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Abstract. The city of Krakow located in southern Poland ranks among the most polluted urban agglomerations
in Europe. There are persisting controversies with respect to impact of different pollution sources operating in
Krakow agglomeration on air quality within the city. The presented pilot study was aimed at exploring the pos-
sibilities offered by elemental and carbon isotope composition of total suspended particulate matter (TSPM)
for better characterization of its sources in Krakow atmosphere. The analyses of carbon isotope composition of
total carbon in the investigated TSPM samples were supplemented by parallel analyses of radiocarbon content
in atmospheric carbon dioxide (CO,). This study revealed large seasonal variability of carbon isotope composi-
tion in the analysed TSPM samples. This large variability reflects seasonally varying contribution of different
sources of fossil and modern carbon to the TSPM pool. The elemental composition of TSPM also reveals distinct
seasonal variability of the analysed elements, reflecting varying mixture of natural and anthropogenic sources
of those elements. A linear relationship between the fossil carbon load in the TSPM samples and the fossil
carbon load in the atmospheric CO, was found, pointing to the presence of additional source of anthropogenic
carbonaceous particles not associated with burning of fossil fuels. Wearing of tyres and asphalt pavement is
most probably the main source of such particles.
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Introduction

Deterioration of air quality in urban agglomera-
tions is a growing problem of global significance
(e.g. [1, 2]). This spurs research towards better
understanding of parameters controlling air quality
in urban environment, such as different sources of
particulate matter and gaseous contaminants, spatial
and temporal variability of their emissions and im-
pact of the dynamics of urban atmosphere on the
observed concentration of atmospheric aerosols
(e.g. [3-5]).

Analyses of elemental and chemical composition
of suspended particulate matter (SPM) are used to
track sources and physico-chemical transformations
of atmospheric aerosols in urban environment. Al-
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Traffic-related elements present in SPM may
come from car exhaust (Cu, Zn, Fe, Br and Pb),
wearing of brake pads and shoes (Cu) or tyres (Zn)
and street dust resuspended by traffic (Fe, Mn, Si,
Ca, Na, Mg, Al and K) [9-11]. The indicators of oil
combustion are Ni and V [10]. Soil particles contain
Al Si, Ca, Ti, Fe, K and some others. These elements
are also typical for fly ash from coal combustion [10].
The urban emission sources are characterized by
the presence of Cl, S, Fe, Br and Zn [10-12]. The
emissions from sources related to steel production
typically contain Fe, Mn and Zn.

Chemical and elemental composition of SPM is
often used to classify the sources of atmospheric
aerosols. Positive matrix factorization (PMF) is a
preferable method used for this purpose [13]. It links
the measured concentrations of elements and chemi-
cal compounds in SPM with their potential sources
present in the urban environment. For instance, in
a study conducted during 2014-2015, Samek et al.
characterized the sources of PM,; fraction of SPM
present in Krakow atmosphere and their seasonal
variability using this method and found that six
source categories can be identified: secondary
sulphate, secondary nitrate, combustion, biomass
burning, steel industry/soil dust and traffic [14].

Major component of SPM in urban atmosphere
is carbon. The reservoir of total carbon (TC) in
atmospheric aerosols consists of elemental carbon
(EC) and organic carbon (OC). EC is produced
by incomplete combustion of fossil and biomass fuels
in an oxygen-poor environment [15]. The OC pool is
composed of hundreds of chemical constituents be-
longing to many compound classes and it is usually
separated into two fractions: primary and secondary
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OCs. Primary OC sources are related to fossil-fuel
combustion, biomass burning and bio-aerosol emis-
sions. The secondary OC pool in SPM originates
in physico-chemical transformations of carbona-
ceous pollutants present in the atmosphere.

Carbon isotope analysis of carbonaceous fraction
of SPM became an important tool for apportion-
ment of carbon sources. Number of researches used
13C isotope signatures of carbonaceous aerosols as
a marker of carbon origin [16, 17]. Radiocarbon
content in carbonaceous aerosols was used as a tool
to quantify the contribution of carbon originating
from combustion of fossil fuels [18, 19]. Initially,
radiocarbon content in TC fraction has been mea-
sured. Later on, with the development of methods
for separation of EC and OC fraction it was possible
to quantify separately both carbon types in differ-
ent size fractions of SPM (e.g. [20-23]). Recently,
attempts have been made to combine C and “C
isotope ratios measured in carbonaceous aerosols in
source apportionment of airborne particulate matter
in urban and rural sites in Lithuania [24].

The city of Krakow, located in southern Poland,
ranks among the most polluted urban agglomera-
tions in Europe. Several pollution sources are re-
sponsible for high levels of air pollution in the city.
Steel, cement and ceramic industries as well as heat
and power plants are located in Krakow. The impor-
tant sources of pollution are related to burning of
coal and biomass as well as to traffic. Less important
in the budget is soil and street dust [25, 26].

