
lable at ScienceDirect

Environmental Pollution 240 (2018) 286e296
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Sources and atmospheric processing of size segregated aerosol
particles revealed by stable carbon isotope ratios and chemical
speciation*

A. Masalaite a, R. Holzinger b, D. Ceburnis c, V. Remeikis a, V. Ulevi�cius a, T. R€ockmann b,
U. Dusek b, d, *

a State Research Institute Center for Physical Sciences and Technology, Vilnius, Lithuania
b Institute for Marine and Atmospheric Research Utrecht (IMAU), Utrecht University, The Netherlands
c School of Physics & Ryan Institute's Centre for Climate and Air Pollution Studies, National University of Ireland Galway, Galway, Ireland
d Centre for Isotope Research (CIO), University of Groningen, Groningen, The Netherlands
a r t i c l e i n f o

Article history:
Received 25 October 2017
Received in revised form
4 April 2018
Accepted 16 April 2018
Available online 8 May 2018
* This paper has been recommended for acceptanc
* Corresponding author. Centre for Isotope Researc

ability Research Institute Groningen (ESRIG), Univers
The Netherlands.

E-mail address: u.dusek@rug.nl (U. Dusek).

https://doi.org/10.1016/j.envpol.2018.04.073
0269-7491/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Size-segregated aerosol particles were collected during winter sampling campaigns at a coastal (55�370

N, 21�030E) and an urban (54�640 N, 25�180 E) site. Organic compounds were thermally desorbed from the
samples at different temperature steps ranging from 100 �C to 350 �C. The organic matter (OM) desorbed
at each temperature step is analysed for stable carbon isotopes using an isotope ratio mass spectrometer
(IRMS) and for individual organic compounds using a Proton Transfer Reaction Time-of-Flight Mass
Spectrometer (PTR-MS). The OM desorbed at temperatures <200 �C was classified as less refractory
carbon and the OM desorbed at temperatures between 200 �C and 350 �C was classified as more re-
fractory carbon. At the coastal site, we identified two distinct time periods. The first period was more
frequently influenced by marine air masses than the second time period, which was characterized by
Easterly wind directions and continental air masses. During the first period OM contained a large fraction
of hydrocarbons and had a carbon isotopic signature typical of liquid fossil fuels in the region. Organic
mass spectra provide strong evidence that shipping emissions are a significant source of OM at this
coastal site. The isotopic and chemical composition of OM during the second period at the coastal site
was similar to the composition at the urban site. There was a clear distinction in source contribution
between the less refractory OM and the more refractory OM at these sites. According to the source
apportionment method used in this study, we were able to identify fossil fuel burning as predominant
source of the less refractory OM in the smallest particles (D50< 0.18 mm), and biomass burning as pre-
dominant source of the more refractory OM in the larger size range (0.32 <D50< 1 mm).

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosol particles have strong impact on the climate system,
human health and visibility (Kaufman et al., 2002; Davidson et al.,
2005). All these impacts depend on particle chemical composition
and size. A significant fraction (~50%) of submicron aerosol particles
is composed of organic matter (OM) (Jimenez et al., 2009; Putaud
e by Baoshan Xing.
h (CIO), Energy and Sustain-
ity of Groningen, Groningen,
et al., 2010), which consists of thousands of individual com-
pounds. Organic aerosol (OA) is either directly emitted into the
atmosphere thus called ‘primary’ OA or formed though complex
chemical reactions from gas phase precursors (‘secondary’ OA).
However, finding accurate information about sources, composition
and chemical processing of OM is challenging due to the variety of
sources and the complexity of OMmolecular composition. An even
bigger challenge is understanding and predicting the size resolved
OA composition and properties. Most previous studies of OA have
focused on particulate matter <1 mm (PM1), PM2.5 (particulate
matter <2.5 mm), or even PM10 (particulate matter <10 mm) but
sources, health and climate effects of aerosols can differ strongly for
different particle size ranges (Hueglin et al., 2005; P�erez et al.,
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2008; G�orka et al., 2014; Bozzetti et al., 2016; Squizzato et al., 2016).
Studies of even smaller aerosol particles (PM0.5 and less) that have a
major effect on human health are rare andmore information on the
size resolved OA composition and sources are needed.

Stable carbon isotopes can be used to study the sources and
atmospheric processing of carbonaceous aerosol (Gensch et al.,
2014). Previous research using the stable carbon isotopic compo-
sition of carbonaceous aerosol provided insight into sources
(Cachier et al., 1985; Kawamura et al., 2004; Garbaras et al., 2008;
Fisseha et al., 2009a; Masalaite et al., 2015; Bikkina et al., 2016),
ranging from fossil fuel (FF) combustion to biogenic emissions from
plants, as well as the extent of aerosol chemical processing in the
atmosphere (Hegde et al., 2016; Ren et al., 2016; Sang et al., 2016;
Zhang et al., 2016). Compound specific isotopic composition as well
as stable carbon isotope ratios for the separate fractions of carbo-
naceous aerosol provide more detailed information on pollutants
like individual fatty acids (Pavuluri and Kawamura, 2012; Zhang
et al., 2016), or levoglucosan (Sang et al., 2012), water-soluble
organic carbon (WSOC) (Kirillova et al., 2013), secondary organic
aerosols (Saccon et al., 2015) or from combustion of biomass
burning (BB) (Ballentine et al., 1998; Narukawa et al., 1999; Cao
et al., 2011; Garbaras et al., 2015; Ulevicius et al., 2016). Previous
studies in Lithuania (Masalaite et al., 2015) revealed that in the
urban environment of Vilnius d13C values of the ambient aerosol
could be explained by two main pollution sources (fossil fuel
combustion and continental non-fossil). Fossil fuel combustion
dominated in the production of fine aerosol particles (Dp< 1.0 mm)
and had distinct stable carbon isotope ratio of�28.0± 0.1‰, which
is typical of fossil fuel combustion in Eastern Europe (G�orka and
Jędrysek, 2008; Masalaite et al., 2012). The other source had a
d13CTC¼�25.0± 0.5 and was attributed to a continental non-fossil
source that was dominant in the coarse particle range
(1.0 mm<Dp< 10 mm). Another study covering three different lo-
cations (urban, coastal and forest) showed that stable carbon
isotope measurements can provide insight into effects of photo-
chemical processing of the carbonaceous aerosol (Masalaite et al.,
2017). The main obstacle in using stable carbon isotopes for car-
bon source apportionment is the overlap of the various source
reference d13C values from various sources. Thus often the variation
of the stable carbon isotope ratio in aerosol particles can be
explained by a mix of several sources (Masalaite et al., 2015;
Ceburnis et al., 2016) and additional measurements are required to
solve mixing equations. Thus studies combining chemical and
isotopic methods and a combination of various measurements are
highly desirable.

