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ABSTRACT
We applied stable carbon isotope ratio (13C/12C) and radiocarbon (14C) analysis for the quantification of three main
aerosol sources (coal, biomass and liquid fossil fuel derived aerosol emissions). Submicron aerosol samples (PM1) were
collected from 27th October, 2014 to 19th January, 2015 at a suburban site of Vilnius city (Lithuania). To determine fossil
and non-fossil contributions to submicron carbonaceous aerosol particles, 14C measurements of total carbon (TC) were
performed using single stage accelerator mass spectrometer (SSAMS, NEC, USA). The concentrations of TC and δ13C in
PM1 fraction were measured using elemental analyzer interfaced to isotope ratio mass spectrometer (EA-IRMS).
The TC concentration during measurement period ranged from 1.3 to 9.6 µg m–3. The variation of TC concentrations can
be explained by the influence of long-range transport and dispersion properties of the boundary layer (mixed layer depth).
We found that biomass-derived aerosol sources are prevailing in Vilnius during wintertime and ranged from 57% to
84% of total carbonaceous aerosol fraction. Applying isotope mass balance calculations the traffic emissions were
estimated to be 15 ± 7% and coal combustion made up 14 ± 9% in PM1. To provide better information about the pollution
sources, the carbon isotope analysis along air mass transport pattern was performed. Our results demonstrated that the high
contribution to PM1 from coal burning (up to 40%) was observed for air masses transported from highly industrialized
Western Europe regions. Combination of stable carbon isotope ratio with the radiocarbon data allow to distinguish coal
from liquid fossil fuel in the aerosol particle emissions.
Keywords: Aerosol particles; Stable carbon isotopic ratio; Radiocarbon analysis.