The evolution of PM;, concentration during the
period 2004-2017 (annual and seasonal means)
recorded at the station belonging to air quality
monitoring network in Krakow is shown in Fig. 1a.
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Fig. 1. (a) Evolution of mean PM;,concentrations in the urban atmosphere of Krakow during the period 2004-2017.
Shown are annual and seasonal (summer and winter) median concentrations of PM,, recorded at the station belong-
ing to air quality monitoring network in Krakow operated by State Inspectorate of Environmental Protection. Source:
www.krakow.pios.gov.pl. For location of the station, see Fig. 2. (b) Annual and seasonal frequency distributions of
hourly means of PM,, concentration at the station calculated during 2015.
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Sampling paint

Air quality station

Fig. 2. The study area. Krakow agglomeration border is
marked by a solid line. District I represents the oldest
part of the city. Site where TSPM samples were collected
is labelled as ‘sampling point’. Monitoring of carbon iso-
tope composition of atmospheric CO, was conducted at
the same location. The station of air quality monitoring
network in Krakow which PM,, data for 2005-2017 are
presented in Fig. 1 and is labelled as ‘air quality station’.

The station is located approximately 2 km south-east
from the site where samples of TSPM analysed in
the framework of this pilot study were collected (cf.
Fig. 2) and it monitors mostly traffic-related pollu-
tion. Apparent is strong seasonality of PM,, fraction
in the local atmosphere, with median concentrations
during winter months (November-February) exceed-
ing the corresponding median concentrations during
summer months (May-August) in the given year by a
factor of 1.6-3.1. It is also apparent from Fig. 1a that
PM,, levels, particularly during winter time, exceeded
the guidelines of WHO and of EU Directive set at
50 pgm= [27, 28]. Although there are substantial
inter-annual variations of median values, particu-
larly visible for winter period, it is also apparent that
there is a slight decreasing trend of approximately
1.6 pg-m>-year” for the annual means in all three
time series as shown in Fig. 1a. State Inspectorate
of Environmental Protection responsible for air
quality monitoring network in Krakow reported that
yearly mean concentration of PM,, fraction in Krakow
atmosphere (average of PM,, data originating from six
stations distributed throughout the city) decreased
from approximately 67 pg-m= in 2005 to 51 ug-m= in
2013, i.e. 1.23 pg-m~>-year™ [29], which is similar to
the linear trend of data shown in Fig. 1a. Figure 1b
shows frequency distributions of hourly mean PM;,
concentrations recorded at the station during entire
2015. Large differences in seasonal spectra are seen.
Whereas the distribution of hourly means during sum-
mer months is almost symmetric, winter spectrum
has a long tail extending to high PM,, concentrations.
This long tail has its roots mostly in the dynamics of
the local atmosphere (cf. discussion later). Also, there
are additional sources of SPM during winter period
(burning of coal and wood in individual households
for heating purposes).

There is an ongoing discussion with respect to
significance of different sources of particulate matter
in the urban atmosphere of Krakow, such as low- and
high-elevation emissions related to burning of fossil

fuels (mostly coal) and biomass for heating pur-
poses, traffic, resuspension of street dust and some
others. The presented work was aimed at exploring
the possibilities offered by elemental and carbon
isotope composition of SPM for better characteriza-
tion of its sources in Krakow atmosphere, with the fo-
cus on seasonal changes in the character and intensity
of those sources. Also, due to the fact that analysed
archive material covered the period 2004-2010, it
was possible to draw some conclusions with respect
to long-term trends in fossil-fuel-derived fraction of
TC reservoir in the analysed samples of SPM.

Study area

Krakow ranks fourth among largest cities in Poland.
With nearly 1 million inhabitants, rapidly growing
car traffic and significant industrial activities, Kra-
kow agglomeration represents typical urban environ-
ment in Eastern Europe. The city covers the area of
ca. 327 km? and it is located in the Vistula river val-
ley oriented in this region along the east-west axis.
In the south, the city borders a hilly terrain, while in
the north it opens towards flat upland area. With pre-
vailing westerly circulation, Krakow region is under
substantial influence of large coal mining and indus-
trial district (Upper Silesia) located approximately
60 km west of the city. The characteristic features of
the local climate are generally weak winds (annual
average around 2.7 ms™) and frequent inversions,
sometimes extending over several days, particularly
during winter season. These factors favour accumu-
lation of particulate matter and gaseous pollutants
in the city’s atmosphere.

Relatively large amounts of coal are burnt an-
nually within the limits of Krakow agglomeration.
Coal is burnt mostly in individual households for
heating purposes. Although there is a gradual shift
from coal to gas, the recent count revealed that ap-
proximately 23000 of coal-burning ovens were still
in operation in Krakow in 2016 [30]. The number
of cars registered in the city has increased from ap-
proximately 335 000 in 2008 to 448 000 in 2016 [31].
The car fleet is still rather old, with relatively large
number of diesel cars (ca. 27%), significant part of
it without catalyst and particle filter. Substantial
number of cars (ca. 11%) is powered by liquefied
petroleum gas (LPG).

