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ABBREVIATIONS

AMS Accelerator mass spectrometer
EC Elemental carbon

EA Elemental analyzer

GHGs Greenhouse gases

HFO Heavy fuel oil

IRMS Isotope ratio mass spectrometer
MCMC Markov chain Monte Carlo
MDF Mass-dependent fractionation
MIF Mass-independent fractionation
oC Organic carbon

PIT Principle of identical treatment
PM; Particulate matter (d < 1 pum)
QC Quality control

RM Reference material

SIA Stable isotope analysis

SIK sulfur to potassium ratio

SOR Sulfur oxidation ratio

TC Total carbon

TM™MI Transition metal ions

TPS Thermal power station

VOC Volatile organic compound
WSII Water-soluble inorganic ions
dC Stable isotope ratio values of carbon

8%S Stable isotope ratio values of sulfur
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INTRODUCTION

Aerosol particles or particulate matter, can have diverse compositions,
including ions of sulfate (SO4%), nitrate (NO3z’), ammonium (NH4"), transition
metal ions (TMIs), and other compounds such as organic compounds (OC),
black carbon (BC) or elemental carbon (EC), which are typically found in fine
particles (Poschl, 2005; Seinfeld and Pandis, 2016). Sulfates, formed
primarily through the oxidation of SO; in the atmosphere, are a particularly
important component of atmospheric aerosols, accounting for 12 % to 44 %
in particulate matter smaller than 1 um in diameter or PM; (Bressi et al., 2021,
Masalaite et al., 2022; Singh et al., 2019). Sulfur compounds play a crucial
role in Earth’s climate and can have detrimental effects on human health
(Kiehl and Briegleb, 1993; Kreyling et al., 1999; Pope and Dockery, 2006). A
key example of sulfur pollution impact is acid rain, which severely harmed
natural ecosystems in Europe during the 1970s and 1980s (Menz and Seip,
2004; Worobiec et al., 2008). In addition, sulfate aerosols influence the
balance of radiative forcing by cooling the climate, either directly by
scattering incoming solar radiation or indirectly through various in-cloud
processes that modify cloud albedo, their lifetimes, and other properties
(Albrecht, 1989; Boucher and Lohmann, 1995; Kulmala et al., 2013;
Solomon, S. et al., 2007; Ten Brink et al., 1997; Twomey, 1991). However,
the magnitude of induced radiative forcing is still largely uncertain (Bellouin
et al., 2020; Myhre et al., 2004; Solomon, S. et al., 2007). In urban
environments, non-sea salt (nss) sulfate aerosols are predominantly produced
as a secondary particles through gas-to-particle conversion of SO, (Tomasi
and Lupi, 2016). Around 50 % of emitted SO is oxidized to sulfate via various
gas-phase or aqueous-phase reactions (Chin et al., 2000). The dominant SO;
oxidation pathways are thought to be gas-phase oxidation by OH radicals and
H20,, O3, TMI catalysis of O in the aqueous phase (Harris et al., 2012b;
Herrmann et al., 2000; Tanaka et al., 1994). The partitioning of SO, oxidation
pathways is crucial in determining the properties of the resulting sulfate,
including its size distribution, optical characteristics, transport, and radiative
forcing (both direct and indirect effects), making it a key problem in studying
the sulfur cycle (Alexander et al., 2009; Harris et al., 2013b; Hegg et al., 2004).
Therefore, a thorough understanding of sulfur emission sources and
subsequent formation of sulfate aerosol mechanisms is essential, as these
processes govern aerosol properties, which have significant impacts on
environment and human health (Thiemens, 2006; Tomasi et al., 2017; Q.
Zhang et al., 2023).



In this context, stable isotope analysis provides a robust signature-based
method for the study of sulfur emission sources and the subsequent gas-to-
particle transformation processes in the atmosphere (Dasari and Widory,
2024; Kawamura et al., 2001; Mukai et al., 2001). Recently, multiple studies
have examined factors influencing the isotopic composition (8%S) values of
particulate sulfate, such as source signatures, sulfate production pathways,
ambient temperature, and sulfur oxidation rates in polluted regions of China
(Guo et al., 2019; Han et al., 2016; Li et al., 2020; Wei et al., 2018; Zhou et
al., 2019), India (Dasari et al., 2022c; Dasari and Widory, 2024; Rastogi et al.,
2020; Sawlani et al., 2021), and Korea (Kim et al., 2021; Lee et al., 2023). In
contrast, isotope-based studies aimed at identifying pollution sources and the
fate of sulfur compounds in the atmosphere are currently scarce and under-
researched in Europe (Gérka et al., 2017; Novak et al., 2001; Sinha et al.,
2008). Thus, in this thesis, stable isotope analysis methods are employed to
investigate the seasonal dynamics of sulfur emission sources and their
transformation mechanisms in the atmosphere, with the aim of improving
understanding of the causes and environmental impacts of atmospheric sulfur
pollution. By integrating stable sulfur isotope analysis with complementary
meteorological, water-soluble inorganic ion, and radiocarbon data, the study
provides a comprehensive framework for identifying primary pollution
sources, quantifying their respective contributions, and investigating
atmospheric sulfate production mechanisms.



Objective and tasks of the work

The aim of this work is to investigate the long-term seasonal variation of
sulfurous compounds in the atmosphere and evaluate their emission sources
through the application of stable sulfur isotope analysis. For this purpose, the
following tasks were outlined:

e To investigate the behavior of sulfur-containing species as
atmospheric pollutants using a multiple isotope approach (S, **C,
and *C).

e To determine factors influencing seasonal variations in the
concentrations and isotopic compositions of SO, and PM;-related
3042'.

e To identify and quantify the seasonal sources of sulfur pollution
affecting air quality in Vilnius, Lithuania, through a Bayesian
statistical model integrated with region-specific isotope
endmembers.

e To evaluate the relative contributions of the different oxidation
pathways of SO, to the formation of PM;-related SO4>.

e To assess the impact of changing emission sources during specific
periods (e.g., COVID-19 restrictions and increased heavy fuel oil
emissions) on air quality and the isotopic compositions of PM;.

Scientific novelty

The results obtained during this study showed reversed seasonal dynamic in
the isotopic composition of sulfur compounds in the atmosphere, in contrast
to most published data on this topic. The primary driver of the observed
seasonal variation in isotopic compositions was attributed to changing
contributions from local and remote pollution sources.

The combined application of multiple stable isotope (*S and *C) and
radiocarbon (**C) analysis allowed for the first time, a comprehensive
characterization of common anthropogenic sources contributing to sulfate and
carbonaceous aerosols.

Isotopic composition data from synchronously collected SO, and sulfate
aerosol samples enabled a quantitative assessment of the predominant
atmospheric SO, oxidation pathways. This study confirmed that transition
metal ion-catalyzed oxidation of SO, previously estimated by atmospheric
models as a significant contributor, was the predominant mechanism for the
formation of SO.% in the urban environment of Vilnius during winter.
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Study relevance

Sulfur compounds play a crucial role in Earth’s climate system and
significantly affect air quality and human health. Sulfate aerosols are key
atmospheric components that influence climate by cooling the atmosphere
through scattering of solar radiation. The radiative forcing properties of sulfate
aerosols depend on their formation pathways via the oxidation of SO..
Therefore, precise apportionment of sulfur pollution sources and
understanding atmospheric oxidation mechanisms are essential for evaluating
their environmental and climatic impacts.

The findings in this dissertation provide a framework for
characterizing anthropogenic emissions and their atmospheric fate through a
combination of stable isotope (*S and *C) analyses and radiocarbon
measurements. Long-term observations of atmospheric sulfur compound
isotopic compositions could be applied in environmental monitoring, enabling
the identification of seasonal pollution sources, differentiating between local
and remote emission origins, and detecting anomalous pollution events.
Apportionment of pollution sources could assist environmental agencies in
developing targeted strategies for reducing emissions and effectively
improving air quality. Evaluating SO, oxidation pathways could be adapted to
improve climate models by allowing more accurate estimations of radiative
forcing impacts of atmospheric sulfate.

Contribution of the author

Collection of weekly SO, and sulfate aerosol samples throughout the sampling
campaign, from November 11, 2020 to June 30, 2023. Application and
validation of chemical pre-treatment methods for sulfate extraction from SO,
and aerosol samples. Sample preparation for isotope ratio, radiocarbon, and
water-soluble inorganic ion concentration measurements. Participation in the
preparation, implementation, and validation of methodologies for measuring
stable isotope ratios of sulfur. Measurement of sulfur isotopic compositions
by isotope ratio mass spectrometer. Data correction and normalization of
stable isotope ratio results. Collection and adaptation of meteorological data
and application of backward air mass trajectory models. Application of
Bayesian statistical models. Interpretation and analysis of integrated data.
Preparation of original manuscript drafts, including the descriptions of
methodology, data analyses and calculations, interpretation of results, data
visualization, and formulation of conclusions.
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Statements of the defense

1. The isotopic composition of sulfur compounds shows strong
seasonal variations, with higher S values in the summer months
and lower 5*S values in the winter months, driven by shifts in
predominant pollution sources and oxidation pathways.

2. The main sources of sulfur pollution affecting the urban air quality
in Vilnius are biomass burning, coal combustion emissions from
neighboring countries, and, during the 2022 — 2023 heating season,
emissions from heavy fuel oil, which became a significant
contributor during this period.

3. During the period of increased emissions from heavy fuel oil
combustion, the predominant pathway of sulfate formation was
found to be oxidation of SO by O, catalyzed by transition metal
ions, with lesser contributions from H,O, and OH oxidation
pathways.

12



1. LITERATURE OVERVIEW

The aim of this chapter is to provide a detailed and contextually relevant
overview of the research object. It focuses on the key topics relevant to this
study, with a particular emphasis on sulfur compound emission sources and
their dynamics in the atmosphere. Isotope fractionation is described in more
detail as a fundamental aspect of gas-to-particle conversion processes in the
atmosphere. Additionally, the concept of stable isotope analysis of sulfur is
introduced, explaining the notations used and giving a basic overview of
isotopic effects, on which it is based. Finally, anthropogenic pollution sources
relevant to Vilnius are detailed, and methods for evaluating their contributions
is described.

1.1. Sulfate aerosol

Aerosols, suspended liquid or solid particles in air, are responsible for their
detrimental effects on human health, global climate, and air quality (Kulmala
et al.,, 2004; Landkocz et al., 2017; Moreno-Rios et al., 2022). Aerosol
pollution is linked to several detrimental effects to human health, including
respiratory and cardiovascular problems, lung cancer, and premature mortality
(Brook et al., 2010; Kreyling et al., 1999).

Submicron particles, with sizes smaller than 1.0 pum, are especially
important as air pollutants primarily released during incomplete combustion
processes or formed as secondary aerosol in the atmosphere. Due to their small
size, they have long atmospheric lifetimes, allowing them to travel over
significant distances. Aerosols consist of various organic and inorganic
compounds, with sulfates being a key component. Sulfate accounts for up to
44 % of PM particles and play a crucial role in atmospheric chemistry (Bressi
etal., 2021; Charlson et al., 1992; Kiehl and Briegleb, 1993; Singh et al., 2019;
Zhou and Tazaki, 1996). Both organic compounds and sulfate in submicron
aerosols can originate from secondary processes, condensing volatile organic
compounds (VOCs) and sulfur dioxide (SO2) onto existing particles through
the oxidation of these compounds (Chin et al., 2000; Shrivastava et al., 2017).

In contrast to greenhouse gases (GHGs) and soot particles (black carbon,
BC), sulfate aerosols scatter sunlight, thus producing a negative radiative
forcing effect, consequently cooling the Earth’s surface (Solomon, S. et al.,
2007; Wofsy et al., 2007). This direct effect of sulfate aerosols has negated
some of the warming caused by GHGs but the magnitude of radiative forcing
is still largely uncertain (Bellouin et al., 2020; Myhre et al., 2004; Solomon,
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S.etal.,, 2007). In Fig. 1.1, the significant radiative forcing impact of sulfate,
and other aerosols alongside GHGs are pictured.
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Fig. 1.1. Main atmospheric components responsible for radiative forcing.
Adapted from Agostini et al. (2014).

Aerosols sizes ranging from around 0.4 um to 1.0 um are most effective for
scattering of incident light as their sizes match the wavelengths of visible light
spectrum (Ten Brink et al., 1997). Sulfates that form through heterogeneous
reactions on existing particles change their size and chemical composition and
are important for direct scattering of solar radiation (Hegg et al., 2004).
Homogenous oxidation of SO, forms gaseous sulfuric acid (H2SQO,), which
adheres on particles or nucleate to create new ones. However, freshly created
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particles are miniscule in the range of ~1 — 2 nm, which are too small for
efficient light scattering. These particles can quickly grow by coagulation and
condensation, with sulfuric acid playing a critical role in their formation
(Kulmala et al., 2013). Sulfuric acid condenses onto clusters, which are then
stabilized by ammonia, amines, and organic compounds. Sulfate particles can
grow as they age in atmosphere, reaching sufficient sizes (up to 50 — 200 nm)
to act as cloud condensation nuclei (CCN), thus affecting the lifetime and
albedo of clouds (Boucher and Lohmann, 1995; Kulmala, 2003; Vékevé et al.,
2000). The first indirect (Twomey) effect describes how increased CCNs from
anthropogenic emissions enhance cloud albedo, leading to greater scattering
of solar radiation (Lohmann and Feichter, 2004; Twomey, 1991). The second
indirect effect, known as the Albrecht effect, describes how elevated CCN
concentrations can increase liquid water content, cloud height, and cloud
lifetime, thereby enhancing cooling (Albrecht, 1989; Tomasi et al., 2017).
However, these cooling effects may be offset by factors like cloud heating
from radiation-absorbing soot particles (Ackerman et al., 2000).

Radiative forcing effects are thus highly dependent on aerosol size and
properties, which are determined by sulfate production mechanisms in the
atmosphere. Once formed, sulfate retains its sulfur isotopic composition,
preserving the original formation signature and making it an effective tracer
for analyzing atmospheric sulfur sources and transformation processes by
stable isotope analysis (SIA) methods (Gérka et al., 2017; Tichomirowa et al.,
2007). Additionally, directly comparing the isotopic compositions of SO, and
sulfate can elucidate the contributions of different SO, oxidation pathways
that determine the radiative forcing properties of produced sulfate.

A historic example of consequences of increased sulfur pollution levels is
acid rain (or acidic deposition), which had significant detrimental effects on
natural ecosystems in Europe during the 1970s and 1980s (Menz and Seip,
2004; Worobiec et al., 2008). Acidic deposition results from SO, and/or NOy
emissions, mainly from fossil fuel power stations, metal smelters, and
vehicles, which can form sulfuric and/or nitric acids in aerosols and
precipitation. Adverse impacts of acidic deposition included soil and water
acidification, damages to forests and aquatic life, and deterioration of historic
buildings and statues. In response to this, strict regulations were introduced
after sulfur and nitrogen emissions peaked in the 1980s, resulting in a
reduction of SO, emissions in Europe by over 70 % between 1980 and 2004
(Smith et al., 2011; Vestreng et al., 2007). Consequently, in Lithuania SO,
emissions decreased by 95 % from 1981 to 2017, however, SO.*
concentrations only decreased by 79 % over the same period and have
remained higher than SO, emission levels since 2008 (Davuliene et al., 2021).
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Recent trends demonstrate that the complex dynamics of sulfur compounds
in the atmosphere remains highly relevant in today's context, highlighted by
recently observed warming effects associated with reduced shipping
emissions of SO, (Gettelman et al., 2024). Under favorable conditions for low
marine cloud formation, ship emissions of SO- result in visible ship tracks that
scatter sunlight, contributing up to 40 % of total aerosol cooling through
negative radiative forcing (Lauer et al., 2007). New shipping regulations
instituted in 2020 (IMO2020) reduced allowed sulfur content in fuels by
approximately 80 %, which resulted in a significant reduction of observed ship
tracks (Gettelman et al., 2024; IMO, 2016). Early models indicate that the
reduction of sulfur emissions may have caused an estimated net radiative
forcing of 0.12 — 0.13 W/m?, which could have contributed to observed
significant temperature anomalies in the Northern Hemisphere during 2022 —
2023 (Gettelman et al., 2024; Yoshioka et al., 2024). However, more precise
global warming impacts of the reduced SO, emissions in shipping are
expected to emerge during the coming years.

1.2. Natural and anthropogenic sources of sulfur

The majority of natural sulfur released into the atmosphere is either emitted
as SO gases or formed through the oxidation of precursors such as hydrogen
sulfide (H.S), carbonyl sulfide (OCS), dimethyl sulfide (DMS), and others
(Berresheim et al., 2002; Harris et al., 2013a; Seinfeld and Pandis, 2016;
Singh, 1995). Hydrogen sulfide is regionally important source of natural
sulfur emissions, emitted from anaerobic environments (such as wetlands and
marshes) by sulfate-reducing bacteria as they break down organic matter.
Once emitted in the atmosphere, H>S is rapidly oxidized to SO.. The major
source of DMS is the emission from oceans, produced by phytoplankton
species. When emitted from the ocean's surface, DMS also undergoes rapid
oxidation, with approximately 27 % to 54 % converting to SO (Seinfeld and
Pandis, 2016; Yvon et al., 1996). In addition, oceans and seas emit large
quantities of sea salt sulfate, generated by sea spray when wind or waves cause
bubbles to burst (Tomasi et al., 2017). Size distribution of aerosols created by
sea spray is bimodal, that is, particles formed from bursting bubble films
belong to the first mode, centered around 0.1 um, while those formed from
water jets belong to the second mode, centered around 2.5 um (Martensson et
al., 2003). Particles in the second mode have short lifetimes and settle quickly,
whereas first-mode particles are longer-lasting and can have impacts even on
continental areas. Sulfate aerosol emitted in this way is referred to as primary
sulfate, in contrast to secondary sulfate that is produced through gas-to-
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particle conversion via different oxidation pathways of SO,. Alongside DMS,
oceans also directly release carbonyl sulfide, either directly or through
conversion from DMS or carbon disulfide (CS). The OCS is notable for its
low reactivity resulting in a long atmospheric lifetime, averaging 7 years.
Biomass burning is also an important source of OCS, contributing up to 20 %
of global budget (Seinfeld and Pandis, 2016). In addition, burning of
vegetation (wildfires) release significant amounts of direct SO, emissions and
vary seasonally, dependent on active fire seasons (Rickly et al., 2022).
Volcanic emissions are also episodic, but release large quantities of SO, H2S
and particles into the troposphere or even directly to stratosphere. Volcanic
SO, emissions are around 4.5 times more effective at producing particulate
sulfate than anthropogenic sources because volcanic eruptions inject SO; to
higher atmospheric altitudes, extending their atmospheric lifetime (Tomasi et
al., 2017). In addition, mineral dust particles are a significant source of
primary sulfate aerosols, particularly in arid regions. Mineral dust is produced
by resuspension of soil particles or by anthropogenic sources, such as
agricultural activities and road dust from traffic. Dust particles commonly
exhibit short atmospheric lifetimes up to 3 days due to their larger sizes. The
size distribution of dust particles peaks around 7 um (Tomasi et al., 2017). A
global budget summary of natural and anthropogenic pollution sources of
sulfur are given in Table 1.1.

Table 1.1. The sulfate aerosol source emissions in Tg(S)/year (Andreae and
Crutzen, 1997; Lee et al., 2011, Seinfeld and Pandis, 2016; Sofen et al., 2011,
Tomasi et al., 2017).

H.S DMS CS; 0OCs SO, SO% Total
Oceans <0.3 15-25 0.08 0.08 - 40-320 | 15-25
(nss)
Wetlands <1.1 <0.68 | <0.06 - - - 0.01-2
Plants and soils 0.17- | 0.05- | 0.02- - - 2-4 0.25-
0.53 0.16 0.05 0.78 (-
dust)
Volcanoes 0.5- - - 0.01 6.6 2-4 9.3-
15 11.8
Biomass burning | <0.01 - <0.01 | 0.075 1.3 0.1 2.2-3
Fossil fuels 2.2 56.3 2.2 71-77
Total 0.08 72-80 2.3 73-80
anthropogenic
Total natural 25-40
(-nss;-dust)
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On a global scale, approximately 80 % of all sulfur emissions originate
from anthropogenic sources (Faloona, 2009). The majority of anthropogenic
emissions are of SO, which can then be oxidized to form new sulfuric acid
particles or nucleate on existing ones as sulfate. However, industrial activities
can also produce primary sulfate during combustion processes, releasing it to
the atmosphere (Holt et al., 1982). The dominant anthropogenic sulfur sources
are of liquid and gas fossil fuel combustion (transportation, electricity
generation, shipping), solid fossil fuel (coal, lignite) combustion (thermal
energy generation, domestic heating), industrial processes (oil refinery,
chemical manufacturing), biomass burning (domestic heating, land clearing),
landfills, and waste incineration (Smith et al., 2011; Tomasi et al., 2017).

1.3. Atmospheric sulfate production

In the atmosphere, the most abundant form of particulate matter sulfur is
sulfate (Tomasi et al., 2017). In the atmosphere, sulfate is formed from
gaseous precursors (secondary sulfate) through various oxidation reaction
pathways in the atmosphere. Most sulfate is formed by oxidation of SO, with
approximately half of SO, in the troposphere being converted to sulfate, while
the remainder is removed by wet or dry deposition onto surfaces such as
ground or bodies of water (Chin et al., 2000, 1996; Kellogg et al., 1972). The
atmospheric lifetime of SO is short, from a few hours to 2 days, with an
average of approximately 12 hours (Lee et al., 2011). In contrast, sulfate
aerosol can remain in the atmosphere for several days or weeks (Bondietti and
Papastefanou, 1993; Kristiansen et al., 2016).

Sulfur dioxide gases are thermodynamically likely to react with oxygen
(O2) in the atmosphere to form sulfur trioxide (SO3). However, under normal
atmospheric conditions, this reaction is slow, and its contribution to the
production of sulfate aerosol is inconsequential (Seinfeld and Pandis, 2016).
Instead, the oxidation of SO, to SO,* is predominant, and takes place through
either gas-phase or aqueous-phase reactions. Aqueous-phase reactions modify
the chemical composition of already-present particles, in contrast to gas-phase
reactions that are likely to lead to formation of new particulates. In the gas
phase, the predominant oxidation pathway is the reaction of SO, with
hydroxyl radicals (OH), resulting in the form of sulfuric acid (Calvert and
Stockwell, 1983):

SO;+ OHes + M — HOSO,* + M (1.2)
HOSO,* + O, — HO»* + SO3 (12)
SOz; +H,O+ M — H,SOs+ M (1.3)
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Homogenous oxidation produces H,SO4 gases, which may then condensate on
existing particles or nucleate to create new particulates (Kulmala et al., 2004,
Tanaka et al., 1994). Oxidation of SO, by OH radicals significantly
contributes to sulfate production and is estimated to account for up to 36 % of
global sulfate formation (Berglen et al., 2004; Pozzoli et al., 2008). Although
the highest OH concentrations are found in the tropics (Bahm and Khalil,
2004), and the oxidation rate by this pathway is lower in temperate climates.
In addition, this SO oxidation reaction occurs only during the day because
OH radicals are produced by ozone (O3) photolysis with ultraviolet radiation,
followed by the reaction with oxygen atoms (O) and water vapor to produce
OH radicals (Lelieveld et al., 2004; Seinfeld and Pandis, 2016). Therefore,
contribution of this oxidation pathway to sulfate production is reduced during
winter at higher latitudes, such as in Lithuania (~55° N).

In contrast to the homogeneous oxidation of SO,, the heterogeneous
oxidation pathways do not produce new particles; instead, these reactions take
place on existing particles such as sea salt, dust or within cloud droplets
(Harris et al., 2013b). In the aqueous-phase, the oxidation of SO, occurs
through following primary mechanisms (Ajdari et al., 2016; Lee and
Schwartz, 1983; Seinfeld and Pandis, 2016; Tomasi et al., 2017):

1. Oxidation by hydrogen peroxide (H205):

SO; + H,O — HSO3 + H* (1.4)
HSOs + H20, 2 SO:00H" + H20 (1.5)
S0O,00H + H" — H,S04 (1.6)

H>0O is a particularly significant oxidant of SO, due to its high solubility in
aqueous solutions and its high concentrations when compared to other
oxidants. Additionally, the oxidation rate of this pathway is relatively
independent of pH over a wide range of values. The GEOS-Chem model
simulated results estimate that approximately 43 % of all sulfate produced is
attributed to the H.O, oxidation pathway (Alexander et al., 2009; Park et al.,
2004).

2. Oxidation by oxygen (O,) catalyzed by transition metal ions:

250, + 0, — 2505 (1.7)
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Without a catalyst, the rate of this reaction is low, however, in the atmosphere,
traces of transition metal ions are generally present (Huss et al., 1978;
Tsunogai, 1971). The primary catalysts of this oxidation pathway are Fe** and
Mn2* ions, and the oxidation rate of this pathway is pH-dependent, with the
reaction rate increasing at higher pH values. In addition, the reaction rate
increases significantly when both Fe** and Mn?* ions are present, up to 10
times faster than the sum of all ions reaction rates (Martin, 1984). However,
laboratory results and real-world studies have shown that other ions present
on aerosols, such Zn?*, Ni?* and Cu?*, play a lesser role in the TMI-catalyzed
oxidation (Grgi¢ et al., 1991; Harris et al., 2013b).

The importance of TMI-catalyzed pathway was previously significantly
underestimated, but recent studies have shown that the TMlI-catalysis
pathway's contribution to global SO, removal is approximately 10 times
higher in magnitude than previously thought (Harris et al., 2013a). At higher
latitudes (Fig. 1.2), where photochemical reactions decline during winter,
TMI-catalyzed pathway is predicted to contribute between 7 % and 35 % (or
more) of all SO, oxidation (Alexander et al., 2009; Harris et al., 2013a).

0.00 0. 0.24 0.36 0.48

Fig. 1.2. The global contributions of TMI-catalysis oxidation pathway. The
fraction of total sulfate produced annually by TMI pathway is denoted as a
color gradient. Adapted from Alexander et al. (2009).
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Previously, it was suggested that in Europe only the anthropogenic sources
of TMIs are consequential as catalysts, as natural TMIs are characterized by
low solubility (Alexander et al., 2009). However, other studies indicated that
the uptake of acidic compounds onto aerosols might enhance natural TMI
solubility, potentially making this the dominant oxidation pathway in the
coarse aerosol mode (>1 um) (Harris et al., 2013b). Whereas in the fine mode
(<1 um), TMIs of anthropogenic origin are expected to be the predominant
source of Fe** and Mn?" ions in the aerosols.

3. Oxidation by ozone (Os):
SO, + 03— S0;+ 0O, (1.8)

This reaction also occurs in the gas phase although it is very slow. In the
aqueous-phase, the rate of oxidation strongly depends on the pH and is
generally only important at values greater than 4. As the rate of oxidation
increases, the pH of the solution decreases as acidic solutions with sulfate are
produced, which in turn slow down the reaction, making it a self-limiting
reaction. Additionally, the solubility of ozone is several orders of magnitude
lower than that of H,O,, and as a result, typical concentrations of O3 are
usually insignificant. Thus, on a global scale, Oz oxidation contributes
minimally to sulfate production (<4 %) and is less significant than
aforementioned oxidation pathways of gas-phase OH and aqueous-phase
H20, and TMI catalysis (Alexander et al., 2009; Barrie et al., 2001).

4. Oxidation by nitrogen dioxide (NO-):
2NO; + HSO3 + H,0 — 3H* + NO; + SO4* (1.9

In urban environments with elevated NO. concentrations (e.g., in highly
polluted urban areas of China and India), NO; can play an important role as
an oxidant, contributing up to a third of the sulfate produced, especially under
conditions of fog or haze (Au Yang et al., 2018; Fan et al., 2020; Jion et al.,
2023). However, due to its low concentration in atmospheric aqueous
solutions and limited water solubility, the contribution of NO, oxidation for
sulfate production is less significant globally compared to the aforementioned
pathways and is oftentimes neglected (Cheng et al., 2016; Herrmann et al.,
2000).

The reaction rates of primary SO, oxidation pathways strongly depend on
the concentration of oxidants and the pH of the aqueous solutions (Seinfeld
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and Pandis, 2016). The dependence of the oxidation rates on pH for different
pathways in the aqueous phase are summarized in Fig. 1.3.

-d[S(IV)]/dr, Ms'!

Urban area (reduced em
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Fig. 1.3. A comparison of the conversion rates of SO, (-d[S(IV)]/dt, M/s)
oxidation pathways based on their dependence on pH in the aqueous phase.
Adapted from Au Yang et al. (2018) and Seinfeld and Pandis (2016). Below
the graph are the pH ranges for distinct environments (Jaeschke, 1986).
Oxidation rates represented for these conditions: SO, (g) — 5 ppb; NO2 (g) — 1
ppb; H20: (g) — 1 ppb; Oz (g) — 50 ppb; Fe** = 0.3 uM, Mn?" = 0.03 uM.

As previously indicated, H-O- is a key oxidant of SO, especially in the lower
pH ranges (below 5 pH), and it is the only pathway that is relatively
independent of pH. At higher pH values (>5 pH), TMI, together with O3, can
become the predominant oxidation pathways. In contrast, at low NO;
concentrations (1 ppb), its contribution remains insubstantial across the
typical pH ranges found in atmospheric aqueous solutions, such as in clouds
and liquid aerosols.
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Aforementioned reactions are not the only pathways of SO, oxidation;
additional reactions involve interactions with OH, SOs, HSOs® CH30OO0H,
HO;, NO3z, HCHO, CI, and others (Pandis and Seinfeld, 1989). In addition,
gas-phase SO, oxidation by Criegee intermediates has been reported to be a
potentially significant contributor in regions with high volatile organic
compound (VOC) emissions (Amiri et al., 2018). While these oxidation
pathways are generally insignificant on a global scale, they can play an
important role locally.

1.4. Sulfur and carbon isotopes

In nature, sulfur has four isotopes of 325, %S, 3¢S, and S that are stable, with
natural abundances of 95.0 %, 0.8 %, 4.2 %, and 0.02 %, correspondingly
(Thode et al., 1953). Stable isotope abundance measurements of sulfur are
particularly valuable in environmental studies, as isotopes can be used as
tracers of natural processes. Historically, stable isotope techniques were first
employed in the sciences of geochemistry and geology. However, as these
techniques have advanced, they have begun to be applied in many other fields,
such as forensic sciences, hydrology, paleoclimatology, biology, ecology,
archaeology, food authenticity research, and countless others (Fry, 2006;
Lebedev, 2013; Meier-Augenstein, 2010). In atmospheric studies, stable
isotope analysis of sulfur (5**S) has often been applied to trace particulate
sulfate pollution sources (Dasari and Widory, 2024; Guo et al., 2010; Han et
al., 2016; Inomata et al., 2016; Mukai et al., 2001; Norman et al., 2006, 2004).
Additionally, analysis of sulfur isotopic compositions is also used to
investigate SO, oxidation pathways (Fan et al., 2020; Harris et al., 2013a; Li
et al., 2020; Norman et al., 2006). However, due to innate difficulties
concerning sample collection and their pretreatment, studies analyzing
simultaneously collected SO, and sulfate aerosols are rare (Amiri et al., 2018;
Kawamura et al., 2001; Lin et al., 2017; Mukai et al., 2001).