Thermal desorption proton transfer reaction mass spectrometry
(TD-PTR-MS) method is widely used to measure all kinds of organic
compounds in the gas and aerosol phase (Hell�en et al., 2008;
Holzinger et al., 2010a; Holzinger et al., 2013; Inomata et al., 2014;
Holzinger, 2015; Timkovsky et al., 2015). Due to using a quantita-
tive, soft chemical ionization technique, PTR-MS shows relatively
little fragmentation and allows tentative compound identification
that helps interpreting the data received with stable isotope ratio
mass spectrometer (IRMS) and the thermaledesorption isotope
ratio mass spectrometer (TD-IRMS). The combination of the three
methods of spectrometry (PTR-ToF-MS, IRMS and TD-IRMS) pro-
vides improved insights into source apportionment of carbona-
ceous aerosol as a function of particle size and thermal refractivity.

2. Experimental

2.1. Field campaign

The samples were collected at the coastal site Preila (Lithuania,
55�370 N, 21�030 E; 5m abovemean sea level) during winter of 2012
(NovembereDecember) and in the urban location of Vilnius city
(Lithuania, 54�640 N, 25�180 E; 65m above mean sea level) during
winter of 2008e2009 (Table 1). A micro-orifice uniform deposition
11 stages impactor (MOUDI-110) was used for the collection of size-
segregated samples and operated at a flow rate of 30 L/min.
Aluminium foils of 47mm in diameter pre-fired for 10 h at 600 �C
were used as sampling substrates. The cut-off sizes of the impactor
stages were as follow: 0.056, 0.1, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, 10,
18 mm. This study presents the fine mode particle range
(D50¼ 0.056e1.0 mm) divided into three size ranges: D50< 0.18 mm
(the sum of the 0.056, 0.1 and 0.18 mm stages), 0.18<D50< 0.32 mm
(corresponds to the 0.32 mm stage) and 0.32<D50< 1 mm (the sum
of the 0.56 and 1 mm stages). The division into the three size ranges
was supported by factor analysis performed with IBM SPSS statis-
tical software (IBM, 2013) (supplementary material).

The aerosol particle number size distribution was measured
using a scanning mobility particle sizer (SMPS, 19.3.09 IFT/TT
model). The particle sizer consists of HAUKE-type medium differ-
ential mobility analyser (DMA), a condensation particle counter
(CPC, UF-02M model) (Mordas et al., 2008), a radioactive neutral-
iser and a Nafion membrane dryer (Perma Pure LLC, MD-110-48S-4
model). The operational parameters of SMPS were: aerosol flow e

1.0± 0.2 Lmin�1, sheath flow e 5.0± 0.1 Lmin�1, and a positive
voltage source varying from 0 to 104 V (Wiedensohler et al., 2012).
The duration of each scan was 5min. The aerosol particle size
distribution was separated into 71 bins and ranged from 9 to
840 nm. Aerosol particles were neutralised by passing through a
radioactive a-source containing 239Pu. The particle diffusion losses
were corrected using the Gormley-Kennedy equation for cylinder
tube. The multiple charge correction was performed using the
approximation of a bipolar charge distribution for lower charges
(�2, �1, þ1, þ2) (Wiedensohler, 1988).

The Aethalometer (Magee Sci., AE-31 model) was deployed to
measure aerosol particle light absorption properties and equivalent
black carbon (BC) mass concentration at the coastal site. The optical
attenuation was measured for seven wavelengths (l 370, 450, 520,
590, 660, 880 and 950 nm). The standard value of BC mass con-
centration in the atmosphere is associated with the light attenua-
tion at 880 nm (Kirchstetter and Novakov, 2007). The conversion of
optical attenuation to BC mass concentration was done using the
mass absorption cross-section value of 16.6m2 g�1 provided by the
manufacturer. Empirical algorithms were used for the filter loading
corrections (Weingartner et al., 2003; Virkkula et al., 2007).

Basic meteorological parameters at the coastal site such as air
temperature, wind speed and wind direction were provided
(Table 1) by the meteorological station 40 km to the north from the
coastal aerosol sampling station (Fig. 1 (a)) for the period lasting
from 2012 11 30 to 2012 12 17. However no meteorological pa-
rameters were available for the city site.

Air mass back trajectories were calculated using the National
Oceanic and Atmospheric Administration (NOAA) HYSPLIT model
(Stein et al., 2015). 72 h isobaric air mass back trajectories were
computed at a height of 500, 100 and 50m a.s.l. with a new tra-
jectory starting every 6 h (Fig. S1). The difference between air mass
direction at different altitudes (500, 100 and 50m a.s.l.) was small
thus the most representative figures are given in Fig S1 and Fig. 1
(a). Despite the location of the coastal site in the Curonian Spit
National Park, local and regional pollution sources can influence
aerosol particles collected at the coastal site. The aerosol sampling
site is located 40 km south from the harbour - one of the potential
pollution sources (Fig. 1 (a)). The samples of aerosol particles were
divided into three episodes according to site and air mass direction.
The air mass backward trajectories at the coastal site were from
South, SouthWest, West and North during the first three periods of
sampling lasting from November 26 to December 09 of 2012. The



Table 1
Overview of the sampling durations and several parameters. Details on the calculation of average OAPTR, BC time series, and air mass back trajectories are given in the
supplemental material.