The samples of TSPM were collected on the
University campus situated in the western sector of
the city (50°04'N, 19°55'E, 220 m above sea level),
bordering recreation and sports grounds. The air
intake was placed on the roof of the faculty build-
ing, approximately 20 m above the local ground.
Monitoring of carbon isotope composition of at-
mospheric carbon dioxide (CO,) was conducted at
the same location.

Materials and methods

Samples of TSPM investigated in the framework
of this pilot study were collected as a part of long-
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Table 1. Samples of TSPM collected in Krakow and in-
vestigated in the presented study

Mass of TSPM

Sample Sample collection e
code* period sampie
[mg]
C-1-S 09.08.2004 - 19.08.2004 16.83
C-2-W 25.01.2005 - 08.02.2005 32.28
C-3-S 30.05.2005 - 22.06.2005 14.10
C-4-W 27.01.2006 - 06.02.2006 33.21
C-5-S 05.07.2006 - 13.07.2006 4.89
C-6-W 08.02.2007 - 13.02.2007 8.79
C-7-S 13.06.2007 — 18.06.2007 10.24
C-8-W 15.02.2008 - 18.02.2008 9.82
C-9-S 08.07.2008 - 23.07.2008 4.55
C-10-W 08.01.2009 - 15.01.2009 13.63
C-11-S 08.05.2009 - 17.06.2009 9.65
C-12-W 14.01.2010 — 08.02.2010 23.78

*Letters W and S signify winter and summer periods, respec-
tively. **Standard uncertainty of the reported masses is
in the order of 0.01 mg.

-term monitoring of ?*Rn activity in near-ground
atmosphere of the city. The instrument in use (radon
monitor) employs an indirect method of ??Rn detec-
tion via its radioactive progenies deposited on filter
[32]. TSPM was sampled continuously on quartz
filters (Whatman, QMA, diameter 47 mm, flow rate
of ca. 0.7/1.1 m>h™). Filters were replaced when
the flow rate dropped by more than 20%. Periods
of sampling varied from 3 days to 23 days. The used
filters were placed in plastic sheets with zip tightly
closed and stored under controlled conditions.

For this pilot study, six pairs of TSPM samples
collected during the period 2004-2010, representing
summer and winter conditions, respectively, were se-
lected (cf. Table 1). The selected TSPM samples were
analysed in three steps. First, the mass of deposited
particulate matter was determined gravimetrically
on standardized portions of the filters (circles of the
diameter of 34 mm cut-out of original filter mate-
rial). Then, the concentration of selected elements
(Cl, K, Ca, Ti, Cr, Mn, Fe, Cu, Zn, As, Br, Rb, Sr
and Pb) was determined using energy dispersive
X-ray fluorescence (EDXRF) technique. Finally,
the TC present in the samples was converted to CO,
in which composition of carbon isotopes (**C and
1C contents) was analysed.

Multi-element analyses were performed using
multifunctional energy-dispersive X-ray fluorescence
spectrometer [33]. It consists of a microbeam X-ray
fluorescence spectrometer with capillary X-ray op-
tics, broad X-ray beam from Mo secondary target for
XRF analysis of bulk samples and a total reflection
X-ray set-up. The Mo tube is the source of X-rays.
The tube has the power of 2 kW. The excited X-rays
were detected by the Si(Li) detector with the reso-
lution of 170 eV for the line of 5.9 keV. The spec-
trometer was calibrated using thin-film standards
(Micromatter, USA). Calibration was verified by the
analysis of NIST Standard Reference Material 2783
— Air Particulate Matter on filter media. The XRF
spectra were quantitatively analysed with the use of
the QXAS package [34]. A blank filter correction

has been made by substracting the concentrations
of analysed elements measured for clean filters from
the concentrations obtained for the analysed TSPM
samples. The corrections were in the range from ap-
proximately 1% (Fe) to 26% (Ca) of the measured
concentrations.

For conversion of the TC pool present in TSPM
samples to CO,, sealed-tube technique was adopted
[35]. Standardized portions of the analysed filters
were cut into pieces and placed in pre-baked quartz
combustion tubes. CuO and silver wool were added
to the tubes which were then evacuated and flame-
-sealed. The sealed tubes were placed in muffle oven
and baked for 3 h at 850°C. In this way, carbon present
on the analysed filters was quantitatively converted
to CO,. The obtained CO, gas was then purified cryo-
genically in a dedicated vacuum extraction line. The
pressure of the extracted CO, was measured in a cali-
brated volume of the extraction line and the mass of
carbon in the analysed TSPM sample was calculated.
The CO, gas was then split into two aliquots: one for
accelerator mass spectrometry (AMS) C and the
other for isotope-ratio mass spectrometry (IRMS) C
analyses, respectively. The *C analyses were conduct-
ed in Poznan Radiocarbon AMS Laboratory (www.
radiocarbon.pl). The 3C analyses were conducted at
Mass Spectrometry Laboratory of the Faculty of Phys-
ics and Applied Computer Science (AGH, Krakow)
using delta S isotope ratio mass spectrometer, follow-
ing standard protocols. Typical uncertainty of carbon
isotope analyses was in the order of 0.4% of modern
carbon for *C and 0.1%o for §'°C.