INTRODUCTION
Fine aerosol particles (particles having the aerodynamic
diameter < 1 µm, PM1) have a significant effect on the
climate change, direct and indirect radiative forcing, visibility
and human health (Watson, 2002; Forster et al., 2007;
Mauderly and Chow, 2008). PM1 contain a substantial
fraction (up to 70%) of carbonaceous species (Zhang et al.,
2007). Carbonaceous aerosol in PM1 arising largely from
anthropogenic sources includes all types of combustion
activities (motor vehicles, biomass burning, power plants
and industrial processes) (Cheng et al., 2011; Crippa et al.,
2013). Fine carbonaceous aerosol particles are currently an
important area of study due to a continuous increase in
their concentration due to anthropogenic activities. Therefore,
the development of methods to identify contributions of
natural and anthropogenic sources gains great importance.
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Furthermore, distinguishing fossil fuel and biomass burning
sources is necessary to develop abatement strategies for more
efficient control of carbonaceous aerosol particle pollution.
During the last decade, significant progress has been
made in the characterization of carbonaceous aerosol sources
using specific tracers. Different aerosol sources have a
specific stable carbon isotopic composition (13C/12C). The
δ13C of total carbon (TC) has been successfully used to
identify the origin of pollution sources (Widory et al., 2004;
Kelly et al., 2005; Ulevicius et al., 2010) and to assess the
anthropogenic input (Górka et al., 2009; López-Veneroni,
2009; Górka et al., 2012). Therefore, it is often difficult to
distinguish fossil, biogenic and biomass burning emissions by
measuring δ13C of TC alone, due to overlapping δ13C values
between major pollution sources such as fossil and nonfossil fuel burning emissions (Cao et al., 2011; Kundu and
Kawamura, 2014). Nevertheless, recent studies demonstrated
significant difference in δ13C values between coal (δ13C(coal)
= –24.5‰) and liquid fossil fuel (δ13C(liquid fossil fuel) = –28‰)
(Górka et al., 2009; Garbaras et al., 2015;). This isotope
ratios differences can be used for identification of specific
aerosol particle sources.
Radiocarbon (14C) analysis allows distinguishing between
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fossil and non-fossil (biomass burning and biogenic
emissions) sources of carbonaceous aerosol (Szidat et al.,
2006; Schichtel et al., 2008; Sun et al., 2012; Buchholz et al.,
2013). Most radiocarbon measurements have been performed
on the PM2.5 and PM10 carbonaceous aerosol samples
(Gelencsér et al., 2007; Schichtel et al., 2008; Fushimi et al.,
2011; Glasius et al., 2011; Dusek et al., 2013). However, 14C
analysis of PM1 is not so common (Endo et al., 2004;
Minguillón et al., 2011; Zhang et al., 2013). Taking into
account that PM1 fraction is combustion-derived aerosol
particles the 14C analysis in PM1 samples could give more
conclusive information on the sources of carbonaceous
aerosol particles. The limitation of the radiocarbon analysis
is that this method does not allow distinguishing coalderived aerosol particles from the emissions of diesel and
gasoline.
Dual isotope (14C and 13C) analysis of carbonaceous aerosol
has only been reported in a few previous studies (Ceburnis
et al., 2011; Kirillova et al., 2013). Authors demonstrated
that 14C/12C and 13C/12C ratios provide valuable information
concerning both the sources and atmospheric processes of
carbonaceous aerosol. Ceburnis et al. (2011) used a dual
isotope (14C and 13C) method for quantifying biogenic marine
and terrestrial organic aerosol sources. Kirilowa et al. (2013)
established water soluble organic carbon (WSOC) sources
in Indian region.
Our main objective was to distinguish coal, biomass and
liquid fossil fuel-derived PM1 aerosol particles in the
Vilnius city applying the stable carbon isotope ratio and
radiocarbon analysis.
MATERIALS AND METHODS
Sampling
The measurements were performed from 10/27/2014 to
01/19/2015 in Vilnius, the capital of Lithuania. The sampling
site is located in the vicinity of Vilnius at the State Research
Institute Center for Physical Sciences and Technology
(54°64'N, 25°18'E, about 156 m above the sea level and 5 m
above the ground level). The sampling location is situated
in a grove and surrounded by the grassland about 10 km
west of the city centre. The sampler was located 300 m in
the west direction from the highway Vilnius-Kaunas with
the intensity 10,000 vehicles per day. The power station was
located 3 km in the north from sampling site. Small houses
which use biomass and coal for domestic heating purpose
were located in the vicinity (more that 300 m) of the sampling
site. Local sources of aerosols in the area includes biomass
and solid fossil fuel burning for the domestic heating, C3
type grass burning in the fields, traffic-related emissions.
During measurement period the average of relative humidity,
temperature and wind speed were 80 ± 13%, 4 ± 3°C and 7
± 3 m s–1, respectively. The wind direction was mainly from
east and south.
Backward air mass trajectories were calculated using a
hybrid single particle Lagrangian (HY-SPLIT) model from
the National Oceanic and Atmospheric Administration
(NOAA), http://www.arl.noaa. gov/hysplitarc- bin/traj1file.pl?
metdata=FNL. Trajectories were calculated for every 3 or 6
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h (depending on the period) with a total of 48 h duration at
500 m altitude AGL (Above Ground Level).
Atmospheric aerosol particles of PM1 were collected
using the high volume aerosol sampler (Digitel AG, DH77), the flow rate was 500 L min–1. The calibration of the
sampler was performed using Calibration Unit (Digitel
AG). The 2–3 days samples were collected from 10/27/2014
to 01/19/2015 on the 150 mm diameter quartz-fiber filters
(pre-baked at 600°C for 3 h to remove organic impurities
before sampling). The filters were changed in the sampler
at 5 p.m. The exact time for the filter loading/unloading
and the sampled volume was registered by the sampler
automatically. Obtained filter samples were stored in a
freezer until analysis. For the proper collection of long-range
transport particles the PM1 sampler was used. It allowed to
eliminate the interference with the aerosol particles of the
local origin, which in principle can have distinct isotopic
signature comparing to the long-range origin particles.
Sample Preparation
For the analysis of the total carbon (TC) concentration and
stable carbon isotope ratio about 1.42 cm2 of the aerosol
filter was used. The part of the filter was wrapped in the tin
capsule and stored in the freezer until δ13C analysis. The
rest of the filter was used for the preparation for radiocarbon
measurements.
Samples were prepared for the radiocarbon (14C)
analysis using an elemental analyzer (EA, Vario Isotope
Select, Elementar, GmbH) connected to the Automated
Graphitization Equipment AGE-3 (IonPlus AG). CO2 from
the sample is produced in the EA and passes to the AGE-3
system. In AGE-3 system CO2 is adsorbed in a column
filled with zeolite material. Consequently graphite is produced
by reducing the CO2 with hydrogen on an iron catalyst
(Wacker et al., 2010). Punches of 1.9 cm in diameter were
used for graphitization of the aerosol filters before 14C
analysis. From 3 to 14 punches of the filter were used for
making one graphite sample. The quantity of punches
depended on the carbon content on each filter. AGE-3 system
is capable of graphitizing the sample with the carbon amount
exceeding 0.2 mg. Each punch was packed into the tin
capsule and combusted in EA. CO2 formed from several
punches of one filter was collected in one of the reactors of
AGE-3 and graphitized to get graphite samples.
Measurements
Aerosol samples were analyzed for the total carbon
content and their stable carbon isotopic compositions using
an elemental analyzer (EA, Thermo FlashEA 1112) connected
to the isotope ratio mass spectrometer (IRMS, Thermo Delta
V Advantage). For broader description of the equipment
parameters see Garbaras et al. (2008).
Stable carbon isotopic ratio data presented here are
expressed as δ13C relative to the Pee Dee Belemnite (PDB)
standard as follows:

 13C   Rsample  Rstandard  / Rstandard   1000 (‰)

(1)
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Here Rsample and Rstandard are the ratios of 13C to 12C in the
sample and the standard (referred to as PDB), respectively.
As standards caffeine IAEA-600 (δ13C = –27.771 ± 0.043‰)
and oil NBS-22 IAEA (δ13C = –30.031 ± 0.043‰) were
used. As a laboratory working standard, EMA P2 (Elemental
Microanalysis, δ13C = –28 ± 0.1‰) was used. δ13C analysis
included filter blank analysis. Sampling was performed
during relatively high concentration of aerosol particles,
sometimes during smog conditions. The signal intensity of
blank filters was much smaller comparing to the loaded
filters, but we took into account the blank filter influence
on the stable carbon isotope ratio value. Based on the interlaboratory trials, the accuracy of the IRMS system is better
than 0.2‰.
The 14C/12C ratios in the graphitized aerosol samples
were measured using the 250 kV single stage accelerator
mass spectrometer (SSAMS, NEC, USA). An accuracy of
the measured 14C/12C ratio was better than 0.3%. The ion
beam was calibrated using Alfa Easer Black Carbon powder.
The latter standard is good for estimation of the instrument
background value. In this way the estimated SSAMS
background was 6.69 × 10–4 fM (fraction of modern carbon).
The graphitized phthalic acid was used for estimation of
the background of analysis. It was determined to be 2.45 ×
10–3 fM. OxII (NIST SRM 4990c, USA) standard was used
as a reference material (percent of modern carbon (pMC)
value of 134.07). For the isotopic fractionation correction
the ratio of 13C to 12C was used.
14
C results are reported as fraction of modern carbon
(fM), the fraction of the measured 14C/12C ratio related to
the 14C/12C ratio of the reference year 1950 (Stuiver and
Polach, 1977) is calculated by a following equation:

fM 



14

C / 12C

0.749



14



sample

C / 12C



(2)

