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The chemical and isotopic composition of organic aerosol (OA) samples collected on PM1 filters was
determined as a function of desorption temperature to investigate the main sources of organic carbon
and the effects of photochemical processing on atmospheric aerosol. The filter samples were collected at
an urban (54�380 N, 25�180 E), coastal (55�550 N, 21�000 E) and forest (55�270 N, 26�00’ E) site in Lithuania
in March 2013. They can be interpreted as winter-time samples because the monthly averaged tem-
perature was �4 �C.

The detailed chemical composition of organic compounds was analysed with a thermal desorption
PTR-MS. The mass concentration of organic aerosol at the forest site was roughly by a factor of 30 lower
than at the urban and coastal site. This fact could be an indication that in this cold month the biogenic
secondary organic aerosol (SOA) formation was very low. Moreover, the organic aerosol collected at the
forest site was more refractory and contained a larger fraction of heavy molecules with m/z > 200.

The isotopic composition of the aerosol was used to differentiate the two main sources of organic
aerosol in winter, i.e. biomass burning (BB) and fossil fuel (FF) combustion. Organic aerosol from biomass
burning is enriched in 13C compared to OA from fossil fuel emissions. d13COC values of the OA samples
showed a positive correlation with the mass fraction of several individual organic compounds. Most of
these organic compounds contained nitrogen indicating that organic nitrogen compounds formed during
the combustion of biomass may be indicative of BB. Other compounds that showed negative correlations
with d13COC were possibly indicative of FF. These compounds included heavy hydrocarbons and were on
the average less oxidized than the bulk organic carbon.

The correlation of d13COC and the O/C ratio was positive at low but negative at high desorption tem-
peratures at the forest site. We propose that this might be due to photochemical processing of OA. This
processing can lead to accumulation of carbon in the more refractory organic fraction that is depleted in
ite).
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13C compared with the less refractory organic fraction. Detailed laboratory experiments are necessary to
further investigate the aging of aerosol particles before firm conclusions can be drawn.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosols exert a crucial effect not only on the global
but also on the regional climate system (Kaufman et al., 2002; Laj
et al., 2009; Monks et al., 2009) as well as on air quality (Dockery
et al., 1993; Freney et al., 2014) and human health (Nel, 2005). Air
quality monitoring directives usually require the measurement of
PM10 (dp < 10 mm) and PM2.5 (dp < 2.5 mm) concentration levels.
However, monitoring of the fine particle fraction (dp < 1 mm) be-
comes increasingly important as this fraction is the most important
to health effects (Pope and Dockery, 2006).

Air quality at different sites (urban, suburban, rural, forest or
coastal) depends on various parameters such as local emissions,
regional emissions, and transport, as well as on the geographic and
meteorological characteristics of the area (Bressi et al., 2014; Freney
et al., 2014; Holzinger et al., 2013; Kourtchev et al., 2013; Putaud
et al., 2010; Zhang et al., 2015). Several studies analysed contrast-
ing the urban, rural and coastal aerosol concentration and
composition in Western Europe (Asmi et al., 2011; Dusek et al.,
2013b; Putaud et al., 2004; Weijers and Schaap, 2013), such
studies in Eastern Europe are less common (Bovchaliuk et al., 2013;
Fountoukis et al., 2014). For this reason we selected three sites in
Lithuania, an urban site in Vilnius city (54�380 N, 25�180 E), a coastal
site at Preila (55�550 N, 21�000 E) and a forest location near the
village Rugsteliskis (55�270 N, 26�00’ E). A few studies have been
carried out previously in Vilnius city (By�cenkien _e et al., 2014b;
Masalaite et al., 2015; Ovadnevait _e et al., 2006), in Preila
(By�cenkien _e et al., 2014a; Garbaras et al., 2008; Milukaite et al.,
2007; Ulevicius et al., 2010) and at the forest site (Garbaras et al.,
2009; Kvietkus et al., 2011; Meinor _e et al., 2015). During these
studies the input of long range transport to the local aerosol con-
centration, the relative contribution of organic and elemental car-
bon, the identification of the pollution sources and characterization
of pollution events (biomass burning (BB), summer fires etc.) were
explored. Although all these studies yielded valuable information
on the physical and chemical characteristics of aerosol particles but
they were mostly conducted over short periods of time and/or only
at one sampling site at a time. Therefore, there was a clear need to
study the origin and the composition of aerosol particles at the
same time at all three locations.

The main focus of this study was to gain insight into sources and
properties of the organic aerosol fraction by using the detailed
chemical and isotopic composition. Organic aerosol (OA) comprises
a large percentage of the fine aerosol mass fraction (up to 90%), and
their sources, evolution and climate effects are still uncertain
(Jimenez et al., 2009). Primary organic aerosol (POA) emitted by
fossil fuel combustion (Gelencs�er et al., 2007; Masalaite et al., 2015)
and biomass burning (Andreae and Merlet, 2001; Ovadnevait _e
et al., 2006) is a major fraction of OA. In addition, the secondary
organic aerosol (SOA) formed by oxidation of volatile organic
compounds (VOC) is also a very important component of OA. OA is
often sub-divided into the hydrocarbonelike OA (HOA) that mostly
represents the primary organic aerosol that is directly emitted to
the atmosphere, and oxidized organic aerosol (OOA), which is
dominated by the secondary organic aerosol (Huffman et al., 2009).
The application of aerosol mass spectrometer (AMS)measurements
combined with factor analysis allows subdividing OOA into two
groups based on the mass spectrum derived from aerosol mass
spectrometer fragments. One group is associated with less re-
fractory carbon and the other with more refractory carbon, and
they are therefore called semi-volatile oxygenated OA (SVeOOA),
and low volatility oxygenated OA (LVeOOA) (Holzinger et al., 2013;
Presto et al., 2014). These studies indicate that SV-OOA and LV-OOA
have different sources and production mechanisms in the
atmosphere.

In this study we investigate the composition of organic aerosol
desorbed from filter samples at different temperatures using the
thermaledesorption protonetransferereaction mass spectrometry
(TDePTReMS) technique (Holzinger et al., 2010b, 2013) that has
been described in detail by Timkovsky et al. (2015) and Holzinger
(2015). The different desorption temperatures allow an approxi-
mate separation of the organic aerosol according to volatility since
the less refractory carbon tends to be desorbed at lower tempera-
tures and the more refractory carbon at high temperatures. The
PTR-MS is advantageous because of the lowdetection limits and the
capability to detect compounds at their protonated mass (many
aerosol compounds do not fragment), which allows detailed char-
acterization of the organic compounds.