The “C and *C analyses conducted in the frame-
work of this pilot study were performed on archive
filters which were not pre-baked. Therefore, the ex-
periments have been carried out to quantify the level
of possible carbonaceous blank on the filters. Eight
filters randomly selected from a pack of new filters
which were used for ???Rn monitoring were processed
using the above-outlined procedure, and the volume of
the evolved CO, was measured and converted to the
mass of carbon. The average mass of carbon on the
filters subject to this procedure was 0.08 + 0.04 mg.
The *C analyses of the evolved CO, yield the mean
3BC value of (-23.1 + 0.4)%o, confirming organic
origin of carbonaceous blank. If one assumes the
worst-case scenario in which the carbonaceous blank
consists exclusively of modern carbon and the mass
of carbon on a filter is low (such as for samples C-5-S
and C-9-S, cf. Table 1), the resulting correction for the
per cent fraction of fossil carbon in the TC present in
the analysed samples of TSPM (FFqspy; cf. Eq. (3))
would be substantially lower than 1%. Therefore, no
additional correction for the presence of carbonaceous
blank was introduced to the calculated values of
FFspy reported in Table 3.

If one assumes that the total mass of carbon
(mror) in the analysed samples of TSPM consists of
only two fractions, i.e. the mass of carbon originating
from combustion of fossil fuels (7gr) and the mass
of modern carbon originating from burning of bio-
mass (mostly wood) and from biospheric emissions
(mmop), the following mass and *C isotope balance
can be formulated:
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(1) Mtor = Myvop + Migr
(2) Y“RrorMror = “Rumop Mmop + "“Rer Mrr

where Rror, Rmop and Ry signify *C/'2C isotope
ratios of corresponding mass balance components.
Since fossil fuels are devoid of radiocarbon, it follows
that Rgr = 0. From Egs. (1) and (2), the following
expression for per cent fraction of fossil carbon in
the TC present in the analysed samples of TSPM
can be derived:

(3)  FEygp(%) =100 = {1—RT°TJ~100
mTOT MOD

The C/'?C isotope ratios are usually expressed
as per cent of modern carbon which is defined as
95% of the specific activity of internationally ac-
cepted standard NBS Oxalic Acid (Ox1) in the year
1950 [36]. It closely resembles the #C content of
carbon in plants growing around 1890 in fossil-CO,-
-free environment. At present, since burnt biomass
contains measurable fraction of bomb-derived *C,
it was assumed in Eq. (3) that Ryop is (110 = 5)%
of modern carbon.

The reservoir of TC in TSPM samples may also
contain carbon devoid of C which is associated
with the presence of mineral dust in atmospheric
aerosols. This carbon is mostly in the form of car-
bonates (Ca or Mg). Such carbonates, if present in
the analysed TSPM samples, will be decomposed
during the sealed-tube combustion process and will
influence the carbon isotope analyses of TC. Since in
the presented study the concentration of Ca in the
analysed TSPM samples was measured using X-ray
fluorescence (XRF) technique, appropriate correc-
tions of the measured *C/*>C and "*C/**C ratios could
be made (see the next section). Although Mg content
was not analysed, we consider the correction based
exclusively on Ca content acceptable for the pur-
poses of this study because Ca is incorporated also
in sulphates, present in the analysed TSPM samples,
thus potentially compensating for unknown reservoir
of magnesium carbonate. Appropriate corrections
of *C content (Rror) and 8°C values of the analysed
TSPM samples were made based on the fraction
of carbon in the TC reservoir, calculated for each
analysed sample on the basis of Ca concentra-
tion, assuming that calcium carbonate is devoid of
14C and its 8°C value is zero (primary carbonate
of marine origin).