OxII

Four aerosol samples were measured at Lund radiocarbon
laboratory (Geocentrum II Lund University, Sweden).
Later 14C analysis was performed in all 11 aerosol samples
(including four earlier samples) at National Electrostatics
Corporation (NEC, USA). Data of these four samples showed
a good match in a range of expanded uncertainty of k = 2. The
comparison between two laboratories is shown in Table 1.
14
C excess from nuclear bomb tests due to thermonuclear
weapons tests during 1950s and 1960s needs to be corrected.
Other authors have indicated that the present-day value of
atmospheric CO2 is around 1.04 (Levin et al., 2010; Genberg
et al., 2011). Fraction of modern carbon of carbonaceous
aerosol particles derived from wood combustion is in the

range of 1.08–1.30 depending on the age of the wood (Szidat
et al., 2006; Szidat et al., 2009; Genberg et al., 2011;
Minguillón et al., 2011). Szidat et al. (2009) suggested fM
value of 1.16 for carbonaceous aerosols from residential wood
burning using 30–50-year-old plants. Minguillón et al. (2011)
recommended fM = 1.083 corresponding to emissions from
the burning of 25 years-old trees. fM of biogenic primary and
secondary organic aerosol are close to fM of contemporary
biomass (around 1.04). Carbonaceous aerosol particles
derived from fossil fuel have fM = 0. As suggested by Heal
et al. (2011), a correction factor of 1.08 was used in this
study. The value 1.08 was chosen as being within the range
1.04 (recent-grown crops and biogenic volatile organic
compounds (VOCs) emissions) and 1.16 (tree wood 30–50
years-old), based on the expectation that the majority of
non-fossil carbon in these samples is derived from truly
contemporary sources rather that from 50 years-old biomass.
The fraction of contemporary carbon (fc) and the fraction
of fossil carbon (ff) in aerosol filters are estimated as
follows (Levin and Hesshaimer, 2000):

f c ( sample ) 

f M ( sample )

(3)

1.08

ff = 1 – fc

(4)

The same principle of analysis will be used in the results
and discussion chapter.
RESULTS AND DISCUSSION
TC Concentration and Temporal Variation
The measurements of the total carbon concentration in
submicron aerosol particles (PM1) were performed in the
vicinity of Vilnius during 10/27/2014–01/19/2015. To identify
potential region sources of carbonaceous aerosol particles
we calculated 2–3 days backward air mass trajectories and
a mixed layer depth (MLD) for each aerosol sample using
the NOAA Hysplit model (Draxler and Rolph, 2013). PM1
samples have been selected for analysis according to four
geographical sectors. Sector 1 represents air masses coming
from the North Atlantic Ocean, the Northern Sea and
Scandinavia and classified as „clean“ sector. Sector 2 is
characterized by air masses coming from Western Europe.
Sector 3 describes air masses passing over Central and
Southern Europe and southern Belarus. Sector 4 represents
eastern air masses coming from Belarus, northern Ukraine
and Russia. 2–4 sectors were classified as “polluted”
sectors characterized by various types of carbonaceous
pollution sources such as petrol and diesel emissions, oil

Table 1. Results of four aerosol filters which ware measured in USA and Lund radiocarbon laboratories.
Sampling period
10/30/2014–10/31/2014
11/05/2014–11/07/2014
11/14/2014–11/17/2014
12/23/2014–12/26/2014