Sampling site Duration of sampling Dominant air mass OAPTR, mg/m3 BC, mg/m3 NPF Average wind
velocity, m/s

Dominant wind direction
(time duration of the sector in %)

Coastal 1 2012 11 26; 24:00e2012 11 30; 12:00 S, SW 2.11 2.13 yes e e

2012 11 30; 12:00e2012 12 04; 16:00 S, W, N 0.49 1.12 yes 1.24 SW (22), W (20), E (19)
2012 12 04; 16:20e2012 12 09; 9:17 W, N (Clean) 0.90 2.02 yes 0.95 E (37), S (21), SW (11)

Coastal 2 2012 12 09; 10:09e2012 12 13; 10:00 N, E 0.91 1.86 yes 0.76 E (41), SE (27), SW (12)
2012 12 13; 10:24e2012 12 17; 10:15 S, SE 0.61 1.28 yes 1.43 E (42), SE (16), SW (11)

City 2008 12 30e2009 01 07 N, NW, W 2.22 e e e e

2009 01 07-16 N, W 1.85 e e e e

2009 01 16-26 S, SE, E 1.12 e e e e

Fig. 1. Meteorological data collection site in harbour (a) (GoogleMaps, 2016) and Moudi samples collection site with typical for coastal 1 period air mass trajectories (b) (Stein et al.,
2015).
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main feature of these air masses was that they originated and/or
advected over Baltic Sea, Atlantic Ocean and Scandinavia
(supplementary material). The samples of the above period were
combined and are referred to as coastal 1 period. The period from
December 9 to December 17 of 2012 is referred to as ‘coastal 2
period’ and is characterized by dominant air masses from North,
East, Southeast and South. These air masses had predominant
continental origin and most advected over land (supplementary
material). Meanwhile the air masses at the urban site were
mixed, therefore, all three episodes (12 30 2008e01 26 2009) were
combined and referred as to urban (Table 1). Fig. 1 (b) shows an
example of 72-h air mass back trajectories ending 06 Dec 2012
during coastal 1 period at 100m height.
2.2. Instrumentation

For chemical and isotopic analysis, the carbonaceous aerosol
collected on the impactor stages was desorbed at different tem-
peratures ranging from 100 to 350 �C in an inert atmosphere.While
the desorption temperature is not a direct indicator of the particle
volatility, it still provides a qualitative estimate of the organic
matter refractivity. Carbonaceous material desorbed at lower
temperatures (100e200 �C) is less refractory, whereas more re-
fractory carbonaceous material desorbs at higher temperatures
(250e350 �C).
2.3. TD_PTR-ToF-MS

The chemical composition at each temperature step was
determined using a Proton Transfer Reaction Time-of-Flight Mass
Spectrometer (PTR-ToF-MS) (Holzinger et al., 2010b) for 20 samples
of coastal 1 period (and 3 blanks), 17 samples of coastal 2 period
(and 3 blanks) and 43 samples of city site (and 6 blanks). The
number of replicas varied from 1 to 3 depending on the amount of
material collected on each impactor stage. The measured size range
was D50¼ 0.056e1.0 mm (the cut-off sizes of the impactor stages
0.056, 0.1, 0.18, 0.32, 0.56, 1.0).

The detailed description of PTR-ToF-MS measurements is pro-
vided byMasalaite et al. (2017). In short, the aluminium foil sample
was introduced into an oven (similar to the IRMS system described
below) and flushedwith N2 for 2min. The organic compoundswere
evaporated in pure N2 flow by increasing the temperature from
100 �C to 350 �C in steps of 50 �C, lasting 180 s each. Condensation
of the volatilized gasses was avoided by keeping the second part of
the oven at constant 200 �C temperature. A fraction of the flowwas
subsampled for the PTReMS measurement from the second part of
the oven.

The operating conditions during the measurements with 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 voltage
across the drift tube (Ud) was 600 V and the voltage at the end of
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the drift tube (Udx) was28 V. The pressure (2.8mbar) in the drift
tube, the voltage (140 V) and the current (4e5mA) of the ion source
were constant. The intensity of the primary protonated water ion
signal, that was calculated from the signal at m/z¼ 21.023, was
detected at more than 2.5 ∙105 cps (count per second). ToF mass
resolution based on Full Width at Half Maximum (FWHM) varied
from 3000 to 3500.

The evaluation of the raw data was made using Interactive Data
Language (IDL, version 7.0.0, ITT Visual Information Solutions) with
custom-made routines described by Holzinger (2015). In short, 975
organic species were identified by the mass to charge ratio (m/z).
Initially, the measured concentrations were reported as volume
mixing ratios of the compounds in the N2 carrier gas in nmol/mol
multiplied by one second [s∙nmol/mol]. The mixing ratios are
calculated directly from the (i) ratio of the signals of the respective
mass peaks and the primary H3O ions, (ii) default reaction rate
constants for exothermic proton transfer reactions and (iii)
instrumental parameters, as detailed in Holzinger et al. (2010b).
The volume mixing ratios are converted to ambient air concen-
trations [ng/m3] as detailed in Masalaite et al. (2017). A unified
mass list was compiled from all the detected compounds. Molec-
ular formulas from a previously determined mass library
(Holzinger et al., 2010a; Holzinger, 2015) were assigned to the in-
dividual masses from the list as described in detailed by Timkovsky
et al. (2015) and Masalaite et al. (2017). Several compounds (out of
975) were excluded due to association with inorganic ions related
to nitrate (m/z¼ 45.99 and 46.00) and all ions with m/z values
below 40 Da except m/z 27.022, 31.017, 32.049, and 33.034, which
were attributed to C2H3

þ, CH2OHþ, CH5NHþ, and CH4OHþ respec-
tively. Also ions for which the blank accounted for more than 70% of
the signal and ions clearly associated with contamination
(>1000 nmol/mol on the blank) were excluded from further anal-
ysis. 907 ions were left for data analysis after careful examination of
the dataset. The sum of the mass concentration of all ions gives
concentration of collected organic matter (in units of ng/m3 or mg/
m3) for each impactor stage and temperature step. This will be
referred to as OAPTR in the remainder of the manuscript. In a first
analysis step, the OAPTR is summed over volatility classes
(100e200 �C: less refractory and 250e350 �C:more refractory). The
total OA in each volatility class could be sub-divided according to
the attributed chemical formula into five classes: CxHx (hydrocar-
bons), CxHxOx (oxygenated hydrocarbons), CxHxNx (nitrogen con-
taining hydrocarbons), CxHxOxNx (ions containing carbon,
hydrogen, oxygen and nitrogen) and Z (unidentified compounds).
Another subdivision was according to m/z ranges (m/z< 100,
100<m/z< 200 and m/z> 200). In a second step the OA was
summed over the three size ranges specified above. The total OAPTR
is the sum over all temperature steps and impactor stages. Finally
the average OA for samples taken during episodes at a given site
(coastal 1, coastal 2 and urban) was calculated in the three size
ranges and volatility fractions. More details about the calculations
of average concentrations can be found in the supplementary
material, section 5. The standard deviations corresponding to
these sample averages typically varied from 1 to 47% with an
average of 30%. The highest standard deviation (an outlier values of
149%) was at the 100 �C temperature stepwhere the detected OAPTR

mass (particularly for CxHxOxNx ions) is lowest and contamination
from sampling and handling can have a large influence on the
measured values.