Stable isotope compositions in samples with natural abundances (without
artificial enrichment) are typically expressed in the notation of & values - the
ratio of the element’s heavy (HX) and light (-X) isotopes relative to reference
materials. As differences in isotopic composition are miniscule, & values are
expressed in per mil (%o, parts per thousand):
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where "X is isotopic composition of element of interest (e.g., §*S, 8°C),
("X/X)sampte and (FX/“X)standara are the ratios of heavy and light isotope of the
sample and reference material, correspondingly.

SHY =

- 1000%p (1.10)

Positive %S values indicate that the sample is enriched in heavy isotopes
compared to the reference material used. Negative & values indicate a reduced
amount of the heavy isotope in comparison with the standard. Such
measurements of differences in heavy and light isotope ratios provide far
greater precision than using absolute ratio values of the samples. This is
achieved by using multiple ion collectors to calculate ratios, which effectively
cancel out the measurement fluctuations and inherent noise generated in the
source and focusing components of the mass spectrometer (Fry, 2006).

In atmospheric studies, insights into the sources of sulfur pollution can be
obtained through the analysis of isotopic compositions of sulfate aerosols.
Emissions from different pollution sources are characterized by distinct stable
sulfur isotope signatures, which can be traced through measurements of
sulfate in particulate matter. A summary of different sulfur source %S value
ranges is given in Fig. 1.4.
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Fig. 1.4. Typical isotopic composition (5**S) value ranges of atmospheric
sulfur emission sources. Dashed line separates the natural and anthropogenic
sources. The following literature sources were used: marine biogenic SO,
emissions, from DMS oxidation (Calhoun et al., 1991; Sanusi et al., 2006);
biogenic SO,, from H.S oxidation (Norman et al., 2004); volcanic SO, (Liotta
et al., 2012; Nguyen and Putaud, 1993); mineral dust sulfate (Strauss, 1997);
liquid fuel SO-/sulfate (Norman et al., 2004); coal combustion SO, (Gérka et
al., 2017); crude oil SO, (Becker and Hirner, 1998; Dasari and Widory, 2024);
biomass burning sulfate (Sawlani et al., 2019).

Although sulfur emissions from natural sources are characterized by well-
defined isotopic composition ranges, anthropogenic sources display strong
regional dependence. Significant variability in §S values for anthropogenic
sulfur sources, with overlapping ranges, complicates their differentiation.
Thus, these source isotopic composition ranges must be constrained to region-
specific isotopic endmembers that would allow identifying and quantitatively
evaluating their contributions. The analysis of sulfur compounds with distinct
regional isotopic compositions allows stable isotope analysis to be used as a
signature-based method for tracing the origins of pollution sources (Dasari
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and Widory, 2024; Guo et al., 2010; Han et al., 2017; Li et al., 2020). The §*S
values of region-specific sources that could influence urban air quality levels
in Vilnius are discussed in Chapter 1.7.

Similarly, to sulfur isotopes, stable isotope analysis of carbon (3*3C) allow
for characterization of carbonaceous aerosol pollution sources, as their §*°C
values possess unique values for biomass, coal, or liquid fossil fuels. This
approach has been applied in multitude of studies worldwide (Bikkina et al.,
2016; Cachier et al., 1985; Dong et al., 2023; Fisseha et al., 2009; Goérka et
al., 2023; Kundu and Kawamura, 2014; Kunwar et al., 2016; Li et al., 2022;
Masalaite et al., 2018, 2017; Vodicka et al., 2019). A summary of '°C values
for different carbon sources is presented in Fig. 1.5.
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Fig. 1.5. Carbon isotopic composition value (8*3C) ranges of natural and
anthropogenic sources (separated by a dashed line). Adapted from Meier-
Augenstein (1999); Suto and Kawashima (2016).

Carbon has only two stable forms: the lighter 12C (98.9 %) and the heavier **C
(1.1 %) (Farquhar et al., 1989). However, radioactive isotope of carbon (**C
or radiocarbon) is of particular importance, with a half-life of 5730 + 40 years
(Hajdas et al., 2021; Stenstrom et al., 2011). The C is a radioactive
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cosmogenic isotope which forms in the upper layers of the troposphere and
stratosphere when nitrogen (**N) captures thermal neutrons. These thermal
neutrons are produced through various nuclear reactions as cosmic radiation
interacts with the atmosphere. The natural abundance of radiocarbon is very
low and equal to only 1 ppt (102). In the atmosphere, *“C quickly oxidizes to
14CO and later to **CO-, which then participates in the carbon cycle (Rom et
al., 2000). $*C0O, may then be incorporated into the food chain as plants absorb
the radiocarbon from the atmosphere through photosynthesis, and these plants
are then consumed by animals or humans. Following that, carnivorous animals
consume herbivores and so acquire the same radiocarbon ratio. As a result, the
14C concentration in the biosphere is in equilibrium with the atmosphere.
When an organism dies, its exchange of *C with the atmosphere stops, and
the amount of radiocarbon begins to decrease due to radioactive decay. This
is the core principle of radiocarbon dating, where the remaining **C content in
a sample is measured to estimate the time that has passed since the organism
ceased exchanging C with the atmosphere (Hajdas et al., 2021). In
environmental studies, radiocarbon data is usually expressed in percent
modern carbon (pMC):

pMC =22 X 100% (1.11)

ON

where Asy is the sample activity normalized for fractionation, Aon is the
absolute activity of an international reference material.

Percent modern carbon is used in radiocarbon dating and environmental
studies to denote the relative amount of *C in a sample compared to a
reference material. For example, 100 pMC is indicative of radiocarbon levels
in atmosphere as of 1950, a year before widespread nuclear testing in the
atmosphere. Values higher than 100 pMC are indicative of post-1950 samples
affected by nuclear bomb tests, and samples lower than 100 pMC are older
and depleted in *C. Radiocarbon analysis provides a robust approach for
unambiguous distinction between fossil and non-fossil sources, and, in
combination with stable isotope analyses of carbon, can provide a detailed
characterization of particles formed during combustion processes (Dusek et
al., 2017; Garbaras et al., 2018; Garbariené et al., 2016; Kirillova et al., 2013;
Ni et al., 2018). In this thesis, multiple isotope analysis (**S, $*C, and *C) was
applied to examine common anthropogenic source origins of sulfate and
carbonaceous aerosols. To our understanding, no previous studies have used
such an approach to investigate the sources of aerosol pollution.
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1.5. Isotope fractionation

Isotope fractionation refers to the process by which isotopes of a particular
element are unequally distributed between different substances, causing an
enrichment or depletion of heavier isotope (or lighter) in one phase relative to
another. Isotope fractionation is responsible for the distinct isotopic
compositions observed across different mediums. Fractionation occurs due to
the chemical and physical differences in their properties that arise from the
varying atomic masses of the different isotopes. The origin of isotope
fractionation is in isotope effects that occur at an atomic level, where slight
differences in atomic mass can lead to noticeable effects on the formation and
breaking of chemical bonds. Generally speaking, isotope fractionation refers
to the measurable differences between the isotopic compositions of reactants
and their products, while isotope effects describe the physical processes
responsible for the observed isotopic differences. Isotopic mass differences
primarily influence the vibrational bond components (stretching or bending)
of molecules, with minimal impact on their rotational and translational
motions for most molecules (Hoefs, 2021). To illustrate the fractionation
mechanism, it is convenient to consider a simple molecule, such as X-H (e.g.,
H.S), where X is some compound or atom and H is the hydrogen atom (*H or
2H). Fig. 1.6 presents a potential energy curve (for an anharmonic oscillator)
of the molecule X-H, illustrating the vibrational energy levels for both the
lighter isotope H and its isotopologue, the heavier deuterium 2H.
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Fig. 1.6. Potential energy diagram of diatomic molecule of hydrogen and any
X atom. The terms ZPEx.1n and ZPEx.on represent zero point energies of *H
and 2H, with corresponding vibrational levels of vo(X-tH) and vo(X-2H). The
terms Eac(X-tH) and Eac(X-?H) refer to the activation energies required to
break the bonds of the molecules X-'H and X-?H, respectively. Adapted from
(Werner and Cormier, 2022).

By solving the Schrédinger equation for such system (Fig. 1.6), we find the
quantum energies associated with vibrational modes (Gulbinas V, 2008):

En=(n+3)hv (1.12)

where n is the quantum number, h is the Planck constant, v is the vibrational
frequency. Vibrational frequency is expressed as:

v=— [X (1.13)

T om u

where k is the force constant and y is the reduced mass of the molecule:
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©= myxX my (1.14)

m1+ my
where m; and m; are the masses of corresponding atoms.

As we can see from Eq. 1.13, the vibrational frequencies depend on the
reduced mass of the molecule constituents. It follows that a molecule with a
heavier isotope, in this example 2H, reduces the vibrational frequency of the
bond and the vibrational levels of isotopically heavier molecules sit lower in
the potential well (ZPEx-2n < ZPEx-11). Thus, the bonds of isotopically lighter
molecules are easier to break (Eac(X-'H) < Eac(X-?H)). Additionally, the
average bond lengths of molecules involving lighter isotopes are slightly
longer than those involving heavier isotopes, as depicted by the horizontal
black lines indicating the differing intramolecular bond lengths in Fig. 1.6
(Vogel and Houk, 2018). The consequence of these mass-dependent
differences is that the bond involving the heavier isotope is harder to break, as
such molecules have lower potential energy and require more energy to
dissociate. Thus, when energy is added to a system containing both
isotopically light and heavy molecules, the bonds in the lighter molecules are
more likely to break, leading to discrimination against the heavier isotopes.
This process results in isotope fractionation. However, the formation of new
bonds is not simply a reverse of the previously described process. The
isotopically heavier atoms need higher activation energy to form bonds.
Consequently, the reaction rates for both bond cleavage and formation are
generally slower for heavier isotopes.

During various kinetic and chemical equilibrium reactions, the reaction
rates vary for isotopes of different masses, leading to varying degrees of
enrichment or depletion of isotopes. Isotope fractionation primarily arises
from two fundamental mechanisms: equilibrium isotope effects (EIE), also
referred to as thermodynamic isotope effects or isotope exchange processes,
and kinetic isotope effects (KIE). These mechanisms will be examined in
greater detail in the subsequent chapters.

1.5.1. Equilibrium isotope effects

During isotope exchange processes, heavy isotopes tend to concentrate in
compounds where the bonds are strongest, as these isotopically heavy
molecules require higher activation energies to break bonds (Bigeleisen,
1965). During isotope exchange reactions, the chemical reactions do not go to
completion; instead, isotopes are unevenly distributed between different
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phases or molecules. General isotope exchange reactions are expressed as
(Hoefs, 2009):

K
AL + BH L d AH + BL (115)

where light and heavy isotopes are denoted with subscripts (L and H,
respectively) on the elements A and B involved. K is the equilibrium constant.
For example, equilibrium reaction for hydrogen sulfide and sulfur dioxide is
written as (Thode, 1991):

K
H,3*S + 3250, & H,32S + 3450, (1.16)

For this reaction, equilibrium constant K can be expressed as either ratio of
concentrations or partition functions Q:

_ [34502]/[32502] _ Q34SOZ/Q3ZSOZ

K [H,34S]/[H,32S] ~ QH,34S/QH,32S

(1.17)

Partition function is the summation of all possible energy levels E; of the
system and describes the probability of a system being at a state i:

Q = Yigie B/kT (1.18)

where g; is the degree of degeneracy of the i state and describes whether a
specific energy level has more than one energetically equivalent quantum
states, k is the Bolzmann constant and T is the temperature of the system.

In isotope studies, a reduced partition function is often employed, expressed
as the ratio of partition functions of heavy and light isotopes, Qn/Qv (Hoefs,
2021; Urey, 1947). The partition function of a specific molecule can be
divided into components of vibrational, rotational, or translational energy
levels. However, as mentioned previously, rotational and translational energy
differences are consistent between isotopologues, with vibrational energy
differences being the main cause of fractionation effects (Hoefs, 2009). An
exception is hydrogen, where rotational energy differences also need to be
considered between isotopologues, due to large atomic mass differences.
Therefore, in Eq. 1.17, for most cases, only the vibrational energy states need
to be considered for calculating equilibrium constants.
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The equilibrium constant K is used to assess the extent of equilibrium
isotope effects; if K differs from 1, it indicates that the isotope ratios, such as
357325, will vary between the equilibrated phases. In environmental studies,
the constant K is usually replaced by fractionation factor a (Werner and
Cormier, 2022):

— Ra
a = (1.19)

where Ra and Rg are isotope ratios for compound A or compound B,
correspondingly. Fractionation factor values of a > 1 denote an enrichment of
the heavy isotope in compound A, while values lower than 1 signify a
depletion of the heavy isotope. The relation between fractionation factor and
equilibrium constant K is given as:

a = KWVN (1.20)

where N is the exchanged atom number during the reaction. An alternative
way of expressing fractionation factor a is through a more convenient ¢
notation, typically expressed in parts per thousand (%eo):

€ = (a—1) x 1000 %o (1.22)

The ¢ notation is also referred to as the fractionation factor or, occasionally,
as the isotopic enrichment factor. In practice, isotope fractionation can be
conveniently approximated by measuring the S values of the reactant (or
compound A) and the product (compound B) given in Eqg. 1.22, which is
related to other notations by Eq. 1.23.

A34S = 8345, — 8345, (1.22)
AMS ~e=qa (1.23)
For differences of less than 10 %o between reactant and product, this
approximation agrees very well with the “real” fractionation values of a. The
distinction between these notations becomes negligible, considering that

uncertainties of §**S (or other isotopic elements) measurements often exceed
0.1 %o (Hoefs, 2021).
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An example of equilibrium isotope effects is given in Fig. 1.7, which
displays the reaction of H,S and SO- as they reach isotopic equilibrium at 800
K in the aqueous phase.
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Fig. 1.7. Isotope equilibrium effects (EIE) visualized through changes in 6**S
values as equilibrium between H,S and SO; is reached. Adapted from Thode
(1991).

As equilibrium is reached (K = 1.0064), sulfur dioxide is enriched with heavy
isotope and is 6.4 %o heavier than hydrogen sulfide. The largest differences in
isotope ratios are typically observed between the species with the greatest
differences in oxidation states, such as between H,S (with sulfur in the -2
oxidation state) and SO4> (with an oxidation state of +6), with K = 1.074
(Thode, 1991). The *S is bound more strongly in the more oxidized species,
in this case, to SO.%. In the atmosphere, equilibrium isotope effects are
significant in various heterogeneous oxidation reactions of SO, (Eriksen et al.,
1972a) and will be examined further in Chapter 1.6.

1.5.2. Kinetic isotope effects

Kinetic isotope effects (KIE) can be considered a unidirectional form of
equilibrium isotope effects, where the reactions are irreversible. In this case,
fractionation arises from the different reaction rates between the isotopically
heavier and lighter compounds. Additional examples of KIE include
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evaporation, condensation, dissociation, and diffusion. If we consider the
reduction of sulfate to hydrogen sulfide for **S and *2S isotopes:

k

32502~ 3 H,32S (1.24)
k34—

34502~ — H,34S (1.25)

The ksa/kss ratio is equal to 1.022 at 20 °C, meaning that the lighter isotope
reacts at a faster rate and the produced HaS is ~22 %o depleted in **S when
compared to the reactant sulfate. Similarly to the EIE constant K, the Ksa/ksa
ratio can be expressed as the ratio of two partition functions (Hoefs, 2021;
Thode, 1991):

Kz _ Q3*s057/Q3%s0;~  |vs2
k34 (0345037)"/(325037) "] vaa

(1.26)

Here, (Q*S04%)* and (Q*2S0.*)* represent the reactant partition functions of
the transition state, which refers to the molecular configuration at an
intermediate reaction step between the reactants and the products. Energy
(Eact) must be added to the reactants to reach activated transition state, which
is in equilibrium with the ground state of the reactants. Once the reaction
proceeds to form products, it becomes irreversible (Werner and Cormier,
2022). For isotopically heavier molecules with lower vibrational frequencies,
higher activation energy Eact is required to reach the transition state, causing
isotopically lighter molecules to react more quickly. The factor vs/vas refers
to mass term ratio of the 32S and %S isotopes and is related to the vibrational
frequencies of the activated state. An example of such a reaction is the
reduction of SO4*to SOs%, which involves an intermediate step where the S-
O bond is broken:

S0%~ & (S03~ — 0)* >S0%~ (1.27)

Such kinetic isotope effects usually occurs during homogenous gas-phase
oxidation reactions in the atmosphere (Leung et al., 2001; Tanaka et al., 1994).

34



1.5.3. Mass-dependent and mass-independent isotope effects

Mass-dependent fractionation (MDF) effects occur when isotopic
fractionation is proportional to the isotope mass differences, leading to
predictable isotopic enrichment or depletion patterns between different
isotopes of the same element. Thus, during MDF processes, the magnitude of
fractionation is directly related to the relative mass differences between
isotopes. These MDF effects are commonly observed in most natural
processes and apply to equilibrium and kinetic processes. In practice, it is
convenient to display mass-dependent fractionation as a single linear slope of
a three-isotope plot, such as S vs %S or §%S vs §*S (Hoefs, 2021;
Thiemens, 2006). For example, the three-isotope plot of 5**S vs %S has a
slope of 0.515, and is as4 is about twice larger than ass (Hulston and Thode,
1965). This also holds true for other elements, such as oxygen. Any
sufficiently large deviations from this slope are considered as mass-
independent isotope effects.

Mass-independent fractionation (MIF) occurs when fractionation
differences between different isotopes are not related by their relative masses
and deviations from the MDF slope in three-isotope plot are observed. The
mechanism responsible for mass-independent isotope effects is complex and
many processes involving MIF are still largely uncertain (Hoefs, 2021;
Thiemens, 2006). An example of MIF in sulfur isotopes is observed when
sulfur dioxide (SO2) undergoes photodissociation by ultraviolet (UV)
radiation (190 — 220 nm) (Farquhar et al., 2001), which produces isotopic
anomalies (A®S # 0 or A®S # 0), expressed as:

o oo B
S = 8% - 1000 x | 1+ ][ -1 (1.28)
1000

where A*S is the deviation from MDF for sulfur isotope X (e.g. *3S, %S), 3*S
& value of %S isotope, Bx is the relation between isotope XS and S (e.g. 0.515
for %3S, 1.889 for *S).

Deviations in A*S up to 0.2 %o may result from MDF, while anomalies
exceeding 0.2 %o are generally considered indicative of mass-independent
processes (Farquhar and Wing, 2003; Harris et al., 2013a). Of particular
relevance are volcanic eruptions, as emitted SO can reach the stratosphere,
where SO- photolysis and oxidation by OH radicals produce sulfate aerosols
with pronounced MIF (Endo et al., 2022; Savarino et al., 2003). Naturally, this
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can only occur at altitudes higher than 20 km, above the ozone layer. Aerosols
formed in this way possess distinct MIF signatures, and they can be deposited
onto polar snow, allowing multiple sulfur isotope analysis to trace the origins
of past volcanic eruptions (distinguishing between tropospheric and
stratospheric injections) or to track past ozone depletion events (Dasari et al.,
2022b; Savarino et al., 2003). Moreover, detection of isotope anomalies in
ambient particulate matter samples may be indicative of air mass transport
between the stratosphere and troposphere (Han et al., 2017; Romero and
Thiemens, 2003). In general, in the troposphere, major SO, oxidation
pathways of OH, H,0., and TMI catalysis cause limited MIF, with A%S
ranging from -0.15 %o to 0.20 %o (Harris et al., 2013a, 2012b). On the other
hand, the O3 oxidation pathway is unlikely to result in any measurable MIF
(Harris et al., 2012b, 2012d). However, the A®S values of different SO,
oxidation pathways vary seasonally, with A*S values fluctuating in
opposition to each other, resulting in a net A%S value of approximately 0 when
averaged over the entire duration of the year (Harris et al., 2013a).
Nevertheless, significant isotope anomalies (A%S = + 0.5) are sometimes
detected in aerosols from urban environments, which could be indicative of a
new sulfate production mechanisms currently not accounted for in
atmospheric models and are yet to be sufficiently explained (Au Yang et al.,
2018; Guo et al., 2010; Han et al., 2017; Romero and Thiemens, 2003;
Shaheen et al., 2014).

1.6. Isotope fractionation during sulfate production

The predominant production mechanism of sulfate aerosol is the oxidation of
gaseous SO, emissions. The differences between §**S values of gaseous SO,
and particulate SO.> reflect distinct isotope fractionation processes, and
previous studies have shown that these differences are influenced by shifts in
dominant SO, oxidation pathways. (Kawamura et al., 2001; Saltzman et al.,
1983). Different oxidation pathways can either lead to depletion of the heavy
isotope **S or to an enrichment of it. Homogeneous oxidation by OH radicals
was initially reported to cause depletion in the production of sulfate (-9.0 %o
at 25 °C) (Eriksen et al., 1972a, 1972b; Saltzman et al., 1983; Tanaka et al.,
1994). However, later empirical studies found that oxidation by hydroxyl
radicals leads to an enrichment of 10.5 %o at a temperature of 25 °C (Harris et
al., 2013a, 2012b). At the same time, previous studies reported that
heterogeneous SO, oxidation pathways result in a fractionation of 16.5 %o at
25 °C (Eriksen et al., 1972a, 1972b). However, there are at least three major
aqueous-phase oxidation pathways: H,O2, Os, and transition metal ion-
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catalyzed oxidation by O, (Alexander et al., 2009; Liu et al., 2021; Shao et al.,
2019). Precise laboratory measurements of fractionation factors were
conducted by Harris et al. (2013a, 2012b) for the dominant SO, oxidation
pathways. The following temperature-dependent relationships were reported:

gon = (10.60 +0.73) — (0.004 + 0.015) X T (1.29)
€n,0, = (16.51 £ 0.15) — (0.085 + 0.004) X T (1.30)
erm = (—5.039 + 0.044) — (0.237 + 0.004) X T (1.31)

where eoy, ermy and ey, o, are the fractionation factors for OH, TMI, and H20
oxidation pathways, respectively. Whereas, T is the temperature in °C. A
summary of sulfate production mechanisms through various SO oxidation
pathways and their associated induced isotopic fractionation factors is
provided in Fig. 1.8.
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Fig. 1.8. Sulfur emission sources and their fate in the atmosphere. Adapted
from Harris et al. (2012b). All fractionation factors () are calculated for 19
°C.

Both H,O, pathways yield similar heavy isotope enrichment in the product
and are sometimes reported as a combined contribution of both pathways (Fan
et al., 2020; Li et al., 2020). However, the fractionation factor of the H,O;
pathway decreases modestly with rising temperatures. In contrast, SO;
oxidation by OH produces a lower in magnitude enrichment of *S with
minimal temperature dependence. While oxidation by either OH, H.0,, or O3
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leads to a **S enrichment in the product, only transition metal ion catalysis
produces sulfate that is depleted in *S (Harris et al., 2013b, 2012a). The
above-mentioned fractionation factors, in tandem with measurements of
sulfate 3%S values, provide a basis for evaluating the relative contributions of
distinct SO, oxidation pathways, which will be discussed further in Chapter
2.7.

1.7. Region-specific sources of atmospheric sulfur-containing species and
carbonaceous PM;

According to national air pollution emission inventories, Lithuania emits 11.3
Gg of SO, annually (European Environment Agency, 2023). The primary
anthropogenic sources of SO, are fuel processing and production, with the
Mazeikiai oil refinery contributing 7.1 Gg of sulfur dioxide annually, and
fertilizer production facilities in Kédainiai accounting for 2.2 Gg of SO;
emissions per year. Other important sources of sulfur pollution include
residential emissions (domestic heating), which contribute 1.2 Gg of SO, and
electricity/heat generation, responsible for 0.7 Gg of SO, emissions annually.
The oil refinery in Mazeikiai previously relied heavily on Russian crude oil;
however, following Russia’s invasion of Ukraine in 2022, the refinery began
phasing out Russian oil, shifting to imports of Saudi Arabian origin (LRT,
2022; PKN ORLEN, 2023). Both the oil refinery and fertilizer production
facilities are located at a considerable distance northwest of the sampling site,
at distances of 270 km and 100 km, respectively. Thus, in Vilnius, local sulfur
emissions from the thermal power station (TPS) and domestic heating are
expected to contribute more to the observed pollution levels. The Vilnius TPS
typically utilizes biomass and natural gas for electricity and heat generation,
but during the 2022 — 2023 heating season, it temporarily switched to using
low-sulfur heavy fuel oil (HFO) of non-Russian origin due to the reduced
availability of natural gas supplies (LRT, 2023). The exact origin of the HFO
utilized in Vilnius TPS during this experiment is not publicly disclosed,
however, the §**S analysis conducted in this study (see Chapter 3.6) strongly
suggests that it may have originated from Saudi Arabia or the United Arab
Emirates.

Other possible local sulfur pollution sources include biomass (wood chips
or pellets), natural gas and to lesser degree, coal utilized for domestic heating
purposes in private houses during the cold season. Although, natural gas
contains only trace amounts of sulfur (Brown et al., 2015). The widespread
use of biomass for heating is expected to have a notable effect on the sulfur
concentrations and isotopic composition at the sampling site. However,
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biomass contains only up to 0.2 % sulfur (Demirbas, 2004). Additionally,
sulfur emissions from traffic are expected to be negligible due to stringent
European Union regulations on sulfur content in fuels (< 10 ppm S) (EU
directive 2003/6/EC, 2003).

Sulfur pollution levels in Lithuania have historically been strongly
influenced by emissions from neighboring countries such as Poland and
Germany, underscoring the significant role of long-range pollutant transport
from these regions (Davuliene et al., 2021). In the aforementioned countries,
coal combustion has been a primary driver of emissions, with SO, emissions
in 2021 totaling 392.4 Gg for Poland and 254.5 Gg for Germany (European
Environment Agency, 2023; Likus-Cieslik et al., 2020). Coal is significant
contributor of sulfur pollution due to its high sulfur content (< 4 %) (Calkins,
1994; Chmielewski et al., 2002). The %S values of coal are region-specific
and depend on the relative proportions of its primary sulfur species: organic
sulfur, pyrite and sulfate (Chmielewski et al., 2002; Derda et al., 2007, 2006).
Gaseous SO, emissions from high-temperature coal combustion reflect the
5%S values of its source, but flue gas desulfurization process used to reduce
SO, emissions in power plants, may deplete the emitted SO, %S values by 6
%o (Derda et al., 2007, 2006; Gorka et al., 2017). However, coal use in
Lithuania is minimal (International Energy Agency, 2022; Konstantinaviciute
et al., 2014). Additionally, Russia and Belarus may also significantly
contribute to Lithuania's SO levels, as they heavily rely on heavy fuel oil for
energy production, oil refining, and industrial processes (Fioletov et al., 2016;
United Nations Economic Commission for Europe, 2016).

Biogenic emissions are present during summer months, characterized by
5**S values ranging from -10 %o to 0 %o, their contribution is expected to be
minimal relative to anthropogenic emissions (Gorka et al., 2017; Sinha et al.,
2008). Similarly, sea spray emissions are expected to have negligible impact
in Vilnius year-round due to the city's considerable distance from the coast
(=250 km) (Lim et al., 2014; Tichomirowa et al., 2007). Additionally,
terrigenous primary sulfate from resuspended soil dust particles typically
makes a minor contribution in the PM; fraction and was not therefore not
considered in this current study (Hien et al., 2021).

1.7.1. Statistical Bayesian isotope mixing model for source apportionment
of sulfur-containing species

In this thesis, statistical Bayesian mixing model FRUITS (Food
Reconstruction Using Isotopic Transferred Signals) was applied for
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evaluating mixing equations and quantifying the relative contributions of
various sources with improved accuracy (Fernandes et al., 2014). Although,
the FRUITS model was originally developed for the human and animal diet
studies (Fernandes et al., 2014), this tool and other Bayesian statistical models
can be applied to various other isotope mixing problems (Dasari et al., 20223,
2020; Dasari and Widory, 2024; Lee et al., 2002). The FRUITS model
provides a quantitative estimate of source contributions by calculating the
most probable outputs of distinct sources that equate to the signal of the
measured target, even in undetermined systems. Endmember (source %S
values) uncertainties are far larger than measurement uncertainties, and in
order to accurately estimate source contributions, source §**S value variation
must be accounted for. Thus, the simulations account for associated
uncertainties of both the measured data and source signals and are derived
from Markov Chain Monte Carlo (MCMC) algorithms. MCMC methods
approximate complex posterior distributions of source contributions by
generating samples through a Markov chain, where each step depends only on
the previous one, ultimately converging to the target posterior distribution.
The FRUITS model also allows accounting for isotopic fractionation. The
model is formulated by the following equation:

YW i aiCij[lijic+T])
H, = 1.32
k %Wk TiaiCif) (1.32)

where:

- Hy is the measured isotopic signal (§%S) in the k" level (e.g. PM;
sulfate), based normal distribution of signal Hx ~ Nz, orix?) and gk
represents the average measured value and the uncertainty of it - dn 2.

- ¢ is the unknown contribution of i level source (e.g. sources of
biomass, coal, HFO), where 0 < ¢; < 1 and }}]-; a; = 1.

- liiis the source isotopic signal, associated with i"" level source and k"
level measured values. Modeled by normal distribution to account for
source value uncertainties, lij ~ N(uijk, 01,ijk°).

- Tk is the isotopic fractionation offset for the k™ level isotopic signal,
Tk ~ N(ur, d742). It is only considered when evaluating PM; sulfate
contributions.

- Wi« is the weighed contribution of j" source fraction, to account for
preferential inputs to the measured signal. For example, if some
sources do not contribute to the measured 5**S values, or contribute
less. In our case, all defined sources contributed equitably to the
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measured signal values, that is, only SO, emissions contribute to
measured PM; sulfate signal. Thus, Wj= 1.

- Cjjis the concentration of the j™ fraction of the i"" level sources, which
were unknown.

The model, through application of MCMC simulations, yields probability
distributions and boxplots for each source, an example of which are given in
Fig. S1. In total, 10 000 runs were made for each sample, 5 000 of which were
discarded after reaching convergence. For the isotopic mixing equations in
this thesis, the uncertainties of calculated contributions were within 15 %.

1.7.2. Evaluation of sulfur source contributions

In order to quantitatively evaluate the influence of individual sulfur pollution
sources, appropriate isotopic source endmembers must be chosen. The
following sources of sulfur pollution were considered appropriate for Vilnius:
biomass combustion, coal combustion of Polish (PL) origin, HFO emissions
of Saudi Arabian (SA)/United Arab Emirate (UAE) origin and crude oil
emissions of Russian (RU) origin. A comprehensive summary of potential
sulfur pollution sources with their corresponding §%S values used in this study
is provided in Table 1.2.

Table 1.2. The &*S values of distinct sulfur pollution source emissions
relevant for Vilnius. Brackets indicate the origin of pollution source fuels: coal
of Polish origin (PL), heavy fuel oil of Saudi Arabian or United Arab Emirate
origin (SA + UAE), crude oil of Russian origin (RU).

Sulfur pollution sources Emission 6*'S values, %o
Biomass burning 7.3-9.1 %®
Coal combustion (PL) -1— 4.4 %P
Heavy fuel oil emissions (SA + UAE) -10.3 - 0.7 %0°
Crude oil emissions (RU) Evolved emissions: ~1.1 %o

Liquid crude oil: 2.7 — 5.3 %o°
3(Sawlani et al., 2019); P(Gorka et al., 2017); °(Becker and Hirner, 1998; Dasari and Widory, 2024);
d(Maruyama et al., 2000); ¢(Becker and Hirner, 1998).