The stable carbon isotope ratio of total carbon (d13CTC) can be
used as a tracer to identify and apportion certain pollution sources.
For example, aerosol particles derived from marine environments
are generally enriched in 13C with d13C values in the range of �20‰
to �23.3‰ (Ceburnis et al., 2011). Two other sources that can be
clearly distinguished are biogenic particles released by C3 plants for
which d13CTC values vary between �22‰ and �33‰ and particles
released by C4 plants with d13CTC values between �8 and �18‰
(Deines, 1980). d13CTC values of coal combustion derived particles
are in the range from �23.4 to �24.4‰ (Widory, 2006). Gasoline/
diesel fuel combustion generates particles with d13CTC values
ranging from �22.6 to �27.2‰ in Western Europe (Widory et al.,
2004) and on the average �28 ± 0.9‰ in Eastern Europe (G�orka
and Jędrysek, 2008; Masalaite et al., 2012, 2015). In Lithuania,
aerosol particles emitted from biomass burning had d13CTC values
varying from �25.5‰ to �27.0‰ (Garbaras et al., 2015), whereas
particles of the wildfire origin are very depleted in 13C reaching up
to �30.9‰ (Ulevicius et al., 2016; Ulevicius et al., 2010). The most
common fuels are spruce pellets d13CTC ¼ �25.8 ± 0.7‰ and mixed
biomass waste pellets d13CTC ¼ �25.5 ± 0.5‰. Therefore, two main
sources of aerosol carbon during wintertime (fossil fuel and
biomass burning) can be distinguished in Eastern Europe using
d13CTC (Masalaite et al., 2015).

The carbon isotope ratio can also be a powerful tool to charac-
terise the aging process of OA (Gensch et al., 2014), although not
much is known about this process yet (Kirillova et al., 2010). The
objective of this work is to better understand the importance of
sources of organic carbon (OC) and the isotope effects associated
with aging processes in the atmosphere.
2. Methods

2.1. Aerosol sampling sites description

Aerosol sampling was performed from 1 to 29 March 2013 at
three sites situated in Lithuania: the urban location of Vilnius (54�
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380 N, 25�, 100 E), the coastal location of Preila (55� 220 N, 21�, 10 E)
and the forest location of Rugsteliskis (55� 270 N, 26�, 00 E) (Fig. 1).
The monthly averaged temperature was �4 �C during the sampling
campaign (March of 2013), thus all the samples can be attributed to
the wintertime aerosol particles.

The sampling site in Vilnius is close to local pollution sources
and therefore represents a typical urban background site. PM1 size
fraction samples were collected daily on workdays (0e24 h) and
during FridayeSunday (0e72 h) on 150 mm diameter quartz mi-
crofiber filters (Whatman QM-A) using a highevolume (500 L/min)
sampler “Digitel DHe77”.

The air pollution monitoring station at Preila is located on the
Curonian spit of the Baltic Sea. The nearest industrial city is at a
distance of 40 km to the North. A low-volume (30 L/min) aerosol
sampler “Leckel”was used to collect samples of PM1 size fraction on
47 mm diameter quartz filters.

The Rugsteliskis ecological monitoring station is located in a
forest in Eastern Lithuania, 30 km from the nearest city to theWest.
Samples were collected on 75mmdiameter aluminium foils using a
high flow (100 L/min) 3-stage impactor “Moudi 128”. The impactor
has three stages with nominal cut-off of 10, 2.5 and 1 mm. Only the
PM1 size fraction was used for the analysis and data interpretation.

The filters and aluminium foils were heated at 550 �C for 12 h
prior to sampling. After sampling, the samples were wrapped in
aluminium foil (pre-fired for 12 h at 500 �C), sealed in plastic bags
and stored in a freezer (�25 �C) until analysis. One filter blank was
collected per week at each site by carrying a filter prepared for
measurements to the station and loading it into the sampler for a
week without exposing it to the sampling flow.

2.2. d13C analysis of TC and OC

The d13C values of bulk total carbon (d13CTC) were determined
using one half of a round punch (1.9 mm in diameter) of the quartz
fibber filter (or 1/8 of the aluminium foil for a forest site sample).
The filter pieces were wrapped into a tin capsule and introduced
into an elemental analyser (Flash EA 1112) coupled to an isotope
ratio mass spectrometer (Thermo Finnigan Delta Plus Advantage)
(EA e IRMS). This method is described in detail in previous studies
by Ceburnis et al. (2011) and Garbaras et al. (2008). d13COC was
measured using a thermaledesorption isotope ratio mass
Fig. 1. Geographical location of the three sampling sites in Lithuania: Vilniu
spectrometry (IRMS) system as described in detail by Dusek et al.
(2013a). The system consisted of a quartz glass tube surrounded
by two ovens (oven 1 and oven 2), which were coupled to an
isotope ratio mass spectrometer. A filter piece was placed into oven
1 at room temperature using a quartz glass filter holder. Both ovens
were flushed with helium for another 5 min. The temperature of
oven1was increased starting from 100 �C to 400 �C in steps of 50 �C
and at each temperature step organic compounds were desorbed in
the helium flow for 7 min. The temperature of oven 2 was kept
constant at 550 �C and it was filled with a Platinum catalyst to
oxidize the desorbed organic compounds to CO2. CO2 was
concentrated and purified using two consecutive liquid nitrogen
traps and subsequently passed to a gas chromatography column
(Varian CP351) to separate CO2 from possible traces of NO2 and
N2O. The pure carbon dioxide entered the IRMS via a custom-made
open split interface (R€ockmann et al., 2003) after water vapour was
removed with Nafion dryer.

d13CTC values measured on the filter samples (d13Csample) were
corrected for contamination using the isotope mixing equation.
d13Csample contains contributions from the aerosol collected on the
filter and contamination added during the sampling and mea-
surement, which is measured on the blank filters:

d13Csample$rsample ¼ d13Caerosol$(rsample e

rblank) þ d13Cblank$rblank, (1)

where d13Cblank represents the average d13CTC value of 3 blank filters
collected at each site. rblank is the average concentration of TC on
the blank filters and rsample is the average concentration of TC on
the sample filters. The stable carbon isotope ratio of the aerosol
d13Caerosol can be determined from Eq. (1).

The d13COC measurement for a given filter was separately cor-
rected using each of the three blank filters according to isotope
mixing equation, using respective values for OC at each T step
instead of TC. The standard deviation of d13COC after blank correc-
tion of separate blanks varied from 0.00 to 0.07.

The uncertainty of d13CTC measurements was estimated as the
standard deviation of the d13C measurements for TC (n ¼ 4). On the
other hand, d13COC values were usually measured on a single filter
piece. However, reproducibility measurements were performed for
three different filters, each of which was measured five times. The
s City, Preila (coastal site) and the remote site in the forest Rugsteliskis.
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standard deviation of d13COC averaged over all temperature steps
varied between 0.03 and 0.23 for the three filters.
2.3. PTReMS measurements and data treatment

The offline thermaledesorption protonetransferereaction mass
spectrometry (TDePTReMS) setup (from here on referred to as
‘PTReMS’) consisted of an oven system coupled to the PTReMS
which was described in detail by Holzinger et al. (2010b) and
Timkovsky et al. (2015).

In short, the oven design was similar to the IRMS system
described above. The filter, wrapped into Al foil, was taken out of
the freezer and left at the room temperature for 3 min to adjust
before the measurement. A filter piece (area of 0.2e4.2 cm2

depending on the amount of material on the filter) was inserted
into the system using a sample holder made from quartz glass. The
filter was introduced into the oven and the ovenswere flushedwith
N2 for 2 min to flush out the remaining air and reach stable con-
ditions. The organic compounds were then evaporated from the
filters at six temperature steps starting with 100 �C and ending
with 350 �C in the step size of 50 �C, lasting for 180 s each.
Meanwhile the temperature of oven 2 was kept constant at 200 �C
in order to prevent the condensation of the volatilized gasses. The
pure nitrogen carrier gas flow was 50 mL/min and it carried the
released organic compounds from the first to the second oven,
where a fraction of the flow was sampled for the PTReMS.