In the same way averages of the O/C and H/C ratios were
calculated for the different size ranges and volatility classes by
summing up all the O, C, and H over the respective impactor stages
and temperature steps, and then divided O/C and H/C for each
volatility class and size class and finally averaged it over the site/
period. The standard deviation of O/C and H/C varied from 3.3 to
24.6% and from 0.6 to 4.6% of the value respectively.

2.4. IRMS

Stable carbon isotope ratios were measured for the organic
carbon (OC) fraction at different desorption temperatures and for
the total carbon (TC) of size segregated aerosol samples. Carbon
isotope ratios (d13C) for TC deposited on the aluminium foil samples
weremeasured using an elemental analyser (Flash EA1112; Thermo
Delta V Advantage, Thermo Scientific, USA) connected to the stable
isotope ratio mass spectrometer (IRMS) Thermo Delta V Advantage,
following the analytical procedure detailed in Ceburnis et al. (2011).
d13CTC values were blank corrected using the isotope mixing
equation. Duplicate samples were analysed and the reproducibility
of d13CTC measurements was estimated as the standard deviation of
the d13CTC measurements (n¼ 2). The reproducibility of d13CTC was
in the range of 0.2‰.

For d13COC measurements, aluminium foil samples are intro-
duced into an oven, where organic compounds are thermally des-
orbed in helium at different temperatures (Dusek et al., 2013). The
thermaledesorption isotope ratio mass spectrometry (TD-IRMS)
system consisted of a quartz glass tube surrounded by two ovens
which was coupled to an isotope ratio mass spectrometer. A sample
was introduced into a first oven at room temperature. The tem-
perature of a first ovenwas increased from 100 �C to 400 �C in steps
of 50 �C while the second oven was kept at constant temperature
(550 �C). Organic compounds were desorbed in a flow of pure he-
lium for 7min at each temperature step. A Platinum catalyst was
used in the second oven to oxidize the desorbed organic com-
pounds to CO2. Two consecutive liquid nitrogen traps were used for
concentration and purification of received carbon dioxide. A gas
chromatography column (Varian CP351) was used to separate CO2
from possible traces of NO2 and N2O. Water vapour was removed
with a Nafion dryer. Consequently, only pure carbon dioxide
entered the IRMS via a custom-made open split interface
(R€ockmann et al., 2003). All d13C ratios are reported relative to the
Vienna Pee Dee Belemnite (VPDB) standard.

The isotope mixing equation was used for blank correction of
the measured the d13COC values at each desorption temperature
step. The d13COC values of the blank foils were determined on two
(for urban site) and three (for coastal site) blank aluminium foils
that were treated like the sample foils except that no aerosol was
collected on them. For each sample the blank correction was done
several times, using values for the individual blank foils (2 for ur-
ban; 3 for coastal) and the corrected d13C OC values were averaged.
The standard deviation in d13COC after correction ranged from 0.00
to 0.24. d13COC values were determined using a single aluminium
foil piece for most of the stages, due to the limited material avail-
able. Reproducibility tests of d13COC averaged over all temperature
steps were performed on two foils from coastal site and revealed
reproducibility for d13COC averaged over all temperature steps of
around 0.5‰.

The value of d13COC for each size range (D50< 0.18 mm,
0.18<D50< 0.32 mm and 0.32<D50< 1 mm) was calculated as
average over the representative impactor stages with standard
deviations ranging from 0.04 to 1.05‰ with an average of 0.41‰.
The averaged value of d13COC of each volatility class was calculated
using the average of the size range and averaging over desorption
temperatures (100e200 �C and 250e350 �C). The average of stan-
dard deviations was 0.38‰.

3. Results and discussion

The OM collected on coastal 1 and coastal 2 samples had
different O/C ratios, d13COC values and for some time periods
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different black carbon (BC) concentrations (Table 1). During the
coastal 1 period, characterized by more frequent air mass back
trajectories from the marine sector, the O/C ratio was low
(0.22e0.24) and stable carbon isotopic composition was strongly
negative with an average of d13COC¼�29.4± 0.3‰. BC concentra-
tions alternated between very clean periods with BC concentration
<0.5 mg/m3, and very polluted periods with concentrations ranging
from 3 to 6 mg/m3. On the other hand for the coastal 2 period O/C
ratios increased to an average of 0.34, BC concentrations were less
variable and mostly between 1.5 and 3 mg/m3 and d13COC
was �26.6± 0.1‰, enriched in 13C in comparison to coastal 1. More
detailed information is given in supplementary material (Fig. S2).

Black carbon concentrations can give an indication about
possible pollution plumes from nearby sources. Fig. 2 shows BC
concentrations (right axis) as a function of local wind direction at
the coastal site. For the coastal 1 time period the highest BC con-
centrations were associated with wind directions from N, NE, S and
SE (hourly average reaching up to 5.70 mg/m3) and much lower
concentrations with wind directions from SW andW. Note that the
local wind direction can be different (even opposite) to the large
scale synoptic flow (revealed by air mass trajectories). The air mass
trajectories were from South and SouthWest during the highest BC
loadings. A large-scale westerly air flow brings clean air therefore
the impact of local pollution sources (nearby the sampling site, e.g.,
when the local wind direction is from the harbour location) is more
evident. In contrast, no specific relationship was found between BC
concentration and wind direction during the coastal 2 time period
(Fig. 2). This may be due to the large-scale air mass from the land
that advected over the ocean. In that case, local wind direction was
not so important, because of relatively homogeneous aerosol con-
centrations due to long-range transport in the region.