It is important to note that heavy fuel oil of Russian origin may have been used
in Lithuania or neighboring countries during the entire sampling periods.
However, its 8*S values overlap with those of coal combustion, therefore,
crude oil inputs of Russian origin will not be analyzed separately but rather
considered as a combined contributor in the analysis.
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The fractional contributions of SO, and sulfate aerosol sources were
determined using a mixing equation approach:

8348 = 834SC031,Oi1fCOil,Oil + 834SBi0massziomass + 634SHFOfHFO (1-33)

where fcoai,0il IS the relative source contribution of coal combustion + fuel oil
(RU) emissions, feiomass IS the contribution of biomass burning, fueo is
contribution of HFO (SA + UAE) emissions. The sum of the fractions fcoal,oil,
faiomass and furo equals 1. The 8**Scoaloil, >*Spiomass, 8°*SHro Values are their
respective isotopic compositions of evolved source emissions.

1.7.3. Evaluation of carbonaceous PM; source contributions

Isotope mixing equations were also applied to calculate the source
contributions of carbonaceous particulate matter for selected periods:
- From January 11, 2020 to March 16, 2021. Discussed in Chapter 3.5.
- from December 10, 2021 to February 18, 2022. Discussed in Chapter
3.6.
- from October 17, 2022 to March 10, 2023. Discussed in Chapter 3.6.

Three primary sources of carbonaceous PM pollution: biomass burning, coal
combustion, and other fossil fuel emissions, were identified as relevant to this
study, based on prior source apportionment research conducted in Lithuania
(Garbariené et al., 2016; Masalaité et al., 2012). Their source values are
provided in Table 1.3.

Table 1.3. The S values of distinct carbon pollution sources relevant for
Vilnius.

Emission 8'°C values, %o

Biomass burning -27 — =26 %0®
Coal combustion -24.5+ 0.8 %0°
Liquid fossil fuel emissions -29 — -28 %0°

3(Garbaras et al., 2015; Garbarien¢ et al., 2016); °(Gorka et al., 2014; Widory, 2006; Yao et al., 2022);
°(Garbariené et al., 2016; Masalaité et al., 2012; Widory, 2006).

The apportionment of carbonaceous PM samples is conducted in analogous
way to sulfur with mass-balance calculations:

613C = 613CBiomassziomass + 813CC0a1fCoal + 613CFossilfFossil (1-34)
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where fgiomass represents the fraction of biomass burning, fcoa corresponds to
the contribution of coal combustion and fressi denotes the fraction attributed to
other fossil fuel (liquid) emissions. The sum fgiomass, fcoar and frossii €quals 1.
The 8% Scoal,oil, **Siomass, 0°*Smro Values are their corresponding isotopic
compositions of particulate matter source emissions.

However, source apportionment of total carbon in particulate matter is
challenging due to its diverse composition, which includes an isotopically
stable elemental carbon (EC) fraction and a varied organic carbon (OC)
fraction, which consists of a multitude of organic compounds. Therefore, in
contrast to the sulfur source apportionment, the contribution to carbonaceous
PM; from fossil fuels emissions (both coal and liquid fuels) was assessed
separately using radiocarbon measurements. Considering that fossil fuel
sources have no radiocarbon in them, the fraction modern value (fw) is then
equal to 0. On the other hand, the fy value of biomass sources is estimated to
be equal to 1.02 (Heal et al., 2011; Niu et al., 2021; Romano et al., 2022), if
the biomass used for domestic heating purposes is sourced from present-day
materials rather than biomass aged 50 years or more (Garbariené et al., 2016;
Levin and Hesshaimer, 2000). In this way, fraction of non-fossil (f.s) sources
can be estimated by:

for = 2L (1.35)

1.02

The fraction of fossil fuel sources (f) is then calculated as:

fe=1—fur (1.36)
Application of radiocarbon measurements enables the unambiguous

determination of the fossil fuel contribution to carbonaceous PMs, thereby
simplifying the mixing model in Eq. 1.34.
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2. RESEARCH OBJECT AND METHODOLOGY

This chapter provides an overview of sampling procedures, sample pre-
treatment and measurement techniques, a description of anomalous events,
and other contextually relevant details essential to the study. Details on sample
collection and subsequent pretreatment procedures are presented first.
Following this, the methods for stable isotope, radiocarbon, and ion
concentration measurements are described. Finally, key concepts for
interpreting the results are discussed, including air mass transport modeling
and calculations of SO, oxidation pathway distributions.

2.1. Sample collection

The PM; particle samples (92 in total) were collected over a period from
November 11, 2020 until June 30, 2023 in Vilnius, Lithuania. Gaseous SO,
samples (48 in total) were also collected together with PM; samples from
December 10, 2021 until June 30, 2023. These samples were collected atop a
four-story building of Center for Physical Sciences and Technology (Fig. 2.1).
The site serves as an example of an urban background location in Lithuania.
Situated amidst a blend of private and residential dwellings, the sampling site
possesses a relatively low traffic volume compared to other parts of the city.
The nearest high-traffic street lies approximately 1 kilometer away, with two
other major streets exhibiting lower traffic volumes.

The PM; samples were obtained utilizing pre-heated (500°C for 8 hours)
quartz fiber filters with a diameter of 150 millimeters (Whatman QM-A). The
samples were collected employing a high-volume aerosol sampler (DIGITEL
HVS DH-77) operating at 500 L/min (Fig. 2.2). Average sampling duration
per filter was 191 hours.
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Fig. 2.1. The sampling site located at the Center for Physical Sciences and
Technology, Vilnius, Lithuania. (54.72°N, 25.32°E, 158 meters above mean
sea level).
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Fig. 2.2. Operational flowchart of the Digitel DH-77. Adapted from
DIGITEL Aerosol Sampler DH-77 (2015).
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Additionally, collection of SO, samples was performed on glass fiber filters
(Munktell and Filtrak, Gf-Microfilter) pretreated with potassium carbonate
(K2CO3) in glycerol solution (Amiri et al., 2018). The potassium carbonate
serves as a capturing agent for SO, by forming potassium sulfite (K2SOs)
when it reacts with SO, and is retained on the filter material as a stable
compound (Huygen, 1963). Glycerol acts as a stabilizing agent on SO, and is
also hygroscopic. The PM; and SO; filters were setup in tandem, with first
quartz filter used to collect particulate matter, and subsequent K,COs-
impregnated glass fiber filter for the collection of SO, gases. This method of
simultaneous collection of PM; and SO; is advantageous because of the
consistent sampling conditions and allows for integrated analysis and
interpretation of the data. Following the sampling procedures, the filters were
enveloped in pre-heated aluminum foil, sealed within zip lock bags, and stored
at -20°C until subsequent analyses.

2.2. Sample chemical preparation

Before isotopic composition measurements, sulfur has to be extracted from
the collected filter materials. In this chemical pretreatment procedure, the
water-soluble SO, isprecipitated as barium sulfate (BaSO.) by adding BaCl..
This method is advantageous because it does not produce noticeable
fractionation (Claypool et al., 1980; Fan et al., 2020). The chemical
preparation procedure applied in this thesis is widely used in stable isotope
studies of atmospheric sulfur compounds (Mayer and Krouse, 2004; Mukai et
al., 2001; Zhang et al., 2010).

First, half of the 150 mm quartz fiber filter is shredded and immersed in
100 mL of ultrapure water, followed by ultrasonication for 30 minutes. The
following day, samples are filtered using 0.22 um syringe filters and the
resulting solution is acidified with HCI to pH of 2 — 3. The values of pH lower
than 4 are necessary for dissolved carbonates to be converted to CO, instead
of COs%, which are typically present in basic solutions and would react with
added BacCl, to precipitate as BaCOs. In addition, pH values lower than 2 are
to be avoided, because HSO4 will be the primary sulfate species and will slow
down the precipitation of BaSOa4. Next, 5 mL of 1 mol/l BaCl, is added in
excess, resulting in the precipitation of sulfate ions as BaSOa4. The solution
undergoes an additional overnight incubation period to ensure the
precipitation of sulfate (including those present as bisulfate ions, HSO4) as
BaSO,. Subsequently, the precipitate is collected onto 0.2 um cellulose acetate
filters (Sartorius CA Membrane Filters). The filters are then thoroughly
washed with 150 ml ultrapure water to eliminate residual chloride ions (CI").
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Following this rinsing step, the samples are dried at 60°C for a duration of 6
hours and, subsequently, the cellulose acetate filters are combusted at 500°C
so only the BaSOs precipitate is left. By empirical experiments in the
laboratory, the 500°C temperature was chosen as optimal for the complete
combustion of cellulose acetate filters, with no apparent fractionation
measured in **S values of BaSO..

Similarly, for extraction of impregnated SO filters, the procedure is nearly
identical, but with an additional prerequisite step. The filters must be treated
with 1 ml of 30% w/w hydrogen peroxide to oxidize the captured SO, to SO4*
before the subsequent steps as described previously: sonication, filtration,
acidification, addition of barium sulfate, and collection of the precipitate.

2.3. Isotope ratio mass spectrometry

Carbon and sulfur isotopic compositions were determined using a
combination of an elemental analyzer (EA) and a stable isotope ratio mass
spectrometer (IRMS), presented in Fig. 2.3. The IRMS instruments are
designed for precise measurements of minute differences in the proportions of
isotopes of light elements, such as 34S/%2S and *C/*?C, as used in this work.
Other major IRMS applications are of ®N/*N, $80/**0, and 2H/*H. Before the
IRMS analysis, samples are transformed into simple gases in the elemental
analyzer to sulfur dioxide, carbon dioxide, nitrogen, or others, depending on
the material's composition and the isotopes under investigation. The mass
spectrometer is then used to measure the ratio of ions corresponding to the
various isotopic forms of these gases.
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Fig. 2.3. Elemental analyzer — continuous flow interface — isotope ratio mass
spectrometer system in carbon and nitrogen measurement configuration. The
layout is analogous for sulfur measurement configuration, although typically,
only one column is used in elemental analyzer for both combustion and
reduction. Adapted from Ogawa et al. (2010).

The system (manufacturer: Thermo Fisher Scientific) used in this work was a
Flash EA1112 elemental analyzer connected to a Delta V Advantage mass
spectrometer via a continuous flow interface ConFlow Il1. Within the system
(configured for sulfur measurements), samples enclosed in tin capsules
undergo combustion in a single oxidation/reduction column of EA, heated to
1050 °C. For sulfur measurements of BaSOs, approximately 0.50 mg sample
material is encapsulated in tin capsules together with vanadium pentoxide
(V20s) powder. The tin capsule promotes a violent reaction and local
temperature reaches 1800 °C for a few seconds, which is termed as flash
combustion. In such a way, the BaSO4 powder is thermally decomposed to
SO, gases (Bailey and Smith, 1972). Better results are achieved when using
additional O; stream and V>0s, which promote oxidation (Dunn and Carter,
2018). The oxidation/reduction column is filled with tungsten oxide (used to
promote combustion) and copper wires, which reduce SOs; to SO, gases.
Immediately after exiting the column, water vapor is removed from the
effluent stream through a water trap column filled with magnesium
perchlorate (Mg(ClO.).). Magnesium perchlorate is a hygroscopic substance
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which is widely used because of its efficient water removal and ease of use
(Santos et al., 2004). Subsequently, combustion gases (SO,, CO-, and N>) are
separated using a gas chromatographic column (Sercon SC2003, PTFE, 2 m),
which are then detected through a thermal conductivity detector (TCD). The
TCD provides data for calculating the elemental content of the sample by
measuring the thermal conductivity of passing gases.

The resulting effluents from the elemental analyzer are then introduced
into the continuous-flow interface ConFlo 111, through which effluents are
directed to the ion source for mass spectrometry analysis via a capillary leak.
The ConFlo Il facilitates the connection between the EA and the IRMS.
Establishing this connection via an open split arrangement is required due to
the differences in gas flow through the EA and IRMS (Fig. 2.4). The IRMS
operates with a helium flow of around 0.3 ml/min, whereas the EA operates
with a helium flow ranging from 80 to 120 ml/min. Thus, the key concept
behind the open split arrangement is to reduce this gas flow. This is achieved
through the limited size of the IRMS capillary, which limits the gas flow up
to 0.3 ml/min. There is also a reference section, required for the reference gas
introductiom into the IRMS.

sample section reference section
dilution = -« He
I -
EA = ) - Referer)ce
Rl capillaries

I\
Fixed dilution %_}I
IRMS

Fig. 2.4. Schematic representation of ConFlo 111 sections and principle parts.
Adapted from Werner et al. (1999).

In the mass spectrometer the diluted effluent is then introduced into the ion
source where the gas molecules are ionized with the use of electron ionization
method, where gas molecules are bombarded by electrons to produce positive
ions. lonization energies from 70 eV and up to 124 eV are commonly used
for this purpose (Dunn and Carter, 2018). lons are accelerated out of the
source with extraction plates and diverted thought system of different lenses,
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focusing the ion beam, which is then accelerated via high voltage (around 3
KV). In the mass spectrometer, ions traverse a magnetic field in the sector
magnet before reaching the Faraday collectors, which are used to measure the
intensity of the specific ion beams. The trajectories of ions and their respective
entry into specific Faraday collectors are determined by the strength of the
magnetic field and the accelerating voltage. Three Faraday collectors are used
as a universal triple collector configuration, which are applied to
simultaneously measure mass to charge ratio (m/z) of the desired ions.
However, in the case of sulfur measurements, only two detectors are used for
m/z ratios of 66 and 64 for SO, gases, corresponding to 34S'*0O, and 2S*0,.
For carbon measurements, all three detectors are used for m/z: 44, 45 and 46,
corresponding to 2C10,, 3C1%0, and *C¥"0Q¥*0. In this case, the m/z of 46 is
used to account for the influence of undesired isotopes of oxygen (}'0),
contributing to the same m/z as *C isotope. This is termed as the 'O
correction and is done by the automatically by the IRMS software according
to predefined algorithms (Assonov and Brenninkmeijer, 2003; Brand et al.,
2010). Each collector is connected to an amplifier with its gain calibrated by
a precise, high-ohm resistor. Signals from each amplifier are simultaneously
recorded approximately every tenth of a second, digitized, and stored by the
IRMS data system. This process generates a chromatogram, plotting intensity
against time for ions with specific m/z values, with intensity proportional to
the number of ions detected (Dunn and Carter, 2018). The IRMS software then
integrates the Faraday collector signals of the sample along with single or
multiple peaks of the working gas (e.g., SO,, CO; other gases). The resulting
ion current signals are then converted to raw §*S values, referenced against
the monitoring gas.

2.3.1. Stable isotope ratio measurement data corrections

Initially, IRMS measurements only provide raw isotope ratios that are in
reference to the monitoring gases of known isotopic composition. An example
of §%*S measurement window is displayed in Fig. 2.5.
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Fig. 2.5. In-program view of §*S measurements in Isodat 2.0. The top window
displays mass spectrometry data of m/z ratios (66/64), while the bottom
window presents a TCD chromatogram. The first peak on the left corresponds
to SO gases derived from the combusted sample material. The following three
peaks are monitoring gases, which are used for the initial calculation of raw
5%S values.

To ensure result comparability between laboratories, the measured o values
must be linked to international reporting scales (V-CDT for 6*S or V-PDB
for 8'3C) through the scale calibration (normalization) process. The first
reference material (RM) used in sulfur isotope scale realization was iron
sulfide (FeS) from the Canyon Diablo meteorite troilite (CDT) found in
Arizona, with a ratio of *S/%2S corresponding to 1/22.22, which has been used
since 1962. It is believed that the 3*S/*2S ratio in this standard reflects the
primordial isotopic values of the solar system, as well as those of Earth's
mantle and crust (Thode, 1991). Therefore, this standard value is considered
the baseline 3*S value, against which contemporary environmental samples
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are compared. However, as the supply of the reference material dwindled, and
it was further observed that CDT was not sufficiently homogeneous
(variability of 0.4 %) to serve as a primary reference standard, the need for a
new standard material became evident (Krouse and Coplen, 1997; Werner and
Brand, 2001). Consequently, in 1993, the International Atomic Energy
Agency (IAEA) proposed a revised V-CDT scale (Vienna-CDT) and
developed a new primary reference material IAEA-S-1 for scale realization.
The IAEA-S-1 is derived from silver sulfide (Ag.S) of sphalerite material,
with a 3*S value of -0.30 %o (de Groot, 2004). All modern sulfur isotope
compositions are reported as 8**S in accordance to V-CDT (Ding et al., 2001).

Historically, isotopic compositions of carbon (5'*C) were reported in
accordance to Pee Dee Belemnite (PDB), a calcium carbonate (CaCOs3) with
a BC/*2C ratio of 0.0112372. The PDB standard was derived from a marine
fossil found in the Pee Dee Formation in South Carolina, USA. However, this
reference material has since been depleted, leading to the adoption of other
standards based on the revised Vienna-PDB (V-PDB) scale. The primary
standard became the carbonate NBS-19, with a value of 1.95 %.. This, too, has
been exhausted and is currently replaced by the carbonate IAEA-603, with a
value of 2.46 = 0.01 %o (Assonov et al., 2020). However, caution must be
exercised when reporting 33C values, because, as of 2024, two scales exist:
the V-PDB scale anchored by single primary RM (IAEA-603), and the V-PDB
— LSVEC scale, anchored by two RMs (additional LSVEC RM) (Assonov,
2018). In the current study, all 3*3C values are reported in reference to V-PDB
scale.

The normalization process involves measuring reference materials within
the same analytical sequence as the samples, using RMs that ideally should
span the expected %S range. Reference materials used are either primary
standards (e.g., IAEA-S-1, IAEA-603) or secondary materials calibrated
against these primary standards. Primary standards are directly linked to zero-
point scale materials (e.g., V-CDT, V-PDB), but their use in routine laboratory
measurements is discouraged due to their limited availability (Dunn and
Carter, 2018). Instead, the use of secondary (or tertiary) reference materials
that are linked to primary RMs is more appropriate. Alternatively, it is
common practice in laboratories to use in-house reference materials that are
sufficiently homogenous and are carefully calibrated against primary or
secondary RMs. All reference materials used should be matrix-matched to the
samples, in accordance to principle of identical treatment (PIT), to ensure any
bias effects from gas combustion or transfer are equivalent and would cancel
out (Carter and Fry, 2013; Dunn and Carter, 2018). In this thesis, SO, and
particulate sulfate samples were precipitated as BaSO4 powder and later
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analyzed collectively with secondary RMs of IAEA-SO-5 (6%S= 0.5+ 0.2
%o) and NBS-127 (8*S = 20.3 £ 0.4 %o) reference materials and laboratory
working standards, which are also in BaSO, form. For §*3C measurements,
IAEA-600 (8°C = -27.771 £ 0.043 %o) and USGS24 (8°C = -16.05 £ 0.04 %o)
RMs were used. By measuring samples and two RMs in one sequence, the
following equation of “two-point linear normalization” can be applied for o
scale realization (Dunn and Carter, 2018):

8 rue -8 rue
8true(S) = 8true(R1) + ([Sraw(s) - Sraw(Rl)] X [ e (RZ)]> (2-1)

8raw(R1) _‘Sraw(RZ)

where Swwe(s) is the normalized value of the sample, dwues) IS the measured
value, dwuer1) and Owuerz) are certified isotopic compositions of reference
materials 1 and 2, draw(r1) and Srawrz) are measured values of the 1 and 2 RMs.

Such conversion of measured 6 values to international RM scales allows for
intercomparison of the results between different laboratories, which has
become a standard practice for more than 30 years now (Dunn and Carter,
2018; Sharp, 2017). In a more general case, multi-point linear normalization
is applied by finding the best fit across multiple reference materials (RMs).
This approach is represented by the following simple linear regression:

(Strue(S) =mX (Sraw(S) +b (2.2)

where m is the slope of regression, termed as expansion or stretch factor, and
b is the intercept, or the shift factor.

Aside from normalization, other corrections may be necessary, if the
measurement sequence displays high blank signals, data drift, poor linearity
or memory effects. These corrections are made before normalization and must
be consistently applied across the entire sample sequence, according to PIT
(Carter and Fry, 2013). Blank correction is performed by the following
equation:

SmeasXAreameas—8blank XAr€aplank (2 3)

1) =
corr(blank) Areameas—Areaplank

where Scorr(lank) 1S the blank corrected & value, dmeas IS the raw measurement
value, dpiank is the & value of the blank, Areameas iS the area of measured sample
signal, Areapiank is the area of the blank signal.
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Due to small signal peaks, dpbiank and Areapiank are calculated as the average of
multiple measurements. In this work, to assess the influence of signals created
by blanks, empty tin foil capsules were combusted. However, the resulting
signal peaks were negligible and blank correction was unnecessary.

Drift correction is applied to the results if noticeable shift in 6 values of
RMs over time is observed. Common causes of drift include system leaks,
changes in the monitoring gas, efficiency variation of oxidation/reduction
column materials, or variations in the ion source. Drift can be corrected by
recurring measurements of QC or other RMs, using the following equation
(Carter and Fry, 2013):

8corr(drift) = Omeas — M X Pos (2.4)

where Scorrariy) is drift corrected o value, m is the slope of drift curve regression
and Pos is the sample number in the sequence.

In the current study, a slight drift in §**S values was observed. To account for
this, RMs were measured at regular intervals throughout the sequence,
specifically every three to six samples.

Linearity correction must be applied if sample sizes vary greatly, resulting
in signal peaks outside the linearity range of the system. Linearity of the
instrument is corrected in a similar way to drift, by the following equation:

8corr(linear) = Omeas — M X Area (2.5)

where Scoriineary 18 linearity corrected o value, m is the slope of the linearity
correction curve and Area is the area of the sample signal peak.

For very small sample sizes, with signal amplitude (at m/z = 64) below 500
mV or an area of ~ 8 mV-s, linearity correction was performed. A set of RMs
were measured at different weights to plot the linearity correction curve.
Alternatively, system linearity can be assessed by introducing monitoring
gases of different heights (Dunn and Carter, 2018).

Memory effects are observed when preceding sample residuals affect the
subsequent measurement, altering its & values. This is caused by incomplete
removal of preceding sample gases or remaining sample materials. Memory
effects are more challenging to correct and require multiple consecutive
analyses of the same sample, by discarding the initial measurements.
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However, in some applications (e.g. in high conversion temperature IRMS for
O and H measurements), the memory effects can influence up to 10
measurements, making aforementioned correction method inadequate
(Groning, 2018). However, there are several methods to apply memory
correction as described by Groning (2018, 2011). One of which, is to calculate
correction factor between consecutive sample pairs and to presume that in all
subsequent measurements memory effects decrease by the same factor. This
factor is further adjusted to account for residual contributions from earlier
samples. The final memory correction factor is obtained as the average of all
valid factors across the measurement sequence, providing the best estimate of
memory effects. However, in this study, continuous-flow EA-IRMS is used,
and memory effects were found to have negligible effect, confirmed by
consecutive measurement of RMs and working standards. A more detailed
description of memory correction methods are provided in a Technical Note
on SlICalib program by Gréning (2018).

2.3.2. Combined uncertainty evaluation

Corrections, described in the previous chapter, introduce additional sources of
uncertainty, alongside the IRMS measurement uncertainties. It is
recommended to account for these uncertainties in accordance with
International Organization for Standardization Geneva ISBN (2008)
guidelines. However, proper analytical conditions, such as using reference
materials with the same chemical composition as the samples, helps to
minimize the introduction of these new sources of uncertainties (Dunn and
Carter, 2018).

The combined & value standard uncertainty (1) for two-point linear
normalization are evaluated by the use of partial derivatives, as described by
Groning (2011):

af of  \?
( ) u(6345ref1)2 + (5534—5}&2) u(6345ref2)2 +

08%%S1ef1

I

I

|

|

! of 2 2
\I (47) u(6345m sample)

34 34 2 of 2 34 2
u(8 Ssample) = (634Smref1) u(8 Smrefl) +(55345mrefz) u(6 Smrefz) + (26)
283 Sm sample
where:

af  \? - . .
- (6534sreﬁ) u(834S,¢¢1)? — true (certified) uncertainty of the first

reference material;
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2
- (asiﬁ) u(834S,r,)? — true (certified) uncertainty of the second

reference material;

2
- (ﬁ;reﬁ) u(83*S,, ref1)? — measuring uncertainty of the first

reference material;

2
- (a—f) u(834S,, ror2)? — Measuring uncertainty of the second
6834Sm ref2

reference material,
2
a 2 . .
- (W) u(83*Sy sample) — Measuring uncertainty of the
m sample
sample material.

However, such an approach is cumbersome and use of Excel-based Kragten
spreadsheets is often more straightforward as it simplifies the calculations.
The Kragten spreadsheet method, used for estimating uncertainties arising
from normalization, is described in detail by Dunn et al. (2015). This method,
allows for easy addition of uncertainties associated with other corrections, as
described in Chapter 2.3.1, including drift and linearity corrections that were
applied in this work.

2.3.3. Isotope data quality assurance

Quality control (QC) is an essential procedure of stable isotope measurements
and is used for assuring optimal IRMS operation of daily measurements and
long-term monitoring of the device parameters (Dunn and Carter, 2018). It is
performed by measuring quality control reference materials in the same
sequence as other RMs and samples. One such application is evaluating the
accuracy of the applied normalization by including QC RMs into the sequence
that are not used in the scale (in this case, V-CDT or V-PDB) calibration.
Successful normalization procedure should yield 6 values for the QC materials
that match with their true values. In current work, sample matrix-matched
material (BaSO4 powder) was used as an in-house QC material to monitor
performance of the IRMS, with its known &*S value (11.1 + 0.5 %o) validated
through previous measurements. Daily measurements of QC materials are
evaluated against the mean value within acceptable limits (< + 20) after
applying all required corrections and normalization steps. Larger deviations
indicate faulty measurements and/or applied corrections. Such failures should
be investigated to determine if they are random or systematic, according to
Westgard rules (Thompson and Wood, 1995). If the measurement sequence
passes QC tests, the normalized & values can be used for further data analysis.
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In addition to routine QC RM measurements, participation in
interlaboratory comparison exercises is imperative as it ensures the reliability
and quality of the ¢ value measurements and is helpful to track long-term
reproducibility of the results.

2.4. Radiocarbon measurements

The samples must undergo a graphitization process before radiocarbon
measurements.  Graphitization is performed using an Automated
Graphitization Equipment (AGE 3, lonplus AG) connected to a Vario Isotope
Select (Elementar Analysensysteme GmbH) EA system. This setup enables
the graphitization of samples with low carbon contents (>40 pg), employing
a punch (0.39 cm?) of filter material, following a methodology outlined by
Butkus et al. (2022). In this approach, PM; filter graphitization involves
sample dilution, incorporating a mass balance equation to estimate *4C values.
The EA-AGE 3 system facilitates separate combustion of multiple punches
from a single sample, capturing all released CO; in a zeolite trap before
transferring it into a single reactor. This methodology allowed for the
combustion of one punch of samples containing approximately 100 pg, with
the additional carbon needed for graphitization supplemented from *C-free
phthalic anhydride (PhA). The *C values are then calculated utilizing a mass
balance equation, expressed in percent Modern Carbon (pMC):

PMC(mixturey = PMC(syns)y + PMCiphayn(pha) (2.6)

PMCmixture) ~"PMC(Pha)N(PhA)

pPMCs) = (2.7

()

where pMCpixure) represents the measured pMC of the mixture, pMC)
denotes the pMC of the reference material with ns as its partial contribution;
and pMCppa) corresponds to the pMC of phthalic anhydride, with n(pp,) as
its partial contribution.

Radiocarbon measurements were conducted utilizing a single-stage
accelerator mass spectrometer (Fig. 2.6, SSAMS, National Electrostatics
Corp.). The phthalic anhydride was employed to estimate the background of
measurements, yielding an fm (fraction of modern carbon, see Eq. 2.8)
background value of 2.45 x 1073, and NIST OXII served as the reference
material. The accuracy of the “C/*2C ratio measurements was better than
0.3%. The ratio of 3C to 2C plays a crucial role in correcting isotopic
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fractionation occurring during the graphite is bombarded with cesium ions,
used for AMS analysis of pMC. Subsequently, a normalization is performed,
wherein the §'°C value is adjusted to -25.0%o, to ensure the accuracy of the
final 24C concentration measurements.

@

Fig. 2.6. Single-stage accelerator mass spectrometer schematic. Number
explanations: 1 — 39 sample capacity ion source, 2 — 90° deflecting magnet, 3
— 250 kV acceleration stage, 4 — isolated deck, 5 — 90° deflecting analysis
magnet, 6 — 90° deflecting electrostatic spherical analyzer, 7 — semiconductor
14C detector. Adapted from Single Stage Accelerator Mass Spectrometry
(2018).

In environmental studies, the fm notation is commonly used and is defined
as (Stuiver and Polach, 1977):

(14C/12C)Sample

fM = 0.749(*C/2C) ox11 (28)

where (*C/*?C)sampie is the *C/*2C ratio of the sample and (**C/*2C)ox is the
isotope ratio of the OxlI reference material.
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2.5. lon concentration measurements

The water-soluble sulfate ion concentrations of PM; samples were quantified
using an ion chromatograph system (Dionex 2010i), which includes a high-
pressure pump, liquid eluent, sample injector, guard and separator columns,
chemical suppressor, and conductivity detector. Before sample analysis, the
system has to be calibrated against a reference solution. By comparing the data
obtained from the sample with that of known standard, the ions in the sample
can be identified and quantified. This is done via chromatography software,
that generates a chromatogram of the sample. The software then allows
separate peaks in the chromatogram to be translated to concentration of
specific compounds of interest and produces a printed report of the findings.

The chromatograph system used in this work utilized an lon Pac AS4A-
SC column for inorganic anion separation. During the analysis process, 1.8
mM Na,COs and 1.7 mM NaHCO; was employed as an eluent, while 20 mM
H,SO4 served as a regenerant. During selected periods, concentrations of SO4*
, NOgz, NH4*, Ca?*, Na*, K*, Mg?*, and CI-were also measured.

2.6. Air mass trajectories and meteorological parameters

Backward air mass trajectories for individual sampling periods were generated
using hybrid single particle HYSPLIT model provided by National Oceanic
and Atmospheric Administration (NOAA) (Stein et al., 2015). The following
parameters were used: each trajectory was modeled for 48 hours, with new
trajectories initiated approximately every 8 hours, at heights of 50, 500, and
1500 meters above ground level (AGL). Examples of typical trajectories for
various directions are shown in Fig. 2.7.
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NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 1500 UTC 18 Jan 21 Backward trajectories ending at 1300 UTC 23 Jun 21 Backward trajectories ending at 1300 UTC 08 Oct 21
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NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0800 UTC 26 Jan 21 Backward trajectories ending at 1300 UTC 24 Feb 21 Backward trajectories ending at 1300 UTC 06 Aug 21
DAS Meteorological Data GDAS Meteorological Data GDAS Meteorological Data
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Figure 2.7. Examples of typical backward air mass trajectories of different
origins (indicated in top right corner) generated by NOAA HYSPLIT
modeling system (Stein et al., 2015).

Air masses from different directions exhibit varying levels of pollution,
characterized by Davuliene et al. (2021). Northwestern air masses, primarily
from Scandinavian countries, are labeled as clean. In contrast, air masses of
western origin (Northern Poland, Germany), are considered somewhat
polluted, whilst southwestern (Southern Poland) and southern directions
(Belarus, Ukraine) are treated as more polluted. Air masses of northern
(Latvia, Estonia) and eastern (Belarus, Russia) origin are considered
moderately polluted.