The operating conditions of the PTReMS were as follows. The
temperature of the drift tube was 117 �C and the temperature of the
inlet line was 180 �C. The pressure in the drift tube was 2.8 mbar
and the voltage across the drift tube Ud ¼ 600 V and Udx ¼ 28 V at
the end of the drift tube. The voltage and the current of the ion
source were 140 V and 4e5 mA. More than 2.5$105 cps (count per
second) were detected for the intensity of the primary protonated
water ion signal (calculated from the signal at m/z ¼ 21.023). TOF
resolution expressed by the mass resolution (defined as Full Width
at Half Maximum, FWHM) varied from 3000 to 3500.

The data were evaluated using Interactive Data Language (IDL,
version 7.0.0, ITT Visual Information Solutions) with custom-made
routines described by (Holzinger, 2015; Holzinger et al., 2010a,
2010b). The unified mass list contained 975 organic compounds
identified by their mass to charge ratio (m/z). Initially, the
measured concentrations were expressed as volume mixing ratios
of the compounds in the N2 carrier gas integrated over the duration
of each temperature step (int_VMR), and reported in nmol/mol
multiplied by second [s$nmol/mol]. Firstly, the mixing ratio of each
individual ion ‘i’ measured at each temperature step was corrected
for the instrument background. The background was defined as the
average mixing ratio of ion ‘i’ measured a few seconds prior to the
start of the heating cycle of the oven. Subsequently, a blank
correction was performed at each temperature step for each ion.
The average mixing ratio of ion ‘i’ measured on field blank filters
was subtracted from the mixing ratio of ‘i’ measured on each
sample. After these corrections the results were converted from the
volume mixing ratio in the carrier gas [s$nmol/mol] to ambient
concentrations r in air [ng/m3] according to:

ri ¼
J,int VMRi

Vair,Spiece
.
Sfilter

,MWi (2)

where J is the flow rate through the oven in units of mol/s, int_VMR
is the PTReMSmeasured mixing ratio [s$nmol/mol], Vair is referred
to the volume of the sampled air on a whole filter [in$m3], Spiece
[cm2] is the surface of the measured piece, Sfilter [cm2] is the surface
of the whole filter, and finally MWi is the molecular weight of ion ‘i’
in units of g/mol.
The individual masses from the mass list were assigned to

molecular formulas based on a previously determined mass library
(Holzinger et al., 2010a). A detailed description of how molecular
formulas are associated with masses from the mass list is given by
Timkovsky et al. (2015). Briefly, if more than one formula was
possible for a given ion mass, the following rules were used: If the
mass was odd, advantage was given to hydrocarbons over
oxygenated hydrocarbons. If the mass was even, the first consid-
eration was given to formulas containing nitrogen or carbon-13.
However, for formulas with 13C the extra condition that signalm/

z < signal(m/z)-1*#C*0.022 was applied; where the signalm/z is the
signal of the considered ion, the signal(m/z)-1 is the signal of the ion
with (m/z)-1, #C is the number of carbon atoms in the formula and
0.022 is the factor. The factor 0.022e twice the natural abundance
of 13Ceensured that at a certain mass z a formula containing 13C
was only attributed if the signal detected at the parent ion of mass
z-1 suggested that at least 50% of the measured signal could be
attributed to this compound. Finally the formulas with the smallest
mass deviation were associated with the ion if several formulas
satisfy criteria and were available.

The ions withm/z values below 40 Da (except for C2H3
þ, CH2OHþ,

CH5NHþ, and CH4OHþ, attributed to m/z 27.022, 31.017, 32.049, and
33.034) and m/z values associated with inorganic ions were
excluded. Masses 45.99 and 46.00 were related to nitrate and were
not considered further. Furthermore, ions that were clearly
contaminated (>1000 nmol/mol on the blank) and ions for which
the blank accounted for more than 70% of the signal were excluded.
A total of 907 ions were left when these rules were applied for data
analysis. The total signal of organic aerosol (OA) was the sum of the
mass concentration of all 907 organic compounds and will be
referred to as OAPTR (in units of ng/m3 or mg/m3) in the remainder of
the manuscript.

It is worth noting that OAPTR is not the same as organic carbon
(OC) measured using a semi-continuous thermal optical carbon
analyser (Sunset laboratory) or organic matter (OM) from the
aerosol mass spectrometer (AMS) analysis (Takegawa et al., 2005).
The oven temperature during filter extraction reached only up to
350 �C, thus the most refractory part of aerosol particles could be
left on the filters, whereas the thermal-optical-transmittance
method involves evaporation of particles at temperatures up to
650 �C (Cavalli et al., 2010) and the mass concentration of OM,
detected using AMS technique, (OMAMS) is typically measured at
600 �C (Jayne et al., 2000). Intercomparison of OAAMS and OAPTR
shows lower concentrations from PTReMS (Holzinger et al., 2013)
due to loss processes (Holzinger et al., 2010a, 2010b) such as frag-
mentation of organic compounds during protonation or thermal
decomposition during the filter heating in the oven.

The measured ions were divided into five classes according to
their chemical formula: hydrocarbons (CH), oxygenated hydrocar-
bons (CHO), nitrogen containing compounds (CHN), ions contain-
ing carbon, hydrogen, oxygen and nitrogen (CHON) and the last
group to which no formula could be assigned (unknown). Similarly
all the ions were grouped into three classes depending on the m/z
ratio. The first group was the sum of all ions up to m/z ¼ 100
(�100), the second groupwas the sum of ions fromm/z¼ 100 tom/
z¼ 200 (100e200) and the third groupwas the sum of ions fromm/
z ¼ 200 to m/z ¼ 350 (>200).

For the correlation of d13COC with individual ions analysed with
the PTR-MS, the mass fraction of each ion at a given temperature
step was calculated as the mass of the individual ion (ng) at a given
temperature step, divided by OAPTR (mg) at the same temperature
step (e.g. C2H3NH þ mass at 350 �C/OAPTR at 350 �C, (ng/mg)).
Scatter plots of the mass fraction vs. d13COC at six temperature steps
were analysed for each ion (from m/z ¼ 27 to m/z ¼ 470; 810 ions)
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Fig. 3. Percentage of separate ion classes of OAPTR at three sites.
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at all three sites. The majority of these ions did not show any cor-
relation with d13COC. However, for some ions we found very clear
correlations with d13COC. Since the mass fractions of the individual
ions are too small to significantly influence d13COC directly, we
suggest that the respective ions could be indicative of certain
aerosol sources or processes.

2.4. PTReMS and IRMS data comparison

The consistency between PTReMS and IRMS measurements of
the same filters collected in Lithuania in March 2013 at all three
sites was evaluated by comparing the PTReMS analysed organic
mass with the IRMS peak area (Fig. 2). The IRMS peaks are assumed
over all temperature steps is proportional to the total carbon des-
orbed from the sample (Dusek et al., 2013a). OAPTR strongly
correlated with the IRMS peak area per cubic meter (measured in
Vs/m3) and revealed that the data from both instruments were in
good agreement (r¼ 0.96; p ¼ 1.8$10�12). Since the IRMS peak area
is proportional to the amount of carbon (OC) in the sample, this
implies that OM/OC ratios are relatively similar for all the samples,
which plausible gives the similar chemical composition of the
analysed aerosol particles (Fig. 3).