In parallel to TSPM samples collected on filters,
the levels of *C in CO, present in Krakow atmo-
sphere during the time span covered by analysed
filters were also measured as a part of long-term
monitoring programme of atmospheric CO, [37].
Weekly composite samples of atmospheric CO, were
collected using the method, based on the sorption of
CO, on molecular sieve [38]. The “C content in the
collected CO, was measured using benzene synthesis
followed by liquid scintillation spectrometry [39].
Applying isotope mass balance similar to that de-
scribed by Egs. (1) and (2), the following expression
for percentage contribution of fossil-fuel-derived
component in atmospheric CO, can be derived [40]:

C, AYC, -AYC,,
C A™C,, +1000

where C, and Cj stand for total and fossil-fuel-
-derived mixing ratio of CO, in the local atmosphere,
respectively. The concentration of *C in the regional
background (A*C,) and the local atmospheric CO,
(A™C,,) is expressed as per mil deviations from the
NBS oxalic acid standard, following the generally
accepted notation [36]. As a regional background,
A™CO, measurements performed at the High Alpine
Research Station Jungfraujoch (Swiss Alps, 46°33'N,
7°59'E, 3450 m a.s.l.) by the Institute of Environmen-
tal Physics, University of Heidelberg, Germany were
adopted [41]. For the 2004-2009 period, the average
contribution of the fossil-fuel-derived CO, to the over-
all CO, burden of the local atmosphere in Krakow,
derived using Eq. (4), was approximately 3.4% [42].

(4) FF., (%) = -100 = 100

tot

Results and discussion
Elemental analysis

Mean concentrations of the selected elements in
the analysed TSPM samples representing summer
(S) and winter (W) period are reported in Table 2.
Concentrations of the analysed elements related to
their sum varied from 1-6% for winter to 3-13%
for summer samples. The W/S ratio calculated for
each analysed element varied from 0.06 (Cu) to 1.77
(Br). On average, elemental concentration in sum-
mer samples was two times higher when compared
with winter samples. This concerns in particular
Ca, Ti, Cr, Mn, Fe, Cu and Sr. Main source of these
elements could be soil dust and resuspended street
dust [10]. In addition, Ca and Ti could originate
from cement industry while Fe is strongly linked to
steel production. Concentrations of Ca, Fe and Ti
strongly correlate (R? in the range from 0.95 to 0.97),
which suggests their common source. Chlorine was

Table 2. Mean concentrations of selected elements (in
ng-g™t) in the analysed TSPM samples representing sum-
mer (S) and winter (W) periods (cf. Table 1)

Concentration [ug-g~!]

Flement W/S ratio
Summer (S) Winter (W)

Cl <LLD* 8400 = 1500 n.d.**

K 77001700 3630 =590 0.45+0.13
Ca 16 700 = 4 030 1760 = 610  0.11 = 0.05
Ti 1280 = 210 250 + 50 0.20 = 0.05
Cr 220 = 60 65 = 20 0.29 = 0.12
Mn 1070 = 220 272 £ 74 0.25 = 0.09
Fe 27200 = 5900 6800 =2200 0.25=*0.10
Cu 4400 =£2500 244 =50 0.06 + 0.03
Zn 3580 +800 2340470 0.65 = 0.20
As 70 = 20 81 +22 1.16 = 0.46
Br 165 = 23 293 + 68 1.77 +£ 0.48
Rb 74 = 17 29+5 0.40 = 0.12
Sr 160 = 70 363 0.22 £ 0.10
Pb 1140 + 230 850 =200 0.74 £ 0.23

*Lower limit of detection for Cl is 440 pg-g~'. **Not deter-
mined.
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Table 3. The total carbon fraction (TCrspy) and its carbon isotope composition (*#Crspy, 6°°Crspy) in TSPM samples

analysed in this study

Sample code* TCrspm [%] HCrsen™* [pMC]

SISCTSPM [0/00] FFTSPM*** [0/0] FFCOZ**** [0/0]

C-1-S 39.9 62.7
C-2-W 41.5 32.8
C-3-S 34.8 65.8
C-4-w 51.5 26.7
C-5-S 37.6 65.5
C-6-W 614 36.2
C-7-S 31.3 56.3
C-8-w 44.8 36.6
C-9-S 37.8 66.2
C-10-W 67.5 34.2
C-11-S 45.6 60.0
C-12-W 49.2 36.7

-27.5 43.0 £ 2.6 1.3
—24.6 702+ 1.5 5.0
-27.0 402 £2.8 0.7
—-24.4 758 £ 1.2 6.2
-26.8 40.5 £ 2.8 0.0
=251 67.1 = 1.6 5.0
-27.5 488 £2.4 23
-25.1 66.7 = 1.6 51
-27.6 39.8 £2.8 0.8
—24.6 689 1.5 5.7
-26.8 455 25 2.2
—24.8 66.6 = 1.6 4.1

Notes: The per cent fraction of fossil carbon in TC reservoir (FFrspm) and per cent fraction of fossil-fuel-derived CO, in the
local atmosphere of Krakow (FFco,) are also reported. *Letters W and S signify winter and summer periods, respectively.
**Radiocarbon concentration in the analysed TSPM samples expressed in per cent of modern carbon (pMC). ***The reported
uncertainty is the combined uncertainty calculated based on Eq. (3). ****Combined uncertainty of FFco,, calculated based

on Eq. (4), is in the order of 0.6%.

