. Detailed information 
on the  procedure of measurements and inter-
calibration exercises is presented in our previous 
papers [27–29].

The experimental setup used for the detection 
of mercury vapour released from liquids is shown 
in Fig. 1. For the routine semi-automatic analysis 
of liquid samples, the  following operations have 
to be performed: pour the sample into a bubbler, 
recap the  bubbler, and press the  analyzer ‘Start’ 
button. The  needed amount of the  liquid sam-
ple was evaluated from the expected Hg concen-
tration in the  sample, taking into account that 
the sample has to contain the total amount of Hg 
in the  range from 0 to 2000 picograms. For ex-
ample, when the expected Hg concentration was 
in the range from 10 to 20000 ng L–1 Hg, we used 
0.1 mL of the sample to obtain response from 1 to 
2000 pg. [30].

When working with acidic solutions, the soda 
or other similar pre-trap was used in between 
the  bubbler and the  analyzer. The  soda trap was 
useful in two ways: firstly, acidic vapour emit-
ted from the  bubbler was neutralized and thus 
the  surface of the  internal gold traps was pro-
tected; secondly, in the case of accidental flooding 
with liquid, soda shrank immediately and pro-
tected the  analyzer gas train from flooding with 
the liquid.

In the  course of use, soda became wet, shrank 
and even blocked the air flow completely. Therefore, 
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it was dried and replaced from time to time. To re-
move traces of mercury from the newly prepared 
soda filter, we placed it in a furnace up to 300°C 
for a few hours.

It was possible to extend the  lifetime of 
the  soda trap by using the  silica gel filter prior 
to soda but additional testing was required to 
make sure that such a  filter does not contribute 
to the mercury blank and/or absorb mercury va-
pour released from liquid. The  activated carbon 
filter (or gold sorbent) was installed at a bubbler 
inlet to avoid the mercury vapour intake from the 
ambient air.

We found it convenient to use a bubbler much 
larger than the  volume of a  single portion of 
the analyzed liquid and to pour a strongly reduc-
ing solution into the bubbler once prior to series 
of measurements. Then a single analysis was per-
formed by simply uncapping the bubbler, adding 
the  sample, re-capping the  bubbler and pressing 
the analyzer ‘START’ button.

The time which was necessary for the complete 
reaction and release of all elemental mercury va-
pours from the  liquid depended on the  bubbler 
volume and construction, the  analysed liquid 
properties and conditions of the reaction. The op-
timal time was found empirically, by performing 
a repeated analysis of the same sample.

When analysing liquids, we did calibration 
against liquid standards, diluted to yield similar 

doses of mercury as expected from the  samples, 
and from time to time also checked the analyzer 
calibration and functioning of all the  system by 
the  standard addition method. We usually used 
the  single (instead of double) trap analyzer con-
figuration for the liquid analysis, as less time-con-
suming  [30]. The  above-mentioned device and 
the  mercury measuring method were improved 
several times later [31, 32].

2.3. Data analysis

Taking into consideration the  large scattering of 
the  measured data and assuming that the  varia-
tion of the  trend and the  amplitude are described 
by the  dependence of the  second order and using 
the method of the  least squares (MLS), we can ex-
pect that the yearly variation of the data will vary as 
a sinusoid with the phase shift φ and the variation 
period T  [33]. Thus, the  amplitude of the  concen-
tration can be described as AC = At2 + Bt + C and 
the  trend can be described as TC = k7t

2 + k8t + k9. 
Then the mercury concentration will be described by 
the equation

c(t) = (At2 + Bt + C) sin (ωt + φ) + k7t
2 + k8t + k9. (1)

After the transformation of sin(ωt + φ) and mul-
tiplication operations it is possible to describe it in 
the following form: 

Fig. 1. Principal scheme of the mercury concentration measurement in the precipitation samples.

‘Gardis’
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k1t
2 sin ωt + k2t

2 cos ωt + k3t sin ωt + k4t cos ωt

+ k5 sin ωt + k6 cos ωt.

Here k1  =  A  cos  φ, k2  =  A  sin  φ, k3  =  B  cos  φ, 

k4 = B sin φ, k5 = C cos φ, k6 = C sin φ and ωπ
=

T
2 .

Regarding the above descriptions Eq. (1) can be 
presented in the following form:

c(t) = k1t
2 sin ωt + k2t

2 cos ωt + k3t sin ωt + k4t cos ωt

+ k5 sin ωt + k6 cos ωt + k5 sin ωt + k6 cos ωt + k8t + k9. (2)

The least squares sum of all experimental data is 
defined as follows:

( )( )∑
=

−=
n

i
ii tccS

1

2
. (3)

Here ci are the experimental values of mercury con-
centration in the air and c(ti) are the calculated values.