2.5. Additional measurements

Meteorological parameters such as the air temperature, pres-
sure, precipitation, wind speed, wind direction were also collected.
Isobaric air mass back trajectories were examined using the Na-
tional Oceanic and Atmospheric Administration (NOAA) HYSPLIT
model (Stein et al., 2015) as one of the aims of the study was to
identify regional sources of carbonaceous aerosol. The air mass
trajectories were computed for 72 h prior to the sampling at a
height of 500 m a.s.l. with a new trajectory starting every 6 h
covering the corresponding sampling period.

3. Results

3.1. Chemical composition

The monthly averaged OAPTR was 2.11 mg/m3 in the city, 1.11 mg/
m3 at the coastal and only 0.05 mg/m3 at the forest site. However,
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the relative contribution of the five broad chemical classes (CH,
CHO, CHN, CHON, and unidentified compounds marked as X) to the
analysed organic mass was similar at all three sites (Fig. 3). CHO
ions constitute more than a half of OAPTR (1.22, 0.64 and 0.03 mg/m3

at the city, coastal and forest sites). The CHON ions accounted for
roughly 20% of the analysed organic mass. The fraction of the CH
ion mass was similar to the part of the unidentified ions (X) mass
(~10%).

The aerosol composition measured in the period of 2e4 March
was different from the typical composition at the coastal site
(Fig. 3). The air mass back trajectories were from the “clean” sector
(Ovadnevait _e et al. (2007)) i.e. the North and the NorthWest during
2e4 March and from “polluted” sectors (Ovadnevait _e et al. (2007))
i.e. the South, the East and the North East during 4e29 March. The
data for the coastal site on 2e4March will be referred to as “Coastal
clean sector” and 4e29 March as “Coastal” in the remainder of the
manuscript. The hydrocarbons and unidentified ions are enhanced
and CHO compounds are reduced in the coastal clean sector sam-
ples. This fact is in good agreement with Milukaite et al. (2007),
who reported that aerosol in the air from the Northern sector is
more associatedwith the anthropogenic than biogenic origin at this
site. OAPTR was 0.36 mg/m3 for the costal clean sector only, while for
the coastal polluted sector it varied from 0.96 to 1.75 mg/m3. The
“clean” sector therefore refers to low overall aerosol concentra-
tions, but not to the absence of anthropogenic pollution.

Fig. 4 (a) shows the fraction of OAPTR desorbed at different
temperature steps (thermogram) for each site. The highest mass
fractions are desorbed at 150 �C for all samples. These thermograms
give a rough indication of the refractiveness of the collected OA,
even though the desorption temperature from the filter is not a
direct measure of the particle volatility. However, thermally less
refractory carbonaceous material is usually desorbed at lower
temperatures (100e200 �C), whereas the more refractory carbo-
naceous material tends to be desorbed at higher desorption tem-
peratures (250e350 �C). The mass fraction detected at 100 �C
desorption temperature can therefore be considered as typical of
the least refractory organic material. A relatively high carbon
fraction is desorbed at 100 �C for the urban samples compared to
the coastal and forest samples. This implies that the organic aerosol
is less refractory in the urban environment in proximity to direct
sources. For higher desorption temperatures (250e350 �C) the
thermograms at the urban and coastal site are similar. The organic
aerosol is overall more refractory at the remote forest site.

Fig. 4 (b) shows a distribution of three different ion groups based
on the m/z ratio. Ions with m/z < 100 are categorized as light ions,
ions with 100 < m/z < 200 are attributed to the intermediate ions



Fig. 4. Thermograms of ambient OAPTR samples collected at city, coastal and forest sites (a) and fraction of OAPTR for three m/z ranges at three sites (b).
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and the third group of m/z > 200 represents heavy ions. The light
ions (m/z < 100) detected in the PTR-MS do not only represent
relatively light organic molecules, but frequently also fragments of
larger organic molecules. Fragmentation of organic compounds can
occur during thermal desorption in the oven system (Holzinger
et al., 2013) or during ionization in the PTR-MS. Fig. 4b shows
that OA at the forest site is dominated by heavy ions (40%), whereas
OA at the urban and coastal site were dominated by intermediate
ions.

OA at the forest site was therefore both more refractory (Fig. 4
(a)) and contained a higher fraction of heavy ions (Fig. 4 (b)) than
OA at the other sites. Previous studies (Holzinger et al., 2013; Kroll
and Seinfeld, 2008; Timkovsky et al., 2015) showed that photo-
chemical processing produced low volatility compounds and also
larger organic compounds (polymeric compounds). The observa-
tions at the forest site could therefore be explained by (slow)
photochemical aerosol ageing (taking place even in winter) that
leads to less refractory material by functionalization.

3.2. Elemental analysis

The van Krevelen diagram (plot of the atomic ratios O/C versus
H/C) is often used to investigate compositional differences between
complex organic mixtures. The atomic ratio of H/C separates
different compounds (ions) according to the degree of saturation,
whereas the O/C ratio shows the degree of oxidation. Usually this
diagram is plotted for individual compounds or compound classes
(HOA, OOA, SVeOOA, LVeOOA etc.), however overall H/C vs. O/C
ratios for analysed OA are sometimes presented as well (Chen et al.,
2015; Chhabra et al., 2011; Holzinger et al., 2013; Ng et al., 2011;
Stubbins et al., 2012). The van Krevelen diagrams for the city,
coastal and forest sites are shown in Fig. 5 (a). The O/C ratios for
clean sector air masses at the coastal site were lowest, in line with a
high fraction of hydrocarbons detected during this period. Overall,
the O/C ratios at the three sites varied in a narrow range (from 0.31
to 0.36). The values are in the range reported in the literature for
various aerosol sources. An O/C ratio of 0.3e0.38 was reported by
Faiola et al. (2015) for biogenic SOA. An O/C ratio of freshly emitted
OA fromwood burning experiments covered the range of 0.19e0.58
(Widory, 2006). However, the O/C ratio of OA from vehicular
emissions is much lower, in the range from 0.022 to 0.15 (Collier
et al., 2015). Hallquist et al. (2009) reported that the O/C atomic
ratio increases with photochemical processing of the aerosol par-
ticles for urban aerosol. The ambient O/C ratios measured in this
study could therefore in principle be explained as a mix of different
sources.
The second chemical parameter plotted in the Van Krevelen
diagramwas the H/C ratio. This ratio varied from 1.20 to 1.35, which
is generally consistent with the data provided in other studies.
Stubbins et al. (2012) reported H/C of dissolved organic matter, the
main source of which was anthropogenic aerosol organic matter,
varying over a wide range (0.5e2.5). Ng et al. (2011) showed a
narrower range (1.1e1.7) of H/C ratios for oxygenated organic
aerosol and demonstrated a higher H/C ratio and lower oxidation
states for SV-OOA than for LV-OOA components. The narrowest
range of H/C for separate SOA elements (1.6 for a-pinene, 0.7e1 for
SOA formed from photooxidation of isoprene) was provided by
Chhabra et al. (2011), while Faiola et al. (2015) indicated H/C of
biogenic SOA to be ~1.5.