observed only in winter samples. The most probable
source of this element is maintenance of pavements
and roads during winter (de-icing), although com-
bustion of coal and other urban emissions can also
introduce Cl to the local atmosphere [10, 12]. The
mean Br/Pb ratio varied from 0.15 (summer) to
0.34 (winter). Concentrations of those elements are
strongly correlated in summer samples (R* = 0.82),
which suggests transport as an important source of
their emissions. Municipal emissions could be addi-
tional source of Br leading to the observed increase
of mean of Br/Pb ratio during winter [10, 12]. The
mean Cu/Pb and Cu/Zn ratios in summer samples
were 3.89 and 0.94, respectively. This is in good
agreement with the results obtained by Mazzei et al.
for Genoa (3.9 and 1.1, respectively) [43].

Carbon isotope analyses

The per cent fraction of the TC pool in TSPM samples
analysed in this study and its carbon isotope composi-
tion are reported in Table 3. The table also contains
the values of FFrspy, the per cent fraction of fossil
carbon in the TC reservoir (Eq. (3)) and FFco,, the
per cent fraction of fossil-fuel-derived CO, in the local
atmosphere of Krakow (Eq. (4)), calculated for the
periods covered by TSPM samples. The “Crgpy and
3Crspm values reported in Table 3 are corrected for the
presence of calcium carbonate in the analysed TSPM
samples (cf. previous sections). As seen in Table 2,
the mean concentration of Ca in TSPM samples rep-
resenting summer periods was ca. 10 times higher
than in those representing winter periods. Thus, the
resulting corrections were statistically significant
only for summer samples. For the fossil fraction of
carbon (FFrspy), they varied between 0.3% and 1.5%
(resulting in lower FFrspy fraction). For 8*Crgpy the
resulting corrections were between 0.2%o and 0.7%o
(leading to more negative 5'3Crspy values).

Large contrast between summer and winter
percentage contribution of fossil carbon is apparent
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Fig. 3. Temporal variations of fossil-fuel-derived fraction

(FFrspm) of the total carbon reservoir (TC) present in the
analysed samples of TSPM.

from Table 3 and Fig. 3. Average FFrspy values for
the analysed period 2004-2010 are (42.9 + 1.3)%
and (69.2 * 1.3)% for summer and winter samples
of TSPM, respectively. These values are substantially
higher than those reported by Yttri et al. [44] for TC
of PM,, fraction collected in Oslo, Norway (ca. 27%
and 39% for summer and winter samples, respec-
tively). Huang et al. [45] reported for Lhasa, Tibet,
the range of FFrspy values from approximately 30%
to 65%. Garbaras et al. [24] reported FFrspy values
for PM, , fraction, collected at urban and rural sites
in Lithuania, from 32% to 45% and from 18% to
46% for summer and winter seasons, respectively.
This large seasonal contrast of FFspy values clearly
points to additional source of fossil carbon operating
in the city during winter time (burning of coal for
heating purposes). It is apparent from Fig. 3 that
winter FFrspy values reveal slight decreasing trend
in agreement with gradual shift from coal to gas in
heating systems of individual households in Krakow.

Figure 4 shows the relationship between fossil-
-fuel-derived fraction (FFrspm) of the TC reservoir
present in TSPM samples analysed in this study and
the percentage contribution of fossil-fuel carbon
present in the local atmospheric CO, (FFco,). The
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Fig. 4. The relationship between fossil-fuel-derived frac-
tion (FFispwm) of the total carbon reservoir present in
TSPM samples analysed in this study and the percentage
contribution of fossil-fuel carbon present in local atmo-
spheric CO, (FFcq,).

data points form two distinct clusters representing
summer and winter conditions. There is a significant
correlation of data within each cluster. Intersects of
best fit lines for each data group are ca. 38% and 49%
for summer and winter samples, respectively. When
all data points are treated as one homogeneous
population, reflecting the mean summer-winter
contrast in FFrspy and FFco, values the resulting
intersect is approximately 36%.

In fact, the correlation between FFrgpy and
FFco, is expected as both CO, and “C-free carbon
in TSPM are linked with the same emission source,
i.e. burning of fossil fuels. Interestingly, the linear
fits of the data shown in Fig. 4, when extrapolated
to FFco, equal zero (no fossil carbon in atmospheric
CO,), suggest significant contribution (ca. 36%) of
fossil carbon in TC present in the local atmosphere
in the form of carbonaceous particles, even if this
atmosphere does not contain radiocarbon-free CO,.
This in turn suggests that there are other sources of
14C-free carbon in the local environment during sum-
mer season which are not directly linked to burning
of fossil fuels. One obvious source of such carbon
is mineral fraction of dust (cf. discussion earlier).
However, the FFrspy data shown in Fig. 4 were cor-
rected for its presence. Clearly, another source of such
carbon is needed here. This could be for instance
wearing of tyres and asphalt pavement of the streets
by car traffic.