Aerosol samples from the coastal 1 period can locally be influ-
enced by shipping emissions as the studies of ship emissions in
coastal areas suggest (Viana et al., 2014; Di Natale and Carotenuto,
2015), as well as by pollutants from Klaipeda harbour (mixed
shipping and urban emissions). It is also possible that coastal 1
samples can be affected by advection of aged and photo-chemically
processed PM from inland regions transported by the prevalent air
trajectory crossing neighbouring countries. Russia e Kaliningrad
region is located 80 km to the South from the sampling location and
Poland, well-known for high coal combustion pollution (Rogula-
Kozłowska et al., 2014), is also in the South (South-West). In
Fig. 2. Time duration of the wind sector (left axis) and corresponding BC concentra-
tions (right axis) at coastal site.
general, the coastal 1 period showed very clean conditions alter-
nating with strong, possibly local pollution plumes. Since the clean
time periods contribute little mass to the total organic carbon
collected on the impactor samples, the integrated samples are
consequently primarily representative of these local pollution
sources.

OAPTR collected on the individual impactor stages samples
ranged from 0.17 mg/m3 during coastal 2 to 0.63 mg/m3 at the urban
site. The contribution of various chemical classes (CH, CHO, CHN,
CHON and unidentified compounds) to the measured mass con-
centration differed between the sites. The largest difference was for
hydrocarbons (CH), which accounted for ~23% in coastal 1 samples,
but only 7% in urban samples. The highest contribution to OAPTR
was from CHO ions, ranging from 48% (coastal 1) to 60% (urban) of
the analysed organic mass. CHON ions composed 17% of OA in
coastal 1, 22% in costal 2 and 25% at an urban site. The smallest
fraction, CHN ions, accounted only for 2e4% of OAPTR in all sites.

The OA fraction at different desorption temperatures is shown in
Fig. 3. For coastal 2 60% of the OA is less refractory and 40% of OA is
more refractory for all size ranges. There is an indication, that the
contribution of less refractory carbon is higher for coastal 2 than for
the urban site and costal 1. Aerosol particles in the size range of
0.32<D50< 1 mmat coastal 1 exhibited the highest percentage
(almost 60%) of more refractory OA (or OM).

Fig. S3 provides an overview of the PTR-MS mass spectra at low
and high desorption temperatures at different locations. Again the
coastal 1 period was exceptional and differed strongly from the
other samples, whereas the mass spectra of the urban site and the
coastal 2 period are more similar. OAPTR mass spectra in the two
desorption temperature ranges revealed high mass concentration
of heavy ions (m/z> 300) at the coastal 1 site (Fig. S3). They showed
a distinctive regular pattern and were the most pronounced in the
more refractory OA. To shed more light on the composition of the
more refractory OA at the three sites, the ions with the highest
concentrations for m/z> 300 are listed in (Table S3). Most of the
highest peaks visible in Fig. S3 for coastal 1 are found in the largest
particle size range and can be attributed to oxygenated long-chain
alkanes (e.g. m/z 385.38, 357.34) or hopanes (e.g., 399.39, 369.35)
(Lambe et al., 2009) (Table S3), which points to a fossil fuel origin of
these compounds. The chemical composition in the larger particles
Fig. 3. Thermograms of ambient OAPTR samples collected at coastal and urban sites
(the monthly averaged values). The x axis labels 0.18, 0.32 and 1 refer to D50< 0.18 mm,
0.18<D50< 0.32 mm and 0.32 <D50< 1 mm, respectively. The sum of OAPTR mass of
each T step is marked in dots (the right axis). Details on the calculation of the average
OAPTR and OAPTR fraction for each period are given in the supplementary material.
Error bars correspond to the standard deviation of mean of the samples averaged for
each period.
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size range shows similarities between the 2 coastal periods, as a
number of the most prominent compounds for coastal 1 are also
present in the coastal 2 samples (m/z 385.38, 371.36, 399.39,
387.39, 369.35), albeit at much lower concentrations. None of these
compounds are present in the top ten compounds at the urban site,
which suggests that this pollution source is related to the coastal
site, and contributes much more strongly to the samples of the
coastal 1 period. The above distinctive patterns were also broadly
identified by the SPSS PC analysis, however, were only indicative
and not strictly defined, especially for the components explaining
relatively smaller amount of the total variance (components 2 and
3) as compared to the component 1.

In contrast, themore refractory OA at the smallest particle size is
much more similar between the three sites and dominated by
highly oxidized molecules. For the urban and coastal 2 samples,
particles in the intermediate size range have a very similar organic
composition as the smallest size range. For the coastal 1 samples
the most prominent compounds are a mixture of hydrocarbons
found primarily in the large particle size range and the highly
oxidized compounds found primarily in the smallest particle size
range. Fig. S3 indicates that more refractory OA contains more
heavy compounds (with m/z> 300) than less refractory OA. Com-
pounds with m/z> 300 contribute only 10% to the less refractory
OA fraction (T¼ 100e200 �C), but 20% to the more refractory OA
section for the urban site and the coastal 2 period. In contrast, for
coastal 1 samples compounds with m/z< 300 contribute 60% to the
less refractory OA and 70% to the more refractory OA. The mass
spectra of the coastal 1 and coastal 2 samples were somewhat
similar form/z< 250 except that in coastal 1 therewas little mass in
the smallest particles range. If the coastal 1 period was dominated
by local pollution, this suggested that local source emitting rela-
tively large particles and heavy organic compounds (m/z> 300). In
summary, chemical analysis shows a strong contribution of heavy
hydrocrabons to particles in the size range between 0.18 and 1 mm
during coastal 1 and to a much lesser extent during coastal 2. The
high variability in BC concentrations during the same coastal 1 time
period suggests a local/regional source, probably related to harbour
(Viana et al., 2014) or shipping related emissions (Worton et al.,
2014; Eichler et al., 2017).