USA-SSAMS, fM
0.74 ± 0.01
0.79 ± 0.01
0.87 ± 0.01
0.76 ± 0.01

LUND-SSAMS, fM
0.72 ± 0.01
0.80 ± 0.01
0.87 ± 0.01
0.74 ± 0.01
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and coal combustion, and biomass burning. Coal is used as
a fuel in neighboring Poland during cold season. In the
Western Europe the fossil fuel is used in the industry and
transportation. In the eastern part of the Europe wood is
used for the domestic heating. Typical backward trajectories
showing different air mass transport pathways are given in
Fig. 1.
Filter samples, which could not be attributed to any of
the sectors, are labeled as “undefined” and were not analyzed.
Thus, 11 aerosol samples representing different regional
sources were selected for analysis.
The concentration of total carbon in PM1 is presented in
Fig. 2. Results showed a significant variation of TC
concentration in the range 1.3 and 9.6 µg m–3. The average
for the whole measurement period was 4.47 µg m–3. The
changes in TC concentrations may be explained by the
influence of long-range transport of carbonaceous aerosol
particles and meteorological parameters.
The lowest TC concentrations (1.32 µg m–3) were
registered during northerly air flow. The highest levels of
TC concentration (up to 9.6 µg m–3) were registered in the
most polluted southern air masses. The TC concentration
ranges are significantly lower (3.6 ± 1.3 µg m–3) in western
and eastern sectors. However, the range of the TC
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concentration during clean periods (30–31 October 2014)
overlaps somewhat with that during polluted air masses.
This would imply that the difference in TC concentration
levels is based not only on the strength of emission sources,
long-range transport, but also on the dispersion properties
of the boundary layer (mixed layer depth). This suggests
that meteorological conditions (low mixed layer depth) and
local pollution sources during 30–31 October 2014 outweigh
the long-range transport effect at the urban site.
We found no correlation of temperature with TC
concentration. As mentioned above (section 2.1) the wind
direction was prevailing from south and east (regions without
intensive local pollution sources). This finding suggested
that TC concentration is not associated with the wind
direction, but more related with long-range transport.
It can be concluded that, in addition to the air mass
origin, the meteorological conditions such as the mixed
layer depth can influence TC concentrations.
Quantification of Fossil and Non-Fossil Sources
We measured radiocarbon in the aerosol filters in order
to distinguish modern (biomass) aerosol sources from the
fossil fuel (coal, diesel and gasoline) emitted particles.
The fractions of contemporary carbon (fc) values in Vilnius

a)

b)

c)

d)

Fig. 1. Typical air mass backward trajectories for a) sector 1; b) sector 2; c) sector 3; d) sector 4. Description of four
geographical sectors is given in the text.
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Fig. 2. TC concentrations and mixed layer depth (MLD) during 10/27/2014–01/19/2015 in Vilnius.
are presented in Table 2. fc ranged from 0.57 to 0.84,
indicating that contemporary sources are prevailing in Vilnius
during wintertime. Similar values have already been found
at other urban sites in Europe (Szidat et al., 2006, 2009;
Minguillón et al., 2011). Tanner et al. (2004) demonstrate
that contemporary carbon in winter was mainly from
residential wood burning activities and agricultural waste
incineration. The biogenic-derived carbonaceous aerosol
content is expected to be small in winter because of the
reduced biogenic primary aerosol emission as well as
reduced secondary organic aerosol (SOA) formation from
biogenic VOCs at lower temperature (Jordan et al., 2006).
In this study, the high average fc value (0.71 ± 0.08) in
winter exhibited biomass-dominated carbon signatures, which
demonstrated that biomass burning for residential heating
had the high impact on air quality at the Vilnius site.
Fig. 3 shows a scatter plot of fc and TC concentration.
There is no significant correlation (r2 = 0.17) between fc
and the TC concentration. Our observation demonstrated
(section 3.1) that TC concentrations were influenced not
only by source emissions but also by the meteorology. The
weak correlation between fc and the TC concentration has
been observed in previous studies (Buchholz et al., 2013;
Dusek et al., 2013). This would imply that anthropogenic
fossil pollution is quantified much precisely with the 14C
content rather than with the absolute TC concentration.
As shown in Fig. 4, the variation of the contemporary
and fossil carbon content of PM1 depended on the air mass
origin. As seen in Fig. 4 the fc value amounted to 0.77 in

southern and eastern air masses. The western air masses
have much lower value of fc (0.6). The west European
region has been considered as the most severally polluted
area and industrial emissions, coal burning and automobile
emissions are considered as major contributors. The more
pronounced fossil signal in Vilnius (ff = 0.4) suggested that the
anthropogenic emission from west European industrialized
areas (Germany, Poland) had a major impact on the regional
air quality.
14

C and 13C Based Sources Apportionment
We applied the isotope mixing model for the determination
of sources of aerosol particles during cold season in the
suburban site of the Vilnius city. We assumed that main
sources for the aerosol particles during the investigation
period were biomass burning, traffic and coal combustion
emissions. The measured δ13C value represents a mix of all
sources and can be expressed as follows:
δ13C = δ13Cbiomass × k1 + δ13Ccoal × k2 + δ13Ctraffic × k3

(5)

where δ13Cbiomass, δ13Ccoal, δ13Ctraffic are stable carbon
isotope ratio values of biomass, coal and traffic emissions,
respectively. The coefficients k1, k2, k3 are relative
contributions of biomass burning, coal combustion and
traffic related aerosol sources, respectively, and can be
expressed as:
k1 + k2 + k3 = 1

(6)
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Table 2. The values of fc in TC for the samples in different air mass origin.
Date
10/27/2014–10/30/2014
10/30/2014–10/31/2014
11/05/2014–11/07/2014
11/12/2014–11/14/2014
11/14/2014–11/17/2014
11/17/2014–11/21/2014
11/26/2014–12/01/2014
12/08/2014–12/12/2014
12/23/2014–12/26/2014
01/12/2015–01/14/2015
01/16/2015–01/19/2015