Meteorological parameters, including mixed layer depth, wind speed,
relative humidity and ambient temperature were also taken from NOAA’s
database (“NOAA Climate Data Online (CDO),” 2021).
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2.7. Sulfur oxidation pathway contribution calculations

The SO, oxidation rate depends on various factors, including oxidant and
catalyst concentrations, aerosol acidity and liquid water content (Harris et al.,
2013b). As a result, assessing the contributions of different oxidation
mechanisms through traditional chemical kinetic reaction rate calculations is
challenging due to the varying conditions present during in situ measurements
(Fan et al., 2020). Advantageously, stable isotope analysis provides a practical
method to evaluate SO, oxidation pathway contributions through
measurements of synchronously collected PM; and SO, samples. Collected
gaseous SOz provides the 5**S values of source emissions, while comparing
these values with %S of sulfate, reveals the extent of fractionation caused by
gas-to-particle conversion. The contributions of distinct SO, oxidation
pathways can be evaluated by analyzing the fractionation effects caused by
oxidation, as distinct pathways result in different 534S signatures in sulfate.
However, the fractionation factors depend on the extent of the reaction (Hoefs,
2021). Thus, it is crucial to evaluate the SO; to sulfate conversion rate or sulfur
oxidation ratio (SOR), denoting the fraction of SO oxidized to SOs* (Mukai
etal., 2001):

__lsof]
SOR = fsorTvisos]

(2.9)
where [SO4>] is the molar concentration of sulfate and [SO-] is the molar
concentration of sulfur dioxide.

For the estimation of the contributions of different SO, oxidation
pathways, Rayleigh fractionation equations are used, describing how the
isotopic compositions of product and reactants change in relation to the
fractionation factors (Harris et al., 2013a; Mariotti et al., 1981; Rayleigh,
1896). Firstly, the 5*Semission Value must be determined, which represents the
5*S values of SO, from the local pollution sources, at the point of their
emission. It is the value the measured SO, values would have if there was no
production of sulfate (SOR = 0). We used our measured 5**Sso, values at the
sampling site, to assess the §**Semission Values, by using the following Rayleigh
fractionation equations (Fan et al., 2020; Li et al., 2020):

534Semission = 6348502 X (1 - SOR) + 634SPM1 X SOR (210)
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where 8%*Sso, and §%*Spm1 are the measured isotopic composition values of
collected gaseous SO; and PM; sulfate values.

Next, we calculated the fractionation factor 4_,,, which represents the overall
isotopic fractionation during the gas-to-particle conversion:

83*Ss02 = 6**Semission + In(1 — SOR) X &5, (2.11)

Finally, to estimate the contributions of different oxidation pathways, we
applied the following mixing equation:

€g-p = €on X fon + &rm1 X frm1 + €n,0, X fu,0,  (212)

where g_,, represents the fractionation factor (per mil notation) for gas-to-
particle conversion, while gy, emp and ey, o, are the fractionation factors for
OH, TMI, and H,0, oxidation pathways, respectively. Additionally, fou,
frmi and fy, 0, denote the contributions of the OH, TMI, and H2O- oxidation
pathways.

Homogenous and heterogeneous oxidation processes involve both kinetic and
equilibrium isotope effects, and can cause either an enrichment or depletion
of **S in the product (S0.*) (Harris et al., 2012b; Saltzman et al., 1983).
Aforementioned eoy, ermi, and ey, o, fractionation factors are temperature-
dependent and were calculated using linear regressions for the average
temperature (T) for individual sampling periods by Eq. 1.29 — 1.31, given in
Section 1.6. However, fon fraction was evaluated separately, by the following
equation (Harris et al., 2013a):

[OH] 24
[oH],. X L (213)

fOH =SOR X 0.27 X

where 0.27 is the fraction of average sulfate produced specifically by OH
oxidation pathway annually (Sofen et al., 2011). The OH concentrations
fluctuate both diurnally and seasonally, as OH is produced only during the
daylight hours. The [OH]/[OH]n term describes seasonal OH concentration
variation, based on global tropospheric OH concentration distribution model
ACM (Global Change Research Program Atmospheric Chemistry Model
(Bahm and Khalil, 2004)). Average [OH] concentrations of a specific months
were considered, ranging from 0.1 mol/cm?® to 2.1 mol/cm?®, which is then
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divided by the average monthly concentration of [OH] (3.1 x 10° mol/cm?3),
fit for the latitude of Lithuania (~55 °N) (Bahm and Khalil, 2004). This is then
multiplied by the ratio of 24/HL, representing available daylight hours (HL)
as a fraction. Thus, calculated the contribution of OH oxidation pathway can
be eliminated from combined &,_,, factor (Eq. 2.12) by subtracting the eon X

fon component.

2.8. Event description

The sampling campaign covered few notable events which could have had an
appreciable effect on local air pollution in Vilnius. The first event was the
outbreak of coronavirus disease (COVID-19). The initial outbreak of the
disease occurred in December during the year 2019 in China and rapidly
spread worldwide afterwards (Ciotti et al., 2020). To contain the swift
transmission of the disease, numerous governments worldwide imposed
restrictions or stringent measures. Throughout the COVID-19 lockdowns,
there were notable shifts in aerosol concentrations and the contributions of
various emission sources that had significant and unexpected impacts on the
atmosphere and the environment (Rodriguez-Urrego and Rodriguez-Urrego,
2020). These effects were largely due to reduced human activities, particularly
transportation, industry, and energy use. The first documented instance of
coronavirus disease in Lithuania was officially recorded on February 28, 2020.
Subsequently, in response to a rapid escalation in case numbers, the first
lockdown was decreed on March 16, 2020 and lasted until June 17, 2020.
Following a resurgence of new cases in the summer, a subsequent lockdown
was implemented on November 4, 2020. Throughout the duration of the
second lockdown in Lithuania, a multitude of measures were instituted to
mitigate the propagation of the virus. Strict restrictions were enforced,
including the closure of public venues (e.g., restaurants, cafes, bars), a ban on
most public gatherings, and advisories discouraging non-essential travel. With
cases steadily decreasing, the lockdown was ended on July 1, 2021. Globally,
particulate concentrations and pollution sources were drastically affected by
the COVID-19 lockdowns, though the extent of these changes varied by
region (Rodriguez-Urrego and Rodriguez-Urrego, 2020).

The second notable event was the introduction of low-sulfur (0.9 %) heavy
fuel oil (or mazut) at the Vilnius thermal power station during the cold season
of 2022-2023, in contrast to previous years when only natural gas and biomass
fuels were mainly used. Heavy fuel oil is a type of heavy, low-quality fuel oil
derived from the distillation of crude oil. It is commonly used in industrial
applications, such as heating large buildings, generating steam, or fueling
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industrial boilers and furnaces. HFO is characterized by its high viscosity,
density, and sulfur content, making it less desirable for the use in vehicles or
smaller-scale heating systems compared to lighter grades of fuel oil. The
heavy fuel oil was utilized from November 9, 2022, until the end of March
2023, largely supplanting the regularly employed fuels (biomass and natural
gas). The shift to usage of HFO was prompted to mitigate the European gas
crisis, caused by the consequences of Russian invasion of Ukraine in February
of 2022 (Celasun et al., 2022). In the 2022-2023 period, HFO accounted for
36 % of the fuel used at Vilnius TPS, while biomass, natural gas, and diesel
contributed 56 %, 7 %, and 1 %, respectively (AB Vilniaus $ilumos tinklai,
2023). In comparison, during the previous period of 2021 — 2022, the fuel mix
consisted of only biomass (61 %) and natural gas (39 %) (AB Vilniaus $ilumos
tinklai, 2021).
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3. RESULTS

In this chapter, the results of the thesis are presented. First, the findings from
the entire sampling period are discussed, covering data collected over more
than 31 months, from November 11, 2020, to the end of sampling on June 30,
2023. The results include sulfur compound concentrations, isotopic
composition measurements, meteorological parameter data and overview of
predominant backward air mass trajectories. Next, key periods of interest are
discussed in detail. First, the period from November 11, 2020, to March 16,
2021, is analyzed, focusing on changes in pollution sources induced by the
COVID-19 lockdown, using stable carbon and sulfur isotopes alongside
radiocarbon measurements of PM; samples, as presented in Bucinskas et al.
(2024c). This is followed by a discussion of a unique period of increased sulfur
pollution due to the use of heavy fuel oil in local thermal power station of
Vilnius, with a comparison of the heating seasons of 2022-2023 and 2021—
2022, when HFO was not utilized. Stable carbon, sulfur, and radiocarbon
analyses were employed for comparison, and the results were published in
Bucinskas et al. (2024b). Lastly, seasonal dynamics of sulfur compounds
during a period of more than two years, from March 16, 2021, to June 30,
2023, is examined through stable sulfur isotope analysis of PM; sulfate and
SO; gas emissions and seasonal sulfur concentration changes. Additionally,
the apportionment of predominant sulfur pollution sources is presented, and
prevailing SO, oxidation pathways are calculated by comparing §**S values of
SO, gases and PM; sulfate. This work was published in Budinskas et al.
(2024a).

3.1. Results from the entire sampling period

Seasonal variation of weekly average SO, and sulfate ion concentrations is
shown in Fig. 3.1(a) covering the entire sampling period of 2020 — 2023. In
Fig. 3.1(a) sulfur oxidation ratio is also displayed, which indicates the
oxidation rate of SO, (Chapter 2.7). Weekly averages of wind speed (WS) are
shown in Fig. 3.1(b), mixed layer depth (MLD) in Fig. 3.1(c) and relative
humidity in Fig. 3.1(d). Table 3.1 presents the calculated correlation
coefficients between meteorological parameters and sulfur compound
concentrations, as well as SOR.
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Fig. 3.1. Measured concentrations and weekly averages of monitoring data of
the period from 11 November 2020 to 30 June 2023: a) SO, and SO.*
concentrations and sulfur oxidation ratio; b) wind speed; ¢) mixed layer depth;
d) relative humidity. A break is applied on the Y-axis in (a) to highlight the
seasonal variations of SO, and SO,* concentrations.

Table 3.1. Correlation coefficients of SO,, SO4* concentrations and SOR with
meteorological parameters: of temperature, wind speed, mixed layer depth,
and relative humidity. The p-values were lower than 0.05 in all cases.

SOz, pg/m? S04, pg/m? SOR
T, °C r=-0.29 r=-0.46 r=-0.11
WS, km/h r=0.07 r=0.22 r=0.09
MLD, m r=-0.22 r=-0.52 r=-0.17
RH, % r=0.23 r=0.45 r=0.25
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During the whole measurement period, SO, concentrations varied in a
range from 0.49 to 7.27 pg/m? with an average value of 1.16 + 0.85 pg/m?.
Concurrently, SO4* concentrations varied from 0.11 to 2.39 pg/m?, averaging
1.19 + 0.52 pg/m3. Weak correlation between SO, and SO.% (r = 0.25, p <
0.05), reflects that SO4% concentration variation cannot be solely explained by
changes in SO; levels. This indicates differing atmospheric sources for SO»
and sulfate, highlighting the need for stable isotope analysis to distinguish
between these sources.

The SO4> concentrations displayed moderate correlation with temperature
(Table 3.1, r =-0.46, p < 0.05) during the entire sampling duration indicating
possible chemical reaction rate dependence on temperature or emission
variations of dominant sources. During the entire sampling period, wind
speeds ranged from 7.5 km/h to 24.8 km/h, averaging 14.0 km/h. Wind speeds
were generally higher in the winter months, averaging 16.6 km/h, and lower
in summer, averaging 11.1 km/h. Changes in wind speed can result in either
the accumulation or dilution of pollutant concentrations. Low wind speeds
create stagnant atmospheric conditions, which lead to the accumulation of
pollutants and higher concentrations, while higher wind speeds promote
dispersion and dilution, reducing pollutant levels. However, changes in wind
speed did not lead to corresponding changes in SO, or SO4* concentrations
during this experiment (Table 3.1). Equivalently, decreased mixed layer depth
can lead to an increase of gaseous and particulate matter pollutant
concentrations, especially in urban environments (Chou et al., 2007; Salvador
et al., 2020). During this study, MLD varied from 167.2 m to a recorded
maximum of 1015.2 m, with a mean value of 519.5 m. The MLD displayed
low correlation (but statistically significant) with concentrations of SO, (r = -
0.22, p < 0.05), while SO+* concentrations featured a stronger dependence
with MLD (r = -0.52, p < 0.05), indicating a greater influence of MLD on
accumulation of particulate matter. Relative humidity dislayed a moderate
correlation with SO4? concentrations (r = 0.45, p < 0.05), as higher RH values
are expected to promote secondary aerosol formation, enhance the
hygroscopic growth of particles, and increase aqueous-phase reaction rates.

The variation in §S values of SO, and PM; sulfate is shown in Fig. 3.2,
along with daily temperature averages.
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Fig. 3.2. The measured 5*S values of SO, gases (8*Sso2) and PM; sulfate
(5%Spma) recorded throughout the sampling period from November 11, 2020
to June 30, 2023. Daily average temperature is represented as a blue
continuous line. The data is presented across different calendar seasons, with
blue section representing winter, green for spring, yellow for summer, and
brown for autumn. In total, 91 PM; and 47 SO, weekly samples were analyzed
and included in this graph.

The &*S values of SO, varied in a wide range from -4.85 %o to 9.41 %o, with
an average of 4.38 + 3.12 %o. At the same time, 5**S values of PM; sulfate
ranged from -4.79 %o to 9.63 %o, with an average of 3.88 + 2.62 %o.. Measured
extremum &*S values of SO, and sulfate are very close and fall within the
range of typical measurement precision of %S measurements (<0.10 %o),
suggesting that these maximum values reflect the influence of different
dominant sulfur pollution sources during winter and summer. Although the
5*S value ranges were similar for both SO, and sulfate, the average 3*Spm1
value was 0.50 %o lower than that of **Sso, (with the median §**Spwm1 lower
by 0.90 %o) throughout the whole measurement period, indicative of different
source contributions and/or sulfate production fractionation effects. In
addition, the %S values between SO, and PM; SO,* demonstrate a significant
positive correlation (r = 0.77, p < 0.05), reaffirming that SO, emissions and
subsequent sulfate formation are interrelated.

To determine the influence of meteorological conditions on the measured
5*S values of SO, and sulfate, the relationships between S values and
corresponding concentrations, wind speed, mixed layer depth, and relative
humidity were analyzed and correlation coefficients are given in Table 3.2.
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Table 3.2. Correlation coefficients of §%S values of SO, and sulfate with their
respective concentrations, SOR and meteorological parameters: temperature
(T), wind speed (WS), mixed layer depth (MLD), and relative humidity (RH).
The p-values were lower than 0.05 for all cases.

5343302, %o 534SP|\/|1, %o
SO, pg/m® r=-0.26 r=-0.32
SO/%, pg/m® r=-0.41 r=-0.30
SOR r=0.06 r=0.08
T, °C r=0.57 r=0.51
WS, km/h r=-0.21 r=-0.36
MLD, m r=0.26 r=0.26
RH, % r=-0.21 r=-0.41

The low 5%*S value correlations (but statistically significant) observed with
many meteorological parameters (Table 3.2) suggest a complex nature of
atmospheric sulfur compounds, displaying a moderately high positive
correlation only with temperature. The concentrations of SO, and SO4%, along
with SOR, showed negligible to low correlations, suggesting that local
pollution sources had a lesser impact on the measured %S values, which were
likely more influenced by remote pollution sources from neighboring
countries. Other meteorological parameters, such as wind speed and mixed
layer depth, exhibited low correlation coefficients with 5%S values. However,
relative humidity had stronger effect on 3%Spm: values, highlighting the
importance of aqueous-phase sulfate production in aerosols. Considering, the
5*S value dependence on temperature, an increased correlation (r = 0.68, p <
0.05) is observed when two distinct periods are excluded. In Fig. 3.3 §%*Spm1
value relationship with ambient temperatures is presented, highlighting two
periods with contrasting trends. Green triangle data points indicate the trend
observed during the 2020 — 2021 period, where 5*Spm: Values exhibit an
opposite pattern, becoming more positive with decreasing temperatures.
Additionally, another period, during the years 2022 — 2023, is notable, due to
very negative 3**Spmi values of PM; sulfate observed. Aforementioned
periods will be analyzed in greater detail in the Chapters 3.5 — 3.6.
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r =0.68, p < 0.05 (excluding 2020-2021, 2022-2023 HFO periods)
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Fig. 3.3. The variation of 3**Spwm1 Values with temperature presented for three
distinct periods: 2020 — 2021 (indicated by green triangles, discussed in
Chapter 3.5), 2022 — 2023 (indicated by black dots), and the remainder of the
sampling campaign (indicated by gray squares, discussed in Chapter 3.6).

Overall, temperature may influence %S values indirectly or directly. An
indirect effect of temperature variation is the seasonal shift in contributions
from sulfur pollution sources, such as increased emissions from biomass
combustion during colder periods (heating season), driven by its use as a fuel
for domestic heating. Source contributions will be later discussed in Chapter
3.4. Seasonal changes in SO, oxidation pathways can also play a significant
role, particularly through homogeneous SO- oxidation by OH radicals, which
strongly depends on atmospheric OH concentrations. The OH production
decreases significantly during the winter season due to reduced photochemical
reactions, particularly in the Northern Hemisphere (Harris et al., 2013a). A
direct effect is the temperature-dependent fractionation of different SO,
oxidation pathways, which can be significant in some cases (Harris et al.,
2012b; Novék et al., 2001).
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3.2. The influence of long-range pollutant transport

Since 1980s, SO, concentrations in Lithuania have been steadily declining,
and by the year 2008, ambient atmospheric PM SO, concentrations surpassed
SO, emission levels, indicating a growing influence of remote sulfur pollution
sources (Davuliene et al., 2021). Therefore, it is essential to assess the impact
of long-range transport of sulfur pollutants, primarily present as sulfate
aerosol, which may affect air quality in Vilnius.

The impact of long-range air mass transport on fluctuations in SO, and
SO4% concentrations is given in Fig. 3.4(a,b). Samples collected during the
heavy fuel oil usage period were excluded from the air mass analysis due to
plausible increased emissions from local sources, which could skew the results
related to prevailing air mass trajectories. However, HFO usage period will be
analyzed thoroughly in Chapter 3.6. Over the duration of this study, SO-
concentrations across the different air mass directions remained relatively
stable, ranging from 0.87 + 0.07 pg/m? to 1.08 + 0.42 pg/m?® (Fig. 3.4(a)).
While the overall variation in SO, concentrations across different air mass
directions was minimal, distinct trends were observed in the northeastern,
southeastern, and northwestern directions with higher spread of recorded
concentrations. Additionally, air masses coming from the east consistently
showed lower SO, concentrations throughout the measurement period.
Notably, no significant increase of SO, concentrations is observed from
northwestern direction, where Lithuania’s primary sulfur pollution sources are
located, including a fertilizer production facility in Kédainiai (located ~100
km away) and crude oil refinery Mazeikiai (~270 km away) (European
Environment Agency, 2023). Additionally, air masses from the northwest
accounted only for approximately 12 % of the total air masses reaching
Vilnius during the entire sampling campaign. Furthermore, considering the
short atmospheric lifetime of SO, gases (approximately 12 hours) (Lee et al.,
2011), it is reasonable to conclude that emissions from the northwest had
minimal impact, and the SO, samples collected in Vilnius primarily
represented the emissions of local sources.

Concurrently, SO4> concentrations fluctuated in a wider range, between
0.86 + 0.32 pg/m? and 1.53 + 0.63 pug/m?, with peak concentrations noted in
southwestern direction (Fig. 3.4(b)). Air masses originating from the
southwest often traverse more polluted areas in Central and Eastern Europe,
including southern Poland, where coal is commonly used for domestic heating
and energy production (Bertelsen and Mathiesen, 2020; Iglinski et al., 2015).
Similarly to SO, concentrations, no increase in SO4> concentrations was
observed from the northwestern direction, suggesting that sulfur emissions,
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whether in gaseous or particulate form, from these industrial sources have a
minor impact on air quality in Vilnius.
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Fig. 3.4. Distribution of: SO, (a) and SO.* (b) concentrations across different
air mass origins, along with corresponding distributions of §%*Sso, (c) and
5%*Spm1 (d) values. The northeastern and southern directions contained fewer
than three data points per boxplot and were therefore excluded from the figure.

Direction-averaged 3*Sso, values fluctuated within a range from 3.5 +
1.2 %o to 6.1 £ 1.7 %o (Fig. 3.4(c)). Overall, §**Sso, did not demonstrate a clear
correlation with the direction of air masses. This observation aligns with the
notion that collected SO, sampled are more representative of emissions from
local pollution sources, given the rapid oxidation of SO in the atmosphere. In
contrast, Fig. 3.4(d) presents an increased variability of 6**Spm: values across
different air mass origins, with direction-averaged 5**Spwm1 Vvalues ranging
from 3.0 + 2.2 %o to 5.4 = 1.0 %o. The most pronounced trends were found in
the southern and southwestern directions, with the lowest average 6**Spm1
values recorded at 3.4 + 1.1 %o and 3.0 £ 2.2 %o, respectively. The
southwestern direction showed the lowest 5**Spmi values during this study,
which may indicate the influence of air masses coming from polluted regions
in southern Poland. Consequently, excluding the periods when heavy fuel oil
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is used, the measured *Sso, values are likely indicative of local pollution
sources of gaseous SO,, whereas 5**Spw1 Values are more closely associated
with long-range transport of particulate sulfate.

3.3. Seasonality of concentrations and isotopic compositions

Seasonal SO, and SO.* concentrations variation with respective §*Sso, and
5%*Spm1 values is represented in Fig. 3.5. The sampling period was divided into
four segments, each corresponding to the full calendar seasons of spring,
summer, autumn, and winter. The first segment in Fig. 3.5(a), spans the years
2020 — 2021 but includes only autumn and winter seasons. During this period,
the second national lockdown in Lithuania was decreed from November 7,
2020. The subsequent period, covering the years 2021 — 2022 (Fig. 3.5(b)),
saw a gradual easing of the lockdown restrictions, which were fully lifted by
July 1, 2021. Next, is the period of the years 2022 — 2023 (Fig. 3.5(c)), which
is notable for the use of heavy fuel oil in Vilnius TPS during the heating
season. The HFO was used from November 9, 2022 to March 31, 2023. Thus,
the final segment during the year 2023 in Fig. 3.5(d) represents the conclusion
of HFO usage at Vilnius TPS.

During the entire sampling period, notable trends were observed, with both
SO, and SO4* concentrations exhibiting low-amplitude seasonal variations,
with lower concentrations more frequently observed during the summer
months (June, July, August), averaging 0.83 + 0.33 pg/m?for SO, and 0.89 +
0.33 pg/m?® for SO4*. In comparison, during the winter months (December,
January, February) concentrations are usually higher, with an average of 1.35
+ 0.80 pg/m? for SOz and 1.50 * 0.65 pg/mé for SO4>. Seasonal fluctuations
in sulfur pollutant concentrations may have been driven by shifts in the
relative contributions of pollution sources as well as changes in
meteorological conditions as discussed in a study by Davuliene et al. (2021).
The following paragraphs will discuss concentration variations of sulfur
compounds observed during different periods.

Throughout the 2020 — 2021 period (Fig. 3.5(a)), SO, concentrations
remained consistent between autumn and winter, averaging 1.03 pg/m? for
both seasons. In contrast, SOs* concentrations were markedly higher,
averaging 1.31 pg/m? in the autumn and rising to a high value of 1.68 pug/m?®
during the winter.

During subsequent period of 2021 — 2022 (Fig. 3.5(b)), SO concentrations
were measured at 0.72 pg/m? in spring, 0.73 pg/m?3 in summer, 0.96 pg/m3 in
autumn, and 1.30 pg/m® in winter. During the same timeframe, SO4*
concentrations were generally higher than SO, concentrations, averaging
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0.96 pg/m? in spring, 0.85 pug/m? in summer, 1.40 pg/m? in autumn. Although,
during the winter, SO4> concentrations were consistently lower, with an
average of 1.16 pug/m?. With the exception of the aforementioned season, both
2020 — 2021 and 2021 — 2022 periods exhibited a general trend of PM; SO4*
pollution levels generally exceeding SO, emission levels, suggesting that the
SO, emissions from local sulfur pollution sources were low in comparison.
Previous research by Davuliene et al. (2021) showed that particulate sulfur
concentrations in Lithuania exceed those of SO, gases, which is attributed to
a relative increase in the influence of long-range PM; sulfate transport from
neighboring countries, due to diminished emissions of SO, gases from local
sources.

During the 2022 — 2023 period (Fig. 3.5(¢)), the trend reversed, with SO
concentrations increasing significantly in autumn (average of 1.80 pg/m?®) and
winter (average of 2.06 pg/m?®) seasons, thus generally surpassing SO4*
concentrations, which equaled to 1.18 pg/m® in autumn and 1.59 pg/m? in
winter. Although SO.* concentrations were lower than SO levels, they
demonstrated a 37 % increase in winter when compared to the previous winter
of 2021 — 2022. The rise in sulfur pollution levels was likely driven by the
increase in SO, emissions resulting from the use of HFO at Vilnius thermal
power station.
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Fig. 3.5. Seasonal variation of SO,, SO4* concentrations and §**Ssoz, §**Spm1
values during periods: a) 2020 — 2021; b) 2021 — 2022; ¢) 2022 — 2023 and d)
2023.
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The isotopic compositions of SO, and PM; sulfate also displayed
pronounced seasonal patterns (Fig. 3.5), with moderate positive correlations
with ambient temperature (Table 3.2: r = 0.57 for SO,, r = 0.51 for SO.%).
Notably, the §S values of SO, changed with different seasons, confirming
that source contributions change throughout the year. However, 5*S values of
sulfate can further be affected by partitioning SO, oxidation pathways (Harris
et al., 2013a; Mukai et al., 2001; Novék et al., 2001), temperature-dependent
fractionation factors (Caron et al., 1986; Harris et al., 2013a), and by pollutant
transport from remote sources (as discussed in Chapter 3.2). In current study,
the observed seasonal variations of &%S values are in opposition to other
regions, including East Asia (Han et al., 2016; Kawamura et al., 2001; Lin et
al., 2022; Mukai et al., 2001), North America (Nriagu and Coker, 1978;
Saltzman et al., 1983) and Europe (Mayer et al., 1995), where an inverse
relationship is generally recorded, with high §**S values recorded during the
winter and low values during the summer. In the current study, sulfur
compounds were more isotopically enriched during the summer months
(8%*Ssoz = 6.5 + 1.7 %o; 8**Spm1 = 6.5 £ 1.5 %o), Whereas isotopically lighter
fractions were found during the winter months (8*Ssoz = 3.1 + 3.4 %o; 6**Spm1
= 2.3 + 2.7 %o). During winter, considerably greater variability in 534S was
observed that could be indicative on complex interplay between multiple
pollution sources of local and remote origins. In contrast, during summer, a
reduced variability was observed, which could suggest an influence of a
predominant, stable emission source(s). Based on current literature, similar
seasonal patterns (low &**S in winter, high S in summer) were previously
reported only in Czechia (Novéak et al., 2001). Recorded seasonal patterns
allude to the complex dynamics of atmospheric sulfur compounds in the urban
environment of Vilnius, influenced by isotope fractionation during SO;
oxidation and the presence of region-specific sulfur pollution sources, with
varying relative contributions throughout the year. In the following
paragraphs, 8**S value variations during separate periods will be discussed.

The isotopic compositions of PM; sulfate during the autumn and winter of
2020 — 2021 (Fig. 3.5(a)) displayed relatively high 5*Sew: values compared
to all other periods, averaging 5.7 %o in autumn and 4.7 %o in winter. In the
subsequent period of 2021 — 2022 (Fig. 3.5(b)), *Sem1 values featured
moderate fluctuations, with an average of 4.5 %o in spring, the highest average
of 5.4 %o in summer, autumn averaging 3.3 %o, and winter possessing the
isotopically lightest sulfur with an average of 2.1 %o. Furthermore, during the
winter of 2021 — 2022, §**Sso, values averaged 5.5 %o, indicating differing
source contributions for SO, and PM; sulfate, or the influence of significant
isotopic effects during sulfate production.
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During the 2022 — 2023 period, 5**Spm1 values averaged 3.9 %o and 5**Sso2
averaged 3.8 %o in spring, while in autumn, 5%Spw; values averaged 3.1 %o
and 5**Sso, values averaged 5.1 %o. The 2022 — 2023 period featured increased
variability of 5*Spwm1 values, with high isotopic composition values averaging
7.2 %o during the summer, contrasted by notable negative values averaging -
0.8 %o in the winter. Similarly, the isotopic compositions of SO, reflected
similar trends, with high §**Sso, values in summer, averaging 7.0 %o, and low
average 5**Sso, values of 0.3 %o in winter. The average winter §3*Spm: values
are 2.9 %o lower compared to the period of 2021 — 2022, whereas *Sso.
values are even lower, by 5.2 %o compared to the previous period. The
significantly negative average isotopic composition values for SO and sulfate
—reaching as low as -4.85 %o for §**Ssoz and -4.79 %o for §**Spmy for the period
from January 20, 2023 to February 6, 2023 — indicates the impact of a
prominent new sulfur pollution source. The recorded low values fall outside
the interval of the predominant source %S values in Lithuania: biomass
burning and coal combustion. The shift to negative values suggests that the
new source is likely significantly depleted in the heavy S isotope. Based on
established %S values of various natural and anthropogenic sources (Fig.
1.4), only anthropogenic SO, emissions from crude oil combustion are likely
contributors, as biogenic sources are inhibited during winter. Specifically,
heavy fuel oil could have been used, that was sourced from Saudi Arabia
(8**Sso2 ranging from -8.8 to -0.7 %o) or the United Arab Emirates (5**Ssoz
ranging from -10.3 to -4.3 %o). The low §**Sso, and 6**Spm1 values measured
during the winter of 2022 — 2023 (Fig. 3.5(c)), together with the significant
increase in SOz and SO4* concentrations, point to an increased influence of
local emissions, with heavy fuel oil emissions likely outweighing the
influence of long-range transport of coal combustion emissions.

3.4. Apportionment of sulfur sources

To evaluate the influence of changing sulfur pollution sources, relative
contributions to both SO, and PM; sulfate were quantitavely calculated using
Bayesian statistical model FRUITS as described in Chapter 1.7.1. Seasonal
contributions of the entire sampling period are presented in Fig. 3.6.
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Fig. 3.6. Seasonal variation of SO, and PM; SO,* pollution source
contributions during: a) 2020 — 2021; b) 2021 — 2022; c) 2022 — 2023 and d)
2023. Green columns denote biomass burning contribution, black columns
represent the combined contributions of coal combustion of Polish origin (PL)
and crude oil emissions of Russian origin (RU), and gray columns symbolize
the contributions of heavy fuel oil emissions of Saudi Arabian (SA) or/and
United Arabian (UAE) origin.