Combined analysis of 1*C and “C isotope com-
position of TC reservoir in the investigated TSPM
samples allows a deeper insight into the origin of
carbon in the investigated samples. The following
major sources of carbon should be considered here:
(i) burning of coal and wood and its derivatives in
individual households in the city for heating pur-
poses, (ii) wearing of tyres and asphalt pavement
and (iii) vehicle exhausts. In Fig. 5, 83C values of
TC reservoir in the analysed TSPM samples are
plotted as a function of fossil-fuel-derived frac-
tion of carbon in those samples (FFrspy). Also,
the potential sources of carbon present in the
analysed samples are marked in Fig. 5 (ovals in
the 6'3C-FFrspy space).
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Fig. 5. Relationship between 3C isotope composition
(8"C) and fossil-fuel-derived fraction (FFrspy) in the total
carbon reservoir present in TSPM samples analysed in the
framework of this study (see text for details).

Modern carbon pool in the TC fraction of the ana-
lysed TSPM samples, with the estimated '*C content
of (110 + 5)% of modern carbon (FFrspy = 0, cf.
Fig. 5), is a complex reservoir having its roots in at
least two major classes sources as far as urban envi-
ronment is concerned: (i) burning of biomass (mostly
wood but also various wood products, such as paper,
cardboard, etc.) and (ii) emissions of volatile organic
compounds (VOCs) containing carbon by plants. The
latter source is active mostly during summer whereas
burning of wood and wood products takes place
mostly during winter. Plant volatiles can be grouped
into isoprenoids or terpenoids, and also oxygenated
VOCs such as methanol, acetone, acetaldehyde
and others [46]. These volatiles and their deriva-
tives contribute to OC fraction of carbonaceous
aerosols. Wood burnt in fireplaces and domestic
heating installations originates predominantly from
southern Poland. Systematic studies of trees grow-
ing in southern Poland revealed the mean &*C value
of the a-cellulose of around —22.5%o, with spread of
data (one standard deviation) in the order of 1.5%o
[47]. In a study of larch from central Siberia, Knorre
et al. [48] reported the mean §'°C values of (-22.40
+ 0.71)%o for the whole wood and -20.31%o for
the cellulose. If we adopt the above-quoted offset
between whole wood and a-cellulose (ca. 2.1%o),
then the mean 8"3C value of the a-cellulose of trees
growing in southern Poland (ca. —22.5%0) can be
converted to the mean &"°C value of whole wood
(ca. —24.6%0). However, as mentioned earlier, the
biomass pool burnt within the city limits also con-
tains paper products (cellulose) which is isotopically
enriched with respect to whole wood. Therefore,
for the purpose of this study we adopted (-24.0 +
1.5)%o as a mean 3°C signature of modern carbon
pool in the TC fraction of TSPM samples.

During summer, biogenic VOCs most probably
dominate the modern carbon pool. Virtually, noth-
ing is known about *C isotope composition of
biogenic VOCs. Kornilova et al. [49] reported 53C
values of ambient aromatic VOCs (benzene, toluene,
ethyl benzene, c-xylene, p,m-xylene) measured in
Toronto, Canada in 2009 and 2010, ranging from
—23.3%0 to —25.0%0. Thus we adopted the same
mean value of (-24.0 = 1.5)%o as 3'°C signature
of modern carbon pool in the TC fraction of TSPM
during summer.
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The third source of modern carbon in the analysed
TC fraction is natural rubber which is present in car
tyres. Modern car tyres are complex, multicompo-
nent products. According to the available data, they
contain 15-25% of natural rubber and approximately
the same percentage of synthetic rubber. A dedicated
study has shown that trunk latex which is the basic
substrate for natural rubber has §°C values in the
range of —27%o to —29%o [50].