ff
0.16
0.31
0.27
0.26
0.19
0.24
0.27
0.43
0.30
0.43
0.30

fc
0.84
0.69
0.73
0.74
0.81
0.76
0.73
0.57
0.70
0.57
0.70

Air mass trajectory
S
N, NW
S
S
E
E
E
W
N, NW
W
W, SW

0.95
0.90
0.85

fc

0.80
0.75
0.70
0.65
0.60
0

2

4

6

TC, g m

8

10

-3

Fig. 3. Dependence of the fraction of contemporary carbon (fc) on the total carbon concentration in the PM1 aerosol filters
at Vilnius background site, Lithuania.
The main biomass species used for domestic heating
include pine, spruce, birch, and alder. From the controlled
biomass burning experiment it was established that during
burning of the mentioned species only small isotopic
fractionation (0.6–0.9‰) was observed between original
material and produced aerosol particles (Garbaras et al.,
2015). Relying on these burning experiments we assume
that in Lithuania and neighboring countries aerosol particles
from the biomass burning have δ13C values in the range from
–26 to –27‰. δ13C of coal emission is about –24.5 ± 0.5‰
(Górka et al., 2014). The δ13C values of diesel and gasoline
fuel in Lithuania are about –31.6 ± 0.1‰ (Mašalaitė et al.,
2012). Taking into account fractionation (~2.7‰) during
burning of diesel and gasoline in internal combustion engines
(Widory, 2006), we can expect δ13C values for the trafficderived aerosol to be in the range of –28 to –29‰. Generally
it is assumed that aerosol aging changes the carbon isotope
ratio in the aerosol particles. Usually particles become more

isotopically enriched comparing to the precursor gasses due
to ongoing photochemical reactions. Rudolph (2007) has
demonstrated that isotope fractionation can occur during
reactions of volatile organic compounds with oxidants. Few
studies have examined isotope fractionation during SOA
formation (Irei et al., 2006; Fisseha et al., 2009; Irei et al.,
2011). Wang and Kawamura (2006) showed that aging
removes lighter carbon isotopes from particulate phase in
the atmospheric oxidation processes. Kirillova et al. (2013)
demonstrated that aerosol transported longer distances in
India have larger differences in δ13C signature between
WSOC and total organic carbon. We used TC isotope ratio
measurement values as input for the mass balance equation. It
means that the extent of fractionation due to aging is unknown
because samples contain both organic and elemental carbon.
More laboratory aging studies are needed for expanding the
list of individual compounds and their fractionation factors
due to aerosol aging. The uncertainties for the source
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Fig. 4. The fraction of contemporary (fc) and fossil (ff) carbon in the aerosol filters in northern (N), eastern (E), southern (S)
and western (W) air masses.
definition by using stable carbon isotope ratio are within
the range of one permil and these uncertainties are bigger
that the accuracy of the measurement itself. The reason for
the scatter of δ13C values in the source material is that specific
sources are not of the same origin (for example different tree
types), and also photochemical transformation can occur.
δ 13 C values in PM 1 fraction ranged from –26.22 to
–27.36‰ during the investigated period (Fig. 5). The
variation of carbon isotope ratio between PM1 samples was
relatively small, but it not reflects the aerosol source
distribution, because mixture of all three sources makes up
the measured δ13C values.
We included radiocarbon analysis in the model which
allows estimating the input from modern (biomass) and
fossil sources (coal and traffic emissions). We assume that in
winter the relative contribution of biomass burning is equal
to fc (k1 = fc) and in this modern fraction there is no input
from the vegetation. Combining (5) and (6) it follows that:
k2 + k3 = 1 – k1 = 1 – fc = ff

(7)

k3 = ff – k2

(8)

δ13C = δ13Cbiomass × fc + δ13Ccoal × k2 + δ13Ctraffic × (ff – k2)

(9)

We solve Eq. (9) to find coefficient k2, while coefficients
k1 and k3 are found from the Eqs. (7) and (8).
The stable carbon isotope ratio from biomass and traffic
related emissions can overlap, but it differs for the coal related
emissions. By combining the stable carbon and radiocarbon
analysis we were able to quantify the input from the biomass

burning, coal and traffic emissions (Fig. 5).
The largest coal input to the aerosol particles was registered
during western air mass transport. It can be due to the air
mass transport from Poland, where coal is widely used for
the energy production. Górka et al. (2014) using isotope mass
balance equations found that in Wroclaw city (Poland) coalderived aerosol particles comprise up to 41% of elemental
carbon fraction and are comparable to the traffic related
emissions.
Aerosol sources of biomass burning were dominant during
atmospheric inversion events and can be attributed to the
local domestic heating. In the end of the October (30–31
October) favorite meteorology conditions (low mixing
layers depth and small wind) for the accumulation of the
aerosol particles were observed. Environmental Protection
Agency of Lithuania registered hourly PM10 concentration
up to 250 µg m–3 in these days. As shown in Fig. 5, the main
aerosol fraction during smog was from biomass combustion
(77 ± 10%), and there were almost none coal combustion.
Traffic emissions contributed about 15 ± 7% during all
investigated episodes (except 14–17 November 2014), and
it shows almost constant input of this source to the total
emission inventory. In the mid of the November (14–17
November 2014) mixing layer depth and air mass transport
from the east were notably high. The relative small input
from the traffic could be explained by these circumstances.
CONCLUSIONS
Radiocarbon and stable carbon isotope investigation of
PM1 were performed at suburban site of the Vilnius city (54°
64'N, 25°18'E) during a period of 10/27/2014–01/19/2015.
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Fig. 5. Estimated fraction of biomass burning, traffic emissions ant coal combustion in the aerosol particles in Vilnius. Air
masses directions are indicated on the top of the figure.