The sum S is minimal when 0=
∂
∂

jk
S

, here j = 
1, 2, 3…9.  (4)

After solving the system of Eqs. (2) and (3) ob-
tained from the  above condition (4), we will find 
the  coefficients kj. These coefficients inserted in 
Eq. (2) will give us the dependence of the mercury 
concentration in the precipitation with the period T. 
In our case the yearly variation period is T = 365.25 
days. The  pollutant concentration in the  air varies 
not as strongly as a  sinusoidal form, thus the  har-
monics with the  periods T/2, 

T/3, 
T/4, 

T/5 and T/6 are 
calculated. Later, from the experimental data the cal-
culated data are subtracted and the same procedure 
is repeated already with the  periods T/2, 

T/3, 
T/4, 

T/5 
and T/6, etc. and the new harmonics are determined. 
In this case the obtained average pollutant concent-
ration variation in the air corresponds to the average 
monthly concentration course. The  amplitudes of 
separate harmonics can vary from negative values to 
positive values or vice versa. This allows correcting 
the average yearly concentration course at the begin-
ning and at the end of the experiment. An additional 
advantage of this method is a possibility to calculate 
the course of the concentration when measured ex-
perimental data are not complete (when we have pe-
riods without experimental data).

3. Results and discussion

3.1. Mercury concentration, deposited amount and 
tendencies

The tendencies of average monthly mercury con-
centrations (Fig. 2) show that at the Žemaitija IMS 
the  concentrations were increasing till 2011 and 
decreasing after 2012. Our observations reveal 
that the Hg concentration increased by 10% each 
year in the period of 2007–2012, while a decrease 
of 9% in each year was observed in the period of 
2012–2017. On the  contrary, at the  Aukštaitija 
IMS the  mercury concentrations were decreas-
ing till 2011 (average annual decrease is about 
6%) and were increasing after 2012 (average an-
nual increase is about 9%). However, the changes 
of the concentration amplitude are insignificant at 
both stations.

Explanation of the  above-mentioned concen-
tration variation is complicated and it could be 
related to changeable air mass trajectories and 
the large irregularity of precipitation at both sta-
tions.

The  average monthly mercury amounts (or 
mass) deposited with precipitation per month on 
the square metre of Earth’s surface (in other words 
‘surface load’) show the  decreasing tendency at 
both stations (Fig.  3). The  reason for the  above- 
mentioned decreasing surface load can be related 
with the  decreasing amount of precipitation at 
both stations.

The data presented in Fig. 4 and Table 1 show 
that a larger amount of precipitation was observed 
at the Žemaitija IMS and the variation interval is 
also large, respectively (it can be seen from me-
dian (hm) and σ values).

However, the median and σ values of the mer-
cury concentration in precipitation are larger/
higher at the  Aukštaitija IMS. It is determined 
by larger scavenging of mercury with precipita-
tion from the  atmosphere. Deposited monthly 
mercury amounts with precipitation are larg-
er at the  Žemaitija IMS, though the  mercury 
concen tration in precipitation is lower. However, 
the main reason for the above-mentioned event is 
the higher amount of deposited precipitation.

It was established that the precipitation amount 
to the Earth’s surface in 2007–2017 varied from 8 
to 173 mm at the Aukštaitija IMS and from 5 to 
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Fig. 2. Average monthly mercury 
concentrations in precipitation 
deposited at the  Žemaitija and 
Aukštaitija integrated monitoring 
stations.

Fig. 3. Deposited monthly mercu-
ry amounts or mass on the square 
metre of the Earth’s surface at the 
Žemaitija and Aukštaitija integrat-
ed monitoring stations.
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426 mm at the Žemaitija IMS. The mercury con-
centration in the  precipitation varied from 1.39 
to 29 ng L–1 at the Aukštaitija IMS and from 2.78 
to 28.4  ng  L–1 at the  Žemaitija IMS. The  Earth’s 
surface load by mercury varied from 47.8 to 
1990  ng  m–2  month–1 at the  Aukštaitija IMS and 

from 34.8 to 3580  ng  m–2  month–1 at the  Žemai- 
tija IMS.

The average monthly concentrations of mer-
cury in precipitation deposited at the  Žemaitija 
and Aukštaitija integrated monitoring stations 
are presented in Fig.  5. As seen from the  figure, 

Table 1. The median values (hm) of deposited monthly precipitation amounts, the mercury concentration in 
precipitation (Cm), mercury amounts (mm) deposited with precipitation and the standard deviation (σ) values.

Žemaitija IMS
hm = 81.9 mm Cm = 6.72 ng L–1 mm = 525 ng m–2 month–1

σ = 1.95 σ = 1.57 σ = 1.80

Aukštaitija IMS
hm = 51.9 mm Cm = 9.31 ng L–1 mm = 467 ng m–2 month–1

σ = 1.77 σ = 1.68 σ = 2.01

Fig. 4. Distribution of monthly precipi-
tation amounts (dlnh), the  mercury 
concentration in precipitation (dlnC) 
and the  deposited mercury mass 
(dlnm) at the Žemaitija and Aukštaitija 
integrated monitoring stations.