A negative slope between the H/C and O/C ratio was observed
for the forest site. Such a negative slope is usually taken as an in-
dicator of photochemical aging of aerosol particles (Chhabra et al.,
2011; Ng et al., 2011). This negative slope is especially pronounced
for the less refractory OA (desorbed at T ¼ 100e200, 0C) (Fig. 5 (b)).
Moreover, the more refractory OA (desorbed at T ¼ 250e350, 0C) at
the forest site had higher O/C ratios (an indicator of oxidation) than
less refractory fraction. These two facts provide evidence that
chemical processing (even if it was slow) had influence on the
aerosol transported to the forest site. However, the overall H/C ra-
tios of the forest aerosol are higher than for city and coastal aerosol,
indicating more saturated aerosol. Therefore, the aerosol at the
forest site is probably not simply diluted urban pollution that was
transported to the forest site and aged during the transport. It is
likely that the aerosol at the forest site has additional sources or is
affected by a different mix of sources.

Ten ions with the highest concentrations (out of all detected 907
ions) contributed together 10.9, 14.5 and 11.9% to OAPTR at the city,
coastal and forest sites, respectively. The ion at m/z ¼ 97.03
(C5H4O2Hþ tentatively attributed to be furfural) can originate from
biomass burning (Karl et al., 2007; Lewis et al., 2013) and was the
main single constituent to the OAPTR at city, coastal and forest sites
(Table 1). The m/z¼ 149.02 (C8H4O3Hþ) ion has been found at high
concentrations in a Tunnel study in Brazil (Oyama et al., 2015) and
could indicate the influence of traffic pollution. Another important
ion m/z ¼ 61.03 (C2H4O2Hþ e acetic acid/glycoaldehyde) is one of
the most abundant organic acids in the ambient atmosphere
(Peterson and Richards, 2002). Gas phase acetic acid has been
found with PTReMS measurements earlier, in a study by Holzinger
et al. (2007). Andreae et al. (1988) determined that the concen-
trations of acetic acid in the atmospheric aerosol can be only by 2
orders of magnitude lower than concentrations of the corre-
sponding species in the gas phase. However, in our case acetic acid
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Table 1
List of 5 ions with the highest relative contribution to OAPTR at the city (orange part of the table), coastal (blue part of the table) and forest sites (green part of the table). Bolded
ions are the same as ions detected in a tunnel study of diesel vehicle emissions in Brazil (Oyama et al., 2015).

Top range m/z formula 
Vilnius city 
(average), 

ng/m3 

% of total 
organic ions 

1 97.03 C5H4O2H+ 58.91 2.07
2 149.02 C8H4O3H+ 37.45 1.31
3 61.03 C2H4O2H+ 35.52 1.25
4 43.02 C2H2OH+ 32.40 1.14
5 199.04 C5H10O8H+ 28.58 1.00

Sum of 5 ions 192.85 6.77
Top range 
according 

to city 
m/z formula 

Marine 
(average), 

ng/m3 

% of total 
organic ions 

1 97.03 C5H4O2H+ 45.56 3.39
2 149.02 C8H4O3H+ 25.44 1.90
3 61.03 C2H4O2H+ 22.77 1.70
4 43.02 C2H2OH+ 18.87 1.41
8 127.04 C6H6O3H+ 15.81 1.18

Sum of 5 ions 128.45 9.57
Top range 
according 

to city 
m/z formula 

Forest 
(average), 

ng/m3 

% of total 
organic ions 

1 97.03 C5H4O2H+ 1.36 2.53
3 61.03 C2H4O2H+ 0.93 1.73
4 43.02 C2H2OH+ 0.64 1.20

17 45.03 C2H4OH+ 0.64 1.20
7 203.08 C11H10O2N2H+ 0.62 1.15

Sum of 5 ions 4.19 7.83
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is most probably a thermal decomposition product. In conclusion,
some of the most important constituents of the organic aerosol can
be related to the main OA sources in Lithuania in wintertime,
namely biomass burning and fossil fuel combustion.
3.3. Stable carbon isotope composition

d13CTC as well as d13COC ratios at different desorption tempera-
tures measured during this study are summarized in Fig. 6. Typical
values of d13CTC of particles emitted by fossil fuel combustion in
Eastern Europe (�28 ± 0.9‰) (Masalaite et al., 2012 and references
therein) are also indicated. These values are consistent with typical
d13C values of liquid fuels in Eastern Europe (�30.93 ± 0.7‰;
Masalaite et al., 2012) combined with a typical fractionation of
around �3‰ during fossil fuel combustion (Garbaras et al., 2013;
Kawashima and Haneishi, 2012; Widory, 2006). The d13C values
of most common (commercially available) biomass fuels in
Lithuania (Garbaras et al., 2015) are also shown: these are biomass
waste pellets (d13CTC ¼ �25.1 ± 0.2‰), wood pellets
(d13CTC ¼ �26.0 ± 0.1‰) and spruce (d13CTC ¼ �25.8‰) to a lesser



Fig. 6. Comparison of d13Cethermograms of ambient aerosol samples collected at the
city, coastal and forest sites. The solid symbols represent OC desorbed at different
temperatures and the dashed and dotted lines represent monthly average values for
TC. The range for aerosol from fossil fuel and biomass burning origin based on
Masalaite et al. (2015) and Garbaras et al. (2015) are indicated as shading.
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extent. Garbaras et al. (2015) found that aerosol emitted from the
burning of wood pellets were slightly depleted in 13C compared to
the original biomass, i.e., PM1 d13C for biomass waste pellets
was ¼ �25.5‰ and for wood pellets �27.0‰. The d13C values of
biomass burning aerosol in Lithuania are therefore more variable
and less established than the d13C values for fossil fuel emissions.
However, there is a compelling evidence that carbonaceous aerosol
emitted by biomass burning is enriched in 13C compared to aerosol
emitted by liquid fossil fuel burning.

Further evidence for two main sources of aerosol particles with
different d13CTC values comes from an empirical study at Vilnius city
during wintertime (Masalaite et al., 2015). In that study the isotope
mixing equation was used to test the hypothesis that d13C of the
ambient aerosol is governed by the mixing of two sources. Only a
few pairs of source d13C values allowed reproducing the measured
isotope values. The obtained value of �28.0 to �28.1‰ for source 1
was attributed to fossil fuel combustion and this value was in good
agreement with previously reported values of gasoline/diesel fuel
combustion generated particles in Eastern Europe (�28 ± 0.9‰)
(Masalaite et al., 2012 and the references therein). The second
source of aerosol with d13CTC value in the range of�25.0 to�25.5‰
was named non-fossil source. Garbariene et al. (2016) showed that
the continental non-fossil source of carbonaceous aerosol in
Lithuania is mainly derived from biomass burning (up to 80%) in
wintertime, at least in urban locations. Since the two main OA
sources have different d13C ratios, variations of d13CTC and d13COC
ratios of the ambient particles possibly reflect a varying contribu-
tion of these sources.