Concentrations of total carbon in PM1 fraction were in
the range of 1.3–9.6 µg m–3, with an average of 4.47 µg m–3.
Our observation has demonstrated that a temporal variation
of TC concentrations is determined by regional emissions
and boundary layer dynamics (mixed layer depth).
Measurements of 14C revealed large contribution of
contemporary carbon (fc) in PM1 ranging from 0.57 to 0.84.
The high fc values in cold season indicated that biomass
burning for residential heating had the high impact on air
quality at the Vilnius site. The variation of the contemporary
and fossil carbon content of PM1 can be attributed to different
air mass origin. The highest fc values (0.77) were registered
in southern and eastern air masses. However, the fc were
significantly lower (0.6) in the westerly air masses, implying
that the fossil fuel emission from west European industrialized
areas contributed to regional air pollution.
Employing the isotope mass balance model we determined
that the contribution of traffic emissions was almost constant
(15 ± 7%) during all investigated episodes, while the content
of coal-derived aerosol particles depended on air mass
transport. The largest coal input (up to 40%) to the aerosol
particles was observed during western air masses.
The combination of δ13C values with radiocarbon data is
a powerful tool in the studies of the aerosol particle source
apportionment because in addition to distinguishing fossil
and non-fossil aerosol sources it allows the quantification
of the amount of coal-derived aerosol particles.
REFERENCES
Buchholz, B.A., Fallon, S.J., Zermeño, P., Bench, G. and
Schichtel, B.A. (2013). Anomalous elevated radiocarbon

measurements of PM2.5. Nucl. Instrum. Methods Phys.
Res., Sect. B 294: 631–635.
Cao, J., Chow, J.C., Tao, J., Lee, S., Watson, J.G., Ho, K.,
Wang, G., Zhu, C. and Han, Y. (2011). Stable carbon
isotopes in aerosols from Chinese cities: Influence of
fossil fuels. Atmos. Environ. 45: 1359–1363.
Ceburnis, D., Garbaras, A., Szidat, S., Rinaldi, M., Fahrni,
S., Perron, N., Wacker, L., Leinert, S., Remeikis, V.,
Facchini, M.C., Prevot, A.S.H., Jennings, S.G., Ramonet,
M. and O’Dowd, C.D. (2011). Quantification of the
carbonaceous matter origin in submicron marine aerosol
by 13C and 14C isotope analysis. Atmos. Chem. Phys. 11:
8593–8606.
Cheng, Y., Zou, S.C., Lee, S.C., Chow, J.C., Ho, K.F.,
Watson, J.G., Han, Y.M., Zhang, R.J., Zhang, F., Yau,
P.S., Huang, Y., Bai, Y. and Wu, W.J. (2011).
Characteristics and source apportionment of PM1
emissions at a roadside station. J. Hazard. Mater. 195:
82–91.
Crippa, M., DeCarlo, P.F., Slowik, J.G., Mohr, C., Heringa,
M.F., Chirico, R., Poulain, L., Freutel, F., Sciare, J.,
Cozic, J., Di Marco, C.F., Elsasser, M., Nicolas, J.B.,
Marchand, N., Abidi, E., Wiedensohler, A., Drewnick,
F., Schneider, J., Borrmann, S., Nemitz, E., Zimmermann,
R., Jaffrezo, J.-L., Prévôt, A.S.H. and Baltensperger, U.
(2013). Wintertime aerosol chemical composition and
source apportionment of the organic fraction in the
metropolitan area of Paris. Atmos. Chem. Phys. 13: 961–
981.
Draxler, R.R. and Rolph, G.D. (2013). HYSPLIT Model
Access via NOAA ARL READY Website
(http://ready.arl.noaa.gov/HYSPLIT.php). NOAA Air