Source contributions to both gaseous SO, and particulate sulfate exhibited
similar seasonal trends, with biomass burning emissions contributing less
during winter (averaging 28 * 14 %) and coal combustion products
contributing more (averaging 61 + 20 %). During the heating season, both
biomass burning emissions from domestic heating and power generation
emissions rise due to increased demand for heating and electricity. This leads
to higher SO- releases in winter compared to summer, which are evidenced by
the higher atmospheric sulfur compounds concentrations commonly observed
during the winter months (Fig. 3.5). However, during the winter in Vilnius,
long-range transport of coal combustion emissions generally outweigh
emissions from local biomass burning sources and, contributed with oil (RU)
emissions an average of 61 = 20 %. This is largely due to substantial sulfur
emissions from coal used in energy production and residential heating in
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neighboring countries like Poland, which emitted approximately 35 times
more SO, than Lithuania in 2021 (European Environment Agency, 2023).
During the summer months, when total emissions of sulfur compounds
decrease, emissions from biomass combustion become the predominant
fraction, averaging 63 + 16 %, while emissions from coal + oil combustion
contribute a decreased fraction of 37 + 16 %. While emissions from residential
heating decrease in summer, other sources like agricultural burning and
wildfires become more prominent (Rickly et al., 2022), which is the likely due
to relative increase in contributions from biomass burning emissions. In
Lithuania, SO, emissions from the energy production are largely attributed to
the use of biomass fuels (Ren et al., 2021). The Vilnius TPS continues to
utilize biomass even during the summer months, thereby maintaining a stable
biomass burning emission background year-round (Vilniaus $ilumos tinklai,
2021; Vilniaus Silumos tinklai, 2022). Throughout the sampling period,
contributions from biomass burning emissions were generally higher in the
gaseous SO, fraction, averaging 11% more than in the particulate SO4*,
indicating the influence of local pollution sources.

During the winter of 2020 — 2021 period (Fig. 3.6(a)) coal combustion
products contributed an average of 60 = 8 % to PM; sulfate, while biomass
burning emissions accounted for 40 £ 8 %, marking the largest biomass
burning emission contribution observed throughout the winter periods of the
entire sampling campaign. The biomass burning emission contribution was
twice as high as those recorded in 2021 — 2022 (Fig. 3.6(b)) and 2022 — 2023
(Fig. 3.6(c)). This period, will be analyzed in more detail in the following
Chapter 3.5, with additional measurements of §*C and *C of carbonaceous
aerosol.

During the period of 2021 — 2022 (Fig. 3.6(b)), coal combustion + oil
emission input to particulate sulfate was notably large during the winter,
averaging 79 £ 15 %, while only contributing 46 + 8 % in the SO, fraction.
This period was notable for the high frequency (26 %) of air masses
originating from the southwest, in addition to the lowest §3*Spm; values (-0.4
%o and -2.0 %o, Fig. 3.4) measured during this period. Thus, during the winter
period of 2021 — 2022, local pollution sources had a greater influence on the
gaseous SO; fraction, while the PM; sulfate fraction was influenced more by
air mass transport from remote pollution sources.

In the subsequent period of 2022 — 2023 (Fig. 3.6(c)), biomass burning
emissions in summer contributed on average 4 % less to the SO, fraction
(averaging 66 + 16 %) compared to sulfate (averaging 70 £ 18 %), suggesting
an increase in the influence of long-range pollutant transport. This period is
notable due to the exceptionally severe wildfire season in Europe during the
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summer of 2022, which saw a total of approximately 130,000 hectares burned
in the European Union in July alone (San-Miguel-Ayanz et al., 2023).
Additionally, extensive fires in agricultural areas of Ukraine were also
widespread during this period. Until the year 2022, biomass burning and coal
combustion + crude oil emissions were the predominant contributors to sulfur
pollution in Vilnius during the winter months, accounting for 30 + 16 % and
70 £ 16 %, respectively. However, from November 9, 2022 heavy fuel oil was
introduced to local Vilnius thermal power station as a substitute for reduced
fuel supplies of natural gas. During the winter of 2022 — 2023, HFO emissions
significantly affected the urban air quality in Vilnius, and constituted 40 + 17
% to SO, fraction and 40 + 13 % to PM; sulfate. As a result, relative
contributions of coal + oil emission sources reduced to 34 £ 6 % of SO,
emissions and 36 + 8 % of particulate sulfate, owing to increased local sulfur
emissions from HFO. It is evident that local emissions were the dominant
contributors to both gaseous and particulate sulfur pollution in Vilnius during
this period. Consequently, this anomalous phase will be analyzed separately
in Chapter 3.6.

Lastly, during the period 2023 (Fig. 3.6(d)), HFO combustion remained a
major source of sulfur pollution, contributing approximately half of the total
SO, and PM; sulfate observed in March. However, with the conclusion of the
heating season in Vilnius, HFO use ceased on March 31, 2023.

Overall, the urban environment of Vilnius exhibits a notably high
proportion of sulfur compounds originating from biomass burning compared
to other studies. In more polluted areas, biomass burning contributions are
largely outweighed by fossil fuel emissions, such as those from coal and oil
combustion, for instance, even during summertime, fossil fuel sources
contribute for over 90 % of PMyg in Delhi, India and more than 65 % of total
suspended particles in Beijing, China throughout the year (Dasari and Widory,
2024; Han et al., 2016). In aforementioned regions, relative biomass burning
contributions to both SO, and PM show a decreasing trend (Dasari and
Widory, 2024; Ren et al., 2021). In contrast, biomass burning contributions in
Europe have been rising, accounting for a larger 9.9 % fraction (less than 1 %
in China; 2.7 % in India) of all SO, sources (Ren et al., 2021). In neighbouring
Poland, sulfur emissions from traffic and domestic heating contributed from
approximately 60 % (heating season) and 80 % (other periods) to sulfate in
precipitation, however biomass burning contributions were not evaluated
separately (Goérka et al., 2017).

79



3.5. Impacts of quarantine conditions on PM; emissions

The period of 2020 — 2021, is notable due to unique conditions present in
Lithuania at that time. This chapter provides in-depth dual-carbon (**C and
14C) and sulfur isotopic analysis (**S) of PM; samples collected from January
11, 2020 to March 16, 2021, during the second coronavirus (COVID-19)
quarantine, revealing its impact and providing insights into observed urban
pollution shifts.

During the 2020 — 2021 period, total carbon (TC) and SO4* concentrations
were measured and are given in Fig. 3.7, together with temperature and wind
speed averages of each sample. TC concentrations varied in a large interval of
2.4 pg/m® — 12.4 pug/md, with a mean of 5.7 + 3.0 ug/m®. A study from the
years 2014 — 2015 in Vilnius, reported slightly lower TC concentrations,
averaging 4.5 ug/m?® (Garbariené et al., 2016). Similarly, Rodriguez-Urrego
and Rodriguez-Urrego, (2020) reported PM.s concentration levels changed
insignificantly before and during quarantine in Vilnius. Additionally, an
inverse relationship was recorded between TC concentrations and ambient
temperature (r = -0.60, p < 0.05). Increased electricity demand and heightened
domestic heating emissions may have offset the impact of reduced transport
and movement during the pandemic.
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Fig. 3.7. Total carbon (gray filled area) and SO4* (red area) concentrations in
PM; particles collected between November 11, 2020 and March 16, 2021.
Average temperatures (blue line) and wind speeds (green line) are also
represented.
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Concurrently, SO4* concentrations ranged in an interval of 0.1 pg/m®- 3.4
ug/m?® (Fig. 3.7) with a mean value of 1.5 + 0.9 ug/m®. The low correlation
between SO.% levels and temperature (r = -0.12, p < 0.05) indicates a minimal
contribution from local sources like domestic heating to the PM; sulfate.
However, a higher correlation between total carbon and SO4* concentrations
was observed (r = 0.66, p < 0.05), indicating that both carbonaceous and
sulfate fractions are likely linked to shared anthropogenic sources.
Throughout the study period, TC concentrations remained relatively stable
across different air mass origins (Fig. S2(a)), indicating a stronger influence
from local pollution sources rather than long-range transport. By contrast,
sulfate ion concentrations varied significantly in reference to air mass origins
(Fig. S2(b)), with the highest levels occurring when air masses originated from
the southwest, particularly from southern Poland, an area with numerous coal-
fired power plants and wide use of coal for residential heating (Bertelsen and
Mathiesen, 2020). Additionally, the period from January 15 to January 18 is
notable, due to increased concentrations of both TC and SO.*, despite air
masses originating primarily from north, which are considered less polluted
than western or southwestern directions (Davuliene et al., 2021). This period
was notable for the lowest recorded mean temperature of -17.2 °C during the
entire study, combined with low wind speeds (2.6 m/s) and a low mixed layer
depth (352 m). Thus, it is likely that the increase in emissions from domestic
heating during the period of extremely low temperatures, combined with
stagnant atmospheric conditions, contributed to the accumulation of PM;
components, resulting in elevated concentrations of both TC and SO4?.

Strong correlation found between TC and SO+ in concentrations, warrants
a combined 8*C and &*S analysis of these fractions. During the 2020 — 2021
period, total carbon isotopic composition values of carbonaceous aerosol fell
within a relatively narrow range of one per mill, and varied from -26.7 %o to -
25.7 %o, averaging -26.2 = 0.2 %o. The 3'3C values displayed weak correlation
with TC concentrations (r = 0.34, p < 0.05). At the same time, 5**S values of
PM; sulfate ranged from 3.4 %o to 6.1 %o, with a mean value of 4.8 = 0.8 %eo.
The 8*S values exhibited negligible correlation with SO.* concentration
levels (r = 0.13, p < 0.05). The weak correlations between isotopic
compositions and concentrations suggests that multiple sources with distinct
isotopic signatures are contributing, leading to a more complex influence on
the composition and concentration of particulate matter. Sulfur pollution
sources vary significantly in the sulfur content (Chapter 1.7.2), thus an
increased influence from low-sulfur sources (like biomass burning) may not
necessarily raise SO4* levels but can cause a shift in measured §*S values.
For instance, higher biomass inputs would result in more positive 5**S values.

81



In Fig. 3.8 variance of total carbon 8**C values, sulfate 5*S values and the
fractions of non-fossil (or contemporary) carbon (fi) are presented in
accordance to air mass origins.
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Fig. 3.8. PM; TC &%C (a), sulfate §**S (b) value and TC f.¢ dependence on
modeled backward air mass trajectories.

As shown in the figure, there is no clear relationship between §'3C values and
air mass origins, consistent with the TC concentrations reported in Fig. S2(a).
This suggests that local pollution sources were the primary contributors to
carbonaceous aerosols. Although, the lowest measure 5'C value (-26.72 %o)
occurred in the eastern air direction (moderately polluted regions), where
biomass fuels are often used for domestic heating activities in Belarus and
Russia (Huang et al., 2020; Popovicheva et al., 2022; Qi and Wang, 2019). On
the contrary, §*S values possessed stronger dependence on air mass origins,
with lower values for westerly (4.1 = 0.7 %o) and northwesterly (4.2 %o) air
masses, likely reflecting coal combustion or crude oil emissions from these
regions. By comparison, northern (5 + 0.9 %), southern (5.1 %), and
southwestern directions (5.2 + 0.6 %o) displayed relatively higher values,
although only one data point was available for the southern direction. Similar
dependence is observed for fur, with lower values for PM; originating from
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westerly (0.70 + 0.03) and northwesterly (0.69) air masses compared to other
directions (fns (N+E+S+SW) = 0.78 + 0.02).

Next, by applying radiocarbon measurements of TC in aerosols, we can
unambiguously determine the contributions of fossil and non-fossil sources,
during this period (Fig. 3.9).
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Fig. 3.9. Fossil and non-fossil source contributions to the carbonaceous
aerosol throughout 2020 — 2021 period. This period is compared to the years
of 2014 — 2015 (Garbariené et al., 2016). Additionally, measured 5*3C values
are reported for individual sampling periods, denoted as square data points.

During the 2020 — 2021 period, non-fossil sources were the dominant
contributors of carbonaceous PMs, likely due to local domestic heating
emissions, specifically biomass fuels, such as firewood, wood pellets and
briquettes (Lithuania’s National Inventory Report, 2021). Contemporary
emission contributions varied from 64 % to 85 % (average 77 = 6 %), while
fossil fuels contributed from 15 % to 36 % (mean 23 = 6 %). During 2020 —
2021 period, fossil fuel contribution was noticeably lower than reported
previously, when compared to the years of 2014 — 2015 from a study by
Garbariené et al. 2016), where fossil fuel contributions averaged 30 %. This
reduction likely reflects decreased traffic-related emissions during COVID-19
lockdowns, while biomass burning emissions increased as more individuals
were quarantined in their private dwellings. The §'C values in current study
(-26.2 £ 0.2 %o) were more positive than those reported during 2014 — 2015 (-
26.7 + 0.4 %o), reaffirming that traffic-related emissions decreased during the
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quarantine, with 8*C values of particulate matter in Lithuania typically
ranging from -29 %o t0 -28 %o (Chapter 1.7.3.).

In contrast, particulate matter sulfate sources showed a dominant coal
combustion emissions contributing on average 60 = 10 % and ranging from
40 % to 80 % throughout the 2020 — 2021 period (Fig. 3.10).
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Fig. 3.10. Coal and biomass contributions to total PM; sulfate fraction during
the 2020 — 2021 period.

Biomass burning emission contribution in the sulfate fraction was much
reduced in comparison, ranging from 20 % to 60 %, with a mean value of 40
+ 10 %. However, biomass burning emission contributions were significantly
greater during this period compared to the subsequent periods of 2021 — 2022
and 2022 — 2023, during which biomass burning emissions contributed 21 %
in each period (Fig. 3.6). Additionally, higher coal fractions (70 + 10%) were
observed in reference to western and northwestern air masses, while other
directions (N + S + SW) averaged 60 + 10%. The lowest coal fraction of 40
% occurred on a previously discussed period from January 15 to January 18,
2021, with air masses coming from the northern regions. Overall, the periods
characterized by low temperatures combined with unfavorable conditions for
atmospheric mixing, can lead to a prevailing influence of local pollution
sources during some periods. This is further evidenced by the §*S value
dependence on temperatures in Fig. 3.11.
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Fig. 3.11. %S value dependence on average temperatures during individual
sampling periods, with their end dates written near the data points. Calculated
biomass burning contributions are denoted as color gradient. A threshold at
2.9 °C is marked by a dashed line, below which, §**S values exhibit strong
inverse linearity with recorded temperatures.

During the 2020 — 2021 period, 5**S values of PM; sulfate displayed a strong
correlation with temperature (r = -0.90, p < 0.05), below a threshold of
approximately 2.9 °C. As temperatures decreased below this point, biomass
burning contribution grew from 20 % to a maximum of 60 %. Although,
temperature-related variations in sulfate 5*S values may be linked to shifting
SO, oxidation pathways or changes in gas-to-particle fractionation
coefficients, the observed 6%S value variation during this period likely reflects
changing contributions from different sulfur pollution sources. Furthermore,
during the periods when air masses originated from less polluted northern and
northwestern sectors, where SO42 concentrations are typically low (Davuliene
etal., 2021), biomass burning fraction can reach up to 60 %, with local sources
predominating over remote ones. Thus, PM; samples collected during 01-18,
02-05, 02-09, and 02-19, could be representative of periods with prevailing
local source emissions. Over the 2.9 °C mark, sulfate §*S values revert back
the “normal” dependence on temperature, observed during other periods in
this study (Fig. 3.3).
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Overall, the period of 2020 — 2021 was significant due to rare events which
affected the pollutant source distributions, notably the quarantine restrictions
in place and, during some intervals, severe atmospheric conditions. However,
the study found that traffic mobility restrictions did not affect winter TC
concentrations in Vilnius, Lithuania, likely due to increased electricity
production emissions and domestic heating activities during the heating
season. Overall, contemporary sources (77 + 6 %) dominated over fossil fuel
emissions (23 = 6 %), with fossil fuel emissions contributin on average 1.3
less than in 2014 — 2015, attributed to confinement conditions. In addition,
during the pandemic restrictions, TC &*C values were somewhat enriched
(-26.2 £ 0.2 %0) compared to previous measurements (-26.7 + 0.4 %o), due to
reduction in transport emissions. Thus, although total carbon concentrations
in PM; did not significantly change during the quarantine conditions, notable
shifts in 8*C values and changes in the pollution sources of carbonaceous
aerosol were observed. At the same time, PM;-related sulfate was primarily
attributed to coal combustion (60 = 10 %) and biomass burning (40 £ 10 %)
sources. During the heating season, as ambient temperatures decreased from
0.2 °C to -17.2 °C, &*S values of sulfate increased, indicating a rising
influence of biomass burning sources, reaching a maximum of 60 %.

3.6. Impacts of heavy fuel oil usage

To assess the impacts of heavy fuel oil usage, a comparative analysis was
performed between two wintertime periods, the conventional heating (CH)
period and the period when heavy fuel oil was utilized. For this purpose, CH
and HFO periods were compared by analysis of their wintertime concentration
levels of water-soluble inorganic ions in PMi. These periods were further
analyzed by combining %S measurements of atmospheric sulfur compounds
with 8C and C measurements of the elemental carbon fraction in
carbonaceous aerosol. A combined multiple isotope approach of sulfur
compounds and EC in PMy, allows for a detailed description of dominant
pollution sources and will help to elucidate changes caused by the use of heavy
fuel oil in Vilnius TPS during this time.

The two heating seasons are defined as follows: the CH period (2021 —
2022) is characterized by biomass and natural gas use in Vilnius TPS, and the
HFO usage period (2022 — 2023), when low sulfur (0.9 %) heavy fuel oil
mostly replaced natural gas in Vilnius TPS. The heavy fuel oil was utilized
from November 9, 2022, until the end of March 2023, exclusively. The
meteorological conditions during both CH and HFO usage periods were
similar. During the CH period, the average temperature was 0.6 + 2.8 °C, with
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a relative humidity of 82 + 14 %, a mixed layer depth of 503 £ 124 m, and an
average wind speed of 16.1 + 4.4 km/h. The air masses from northwestern,
western and southwestern directions were prevalent during the CH period. In
comparison, during the HFO period, the average temperature was equal to -
0.3 £ 3.4 °C, with a relative humidity of 90 + 5 %, a mixed layer depth of 430
+ 118 m, and an average wind speed of 15.4 + 3.5 km/h. The prevailing air
mass directions were of western, southwestern and southeastern origins.

For CH and HFO wusage periods, water-soluble inorganic ion
concentrations of SO4%, NOs, NH4*, Ca?*, Na*, K*, Mg?, and Cl- were
measured in the PM; fraction (Fig. 3.12). The monitoring data of SO,
concentrations are also given. The most abundant ions were SO,%, K* and
NOs, consisting approximately 70 % of all measured WSII during both CH
and HFO periods. During the CH period (Fig. 3.12(a)), total WSII
concentrations ranged from 3.17 ug/m®to 6.42 ug/m?, with a mean value of
5.12 ug/m?®. Average concentrations of SO4* were equal to 1.16 £ 0.31 pg/m®,
K*equal to 1.61 + 0.48 ug/m®and NOs equal to 1.05 = 0.44 pg/m®. Measured
concentrations of potassium were the highest, contributing 27 % to total WSII,
which is indicative of significant influence of biomass burning emissions
(Urban et al., 2012).

During the HFO usage period (Fig. 3.12(b)), total WSII concentrations
varied between 2.79 pg/m®and 7.21 pg/m3, with a mean value of 4.03 pug/m?®,
This period, saw an increase in the SO.> fraction leading to a 37 %
contribution, a 15 % increase compared to the CH period. Concentrations of
SO,* increased by a factor of 1.3, to an average value of 1.53 + 0.38 pg/m?>.
However, the concentrations of potassium (1.04 £ 0.58 ug/m?®) and nitrate ions
(0.47 £ 0.37 ug/m®) decreased. In addition, significant rise in monitored SO,
concentrations was recorded during the HFO usage period, with a mean of
2.54 + 2.13 pg/m®, nearly double the level observed during the CH period
(1.30 £ 0.39 pg/m?®).
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Fig. 3.12. Mass concentration distributions of WSII in PM; during individual
periods, together with relative contributions to total WSII and SO during CH
period (a) and HFO usage period (b).

During the conventional heating period, SO4* concentrations (1.16 pg/m?®)
were comparable to SO; levels (1.3 pg/m?), possibly due to the absence of
significant local sulfur emission sources. During the CH period, a moderate
negative correlation was observed between SO,* and SO (r =-0.55, p < 0.05),
indicating contributions of remote sulfur pollution sources to SO4*
concentrations in Vilnius. Sulfate ion concentrations also displayed a strong
positive correlation with ammonium (r = 0.77, p < 0.05), indicating that
(NH4)2S04 was likely the main species of sulfate in the PM.

The atmospheric balance between ammonium sulfate and ammonium
nitrate depends on the relative concentrations of SO, NOz and NH,*
available at the atmosphere. The higher observed NOs concentrations during
the CH period are not solely linked to increased emission levels but are
influenced by a combination of factors, such as thermodynamic equilibrium
between gaseous and particulate phases, and gaseous precursor concentrations
(SO2, NOx and NHs) (Harrison et al., 2013; Tsimpidi et al., 2007). In the
aqueous phase, atmospheric ammonia neutralizes sulfuric acid, leading to the
production of particulate ammonium sulfate, which is a faster reaction than
the formation of ammonium nitrate. As a result, ammonium nitrate can only
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be produced when there is an excess of ammonium available after
neutralization of sulfuric acid (Pathak et al., 2004; Seinfeld and Pandis, 2016).
The elevated [NH**]/[SO4*] molar ratio (1.6 + 0.5) and NO3/SO,? ratio (0.90
+ 0.78) concentrations, pictured in Fig. 3.13(a,b), imply that decreased SO4*
levels during the CH period lead to higher nitrate formation.
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Fig. 3.13. (a) Molar concentration ratios of [NH4*]/[SO4*] during CH and
HFO period. (b) Concentration ratios of NO3/SO.* during CH (2021 — 2022)
and HFO periods (2022 — 2023).

In comparison, during the HFO period, increased SO.* levels lead to a
decrease in [NH4*]/[SO4*] ratio to 0.98 + 0.52 (Fig. 3.13(a)). Consequently,
the NO3/SO.?% ratio decreases to 0.34 + 0.31, reflecting a reduced formation
of ammonium nitrate. In addition to these results, during the HFO period, a
strong dependence was observed between SO4% and K* ions (Fig. S3(b), r =
0.72, p < 0.05). This indicates that sulfate was mainly present as a particulate
K2S0Os, which is common in environments with elevated biomass burning
emissions (Li et al., 2003; Niemi et al., 2004; Viana et al., 2013). Furthermore,
sulfur-to-potassium ratio (S/K), often used as an indicator of sulfur
accumulation in aerosols of biomass burning origin, was equal to 0.6 (Niemi
et al., 2004). This value is similar to those typically found near biomass
burning sources (around 0.5) and tends to increase (up to 8) with distance from
the source due to aerosol aging (Christensen et al., 1998; Li et al., 2003; Liu
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et al., 2000; Viana et al., 2013). Thus, the S/K ratio indicates that collected
PM; sulfate during the HFO period primarily originated from local sources.

Next, for both the increased HFO usage period and the CH period, we
conducted multiple isotope analyses (**C, *C, and **S), as shown in Fig. 3.14.
The pre-HFO period (Fig. 3.14(b)), for reference, is identified as the time just
before the use of HFO, spanning from October 17, 2022, to the start of HFO
usage on November 9, 2022.

During the CH period (Fig. 3.14(a)), *Sso. values remained relatively
stable, ranging from 4.8 %o to 6.1 %o, averaging 5.4 £ 0.6 %o. These consistent
values suggest that local sources provided a steady background, while remote
sources had a lesser influence during this period. This is evidenced by the
significant biomass contribution of 54 %, as shown in Fig. 3.14. In contrast,
5%*Spw sulfate values were markedly more variable, ranging from -2.0 %o to
4.4 %o, and averaging 2.0 = 2.1 %o, indicating a varying influence of more
remote sulfur sources. This is evidenced by the largest coal combustion
contribution observed during the whole study, when during the winter of 2021
— 2022, it constituted a contribution of 79 %. In, addition, lowest &%*Spm1
values were recorded when air masses originated from the southwest. Overall,
8%Sso2 values were more indicative of the influence of local source emissions,
while 5%Spmy values reflected the dominant contribution from remote sources.

During the CH period, PM; elemental carbon 6*3Cec values varied from -
29.3 %o to -27.4 %o, averaging -28.4 + 0.6 %o. Although the §'*Cec signatures
of regional pollution sources in Lithuania are unknown, a comparative
assessment can be made by referencing known source ranges from the
literature. The measured values align well with biomass burning source, with
81Cec values ranging from -29.9 %o to -25.4 %o (Aguilera and Whigham,
2018; Liu et al., 2014; C. Zhang et al., 2023), and are near of traffic emission
values in TC fraction, varying from -31.6 to -29.9 %o, (Garbaras et al., 2023).
However, measured values fall outside the typical range for coal combustion
emissions in EC fraction, ranging from -24.7 to -23.3 %o (Kawashima and
Haneishi, 2012; Yao et al., 2022; C. Zhang et al., 2023).

Simultaneously, radiocarbon analysis showed, that the non-fossil fuel
(mainly biomass burning) fraction f.s was equal to 15 + 6 %, consistent with
previous studies (Bernardoni et al., 2013; Dusek et al., 2017; Genberg et al.,
2011; Szidat et al., 2004). At the same time, the fossil fuel fraction was the
dominant fraction in EC, ranging from 76 to 91 %, with an average of 85 + 6
%.
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Figure 3.14. The 6*Ssoz, 5**Spm1, 8*3Cec and fr values for the period from
December 10, 2021 to February 18, 2022 (b) considered as a conventional
heating (CH) period. In comparison, measurements from October 17, 2022 to
March 10, 2023 (b) are given with the interval when heavy fuel oil (HFO) was
used marked by gray shading. Measurements taken in 2022, prior to the use
of HFO (before November 9, 2022), are classified as the pre-HFO period.

During the HFO period (Fig. 3.14(b)), significant shifts in both %S values of
SO, and SO.*, and 8'*C of EC were observed. During this period, the stable
SO, concentrations and isotopic composition values from the CH period were
disrupted, particularly with 6%Sso, values showing increased variability. The
isotopic composition values of SO, became more negative, averaging of 0.4 +
3.2 %o, and reaching a minimum §%*Sso, value of -4.9 %o. At the same time,
8%4Spm1 values averaged -0.3 + 2.4 %o, and reached a minimum of -4.8 %o. As
described in Chapter 3.3, these observed low §*S values are indicative of the
influence of a new source, likely from HFO combustion with a Middle Eastern
origin.

As %S values became more negative during the HFO usage period, the
isotopic composition of PM; EC showed an opposite trend, with §*Cec values
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becoming more positive. During pre-HFO period, §**Cec values averaged -
28.8 £ 0.3 %o. After the start of HFO usage, the values increased to an average
of -27.5 £ 0.8 %o, reaching a peak of -25.8 %o, which is close to reported values
of fuel oil (~ -26.0 — -25.5 %o in combustion particles) by Widory (2006).
However, it should be emphasized that the recorded enrichment in *3C could
also be influenced by increased emissions from coal combustion or biomass
burning. Nonetheless, the observed simultaneous trend of more negative
8%*Sso2 and 8**Spmi values, along with the positive shift in 8*3Cec values,
indicates a common source of pollution. This is further supported by a
significant negative correlation between §**Spmi and 8*3Cec (Fig. S4, r = -0.6,
p < 0.05).

The fossil fuel emission ft fraction of EC varied greatly from 64 % to 86 %
during the HFO usage period (Fig. 3.14(b)). However, compared to the CH
period, average fr decreased insignificantly, equaling 75 £ 7%. A comparison
between the CH and HFO usage periods is provided in Fig. S5. The decline in
the fossil fuel fraction could be attributed to elevated biomass burning
emissions.

In summary, the use of HFO in Vilnius TPS had significant impacts on
local pollution levels and the source contributions, as reflected in changes to
5%*S values and concentrations of SO, and PM; sulfate. The usage of HFO led
to almost two-fold increase in ambient SO, concentrations and led to a 30%
rise in PMy sulfate, making SO4> the dominant water-soluble inorganic ion,
accounting for a 37 % of total WSII. During the CH period (2021 — 2022),
when HFO was not used in local TPS, 3*Sso. values remained stable (5.4 +
0.6 %o), reflecting the elevated contribution of local biomass burning
emissions. Concurrently, 5*Spw1 displayed greater variability (2.0 + 2.1 %o),
indicating the prevailing influence of remote pollution sources during this
period. In contrast, during the HFO usage period (2022 — 2023), both §**Sso>
and %Spw1 shifted to more negative values (mean §*Sso, = 0.4 £ 3.2 %o, mean
8%Spm1 = -0.3 + 2.4 %o), highlighting the dominant HFO emission effect on
local emission levels. However, total fossil fuel fraction to EC slightly
decreased during the HFO period (mean 75 + 7%), while 8*Cec values
became more positive, suggesting *C enriched emissions of fossil fuel
sources, possibly from HFO combustion.

3.7. Factors influencing isotopic composition variations

Seasonal variation in 6*Spv1 and 5*Sso. values, in addition to previously
analyzed shifts in source contributions (Chapter 3.4), are also impacted by
changes in SO, oxidation pathways and temperature-driven isotope
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fractionation effects. The synchronous sampling of SO, and SO.* compounds
can provide insights into the factors affecting the isotopic differences between
them (8%Spm1 - 8**Sso2), allowing to isolate the influence of SO, emission
source variation. Here, we will compare isotopic differences during the
periods dominated by fluctuating contributions from local and remote sources,
and the HFO period, when local emission sources were prevalent.

In Fig. 3.15 isotopic differences between §**Spm1 and §**Sso, values are
given, for the periods when both SO, and PM; SO.* samples were collected
in tandem. Negative 8**Spm1 - 6%*Sso, Values were observed during winter
(mean -2.0 = 1.7 %o), spring (mean -0.5 + 1.4 %o) and autumn (mean -1.6
2.3 %o) seasons. However, during the summer, sulfate particles were more
isotopically enriched in 3*S, averaging **Spm1 - 8**Sso2 = 0.4 £ 1.3 %o. Spring
and winter 6*Spw1 - 5%*Ssop differences were similarly small in magnitude,
however the HFO period skewed the results as an obvious shift towards zero
can be seen during this period. If the winter of 2021 — 2022 is analyzed
separately, the largest 5*Spm1 - 5%Sso, differences are observed, averaging -
3.6 £ 1.7 %o. This winter season, detailed in Chapter 3.6 as the conventional
heating (CH) period, revealed that 3*Sso, values primarily reflected the
influence of local biomass burning sources, while the more negative §**Spw1
values indicated the influence of remote sources, mainly coal combustion. In
addition to this, the largest 83*Spm1 - 6%*Sso, differences were marked, when
air masses originated from southern - southwestern directions (average of -5.2
+ 0.9 %o), highlighting the distinct differences in §**S signatures of local SO
and remote sulfate sources.