Themeasured d13C values of TC and OC (Fig. 6) were in the range
between the reported values of gasoline/diesel fuel combustion
generated particles in Eastern Europe and d13C values of aerosol
particles emitted from biomass burning. d13CTC values of aerosol
from the coastal site were the most depleted in 13C and d13CTC
values of particles from the forest sitewere themost enriched in 13C
compared to the average d13CTC of all three sites.

d13COC,av was calculated as a mass weighted average of d13COC
over all desorption temperatures and subsequently averaged over
all samples at a given location. The reported uncertainties corre-
spond to±1 standard deviation. On average, the d13CTC and d13COC,av
values were similar at the city site, suggesting that d13CEC (com-
bined with highly refractory OC that is desorbed at temperatures
above 350 �C) was similar as well. At the coastal site, the observed
d13CTC values were slightly lower (but statistically not significant)
than d13COC,av. Monthly average values for the polluted sector at the
coastal site were d13CTC ¼ �27.3 ± 0.7‰ and
d13COC,av ¼ �26.8 ± 0.6‰ (p > 0.05). This is consistent with a
stronger influence of fossil fuel sources to TC, which can be ex-
pected, since EC is usually dominated by fossil sources.

Generally, d13COC at the lowest desorption temperatures was
depleted in respect of d13COC,av. This is consistent with a larger
contribution from FF sources to the less refractory OC. This also
corresponds to expectations, since carbon from these sources is
generally less refractory than carbon from biomass burning sour-
ces. Therefore, fossil fuel sources will influence d13COC more
strongly at the lowest desorption temperatures. This is especially
pronounced for the coastal clean sector where d13COC varied most
strongly with desorption temperature from around �28‰ at the
T ¼ 150e250 �C to around �26‰ at the higher desorption
temperatures.

The difference in the carbon isotopic composition between TC
and OC was larger at the forest site than at the other sites (Fig. 6)
with higher d13C values for TC than for OC. The d13CTC monthly
average value of samples collected at the forest site was
of �26.0 ± 0.5‰, whereas the monthly average for d13COC,av
was�26.9 ± 0.2‰. The difference was statistically significant at the
95% confidence level (p ¼ 0.004). d13COC,av is similar to the d13C
values of benzene and toluene reported by Saccon et al. (2015).

The reason for this difference is not entirely clear. The minimum
d13C value of OC was observed at 200 �C temperature and the
highest value at 400 �C. It is possible that OC that desorbs at
T > 400 �C would be even more enriched than the d13C values
measured at lower desorption temperatures. In this case the d13C
values for the carbon being desorbed at T < 400 �C might not be
representative for the total OC. On the other hand, it is also possible
that at the forest site there might be an additional OC source that is
depleted in respect of d13CTC. Such a source could be for example
SOA formation from terpenes (Fisseha et al., 2009) or a-pinene
(Meusinger et al., 2016) that takes place to a small extent even in
winter. Since aerosol concentrations at this site were very low, this
small amount could have left an isotope signature in d13COC.
Moreover, the contribution of SOA might explain why O/C at the
forest site is in the range of that at the city and coastal site, even
though there is evidence of aging, which should have increased the
O/C ratio.

3.4. Aerosol sources and chemical processing

The correlation of d13COC with the mass fraction of individual
ions can be helpful to investigate aerosol sources and chemical
processing. The mass fraction of individual ions was calculated as
the mass concentration of the individual ion/total organic mass
analysed at a particular temperature step.

Since fossil fuel sources in Lithuania are depleted in 13C
compared to other sources (non-fossil), a negative slope of d13COC
versus the mass fraction of a certain ion suggests that the molecule
in question is related to fossil fuel emissions. These ions will be
referred to as “indicative of FF” in the remainder of the manuscript.
Examples of such indications are m/z ¼ 261.24, C15H32O3Hþ ion
(r ¼ �0.71; p ¼ 8$10�5) at the forest site (Fig. 7 (a)) and m/
z ¼ 121.10, C9H12Hþ ion (r ¼ �0.45; p ¼ 6$10�4) at the city site
(Fig. 7 (b)) that were negatively correlated over all the temperature
range. A significant negative slope was found for 27 ions at the
forest site, 6 ions at the coastal site and only 4 ions at the city site
(Table 2). Most of the ions we classify as indicative of FF belong to
the CHO class (1 at city site, 5 at coastal and 18 at forest site). 19 ions
(out of 24) contained from one to four oxygen atoms in these CHO
compounds, thus the compounds exhibiting a negative correlation
with d13COC are on average less oxidized than the bulk OC. High
molecular weight CH ions with the number of carbon atoms
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Table 2
Two groups of indicative of pollution sources. The table presents the number of ions that undoubtedly (p < 0.05) are indicative of FF or BB at each site, enumeration of ions (m/z
values) and tentatively attributed formula in the brackets. Indicative of BB was characterized by positive correlation and high concentrations at the high desorption tem-
peratures. Indicative of FF was distinguished by high concentrations in low (or all) temperature intervals and/or a negative correlation in the low (or all) temperature intervals.
Bolded ions are the same as ions detected in a tunnel study of diesel vehicle emissions in Brazil (Oyama et al., 2015).

BBfoevitacidnIFFfoevitacidnI

4 ions at city site:  
109.10 (C8H12H+), 
121.10 (C9H12H+),  
123.11(X),  
153.09 (C9H12O2H+) 

6 ions at coastal site:  
273.24 (C16H32O3H+),  
287.27 (C17H34O3H+),  
301.21 (C20H28O2H+),  
302.21 (13CC19H28O2H+),  
313.30 (C23H36H+),  
339.33 (C22H42O2H+) 

27 ions at forest site:  
47.06 (CH6N2H+),  
89.94 (X),  
99.01 (C4H2O3H+), 
99.04 (C5H6O2H+), 
99.08 (X),  
127.07 (C7H10O2H+), 
181.07 (C6H12O6H+), 
201.18 (C15H20H+),  
203.08 (C11H10O2N2H+), 
222.06 (C7H11O7NH+), 
233.22 (C17H28H+),  
245.22 (C18H28H+),  
261.24 (C15H32O3H+), 
273.24 (C16H32O3H+), 

276.11 (C11H17O7NH+),  
279.16 (C16H22O4H+),  
279.18 (C20H22OH+),  
287.27 (C17H34O3H+), 
289.28 (C17H36O3H+),  
317.40 (X);  
323.11 (C16H18O7H+),  
331.32 (C20H42O3H+),  
345.33 (C21H44O3H+),  
347.27 (C26H44H+),  
389.39 (C27H48OH+),  
432.08 (C16H17O13NH+), 
438.42 (13CC31H52H+) 

12 ions at city site  
33.03 (CH4OH+) 
42.03 (C2H3NH+) 
44.01 (X) 
54.03 (C3H3NH+) 
56.05 (C3H5NH+) 
58.03 (C2H3ONH+), 
76.04 (C2H5O2NH+), 
80.01 (C4HONH+),  
104.4 (C7H5NH+),  
120.04 (C7H5ONH+),  
124.99 (X),  
136.04 (C7H5O2NH+) 

2 ions at coastal site: 
114.02 (X),  
199.04 (C5H10O8H+) 

9 ions at forest site: 
42.03 (C2H3NH+), 
54.03 (C3H3NH+),  
84.05 (C4H5ONH+),  
94.04 (X),  
104.04 (C7H5NH+),  
106.03 (C6H3ONH+),  
106.07 (C7H7NH+),  
112.04 (C5H5O2NH+),  
118.06 (C8H7NH+)
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ranging from 15 to 32 contributed the second biggest fraction (2 at
city site, 1 at coastal and 5 at forest site). This is not surprising
taking into account that the main constituents of crude oil, gas or
exhaust of vehicles belong to the CH chemical class (e.g. benzene, 2-
Methylpentane, n-Hexane, toluene) (Kawashima and Murakami,
2014). m/z 181.07 and m/z 203.08 ions were the same as ions
detected in a Tunnel study of diesel vehicle emissions in Brazil
(Oyama et al., 2015).