1364

Garbarienė et al., Aerosol and Air Quality Research, 16: 1356–1365, 2016

Resources Laboratory, Silver Spring, MD.
Dusek, U., ten Brink, H.M., Meijer, H.A.J., Kos, G.,
Mrozek, D., Röckmann, T., Holzinger, R. and Weijers,
E.P. (2013). The contribution of fossil sources to the
organic aerosol in the Netherlands. Atmos. Environ. 74:
169–176.
Endo, M., Yamamoto, N., Yoshinaga, J., Yanagisawa, Y.,
Endo, O., Goto, S., Yoneda, M., Shibata, Y. and Morita,
M. (2004). 14C measurement for size-fractionated airborne
particulate matters. Atmos. Environ. 38: 6263–6267.
Fisseha, R., Saurer, M., Jäggi, M., Siegwolf, R.T.W.,
Dommen, J., Szidat, S., Samburova, V. and Baltensperger,
U. (2009). Determination of primary and secondary sources
of organic acids and carbonaceous aerosols using stable
carbon isotopes. Atmos. Environ. 43: 431–437.
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T.,
Betts, R., Fahey, D.W., Haywood, J., Lean, J., Lowe, D.C.,
Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M.
and Van Dorland, R. (2007). Changes in Atmospheric
Constituents and in Radiative Forcing. In Solomon, S. et
al. (Ed.), Climate Change 2007: The Physical Science
Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on
Climate Chang.
Fushimi, A., Wagai, R., Uchida, M., Hasegawa, S.,
Takahashi, K., Kondo, M., Hirabayashi, M., Morino, Y.,
Shibata, Y., Ohara, T., Kobayashi, S. and Tanabe, K.
(2011). Radiocarbon (14C) diurnal variations in fine
particles at sites downwind from Tokyo, Japan in
summer. Environ. Sci. Technol. 45: 6784–92.
Garbaras, A., Andriejauskienė, J., Barisevičiūtė, R. and
Remeikis, V. (2008). Tracing of atmospheric aerosol
sources using stable carbon isotopes. Lith. J. Phys. 48:
259–264.
Garbaras, A., Masalaite, A., Garbariene, I., Ceburnis, D.,
Krugly, E., Remeikis, V., Puida, E., Kvietkus, K. and
Martuzevicius, D. (2015). Stable carbon fractionation in
size-segregated aerosol particles produced by controlled
biomass burning. J. Aerosol Sci. 79: 86–96.
Gelencsér, A., May, B., Simpson, D., Sánchez-Ochoa, A.,
Kasper-Giebl, A., Puxbaum, H., Caseiro, A., Pio, C. and
Legrand, M. (2007). Source apportionment of PM2.5
organic aerosol over Europe: Primary/secondary,
natural/anthropogenic, and fossil/biogenic origin. J.
Geophys. Res. 112: D23S04.
Genberg, J., Hyder, M., Stenström, K., Bergström, R.,
Simpson, D., Fors, E., Jönsson, J.Å. and Swietlicki, E.
(2011). Source apportionment of carbonaceous aerosol
in southern Sweden. Atmos. Chem. Phys. Discuss. 11:
13575–13616.
Glasius, M., la Cour, A. and Lohse, C. (2011). Fossil and
nonfossil carbon in fine particulate matter: A study of
five European cities. J. Geophys. Res. 116: D11302.
Górka, M., Jędrysek, M.O., Maj, J., Worobiec, A.,
Buczyńska, A., Stefaniak, E., Krata, A., Van Grieken, R.,
Zwoździak, A., Sówka, I., Zwoździak, J. and LewickaSzczebak, D. (2009). Comparative assessment of air
quality in two health resorts using carbon isotopes and
palynological analyses. Atmos. Environ. 43: 682–688.

Górka, M., Zwolińska, E., Malkiewicz, M., LewickaSzczebak, D. and Jędrysek, M.O. (2012). Carbon and
nitrogen isotope analyses coupled with palynological
data of PM10 in Wrocław city (SW Poland)--assessment
of anthropogenic impact. Isot. Environ. Health Stud. 48:
327–44.
Górka, M., Rybicki, M., Simoneit, B.R.T. and Marynowski,
L. (2014). Determination of multiple organic matter sources
in aerosol PM10 from Wrocław, Poland using molecular
and stable carbon isotope compositions. Atmos. Environ.
89: 739–748.
Heal, M.R., Naysmith, P., Cook, G.T., Xu, S., Duran, T.R.
and Harrison, R.M. (2011). Application of 14C analyses
to source apportionment of carbonaceous PM2.5 in the
UK. Atmos. Environ. 45: 2341–2348.
Irei, S., Huang, L., Collin, F., Zhang, W., Hastie, D. and
Rudolph, J. (2006). Flow reactor studies of the stable
carbon isotope composition of secondary particulate
organic matter generated by OH-radical-induced reactions
of toluene. Atmos. Environ. 40: 5858–5867.
Irei, S., Rudolph, J., Huang, L., Auld, J. and Hastie, D.
(2011). Stable carbon isotope ratio of secondary particulate
organic matter formed by photooxidation of toluene in
indoor smog chamber. Atmos. Environ. 45: 856–862.
Jordan, T.B., Seen, A.J., Jacobsen, G.E. and Gras, J.L.
(2006). Radiocarbon determination of woodsmoke
contribution to air particulate matter in Launceston,
Tasmania. Atmos. Environ. 40: 2575–2582.
Kelly, S.D., Stein, C. and Jickells, T.D. (2005). Carbon and
nitrogen isotopic analysis of atmospheric organic matter.
Atmos. Environ. 39: 6007–6011.
Kirillova, E.N., Andersson, A., Sheesley, R.J., Kruså, M.,
Praveen, P.S., Budhavant, K., Safai, P.D., Rao, P.S.P.
and Gustafsson, Ö. (2013). 13C- and 14C-based study of
sources and atmospheric processing of water-soluble
organic carbon (WSOC) in South Asian aerosols. J.
Geophys. Res. Atmos. 118: 614–626.
Kundu, S. and Kawamura, K. (2014). Seasonal variations
of stable carbon isotopic composition of bulk aerosol
carbon from Gosan site, Jeju Island in the East China
Sea. Atmos. Environ. 94: 316–322.
Levin, I. and Hesshaimer, V. (2000). Radiocarbon – A unique
tracer of global carbon cycle dynamics. Radiocarbon 42:
69–80.
Levin, I., Naegler, T., Kromer, B., Diehl, M., Francey,
R.J., Gomez-Pelaez, A.J., Steele, L.P., Wagenbach, D.,
Weller, R. and Worthy, D.E. (2010). Observations and
modelling of the global distribution and long-term trend
of atmospheric 14CO2. Tellus B 62: 26–46.
López-Veneroni, D. (2009). The stable carbon isotope
composition of PM2.5 and PM10 in Mexico City
Metropolitan Area air. Atmos. Environ. 43: 4491–4502.
Mašalaitė, A., Garbaras, A. and Remeikis, V. (2012). Stable
isotopes in environmental investigations. Lith. J. Phys.
52: 261–268.
Mauderly, J.L. and Chow, J.C. (2008). Health effects of
organic aerosols. Inhalation Toxicol. 20: 257–88.
Minguillón, M.C., Perron, N., Querol, X., Szidat, S.,
Fahrni, S.M., Alastuey, A., Jimenez, J.L., Mohr, C.,