The observed 3*Spm1 - §%Sso2 Value variations during the conventional
periods (excluding HFO period) contrast with the modeled isotopic
composition seasonality reported by Harris et al. (2013a). In their study, the
seasonal variation of §%Spm1 - §%*Sso difference was modeled solely based on
changing oxidation pathway contributions and the fractionation factor
dependence on temperature and lower 8%Spmi - 8%*Sso, differences were
reported in summer, and higher in winter, displaying good agreement with real
observations made by Novék et al. (2001). However, in the model, SO,
emission fluxes were assumed to be constant. In contrast, real observations
made in the relatively clean environment of Vilnius are heavily influenced by
remote pollution sources (evidenced in Chapters 3.2 and 3.4) and changing
SO, emissions levels (Chapter 3.3), which likely account for the observed
discrepancy when compared to the modeled results. In addition, TMI catalysis
pathway was possibly underestimated in the model (Harris et al., 2013a),
contributing 35 % of annual SO, oxidation.
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Fig. 3.15. The isotopic differences between 6*S values of SO,and PM; sulfate
(8%*Spm1 - 8**Ss02) are presented on the right side for the period from December
10, 2021 up until June 30, 2023, with HFO period marked by dashed lines.
Colored shading separates distinct seasons: blue for winter, green for spring,
yellow for summer, and orange for autumn. On the left, boxplots of 3**Spu1 -
5%*Ss02 for corresponding seasons are given, with HFO period discerned by
black gradient.

However, in contrast to the winter of 2021 — 2022, during the HFO usage
period (Fig. 3.15), 8*Spm1 - 6**Sso difference became far less pronounced,
averaging at -0.7 + 1.7 %o. During the HFO usage period, a significantly
stronger correlation between *Spm1 and 8%*Sso, values was observed (Fig. S6,
r = 0.86, p = 0.05), compared to all other periods (r = 0.47, p < 0.05). High
relative humidity levels observed during this period averaging 90 + 5 % also
could have created favorable conditions for efficient sulfate production.
Furthermore, 5*Spw1 displayed strong correlation with SOR (r = -0.69, p =
0.05), in contrast to the very low dependency observed during all other periods
(r =-0.06, p < 0.05). These relations, point to an increased influence of local
SO pollution sources that directly contribute to the subsequent PM; sulfate
production through gas-to-particle conversion processes in the atmosphere.
Thus, during HFO usage period, measured §**Spmi values are likely to be
representative of local pollution sources and thus are well-constrained.
Furthermore, it is both feasible and appropriate to examine the fractionation
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gffects of SO, oxidation reactions, and to evaluate the contributions of distinct
oxidation pathways, during this period.

Due to aforementioned increased influence of local pollution sources
during the HFO usage period from November 9, 2022, to March 31, 2023,
different SO, oxidation pathway contributions were calculated exclusively for
this timeframe. During this period, the observed §%Spwm1 - §%*Sso. values are
more closely linked to gas-to-particle fractionation effects, rather than
reflecting the differences between remote and local pollution sources.
Considering that, HFO emissions in Vilnius occurred exclusively during the
cold season, the oxidation contribution from OH radicals was expected to be
minimal due to the low concentrations of hydroxyl radicals in winter (Harris
et al., 2013a). The fractional inputs from OH oxidation was evaluated
separately based on data from previous studies (Harris et al., 2013a; Sofen et
al.,, 2011), by taking into account diurnal variations in mean OH
concentrations, daily hours of sunlight, and calculated SOR values for
individual sampling periods (Chapter 2.7). Furthermore, SO oxidation by O3
was not evaluated separately due to its minor annual contributions and its
similar fractionation factor to that of H,O,. Additionally, oxidation by Os is
slow at pH values below 5.5, and the reaction is self-limiting as the production
of sulfate acidifies the aqueous solution (Seinfeld and Pandis, 2016).
Consequently, the contributions of these oxidants are typically treated as a
combined total (Fan et al., 2020; Li et al., 2020). In addition, the contribution
of NO; pathway was also not considered due to negligible regional
concentrations and small fractionation effects at low temperatures (below ~8
°C) (Au Yang et al.,, 2018). Thus, we focused on three main oxidation
pathways relavant to the environment of Vilnius: OH, H,O,, and O in the
presence of TMIs. Relative contributions were calculated using Eq. 2.10 — Eq.
2.13.

During the HFO period, average 5*Semission Value (Eq. 2.10), representing
the isotopic composition of SO; at emission, was equal to 0.2 £ 2.9 %o. The
factor .., (EQ. 2.11) of the overall fractionation of gas-to-particle conversion,
averaged -0.6 + 1.5 %o, indicating changing contributions of several oxidation
pathways. In this period, average ambient temperature varied between -4.5 °C
and 3.7 °C, corresponding to eon factor ranging 10.59 %o to 10.62 % (mean
10.60 = 0.01 %o), er202 varying from 16.20 %o to 16.87 %o (mean 16.59 + 0.24
%o) and etm fluctuating between -4.36 %o and -3.14 %o (mean -3.69 + 0.35 %o).
Thus, fractionation factor dependence on temperature was low during this
period.

The fractionation factors depend on the reaction extent, and were
represented in Fig. 3.16(a) for the average 5**Semission Value, together with
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measured §%Spw; data points. From the figure, it is evident that evaluation of
different SO, oxidation pathway contributions is only reasonable for lower
SOR ranges, where relative differences between fractionation factors is the
greatest. During the HFO period, results fall in this lower SOR value region
and apportionment of oxidation pathways was performed as was described in
Chapter 2.7.
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Fig. 3.16. (a) Relationship between measured 33*Spmi values and sulfur
oxidation ratio (SOR) during HFO period, with the black line representing
fitted 5%*Spm1 Values (r = -0.69, p < 0.05, N = 11). For reference, theoretical
5%*Spm1 value curves were calculated for each SO oxidation pathway, based
on average 5**Semission Value of 0.2 % (marked by a dashed line). The blue line
represents theoretical §**Spmi values for oxidation only by H.O,, the purple
line corresponds to oxidation by OH radicals, and green line reflects the TMI
oxidation pathway. (b) Variation of evaluated contributions of different SO,
oxidation pathways (TMI, H.O, and OH) during the HFO usage period. The
uncertainties of estimated SO, oxidation contributions were generally below
10 % (10).

In Fig. 3.16(b), the dominant contribution of TMI oxidation pathway is
notable, which ranged from 66 % to 91 %, averaging 79 + 7 % during this
period (Fig. 3.16(b)). The contribution of the H,O, pathway ranged from 8 %
to 34 %, with an average of 16 + 7 %. The OH pathway, though consistently
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low, gradually increased from a negligible fraction of nearly 0 % in November
to 14 % in March, averaging 5 = 5 %. It has been previously estimated that
TMI-catalyzed O oxidation of SO, accounted for up to 17 % of global sulfate
production (Alexander et al., 2009). However, current studies suggest this has
been significantly underestimated and regionally could contribute more than
35 % (Harris et al., 2013a, 2013b). Some previous field studies have identified
SO, oxidation by TMI catalysis to be significant contributor (Amiri et al.,
2018; Harris et al., 2013b), especially during winter (Jacob and Hoffmann,
1983; McCabe et al., 2006). At an arctic environment in Alert, Canada, during
corresponding months as this study (November to March), the TMI pathway
accounted for an average of approximately 45 %, with a maximum of 60 %
during January, which is still considerably lower than in this study (Alexander
et al., 2009). In more polluted regions, such as urban environments in China,
TMI oxidation contributed 24 % of sulfate formation during relatively clean
periods in wintertime but could rise to as much as 49 + 10 % during haze
episodes (Fan et al., 2020; Li et al., 2020). In urban locations, the influence of
TMI oxidation rises during winter due to increased anthropogenic emissions
from energy generation (primarily coal combustion (Luo et al., 2008)).
Considering that coal combustion is a major source of Fe and Mn ions, TMI
catalysis likely plays a key role in SO, oxidation in Central and Eastern
European regions, if we consider modeled results reported by Alexander et al.
(2009). During the colder months, the OH oxidation pathways is inhibited,
further elevating the relative contribution of TMI oxidation (Harris et al.,
2013a). In addition, heavy fuel oil is rich in metal ions like Fe ions (~34% in
PM) (Allouis et al., 2003), which likely also increased atmospheric TMI
concentrations during HFO usage. Therefore, increased metal ion emissions
from coal combustion and heavy fuel oil usage at the local TPS in Vilnius,
likely enhanced the dominant fraction of TMI oxidation pathway observed
during the winter of 2022 — 2023.
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CONCLUSIONS

1. Over the course of more than two years, clear seasonal patterns in
both SO, and sulfate isotopic compositions were observed, with
isotopically enriched sulfur species occurring during the summer
months (6%*Sso2 = 6.5 + 1.7 %o; 8**Spm1 = 6.5 + 1.5 %o), Whereas
isotopically lighter fractions were found during the winter months
(8*Ss02 = 3.1 = 3.4 %o; **Spm1 = 2.3 = 2.7 %o). The seasonal
variations of **Sso, and 5%*Spwm1 were primarily driven by changes
in sulfur pollution source contributions and the partitioning
between different SO, oxidation pathways, with temperature-
dependent fractionation playing a minor role.

2. From 2020 to 2022, local biomass burning sources and long-range
transport of coal combustion emissions from neighboring
countries were the predominant contributors to sulfur pollution in
Vilnius during the winter months, accounting for 30 + 16 % and
70 + 16 %, respectively. Throughout the summer months of the
entire sampling period, reduced emissions from coal and oil
combustion made biomass burning the prevalent source of sulfur,
contributing 60 + 18 % to SO, and 63 + 16 % PM; fractions.

3. During the winter of 2022 — 2023, the introduction of heavy fuel
oil at the local thermal power station led to significant shifts in the
measured isotopic compositions of sulfur compounds and
carbonaceous PM;, evidenced by highly negative &S values
(8**Sso2 = 0.4 %o, 5**Spm1 = -0.3 %o0) and more positive §°C values
(-27.5 £ 0.8 %o). During this period, heavy fuel oil emissions
contributed approximately 40 % to both SO, and sulfate fractions,
while coal combustion emissions contributions decreased to 34 *
6 % for SO, and 36 + 8 % for sulfate.

4. When heavy fuel oil was used in Vilnius thermal power station,
sulfur emissions from local pollution sources outweighed those
from remote sources. This allowed the assessment of gas-to-
particle fractionation factors and the calculation of the relative
contributions from different SO, oxidation pathways. The
predominant SO, oxidation pathway was determinted to be
catalysis by transition metal ions, which contributed 79 £ 7 % to
total sulfate production in PM;. Other oxidants were less effective:
H>0, and OH contributed 16 + 7 % and 5 + 5 %, respectively.
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SUPPLEMENTARY MATERIALS
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Figure S1. Example of FRUITS model outputs of evaluated source
contributions for a SO, sample. The left side shows the probability distribution
of the source contributions, while the right side presents the data in box plots.
The box represents the 1o interval, while the whiskers indicate the 2c interval.
Mean value is represented by the continuous line and dashed line is the
calculated median.
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Fig. S2. Total carbon (a) and sulfate (b) concentration dependence on air mass
origin. The period from January 15 to January 18, 2020, is highlighted as
shaded sections due to the notably high concentrations recorded during this
period.
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Figure S3. Correlation between of SO4* and K* ion concentrations during a)
the CH period (p < 0.05) and b) the HFO period (p < 0.05).
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Fig. S4. Relationship between 6%S of sulfate and 5'*C of elemental carbon
fraction during the 2022 — 2023 season.
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SANTRAUKA

IVADAS

Aerozoliai yra mikroskopiné mazy skysty arba kietyjy daleliy (angl.
particulate matter, PM) suspensija ore. Smulkiosios aerozolio dalelés
pasizymi jvairia sudétimi ir gali biti sudarytos i3 sulfaty (SO4%), nitraty (NOg”
), amonio (NH4"), organiniy junginiy (OC), juodosios anglies (BC) arba
elementinés anglies (EC) ir pereinamyjy metaly jony (TMI) (Pdschl, 2005;
Seinfeld and Pandis, 2016). Sulfatiniai aerozoliai dazniausiai atmosferoje
susidaro oksiduojantis SO, dujoms. Sulfatai yra ypa¢ svarbus komponentas
kietosiose dalelése ir sudaro apie 12 — 44 % dalj dalelése, kuriy skersmuo
mazesnis nei 1 pm (PM3) (Bressi et al., 2021; Masalaite et al., 2022; Singh et
al., 2019). Sieros junginiai atlieka svarby vaidmenj atmosferos chemijoje,
Zemés klimate ir daro Zalingg poveikj zmoniy sveikatai (Kiehl and Briegleb,
1993; Kreyling et al., 1999; Pope and Dockery, 2006). Istoriskai svarbus
sieros tarSos poveikio pavyzdys yra riigStiis lietlis, kurie aStuntajame ir
devintajame deSimtmecCiuose smarkiai pazeidé natdralias Europos
ekosistemas (Menz and Seip, 2004; Worobiec et al., 2008). Taip pat sulfatiniai
aerozoliai tiesiogiai sklaidydami krintanéig saulés spinduliuot¢ arba
netiesiogiai per jvairius debesyse vykstan¢ius procesus, kurie keicia debesy
albedo, jy gyvavimo trukme bei Kitas savybes, daro jtaka krintancios
spinduliuotés balansui ir vésina atmosferg (Albrecht, 1989; Boucher and
Lohmann, 1995; Kulmala et al., 2013, 2007; Ten Brink et al., 1997; Twomey,
1991). Tacdiau sulfaty spinduliuotés sklaidos efektyvumas yra vis dar tiksliai
neapibréztas (Bellouin et al., 2020; Myhre et al., 2004; Solomon, S. et al.,
2007). Miesto aplinkoje nejurinés druskos (angl. non-sea salt, nss) kilmés
sulfatai yra daugiausia antrinés dalelés, susiformavusios SO, dujoms virstant
kietosiomis dalelémis cheminiy reakcijy metu (Tomasi et al., 2017).
Atmosferoje apie 50 % iSmetamy SO dujy yra oksiduojamos | sulfatinius
junginius per jvairias reakcijas, vykstan¢ias dujinéje arba skystojoje fazéje
(Chin et al., 2000). Siuo metu manoma, jog dominuojantys SO, oksidacijos
keliai yra oksidacija OH radikalais dujinéje fazéje ir HxOz, Qs O:
katalizuojama pereinamyjy metaly jony (angl. transition metal catalysis,
TMI) skystojoje fazéje (Harris et al., 2012; Herrmann et al., 2000; Tanaka et
al., 1994). Pasiskirstymas tarp skirtingy SO, oksidacijos keliy yra esminis
parametras, leidziantis jvertinti susidariusiy sulfaty spinduliuotés sklaidos
savybes, todél tai yra ypac svarbi problema sieros ciklo tyrimuose (Alexander
et al., 2009; Harris et al., 2013b; Hegg et al., 2004). Dél §iy priezas¢iy butina
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i$samiai suprasti iSmetamos sieros Saltinius ir sulfato aerozoliy susidarymo
mechanizmus, kurie lemia tolesnes aerozoliy savybes, tokias kaip jy dydzio
pasiskirstymas, optinés charakteristikos ir pernasa, darancias didelj poveikj
aplinkai ir Zmoniy sveikatai (Thiemens, 2006; Tomasi et al., 2017; Zhang et
al., 2023).

Siame kontekste stabiliyjy izotopy analizé yra metodas, leidZiantis
identifikuoti sieros emisijos Saltinius ir tirti atmosferoje vykstancius dujy
transformacijos procesus j kietgsias daleles (Dasari ir Widory, 2024,
Kawamura ir kt., 2001; Mukai ir kt., 2001). Pastaruoju metu daugybéje tyrimy
buvo analizuojami veiksniai, lemiantys PM sulfaty izotopinés sudéties (5%*S)
vertes, jskaitant tarSos Saltiniy izotopines vertes, sulfaty susidarymo kelius,
aplinkos temperatiirg ir sieros junginiy oksidacijos sparta uZterStuose
regionuose Kinijoje (Guo et al., 2019; Han et al., 2016; Li et al., 2020; Wei et
al., 2018; Zhou et al., 2019), Indijoje (Dasari et al., 2022b; Dasari and Widory,
2024; Rastogi et al., 2020; Sawlani et al., 2021) ir Kor¢joje (Kim et al., 2021,
Lee et al., 2023). O Europoje atliekami izotopinés sudéties tyrimai tarSos
Saltiniy identifikavimo ir sieros junginiy dinamikos atmosferoje tematika siuo
metu yra reti ir menkai iStyrinéti (Gorka et al., 2017; Novak et al., 2001; Sinha
et al., 2008). Todél Siame darbe stabiliyjy izotopy analizés metodai bus
taikomi siekiant istirti sezoning sieros emisijos S$altiniy kaita ir jy
transformacijos mechanizmus atmosferoje, siekiant geriau suprasti
atmosferinés sieros tarSos priezastis ir jos poveikj aplinkai. Siame tyrime
pateikiamas i$samus metodas atmosferinés tarSos Saltiniams identifikuoti ir
kiekybiskai jvertinti jy indélius, pasitelkiant stabiliyjy sieros izotopy analize¢
su papildomais meteorologiniais duomenimis, vandenyje tirpiy neorganiniy
jony (angl. water-soluble inorganic ion, WSII) ir radioanglies duomenimis.

Tyrimo tikslas ir uzdaviniai

Sio darbo tikslas — idtirti ilgalaike sezoning sieros junginiy kaita atmosferoje
ir jvertinti jy emisijos 3altinius, taikant stabiliyjy sieros izotopy analize. Siam
tikslui pasiekti buvo suformuoti Sie uzdaviniai:
e IStirti sieros junginiy dinamika atmosferoje, naudojant keliy
izotopy analizés metoda (**S, 3C ir 1“C).
o Nustatyti veiksnius, lemianéius sezoninius SO, ir PM; sulfaty
koncentracijy bei izotopiniy sudéciy pokycius.
e Identifikuoti ir kiekybiSkai jvertinti sezoninius sieros tarSos
Saltinius, darancius jtakg oro kokybei Vilniuje, pasitelkiant Bajeso
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statistini modelj, integruot3 su regionui  biidingomis
izotopininémis vertémis.

e Jvertinti skirtingy SO, oksidacijos keliy santykinj indélj | PMy
sulfaty susidaryma.

e Jvertinti kintan¢iy emisijos $altiniy poveikj oro kokybei ir PM;
izotopinei sudéCiai nejprastais laikotarpiais (pvz., COVID-19
apribojimy metu ar padidéjus sunkiojo kuro emisijoms).

Mokslinio darbo naujumas

Sio darbo metu gauti rezultatai parodé atvirksting sezoning sieros junginiy
izotopinés sudéties dinamika atmosferoje; ji skiriasi nuo daugumos $ia tema
paskelbty duomeny. Tai daugiausia lémé kintantys vietiniy ir tolimyjy tarSos
Saltiniy indéliai skirtingais mety laikais.

Pirmg kartg pritaikytas kompleksinis keliy stabiliyjy izotopy (**S ir *C) ir
radioanglies (}*C) analizés metodas, kuris leido charakterizuoti pagrindinius
antropogeninius S$altinius, prisidedan¢ius prie sulfaty ir anglies aerozoliy
susidarymo.

Sinchroniskai surinkty SO; ir sulfatiniy aerozoliy méginiy izotopy analizés
duomenys leido kiekybiskai jvertinti dominuojancius atmosferinius SO;
oksidacijos kelius. Sis tyrimas patvirtino, jog Vilniaus miesto aplinkoje
Ziemos metu pagrindinis SO4> susidarymo mechanizmas buvo SO, oksidacija,
katalizuojama pereinamyjy metaly jony.

Mokslinio darbo aktualumas

Sieros junginiai turi didele jtaka Zemés klimatui ir daro poveikj oro kokybei
bei zmoniy sveikatai. Sulfatiniai aerozoliai prisideda prie klimato vésimo,
sklaidydami Saulés spinduliuote. Susidariusiy sulfaty sklaidos savybés
priklauso nuo SO- oksidacijos keliy, todél tikslus sieros tarSos Saltiniy ir SO,
oksidacijos keliy nustatymas yra biitinas siekiant jvertinti jy poveikj aplinkai
ir klimatui.

Sioje disertacijoje pateikiami stabiliyjy izotopy (*S ir **C) bei radioanglies
(**C) matavimais paremti metodai, skirti antropogeniniy emisijy ir jy
atmosferinés kaitos charakterizavimui. Atmosferiniy sieros junginiy
izotopiniy ver¢iy matavimai gali buti pritaikyti aplinkos monitoringe,
leidZiant nustatyti sezoninius tar$os Saltinius, atskirti vietinés ir tolimosios
kilmés emisijas bei aptikti naujo tarSos Saltinio emisijas. Izotopiniais tyrimais
pagristas tarSos Saltiniy charakterizavimas gali padéti aplinkosaugos
agentiiroms kurti tikslines strategijas mazinant emisijas bei veiksmingai
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gerinant oro kokybe. Taip pat SO oksidacijos keliy tyrimai gali bati pritaikyti
klimato modeliy tobulinimui, leidZiant tiksliau jvertinti atmosferiniy sulfaty
spindulinés sklaidos poveik].

Autoriaus indélis

Savaitinis SO ir sulfatiniy aerozoliy méginiy rinkimas viso méginiy émimo
laikotarpiu (nuo 2020 m. lapkri¢io 11 d. iki 2023 m. birZelio 30 d. Cheminio
paruoSimo metody verifikacija ir jy pritaikymas sulfato i§skyrimui i§ SO ir
aerozoliy meéginiy. Meéginiy paruoSimas stabiliyjy izotopy santykiy,
radioanglies ir vandenyje tirpiy neorganiniy jony koncentracijy matavimams.
Aktyvus dalyvavimas rengiant, jgyvendinant ir validuojant metodikas sieros
izotopy santykio matavimams. Sieros izotopiniy santykiy matavimas
izotopinio santykio masiy spektrometru. Stabiliyjy izotopy santykio rezultaty
korekcija ir normalizavimas. Meteorologiniy duomeny rinkimas ir
adaptavimas bei atgalinés oro masiy pernasos trajektorijy modeliy taikymas.
Bajeso statistiniy modeliy taikymas. Duomeny interpretavimas ir analizé.
Straipsniy rankrasciy rengimas, jskaitant metodologijos, duomeny analizés ir
skaiCiavimy aprasymus, rezultaty interpretacija, duomeny vizualizacijg ir
iSvady formulavima.

Ginamieji teiginiai

1. Sieros junginiy izotopiné sudétis rodo rysSkius sezoninius
svyravimus: su auksStesnémis %S vertémis vasaros ménesiams ir
Jemesnémis — Ziemos ménesiams. Siuos pokydius lemia
dominuojanciy tarSos $altiniy ir oksidacijos keliy kaita.

2. Pagrindiniai sieros tarSos Saltiniai, darantys jtakg miesto oro
kokybei Vilniuje, buvo biomasés deginimas, anglies degimo
emisijos i$ kaimyniniy Saliy, o 2022 — 2023 m. $ildymo sezono
metu reikSmingu tarSos S$altiniu tapo sunkiojo kuro deginimo
emisijos.

3. Padidéjusiy sunkiojo kuro deginimo emisijy laikotarpiu
pagrindinis sulfaty susidarymo kelias buvo SO oksidacija
deguonimi (Oy), katalizuojama pereinamyjy metaly jony. Tuo
metu oksidacija per vandenilio peroksidg (H.O;) ir hidroksilo
radikalus (OH) sudaré mazesnj indélj j sulfaty susidaryma.
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TYRIMO OBJEKTAS IR METODIKA
Bandiniy rinkimas

Tyrimo metu, nuo 2020 m. lapkri¢io 11 d. iki 2023 m. birzelio 30 d., buvo
surinkti 92 PM; daleliy méginiai Vilniuje, Lietuvoje. Nuo 2021 m. gruodzio
10 d. kartu su PM1 méginiais buvo pradéti rinkti ir SO, dujy méginiai (i§ viso
surinkti 48 SO bandiniai). PM; ir SO, méginiai buvo renkami ant Fiziniy ir
technologijos moksly centro pastato stogo (158 m virs jiiros lygio) (1 pav.). Si
vietové yra apsupta jvairaus tipo gyvenamyjy pastaty, jskaitant privacius
namus. Artimiausia intensyvaus eismo gatvé yra nutolusi 1 km atstumu. Si
bandiniy rinkimo vietové reprezentuoja tiping miesto foning aplinkg
Lietuvoje.

1 pav. Bandiniy rinkimo vietové (pazyméta mélynu tasku; 54.72°N, 25.32°E)
Fiziniy ir technologijos moksly centre, Vilniuje, Lietuvoje.

PM; méginiai buvo renkami ant iSkaitinty (500 °C) kvarco pluosto filtry (150
mm skersmens, Whatman, QM-A), o SO, bandiniai buvo renkami ant stiklo
pluosto filtry (Munktell and Filtrak, Gf-Microfilter), impregnuoty K>COs
glicerolio tirpale pagal Amiri et al. (2018) naudotg metodikg. PM; ir SO;
méginiai buvo renkami vienu metu su didelio tiirio aerozoliy rinkimo jranga
(DIGITEL DH-77), veikian¢ia 500 1/min grei¢iu. Vidutiné méginio émimo
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trukmé vienam filtrui buvo 191 val. Surinkti bandiniai buvo apvelkami
iSkaitinta aliuminio folija ir dedami laikyti Saldiklyje -20 °C temperatiiroje iki
tolimesniy matavimy.

Bandiniy cheminis paruoSimas

Pries$ izotopiniy veréiy matavimus siera turéjo biti i$skirta i§ surinkty PMy ir
SO filtry. Cheminio paruo$imo metu vandenyje tirpts sulfatai nusodinami
BaSO, pavidalu, pridéjus BaCl.. Sis metodas nesukelia izotopinio
frakcionavimo (Claypool et al., 1980; Fan et al., 2020), todél yra placiai
taikomas atmosferiniy sieros junginiy stabiliyjy izotopy tyrimuose (Mayer
and Krouse, 2004; Mukai et al., 2001; Zhang et al., 2010).

Pirmiausia pusé PM; kvarcinio filtro (~ 77 cm?) supjaustoma, jdedama j
100 ml auksto grynumo (angl. ultrapure) vandens ir mégintuvéliai 30 minuciy
patalpinami i ultragarsing vonelg. Kita dieng méginiai yra prafiltruojami per
svirkstinius filtrus (0,22 pm), o prafiltruotas tirpalas tada yra partig§tinamas
su HCI iki 2 — 3 pH. Toliau j tirpalg pridedama 5 ml 1 mol/l BaCly, kad sulfatas
biity nusodintas kaip BaSO4 nuosédos. Kita dieng nuosédos surenkamos ant
47 mm celiuliozés acetatiniy filtry (0,2 pum, Sartorius CA), kurie véliau
iSplaunami su 150 ml auksto grynumo vandeniu ir dedami dziovinti 6 val. 60
°C temperattroje. Véliau filtrai deginami 500 °C temperatiiroje, kad likty tik
BaSO..

Surinkty SO filtry cheminio paruo§imo procediira yra beveik vienoda,
ta¢iau papildomai filtrai i§ pradziy yra apdorojami 1 ml 30 % w/w vandenilio
peroksido tirpalu. Po to atlickami anks¢iau apraSyti veiksmai: patalpinimas
ultragarsinéje voneléje, filtravimas, rhgstinimas, BaSOs nusodinimas ir
susidariusiy nuosédy surinkimas.

Izotopy santykio masiy spektrometrija

Siame darbe anglies ir sieros izotopinés vertés buvo nustatytos, naudojant
elementinj analizatoriy (angl. elemental analyzer, EA), prijungta prie izotopy
santykio masiy spektrometro (angl. isotope ratio mass spectrometer, IRMS).
IRMS prietaisas yra skirtas matuoti nedidelius lengvyjy elementy, tokiy kaip
$45/%28 ir 13C/*?C, izotopiniy santykiy skirtumus. Siame darbe naudota sistema
(,,Thermo Fisher Scientific) sudaryta i§ Flash EA1112 elementinio
analizatoriaus, sujungto su Delta V Advantage masiy spektrometru per
ConFlow III sgsaja.
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Sieros matavimams apie 0,50 mg BaSO,; méginio yra sumaisoma su V20s
ir dedama | alavo kapsules. Taip supakuoti bandiniai patenka |
oksidacing/redukcing kolonéle, jkaitintg iki 1050 °C, kurioje jie termiskai
suskyla iki SO, dujy. Sieros matavimams pritaikyta kolonélé yra uzpildyta
WQO; granulémis ir Cu vielomis. Tada i$ kolonés i$éjusiy dujy yra pasalinamas
vanduo su Mg(ClO4), sorbentu. Véliau iseinanéios SO,, CO; ir N2 dujos
atskiriamos dujy chromatografingje kolonéléje (2 m, PTFE) ir tada yra
detektuojamos $iluminio laidumo detektoriumi (angl. thermal conductivity
detector, TCD).

D¢l srauty skirtumy, esanéiy tarp i§ EA iSeinancio srauto (80 — 120 ml/min)
ir auk$o vakuumo salygy IRMS sistemoje, buitina sumazinti dujy srauta. Tai
atliekama per ConFlo Il sasaja ir srautas sumazinamas iki 0,3 ml/min. ConFlo
IIT sasgja taip pat yra atsakinga uz palyginamyjy dujy padavimg j IRMS
prietaisg.

Praskiestos dujos, patekusios i IRMS S$altinj, yra jonizuojamos jas
bombarduojant elektronais (angl. electron ionization, El), taip sukuriant
teigiamus jonus. Tada jonai i$ Saltinio pagreitinami ekstrakcijos plokstelémis
ir sufokusuojami lgSiy sistema, ir suformuotas jony pluostelis tada keliauja per
magnetin] laukg, kur pagal skirtingus m/z santykius atskiriamos norimos
masés ir detektuojamos Faradéjaus detektoriais. Sieros matavimams
naudojami du detektoriai, sukonfiguruoti m/z: 66 ir 64, kurie atitinka S0,
ir 328160,. Anglies matavimams naudojami trys detektoriai (m/z: 44, 45 ir 46),
atitinkantys 12C1%0,, ¥C!*0, ir ¥CY0'0. Naudojant trijy detektoriy
konfiguracijg jvertinama 'O jtaka, kuri yra automatiskai pakoreguojama
pagal i$ anksto nustatytus algoritmus (Assonov and Brenninkmeijer, 2003;
Brand et al., 2010). Taip sukuriamas chromatograma, rodanti uzfiksuota
intensyvuma pagal laikg specifinéms m/z vertéms, proporcingg aptikty jony
skaiciui (Dunn and Carter, 2018).

Stabiliyjy izotopy santykiy matavimy duomeny korekcijos

IS pradziy IRMS matavimai suteikia neapdorotas izotopiniy santykiy o vertes,
kurios yra susietos su zinomy izotopiniy ver¢iy palyginamosiomis dujomis.
Siekiant uztikrinti laboratorijy rezultaty palyginamumg ir atsekamuma,
iSmatuotos d reikSmés turi biiti susietos su skalémis, paremtomis tarptautiniais
standartais (V-CDT — %S matavimams ar V-PDB — §'3C matavimams) per
kalibravimo (normalizavimo) procesa (Assonov, 2018; Ding et al., 2001).
Siame darbe visi izotopiniy & veréiy rezultatai yra susieti su Siomis skalémis.
Sieros méginiai buvo analizuojami kartu su etaloninémis medziagomis IAEA-
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SO-5 (8%S = 0,5 + 0,2 %o) ir NBS-127 (8%*S = 20,3 + 0,4 %o) bei darbiniais
BaSO; standartais. Izotopiniy 8*C ver¢iy matavimams buvo naudojamos
etaloninés medziagos IAEA-600 (6'3C =-27,771 £ 0,043 %o) ir USGS24 (6"*C
= -16,05 £ 0,04 %o). Tokiu bidu, matuojant méginius kartu su dviem
etaloninémis medZziagomis vienoje sekoje, & skalés realizavimui galima taikyti
dviejy tasky tiesing normalizacija (angl. two-point linear normalization),
pagal metodika aprasyta Dunn and Carter (2018).