Fig. 8 shows that a negative correlation of d13C was not limited
to individual ions. The mass fraction of all CH ions, also shows a
negative correlation at low desorption temperatures. If the data
measured at 150 �C and 200 �C are combined this yields a negative
correlation with r ¼ �0.87, p ¼ 8.34$10�4 at the forest site and
r ¼ �0.74, p ¼ 7.5$10�5 at the city site.

Biomass burning aerosol is usually enriched in 13C with respect
to the aerosol particles generated by fossil fuel combustion.
Therefore, high values of d13COC can indicate an increased contri-
bution of biomass burning to the respective carbon fraction. The
positive slope of d13C vs. the mass fraction of any ion may be an
indication that the origin of this ion is related to biomass burning
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(BB). Therefore, we tentatively label these ions as “indicative of BB”
in the remainder of the manuscript.

For example, a positive coefficient of correlation (r ¼ 0.75) of
d13COC with the mass fraction is observed for the ion with m/
z ¼ 42.034 (C2H3NHþ) ion at high desorption temperatures
(300e350 �C). m/z ¼ 42.034 (C2H3NHþ) can be attributed to
acetonitrile (Holzinger et al., 1999), which is unlikely to be present
in the aerosol directly due to its high vapour pressure. Thus, m/
z ¼ 42.034 is more likely a product of fragmentation of large
organic compounds during thermal desorption. The positive cor-
relation suggested that m/z ¼ 42.034 (Fig. 9 (a)) is related to a
source enriched in 13C compared to the average ambient aerosol. In
case of acetonitrile (m/z ¼ 42.034), the association with biomass
burning is well known.

12 other ions at the city site, 2 ions at the coastal site and 9 ions
at the forest site showed a significant positive correlation with
d13COC in the high temperature range, similar to C2H3NHþ. We
therefore suggest that they might be indicative of biomass burning
as well (Table 2). The majority of ions characterized as indicative of
BB by this method (17 out of 23) contained nitrogen in their
empirical formulas. A few previous studies (Karlsson et al., 2013;
Schurman et al., 2015) demonstrated that nitrogen containing
compounds made a significant contribution to biomass burning
aerosol. However, some ions characterized as indicative of BB, for
example CH4OHþat the city site (r ¼ 0.53; p ¼ 0.012; Fig. 9 (b)), did
not contain nitrogen.

Fig. 10 shows a scatter plot of the total mass fraction of all CHN
ions analysed versus d13C at the forest site. The mass fraction of
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Fig. 9. OAPTR fraction via d13COC values for individual ion
CHNwas positively correlated with d13C (r¼ 0.77; p¼ 0.009) in the
high temperature range (300e350 �C). Therefore, it is possible that
organic nitrogen compounds are indicative of BB in Lithuanian
wintertime. Theoretically it is possible that higher d13C values
related to CHN ions indicate a marine source. However, the marine
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source contribution to the fine mode particles was likely negligible
both due to the distance to the nearest marine source (Vilnius city is
300 km from the Baltic Sea and about 1000 km from the Atlantic
Ocean and the distance of the forest site location is 350 km from the
Baltic Sea] as well as the magnitude of the marine source contri-
bution to absolute OM concentrations observed in an urban and
forest area.

A scatter plot of the O/C ratio, versus d13COC values at individual
desorption temperatures is shown in Fig. 11 for city, coastal and
forest sites. A positive correlation between O/C and d13COC at low
desorption temperatures (150e250 �C) is determined at all three
sites. At the city site the positive correlation is significant only at
T ¼ 150 �C (r ¼ 0.88, p < 0.05). Surprisingly, there is a very clear
negative correlation of O/C ratio with d13COC at the forest site for the
highest desorption temperature of 350 �C (r ¼ �0.99, p < 0.05). At
this desorption temperature, 98% of the variation in d13COC can be
explained by variations in the O/C ratio.

The reason for this anti-correlation is not entirely clear, but we
propose a hypothesis related to chemical processing of the organic
carbon. It is generally accepted that oxidative processing of primary
emissions in the atmosphere gradually produces more refractory,
highly oxidized organic aerosol (Crippa et al., 2013; Hallquist et al.,
2009; Zhang et al., 2007). Therefore, we assume that on average the
parent compounds are less refractory than the reaction products. At
the same time, we expect that the chemical oxidation reactions are
accompanied by isotopic fractionation. The fractionation leads to
depletion in 13C of the products and to the enrichment of the parent
compounds in respect of the initial material.

The reaction products that remain in the particle phase will
therefore be on the average more refractory and depleted in 13C
relative to the parent compounds. If oxidative processing is strong,
the OC at low desorption temperatures should gradually become
enriched in 13C in respect of the initial OC. On the other hand, the
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Fig. 11. O/C via d13COC values at different T regime at city, co
OC at high desorption temperature, where reaction products
accumulate, should gradually become depleted in 13C with respect
to the initial OC. If the O/C ratio is taken as an indicator of the extent
of chemical processing, then d13C of the less refractory carbon
should increase as O/C increases, resulting in a positive correlation.
On the other hand, d13C of the more refractory section should
decrease with the O/C ratio, resulting in a negative correlation.
4. Discussion

4.1. Evidence of oxidative processing at the forest site

The organic aerosol at the forest site was on average more re-
fractory and contained a higher fraction of larger organic molecules
than the aerosol at the city and coastal site. Moreover, the H/C ratios
were negatively correlated with O/C ratios. Additionally, a distinct
correlation pattern of d13COC with the O/C ratio was detected for
high and low desorption temperature. This correlation pattern may
be related to oxidative processing of the aerosol, even though this
hypothesis is speculative. However, we observe this correlation
pattern only at the forest site, the only site where other evidence of
oxidative processing of the aerosol was observed. Together these
observations strongly suggest that OA at the forest site was affected
by oxidative processing in contrast to the OA at city and coastal site,
which are much closer to direct sources.

The O/C and H/C data in this study compare well with obser-
vations of atmospheric oxidation state of the organic aerosol in
numerous studies (Jimenez et al., 2009; Ng et al., 2011; Slowik et al.,
2010; Vakkari et al., 2014). Slowik et al. (2010) showed a positive
correlation of concentration of organic aerosol with increase of the
ambient temperature. The monthly averaged temperature
was �4 �C during our sample campaign and this could be a reason
of the low (0.05 mg/m3) monthly averaged OAPTR at the forest site in
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our study. Vakkari et al. (2014) reported that the lowest O/C ratios
(0.37) of BB plumes correlated well with fresh OA. All these studies
support our presumption that the variation of O/C ratios
(0.31e0.36) measured in this study could be explained as a mix of
different fresh and aged sources.