Hg concentration C (ng L–1)

Hg mass m (ng m–2 month–1)

Monthly precipitation amount h (mm)

dn
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the  average yearly precipitation amount at 
the  Žemaitija station is generally larger, how-
ever, the  average mercury concentration in 
the  precipitation is lower, but the  depos-
ited yearly average mercury amount is larg-
er at the  Žemaitija station. Explanation 
of the  above-mentioned phenomenon could be 
only the main factor, such as the crucial influence 
of the total amount of precipitation [20].

4. Conclusions

It was established that the  precipitation amount 
to the  Earth’s surface in 2007–2017 varied from 
8 to 173 mm at the Aukštaitija IMS and from 5 to 
426  mm at the  Žemaitija IMS. The  mercury con-
centration in the  precipitation varied from 1.39 
to 29  ng  L–1 at the  Aukštaitija IMS and from 2.78 
to 28.4  ng  L–1 at the  Žemaitija IMS. The  Earth’s 
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Fig. 5. The average month-
ly precipitation amount 
(h,  mm), the  average 
monthly concentration of 
mercury in precipitation 
(C, ng  L–1), the  average 
mercury mass (m, ng  m–2 

month–1) deposited at 
the Žemaitija and Aukštai-
tija integrated monitoring 
stations.
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surface load by mercury varied from 47.8 to 
1990 ng m–2 month–1 at the Aukštaitija IMS and from 
24.8 to 3580 ng m–2 month–1 at the Žemaitija IMS.

The tendency of average monthly mercury con-
centrations in the precipitation at the Žemaitija IMS 
was continously increasing before 2011, however, 
after 2012 it has a decreasing tendency which was 
contrary to that at the Aukštaitija IMS. At the same 
time, the tendencies of average monthly amounts of 
mercury deposited with precipitation showed de-
creasing amounts, especialy at the Žemaitija IMS. 
Explanation of the above-mentioned phenomenon 
is complicated and the main reason is very change-
able air mass trajectories and the  irregularity of 
precipitation.

The Earth’s surface load by mercury was larger 
in the  west of Lithuania (Žemaitija IMS) than in 
the east of Lithuania (Akštaitija IMS) during 2007–
2017. A larger mercury load on the Earth’s surface 
in the west of Lithuania was defined by a compara-
tively large amount of precipitation, though the av-
erage monthly mercury concentration was com-
paratively lower. 

Precipitation irregularity, fluctuation directions 
of air massess and possibly changes of mercury 
sources did not allow us to precisely define the mer-
cury regional trend at both mentioned stations and 
it seems that a much longer period of observations 
is needed because regional fluctations are also af-
fected by the global climate fluctuations [34–38].
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GYVSIDABRIO NUSĖDIMO IŠ ATMOSFEROS ILGALAIKIAI TYRIMAI LIETUVOS 
MONITORINGO STOTYSE

J. Šakalys, K. Kvietkus, I. Garbarienė, A. Urba

Valstybinis mokslinių tyrimų institutas Fizinių ir technologijos mokslų centras, Vilnius, Lietuva

Santrauka
Darbe pateikti gyvsidabrio nusėdimo iš atmosferos 

ilgalaikių matavimų rezultatai Aukštaitijos ir Žemaitijos 
integruoto monitoringo stotyse (IMS). Lietaus kritulių 
bandiniai buvo imami kiekvieną savaitę 2007–2017 me-
tais. Gyvsidabrio koncentracijos buvo matuojamos mūsų 
institucijoje sukurtu atominiu absorbciniu gyvsidabrio 
analizatoriumi „Gardis“. Prietaisas išbandytas įvairiose 
interkalibracijose ir yra pripažintas tarptautiniu mastu. 
Darbe pateiktos vidutinės mėnesinės ir metinės gyv si-   
dab rio koncentracijos, jų kitimas dešimties metų laiko-
tarpiu ir nusėdimo kiekių į žemės paviršių analizė. Va-

karinėje Lietuvos dalyje vidutinės mėnesinės gyvsidabrio 
koncentracijos krituliuose pamažu didėjo iki 2011  m., 
tačiau nuo 2012 m. buvo pastebėta gyvsidabrio koncen-
tracijos mažėjimo tendencija. Rytinėje Lietuvos dalyje 
stebima priešinga gyvsidabrio koncentracijos svyravimo 
krituliuose eiga (iki 2011 m. ‒ mažėja, nuo 2012 m. ‒ di-
dėja). Tuo pat metu nustatyta bendra abiems stotims že-
mės paviršiaus apkrovos Hg mažėjimo tendencija, ypač 
ryški Žemaitijos IMS. Anksčiau aprašytus reiškinius būtų 
galima paaiškinti didele oro masių pernašos trajektorijų 
kaita ir kritulių nereguliarumu abiejose tyrimų stotyse.
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