Several sources contribute to "*C-free carbon pool
(FFrspm = 100%; cf. Fig. 5) in the TC fraction of the
analysed TSPM samples: (i) burning of coal for heat-
ing purposes, (ii) car emissions (mainly soot particles
from diesel engines), (iii) wearing of tyres (synthetic
rubber, soot, black carbon, oil, other petrochemicals)
and (iv) wearing of asphalt pavement. *C isotope
composition of Polish hard coals falls in a relatively
narrow range from approximately —23.3%o to —24.5%o
[51]. In a comprehensive study, Widory [52] has
shown that C isotope composition of liquid fuels
(diesel, unleaded and regular gasoline, fuel oil, heavy
fuel) varies in a relatively narrow range from approxi-
mately —27%o to —30%o. He reported that combustion
particles from diesel engines are slightly enriched with
respect to liquid fuel (by ca. 1.2%0) whereas CO,
emitted by car exhausts is depleted in *C roughly by
the same magnitude. A study of carbon isotope com-
position of CO, emitted by various types of cars (e.g.
diesel and gasoline engines with or without catalyst
and LPG engines with or without catalyst) conducted
within the Krakow metropolitan area [53] revealed
3BC values in the range from —29%o to —32%o [53].
Masalaité et al. [54] reported that the mean 5"°C value
of diesel and gasoline fuel produced from oil of Rus-
sian origin is (-31.3 = 0.1)%eo. Since fuel available in
Poland is predominantly of Russian origin, the above
quoted offset between liquid fuel and combustion
particles of 1.2%o can be used to derive mean §"C
signature of *C-free carbon pool of approximately
—-30.0%o associated with car emissions in Krakow.
Carbon isotope composition of asphalt which could
be of natural or synthetic origin resembles that of
crude oil. In Poland, exclusively synthetic asphalt
produced from crude oils of Russian origin is on the
market (8°C = (-31.3 = 0.1)%o). On the other hand,
car tyres in Poland originate nowadays predominantly
from the global market and synthetic rubber that is
one of the components of those tyres can be enriched
with respect to crude oil of Russian origin [52, 54].
Thus, for the purpose of semi-quantitative assessment
of carbon sources contributing to TC pool in TSPM
samples analysed in this study, we adopt the §°C
value of (-30.0 + 1.0)%o as a mean signature of “C-
-free carbon pool associated with car traffic in the city.

Traffic-related endmember (Tg) marked by oval
in Fig. 5 consists of carbonaceous particles associ-
ated with wearing of tyres and asphalt pavement as
well as particles emitted by car engines. Since the
intensity of traffic does not change significantly with
season, the assumption about stable position of this
endmember in the 8°*Crspy—FFsrpm space is justified.

If the position of traffic-related endmember in the
8" Crspm—FFstpm space does not change significantly
with season, it is possible to reconstruct graphically

the position of winter season endmember (Wg) with
additional constraint that the data points for summer
and winter should lie within the respective mixing
spaces. During summer, traffic-related endmember
mixes with recent OC pool (mostly biogenic emis-
sions; cf. discussion earlier). During winter season,
a strong source of carbonaceous particles related
to burning of coal for heating purposes comes into
play and mixes with traffic-related endmember (Tk),
thus defining winter season endmember (Wy) which
then mixes up with recent OC pool (mostly burning
of wood and its derivatives for heating purposes; cf.
discussion earlier).

The mixing scenario presented in Fig. 5 allows
a semi-quantitative assessment of the contribution
of Tr and W, pools in the samples of TSPM analysed
in the framework of this study. During summer, the
contribution of Tx endmember to the TC present in
the analysed TSPM samples is approximately 61%.
During winter season, the Wi pool contributes
approximately 74%. The W pool is composed of
carbonaceous particles associated with coal burning
(ca. 80%) and particles belonging to traffic-related
endmember (20%).

Conclusions

The pilot study of TSPM collected in Krakow atmo-
sphere between 2004 and 2010, representing sum-
mer and winter conditions, revealed large seasonal
variability of carbon isotope composition of the TC
pool present in the analysed TSPM samples. This
large variability generally reflects seasonally varying
contribution of different sources of fossil and modern
carbon to the TC pool. The elemental composition
of TSPM also reveals distinct seasonal variability of
the analysed elements, reflecting varying mixture
of natural and anthropogenic sources of those ele-
ments during winter and summer seasons.

The percentage contribution of fossil carbon to
the TC pool in the analysed TSPM samples fluctuated
around 43% for samples collected during summer
season and it increased to 66-76% during winter sea-
son. Such high loads of fossil carbon in carbonaceous
aerosols were generally not observed for other urban
locations being studied.

This study revealed strong linear relationship
between the fossil carbon load in the analysed TSPM
samples and the fossil carbon load in the local atmo-
spheric COs,. In fact, such link was expected as both
atmospheric CO, and “C-free carbon in TSPM are
associated with the same emission source, i.e. burn-
ing of fossil fuels. Interestingly, extrapolation of this
relationship to the atmospheric CO, totally devoid
of fossil carbon still leaves significant contribution
of fossil carbon (ca. 38%) in the TC present in local
atmosphere in the form of carbonaceous aerosols.
This points to the presence of additional sources of
carbonaceous particles containing fossil carbon in
the city atmosphere, but not associated with burning
of fossil fuels. Wearing of tyres and asphalt pavement
associated with car traffic in the city is most probably
the main source of such particles.
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Combining radioactive and stable carbon iso-
tope composition of TC fraction in the investigated
TSPM samples allowed a deeper insight into the
origin of carbon in carbonaceous aerosols present
in the urban environment and a semi-quantitative
partitioning of different sources of carbon such as
recent biogenic carbon, fossil carbon from burning
of coal and other fossil fuels, recent and fossil carbon
from wearing of car tyres and asphalt pavement.
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