Taciau prie§ atlieckant & verCiy normalizacijg, butina jsitikinti, ar
pradiniams rezultatams korektiSka pritaikyti duomeny pataisas. Jei matavimy
sekoje pastebimi padidéje tuséiy bandiniy signalai, duomeny dreifas, prasta
tiesiSkumas ar lickamieji atminties efektai, tuomet butina priktaikyti duomeny
korekcijas. Sios pataisos atlickamos prie§ normalizacija ir turi biiti nuosekliai
taikomos visoje méginiy sekoje pagal PIT (angl. prinicle of identical
treatment, PIT) (Carter and Fry, 2013). Siame tyrime buvo pastebétas
nedidelis 5*S reikSmiy dreifas ir, siekiant jj kompensuoti, viso sekos metu
buvo reguliariais intervalais matuojamos darbinés laboratorinés BaSO.
medziagos.

Radioanglies matavimai

Prie$ radioanglies matavimus méginiai turi buti sugrafitizuojami. Grafitizacija
atlickama naudojant automatizuotg grafitizacijos sistemg, sujungta su
elementiniu analizatoriumi (EA-AGE-3, lonplus AG). Naudojantis metodika,
apraSyta Butkus et al. (2022), su AGE-3 sistema jmanoma grafitizuoti
méginius, kuriy anglies kiekis siekia vos 40 pg. EA-AGE-3 sistema leidzia
atskirai sudeginti kelis vieno filtro gabalélius, o i$siskyrusios CO> dujos yra
surenkamos vienoje bendroje ceolito gaudykléje. Tokiu biidu galima sudeginti
mazg anglies kiekj turinCius filtro méginius, o papildomas anglies kiekis,
reikalingas grafitizacijai, pridedamas i3 *C, neturin¢ios etaloninés medziagos
(ftalio anhidridas, PhA).

Radioanglies matavimai buvo atlikti naudojant vienos pakopos greitintuvo
masiy spektrometra. Siame darbe 4C matavimai ireiskiami moderniosios
anglies frakcija (fu), kuri yra pla¢iai naudojama aplinkos tyrimuose (Stuiver
and Polach, 1977).

Jony koncentracijy matavimai

Vandenyje tirpiy sulfaty koncentracija buvo kiekybiskai jvertinta naudojant
jony chromatografing sistemg (Dionex 2010i). Chromatografiné sistema
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naudojo lon Pac AS4A-SC kolonéle neorganiniams anijonams atskirti.
Analizés metu buvo naudojamas eluentas, sudarytas i§ 1,8 mM Na,COs ir 1,7
mM NaHCOs3, ir 20 mM H,SO4 regenerantas. Kai kuriems bandiniams buvo
taip pat iSmatuotos ir jony Mg?*, Ca?*, K*, NHs*, Na*, SO4*, NOs ir CI
koncentracijos.

Oro masiy pernasos trajektorijos ir meteorologiniai parametrai

Atgaliniy oro masiy pernasos trajektorijos kiekvienam méginiy émimo
laikotarpiui buvo sugeneruotos naudojant hibridinj vienos dalelés modelj
HYSPLIT (NOAA) (Stein et al., 2015). Modelyje buvo taikomi Sie
parametrai: trajektorijos trukmé 48 val., naujos trajektorijos modeliuotos
apytiksliai kas 8 val., 50, 500 ir 1500 metry vir§ Zemés lygio.

Skirtingy krypciy oro masés pasizymi skirtingais uzterStumo lygiais ir
Siame darbe Sios kryptys buvo apibudintos pagal Davuliene et al. (2021).
Siaurés vakary oro masés, atkeliaujandios i§ Skandinavijos $aliy, laikomos
santykinai $variomis. Vakarinés krypties oro masés (i§ Siaurés Lenkijos,
Vokietijos) laikomos vidutiniskai uzterStomis, o pietvakariy (Piety Lenkija) ir
piety (Baltarusija, Ukraina) krypties oro masés yra labiau uzterstos. Siaurés
(Latvija, Estija) ir ryty (Baltarusija, Rusija) krypties oro masés laikomos kaip
vidutiniskai uzterstos.

Meteorologiniai parametrai, kaip maiSymosi sluoksnio aukstis, véjo
greitis, santykiné drégmé ir aplinkos temperatira, buvo paimti i§ vieSai
pasiekiamos NOAA duomeny bazés (“NOAA Climate Data Online (CDO),”
2021).

Sieros oksidacijos keliy indéliy vertinimas

Naudojant stabiliyjy izotopy analizés metodus galima jvertinti skirtingy SO»
oksidacijos keliy indélj, pasinaudojant surinkty PM; ir SO, méginiy
matavimais. Skirtingy SO oksidacijos keliy indélis gali bati jvertintas
analizuojant oksidacijos sukeliamg frakcionacijg, nes skirtingi oksidacijos
keliai nulemia specifines 3*S vertes PM; sulfatuose. Taip pat svarbu jvertinti
SO, | SO4* formacijos spartg arba sieros oksidacijos santykj (ang. sulfur
oxidation ratio, SOR) (Mukai et al., 2001):

_ _ [sof7]
SOR = [S037]+[S0,] (4)
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kur [SO4*] yra sulfaty jony moliné koncentracija, o [SO] sieros dioksido
moliné koncentracija.

Siekiant jvertinti skirtingy SO oksidacijos keliy indélj, pirmiausia reikia
nustatyti 3% Semission reik§mes, kurios atspindi pradines vietiniy tarSos $altiniy
emijos 6*S reiksmes (SOR = 0). Naudojantis iSmatuotomos 8**Sso, vertémis,
galime taip jvertinti 5**Semission reikSmes (Fan et al., 2020; Li et al., 2020):
634Semission = 5345502 X (1—SOR) + 834SPM1 x SOR )

Kur 8%*Ssoz ir 8% Spwmn yra surinkty SO ir PM; sulfaty izotopinés vertés.

Toliau turime jverinti frakcionacijos faktoriy &g_,p:
83*Ss02 = 6**Semission T In(1 — SOR) X Egp (6)

Ir galiausiai galime jvertinti skirtingy SO> oksidacijos keliy indéliy, naudojant
§ia maiSymosi lygti:

€gop = €oH X fou t €M1 X frmi + €n,0, X fH,0, (7

Kur eon, ermrir €n,o,Yyra atitinkami OH, TMI ir H.0; oksidacijos keliy
frakcionacijos faktoriai. O fou, frmi if fu,o0, Yra skirtingy OH, TMI ir H20,
oksidacijos keliy indéliai.

Taciau, fon indélis buvo jvertintas atskirai naudojantis Sia formule (Harris et
al., 2013a):

[OH] 24
[OH],,  HL ®)

fou = SOR X 0.27 X

kur 0.27 vidutinis metinis sulfaty produkcijos indélis per OH oksidacija
(Sofen et al., 2011). [OH]/[OH]n santykis apibudina sezoninius OH
koncentracijos svyravimus pagal pasaulinj troposferinj OH koncentracijos
paskirstymo modelj ACM (angl. Global Change Research Program
Atmospheric Chemistry Model (Bahm and Khalil, 2004)), naudojant Lietuvai
tinkancias vidutines metines koncentracijy vertes. Santykis 24/HL atspindi
saulés Sviesos valandas dienoje kaip santykj. Taigi, naudojantis 8 lygtimi, OH
oksidacijos kelio indélis buvo paSalintas i§ 7 lygties atémus gon X fon narj.
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Ivykiy apraSymas

Méginiy émimo laikotarpis (nuo 2020 m. lapkricio 11 d. iki 2023 m. birzelio
30 d.) apémé kelis reik§mingus jvykius, kurie galéjo daryti jtakg vietiniams
oro tarSos lygiams Vilniuje. Vienas i§ tokiy jvykiy buvo koronaviruso ligos
(COVID-19) protrikis. Lietuvoje pirmasis COVID-19 atvejis oficialiai
uzfiksuotas 2020 m. vasario 28 d. Atsizvelgiant ] sparCiai augantj
uzsikrétusiyjy Zzmoniy skaiciy, pirmasis karantinas buvo paskelbtas 2020 m.
kovo 16 d. ir tesési iki birzelio 17 d. Taciau vasarg COVID-19 atvejy skaiciaus
vél pradéjo augti ir 2020 m. lapkricio 4 d. buvo jvestas antrasis karantinas. Jo
metu Lietuvoje buvo taikomos jvairios priemonés siekiant sulétinti viruso
plitimg. Buvo uZdaryta daugelis vieSyjy viety (pvz., restoranai, kavinés,
barai), uzdrausti susibiirimai ir buvo rekomenduojama vengti nebiitiny
kelioniy. Mazgjant atvejy skaiciui, karantinas buvo atSauktas 2021 m. liepos
1 d. Pasauliniu mastu COVID-19 visuotiniai karantinai reik§mingai paveiké
aerozoliy koncentracijas ir jy tarSos Saltinius, taCiau Siy pokyCiy mastas
skyrési skirtinguose pasaulio regionuose (Rodriguez-Urrego and Rodriguez-
Urrego, 2020).

Antrasis reikSmingas jvykis bandiniy rinkimo laikotarpiu buvo mazasierio
(0,9 %) mazuto (angl. heavy fuel oil, HFO) naudojimas Vilniaus $iluminéje
elektrinéje (angl. thermal power station, TPS) saltojo sezono metu 20222023
metais. Sunkusis mazutas buvo naudojamas nuo 2022 m. lapkricio 9 d. iki
2023 m. kovo pabaigos, didZigja dalimi pakeites prie$ tai naudotas gamtines
dujas. 2022 — 2023 mety laikotarpiu mazutas sudaré 36 % Vilniaus TPS viso
naudojamo kuro, o biokuras (biomasé¢), gamtinés dujos ir dyzelinas
atitinkamai sudaré 56 %, 7 % ir 1 % (AB Vilniaus Silumos tinklai, 2023).
Ankstesniu 2021 — 2022 mety laikotarpiu kuro miSinj elektringje sudaré tik
biokuras (61 %) ir gamtinés dujos (39 %) (AB Vilniaus Silumos tinklai, 2021).
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REZULTATAI
Viso bandiniy émimo laiktorapio rezultatai

Sezoniné variacija savaitiniy SO ir sulfaty jony koncentracijy vidurkiy
pateikta 2 pav.(a), apimanti visa 2020 — 2023 m. méginiy émimo laikotarpj. 2
pav.(b) taip pat parodytas sieros oksidacijos santykis (SOR). V¢&jo greicio
(WS) savaitiniai vidurkiai ir mai§ymosi sluoksnio aukstis (MLD) pateikti 2
pav.(c). Santykin¢ drégmé (RH) ir temperatiros (T) kaita pavaizduota 2
pav.(d).
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2 pav. Iimatuotos SO4> koncentracijos ir monitoring duomenys periodo nuo
2020 m. lapkricio 11 d. iki 2023 m. birZelio 30 d. Grafike pateikta: a) SO, and
SO.% koncetracijos; b) sieros oksidacijos santykis (SOR); ¢) véjo greitis (WS)
ir maiSymosi sluoksnio aukstis (MLD); d) santykiné drégmé (RH) ir aplinkos
temperatiira (T).
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Per visa matavimy laikotarpj SO, koncentracijos svyravo nuo 0,49 iki 7,27
ug/m® su vidutine 1,16 * 0,85 pg/m® verte. Tuo padiu metu SO4*
koncentracijos svyravo nuo 0,11 iki 2,39 pg/m3® su 1,19 + 0,52 pg/m3
vidurkiu. Silpna, bet statistiskai reikSminga koreliacija tarp SO, ir SO4* (r =
0,25, p < 0,05) rodo, kad SO4? koncentracijy poky¢iai negali biiti paaiskinti
vien tik SO, koncentracijy svyravimais atmosferoje. Tai rodo, jog SO; ir
sulfaty Saltiniai atmosferoje yra skirtingi. Todél yra vertinga Siam laikotarpiui
taikyti izotopine analize Siy Saltiniy atskyrimui ir identifikavimui.

Sulfaty jony koncentracijos pasizyméjo vidutine koreliacija su temperatiira
(r =-0,46, p < 0,05), nurodant galimg cheminiy reakcijy priklausomybe¢ nuo
temperatiros arba vyraujanciy Saltiniy emisijy pokycius. Per visg tyrimo
laikotarpj véjo greitis svyravo nuo 7,5 km/h iki 24,8 km/h (vidurukis — 14,0
km/h). Ziemos ménesiais véjo greitis buvo didesnis — vidutinigkai 16,6 km/h,
o0 vasarg mazesnis — vidutiniSkai 11,1 km/h. Ta¢iau véjo grei¢io Kaita neturéjo
reik§mingo poveikio nei SOz, nei SO42 koncentracijoms. Taip pat $io tyrimo
metu MLD svyravo nuo 167,2 m iki 1015,2 m, vidutiniSkai siekdamas 519,5
m. MLD silpnai koreliavo su SO, koncentracijomis (r = -0,22, p < 0,05), o
SO4* koncentracijos parodé stipresne priklausomybe nuo MLD (r = -0,52, p
< 0,05), rodydamos didesnj MLD poveikj daleliy kaupimuisi. Galiausiai, RH
parodé vidutine koreliacijg su SOs* koncentracijomis (r = 0,45, p < 0,05),
kadangi aukstesné santykiné drégmé skatina antriniy daleliy formavimasi, jy
higroskopinj augima ir skystojoje fazéje vykstanciy reakcijy spartos didéjima.

I$matuoty izotopiniy veréiy kitimas SO ir PM; sulfatuose yra pavaizduota
3 pav., kartu su vidutiniy (24 val. vidurkis) temperatiiry kitimu.
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3 pav. Ismatuoty SO, dujy (5*Ssoz) ir PM; sulfaty (5*Spm1) 5%S vertés visu
bandiniy émimo laikotarpiu nuo 2020 m. lapkric¢io 11 d. iki 2023 m. birzelio
30 d. Dienos vidutiné temperatiira yra pavaizduota kaip mélyna istisiné linija.
Duomenys pateikiami skirtingais mety laikais: mélyna dalis Zymi ziema, zalia
— pavasarj, geltona — vasarg, o ruda — ruden;.

Izotopinés SO, vertés kito placiame intervale nuo -4,85 %o iki 9,41 %o
(vidurkis — 4,38 + 3,12 %o). Tuo metu PM; sulfaty §*Spm1 vertés svyravo nuo
-4,79 %o iki 9,63 %o, (vidurkis — 3,88 £ 2,62 %o). ISmatuotos ribinés §3**Ssoy ir
5%Spm1 yra labai artimos ir patenka j tipinio §*S matavimy tikslumo ribas
(<0,10 %o), kas rodo, jog Sios ekstremumy vertés atspindi skirtingy
dominuojanciy sieros tarSos Saltiniy jtaka skirtingais mety laikas (Ziema —
vasarg). Be to, 8%'S vertés tarp SO ir PM; sulfaty pasizyméjo reikSminga
teigiama koreliacija (r = 0,77, p < 0,05), rodancia, jog SO, emisijos ir sulfaty
formavimosi procesai yra glaudziai tarpusavyje susije.

Vis délto 33S vertés rodé statistilkai prasmingas, ta¢iau Zzemas koreliacijas
su daugeliu meteorologiniy parametry. VidutiniSkai auksta teigiama
koreliacija buvo uzfiksuota tik su aplinkos temperatira (SO2: r = 0,57, p <
0,05; SO+*: r=0,51, p < 0,05). SOR pasizyméjo silpnomis koreliacijomis su
5348502 ir 534Sp|\/|1 vertémis (SOzl r=20,06, p< 0,05; 8042'1 r=20,08, p< 0,05),
kas rodo, jog vietiniai tarSos S$altiniai turéjo maZesn¢ jtakg iSmatuotoms
8%Spm1 vertéms ir jos labiau priklausé nuo tolimyjy tarSos Saltiniy. Taip pat
santykiné drégmé rodé aukstesne koreliacijg su 8%*Spwy vertémis (SO42: 1 =
0,41, p < 0,05), pabréziant skystosios fazés reakcijy svarbg sulfaty formacijai
aerozoliuose.
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Tolimosios oro masiy pernasos jtaka

Nuo 1980-yjy Lietuvoje SO, koncentracijos rodo pastovy mazéjimg, 0 2008
metais atmosferiniy PM SOs* koncentracijos vir§ijo SO, emisijy lygius,
nurodydamos didéjancia tolimyjy sieros tarSos Saltiniy jtakg (Davuliene et al.,
2021). Todél biitina jvertinti tolimyjy sieros Saltiniy emisijy pernasos poveikij
oro kokybei Vilniuje.

SO, ir SO koncentracijy priklausomybé nuo skirtingy oro masiy
pernasos kilmés kryp¢iy pavaizduota 4 pav.(a, b). Méginiai, surinkti mazuto
naudojimo laikotarpiu, buvo nejtraukti j oro masiy analize dél tikétinos
iSaugusios vietiniy tar$os Saltiniy jtakos. Sio tyrimo metu SO, koncentracijos,
susijusios su skirtingomis oro masiy kryptimis, i$liko santykinai stabilios ir
kito siaurame intervale nuo 0,87 + 0,07 pg/m?® iki 1,08 + 0,42 pg/m® (4
pav.(a)). Pazymétina, jog nebuvo uzfiksuotas pastebimas SO, koncentracijy
padidéjimas i§ Siaurés vakary krypties, kur yra pagrindiniai sieros tarSos
Saltiniai Lietuvoje, jskaitant tragsy gamykla Kédainiuose (~100 km atstumu) ir
naftos perdirbimo gamykla Mazeikiuose (~270 km atstumu) (European
Environment Agency, 2023). Taip pat, atsizvelgiant j trumpg SO, atmosferinj
gyvavimo laikg (apie 12 valandy) (Lee ir kt., 2011), galime teigti, jog Siaurés
vakary krypties emisijy poveikis buvo minimalus, o Vilniuje surinkti SO>
méginiai daugiausia atspindéjo vietiniy Saltiniy emisijas.

Tuo metu SO4* koncentracijos kito platesniame intervale —nuo 0,86 + 0,32
ug/m3 iki 1,53 + 0,63 pg/m?, 0 auksc¢iausios koncentracijos buvo uzfiksuotos
pietvakariy kryptimi (4 pav.(b)). Oro masés, atkeliaujancios i$ pietvakariy,
daznai keliauja pro pieting Lenkijos dalj, kur akmens anglis yra placiai
naudojama energijos gamybai ir Sildymui (Bertelsen and Mathiesen, 2020;
Iglinski et al., 2015). Taip pat SO4® koncentracijy padidéjimas nebuvo
stebimas oro masése i$ Siaurés vakary krypties, kas leidzia teigti, jog Sieros
emisijos i§ Siy pramoniniy Saltiniy turéjo minimaly poveikj oro kokybei
Vilniuje.
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4 pav. SO; (a) ir SO4* (b) koncentracijy pasiskirstymas pagal skirtingas oro
masiy kilmes kartu su atitinkamomis §%Ssoz (¢) ir **Spm1 (d) vertémis.

5%*Sso2 vertés skirtingose oro masiy kryptyse svyravo nuo 3,5 £ 1,2 %o iki
6,1 £ 1,7 %o (4 pav.(c)). Tatiau &%Sso, vertés nepasizéméjo aiSkia
priklausomybe nuo oro masiy kryp¢iy ir tai byloja, jog SO- labiau atspindi
vietiniy tarSos Saltiniy emisijy vertes. PrieSingai, 5%*Spm1 vertés pasizyméjo
didesne izotopiniy ver¢iy kaita priklausomai nuo oro masiy kilmés, ir §**Spm1
vertés svyravo nuo 3,0 £ 2,2 %o iki 5,4 + 1,0 %o (4 pav.(d)). Piety ir pietvakariy
kryptys pasizyméjo Zzemiausiomis vidutinémis 6**Spm1 vertémis — atitinkamai
3,4 £ 1,1 %o ir 3,0 £ 2,2 %o. Bitent pietvakariy kryptyje buvo uzfiksuotos
7emiausios %Spw1 vertés viso eksperimento metu (nejtraukiant HFO
naudojimo laikotarpio) ir tai nurodo oro masiy, atkeliaujanciy i piety
Lenkijos, reik§mingg jtakg oro tarSai Vilniuje. Taigi iSmatuotos §**Sso, vertés
labiau atspindéjo vietiniy tarSos $altiniy SO, emisijas, 0 §**Spm1 vertés buvo
glaudziau susijusios su tolimgja sulfatiniy aerozoliy pernasa.
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Koncentracijy ir izotopiniy verciy sezoniSkumas

Sezoniné SO; ir SO4* koncentracijy kaita su atitinkamais 6**Sso, ir §**Spm1
ver¢iy pasiskirstymais pateikiama 5 pav. Pirmojo segmento metu (5 pav.(a))
Lietuvoje nuo 2020 m. lapkri¢io 7 d. buvo jvestas antrasis nacionalinis
karantinas. Kitas laikotarpis, apimantis 2021 — 2022 metus (5 pav.(b)),
pasizymeéjo karantino apribojimy Svelninimu, kurie buvo visiskai panaikinti
2021 m. liepos 1 d. Kitas 2022 — 2023 m. laikotarpis (5 pav.(c)) yra iSskirtinis
dél mazuto naudojimo Vilniaus TPS s§ildymo sezono metu. HFO buvo
naudojamas nuo 2022 m. lapkric¢io 9 d. iki 2023 m. kovo 31 d. O paskutinis
2023 m. segmentas (5 pav.(d)) zymi HFO naudojimo pabaiga Vilniaus TPS.

Eksperimento metu buvo pastebéta ryski SO, ir SO4* koncentracijy
variacija skirtingais mety laikais. Vasaros ménesiais (birzelis, liepa, rugpjiitis)
buvo stebima sumazéje koncentracijy lygiai ir SO. koncentracijy vidurkis
buvo lygus 0.83 + 0.33 pg/m?3, 0 SO, — 0.89 + 0.33 pg/m?. Ziemos ménesiais
(gruodis, sausis, vasaris) buvo stebimos iSaugusios koncentracijy vertés,
vidutinikai siekian¢ios 1.35 + 0.80 pg/m?® (SO,) ir 1.50 + 0.65 pg/m?® (SO4?).
Svarbi tendencija buvo stebima per 2022 — 2023 mety laikotarpj (5 pav.(c)),
kuomet SO koncentracijos Zymiai iSaugo rudens (vidurkis — 1.80 pg/m?3) ir
ziemos (vidurkis — 2.06 g/m®) ménesiais, virSydamos SO4> koncentracijas,
kurios rudens metu sieké 1.18 pg/m3, o ziemg — 1.59 pg/m3. Nors SO.*
koncentracijos buvo Zemesnés nei SOz, jos 2022 — 2023 m. ziema padidéjo 37
% lyginant su ankstesne 2021 — 2022 m. ziema. PM; sulfaty tarSos padidéjima,
tikétina, 1émé SO, emisijy augimas, susijes su mazuto naudojimu Vilniaus
TPS.
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5 pav. Sezoniné SO, SO.* koncentracijy ir 6*Ssoz, 6%*Spm1 verciy kaita
skirtingais laikotarpiais: a) 2020 — 2021; b) 2021 — 2022; c) 2022 — 2023 ir d)
2023.

Ekperimento metu SO, ir PM; sulfaty izotopinés vertés taip pat pasizyméjo
rySkiomis sezonimémis tendencijomis (5 pav.), kas rodo, jog sieros tarSos
Saltiniy indéliai kei¢iasi skirtingais mety laikais. Taciau sulfate 6**S vertéms
itaka daro ir SO oksidacijos keliy pasiskirstymo kaita (Harris et al., 2013a;
Mukai et al., 2001; Novak et al., 2001), frakcionacijos faktoriy temperattriné
priklausomybé (Caron et al., 1986; Harris et al., 2013a) ir tolimyjy tarSos
Saltiniy emisijy pernasa. Siame tyrime sezoniniai %S ver¢iy poky¢iai skiriasi
nuo kity tyrimy, atlikty kituose pasaulio regionuose, jskaitant Ryty Azijg (Han
et al., 2016; Kawamura et al., 2001; Lin et al., 2022; Mukai et al., 2001),
Siaurés Amerika (Nriagu and Coker, 1978; Saltzman et al., 1983) ir kitus
Europos regionus (Mayer et al., 1995), kur paprastai fiksuojama aukstos 534S
vertés ziemg ir Zemos vasara. Siame tyrime sieros junginiai buvo labiau
izotopiSkai praturtinti vasaros ménesiais (5**Ssoz = 6.5 * 1.7 %o; 6**Spm1 = 6.5
+ 1.5 %o), 0 izotopiskai lengvesnés frakcijos buvo sutinkamos Ziemg (8**Sso,
= 3.1 £ 3.4 %o; 8*Spm1 = 2.3 £ 2.7 %o). Panagios 8**S ver¢iy sezoninés
tendencijos (zemos &S vertés ziema, aukStos 84S vertés vasarg) buvo
anks¢iau uzfiksuotos tik viename tyrime Cekijoje (Novak et al., 2001). Tai
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rodo, jog atmosferiniy sieros junginiy dinamika Vilniaus miesto aplinkoje yra
kompleksiné ir papildomai priklauso nuo vietiniy ir kaimyniniy $aliy emisijy,
kuriy santykinis indélis keiciasi per metus.

Per visa eksperimento laikotarpj keli periodai buvo isskirtiniai. Vienas i$
ju buvo stebimas 2021 — 2022 metais, kuomet Ziemos metu buvo fiksuojamos
pastebimai Zemos vidutinés &*Spm1 vertés (2.1 %o), 0 8**Ssop vertés
vidutini$kai buvo zymiai aukstesnés (5.5 %o). Tai rodo skirtingus sieros tarSos
Saltiniy indélius SO> ir PM; sulfatams galimai dél santykinio skirtumo tarp
vietiniy ir tolimosios pernasos Saltiniy.

Kitas svarbus periodas buvo stebimas 2022 — 2023 m. laikotarpiu, kuomet
vidutinés ziemos 8**Spm1 vertés buvo 2.9 %o zemesnés (lygios 0.8 %o), lyginant
su 2021 — 2022 m. laikotarpiu, 0 §**Sso, vertés buvo 5.2 %o zemesnés (lygios
0.3 %o). Taip pat laikotarpiu nuo 2023 m. sausio 20 d. iki 2023 m. vasario 6 d.
buvo uzfiksuotos iSskirtinai Zemos vidutinés izotopinés SO, ir PM; sulfaty
vertes, siekian¢ios net 8*Ssoz = -4.85 %o ir 8%*Spm1 = -4.79 %o. Sios uzfiksuotos
vertés negali buti paaiSkinamos jprasty sieros tarSos Saltiniy (biomasés ir
akmens anglies deginimo) Lietuvoje %S  vertémis. Remiantis jvairiy
natiiraliy ir antropogeniniy Saltiniy 8%S vertémis, tai galéjo sukelti tik
antropogeninés naftos produkty SO, emisijos, blitent mazuto i§ Saudo
Arabijos (8%*Ssoz: -8.8 iki -0.7 %o) arba Jungtiniy Araby Emyraty (6%*Ssoq: -
10.3 iki -4.3 %o) (Becker and Hirner, 1998; Dasari and Widory, 2024). Siuo
laikotarpiu i¥matuotos ypa¢ zemos &8**Ssop ir &*Spwi vertés ir Kartu
uzfiksuotos iSaugusios SO, ir SO4> koncentracijos rodo sustipréjusig vietiniy
Saltiniy jtaka, kai mazuto emisijos i§ Vilniaus TPS galimai nusvéré akmens
anglies deginimo emisijy jtaka.

Sieros Saltiniy skirstymas
Siekiant jvertinti besikei¢ianciy sieros tarSos $altiniy jtaka, buvo kiekybiskai
apskaiciuoti santykiniai indéliai tiek SO, tieck PM1 sulfaty frakcijy, pritaikant

Bajeso statistinj modelj FRUITS. Viso bandiniy rinkimo laikotarpio sezoniné
Saltiniy indéliy kaita pateikta 6 pav.
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6 pav. Sezoniné SO, and PM; SO4? tarSos 3altiniy indéliy kaita: a) 2020 —
2021 m.; b) 2021 — 2022 m.; c¢) 2022 — 2023 m. ir d) 2023 m. laikotarpiais.
Zalia spalva zymi biomasés deginimo indélius, juoda — lenkigkos (PL) akmens
anglies deginimo emisijas ir rusiskos kilmés (RU) naftos deginimo emisijy
indélius, pilka — Saudo Arabijos (SA) ir/arba Jungtiniy Araby Emyraty (UAE)
kilmés mazuto emisijy indélius.

6 pv. matome, jog tiek SO, ir PM; sulfaty Saltiniy indéliai rodé panasia
sezonineg kaita. Biomasés deginimo emisijy indélis ziema buvo maZzesnis
(vidutiniskai 28 + 14 %), o akmens anglies deginimo produkty — didesnis
(vidutiniskai 61 + 20 %). Saltuoju mety laikotarpiu tick biomasés deginimo
emisijos, susijusios su buitiniu Sildymu, tiek ir elektros energijos gamybos
emisijos padidéja. Tai lemia aukStesnes SO, emisijas Zziema, lyginant su
vasara. Jprastai akmens anglies deginimo emisijos yra vyraujantis sieros tar§os
Saltinis ziemos metu Vilniuje (vidurkis 61 + 20 %), pranokstantis vietiniy
biomasés deginimo Saltiniy emisijas. Tai daugiausia lemia didelés sieros
emisijos i§ kaimyniniy $aliy, pvz., Lenkijos (2021 m. Lenkijos SO, emisijos
buvo 35 kartus aukstesnés Lietuvos (European Environment Agency, 2023)).
Vasaros ménesiais, kai bendras sieros emisijy kiekis sumazéja, biomasés
deginimo emisijos tampa dominuojan¢iu atmosferinés sieros Saltiniu,
sudaranciu vidutiniskai 63 £+ 16 %, 0 akmens anglies deginimo emisijy dalis
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sumazéja iki 37 + 16 %. Nors gyvenamyjy biisty Sildymo emisijos vasarg yra
zemos, kiti Saltiniai, tokie kaip tikinés paskirties zemiy deginimai ir misky
gaisrai, tampa svarbiu sieros saltiniu (Rickly et al., 2022). Taip pat Vilniaus
Siluminé elektriné ir vasaros ménesiais toliau naudoja biomase, taip
sudarydamg stabily biomasés deginimo emisijy fong visus metus (Vilniaus
Silumos tinklai, 2021; Vilniaus Silumos tinklai, 2022). Per visg bandiniy
rinkimo laikotarpj biomasés deginimo emisijy indélis dujiniame SO, buvo
didesnis (vidutiniskai 11 % daugiau) nei sulfaty frakcijoje ir tai atspindi
vietiniy tarSos Saltiniy jtaka.

Matome, jog iki 2022 mety biomasés deginimas bei anglies deginimo ir
naftos produkty emisijos buvo pagrindiniai sieros tarSos Saltiniai Vilniuje
ziemos ménesiais, sudarantys atitinkamai 30 £+ 16 % ir 70 + 16 %. Taciau nuo
2022 m. lapkri¢io 9 d. Vilniaus Siluminéje elektringje buvo pradéta naudoti
mazutas. 2022 — 2023 m. ziema HFO emisijos reikSmingai paveiké Vilniaus
miesto oro kokybe ir sudaré 40 £ 17 % SO bei 40 £ 13 % PM; sulfaty
frakcijose. Siuo laikotarpiu vietinés emisijos tapo vyraujancios tiek dujinés,
tiek dalelinés sieros tarSos $altiniais Vilniuje.