In Fig. 4 (a) coastal 1 organic mass spectra are compared to the
mass spectra of ship emissions analysed with a proton-transfer-
reaction time-of-flight mass spectrometer by Eichler et al. (2017).
On Y axis is relative concentration that denotes the mass received
from the PTR-ToF-MS measurements. Relative concentration
Fig. 4. The organic mass spectra obtained by a proton-transfer-reaction time-of-flight mass
by Eichler et al. (2017) (a, left). The correlation of more refractory aerosol particles collected
exhaust particles (measured in ncps) by Eichler et al. (2017) at m/z¼ 400e554 (b, right).
denotes OAPTR in ng/m3 for aerosol particles measured in coastal 1
samples whereas the concentrations measured in heavy fuel oil
exhaust (HFO) by Eichler et al. (2017) were reported in count rates
that were normalized to 106 (H2O)1,2Hþ reagent ions and are shown
in units of normalized counts per second (ncps) multiplied by m/z
and divided by 1000. Details on the qualitative and quantitative
interpretation of the obtained mass spectra of HFO exhaust parti-
cles are given in the Supporting Information by Eichler et al. (2017).
The ions identified in the mass spectra of the shipping emissions
account for 59% of the total OAPTR of the more refractory OM in the
size range 0.32<D50< 1 mm (Fig. 4 (a)). Fig. 4 (b) shows a scatter
plot between themass concentration of individual ions found in the
more refractory OM (0.32<D50< 1 mm) collected during coastal 1
period and the count rate of heavy fuel oil exhaust particles
measured by Eichler et al. (2017). High correlation (r¼ 0.96) at m/
z¼ 400e554 (Fig. 4 (b)) reveal the similarities between both mass
spectra. The highest signals of coastal 1 period and HFO mass
spectra were the same m/z¼ 371.37 (C27H46Hþ); 385.38
(C24H48O3Hþ); 399.40 (C29H50Hþ); 387.40 (C24H50O3Hþ); 397.38
(C29H48Hþ); 413.42 (C30H52Hþ); 411.40 (C30H50Hþ). It is worth
noting that molecular formulas from a determined mass library list
were assigned according to the rules explained in methodology
section but usually the choice of attributing the formula was more
than one ion. In case of m/z¼ 385.38 it is also possible to have a
hydrocarbon C28H48Hþ as well as in m/z¼ 387.40 case (C28H50Hþ).
Eichler et al. (2017) attributed the mentioned peaks mainly to un-
burned lubricating oil. This could be an explanation, why the d13COC
of the samples from coastal 1 period approaches the values of
unburned fossil fuels, especially for the less refractory OA fraction.
However, direct measurements of the d13C of lubricating oil used in
Eastern Europe are not known to us. The H/C ratio of ions with m/
z> 300 reached up to 2.08 and the O/C ratio of 0.13 is typical to the
fossil fuel emissions (Collier et al., 2015).

It is worth noting that some of the detected signals at all sites
(m/z¼ 149.02, 257.24, 199.04, 203.08) showed significant similar-
ities to the mass spectra measured in a Tunnel study of Brazil
(Oyama et al., 2016). In that study ion with m/z¼ 149.02
(C8H4O3Hþ) was tentatively attributed to phthalic anhydride and is
well known for its use as plasticizers and also present in the plastic
bags. The plastic bags are used for storage of the collected filters
wrapped in aluminium foil. Thus this ion may be associated with
contamination from plastic bags. However, on the blank filter the
mass concentration of m/z 149.02 is low (0.08± 0.05 ng/m3), on the
filters from the coastal site it is on average 5.9± 3.9 ng/m3 and on
spectrometer in coastal 1 samples and heavy fuel oil exhaust particles from ship engine
during coastal 1 period in size range of 0.32<D50< 1 mm (measured in ng/m3) and HFO
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the filters from the urban site it is 8.5± 6.1 ng/m3. Such difference
in mass concentration suggests that it is not an artefact but present
in the atmospheric samples. Oyama et al. (2016) suggest that
phthalic anhydride may be produced from tire wear and Al-Naiema
and Stone (2017) found that phthalic acid could be from oxidation
of polycyclic aromatic hydrocarbons or primary emissions (motor
vehicle engines, aromatic volatile organic compounds).

A summary of d13C and O/C, H/C ratios are given in the Table 2
for the different size and volatility classes. Usually OA in the less
refractory fraction had lower O/C and lower d13C ratios than OA in
the more refractory fraction, especially in the smaller particle size
ranges (D50< 0.32 mm). H/C ratios are lower in the more refractory
than in the less refractory OA in coastal 1 samples, but are relatively
comparable in both volatility fractions at the other two sites. The
averaged O/C ratio was smallest in coastal 1 site (0.20) and highest
in urban site (0.45). An opposite trendwas observed for H/C ratio: it
was smallest in urban samples (1.25) and highest in coastal 1
samples (1.44). The increase of d13C and O/C for the less refractory
carbon may be associated with the relative source contribution of
biomass burning (BB) and fossil fuel (FF) combustion. Fossil fuel
emissions are depleted in d13C and less oxidized compared to
typical biomass burning sources in Lithuania. Fossil fuel burning
produces on average less refractory carbonaceous aerosol than
biomass burning, which is consistent with enriched d13C and higher
O/C ratios in the more refractory OM. However, enrichment of d13C
Table 2
The summary of stable carbon measurements at different sites, size ranges and desorptio
different size and temperature ranges are given in the supplementary material.þ/� uncer
for each period. Typical reproducibility ford13CTCare 0.2‰.Reproducibility of individual
roughly a factor of 1.7 [¼ sqrt(3)] smaller than this (approx. 0.3‰).

T, 0C 1020 350 100

Sampling site Air mass D50, mm d13CTC d13COC, ‰ d13C

Coastal 1 N, S, W 0.32< d< 1 �28.1 �29.9 �30
0.18< d< 0.32 �27.3 �29.0 �29
<0.18 �27.9 �28.6 �29

Coastal 2 N, E, S 0.32< d< 1 �25.5 �26.3 �26
0.18< d< 0.32 �26.1 �27.0 �26
<0.18 �25.9 �26.9 �27

City N, E, S, W 0.32< d< 1 �25.6 �25.7 �26
0.18< d< 0.32 �26.1 �26.1 �26
<0.18 �26.3 �26.7 �27

Fig. 5. An overview of the isotopic composition of OC via VPDB at urban (squares) and coa
ranges (100e200, 250e350 �C). The lines give rough indications of the isotopic composition
diesel and gasoline d13CTC values (dark grey). Notation of x axis 0.18, 0.32 and 1 are D50< 0.1
the standard deviation of mean of the samples averaged for each period. Reproducibility o
roughly a factor of 1.7 [¼ sqrt(3)] smaller than this. (For interpretation of the references to
can also be a result of atmospheric processing, but evidence for this
process in winter was mainly found at a remote forest site
(Masalaite et al., 2017). In summer, however, factors like higher
radiation, temperature and OH/O3 concentrations can lead to more
enriched d13CTC values also in other locations.