Some previous studies have used d13C isotope ratios to study the
photochemical processing or aging of organic aerosol. Many of
these studies have found enrichment in d13C for aged organic
aerosol compared to recently emitted organic aerosol (Kirillova
et al., 2013, 2014; Wang et al., 2010). The enrichment in d13C of
the total organic carbon with increasing photochemical aging time
is plausible. In oxidative processing a part of the depleted chemical
reaction products partitions to the gas phase, which results in an
enriched aerosol phase. In our observations we detect this enrich-
ment mainly in the less refractory carbon fractions. Several other
studies have focused on the d13C ratios of an individual “parent”
compounds, such as oxalic acid that is degraded by photochemical
processing. These have shown isotopic enrichment of the parent
compound in the laboratory (if Fe2þ and Fe3þ iron was present as
catalyst (Pavuluri and Kawamura, 2012)) and also under ambient
conditions (Wang and Kawamura, 2006). Some elements of our
hypothesis that relate the observed correlation pattern of d13C with
O/C ratio to oxidative processing of the aerosol are therefore
consistent with findings in the previous literature. Other elements,
such as the accumulation of depleted reaction products in the more
refractory OC, should be further investigated in controlled labora-
tory experiments.

4.2. Variations in d13COC related to individual ions detected by the
PTR-MS

Considerable differences of d13CTC and d13COC values between
three sites have been observed. In Lithuania, carbonaceous aerosol
from traffic emissions is depleted in 13C with respect to aerosol
from biomass burning emission by ~3‰. Therefore, observed var-
iations in d13COC and d13CTC can be caused by changes in the relative
contribution of these two sources, such that OA enriched in 13C
compared to average conditions has a stronger contribution from
biomass burning sources. However, the exact d13CTC and d13COC
values representative of regional biomass burning emissions are
relatively difficult to quantify, because the proportions of biomass
fuels used in Lithuania are not well established and d13CTC in
biomass burning emissions can be relatively variable, depending on
fuel and burning conditions. Therefore we have not used d13C
values for a quantitative source apportionment.

Instead, we demonstrated more qualitatively that variations in
d13COC are in some cases correlated with the mass fraction of in-
dividual ions. In case of a positive correlation we assume that this
ion is related to non-fossil sources and in case of a negative cor-
relation it is related to fossil fuel combustion. This is an empirical
association of a particular ionwith a certain source, namely that the
mass fraction of this ion in the OA increases with the source
contribution, as traced by 13C. The ions, identified by the ‘top down’
approach as indicative of a certain source in our study, are not
tracers in the classical sense, which are unambiguously measured
in a source profile, and fulfil other criteria, such as being unique to
the source and chemically stable. On the other hand, this ‘top down’
approach may identify tracers that are missed by the classical
approach because they may be secondary products that are
nevertheless related to a particular source. This approach is very
different from e.g., positive matrix factorisation analysis of aerosol
mass spectra that allows identifying separate groups of organic
aerosol (Zhang et al., 2011) and from tracer identification mea-
surements that give straight access to tracers of specific sources
(Claeys et al., 2004; Feng et al., 2013; Graham et al., 2004; Simoneit
et al., 1999). It gives more qualitative results and would be most
useful in combination with one of the more established source
apportionment methods.

In the ‘top down’ approach the ions can only be identified via
their correlation with d13COC and often not be identified, if the
d13COC is very variable, for example due to a number of unrelated
sources, or sources that contribute differently to different particle
sizes. At the city site a number of smaller sources, such as cooking,
waste burning, or industrial sources (Crippa et al., 2013; Elser et al.,
2016), could all influence the variation of d13COC and it is therefore
more difficult to identify ions that are indicative of fossil fuel
emission or biomass burning. On the contrary, the forest site is a
remote place without any local anthropogenic pollution. Because of
the low and potentially rather stable background OA concentra-
tions at the forest site, d13COC can be strongly influenced by trans-
port of pollution from fossil sources to the site and therefore the
correlations of d13COC with individual ions are relatively strong and
more ions are identified that could be indicative of BB or FF com-
bustion sources. While the identification of particular ions as
indicative of fossil fuel combustion or biomass burning is relatively
speculative and subject to a number of assumptions, there is sup-
porting evidence that strengthens this association.

� The ions that are identified as indicative of fossil fuel burning
based on their correlation with d13COC are less oxidized than
bulk OA.

� The suggested structures for a number of these ions contain
relatively long alkane chains with some oxygen functional
groups (e.g., m/z 261.24, m/z 273.24, m/z 287.27, m/z 289.28).

� m/z 345.33 (C16H32O3) could be hydroxyhexadecanioc acid, and
it has been found as the most abundant acid in a Tunnel study in
France (El Haddad et al., 2009).

� m/z 331.32 (C20H42O3Hþ), and m/z 345.33 (C21H44O3Hþ) are
likely based on C20 and C21 alkanes substituted with some
oxygen functional groups. C20 and C21 were the most abundant
alkanes found in the same Tunnel study and are especially
prominent in diesel emissions (El Haddad et al., 2009 and ref-
erences therein).

� m/z 181.07 and m/z 203.08 have very similar masses to ions
found at high concentrations in diesel vehicle emissions in a
Tunnel study in Brazil (Oyama et al., 2015).

� Not only individual ions, but also the mass fraction of all CH ions
also shows a negative correlation with d13COC. It is generally
recognized that CH compounds or hydrocarbon-like OA frac-
tions are strongly associated with fossil fuel combustion. This
negative correlation is especially evident at low desorption
temperatures, indicating that CH compounds in the more re-
fractory organic material might have some other sources than
fossil fuel combustion.

Biomass burning emissions generally have higher organic ni-
trogen content than fossil fuel emission; therefore the high abun-
dance of N-containing compounds in the ions that are indicative of
BB and the positive correlation of CHN ions with d13COC is credible.

5. Conclusions and outlook

The importance of the main sources of organic carbon and the
effects of photochemical processing during wintertime on the
chemical and isotopic composition were investigated using aerosol
samples from three sites situated in Lithuania: the urban location of
Vilnius, the coastal location of Preila and the forest location of
Rugsteliskis. Detailed chemical composition and stable carbon
isotopemeasurements provided insight into sources and properties
of the organic aerosol fraction. The contribution of the broad
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chemical classes (CH, CHO, CHN, CHON, X) to the total carbon was
similar at all three sites. However, an analysis at different desorp-
tion temperatures revealed that aerosol particles from the remote
forest site were more refractory and contained a larger fraction of
heavy ions with m/z > 200. These two observations give an indi-
cation of photochemical processing during air mass transport to the
forest site.

Two types of indicators of the main pollution sources were
introduced using correlation between the mass fraction of indi-
vidual compounds and d13COC. Compounds, tentatively identified as
indicative of BB, were characterized by positive correlation and
high concentrations at the high desorption temperatures. Most of
these organic compounds contained nitrogen. Additionally, the
mass fraction of all CHN compounds was also positively correlated
with d13COC at high desorption temperatures. Compounds indica-
tive of FF were associated with a negative correlationwith d13COC in
the low (or all) temperature intervals. These compounds contained
a number of heavy hydrocarbons and were on the average less
oxidized than the bulk OC.

The investigation of the co-variation of O/C ratio and d13COC
values at individual desorption temperatures revealed positive
correlations at low desorption temperatures and negative (or no)
correlations at high desorption temperatures at all three sites. We
propose a hypothesis that this might be due to oxidative processing
of the aerosol. The results of this study showed that carbon isotope
analysis can potentially give insight into chemical processing of the
carbonaceous aerosol. However, more research and laboratory ex-
periments are necessary to test the hypothesis before a firm
conclusion can be drawn.
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