Karantino salygy poveikis PM1 emisijoms

Siame skyriuje pateikiama PM; bandiniy kompleksiné anglies ir sieros
izotopy analizé (**C, 3C ir *S). Bandiniai rinkti nuo 2020 m. sausio 11 d. iki
2021 m. kovo 16 d, siekiant atskleisti antrojo COVID-19 karantino poveikj
Lietuvos tar$os $altiniy emisijoms. Sio periodo metu visos anglies (angl. total
carbon, TC) koncentracijos svyravo pla¢iame intervale nuo 2.4 pg/m?® iki 12.4
pg/m3, su vidutine 5.7 + 3.0 ug/m?® verte (7 pav.). Buvo pastebéta reikSminga
atvirkstiné koreliacija tarp TC koncentracijy ir aplinkos temperattros (r = -
0.60, p < 0.05). Tyrimas, atliktas Vilniuje 2014 — 2015 m., parodé Siek tiek
mazesnes TC koncentracijas, kurios vidutiniskai sieké 4.5 ug/m® (Garbariené
et al., 2016). Pandemijos metu sumazéjusias transporto emisijas galéjo
nusverti suintensyvéjusios emisijos i§ elektros/Silumos gamybos ir namy
Sildymo emisijos.
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7 pav. TC (pilka sritis) ir SO4> (raudona sritis) koncentracijos PM; dalelése,
surinktose nuo 2020 m. lapkri¢io 11 d. iki 2021 m. kovo 16 d. Taip pat
paveikslélyje pateikta vidutiné temperatira (mélyna linija) ir véjo greitis (zalia
linija).

Siuo laikotarpiu sulfaty jony koncentracijos svyravo nuo 0,1 ug/m® iki 3,4
ug/m®, o vidurkis sieké 1,5 + 0,9 pg/m® Silpna koreliacija tarp SO*
koncentracijy ir temperatiros (r = -0,12, p < 0,05) rodo minimaly vietiniy
Saltiniy, tokiy kaip namy Sildymo emisijy, indélj ] PM; sulfatine dalj. Taciau
buvo pastebéta stipri koreliacija tarp TC ir SO4>" koncentracijy (r = 0,66, p <
0,05). Tai rodo, jog tiek anglingoji, tiek sulfatiné PM; dalys yra susijusios su
bendrais antropogeniniais Saltiniais.

Laikotarpis nuo sausio 15 d. iki sausio 18 d. yra iSskirtinis dél
padidéjusiy tiek TC, tiek SO4* koncentracijy. Sis laikotarpis issiskyré
uzfiksuota Zemiausia vidutine temperattra (-17,2 °C) per visg tyrima, kartu su
mazu vidutiniu véjo greiciu (2,6 m/s) ir zemu maiSymosi sluoksnio aukséiu
(352 m). Taigi, tikétina, kad itin Zemy temperatiiry laikotarpiu padidéjes
emisijy kiekis i§ namy Sildymo, kartu su nepalankiomis atmosferinémis
salygomis, 1émé PM;: kaupimasi. Todél Siuo periodu buvo uzfiksuotos
nejprastai aukstos TC ir SO4% koncentracijos.

Stipri koreliacija tarp TC ir SOs* koncentracijy davé pagrinda
pritaikyti kompleksine 83C ir %S analize $iam periodui. 2020 — 2021 m.
laikotarpiu TC izotopiné sudétis anglingajame aerozolyje kito siaurame ruoze,
nuo -26,7 %o iki -25,7 %o (vidurkis: -26,2 + 0,2 %o). 8*3C vertés silpnai
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koreliavo su TC koncentracijomis (r = 0,34, p < 0,05). Tuo paciu metu PM;
sulfaty 84S vertés svyravo nuo 3,4 %o iki 6,1 %o (vidurkis: 4,8 = 0,8 %o). 534S
vertés taip pat rodé maza koreliacijg su SO4% koncentracijomis (r = 0,13, p <
0,05). Uzfiksuotos silpnos koreliacijos tarp izotopiniy ver¢iy ir koncentracijy
rodo, jog keli skirtingi Saltiniai su savitomis izotopinémis vertémis galéjo
darytj jtaka. Sieros tarSos Saltiniai zenkliai skiriasi sieros kiekiu, todél
padidéjusiy mazai sieros turin€iy $altiniy emisjos (pvz., biomasés deginimo)
poveikis gali nebiitinai padidinti atmosferines SO4> koncentracijas, bet gali
sukelti pastebimus %S reikSmiy pokycius. Taip pat oro masiy pernasos
analizé parodé, jog anglingyjy aerozolio tarSos koncentracijos ir izotopinés
vertés labiau atspindéjo vietiniy $altiniy jtaka. O sulfatiniy aerozoliy rezultatai
atspindéjo terSaly tolimosios pernasos jtaka i$ kaimyniniy regiony.

Toliau, pritaikant radiokaanglies matavimus, galime tiksliai nustatyti
i8kastinio ir neiskastinio kuro Saltiniy indélius Siuo laikotarpiu (8 pav.).
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8 pav. Iskastinio ir neiSkastinio kuro $altiniy indéliai j anglingyjy aerozoliy
frakcija 2020 — 2021 m. laikotarpiu. Sis laikotarpis palygintas su tyrimu
(pazyméta raudonai), atliktu 2014 — 2015 m. (Garbariené et al., 2016). Be to,
pateiktos 3°C vertés (balti kvadratéliai).

2020-2021 m. laikotarpiu neiskastinis kuras buvo pagrindinis anglingyjy
aerozoliy Saltininis dél vietiniy namy S$ildymo emisijy. Lietuvoje namy
Sildymui placiai naudojamas biokuras, toks kaip kaip malkos, medzio granulés
ir briketai (Lithuania’s National Inventory Report, 2021.). Neiskastinio kuro
emisijy indélis svyravo nuo 64 % iki 85 % (vidurkis 77 = 6 %), o iSkastinio
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kuro indélis varijavo tarp 15 % ir 36 % (vidurkis 23 + 6 %). 2020-2021 m.
laikotarpiu iSkastinio kuro indélis buvo pastebimai mazesnis nei anksciau,
lyginant su 2014 — 2015 m. tyrimu (Garbariené et al., 2016), kuriame
idkastinio kuro indélis vidutinidkai sudaré 30 %. Sis sumaz¢jimas greidiausiai
atspindi sumazéjusias transporto emisijas COVID-19 karantino metu, o tuo
metu biomasés deginimo emisijos suintensyvéjo. Sio tyrimo 8:3C vertés (-26,2
+ 0,2 %o) buvo teigiamesnés nei 2014 — 2015 m. (-26,7 £ 0,4 %o), kas
patvirtina, jog transporto emisijos karantino metu sumazéjo, nes daleliy 33C
vertés Lietuvoje paprastai svyruoja nuo -29 %o iki -28 %o (Garbariené et al.,
2016; Masalaité et al., 2012).

O sulfatiniy aerozoliy $altiniy skirstymas parodé, kad pagrindinis Saltinis
buvo akmens anglies deginimo emisijos, kurios vidutiniskai sudaré 60 + 10
%, svyruodamos nuo 40 % iki 80 % per visg 2020 — 2021 m. laikotarpj (9

pav.).

I coal
I Biomass

Total sulfur fraction, %

9 pav. Akmens anglies ir biomasés deginimo emisijy indéliai 2020 — 2021 m.
laikotarpiu.

Biomasés deginimo emisijy indélis sulfaty frakcijoje buvo gerokai maZzesnis,
sieké nuo 20 % iki 60 % (vidurkis: 60 + 10 %). Taciau biomasés deginimo
emisijy indélis buvo gerokai didesnis $iuo laikotarpiu, palyginti su kitais 2021
—2022 ir 2022 — 2023 m. periodas, kai biomasés deginimo emisijos sudaré po
21 % kiekvienu laikotarpiu (6 pav.). Maziausia akmens anglies dalis (40 %)
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buvo uzfiksuota anksciau aptartu laikotarpiu 2021 m. sausio 15 — 18 d.
Vilniuje. Taigi, zemos temperatiiros laikotarpiai kartu su nepalankiomis
atmosferos maiSymosi salygomis gali nulemti vyraujantj vietiniy tarSos
Saltiniy indélj tam tikrais laikotarpiais. Tai patvirtina &*S verdiy
priklausomybé nuo temperatiiros, parodyta 10 pav.

10
Biomass burning, %
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10 pav. &*S ver¢iy priklausomybé nuo vidutiniy temperatiiry atskirais
bandiniy rinkimo laikotarpiais. ApskaiCiuoti biomasés deginimo emisijy
indéliai pazyméti kaip spalvy gradientas. Briksniné linija zymi ribg ties 2,9
°C, zemiau kurios 8%*S vertés rodo stiprig atvirkSting priklausomybe nuo
uzfiksuoty temperatiry.

2020 — 2021 m. laikotarpiu PM; sulfaty %S vertés stipriai koreliavo su
temperatira (r = -0,90, p < 0,05), kai temperatiira buvo zemesné nei
pasirinktas ~2,9 °C slenkstis. Temperattirai nukritus Zemiau S$ios ribos,
biomasés deginimo indélis padidéjo nuo 20 % iki 60 %. Taigi, nors
temperatiiros salygoti sulfaty %S veréiy svyravimai gali biti siejami su
besikei¢ianciais SO, oksidacijos keliais arba frakcionavimo koeficienty
poky¢iais, stebétas 5*S verciy kitimas $iuo laikotarpiu grei¢iausiai atspindi
skirtingy sieros tarSos Saltiniy indéliy pokyc¢ius. Be to, laikotarpiais, kai oro
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masés atkeliaudavo i§ maziau uZzterSty Siaurés ir Siaurés vakary sektoriy,
kuriuose SO4* koncentracijos paprastai yra zemos (Davuliene et al., 2021),
biomasés deginimo dalis sudarydavo 60 % indél; ir vietiniy altiniy jtaka buvo
vyraujanti. Todél PM: bandiniai, surinkti 01-18, 02-05, 02-09 ir 02-19, galéty
biiti laikomi atspindinciais laikotarpius, kada vyrauja vietiniai tarSos Saltiniai.

Sunkiojo kuro emisijy poveikis

Siekiant jvertinti sunkiojo kuro (mazuto, HFO) poveikj oro kokybei Vilniuje,
buvo atlikta PM; daleléliy vandenyje tirpiy neorganiniy jony koncentracijy
palyginamoji analizé. Buvo palyginti du Sildymo sezonai: jprastas Sildymo
laikotarpis (CH laikotarpis: 2021 — 2022), kai Vilniaus Siluminéje jégainéje
buvo naudojama tik biomasé ir gamtinés dujos, ir HFO naudojimo laikotarpis
(2022 — 2023), kai mazasieris (0,9 %) mazutas pradétas naudoti Vilniaus TPS.
Mazutas buvo naudojamas nuo 2022 m. lapkric¢io 9 d. iki 2023 m. kovo
pabaigos. Meteorologinés salygos tick CH laikotarpiu, tieck HFO naudojimo
laikotarpiu buvo panasios.

CH ir HFO naudojimo laikotarpiais buvo iSmatuotos koncentracijos Siy
WSII koncetracijos PM; frakcijoje: Mg?*, Ca?", K*, NH4*, Na*, SO4%, NOs ir
Cl" (11 pav.). Taip pat pateikiami SO koncentracijy monitoringo duomenys.
DaZniausiai pasitaikantys jonai buvo SOs*, K* ir NO3, sudare apie 70 % visy
WSII tiek CH, tiek HFO laikotarpiais. CH laikotarpio (11 pav.(a)) metu
vidutiné SO4* koncentracija buvo lygi 1,16 £+ 0,31 pg/m®, K* lygi 1,61 + 0,48
pg/m?® ir NOs™ lygi 1,05 + 0,44 pug/m®. Kalio jonai sudaré 27 % nuo bendros
WSII koncentracijos, rodancios reik§minga biomasés deginimo emisijy jtaka
CH periodu (Urban et al., 2012).
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11 pav. CH (a) ir HFO (b) periody WSII koncentracijy paskirstymas PM; -
dalelése ir jy santykiniai indéliai j bendras WSII koncentracijas.

Per HFO naudojimo laikotarpj (11 pav.(b)) iSaugo SO4* koncentracijos,
sudarydamos 37 % viso WSII, t.y. 15 % daugiau nei per CH laikotarpj. Sulfaty
jony koncentracijos padidéjo 1,3 karto ir pasieké viduting 1,53 + 0,38 pg/m3
verte. Taciau K' (1,04 = 0,58 pg/m®) ir NOs (0,47 + 0,37 pg/m®)
koncentracijos sumazéjo. Be to, per HFO naudojimo laikotarpj uzfiksuotas
zymus SO; koncentracijy padidéjimas ir vidutiné verté buvo lygi 2,54 + 2,13
ug/m? — beveik dvigubai daugiau nei per CH laikotarpj (1,30 + 0,39 pg/m®).

Toliau palyginome CH ir HFO periodus pasitelkiant kompleksing izotopy
analize (**C, C ir #S), kaip parodyta 12 pav. CH laikotarpiu (12 pav.(a)) SO
5%*Ss02 vertés isliko santykinai pastovios, svyruodamos siaurame intervale
nuo 4,8 %o iki 6,1 %o (vidurkis: 5,4 £ 0,6 %o0). O PM; sulfaty vertés kito
pla¢iame intervale nuo -2,0 %o iki 4,4 %o (vidurkis: 2,0 = 2,1 %o),
atspindédamos kintantj tolimyjy ir vietiniy Sieros tarSos Saltiniy santykinj
poveik].

CH laikotarpiu PM; frakcijos elementinés anglies (angl. elemental carbon,
EC) §*Cec vertés svyravo nuo -29,3 %o iki -27,4 %o su vidutine -28,4 + 0,6 %o
verte. Nors Lietuvoje vietiniy tar$os $altiniy §**Cec vertés néra Zinomos, miisy
rezultatus galime palyginti su literataroje pateikiamais skirtingy S$altiniy
izotopiniy ver¢iy intervalais. CH laikotrapio metu gautos §*3Cec gerai atitinka
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biomasés deginimo Saltinius, kuriy 8*Cec vertés svyruoja nuo -29,9 %o iki -
25,4 %o (Aguilera and Whigham, 2018; Liu et al., 2014; C. Zhang et al., 2023)
ir yra artimos transporto emisijy vertéms TC frakcijoje, kurios svyruoja nuo -
31,6 iki -29,9 %o (Garbaras et al., 2023). Taciau gautos izotopinés vertés
nepatenka j tipinj akmens anglies deginimo emisijy EC frakcijoje ruoza, kuris
svyruoja nuo -24,7 iki -23,3 %o (Kawashima and Haneishi, 2012; Yao et al.,
2022; C. Zhang et al., 2023).

Tuo paciu metu radioanglies analizé parodé, kad neiskastinio kuro frakcija
sudaré 15 + 6 %, kas atitinka ankstesniy tyrimy duomenis (Bernardoni et al.,
2013; Dusek et al., 2017; Genberg et al., 2011; Szidat et al., 2004). O
iSkastinio kuro frakcija sudaré nuo 76 % iki 91 % indélj su vidutine 85 £ 6 %
verte. Tai rodo, jog, nepaisant reik§mingos biomasés deginimo jtakos 3*3Cec
vertéms, iSkastinis kuras buvo pagrindinis EC §altinis CH laikotarpiu.
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12 pav. §*Ssoz, 8%*Spm1, 83Cec ir fr vertés laikotarpiui nuo 2021 m. gruodzio
10 d. iki 2022 m. vasario 18 d. (b) yra priskiriamos jprastam Sildymo
laikotarpiui (CH). Laikotarpis nuo 2022 m. spalio 17 d. iki 2023 m. kovo 10
d. (b), kai buvo naudojamas mazutas (HFO) pazymétas pilkai. Matavimali,
atlikti iki HFO naudojimo pradzios (iki 2022 m. lapkricio 9 d.), klasifikuojami
kaip laikotarpis prie§ HFO (pre-HFO).
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Mazuto naudojimo Vilniaus TPS laikotarpiu (12 pav.(b)) buvo pastebéti
reik§mingi poky¢iai tiek SO ir SO* §*S izotopinése vertése, tiek §°C EC
vertése. Lyginant su CH periodu, HFO laikotarpiu 8*Sso; vertés buvo
neigiamesnés ir pasizyméjo padidéjusia variacija su vidutine 0,4 £+ 3,2 %o
verte, 0 maziausia uzfiksuota verté buvo lygi -4,9 %o. Tuo metu 8% Spm1 vertés
vidutinigkai sieké -0,3 £ 2,4 %o, su Zemiausia -4,8 %o uzfiksuota verte. Sios
zemos 6*S vertés rodo naujo 3altinio jtakg, grei¢iausiai susijusio su HFO
deginimu, kurio kilmé galimai yra Jungtiniy Araby Emyraty arba Saudo
Arabijos.

O PM; EC izotopinés vertés pasizyméjo prieSinga tendencija ir HFO
naudojimo metu tapo tapo teigiamesnés. Prie§ HFO naudojimo pradzig *Cec
vertés vidutiniSkai sieké -28,8 + 0,3 %o. Pradéjus naudoti HFO, $iy verciy
vidurkis buvo lygus -27,5 + 0,8 %o ir pasické teigiamiausig 25,8 %o reikSme,
kuri artima sunkiojo kuro daleliy vertéms (~ -26,0 %o —-25,5 %0) pagal Widory
(2006). HFO periodo metu stebimos tendencijos — neigiamesnés §**Ssop ir
5%*Spm1 vertés kartu su labiau teigiamomis 8**Cec vertéemis — byloja apie
bendra tarSos Saltinj. Tai patvirtina ir reikSminga neigiama koreliacija tarp
5%*Spm1 ir 81°Cec ver¢iy (r =-0,6, p <0,05).

HFO naudojimo laikotarpiu EC iskastinio kuro emisijy frakcija f; svyravo
nuo 64 % iki 86 %. Tadiau, palyginus su CH laikotarpiu, vidutiné fr verté
reikSmingai nepasikeité ir sieké 75 + 7 %. ISkastinio kuro frakcijos
sumazgjimg galimai 1émé padidéjusios biomasés deginimo emisijos.

Faktoriai, lemiantys izotopiniy ver¢iy kaitg

Sezoniniai 3*Ssoz ir 5**Spm1 verciy pokydciai, be anks¢iau analizuoty Saltiniy
emisijy pokyciy, taip pat yra veikiami SO oksidacijos keliy pokyciy ir
temperattiros sukelty izotopiniy frakcionavimo efekty. Bendrai surinkty SO>
ir PM; sulfaty bandiniy analizé¢ gali suteikti informacijos apie veiksnius,
lemiancius izotopinius veréiy skirtumus tarp jy (8**Spm1 - §**Ssoz). Tokiu biidu
galima neatsizvelgti | SO tarSos Saltiniy emisijy kaita. Toliau Siame skyriuje
bus lyginami izotopiniai ver¢iy skirtumai §%Spm1 - 5%Sso, skirtingais bandiniy
rinkimo laikotarpiais.

13 pav. pateikiami izotopiniy veréiy skirtumai 5%*Spw - 5**Ssoz. Neigiamos
8*Spm - 3%*Ssoz vertés buvo stebétos ziemg (vidurkis -2,0 + 1,7 %o), pavasarj
(vidurkis -0,5 + 1,4 %o) ir rudenj (vidurkis -1,6 + 2,3 %o). Taciau vasaros metu
sulfaty dalelés buvo labiau izotopiskai praturtintos **S (vidurkis: §%Spm1 -
8*Sso2 = 0,4 £ 1,3 %o). 2021 — 2022 m. ziemg stebimi didZiausi 5**Spm1 -
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8%Ss02 skirtumai, vidutiniskai atitinkantys -3,6 = 1,7 %o skirtuma. Sis Ziemos
laikotarpis buvo aprasytas anksciau kaip jprastas Sildymo laikotarpis (CH),
kuomet §%Sso, vertés atspindéjo vietiniy biomasés deginimo emisijy jtaka, o
5*Spm1 vertés rodé tolimyjy Saltiniy, ypa¢ akmens anglies deginimo, jtaka.
Taip pat dideli 8%Spw1 - 8%Sso, skirtumai buvo stebimi, kai oro masés
atkeliaudavo i§ pietiniy—pietvakariniy krypéiy (vidurkis -5,2 + 0,9 %o). Tai
pabrézia rySkius vietiniy SO ir tolimyjy sulfatiniy aerozoliy Saltiniy
skirtumus. Harris et al. (2013a) tyrime sezoniniai 5*Spwm1 - 5**Ssoz Svyravimai
buvo modeliuojami remiantis tik oksidacijos keliy poky¢iais ir frakcionavimo
faktoriy priklausomybe nuo temperatiros. Tyrime vasarg buvo fiksuojami
mazesni, o ziemg — didesni §**Spm1 - 8**Sso2 skirtumai, kurie gerai sutapo su
Novék et al. (2001) atliktais matavimais. Ta¢iau matavimai, atlikti santykinai
$varioje Vilniaus aplinkoje, yra stipriai veikiami tolimyjy tar$os Saltiniy bei
kintan¢iy SO, emisijy lygiy, kas galimai paaiskina pastebéta neatitikimg
lyginant su Harris et al. (2013a) modeliu. Taip pat TMI katalizés kelias
tikétinai buvo nepakankamai jvertintas modelyje, kuriame TMI kelias sudaré
35 % visos metinés SO, oksidacijos.
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13 pav. Desinéje paveikslélio dalyje pateikiami 3**Spm1 - 5**Ssoz Skirtumai
laikotarpiui nuo 2021 m. gruodzio 10 d. iki 2023 m. birzelio 30 d. HFO
laikotarpis isSskirtas punktyrinémis linijomis. Kairéje paveikslélio dalyje
pateiktos boxplot 6%Spmi - 6%Ssor skirtumy diagramos atitinkamiems
sezonams su HFO laikotarpiu, i$skirtu juodos spalvos seséliu.

Prieingai nei 2021 — 2022 m. ziema, HFO naudojimo laikotarpiu §**Spwm1
- 8**Sso2 skirtumai tapo gerokai maziau ryskis, vidutini$kai siekdami -0,7 +
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1,7 %o. Taip pat $iuo laikotarpiu buvo pastebéta zymiai stipresné §**Spmy ir
8*Ssop Verciy koreliacija (r = 0,86, p = 0,05), lyginant su visais kitais
laikotarpiais (r = 0,47, p < 0,05). Be to, 8*Spm1 vertés pasizyméjo stipria
koreliacija su SOR (r = -0,69, p = 0,05), prieSingai nei Kitais periodais (r = -
0,06, p < 0,05). Sie rezultatai rodo padidéjusj vietiniy SO, tarSos 3altiniy
poveikij, Sie Saltiniai tiesiogiai prisidéjo prie tolimesnés PM; sulfaty gamybos
atmosferoje per jvairias oksidajos reakcijas. Taigi HFO naudojimo laikotarpiu
iSmatuotos 8**Spm1 vertés atspindéjo vietinius tarSos Saltinius, 0 8%Spw1 -
8%*Sso2 skirtumai buvo nulemti sulfate formavimosi frakcionavimo efekty, o
ne skirtumy tarp tolimyjy ir vietiniy tarSos Saltiniy. Todél $is laikotarpis buvo
pasirinktas kaip tinkamas detaliau analizuoti SO, oksidacijos reakcijy
frakcionavimo efektus ir kiekybiSkai jvertinti skirtingy oksidacijos keliy
indélj. Atsizvelgiant j tai, jog HFO emisijos Vilniuje vyko tik Saltuoju mety
laiku, buvo tikimasi, jog OH radikaly oksidacijos indélis bus minimalus dél
mazos OH radikaly koncentracijos (Harris et al., 2013a). OH oksidacijos
indélis buvo jvertintas atskirai, remiantis ankstesniy tyrimy duomenimis
(Harris et al., 2013a; Sofen et al., 2011). Be to, SO, oksidacija su Oz nebuvo
vertinama atskirai dél jos nedidelio metinio indélio ir panaSaus frakcionavimo
faktoriaus § H»O,. NO; kelio indélis taip pat nebuvo nagrinéjamas dél mazy
vietiniy koncentracijy ir mazo frakcionavimo esant Zemai temperatiirai
(zemiau ~8 °C) (Au Yang et al., 2018). Todél buvo pasirinkti trys pagrindiniai
SO, oksidacijos keliai: OH, H20; ir O, katalizuojamai pereinamyjy metaly
jony (TMI).

HFO laikotarpiu viduting 6**Semission verté buvo lygi 0,2 + 2,9 %o. Bendro
dujy virtimo j daleles frakcionavimo faktoriaus €,_., verté buvo vidutiniskai
lygi -0,6 = 1,5 %o. Siuo laikotarpiu vidutiné aplinkos temperatiira svyravo nuo
-4,5 °C iki 3,7 °C ir atitinkamai gon faktorius svyravo nuo 10,59 %o iki 10,62
% (vidurkis 10,60 = 0,01 %o), €H202 svyravo nuo 16,20 %o iki 16,87 %o
(vidurkis 16,59 + 0,24 %o), 0 etmi SVYravo nuo -4,36 %o iki -3,14 %o (vidurkis
-3,69 + 0,35 %o). Frakcionavimo faktoriai priklauso ir nuo SOR ir jie pateikti
14 pav.(a), kuriame pavaizduota viduting &**Semission reik¥mé kartu su
iSmatuotais 8**Spm1 duomenimis. I§ paveikslélio matyti, jog skirtingy SO,
oksidacijos keliy indéliy vertinimas yra pagristas tik mazesnése SOR vertése,
kuriose santykiniai frakcionavimo faktoriy skirtumai yra didziausi. HFO
laikotarpio rezultatai patenka j §j mazesniy SOR ver¢iy inervala, todél pavyko
apskaicuoti oksidacijos keliy paskirstymg su neapibréztumais, daugeliu atvejy
nesiekianciais 10 % (10).

14 pav.(b) matomas vyraujantis TMI oksidacijos kelio indelis, kuris
vidutiniskai sudaré 79 = 7 % HFO laikotarpiu. H>O; kelias vidutiniSkai sudaré
16 = 7 % indélj. OH kelias vidutiniSkai sudaré¢ 5 + 5 % indélj.
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14 pav. (a) 8*Spm1 verciy priklausomybé nuo SOR paZzyméta juoda linija,
atspindin¢ia iSmatuotas 8*Spm1 reik§mes (r = -0.69, p < 0.05, N = 11).
Palyginimui teorinés 83*Spm1 verciy kreivés buvo apskaiciuotos kiekvienam
SO, oksidacijos keliui, remiantis vidutine 8*Semission = 0.2 %o reik§me
(Zymima punktyrine linija). (b) Ivertinty SO oksidacijos keliy indéliy kaita
HFO naudojimo laikotarpiu.

Anksc¢iau atlikti teoriniai tyrimai jvertino, jog TMI Kkatalizuojama SO,
oksidacija su O; gali sudaryti iki 17 % pasaulinés sulfaty gamybos atmosferoje
(Alexander et al., 2009). Taciau naujesni tyrimai rodo, kad TMI katalizés
kelias gali sudaryti didesnj nei 35 % indélj (Harris et al., 2013a, 2013b). Taip
pat Sio kelio svarba iSauga ziemos metu dél padidéjusiy antropogeniniy
emisijy i§ energijos gamybos, ypa¢ dél akmens anglies deginimo emisijy
(Jacob and Hoffmann, 1983; Luo et al., 2008; McCabe et al., 2006).
Atsizvelgiant | tai, kad akmens anglies deginimas yra pagrindinis Fe ir Mn
jony Saltinis, TMI Kkatalizé galimai atlieka ypa¢ svarby vaidmenj SO
oksidacijoje Centrinéje ir Ryty Europoje (Alexander et al., 2009). Be to,
mazuto deginimo emisijos pasizymi aukStomis metaly jony koncentracijomis,
ypac Fe jony (sudarantys ~34 % masés susidariusiose pirminése PM dalelése)
(Allouis et al., 2003). Todél padidéjusios metaly jony emisijos i§ anglies
deginimo ir mazuto naudojimo Vilniaus TPS galimai padidino TMI
oksidacijos kelio vyravima, stebétg 2022 — 2023 m. ziema.
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ISVADOS

Per daugiau nei dvejus metus buvo stebéta ryski sezoniné SO; ir
sulfaty izotopiniy verciy kaita ir izotopiskai praturtintos sieros rasys
buvo paplitusios vasaros ménesiais (8**Ssoz = 6,5 + 1,7 %o; 8**Spm1 =
6,5 £ 1,5 %0), 0 izotopiskai lengvesnés frakcijos — ziemos ménesiais
(3%Ss02 = 3,1 £ 3,4 %o; 6**Spm1 = 2,3 £ 2,7 %o). Sezonines §**Sso; ir
8%Spwm variacijas daugiausia lémé sieros Saltiniy emisijy poky¢iai ir
SO, oksidacijos keliy persiskirstymas. Tuo metu temperatiiros sukelta
frakcionacija turéjo sglyginai mazesng reikSme.

Iki 2022 mety pagrindiniai sieros tarSos Saltiniai buvo vietiniS
biomasés deginimas (30 + 16 %) ir tolimyjy akmens anglies degimo
emisijy pernasa i$ kaimyniniy $aliy (70 + 16 %) Ziemos metu Vilniuje.
O vasaros sezonai per visg meéginiy rinkimo laikotarpj pasizyméjo
sumazéjusiomis akmens anglies ir naftos deginimo emisijomis. Todél
vasaros laikotarpiu pagrindiniu sieros tarSos Saltiniu tapo biomasés
deginimas, kuris sudaré 60 + 18 % indélj SO, emisijose ir 63 £ 16 %
PM; frakcijoje.

2022 — 2023 mety ziemos laikotarpiu sunkiojo kuro naudojimas
Vilniaus Siluminéje elektringje 1émé reikSmingus sieros junginiy ir
anglingyjy PM; izotopiniy verdiy poky¢ius. Siuo laikotarpiu buvo
uzfiksuotos ypa¢ neigiamios 5**S reik§més (5**Ssoz = 0,4 %o, 5**Spm1
= -0,3 %o) ir labiau teigiamos 8'°C vertés (-27,5 £ 0,8 %o). Taip pat
Siuo laikotarpiu sunkiojo kuro emisijos sudar¢ apie 40 % tiek SO,
tiek sulfaty frakcijose. O akmens anglies deginimo emisijy indélis
sumazejo iki 34 £ 6 % SOz ir 36 = 8 % sulfaty frakcijose.

Sunkiojo kuro naudojimo Vilniaus Silumingje elektringje metu
vietiniy tarSos Saltiniy sieros emisijos buvo vyraujancios lyginant su
tolimyjy S$altiniy emisijomis, todél buvo jmanoma jvertinti
frakcionavimo faktorius bei apskaiciuoti skirtingy SO, oksidacijos
keliy santykinius indélius. Buvo nustatyta, jog pagrindinis SO,
oksidacijos kelias buvo O: oksidacija, katalizuojama pereinamyjy
metaly jony, ir sudaré¢ 79 £ 7 % indélj sulfaty aerozoliuose. Kiti
oksidantai buvo maziau efektyvis ir H,O oksidacija sudaré 16 + 7 %,
0 OH kelias sudaré¢ 5 + 5 %.
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