Fig. 5 presents d13COC ratios at two desorption temperatures
ranges (100e200, 250e350 �C) for three aerosol particles size
ranges (D50 up to 0.18, 0.32 and 1 mm). The variability of the stable
carbon ratio in size-segregated aerosol particles (from �30.9 ‰
to �25.1‰) suggested various sources of aerosol particles contrib-
uting to carbonaceous particulate matter in different locations.
Previous studies have demonstrated that anthropogenic aerosols
during winter in Lithuania are mostly produced by fossil fuel
combustion and biomass burning (Masalaite et al., 2015;
Garbarien _e et al., 2016). Typical d13CTC values related to these
sources are represented by shaded area in Fig. 5. The green line
represents d13CTC of biomass waste pellets (�25.1± 0.2‰ (Garbaras
et al., 2015)), which are a common commercially available biomass
fuel in Lithuania. This value is close to an enriched in 13C back-
ground source (d13CTC ~�25 to �26‰) in Lithuania that was
identified in a previous studies and attributed mainly to biomass
burning (Garbaras et al., 2015) with some contribution from coal
combustion (Widory, 2006) during winter time (Masalaite et al.,
2015; Garbarien _e et al., 2016). This d13CTC is in good agreement
with the average value of d13C TC of biomass burning aerosols
n temperatures. Details on the calculation of average d13C, O/C, and H/C ratios for the
tainty ranges correspond to the standard deviation of mean of the samples averaged
d13COC values are roughly 0.5‰, the uncertainty of the averages of three values is

e200 250e350 100e200 250e350 100e200 250e350

OC, ‰ d13COC, ‰ O/C O/C H/C H/C

.7 �29.1 0.20 0.20 1.44 1.38

.6 �27.3 0.24 0.30 1.37 1.32

.4 �27.9 0.26 0.35 1.35 1.30

.7 �25.6 0.30 0.30 1.33 1.34

.9 �26.6 0.32 0.44 1.31 1.26

.0 �26.7 0.31 0.33 1.34 1.32

.2 �25.3 0.34 0.37 1.26 1.28

.3 �25.9 0.35 0.45 1.26 1.25

.0 �26.4 0.36 0.40 1.26 1.26

stal (circles) sites for size segregated aerosol particles in two desorption temperature
(TC) via VPDB of biomass waste pellets (green), fossil fuel combustion (grey) and raw

8 mm, 0.18<D50< 0.32 mm and 0.32 <D50< 1 mm, respectively. Error bars correspond to
f individual d13COC values are 0.5‰, the uncertainty of the averages of three values is
colour in this figure legend, the reader is referred to the Web version of this article.)
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reported by Kundu et al. (2010), but a bit more depleted compared
to biomass burning values reported by Cao et al. (2016) (�24.2‰).
The light grey area gives a possible range of d13CTC value for parti-
cles produced by fossil fuel combustion (d13CTC¼�28± 0.9‰) in
Eastern Europe. The d13CTC¼�31.2± 0.2‰ value typical for raw
diesel and gasoline fuel in Lithuania (Masalaite et al., 2012) is
shown with dark grey line.

In the urban and coastal 2 samples the measured d13COC values
of the ambient particles were distributed between the mentioned
d13CTC values of the main OA sources. Smaller particles (D50 up to
0.18 mm) possessed depleted d13COC values when compared to
larger particles (D50 up to 1 mm). This is also consistent with the fact
that FF combustion usually emits smaller aerosol particles than
biomass burning. Therewere two extreme cases: the first was more
refractory OC in the larges size range (0.32<D50< 1 mm), with
isotope ratios in the range of biomass (coal) burning emissions, and
the second was less refractory OC in the smallest size range
D50< 180 nm, with isotope ratios in the range of pure fossil fuel
emissions. OC in more refractory small particles, less refractory
large particles and all particles of intermediate size contain a
mixture of these two sources. This shows that sources of OA do not
only change with particle size, but also that different OA volatility
fractions can be attributed to different source mixes.

The isotopic composition of OC in the coastal 1 samples differs
from that of the coastal 2 samples, especially for the
0.32<D50< 1 mm size range, where d13COCwas depleted by more
than by 4‰ in coastal 1 samples relative to the coastal 2 samples.
This strongly suggests that the shipping related source identified
has strongly depleted isotopic signature. The most negative stable
carbon isotopic values (�30.9) give a strong indication of advected
pollution from Klaipeda harbour, potentially consisting of unburnt
fossil fuel components (e.g., raw fuel storage tanks ate the harbour).

Fig. 6 shows the van Krevelen diagram (plot of the atomic ratios
O/C versus H/C) averaged for the different size and volatility classes.
The individual data for each impactor stage and desorption tem-
perature are shown in Fig. S4. The O/C ratios of the more refractory
OA fraction were variable and also varied with particle size.
Moreover, they showed a strong inverse correlation with H/C ratios
(slope �1). This is usually explained by oxidative processing and
gives an indication that the more refractory carbon fraction is
chemically more processed. During this winter-time campaigns it
might also be an indication of mixing of two principal sources
(biomass burning and fossil fuel combustion) that could adequately
represent variation in more and less refractory material. However,
it is not clear, if this would lead to a slope of �1. Less refractory
Fig. 6. Van Krevelen diagram of two desorption temperature ranges (100e200,
250e350) at coastal and urban sites. The size of the symbol is proportional to the
particle size range (D50< 0.18 mm, 0.18<D50< 0.32 mm and 0.32 <D50< 1 mm,
respectively).
samples show distinct O/C ratios at different sites (i.e. O/C ratios
between 0.2 and 0.26 at coastal 1, between 0.3 and 0.31 at coastal 2
and between 0.34 and 0.36 at city), which indicates that the less
refractory OC is probably more local in origin. In contrary the O/C
ratios of the more refractory OM show significant overlap in sam-
ples from the different sites (Fig. 6), which is an indication that the
more refractory OC is less local and more regionally distributed. For
the less refractory OM fraction, O/C and H/C ratios vary within a
relatively narrow range in coastal 2 and urban samples, which
indicate that they are probably less chemically processed thanmore
refractory particles. For coastal 1 there is an inverse relationship
between O/C and H/C in the less refractory OA, but with a slope
different from 1. In this case this is probably caused by the influence
of the local sourcewith a highmass fraction of heavy hydrocarbons,
which was the most pronounced in the large particle fraction. This
can cause the high H/C and low O/C ratios observed in less re-
fractory, large particles in coastal 1 (Fig. 6).