Garbarienė et al., Aerosol and Air Quality Research, 16: 1356–1365, 2016

Ortega, A.M., Day, D.A., Lanz, V.A., Wacker, L.,
Reche, C., Cusack, M., Amato, F., Kiss, G., Hoffer, A.,
Decesari, S., Moretti, F., Hillamo, R., Teinilä, K., Seco,
R., Peñuelas, J., Metzger, A., Schallhart, S., Müller, M.,
Hansel, A., Burkhart, J.F., Baltensperger, U. and Prévôt,
A.S.H. (2011). Fossil versus contemporary sources of
fine elemental and organic carbonaceous particulate
matter during the DAURE campaign in Northeast Spain.
Atmos. Chem. Phys. 11: 12067–12084.
Rudolph, J. (2007). Volatile Organic Compounds in the
Atmosphere. Blackwell Publishing: Oxford, UK.
Schichtel, B.A., Malm, W.C., Bench, G., Fallon, S., McDade,
C.E., Chow, J.C. and Watson, J.G. (2008). Fossil and
contemporary fine particulate carbon fractions at 12
rural and urban sites in the United States. J. Geophys.
Res. 113: D02311.
Stuiver, M. and Polach, H.A. (1977). Reporting of 14C
data. Radiocarbon 19: 355–363.
Sun, X., Hu, M., Guo, S., Liu, K. and Zhou, L. (2012). 14CBased source assessment of carbonaceous aerosols at a
rural site. Atmos. Environ. 50: 36–40.
Szidat, S., Jenk, T.M., Synal, H.A., Kalberer, M., Wacker,
L., Hajdas, I., Kasper-Giebl, A. and Baltensperger, U.
(2006). Contributions of fossil fuel, biomass-burning,
and biogenic emissions to carbonaceous aerosols in
Zurich as traced by 14C. J. Geophys. Res. 111: D07206.
Szidat, S., Ruff, M., Perron, N., Wacker, L., Hallquist, M.,
Shannigrahi, A.S., Yttri, K.E., Dye, C. and Simpson, D.
(2009). Fossil and non-fossil sources of organic carbon
(OC) and elemental carbon (EC) in Goteborg , Sweden.
Atmos. Chem. Phys. 9: 1521–1535.
Tanner, R.L., Parkhurst, W.J. and McNichol, A.P. (2004).
Fossil Sources of Ambient Aerosol Carbon Based on 14C
Measurements Special Issue of Aerosol Science and
Technology on Findings from the Fine Particulate Matter
Supersites Program. Aerosol Sci. Technol. 38: 133–139.
Ulevicius, V., Byčenkienė, S., Remeikis, V., Garbaras, A.,
Kecorius, S., Andriejauskienė, J., Jasinevičienė, D. and
Mocnik, G. (2010). Characterization of pollution events
in the East Baltic region affected by regional biomass
fire emissions. Atmos. Res. 98: 190–200.

1365

Wacker, L., Němec, M. and Bourquin, J. (2010). A
revolutionary graphitisation system: Fully automated,
compact and simple. Nucl. Instrum. Methods Phys. Res.,
Sect. B 268: 931–934.
Wang, H. and Kawamura, K. (2006). Stable carbon isotopic
composition of low-molecular-weight dicarboxylic acids
and ketoacids in remote marine aerosols. J. Geophys.
Res. 111: D07304.
Watson, J.G. (2002). Visibility: Science and Regulation. J.
Air Waste Manage. Assoc. 52: 628–713.
Widory, D. (2006). Combustibles, fuels and their combustion
products: A view through carbon isotopes. Combust.
Theor. Model. 10: 831–841.
Widory, D., Roy, S., Le Moullec, Y., Goupil, G., Cocherie,
A. and Guerrot, C. (2004). The origin of atmospheric
particles in Paris: A view through carbon and lead
isotopes. Atmos. Environ. 38: 953–961.
Zhang, Q., Jimenez, J.L., Canagaratna, M.R., Allan, J.D.,
Coe, H., Ulbrich, I., Alfarra, M.R., Takami, A.,
Middlebrook, A.M., Sun, Y.L., Dzepina, K., Dunlea, E.,
Docherty, K., DeCarlo, P.F., Salcedo, D., Onasch, T.,
Jayne, J.T., Miyoshi, T., Shimono, A., Hatakeyama, S.,
Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F.,
Borrmann, S., Weimer, S., Demerjian, K., Williams, P.,
Bower, K., Bahreini, R., Cottrell, L., Griffin, R.J.,
Rautiainen, J., Sun, J.Y., Zhang, Y.M. and Worsnop, D.R.
(2007). Ubiquity and dominance of oxygenated species
in organic aerosols in anthropogenically-influenced
Northern Hemisphere midlatitudes. Geophys. Res. Lett.
34: L13801.
Zhang, Y.L., Zotter, P., Perron, N., Prévôt, A.S.H., Wacker,
L. and Szidat, S. (2013). Fossil and Non-Fossil Sources
of Different Carbonaceous Fractions in Fine and Coarse
Particles by Radiocarbon Measurement. Radiocarbon
55: 1510–1520.
Received for review, July 10, 2015
Revised, September 10, 2015
Accepted, November 17, 2015