O/C ratios were variable and ranged from 0.20 to 0.45 between
volatility classes and sites. Such range can cover multiple sources
such as biomass burning (O/C) (Heringa et al., 2011), biogenic SOA
(Faiola et al., 2015) or even aerosol aging (Ng et al., 2011). It is
possible that the less refractory OC is partially of secondary origin.
Secondary OC that condenses onto aerosol particles is expected to
be depleted in 13C (Wang and Kawamura, 2006; Fisseha et al.,
2009b) and it desorbs largely at 100 and 150 �C (Meusinger et al.,
2017). A higher fraction of secondary OC could be the reason why
during the coastal 2 period more of the OC desorbed at low
desorption temperatures (100 and 150 �C) (Fig S3). Secondary for-
mationwould also explain that the d13C values of less refractory OC
were more negative in coastal 2 than in urban samples (Table 2,
Fig. 5) and that OC and TC d13C ratios differed more strongly than at
the urban site (Table 2).

Another possible process that could change the d13C is photo-
chemical processing. Prolonged photochemical processing usually
leads to a more oxidized, isotopically enriched OA. Evidence for this
process is usually found at remote receptor sites (Kirillova et al.,
2014; Masalaite et al., 2017). In this data set, there is evidence of
oxidative processing of the more refractory OA fraction based on
the inverse relationship between O/C and H/C ratios. A scatter plot
of d13C ratios versus the atomic ratios of O/C (Fig. 7) shows very
Fig. 7. The isotopic composition of OC via the atomic ratios of O/C at urban (squares)
and coastal (circles) sites for size segregated aerosol particles in two desorption
temperature ranges (100e200, 250e350). The size of the symbol is proportional to
particle size range (D50< 0.18 mm, 0.18<D50< 0.32 mm and 0.32<D50< 1 mm, respec-
tively). Error bars correspond to the standard deviation of mean of the samples
averaged for each period.
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clearly that the low oxidation level for several OC fractions in
coastal 1 is associated with themost negative d13COC values (coastal
1 (100e200 �C) data). The most oxidized particles exhibit more
enriched d13COC values (urban (250e350 �C)) in comparison to the
coastal 1 period. The correlation of d13COC and O/C in less refractory
OM observed in coastal 1 samples is most likely not a results of
oxidative processing: CHPTR (the fraction of hydrocarbon in all
OAPTR) and d13COC values of less refractory OA also show a strong
negative correlation for coastal 1 samples (r¼�0.999; p¼ 0.02 at
100e200 �C), which suggests that the variation in d13COC and O/C
are both caused by variable contributions of an isotopically
depleted fossil fuel source.

In the coastal 2 and urban samples, there is no clear relationship
between d13COC and O/C ratio, where enriched d13C values are
associated with higher O/C ratios. This might be due to variable
direct source contribution or relatively complex oxidation chem-
istry. In the latter case the less refractory OA could contain a
mixture of (depleted) reaction products, as well as parent com-
pounds for further reactions, which would not lead to a clear cor-
relation with d13C. It is in line with (Masalaite et al., 2017), which
found clear correlations of O/C ratios and d13COC only at a remote
forest site. This indicates that the oxidative processing implied by
the Van Krevelen diagram does not result in a clear isotopic
signature and the enriched d13C values are most likely caused by a
higher contribution of biomass burning to the urban OM.

4. Conclusions

Chemical and isotopic analysis of carbonaceous aerosol particles
collected at the coastal site revealed two periods with strongly
different OC properties: coastal 1 and coastal 2. A new source was
identified that manifested itself in 0.32<D50< 1 mm size range
composed of hydrocarbons (25%), high number of heavy (m/
z> 200), low volatile (desorption temperature 250e350 �C) parti-
cles and the most negative d13COC values that reached up to �31‰
in the coastal 1 case strongly linked to the shipping emissions ac-
cording to PTR mass spectral analysis.

There was a clear distinction in source contribution between the
less refractory OC fraction and the more refractory fraction during
coastal 2 period and the urban site. According to the source
apportionment method used in this study, the less refractory car-
bon fraction of the smallest particles was almost entirely origi-
nating from fossil fuels, whereas the more refractory carbon
fraction in the large size rangewas largely originating from biomass
burning. The more refractory small particles and the less refractory
large particles were roughly of even proportions originating from
the above sources.

Clear differences in O/C and H/C ratios as well d13C values be-
tween the two sampling sites, indicated a more local character of
less refractory OA, whereas more refractory OA seems to be more
regionally produced. A negative correlation between H/C and O/C
ratios for the more refractory OA gives evidence of atmospheric
processing of the more refractory OA. There is no significant cor-
relation between O/C and d13C for the more refractory carbon
fraction, which probably indicates that the isotopic signature is
governed more by source signatures than by fractionation due to
chemical reactions. This is consistent with diminished photo-
chemistry and SOA formation during the winter.

In summary, varying contributions of fossil fuel combustion and
biomass burning sources as well as SOA formation could explain
the difference in d13C between themore and less refractory OA. SOA
formation is probably less important at the urban site and more
important for the coastal 2 samples. More refractory OA during the
coastal 1 period are likely of primary origin and associated with
shipping emissions based on their low O/C ratio, high H/C ratio, the
most negative d13COC values and characteristic mass spectra.
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